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To my self



“It’s not stress that kills us, it is our reaction to it”

(Hans Selye)
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GENERAL
INTRODUCTION




Exposure to stress can lead to the development of stress-related diseases, such as
anxiety, depression and post-traumatic stress disorder (PTSD) (De Kloet et al., 2005;
McEwen, 2003). However, experiencing stressful events do not affect everyone
similarly. It is well known that stress response cannot be sustained for a long time, the
organism thus needs to develop effective physiological and psychological changes to
cope with it (McEwen, 2007). Stressful experiences lead indeed to adaptation, but in
some susceptible individuals this can be dysfunctional (Del Giudice et al., 2011;
Ullmann et al., 2019). Compelling evidence demonstrated that stressful experiences
produce long-lasting memories through the activation of several physiological
responses which end with stress mediators release (McGaugh, 2013; Roozendaal and
McGaugh, 2011). However, if on one side memories can be strengthened by stress or
emotional arousing situations, on the other side they could undergo different
modifications (Schacter, 1999). In fact, stressful experiences can produce both accurate
or generalized memories, reflecting an interindividual difference in response to stress
(Bahtiyar et al., 2020; Kalisch et al., 2017; Wu et al., 2013). It has long been observed
in humans that drugs of abuse affect memory processes (Goodman and Packard, 2016;
Kutlu and Gould, 2016), but their effects on memory generalization are poorly
investigated. From an ethological perspective, memory generalization may be both
adaptive and maladaptive (Asok et al., 2019). For example, the excessive memory
retrieval of a fear related situation in a context with high predatory risk, is a common
adaptive response in animals, but this excessive memory retrieval in an environment
lacking of an imminent threat is maladaptive and represents the core of fear memory
generalization (Asok et al., 2019). The overgeneralization of a contextual fear memory
is one of the hallmark symptoms of many anxiety and stress-related disorders, such as
PTSD (Dunsmoor and Paz, 2015; Elzinga and Bremner, 2002; Lissek and Grillon,
2010).

Evidence exists that the anesthetic ketamine, also known for its abuse potential,
modulates or aggravates early post-traumatic stress reactions when given in the acute

trauma phase, and it correlates with the onset of sustained PTSD symptomatology



(Schoénenberg et al., 2008, 2005; Winter and Irle, 2004). Conversely, recent findings
indicate that ketamine, at sub-anesthetic doses, improves psychiatric symptoms in
individuals already suffering from PTSD and comorbid depression (Albott et al., 2018;
Hartberg et al., 2018). This suggests that ketamine might increase the risk of PTSD
development when given in close proximity of the trauma, plausibly by potentiating the
noradrenergic-mediated enhancement of memory consolidation. However, the specific
mechanisms underlying these ketamine-induced effects have not been clarified yet.
PTSD is a chronic psychiatric disease characterized by increased anxiety, altered
sociability and cognitive alterations (e.g. over-consolidation, memory generalization
and impaired extinction of the trauma) (American Psychiatric Association, 2013;
Yehuda et al., 2015). Since the ability to examine the neurobiological underpinnings of
PTSD in humans is limited, preclinical models represent a valuable tool to explore the
long-term consequences of trauma exposure (Berardi et al., 2014; Richter-Levin, 1998;
Verbitsky et al., 2020; Zoladz and Diamond, 2016).

The single prolonged stress paradigm is a valid model to resemble the core symptoms
of PTSD (Yamamoto et al., 2009). The manifestation of a PTSD-like phenotype
following SPS exposure is time-dependent and requires 7-14 days of incubation (i.e.
sensitization or consolidation period) to develop (Knox et al., 2012; Liberzon et al.,
1999; Wu et al., 2016). Thus, in most of the studies investigating the neurobiology of
PTSD, rodents subjected to a single prolonged stress protocol are left undisturbed for
this time window and tested 7-14 days after trauma exposure (Liberzon et al., 1999;
Yamamoto et al., 2009). Given that PTSD is a chronic psychiatric disease, it is of critical
importance to evaluate whether the effects induced by single prolonged stress are
present long after stress exposure (Sillivan et al., 2017).

Beyond the chronicity aspect of PTSD, another important issue of this pathology is the
interindividual variability in response to trauma. Almost all PTSD experimental models
homogenize all the trauma-exposed animals as having the same phenotype, regardless
of the susceptibility or resilience to develop a PTSD-like phenotype, thus lacking of

construct and predictive validity (Holly and Miczek, 2015). Moreover, in the spare



studies that consider the individual variability to trauma, only the anxiety symptoms are
used to discern between different PTSD-like phenotypes (Musazzi et al., 2018; Ritov et
al., 2016), without considering the PTSD etiopathogenesis (e.g. cognitive alterations
such as the excessive memory consolidation and retrieval as well as the impaired
extinction). On the contrary, in the clinical scenario literature data demonstrate that even
if the vast majority of individuals will experience a trauma once throughout their life,
only a small subset of them develops PTSD while the others fully recover and mostly
without any specific intervention (Javidi and Yadollahie, 2012). This evidence
highlights the existence of different trauma response phenotypes among the human
population, and that genetic, epigenetic and environmental factors can play a crucial
role in the susceptibility to PTSD development determining how the stress response to
the traumatic experience can lead to aberrant and enduring alteration of memory
processes (Bolsinger et al., 2018; Skelton et al., 2012; Yehuda et al., 2015).

Among the environmental factors involved in the development of psychiatric diseases,
experiencing stressful events, especially during the early life, may lead to coping
strategies which in turn may confer resilience or vulnerability to later life stressful
events and the subsequent development of stress-related psychopathologies (Daskalakis
et al., 2013). To date, human data reporting the influence of experiencing bullying
during adolescence on the development of psychiatric disorders and its seriousness after
an additional trauma in adulthood, are lacking. Bullying and subordination episodes are
social stressors that frequently occur among adolescents (Menesini and Salmivalli,
2017; Rettew and Pawlowski, 2016). Clinical evidence has demonstrated that
adolescent bully-victims are more predisposed to develop psychiatric diseases later in
life, in particular anxiety, depression and PTSD (Gladstone et al., 2006). Because
adolescence is a crucial developmental stage associated with profound changes in the
structure and function of the brain (Casey et al., 2008; Romeo and McEwen, 2006;
Spear, 2000a), stress experienced during this critical developmental period has more
detrimental effects compared with those experienced in adulthood.

Adolescence is characterized by elevated social interactions, play behaviors and



novelty-seeking, all behavioral features necessary to acquire the skills for autonomy
and independence from parental caretakers (Spear, 2000b). Thus, the deprivation of
social interactions with conspecifics during this specific life period may produce
deleterious effects which long-term persist in rodents (Fone and Porkess, 2008; Mumtaz
et al., 2018). Social isolation stress is the most commonly used stress paradigm to
reproduce in rodents several neurochemical and behavioral alterations resembling some
of the core symptoms observed in schizophrenic patients (Fone and Porkess, 2008;
Heidbreder et al., 2000). Generally, it is performed for long and continuative periods
(e.g. 4-6 weeks or more) from weaning to adulthood (Heidbreder et al., 2000; Lapiz et
al., 2003). However, nowadays understanding the effects of brief periods of social
isolation stress is more and more becoming an impelling issue. Indeed, spending daily
brief and repeated periods on social platforms or playing video games has become a
habit among the current generation of the adolescents and when it became chronic, it
could represent a serious public health problem (Anderson et al., 2010; Mdller and
Wolfling, 2017; Von Der Heiden et al., 2019).

Outline

Stressful experiences can produce both accurate or generalized memories, reflecting
an interindividual difference in response to stress (Bahtiyar et al., 2020; Kalisch et al.,
2017; Wu et al., 2013). Psychostimulants outcomes on memory enhancement are
known from many years, but literature data also show their memory generalization
effects (Ballard et al., 2012; Easton and Bauer, 1997). However, the mechanisms
through which psychostimulants affect memory quality is still poor investigated. In
Chapter 1 we explored the memory generalization effects induced by amphetamine
and a new psychostimulant: the 3,4-methylenedioxypyrovalerone (MDPV), also
called “bath salt”. Both psychostimulants share a similar, yet not identical mechanism
of action, augmenting noradrenaline and dopamine levels in the synaptic cleft. Thus,

in a second experiment we aimed at evaluating the different involvement of the



noradrenergic and dopaminergic system in the effects on memory enhancement, and on

memory generalization.

Treatment with the anesthetic ketamine, a renowned drug of abuse, in trauma patients
during emergency care aggravated early post-traumatic stress reaction which is highly
predictive of PTSD development and severity (Schénenberg et al., 2008, 2005; Winter
and Irle, 2004). Based on the evidence that ketamine induces a robust central and
peripheral adrenergic/noradrenergic potentiation and that activation of this system is
essential for the formation of memory for stressful events, in Chapter 2 we explored
the possibility that the strong sympathomimetic action of ketamine might underlie its

memory enhancing effects.

Given that PTSD is a chronic psychiatric disease, it is of critical importance to evaluate
whether animal model of PTSD resemble the chronicity nature of this pathology. The
single prolonged stress paradigm has been extensively shown to induce behavioral and
endocrine effects resembling the hallmark symptoms observed in PTSD patients
(Lisieski etal., 2018; Souzaet al., 2017; Verbitsky et al., 2020; Yamamoto et al., 2009)
and, similarly to PTSD, the manifestation of these effects is time-dependent and
requires a 1-2 weeks incubation period (Knox et al., 2012; Liberzon et al., 1999; Wu
et al., 2016). Although women have a two-fold greater risk to develop PTSD, most
preclinical studies have been carried out in males. In Chapter 3 we aimed at
investigating whether SPS induced persistent PTSD-like behavioral alterations in rats

long after trauma exposure and whether these effects are sex-dependent.

Another important aspect of PTSD is the susceptibility to develop this pathology.
Animal models are a useful tool to investigate this issue. However, in the sparse
studies considering the individual variability in response to trauma, only the anxiety

symptoms are used to discern between different PTSD-like phenotypes (Musazzi et



al., 2018; Ritov et al., 2016), without considering the cognitive aspects of PTSD. In
Chapter 4 we aimed at the development of an animal model of PTSD, with
translational value, able to predict the susceptibility and the resilience phenotype
considering both the cognitive and emotional alterations long after trauma. For this
purpose, we outstretched our previously validated animal model (Berardi et al., 2014)
in order to identify susceptible and resilient rats in terms of over- consolidation,

impaired extinction and social behavior alterations.

Nowadays there are different hypotheses to explain the interindividual variability in
response to stress. Different studies used the “two hit” stress model to investigate
whether exposure to two different stressors at different ages may increase (or decrease)
the risk to develop psychopathologies after experiencing the second stressor (Hill et
al., 2014; Pefa et al., 2017; Tsoory et al., 2007). However, how a social stress similar
to bullying in humans experienced at adolescence may affect the reaction to additional
stressor later in life are less investigated. Adolescence is a period of impressive brain
maturation in which the structure of the brain is ever-changing (Spear, 2000). Thus,
maintaining a correct balance between mediators that sustain synaptic plasticity is of
utmost importance. In Chapter 5 we evaluated whether the exposure to social defeat
stress, a highly validated animal model of bullying in rodents, at adolescence and/or
single prolonged stress experienced at adulthood affect the later development of
emotional and cognitive alterations and whether the behavioral alterations are linked
to any modification of hippocampal brain derived neurotrophic factor (BDNF)

expression and plasma corticosterone levels.

While adolescent bullying occurs in a small subset of population, a more common
social stressor is represented by the deprivation of social interactions with conspecifics
which is able to induce profound behavioral changes in rodents (Fone and Porkess,

2008; Heidbreder et al., 2000). Social isolation stress paradigm is commonly used to



reproduce schizophrenia in rodents and it is conducted chronically from weaning to
adulthood (Fone and Porkess, 2008; Mumtaz et al., 2018). However, long-term effects
induced by a briefer period of social isolation stress during adolescence, which is a
critical window for brain development, are not investigated. Moreover, it is known
that in mammals, females have greater risk to develop stress-related disorders than
males (Heck and Handa, 2019; McCormick and Mathews, 2007). In Chapter 6 we
firstly evaluated whether repeated brief periods of social isolation stress may alter
emotionality and cognitive functions in adult male rats. Secondly, we examined
whether brief and repeated social isolation stress during at adolescence and/or single
prolonged stress at adulthood affect the later development of alteration on emotionality
and cognition. Further, we aimed at evaluating whether such effects are sex-

dependent.

Chapter 7 summarizes and discusses the findings of this thesis and provides

conclusions and future perspectives.
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Abstract

Human studies have consistently shown that drugs of abuse affect memory function.
The  psychostimulants  amphetamine and the  “bath  salt”  3,4-
methylenedioxypyrovalerone (MDPV) increase brain monoamine levels through a
similar, yet not identical, mechanism of action. Findings indicate that amphetamine
enhances the consolidation of memory for emotional experiences, but still MDPV
effects on memory function are underinvestigated. Here, we tested the effects
induced by these two drugs on generalization of fear memory and their relative
neurobiological underpinnings. To this aim, we used a modified version of the
classical inhibitory avoidance task, termed inhibitory avoidance discrimination task.
According to such procedure, adult male Sprague-Dawley rats were first exposed to
one inhibitory avoidance apparatus and, with a 1-min delay, to a second apparatus
where they received an inescapable footshock. Forty-eight hours later, retention
latencies were tested, in a randomized order, in the two training apparatuses as well
as in a novel contextually modified apparatus to assess both strength and
generalization of memory. Our results indicated that both amphetamine and MDPV
induced generalization of fear memory, whereas only amphetamine enhanced
memory strength. Co-administration of the B- adrenoceptor antagonist propranolol
prevented the effects of both amphetamineand MDPV on strength and generalization
of memory. The dopaminergic receptor blocker cis-flupenthixol selectively reversed
the amphetamine effect on memory generalization. These findings indicate that
amphetamine and MDPV induce generalization of fear memory through different

modulations of noradrenergic and dopaminergic neurotransmission.



Introduction

Drugs of abuse are characterized by rewarding effects induced by the engagement of
specific pathways in the brain (McHugh and Kneeland, 2019). Such rewarding
effects are the principal reason that moves people to a compulsive use of these
substances, which frequently ends with drug dependence (Koob, 2017). It has long
been observed in humans that the intake of drugs of abuse affects memory processes
(Kutlu and Gould, 2016; Goodman and Packard, 2016). More specific studies
conducted in laboratory animals have been focused on which neurobiological and
biochemical pathways are exploited by drugs of abuse to influence memory.
Amphetamine, one of the most well-known psychostimulants, has been shown to
enhance the consolidation of memory processing in rodents (McGaugh, 1973;
Martinez et al., 1980a; Martinez et al., 1980b; Roozendaal et al., 1996; McGaugh
and Roozendaal, 2009). We recently demonstrated that the 3,4-
methylenedioxypyrovalerone (MDPV), a newer synthetic cathinone also known as
“bath salt”, enhances short-term spatial and recognition memory performance
(Atehortua-Martinez et al., 2019). Moreover, it has been shown that MDPV induces
a disruption of functional connectivity networks (i.e., striatum) involved in cognitive
processes (Colon-Perez et al., 2016). This new psychostimulant has recently
emerged in the illegal market as a smart drug and it rapidly became highly popular
(Prosser and Nelson, 2012; Baumann et al., 2017). However, its fame is also
associated with several important adverse effects, and among these, long-term
cognitive impairments in humans have been documented (Karila et al., 2015). One
in vitro study on MDPV activity demonstrated that it has a similar, yet not identical,
mechanism of action compared to amphetamine. Indeed, both drugs of abuse have
the same molecular targets represented by the norepinephrine (NE) , dopamine (DA)
and serotonin re-uptake transporters (NET, DAT and SERT, respectively), but
MDPV displays greater potency than amphetamine with regard to DA re-uptake

transport (Baumann et al., 2013). Amphetamine effects on memory consolidation



are dependent on its pharmacological action which increases NE and DA release
(Martinez et al., 1983; Fleckenstein et al., 2007; LaLumiere et al., 2005; Roozendaal
et al., 2008). Very recently, it has been shown that the effect on short-term memory
induced by MDPV is linked to D1 dopaminergic receptor activation (Atehortua-
Martinez et al., 2019). The role of noradrenergic and dopaminergic
neurotransmission on memory, especially for the consolidation phase, is well
established (LaLumiere et al., 2005; Roozendaal et al., 2008; Wideman et al., 2018;
Quaedflieg and Schwabe, 2018; Schwabe, 2017). Although it has been demonstrated
that both amphetamine and MDPV can affect memory retention, no evidence exists
on whether such drugs can also affect the quality of memory. The study about the
influence of drugs of abuse on the quality of memory increasingly acquired attention
during last century and is just nowadays growingly becoming an intriguing issue,
even if up to date there are only sparse studies (Koriat et al., 2000; Oeberst and Blank,
2012; Hoscheidt et al., 2014; Loftus, 2005, Horry et al., 2014; Carter et al., 2013;
Easton and Bauer, 1997; Ballard et al., 2012). However, the study of the mechanisms
through which drugs of abuse affect memory quality could be a riveting topic, mainly
in the light of increasing evidence that drugs of abuse (e.g. psychedelic drugs,
hallucinogens) can alter the experience of reality (Bohling, 2017). Such altered
perception might be one of the causes why some people are prompted to a
recreational use of such substances (Moro et al., 2011; Kjellgren and Soussan, 2011),
thus making it an important and urgent issue to be investigated. Emotions have a
considerable impact on memory (Tyng et al., 2017), for example, when an aversive
stimulus occurs, the associated fear leads to remembering the information over time
(Rogan et al., 1997), but sometimes the accuracy of such emotional memory can be
altered and distorted over time, eventually leading to memory generalization (Asok
et al., 2018). This emotional/fear generalization effect has been studied for many
decades through the contextual fear conditioning paradigm (Rohrbaugh and Riccio,

1968; Ruediger et al., 2011). Recently, a novel experimental model suitable to



investigate both strength and accuracy of memory has been validated for rodents
(Atucha and Roozendaal, 2015, Atucha et al., 2017): the inhibitory avoidance
discrimination task. This task allows to evaluate whether fear memory associated with
footshock can be generalized to a novel and safe, yet similar. context. Hence, the aim
of the present study was to investigate whether the two psychostimulants amphetamine
and MDPYV affect generalization of fear memory to a novel and safe yet similar context
using an inhibitory avoidance discrimination task. Since both amphetamine and
MDPV modulate NE and DA tone, we also aimed at evaluating the involvement of the
noradrenergic and dopaminergic systems in mediating the effects of amphetamine and
MDPV on fear memory generalization.

Materials and Methods

Animals and procedures

Male adult Sprague-Dawley rats (320-370 g at the time of behavioral experiments)
from Charles River Laboratories (Calco, Italy) were housed individually in a
temperature-controlled (21 + 1°C) vivarium room and maintained under a 12 h/12h
light/dark cycle (7:00 A.M. to 7:00 P.M. lights on). Food and water were available ad
libitum. Rats were handled for 1 min for 3 consecutive days prior to training. Training
and testing were performed during the light phase of the cycle between 11:00 A.M. and
2:00 P.M. All procedures involving animal care or treatments were performed in
compliance with the ARRIVE guidelines, Directive 2010/63/EU of the European
Parliament, the D. L. 26/2014 of the Italian Ministry of Health, the Declaration of
Helsinki and the Guide for the Care and Use of Mammals in Neuroscience and

Behavioral Research (National Research Council, 2004).

Inhibitory avoidance discrimination task

For all experiments, rats were trained and tested on a modified version of the classic

inhibitory avoidance task, termed inhibitory avoidance discrimination task, that



allows to investigate strength and accuracy of memory (Atucha and Roozendaal, 2015,
Atucha et al., 2017). Rats were subsequently trained in two contextually distinct
inhibitory avoidance apparatuses within a single training session, but footshock was
delivered only in the latter context. On the retention test, they were tested in both
training contexts as well as in a novel context. These training and test procedures, as
previously demonstrated by Atucha and Roozendaal (2015), allow to investigate
whether rats remember the two contexts they visited during the training trial, as well
as if they display a specific episodic-like memory of the association between footshock
and the correct training context. Each apparatus had the same geometry and consisted
of a trough-shaped alley (91 cm long, 15 cm deep, 20 cm wide at the top, and 6.4 cm
wide at the bottom) divided into two compartments, separated by a sliding door that
opened by retracting into the floor. The starting compartment (31 cm) was made of
opaque white plastic and was well lit; the shock compartment (60 cm) was made of
two dark, electrifiable metal plates and was not illuminated. The training context in
which footshock was given (Shock box) did not have any contextual modifications.
The safe training context (Non-Shock box) had four vertical white stripes (2 cm wide)
taped in the dark compartment together with tape placed on the floor, closing the gap
between the two plates. The Novel box (used on the retention test only) had two white
circles (3.5 cm diameter) taped on each wall of the dark compartment, and the gap
between the plates was closed with tape. All three inhibitory avoidance apparatuses
were located next to one another in a sound- and light-attenuated room.

For training, rats were initially placed in the starting compartment of the Non-Shock
box and their latency to enter the dark compartment with all four paws (maximum
latency of 30 s) was recorded. No footshock was delivered in this box. Afterward, the
rats were removed from the apparatus and, after a delay of 1-min, placed in the starting
compartment of the second inhibitory avoidance apparatus (Shock box). We selected a
1-min delay because, as previously demonstrated (Atucha and Roozendaal, 2015),
although animals do not discriminate between the two training contexts with such

short interval between the two training episodes, the fear does not generalize to a novel



context. After the rat stepped completely into the dark compartment, the sliding door
was closed and a single inescapable footshock (0.30 mA,; 1 s) was delivered. The rats
were removed from the apparatus 20 s after termination of footshock and, after drug
treatment, returned to their home cages. On the retention test, two days after training,
they were tested, in a randomized order and without delay, in the two training contexts
(i.e., Shock box and Non-Shock box) and in a Novel box they had not visited before.
No footshock was delivered on the retention test trial, and for all three boxes, the rats
were placed in the starting compartment and their latency to enter the dark
compartment with all four paws (maximum latency of 600 s) was recorded. Longer
latencies in the Shock box compared with the Non-Shock or Novel box were
interpreted as indicating accurate memory of the shock—context association.
Moreover, long retention latencies in all the three boxes were considered as an index
of memory generalization across contexts. Immediately after the training or testing of
each animal, each apparatus was wiped clean with a 70% ethanol solution. The

experimental design is illustrated in Fig. 1.

Drug administration

Amphetamine ((RS)-1-phenylpropan-2-amine) (1 and 3 mg/kg) and MDPV (3,4-
methylenedioxypyrovalerone) (0.5 and 1 mg/kg) were dissolved in saline (vehicle)
and administered intraperitoneally, at the volume of 1 ml/kg, immediately after the
training session (Fig. 1). In the second experiment, to examine whether the
amphetamine and MDPV effects on memory involve the noradrenergic system, the -
adrenoceptor antagonist propranolol (1-naphthalen-1-yloxy-3-propan-2-
ylaminopropan-2-ol) (1 mg/kg) or saline (vehicle) was administered intraperitoneally
30 min prior to training, followed by amphetamine (3 mg/kg), MDPV (1 mg/kg) or
saline immediately after training (Fig. 1). In the third experiment, to investigate the
involvement of the dopaminergic system in mediating amphetamine and MDPV effects
on memory, the non-selective D1/D2 dopaminergic receptor antagonist cis-
flupenthixol (2-[4-[(32)-3-[2-(trifluoromethyl)thioxanthen- 9-



ylidene]propyl]piperazin-1-yl]ethanol) (0.25 mg/kg) or saline (vehicle) was
administered intraperitoneally 30 min prior to training, followed by an immediate
post-training intraperitoneal injection of amphetamine (3 mg/kg), MDPV (1 mg/kg)
or saline (Fig. 1). Drug doses were chosen on the basis of literature data (Roozendaal et
al., 2004, Trost and Hauber, 2014) also showing that MPDV has a greater
pharmacological potency than amphetamine (Bauman et al, 2013). All drugs were
dissolved in sterile 0.9% saline. Drug solutions were freshly prepared before each
experiment.

Randomized order
i imi wi I
Systemic propranolol, Training Systemic post-training Test and wilhoul delay.
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’\ »1-: J
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Figure 1: Schematic representation of the experimental design.

Statistical analysis

Data are expressed as mean + SEM. All data were analyzed with ANOVA for
Repeated Measures (RM ANOVA) with drug treatment as between-group factor and
retention latencies of individual animals in the different test contexts (Shock, Non-
Shock, and Novel boxes) as repeated measure. Two-way ANOVAs were used to
analyze retention latencies of rats treated with propranolol vs saline alone and cis-
flupenthixol vs saline alone. The source of the detected significances was determined
by Tukey—Kramer post hoc tests for between and within-group differences. P values of
less than 0.05 were considered statistically significant. The number of rats per group

is indicated in the figure legends.



Results
Amphetamine and MDPV induce memory generalization in an inhibitory

avoidance discrimination task

Rats were trained on the inhibitory avoidance discrimination task and given an
immediate post-training intraperitoneal injection of amphetamine, MDPV or saline.
With regard to amphetamine effects, as shown in Fig. 2a, RM ANOVA for retention
latencies indicated significant effects for treatment (F 9 = 10.23, P < 0.01) as well
as context (F,,9 = 4.08, P = 0.02), but no significant interaction between these two
factors (F5g) = 0.48, P = 0.75). Post-hoc analysis, in accordance to what it has been
previously demonstrated (Atucha and Roozendaal, 2015), revealed that saline- treated
animals showed longer retention latencies in the Shock box (P < 0.01) and Non-Shock
box (P < 0.01) compared to those in the Novel box, indicating that saline- treated rats
were able to discriminate the two training contexts from the new one they had visited
only during the test trial (Fig. 2a). Retention latencies in the Shock box of rats treated
with amphetamine (3 mg/kg) were significantly longer than those of animals treated
with saline (P < 0.05), indicating that amphetamine, at the higher dose tested, enhanced
the strength of memory. Furthermore, amphetamine (3 mg/kg)-treated rats showed
longer retention latencies in both the Non-Shock box (P < 0.05) and Novel box (P <
0.01) compared to saline-treated animals. Thus, these results revealed that
amphetamine induced memory generalization across contexts. With regard to MDPV
effects, as shown in Fig. 2b, RM ANOVA for retention latencies indicated no
significant effect for treatment (F(2,30) = 1.83, P = 0.18), a significant context
effect (F(2,30= 3.37, P = 0.04), and no significant interaction between these two factors
(F2.60) = 1.04, P = 0.39). Post-hoc analysis confirmed that the performance of control
animals was the same as for the amphetamine experiments (Fig. 2b). Retention
latencies of animals treated with MDPV (1 mg/kg) did not differ from those of saline-
treated controls in both Shock and Non-Shock boxes, but were significantly longer

than those of saline-treated animals (P < 0.05) in the Novel box. These results show



that rats that were treated with MDPV (1 mg/kg) had similar retention latencies in all
three boxes, indicating that MDPV induced generalization across contexts. Taken
together, these findings indicate that amphetamine and MDPV have differential effects
on memory strength, but that both drugs increase generalization of fear memory to a

novel safe context. All training latencies are shown in Supplementary Table 1.
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Figure 2: Amphetamine and MDPV induce memory generalization of inhibitory
avoidance discrimination task. On the 48-h retention test, rats were sequentially tested in all
three contextually modified inhibitory avoidance apparatuses in a random order and their
retention latencies were analyzed. a) Retention latencies of amphetamine and saline-treated rats.
Saline-treated animals showed longer retention latencies in the Shock box and Non- Shock
box compared to those induced in the Novel box. In all three boxes, amphetamine 3 mg/kg
induced higher retention latencies than saline-treated rats. ##, P < 0.01 saline group latencies in
the Shock box or Non-Shock box vs saline group latencies in the Novel box; *, P< 0.05, **, P
< 0.01 amphetamine 3 mg/kg latencies in the Shock box, Non-Shock box or Novel box vs saline
group in the Shock box, Non-Shock box or Novel box; NS, no significant differences (n = 9-13
rats). b) Retention latencies of MDPV and saline-treated rats. Saline- treated animals showed
longer retention latencies in the Shock box and Non-Shock box compared to those induced in
the Novel box. In the Novel box retention latencies induced by MDPV 1 mg/kg were
significantly longer than those induced by saline-treated rats in the same box. #, P < 0.05 saline
group latencies in the Shock box or Non-Shock box vs saline group latencies in the Novel box;
*, P <0.05 MDPV 1 mg/kg treated group latencies in the Novel box vs saline group latencies in
the Novel box; NS, no significant differences (n = 10-12 rats).



Noradrenergic system activation mediates the effects of amphetamine and

MDPYV on memory generalization

We sought to test whether the amphetamine- and MDPV-mediated effects on strength
and generalization of memory involved activation of the noradrenergic system. Here
in, rats were given intraperitoneal injections of the B-adrenoceptor antagonist
propranolol or saline 30 min prior to training, followed by post-training
administrations of the effective doses of amphetamine (3 mg/kg), MDPV (1 mg/kg), or
their corresponding vehicles. To investigate whether the noradrenergic system
influences on amphetamine- mediated effects on memory generalization, we first
analyzed retention latencies of saline- and propranolol alone-treated animals in the
three contexts (Fig. 3a). RM ANOVA for retention latencies of the saline-treated
animals showed a significant effect of context (F,36) = 4.80, P = 0.01). Similar to the
control rats described above, post-hoc analysis confirmed that saline-treated animals
showed longer retention latencies in the Shock box (P < 0.05) and Non-Shock box (P
< 0.05) as compared to those in the Novel box, thus indicating that control rats were
able to discriminate the two training contexts from the new one that they visited only
during the test trial. The same results were obtained with the RM ANOVA analysis
for retention latencies of propranolol alone-treated animals (F 35 = 4.52, P = 0.02).
Post-hoc analysis revealed that propranolol alone-treated rats showed longer retention
latencies in the Shock box (P < 0.05) and Non-Shock box (P < 0.05) as compared to
those in the Novel box. These findings indicate that also rats that were treated with
propranolol accurately remembered the two training contexts, even if they were not
able to discriminate in which training context they received the footshock. Moreover,
two-way ANOVA for retention latencies of rats treated with saline and propranolol
did not reveal a significant treatment effect (F1,69 = 0.59, P = 0.44) or treatment X
context interaction effect (F,69 = 0.03, P = 0.97), but revealed a significant effect of
the context (Fpeg) = 9.23, P < 0.0001), suggesting that treatment does not affect

animals memory retention for different apparatuses (Fig. 3a). As shown in Fig. 3a, as



for the noradrenergic influences in the amphetamine effects on memory function, RM-
ANOVA for retention latencies revealed significant effects of treatment (Fga2) =
11.70, P < 0.01) as well as context (Fp42 = 6.01, P < 0.01), and no significant
differences for the interaction between both factors (F sz = 0.50, P = 0.80). Retention
latencies of rats treated with amphetamine alone in the Shock box (P < 0.05), Non-
Shock box (P < 0.05) and Novel box (P < 0.01) were all significantly longer than those
displayed by saline-treated animals in the same boxes. Retention latencies of rats that
were treated with propranolol together with amphetamine in the Shock box (P < 0.05),
Non-Shock box (P < 0.01) and Novel box (P < 0.01) were significantly shorter
compared to those of animals treated with amphetamine alone in the same boxes.
Moreover, retention latencies of rats treated with amphetamine alone in the Shock box
(P < 0.05), Non-Shock box (P < 0.01) and Novel box (P < 0.01) were significantly
longer than those of rats treated with propranolol alone in the same boxes. To evaluate
whether noradrenergic activity is also involved in the modulation of the MDPV effects
on memory generalization, we analyzed retention latencies of both saline and
propranolol alone-treated animals and confirmed the results that we described above
for the experiments involving amphetamine (Fig. 3b). Furthermore, as previously
described, also in this experiment no significant differences were found between saline
and propranolol alone-treated rats (Fig. 3b).

As shown in Fig. 3b, RM ANOVA for retention latencies indicated no significant
effect of treatment (Fz32 = 1.70, P = 0.19) or treatment x context interaction effect
(Fes4=1.12, P =0.36), but revealed a significant effect of the context (F,32=7.32, P
< 0.01). Rats treated with MDPV alone showed longer retention latencies in the Novel
box than those of saline alone- (P < 0.01) or propranolol alone-treated rats(P < 0.05)
exposed to the same box. Moreover, retention latencies of animals treated with
propranolol together with MDPV in the Shock-box were significantly longer
compared to the Novel box (P < 0.05) and in the Non-Shock box compared to the

Novel box (P < 0.05). Particularly in the Novel box, retention latencies of animals



treated with propranolol together with MDPV were significantly shorter compared to
those of MDPV alone-treated animals in the same box.In summary, these findings
indicate that the amphetamine effect on enhancing memory strength is mediated by
the noradrenergic system. Moreover, our findings indicate that the amphetamine effect
on memory generalization appears to be only partially due to a modulation of the
noradrenergic system, whereas the memory generalization effect induced by MDPV
is entirely dependent on noradrenergic activity. All training latencies are indicated in

Supplementary Table 2
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Figure 3: Noradrenergic activation mediates amphetamine and MDPV effects on memory
generalization. On the 48-h retention test, rats were sequentially tested in all three contextually
modified inhibitory avoidance apparatuses in a random order and their retention latencies were
analyzed. a) Retention latencies of rats treated with propranolol or saline 30 min prior to training
together with amphetamine or saline administered immediately after training. Saline alone-
treated animals showed longer retention latencies in the Shock box and Non-Shock box

compared to those induced in the Novel box, the same happens for the propranolol alone-treated



animals. In all three boxes, amphetamine alone-treated rats showed higher retention latencies
than saline alone-treated rats and then those exerted by rats given propranolol alone. Retention
latencies of group treated with propranolol together with amphetamine in all three boxes were
significantly lower compared to those of amphetamine alone-treated rats. #, P < 0.05 saline
group latencies in the Shock box or Non-Shock box vs saline group latencies in the Novel box;
A, P <0.05 propranolol alone latencies in the Shock box or Non-Shock box vs propranolol alone
latencies in the Novel box; *, P < 0.05, **, P < amphetamine alone-treated group latencies in
the Shock box, Non-Shock box or Novel box vs saline group latencies in the Shock box, Non-
Shock box or Novel box; §, P <0.05, §§, P < 0.01 amphetamine alone-treated group latencies in
the Shock box, Non-Shock box or Novel box vs propranolol alone group latencies in the Shock
box, Non-Shock box or Novel box; °, P < 0.05, °°, P < 0.01 propranolol and amphetamine-
treated group latencies in the Shock box, Non-Shock box or Novel box vs amphetamine alone-
treated group latencies in the Shock box, Non-Shock box or Novel box; NS, no significant
differences (n = 9-13 rats). b) Retention latencies of rats treated with propranolol or saline 30
min prior to training together with MDPV or saline administered immediately after training.
Saline alone-treated animals showed longer retention latencies in the Shock box and Non-Shock
box compared to those induced in the Novel box, the same happens for the propranolol together
with MDPV-treated animals. In the Novel box retention latencies induced by MDPV alone
treatment were significantly longer than those exerted by rats treated with saline alone and
propranolol alone. Retention latencies of group treated with propranolol together with MDPV
in the Novel box were significantly lower compared to those of MDPV alone-treated rats. #, P
< 0.05 saline group latencies in the Shock box or Non-Shock box vs saline group latencies in
the Novel box; ¢, P < 0.05 propranolol together with MDPV latencies in the Shock box or Non-
Shock box vs propranolol together with MDPV latencies in the Novel box; **, P <0.01, MDPV
alone-treated group latencies in the Novel box vs saline group latencies in the Novel box; §, P
< 0.05, MDPV alone-treated group latencies in the Novel box vs propranolol alone-treated
group latencies in the Novel box; °, P < 0.05, propranolol and MDPV-treated group latencies in
the Novel box vs MDPV alone-treated group in the Novel box; NS, no significant differences
(n = 8-11 rats).



