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AIM OF THE STUDY 

The general goal of the thesis work is to unravel the potential biological 

factors underlying vulnerability to depression in adolescence, paying attention to 

sex differences, and then to identify improved therapeutic strategies based on a 

drug by environment interaction. To achieve this goal, I have performed three 

preclinical studies. 

Study 1. We investigated the neurobiological bases of depression-like 

behavior in adolescence. Since the immune system and neural plasticity have 

been recently implicated in depression, we assessed their contribution to the 

onset of the psychopathology in the two sexes. To this aim, we isolated mice 

during adolescence and phenotyped their behavioral responses and 

inflammatory and plasticity markers.  

Study 2. We explored how to improve selective serotonin reuptake inhibitor 

(SSRI) treatment efficacy for adolescent-onset depression, reportedly associated 

with treatment resistance. We exploited a drug x environment interaction strategy 

as an increasing number of studies indicate that SSRIs do not univocally lead to 

recovery but amplify the influence of the environment on mood. Our hypothesis 

was that (1) for an effective recovery, a favorable environment is key since it 

regulates behavior, improving the depression-like phenotype, (2) fluoxetine 

treatment, by enhancing plasticity, amplifies the beneficial effects of the favorable 

environment, and (3) the effects of fluoxetine are environment-dependent. To test 

a such hypothesis, we treated depressed-like mice with the SSRI fluoxetine in 

either a standard or an enriched environment and measured behavioral and 

hormonal endpoints reportedly affected in depression.  

Study 3. Since the quality of the living environment does not depend only 

on its objective features, but also on the subjective experience of it, we 

investigated whether the latter is key in determining SSRI treatment outcome. To 

explore such a hypothesis, we generated two groups of mice showing distinct 

experiences of the environment, according to their response to social and 

emotional stimuli, and assessed whether fluoxetine outcome differs according to 

their subjective experiences.  
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GENERAL ABSTRACT 

Adolescence is a critical developmental phase during which adverse 

experiences, such as a lack of appropriate social interactions, increase the 

vulnerability to major depression and raise the risk of antidepressant treatment-

resistance in adulthood. In addition, adolescent adverse experiences have been 

shown to have a gender-dependent effect, with girls being more susceptible to 

mental illness than boys. However, the biological processes underlying both the 

onset of psychopathology, including the sex-dependent vulnerability, and the lack 

of response to antidepressant treatments have not been identified yet. To 

investigate such biological processes, we have performed three independent 

studies. 

Study 1. We aimed at identifying the neural bases of adolescent-onset 

depression and sex-dependent vulnerability. Special attention was paid to neural 

plasticity and immune function that recently have been critically involved in this 

psychopathology. To this aim, we exposed C57BL/6 male and female mice either 

to standard laboratory housing (i.e., controls) or to social isolation during 

adolescence and phenotyped their behavioral and hormonal responses. Our 

results show that isolation leads to depressive- and anxiety-like phenotype and 

reduced neural plasticity and inflammatory markers in both sexes, though 

affecting different behavioral domains: females showed more marked 

impairments in the emotional domain, while males displayed alterations in the 

cognitive domain and stress response. These findings suggest that social 

experiences in adolescence represent a key factor in the neurodevelopment of 

both sexes and that the sex-differences in vulnerability to depression could be, 

at least in part, ascribed to biological factors and not to cultural and social 

influences. 

The aim of Study 2 was to explore the role of the interplay between the 

environment and SSRIs in the recovery from adolescent-onset depression-like 

phenotype. According to recent findings, we hypothesized that a supportive 

environment is critical for recovery and antidepressant treatment can further 

enhance such beneficial action. To test this hypothesis, C57BL/6 male mice have 
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been exposed to social isolation from weaning to adulthood to induce a 

depressive-like phenotype. We then compared the efficacy of the exposure to an 

enriched environment, the administration of selective serotonin reuptake inhibitor 

(SSRI) fluoxetine, and their combination to treat depression-like adult mice. The 

control group consisted of mice not exposed to social isolation during 

adolescence and socially housed. We assessed the effects of the different 

treatment strategies on the cognitive and emotional domains and stress hormone 

levels. Our results showed that environmental enrichment alone or in 

combination with fluoxetine, but not fluoxetine alone, counterbalanced the 

detrimental effects of isolation on the depression-like phenotype. Our findings 

outline the relevance of environmental interventions alone or in combination with 

SSRI to treat adolescence-onset depression and confirm that SSRIs do not 

univocally lead to recovery but amplify the influence of the environment on the 

emotional response. 

With Study 3, we explored the influence of the subjective experience of the 

environment as a determinant of SSRI treatment outcome. Since the quality of 

the living environment determines SSRI outcome and depends not only on its 

objective features but also on the subjective experience of it, we hypothesized 

that the latter plays a key role in determining antidepressant efficacy. To test this 

hypothesis, we generated two experimental groups of CD-1 male mice that 

reportedly show different subjective views of the environment, as they differently 

reacted at emotional and social levels to the same environmental stimuli. These 

distinct socioemotional profiles were generated by rearing mice either in standard 

laboratory conditions (SN) or in a communal nest (CN). Twenty-one days of 

fluoxetine produced different effects in the two groups, increasing offensive and 

anxious responses in SN while producing opposite effects in CN mice. BDNF 

regulation was modified accordingly. These results indicate that the subjective 

experience of the environment determines fluoxetine outcome. In a translational 

perspective, our findings point out the need to consider not only the objective 

quality but also the subjective experience of the patient’s living environment to 

develop effective personalized therapeutic approaches in psychiatry.  
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1.  Adolescent-onset depression 

 

Adolescence is a critical phase of development 

Adolescence is the transitory stage between childhood and adulthood (from 

10 up to 24 years) and represents a critical phase of individuals’ physical and 

psychosocial development (Christie and Viner, 2005). During this period, 

adolescents experience not only biological and physical changes (Sawyer et al., 

2018), but they go through relevant modifications in their social environment, 

such as the transition from primary to secondary school associated with an 

increase in the number of peers, and in the time spent with them (Andrews et al., 

2021; Blakemore, 2019). These modifications in their psychosocial environment 

are accompanied by the structural and functional maturation of brain regions 

involved in social and emotional regulation that continues till adulthood (Andrews 

et al., 2021). It is increasingly evident that this important transition phase is 

associated with vulnerability to psychopathology. Youths and young adults are 

highly susceptible to major depression episodes, consistent with recent literature 

reporting that rates of depression increased by 52 percent between 2005 and 

2017 among adolescents and 63 percent between 2009 and 2017 in young 

adults (Twenge et al., 2019; Fig.1). 

