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Abstract

We review the still scarce but growing literature on resilience to the effects of
social stress on the rewarding properties of drugs of abuse. We define the concept
of resilience and how it is applied to the field of drug addiction research. We also
describe the internal and external protective factors associated with resilience,
such as individual behavioral traits and social support. We then explain the
physiological response to stress and how it is modulated by resilience factors. In
the subsequent section, we describe the animal models commonly used in the
study of resilience to social stress, and we focus on the effects of chronic social
defeat (SD), a kind of stress induced by repeated experience of defeat in an
agonistic encounter, on different animal behaviors (depression- and anxiety-like
behavior, cognitive impairment and addiction-like symptoms). We then
summarize the current knowledge on the neurobiological substrates of resilience
derived from studies of resilience to the effects of chronic SD stress on depression-
and anxiety-related behaviors in rodents. Finally, we focus on the limited studies
carried out to explore resilience to the effects of SD stress on the rewarding
properties of drugs of abuse, describing the current state of knowledge and
suggesting future research directions.

Key Words: Resilience; Stress; Depression; Drug addiction; Animal models; Social defeat

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Preclinical research on drug addiction has focused on the factors that enhance
vulnerability to develop drug addiction. Recent studies of resilience have determined
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the neurobehavioral traits that confer protection against developing an addictive
disorder after stress exposure. Active coping strategies to face the stressor and the
absence of depression-like symptoms are consistently associated with resilience to the
stress-induced potentiation of the rewarding effects of cocaine and alcohol. Unravelling
the neurobiological substrates of resilience is key to developing pharmacological and
psychological interventions to enhance stress resilience in order to prevent the
development of addiction and other stress-related disorders.

Citation: Calpe-Lopez C, Martinez-Caballero MA, Garcia-Pardo MP, Aguilar MA. Resilience to
the effects of social stress on vulnerability to developing drug addiction. World J Psychiatry
2022; 12(1): 24-58

URL: https://www.wjgnet.com/2220-3206/full/v12/i1/24.htm

DOI: https://dx.doi.org/10.5498/wjp.v12.i1.24

INTRODUCTION

The noun resilience derives from the Latin resiliens, the present participle of resilire (re-
"back" + salire "to jump"), and was first used by Cicero and Francis Bacon (among
others) as a synonym of rebound[1]. From the nineteen century on, material science
has also used the word resilience to indicate the flexibility of a material or its ability to
resist stress (force being applied) without permanent deformation. In the context of
psychology, resilience can be defined as “the process of adapting well in the face of
adversity, trauma, or other significant sources of stress”[2,3]. Besides the rebound of
the equilibrium, resilience often implies an increase in mental resistance.

Although resilience is sometimes considered an extraordinary capacity of some
individuals, research indicates that it is a common trait. The majority of individuals
exposed to trauma or stressful events adapt to and overcome stress and maintain
normal psychological and physical functioning without developing stress-related
disorders[4]. Approximately 50% of people experience trauma in their life, but the
prevalence of post-traumatic stress disorder (PTSD) is about 8%[5]. Resilience is an
innate capacity, although it is not a stable trait, it is a dynamic process[6,7] that
changes through a life span and can be enhanced by different factors.

RESILIENCE TO STRESS AND DRUG ADDICTION

Most research on resilience has focused on the biological and behavioral profile of
individuals who are resilient to developing psychiatric illnesses such as depression
and PTSD after exposure to stress. However, studies on resilience to the effects of
stress on the initiation, maintenance and relapse to addictive disorders are very
limited. In fact, almost all research regarding substance use disorders (SUD) has
focused on risk; i.e., the factors that predispose an individual to develop an addictive
disorder. Vulnerability to the effects of drugs of abuse depends on multiple factors,
including biologic factors such as genetic load, which are modified by life experiences
and the environment in which the individual lives. Stressful experiences have a
profound impact on the brain[8], for this reason, stress can increase vulnerability to
addiction. Exposure to stress, especially in early life and adolescence, induces long-
term modifications in the physiological response to stress, emotional reactivity, the
brain reward system and cognitive processing, all of which contribute to the increased
vulnerability to develop a SUD[9]. However, as commented on before, most people are
resilient to stress. Consequently, only a small percentage of individuals that experience
a traumatic event or are exposed to chronic stress develop an addictive disorder.

In recent years there has been an important impulse in the study of resilience to
develop a SUD or an addictive behavior. In fact, until 2010, literature related to
resilience and addiction was scarce, while in the last ten years the number of works on
the subject has increased exponentially (Figure 1). Epidemiologic studies indicate a
clear association between low resilience (often during adolescence) and the increment
of addictive behaviors[10,11]. Resilience is a factor moderating the relationship
between stress and alcohol use disorders (AUD)[12] and is strongly associated with a
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Figure 1 Results from the search “resilience and addiction” in the PubMed database (https://[pubmed.ncbi.nim.nih.gov, accessed on
December 15, 2021). Number of papers published each year from 2000 until 2020.
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reduction in the risk of AUD, though there is not a direct causal relationship but rather
an overlapping of genetic and environmental influences[13]. Animal models used to
study the impact of stress on drug addiction[14,15] are also being incorporated into
research to identify the behavioral and physiological traits that characterize animals’
resilience to the effects of stress on the rewarding properties of drugs of abuse, as well
as the neurobiological substrates of the resilience process.

Addressing the perspective of resilience in the study of addictive behaviors is
promising as a way of enhancing knowledge regarding the neuroscience of addiction.
However, as Rudzinski ef al[16] noted, there are difficulties in the use of the concept of
resilience in the field of drug addiction, especially regarding its definition and
operationalization as a trait, as a process or, as is more common, as an outcome (for
example, the absence of SUD). In addition, it is important to distinguish between
resilience (a concept with multiple meanings) and resiliency, which is a personality
trait that has been linked to alcohol/drug problems and is defined as “the ability to
flexibly adapt impulse control relative to contextual demand”[17]. Some studies define
resilience as the capacity to maintain abstinence and not relapse to drug use during a
recovery period[18,19]. In this sense, neuroimaging studies have shown that conserved
prefrontal cortex (PFC) morphology and heightened neural PFC engagement are
linked to abstinence and resilience against relapse in alcohol-dependent patients[19].
Other studies consider drug use as a stressor or risk factor for resilience (for example
[20]), while some studies do not evaluate resilience to stress. In the last case, the
concept of resilience is used to design a reduced response to the drugs of abuse in
rodents that have been exposed to a genetic or pharmacological manipulation[21,22].

In the present review we mainly focus on research that has studied resilience to the
effects of stressful experiences on subsequent drug use/abuse in animal models. First,
we succinctly comment on the protective factors associated with resilience in studies
with humans and explain the relationship between the physiological response to stress
and resilience, since most human studies have focused on the neuroendocrine changes
that are predictive of resilience. We then discuss the main animal models used to
study resilience to social stress and review advances concerning the neurobiological
substrates of resilience in said studies. Finally, we discuss research that specifically
addresses resilience to the effects of repeated social defeat (SD) on the rewarding
properties of drugs of abuse and lay out future research directions and conclusions.

BEHAVIORAL TRAITS AND PROTECTIVE FACTORS ASSOCIATED WITH
RESILIENCE

Different protective factors associated with resilience can be identified on biological,
psychological, and social levels. Among the internal factors are stable predispositions
(such as genotype or personality traits) and the influence of skills or capacities
acquired through interaction with stressors (emotion-regulation abilities, appraisal
styles, etc.). Resilient people are more prone to experience positive emotions, realistic
optimism, cognitive reappraisal (ability to replace negative thoughts with more
positive ones), secure attachment, an active coping with stress, high coping self-
efficacy, self-esteem, empathy, prosocial behavior and altruism, a healthy lifestyle (for
example, physical exercise) and a sense of coherence (moral compass that gives
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meaning of life)[4,16,23,24].

There are also external factors related with resilience at three levels[16]: Family
(parental supervision, setting boundaries, bonding, support, etc.), school (positive
environment, good relationships with teachers and peers, school engagement and
extra-curricular activities involvement, efc.) and community (positive relationships
with friends or neighbors, participation in religious practices, community engagement,
community support, efc.). All these internal strengths and external resources help to
prevent maladaptive responses to adversity[9]. Longitudinal studies have indicated
several key factors related with resilience and a successful transition from childhood
and adolescence to adulthood, such as social support (family, peer relationships,
romantic partners, etc.), self-discipline, and good cognitive and executive functioning
(planification, cognitive flexibility, efc.)[25]. Children exposed to war show increased
risk of PTSD in adulthood, but some protective factors against the deleterious impact
of war have been identified, including a loving and supportive environment (family,
peers, teachers, efc.), a shared sense of values and religious beliefs, positive thinking
and generosity[26]. Similarly, in patients with psychiatric disorders (depression
and/or anxiety), factors predictive of low resilience include lack of purpose in life, less
frequent physical exercise and low spirituality[27]. A study with fire-workers
indicated that the trait of mindfulness (concentration on and moment-to-moment
awareness of bodily activities and feelings) contributed to resilience, thus reducing
avoidant coping in response to stress. Fire-workers with this trait reported less alcohol
problems and reduced physical, depressive and PTSD symptoms[28].

As mentioned before, resilience is a dynamic process that raises individuals up from
life’s adversities and allows them to successfully overcome stressful events. The
phenomenon known as “stress inoculation” occurs when a person exposed to mild or
moderate stressors develops an adaptive stress response and shows a higher resilience
to the negative effects of a variety of subsequent stressors[5,29]. As demonstrated by
the group of McEwen, the behavioral effects of stress follow an inverted U-shape
curve; low and high stress levels induced impairing effects, but intermediate levels
promote better coping responses[30]. In the same way as a vaccine induces immunity
against disease[2], stress inoculation is a form of immunity or protection against later
stress that may be a result of neuroplasticity in the PFC[29]. The “Systematic Self-
reflection model” proposes that engaging with moderate stressors can have positive
consequences on mental health if scalJolded in self-reflection, a meta-cognitive skill
(consisting of an honest reflection on the individual’s coping and emotion regulatory
practices) that leads to a cognitive maturity and on-going adaptation of the capacity of
resilience[31]. On the other hand, substance use and other adjustment problems
(depression, anxiety, rule-breaking, etc.) have been observed in adolescents from
affluent families that have not been exposed to identified stressful experiences. These
individuals are now considered as a group at risk that needs to build resilience
through positive changes in parenting, construction and maintenance of supportive
social networks, promotion of coping self-efficacy and self-esteem, etc[32].