Dopaminergic system activation mediates the effects of amphetamine, but not

MDPV, on memory generalization

In this set of experiments, we tested whether dopaminergic activity is involved in the
effects induced by amphetamine and MDPV on memory generalization. To this aim,
rats were intraperitoneally treated with the dopamine receptors antagonist cis-
flupenthixol or saline 30 min before the training trial, and subjected to post-training
administration of the effective doses of amphetamine (3 mg/kg), MDPV (1 mg/kg), or
their corresponding vehicle solutions. As previously done in the experiments involving
the noradrenergic system, we first analyzed the retention latencies of saline- and of
cis-flupenthixol alone-treated animals in the three experimental contexts. Animals that
were treated with saline showed comparable latencies to control groups that were
discussed above (Fig. 4a). Moreover, in line with the previous set of experiments, no
significant differences between saline- and cis-flupenthixol alone-treated animals (Fig.
4a) were detected. As for the involvement of the dopaminergic system in the
amphetamine effects on memory function, as shown in Fig. 4a, RM ANOVA for
retention latencies indicated significant effects of treatment (F 34 = 10.87, P < 0.01)
and context (Fpa4 = 17.62, P < 0.01), but not significant interaction between both
factors (Fees) = 0.47, P = 0.83) effect. Post-hoc analysis revealed that retention
latencies of amphetamine alone- treated rats were significantly longer than those of
rats that were given saline alone in the Shock box (P < 0.05), Non-Shock box (P <
0.05) and Novel box (P < 0.01). Retention latencies of rats that were treated with
amphetamine alone were significantly longer than those of cis-flupenthixol alone-
treated rats in the Shock box (P < 0.05), Non-Shock box (P < 0.01) and Novel box (P <
0.01). Retention latencies in the Novel box of rats treated with cis-flupenthixol
together with amphetamine were significantly shorter with respect to rats given
amphetamine alone (P < 0.01) in the same box. Moreover, they showed longer
latencies in the Shock box and in the Non-Shock box compared to the Novel box (P <
0.05).



Concerning the dopaminergic role on MDPV-mediated generalization effects on
memory, for the retention latencies of both saline- and cis-flupenthixol alone-treated
rats we confirmed the same results of above described (Fig. 4b); again, no significant
differences were found between the two treatment groups (Fig. 4b). As shown in Fig.
4h, RM ANOVA for retention latencies indicated no significant treatment effect (F.39)
= 1.71, P = 0.18), a significant effect of the context (F(,3s = 5.06, P < 0.01) and no
significant interaction between these two factors (F,7s) = 0.81, P = 0.56) effect. Post-
hoc analysis revealed that retention latencies of rats treated with MDPV alone were
significantly longer than those of rats given saline alone and cis- flupenthixol alone in
the Novel box (P < 0.01), and that the retention latencies of rats treated with cis-
flupenthixol together with MDPV were significantly longer than those of rats given
saline alone and cis-flupenthixol alone in the Novel box (P < 0.05).

In conclusion, these results demonstrated that the dopaminergic system is involved in
modulating the effects of amphetamine on memory generalization as well with only a
partial interference on its effects on memory strength. However, the blockade of
dopamine receptors does not influence MDPV effects onmemory generalization. All

training latencies are shown in Supplementary Table 3.
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Figure 4: Dopaminergic activation mediates the effects induced by amphetamine, but not
MDPV, on memory generalization. On the 48-h retention test, rats were sequentially tested in
all three contextually modified inhibitory avoidance apparatuses in a random order and their
retention latencies were analyzed. a) Retention latencies of rats treated with cis- flupenthixol or
saline 30 min prior to training together with amphetamine or saline administered immediately
after training. Saline alone-treated animals showed longer retention latencies in the Shock box
and Non-Shock box compared to those induced in the Novel box. Cis-flupenthixol alone-treated
animals showed higher retention latencies in Shock box compared only to those showed in the
Novel box. Cis-flupenthixol together with amphetamine treated-rats showed longer retention
latencies in the Shock box and Non-Shock box compared to those induced in the Novel box. In
all three boxes, amphetamine alone-treated ratsshowed higher retention latencies than saline
alone-treated rats and cis-flupenthixol alone-treated rats. Retention latencies of rats treated with
cis-flupenthixol together with amphetamine were significantly lower than those of amphetamine
alone-treated rats, only in the Novel box. #, P < 0.05 saline group latencies in the Shock box or

Non-Shock box vs saline group latencies in the Novel box; *, P < 0.05 cis-flupenthixol alone



latencies in the Shock box vs cis-flupenthixol alone latencies in the Novel box; +, P < 0.05, cis-
flupenthixol together with amphetamine latencies in the Shock or Non-Shock box vs cis-
flupenthixol together with amphetamine latencies in the Novel box; *, P < 0.05, ** P < 0.01,
amphetamine alone-treated group latencies in the Shock box, Non-Shock box or Novel box vs
saline group latencies in the Shock box, Non-Shock box or Novel box; §, P < 0.05, 8§, P < 0.01,
amphetamine alone group latencies in the Shock box, Non-Shock box or Novel box vs cis-
flupenthixol alone-treated group latencies in the Shock box, Non-Shock box or Novel box; °°,
P < 0.01, cis-flupenthixol and amphetamine-treated group latencies in the Novel box vs
amphetamine alone-treated group in the Novel box; NS, no significant differences (n= 9-10
rats). b) Retention latencies of rats treated with cis-flupenthixol or saline 30 min prior to training
together with MDPV or saline administered immediately after training. Saline alone-treated
animals showed longer retention latencies in the Shock box and Non-Shock box compared to
those induced in the Novel box, the same happens to cis-flupenthixol alone-treated animals. In
the Novel box, MDPV alone- treated rats showed higher latencies with respect to saline-treated
rats and cis-flupenthixol alone-treated rats; cis-flupenthixol and MDPV-treated rats showed
higher latencies with respect to cis-flupenthixol alone-treated rats and with respect to cis-
flupenthixol alone-treated. #, P < 0.05 saline group latencies in the Shock box or Non-Shock box
vs saline group latencies in the Novel box; #, P < 0.05, ™, P < 0.01, cis-flupenthixol alone
latencies in the Shock box or Non-shock box vs cis-flupenthixol alone latencies in the Novel
box; **, P <0.01, MDPV alone-treated group latencies in the Novel box vs salinegroup latencies
in the Novel box; 8§, P < 0.01, MDPV alone-treated group latencies in the Novel box vs cis-
flupenthixol alone- treated group in the Novel box; &, P < 0.05, cis-flupenthixol together with
MDPV retention latencies in the Novel box vs cis-flupenthixol alone latencies in the Novel box;

NS, no significant differences (n = 8-11 rats).

Discussion

The present findings indicate that amphetamine and MDPV have different effects on
memory strength, but both drugs increase generalization of fear memory to a novel
safe context. We further show that noradrenergic and dopaminergic neurotransmission
is differentially involved in the effects mediated by amphetamine and MDPV on

memory. As previously showed, saline-treated animals trained in the inhibitory



avoidance discrimination task, with a 1-min interval between the two training
apparatuses, were able to discriminate the two training contexts from the new one
visited only during the test trial (Atucha and Roozendaal, 2015), indicating that fear
memory associated with footshock did not generalize to the novel safe box. Here, we
specifically selected this short time delay to evaluate whether amphetamine and MDPV
could induce fear memory generalization of footshock to the novel safe context. Our
findings first demonstrate, in accordance to previous reports (McGaugh, 1973;
Martinez et al., 1980a; Martinez et al., 1980b; Roozendaal et al., 1996, McGaugh and
Roozendaal, 2009), that amphetamine increases memory strength as indicated by the
longer retention latencies in the Shock box. Of more interest, we also found that
amphetamine induces fear memory generalization by enhancing retention latencies in
all three boxes, including the box never visited before. MDPV did not directly affect
memory strength, but induced generalization of memory, as well as demonstrated by
the finding that MDPV-treated animals exerted similar retention latencies in all three
boxes. Such evidence that both psychostimulants induce fear memory generalization
to a context to which animals were never exposed before is a truly novel and important
finding.

Previous studies have indicated that both amphetamine and MDPV, through a similar,
yet not identical, mechanism of action increase brain monoamines release, particularly
NE and DA, two neurotransmitters extensively involved in the modulation of memory
(LaLumiere et al., 2005; McGaugh and Roozendaal, 2009). In fact, amphetamine acts
as a substrate of NET, DAT and SERT inducing a ‘reverse transport’ of
neurotransmitters (Robertson et al., 2009), whereas MDPV, like cocaine, is an
inhibitor of NET, DAT and SERT (Simmler et al., 2013; Marusich et al., 2014;
Baumann et al., 2017). Amphetamine also interacts with the vesicular monoamine
transporter (VMAT), in particular VMAT2, depleting synaptic vesicles of their
neurotransmitter content (Teng et al., 1998; Eiden and Weihe, 2011), and inhibits

monoaminooxidase (MAO), which is a family of enzymes that catalyzes monoamine



oxidation (Miller et al., 1980; Liu et al., 2016). The affinity between MDPV and MAO
has not yet been investigated. Literature data indicate that two other synthetic
cathinones, mephedrone and methylone, have a similar mechanism of action of
amphetamine but present a lower affinity for VMAT2 and probably decrease activity
on MAO with respect to amphetamine (Baumann et al., 2017). There is evidence that
MDPV is more powerful as an uptake blocker of DAT than of NET and SERT
(Baumann et al., 2007). Therefore, although this remains purely speculative, it is
possible that the different effects induced by amphetamine and MDPV on memory
strength may be related to variation of the specific expressions of these monoamine

transporters in different brain regions.

Notwithstanding the different mechanism of action through which these two
psychostimulants enhance NE and DA levels, both drugs of abuse enhance
noradrenergic and dopaminergic neurotransmission (Baumann et al., 2013; Robertson
etal., 2009) and the involvement of these two systems on the effects induced by drugs
of abuse on memory strength and generalization had not been previously investigated.
Here, we found that noradrenergic influences, mediated by an action on -
adrenoceptors, were responsible for the enhancing effects of amphetamine on memory
consolidation. Extensive evidence indicates that noradrenergic activation is crucially
involved in regulating memory consolidation for emotional experiences (Gold et al.,
1975; Gold and van Buskirk, 1978; Gallagher et al., 1977; Liang et al., 1986; MclIntyre
et al., 2003; Ferry et al., 2015; LaLumiere et al., 2017). Hence, it is possible that
amphetamine effects on memory strength could be due to an indirect activation of
central B-adrenoceptors. Of more novel interest, we demonstrated that the
noradrenergic system also modulates the generalization effects induced by both
amphetamine and MDPV. In particular, our findings indicate that amphetamine effects
on generalization are partially blocked by preventive administration of the f-
adrenoceptor antagonist propranolol, while MDPV effects are totally blocked.

Previous findings demonstrated that the administration of the physiological



noradrenergic stimulant yohimbine, a selective o2-adrenoceptor antagonist,
ameliorates the accuracy of memory in the inhibitory avoidance discrimination task
(Atucha and Roozendaal, 2015) and that NA infusion into the basolateral amygdala
maintains accuracy of episodic-like memory of the two distinct training contexts,
preventing the generalization effect induced by a memory reorganization over time
(Atucha et al., 2017). However, our results unexpectedly suggest that if the
noradrenergic system is activated by a drug of abuse it alters memory accuracy,
inducing generalization. This effect could be explained considering the activation of
the noradrenergic system in brain areas particularly involved in memory
generalization, such as medial prefrontal cortex, nucleus reunions, and hippocampus
(Xu and Sudhof, 2013). Conversely, no data are available with regard to the potential
role of dopaminergic modulation on memory accuracy. Herein, we demonstrate that
the dopaminergic system is involved in modulating the effects of amphetamine on
memory generalization as well with only a partial interference on memory strength.
However, the blockade of dopamine receptors does not influence MDPV effects on
memory generalization. Together these findings indicate that the generalization effect
induced by amphetamine is strongly regulated by the dopaminergic system, whereas
the MDPV effects on memory generalization seem to be due to a selective activation
of the noradrenergic system. Although these results require further investigation, it can
be hypothesized that there is a differential recruitment induced by amphetamine and
MDPV on the monoamine systems in different brain areas.

Brain regions with high density of DAT and dopaminergic receptors, such as the
striatum and nucleus accumbens (Efimova et al., 2016) may be responsible for
regulating amphetamine effects on memory generalization. Conversely, it is possible
that the effects of MDPV on memory generalization are linked to brain areas with high
levels of NET and B-adrenoceptors such as the dentate gyrus of the hippocampus and
the perirhinal cortex, which are known to play a critical role in the regulation of
memory discrimination (Miranda et al., 2017; van Dijk and Fenton, 2018). In

agreement with these results, it could be hypothesized that the generalization induced



by MDPV is mediated by B-adrenoceptors in such brain areas. Thus, our findings
demonstrate that both amphetamine and MDPV induce generalization of fear memory
via a different involvement of NE and DA neurotransmission. These results pave the
way for future studies aimed at investigating the role of specific brain areas in
mediating the differential effects of both psychostimulant drugs on strength and
quality of memory, thus ultimately leading to reveal the neurobiological underpinnings
of memory alterations induced by drugs of abuse.
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Abstract

Trauma patients treated with ketamine during emergency care present aggravated
early post- traumatic stress reaction which is highly predictive of post-traumatic stress
disorder (PTSD) development and severity. The use of ketamine in the acute trauma
phase may directly or indirectly interfere with neural processes of memory
consolidation of the traumatic event, thus leading to the formation of maladaptive
memories, a hallmark symptom of PTSD. We have recently shown that ketamine
anesthesia, immediately after a traumatic event, enhances memory consolidation and
leads to long-lasting alterations of social behavior in rats. Based on the evidence that
ketamine induces a robust central and peripheral adrenergic/noradrenergic
potentiation and that activation of this system is essential for the formation of memory
for stressful events, we explored the possibility that the strong sympathomimetic
action of ketamine might underlie its memory enhancing effects. We found that rats
given immediate, but not delayed, post-training ketamine anesthesia (125 mg/kg)
presented enhanced 48-h memory retention in an inhibitory avoidance task and that
these effects were blocked by adrenal medullectomy, lesions of the locus coeruleus,
systemic or intra-basolateral amygdala -adrenergic receptor antagonism. Thus, the
memory enhancing effects of ketamine anesthesia are time-dependent and mediated
by a combined peripheral-central sympathomimetic action. We elucidated a
mechanism by which ketamine exacerbates acute post-traumatic reaction, possibly
leading to development of PTSD symptomatology later in life. These findings will
help guide for a better management of sedation/anesthesia in emergency care to
promote the prophylaxis and reduce the risk of developing trauma-related disorders in

trauma victims.



Introduction

Trauma victims present increased risk of developing post-traumatic stress disorder
(PTSD), characterized, among other symptoms, by altered memory processing of the
traumatic experience (American Psychiatric Association, 2013). Drugs used in
emergency care can interfere with memory formation for the traumatic event, and thus
influence the risk to develop PTSD later in life. Ketamine is an intravenous anesthetic
commonly used in clinics, particularly in emergency care, for premedication, sedation,
induction and maintenance of general anesthesia, in children and adults (Green et al.,
1998; Weant, Davis, Davis, & Hooper, 2019). Ketamine is primarily known as a
NMDA glutamate receptor antagonist (Harrison & Simmonds, 1985). However, it has
several off-site targets (Sleigh, Harvey, Voss, & Denny, 2014; Zanos et al., 2016)
mediating different effects. Ketamine’s ability to increase heart rate and blood
pressure and alter attentional processes has been attributed to its sympathomimetic
action (Baraka, Harrison, & Kachachi, 1973), achieved through blockade of both
peripheral and central adrenaline/noradrenaline re-uptake (Hara et al., 1998; White,
Way, & Trevor, 1982; Zhao & Sun, 2008). Furthermore, ketamine increases the firing
rate of noradrenergic neurons in the locus coeruleus (LC), the primary source of
noradrenaline in the central nervous system (CNS), through activation of AMPA
receptors (El Iskandrani, Oosterhof, EI Mansari, & Blier, 2015). It is well established
that during stressful events adrenaline is released from the adrenal medulla and,
through the vagus nerve, activates the central noradrenergic system in the nucleus of
the solitary tract and LC, which in turn triggers noradrenergic mechanisms in the
basolateral amygdala (BLA) resulting in enhanced memory for these events (Atsak et
al., 2015; McGaugh, 2000; Mclintyre, Hatfield, & McGaugh, 2002; Quirarte,
Roozendaal, & Mcgaugh, 1997; Roozendaal et al., 2006). As trauma victims and
patients in emergency care often experience stressful events shortly before ketamine
administration, it is of crucial importance to investigate its effects, since the immediate

post-trauma phase is characterized by a rapid surge of peripheral and central



adrenaline/noradrenaline levels and the traumatic memory is consolidated into a stable
long-term memory trace. Excessive consolidation of such events might lead to PTSD
development (Pitman et al., 2012). Evidence exists that ketamine modulates or
aggravates early post-traumatic stress reactions when given in the acute trauma phase,
and it correlates with onset of sustained PTSD symptomatology (M. Schénenberg,
Reichwald, Domes, Badke, & Hautzinger, 2008; Michael Schénenberg, Reichwald,
Domes, Badke, & Hautzinger, 2005; Winter & Irle, 2004). However, recent findings
indicate that ketamine, at sub-anesthetic doses, improves psychiatric symptoms in
individuals already suffering from PTSD and comorbid depression (Albott et al., 2018;
Hartberg, Garrett-Walcott, & De Gioannis, 2018). This suggests that ketamine might
increase the risk of PTSD development when given in close proximity of the trauma,
plausibly by potentiating the noradrenergic-mediated enhancement of memory
consolidation. Interestingly, treatment with the B-adrenoceptor antagonist propranolol,
although not always effective, reduces fear and PTSD development when paired with
behavioral therapy soon after trauma and ameliorates the symptomatology when
PTSD is already developed (Giustino, Fitzgerald, & Maren, 2016). Furthermore,
reduction of noradrenergic release with dexmedetomidine, an o2-adrenoceptor
agonist, decreases the duration of delirium in intensive or post-anesthesia care unit, or
after cardiac surgery (Pandharipande et al., 2007; Read, Maani, & Blackwell, 2017;
Shehabi et al., 2009). Accordingly, in rats, we have shown that dexmedetomidine
reduces, while ketamine anesthesia enhances memory retention and exacerbates PTSD
symptomatology, when injected soon after a traumatic event (Morena et al., 2017).
Here, we examined whether ketamine memory enhancing effects were specific for the
early phases of consolidation by testing the effects of post-training immediate, or
delayed, ketamine anesthesia on inhibitory avoidance memory retention in rats. Then,
we explored the contribution of the adrenergic system in mediating such effects by
injecting ketamine in adrenal medullectomized, or LC lesioned rats, or in the presence

of a systemic, or intra-BLA, injection of propranolol.



Materials and methods
Animals

A total of two hundred and six male naive Sprague-Dawley rats (350-450 g at the time
of behavioral experiments; Charles River Laboratories, Calco, Italy) were included in
the present investigation. Animals were kept in an air-conditioned controlled room
(temperature: 21°+1°C; lights on 7:00 A.M.—7:00 P.M.) with food and water available
ad libitum. Training and testing were performed during the light phase of the cycle
between 10:00 A.M. and 3:00 P.M. All procedures were in compliance with the Guide
for the Care and Use of Laboratory Animals, the ARRIVE guidelines, the Directive
2010/63/EU of the European Parliament, and the D. L. 26/2014 of Italian Ministry of
Health.

Drug treatment

Propranolol hydrochloride (Tocris, Milan, Italy), when injected systemically, and
ketamine (Ratiopharm, Ulm, Germany) were dissolved, or diluted, respectively, in
saline solution (0.9%). Lidocaine (Tocris, Milan, Italy) and propranolol hydrochloride
(Tocris, Milan, Italy), when injected centrally, were dissolved in phosphate buffered
saline 1X (PBS, pH = 7.4). Drug solutions were freshly prepared the day of the
experiment. Ketamine (125 mg/kg) was administered by intraperitoneal injection (i.p.)
immediately or 3h after the inhibitory avoidance training trial. Propranolol (2 mg/kg)
was given i.p. 30 min before training. In a separate experiment, propranolol (0.5 nug/0.2
ul/side) was administered bilaterally into the BLA immediately after the inhibitory
avoidance training. Lidocaine (4% wt/vol; 4 g/100 ml of PBS) was administered
bilaterally into the LC immediately after the inhibitory avoidance training. Drug doses
were chosen on the basis of previous studies performed in our laboratory and by others
(Campolongo, Roozendaal, Trezza, Cuomo, et al., 2009; Lashgari, Khakpour-
Taleghani, Motamedi, & Shahidi, 2008; Morena et al., 2017; Quirarte et al., 1997;
Roozendaal, McReynolds, & McGaugh, 2004; Song, Ansah, Meyerson, Pertovaara,



& Linderoth, 2013). Post-training central infusions of drugs or their respective
vehicles were made by using a 30-gauge injection needle connected by polyethylene
tubing (PE-20) to a 10 pL Hamilton microsyringe driven by a minipump (KD
Instruments, Canning Vale, Australia). The injection needles protruded 2.0 mm
beyond the tip of the cannula, and a 0.2 pL, or 0.5 pl, injection volume per hemisphere
was infused over a period of 25-85 s in the BLA, or LC, respectively. The injection
needles were retained within the cannulae for an additional 20 s after infusion to
maximize diffusion and to prevent backflow of drug into the cannulae. The infusion
volumes were chosen on the basis of previous experiments (Guo, Jiang, Buttermann,
& Maze, 1996; Morena et al., 2019).

Cannulation

Rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), given atropine
sulfate (0.4 mg/kg, i.p.) to maintain respiration, and subsequently injected with 3 mL of
saline subcutaneously to facilitate clearance of drugs and prevent dehydration. The rats
were then placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA),
and two stainless-steel guide cannulae (23-gauge) were implanted bilaterally, with the
cannula tips 2 mm above the BLA [15 mm-long; coordinates: anteroposterior (AP),
—2.8 mm from Bregma; mediolateral (ML), £5.0 mm from midline; dorsoventral (DV),
—6.5 mm from skull surface] or 2 mm above the LC [13 mm-long; coordinates: AP,
—9.8 mm; ML, £1.2 mm; DV, —5.1 mm](Guo et al., 1996; Morena et al., 2016). Stylets
(15 mm- or 13 mm-long 00 insect dissection pins) were inserted into each cannula to
maintain patency. Rats were allowed to recover from surgery for at least 1 week before

training and handled three times for 1 min before training.

Adrenal medullectomy

Adrenal medullectomy (ADMX) was performed as previously described (Ferrari et al.,



2010; Khasar et al., 1998; Wilkinson et al., 1981). Briefly, rats were anesthetized with
isoflurane (2.5% isoflurane in O). Each animal was placed on a flat surface with their
limbs in the extended position and their dorsal area was trichotomized. Incisions of 2
cm were made on the right and left dorsal lateral surface of the animals just over each
kidney. Small incisions were made on the adrenal capsule and the medulla were
removed. Sham ADMX rats only received small skin incisions. Wounds were closed
with suture clips. Rats were allowed to recover from surgery for 5 weeks before starting
behavioral experiments. ADMX rats were given 0.50% saline to drink in place of water
for 1 week after surgery to compensate for salt and water losses during the period of
corticosteroid deficiency (Khasar et al., 1998; Wilkinson et al., 1981).

Inhibitory avoidance test

Rats were trained and tested in an inhibitory avoidance apparatus as previously
described (Morena et al., 2017; Ratano et al., 2018). Briefly, the apparatus consisted of
a trough-shaped alley divided into two compartments, separated by a sliding door. The
starting compartment was made of opaque white plastic and illuminated; the shock
compartment was made of two dark, electrifiable metal plates and was not illuminated.
Animals were handled 1 min each for 3 days before training. For training, the rats were
placed into the starting compartment of the apparatus, after rats stepped completely into
the dark compartment, the sliding door was closed and a single, inescapable footshock
(0.35 mA) was delivered for 1 s. Cannulated rats received higher footshock intensity
(0.60 mA for LC cannulation and 0.65 mA for BLA cannulation) to ensure a good
memory performance in all experimental groups (Campolongo et al., 2009; Morena et
al., 2014; Wotjak, 2019). The animals were removed from the shock compartment 15 s
after the footshock termination. Retention was tested 48-h later. On the retention test,
rats were placed into the starting compartment, and the latency to reenter the shock
compartment with all four paws (retention latency; 600 s cut-off) was recorded. Longer
latencies were interpreted as indicating better memory retention (McGaugh and

Dawson, 1971). After each session, the apparatus was cleaned with a 70% ethanol



solution.

Sleep parameters

Sleep onset time and duration for rats given ketamine were measured as previously
described (Hauer et al., 2011; Morena et al., 2017). Immediately after the anesthetic
administration each rat was placed on its back once every 30 s until it was unable to
right itself within 30 s. Sleep onset time was defined as the interval between anesthetic
injection and the time the rat was unable to turn itself upright. The time between loss
and recovery of righting reflex for each rat was defined as sleep duration (180 min cut-
off). The loss of righting reflex was defined when the rat, after ketamine injection, was
unable to turn itself upright at least twice within 1 min. Then, each rat was left
undisturbed on its back until it spontaneously regained its righting reflexes, defined as
having at least three paws under its body. Complete recovery of the righting reflex was

defined as the rat being able to turn itself upright.

Histology

To check for cannula placement, cannulated rats were anesthetized with an overdose of
sodium pentobarbital (100 mg/kg, i.p.) and perfused transcardially with 0.9% saline.
The brains were then removed and immersed in a 4% (wt/vol) formaldehyde solution.
At least 48 h before sectioning, the brains were transferred to a 20% (wt/vol) sucrose
solution in saline for cryoprotection. Coronal sections of 35 um were cut on a cryostat,
mounted on gelatin-coated slides, and stained with cresyl violet. The sections were
examined under a light microscope (Nikon 801 microscope, Nikon instruments SPA,
Milan, Italy) and the location of infusion needle tips in the BLA or LC were made by

an observer blind to treatment conditions.

Statistical analysis
The person who performed and analyzed the test was blinded to the condition of the

animals. Statistical analysis was performed using GraphPad Prism Software (La Jolla,



CA, USA). To determine whether learning had occurred in the inhibitory avoidance
training, paired t-tests were used to compare the training and retention latencies of
vehicle control groups. Sleep duration was analyzed with unpaired t-tests and
correlation analyses were performed with the Pearson correlation test. For the other
behavioral measures, unpaired t tests or two-way ANOVAs with the treatments as
between-subjects factors, followed by Tukey-Kramer post-hoc tests, were used when
appropriate. Data are expressed as mean + standard error of the mean (SEM). P values
of < 0.05 were considered statistically significant. The number of rats per group is
indicated in the figure legends. A total of 6 rats were excluded from statistical analyses

for cannula misplacement.

Results

Immediate post-training, but not delayed, ketamine injection enhances aversive
memory retention

We have previously shown that an anesthetic dose of ketamine (125 mg/kg, i.p.) given
immediately after an inhibitory avoidance training enhances 48-h memory retention in
rats (Morena et al., 2017). To examine whether ketamine specifically enhances the early
consolidation phase of aversive memory processing, rats were treated with ketamine, or
its vehicle, immediately, or 3h after the inhibitory avoidance training (experiment 1;
Fig. 1A). By replicating our previous results (Morena et al., 2017), we found that
immediate post-training ketamine injection enhanced 48-h memory retention (Fig. 1B).
Average step-through latencies for all groups during training, before footshock and
immediate post-training drug treatment, were 10.11 + 1.36 s (mean + SEM). Unpaired
t test for training latencies did not reveal any significant difference between vehicle and
ketamine groups injected immediately post-training (ti4 = 0.52, P = 0.61), indicating
that there were not pre-existing behavioral differences between the two experimental
groups. Retention latencies of vehicle-treated rats were significantly longer than their
training latencies (t7 = 2.68, P = 0.03), indicating that rats correctly retained memory of

the shock experience. As, shown in Figure 1B, unpaired t test revealed that rats given



immediate post-training ketamine injection presented significantly higher retention
latencies than controls (ti4 = 2.51, P = 0.03). Average step-through latencies during
training, before footshock, for vehicle and ketamine groups injected 3-h post-training,
were 9.54 + 1.12 s (mean = SEM). Unpaired t test for training latencies did not reveal
any significant difference between vehicle and ketamine groups injected 3-h post-
training (ts = 1.97, P = 0.07), showing no pre-existing differences between groups
before drug treatment. Retention latencies of vehicle-treated rats were significantly
longer than their training latencies (t; = 3.16, P = 0.02), indicating that rats correctly
retained memory of the shock experience. Unpaired t test for retention latencies did not
reveal any significant difference between vehicle- and ketamine-treated rats injected 3-
h after training (tiz = 1.47, P = 0.16; Fig. 1C). These results show that ketamine
anesthesia enhances 48-h retention latencies when given immediately, but not 3-h after
training.
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Figure 1: Immediate, but not delayed, post-training ketamine anesthesia enhances 48-h
inhibitory avoidance memory retention. Schematic representation of experiment 1 (A).
Ketamine injection (Keta; 125 mg/kg, i.p.) enhanced 48-h memory retention when injected
immediately (B), but not 3-h after training (C). *, P < 0.05 vs vehicle group. Results represent
mean + SEM (n = 8 per group).



Memory enhancing effects of immediate post-training ketamine injection are
dependent on adrenal catecholamines

To examine whether the memory enhancing effects of immediate post-training
ketamine injection were dependent on adrenal catecholamines, the anesthetic agent,
or its vehicle, was given to sham ADMX or ADMX rats immediately after the
inhibitory avoidance training (experiment 2; Fig. 2A). Average step-through latencies
for all groups during training, before footshock and drug treatment, were 13.34 + 1.78
s (mean = SEM). Two-way ANOVA for training latencies did not reveal any
significant ketamine treatment (F1,35 = 0.06, P = 0.82), ADMX (F135 = 2.38, P =0.13),
or ketamine x ADMX interaction (F135 = 0.01, P = 0.92) effects, indicating that there
were not pre-existing behavioral differences among all experimental groups.
Retention latencies of sham ADMX rats treated with vehicle were significantly longer
than their training latencies (t12 = 3.09, P = 0.009), indicating that rats correctly
retained memory of the shock experience. As, shown in Figure 2C, two-way ANOVA
for retention latencies revealed significant ketamine (F13 = 9.54, P = 0.004) and
ADMX (F135 = 12.86, P = 0.001) effects and a significant interaction between both
factors (F1.35 = 7.49, P = 0.01). Post-hoc tests indicated that retention latencies of sham
ADMX rats treated with ketamine (125 mg/kg) were significantly longer than those
of both sham ADMX rats given vehicle and ADMX rats treated with ketamine (P <
0.001 for both comparisons; Fig. 2C). There were no significant differences between
sham ADMX and ADMX rats treated with vehicle. These results indicate that a
functional adrenal medulla capable to release adrenaline in the blood stream after a
fearful experience is required for enabling the enhancing effects of ketamine on fear

memory consolidation.

Memory enhancing effects of immediate post-training ketamine injection are
dependent on B-adrenoceptor activation

This experiment examined whether memory enhancing effects of immediate post-



training ketamine anesthesia were dependent on B-adrenoceptor activation
(experiment 3; Fig. 2B). Immediate post-training injections of ketamine (125 mg/kg,
i.p.), or its vehicle, were given to rats pre-treated with systemic injections of the -
adrenoceptor antagonist propranolol (2 mg/kg, i.p.), or its vehicle, 30 min before the
inhibitory avoidance training. Average step-through latencies for all groups during
training, before footshock and drug treatment, were 11.78 + 1.37 s (mean = SEM).
Two-way ANOVA for training latencies did not reveal any significant ketamine (Fy4.
= 0.97, P = 0.33) or propranolol (Fi4 = 0.49, P = 0.49) treatment effects or an
interaction between both factors (F1.42 = 1.69, P =0.20). Retention latencies of vehicle-
treated rats were significantly longer than their training latencies (t11 = 2.45, P = 0.03),
indicating that rats retained memory of the shock experience. As shown in Figure 2D,
two-way ANOVA for retention latencies revealed significant propranolol (F142 =
9.05, P = 0.004) and ketamine x propranolol interaction (F14, = 11.42, P = 0.002)
effects, but no significant effect of ketamine (F14 = 2.87, P = 0.10). Post-hoc tests
indicated that retention latencies of rats treated with ketamine alone were significantly
longer than those of both vehicle-treated rats (P < 0.01; Fig. 2D) and rats given
propranolol together with ketamine (P < 0.001; Fig. 2D). There were no significant
differences between rats treated with vehicle alone and rats given propranolol alone.
These results indicate that memory enhancing effects of ketamine require indirect -

adrenoceptor activation.
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Figure 2: Systemic adrenergic blockade prevents ketamine enhancing effects on 48-h
inhibitory avoidance retention. Schematic representations of experiment 2 (A) and experiment
3 (B). Immediate post-training administration of ketamine (Keta; 125 mg/kg, i.p.) enhanced
memory retention and either adrenal medullectomy (ADMX) (C) or systemic [l-adrenergic
receptor antagonism with propranolol (Propr; 2 mg/kg, i.p.) (D) blocked the memory enhancing
effects of post-training ketamine. **, P <0.01; *** P < 0.001 vs the corresponding vehicle group;
eee. P <0.001 vs the corresponding ADMX or propranolol group. Results represent mean + SEM
(n =8 - 13 per group).

An intact locus coeruleus is required to enable memory enhancing effects of
immediate post-training ketamine injection

To examine whether memory enhancing effects of immediate post-training ketamine
anesthesia were dependent on central adrenergic activity, two separate groups of rats
received either post-training bilateral sham LC lesions with vehicle or temporary LC

lesions with lidocaine (4%, 0.5 ul/side) infusion. Immediately after LC infusions, each



group was also administered with either ketamine (125 mg/kg, i.p.), or its vehicle
(experiment 4; Fig. 3A). Average step-through latencies for all groups during training,
before footshock and drug treatment, were 7.56 = 0.43 s (mean = SEM). Two-way
ANOVA for training latencies did not reveal any significant ketamine (Fy4: = 2.60, P =
0.11), LC lesion (Fy43 = 3.15, P = 0.08) or ketamine x LC lesion interaction (F143 =
2.51, P = 0.12) effects. Retention latencies of sham lesioned vehicle-treated rats were
significantly longer than their training latencies (ti« = 2.15, P = 0.04), indicating that
rats retained memory of the shock experience. As shown in Figure 3C, two-way
ANOVA for retention latencies revealed significant ketamine (F143 = 4.84, P = 0.03)
and LC lesion (F143 = 5.25, P = 0.03) effects, but no significant interaction between
both factors (F1,43 = 2.98, P = 0.09). Post-hoc analyses indicated that retention latencies
of sham lesioned rats treated with ketamine were significantly longer than those of both
sham lesioned vehicle-treated rats and LC lesioned rats given ketamine (P < 0.05, for
both comparisons; Fig. 3C). There were not significant differences between sham
lesioned and LC lesioned rats treated with vehicle. These results indicate that memory
enhancing effects of ketamine require central noradrenaline release. Diagrams in Figure
3D show rat brain coronal sections demonstrating injection sites randomly selected

among rats included in the final analysis.