 

Figure 1. Major depressive episodes in the past year among people aged 12+. Youths and 
young adults reports rising and quick rates of major depressive episodes. Results from the National 
Survey on Drug Use and Health 2020 (NSDUH;SAMSHA, 2020). 
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Clinical features 

Depression often has an onset in adolescence (Timbremont et al., 2004) and 

represents a leading public health problem in this age phase with a prevalence 

of 3-5% in mid to late adolescence (Byrne et al., 2015). Symptoms and criteria 

for diagnosing this psychopathology are reported in the Diagnostic and Statistical 

Manual of Mental Disorders 5th edition (DSM-5), published by the American 

Psychiatric Association, and by the World Health Organization (WHO). The DSM-

5 criteria for the major depressive disorder include a 2-week period where at least 

five out of nine symptoms are present most of the day, almost every day. These 

symptoms can be divided into the following three groups: 

• Core symptoms, such as depressed mood, loss of interest or pleasure, 

irritability 

• Cognitive symptoms, such as excessive guilt, loss of concentration, and 

suicidal thoughts 

• Vegetative symptoms, such as a change in appetite and body weight, 

insomnia or hypersomnia, psychomotor agitation or retardation, loss of 

energy 

Vegetative symptoms appear more common in depressed adolescents than 

in depressed adults (Rice et al., 2019), with concentration problems, feelings of 

worthlessness/guilt, and sleep disturbance associated with mild depression, 

while psychomotor agitation/retardation, weight, and appetite change, and 

suicidal ideation or attempts associated with severe depression (Cole et al., 

2011). In addition, adolescent depression is characterized by changes in several 

social behaviors and features such as loss of interest in peer play or school 

activities, school refusal, frequent absences, and disengagement from peer play 

(Bhatia and Bhatia, 2007), showing that the socio-emotional development is key 

during this period. Adolescents with mental health conditions are particularly 

vulnerable to social exclusion, discrimination, educational difficulties, risk-taking 

behaviors, physical ill-health, and human rights violations (WHO, 2021). Indeed, 

depression in adolescence represents the major risk factor for somatic disease, 

premature death, and suicide among teenagers (Byrne et al., 2015; Leone et al., 

2021). About 90% of adolescents who commit suicide have been diagnosed with 
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a psychiatric disorder. The single most common diagnosis is major depression, 

which presents in 35% of suicidal adolescents (Wilkinson et al., 2011; Fig.2). 

 

 

Figure 2. Developmental-transactional model of youth suicidal behavior. This model suggests 
that suicidal behavior may arise through an interaction of two sets of vulnerabilities – major 
psychiatric disorder, most commonly mood disorder, and a tendency to impulsive aggression, 
which in turn may have neurobiological correlates such as impaired executive functioning and 
altered serotonin metabolism in the ventral prefrontal cortex (modified by Bridge et al., 2006). 

 

Sex-related difference 

Females are approximately twice as likely as males to be depressed, a 

phenomenon that emerges during puberty and remains stable in adulthood (Salk 

et al., 2017; Fig.3). In particular, depressed females are more likely to display 

higher and more severe symptoms compared to males (Marcus et al., 2005). Sex 

also influences comorbidities in individuals with a primary diagnosis of 

depression: females are more likely than males to develop anxiety (Schuch et 

al., 2014), while males show higher comorbidity with substance use disorders 

(Marcus et al., 2005; Schuch et al., 2014). Several studies show that male and 

female subjects have a similar risk for depression during childhood, but female 

subjects begin to have a higher risk when they reach their early teens (Angold 

and Costello, 2000; Cohen et al., 1993; Hankin et al., 1998; Thapar et al., 2012). 
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Sex hormones may play a key role in this sex-related difference, given their 

increased influences on brain and behavior development during puberty 

(Naninck et al., 2011). However, Breslau and collaborators suggest that the sex 

difference in depression originates during childhood and grows in magnitude 

during adolescence (Breslau et al., 2017). Therefore, further studies to validate 

this hypothesis are still warranted. 

 

 

Figure 3. The prevalence of major depressive episodes among United States (U.S.) 
adolescents in 2020. An estimated 4.1 million adolescents aged 12 to 17 in the United States had 
at least one major depressive episode. This number represented 17.0% of the U.S. population 
aged 12 to 17. The prevalence of major depressive episodes was higher among adolescent 

females (25.2%) compared to males (9.2%, modified by SAMSHA, 2020).  

 

Brain-immune crosstalk in the onset of adolescent depression 

The relative contribution of biological and cultural factors to adolescent-onset 

depression and to the sex-dependent vulnerability to depression is not yet clear 

(Conley and Rudolph, 2009). An increasing number of preclinical and clinical 

findings implicate the brain-immune crosstalk as a key determinant in the onset 

and treatment of psychiatric disorders – from depression to schizophrenia 

(Branchi, 2011; Branchi et al., 2021; Bullmore, 2018; Milaneschi et al., 2020; 

Pariante, 2016; Thibaut, 2018; Viglione et al., 2019). In particular, the expression 

of inflammatory cytokines in the brain has been reported to be involved in the 

pathogenesis of and susceptibility to depression, indicating adolescence as a 
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unique stage of immune development (Granata et al., 2022; Mariani et al., 2021). 