PHYSIOLOGICAL RESPONSE TO STRESS AND RESILIENCE

Exposure to a physically or psychologically stressful stimulus immediately activates a
physiological response characterized by a cascade of hormones in the hypothalamus-
pituitary-adrenal (HPA) axis that prepare the body for fight or flight. The
paraventricular nucleus of the hypothalamus releases corticotropin-releasing factor
(CRF), which leads to the release of adrenocorticotropic hormone (ACTH) by the
adenohypophysis, which in turn stimulates the release of glucocorticoids (cortisol in
humans and corticosterone in rodents) by the cortex of adrenal glands. There are
negative feedback mechanisms in the HPA axis; for example, glucocorticoids suppress
CRF and ACTH production. In addition, stress activates the sympathetic nervous
system (SNS), which induces the adrenomedullary release of noradrenaline (NA).
Stress also stimulates the brain’s noradrenergic system, resulting in the release of NA
from the locus coeruleus (LC) to the amygdala, hippocampus, hypothalamus and PFC
[33,34]. Dopamine (DA) release is also altered by stress, with an increase in the PFC
and a reduction in the nucleus accumbens (NAcc)[35], and acute stress increases
serotonin turnover in the amygdala, hippocampus, PFC and NAcc[36-38], although
other studies have shown a lack of an effect of acute stress on serotonin turnover in the
amygdala, NAcc, striatum[39] and hypothalamic paraventricular nucleus[38].
Glucocorticoid elevation may cause damage and atrophy of neurons in different
brain areas involved in memory and emotional behavior, such as the hippocampus
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and amygdala, inducing physical and psychological problems. Moreover, chronic
stress interferes with the activity of neurotrophic factors that are responsible for the
formation and strengthening of new neurons and synaptic connections, especially in
the hippocampus, such as brain-derived neural factor (BDNF). The volume of this
structure and the levels of BDNF are reduced in subjects exposed to prolonged stress,
which could be a risk factor for the development of PTSD[40-42]. Resilience can avoid
these negative effects of stress, for example, through the release of substances that
block the physiological stress response. Neuropeptide Y (NPY) and dehydroepi-
androsterone (DHEA) counteract CRF and cortisol, respectively[43,44]. Higher levels
of NPY in response to acute stress predict less psychological distress and fewer
symptoms of dissociation[45]. Furthermore, the brain of resilient people produces
more BDNF, which also decreases levels of glucocorticoids in the hippocampus, and
BDNF-mediated plasticity increases attention and memory and accelerates recovery
from adversity. Resilient people have been shown to exhibit an adaptive stress
response, rapid stress recovery (levels of cortisol decreasing fast after adversity) and
lower susceptibility to stress-related physical and mental pathology[4].

There is an interface between the endocrine stress response and the immune system.
Communication between neural, hormonal and immune systems is mediated by
cytokines and chemokines, small molecules that mediate inflammatory processes,
corticosteroids, pituitary hormones, catecholamines and neuropeptides[46,47].
Feedback between the peripheral immune system and the brain contributes to
individual differences in the behavioral response to stress[48,49]. Resilient subjects
display reduced neuroinflammation, which facilitates habituation to and recovery
from stressful events and explains the lower incidence of medical and psychiatric
diseases amongst these individuals[49,50,51]. Resilient people have lower systemic
inflammation, and the psychosocial factors associated with resilience mitigate the
impact of stress on systemic inflammation[51]. These bidirectional relationships
between resilience and immunity are modulated by the gut microbiota[52]. There is an
interaction between the gut and the brain that involves neural, endocrine, and immune
pathways. It seems that the stress-induced activation of the HPA axis stimulates the
immune system and causes changes in microbial diversity[53]. The gut microbiota has
been associated with a wide range of physiological processes, including the response
to stress[54]. Oral intake of Bifidobacterium was shown to significantly increase the
number of mice that were resilient after repeated SD stress with respect to control
animals not receiving treatment[55]. Moreover, administration of Lactobacillus was
found to decrease anxiety-like behavior induced by repeated SD stress and to improve
the immune response[56].

ANIMAL MODELS AND BEHAVIORAL PARADIGMS TO STUDY
RESILIENCE TO SOCIAL STRESS

Animal models are necessary to understand the different aspects of human resilience,
such as physiological or behavioral changes. As mentioned before, after exposure to
stress, some humans develop a psychopathological disorder, such as depression or
anxiety, while others are resilient to such effects. These disorders are complex and
multifactorial and affect many aspects of human life; thus, no animal model can mimic
the complexity of human disorder. However, animal models are useful for simulating
some of the psychiatric symptoms[57] or behavioral dimensions that characterize a
disorder[58]. After exposure to chronic stress, some animals develop depression- and
anxiety-like symptoms and other behavioral alterations (susceptible or vulnerable
animals), while others exhibit clear resistance to at least some of the maladaptive
sequelae of stress (resilient animals). In addition, animal models also contribute to our
understanding of the mechanisms underlying the development of resilience, such as
the therapeutic effects of the inoculation of stress[59].

In this section, we first describe the animal models and behavioral tests used to
study resilience to the symptoms of stress-related disorders, such as anxiety,
depression, cognitive impairment or drug addiction and then the models used to
induce stress in experimental animals. This is not an exhaustive review of these
models, but only a brief description of the main paradigms used in preclinical studies
of resilience. We focus on the model of SD stress in rodents, and on the behavioral
paradigms that have been used to evaluate its short- and long-term consequences.
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ANIMAL MODELS OF STRESS EXPOSURE

There are multiple techniques to induce stress in experimental rodents. Some of them
use pharmacological stressors, such as daily administration of corticosterone[60], or
physical stressors, such as restraint or immobilization[61]. Another model is based on
a combination of physical and psychosocial stressors (chronic unpredictable stress
(UCS) or chronic “mild” stress (CMS) paradigm)[62]. In the CMS, most animals (about
70%) show anhedonia-like symptoms (less sucrose consumption), reduction of
hippocampal volume and alterations in glutamate metabolism, although there is a
subset of resilient animals that do not exhibit these changes[62]. Resilience to stress has
also been studied with the model known as “predator odor”, in which the stress
response is induced by exposing animals to the odor of a predator[63]. Usually, rats
are classified into 3 groups according to the number and type of behavioral deficits
observed as extremely, partially, or minimally disrupted. Anxiety-like symptoms,
increased acoustic startle responses and reductions in NPY are observed in animals
that are extremely disrupted, while partially and minimally disrupted animals exhibit
mixed deficits within these domains[63].

The paradigm of learned helplessness is an animal model of depression that is also
employed to induce stress and study resilience by exposing animals to the stress
induced by an inescapable, unpredictable and uncontrollable foot shock[60,64,65].
After such exposure to stress, a subset of susceptible animals develops learned
helplessness (coping deficits to deal with the inescapable shocks), while another subset
of resilient animals displays escape responses with latencies similar to those of non-
stressed animals[64]. Results are in function of the severity, duration and control over
cessation of the footshock, the last variable of which promotes resilience[65].

As commented on before, in the present work we focus on the model of chronic SD
stress because it is the most used animal model to study resilience to the effects of
stress and has more ethological and ecological validity. In fact, the most frequent type
of stress faced by humans is the chronic social stress derived from problems with
social interaction (family or friend relationships, work-place stress, bullying, etc.). In
the chronic SD model, brief episodes of aggression from a more aggressive conspecific
in the resident-intruder paradigm result in the defeat of the experimental animal
(intruder), which usually shows anxiety- and depression-like symptoms[15,66-69]. In
the most widely employed SD model, rats or mice are exposed to SD for 10 days. Each
day, the experimental animal undergoes 10 min of physical attack by the aggressive
opponent, followed by 24 h of sensory contact. The consequences of this kind of stress
are also a function of the severity and duration of the defeat episodes but chronic SD
exposure induced an escalation of cocaine and alcohol consumption. To study
resilience, genetically inbred C57BL6/] male mice are usually employed. Following
chronic SD stress, all mice exhibit heightened reactivity of the HPA axis, deficits in
exploration (interpreted as increased anxiety) and polydipsia[70]. However, there are
differences between susceptible and resilient mice regarding other consequences of
chronic SD. Resilient mice do not exhibit social avoidance, hyperthermia elicited by
social interactions, anhedonia-like symptoms, or metabolic syndrome, characterized
by over-eating, obesity, and leptin resistance[70,71]. Approximately 35% of C57BL6/]
mice are resilient, although the relative distribution of resilience differs across strains
[72]. Similarly, wild-type Groningen rats have better coping strategies and are more
resilient to SD stress than Wistar rats[73].

A variation of the classical 10-day SD paradigm consists of exposing animals to
intermittent repeated SD (IRSD); usually, four episodes of defeat separated by
intervals of 72 h. The IRSD model is frequently employed in studies on the influence of
social stress on vulnerability to developing drug addiction. Exposure to IRSD has also
been shown to increase the rewarding effects of drugs of abuse[14,74,75,76]. In our
laboratory, mice exposed to IRSD during adolescence or adulthood exhibit a long-term
enhanced sensitivity to the rewarding effects of drug of abuse such as cocaine and
MDMA[77,78,79].

To study the phenomenon of “stress inoculation” several types of moderate
stressors have been used, including exposure to intermittent foot shocks[80] and brief
intermittent maternal separations during early periods of life[81] or a combination of
maternal separation and UCS[81]. Infant rats exposed to intermittent foot shocks
subsequently respond more effectively than non-stressed control rats when confronted
with novel situations[80]. The combination of maternal deprivation during early life
with UCS during adolescence promotes greater resilience in adulthood than maternal
deprivation alone or when combined with UCS[81].
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During chronic exposure to stress, behavioral strategies that limit the experience of
stress may promote resilience[5]. During chronic SD, animals that engage in less
submissive postures when threatened and attacked by the opponent show less social
avoidance, suggesting that this behavioral coping strategy reduces the effects of the
stress[82]. Behavioral manipulations have also been used to reduce the effects of stress
and increase resilience; for example, exposure to physical exercise[83,84] or environ-
mental enrichment[85].