Memory enhancing effects of immediate post-training ketamine injection are
dependent on B-adrenoceptor activation in the BLA

This experiment examined whether memory enhancing effects of immediate post-
training ketamine injection were dependent on B-adrenergic receptor activation in the
BLA (experiment 5; Fig. 3B). Post-training injections of ketamine (125 mg/kg, i.p.), or
its vehicle, were administered to rats given bilateral intra-BLA infusions of either
propranolol (0.5 ng/0.2 pl/side), or its vehicle, immediately post-training and before
ketamine injection. Average step-through latencies for all groups during training, before
footshock and drug treatment, were 11.00 + 1.12 s (mean + SEM). Two-way ANOVA



for training latencies did not reveal any significant ketamine (F13s = 1.14, P = 0.29) or
propranolol (F13s = 0.69, P = 0.41) treatment effects or an interaction between both
factors (Fiss = 3.01, P = 0.09). Retention latencies of vehicle-treated rats were
significantly longer than their training latencies (to = 2.62, P = 0.03), indicating that rats
retained memory of the shock experience. As shown in Figure 3E, two-way ANOVA
for retention latencies revealed significant ketamine (F1 33 = 6.11, P = 0.02), propranolol
(F1,38 = 7.63, P = 0.009) and ketamine x propranolol interaction (F1,3s = 4.58, P = 0.04)
effects. Post-hoc tests indicated that retention latencies of rats treated with ketamine
alone were significantly longer than those of both vehicle alone-treated rats (P < 0.05;
Fig. 3E) and rats given intra-BLA propranolol together with ketamine (P < 0.01; Fig.
3E). There were no significant differences between rats treated with vehicle alone and
rats given propranolol alone. These results indicate that memory enhancing effects of
ketamine require indirect -adrenoceptor activation in the BLA. Diagrams in Figure 3F
show rat brain coronal sections demonstrating injection sites randomly selected among

rats included in the final analysis.
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Figure 3: Central adrenergic blockade within the LC or BLA prevents ketamine enhancing
effects on 48-h inhibitory avoidance retention. Schematic representations of experiment 4 (A)
and experiment 5 (B). Immediate post-training LC temporary lesions (C) blocked ketamine (Keta;
125 mg/kg, i.p.) enhancing effects on memory retention. Diagrams on the right (D) show rat brain
coronal sections demonstrating injection sites randomly selected among rats included in the final
analysis (e Vehicle; [1 LC lesion). Immediate post-training intra-BLA []-adrenergic receptor
antagonism with propranolol (Propr; 0.5 ug/0.2 pl/side) (E) blocked ketamine (Keta; 125 mg/kg,
i.p.) enhancing effects on memory retention. Diagrams on the right (F) show rat brain coronal
sections demonstrating injection sites randomly selected among rats included in the final analysis
(e Vehicle; A Propr). *, P <0.05 vs the corresponding vehicle group; ¢, P <0.05; *¢, P <0.01 vs
the corresponding LC lesioned group or intra-BLA propranolol group. Results represent mean +

SEM. Vehicle/Sham LC lesion, n = 15; Keta/Sham LC lesion, n = 11; Vehicle/LC lesion, n = 10;



Keta/LC lesion, n = 11; Vehicle/Vehicle BLA, n = 10; Keta/Vehicle BLA, n = 8; Vehicle/Propr
BLA, n =11; Keta/Propr BLA, n = 13.

Memory enhancing effects of post-training ketamine injection are not influenced
by anesthesia-induced sleep parameters

Many studies have documented a close relationship between sleep and memory and
have shown that sleep influences processes of memory consolidation (Rasch and Born,
2013). We examined whether the different experimental conditions used in our study
altered the onset and/or the duration of ketamine-induced anesthesia and whether this
influenced 48-h memory retention.

Table 1 shows sleep onset time and duration for rats given ketamine in all the
experimental groups. Unpaired t-tests for sleep onset time of rats given ketamine (alone
or in combination with other treatments) showed no significant differences between
groups within each experiment (t12 = 1.13, P = 0.28; t;5 = 1.00, P = 0.33; t,0 = 1.88, P =
0.08; too = 1.00, P = 0.33; t19 = 0.48, P = 0.64; for experiment 1, 2, 3, 4 and 5,
respectively; Table 1). Similarly, unpaired t-tests for sleep duration of rats given
ketamine (alone or in combination with other treatments) showed no significant
differences between groups within each experiment (ti4 =1.32, P =0.21; t15=0.12, P =
0.90; to0 = 1.69, P = 0.11; tyo = 0.45, P = 0.66; t19 = 0.89, P = 0.38; for experiment 1, 2
3, 4 and 5, respectively; Table 1), thus, showing that neither the different experimental
conditions nor the treatments combined with ketamine altered sleep onset or duration
induced by the anesthetic injection. Moreover, Pearson’s analyses did not reveal any
significant correlation between sleep onset time, or duration, with 48-h retention
latencies shown by all rats treated with ketamine (Table 1), thus indicating that the
memory enhancing effects of ketamine are not related to the anesthetic properties of the

drug.



Table 1. Sleep parameters of ketamine-treated rats

Experiment 1 Experiment 2 Experiment3 | Experiment 4 Experiment 5
Keta Keta Sham Prop Sham LC Veh Prop
i.p. . ADM Veh - LC - r
. . i.p. 3h ADM . rip. - lesio BLA
Experimenta imm. post- X+ X+ ip. + : lesio n+ + BLA
I group post- trainin Keta Keta Keta | yeta n+ Keta | Keta *
trainin g ip i.p. i.p. ip Keta ip ip Keta
g s - i.p. “ “ i.p.
Sleep onset 5.75+ 3.88+ 5.88 + 10.00 4':14 6‘33 6'13 5'89 5'15 6'54
time (min) 1.28 1.06 1.30 +3.70 0.65 0.65 153 0.56 1.00 114
Correlation: _ _ _ _ _ _ _
Sleep onset r=- r=- r= r=- r=- r= r= r= r= =
time vs 0.17,P 0.35, P 0'15’ 0.33, P O'OE' 0'3§’ O'Of’ O'lf’ 0'611’ 0'2?’
Retention | =069 | =040 | ' | =038 | P> | P= | P= | P= | P= | P=
. - e 0.73 e 0.88 0.21 0.92 0.70 0.09 0.34
latencies
Slee_p 42.25 51.38 3913 39.89 45.1 35.7 48.64 | 52.45 40.3 47.2
duration 4559 +4.08 4540 4329 1+ 7+ + + 8+ 3+
(min) e T e e 621 | 177 | 514 | 675 | 3.05 | 569
Correlation: _ — - -
_ _ _ r= r= r= r=- r=- r=- r=-
Sleep o r= “" | 022, | 041, | 029, | 010, | 001, | 043, | 0.28
duration vs 0.03,P | 0.12,P | 0.20,P - _’ _ S _ _ _
Retention | =095 | =077 | =063 | ' | PZ | P= | P= | P= P= P=
|atencies 0.56 0.27 0.33 0.76 0.98 0.29 0.36

Effects of intraperitoneal ketamine injections on rats’ sleep onset time and duration tested
under the different experimental conditions and Pearson’s correlations analyses between sleep
onset time, or duration, of ketamine-treated rats and their respective 48-h retention latencies.
Experiment 1: Rats injected with ketamine, i.p., immediately after training (Keta i.p. imm.
post-training) and rats injected with ketamine, i.p., 3h after training (Keta i.p. 3h post-
training). Experiment 2: Sham adrenal medullectomized rats + ketamine i.p. (Sham ADMX +
Keta i.p.) and adrenal medullectomized rats + ketamine i.p. (ADMX + Keta i.p.). Experiment
3: Rats injected with vehicle, i.p. 30 min before training and ketamine immediately after
training (Veh i.p. + Keta i.p.) and rats injected with propranolol, i.p. 30 min before training
and ketamine immediately after training (Propr i.p. + Keta i.p.). Experiment 4: Sham Locus
Coeruleus lesioned rats + ketamine i.p. (Sham LC lesion + Keta i.p.) and Locus Coeruleus
lesioned rats + ketamine i.p. (LC lesion + Keta i.p.). Experiment 5: Rats given intra-basolateral
amygdala vehicle injection + ketamine i.p. (Veh BLA + Keta i.p.) and rats given intra-
basolateral amygdala propranolol injection + ketamine i.p. (Propr BLA + Keta i.p.). Data are

expressed as mean + SEM (n =8 - 13 per group).



Discussion

The present findings indicate that ketamine anesthesia enhances memory consolidation
of fearful experiences when administered shortly after an inhibitory avoidance training
via a combined peripheral and central sympathomimetic action which likely terminates
with the activation of the BLA noradrenergic system. We have shown that ketamine
anesthesia strengthens the traumatic memory trace when given immediately after a
stressful event and induces pronounced and persistent emotional dysfunction in rats, by
reducing social interaction with a conspecific, sixteen days after trauma and ketamine
injection (Morena et al., 2017). By adding to our previous findings, here we unveiled a
possible mechanism underlying the traumatic memory enhancing properties of
ketamine anesthesia by showing that these effects are time-dependent and arise from
the strong sympathomimetic action of the anesthetic agent. Specifically, our results
reveal that ketamine anesthesia modulates time-dependent processes of aversive
memory consolidation together with a combined peripheral and central action of
ketamine in potentiating adrenergic/noradrenergic signaling to promote aversive
memory retention. Adrenal medullectomy or blockade of R-adrenoceptors, with
systemic injections of propranolol, although not altering 48-h memory retention per se,
prevented the memory potentiating effects of immediate post-training ketamine
injection. Furthermore, our findings show that temporary post-training lesions of the
LC completely blocked the memory enhancing effects of ketamine. Our last experiment
identified the BLA as a candidate brain area responsible for ketamine-mediated
enhancement of traumatic memory retention. Selective blockade of R-adrenoceptors
within the BLA completely prevented the effects of post-training ketamine anesthesia.
The sympathomimetic action of ketamine, via inhibition of the noradrenaline
transporter, at both the peripheral and central levels, or by increasing LC noradrenergic
neuronal firing, has been widely demonstrated (El Iskandrani et al., 2015; Hara et al.,
1998; Nishimura et al., 1998; Zhao and Sun, 2008). The LC represents a main source
of noradrenaline in the CNS (Mouton et al., 1994) and sends dense projections to nearly

the whole brain, including the BLA (Asan, 1998), which is engaged when fear stimuli



elicit an arousal effect to modulate anxiety and processes of fear memory formation
(Atsak et al., 2015; McGaugh, 2015; Mclntyre et al., 2002; Morena et al., 2016).
Increased noradrenergic release in the rat BLA has been observed during an inhibitory
avoidance training, which was predictive of the strength of the aversive memory for the
training experience (Mclntyre et al., 2002). Furthermore both systemic and central
activation of the adrenergic/noradrenergic system have been shown to enhance fear
memory retention through activation of B-adrenergic receptors in the BLA (McGaugh,
2015). Since peripheral adrenaline enters the brain poorly, and peripherally restricted
R-adrenergic antagonism has been shown to block the memory enhancing effects of
adrenaline (Introini-Collison et al., 1992), it has been proposed that both peripheral and
central B-adrenergic receptor activation influence memory consolidation. Accordingly,
our results show that either adrenal medullectomy or central blockade of noradrenergic
transmission prevent the effects of ketamine. It is known that systemic adrenaline
induces noradrenaline release within the brain (Gold and van Buskirk, 1978), likely by
activation of -adrenergic receptors on the ascending vagus nerve that projects to brain
stem noradrenergic nuclei, thus inducing noradrenaline release throughout the
forebrain, including the BLA (McGaugh, 2015). In the light of this evidence, our results
demonstrate that ketamine, administered immediately after a trauma, by increasing
noradrenergic transmission peripherally and within the CNS, strongly potentiates
memory consolidation for the traumatic event via activation of B-adrenergic receptors
in the BLA. Our finding that the memory enhancing effects were observed only when
ketamine anesthesia was given immediately, but not 3-h, after training further confirms
that the ketamine-induced noradrenergic potentiation underlies this mechanism. Indeed,
it has been shown that soon after a stressful experience the BLA receives a strong
noradrenergic input from the LC, which is relatively short lasting (less than 1-h) (Joéls
et al., 2011). During this short time-window the BLA is concomitantly exposed to high
levels of other stress hormones, neurotransmitters and neuromodulators which act in
concert to enhance memory consolidation of the stressful event (Campolongo et al.,

2009; Joéls et al., 2011; Morena et al., 2014). Intriguingly, our present results resemble



what we have previously shown with propofol anesthesia being able to enhance aversive
memory consolidation only when given shortly after encoding, by interacting with
endocannabinoids rapidly released after an inhibitory avoidance training (Hauer et al.,
2011; Morena et al., 2014). Sleep has a profound effect on memory consolidation
(Rasch and Born, 2013), therefore it might be argued that the effects of ketamine
anesthesia on sleep might have indirectly influenced memory performance in our
experiments. However, the lack of correlations between sleep onset or duration with
retention latencies measured during the 48-h memory tests, allows us to exclude any
potential contribution of sleeping property alterations induced by ketamine on its
memory enhancing effects. Moreover, we did not find any significant difference when
comparing sleep properties of anesthetized rats within all the experiments performed,
thus showing that the different conditions (i.e. immediate vs delayed ketamine injection,
adrenal medullectomy, LC lesion, systemic or intra-BLA injection of propranolol) had
no influence on sleep onset and duration induced by ketamine. Previous studies
examining the effects of ketamine on aversive memory processes have principally
focused on the use of sub-anesthetic doses and have led to discrepant findings. In rats,
pre-training injection of ketamine impaired acquisition of a cued fear conditioning
paradigm (Pietersen et al., 2006). Conversely, other studies in the same species have
found no effects of ketamine on acquisition or consolidation of cued fear conditioning
(Bolton et al., 2012; Groeber Travis et al., 2015). Moreover, Goulart et al. (2010)
reported that ketamine affected recognition memory in rats and Bolton et al. (2012)
reported that ketamine impaired trace cued fear conditioning but had no effect of
contextual fear conditioning. Two separate studies by Clifton et al. (2018) and
McGowan et al. (2017) also reported no effects of sub-anesthetic ketamine
administration on contextual fear memory consolidation (Clifton et al., 2018;
McGowan et al., 2017). Interestingly, McGowan et al. (2017) reported that, when
ketamine was given not in proximity of the trauma, but one week prior to contextual
fear conditioning, it reduced freezing behavior at testing, thus showing a prophylactic

effect (McGowan et al., 2017). Another study in mice has shown no effects of ketamine



on inhibitory avoidance memory retention (Wang et al., 2006). Ketamine is an N-
methyl-d-aspartate (NMDA) receptors blocker and NMDA modulation has been shown
to be crucially involved in memory modulation processes (Bliss and Collingridge, 1993;
Izquierdo and Medina, 1997; Miserendino et al., 1990; Morris et al., 1986; Morris and
Davis, 2012). Other NMDA receptor antagonists, such as MK-801, have been shown to
affect memory in rodents when tested at subanesthetic doses or administered pre-
training (Castellano et al., 1999; Roesler et al., 1999). Despite these evidences, data
regarding the impairing effect of MK-801 on aversive memory are still inconclusive
(Hsiung et al., 2020). Hsiung et al. (2020) have demonstrated that MK801 alters only
the acquisition phase of memory but it enhances memory consolidation and memory
retrieval of inhibitory avoidance training. MK-801-induced increases in shock
sensitivity and locomotor activity in the pre-training regimen and the different doses
used in the three studies could account at least in part for the confounding findings
(Hsiung et al., 2020). Corroborating our previous (Morena et al., 2017) and present
findings, one study showed that ketamine did increase fear memory retention also at
sub-anesthetic doses when administered to rats in an active avoidance paradigm
(Getova and Doncheva, 2011). Additionally, another study reported that repeated
ketamine administration given after trauma exposure did not prevent PTSD
symptomatology, and increased fear behavior to the trauma cue assessed a month later
(Juven-Wetzler et al., 2014). Differences in doses, route and time of administration,
animal species and strains used and behavioral paradigms might have accounted for
these discrepancies. Conversely, except for few human findings reporting prophylactic
effects of perioperative ketamine use for trauma-related disorders and depression (Ma
et al., 2019; McGhee et al., 2008), there seems to be a general agreement in clinical
studies showing that treatment with ketamine soon after accidental trauma is associated
with increased symptoms of PTSD, such as dissociation, reexperiencing, hyperarousal
and avoidance in the aftermath of the event (Schénenberg et al., 2008), which contribute
to the development of a long-lasting PTSD symptomatology (Schénenberg et al., 2005)
and are highly predictive of the severity and duration of subsequent PTSD (Bryant et



al., 2000). These reports corroborate our previous (Morena et al., 2017) and present
findings that the use of ketamine anesthesia shortly after a traumatic event may
represent a risk factor for the development of trauma-related disorders. Conversely,
several evidence has reported that when ketamine is given in animal models for PTSD
or in PTSD patients, not in proximity of the trauma or at sub-anesthetic doses, reduces
PTSD symptomatology, including fear memory, anxiety- and depressive-like behavior
in animals (Liriano et al., 2019; Zhang et al., 2015), while in humans it seems to be
particularly effective in ameliorating comorbid depressive symptoms (Albott et al.,
2018; Feder et al., 2014; Hartberg et al., 2018; Liriano et al., 2019; Womble, 2013).
Therefore, there seems to be a dual, time-dependent effect of ketamine. When ketamine
is given to patients suffering from PTSD it has beneficial effects, particularly in the
presence of comorbid depression disorder, however, when given, as anesthetic, shortly
after a traumatic event, in patients at risk of developing PTSD, it seems to facilitate and
contribute to the development of a long-lasting PTSD symptomatology. Our present
results strongly support this clinical evidence and indicate that the increased risk of
PTSD development, associated with ketamine anesthesia, may arise from its memory
consolidation enhancing properties. Furthermore, we also identify the possible neural
underpinnings of the memory-enhancing effects of immediate post-trauma ketamine
anesthesia by providing a candidate neuronal mechanism by which ketamine, through
a strong, indirect peripheral and central noradrenergic activation, might potentiate
traumatic memory consolidation, and contribute to the development of PTSD later in
life. Accordingly, in the clinical setting the combination of ketamine anesthesia with
dexmedetomidine, which decreases noradrenergic activation, has been shown to reduce
both the sympathomimetic effects, including increased cardiovascular response, and
postoperative psychiatric adverse reaction induced by ketamine (Levanen et al., 1995).
Given that PTSD is a highly debilitating psychiatric disorder and very difficult to treat,
our findings present a strong translational value, as they have the potential to inform
clinicians for a better management of ketamine anesthesia in emergency care and

trauma victims. For instance, coupling ketamine injection with R-blockers or az-



adrenoceptor agonists, such as dexmedetomidine, which have already been shown to
reduce traumatic memory consolidation and PTSD symptomatology (Giustino et al.,
2016; Morena et al., 2017; Pandharipande et al., 2007), would potentially have a
prophylactic effect and help to prevent the occurrence and development of trauma-
related disorders later in life.

Conclusions

Here we identified a possible mechanism for the memory-enhancing effects induced by
ketamine anesthesia when administered immediately after a traumatic event.
Particularly, our results indicate that the memory enhancing effects of ketamine
anesthesia are time-dependent, as it enhances memory only when given in close
proximity of the trauma. Furthermore, our findings indicate that these memory effects
are mediated by a combined peripheral-central potentiation of the sympathetic nervous
system induced by ketamine. Taken together, our findings lay the basis for future
clinical studies to potentially guide clinicians for a better management of
sedation/anesthesia in emergency care and reduce the risk of developing trauma-related

disorders. in trauma victims.
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Abstract

Single prolonged stress (SPS) is an experimental model that recapitulates in rodents
some of the core symptoms of post-traumatic stress disorder (PTSD). Although
women have a two-fold greater risk to develop PTSD, most preclinical studies have
been carried out in males. Furthermore, the long-term persistence of behavioral
alterations induced by SPS has been rarely investigated. Here, we evaluated the long-
term effects of SPS on PTSD-relevant behavioral domains in rats and whether these
effects were sex-dependent. To this aim, separate cohorts of male and female adult
rats were subjected to SPS and, 30 days later, long-term effects were assessed. We
found that SPS exposure reduced locomotor activity in both sexes in an open field
task. Males only showed increased anxiety-like behavior in the elevated plus maze and
marble burying tests, enhanced acoustic startle response and impaired spatial memory
retention while females were unaffected. SPS exposure did not alter auditory fear
memory dynamics in males, but it did alter extinction retrieval in females. We provide
the first evidence that SPS reproduces long-term emotional alterations in male, but not
in female, rats which persist 30 days following trauma exposure, thus resembling some
of the hallmark symptoms of PTSD. Furthermore, our results show for the first time a
long-term SPS-induced alteration of cued fear extinction in females. Our findings are
relevant to future research on trauma-related disorders and may help develop sex-
specific interventions to treat PTSD.



Introduction

Exposure to a traumatic event may enhance the risk to develop psychiatric diseases,
such as post-traumatic stress disorder (PTSD), which is characterized by hyperarousal,
hypervigilance, increased anxiety, altered sociability and cognitive alterations (e.g.
over-consolidation, memory generalization and impaired extinction of the trauma)
[1,2]. Even if the vast majority of individuals will experience a trauma once throughout
their life [3], only a small subset of them develops PTSD, among those, women present
a two-fold higher risk for developing this disorder [4—6]. Since the ability to examine
the neurobiological underpinnings of PTSD in humans is limited, preclinical models
represent a valuable tool to explore the long-term consequences of trauma exposure
[7-10]. Single prolonged stress (SPS) paradigm is a valid model to resemble the core
symptoms of PTSD [11]. It has been described for the first time by Liberzon et al. over
20 years ago as a multimodal stress protocol including sequential exposure to 2 h of
restraint stress (psychological stimulus), 20 min of forced swim stress (physical
stimulus) and inhalation of gas anesthetic until loss of consciousness (pharmacological
stimulus) [12,13]. Growing evidence has demonstrated that SPS profoundly affects
behavior in rodents resembling the hallmark symptoms observed in PTSD patients
[13,14], including enhanced anxiety and hyperarousal [15-18], fear memory
dysfunctions [19-22], alterations in social interaction and sleep [23,24]. The
manifestation of a PTSD-like phenotype following SPS exposure is time-dependent
and requires 7-14 days of incubation (i.e. sensitization or consolidation period) to
develop [22,25,26]. Thus, in most of the studies investigating the neurobiology of
PTSD, rodents subjected to a SPS protocol are left undisturbed for this time window
and tested 7-14 days after trauma exposure [11,25]. Given that PTSD is a chronic
psychiatric disease, it is of critical importance to evaluate whether the effects induced
by SPS persist long after stress exposure [27]. However, only few studies investigated
the long-term alterations induced by SPS reporting conflicting results [28,29]. As

mentioned before, women are more susceptible to develop PTSD compared to men



[4-6]. Furthermore, men and women are exposed to different types of traumatic
events, for instance women are more exposed to sexual violence and men are more
predisposed to accidents and physical violence than women [30]. Importantly, women
have been reported to develop different symptoms and a more chronic course of PTSD
with respect to men [5,31]. However, the neurobiological mechanisms underlying
these gender differences remain unclear due to the paucity of both clinical and
preclinical studies carried out in female subjects [32,33]. Moreover, studies comparing
both sexes are still inconsistent and have led to controversial results. While hyper-
responsiveness to stressful events and alterations in fear memory processes were found
in men affected by PTSD and in SPS-exposed male rodents as well [7,11,13,14], the
effects in females are less clear. Studies have demonstrated that women with PTSD
do not display the same stress-responsiveness as men [34]. Further, the few preclinical
studies examining sex differences in SPS-induced emotional and cognitive behavioral
dysfunctions have reported conflicting results in female rats: no effects on anxiety-
like behavior [35,36], increased anxiety [37], no cognitive alterations [38] or impaired
extinction and enhanced fear retrieval [39]. Moreover, in the above-mentioned studies
SPS-induced behavioral alterations have been evaluated following only 1 week of
incubation, a relatively short period of time to resemble the chronicity nature of PTSD.
Thus, the present study examined whether SPS induced persistent PTSD-like
behavioral alterations in rats long after trauma exposure and whether these effects are
sex-dependent. To this aim, male and female adult rats were subjected to a single
session of SPS and behavioral outcomes were assessed 30 days later in a battery of
tests. Specifically, we evaluated locomotor activity in an open field task, anxiety-like
behavior, avoidance and hyperarousal in an elevated plus maze, marble burying and
acoustic startle tasks. Spatial and cued fear memory dynamics were assessed in a

Morris water maze and an auditory fear conditioning paradigm, respectively.



Materials and methods

Animals

Male and female adult Sprague—Dawley rats (350-400 g and 250-300 g at the time of
the behavioral experiments, respectively) from Charles River Laboratories (Calco,
Italy) were pair housed in a temperature controlled (21 + 1°C) vivarium room and
maintained under a 12 h/12 h light/dark cycle (7:00 A.M. to 7:00 P.M. lights on). Food
and water were available ad libitum. All procedures involving animal care or
treatments were performed in compliance with the ARRIVE guidelines, the Directive
2010/63/EU of the European Parliament, the D. L. 26/2014 and were approved by the
Italian Ministry of Health.

Experimental design

As shown in Fig.1, separate cohorts of adult male and female rats at post-natal day
(PND) 90 were randomly assigned to the trauma-exposed (SPS-male and SPS-female
groups) or control groups (CTRL-male and CTRL-female groups) and were subjected
to a SPS procedure. After being exposed to SPS, rats were divided into three separate
groups and underwent a behavioral test battery 30 days later. The first group was
exposed to the open field (PND 120) and two days later (PND 122) to the Morris water
maze tasks, the second group was exposed to the elevated plus maze (PND 120) and
to the acoustic startle response (PND 122) tasks and the third group was exposed to
the marble burying (PND 120) and to the auditory fear conditioning (PND 122) tasks.
One animal of the SPS-female group fell off the elevated plus maze apparatus was

excluded from statistical analyses.
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Figure 1: Experimental timeline. Separate cohorts of adult male and female rats at post-natal
day (PND) 90 were randomly assigned to the trauma-exposed (SPS-male and SPS-female
groups) or control groups (CTRL-male and CTRL-female groups) and were subjected to a SPS
procedure. To assess long-term effects of SPS on locomotor activity, emotional and cognitive
alterations, 30 days after stress exposure, rats were divided into three separate groups and
underwent a behavioral test battery. The first group was exposed to the open field (PND 120)
and two days later (PND 122) to the Morris water maze tasks, the second group was exposed to
the elevated plus maze (PND 120) and to the acoustic startle response (PND 122) tasks and the
third group was exposed to the marble burying (PND 120) and to the auditory fear conditioning
(PND 122) tasks.

Single prolonged stress protocol

We used a slightly modified SPS protocol as the ones previously described [12,40].
Briefly, separate groups of male and female rats at PND 90 were exposed to a single
session of SPS which consisted of 2 hours of restraint stress in a restrainer (30 cm in
length with an inside diameter of 7.5 cm), 15 min of forced swim stress (24+1 °C water
temperature) followed by 15 min of recovery, and then isoflurane exposure until loss
of consciousness (4% for induction and 1.5-2.5% for maintenance, in oxygen). Rats
not assigned to SPS groups were placed in a separate room throughout the duration of
SPS. After SPS procedure, all rats were returned to their home cage and left

undisturbed for 30 days.



Behavioral tests
Open field

In the open field test each rat was placed into the corner of the open field arena (80 x
80 x 60 cm). The test was performed under dim light conditions (2 Ix) and lasted 20
min, as previously described [41]. The total distance traveled (cm) by each rat was
determined as an index of the rat locomotor activity. After each session, rats were
returned to their home cage, fecal boli were removed and the walls and floor of the
arena were cleaned with a 70% ethanol solution. The total distance traveled was
acquired and analyzed using an automated video-tracking system (Smart, Panlab,

Barcelona, Spain).

Elevated plus maze

The test was performed as previously described [42,43]. The elevated plus maze
apparatus consisted of two open arms (50 x 10 cm) and two closed arms (50 x 10 x
40 cm) that extended from a common central platform (10 x 10 cm). The apparatus,
made of plexiglass (black floor and walls), was elevated to a height of 60 cm above
the floor level. Rat’s behavior was recorded for 5 min by using a video camera
positioned above the experimental apparatus and videos were analyzed with Observer
XT 12 (Noldus Information Technology BV, Wageningen, The Netherlands) by
observers blinded to the experimental conditions. Each rat was individually placed on
the central platform facing a closed arm. Time spent in the open arms (s) and number
of entries in the open arms were analyzed. After each session, rats were returned to
their home cage, fecal boli were removed and the apparatus was cleaned with a 70%

ethanol solution.

Acoustic startle response

A slightly modified procedure as the one previously described [40] was used. Rats



were placed in a startle reflex apparatus (Med Associates, Fairfax, Vermont) for a 5
min acclimatization period with a 70 dB background noise, which continued during
all the session. Each session consisted of 10 pulse trials (115 dB) with intertrial
intervals selected randomly between 10 and 15 s. Acoustic devices and startle cages
were connected to a computer, which detected and analyzed all chamber variables
using customized software (Med Associates, Fairfax, Vermont). The system allows
recording and analysis of the signal generated by the animal movement through a high
sensitivity weight transducer system. The maximal startle reflex response for each

animal was calculated as the average of the responses to the 10 pulse trials.

Marble burying

We used a slightly modified protocol as the one previously described [44]. The marble
burying test was conducted in a quadrangular arena (40 x 40 x 60 cm) made of
plexiglass with clean sawdust covering the floor, under dim light condition. Twenty-
five standard glass marbles (1.5 cm diameter, arranged in five rows of five marbles
each) were placed uniformly over the surface. Individual rats were placed in the
marble arena and activity was monitored for 30 min by a video camera placed above
the arena. At the end of the session, animals were gently removed from the arena and
returned to their home cage, and the number of marbles buried was counted. New
bedding was used for each animal, and marbles were cleaned with 70 % ethanol

solution.

Morris water maze

The experimental apparatus was a circular tank (1.83 m in diameter and 0.58 m in
height) filled with water (23—24 °C) to a depth of 20 cm. The maze was located in a
room containing many salient, visual, extra-maze cues. During the spatial training a

rectangular platform (20 x 25 cm) was placed at a fixed location 25 cm away from the



edge of the pool and 2.5 cm below the water surface. The experiments were performed
according to the procedure previously described [45,46]. For spatial training, the rats
were given four trials on each daily session for three consecutive days. On each trial,
the animal was placed in the tank facing the wall at one of the 4 designated start
positions and allowed to escape onto the hidden platform. If an animal failed to find
the platform within 60 s during the first day of the training, it was manually guided to
the platform. The rat was allowed to remain on the platform for 10 s and was then
placed into a holding cage for 25 s until the start of the next trial. The time each animal
spent to reach the platform was recorded as the escape latency. Retention of the spatial
training was assessed 24 h after the last training session with a 60 s free-swim probe
trial and a new starting position was used. Training and probe trials were videotaped,
and an automated tracking system (Smart, Panlab, Barcelona, Spain) was used to
analyze the swim path of each subject and calculate the initial latency to cross the
platform location and the number of crossings through the platform location. The
target and opposite quadrants were equidistant from the starting position on the probe

trial.

Auditory fear conditioning

We used a slightly modified protocol as previously described [47,48]. All the phases
of the auditory fear conditioning task were performed in the same operant chambers,
located in sound-attenuating cubicles (Med Associates, Fairfax, Vermont). The floor
of the chambers consisted of stainless-steel bars that delivered a scrambled electric
footshock. On day 1, rats received 5 habituation tones (30s, 4 kHz, 75 dB; 3 min
intertrial interval), immediately followed by 7 conditioning tones that co-terminated
with footshocks (0.5 s, 0.65 mA). On day 2, rats were returned to the chambers for the
extinction session, which consisted of 12 tones in the absence of footshock. On day 3,
rats were returned to the chambers and presented with 8 tones in the absence of

footshock to test for extinction retrieval. Freezing behavior, defined as the absence of



all movements except for those related to breathing [49], served as the measurement
of fear and was monitored with digital video cameras. An experimenter blinded to the
experimental conditions quantified the total time that rats spent freezing during the 30
s tone presentations by using a digital stopwatch. The percentage of time spent in
freezing during the 30 s tone presentations was calculated as: [time spent in freezing
during the tone presentation (s) / 30 s] x 100. For the conditioning session (day 1), the
time spent in freezing during the first and the last tone presentation was represented,
while for day 2 and 3 the average of percentage of time spent in freezing during all

trials was represented.

Statistical analysis

Statistical analysis was performed using Statiew statistical software. Data are
expressed as mean £ SEM. Escape latencies during the acquisition phase of the Morris
water maze and the percentage of freezing during the conditioning phase of the
auditory fear conditioning were analyzed with a repeated measures ANOVA (RM
ANOVA). In all the other cases, data were analyzed with two-way ANOVA. Tukey-
Kramer post-hoc tests were performed to control for significant differences between
groups when appropriate. A probability level of < 0.05 was accepted as statistically

significant.

Results

Exposure to SPS induced a long-term decrease of locomotor activity in male and

female rats

Long-term effects of SPS on locomotor activity were assessed in male and female
adult rats 30 days after stress exposure. As shown in Fig.2a, two-way ANOVA for the
distance traveled in the open field revealed significant effects of SPS (F(1 35 = 12.816;
P =0.001) and sex (F,35 = 130.675; P < 0.0001), but no interaction between these



two factors (F(135 = 0.046; P = 0.831). These results indicate that exposure to SPS
reduced locomotion in both sexes. The representative path tracks indicating the

locomotor activity in the open field arena of all groups of rats are shown in Fig.2b.
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Figure 2: Long-term effects of SPS on locomotor activity in the open field task. SPS
exposure reduced locomotion in both sexes, 30 days after trauma in the open field task. (a)
Histograms show the effects of SPS on the total distance traveled (cm) in the open field task
and (b) representative path tracks of 1 animal per group indicating the exploratory activity in
the open field arena. *, P < 0.05, vs. CTRL-male group; #, P < 0.05 vs. CTRL-female group.
(CTRL-male group, n = 8; SPS-male group, n = 8; CTRL-female group, n = 11; SPS-female
group, n =12).

Exposure to SPS induced a long-term increase of avoidance, arousal, repetitive

and anxiety-like behavior in male but not female rats

We examined whether SPS exposure altered avoidance and anxiety-like behavior in
the elevated plus maze long-after trauma in males and females. As shown in Fig.3a,
two-way ANOVA for time spent in the open arms indicated a strong tendency towards
significance for SPS (F(,37) = 3.582; P = 0.066) no significant effects of sex (F,37) =
0.922; P = 0.343), and a significant interaction between these two factors (F37) =
4.774; P = 0.035). Post-hoc analysis revealed that SPS-male rats spent less time in the



open arms compared to their control group (P < 0.05). Two-way ANOVA for the
number of entries in the open arms showed a tendency towards significance for SPS
(Fa,37 = 2.403; P = 0.130), no significant effects of sex (F,37 = 0.980; P = 0.329),
and a significant interaction between these two factors (F37 = 4.455; P = 0.042;
Fig.3b). Post hoc analysis indicated that SPS-male rats presented less open arm entries
compared to CTRL-male rats (P < 0.05). No post hoc comparisons were found
between SPS-female and CTRL-female rats. These results indicate that SPS exposure
induced a persistent increase in avoidance and anxiety-like behavior in the elevated

plus maze in male but not in female rats.

Acoustic startle response

To assess long-term effects induced by SPS on hyperarousal and anxious-like behavior
in male and female rats, acoustic startle response was performed. As shown in Fig.3c,
two-way ANOVA for mean startle amplitude showed a tendency towards significance
for SPS (F1,3s = 3.612; P = 0.065), a significant effect of sex (Fu3s = 11.551; P =
0.002) and a significant SPS x sex interaction (F,3s = 6.931; P = 0.012). Post hoc
analysis revealed that SPS-male rats exhibited higher mean startle amplitude than the
correspondent control group (P < 0.05). No post hoc comparisons were found between
SPS-female and CTRL-female rats. Thus, these results indicating that SPS induced
persistent hyperarousal and increased anxious-like behavior in males but not in

females 30 days after trauma exposure.