The link between disturbances in the immuno-inflammatory system and the 

etiology and pathophysiology of several psychiatric disorders has been 

specifically explored, making the field of immunopsychiatry rise (Dantzer et al., 

2008; Leboyer et al., 2016a; Leboyer et al., 2016b; Pariante, 2017). Some 

authors have hypothesized that an increase in inflammatory markers occurs 

before the onset of depressive symptoms, suggesting that immune system 

activation precedes psychopathology (Gimeno et al., 2009; Liu et al., 2019; 

Pasco et al., 2010). Others proposed an opposite temporal relationship, 

suggesting that psychiatric disorders cause an impairment in 

immunocompetence, leading to an increased vulnerability to infectious diseases 

(Copeland et al., 2012; Dantzer, 2012) or reported a lack of correlation (Copeland 

et al., 2012; Dantzer, 2012; Levine et al., 1999). In addition, only 30% of 

depressed patients show high inflammatory levels (Raison et al., 2006) and, in 

turn, depression does not always follow an immune activation (Raison and Miller, 

2011). Since stress increases both immune response and the risk of psychiatric 

disorders, exposure to stressful conditions, including childhood adversity, has 

been hypothesized to represent the common factor triggering the increase in both 

inflammatory markers and the likelihood of depression (Benros et al., 2013; 

Garcia-Bueno et al., 2008; Muller et al., 2019). Adverse childhood events 

occurring in late childhood and adolescence, but not earlier in life, were recently 

reported to be associated with persistent immune abnormalities (Iob et al., 2022), 

suggesting immune signaling may be particularly influential during the adolescent 

period and that it may play a crucial role in the onset of psychopathologies. 

 

Adolescent depression and the risk of relapse in adulthood 

Adolescent depression increases the risk for subsequent depression and 

anxiety disorders in adulthood (Hill et al., 2014; Johnson et al., 2018; Fig.4). 

Several clinical studies have shown that depressed adolescents are more likely 

than their non-depressed peers to subsequently have depression, as well as non-

mood disorders (Fergusson and Woodward, 2002; Harrington et al., 1990; 

Lewinsohn et al., 1999; Rao et al., 1995). The persistence of adolescent 
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depressive symptoms is predictive of subsequent mental health. A forty-year 

follow-up of the 1946 British birth cohort showed that adolescents with 

internalizing disorders at both ages 13 and 15 were more likely than healthy 

adolescents to have adult mental disorders and to be treated for mental disorders 

(Colman et al., 2007). In addition, a long duration of depression in adolescence, 

a period of rapid mental development and acquisition of knowledge and social 

skills, might be particularly devastating to future mental health. Thus, a better 

comprehension of the social and biological processes underlying the onset of 

psychopathology represents an urgent need. 

 

 

Figure 4. Meta-analysis of the association between adolescent depression and adult 
depression. The pooled estimate from 11 articles showed that adolescent depression increased 
the odds for adult depression by a factor of 2.78 suggesting a positive association between 
adolescent depression and adult psychopathology. CI, confidence interval; df, degrees of freedom; 

IV, independent variable (Johnson et al., 2018). 
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2. The role of early experiences and adversity in adolescent-onset 

depression: the lack of life skills 

 

Early adversities and the lack of appropriate social experiences can 

trigger psychopathologies 

During adolescence, individuals negotiate puberty and the completion of 

growth, take on sexually dimorphic body shape, develop new cognitive skills 

(including abstract thinking capacities), a clearer sense of personal and sexual 

identity, and a degree of emotional, personal, and financial independence from 

their parents (Christie and Viner, 2005). Internal physical and psychological 

changes interact with external or social changes and, although puberty is largely 

biologically determined, the greater part of psychological and social development 

depends on environmental and sociocultural influences (Christie and Viner, 

2005). Adolescents redefine themselves in relation to others, experience 

emotional separation from their parents, strong peer identifications and sexual 

peer interest, and increased exploratory behavior. The modifications in the 

adolescent psychosocial environment are accompanied by the structural and 

functional maturation of brain regions involved in social and emotional regulation 

that continues till adulthood (Andrews et al., 2021). These brain changes are 

experience-dependent and without proper social stimuli result in neural and 

behavioral maladaptive outcomes (Dow-Edwards et al., 2019; Fig. 5). 

 

Figure 5. Impact of environmental stimuli on adolescent brain maturation. After birth, external 
stimuli trigger, via subcortical structures, the final maturation of specific cortical areas during critical 

and sensitive periods (Dow-Edwards et al., 2019). 
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In such a challenging period, early negative experiences or adversities could 

affect adolescent development. Adolescents exposed to life stressors (i.e. 

parental divorce, death of a parent, or other family adversities) or physical 

adversities (i.e. undergo maltreatment in early life) are three times more likely to 

develop depression or to attempt suicide than individuals without a history of 

stressful life events (Flament et al., 2001; Lewinsohn et al., 2001). Several 

studies show how adverse early life events, associated with a dysfunctional 

socioemotional environment, predict the onset of major depressive disorder in 

adolescence and its recurrence (Lewinsohn et al., 2001; Lewinsohn et al., 1999). 

Adolescent interpersonal relationships and peer interaction have been linked to 

anxiety and depression till adulthood. In particular, Jacobson and colleagues 

showed that adolescent perceptions of both close (e.g., “best friendships”) and 

group relationships (e.g., classroom peer groups) significantly mediated the 

relationship between adolescent anxiety and adult levels of depression. 

Adolescent perceptions of not feeling loved or accepted in close relationships 

may be a mechanism by which heightened anxiety in adolescence leads to 

clinical depression in adulthood (Jacobson and Newman, 2016). Therefore, 

adversities involving the lack of appropriate emotional and social experiences 

during adolescence jeopardize individual development and can trigger 

psychopathologies, such as major depressive disorder (Almeida et al., 2021; 

Viduani et al., 2021). Indeed, in adolescents and young adults, social isolation 

has been associated with poor mental and physical health (Christiansen et al., 

2021). Based on these evidences, McCrory and collaborators reviewed a 

neurocognitive social transactional model of psychiatric vulnerability focused on 

the neuroprotective role of a supportive social architecture (McCrory et al., 2022). 

In particular, they show how a child who has experienced maltreatment (repeated 

exposure to abuse or neglect, or both) and subsequently exposed to further risk 

factors and a lack of protective influences such as social thinning, has an 

increased risk of psychiatric disorder (Fig.6). On the contrary, a child who has 

experienced maltreatment and is subsequently exposed to a range of protective 

influences that help build and maintain their social relationships has a more 
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adaptive social architecture which contributes to a decreased risk of psychiatric 

disorder (McCrory et al., 2022; Fig.7). 