BEHAVIORAL PARADIGMS TO STUDY STRESS-RELATED PSYCHIATRIC
DISORDERS

Behavioral tests of anxiety- and depression-like symptoms

The forced swim test (FST) is a classic behavioral test of depression-like sympto-
matology in which animals are placed into a cylinder filled with water and forced to
swim during a period lasting a few minutes. Initially animals attempt to escape and
swim, but afterwards they stop fighting and become passive. Immobility (passive
floating with minor movements necessary to keep the head above water) is interpreted
as a failure to persist in escape-directed behavior, hopelessness, negative mood and
depressive-like behavior. The FST is frequently used to evaluate resilience since SD
increases immobility in this test in susceptible but not in resilient animals[60,86,87,88].
Similar to the FST, the tail suspension test (TST) measures immobility, which is
considered to represent despair and depressive-like behavior[89]. Rodents are hung in
an uncontrollable fashion by their tail for a few minutes[90] and, after initial escape-
oriented movements, develop an immobile posture. The effects of SD exposure in the
TST are unclear, and it has been suggested that this paradigm models the stress-coping
strategy from which depressive-like behavior is inferred[91]. An increase in immobi-
lity is observed in animals reared in a limited bedding and nesting environment,
which induces erratic maternal care and social stress[92]. Similarly, exposure to
chronic mild stress (CMS) has been shown to increase immobility in anhedonia-
susceptible animals[87]. However, our group has recently observed a reduction of
immobility after IRSD exposure, which could be interpreted as an enhanced reactivity
of defeated mice to the situation of moderate inescapable stress that the TST represents
[93].

Anhedonia- or depressive-like symptoms are also frequently evaluated by
measuring sucrose consumption. During training, after some hours of food and water
deprivation, a bottle containing a sucrose solution is made available in the home cage.
Sucrose intake is measured at different intervals during stress exposure and is reduced
in vulnerable but not resilient stressed animals[70,71,88,94,95]. The splash test consists
of spraying a 10% sucrose solution on the dorsal coat of a rodent to stimulate
grooming behavior. An increase in the latency of grooming and a decrease in the time
and/or frequency of grooming is interpreted as depressive-like behavior[96]. This test
has also been used to evaluate resilience to the consequences of SD stress[60,93].

In the social interaction test, animals are placed within an open field in two trials
(2.5-10 min), in the absence (no target) and presence (target) of a conspecific animal
contained in a perforated Plexiglas cage, in order to allow for social interaction while
preventing confrontation. Social avoidance is considered to take place when the
experimental animal spends less time in the area immediately surrounding the
enclosure containing the opponent (interaction zone) and more time in the corners of
the open field. Social avoidance is associated with depressive-like behaviors and is
frequently observed after SD exposure in susceptible but not in resilient animals[70,71,
93,97,98].

The novelty suppressed feeding test is based on the innate fear of rodents of novelty
and the inhibition of feeding behavior when exposed to a novel environment.
Animals’ access to food is restricted for 12-24 h. Animals are placed in a corner of a
box containing a pellet of food and the latency to begin eating is recorded. Immedi-
ately after this, animals are placed in its home cage and the amount of food consumed
in 5 min is measured. This test detects behaviors related to depression and anxiety,
because a conflict appears between the anxiogenic environment and hunger-induced
behavior[60,99].

The elevated plus maze (EPM) is one of the most used paradigms to measure
anxiety in rodents. This test is based on the natural aversion of rodents to open
elevated areas and the exploratory behavior that they exhibit in novel environments.
The apparatus, elevated about 50 cm above floor level, consists of two open arms and
two enclosed arms, and the junction of the four arms forms a central platform. Subjects
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are placed on the central platform and allowed to explore the maze for 5 min. The total
time spent in and the number of entries into the open (and closed) arms, and the
percentage of time and entries into the open arms are measured. Anxiety levels are
considered to be lower when the measurements in the open arms are higher and those
in the closed arms are lower, and vice versa[100,101]. Mice exposed to chronic SD
exhibit higher anxiety levels in this paradigm[93,97,102]. The EPM is also frequently
used in studies of resilience to the effects of social stress on anxiety[60,92,102].In a
recent study in our laboratory, we observed that mice that were resilient to the effects
of stress on cocaine reward spent less time in the open arms[93].

In the open field/exploration test, the animal is placed into an open-field arena for
several min and its locomotor activity is evaluated by measuring distance travelled
and velocity. A reduction of these measures is indicative of anxiety[103]. Sometimes
the open field is divided into a center and a surrounding area, with thigmotaxis being
indicative of anxiety. Maternal separation decreases the time that mice remain in the
center of the open field[104]. SD induces deficits in exploration that are not observed in
resilient animals[60,70,71,102].

The hole-board test is used to evaluate anxiety-related and novelty-seeking behavior
of rodents. This test is carried out in a square box with equidistant holes in the floor.
The animal is placed in a corner of the box and is allowed to freely explore the
apparatus for a few minutes. Head-dipping represents exploratory tendencies that are
distinct from general locomotor activity; thus, the latency to perform the first head-dip
and the frequency of dips is recorded. Stress exposure elevates anxiety-related
behavior in the hole-board test in rats and mice[105,106]. In our laboratory, we have
observed that mice with low novelty-seeking are resilient to the effects of SD on
cocaine reward[93].

Behavioral tests to evaluate cognitive impairment

The novel object recognition test evaluates episodic memory in rodents[107] and has
been used to measure cognitive dysfunction according to deficits in object-context
identification[108]. The task is performed in an open field box and consists of three
phases: habituation (free exploration of the empty box), training (exploration of the
box, which contains two small river stones) and test (one of the stones is replaced with
a small plastic toy). In the training and test sessions, separated for a memory retention
interval (1 min), the exploration of the objects is measured for 3 min. It is assumed that
if the animal recognizes the stone, it has spent more time exploring the new object.
Exposure to different paradigms of stress induces cognitive deficits in recognition
memory[94,104,105,109]. Acute[110] and chronic[97] SD impairs performance of the
object recognition task. This task has also been used to study resilience to the
impairing effects of social stress on cognition[88,94,97,111,112].

The Morris water maze task measures spatial memory that is dependent on the
hippocampus[113]. The apparatus consists of a circular swimming pool, divided into 4
equal quadrants (NW, NE, SE and SW), with an escape platform placed 1 cm below
the water surface. Several visual cues surrounding the maze are placed on the walls.
During the training phase the animal is placed in the water inside one of the quadrants
and allowed to swim freely until it locates and climbs onto the platform. If the animal
fails to locate the platform, it is guided to the platform by the experimenter and
allowed to stand on it for several seconds. The training is performed over 4-5
consecutive days (3 trials per day), measuring the escape latency (the time taken to
locate the platform in each trial). The test is performed 24 h after the last training
session (the platform is removed and the time spent in each quadrant is measured). If
the animal recalls the placement of the hidden platform it will spend more time in that
quadrant. Unpredicted CMS impairs performance of the water maze[114], but chronic
SD stress does not affect this task[102]. The water maze has also been used to study
resilience to the effects of stress on cognitive processes[114,115]. An interesting study
[115] showed that rats that emitted ultrasonic vocalizations during intermittent swim
stress later showed resilience in the Morris water maze and an instrumental swim
escape test.

The Y-maze is a spatial task that requires intact hippocampal function[116]. The Y-
maze apparatus has three identical and symmetrical arms that radiate out from the
center. Explicit cues are presented outside the maze (located on the walls around the
room). In the first trial, the animal is placed in one arm, designated as the “start” arm,
while another arm is blocked so that the animal can only explore the start and the
other arm. After 4 h, in the second trial, animals are placed in the start arm and can
freely explore all three arms. The number of entries and the time spent in each arm is
measured. If the animal recalls the arms previously explored in trial 1, it will spend
more time in the “novel” arm in trial 2 (discrimination performance). CMS induces
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deficits in the performance of the Y-maze among vulnerable anhedonic-rats[88]. Acute
[110] but not chronic[117] SD stress also impairs performance in the Y-maze. However,
the combination of chronic SD with a slight peripheral infection (produced by injection
of a sub-threshold of LPS) impairs the performance of susceptible mice in the Y-maze
[111].

The radial arm maze is a model of hippocampus-dependent memory. Animals are
food-restricted (approximately 85.0% of their previous body weight) and pre-trained
to associate the maze with a food reward placed at the end of all 8 arms. Subsequently,
the animals are trained for several consecutive days. In each trial the animal is placed
in the central chamber of the maze for habituation and can then freely explore the
arms until it consumes all food reward or until a maximum time. The measurement of
memory is the number of errors committed, defined as entries in a previously visited
arm[118,119]. Chronic stress induced by visual and olfactory exposure to a predator
(Long Evan rat) without direct physical contact impairs performance in the radial
maze[118]. Similarly, maternal separation induces an overall impairment in the
performance of the radial maze in adulthood; however, this impairment is observed in
susceptible, but not in resilient mice[119]. On the other hand, adult rats exposed to
maternal deprivation perform better in the radial maze, an effect probably related with
the phenomenon of inoculation of stress[120].

The radial arm water maze also evaluates spatial ability in rodents[121,122,123]. In
this case, the radial arm maze is filled with cloudy water to conceal a platform placed
in one of the eight arms, and there are prominent extra-maze cues on the walls of the
room. The animals perform several trials in three days, which consists of placing the
animal into an arm (the start arm, which does not contain the platform). When the
animal reaches the hidden platform it remains on it for several seconds to visualize the
room spatially. If the animal fails to find the hidden platform, it is guided there by the
experimenter. The number of entrances is measured in each trial. Two types of errors
are considered in each trial; reference memory errors (number of first-time entries into
arms that did not contain the platform) and working memory errors (number of repeat
entries into an arm that did not contain the platform). Chronic restraint stress impairs
radial arm water maze performance[122,123], but this effect recedes with time[124]
and is prevented by environmental enrichment[85].

It is important to note that chronic stressors do not affect the performance of females
in most of these tests (spatial object recognition, radial arm maze, Morris water maze,
Y-maze), while males show stress-induced impairments in all of them[125]. These sex-
dependent differences include the use of different strategies by the sexes to solve
cognitive tasks and may be related to estradiol levels[87].

Animal models of addiction-like symptoms

The animal models of drug reward and addiction-like symptoms are essential to
progress in understanding the biological basis of SUD and for the identification of new
therapeutic targets. Drug addiction is a neuropsychiatric disorder characterized by
loss of control over drug-seeking and drug-taking, the presence of a negative
emotional state and an intense craving for the drug when it is not available, and a high
propensity to relapse even after long-term periods of abstinence[126]. Drug addiction
represents a profound disruption of different neural circuits, including a deficit of the
brain reward system, an over-activation of the stress systems, aberrant associative
learning (which confers exaggerated incentive salience to stimuli or contexts
associated with the drug), and a dysfunction of the PFC, resulting in the inability to
inhibit drug-taking behavior. The transition from an initial recreational and controlled
drug use to compulsive consumption is also related with a change from the ventral to
the dorsal striatum in the control of drug use behavior, with the consequent
development of rigid stimulus-response habits[127,128].