Marble burying

We evaluated whether SPS exposure induced long-term avoidance, anxious- and
compulsive-like behaviors in male and female rats in a marble burying test. As shown
in Fig.3d, two-way ANOVA for the number of marbles buried indicated significant
effects of SPS (Fq34 = 7.113; P = 0.012), sex (Fu34 = 29.883; P < 0.0001) and



interaction between these two factors (F(,34) = 5.473; P = 0.025). Post hoc analysis
revealed that the number of marbles buried by SPS-male rats was higher than in
control group (P < 0.05). No post hoc comparisons were found between SPS-female
and CTRL-female rats. These results indicate that SPS exposure selectively increased

avoidance in male rats 30 days after trauma.
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Long-term effects of SPS on anxiety-like behavior, hyperarousal, avoidance and repetitive
behaviors in the elevated plus maze, acoustic startle response and marble burying tasks.
Exposure to SPS selectively induced anxiety-like behavior, hyperarousal and increased
avoidance in males but not in females, 30 days after trauma. Effects of SPS on (a) time spent in
the open arms and (b) number of entries in the open arms in the elevated plus maze task; (c)
mean startle amplitude in the acoustic startle response task; (d) number of marbles buried in the
marble burying task. *, P < 0.05, vs. CTRL-male group. (CTRL-male group, n = 11; SPS-male
group, n = 8; CTRL-female group, n = 11; SPS-female group, n = 11/12 in the elevated plus
maze and acoustic startle response tasks, respectively, or CTRL-male group, n = 11; SPS-male

group, n = 8; CTRL-female group, n = 9; SPS-female group, n = 10 in the marble burying task.



Exposure to SPS did not induce long-term spatial memory dysfunctions in male

and female rats

This experiment examined whether SPS induced long-term alterations of spatial
memory in male and female rats in a Morris water maze task. As shown in Fig.4a, RM
ANOVA for escape latency during the 3 days of spatial training revealed significant
effects of trials (Fui3ssy = 30.811; P < 0.0001), indicating that all groups of rats
progressively learned to locate the platform across the 3 training sessions (no other
statistical differences were found). Two-way ANOVA for initial latency to cross the
platform location indicated a tendency towards significance for SPS (F 35 = 1.897; P
= 0.177), no significant effects of sex (Fu3s5 = 0.107; P = 0.746), but a significant
interaction between these two factors (F35 = 7.710; P = 0.009; Fig.4b). Post hoc
analysis revealed that the latency to cross the platform location of SPS-male rats was
higher than that of the control group (P < 0.05). Two-way ANOVA for the number of
crossings through the platform location revealed a significant effect of SPS (F,35 =
4.115; P = 0.050), but no significant effects of sex (F(,35 = 0.020; P = 0.889) and a
tendency towards significance for the SPS x sex interaction (F,35 = 2.598; P = 0.116;
Fig.4c). Post hoc analysis indicated that the frequency of crossings through the
platform location of SPS-male rats was lower than those of controls (P < 0.05). These
results show that exposure to SPS induced long-term alterations of spatial memory

retention in male but not female rats.

Exposure to SPS reduced fear extinction retrieval in female but not in male rats

To examine whether SPS induced long-term alterations of fear memory dynamics, an
auditory fear conditioning task was performed in male and female rats 30 days after
trauma exposure. RM ANOVA for the percentage of freezing during fear conditioning
on day 1 (Fig.4d) revealed significant effects of tone presentation (F(,34 = 6.757; P <
0.0001) and SPS x tone presentation interaction (F,34 = 6.757; P = 0.014), but no
significant effects of SPS (F,34 = 0.866; P = 0.359), sex (F(,34 = 0.100; P = 0.754),



SPS x sex interaction (F(,34 = 0.604; P = 0.442), sex x tone presentation interaction
(Fa,34y=1.701; P = 0.201) or SPS x sex X tone presentation interaction (F,34) = 0.043;
P =0.838). Two-way ANOVA for time spent in freezing during the memory extinction
phase on day 2 (Fig.4e) did not reveal any significant effects of SPS (F(,34) = 0.323; P
= 0.574), sex (F,34) = 0.450; P = 0.507) or SPS x sex interaction (F(24 = 0.013; P =
0.910). Two-way ANOVA for time spent in freezing during the memory retrieval
session on day 3 (Fig.4f), did not show significant effects of SPS ((1,34) = 0.267; P =
0.608) or sex (Fq34 = 0.031; P = 0.862), but a significant of SPS x sex interaction
effect (F,34y = 4.579; P = 0.040). Post hoc analysis showed a lower percentage of
freezing in female rats exposed to SPS as compared to control female rats (P < 0.05).
These results indicate that SPS altered extinction retrieval 30 days after trauma only

in female rats.
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Figure 4: Long-term sex-divergent effects of SPS on spatial and fear memory in the Morris
water maze and in the auditory fear conditioning tasks. Exposure to SPS impaired spatial
memory retention in males but not females in the Morris water maze task while it facilitated
fear extinction retrieval in the auditory fear conditioning task selectively in females but not in

males. Effects of SPS in the Morris water maze on (a) escape latencies during the 4 trials of the



3 training days, (b) latency to cross the platform location and (c) number of crossings through
the platform location during the probe session. Effects of SPS in the fear conditioning paradigm
on the (d) percentage of time spent in freezing during the first and the last tone presentations at
conditioning (day 1), (e) average of percentage of time spent in freezing during all 12 trials at
extinction (day 2), (f) average of percentage of time spent in freezing during all 8 trials at
extinction retrieval (day 3). *, P < 0.05, vs. CTRL-male (Morris water maze) or #, P < 0.05 vs.
CTRL-female (fear conditioning) groups. (CTRL-male group, n = 8; SPS-male group, n = 8;
CTRL-female group, n = 11; SPS-female group, n = 12 in the Morris water maze or CTRL-
male group, n = 11; SPS-male group, n = 8; CTRL-female group, n = 9; SPS-female group, n =
10 in the auditory fear conditioning).

Discussion

The present findings indicate that SPS exposure induced long-term sex-divergent
alterations in adult rats. In male rats, we observed emotional dysfunctions, while fear
memory dynamics were unaffected. Contrarily, in females, exposure to SPS
augmented extinction of cued fear memory, while leaving emotional behavior
unaltered. Interestingly, both sexes presented reduced exploratory behavior long after
stress exposure. It is important to note that emotional and spatial memory alterations
(i.e. increased avoidance, anxiety-like behavior, hyperarousal, impaired memory
retention) were observed a month after the SPS exposure in males, thus indicating that,
at least in males, this model could recapitulate the emotional dysfunctions seen in
PTSD, which develop and persist long after the traumatic experience in humans.
Interestingly, in referring to the cognitive domain SPS impaired spatial memory
retention but not cued fear memory processes examined in this study, in males. SPS
has been extensively shown to induce behavioral and endocrine effects resembling the
hallmark symptoms observed in PTSD patients [7,13,14,21] and, similarly to PTSD,
the manifestation of these effects is time-dependent and requires a 1-2 week incubation
period [22,25,26]. However, the majority of the studies using SPS to model the main

traits of PTSD in rodents did not test whether behavioral alterations persisted long



after trauma (Iwamoto et al., 2007; Souza et al., 2017; Lisieski et al., 2018; Verbitsky
et al., 2020). Thus, our study provides important evidence that SPS is able to induce
long-term emotional alterations in males, modeling the chronicity of PTSD-induced
anxiety symptoms, hyperarousal and avoidance behavior [1,50], which gives a great
relevance and significant translational value to our results. Specifically, we found that
30 days after SPS exposure, male rats showed increased anxiety in the elevated plus
maze test (e.g. less time spent and reduced entries in the open arms), exhibited higher
mean startle response amplitude and buried more marbles in the marble burying task
compared to controls, thus indicating an altered emotional and avoidance domain
long-after trauma. This is consistent with a previous study showing in rats enhanced
anxious-like behaviors in the elevated plus maze task 4 weeks after SPS exposure [29].
Furthermore, although only 1 week after SPS, other preclinical studies have also
demonstrated enhanced acoustic startle response [16,20] and avoidance in the marble
burying task in male rats [51]. In addition to emotional alterations, PTSD patients
present impaired cognitive functions, including spatial memory alterations [1,2,52].
Previous studies found similar alterations in male rodents tested 1 or 2 weeks after
SPS exposure [7,11,13,14]. Our findings add to the current knowledge indicating that
in male spatial memory alterations last long after trauma. Interestingly, we found that
1 month after trauma exposure cued fear memory processes of SPS-exposed male rats
did not differ from that of controls in the auditory fear conditioning task. Consistently,
previous evidence has shown that SPS does not produce alterations in a fear
conditioning paradigm 4 weeks after trauma [29]. Recent findings from our laboratory
have indicated that locomotor activity is strongly related to maladaptive changes in a
rat model for PTSD [41]. Here we found that both sexes presented reduced motor
activity in an open field task one month after SPS. This reduced exploration of a novel
environment (i.e. open field arena) is suggestive of stress hyper-responsiveness and
fear generalization. Interestingly, a previous study in males showed that SPS-induced
reduction in locomotor activity did not persist over 4 weeks, but accordingly with our

findings the same study reported long-term increased anxiety-like behavior in an



elevated plus maze [29]. Quite surprisingly, besides the reduction of locomotor
activity, we found that, overall, SPS did not induce a persistent PTSD-like phenotype
in females. The few studies examining the effects of SPS in females measured
behavioral outcomes 1-2 weeks after trauma exposure [35-39]. We provide the first
evidence that, contrarily to what we found in males, SPS did not induce any long-term
behavioral alterations in the elevated plus maze, acoustic startle response, marble
burying and Morris water maze tasks, 1 month after trauma. On the other hand, our
results showed that females exposed to SPS presented less freezing behavior at
extinction retrieval compared to controls, thus indicating reduced fear retrieval and
increased fear extinction. Supporting our findings, previous research has demonstrated
that 1 week after SPS, male rats exhibited enhanced acoustic startle response, whereas
females’ response was unaffected [35,36]. The same effects were also observed in
human PTSD patients [34]. Long-term effects of SPS on fear memory processes in
female rats have not been extensively explored yet. To our knowledge, only two
preclinical studies have evaluated the effects on fear memory after SPS in females and
reported contrasting findings. One study showed reduced extinction recall in males
but no changes in females [38] and another report found impaired extinction and
enhanced fear retrieval in both sexes [39]. In both studies, however, memory
alterations were evaluated only within 1 week post-SPS exposure. Thus, in the light
of our current results, it appears that the SPS model in females is ineffective to
mimicking persistent alterations of fear memory processes observed in PTSD patients,
rather our results indicate that SPS exposure promotes fear memory extinction of a
second stressful event experienced 1 month after SPS. In conclusion, our data provide
the first evidence that the ability of the SPS model to resemble the chronicity of PTSD-
like symptomatology is sex-dependent, with SPS-exposed males showing long-term
reduced locomotion, hyperarousal, increased avoidance, anxiety-like behavior and
spatial memory retention deficits and SPS-exposed females only presenting reduced
locomotion and increased fear extinction 1 month after trauma. Clinical literature

indicates that women are twice as likely to suffer from PTSD compared to men [4-6]



and it is still not clearly understood whether this higher prevalence in women is related
to a higher susceptibility to PTSD development [53]. Our results provide evidence
supporting fundamental sex-differences in the response to a traumatic event in rats and
the subsequent susceptibility to develop a PTSD-like symptomatology. Thus, our
findings are relevant to future research aimed not only at investigating sex-differences
in the neurobiology of trauma-related disorders, but also at evaluating
pharmacological interventions to treat long-term emotional alterations associated with
PTSD.

Conclusions

Our findings demonstrate that SPS induces in rats long-term emotional and cognitive
alterations resembling some of the core symptoms of PTSD and that such effects are
sex divergent. While male rats exposed to SPS display reduced locomaotion,
hyperarousal, increased avoidance, anxiety-like behavior and spatial memory
retention deficits, SPS-exposed females only show reduced locomotion and altered
fear extinction recall 30 days after trauma. To our knowledge, this is the first evidence
that the long-term effects induced by acute trauma in rodents are sex divergent.
Clinical evidence demonstrate that men affected by PTSD tend to develop more
“externalizing” symptoms while women affected by PTSD more “internalizing” ones.
Our study thus opens the way to additional studies urgently needed to clarify the

neurobiological underpinnings of gender divergent symptoms after trauma exposure.

References

[1] American Psychiatric Association, Diagnostic and Statistical Manual of Mental
Disorders, American Psychiatric Association, 2013.
https://doi.org/10.1176/appi.books.9780890425596.

[2] R. Yehuda, C.W. Hoge, A.C. McFarlane, E. Vermetten, R.A. Lanius, C.M.

Nievergelt, S.E. Hobfoll, K.C. Koenen, T.C. Neylan, S.E. Hyman, Post-traumatic stress
disorder, Nat. Rev. Dis. Prim. 1 (2015). https://doi.org/10.1038/nrdp.2015.57.



[3] H. Javidi, M. Yadollahie, Post-traumatic Stress Disorder, Int J Occup Environ Med.
3 (2012) 2-9.

[4] R.C. Kessler, A. Sonnega, E. Bromet, M. Hughes, C.B. Nelson, Posttraumatic Stress
Disorder in the National Comorbidity Survey, Arch. Gen. Psychiatry. 52 (1995) 1048-1060.
https://doi.org/10.1001/archpsyc.1995.03950240066012.

[5] N. Breslau, Gender differences in trauma and posttraumatic stress disorder, J. Gender-
Specific Med. 5 (2002) 34-40.

[6] S. Seedat, D.J. Stein, Trauma and post-traumatic stress disorder in women: A review,
Int. Clin. Psychopharmacol. 15 (2000).

[7] A. Verbitsky, D. Dopfel, N. Zhang, Rodent models of post-traumatic stress disorder:
behavioral assessment, Transl. Psychiatry. 10 (2020). https://doi.org/10.1038/s41398-020-
0806-x.

[8] A. Berardi, V. Trezza, M. Palmery, L. Trabace, V. Cuomo, P. Campolongo, An
updated animal model capturing both the cognitive and emotional features of post-traumatic
stress  disorder  (PTSD), Front. Behav. Neurosci. 8 (2014) 1-12.
https://doi.org/10.3389/fnbeh.2014.00142.

[9] G. Richter-Levin, Acute and long-term behavioral correlates of underwater trauma-
potential relevance to stress and post-stress syndromes, Psychiatry Res. 79 (1998) 73-83.
https://doi.org/10.1016/S0165-1781(98)00030-4.

[10] P.R. Zoladz, D.M. Diamond, Predator-based psychosocial stress animal model of
PTSD: Preclinical assessment of traumatic stress at cognitive, hormonal, pharmacological,
cardiovascular and epigenetic levels of analysis, Exp. Neurol. 284 (2016) 211-219.
https://doi.org/10.1016/j.expneurol.2016.06.003.

[11] S. Yamamoto, S. Morinobu, S. Takei, M. Fuchikami, A. Matsuki, S. Yamawaki, .
Liberzon, Single prolonged stress: Toward an animal model of posttraumatic stress disorder,
Depress. Anxiety. 26 (2009) 1110-1117. https://doi.org/10.1002/da.20629.

[12] I. Liberzon, M. Krstov, E.A. Young, Stress-restress: Effects on ACTH and fast
feedback, Psychoneuroendocrinology. 22 (1997) 443-453. https://doi.org/10.1016/S0306-
4530(97)00044-9.

[13] M.J. Lisieski, A.L. Eagle, A.C. Conti, I. Liberzon, S.A. Perrine, Single-prolonged
stress: A review of two decades of progress in a rodent model of post-traumatic stress disorder,
Front. Psychiatry. 9 (2018). https://doi.org/10.3389/fpsyt.2018.00196.

[14] R.R. Souza, L.J. Noble, C.K. Mclintyre, Using the single prolonged stress model to
examine  the  pathophysiology of PTSD, Front. Pharmacol. 8  (2017).
https://doi.org/10.3389/fphar.2017.00615.

[15] F. Han, J. Ding, Y. Shi, Expression of amygdala mineralocorticoid receptor and
glucocorticoid receptor in the single-prolonged stress rats, BMC Neurosci. 15 (2014).
https://doi.org/10.1186/1471-2202-15-77.



[16] S. Khan, I. Liberzon, Topiramate attenuates exaggerated acoustic startle in an animal
model of  PTSD, Psychopharmacology (Berl). 172 (2004) 225-229.
https://doi.org/10.1007/s00213-003-1634-4.

[17] F.F. Liu, L.D. Yang, X.R Sun, H. Zhang, W. Pan, X.M. Wang, J.J. Yang, M.H. Ji,
H.M. Yuan, NOX2 Mediated-Parvalbumin Interneuron Loss Might Contribute to Anxiety-Like
and Enhanced Fear Learning Behavior in a Rat Model of Post-Traumatic Stress Disorder, Mol.
Neurobiol. 53 (2016) 6680-6689. https://doi.org/10.1007/s12035-015-9571-X.

[18] Y.L. Miao, W.Z. Guo, W.Z. Shi, W.W. Fang, Y. Liu, J. Liu, B.W. Li, W. Wu, Y.F.
Li, Midazolam ameliorates the behavior deficits of a rat posttraumatic stress disorder model
through dual 18 kDa translocator protein and central benzodiazepine receptor and
neurosteroidogenesis, PL0oS One. 9 (2014). https://doi.org/10.1371/journal.pone.0101450.

[19] S.M. Keller, W.B. Schreiber, B.R. Stanfield, D. Knox, Inhibiting corticosterone
synthesis during fear memory formation exacerbates cued fear extinction memory deficits
within the single prolonged stress model, Behav. Brain Res. 287 (2015) 182-186.
https://doi.org/10.1016/j.bbr.2015.03.043.

[20] K. Kohda, K. Harada, K. Kato, A. Hoshino, J. Motohashi, T. Yamaji, S. Morinobu,
N. Matsuoka, N. Kato, Glucocorticoid receptor activation is involved in producing abnormal
phenotypes of single-prolonged stress rats: A putative post-traumatic stress disorder model,
Neuroscience. 148 (2007) 22-33. https://doi.org/10.1016/j.neuroscience.2007.05.041.

[21] Y. Iwamoto, S. Morinobu, T. Takahashi, S. Yamawaki, Single prolonged stress
increases contextual freezing and the expression of glycine transporter 1 and vesicle-associated
membrane protein 2 mMRNA in the hippocampus of rats, Prog. Neuro-Psychopharmacology Biol.
Psychiatry. 31 (2007) 642—651. https://doi.org/10.1016/j.pnpbp.2006.12.010.

[22] D. Knox, S.A. George, C.J. Fitzpatrick, C.A. Rabinak, S. Maren, |. Liberzon, Single
prolonged stress disrupts retention of extinguished fear in rats, Learn. Mem. 19 (2012) 43-49.
https://doi.org/10.1101/Im.024356.111.

[23] Y. Wen, B. Li, F. Han, E. Wang, Y. Shi, Dysfunction of calcium/calmodulin/CaM
kinase Ila cascades in the medial prefrontal cortex in post-traumatic stress disorder, Mol. Med.
Rep. 6 (2012) 1140-1144. https://doi.org/10.3892/mmr.2012.1022.

[24] W.M. Vanderheyden, S.A. George, L. Urpa, M. Kehoe, I. Liberzon, G.R. Poe, Sleep
alterations following exposure to stress predict fear-associated memory impairments in a rodent
model of PTSD, Exp. Brain Res. 233 (2015) 2335-2346. https://doi.org/10.1007/s00221-015-
4302-0.

[25] I. Liberzon, J.F. Lépez, S.B. Flagel, D.M. Véazquez, E.A. Young, Differential
regulation of hippocampal glucocorticoid receptors mRNA and fast feedback: Relevance to
post-traumatic ~ stress  disorder, J.  Neuroendocrinol. 11  (1999)  11-17.

https://doi.org/10.1046/j.1365-2826.1999.00288.x.
[26] Z.Wu, Q. Tian, F. Li, J. Gao, Y. Liu, M. Mao, J. Liu, S. Wang, G. Li, D. Ge, Y. Mao,



W. Zhang, Z. Liu, Y. Song, Behavioral changes over time in post-traumatic stress disorder:
Insights from a rat model of single prolonged stress, Behav. Processes. 124 (2016) 123-129.
https://doi.org/10.1016/j.beproc.2016.01.001.

[27] S.E. Sillivan, N.F. Joseph, S. Jamieson, M.L. King, I. Chévere-Torres, I. Fuentes, G.P.
Shumyatsky, A.F. Brantley, G. Rumbaugh, C.A. Miller, Susceptibility and Resilience to
Posttraumatic Stress Disorder—like Behaviors in Inbred Mice, Biol. Psychiatry. 82 (2017) 924
933. https://doi.org/10.1016/j.biopsych.2017.06.030.

[28] D. Toledano, P. Gisquet-Verrier, Only susceptible rats exposed to a model of PTSD
exhibit reactivity to trauma-related cues and other symptoms: An effect abolished by a single
amphetamine injection, Behav. Brain Res. 272 (2014) 165-174.
https://doi.org/10.1016/j.bbr.2014.06.039.

[29] D. Feng, B. Guo, G. Liu, B. Wang, W. Wang, G. Gao, H. Qin, S. Wu, FGF2 alleviates
PTSD symptoms in rats by restoring GLAST function in astrocytes via the JAK/STAT pathway,
Eur. Neuropsychopharmacol. 25 (2015) 1287-1299.
https://doi.org/10.1016/j.euroneuro.2015.04.020.

[30] R.C. Kessler, S. Aguilar-Gaxiola, J. Alonso, C. Benjet, E.J. Bromet, G. Cardoso, L.
Degenhardt, G. de Girolamo, R. V. Dinolova, F. Ferry, S. Florescu, O. Gureje, J.M. Haro, Y.
Huang, E.G. Karam, N. Kawakami, S. Lee, J.P. Lepine, D. Levinson, F. Navarro-Mateu, B.E.
Pennell, M. Piazza, J. Posada-Villa, K.M. Scott, D.J. Stein, M. Ten Have, Y. Torres, M.C.
Viana, M. V. Petukhova, N.A. Sampson, A.M. Zaslavsky, K.C. Koenen, Trauma and PTSD in
the  WHO World Mental Health Surveys, Eur. J. Psychotraumatol. 8 (2017).
https://doi.org/10.1080/20008198.2017.1353383.

[31] M.W. King, A.E. Street, J.L. Gradus, D.S. Vogt, P.A. Resick, Gender Differences in
Posttraumatic Stress Symptoms Among OEF/OIF Veterans: An Item Response Theory
Analysis, J. Trauma. Stress. 26 (2013) 175-183. https://doi.org/10.1002/jts.21802.

[32] H. Cohen, N. Kozlovsky, C. Alona, M.A. Matar, Z. Joseph, Animal model for PTSD:
From clinical concept to translational research, Neuropharmacology. 62 (2012) 715-724.
https://doi.org/10.1016/j.neuropharm.2011.04.023.

[33] R.M. Shansky, Sex differences in PTSD resilience and susceptibility: Challenges for
animal models of fear learning, Neurobiol. Stress. 1 (2015) 60-65.
https://doi.org/10.1016/j.ynstr.2014.09.005.

[34] A.M. Medina, V.Y. Mejia, A.M. Schell, M.E. Dawson, G. Margolin, Startle reactivity
and PTSD symptoms in a community sample of women., Psychiatry Res. 101 (2001) 157-169.
[35] A.E. Pooley, R.C. Benjamin, S. Sreedhar, A.L. Eagle, A.J. Robison, M.S. Mazei-
Robison, S.M. Breedlove, C.L. Jordan, Sex differences in the traumatic stress response: PTSD
symptoms in women recapitulated in female rats, Biol. Sex Differ. 9 (2018).
https://doi.org/10.1186/513293-018-0191-9.

[36] A.E. Pooley, R.C. Benjamin, S. Sreedhar, A.L. Eagle, A.J. Robison, M.S. Mazei-



Robison, S.M. Breedlove, C.L. Jordan, Sex differences in the traumatic stress response: The
role of adult gonadal hormones, Biol. Sex Differ. 9 (2018). https://doi.org/10.1186/s13293-018-
0192-8.

[37] R.J. Nahvi, C. Nwokafor, L.I. Serova, E.L. Sabban, Single prolonged stress as a
prospective model for posttraumatic stress disorder in females, Front. Behav. Neurosci. 13
(2019). https://doi.org/10.3389/fnbeh.2019.00017.

[38] S.M. Keller, W.B. Schreiber, J.M. Staib, D. Knox, Sex differences in the single
prolonged stress model, Behav. Brain Res. 286 (2015) 29-32.
https://doi.org/10.1016/j.bbr.2015.02.034.

[39] T.M. Zer-Aviv, |. Akirav, Sex differences in hippocampal response to
endocannabinoids after exposure to severe stress, Hippocampus. 26 (2016) 947-957.
https://doi.org/10.1002/hip0.22577.

[40] E. Ganon-Elazar, I. Akirav, Cannabinoids prevent the development of behavioral and
endocrine alterations in a rat model of intense stress, Neuropsychopharmacology. 37 (2012)
456-466. https://doi.org/10.1038/npp.2011.204.

[41] P. Colucci, E. Marchetta, G.F. Mancini, P. Alva, F. Chiarotti, M.T. Hasan, P.
Campolongo, Predicting susceptibility and resilience in an animal model of post-traumatic
stress disorder (PTSD), Transl. Psychiatry. 10 (2020). https://doi.org/10.1038/s41398-020-
00929-9.

[42] N. Almenrader, P. Colucci, V. De Castro, D. Valeri, M. Palmery, V. Trezza, P.
Campolongo, Effects of sevoflurane and clonidine on acid base status and long-term emotional
and cognitive outcomes in spontaneously breathing rat pups, PLoS One. 12 (2017).
https://doi.org/10.1371/journal.pone.0173969.

[43] M. Morena, K.D. Leitl, H.A. Vecchiarelli, J.M. Gray, P. Campolongo, M.N. Hill,
Emotional arousal state influences the ability of amygdalar endocannabinoid signaling to
modulate anxiety., Neuropharmacology. 111 (2016) 59-69.
https://doi.org/10.1016/j.neuropharm.2016.08.020.

[44] M.T. Zanda, P. Fadda, S. Antinori, M. Di Chio, W. Fratta, C. Chiamulera, L. Fattore,
Methoxetamine affects brain processing involved in emotional response in rats, Br. J.
Pharmacol. 174 (2017) 3333-3345. https://doi.org/10.1111/bph.13952.

[45] C. Scuderi, C. Stecca, M. Valenza, P. Ratano, M.R. Bronzuoli, S. Bartoli, L. Steardo,
E. Pompili, L. Fumagalli, P. Campolongo, L. Steardo, Palmitoylethanolamide controls reactive
gliosis and exerts neuroprotective functions in a rat model of Alzheimer’s disease, Cell Death
Dis. 5 (2014). https://doi.org/10.1038/cddis.2014.376.

[46] M. Morena, V. De Castro, J.M. Gray, M. Palmery, V. Trezza, B. Roozendaal, M.N.
Hill, P. Campolongo, Training-associated emotional arousal shapes endocannabinoid
modulation of spatial memory retrieval in rats, J. Neurosci. 35 (2015) 13962-13974.
https://doi.org/10.1523/JNEUROSCI.1983-15.2015.



[47] J. Rodriguez-Romaguera, F. Sotres-Bayon, D. Mueller, G.J. Quirk, Systemic
Propranolol Acts Centrally to Reduce Conditioned Fear in Rats Without Impairing Extinction,
Biol. Psychiatry. 65 (2009) 887-892. https://doi.org/10.1016/j.biopsych.2009.01.009.

[48] P. Atsak, D. Hauer, P. Campolongo, G. Schelling, R. V. Fornari, B. Roozendaal,
Endocannabinoid Signaling within the Basolateral Amygdala Integrates Multiple Stress
Hormone Effects on Memory Consolidation, Neuropsychopharmacology. 40 (2015) 1485-
1494, https://doi.org/10.1038/npp.2014.334.

[49] D.C. Blanchard, R.J. Blanchard, Innate and conditioned reactions to threat in rats with
amygdaloid  lesions, J. Comp. Physiol. Psychol. 81 (1972) 281-290.
https://doi.org/10.1037/h0033521.

[50] R.K. Pitman, A.M. Rasmusson, K.C. Koenen, L.M. Shin, S.P. Orr, M.W.
Gilbertson, M.R.  Mila, I. Liberzon, Biological studies of post-traumatic stress disorder, Nat.
Rev. Neurosci. 13 (2012) 769-787. https://doi.org/10.1038/nrn3339.

[51] L.J. Noble, 1.J. Gonzalez, V.B. Meruva, K.A. Callahan, B.D. Belfort, K.R.
Ramanathan, E. Meyers, M.P. Kilgard, R.L. Rennaker, C.K. Mclintyre, Effects of vagus nerve
stimulation on extinction of conditioned fear and post-traumatic stress disorder symptoms in
rats, Transl. Psychiatry. 7 (2017) e1217. https://doi.org/10.1038/tp.2017.191.

[52] J.K. Miller, S. McDougall, S. Thomas, J.M. Wiener, Impairment in active navigation
from trauma and Post-Traumatic Stress Disorder, Neurobiol. Learn. Mem. 140 (2017) 114-123.
https://doi.org/10.1016/j.nIm.2017.02.019.

[53] D.F. Tolin, E.B. Foa, Sex differences in trauma and posttraumatic stress disorder: A
quantitative review of 25 years of research, Psychol. Bull. 132 (2006) 959-992.
https://doi.org/10.1037/0033-2909.132.6.959.



CHAPTER 4

Predicting susceptibility and resilience in an animal model of post-
traumatic stress disorder

Paola Colucci®?, Enrico Marchettal?, Giulia Federica Mancini®?, Phoebe
Alval, Flavia Chiarotti®, Mazahir T. Hasan*®, Patrizia Campolongo*?”

!Dept. of Physiology and Pharmacology, Sapienza University of Rome, 00185 Rome, ltaly;
2Neurobiology of Behavior Laboratory, Santa Lucia Foundation, 00143 Rome, Italy; 3Center
for Behavioral Sciences and Mental Health, Istituto Superiore di Sanita, 1-00161 Rome, ltaly;
4Achucarro Basque Center for Neuroscience, 48940 Leioa, Spain; Slkerbasque-Basque
Foundation for Science, 48013 Bilbao, Spain

Transl Psychiatry. 2020; 10(1):243




Abstract

Post-traumatic stress disorder (PTSD) is a psychiatric disorder whose pathogenesis
relies on a maladaptive expression of the memory for a life-threatening experience,
characterized by over-consolidation, generalization, and impaired extinction, which are
responsible of dramatic changes in arousal, mood, anxiety, and social behavior. Even if
subjects experiencing a traumatic event during lifetime all show an acute response to
the trauma, only a subset of them (susceptible) ultimately develops PTSD, meanwhile
the others (resilient) fully recover after the first acute response. However, the dynamic
relationships between the interacting brain circuits that might potentially link trauma-
related experiences to the emergence of susceptible and resilient PTSD phenotypes in
individuals is not well understood. Toward the first step to reach this goal, we have
implemented our experimental PTSD model previously developed, making it suitable
to differentiate between susceptible (high responders, HR) and resilient (low
responders, LR) rats in terms of over-consolidation, impaired extinction, and social
impairment long after trauma. Rats were exposed to five footshocks paired with social
isolation. One week after trauma but before extinction, animals were tested in the Open
Field and Social Interaction tasks for the identification of a predictive variable to
identify susceptible and resilient animals before the possible appearance of a PTSD-like
phenotype. Our findings show that exploratory activity after trauma in a novel
environment is a very robust variable to predict susceptibility towards a PTSD-like
phenotype. This experimental model is thus able to screen and differentiate, before
extinction learning and potential therapeutic intervention, susceptible and resilient
PTSD-like rats.



Introduction

Post-traumatic stress disorder (PTSD) is a pathology with high prevalence and
morbidity, the abnormal adaptation to a traumatic experience represents its specific
pathogenic starting point'-3. The formation, consolidation, retrieval, and extinction of
fear memories associated to a traumatic situation are orchestrated by multiple brain
regions that act in a coordinate manner to elaborate the acute response to trauma*?.
After this normal acute response, most subjects fully recover. However, after
experiencing a life-threatening event, in certain conditions the brain may switch to a
maladaptive expression of memory specificities characterized by over-consolidation,
memory generalization, and impaired extinction”®. These cognitive alterations lead to
a persistent reminding of the traumatic memories which in turn is responsible of PTSD
development and consecutive symptoms (e.g., dramatic changes in arousal, mood, and
social behavior)'3. It has been estimated that more than 50% of the world population
will encounter a trauma-causing experience once in their lifetime® and even if all the
traumatize persons will show an acute response to the trauma, the majority of them will
recover without intervention®. Therefore, an important question arises on why some
people do develop PTSD after a life-threatening experience whereas others do not. It is
well known that stress response cannot be sustained for a long time, the organism thus
needs to develop effective physiological and psychological changes to cope with it
Stressful experiences lead indeed to adaptation, but in some susceptible individuals this
can be pathogenic'?*®. The understanding of the neuronal mechanisms sustaining such
pathogenic adaptation in susceptible subjects would hold the key for circuit-targeted
therapeutics, especially due to the high rate of unresponsiveness or recrudescence
following the initial remission of the pathology with the current treatments®. Animal
models of psychiatric diseases are useful tools for understanding the pathophysiological
mechanisms of a specific disorder, thus contributing in the development of more
effective therapeutic strategies for humans'®. Although there are different rodent PTSD
models, they however lack good translational value*®'”. These animal models reproduce

only the emotional symptoms of PTSD, as hyperarousal and abnormal fear responses,



thus neglecting the etiological causes of the pathology such as the cognitive alterations.
However, a valid PTSD animal model should be able to simultaneously capture both
the cognitive and emotional features of the pathology. Another important aspect is the
chronicity issue of the pathology to sustain the behavioral alterations in an animal model
long after trauma which has high relevance and translational value®®. However, long-
term changes are rarely investigated possibly because the trauma experience is not long-
lasting. Finally, the interindividual variability in response to trauma is of outmost
importance. Unfortunately, almost all PTSD animal models homogenize all the trauma-
exposed animals as having the same phenotype, regardless of susceptibility or resilience
to develop a PTSD-like phenotype, thus lacking construct and predictive validity®®. In
the spare studies that consider the individual variability to trauma, only the anxiety
symptoms are used to discern between different PTSD-like phenotypes?®?!, without
considering the etiology (e.g. cognitive alterations such as the excessive memory
consolidation and retrieval as well as the impaired extinction). Therefore, the
development of an animal model which is able to predict individual differences in
developing a chronic PTSD-like phenotype with regard of both cognitive and emotional
alterations would be crucial to understand the neurobiological substrates underlying the
individual variability towards PTSD development. We developed an animal model that
is able to capture both cognitive etiological alterations of PTSD together with a peculiar
set of emotional dysfunctions related to the social domain, alterations resembling some
of the core symptoms observed in the human pathology?2. Here, we applied our animal
model to identify susceptible or resilient individuals towards PTSD development; our
model identifies a robust predictive variable to rigorously and systematically screen and
differentiate, before extinction learning and potential therapeutic intervention, between
susceptible (high responders, HR) and resilient (low responders, LR) rats in terms of

over-consolidation, impaired extinction, and social impairment.



Materials and methods

Animal care and use

A total of 124 male adult Sprague-Dawley rats (350-450 g at the time of testing),
Charles River Laboratories (Calco, Italy), were kept in an air-conditioned colony room
(temperature: 21 £ 1 °C; lights on from 07:00 AM to 7:00 PM) with pellet food and
water available ad libitum. Each rat was randomly assigned to the behavioral
procedures. For every experiment, the exact sample size for each experimental
group/condition is indicated in the figure legends. Sample size was carried out
considering a power = 80%, the probability of committing a first type error (alpha) equal
to 0.05 (G-power statistics). The experiments were performed in Sprague-Dawley rats
because in the present study we adapted the PTSD animal model we first described, in
which is used the strain of rat?22%. All the experiments were performed during the light
phase of the cycle. Rats were handled for 1 min for three consecutive days before
behavioral testing. All procedures involving animal care or treatments were performed
in compliance with the ARRIVE guidelines, the Directive 2010/63/EU of the European
Parliament, and the D. L. 26/2014 of Italian Ministry of Health.

Behavioral procedures—Experiment 1

The PTSD model we first described??23 was adapted to make it suitable to distinguish
between HR and LR animals in terms of over-consolidation, impaired extinction, and
social impairment (for the experimental design see Fig. 1a). The experimental apparatus
consisted in a metal trough shaped alley (60 cm long, 15 cm deep, 20 cm wide at the
top, and 6.4 cm wide at the bottom) connected to an animal shocker. All the
experimental sessions were video-recorded and subsequently scored by two welltrained
researchers blind to the experimental conditions. After each session, fecal boli were

removed and the apparatus was cleaned with a 70% ethanol solution.