 

 

Figure 6. A schematic illustration of the neurocognitive social transactional model. This 
scenario depicts a child who has experienced maltreatment (repeated exposure to abuse or 
neglect, or both) and subsequently experiences further risk factors and a paucity of protective 
influences. In this context, increased stress generation and social thinning lead to an impoverished 
social architecture, contributing ultimately to an increased risk of psychiatric disorders (McCrory et 
al., 2022). 

 

 

Figure 7. A second version of the neurocognitive social transactional model. This scenario 
depicts a child who has experienced maltreatment (repeated exposure to abuse or neglect, or both) 
and subsequently experiences a range of protective influences that help build and maintain their 
social relationships, and relatively few risk factors. In this context, less stress generation and social 
thinning lead to a richer, more adaptive social architecture, contributing ultimately to a decreased 
risk of psychiatric disorders (McCrory et al., 2022). 

 

Therefore, experiences during childhood and adolescence could represent 

both a protective and a risk factor for psychopathologies. Children could adapt 



20 
 

well to change and acquire security and a balanced social position, with 

consequent positive results for both physical and psychological health, or they 

could be overwhelmed by these changes with harmful and difficult-to-repair 

consequences (Andrews et al., 2021). In this framework, the social architecture 

specifically consists of both family and peers. Indeed, the family context has a 

relevant influence in preventing the onset of mental stress, and depression in 

adolescents. It is widely known that a positive family context, very cohesive, 

welcoming, and with little conflict, improve the condition of adolescents and the 

tools to cope with difficult ones (Rice et al., 2006). A negative family context, with 

conflicts between parents, parent and child, and parental substance abuse, leads 

teenagers to internalize their difficulties, and symptoms associated with 

depression (Mason et al., 2009). Other studies underline the key role of social 

networking in adolescent life and the onset of disease. For instance, adolescents 

who attend social groups experiencing one or more substance abuse, have a 

higher risk of depressive onset than adolescents do not expose to drug abuse in 

their social networks (Mason et al., 2019). On the contrary, extracurricular 

activities are considered positive tools of protection against mental stress and 

depression (Mason et al., 2009). Longitudinal studies on social networks have 

shown that these risk behaviors are associated with belonging to a negative 

group and the behavior of the individual changes over time in relation to how 

friends behave (Andrews et al., 2021). These findings suggest the critical role of 

social stimuli and environment in children and adolescents’ development and in 

the prevention and treatment of psychopathologies. 

 

Increased rate of psychiatric disorders after forced isolation due to 

COVID-19 pandemic 

In the last three years, the COVID-19 pandemic has dramatically impacted 

the social life of adolescents worldwide (Branje and Morris, 2021). Many 

governments have implemented preventive measures to contain the SARS-CoV-

2 spread, including prolonged school closures and home confinement that forced 

children and adolescents to experience a prolonged state of psychophysical 

isolation from their peers, teachers, and community networks, radically reducing 
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the opportunities for them to engage in face-to-face activities (Loades et al., 

2020). This condition has increased the rates of psychiatric disorders during and 

after the enforced isolation ended (Loades et al., 2020; Orben et al., 2020); 

Fig.8). The global prevalence of child and adolescent depression and anxiety has 

doubled pre-pandemic estimates (Racine et al., 2021) during the first year of the 

COVID-19 pandemic, reaching 25.2% and 20.5%, respectively, and being more 

common in girls than boys (Liu et al., 2022). Therefore, a better comprehension 

of the mechanisms involved in depression may promote mental health in 

adolescence and represents an urgent need to face the consequences of social 

deprivation before and after COVID-19. 

 

Figure 8. Perceived COVID-19 pandemic negative effect on emotional or mental health 
among youths aged 12 to 17; by past year major depressive episode (MDE) status. In Quarter 
4 of 2020 (October to December), adolescents aged 12 to 17 who had a past year MDE were more 
likely than those who did not have a past year MDE to perceive that the coronavirus disease 2019 

(COVID-19) pandemic negatively affected their mental health “quite a bit or a lot” (SAMSHA, 2020). 
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3. The antidepressant outcome depends on the environment and 

the personal capability to face the environmental challenges 

 

Antidepressant treatment 

The main therapies to treat major depression are drugs, psychotherapy, and 

Electroconvulsive Therapy, but international trends indicate an increase in the 

use of antidepressant drugs, particularly after the introduction of selective 

serotonin reuptake inhibitors (SSRIs) in the early 1990s (Whooley and Simon, 

2000). These drugs increase the extracellular level of the neurotransmitter 

serotonin by inhibiting its reuptake into the presynaptic cell. Consequently, SSRIs 

increase serotonin levels in the synaptic cleft available to bind postsynaptic 

receptors (Hiemke and Hartter, 2000). The increased levels of serotonin have 

been widely associated with brain plasticity and potentiality for modification. 

Indeed, serotonin shapes neuronal networks during development and modulates 

a wide spectrum of essential brain functions ranging from perception and 

cognitive appraisal to emotional responses in the mature brain (Lesch and 

Waider, 2012). 

The observation that the increase in the synaptic concentrations of 

monoamines leads to the improvement of depressive symptoms, based on the 

ex iuvantibus principle, drove to the adoption of the monoamine hypothesis of 

depression. It posits that decreased function of monoamine, such as 

norepinephrine and/or serotonin, caused depression, and the re-establishment 

of their balance leads to recovery (Belmaker and Agam, 2008; Heninger et al., 

1996; Krishnan and Nestler, 2008; Lesch, 2007; Wong and Licinio, 2001). 

Although monoamine imbalance might be involved in the pathogenesis of the 

disorder (Lambert et al., 2000; Meyer et al., 2006), depression affects the brain 

in a complex and sophisticated manner and its causes appear to be different from 

the decrease of monoamine concentration in the brain (Moncrieff et al., 2022). 