Drug addiction has a multifactorial nature, since environmental and biological
factors interact to confer vulnerability or resilience to the development of this disorder.
The complexity of addictive behavior cannot be captured by an animal model, but they
are useful in modelling some specific aspects of drug addiction. The two main models
to study vulnerability or resilience to drug addiction are the self-administration (SA)
paradigm, which is based on the primary hedonic effects produced by the consump-
tion of a drug of abuse, and the conditioned place preference (CPP) paradigm, which
focuses on the component of reward related to associative or incentive learning.

The intravenous SA paradigm is the most important procedure for assessing the
primary intrinsic reinforcing effect of drugs, and is the most commonly used in
rodents[129,130]. In this paradigm animals are trained in daily sessions to obtain the
drug by performing an operant response; for example, by pressing a lever or
performing a nose-poke. This response is reinforced by injection of the drug, usually
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according to a fixed response (FR) program in which the animal must perform a fixed
number of responses in order to obtain the dose of the drug. Variable or progressive
response programs are also used to measure motivation of the animal for the drug.
The oral SA paradigm, frequently used for alcohol, is similar regardless of the way in
which the substance is ingested by the animal. Pharmacological and methodological
factors may influence the results obtained with the SA paradigm, such as the drug,
dose and rate of infusion, duration of the SA session, the requirements of response, the
sex and age of the animal, efc.

The SA paradigm is also used to study extinction and reinstatement of drug-seeking
behavior. During the extinction phase, the drug of abuse is not presented after
responding, and as a consequence, a progressive decrease in the operant response
takes place[131-133]. When extinction has been completed, reinstatement of the
operant response by several stimuli is observed. Reinstatement of drug SA is a model
of relapse to drug consumption after a period of abstinence. As in humans, adminis-
tration of the drug of abuse (priming), re-exposure to drug-associated stimuli, or
exposure to stress reinstates the initially learned operant response[134]. Indeed, some
researchers have adapted the SA paradigm in order to model the main features of
addiction in humans based on the DSM-5 criteria: loss of control or persistence in drug
seeking (active responses during periods in which the reinforcer is not available), high
motivation for the drug (using a progressive reinforcement schedule), and mainte-
nance of consumption despite its negative outcomes (association between
reinforcement and a foot shock)[135]. The SA model has excellent predictive and face
validity; however, it also has some drawbacks related with the complexity of the
technique (surgical implantation of an intravenous catheter or previous familiarization
with the drug for intravenous or oral SA, respectively) and the training of the animals
until they effectively acquire operant response.

Using the SA paradigm, it has been demonstrated that exposure to social stress
increases the reinforcing effects of drugs of abuse[136-139]. Recently, resilience to these
effects has also been studied using different types of social stress and drugs of abuse,
such as cocaine[140-143], methamphetamine[144] and alcohol[145-147].

The CPP is a paradigm that evaluates the conditioned rewarding effects of a drug of
abuse, since some contextual stimuli acquire appetitive properties when associated
with the drug[148-151]. This paradigm is characterized by its methodological
simplicity and is thus frequently used. Animals are conditioned in a box with two or
three compartments that are clearly distinct in terms of the stimuli present in each
compartment; for example, they have different colored walls and floor textures. Before
conditioning, a pre-conditioning phase takes place to evaluate the time spent by the
animal in each compartment without any treatment. During conditioning the animal
receives the drug (usually 4 injections in 4 or 8 days) in a specific compartment
(without access to the other compartment) and physiological saline in the opposite
compartment. Later, in the post-conditioning phase (equal to pre-conditioning) it is
evaluated whether the animal has learned to associate the rewarding effects of the
drug with the environmental cues present in the drug-paired compartment. If the
animal spends more time in this compartment (in comparison to the time spent in pre-
conditioning or to the time spent in the saline-paired compartment), it is considered
that the animal has acquired CPP. All drugs abused by humans induce CPP in rodents
[150].

As described for the SA paradigm, the CPP procedure can also be used to evaluate
other processes besides acquisition, such as extinction and reinstatement of motivated
behavior[148]. To induce extinction, animals are placed in the CPP box and perform
daily or weekly sessions similarly to pre- and post-conditioning (i.e., they are exposed
to the previously drug-paired compartment without administration of the drug).
Progressively, the association between the reinforcing value and environmental cues
weakens, and the CPP is finally extinguished. The period needed for extinction of CPP
is influenced by different factors, including exposure to stressful events. For example,
exposure to SD before each acquisition session[152], or 3-weeks before the initiation of
the CPP procedure[78], slows the extinction of MDMA-induced CPP. After extinction,
an injection of the drug of abuse (priming) or exposure to stress induces the
reinstatement of CPP. In this paradigm, reinstatement refers to the recovery of the
conditioned response and involves renewed memory of the association - learned
during conditioning - between the reinforcing effect of the drug and the environmental
cues associated with its pleasant effects. In our laboratory we have observed that SD
exposure induces reinstatement of the CPP induced by cocaine[153,154].

The CPP has been widely used to evaluate the influence of social stress on the
conditioned rewarding effects of different drugs of abuse, including alcohol, cocaine
and MDMA[15]. In our laboratory, the animals are exposed to SD three weeks before
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initiation of the CPP procedure. We have seen that exposure to SD induces a long-term
increase in the rewarding effects of cocaine, since defeated mice acquire CPP with
doses that are ineffective in inducing place conditioning in control mice[77].
Furthermore, we have observed how SD induces a long-term enhancement in the
vulnerability of mice to priming-induced reinstatement of the CPP induced by cocaine
[155] and MDMA([78]. In addition, the CPP model has been used to study resilience to
the effects of social stress on the rewarding effects of methamphetamine[156], MDMA
[157] and cocaine[93,143,158,159,160-163].

Finally, the effects of social stress on alcohol intake and resilience to these effects
have been studied in the two-bottle choice test, a paradigm of voluntary consumption,
in which animals can choose freely, during a limited time, to drink from one of the two

bottles placed in the home cage: one containing water and the other containing alcohol
[92,164].

ADVANCES CONCERNING THE NEUROBIOLOGICAL SUBSTRATES OF
RESILIENCE

The study of the neurobiology of resilience is a relatively young area of scientific
investigation[24,35]. Research carried out with animal models in the last decade has
identified several behavioral, hormonal, neural and molecular mechanisms underlying
the development and enhancement of resilience, mainly in relation with the reduced
susceptibility to develop psychiatric disorders, such as depression or PTSD, after stress
or trauma (Figure 2). As Russo et al[5] noted, resilience is mediated not only by the
absence of neurobiological abnormalities that occur in susceptible animals after stress
exposure (passive resilience), but also by the presence of neuroadaptations which
occur in individuals that are resilient to stress, which help them to maintain normal
functioning (active resilience). In this section we review the main results obtained in
studies using electrophysiological, optogenetic, pharmacological, and molecular
profiling techniques to unravel the neurobiological substrates of resilience to the
negative consequences of chronic SD stress, mainly social avoidance and anhedonia.
Advances in this field may guide ongoing research regarding the neurobiological
substrates of resilience to the effects of SD on addiction disorders.

Glutamatergic system

The glutamatergic system seems to play an important role in resilience to stress[165].
Chronic stress reduces the dendritic spine density of glutamatergic neurons in the PFC
and hippocampus, while it increases it in the amygdala and NAcc[166]. In the chronic
predator and SD stress paradigms, resilient mice show greater expression of
immediate early genes (c-Fos, FosB, or AFosB) in glutamatergic neurons of the medial
PFC[106,167,168] and in medium spiny neurons (MSN) of the NAcc, inducing
expression of the AMPA glutamate receptor subunit GluA2[169]. Optogenetic
stimulation of either medial PFC or amygdala glutamate afferents to the NAcc induces
resilience[168,170], while attenuation of glutamatergic transmission from the ventral
hippocampus to the NAcc is pro-resilient, and reduced activity in the ventral
hippocampus is observed in mice that are resilient to the effects of chronic SD[170].
Furthermore, several environmental manipulations that promote resilience to
stress-induced depression- and anxiety-like behaviors, such as early intermittent
maternal separation and environmental enrichment, increase the volume of ventro-
medial PFC[171], the dendritic spine density of hippocampal and PFC neurons[172],
and expression of FosB and AFosB in medial PFC[167]. All these results suggest that
increased neuronal activation of mPFC represent pro-resilience adaptation[5].

NMDA receptors have been implicated in stress resilience[165]. Mice susceptible to
chronic SD stress exhibit low activity of hippocampal extrasynaptic NMDA receptors,
and enhancement in the function of these receptors prevents social avoidance behavior
in defeated mice[173]. The NMDA antagonist ketamine protects against the long-term
consequences of different types of stress in animal models[165,174]. For example,
administration of ketamine protects mice against SD-induced depressive sympto-
matology in the FST and against learned helplessness-induced coping deficits when
dealing with inescapable shocks, although it did not protect against the anxiety-like
phenotype in the EPM[60]. Reducing brain D-serine, an endogenous co-agonist at the
glycine site of the NMDA receptors, may also improve stress resilience[175], and
NMDA receptor blockade in the right medial PFC facilitates resilience to SDS-induced
anxiety in mice[176]. Furthermore, we have observed that the NMDA antagonist
memantine increases resilience to the effects of IRSD on the CPP induced by cocaine in
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Figure 2 Simplified diagram of the neurobiological substrates of resilience to the effects of social defeat in rodents. Resilience is induced by
activation of the pathways indicated with gross lines and by inhibition or normalization of the pathways represented with dashed lines. LC: Locus coeruleus; VTA:
Ventral tegmental area; PFC: Prefrontal cortex; NAcc: Nucleus accumbens; vHipp: Ventral hippocampus; Amyg: Amygdala.

mice[77].

Some subunits of AMPA receptors might be involved in resilience. For instance,
mice resilient to developing social avoidance after chronic SD show increased GluR2
mRNA expression compared to control mice, while susceptible mice display a
decrease in GluR2 levels in the NAcc[169]. In addition, AMPA agonists prevent
increases in corticosterone and latency to feed in the novelty-suppressed feeding
induced by chronic stress[177].