Housing

All rats were individually housed for 2 days prior to the habituation session and
remained singly housed until the end of the behavioral testing. We have previously
shown that social isolation is necessarily required to develop enduring signs of

emotional distress upon exposure to a traumatic event?.

Habituation
On the first day of testing (day —1), rats were individually taken from the home-cage
and habituated for 5 min to the test apparatus. Rats were then returned to their home-

cages.

Exposure session

On day 0, rats were individually placed in the apparatus for a total duration of 6 min,
and were left undisturbed for the first 2 min. Then, 5 footshocks (2 s, 0.8 mA) were
randomly delivered. After the last footshock rats were kept in the apparatus for 60 s to
facilitate context association to the aversive stimuli. Screening of HR and LR
populations. Five and 6 days after trauma exposure rats were subjected to the Open
Field and Social Interaction tests, respectively, with the purpose of identify a predictive
variable for the screening of HR and LR phenotypes in accordance to their behavior.
Open Field test. Each rat was placed into the center of the Open Field arena made of
black Plexiglas (80 x 80 x 60 cm) for 15 min. The test was performed under dim light
conditions (2 lux). The total distance traveled (cm) by each rat, as well as the time spent
in the center of the arena, were determined as parameters indicating the rat locomotor
activity and emotionality, respectively. All the parameters here observed were acquired
and analyzed using an automated video-tracking system (Smart, Panlab, Harvard
Apparatus). After each session, rats were returned to their home-cage, fecal boli were

removed, and the arena’s walls and floor were cleaned with a 70% ethanol solution.



Social Interaction test

In the social Interaction test couples of rats were put for 10 min in a quadrangular arena
(40 x 40 x 60 cm) made of plexiglass with clean sawdust covering the floor, under red
light conditions. After each session, rats were returned to their home-cage, fecal boli
were removed, sawdust was blended, and the arena’s walls were cleaned with a 70%
ethanol solution. Each couple of rats was established according to the unfamiliarity
criteria (the two rats of each pair have never been housed in the same cage). In this test,
social behavior was scored as previously described??. Extinction sessions and extinction
retention test. Each of the four extinction sessions consisted in a 10-min re-exposure to
the experimental apparatus, with the first carried out 7 days after the exposure session
(day 7). Each subsequent session was separated from the preceding one by a 72-h
interval (days 10, 13, and 16). During each extinction session the contextual freezing
behavior was evaluated?*. Particularly, the freezing behavior analyzed during the first
extinction session (7 days after trauma exposure) was considered as an index of the
overconsolidation of memory related to the traumatic experience, whereas the last
extinction session (16 days after trauma exposure) was considered as the extinction
retention test, and the contextual freezing behavior here evaluated was considered as an

index of the impaired extinction in our PTSD animal model.

Social Interaction test

To evaluate the social impairment, rats were tested in the Social Interaction test, which
was carried out 72 h after the extinction retention test (day 19). Couples of rats for this
second Social Interaction test were different from the previous couples in the Social
Interaction test at 6 days after trauma exposure. The test was conducted as described

above.

Behavioral procedures—Experiment 2
In Experiment 2, a second group of rats was subjected to the rotarod test 5 days after

trauma exposure (day 5), instead to the Open Field test, which was run 2 days before



the trauma (day —2), accordingly with the experimental design shown in Fig. 1b. The
Open Field test and the other behavioral procedures (habituation, exposure, extinction
sessions, extinction retention test and Social Interaction test) as well as the Housing

condition were run and maintained at the same way as described for Experiment 1.

Rotarod test

The Rotarod test was performed as previously described?®. The rotarod speed was
regularly accelerated each 30 s from 10 to 60 rpm. The cut-off time was fixed at 300 s.
Rats were given three trials with 30 min inter-trial rest intervals. The mean time taken
from each animal to fall from the rotarod apparatus, across the three trials, was
measured and it represented a measure of the motor activity, since it is the time taken

by each rat to maintain its balance walking on the revolving rod.

Statistical analysis

Statistical analysis was performed using SPSS statistical software. Behavior was scored
by three trained operators blinded to the animal phenotype and condition. Each measure
is expressed as mean = SEM. For each Pearson’s correlation performed, R coefficient
and the relative P value were evaluated and a good correlation between variables was
considered for R > 0.35 and P < 0.05. Behavioral data were analyzed through a repeated
measures ANOVA (RM ANOVA) or one-way ANOVA when appropriate. Tukey—
Kramer post hoc test was performed to control for significant differences between

groups and significance was considered for P < 0.05.
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Figure 1: Experimental design. Behavioral procedures of Experiment 1 (a) and Experiment 2
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Results

Exploratory activity after trauma is a reliable predictive variable to identify resilient and
susceptible animals towards a PTSD-like phenotype. In the first experiment, we aimed
at identifying a predictive variable for HR and LR phenotypes screening. To this aim
we performed a correlation analysis between potentially predictive variables (total
distance traveled in the Open Field test, time spent in the center of the arena in the Open
Field test, and time spent in social interaction in the Social Interaction test performed
before the extinction learning) and other behavioral outcomes associated with PTSD
(such as over-consolidation, excessive retrieval, impaired extinction, and social
alterations). Particularly, we found a significant negative correlation between the total
distance traveled, which is an index of the exploratory activity, in the Open Field test
performed 5 days after trauma exposure and the freezing behavior shown by rats during
the first extinction session (day 7) (R =-0.491, P <0.0001) (Fig. 2a), index of the over-
consolidation of the trauma experience in the PTSD model, and the freezing behavior
shown by rats during the extinction retention test (day 16) (R = —0.532, P < 0.0001)

(Fig. 2b), index of the impaired extinction of the trauma experience in the PTSD model.



Thus, indicating that the less the rats explored the Open Field arena, the more they
showed the freezing behavior during the first extinction session and the extinction
retention test. Conversely, a significant positive correlation was found between the total
distance traveled and the time spent in social in the Social Interaction test performed 19
days after trauma exposure (R = 0.384, P < 0.001) (Fig. 2c) as an index of social
alterations in the PTSD model. Thus, indicating that the less the rats explored the Open
Field arena, the less they spent time in interacting with a conspecific during the Social
interaction test. Subsequently, we performed the same correlation analysis, taking in
consideration, as a potentially predictive variable, the time spent in the center of the
Open Field arena during the Open Field test performed 5 days after trauma exposure,
and no significant correlations were found between this parameter and the freezing
behavior shown by rats during the first extinction session (day 7) (R = 0.011, P = 0.921,
Supplementary Fig. 1a), the freezing behavior shown by rats during the extinction
retention test (day 16) (R = 0.040, P =0.727, Supplementary Fig. 1b) and the time spent
in social interaction in the Social Interaction test performed 19 days after trauma
exposure (R = 0.027, P = 0.812, Supplementary Fig. 1c). Finally, we performed the
correlation analysis taking in consideration the time spent by each rat in social
interaction, during the Social Interaction test performed 6 days after trauma exposure,
as a potentially predictive variable. The statistical analysis revealed no significant
correlations between this factor and the freezing behavior shown by rats during the first
extinction session (day 7) (R = 0.107, P = 0.345, Supplementary Fig. 1d), the freezing
behavior shown by rats during the extinction retention test (day 16) (R = 0.057, P =
0.617, Supplementary Fig. 1e), and the time spent in social interaction in the Social
Interaction test performed 19 days after trauma exposure (R = 0.032, P = 0.776,
Supplementary Fig. 1f). For the statistical analysis of all the other parameters evaluated
in the Open Field task, see Supplementary Results, Supplementary Figs. 2, 3, 4 and
Supplementary Table 1.
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Figure 2: Exploratory activity after trauma is a robust predictive variable to identify
resilient and susceptible animals towards a PTSD-like phenotype. The total distance traveled
evaluated in the Open Field test performed 5 days after trauma exposure significantly correlated
with behaviors at 7 and 16 days after trauma, indexes of the over-consolidation, and impaired
extinction of memory for the traumatic experience, respectively (a, b) and with the social
interaction time, evaluated in the Social Interaction test performed 19 days after trauma, index of
social/emotional alterations in the PTSD-like phenotype (c). N = 80.

Rats classification according to their exploratory activity after trauma revealed
behavioral alterations associated with the PTSD-like phenotype

Thereafter the identification of the total distance traveled in the Open Field test as a
promising predictive variable for the HR and LR phenotypes screening, we defined the
rats’ classification according to the extremes (25th or 75th percentile) of the
experimental group’s distribution for this parameter. Each rat scored above 25th or over
75th percentiles has been considered as susceptible (HR) or resilient (LR), respectively,
whereas each rat scored between 25th and 75th percentiles has been considered normal
responder (NR). The subsequent RM ANOVA for the freezing behavior analysis across
the extinction sessions in the three experimental groups (Fig. 3a) revealed a significant
effect of the phenotype HR, LR, or NR (F,77) = 18.189, P < 0.0001), a significant effect
of the extinction sessions (F 77y = 48.510, P < 0.0001) and tendency toward significance
for the interaction between these two factors (F, 231y = 2.071, P = 0.058). Post hoc tests
showed that HR rats presented higher levels of freezing across the extinction sessions

and at extinction retention test as compared with the LR group (Ps < 0.01, for all days



of extinction), and they presented higher levels of freezing with respect to the NR group
only during the third extinction session (day 13) and the extinction retention test (day
16) (Ps < 0.01). Moreover, the post hoc tests revealed that the LR group presented lower
levels of freezing across all the extinction sessions as compared with the NR group (P
< 0.05, days 7 and 13; P < 0.01, day 10), excepted for the extinction retention test (day
16) in which no significant differences between these two groups were found. Then,
through a one-way ANOVA analysis, we analyzed the time spent in social interaction
during the Social Interaction test performed 19 days after the trauma exposure (Fig. 3b)
and a significant difference between the three experimental groups has been revealed
(Fe7n = 5.801, P = 0.005). Particularly, post hoc analysis revealed that HR and NR
groups spent less time in social interaction with respect to the LR group (P < 0.01 and
P < 0.05, respectively). The representative path tracks indicating the exploratory activity
in the Open Field arena of HR, NR, and LR rats are shown in Fig. 3c. Trauma induced
changes in the natural tendency to explore a new environment is a specific variable for
the screening of a PTSD-like phenotype. In the second experiment, we aimed at
evaluating whether is the pure motor activity to predict a PTSD-like phenotype rather
than the trauma induced changes to exploratory activity. To this aim, we performed a
correlation analysis between the mean time taken by each animal to fall from the rotarod
apparatus (a pure measure of motor activity) and the behavioral outcomes associated
with PTSD. The same correlation analysis was also performed between the total
distance traveled in the Open Field test before trauma and the behavioral outcomes
associated with the PTSD-like phenotype. The correlation analysis between the mean
time across the three trials, for each animal to fall from the rotarod apparatus and the
freezing behavior shown by rats during the first extinction session (day 7,
Supplementary Fig. 5a) and the extinction retention test (day 16, Supplementary Fig.
5b) did not reveal any significant correlation (R = 0.133, P = 0.389; R = 0.106, P =
0.494; respectively). No significant correlation was also found between this parameter
of pure motor activity and the time spent in social interaction during the Social

Interaction test performed 19 days after trauma exposure (R = 0.073, P = 0.637,



Supplementary Fig. 5¢). The correlation analysis between the total distance traveled in
the Open Field arena before trauma and the behavioral outcomes associated with the
PTSD-like phenotype did not revealed any significant correlation between this
parameter and the freezing behavior shown during the first extinction session (day 7)
(R=0.047, P =0.760, Supplementary Fig. 5d), the freezing behavior shown during the
extinction retention test (day 16) (R = 0.036, P = 0.817, Supplementary Fig. 5e) and the
time spent in social interaction during the Social Interaction test performed 19 days after
trauma (R = 0.081, P = 0.600, Supplementary Fig. 5f). For the statistical analysis of all
the other parameters evaluated in the Open Field task see Supplementary Results and
Supplementary Table 2.
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Figure 3: Rats classification according to their exploratory activity after trauma revealed
behavioral alterations associated with the PTSD-like phenotype in rats. Freezing rates across
the three extinction sessions (days: 7, 10, and 13) and the extinction retention test (day 16) in rats
segregated in HR (susceptible), NR (normal), and LR (resilient) according to the 75th and 25th
percentile of the experimental group’s distribution for the total distance traveled in the Open Field
test performed 5 days after trauma exposure. HR rats displayed increased freezing response

compared to LR rats, across all the extinction sessions and still at extinction retention test, where



they showed higher level of freezing also with respect to the NR group. LR rats showed an exactly
opposite freezing profile, with lower levels of freezing across all the extinction session and no
significant differences with respect to the NR group at the extinction retention test. a Social
interaction time of HR, NR, and LR rats. HR and NR rats spent less time interacting with a
conspecific with respect to LR rats. b Representative path tracks of five animals per group
indicating the exploratory activity in the Open Field arena of HR, NR, and LR rats (c). P < 0.05
LR vs NR group; “P < 0.01 HR vs LR group; *P < 0.01 HR vs NR group; %P < 0.01 LR vs NR
group. N =80 (20 HR, 40 NR, 20 LR).

Discussion

In the present study, by using specific behavioral tests suitable to map the individual
differences in an experimental model of PTSD, we found a robust predictive variable
for the screening of PTSD susceptibility immediately after trauma and before
therapeutic intervention. We found the level of exploratory activity soon after trauma
in a novel environment to be a robust and reliable predictive variable to identify later
susceptibility towards PTSD development. The analysis of the locomotor activity in a
novel arena is an easy and valuable parameter to simultaneously evaluate both motor
activity and the natural tendency of rodents to explore a new environment?®. Through a
correlation analysis, we found a negative dependence between this parameter and all
the memory alterations clusters in animals presenting a PTSD-like phenotype: i.e. over-
consolidation and impaired extinction (represented by the percentage of time spent in
freezing behavior, during the first extinction session 1 week after trauma, and after the
last extinction session 16 days after trauma). Maladaptive memory processes are
specific traits of PTSD pathology? which can be easily reproduced in rodents to
investigate their neuronal underpinnings??. Contextual freezing behavior represents a
fear and anxiety related response shown by rodents when exposed to the context in
which they experienced trauma?’. This behavior is linked to fear memory retention. The
fear memory elicited during the first extinction session is a measure of memory

retention and its retrieval. In fact, at this time point, the extinction learning has not



started yet, and an excessive memory retrieval can be due to a maladaptive memory
consolidation processes induced by the traumatic experience and known as
overconsolidation?. Conversely, freezing behavior during the latter extinction retention
test represents an index of deficit in fear extinction of the traumatic experience?®. Our
results highlight that the lower is the level of exploratory activity after trauma the higher
is the freezing behavior of rats both at the retrieval or extinction sessions (indicative of
exaggerated retention and lack of extinction). This result highlights this behavioral
parameter as strictly related to the PTSD-like cognitive maladaptive changes of over-
consolidation and impaired extinction. One of the overarching features of PTSD in
humans, in addition to the cognitive alterations previously mentioned, is social
impairment®. Several clinical reports indicate social withdrawal and social isolation as
common hallmarks of PTSD patients3-3, In the animal model that we had previously
validated, we found that rats exposed to footshock trauma paired with social isolation
displayed reduced social interaction time in the Social Interaction test and impaired
memory processes??. Here, we found that the exploratory activity of a novel
environment soon after trauma not only correlates with cognitive alterations but it also
positively correlates with the time spent in social interaction long after trauma exposure.
The lower is the exploratory activity the lower is the level of social interaction, thus
making this parameter a predictive variable also for the trauma induced maladaptive
changes in the emotional domains long after stress exposure. Taken together these
results indicate the level of exploratory activity used as a very robust predictive variable
to immediately identify subjects that will develop chronic PTSD-like alterations later
after trauma. We thus hypothesize that trauma experience enhances the stress
responsiveness in susceptible rats to other potentially stressful situation, such as a novel
environment and, as a consequence of this, a reduction of their innate tendency for
exploration as a form of fear generalization. In support of this hypothesis, we found a
different habituation profile in the total distance traveled in the Open Field arena across
time among the groups tested before or after trauma. While rats tested before trauma

showed a normal habituation profile to the arena with higher explorative activity during



the first phase of the test, traumatized rats did not. Importantly, susceptible rats explored
less the Open Field arena for all the test duration, whereas the NRs and resilient ones
moved less at the beginning but started to explore more the arena towards the end of the
test displaying an opposite habituation profile with respect to rats not exposed to trauma.
This phenotype-specific habituation profile has a high translational value and may be
ascribable to fear generalization induced by the traumatic experience, which are key
features of PTSD and which consist in the transfer of fear to stimuli not related to the
aversive event3*3, To further test the robustness of the identified predictive variable,
we segregated animals in susceptible, normal and resilient, according to the 25th and
75" percentile of the experimental group’s distribution for the exploratory activity in
the Open Field test. Our results indicate that susceptible rats display increased freezing
response compared to resilient rats, across retrieval and extinction sessions, where they
show higher level of freezing also with respect to the group exerting normal levels of
activity. Thus, resembling the PTSD human clusters, where an over-consolidation of
fear memory of the trauma and an impaired extinction learning after exposure therapy
sessions are robust endophenotypes of susceptibility to PTSD pathology, whereas, the
absence of these maladaptive changes is typical of a resilient phenotype®®. The same
classification revealed significant differences among experimental groups also in the
Social Interaction test. Particularly, we found that susceptible rats spent less time
interacting with a conspecific after trauma with respect to the resilient ones. These
findings add a high translational value to our PTSD animal model with respect to human
PTSD. Motor activity has a good translational value since it may resemble the strategies
adopted by human subjects to deal with stressful situations, known as coping
strategies®*. For a rat the distance traveled in a new arena, as previously mentioned,
is a measure of not only motor activity but also of the innate tendency of the animal to
explore a new environment moving across it?®. Literature data indicate a reduction in
the motor activity in animals exposed to contextual fear conditioning regardless of their
individual susceptibility*>#3. Prompted by this evidence and results, that we obtained in

the first set of experiments, we next aimed to dissociate these two aspects, in order to



better understand if it is the motor activity per se, or the tendency to explore a new
environment that made the exploratory behavior after trauma a reliable predictive
variable for the development of a PTSD-like phenotype. We thus analyzed pure motor
behavior in the rotarod test, but we did not find any significant correlation between the
pure motor activity assessed in this test and the behavioral alterations associated with
the PTSD-like phenotype, thus excluding the role of the pure motor activity in making
the exploratory behavior soon after trauma a predictive variable for the development of
a PTSD-like phenotype. We then aimed at clarifying whether the natural tendency to
explore an environment regardless of any trauma exposure would be useful to
disentangle between resilient and susceptible animals or is it rather the reaction after
trauma that, by soon influencing the exploratory behavior, becomes a strong predictive
variable to screen between the two phenotypes before the pathology develops.
Interestingly, we did not find any significant correlation between the exploratory
activity in the Open Field test performed before the traumatic experience and any
behavioral outcome associated with the PTSD-like phenotype. These results clearly
indicate that only the change induced by the trauma exposure on the exploratory
behavior before the pathology occurs make it a predictive variable to soon identify
animals susceptible to later develop a PTSD-like phenotype. The Anxiety and
Depression Association of America (ADAA)* has estimated that physical exercise (e.g.
running and walking) and talking to friends are among the most common ways people
adopt to cope with stress after trauma. Interestingly, literature data indicate that people
with PTSD participate less to physical activity*-*’. Not only people with PTSD are less
physical active, but with respect to people who fully recover after trauma, they also tend
to stay at home for longer time and are less interested in exploring new places and in
living new experiences, because any kind of stimuli in an unfamiliar environment can
trigger suppressed or unwanted memories and emotions®. In consideration of the
translational value of our present results, it is a tentative to speculate that it could be
theoretically possible to detect resilient and susceptible humans’ individuals in later

developing PTSD, on the basis of their attitude after trauma to soon cope with stress by



practicing physical activity and by their willingness to search for new experiences in
unfamiliar environments*-#’. In conclusion, we here developed a rat animal model able
to predict individual differences in later developing a PTSD-like phenotype with a high
translational value with respect to the cognitive and emotional clusters observed in the
human pathology. Overall, our results pave the road for further studies in which
susceptible and resilient animals can be differentially manipulated at the interacting
circuit-levels to a better understand the neurobiological underpinnings of susceptibility
and resilience towards PTSD development, providing pre-clinical prospects with

therapeutic interventions in a rat animal model and, subsequently, translated to humans.
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Abstract

Early-life adverse experiences (first hit) lead to coping strategies that may confer
resilience or vulnerability to later experienced stressful events (second hit) and the
subsequent development of stress-related psychopathologies. Here, we investigated
whether exposure to 2 stressors at different stages in life has long-term effects on
emotional and cognitive capabilities, and whether the interaction between the 2 stressors
influences stress resilience. Male rats were subjected to social defeat stress (SDS, first
hit) in adolescence and to a single episode of prolonged stress (SPS, second hit) in
adulthood. Behavioral outcomes, hippocampal expression of brain-derived
neurotrophic factor, and plasma corticosterone levels were tested in adulthood. Rats
exposed to both stressors exhibited resilience against the development of stress-induced
alterations in emationality and spatial memory, but vulnerability to cued fear memory
dysfunction. Rats subjected to both stressors demonstrated resilience against the long-
term effects of SDS-induced alterations in hippocampal brain-derived neurotrophic
factor expression and plasma corticosterone levels. SPS alone altered locomotion and
spatial memory retention; these effects were absent in SDS-exposed rats later exposed
to SPS. Our findings reveal that exposure to social stress during early adolescence

influences the ability to cope with a second challenge experienced later in life.



Introduction

Stress exposure can lead to the development of several psychiatric diseases, including
anxiety, depression, and post-traumatic stress disorder (PTSD) [1,2]. Early-life stressful
experiences may lead to coping strategies that match or mismatch later-life adverse
experiences, resulting in resilience or vulnerability, respectively, to the development of
psychopathologies in adulthood [3—-6]. Because adolescence is a crucial developmental
stage associated with profound changes in the structure and function of the brain [7-9],
stress experienced during this critical developmental period has more detrimental
effects com-pared with those experienced in adulthood. The hypothalamic—pituitary—
adrenal axis is still immature in early adolescence, and the release of cortisol
(corticosterone in rodents) in response to acute stressors is higher than that in adulthood
[10-12]. Chronic glucocorticoid exposure during adolescence is associated with
adverse consequences, particularly in the hippocampus where it causes neuronal cell
damage and dendritic atrophy, reduces neurogenesis, impairs synaptic plasticity, and
suppresses long-term potentiation [13-16]. Brain-derived neurotrophic factor (BDNF),
a member of the neurotrophin family, regulates axonal guidance, enhances synaptic
plasticity and neurite outgrowth, and facilitates long-term potentiation [17].
Glucocorticoids strictly regulate the expression and signaling of BDNF, and a growing
body of evidence indicates that a stress-induced change in BDNF signaling is a potential
cause of stress-related disease [18-21]. Patients with depression or bipolar disorder
have altered hippocampal BDNF expression [22], and patients with de-pression or
PTSD have reduced hippocampal volume [23,24].

Adolescence is characterized by increased social interactions, as well as play and
novelty-seeking behaviors, which are necessary for acquiring the skills related to
developing autonomy and independence from parental caretakers [8]. Bullying and
subordination episodes are social stressors that frequently occur among adolescents
[25,26]. Numerous studies report that adolescent victims of bullying are more
predisposed to mental disorders later in life, particularly anxiety and depression [27].

Human data reporting the in-fluence of experiencing bullying during adolescence on



the development of psychiatric disorders and their seriousness after additional trauma
in adulthood are lacking. Under-standing how early-life social stress could change an
individual’s responsiveness to additional trauma later in life will facilitate the
development of treatments for stress-related disorders such as PTSD in daily clinical
practice.

The social defeat stress (SDS) paradigm is widely used in rodents as a highly vali-dated
animal model of bullying. By using the resident—intruder model, which includes social
subordination, threat, and physical abuse, it is possible to reproduce and study the main
features of bullying in humans [28,29]. Generally, this paradigm consists of placing an
experimental rodent (intruder) into the territory of a larger and aggressive conspecific
(resident) that attacks the intruder for one or more sessions [30]. Compelling evidence
indicates that SDS can have both short- and long-term consequences on emotional and
cognitive domains, such as increased anxiety and altered cognitive flexibility, in adult
rodents. Exposure to adverse stimuli, particularly during sensitive windows of brain
development, is a critically important environmental factor involved in an individual’s
response to stress [31]. Individuals can be classified into two categories on the basis of
their reaction to stress: vulnerable people that negatively respond to adverse stressful
stimuli, and resilient people that positively respond to the same stimuli [32,33]. Various
hypotheses have been postulated to explain this difference between individuals.
According to the cumulative stress theory, individuals that are continuously exposed to
stress across their life span are more predisposed to develop psychopathologies [34].
Conversely, in the match/mismatch hypothesis, vulnerability or resilience to stress
depends on the interaction between early-life and adult stress. The two-hit stress model
has been used to investigate whether exposure to two different stressors at different ages
increases or decreases the risk of developing psychopathologies after experiencing the
second stressor [35-40]. The effects of social stress similar to bullying in humans
experienced during adolescence on the reaction to an additional stressor later in life,
however, are less investigated [41].

To elucidate this issue, we exposed rats to SDS during early adolescence and then



exposed them in adulthood to a single prolonged stress (SPS) as a second stressor. SPS
is a validated stress paradigm comprising three stressful events presented during a single
session [42-44]. We evaluated whether exposure to stress during early adolescence
(first hit) affects emotionality and cognitive processes in the long-term, and whether
exposure to a second challenge (second hit) later in life alters such effects. Rats were
exposed to SDS during early adolescence and to SPS in adulthood, and then subjected
to a behavioral test battery, including the open field, acoustic startle response, Morris
water maze, and auditory fear conditioning. Further, to study the interplay between
stress and BDNF in these effects, we examined hippocampal BDNF protein expression
and plasma corticosterone levels in adulthood. Further, we evaluated the long-term
effects induced by the two stressors on BDNF levels in the brain region most critically
affected by stress effects, i.e., the hippocampus. We then evaluated whether any
hippocampal BDNF alterations were paralleled by changes in plasma corticosterone

concentrations.

Material and methods

Animal care

Sprague-Dawley rats (Charles River Laboratories, Calco, Italy) were housed in air-
conditioned vivarium rooms (temperature: 21 + 1°C; lights on from 7:00 am to 7:00
pm) with pellet food and water available ad libitum. Adolescent male rats were housed
in groups of 4 per cage until postnatal day (PND) 70 when animals of the same treatment
were pair-housed. Adult Sprague-Dawley male rats 400-450 g (Charles River
Laboratories, Calco, Italy), used as residents for the SDS protocol, were housed with a
sterile, but sexually receptive adult Sprague-Dawley female rat to enhance their
aggressiveness towards the intruders [45]. All the experiments were performed during
the light phase of the cycle (10:00 AM — 3:00 PM) and were in compliance with the
ARRIVE guidelines, the Directive 2010/63/EU of the European Parliament, the D. L.
26/2014 of Italian Ministry of Health and approved by the Italian Ministry of Health.



Social defeat stress

We used a slightly modified SDS protocol previously described [28,46]. Briefly, for 7
consecutive days (PND 28-34), adolescent intruders were placed in the resident’s home
cage (the female rat was removed for the duration of the encounter). Each session began
with a period of investigation and free interaction until 15 min had elapsed. Rats were
then separated by a wire mesh barrier (1-cm weave), allowing continued olfactory and
visual contact, but preventing physical contact for the duration of the 30-min session.
Controls were picked up from the resident’s home cage and then returned to their home
cage. The resident-intruder paradigm was repeated daily for 7 days with the intruders
being exposed to a different resident each day to prevent any habituation to the resident
aggressor. Residents that failed to consistently attack or that were overly aggressive and

caused injury to intruders were not used.

Single prolonged stress protocol

We used a previously described SPS protocol [43,47,48] with slight modification.
Briefly, rats at PND 90 were exposed to a single session of SPS that consisted of 2 h of
restraint stress in a restrainer (30 cm in length with an inside diameter of 7.5 cm), 15
min of forced swim stress (24+1 °C water temperature) followed by 15 min of recovery,
and then isoflurane exposure until loss of consciousness. Rats not assigned to SPS
groups were placed in a separate room throughout the duration of SPS. After the SPS

procedure, all rats were returned to their home cage and left undisturbed for 30 days.

Experimental design

As shown in Fig. 1, adolescent rats at PND 28 were randomly assigned to 1 of 4 groups:
- CTRL-CTRL group: rats not exposed to any stressors

- SDS-CTRL group: rats exposed to only SDS during the adolescence (PND 28-34)

- CTRL-SPS group: rats exposed to only SPS at PND 90

- SDS-SPS group: rats exposed to SDS during adolescence and SPS at PND 90

Animals were left undisturbed for 30 days after SPS exposure in order to evaluate



emotional and cognitive effects long-after trauma and then exposed to a behavioral test

battery.
PND 21 PND 28 PND 34 PND 90 PND 120 PND 122 n (
30 days ,
T
‘Weaning SDS SPS Open field Auditory fear conditioning
or OF  Acoustic startle response Morris water maze
CTRL CTRL

Figure 1: Experimental timeline. Separate cohorts of male rats at PND 28 were randomly
assigned to either the CTRL-CTRL, SDS-CTRL, CTRL-SPS, or SDS-SPS groups. Rats were
subjected to 30 min SDS daily for 7 consecutive days from PND 28 to 34, and then to the SPS
paradigm in adulthood (PND 90). Thirty days after SPS exposure, 2 separate groups of rats were
exposed to a behavioral test battery. The first group was exposed to open field (PND 120) and
auditory fear conditioning (PND 122) tasks, and the second one was exposed to acoustic startle
response (PND 120) and Morris water maze (PND 122) tasks. One week after the last behavioral
task, rats were killed, and the bilateral hippocampus was immediately dissected from each animal

for biochemical analyses.

Behavioral tests

Open field

In the open field test, each rat was placed into the corner of the open field arena (80 x
80 x 60 cm?®). The test was performed under dim light conditions (2 lux) and lasted 20
min, as previously described [49]. The total distance traveled (cm) by each rat and the
time spent in the center of the arena were determined as parameters indicating the rat
locomotor activity and emotional reactivity, respectively. After each session, rats were
returned to their home cage, fecal boli were removed, and the walls and floor of the
arena were cleaned with a 70% ethanol solution. The total distance traveled was
acquired and analyzed using an automated video-tracking system (Smart, Panlab,

Barcelona, Spain).



Acoustic startle response

The acoustic startle response was measured as previously described [47] with slight
modification. Rats were placed in a startle reflex apparatus (Med Associates, Fairfax,
VT, USA) for a 5-min acclimatization period with a 70-dB background noise, which
continued for the entire the session. Each session consisted of 22 pulse trials (115 db)
with intertrial intervals selected randomly between 10 and 15 s. Acoustic devices and
startle cages were connected to a computer, which detected and analyzed all chamber
variables using customized software (Med Associates). The system allows recording
and analysis of the signal generated by the animal movement through a high-sensitivity
weight transducer system. The mean startle reflex response for each animal was

calculated as the average of the responses to the 22 pulse trials.

Morris water maze

The experimental apparatus was a circular tank (1.83 m in diameter and 0.58 m in
height) filled with water (23-24 °C) to a depth of 20 cm. The maze was located in a
room containing many salient, visual, extra-maze cues. During the spatial training a
rectangular platform (20 x 25 cm?) was placed at a fixed location 25 cm away from the
edge of the pool and 2.5 cm below the water surface. The experiments were performed
according to a previously described procedure [50,51]. For spatial training, the rats were
given 4 trials on each daily session for 3 consecutive days. On each trial, the animal was
placed in the tank facing the wall at one of the 4 designated start positions and allowed
to escape onto the hidden platform. If an animal failed to find the platform within 60 s
during the first day of the training, it was manually guided to the platform. The rat was
allowed to remain on the platform for 10 s and was then placed into a holding cage for
25 s until the start of the next trial. The time each animal spent to reach the platform
was recorded as the escape latency. For the acquisition phase, the average of escape
latencies across the trials during each day of training was analyzed. Retention of the
spatial training was assessed 24 h after the last training session with a 60-s free-swim

probe trial and a new starting position was used. Training and probe trials were



videotaped, and an automated tracking system (Smart, Panlab, Barcelona, Spain) was
used to analyze the swim path of each subject and calculate the initial latency to cross
the platform location and the number of crossings through the platform location. The
target and opposite quadrants were equidistant from the starting position on the probe

trial.

Auditory fear conditioning

We used a slightly modified protocol as previously described [52,53]. All phases of the
auditory fear conditioning task were performed in the same but contextually modified
operant chambers, located in sound-attenuating cubicles (Med Associates, Fairfax, VT,
USA). The floor of the chambers consisted of stainless-steel bars that delivered a scram-
bled electric footshock. On day 1, rats were exposed to chamber A and received 5
habituation tones (30 s, 4 kHz, 75 dB; 3 min intertrial interval), immediately followed
by 7 conditioning tones that co-terminated with footshocks (0.5 s, 0.65 mA). On day 2,
rats were ex-posed to chamber B (contextually modified with black walls) for the
extinction session, which consisted of 12 tones (30s, 4 kHz, 75 dB; 3 min intertrial
interval) in the absence of footshock. On day 3, rats were returned to the chamber B and
presented with 8 tones (30 s, 4 kHz, 75 dB; 3 min intertrial interval) in the absence of
footshock to test for extinction retrieval. Freezing behavior, defined as the absence of
all movements except for those related to breathing [54], served as the measurement of
fear and was monitored with digital video cameras. An experimenter blinded to the
experimental conditions quantified the total time that rats spent freezing during the 30-
s tone presentations by using a digital stopwatch. The percentage of time spent in
freezing during the 30-s tone presentations was calculated as: [time spent in freezing
during the tone presentation (s) / 30 s] x 100. For the conditioning session (day 1), the
time spent in freezing during the first and the last tone presentation was represented.
For the extinction session (day 2) the average of time spent in freezing during the 3
blocks of 4 trials each was evaluated, while for the retrieval session (day 3) the average

of percentage of time spent in freezing during all trials was represented.



Biochemical analyses

Tissue collection and Western blotting analysis

Western blotting analysis was performed as previously described [55,56]. Rats were
decapitated after 7 days from the last behavioral task to measure BDNF expression at
baseline levels. The hippocampus was rapidly collected, pooled from both side of the
brain, and homogenized in lysis buffer, containing Tris-HCI (pH 8) 50mM, NaCl 150
mM, NP40 1%, SDS 0.1% and a protease inhibitor mixture (Sigma, St. Louis, 154 MO,
USA, P8340, 1/100) in distilled water. Tissues were centrifuged at 15000 rpm for 10
min, and the supernatant removed and stored in aliquots at -80 °C until use. Equivalent
amounts (30 pg) of each sample calculated by Bradford assay were resolved on 12%
acrylamide SDS-PAGE gels, and then transferred onto nitrocellulose. Membranes were
blocked for 1 h at room temperature in a solution containing 5% non-fat dry milk (Bio
Basic, Markham, ON, CA) in tris-buffered saline (TBS) 0.1% tween 20 (TBS-T).
Membranes were then incubated overnight at 4 °C with anti BDNF rabbit polyclonal
antibody (1:500, Bioss Antibodies, Boston, MA, USA) or anti $-actin goat polyclonal
antibody (1:500, Biorbyt Ltd, Cambridge, UK). After being washed 3 times for 10 min
in TBS-T, membranes were incubated for 1 h at room temperature in the proper
secondary horseradish peroxidase-conjugated antibodies (HRP-conjugated goat anti-
rabbit 1gG, 1:10000, Thermo Fisher Scientific, Rockford, IL, USA; HRP-conjugated
mouse anti-goat 1gG, 1:10000, Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Immunoreactivity was developed with enhanced chemiluminescence (ECL system;
BioRad, CA, USA). For analysis of the Western blotting data, densitometric analysis

was performed using Image J software.