Indeed, it has been reported the absence of changes in monoamine levels in 

depressed patients, while the depletion of monoamines does not alter mood in 

healthy controls (Ruhe et al., 2007). SSRIs are no more efficacious or have a 

rapid onset of action than the older antidepressants drugs, like tricyclic 
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antidepressant, but their improved safety and tolerability in clinical use has been 

them the most widely used of all antidepressants (Beasley et al., 1993; 

Sternbach, 1991). Moreover, to prevent the recurrence of depressive symptoms, 

antidepressants are taken on a long-term basis and studies have reported no 

evidence of long-term safety problems with the SSRI treatment (Doogan and 

Caillard, 1992; Janicak et al., 2001). 

The use of antidepressants in youth increased substantially from 1.5% in 

1996 to 2.5% in 2005 but has remained stable in the past 10 years, with about 

2.6% in 2012 of 6–17-year-olds receiving an antidepressant medication annually 

for any indication (i.e., not only for depression). Use is much greater among 

youths with more severe mental health impairment (13.4%) than among those 

with mild or no mental health impairment (1.4%; Olfson et al., 2014; Olfson et al., 

2015). It is worrying to know that more than 70% of adolescents affected by 

depressive disorders do not receive the correct diagnosis and therefore the right 

treatment (Bhatia and Bhatia, 2007). 

 

Controversial results of serotoninergic antidepressant treatment 

A large number of studies show that treatment with SSRIs achieves mixed 

results, and patient success in achieving remission depends on several factors. 

The pivotal Treatment of Adolescent Depression Study (TADS) compared the 

SSRI fluoxetine, Cognitive Behavioral Therapy (CBT), fluoxetine + CBT 

(combination treatment), and medication placebo in 439 adolescents with 

moderate-to-severe depression (March et al., 2004). At the end of the 12-week 

acute phase, combination treatment was superior to fluoxetine monotherapy and 

CBT alone. The rates of response were 71% for combined treatment, 61% for 

fluoxetine monotherapy, 43% for CBT alone, and 35% for placebo (March et al., 

2004; Mullen, 2018). 

Conversely, two recent meta-analyses have noted a small therapeutic effect 

for all antidepressants with fluoxetine being the only antidepressant to have a 

statistically significant effect over placebo on efficacy for the treatment of 

depression (Cipriani et al., 2016; Mullen, 2018; Vitiello and Ordonez, 2016). The 

Adolescent Depression Antidepressant and Psychotherapy Trial assessed 
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subjects 11-17 years of age with moderate-to-severe depression who did not 

respond to brief initial psychosocial intervention. At the end of 12 and 28 weeks, 

SSRIs plus CBT did not provide any additional benefit over SSRIs alone and 21% 

of participants did not respond by week 28 to either treatment, SSRI or SSRI plus 

CBT (Goodyer et al., 2007). In double-blind, randomized controlled trials testing 

the efficacy of antidepressants, SSRIs demonstrate small yet statistically 

significant advantages over placebo but do not substantially improve patient 

symptoms (Le Noury et al., 2015; Fig.9). In particular, placebo response rates 

range from 30% to 50%; this high percentage occurs partly because some 

patients show a spontaneous remission from depression during the 6-8 weeks of 

the drug trial, and partly because of the power of the placebo effect, which is 

particularly noticeable in the management of psychiatric illness. Indeed, the 

efficacy of the placebo is exceptionally large, at least as that attributable to the 

antidepressants and this means that it is hard to obtain a statistically significant 

difference between the drug and placebo (Fournier et al., 2010; Kirsch et al., 

2008). 

 

Figure 9. Differences in Hamilton depression scale (HAM-D) % responders in the study of 
efficacy and harms of paroxetine and imipramine in treatment of major depression in 
adolescence. LOCF=last observation carried forward, MI=multiple imputation. (Le Noury et al., 
2015). 

 

Furthermore, in 2004, the Food and Drug Administration added a black box 

warning to all antidepressants about the increased risk of suicidal thoughts and 

behaviors for children, adolescents, and young adults. Following the issuance of 
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the warning but despite the continued diagnosis of depression, the prescribing of 

SSRIs in adolescents decreased, particularly for youth 14 years of age and 

younger (Gibbons et al., 2007). A meta-analysis of 24 studies revealed an 

increased risk of suicidal behavior or ideation for those receiving medication 

compared with placebo (4% vs 2%; Hammad et al., 2006). Therefore, it is 

becoming increasingly necessary to find more efficient and less variable 

antidepressant treatments. 

 

“Undirected susceptibility to change” hypothesis 

To explain the incomplete efficacy of SSRIs, in 2011 a novel view of the role 

of SSRI action named the “undirected susceptibility to change” hypothesis (USC) 

has been proposed (Branchi, 2011). According to such a view, the relationship 

between SSRIs administration, the consequent change in serotonin levels, and 

the recovery from depression is not a direct one. In particular, increasing 

serotonin levels per se does not univocally lead to recovery from depression, but 

may even worsen the symptomatology. The reason is that high serotonin levels 

increase brain plasticity and thus enhance biological sensitivity to context, that 

is, susceptibility to the quality of the environment. Consequently, an individual 

treated with SSRI is more affected by environmental stimuli, both favorable and 

adverse, compared to an untreated individual. SSRI treatment is effective 

because it enhances individual’s reactivity to the environment, allowing, in the 

case of a favorable environment, to be beneficially affected. This hypothesis 

claims thus that increasing serotonin levels is not the direct cause of recovery 

from depression but a permissive factor (Fig.10). The USC hypothesis has been 

recently demonstrated at preclinical and clinical levels. In particular, it has been 

shown in a mouse model of depression that the administration of the SSRI 

fluoxetine in an enriched environment improves the depressive-like phenotype 

while, in stressful conditions, it has no effect or even leads to a worsening (Alboni 

et al., 2017; Bashiri et al., 2021; Branchi et al., 2013; Karpova et al., 2011; Lima 

et al., 2019; Poggini et al., 2021). Clinical studies demonstrated that the 

administration of SSRI Citalopram amplifies the influence of living conditions on 

mood, leading to an improvement of symptoms according to the individual’s 
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socio-economic status (Chiarotti et al., 2017; Viglione et al., 2019). It appears 

thus necessary to modify the quality of the living environment and its influence 

on SSRI action to improve the efficacy of treatments. 