The role of metabotropic glutamate receptors in stress resilience remains uncertain
[165]. After 3 days exposure to learned helplessness or SD, mGluR5 KO mice exhibit
enhanced susceptibility to stress-induced depression, social avoidance, and anhedonia.
In addition, susceptible mice exhibit less mGluR5 in the NAcc than both resilient and
control mice[178]. Finally, blockade of mGlu2/3 and deletion of mGlu2, but not
mGlu3, promotes stress resilience, including protection against stress-induced
depressive-like symptoms[179].

GABAergic system

There are a limited number of studies on the role of GABA in resilience to the effects of
chronic SD, and the effects observed to date have been in the function of the brain area
containing GABA neurons and the subtype of receptor studied.

Chronic SD defeat activates GABA neurons of the dorsal raphe nucleus (DRN) and
strengthens inhibition of 5-HT neurons in susceptible mice, but this effect is not
observed in resilient mice without a social interaction deficit; accordingly, optogenetic
inhibition of DRN GABA neurons was shown to disinhibit 5-HT neurons and promote
resilience[180]. Conversely, SD stress impairs the inhibitory tone in the NAcc. Stress-
susceptible mice exhibit reduced levels of inhibitory synaptic markers and protein
expression (vesicular GABA transporters (vGAT) and gephyrin) in the NAcc that are
not observed in resilient mice[181]. GABA (B) receptors in the habenular nuclei are
also down-regulated in susceptible mice, which display elevated c-Fos expression in
this structure; furthermore, intra-habenular injection of baclofen and CGP36216
(GABA (B) agonist and antagonist, respectively) reverses social avoidance[182].
Studies with KO mice have also indicated the role of GABA in resilience to the effects
of SD. GAT-1-deficient mice demonstrate an increase in resilience to the effects of
acute stress on depressive- and anxiety-like symptoms[183,184]. Moreover,
GABA(B1a) KO mice are more susceptible, whereas GABA(B1b) KO mice are more
resilient to both stress-induced anhedonia and psychosocial stress-induced social
avoidance[185].

Dopaminergic system

Adaptations within the brain reward system, and in particular in the mesolimbic DA
circuit, are closely associated with resilience to the effects of chronic SD stress. The
firing rate of ventral tegmental area (VTA) DA neurons has been shown to be
increased in susceptible animals exposed to chronic SD; conversely, resilient mice
show an increase in K + channels that normalizes hyperexcitability of VTA DA
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neurons and prevents social avoidance and sucrose preference deficit[70,186,187]. A
further increase in the hyperactivity of VTA DA neurons in susceptible mice produced
by optogenetics or pharmacological treatments induces homeostatic plasticity and
reverses depression-related behaviors[187,188]. Such studies bring to light the self-
stabilizing capacity of midbrain DA neurons of the brain reward system[187]. A recent
study has demonstrated that a baseline level of physical activity (voluntary wheel
running), mediated by the tyrosine hydroxylase (TH) neurons in the VTA, affects
susceptibility and resilience to chronic SD. Mice with low levels of physical activity
showed lower TH expression in the VTA and were susceptible to SD, while mice with
high levels of activity showed higher TH expression and were resilient to SD;
activation of TH neurons in the VTA of mice with lower levels of activity increased
resilience, while inhibition of these neurons increased susceptibility to SD[189].

Different MSN subtypes of the NAcc (D1-MSN and D2-MSN, with predominant
expression of DA D1 and D2 receptors, respectively) are also involved in susceptibility
and resilience to chronic SD stress. Susceptible mice that develop depression-like
behaviors after SD showed decreased frequency of excitatory synaptic input in D1-
MSN (but an increase in D2-MSN); in addition, enhancing the activity[190] or the spine
density[191] of D1-MSN has been shown to induce resilience. Fosb-targeted histone
methylation in D1-MSN or histone acetylation in D2-MSN promote a susceptible,
depressive-like phenotype, while histone acetylation in D1-MSN or histone
methylation in D2-MSN increase resilience[192]. Resilient animals also display an
upregulation of synaptic strength at dendritic spines of DI-MSN and a concomitant
downregulation in D2-MSN[193]. In addition, chronic SD selectively reduces NLGN-2,
a neuronal postsynaptic cell adhesion protein, in DA D1-MSN of susceptible mice
[181]. D1-MSN activity prior to stress is also a predictor of resilience, as mice that will
later become resilient display increased baseline D1-MSN activity[194].

Single and repeated SD stress induces D1 receptor-mediated changes in medial PFC
neurons. A single SD was shown to increase arborization and the spines of apical
dendrites of pyramidal neurons in the medial PFC, whereas repeated SD reduced
dendritic lengths of these neurons[195]. Optogenetic inhibition of the DA VTA
neurons projecting to the medial PFC promotes susceptibility[188]. DA D1 receptors in
medial PFC excitatory neurons plays a role in suppressing susceptibility to stress, since
repeated SD reduces the expression of these receptors in susceptible mice, while its
genetic deletion facilitates the induction of social avoidance[195].

DA transmission in other brain areas is also involved in susceptibility or resilience
to stress, although results are contradictory. Vulnerable mice were reported to display
increased expression of DA D2 receptors in the amygdala[102,196] and increased
levels of DA in the hippocampus and PFC[197]. However, another study found that
hippocampal dopaminergic activity was inversely correlated with the level of social
avoidance induced by SD and chronic treatment with hop bitter acids enhanced stress
resilience[198]. Similarly, treatment with caffeine (from 14 days before until the end of
SD) reverses social avoidance and anhedonia, and this pro-resilience effect of caffeine
is reversed by the antagonism of DA D1 (but not D2) receptors[199].

Noradrenergic system

Noradrenergic (NA) neurons in the LC have direct connections within the VTA and
regulate vulnerability to SD through inhibitory control of VTA DA neurons[200]. NA
LC neurons projecting to the VTA exhibit enhanced firing activity in resilient, but not
susceptible, mice, and optogenetic activation of LC neurons in susceptible mice
reverses depression-related behaviors[201]. al- and B3-adrenergic receptors are highly
expressed in VTA neurons projecting to the NAcc, and the antagonism of these
receptors blocks the effects of the optogenetic and pharmacologic activation of LC
neurons; i.e., it reverses hyperactivity and homeostatic plasticity in the VTA-NAcc
pathway in susceptible mice[201].

Serotonergic system

Plasticity of the serotonergic system also contributes to susceptibility or resilience to
the effects of SD stress, although the role of serotonin depends on the brain area under
consideration. As commented on before, inhibition of GABA neurons of DRN
disinhibits 5-HT neurons and promotes resilience to social avoidance induced by SD in
mice[180]. In fact, the mechanism underlying SD-induced social avoidance is a
hyposerotonergic state in the DRN, which results from the activation of p38a mitogen-
activated protein kinase (MAPK), the consequent translocation of the SERT to the
membrane, and the increase in the rate of serotonin uptake[202]. Down-regulation of
the 5-HT1A auto-receptors in 5-HT neurons of DRN (which can result in increased
5HT release), improves behavioral resilience to SD[203]. On the other hand, rats
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susceptible to stress-induced anhedonia, but not resilient rats, display an increased
number of neurons expressing tryptophan-hydroxylase-2 (TPH2, the enzyme for
serotonin synthesis) in the ventral subnucleus of the DRN (DRNvV), while activation of
the CRF containing neurons of the amygdala induce resilience, suppressing the
increase of TPH2 positive neurons in the DRNv and ameliorating anhedonia in
susceptible rats[204]. Mice resilient to the effects of chronic SD also display a reduction
of serotonin in the hippocampus[197].

Cholinergic system

ACh signaling in the hippocampus may be related with differential responses to SD
stress. Interference with hippocampal AChE activity increases anxiety- and depre-
ssion-like behaviors and decreases resilience to repeated SD stress[205]. In addition,
nicotinic cholinergic (nACh) signaling in the basolateral amygdala seems to play a role
in the effects of SD, since 2 nAChR subunit knockdown undermines resilience to SD
stress and c-fos immunoreactivity in this structure[206].

Endogenous opioids

Chronic SD stress increases p and k opioid receptors and reduces 6 opioid receptors in
the PFC of susceptible mice (with social avoidance), while resilient mice show no
alteration in the levels of opioid receptors and increased p38 MAPK phosphorylation
[207]. Besides the increased mRNA expression of the opioid p and x receptors in the
frontal cortex, susceptible mice also show a reduction in the expression of p1 receptors
in the hippocampus and a reduction of k receptors in the basolateral amygdala[208,
209]. Conversely, mRNA of dynorphin is increased in the shell of NAcc in susceptible
rats and in the striatum of resilient animals[208].

Chronic SD also decreases mRNA levels of d opioid receptors and enkephalins in
the basolateral amygdala and in the ventral hippocampus (CA1) of vulnerable mice
[209]. Administration of an agonist of d receptors increases resilience and reduces
oxidative stress markers in CA1 neurons, a mechanism that may be involved in the
pro-resilient effect of enkephalin signaling[210]. Similarly, susceptible animals display
reduced enkephalin levels in the NAcc and enkephalinase inhibitors, while intra-NAcc
infusion of a d receptor agonist induces resilience and increases phosphorylation of
extracellular signal-regulated kinase (ERK), which is downregulated by SD stress[211].

p-opioid receptor G-allele carriers express less submissive behavior and exhibit
resilience to SD, demonstrated by a lack of subsequent social avoidance and reductions
in anhedonia; moreover, the resilience in question was associated with a greater
induction of c-fos in the NAcc and periaqueductal gray[212].

Neuropeptide Y

Neuropeptide Y (NPY) is a neuropeptide that is widely distributed in the brain and
promotes protective responses in the face of stress[213,214] by inducing anxiolytic
effects and counteracting the anxiogenic effects of CRF. Multiple studies indicate a
positive correlation between NPY levels and resilience to the deleterious effects of
stress in humans and animal models. A significant down-regulation of NPY in the
amygdala and hippocampus has been observed in animals with PTSD-like symptom:s,
and administration of NPY reversed the negative behavioral effects of predator-scent
stress[63]. Mice susceptible to the effects of chronic SD also show a down-regulation of
NPY and NPY2R in the hippocampus[215]. Administration of NPY significantly
reduces submissive/defensive behaviors in socially defeated hamsters, although this
effect is not mediated by the Y1 receptor[216]. Such results demonstrate that NPY may
function as an important factor in resilience against the impairing effects of SD, and a
recent study has suggested that deficiency of NPY plays a role in the impairing effects
of stress on hippocampal function and the processes mediated by this structure[217].