Plasma corticosterone levels

Rats were decapitated after 7 days from the last behavioral task in order to measure
baseline corticosterone levels. Trunk blood was collected after decapitation (11:30 AM
— 13:30 PM) in tubes containing 200 pl of 0.1M EDTA and samples were centrifuged



at 1000 x g for 15 min at 4 °C. Plasma was stored at =20 °C and analyzed for
corticosterone levels using a DetectX ELISA kit (Arbor Assays, Ann Arbor, MI, USA)

according to the manufacturer’s instructions, as previously described [57,58].

Statistical Analysis

Statistical analysis was performed using SPSS statistical software. Each measure is
expressed as mean + SEM. A repeated measures ANOVA (RM ANOVA) was used to
evaluate the mean escape latency across trials during each training day in the Morris
water maze and the percentage of freezing during the conditioning and extinction phases
of the auditory fear conditioning task. In all other cases, data were analyzed with 2-way
ANOVA when appropriate. Biochemical data were analyzed with a 2-way ANOVA.
The Tukey-Kramer post-hoc test was performed to control for significant differences

between groups when appropriate. Significance was considered for P < 0.05.

Results

The interaction between SDS during early adolescence and SPS in adulthood
induces resilience towards the development of hyperarousal and anxiety later in
life

Open field test

We evaluated whether the exposure to SDS during early adolescence and/or to SPS in
adulthood induced enduring alterations on locomotor activity and emotionality. As
shown in Fig. 2a, 2-way ANOVA for the distance traveled in the open field showed no
significant effect of SDS (F( 35 = 0.205; P = 0.653), a significant effect of SPS (F(1 35
=5.291; P =0.028), and no significant SDS x SPS interaction (F 35 = 2.726; P = 0.108).
Post hoc analysis revealed that rats exposed to only SPS traveled shorter distance
compared with control rats (P < 0.05). Two-way ANOVA showed no significant main

effects for the time spent in the center of the open field arena for SDS (F1,35= 0.141; P



= 0.710) and SPS (Fq3s = 0.551; P = 0.463), but revealed a significant SDS x SPS
interaction (F,35 = 4.631; P = 0.038, Fig. 2b). Post hoc analysis revealed that rats
exposed to only SDS spent less time in the center of the open field arena compared with
control rats (P < 0.05). These results indicate that SDS experienced during early
adolescence does not affect locomotor activity in adulthood, but does induce an
anxious-like profile in adult rats. Conversely, rats exposed to SPS in adulthood and
tested in the open field test exhibited reduced locomotor activity, but no alterations of
emotional parameters. Interestingly, rats subjected to both stressors exhibited no
alterations in locomotor activity or emotionality, indicating that SDS in adolescence

combined with SPS experienced later in life confers resilience to stress.
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Figure 2: Long-term effects on locomotor activity, hyperarousal, and anxiety-like behavior
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induced by SDS, SPS, or the combination of both stressors. Long-term effects induced by
SDS, SPS, or both stressors on the (a) distance traveled (cm) evaluated in the open field arena,
(b) time spent in the center of the arena in the open field, and (c) mean startle amplitude in the
acoustic startle response task. *, P < 0.05 vs. CTRL-CTRL group; §, P < 0.05 vs. CTRL-CTRL
group; &, P <0.05 vs. SDS-CTRL group; #, P < 0.05 vs. CTRL-SPS group. (N = 8-12 rats per

group or N = 8-11 rats per group, in the open field or acoustic startle response tasks, respectively).

Acoustic startle response
We evaluated whether SDS during early adolescence, SPS in adulthood, or the
combination of both stressors may induce long-term effects on hyperarousal and

anxiety-like behavior. As shown in Fig. 2c, two-way ANOVA for the mean startle



amplitude showed no significant effect of SDS (F(1,33 = 0.170; P = 0.683), or SPS (F(1,33
= 0.064; P = 0.801), but a significant effect of SDS x SPS interaction (F 1,33 = 11.166;
P =0.002). Post hoc analysis revealed that rats singularly exposed to SDS or to SPS had
a higher mean startle amplitude than control rats (P < 0.05). Conversely, rats subjected
to both stressors showed lower mean startle amplitude than rats only exposed to SDS
or to SPS (P < 0.05) and similar to that of control rats never exposed to any stressor.
These results indicate that rats singularly exposed to SDS during early adolescence or
to SPS in adulthood and tested in the startle apparatus show hyperarousal and increased
anxiety later in life and that such effects are absent when rats are subjected to both
stressors, thus demonstrating again that SDS during early adolescence together with the
second challenge experienced later in life promotes resilience towards emotional

alterations.

The interaction between SDS during early adolescence and SPS in adulthood
induces resilience towards spatial memory deficits later in life

We examined whether SDS during early adolescence and/or SPS in adulthood may alter
spatial memory in the long-term and whether these effects are altered when rats
experienced both stressors in the Morris water maze task. As shown in Fig. 3a, RM
ANOVA for escape latency during spatial training revealed a significant effect of trials
(F266) = 86.483; P < 0.0001), indicating that all groups progressively learned to locate
the platform across the 3 training days (no other statistical differences were found). For
retention memory, during the probe trial 2-way ANOVA for the initial latency to cross
the platform location indicated a significant main effect of SDS (F(133 = 7.065; P =
0.012), no significant effect of SPS (Fi33 = 2.248; P = 0.143), but a significant
interaction between these 2 factors (F133 = 6.279; P = 0.017; Fig. 3b). Post hoc analysis
revealed that the latency to cross the platform location of rats exposed to only SPS was
higher than that of the control group (P < 0.05) and those of rats subjected to both
stressors (P < 0.01). Two-way ANOVA for the number of crossings through the
platform location revealed no significant effect of SDS (F1,33 = 2.260; P = 0.142), a



significant main effect of SPS (F133 = 4.061; P = 0.052) and no significant effect of
SDS x SPS interaction (F133 = 1.790; P = 0.190; Fig. 3c). Post hoc analysis indicated
that the crossings through the platform location of rats only exposed to SPS were lower
than those of controls (P < 0.05) and those of rats subjected to both stressors (P < 0.05).
These results demonstrate that rats singularly exposed to SPS had spatial memory
retention deficits. Rats that experienced both SDS during early adolescence and SPS in
adulthood did not show these cognitive deficits.
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Figure 3: Long-term effects on spatial and cued fear memory dynamics induced by SDS,
SPS, or the combination of both stressors. Long-term effects induced by SDS, SPS, or both
stressors in the Morris water maze on (a) escape latencies across trials during each day of the
acquisition phase, (b) the latency to cross the platform location, and (c) the number of crossings
over the platform location during the probe session. Long-term effects induced by SDS, SPS, or
both stressors in the auditory fear conditioning paradigm on (d) percentage of time spent in
freezing during the first and last tone presentations at conditioning (day 1), () mean percentage
of time spent in freezing during the 3 blocks of 4 trials each at extinction (day 2), (f) mean
percentage of time spent freezing during all 8 trials at extinction retrieval (day 3). *, P < 0.05 vs.
CTRL-CTRL group; §, P < 0.05 vs. CTRL-CTRL group; #, P < 0.05 vs. CTRL-SPS group; ##,



P <0.01 vs. CTRL-SPS group. (N = 8-11 rats per group or N = 8-12 rats per group, in the Morris

water maze or auditory fear conditioning tasks, respectively).

The interaction between SDS during early adolescence and SPS in adulthood
induces vulnerability towards cued fear memory deficits later in life

We evaluated whether SDS during early adolescence and/or SPS in adulthood alter cued
fear memory dynamics in adulthood and whether the exposure to both stressors may
affect these effects in the auditory fear conditioning task. As shown in Figure 3d, RM
ANOVA for the percentage of freezing during fear conditioning acquisition (day 1)
revealed a significant main effect of tone presentation (F 35 = 42.958; P < 0.0001),
indicating that all groups learned to associate the tone with the footshock (no other
statistical differences were found). RM ANOVA for the time spent in freezing during
the memory extinction phase on day 2 (Figure 3e) revealed significant main effects of
tone presentation (F,35 = 14.625; P < 0.0001) and SDS (F( 35 = 4.692; P = 0.037), but
no significant main effect of SPS (F(1,35) = 1.389; P = 0.247) or SDS x SPS interaction
(Fa,3s = 0.885; P = 0.353). No other statis-tical differences were found. Post hoc test
revealed that rats only exposed to SDS froze less than controls during the last 4 tones
presentation (P < 0.05). Two-way ANOVA for the time spent in freezing during the
memory retrieval session on day 3 (Figure 3f), showed a significant main effect of SDS
(Fe,35 = 10.089; P = 0.003), but no significant main effect of SPS (F (35 = 0.055; P =
0.817) or SDS x SPS interaction (F,35) = 0.0001; P = 0.991). Post hoc analysis showed
that rats only exposed to SDS and rats exposed to both stressors presented less mean
percentage of freezing as compared with control rats and rats exposed to only SPS,
respectively (P < 0.05). These results indicate that exposure to SDS during early
adolescence altered extinction and extinction retrieval in adult rats, while SPS did not.
Further, when rats were exposed to both stressors fear memory dysfunctions induced
by SDS persist, thus indicating that SDS combined with SPS produces vulnerability

towards fear memory dynamics.



The interaction between SDS during early adolescence and SPS in adulthood
normalizes protein levels of BDNF within the hippocampus later in life

We examined whether exposure to SDS during early adolescence and/or SPS in
adulthood modulates BDNF protein expression levels within the hippocampus in
adulthood. We performed Western blot analysis to compare BDNF protein expression
levels within the hippocampus of all 4 groups of tested rats. As shown in Fig. 4a, 2-way
ANOVA for hippocampal BDNF levels showed significant effects of SDS (F1,2s =
11.074; P = 0.003), SPS (F(1,2s) = 15.960; P < 0.001) and interaction between these 2
factors (F1,28) = 10.124; P = 0.004). Post hoc analysis revealed that rats exposed to only
SDS have increased hippocampal BDNF protein expression compared with control rats
(P < 0.01) and rats exposed to both stressors (P < 0.01). These results indicate that
exposure to SDS during early adolescence induced an increase in BDNF protein
expression in the hippocampus of adult rats, while SPS did not. Moreover, these
alterations induced by SDS were absent in rats exposed to both stressors. The
representative Western blot bands are shown in Fig. 4b.
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Figure 4: Long-term effects on hippocampal BDNF protein expression and plasma
corticosterone levels in rats exposed to SDS, SPS, or the combination of both stressors. (a)
Western blotting analysis of hippocampal BDNF protein expression levels in adult rats. Data
represent means (:SEM) from 3 replicate experiments and are normalized with B-actin and (b)
representative Western blot bands of 4 samples. (c) Plasma corticosterone levels. Data represent
means (+SEM) from 3 replicate experiments. *, P < 0.05 vs. CTRL-CTRL group; **, P < 0.01
vs. CTRL-CTRL group; &, P <0.01 vs. SDS-CTRL group; &&, P < 0.01 vs. SDS-CTRL group.
(N = 6-8 per group).



The interaction between SDS during early adolescence and SPS in adulthood
normalizes the corticosterone plasma levels later in life

Long-term effects of the exposure to SDS during early adolescence and/or SPS in
adulthood on corticosterone plasma levels were evaluated. As shown in Fig. 4c, 2-way
ANOVA for plasma corticosterone levels did not reveal a significant main effect of
SDS (F,20) < 0.001; P = 0.988) or SPS (F1,20) = 2.017; P = 0.171), but a significant
interaction between these 2 factors (Fa20 = 9.889; P = 0.005). Post hoc analysis
revealed that rats exposed to only SDS had lower corticosterone plasma levels than
control rats (P < 0.05) and rats subjected to both stressors (P < 0.05). These results
indicate that exposure to SDS during early adolescence, but not to SPS in adulthood or

to both stressors, induced low plasma corticosterone levels in adult rats.

Discussion

The present findings indicate that exposure to social stress during early adolescence
influences the ability to cope with a second challenge experienced later in life.
Specifically, rats exposed to SDS during early adolescence and then to SPS in adulthood
exhibited resilience against the development of alterations in emotionality, arousal, and
spatial memory, but demonstrated vulnerability toward cued fear memory dysfunction.
In addition, rats exposed to both stressors showed resilience toward alterations induced
by SDS exposure on the hippocampal BDNF protein expression and plasma
corticosterone levels. These effects seemed to be bidirectional; SPS alone induced
alterations of locomotor activity and spatial memory retention that were not detected in
rats that experienced SDS during adolescence.

SDS exposure affects both the emotional and cognitive domains in rodents, and these
effects are profound and enduring when the social stress occurs during important
developmental stages [59,60]. SDS is a validated experimental model that mimics some
of the effects of bullying victimization in humans [28,29], a stressor that frequently
occurs among school-age adolescents. Adolescent victims of bullying are characterized

by an enhanced risk for developing mental disorders later in life, such as anxiety,



depression, and PTSD [27,61]. Not all adolescents experiencing stressful situations,
however, develop psychiatric diseases in adulthood [62,63]. According to the
match/mismatch  hypothesis, vulnerability or resilience to developing a
psychopathology in adulthood depends by how early-life stressful events match the
adversities in later life [3—6]. Here, by using the resident—intruder paradigm (SDS) as a
first stressor and an acute traumatic stress (SPS) as the second stressor, we assessed
whether the interaction between SDS during early adolescence and SPS in adulthood
alters the vulnerability or resilience towards long-term emotional and cognitive
function. In accordance with previous studies [59,60], we found that adolescent rats
exposed to chronic social defeat for seven days developed long-term emotional
impairments in adulthood, as indicated by a reduced time spent in the center of the open
field arena and an enhanced startle response. Moreover, SDS during adolescence was
linked to distinct patterns of cognitive impairment. We found impairments in cued fear
memory, while spatial memory was not affected. Cued fear conditioning is widely used
to measure emotional learning and memory [64-66]. In this behavioral paradigm,
animals learn to relate an aversive event, such as a footshock, with a stimulus, such as
a tone, and subsequently express fear responses after stimulus presentations. Consistent
with our results indicating that SDS during early adolescence altered cued fear memory
alterations in the long-term, Novick and colleagues reported decreased freezing in rats
exposed to SDS during adolescence and tested in the fear conditioning task in
adulthood, indicating impaired fear learning [67]. In particular, our results demonstrated
that fear memory alterations are referred to the extinction phase and not to the
consolidation one, as indicated by the lower freezing percentage during the last tones
presentation exhibited by adult rats exposed to SDS in adolescence with respect to
controls. Interestingly, we found that adult rats subjected to SDS during early
adolescence did not differ from controls in locomotor activity in a novel environment.
Consistent with our finding, previous evidence demonstrated that subjecting juvenile
rats to SDS does not alter locomotor activity in the open field in adulthood [68]. In

contrast to previous studies demonstrating that SDS in adult rats impairs spatial memory



function [69-71], we found that exposure to SDS during early adolescence did not
produce long-term effects on spatial memory, suggesting that some of the effects of
SDS exposure may be an acute response to stress and are not long-lasting.

The SPS paradigm is a well-validated rodent model used to reproduce some of the
hallmark symptoms observed in PTSD patients (e.g., hyperarousal, anxiety, and spatial
and fear memory deficits) [72-75]. The manifestation of a PTSD-like phenotype
following SPS exposure is time-dependent and requires 7-14 days of incubation to
develop [44,76,77]. Because PTSD is a chronic debilitating psychiatric disease, the
majority of pre-clinical studies that use SPS as a rodent model of PTSD do not evaluate
whether behavior-al alterations persist long after trauma [72-75]. In the present work,
rats were exposed to SPS at PND 90 and the behavioral outcomes were evaluated at 1
month after trauma exposure. As we previously demonstrated, SPS exposure induced
reduced locomotor activity, hyperarousal, anxiety-like behavior, and spatial memory
retention deficits long after exposure to a stressful condition [48]. This is consistent
with findings from a previous study demonstrating a sustained reduction in exploratory
behavior after exposure to stress [49] and with clinical data indicating an exaggerated
startle response as a characteristic trait of PTSD patients [78,79]. Hyperarousal is a state
of excessive vigilance to-wards different stimuli, and although the real danger may not
be present, PTSD patients act as if it is, thus causing distress and impaired social
abilities [80]. It is important to note that these SPS-induced effects did not persist when
rats were previously exposed to SDS during early adolescence, thus indicating a
positive interaction between the two stressors with the social stress experienced during
adolescence altering the ability of the rats to cope with additional trauma in adulthood,
and thereby leading to increased resilience against stress-induced alterations.

Studies using animal models of early-life stress demonstrate that an imbalance between
stress mediators leads to emotional and cognitive impairments [81]. Adolescence is a
period of impressive brain maturation in which the structure of the brain is ever-
changing [8]. Thus, maintaining a correct balance between mediators that sustain

synaptic plasticity is critical. In the present work, we found that SDS experienced during



early adolescence enhances protein expression of hippocampal BDNF and reduces
corticosterone plasma levels with respect to control animals, and that these effects are
abolished by a combination of SDS and SPS. Exposure to SDS or chronic mild stress
increases BDNF expression in young rats, but not in adult rats, who exhibit decreased
hippocampal BDNF expression [82,83]. No data are available on the enduring effects
induced by SDS on BDNF expression and, to the best of our knowledge, this is the first
evidence demonstrating that adult rats exposed to SDS during early adolescence, but
not in adulthood, exhibit increased expression of BDNF in the hippocampus that is
linked to behavioral alterations (e.g., hyperarousal, anxiety, and cued fear memory
deficits). Similar to our results, previous studies showed increased hippocampal
expression of polysialylated neuronal cell adhesion molecule, an important key
plasticity molecule [84,85] in adult rats previously exposed to peripubertal [86] or
juvenile stress [87], indicating that exposure to early-life stress may disrupt
hippocampal maturation. BDNF is one of the most important neurotrophic factors thus
playing an important role in the modulation of neuronal morphology and synaptic
plasticity, particularly within the hippocampus [88]. Previous evidence indicated that
hippocampal BDNF expression reaches its highest level during specific critical
windows for brain development, such as early-adolescence [89,90]. Of note, BDNF is
strictly involved in the regulation of other neurobiological mediators (e.g.,
endocannabinoids, glucocorticoids) [91,92] which in turn modulate several brain
functions. For all these reasons and on the basis of the present finding we hypothesize
that altered hippocampal BDNF expression may represent one possible mechanism
responsible for the long-term behavioral alterations induced by SDS, suggesting that
exposure to social stress during early adolescence may affect hippocampal maturation
processes, leading to in-creased hippocampal BDNF levels later in life. Glucocorticoids
play an important role in the coping mechanisms in response to stress and modulate
BDNF expression in stress-sensitive brain areas such as the hippocampus [18,20].
Moreover, glucocorticoids and BDNF modulate synaptic plasticity mechanisms by
inducing opposing effects [17,20]. Here we found that the increased BDNF levels in



adult rats exposed to SDS in early adolescence are paralleled by lower corticosterone
plasma levels compared with non-stressed animals or rats exposed to both stressors.

Our results have strong translational value because clinical studies demonstrate that
patients with PTSD [93] or depression [94] who experienced childhood trauma have
low baseline levels of cortisol. In conclusion, our data indicate that exposure to SDS
during early adolescence or to SPS in adulthood experience different effects later in life.
In adult rats exposed to both SDS and SPS, the later development of emotional and
cognitive alterations strongly depends on the interaction between the early-life
challenge and a second challenge later in life. Our study provides important information
about a possible mechanism involved in stress-resilience and susceptibility as a
consequence of a combination of two stressors at different periods of life.
Understanding the neurobiological underpinnings of stress-induced alterations in
animal models is extremely relevant in terms of translational value since it may open
the way to the identification of new potential pharmacological interventions to treat
stress-related disorders and notably to prevent the development of these diseases after
experiencing a second trauma later in life. To the best of our knowledge, this study is
the first to evaluate whether exposure to an early-life stress protocol that mimics
bullying in adolescents affects the development of psychopathologies in adulthood in

response to a trauma experienced later in life.
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Abstract

Social isolation stress (SIS) is a well-validated stress paradigm used to reproduce in
rodents alterations resembling those of different psychiatric disorders. SIS is generally
performed in male rats starting from adolescence until adulthood for long and
continuative periods. However, the long-term effects of a briefer period of SIS
occurring only during early adolescence and potential sex-differences in response to
SIS are not investigated. Morevoer, early-life adverse experiences (first hit) may affect
resilience or vulnerability to later experienced stressful events (second hit) and the
subsequent development of stress-related psychopathologies. Male and female rats
were subjected to daily 2 hours of SIS during early adolescence, and the emotional and
cognitive effects were assessed in adulthood. Further, SIS-rats and their controls were
additionally subjected to single prolonged stress (SPS) in adulthood and the behavioral
outcomes were evaluated long after trama. We demonstrated that SIS induces
hyperarousal and anxious-like phenotype only in male adult rats, and enhanced
avoidance behavior in female adult rats. SPS induced a reduction of locomotor activity
in both sexes, dysfunctions in spatial memory retention in males and altered fear
memory dynamics in females. Rats experienced both stressors exhibited resilience
towards alterations in emotionality induced by SIS exposure in males and towards SIS-
induced avoidance behavior in females. The SPS altered locomotion and spatial
memory retention; these effects were absent in SIS-exposed rats later exposed to SPS.
Our findings show that briefer SIS influences the ability to cope with a second challenge

experienced later in life in a sex-dependent manner.



Introduction

Adolescence represents the transition period between childhood and adulthood, during
which individuals gain cognitive, emotional and social skills necessary to acquire
autonomy and independence from parental caretakers (Spear, 2000). Social interactions
and building a complex social tissue are the main characteristics of humans and most
mammalians (Trezza et al., 2011). In particular, in humans the quality and quantity of
social interactions are of outmost importance during adolescence (Larson et al., 1996).
Evidence suggests that adolescent social deprivation can lead to the development of
mental disorders later in life (Hankin et al., 1998; Orben et al., 2020; Patterson et al.,
1992). Similar to humans, it is well established that the deprivation of social interactions
with conspecifics profoundly affects behavior in adulthood in rodents (Blakemore and
Mills, 2014; Fone and Porkess, 2008; Mumtaz et al., 2018; Trezza et al., 2010). In this
scenario, animal models have been widely used to understand the neurobiological and
behavioral effects induced by deprivation or reduction of social interactions.
Particularly, social isolation stress (SIS) is the most commonly used stress paradigm to
reproduce in rodents neurochemical and behavioral alterations resembling some of the
core symptoms observed in schizophrenic patients (Fone and Porkess, 2008; Heidbreder
et al., 2000). The SIS paradigm consists in housing animals individually with no
handling, depriving them of any form of social interaction with peers. Traditionally, it
is conducted chronically and continuously for long periods of time (e.g. 4-6 weeks or
more) from weaning to adulthood (Heidbreder et al., 2000; Lapiz et al., 2003).
Compelling evidence indicates that long periods of post-weaning SIS induce in male
rats anxious-depressive-like phenotype and cognitive deficits (Butler et al., 2016; Han
et al., 2018; leraci et al., 2016; Lukkes et al., 2009b; Medendorp et al., 2018; Mumtaz
et al., 2018). However, these results are inconsistent between males and females rats
(Walker et al., 2019). In fact, it appears that SIS exposure does not affect emotionality
(Weintraub et al., 2010) while altering fear memory dynamics in female rats (Butler et
al., 2016; Jahng et al., 2012; Weintraub et al., 2010; Weiss et al., 2004). Despite there

are numerous preclinical studies based on long and continuative periods of SIS, it



remains difficult to reach a high translational value to humans by using this stress
model. Nowadays understanding the effects of brief periods of SIS is more and more
becoming an impelling issue. Indeed, spending daily brief and repeated periods on
social platforms or playing video games has become a habit among the current
generation of the adolescents and when it became chronic, it could represent a serious
public health problem (Anderson et al., 2010; Muller et al., 2014; VVon Der Heiden et
al., 2019). However, social deprivation is not always voluntary. The physical distancing
measures currently adopted to contain the spread of the COVID-19 forced many
adolescents in the worldwide to avoid any form of face-to-face social contacts with
peers, and it could probably result in the development of mental health problems in the
log-term (Orben et al., 2020).

Recent literature data demonstrated that adolescents who daily spend hours playing
videogames are on high risk to develop many psychological disturbances (Mihara and
Higuchi, 2017). In fact, brief and repeated periods of SIS during adolescence could
induce middle and subtle alterations that are not associated with a specific
psychopathology and, consequentially, difficult to classify and diagnose. The effects
induced by briefer period of SIS are underinvestigated. The only evidence available
demonstrates that 6 hours of SIS per day from PND 21 to 29 increased immobility in
the forced swim stress in adolescent male rats (Shetty and Sadananda, 2017), 6 hours
of SIS per day from PND 15 to 21 enhanced spatial learning in adult rats (Frisone et al.,
2002), and 1 hour of SIS per day from PND 33 to 48 did not affect sensitivity to drugs
of abuse in male but not female adult rats (McCormick et al., 2005). Further, 1 hour of
SIS per day from PND 30 to 45 induced memory alterations paralleled by a reduced
hippocampal cell proliferation in female in adulthood (McCormick et al., 2010). Thus,
compared to the large body of literature analyzing the effects of long and continuative
periods of SIS in rodents, studies evaluating the long-term effects induced by repeated
brief periods of SIS during early adolescence, which is a critical window for brain
development, and whether these effects are sex-dependent are lacking.

Exposure to adverse stimuli is one of the most important environmental factor critically



involved in the individual difference in the response of stress (Andolina et al., 2015).
Individuals can be classified into two categories on the basis of their reaction to stress:
vulnerable people that negatively respond to adverse stressful stimuli, and resilient
people that positively respond to the same stimuli (Daskalakis et al., 2015; McEwen,
2016).Various hypotheses have been postulated to explain this difference between
individuals. The “two-hit” stress model has been used to investigate whether exposure
to two different stressors at different ages increases or decreases the risk of developing
psychopathologies after experiencing the second stressor (Faraji et al., 2017; Hill et al.,
2014; Pefia et al., 2017; Tsoory et al., 2007). The effects of brief and repeated periods
of SIS in humans experienced during adolescence on the reaction to an additional
stressor later in life, however, has not yet been investigated. To elucidate this issue, we
exposed male and female rats to 2 hours of SIS during early adolescence (PND 28-34)
and then exposed them in adulthood to a single episode of prolonged stress (SPS) as a
second stressor. SPS is a validated stress paradigm comprising 3 stressful events
presented during a single session (Kohda et al., 2007; Liberzon et al., 1999, 1997). Here,
we evaluated whether exposure to stress during early adolescence (first hit) affects
emotionality and cognitive processes in the long-term and whether exposure to a second
challenge (second hit) later in life alters such effects. Additionally, we investigated
whether these behavioral alterations are sex dependent.

Therefore, male and female rats were exposed to repeated brief SIS during early
adolescence and to SPS in adulthood, and then subjected to a behavioral test battery,
including the open field, elevated plus maze, acoustic startle response, marble burying,

Morris water maze, and auditory fear conditioning.
Materials and Methods
Animal care and use

Male and female Sprague-Dawley rats at PND 21 (Charles River Laboratories, Calco,

Italy) were housed in air-conditioned vivarium rooms (temperature: 21 + 1°C; lights on



from 7:00 am to 7:00 pm) with pellet food and water available ad libitum. Rats were
housed in groups of 4 per cage until postnatal day (PND) 70 when animals of the same
treatment and sex were pair-housed. All the experiments were performed during the
light phase of the cycle. All procedures involving animal care or treatments were
performed in compliance with the ARRIVE guidelines, the Directive 2010/63/EU of
the European Parliament, and the D. L. 26/2014 of Italian Ministry of Health.

Social isolation stress protocol

Separate groups of male and female rats were randomly assigned into either SIS (SIS-
CTRL) or control (CTRL-CTRL) groups. Rats assigned to SIS-CTRL group were
removed from their home cage and singularly housed in a novel one for 2 hours per day
for 7 consecutive days from PND 28 to 34. After SIS procedure, SIS-CTRL rats were
returned in the home cage with their conspecifics. The correspondent CTRL-CTRL rats

were left undisturbed in their home cage during SIS protocol in a separate room.

Single prolonged stress protocol

We used a previously described SPS protocol (Mancini et al., 2020; Ganon-Elazar and
Akirav, 2012a; Liberzon et al., 1997) with slight modification. Briefly, male and female
rats at PND 90 were exposed to a single session of SPS that consisted of 2 h of restraint
stress in a restrainer (30 cm in length with an inside diameter of 7.5 cm), 15 min of
forced swim stress (24+1 °C water temperature) followed by 15 min of recovery, and
then isoflurane exposure until loss of consciousness. Rats not assigned to SPS groups
were placed in a separate room throughout the duration of SPS. After the SPS

procedure, all rats were returned to their home cage and left undisturbed for 30 days.

Experimental design

As shown in Fig. 1, adolescent rats at PND 28 were randomly assigned to one of 4
groups:

- CTRL-CTRL group: rats not exposed to any stressors



- SIS-CTRL group: rats exposed to only SIS during the early adolescence (PND 28-34)
- CTRL-SPS group: rats exposed to only SPS at PND 90

- SIS-SPS group: rats exposed to SIS during adolescence and SPS at PND 90

Animals were left undisturbed for 30 days after SPS exposure and then exposed to a
behavioral test battery, including open field, acoustic startle response, elevated plus
maze, marble burying, Morris water maze and auditory fear conditioning tasks (see Fig.
1).

e

PND 21 PND 28 PND 34 PND 90 PND 120 (j ae
0
30 days J
‘Weaning T SPS Behavioral tasks:
SIS or Open field
or CTRL Acoustic startle response
CTRL Elevated plus maze

Figure 1: Experimental timeline. Separate cohorts of male and female rats at PND 28 were
randomly assigned to either the CTRL-CTRL, SIS-CTRL, CTRL-SPS, or SIS-SPS groups. Rats
were subjected to 2 hours of SIS daily for 7 consecutive days from PND 28 to 34, and then to the
SPS paradigm in adulthood (PND 90). Thirty days after SPS exposure, separate groups of rats
were exposed to a behavioral test battery, including open field, acoustic startle response, elevated
plus maze, marble burying, Morris water maze and auditory fear conditioning tasks.

Behavioral tasks

Open field

In the open field test each rat was placed into the corner of the open field arena (80 x
80 x 60 cm). The test was performed under dim light conditions (2 lux) and lasted 20
min, as previously described (Colucci et al., 2020). The total distance traveled (cm) by
each rat was determined as an index of the rat locomotor activity. After each session,
rats were returned to their home cage, fecal boli were removed and the walls and floor
of the arena were cleaned with a 70% ethanol solution. The total distance traveled was

acquired and analyzed using an automated video-tracking system (Smart, Panlab,



Barcelona, Spain).

Acoustic startle response

A slightly modified procedure as the one previously described (Ganon-Elazar and
Akirav, 2012b) was used. Rats were placed in a startle reflex apparatus (Med
Associates, Fairfax, Vermont) for a 5 min acclimatization period with a 70 dB
background noise, which continued during all the session. Each session consisted of 10
pulse trials (115 dB) with intertrial intervals selected randomly between 10 and 15 s.
Acoustic devices and startle cages were connected to a computer, which detected and
analyzed all chamber variables using customized software (Med Associates, Fairfax,
Vermont). The system allows recording and analysis of the signal generated by the
animal movement through a high sensitivity weight transducer system. The maximal
startle reflex response for each animal was calculated as the average of the responses to

the 10 pulse trials.

Elevated plus maze

The test was performed as previously described (Almenrader et al., 2017; Morenaet al.,
2016). The elevated plus maze apparatus consisted of two open arms (50 x 10 cm) and
two closed arms (50 x 10 x 40 cm) that extended from a common central platform (10
x 10 cm). The apparatus, made of plexiglass (black floor and walls), was elevated to a
height of 60 cm above the floor level. Rat’s behavior was recorded for 5 min by using
a video camera positioned above the experimental apparatus and videos were analyzed
with Observer XT 12 (Noldus Information Technology BV, Wageningen, The
Netherlands) by observers blinded to the experimental conditions. Each rat was
individually placed on the central platform facing a closed arm. Time spent in the open
arms (s) and number of entries in the open arms were analyzed. After each session, rats
were returned to their home cage, fecal boli were removed and the apparatus was

cleaned with a 70% ethanol solution.



Marble burying

We used a slightly modified protocol as the one previously described (Zanda et al.,
2017). The marble burying test was conducted in a quadrangular arena (40 x 40 x 60
cm) made of plexiglass with clean sawdust covering the floor, under dim light
condition. Twenty-five standard glass marbles (1.5 cm diameter, arranged in five rows
of five marbles each) were placed uniformly over the surface. Individual rats were
placed in the marble arena and activity was monitored for 30 min by a video camera
placed above the arena. At the end of the session, animals were gently removed from
the arena and returned to their home cage, and the number of marbles buried was
counted. New bedding was used for each animal, and marbles were cleaned with 70%

ethanol solution.

Morris water maze

The experimental apparatus was a circular tank (1.83 m in diameter and 0.58 m in
height) filled with water (23-24 °C) to a depth of 20 cm. The maze was located in a
room containing many salient, visual, extra-maze cues. During the spatial training a
rectangular platform (20 x 25 cm) was placed at a fixed location 25 cm away from the
edge of the pool and 2.5 cm below the water surface. The experiments were performed
according to the procedure previously described (Morena et al., 2015; Scuderi et al.,
2014). For spatial training, the rats were given four trials on each daily session for three
consecutive days. On each trial, the animal was placed in the tank facing the wall at one
of the 4 designated start positions and allowed to escape onto the hidden platform. If an
animal failed to find the platform within 60 s during the first day of the training, it was
manually guided to the platform. The rat was allowed to remain on the platform for 10
s and was then placed into a holding cage for 25 s until the start of the next trial. The
time each animal spent to reach the platform was recorded as the escape latency.
Retention of the spatial training was assessed 24 h after the last training session with a
60 s free-swim probe trial and a new starting position was used. Training and probe

trials were videotaped, and an automated tracking system (Smart, Panlab, Barcelona,



Spain) was used to analyze the swim path of each subject and calculate the initial latency
to cross the platform location and the number of crossings through the platform location.
The target and opposite quadrants were equidistant from the starting position on the

probe trial.

Auditory fear conditioning

We used a slightly modified protocol as previously described (Atsak et al., 2012;
Rodriguez-Romaguera et al., 2009). All the phases of the auditory fear conditioning
task were performed in the same operant chambers, located in sound-attenuating
cubicles (Med Associates, Fairfax, Vermont). The floor of the chambers consisted of
stainless-steel bars that delivered a scrambled electric footshock. On day 1, rats received
5 habituation tones (30 s, 4 kHz, 75 dB; 3 min intertrial interval), immediately followed
by 7 conditioning tones that co-terminated with footshocks (0.5 s, 0.65 mA). On day 2,
rats were returned to the chambers for the extinction session, which consisted of 12
tones in the absence of footshock. On day 3, rats were returned to the chambers and
presented with 8 tones in the absence of footshock to test for extinction retrieval.
Freezing behavior, defined as the absence of all movements except for those related to
breathing (Blanchard and Blanchard, 1972), served as the measurement of fear and was
monitored with digital video cameras. An experimenter blinded to the experimental
conditions quantified the total time that rats spent freezing during the 30 s tone
presentations by using a digital stopwatch. The percentage of time spent in freezing
during the 30 s tone presentations was calculated as: [time spent in freezing during the
tone presentation (s) / 30 s] x 100. For the conditioning session (day 1), the time spent
in freezing during the first and the last tone presentation was represented, while for day
2 and 3 the average of percentage of time spent in freezing during all trials was

represented.

Statistical analysis

Statistical analysis was performed using SPSS statistical software. Data are expressed



as mean + SEM. Escape latencies during the acquisition phase of the Morris water maze
and the percentage of freezing during the conditioning phase of the auditory fear
conditioning were analyzed with a repeated measures ANOVA (RM ANOVA). In all
the other cases, data were analyzed with two-way ANOVA. Tukey-Kramer post-hoc
tests were performed to control for significant differences between groups when

appropriate. A probability level of < 0.05 was accepted as statistically significant.