 

Figure 10. Schematic description of the undirected change susceptibility hypothesis. 
Serotonin levels determine vulnerability to depression and the capacity to recover from it. Low 
serotonin levels are associated with reduced neural plasticity. This condition does not allow it to 
shift from a healthy condition to a depression condition (i.e., vulnerability) and vice versa (i.e., 
capacity to recover). By contrast, when serotonin levels are high, the increased levels of neural 
plasticity allow shifting from one condition to the other, increasing both vulnerability and capacity 
to recover. The change in neural plasticity levels can be induced by SSRI administration increases 
(modified by Branchi, 2011). 

 

Lack of life skills makes the environment adverse and determines the 

antidepressant outcome 

The environment, i.e. physical surroundings, social relationships, and 

cultural milieus within which defined groups of people function and interact 

(Barnett and Casper, 2001), plays a fundamental role in adolescent and 

adolescent-onset depression and offers opportunities for intervention strategies 

aimed to prevent and/or treat this pathology. The innovative view offered by the 

USC hypothesis opens new perspectives on how to improve SSRI efficacy by 

controlling the environment. Indeed, it states that SSRI treatment makes the 

individual able to change but does not determine the direction of such change. In 

the literature, several studies support this model. For instance, individuals 

bearing the s/s allele of the serotonin-transporter-linked promoter region (5-

HTTLPR), which leads to higher levels of brain serotonin, if exposed to childhood 
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maltreatment or other stressful life events, show increased neuroticism (Schinka 

et al., 2004) and incidence of depression (Caspi et al., 2003). However, s/s 

individuals were first more susceptible to the environment but also showed higher 

capabilities to change and faster recovery from depressive symptoms. In 

addition, different types of therapy, such as psychological (e.g., cognitive and 

other) and physical (e.g., light), if associated with a positive environment, exert 

beneficial effects on depression symptoms and rate of recovery (DeRubeis et al., 

2008; Wirz-Justice et al., 2005). Also, in this case, serotonin levels modulate 

these effects: either cognitive or light therapy when combined with 

antidepressant administration leads to a greater improvement rate than either 

treatment alone (Benedetti et al., 1997; Cuijpers et al., 2009; Kaufman et al., 

2004; Pampallona et al., 2004; Scott, 2000). Thus, according to the USC model, 

psychological and drug therapies should not be considered as alternative 

treatments, but as mutually potentiating tools whose combination is the key factor 

for the cure of major depression. The USC hypothesis provides a potential 

explanation of the inconsistent results about the low percentage of depressed 

patients who benefit from antidepressants and the relatively high percentage who 

benefit from placebo. Indeed, we can infer that not considering the influence of 

the environment limits the identification of the conditions permitting beneficial 

outcomes. In addition, mood modifications can occur only because of the 

environment and in the absence of treatment, though at a slower rate. In 

particular, the beneficial environment, associated with the expectancy created by 

placebo, may lead to recovery also without drug administration. These findings 

appear particularly relevant considering that epidemiological studies have 

indicated that SSRI treatment, which should reduce the risk of suicide, may cause 

suicidal feelings, self-harm, and suicide in some susceptible individuals, 

particularly in adolescents (Barbui et al., 2009; Fergusson et al., 2005; Gunnell 

et al., 2005; Hall and Lucke, 2006). 

 

The role of the subjective view of the environment 

Recent studies aimed at investigating the effects of SSRI in healthy subjects 

further confirmed the context dependence of the SSRI effects showing that, in 
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clinical practice, these drugs enhance neuroplasticity rather than directly 

improving psychiatric symptoms (Klobl et al., 2022; Reed et al., 2022). Thus, the 

quality of the living environment is key in determining SSRI treatment outcomes. 

It is important to note that the quality of the environment, such as the living 

conditions, does not depend only on its objective features, but also on the 

subjective experience of it (Kempermann, 2019; Fig.11). For instance, trust 

impressions are highly dependent on individuality (Sutherland et al., 2020) and 

individuals show important differences in their response to fear and threat 

(LeDoux and Brown, 2017). In addition, twin studies demonstrate that subjective 

perceptions of social status correlate with indicators of well-being (Rivenbark et 

al., 2020). Therefore, exploring the individual’s subjective view of the 

environment appears key to improving SSRIs treatment efficacy. 

 

Figure 11. The enriched environment (ENR) paradigm and the quality of the living 
environment. The ENR is traditionally seen as an experimental strategy to address the effects of 
the environment (E) on phenotypes (P) when the genetic background (G) is fixed. However, 
individual animals within the ENR cage also behave and form their own environment, as do the 
other animals. This ‘non-shared’ environment has a substantial impact on the phenotype and 
prevents the E part of the equation from being fully controlled, even if in the experimental situation 
the nominal environment for the subjects is identical. Behaving animals change the environment of 
their cage-mates, for example, by altering the social structure (modified by Kempermann, 2019).  
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Abstract 

Adolescence is a critical period of both physiological and socio-emotional 

development. Adversities involving the lack of appropriate emotional and social 

experiences during adolescence jeopardize individual development and can 

trigger psychopathologies, such as major depressive disorder, which represents 

the major risk factor for suicide among teenagers. Girls appear to be more 

susceptible to depression than boys over their adolescent years. However, the 

relative contribution of biological and cultural factors to sex differences in the 

vulnerability to depression is not yet clear. To unravel the neural bases of 

adolescent-onset depression and sex-dependent vulnerability, we exposed 

C57BL/6 adolescent male and female mice first to social isolation and then to 

behavioral phenotyping, and to several neural plasticity and inflammatory 

biomarkers. Our results show that adolescent social isolation leads to 

depressive- and anxiety-like phenotype and reduced neural plasticity in both 

sexes. However, the lack of social experiences in adolescence produced 

different effects in the two sexes: females showed more marked impairments in 

the emotional domain, while males displayed alterations in the cognitive domain 

and the stress response. Moreover, in both sexes, adolescent isolation 

decreased inflammatory markers. These findings suggest that social experiences 

in adolescence represent a key factor in the neurodevelopment of both sexes 

and the sex-differences in vulnerability to depression could be, at least in part, 

ascribed to biological factors and not to cultural and social influences. 
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Introduction 

Adolescence is the transitional phase of growth and development from 

childhood to adulthood (from 10 up to 24 years; Andersen, 2016; Sawyer et al., 

2018). During this period, adolescents experience not only biological and 

physical changes (Sawyer et al., 2018), but they go through relevant 

modifications in their social environment, such as the transition from primary to 

secondary school associated with an increase in the number of peers, and in the 

time spent with them (Andrews et al., 2021; Blakemore, 2019). These 

modifications in their psychosocial environment are accompanied by the 

structural and functional maturation of brain regions involved in social and 

emotional regulation that continues till adulthood (Andrews et al., 2021). These 

brain changes are experience-dependent and without proper social stimuli result 

in neural and behavioral maladaptive outcomes (Dow-Edwards et al., 2019). 