Orexins

Orexins (OX) produced in the lateral hypothalamus also play an important role in the
response to stress[218,219]. Chronic SD stress-susceptible and -resilient mice (with or
without deficits in social interaction) display different levels of prepro-OX in the
hypothalamus[220] and basolateral amygdala, with increased OX1 and decreased OX2
observed in susceptible mice[221]. Brain infusion of OX A was found to induce an
antidepressant-like effect only in susceptible mice, while co-infusion of OX A and B
induced an anxiogenic effect only in resilient mice[220]. In addition, knocking down
the OX2 receptors in the basolateral amygdala increases social avoidance and reduces
the time spent in the center of an open field[221]. Similarly, after SD stress, resilient
(actively coping) rats express lower prepro-OX mRNA levels than passively coping
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rats, while inhibition of OX before each SD episode increases social interaction and
decreases depressive-like behavior in vulnerable rats[222]. These results suggest that
lower levels of OX contribute to resilience to repeated SD, although in this context it is
important to consider the different types of OX receptors. A recent study indicated
that OX1 and OX2 receptors exert opposite functions and that the agonism of OX2
receptors promotes resilience to the anxiety and depression induced by exposure to SD
stress in mice[223,224].

Neurotrophic factors
Neurotrophic factors and their signaling pathways, such as BDNF or ERK1/2, have
been implicated in the neuroadaptations that take place in response to stress.

ERK is reduced after SD stress in both susceptible and resilient mice[207]. SD also
decreases phosphorylation of ERK[211] and the pERK/ERK ratio[225]. Overexpression
of ERK2 in the VTA increases susceptibility to SD stress in mice, while blockade of
VTA ERK2 activity promotes behavioral resilience and decreases the frequency of
firing of the VTA DA neurons, an important electrophysiological hallmark of resilience
[226]. Phosphorylation of ERK is enhanced by treatments that induce resilience, such
as the intra-NAcc infusion of a delta opioid receptor agonist or enkephalinase
inhibitors[211].

BDNF is expressed in the amygdala, hippocampus, PFC and basal forebrain, and
acts through its two main receptors, TrkB and p75[227]. BDNF has antidepressant-like
effects and enhances hippocampal neurogenesis[228,229], which suggests an
important role of this factor in the potentiation of resilience. Chronic SD stress
decreases BDNF/TrkB in the PFC, the dentate gyrus (DG), and the CA3 region of the
hippocampus, but increases BDNF/TrkB in the NAcc[175,225]. A differential
expression of BDNF has been observed in susceptible and resilient mice in function of
the brain area studied. Susceptible mice have higher levels of BDNF mRNA in the
VTA than resilient and control mice, suggesting that this increase is associated with
depressive-like behavior induced by SD[230]. An increase of BDNF-4 has been
observed in the PFC of susceptible mice exposed to chronic SD, but the same animals
also showed a selective reduction of BDNF-6 transcript in the hippocampus[231].
Conversely, in another study with mice exposed to chronic SD stress, levels of BDNF
in the medial PFC and hippocampus were lower in susceptible mice than in control
and resilient animals[232]. Finally, several studies support the contribution of
hippocampal BDNF expression to resilience to chronic stress[233]. In rodents exposed
to SD, activation of hippocampal BDNF/TRKB signaling (by means of branched-chain
amino acids, exercise and high protein diets) induces resilience to social avoidance
[234,235,236]. In addition, enhancement of BDNF and TRKB levels and signaling has

been implicated in the nicotine-induced resilience to the social deficit induced by SD
[237].

Hormones of the HPA axis

Stress activates the HPA axis and the release of stress hormones that regulate the
individual response to stress. SD stress induces hypercortisolemia and adrenal
hypertrophy in susceptible mice, but not in resilient rodents[48,238]. In addition,
susceptible mice exhibit reduced glucocorticoid (GR) receptor expression in the
hippocampus in comparison to resilient mice, suggesting that up-regulation of GR and
enhancement of GR nuclear translocation in the hippocampus play an important role
in resilience to chronic SD stress[238]. Susceptible mice show higher plasma corticos-
terone concentrations 2 h and 48 h after single and chronic SD stress, respectively; and
administration of corticosterone via drinking water enhances susceptibility while a GR
antagonist alleviates the negative consequences of chronic stress[239]. A single dose of
ketamine that improved depressive-like behaviors was shown to decrease plasma
corticosterone levels and rescue GR expression and nuclear translocation in the
hippocampus of susceptible mice[239].

Resilient rats (with proactive behavior in resisting defeat) show decreased efficacy
of CRF[82]. Similarly, mice in which CRF is deleted from GABAergic forebrain
neurons were found to display a resilient phenotype[240], and PFC mRNA expression
of CRF was stronger in susceptible mice than in resilient counterparts[48]. However,
another study showed that increasing CRF neuronal activity in a subtype of
GABAergic inhibitory interneurons in the medial PFC promoted lasting resilience to
SD stress[241,226].

Epigenetic factors
A wide variety of genetic factors - polymorphisms of genes of NPY, CRFR1, catecho-
lamines (COMT, DAT, DAR1, DAR4), serotonin (SERT, 5-HTR1A, 5-HTR3A, 5-
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HTR2C), BDNF, among others - have been implicated in resilience (for a review see[4,
242]). Like all aspects of psychological function, resilience results from the interaction
between genes and environment. Epigenetic factors are functional modifications to the
genome (such as DNA methylation and demethylation, and histone methylation,
acetylation, and phosphorylation) that regulate gene expression and phenotype
without changing the DNA sequence. Different epigenetic mechanisms have been
linked to resilience[243]. For instance, changes in gene expression and chromatin
modifications in specific brain regions are associated with resilience to chronic SD
stress[70,231,244,245]. In particular, histone methyltransferases are up-regulated in the
NAcc of resilient mice, which exhibit low depression-like symptoms after chronic SD
[246], while susceptible mice show reduced g9a mRNA levels in the hippocampus, and
a reduction of HDAC-5 and DNMT3a mRNA levels in the PFC[231].

HDAC inhibitors may also regulate stress-related behaviors independently of their
action on histones, through prevention of glucocorticoid signaling in serotonin
pathways. Deletion of HDACS6 in serotonin neurons prevents the electrophysiological
and morphological changes induced by chronic SD in these neurons and blocks the
expression of social avoidance[247]. In one study, lower acetylated Hsp90 levels,
higher GR-Hsp90 association, and enhanced GR translocation were observed in the
DRN of vulnerable mice after chronic SD stress, and a HDAC6-selective inhibitor or
the serotonin-selective viral overexpression of the acetylation-mimic mutant of Hsp90
in DRN neurons promoted resilience to chronic SD stress[248].

Immune system
Inflammation may underlie individual differences in vulnerability and resilience to
chronic SD stress[249,250].

Exposure to SD increases inflammatory markers, but the enhancement of proinflam-
matory proteins is more pronounced in susceptible rats (with passive coping during
defeats and anhedonia) than in active coping rats[236]. In addition, only susceptible
rats exhibit elevated levels of inflammatory proteins (IL-18, TNF-a, GM-CSF) in the LC
[251], and higher systemic levels of interleukin-6 (IL-6)[252]. Rats with short-defeat
latencies (vulnerable rats) exhibit increased anxiety- and depression-like behaviors,
and inflammation in the ventral hippocampus[253]. On the other hand, selective KO of
the miR-106b~25 cluster in peripheral leukocytes promotes behavioral resilience to
chronic SD stress[254]. Preexisting individual differences in the sensitivity of the
peripheral immune system (IL-6) may predict vulnerability or resilience to social stress
[250].

Gut microbiota, important activators of inflammatory substances, have emerged as
a putative mechanism for promoting stress vulnerability[253]. For example, in one
study, mice that were most susceptible to the behavioral effects of chronic SD
(reflected by severe social avoidance behaviors) displayed the greatest changes within
particular sets of bacteria in the phylum and genus taxonomic ranks[255].

RESILIENCE TO THE EFFECTS OF SOCIAL DEFEAT ON THE REWAR-
DING PROPERTIES OF DRUGS OF ABUSE

There is a well-known link between stress and the development of AUD/SUD, and
preclinical studies have shown that early life stress, social rank stress, and SD stress
impact on vulnerability and resilience to alcohol, cocaine and other drugs of abuse[14,
15,256]. However, as mentioned previously, there are few works studying resilience to
the effects of social stress on the rewarding properties of drugs of abuse. For example,
in the search “social defeat, addiction, resilience” in PubMed we identified only 18
papers, and some of these studies did not employ any paradigm of drug reward or
addiction. After an exhaustive search and review of the literature we found only 8
papers on resilience to the consequences of repeated or chronic SD for the rewarding
effects of cocaine, alcohol or methamphetamine.

In a classic preclinical study of resilience, Krishnan et al[70] demonstrated for the
first time that, following exposure to chronic SD stress, mice can be classified as
susceptible or resilient according to their differential response to stress. Susceptible
mice exhibited anhedonia, social avoidance and anxiety-like behavior in the EPM,
while resilient mice did not show such symptoms. This study was also pioneering in
demonstrating differences between susceptible and resilient mice in sensitivity to the
rewarding effects of cocaine. Only susceptible mice showed CPP after conditioning
with a low dose of cocaine, while resilient or non-stressed mice did not acquire CPP
[70]. Surprisingly, until recently, no other studies have addressed this issue.
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In our laboratory, we have studied the influence of IRSD stress on the rewarding
properties of cocaine in the CPP paradigm. Exposure to four episodes of SD during
late adolescence (on post-natal day (PND) 47-56) subsequently increased the
sensitivity of adult mice to a low dose of cocaine. In particular, 1 mg/kg of cocaine
induced CPP in defeated mice but not in non-stressed control mice[77]. In a recent
study, we evaluated whether some animals were resilient to the effects of IRSD.
Overall, exposure to SD decreased all measurements related to the open arms of the
EPM, immobility in the TST, social contact in the social interaction test, and grooming
in the splash test. IRSD exposure also increased the sensitivity of the mice to the
rewarding effects of cocaine, since only defeated animals acquired CPP. However, the
potentiation of cocaine CPP was not observed in all the defeated mice, as some of them
were resilient to the effects of IRSD on cocaine reward[93]. In the same study we
characterized the behavioral profile of vulnerable and resilient mice during defeat
episodes and in several behavioral paradigms shortly after SD. Vulnerable mice that
showed CPP also exhibited depressive-like behavior, in line with the results of
Krishnan et al[70]. In comparison with vulnerable mice, resilient mice displayed
different behavioral traits, such as less submissive behavior during episodes of defeat,
a lower percentage of time in the open arms of an EPM, lower novelty-seeking in the
hole board, higher social interaction, greater immobility in the TST, and higher
frequency of grooming in the splash test. These results indicate that the behavioral
profile of resilient mice is characterized by an active coping response during defeat
episodes, a reduced short-term response to SD (lesser reactivity to moderate
unavoidable stress, enhanced concern in a potentially dangerous environment and
absence of depressive symptoms), and a lack of long-term responses to SD, as eviden-
ced by the absence of cocaine CPP[93].