Results

The interaction between SIS during early adolescence and SPS at adulthood
induces resilience towards hyperarousal and anxious behavior later in life in males

and resilience towards avoidance behavior in females

Open field test

In males, as shown in Fig. 2a, two-way ANOVA for the distance traveled in the open
field showed no significant effect of SIS (F 35 = 2.223; P = 0.145), but significant
effects of SPS (F,35 = 5.817; P = 0.021) and SIS x SPS interaction (F(,3s = 4.617; P =
0.039). Post hoc analysis revealed that rats exposed to SPS only traveled shorter
distance compared with control rats and rats exposed to both stressors (P < 0.05). Two-
way ANOVA for the time spent in the center of the open field arena showed no
significant effect of SIS (Fq,35 = 1.526; P = 0.225), but showed significant effects of
SPS (F,35 = 4.879; P = 0.034) and SIS x SPS interaction (F,3s) = 6.730; P = 0.014;
Fig. 2b). Post hoc analysis revealed that rats exposed only to SIS spent less time in the
center of the open field arena with respect to control rats (P < 0.05) and to rats exposed
to both stressors (P < 0.05). Post hoc analysis revealed that rats exposed to both stressors
spent more time in the center of the open field arena with respect to rats exposed to both
SIS or SPS groups (P < 0.05).

In female rats, as shown in Fig. 2d, two-way ANOVA for the distance traveled in the

open field showed no significant effect of SIS (F 40 = 0.011; P = 0.915), a significant



effect of SPS (F(,40 = 19.907; P < 0.0001) but no significant effect of SIS x SPS
interaction (F.40p = 1.823; P = 0.185). Post hoc analysis indicated that female rats
exposed to SPS present shorter distance traveled compared to the correspondent group
of control (P < 0.05). Two-way ANOVA for the time spent in the center of the open
field arena showed no significant effect of SIS (F40) = 0.589; P = 0.447), a significant
effect of SPS (F.40 = 13.439; P = 0.001) but no significant effect of SIS x SPS
interaction (F(,40) = 0.553; P = 0.462; Fig. 2e).

These results indicate that exposure to repeated brif periods of SIS during early
adolescence did not alter locomotor activity in both male and female adult rats, while
experiencing SPS in adulthood reduced locomotion in both sexes. However, exposure
to both stressors induced resilience towards altered locomotor activity induced by SPS
in males but not in females. Moreover, increased anxiety-like profile was found only in
male adult rats exposed to SIS during early adolescence and that the additional exposure
to SPS reverted such effects.

3.1.2 Acoustic startle response

In male rats, as shown in Fig. 2c, two-way ANOVA for the mean startle amplitude
showed no significant effect of SIS (F(1,35)= 0.662; P = 0.421), or SPS (F(1,35 = 0.054;
P =0.817), but a significant effect of SIS x SPS interaction (F 35 = 9.382; P = 0.004).
Post hoc analysis revealed that rats singularly exposed to SIS or to SPS reported higher
mean startle amplitude than control rats (P < 0.01 and P < 0.05, respectively).
Conversely, rats subjected to both stressors showed lower mean startle amplitude than
rats only exposed to SPS (P < 0.05) and similar to that of control rats never exposed to
any stressor.

In female rats, as shown in Fig. 2f, two-way ANOVA for the mean startle amplitude
showed no significant effects of SIS (F(142 = 0.042; P = 0.840), SPS (F(1,42 = 2.434; P
=0.126), and SIS x SPS interaction (F,42 = 0.017; P = 0.897).

These results indicate that rats singularly exposed to SIS during early adolescence or to

SPS in adulthood show hyperarousal and increased anxious-like profile later in life and



that such effects are absent when rats are subjected to both stressors, thus demonstrating
that SIS during early adolescence together with the second challenge experienced later
in life promotes resilience towards the development of emotional alterations.
Conversely, female rats exposed to adolescent SIS or adult SPS did not show

hyperarousal and anxiety-like behavior later in life.
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Figure 2: Long-term and sex-dependent effects on locomotor activity, anxiety-like behavior
and hyperarousal induced by SIS, SPS, or the combination of both stressors. Long-term
effects induced by SIS, SPS, or both stressors in males on the a) distance traveled (cm) evaluated
in the open field arena, b) time spent in the center of the arena in the open field, and ¢) mean
startle amplitude in the acoustic startle response task. *, P < 0.05 vs. CTRL-CTRL group; §, P <
0.05 vs. CTRL-SPS group; #, P <0.05 vs. SIS-CTRL group; *, P <0.05 vs. CTRL-CTRL group;
M P <0.01 vs. CTRL-CTRL group. (N = 10-11 rats per group or N = 8-12 rats per group, in the
open field or acoustic startle response tasks, respectively). Long-term effects induced by SIS,
SPS, or both stressors in females on the d) distance traveled (cm) evaluated in the open field
arena, e) time spent in the center of the arena in the open field, and f) mean startle amplitude in
the acoustic startle response task. °, P < 0.05 vs. CTRL-CTRL group; ++, P <0.01 vs. SIS-CTRL
group. (N = 11 rats per group or N = 11-12 rats per group, in the open field or acoustic startle
response tasks, respectively).



Elevated plus maze

As shown in Fig. 3a, two-way ANOVA for the time spent in the open arms by male rats
showed no significant effect of SIS (F,35 = 0.171; P = 0.681), SPS (F1,35 = 3.398; P =
0.074) but showed a significant effect of SIS x SPS interaction (F,3s = 9.369; P =
0.004). Post hoc analysis revealed that rats singularly exposed to either SIS or SPS spent
less time in the open arms with respect to control rats (P < 0.05 and P < 0.01,
respectively). Post hoc analysis revealed that male rats exposed to both stressors spent
more time in the open arms with respect to rats exposed to SPS alone (P < 0.05) and to
control rats never exposed to any stressor. Two-way ANOVA for the number of entries
in the open arms showed no significant effect of SIS (F@ 35 = 0.012; P = 0.915), a
significant effects of SPS (F(,35 = 4.228; P = 0.047) and a significant SIS x SPS
interaction (F35 = 5.075; P = 0.031; Fig. 3b). Post hoc analysis indicated that rats
singularly exposed to SPS presented less open arm entries compared to CTRL-male rats
(P < 0.05). On the contrary, rats exposed to both stressors reported a number of open
arms entries similar to that of CTRL-male rats.

Aa shown in Fig. 3d, two-way ANOVA for the time spent in the open arms by female
rats showed a significant effect of SIS (F.40) = 5.078; P = 0.030), but no significant
effects of SPS (F(,40) = 1.977; P = 0.167) and SIS x SPS interaction (F(1,40 = 0.078; P =
0.782). Two-way ANOVA for the number of entries in the open arms showed no
significant effect of SIS (F(1,409) = 2.663; P = 0.111), SPS (F(1,40) = 0.426; P = 0.518) and
SIS x SPS interaction (F(1,40) = 0.027; P = 0.871; Fig. 3e).

These results indicate that SIS experienced during early adolescence or SPS in
adulthood induced an anxious-like profile in adult male rats and that these effects were
reverted when rats were exposed to both stressors. Conversely, female rats exposed to
adolescent SIS or SPS at adulthood did not show any alteration on anxiety-like behavior

in the long-term.

Marble burying
As shown in Fig. 3c, two-way ANOVA for the number of marbles buried by male rats



showed no significant effects of SIS (F(,35 < 0.001; P = 0.996), SPS (Fq,35) = 2.380; P
=0.132) and SIS x SPS interaction (F(135 = 2.775; P = 0.105).

Two-way ANOVA for the number of marbles buried by female rats showed no
significant effects of SIS (F,4y = 1.453; P = 0.235), SPS (F(1,41) = 1.815; P = 0.185),
but a significant effect of SIS x SPS interaction (F41 = 6.159; P = 0.017; Fig. 3f). Post
hoc analysis revealed that the number of marbles buried by SIS-female rats was higher
than in CTRL-female rats (P < 0.05). Post hoc analysis revealed that the number of
marbles buried by rats exposed to both stressors was less than in SPS-female rats (P <
0.05) and similar to that of control rats never exposed to any stressor.

These results indicate that SIS during early adolescence increased avoidance behavior
in female but not male rats in the long-term. Conversely, rats exposed to SPS exhibited
avoidance behavior in male but not female rats. Furthermore, exposure to both stressors
reduced the number of marbles buried in both sexes, indicating resilience towards

avoidance and obsessive-compulsive like behavior later in life.
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Figure 3: Long-term and sex-dependent effects on anxiety-like behavior and avoidance
induced by SIS, SPS, or the combination of both stressors. Long-term effects induced by SIS,
SPS, or both stressors in males on the a) time spent in the open arms in the elevated plus maze,

b) number of open arms entries in the elevated plus maze, and ¢) number of marbles buried in the



marble burying task. *, P < 0.05 vs. CTRL-CTRL group; **, P < 0.01 vs. CTRL-CTRL group; §,
P < 0.05 vs. CTRL-SPS group; », P < 0.05 vs. CTRL-CTRL group. (N = 8-12 rats per group or
N = 8-12 rats per group, in the elevated plus maze or marble burying tasks, respectively). Long-
term effects induced by SIS, SPS, or both stressors in females on the d) time spent in the open
arms in the elevated plus maze, €) number of open arms entries in the elevated plus maze, and f)
number of marbles buried in the marble burying task. £, P < 0.05 vs. CTRL-CTRL group; +, P <
0.05 vs. SIS-CTRL group. (N = 11 rats per group or N = 11-12 rats per group, in the elevated

plus maze or marble burying tasks, respectively).

The interaction between SIS during early adolescence and SPS at adulthood

induces resilience towards spatial memory deficits later in life in males

As shown in Fig. 4a, RM ANOVA for escape latency during spatial training of male
rats revealed a significant effect of trials (F 72 = 148.131; P < 0.0001), indicating that
all groups progressively learned to locate the platform across the 3 training days (no
other statistical differences were found). Two-way ANOVA for the initial latency to
cross the platform location during the probe trial indicated significant effects of SIS
(Fase = 5.273; P = 0.028), SPS (F1,36 = 5.388; P = 0.026) and interaction between
these two factors (F,3s) = 13.577; P = 0.001; Fig. 4b). Post hoc analysis revealed that
the latency to cross the platform location of rats only exposed to SPS was higher than
that of the control group (P < 0.01) and those of rats subjected to both stressors (P <
0.01). Two-way ANOVA for the number of crossings through the platform location
revealed no significant effect of SIS (F,3 = 0.080; P = 0.779), a significant effect of
SPS (Fq,36 = 8.358; P = 0.007) but a not significant SIS x SPS interaction (F(,36) =
2.268; P = 0.141; Fig. 4c). Post hoc analysis showed that the number of crossings
through the platform location of rats only exposed to SPS was lower than that of the

control group (P < 0.05).

RM ANOVA for escape latency during spatial training of female rats revealed a
significant effect of trials (Fe0) = 98.862; P < 0.0001; Fig. 4d), indicating that all

groups progressively learned to locate the platform across the 3 training days (no other



statistical differences were found). For retention memory during the probe trial two-
way ANOVA for the initial latency to cross the platform location indicated no
significant effect of SIS (F(40) = 0.026; P = 0.874), SPS (F(1,409) = 0.378; P = 0.542), and
the interaction between these two factors (F,40) = 0.038; P = 0.847; Fig. 4e). Two-way
ANOVA for the number of crossings through the platform location revealed no
significant effect of SIS (F(1,409) = 0.977; P = 0.329), SPS (F(1,40) = 0.997; P = 0.329) and
the interaction between these two factors (F,40) = 0.039; P = 0.844; Fig. 4f).

These results demonstrate that SIS during early adolescence did not affect spatial
memory functions in both sexes in the long-term. Additionally, male but not female rats
singularly exposed to SPS had spatial memory retention deficits. Further, male rats that
experienced both SIS during early adolescence and SPS at adulthood did not show
cognitive deficits.

a) b) §§ <)
88 . *
60— o CTRL-CIRL 40 Y3 1 O CIRL
CTRL SPS A £ s
2 5o = SIS-CTRL = [ T L
—+ SIS SPS
s z 30 £
3 a0 H 24 ~
H z
E % 2 & o
EED & 0 - H
] Zw 5
=" s - E
]
0 . . r 0 Z o
! : 3 CIRL SPS CIRL SPS
a) e) n

60— 40 EER
= 50 z g T
. 7 30 £ :
Z g
A ki - L
£ P Eul - 5 T
= S S
& 20 7 c
z 2 10 5
7 z £
o 10 s} £

0 z o —

CIRL SPS CTRL SPS

Figure 4: Long-term effects on spatial memory induced by SIS, SPS, or the combination of
both stressors. Long-term effects induced by SIS, SPS, or both stressors in males in the Morris
water maze task on a) escape latencies across trials during each day of the acquisition phase, b)
the latency to cross the platform location, and ¢) the number of crossings over the platform
location during the probe session. *, P < 0.05 vs. CTRL-CTRL group; 8§, P < 0.01 vs. CTRL-
SPS group. (N = 9-11 rats per group). Long-term effects induced by SIS, SPS, or both stressors
in females in the Morris water maze task on d) escape latencies across trials during each day of



the acquisition phase, ) the latency to cross the platform location, and f) the number of crossings

over the platform location during the probe session. (N = 11 rats per group).

The interaction between SIS during early adolescence and SPS at adulthood

induces resilience towards cued fear memory deficits later in life in females

As shown in Fig. 5a, RM ANOVA for the percentage of freezing of male rats during
fear conditioning acquisition (day 1) revealed a significant main effect of tone
presentation (F(1,3s) = 21.285; P < 0.0001), indicating that all groups learned to associate
the tone with the footshock (no other statistical differences were found). Two-way
ANOVA for the time spent in freezing during the extinction phase on day 2 (Fig. 5b)
revealed no significant effects of SIS (F,3s = 0.249; P = 0.621), SPS (F(1,38= 0.841; P
= 0.365), and SIS x SPS interaction (F3s = 0.632; P = 0.432). Two-way ANOVA for
the time spent in freezing during the memory retrieval session on day 3 (Fig. 5c),
showed no significant effects of SIS (F(,3s)= 0.007; P = 0.934), SPS (F(1,38 = 1.356; P
= 0.252), and SIS x SPS interaction (F(1,3 = 1.203; P = 0.280).

As shown in Fig. 5d, RM ANOVA for the percentage of freezing of female rats during
fear conditioning acquisition (day 1) did not reveal any significant effects of SIS (F,2s)
= 0.025; P = 0.875), SPS (F(1,26y = 0.993; P = 0.328) or interaction between these two
factors (F(26)= 2.128; P = 0.156), indicating that females did not learn to associate the
tone with the footshock. Two-way ANOVA for the time spent in freezing during the
extinction phase on day 2 (Fig. 5e) revealed no significant effects of SIS (F(1,26)= 0.281;
P =0.600), SPS (F1,2¢)= 0.005; P = 0.943), and SIS x SPS interaction (F,2¢)= 0.097; P
= 0.758). Two-way ANOVA for the time spent in freezing during the memory retrieval
session on day 3 (Fig. 5f), showed no significant main effects of SIS (F(,2s = 0.333; P
= 0.568), SPS (F(1,28)= 4.856; P = 0.036), and SIS x SPS interaction (F,28 = 5.910; P =
0.022). Post hoc analysis showed a lower percentage of freezing in female rats exposed
to SPS as compared to control and to females exposed to both stressors (P < 0.05).

These results indicate that exposure to SIS during early adolescence did not alter cued



fear memory dynamics in both male and female adult rats, and that SPS affected
extinction retrieval only in female adult rats. Further, when female rats were exposed
to both stressors fear memory dysfunctions induced by SPS were not detected, thus
indicating that SIS during early adolescence together with the second challenge
experienced later in life promotes resilience towards altered fear memory dynamics.
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Figure 5: Long-term effects on cued fear memory dynamics induced by SIS, SPS, or the
combination of both stressors. Long-term effects induced by SIS, SPS, or both stressors in
males in the auditory fear conditioning paradigm on a) percentage of time spent in freezing during
the first and last tone presentations at conditioning (day 1), b) mean percentage of time spent
freezing during all 12 trials at extinction (day 2), ¢) mean percentage of time spent freezing during
all 8 trials at extinction retrieval (day 3). (N = 9-12 rats per group). Long-term effects induced by
SIS, SPS, or both stressors in females in the auditory fear conditioning paradigm on d) percentage
of time spent in freezing during the first and last tone presentations at conditioning (day 1), e)
mean percentage of time spent freezing during all 12 trials at extinction (day 2), f) mean
percentage of time spent freezing during all 8 trials at extinction retrieval (day 3). °, P < 0.05 vs.

CTRL-CTRL group. (N = 8 rats per group).

Discussion
The present findings indicate that repeated brief periods of SIS during early adolescence

profoundly affect behavior later in life in a sex-dependent manner and that they



influence the ability to cope with a second challenge experienced later in life.
Specifically, we showed that SIS induces in male adult rats hyperarousal and anxiety,
without affecting locomotor activity and cognitive functions. Interestingly, in female
adult rats exposed to SIS at adolescence only enhanced avoidance behavior was
observed. We recently demonstrated that SPS experienced at adulthood induced a
reduction of locomotor activity in both sexes, dysfunctions in spatial memory retention
in males and altered fear memory dynamics selectively in females in the long-term
(Mancini et al., 2020). When rats experienced SIS during early adolescence and then to
SPS in adulthood resilience towards alterations in emotionality induced by SIS
exposure in males and resilience towards SIS-induced avoidance behavior in females
were observed. However, these effects seemed to be bidirectional. The SPS induced
alterations of locomotor activity and spatial memory retention in males were not
detected in rats that experienced SIS at adolescence.

It is well established that sociability represents a fundamental aspect during the
adolescent period (Larson et al., 1996), thus problems with peer relationships, peer
rejection or social deprivation may affect brain development resulting in an enhanced
risk to develop psychopathologies later in life (Orben et al., 2020; Patterson, 1992).
Similar to humans, compelling evidence has demonstrated that in rodents deprivation
of social interactions with conspecifics, by using SIS paradigm especially during critical
window for brain development, profoundly affects behavior in adulthood, resembling
some of the core symptoms observed in schizophrenic patients (Fone and Porkess,
2008; Heidbreder et al., 2000; Mumtaz et al., 2018). However, the majority of studies
using SIS models uses long and continuative protocol of this social stress thus lacking
translational value. To our knowledge the present study provides the first evidence that
brief and repeated periods of SIS experienced during early adolescence induce an
anxious-like profile and hyperarousal later in life in male rats, as indicated by a reduced
time spent in the center of the open field arena and in the open arms in the elevated plus
maze, and by an enhanced startle response. This is consistent with previous studies

demonstrating that long and continuative periods of SIS alter emotionality in male rats



in the long-term (Chappell et al., 2013; Lukkes et al., 2009b, 2009a; Skelly et al., 2015;
Weiss et al., 2004; Wright et al., 1991). Zlatkovi¢ and colleagues (2014) found that
exposure to chronic SIS in adult rats increased avoidance behavior in a marble burying
task (Zlatkovi¢ et al., 2014). Conversely, here we found that repeated brief periods of
SIS experienced during adolescence did not induce any effect in the marble burying
task, suggesting that 2 hours of SIS for 7 consecutive days during early adolescence
does not induce permanent effects on this behavioral domain. Further, we observed that
brief and repeated periods of SIS in early adolescence does not affect locomotor activity
in adult male rats. Literature data on SIS effects on rat locomotor behavior are often
inconsistent (Walker et al., 2019). Even if several studies demonstrate hyperactivity in
the open field task as a consequence of SIS (Archer, 1969; Dalrymple-Alford and
Benton, 1981; Heidbreder et al., 2000; Skelly et al., 2015), few studies exist indicating
hypoactivity (Holson et al., 1991, 1988) or no effects (Gardner et al., 1975; Thorsell et
al., 2006; Weiss et al., 2004). Despite to previous studies showing that SIS for 6 hours
per day from PND 15 to 21 enhanced spatial learning (Frisone et al., 2002) and that
three weeks of SIS from PND 21 to 42 induced altered fear memory in adult male rats
(Lukkes et al., 2009a), here we did not observe any SIS induced spatial or cued fear
memory dysfunctions. Our results thus suggest that the effects induced by SIS could be
age- and time- dependent indicating that brief and repeated periods of SIS from PND
28 to 34 do not induce cognitive alterations persisting in the long-term.

During adolescence components and mediators of the hypothalamic-pituitary-adrenal
(HPA) axis, which is involved in the stress-response and in the regulation of coping
strategies, are not fully mature yet, thus aversive stimuli, such as social stressors, may
induce detrimental effects (Andersen, 2003; McCormick and Mathews, 2007; McEwen,
2007). It is well known that women a greater risk to develop stress-related disorders
than men, and that this may in part depend from a dysregulation of the HPA axis
(Bangasser and Valentino, 2014; Heck and Handa, 2019; McCormick and Mathews,
2007). Likewise, compelling evidence has demonstrated that sex differences in HPA

function occur throughout this specific life stage. For example, adrenal volume



increases more in late adolescent females than in males (Green and McCormick, 2016;
Heck and Handa, 2019; Pignatelli et al., 2006). The vast majority of the preclinical
studies using SIS model have been carried out on males (Bagot et al., 2014) and only
one study investigating the long-term effects induced by repeated brief periods of SIS
in mid-adolescence period in females does exist (McCormick et al., 2010). Quite
surprisingly, we found that 2 hours of SIS for 7 consecutive days during early
adolescence do not alter the emotional profile in the elevated plus maze, the open field
and the acoustic startle response tasks, but they enhanced avoidance and obsessive-
compulsive behaviors in adult female rats in the marble burying task. Consistent with
our findings, a previous study demonstrated that female adult rats exposed to early-life
SIS did not exhibit an anxious-like phenotype compared to males (Weintraub et al.,
2010), suggesting that probably the effects of adolescent SIS are more expressed in
male rodents. We further showed that our model of SIS did not affect locomotor activity
in females later in life. Results of the long-term consequences of SIS in females on
locomotion are inconsistent (Walker et al., 2019), demonstrating in some cases
hyperactivity (Dalrymple-Alford and Benton, 1981; Jahng et al., 2012), in others
hypoactivity (Archer, 1969; Holson et al., 1991) or no effects (Archer, 1969; Butler et
al., 2014). Additionally, we detected that brief and repeated periods of SIS do not
produce any long-term effects on spatial memory and fear memory dynamics in
females. Only one study evaluating the effects of long and continuative SIS in females
on fear memory demonstrates less freezing in response to a conditioned tone compared
to control females not exposed to stress (Weiss et al., 2004). Thus, in the light of our
current results, it appears that brief and repeated SIS experienced during early
adolescence does not alter fear memory processes.

According to the match/mismatch hypothesis, vulnerability or resilience to develope a
psychopathology in adulthood depends by how early-life stressful events match the
adversities later in life (Champagne et al., 2009; Daskalakis et al., 2013; Krugers et al.,
2017; Santarelli et al., 2014). Growing evidence demonstrated that the adolescent

deprivation of social interactions may enhance the risk to develop psychiatric disorders



later in life (Orben et al., 2020; Patterson, 1992). However, studies on the effects of the
deprivation of social interactions during early adolescence on the vulnerability or
resilience in response to a second challenge experienced later in life are sparse. Here,
by using brief and repeated periods of SIS as a first stressor and an acute traumatic stress
(SPS) as the second stressor, we assessed whether the interaction between SIS during
early adolescence and SPS in adulthood alters the vulnerability or resilience towards
stress-induced long-term emotional and cognitive functions. The SPS paradigm is a
well-validated rodent model used to reproduce some of the hallmark symptoms
observed in PTSD patients (e.g., hyperarousal, anxiety, and spatial and fear memory
deficits) and the effects-induced require 7-14 days of incubation to develop (Iwamoto
et al., 2007; Liberzon et al., 1997; Lisieski et al., 2018; Souza et al., 2017). We
previously demonstrated that the SPS model is able to resemble the chronicity of PTSD-
like symptomatology in a sex-dependent manner, with SPS-exposed males showing
long-term reduced locomotion, hyperarousal, increased avoidance, anxiety-like
behavior and spatial memory retention deficits and SPS-exposed females only
presenting reduced locomotion but increased fear extinction 1 month after trauma
(Mancini et al., 2020). It is important to note that in the present study we found that
these SPS-induced effects did not persist when male rats were exposed to SIS during
early adolescence, thus indicating a positive interaction between the two stressors with
the social stress experienced during adolescence augmenting the ability of the rats to
cope with additional trauma in adulthood, and thereby leading to increased resilience
against stress-induced alterations. Interestingly, in females the avoidance and
obsessive-compulsive like phenotype induced by SIS seems to disappear when rats
were additionally exposed to a second challenge in adulthood. On the contrary, while
the SPS-induced altered fear extinction was absent when rats were exposed to both
stressors, the reduced locomotor activity is still persistent when female rats were
previously exposed to SIS during early-adolescence, suggesting vulnerability towards
altered locomotion induced by SPS.

This work is characterized by great translational value since nowadays adolescents



spend a large amount of time during the day playing video games and avoiding social
relations. For instance, clinical studies showed that when adolescents spend a lot of time
playing video games, they reduce time in interacting with friends or parents,
participating in sports and other activities that are important for the development of their
social skills (Cummings and Vandewater, 2007). This form of social isolation may
induce several outcomes in adolescents such as social interaction problems, negative
moods and depressive disorders (Zamani et al., 2010). Thus, it is very relevant to
highlight that repeated brief periods of SIS per day during early adolescence could cause
important long-term effects in a sex-divergent manner and that this brief and repeated
model of SIS could alter resilience towards emotional and cognitive alterations when a
traumatic event occurs later in life. Additional studies are needed to better understand

the neurobiological mechanisms underlying such effects.
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CHAPTER 7

GENERAL DISCUSSION AND CONCLUSION

Stressful experiences can produce both accurate or generalized memories, reflecting
an interindividual difference in response to stress (Bahtiyar et al., 2020; Kalisch et al.,
2017; Wu et al., 2013). It has long been observed in humans that the intake of drugs
of abuse affects memory processes (Goodman and Packard, 2016; Kutlu and Gould,
2016), but their effects on memory generalization are poor investigated. The enhanced
memory consolidation may lead to the excessive memory retrieval in a situational
reminder condition leading to memory generalization, which is one of the symptoms
of PTSD (American Psychiatric Association, 2013; Yehuda et al., 2015).
Notwithstanding, the memory enhancing effects of amphetamine are well-established,
currently, its effect on memory generalization is poor investigated. Moreover, we
recently demonstrated that the 3,4-methylenedioxypyrovalerone (MDPV), a newer
synthetic cathinone also known as ‘‘bath salt,”” enhances short-term spatial and
recognition memory performance (Atehortua-Martinez et al., 2019). However, still
MDPYV effects on memory generalization have not yet been studied. Thus, in Chapter
1 we aimed at investigating the memory generalization effects induced by a known
consolidation enhancer, such as amphetamine, and a new psychostimulant MDPV.
Our results indicate that both amphetamine and MDPV induce generalization of fear
memory, but only amphetamine enhances memory consolidation. Since both
amphetamine and MDPV modulate noradrenaline and dopamine tone, we also aimed
at evaluating the involvement of the noradrenergic and dopaminergic systems in
mediating their effects on fear memory generalization. Our results indicate that the
noradrenergic system is responsible for the memory consolidation enhancement

exerted by amphetamine. Of novel interest, we demonstrated that the noradrenergic



system also modulates the generalization effects induced by both amphetamine and
MDPV. In particular, our findings indicate that amphetamine effects on memory
generalization are partially blocked by preventive administration of the B-adrenoceptor
antagonist propranolol, while MDPV effects are totally blocked by propranolol
administration. Conversely, we found that the generalization effect induced by
amphetamine is strongly regulated by the dopaminergic system, whereas the MDPV
effects on memory generalization are due to a selective activation of the noradrenergic
system. Although these results require further investigation, it can be hypothesized that
these memory generalization effects are due to a differential recruitment induced by
amphetamine and MDPV on the monoamine systems in different brain areas
particularly involved in memory generalization, such as medial prefrontal cortex,

nucleus reunions, and hippocampus (Xu and Stidhof, 2013).

Treatment with the anesthetic ketamine (a renowned drug of abuse) in trauma patients
during emergency care, presents aggravated early post- traumatic stress reaction which
is highly predictive of PTSD development and severity (Schonenberg et al., 2008,
2005; Winter and Irle, 2004). Based on the evidence that ketamine induces a robust
central and peripheral adrenergic/noradrenergic potentiation, and that activation of this
system is essential for the formation of memory for stressful events, in Chapter 2 we
explored the possibility that the strong sympathomimetic action of ketamine might
underlie its memory enhancing effects. Our results reveal that ketamine anesthesia
modulates time-dependent processes of aversive memory consolidation together with
a combined peripheral and central action of ketamine in potentiating
adrenergic/noradrenergic signaling to promote aversive memory retention. Adrenal
medullectomy or blockade of [-adrenoceptors, with systemic injections of
propranolol, although not altering 48-h memory retention per se, prevented the
memory potentiating effects of immediate post-training ketamine injection.
Furthermore, our findings show that temporary post-training lesions of the locus

coerules completely blocked the memory enhancing effects of ketamine. Our last



experiment identified the basolateral amygdala as a candidate brain area responsible
for ketamine-mediated enhancement of traumatic memory retention. Selective
blockade of R-adrenoceptors within the basolateral amygdala completely prevented
the effects of post-training ketamine anesthesia. Given that PTSD is a highly
debilitating psychiatric disorder and very difficult to treat, our findings present a strong
translational value, as they have the potential to inform clinicians for a better
management of ketamine anesthesia in emergency care and trauma victims.

Since PTSD is a chronic psychiatric disease, it is thus of critical importance to evaluate
whether animal models of PTSD are able to resemble the chronicity nature of this
pathology. The single prolonged stress paradigm has been extensively shown to
induce behavioral and endocrine effects resembling some of the hallmark symptoms
observed in PTSD patients (Lisieski et al., 2018; Souza et al., 2017; Verbitsky et al.,
2020; Yamamoto et al., 2009); the manifestation of these effects is time-dependent
and requires a 1-2 weeks incubation period (Knox et al., 2012; Liberzon et al., 1999;
Wu et al., 2016). In Chapter 3 we aimed at investigating whether single prolonged
stress induced persistent PTSD-like behavioral alterations in rats long after trauma
exposure and whether these effects are sex-dependent. To this aim, separate cohorts
of male and female adult rats were subjected to single prolonged stress and, 30 days
later, long-term effects were assessed. We found that single prolonged stress exposure
reduced locomotor activity in both sexes in an open field task. Males only showed
increased anxiety-like behavior in the elevated plus maze and marble burying tests,
enhanced acoustic startle response and impaired spatial memory retention while
females were unaffected. The single prolonged stress exposure did not alter auditory
fear memory dynamics in males, but it did alter extinction retrieval in females. We
provide the first evidence that single prolonged stress reproduces long-term emotional
alterations in male, but not in female, rats which persist 30 days following trauma
exposure, thus resembling some of the hallmark symptoms of PTSD. Our results

provide evidence of fundamental sex-differences in the response to a traumatic event



in rats and the subsequent susceptibility to develop a PTSD-like symptomatology.
Thus, our findings are relevant to future research aimed not only at investigating sex-
differences in the neurobiology of trauma-related disorders, but also at evaluating
pharmacological interventions to treat long-lasting emotional alterations associated
with PTSD.

As we mention before, it is also important to take in consideration the susceptibility
aspect of PTSD. Animal models are a useful tool to investigate this issue (Musazzi et
al., 2018). In Chapter 4 we aimed at the development of an animal model of PTSD
able to predict the susceptibility and the resilience phenotype, with a high translational
value to human PTSD, considering both cognitive and emotional alterations long after
trauma. For this purpose, we outstretched our previously validated animal model
(Berardi et al., 2014) in order to identify before the extinction sessions and drug
treatment, susceptible and resilient rats in terms of over- consolidation, impaired
extinction and social behavior alterations. We identified a predictive variable for the
screening of PTSD susceptibility and resilience in term of over-consolidation,
impaired extinction, and social impairment. Particularly, we found as a reliable
predictive variable the number of crossings (locomotor activity) in the Open Field test.
The analysis of the number of crossings in the Open Field test is an easy and valuable
tool to study at the same time the motor activity and the natural tendency of rodents to
explore a new environment (Denenberg, 1969). Here we further dissociated these two
aspects, in order to better understand if it is the motor activity per se, or the natural
tendency to explore a new environment that made the number of crossings a reliable
predictive variable for the development of PTSD-like phenotype. Our results clearly
indicate that the changes induced by trauma exposure on the number of crossings make
it a predictive variable for susceptibility and resilience towards developing a PTSD-
like phenotype.

Nowadays there are different hypotheses to explain the interindividual variability in



response to stress. Different studies used the “two hit” stress model to investigate
whether exposure to two different stressors at different ages may increase (or decrease)
the risk to develop psychopathologies after experiencing the second stressor (Hill et
al., 2014; Pefia et al., 2017; Tsoory et al., 2007). However, how a social stress similar
to bullying in humans experienced at adolescence may affect the reaction to additional
stressor later in life are less investigated (Buwalda et al., 2013). Adolescence is a
period of impressive brain maturation in which the structure of the brain is ever-
changing (Spear et al., 2000). Thus, maintaining a correct balance between mediators
that sustain synaptic plasticity is of utmost importance. In Chapter 5 we evaluated
whether exposure to social defeat stress, a highly validated animal model of bullying
in rodents, at adolescence and/or single prolonged stress experienced at adulthood
affect the later development of emotional and cognitive alterations and whether the
behavioral alterations are linked to any modification of hippocampal brain derived
neurotrophic factor (BDNF) expression and plasma corticosterone levels. The present
findings indicate that exposure to social stress during early adolescence influences the
ability to cope with a second challenge experienced later in life. Specifically, rats
exposed to social defeat stress during early adolescence and then to single prolonged
stress in adulthood exhibited resilience against the development of alterations in
emotionality, arousal, and spatial memory, but demonstrated vulnerability toward
cued fear memory dysfunction. In addition, rats exposed to both stressors showed
resilience toward alterations induced by social defeat stress exposure on the
hippocampal BDNF protein expression and plasma corticosterone levels. These
effects seemed to be bidirectional; SPS alone induced alterations of locomotor activity
and spatial memory retention in the long-term (Mancini et al., 2020) that were not
detected in rats that experienced social defeat stress during adolescence. To the best
of our knowledge, this study is the first to evaluate whether exposure to an early-life
stress protocol that mimics bullying in adolescents affects the development of
psychopathologies in adulthood in response to additional trauma experienced later in

life. These results pave the way for future studies aimed at investigating the role of



specific brain areas and neurotransmission in mediating the mechanisms that confer

resilience or vulnerability to early-life stress exposure.