Indeed, adversities involving the lack of appropriate emotional and social 

experiences during adolescence jeopardize individual development and can 

trigger psychopathologies, such as major depressive disorder (Almeida et al., 

2021; Viduani et al., 2021). In fact, in adolescents and young adults, social 

isolation has been associated with poor mental and physical health (Christiansen 

et al., 2021). Depression in adolescence represents the major risk factor for 

somatic disease, premature death, and suicide among teenagers (Byrne et al., 

2015; Leone et al., 2021). 

In the last three years, the COVID-19 pandemic has dramatically impacted 

the social life of adolescents worldwide (Branje and Morris, 2021). Many 

governments have implemented preventive measures to contain the SARS-CoV-

2 spread, including prolonged school closures and home confinement that forced 

children and adolescents to experience a prolonged state of psychophysical 

isolation from their peers, teachers, and community networks, radically reducing 

the opportunities for them to engage in face-to-face activities (Loades et al., 

2020). This condition has increased the rates of psychiatric disorders during and 

after the enforced isolation ended (Loades et al., 2020; Orben et al., 2020). The 

global prevalence of child and adolescent depression and anxiety has doubled 

pre-pandemic estimates (Racine et al., 2021) during the first year of the COVID-
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19 pandemic, reaching 25.2% and 20.5%, respectively, and being more common 

in girls than boys (Liu et al., 2022; Racine et al., 2021). This gender-dependent 

vulnerability during COVID-19 is in line with pre-pandemic data showing that girls 

are approximately twice as likely as boys to be depressed, a difference emerging 

in puberty and lasting into adulthood (Salk et al., 2017). Therefore, a better 

comprehension of the mechanisms involved in this different vulnerability to 

depression may promote mental health in adolescence and represents an urgent 

need to face the consequences of social deprivation before and after COVID-19. 

Despite the large impact of adolescent depression, the relative contribution 

of biological and cultural factors to sex differences in the vulnerability to 

depression is not yet clear (Conley and Rudolph, 2009). The expression of 

inflammatory cytokines in the brain has been reported to be involved in the 

pathogenesis of and susceptibility to depression, indicating adolescence as a 

unique stage of immune development (Granata et al., 2022; Mariani et al., 2021). 

Moreover, several studies have linked the impairment of neuroplasticity and 

adolescent depression, focusing on the role of neurotrophins as Brain-Derived 

Neurotrophic Factor (BDNF; Levy et al., 2018; Medendorp et al., 2018; Pandey 

et al., 2010). However, the mechanisms involved have not been clearly identified 

yet (Mills et al., 2013; Nomoto et al., 2015). 

To unravel the neural bases of adolescent-onset depression and sex-

dependent vulnerability, we exposed male and female mice, to social isolation in 

addition to several neural plasticity and inflammatory biomarkers. We 

hypothesized that the lack of appropriate social experiences during adolescence 

can lead to psychiatric disorders in both sexes but in different ways, impairing 

the development of social and emotional skills of experimental subjects and 

affecting neural plasticity processes and immune system regulation. To explore 

such a hypothesis, we exposed C57BL/6 adolescent male and female mice 

(n=12-15) either to standard laboratory housing conditions (i.e. controls) or to a 

social isolation period [from postnatal day (PND) 21 to 60]. From PND 46 to 60, 

we phenotyped the behavioral response in the emotional and cognitive domains 

through a battery of tests, including saccharin preference, open field, elevated 

plus maze, novel object recognition, and fear conditioning test. In addition, we 
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assessed the activation of the hypothalamus-pituitary-adrenal (HPA) axis by 

measuring plasma levels of corticosterone in response to a psychophysical 

stressful challenge. Finally, to explore the potential role of immunity and neural 

plasticity mechanisms, we measured the expression levels of selected markers, 

including BDNF, Postsynaptic Density Protein 95 (PSD95), and both pro- and 

anti-inflammatory cytokines at the end of the behavioral tests period (PND60). 

We expect that isolated mice displayed depressive and anxiety profiles and 

impaired cognitive abilities in a sex-dependent manner and these behavioral 

abnormalities are associated with decreased neural plasticity and dysregulated 

inflammatory levels. 
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Materials and methods 

Ethical standards 

All procedures were carried out in accordance with the European and Italian 

legislation on animal experimentation (respectively European Directive 

2010/63/UE and Decreto Legislativo 26/2014). Animals were examined for signs 

of discomfort as indicated by the animal care and use guidelines [National 

Academy of Sciences. Guide for the care and use of laboratory animals, 1998, 

‘‘Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral 

Research” (National Research Council 2003)]. The Italian Ministry of Health 

approved the protocol with permit number D9997.111. 

 

Animals and breeding procedure 

13 male and 26 female C57BL/6 mice weighing 16-21 g (5 weeks old) were 

purchased from Charles River Laboratories placed in Calco (Lecco, Italy). 

Animals were housed under reversed 12 light-dark cycle (07.00-19.00) in an air-

conditioned room (temperature 21±1 °C, relative humidity 60±10%). Males and 

females were housed in same-sex groups of 4-5 individuals in 42.5 x 27.6 x 15.3 

Plexiglas cages with a metal top and sawdust as bedding, with pellet food 

(Enriched standard diet, Riper, Vendoies, BZ, Italy) and tap water ad libitum. 