Two similar studies also showed that control mice do not develop CPP with a low
dose of cocaine, while defeated mice did overall develop a preference for the drug-
paired compartment[143,162]. Among the defeated animals, two populations could be
distinguished - resilient (did not develop preference) and susceptible mice (developed
preference) - and they differed in their active or passive behavior during the SD
sessions. As the authors stated, “resilient animals showed less flight and submission
behaviors than susceptible mice and they presented attack behaviors towards the
residents, thereby showing their resistance to being defeated”[162]. Besides passive
coping behavior during SD episodes, susceptible mice (which showed cocaine CPP)
also displayed social avoidance and higher IL-6 levels in the striatum and hippo-
campus after the last SD episode[143]. The results of all these studies suggest that an
active coping style can protect the individual from the negative consequences of social
stress. It is important to note that differences in the responses to cocaine between
susceptible and resilient mice were not always observed, since both subgroups of
defeated mice showed similar levels of cocaine SA[143].

Rats exposed to repeated SD (five episodes) and social isolation (approximately 12
wk) can also be classified as SD-prone or SD-resilient, based on their affective
(depression-like behavior) and cognitive performance. In one study, although SD was
shown to increase alcohol SA in both groups, only SD-prone rats displayed heightened
motivation for alcohol, persistent alcohol-seeking despite unavailability, resistance to
extinction, and increased cue-induced reinstatement of alcohol SA[145]. Similarly,
among rats exposed to SD stress, there was a subpopulation in which SD exposure
increased anxiety-like behavior and induced escalation of alcohol SA. In comparison
with resilient rats, vulnerable rats showed a strong upregulation of vasopressin and
oxytocin that correlated positively with the magnitude of the anxiety-like behavior and
alcohol SA[146]. These studies suggest that proneness to depression or anxiety
enhances vulnerability to AUD, while resilience to mental disorders induced by stress
can protect the individual from the development of AUD.

No studies have evaluated resilience to the effects of SD on the rewarding effects of
drugs of abuse other than cocaine and alcohol, although one did show that a single SD
episode combined with drug priming potentiated the reinstatement of methamphe-
tamine SA (in comparison with priming alone). Interestingly, the defeat latency during
the episode of SD correlated with reinstatement values and c-Fos-immunoreactivity in
the basolateral amygdala; priming-induced reinstatement and c-Fos were both
potentiated in rapidly defeated rats. Conversely, these effects were not observed in
rats that were undefeated during the social encounter, but inactivation of the
basolateral amygdala induced potentiation of reinstatement, suggesting that this
structure mediates resilience against SD stress[144]. The positive correlation between
reinstatement and passive coping (high values of reinstatement in animals with lower
latency defeat) was reported in another study, although the authors questioned its real
meaning, and proposed that active coping behaviors during SD episodes were

WJP | https://www.wjgnet.com 40 January 19,2022 | Volume12 | Issuel |



Jaishideng®

Calpe-Lopez C et al. Resilience to drug addiction

associated with the magnitude of reinstatement[257]. In the study in question animals
were exposed to SD-predictive cues (discrete environmental stimuli present during the
SD stress experience) or not (control group) before reinstatement. Animals exposed to
SD-predictive cues exhibited stronger reinstatement of cocaine SA and increased
serum corticosterone with respect to the control group. Reinstatement magnitude was
positively and significantly correlated with the time spent in a “submissive supine
posture”, considered a “passive” coping response. However, there was a narrow
(though non-significant) correlation between the magnitude of resilience and three
behavioral categories indicative of active coping responses; “aggressive
allogrooming”, “dominant posture”, and “retreat”. Further studies are needed to
determine the real nature of the correlation between the coping strategy of mice
during defeat and subsequent vulnerability to reinstatement.

Although scarce, there is research on resilience to the effects of stress on drug
reward carried out with other paradigms of social stress. Mice segregated according to
whether they are vulnerable or resilient (socially-submissive or socially-dominant
mice, respectively) were exposed to CMS for 4 wk; vulnerable, submissive mice
displayed a marked increase in cocaine preference after stress, whereas the preference
of resilient, dominant mice did not change. In addition, vulnerable mice displayed an
increase in the expression of CRF and a reduction in the expression of DA D1 and D2
receptors in the hippocampus[159]. Following exposure to predator odor stress,
animals were classified as susceptible or resilient based on EPM behavior and context
avoidance; as expected, susceptible animals showed heightened motivation to self-
administer cocaine[141]. With the same model, female and male rats were classified
according to their stress-reactive behavior (digging and immobility during exposure to
the predator odor); no different subgroups could be distinguished in males because all
presented the same profile, but female rats were composed of two different
populations - high digging/low immobility vs low digging/high immobility - and the
former showed increased alcohol SA[147].

Early-life adversity consisting of rearing mouse pups in a limited bedding and
nesting environment facilitates the escalation of ethanol intake in males at an earlier
stage of exposure to alcohol, while females are insensitive to both stress and alcohol. In
the study in question, stressed males exposed to alcohol showed reduced open arm
exploration in the EPM and increased immobility in the TST compared to alcohol-
naive mice, although they did not differ in grooming response in the splash test, novel
object recognition test or corticosterone levels. There were also no differences among
control-reared males exposed or not to alcohol. The authors concluded that early stress
accelerates the transition from moderate to excessive alcohol drinking and produces
anxiety- and depression-like symptoms during alcohol withdrawal[92].

Finally, foot shock stress has been shown to increase two-bottle drinking in some
mice, although others show resilience to this effect, displaying higher G-CSF, IL-13,
and leptin levels[164]. All these studies suggest that differences in the ability to cope
with stressful situations or in the response to stress results in varying tendencies to
develop addictive behaviors.

Stress and drug use can lead to common alterations in synaptic plasticity that may
contribute to the ability of stress to elicit relapse. For example, disruption of PKC-
mediated GluA2 phosphorylation increases vulnerability to both SD-induced
enhancement of social avoidance and stress-induced reinstatement of cocaine AA and
CPP[258]. Study of resilience to the reinstating effects of SD stress may help to identify
therapies that prevent stress-induced relapse. In line with this, Bruchas et al[202]
demonstrated that SD stress produced reinstatement of cocaine-induced CPP in wild-
type mice, but not in mice with a selective deletion of p38a MAPK in DRN
serotonergic neurons. The antagonism of DA D3 receptors also prevents the SD-
induced reinstatement of cocaine CPP and the increase in corticosterone provoked by
SD[259]. Similarly, elimination of Rgs7 (a regulator of G-protein-coupled receptors) in
striatal neurons induces a resilient phenotype, since mice do not show SD-induced
reinstatement of cocaine CPP and exhibit an anxiolytic- and antidepressant-like profile
[163]. Finally, our group has demonstrated that cannabidiol can prevent SD-induced
reinstatement of cocaine CPP[154]. Altogether, these studies suggest that resilience to
the effects of social stress on relapse to cocaine seeking can be pharmacologically
enhanced.

FUTURE RESEARCH DIRECTIONS

An important variable in the development of resilience is sex. Studies on resilience to
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stress in animal models have been performed almost exclusively in males, although
the prevalence of stress-related disorders clearly differ between males and females
[260]. Some studies have shown sex differences in vulnerability and resilience to stress
through a lifetime. Prenatal or early stress affects males more than females, inducing
problems in social interaction, attention and cognition; conversely, adolescent stress
induces more effects in females, increasing the risk of depression, anxiety and PTSD
[261]. Thus, research suggests that hormonal activation during puberty, pregnancy or
perimenopause highlights the risk associated with stress in females. Furthermore, in
comparison with males, female rodents are more resilient to the effects of stress on
cognitive processes (for example, in the object recognition task), but are more
susceptible to the effects of stress in emotional domains (for example, in the sucrose
preference and the FST)[86,87]. In fact, the effects of stress on cognition depend on
both sex and the learning task. For example, stress improves the performance of radial
arm maze, Morris water maze, Y-maze, non-associative learning, and object
placement tasks in females, but impairs it in males[262-264]. Conversely, stress
enhances learning of aversive conditioning in males but impairs it in females[265,266].
These data point to the possibility that males and females use different coping
strategies in the face of stress[5]. Females are more resilient than males to the
impairing effects of chronic unpredictable intermittent restraint on spatial memory,
suggesting that chronic stress negatively impairs hippocampal-dependent function in
males, but not in females[125]. Sexual differences in the consequences of stress on
corticolimbic areas[267], including the brain reward system and the NAcc[202,250],
and on the NA LC system[109] have also been reported. In fact, there are sex
differences in the effects of ketamine on resilience to chronic stress, as this drug is only
effective in males[268]. Research on sex differences in vulnerability and resilience to
stress in general and in the field of drug abuse in particular should be a priority of
future research. The knowledge obtained by studies with females is critical to the
development of effective treatments customized for each sex, which may improve
psychological disorders derived from or related with stress, including drug addiction.