While adolescent bullying occurs in a small subset of population, a more common
social stressor is represented by the deprivation of social interactions with conspecifics
which is able to induce profound behavioral changes in rodents (Fone and Porkess,
2008; Heidbreder et al., 2000). Social isolation stress is a well-validated stress
paradigm used to reproduce in rodents alterations resembling those of different
psychiatric disorders. SIS is generally performed in male rats starting from
adolescence until adulthood for long and continuative periods (Fone and Porkess,
2008; Mumtaz et al., 2018). However, the long-term effects of a briefer period of SIS
occurring only during early adolescence and potential sex-differences in response to
SIS are not investigated. Moreover, early-life adverse experiences (first hit) may affect
resilience or vulnerability to later experienced stressful events (second hit) and the
subsequent development of stress-related psychopathologies. In Chapter 6 we firstly
evaluated whether repeated brief periods of social isolation stress may alter
emotionality and cognitive function in adult rats and whether these effects are sex-
dependent. Secondly, we examined whether brief and repeated social isolation stress
during adolescence and/or single prolonged stress at adulthood affect the later
development of alterations on emotionality and cognition. We found that social
isolation stress induces hyperarousal and anxious-like phenotype only in male adult
rats, and enhanced avoidance behavior in female adult rats. As we demonstrated, SPS
induced a reduction of locomotor activity in both sexes, dysfunctions in spatial
memory retention in males and altered fear memory dynamics in females (Mancini et
al., 2020). Rats experienced both stressors exhibited resilience towards alterations in
emotionality induced by social isolation stress exposure in males and towards SIS-
induced avoidance behavior in females. The single prolonged stress altered

locomotion and spatial memory retention; these effects were absent in rats exposed to



social isolation stress and later exposed to single prolonged stress. This work is
characterized by great translational value since nowadays adolescents spend a large
amount of time during the day playing video games and avoiding social relations. For
instance, clinical studies showed that when adolescents spend a lot of time playing
video games, they reduce time in interacting with friends or parents, participating in
sports and other activities that are important for the development of their social skills
(Cummings and Vandewater, 2007). This form of social isolation may induce several
outcomes in adolescents such as social interaction problems, negative moods and
depressive disorders (Zamani et al., 2010). Thus, it is very relevant to highlight that
repeated brief periods of social isolation stress per day during early adolescence could
cause important long-term effects in a sex-divergent manner and that this brief and
repeated model of social isolation stress could alter resilience towards emotional and
cognitive alterations when a traumatic event occurs later in life. Additional studies are

needed to better understand the neurobiological mechanisms underlying such effects.

All together our results provide new insights in the susceptibility and resilience
mechanisms. Particularly, investigating how an early-life social stress could change
the individual responsiveness to an additional trauma experienced later in life, and sex
differences involved in these processes, could lead to important advances in daily

clinical practices, particularly in treating stress related disorders such as PTSD.
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Abstract

The endocannabinoid system plays a key role in the control of emotional responses
to environmental challenges. CB1 receptors are highly expressed within cortico-
limbic brain areas, where they modulate stress effects on memory processes.
Glucocorticoid and endocannabinoid release is influenced by circadian rhythm.
Here, we investigated how different stress intensities immediately after encoding
influence rat short-term memory in an object recognition task, whether the effects
depend on circadian rhythm and if exogenous augmentation of anandamide levels
could restore any observed impairment. Two separate cohorts of male adult Sprague-
Dawley rats were tested at two different times of the day, morning (inactivity phase)
or afternoon (before the onset of the activity phase) in an object recognition task.
The anandamide hydrolysis inhibitor URB597 was intraperitoneally administered
immediately after the training trial. Rats were thereafter subjected to a forced swim
stress under low or high stress conditions and tested 1-h after training. Control rats
underwent the same experimental procedure except for the forced swim stress (no
stress). We further investigated whether URB597 administration might modulate
corticosterone release in rats subjected to the different stress conditions, both in the
morning or afternoon. The low stressor elevated plasma corticosterone levels and
impaired 1-h recognition memory performance when animals were tested in the
morning. Exposure to the higher stress condition elevated plasma corticosterone
levels and impaired memory performance, independently of the testing time. These
findings show that stress impairing effects on short-term recognition memory are
dependent on the intensity of stress and circadian rhythm. URB597 (0.3 mg kg™?)
rescued the altered memory performance and decreased corticosterone levels in all

the impaired groups yet leaving memory unaltered in the non-impaired groups.



Introduction

The endocannabinoid system plays a key regulatory role in many fundamental
physiological processes, such as sleep/wake cycles (Lovinger, 2008, Murillo-
Rodriguez et al., 2017; Pava, et al., 2016), learning and memory (Akirav, 2011;
Atsak et al., 2015; Morena and Campolongo, 2014) and central nervous system
(CNS) regulation of endocrine functions (Hillard, 2015; Balsevich et al., 2017). The
two major endocannabinoids, N-arachidonylethanolamide (anandamide, AEA;
Devane et al., 1992) and 2-arachidonoyl glycerol (2-AG; Sugiura et al., 1995) are
synthesized on demand and travel retrogradely to presynaptic sites to bind
cannabinoid type-1 (CB1) receptors (Kano et al., 2009). After being released into the
synaptic cleft, AEA and 2-AG are primarily degraded by distinct hydrolytic
enzymes, the fatty acid amide hydrolase (FAAH; Cravatt et al., 2001) and
monoacylglycerol lipase (MAGL; Dinh et al., 2002), respectively.

Emotion influences memory at multiple levels (McGaugh, 2000), from perceptual
recognition and identification (Zeelenberg et al., 2006) to explicit recognition and
recall of emotional stimuli (Kensinger and Schacter, 2008). Compelling evidence
indicates that drugs that target the endocannabinoid system induce biphasic effects
on cognitive and emotional behavior depending on the level of stress and emotional
arousal at the time of encoding and drug consumption (Campolongo et al., 2013;
Manduca et al., 2014; Morena et al., 2014, 2015, 2016a). Glucocorticoids are stress
response mediators which interact with the endocannabinoid system in the regulation
of memory function (Campolongo et al., 2009; Hill et al., 2018; Morena and
Campolongo, 2014). Their synthesis is characterized by a circadian release pattern,
with peak levels linked to the start of the activity phase and diurnal regulation under
control of the circadian clock (Dickmeis, 2009). Literature evidence indicates that
the endocannabinoid signaling exhibits a circadian rhythm with variations reported

in CBL1 receptor expression (Rueda-Orozco et al., 2008), endocannabinoids tissue



contents and in the enzymes controlling their synthesis and degradation (Valenti et
al., 2004). Extensive research has identified glucocorticoid-endocannabinoid
crosstalk as crucial mediator of the glucocorticoid dependent modulation of
emotional memories (Atsak et al., 2015; Campolongo et al., 2009), but still it remains
uncertain the influence of circadian rhythm on this mediation. Moreover, far less
well understood is the relationship between circadian rhythm biology and memory
formation (Gerstner and Yin, 2010). Therefore, the main purpose of the present study
was to evaluate how different stress intensities may influence short- term recognition
memory in rats, investigating whether their action is regulated by circadian rhythm
and if AEA has any role on this process. To this aim we investigated the effects of
post-training systemic administration of the FAAH inhibitor, URB597, which
increases AEA levels at active synapses, on short-term retention of object
recognition memory under three different stress conditions (no, low or high forced
swim stress), at two different times of the day, morning (inactivity phase) or afternoon
(before the onset of the activity phase). Behavioral experiments were paralleled by
biochemical measurement aimed at measuring plasma corticosterone levels in all the
experimental groups.

Material and Methods

Animal Care and Use

Male adult Sprague-Dawley rats (350-450g at the time of training and testing,
Charles River Laboratories, Calco, Italy) were kept individually in an air-
conditioned colony room (temperature: 21 + 1[1C; lights on from 07:00 AM to 7:00
PM) with pellet food and water available ad libitum. Training and testing were
performed during the light phase of the cycle between 10:00 AM and 6:00 PM. All

procedures involving animal care or treatments were performed in compliance with



the ARRIVE guidelines, the Directive 2010/63/EU of the European Parliament, and
the D. L. 26/2014 of Italian Ministry of Health.

Drug Treatment

The anandamide hydrolysis inhibitor URB597 [(3’-(aminocarbonyl)[1,1’-biphenyl]-
3-yl)-cyclohexylcarbamate] (0.1 or 0.3 mg kg-1; Tocris Bioscience, Bristol UK) was
administered intraperitoneally (i.p.) in a volume of 1 ml kg-1 immediately after the
training trial. Doses were chosen on the basis of pilot experiments performed in our
laboratory and on literature data (Kathuria et al., 2003; Campolongo et al., 2013;
Morena and Campolongo, 2014), in order to have a maximum augmentation of AEA
release in the synaptic cleft. The solutions were freshly prepared on the day of the
experiment and dissolved in 5% polyethylene glycol, 5% Tween-80 and 90% saline
(vol/vol). The vehicle solution contained 5% polyethylene glycol and 5% Tween-80

in saline only.

Behavioral Procedures

Object recognition task. A slightly modified procedure of that described by
Campolongo et al. (2013) was used. The experimental apparatus was a gray open-
field box (in cm, 40 wide x 40 deep x 40 high) with the floor covered with sawdust,
positioned in a dimly illuminated room. The objects to be discriminated were
transparent glass vials (5.5 cm diameter and 5 cm height) and white glass light bulbs
(6 cm diameter and 11 cm length). All rats were handled twice per day for 1 min
each and extensively habituated to the experimental context twice per day for 3 min
each for 7 days preceding the training day. During habituation, rats were allowed to
freely explore the apparatus in the absence of objects. The animals were randomly
assigned to three different groups: no stress, low stress and high stress conditions
and tested either in the morning (rats’ inactive phase, 10:00 AM - 12:30 PM) or in
the afternoon (before the onset of the activity phase, 3:30 PM - 6:00 PM). On the



training trial, each rat was individually placed in the experimental apparatus at the
opposite end from the objects. The rat was allowed to explore two identical objects
(Al and A2) for 6 min, then it was removed from the apparatus and, after drug
treatment, if belonging to the low or high stress condition group, it was subjected to
a forced swim stress; then, he was returned to his home cage. The no stress group
was placed back to its home cage immediately after drug injection. To avoid the
presence of olfactory trails, sawdust was stirred, foecal boli were removed and the
objects were cleaned with 70% ethanol after each trial. Rat’s behavior was recorded
by using a video camera positioned above the experimental apparatus and videos
were analyzed with Observer XT 12 (Noldus Information Technology BV,
Wageningen, The Netherlands) by a trained observer who was unaware of treatment
condition. Exploration of an object was defined as pointing the nose to the object at
a distance of < 1 cm and/or touching it with the nose. Turning around or sitting on
an object was not considered as exploration. During the training trial, the time spent
exploring the two objects (total object exploration time, s) was taken as a measure
of object exploration, and exploratory behavior of the experimental apparatus was
analyzed by the measuring total number of crossings and rearings. For crossings, the
floor of the apparatus was divided into four imaginary squares and the total number
of crossings between squares was determined. Memory retention was tested 1 h after
the training trial. On the retention test trial, one copy of the familiar object (A3) and
a new object (B) were placed in the same location as stimuli during the training trial
(Fig. 1). All combinations and locations of objects were used to reduce potential
biases due to preference for particular locations or objects. Each rat was placed in
the apparatus for 6 min, and its behavior was recorded. To analyze cognitive
performance, during the retention test, a discrimination index (DI) was calculated as
the difference in time exploring the novel and the familiar object, expressed as the
percentage ratio of the total time spent exploring both objects. Forced swim stress

procedure. Forced swimming was used as the stressor because its neurochemical and



hormonal effects are well defined and meet the criteria of a stress-inducing agent
(Schneider and Simson, 2007). Immediately after the training trial of the object
recognition task rats were forced to swim in a tank (50 cm in height x 20 cm in
diameter), filled to a depth of 30 cm with water. At the end of the swimming period,
the rats were removed from the water and were immediately and gently wiped to
dryness with absorbent paper before they were returned to the home cage. Rats in the
low and high stress condition groups were subjected to a low or high intensity
stressor by using a 1- or 5-min forced swim stress procedure at different water
temperatures of 25 + 1°C or 19 £ 1°C, respectively, known to elicit different plasma

corticosterone levels (Morena et al., 2015).

Plasma Corticosterone Levels

Corticosterone levels were determined in rats in the no stress, low stress and high
stress conditions that were tested in the morning or afternoon and in rats that were
handled (twice per day for 7 days) but not trained (home cage), at the two different
times of the day. As novelty stimulation triggers an HPA-axis response that leads to
a corticosterone plasma peak at 30 min and normalizes within 90 min after stress
exposure (de Kloet et al., 2005), rats were Killed immediately after the test trial, 60
min after the URB597 administration. Trunk blood was collected after decapitation
in tubes containing 200 pl of 0.1 M EDTA and samples were centrifuged at 1000 x
g for 15 min at 4°C. Plasma was stored at —20°C and analyzed for corticosterone
levels using a DetectX ELISA kit (Arbor Assays, Ann Arbor, MI, USA) according
to the manufacturer’s instructions as previously described (Fletcher et al., 2018). In
compliance with EU animal legislation (3R principle: reduction) corticosterone
levels were measured in vehicle-treated and in URB 0.3 mg/kg (effective dose in

rescuing stress-dependent memory impairments) treated rats.



Data and Statistical Analysis

One-sample t-tests were used to determine whether the discrimination index was
different from zero. Object recognition data and plasma corticosterone levels were
analyzed by two-way ANOVAs. Tukey-Kramer post hoc tests were used to
determine the source of the detected significances. P values of < 0.05 were
considered statistically significant. To be included in the statistical analysis rats had
to reach a minimum criterion of total object exploration time > 10 s on either training
or testing. Prior findings indicate that such rats adequately acquire the task (Okuda
et al., 2004; Roozendaal et al., 2008; Winters et al., 2009; Campolongo et al., 2013;
Barsegyan et al., 2019). All data are expressed as mean + standard error of the mean
(SEM).
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Figure 1 — Diagram of the experimental procedure.




Results

Effects of different stress intensities and circadian rhythm on short-term
recognition memory retention performance and plasma corticosterone levels

To determine whether different stress intensities modulate short-term memory
retention performance and whether these effects are dependent on circadian rhythm,
we first analyzed the behavioral performance of all vehicle-treated rats, used in the
subsequent URB597 experiments, at different times of the day (e.g. morning and
afternoon), in order to unveil any possible influence of stress or time on memory and
corticosterone levels.

One-sample t-tests revealed that the discrimination indexes of vehicle-treated rats
were significantly different from zero for both the no stress groups tested either in
the morning or in the afternoon (t7) = 4.654, P = 0.002 and t) = 4.384, P = 0.002,
respectively; Fig. 2a) and for the low stress condition group tested in the afternoon
(taoy = 3.715, P = 0.004; Fig. 2a), thus indicating that these three animal groups
discriminated the novel object. In contrast, rats in the remaining low and high stress
conditions morning groups and the high stress condition afternoon group did not
express memory retention for the familiar object. Two-way ANOVA for
discrimination index revealed a significant stress condition effect (F(2s0) = 4.313, P
=0.019) and a tendency toward significance for the time of the testing (F.s0) =3.082,
P = 0.085) and for the interaction between these two factors (Fso = 2.493, P =
0.093). Post hoc analysis showed that the low stress condition significantly
decreased the discrimination index of rats tested in the morning as compared to the
no stress group tested at the same time of the day and the corresponding low stress
condition group tested in the afternoon (P < 0.05 for both comparisons; Fig. 2a).
Regarding the total object exploration time on the testing trial, two-way ANOVA
revealed a significant stress condition effect (F.s0) = 12.693, P < 0.0001), but no
significant time of testing or stress condition x time of testing interaction effects.

Finally, rats’ exploratory behavior of the apparatus during the test trial did not differ



among the different experimental groups. Two-way ANOVAs for number of
crossings or rearings revealed no significant stress condition, no time of testing or
stress condition X time of testing interaction effects (Table 1).

Furthermore, we evaluated whether plasma corticosterone levels were differentially
modulated by the different stress conditions, at two times of the day.

Two-way ANOVA for plasma corticosterone levels immediately after test, revealed
a significant stress condition effect (F.s4)= 17.836, P < 0.0001), but no significant
time or stress condition x time effects. Post hoc analysis showed that rats that were
subjected to low stress condition had higher corticosterone levels than home cage
control rats only in the morning (P < 0.01; Fig. 2b). Moreover, rats subjected to the
high stress condition presented significant higher corticosterone levels than home
cage control rats and no stress groups both in the morning (P < 0.01, for both
comparisons; Fig. 2b) and in the afternoon (P < 0.01 and P < 0.05; for home cage

and no stress groups, respectively; Fig. 2b).
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Figure 2 — Circadian-dependent effects of different stress conditions on short-term
memory. a) Discrimination index on the testing trial for vehicle-treated rats that were

subjected to no, low or high stress conditions immediately after the training trial performed in



the morning or afternoon. Post hoc comparisons reported significant differences between
groups as follows: ¢ P < 0.05 vs the corresponding no stress group. § P < 0.05 vs the
corresponding low stress group trained in the morning. ## P < 0.01, one-sample t-tests
significantly different from zero. Data are expressed as mean = SEM (n = 8-11 per group). b)
Plasma corticosterone levels of home cage and vehicle-treated rats subjected to no, low or
high stress condition immediately after the training trial that were euthanized, in the morning
or in the afternoon, 60 min after stress exposure, immediately after test. Post hoc comparisons
reported significant differences between groups as follows: 00 P < 0.01 vs the corresponding
home cage group. ¢ P < 0.05; ¢¢ P < 0.01 vs the corresponding no stress group. Data are
expressed as mean + SEM (n = 7-9 per group).

Table 1
Exploratory behavior on the testing trial for vehicle- and URB597-treated rats that were subjected to no, low or high stress conditions immediately after the training
trial, in the moming and in the afternoon sessions.
Morning Afternoon
Total object exploration time Number of Number of rearings  Total object exploration time Number of Number of rearings
® rossings ) crossings
NO STRESS
VEHIQLE 582 = 82 214 = 42 264 = 58 463+ 75 176 = 41 266 = 48
URB 0.1 506 = 94 208 = 41 U6+ 67 685 = 183 240 = 49 31.1 = 54
URB 03 470 = 57 236 = 36 305 = 49 484 = 70 200 = 4.0 264 = 44
LOW STRESS
VEHIQLE 334 = 59 230 = 37 191 = 46 3128 = 40 169 = 23 287 = 37
URS 0.1 324 = 64 168 = 21 3120 = 43 31 = 57° 118 = 31 246 = 43
URB 03 209 = 39°** 169 = 23 318 = 58 356 = 50 198 = 25 261 = 38
HIGH STRESS
VEHIQLE 170 = 48+ 156 = 34 430 = 68 309 * 30 159 = 20 4.6 = 86
URB 0.1 173 = 40+ 136 = 35 316 = 90 299+ 34° 109 = 11 9.1 = 47
URB 03 155 = 36°° 173 = 25 378 = 40 281 = 48° 105 = 13 0.0 = 76

Total time spent exploring the two objects (in seconds) and the number of crossings and rearings of all groups tested in the morning and in the aftemoon. * P < 0.05;
**P < 0.01 vs the corresponding no stress group. Data are expressed as mean = SEM (n = 8-12 per group).

Effects of the AEA hydrolysis inhibitor URB597 on short-term object
recognition memory performance and plasma corticosterone levels in the no,
low and high stress condition groups tested in the morning

This experiment investigated whether immediate post-training injection of the AEA
hydrolysis inhibitor URB597 modulates short-term performance on an object
recognition task and plasma corticosterone levels and whether these effects are
influenced by different stress conditions in animals tested in the morning.

As shown in figure 3a, one-sample t-tests revealed that the discrimination indexes
were significantly different from zero for all no stress treatment groups (t) =4.654,
P =0.002; t7) = 2.741, P = 0.029 and t¢7) = 4.745, P = 0.002; vehicle, URB597 0.1



and URB597 0.3 mg kg, respectively), while, for the low and high stress groups,
only URB597 0.3 mg kg treated rats discriminated the new object (tz) = 3.206, P =
0.015, t(7y = 5.533, P = 0.001, for the low and high stress conditions URB597 0.3 mg
kg*groups, respectively). In contrast, low and high stressed rats in the remaining
vehicle and URB597 0.1 mg kg groups did not express memory retention for the
familiar object. Two-way ANOVA for the discrimination index revealed significant
stress condition (F.e3 = 3.838, P = 0.027) and treatment (F(2.63= 7.257, P = 0.002)
effects as well as a tendency toward significance for the interaction between these
two factors (Fue3 = 2.112, P = 0.090). Post hoc analysis showed that URB597 0.3
mg kg treated rats subjected to low or high stress presented a better discrimination
index relative to their corresponding vehicle groups (P < 0.05, for both comparisons;
Fig. 3a). Moreover, rats that were treated with URB597 0.3 mg kgand then
subjected to the high stress condition showed a high discrimination index as
compared to those administered the same dose of URB597 but subjected to the no or
low stress procedure (P < 0.05, for both comparisons; Fig. 3a). Concerning the total
exploration time of the two objects on the testing trial, two-way ANOVA revealed a
significant stress condition effect (F.3 = 24.885, P < 0.0001), but no significant
treatment or stress condition x treatment effects. Finally, rats’ exploratory behavior of
the apparatus during the test trial did not differ among the different experimental
groups. Two-way ANOVAs for number of crossings and rearings revealed no
significant stress condition, treatment or stress condition x treatment interaction
effects (Table 1).

Two-way ANOVA for plasma corticosterone levels revealed significant stress
condition (F41 = 6.969, P = 0.003) and treatment (F.41 = 10.634, P = 0.002)
effects, but no significant interaction between these two factors. Post hoc analysis
showed that URB597 0.3 mg kg™ treated rats subjected to low or high stress
presented lower corticosterone levels than their corresponding vehicle groups (P <
0.05, for both comparisons; Fig. 3b), suggesting that URB597 0.3 mg kg*



counteracted the stress-induced increase on plasma corticosterone levels, in both the
low and high stress conditions.
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Figure 3 — URB597 modulation of stress-dependent effects on short-term memory in the
morning. a) Discrimination index on the testing trial for vehicle- and URB597-treated rats
that were subjected to no, low or high stress conditions immediately after the training trial
performed in the morning. Post hoc comparisons reported significant differences between
groups as follows: * P < 0.05 vs the corresponding vehicle group. ¢ P < 0.05 vs the
corresponding no stress group. 8 P < 0.05 vs the corresponding low stress group. # P < 0.05;
## P < 0.01, one-sample t-tests significantly different from zero. Data are expressed as mean
+ SEM (n = 8-9 per group). b) Plasma corticosterone levels of vehicle and URB597 0.3 mg
kg™ treated rats subjected to no, low or high stress condition immediately after the training
trial that were euthanized in the morning, 60 min after stress exposure, immediately after test.
Post hoc comparisons reported significant differences between groups as follows: * P < 0.05
vs the corresponding vehicle group. ¢¢ P < 0.01 vs the corresponding no stress group. Data

are expressed as mean £ SEM (n = 6-9 per group).

Effects of the AEA hydrolysis inhibitor URB597 on short-term object
recognition memory performance and plasma corticosterone levels in the no,
low and high stress condition groups tested in the afternoon

This experiment investigated whether immediate post-training injection of the AEA



hydrolysis inhibitor URB597 altered short-term performance on an object
recognition task and plasma corticosterone levels and whether these effects were
influenced by different stress conditions (no, low and high stress) when animals were
tested in the afternoon.

As shown in figure 4a, one-sample t-tests revealed that the discrimination indexes
were significantly different from zero for the no stress and low stress vehicle,
URB597 0.1 mg kg and URB597 0.3 mg kg™ groups (t) = 4.384, P = 0.002; t(5 =
2.658, P =0.029 and t7y = 2.805, P = 0.026, respectively for no stress groups; t(o)=
3.715, P = 0.004; t0) = 2.435, P = 0.035 and tuo) = 4.412, P = 0.001, respectively for
low stress condition groups) and the high stress condition URB597 (0.1 and 0.3 mg
kg™) groups (ta1 = 3.266, P = 0.008; tu1) = 7.987, P < 0.0001), thus indicating that
these animals discriminated the novel object with respect to the familiar one. Rats in
the remaining high stress vehicle group did not express memory retention for the
familiar object (Fig. 4a). Two-way ANOVA for discrimination index revealed no
significant stress condition or treatment effects, but a significant interaction between
these two factors (Fu.g6) = 2.593, P = 0.042). Post hoc comparisons showed that,
among rats tested under the high stress condition, URB597 0.3 mg kg significantly
increased the discrimination index as compared to vehicle treated rats (P < 0.01; Fig.
4a). Moreover, rats treated with the high dose of URB597 and subjected to the high
stress condition presented a significant high discrimination index as compared to
their corresponding low stress group (P < 0.05; Fig. 4a). Concerning the total
exploration time of the two objects on the testing trial, two-way ANOVA revealed a
significant stress condition effect (F.g = 9.794, P = 0.0001), but no significant
treatment or stress condition x treatment effect (Table 1). Two-way ANOVA for

number of crossings revealed a significant stress condition effect (F(.g6) = 5.902, P



= 0.004), but no significant treatment or stress condition x treatment interaction
effects (Table 1). Concerning the number of rearings, two-way ANOVA revealed no
significant stress condition effect, no treatment effect or any interaction between
these two factors (Table 1).

Two-way ANOVA for plasma corticosterone levels revealed significant treatment
(Fa.37y=6.169, P = 0.018) and stress condition x treatment interaction (F(.37 = 6.289,
P = 0.005) effects, but no significant effect of the stress condition. Post hoc analysis
showed that only URB597 0.3 mg kg treated rats subjected to high stress presented
lower corticosterone levels than their corresponding vehicle group (P < 0.01; Fig.
4b), suggesting that URB597 0.3 mg kg counteracted the stress-induced increase
on plasma corticosterone levels in the high stress condition.
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Figure 4 — URB597 modulation of stress-dependent effects on short-term memory in the
afternoon. a) Discrimination index on the testing trial for vehicle- and URB597-treated rats
that were subjected to no, low or high stress conditions immediately after the training trial, in
the afternoon session. Post hoc comparisons reported significant differences between groups
as follows: ** P < 0.01 vs the corresponding vehicle group. 8 P < 0.05 vs the corresponding
low stress group. # P < 0.05; ## P < 0.01; ### P < 0.0001, one-sample t-tests significantly
different from zero. Data are expressed as mean + SEM (n = 8-12 per group). b) Plasma

corticosterone levels of vehicle and URB597 0.3 mg kg treated rats subjected to no, low or



high stress condition immediately after the training trial that were euthanized in the afternoon,
60 min after stress exposure, immediately after test. Post hoc comparisons reported significant
differences between groups as follows: ** P < 0.01 vs the corresponding vehicle group. ¢ P <

0.05 vs the corresponding no stress group. Data are expressed as mean £ SEM (n = 6-8 per

group).

Discussion

The present findings show that systemic administration of the AEA hydrolysis
inhibitor URB597 counteracts the stress impairing effects on short-term object
recognition memory, in a stress intensity- and circadian-dependent fashion. We have
previously shown that activation of CB1 receptors differentially modulates short-
term recognition memory in rats depending on environmental aversiveness and on
the level of stress the animal experienced at the time of drug administration and
memory encoding (Campolongo et al., 2013, 2012). In particular, post-training
administration of the CB1 receptor agonist WIN55,212-2 enhanced object
recognition performance (tested 24 hour later) exclusively in animals training under
a high arousal state (Campolongo et al., 2013). Literature data suggested that low
versus high doses of THC and synthetic cannabinoid agonists provoke opposite
stress-induced corticosterone release through CB1-mediated mechanisms (Mayer et
al., 2014; Patel et al., 2004; Sano et al., 2009). Evidence has indicated that
endocannabinoid augmentation approaches via FAAH or MAGL inhibitors
generally produce dose-related decreases in the regulation of HPA-axis function and
anxiety, whereas THC and exogenous cannabinoids produce biphasic effects with
low doses mimicking endocannabinoid augmentation effects (Hill et al., 2018).
Although there is one report showing that systemic administration of the FAAH
inhibitor URB597 impairs the acquisition and early consolidation of contextual fear
conditioning (Burman et al., 2016), other studies investigating the AEA signaling
indicated that URB597 treatment enhanced consolidation (Morena et al., 2014) and

impaired retrieval of aversive memories throughout indirect CB1 activation (Ratano



et al., 2014). CBL1 receptors are abundantly expressed in cortico-limbic regions,
including the basolateral complex of the amygdala (BLA), hippocampus and medial
prefrontal cortex (mPFC), where they modulate emotional arousal effects on
memory (Akirav, 2013; Morena et al., 2015, 2014; Tasker et al., 2015) and regulate
hypothalamic—pituitary—adrenal (HPA) axis activity (Morena et al., 2016b).
Extensive research has demonstrated that not only CB1 receptors, but also
glucocorticoid receptors are located within this brain circuitry (Herkenham et al.,
1990; Hill et al., 2010; Myers et al., 2014). Numerous evidence shows that
glucocorticoids enhance memory consolidation of emotionally arousing experiences,
but impair memory retrieval and working memory (de Quervain et al., 2017;
Mclintyre and Roozendaal, 2007). These different glucocorticoids effects are
dependent on a non-genomically mediated interaction with noradrenergic
transmission within the BLA and the hippocampus, wherein the endocannabinoid
system has been shown to play an important role in mediating such effects (Atsak et
al., 2015, 2012a; Jiang et al., 2014). Specifically, glucocorticoids or a stressor,
administered shortly before or immediately after training, impair short-term memory
performances in an object recognition task (Okuda et al., 2004; Roozendaal et al.,
2006b), likely by negatively interfering with memory retrieval. Similarly,
intrahippocampal infusions of the cannabinoid agonist WIN55,212—2 impair the
retrieval of memory (Morena et al., 2015); however, antagonism of hippocampal -
adrenoceptor activity blocks the memory retrieval impairment induced by
WINBS5,212-2 (Atsak et al., 2012a), supporting the evidence that glucocorticoid and
endocannabinoid signaling interact to impair the retrieval of emotional memory
through their influence on downstream noradrenergic activity (Balsevich et al.,
2017). The locus coeruleus (LC), the main source of norepinephrine in the
mammalian forebrain, provides norepinephrine to different brain regions, including
the BLA (McCall et al., 2017) and mPFC (Sara, 2009), wherein activation of CB1



receptors results in decreased cortical norepinephrine release (Reyes et al., 2012),
when it is normally potentiated by acute swim stress exposure (Morilak et al., 2005).
Evidence suggests that under high levels of stress the LC promotes fear learning by
enhancing BLA function, while simultaneously blunting prefrontal function.
Conversely, low levels of arousal are sufficient for the LC to facilitate mPFC
function and promote downstream inhibition of the amygdala (Giustino and Maren,
2018). Herein we demonstrated that exposure to a low stress immediately after the
training trial selectively impairs short-term memory retention/retrieval when animals
are tested in the morning while exposure to a high stress impairs short-term
performance independently of the testing time. Interestingly, the stressed groups that
were unable to discriminate between the 2 objects were those presenting increased
levels of corticosterone. This is in accordance with extensive human and animal
research showing that glucocorticoids impair memory retrieval (Roozendaal et al.,
2006a; Wolf et al., 2016; de Quervain et al., 2019). Interestingly, our findings
showed that post-training treatment with the AEA hydrolysis inhibitor URB597
counteracts these impairing effects of stress on memory performance, both in the
morning and afternoon testing sessions. Specifically, systemic URB597 injection, at
the dose of 0.3 mg kg, enhances short-term memory retention in the low stress
condition group tested in the morning, as well as in both the high stress groups tested
either in the morning or in the afternoon, maintaining unaltered the performances of
rats that did not show any cognitive impairment. Extensive evidence indicates that
cannabinoids, either administered exogenously or released from endogenous sites,
have pronounced effects on learning and memory (Hill et al., 2018; Marsicano and
Lafenétre, 2009; Morena and Campolongo, 2014; Ratano et al., 2017). Moreover,
previous evidence has shown that AEA and 2-AG modulate emotional memory
processes by interacting with glucocorticoids and other stress-activated
neuromodulatory systems such as norepinephrine, in brain limbic regions (Atsak et
al., 2015, 2012b; Campolongo et al., 2009; Morena et al., 2016a, 2015, 2014;



Morena and Campolongo, 2014). Our finding that URB597 treatment has no effects
in animals tested under no stress condition but selectively affects memory in the
presence of a stressor, is in line with this evidence and has a high impact potential.
On the light of this evidence it is tentative to speculate that stress of different
intensities at two times of the day differentially regulated LC-NE action on the
mPFC, since such interaction might be described by an inverted-U function such that
it can either enhance or hinder learning depending on different arousal states
(Giustino and Maren, 2018). The exact mechanisms underlying cannabinoid
modulation of norepinephrine has yet to be determined, but evidence indicated that
it may involve direct influences of CBL1 receptors that are localized to noradrenergic
axon terminals in the mPFC (Oropeza et al., 2007), which contribute to regulating
norepinephrine release. In particular, microdialysis data supported a mechanism
whereby administration of WIN55,212-2 prior to swim stress exposure decreased
cortical norepinephrine efflux by inhibiting presynaptic inhibitory o2-adrenergic
autoreceptors (Reyes et al., 2012), and such evidence is supported by predominant
presynaptic distribution of o2-adrenergic receptors in the mPFC (Cerrito and
Preziosi, 1985; Dennis et al., 1987; Pudovkina et al., 2001). It is well known that
stress effects on memory performance follow an inverted U- shaped relationship;
very low or very high levels of stress have detrimental effects, while intermediate
levels lead to optimal memory performances (Baldi and Bucherelli, 2005). In
mammals, an important feature of glucocorticoid regulation is a diurnal release
pattern, with serum cortisol/corticosterone concentration peak in the morning and
lowest at night (Dickmeis, 2009). Since rats are nocturnal animals, under laboratory
circumstances of a regular light/dark cycle, the peak of HPA rhythm occurs in the
afternoon, just before the onset of the activity phase; the nadir occurs during sleep,
when corticosterone levels reach their lowest serum concentration, whereas in the
morning (during the rats’ inactive phase) the HPA axis activity begins to increase
(Bertani et al., 2010; Gong et al., 2015). Although different studies have



demonstrated that circadian clocks can influence learning and different studies have
demonstrated that circadian clocks can influence learning and memory function
(Tapp and Holloway, 1981; Gerstner and Yin, 2010; Smarr et al., 2014), no circadian
effect has been documented on short-term memory recognition performances yet.
Our results show that vehicle-treated animals tested in the morning session have
impaired memory retention when exposed to both low or high stressors. These groups
of rats also presented higher plasma corticosterone levels than no stress group.
However, when vehicle-treated rats were tested in the afternoon, memory retention
was only negatively affected by the exposure to the high stressor, which in parallel
increased rats’ plasma corticosterone levels. It is tentative to speculate that when
animals are tested during the low activity phase of the HPA axis (i.e. morning
session), both low and high stressor exposures induce a severe deviation from
homeostasis which negatively affects memory retention performance. Our finding
that exposure to low and high stress conditions elevated plasma corticosterone levels
in rats that were trained in the morning, is in line with this evidence. Conversely,
when animals are tested at the beginning of their active phase (i.e. afternoon), at their
plasma corticosterone concentration peak, the high, but not the low, stress exposure
might induce a more robust deflection from homeostasis, thus only the high stress
condition group presents impairments in memory retention performance and higher
plasma corticosterone levels. Our results indicate that maximal memory strength
requires an intermediate level of stress, thus are in line with the Yerkes-Dodson law.
Of note, boosting AEA levels with systemic URB597 injections is capable to
specifically counteract these stress detrimental effects on short-term memory
performance, decreasing plasma corticosterone levels in impaired memory groups.
Previous findings indicated that WIN55,212-2 inhibited stress-induced elevation in
corticosterone levels (Campolongo et al., 2013; Ganon- Elazar and Akirav, 2012,
2009), ameliorating the detrimental effects of stress on memory. Nevertheless,
evidence demonstrated that the effects of cannabinoid drugs such as WIN55,212-2

on plasma corticosterone levels strictly depend on the level of arousal at the moment



of administration. Previous findings demonstrated that URB597 is capable to reduce
plasma corticosterone levels in response to repeated stress exposures (Hill et al.,
2010). Whether this URB597 effect is due to an interaction with the HPA axis
activity or to a direct effect on memory performance, or both, needs to be further
investigated, but the current data strongly indicate that URB597 is able to reduce
plasma corticosterone levels in short-term memory impaired-groups. Taken together,
our findings indicate that stress impairing effects on short-term recognition memory
seem to be dependent on the intensity of stress and HPA axis circadian rhythm and
that treatment with URB597 is capable of specifically counteracting these
detrimental effects. These results suggest that FAAH inhibition may be a potential
therapeutic target for stress-inducing memory alterations highlighting the need for
clinical studies to examine this possible cannabinoid mechanism of restoring

memory impairments.
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