Age is another essential variable to be taken into account in the study of resilience to
the effects of stress. Adolescents are particularly sensitive to environmental influences,
since DA circuitries in the PFC undergo maturational changes at this age. This can
render adolescents more vulnerable to the effects of SD. For example, we have
observed how SD exposure during adolescence induces a long-term increase in vulner-
ability to reinstatement[78,155]. A recent study has compared adolescent and adult
mice according to their resilience or susceptibility to social avoidance behavior after
SD exposure. Although the majority of adolescent mice were resilient, they exhibited
risk-taking behavior, alterations in PFC DA connectivity and deficits in inhibitory
control when they reached adulthood. Conversely, the majority of adult mice were
susceptible (they exhibited social avoidance), but did not show alterations in anxiety-
like traits, PFC connectivity or cognition[269]. Chronic SD stress in adolescent mice has
a profound impact on the development and plasticity of reward circuity, inducing
alterations in the glutamatergic development of the NAcc and mesolimbic DA system
[270]. In our laboratory we are now studying the behavioral traits that characterize
resilient mice exposed to IRSD stress during early adolescence, with the objective of
comparing the results with those of our previous study in adult mice. As maternal
experience promotes resilience to the effects of stress on cognition[271], we believe it
could be interesting to evaluate how maternity modifies resilience to the effects of SD
on drug reward and other behavioral outcomes. The study of stress resilience in the
context of aging is very limited[165] but necessary, because the likelihood of the mood
and cognitive disorders frequently associated with drug addiction increases in older
adults. Thus, future research on resilience must be extended to cover the whole
lifespan, with a special focus on critical periods such as prenatal or early life,
adolescence, maternity and old age. In addition, it is essential to determine if resilience
is a stable trait or changes with time. In this context, a recent study has analyzed the
behavior of stressed mice after chronic SD at early and late stages of their lives and has
found very dynamic courses of behavior: there are those that are consistently resilient
or susceptible over time; those that are susceptible in the short term after stress, but
recover with time; and there are animals that are initially resilient but develop vulner-
ability at a later date[112].

Another area of future research in the field of resilience to the effects of stress on
drug addiction is that which explores the behavioral or pharmacological manipu-
lations that increase or promote resilience to the effects of stress on drug reward.
Regarding behavioral manipulations, we have observed that mice allowed to perform
voluntary physical exercise before exposure to IRSD become resilient to the effects of
stress on cocaine-induced CPP (Calpe-Lépez et al[93], in preparation). Positive social
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conditions, such as paired housing, also increase stress resilience and reverse the
potentiation of cocaine reward induced by IRSD, effects that are mediated by oxytocin
[161]. In addition, it is essential to improve our understanding of the phenomenon of
stress inoculation in order to define the right type and level of stress and the influence
of age and sex variables. In recent studies we have tested the effects of different types
of stress inoculation, which can modulate the subsequent response of mice to IRSD. In
particular, a brief maternal separation (6 h on PND 9) or exposure during adolescence
(PND 27) to immobilization, to a single SD or a vicarious defeat experience all induced
resilience, and mice did not show cocaine-induced CPP (Calpe-Lopez et al[93], in
preparation).

Regarding pharmacological manipulations, preclinical studies have shown the
effectiveness of several pharmacological treatments in models of resilience to the
effects of stress on depressive- and anxiety-like symptoms and in animal models of
drug addiction. These studies have highlighted the potential of several drugs that may
increase resilience to some of the effects of social stress, including cannabidiol, NMDA
antagonists and NOS inhibitors, NPY, galanin, and OX receptor modulators. Thus, it
may be interesting to test whether these compounds are a therapeutic target to
increase resilience to the effects of stress on drug addiction. Among these compounds,
we would highlight cannabidiol, which is effective in reducing PTSD[272] and the
effects of cocaine and other drugs of abuse[273,274,275]. A recent study in our
laboratory demonstrated that cannabidiol prevents the stress-induced reinstatement of
cocaine CPP[154]. Thus, it would be interesting to test the potential of cannabidiol to
promote resilience to the effects of stress on the rewarding properties of drugs of
abuse. We consider this drug to be a promising pro-resilience compound. Similarly,
several studies have demonstrated that the NMDA antagonist ketamine exerts
protective effects against the long-term consequences of different kinds of stress in
animal models[165,174]. We believe this drug may prevent the long-term effects of
stress on drug addiction, as we have demonstrated that another NMDA antagonist,
memantine, induces resilience to the effects of social stress on the CPP induced by
cocaine in mice[77]. In the same way, the effects of nitric oxide (NO) modulators need
to be evaluated, since exposure to stressful events activates NO synthase (NOS), while
pharmacological inhibition of NOS reduces depressive and anxious behaviors in
animal models[276]. Furthermore, previous studies have demonstrated that NO is also
involved in the rewarding effects of drugs of abuse[79,277], and NOS inhibition has
been shown to prevent the effects of social stress on the rewarding properties of
MDMA in the CPP paradigm[157].

The role of several neuropeptides in the effects of stress in animal models of drug
addiction must also be evaluated. As commented on in the previous section, NPY is
involved in the regulation of stress responses and plays an important role in emotional
behaviors, mediating PTSD and addictive disorders[213-214]. Thus, NPY, as well as
galanin[83,84], could induce resilience and prevent the effects of stress on drug
addiction. OX play an important role in the response to stress and drugs of abuse
[219]. In particular, OX-A activates the HPA axis and induces ACTH and corticos-
terone release[218]. Furthermore, the antagonism of OX1 receptor blocks the stress-
induced reinstatement of cocaine seeking[224,278], and the genetic manipulation of
animals to induce a deficiency of OX has been shown to reduce cocaine-seeking after a
withdrawal period and responsivity to cocaine-associated cues[22]. Conversely,
agonism of the OX2 receptor promotes resilience to the anxiety- and depression-like
symptoms induced by SD[224]. Thus, it would be of interest to test whether OX1
antagonists or OX2 agonists increase resilience to the effects of SD in animal models of
drug addiction. Finally, p38 MAPKs are key signaling molecules in response to stress,
regulation of pro-inflammatory cytokines and drug addiction. For these reasons, p38
MAPK and HDACS6 inhibitors are promising drugs, because they might increase
resilience against stress and addiction relapse induced by adverse experiences[160].

It is vital that future research focus on other drugs of abuse, since, with the
exception of one study on methamphetamine, cocaine and alcohol are the only drugs
to have been evaluated. It is also important to study the relationship between different
aspects of resilience (for example, between resilience to the development of depressive
symptomatology and resilience against developing drug addiction after stress
exposure). Frequently, resilience to a particular effect of stress does not imply
resilience to another effect. For example, inhibition of 5-HT synthesis provides
resilience against the effects of CMS in the open field, but not in the EPM[103]. Pre-
treatment with ketamine before SD protects mice against depressive-like behavior in
the FST but does not prevent anxiety-like behavior in the EPM[60]. A recent study
showed that susceptibility to SD-induced social avoidance is unrelated to suscept-
ibility to develop a deficit in appetitive, goal-directed motivation after SD; however,
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motivational impairments were related to ventral hippocampus hyperactivity, since
successful task completion in resilient animals was associated with suppression of
ventral hippocampal neural activity[279]. Similarly, rats displaying high cognitive
competence in the Y-maze and radial arm maze are also resilient to the negative effects
of the FST[280]. Resilience to the effects of SD on cocaine and alcohol reward
frequently correlates with the absence of depressive-like symptoms[70,93,143,145].

Finally, translational studies of potential cognitive treatments to increase resilience
are essential. For example, cognitive training in humans reduces vulnerability in the
face of environmental stress. Similarly, it has been observed that a brief 9-day
cognitive training can promote long-term resilience to the CPP induced by cocaine in
mice, thus accelerating the extinction of CPP[158]. Coordination between human and
animal studies is also required to understand the neural circuit of resilience, and
neuroimaging techniques in humans can be combined with classic or more innovative
methods in animals.

CONCLUSION

In the fields of medicine and psychology, the concept of resilience has implied a
change of paradigm, placing the focus on factors that maintain health and promote
wellness. The majority of research on drug addiction aims to identify individual and
environmental factors that enhance the vulnerability of a subject to drug addiction.
From our point of view, the incorporation of the concept of resilience - a complex,
multidimensional construct - will allow scientists to unravel the neurobehavioral traits
that confer protection against developing an addictive disorder after exposure to
stressful or traumatic events, as well as permitting the underlying neurobiological
substrates of resilience to be determined.

Overall, our understanding of the neurobiology of resilience is still at an early stage,
but research in the last decade has made leaps and bounds by identifying genetic,
epigenetic, molecular, neurochemical, psychological and environmental factors that
protect individuals from the neuropsychiatric disorders related to stress[9,281-284].
Currently, resilience is considered an active and dynamic process that can be enhanced
to allow individuals to adapt positively to a stressful context that, in other cases, could
increase the risk of developing a psychiatric disorder. This concept of resilience has
fueled the number of studies focused on specific protective factors and how the
neurobiological mechanisms of resilience (HPA axis, GABA, serotonin, glutamate, DA,
NA, acetylcholine, endocannabinoids, BDNF-TrkB, OX/hypocretin, NPY, galanin, etc.)
can be manipulated to increase stress resilience in high-risk individuals and thus
prevent the development of psychiatric disorders related to stress[165,219,281,284-
286]. However, as stated before, most studies to date have focused on resilience to the
development of emotional and anxiety disorders, while those on resilience to addictive
disorders are few and far between. The members of our research team are pioneers in
the study of resilience to stress in the context of drug addiction. Besides identifying
behavioral traits that predict resilience in mice[93], we have highlighted behavioral
manipulations (papers in preparation) and pharmacological treatments that increase
resilience to the effects of stress in preclinical models of drug addiction. In particular,
antagonism of glutamate receptors and inhibition of NOS reverses the effects of IRSD
on cocaine and MDMA CPP[77,157,287], while cannabidiol reduces the effects of
cocaine[154,273,274] and blocks SD-induced reinstatement of cocaine CPP[154].

Although promising, research on resilience to developing drug addiction after stress
in animal models is not devoid of limitations; namely, the difficulty of determining the
intensity and duration of exposure to adversity, and the definition of a concrete
criterion to consider an animal resilient (absence or reduction of substance use;
resistance to developing a SUD or to reinstatement of drug seeking, etc.). In addition,
the incorporation of females and rodents at different developmental ages is crucial if
the realities of resilience are to be fully understood.

From a translational point of view, understanding how an individual develops
resilience is of paramount relevance to the design of training programs that increase
this ability and promote coping mechanisms, especially in subjects with a maladaptive
stress response. There is a well-known link between stress and the development of
AUD/SUD, anxiety and depression disorders. Comorbidity between these disorders is
frequent and associated with more severe symptoms and poor treatment outcomes.
Besides reducing addictive behaviors, resilience training may have positive effects on
mental health, reducing vulnerability to the development of anxiety, depressive, and
cognitive disorders. Advances in the identification of neurobiological substrates of
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resilience will help in the development of pharmacological and psychological
interventions for enhancing resilience to adversity and stress.
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