Each cage was provided with tissue paper (300 x 200 mm). When animals were 

9 weeks old, two females and one male were mated for 8 consecutive days. 

Afterward, males were removed from the breeding cages, and each female was 

singly housed for the entire duration of pregnancy until the pups’ weaning, 

postnatal day (PND) 21. On PND-1 litters were culled to 3 male and 3 female 

pups and a cross-fostering procedure was performed to limit the number of mates 

needed (Fig.1). 

 

The paradigm of chronic stress: post-weaning social isolation protocol 

On PND 21, mice were assigned to the two experimental groups per sex 

isolated or group-housed. Isolated mice were singly housed in a cage of 29 x 22 

x 14 cm. Grouped mice were housed 4/cage with a same-sex conspecific (42.5 
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x 27.6 x 15.3 cm). To identify each subject, we marked the animals with an ear 

punch. Following 3 weeks of social isolation (PND 41), we performed both 

behavioral and molecular assessments, maintaining the same housing 

conditions (Fig.1). In particular, 52 mice were addressed to the behavioral tests 

(28 isolated and 24 group-housed mice, balanced for sex), and 36 mice were 

addressed to the quantification of peripheric corticosterone levels (9 individuals 

per group per sex). To monitor animals’ well-being over the experimental phases, 

every week we measured their body weight (See Supplementary materials). 

 

 

Figure 1. Experimental design. After weaning (PND 21), mice were exposed to a post-weaning 
isolation protocol to induce a depressive-like phenotype. Therefore, mice were assigned to the two 
experimental groups per sex isolated or group-housed. Isolated mice were singly housed. Grouped 
mice were housed 4/cage with a same-sex conspecific. Following 3 weeks of social isolation (PND 
41), we performed both behavioral and molecular assessments, maintaining the same housing 
conditions. 

 

Behavioral tests 

We assessed the depressive-like profile of the animals, through the 

saccharine preference, while the anxiety-like profile and the spontaneous 

exploration through the open field and elevated plus-maze test. Novel object 

recognition and fear conditioning tests were selected to evaluate cognitive 

abilities. All tests were carried out during the dark period (between 09.30 and 

16.00 h). Animals were transferred to the experimental room at least 30 min 

before the test to let them acclimatize to the new environment. All the tests were 

video-recorded using a digital video camera (CANON LEGRIA HFR86). The 

behavioral scoring was carried out using the commercial software Observer XT 

(Noldus, Wageningen, The Netherlands) and AnyMaze software (Stoelting 

Europe). 
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Liking-type anhedonia - Saccharin preference 

First, mice were exposed to the saccharin solution only for 72 hours to make 

them used to the saccharin flavor (0.1%, Sigma Aldrich Co, St Louis, MO, USA) 

After habituation, at PND46 and PND47 a two-bottle choice procedure was used 

to test saccharin preference and determined as follows (saccharin solution 

consumed/ saccharin solution consumed+water consumed) x100. Water and 

saccharin solution consumed was estimated by weighing the bottles once a day. 

The position of water and saccharin in each cage was counterbalanced across 

the experimental group. Saccharin preference was expressed as the average 

daily intake of water and saccharin (in grams; Pierre et al., 2019). 

 

Elevated plus-maze 

To assess anxiety-related and explorative behavior, at PND 51 we 

performed the elevated plus-maze test. The elevated plus-maze comprises two 

open arms (30 x 5 cm) and two closed arms (30 x 5 x 15 cm) that extended from 

a common central platform (5 x 5 cm). The apparatus, made of Plexiglas (gray 

floor, clear walls), was elevated to a height of 60 cm above the floor level. Mice 

were individually placed on the central platform facing an open arm and allowed 

to explore the maze for 5 minutes under indirect dim light (10 lux). Behavioral 

parameters observed were the percentage of time spent in the open arms 

[(open/total) ×100] and latency of the first open arm entry (arm entry = all four 

paws into an arm). 

 

Open field test 

At PND 46 we performed the open field test. Mice were allowed to explore 

the apparatus, consisting of an empty black box (40 x 40 x 50 cm) for 15 minutes 

under indirect dim light (10 lux). The central area was defined as a central 20 cm 

× 20 cm square, and the other region was defined as the peripheral area. Mice 

were placed in the periphery with the snout facing the wall, and we scored the 

percentage of time spent in the center calculated as follows [(center/total) ×100] 

and latency of first entry in the center (entry in center = all four paws into the 

center). Furthermore, we scored the duration of the stretched attend postures 
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(s.a.p.), an exploratory posture in which the body is stretched forward and then 

retracted to the original position without any forward locomotion, considered an 

important component of the risk-assessment repertoire of mouse defensive 

behavior. 

 

Novel object recognition test 

At PND 47 we performed the novel object recognition test. Mice were tested 

individually in an empty black box (40 x 40 x 50 cm) under indirect dim light (10 

lux). The test consisted of two trials, each of 10 minutes, with an inter-trial interval 

of 2 hours. Twenty-four hours before testing, subjects were familiarized with the 

arena during a 15-minutes pre-exposure session. During the first trial, the 

familiarization phase, a single animal is placed in the open-field arena containing 

two identical sample objects [glass (G) or lego (L)], for 10 minutes, as the 

following objects scheme: G-G or L-L. Plastic or glass objects of identical volume 

and different shapes constituted the stimuli. Objects and object locations were 

counterbalanced to avoid a potential object and/or location bias. To prevent 

coercion to explore the objects, rodents were released against the center of the 

opposite wall with their back to the objects. During the second trial, corresponding 

to the test phase, the animal is exposed to two objects, one is identical to the 

sample and the other is novel (i.e. G-L). During both the familiarization and the 

test phases, objects were located in opposite and symmetrical corners of the 

center of the arena, and the location of novel versus familiar objects is 

counterbalanced. A discrimination index, calculated as [(A-B)/(A+B)] in which A 

represents the time exploring the novel object and B is the time exploring the 

familiar one, was used to measure the novel object exploration. This index can 

vary between +1 and −1, where a positive score indicates more time spent with 

the novel object, a negative score indicates more time spent with the familiar 

object, and a zero score indicates a null preference. Exploration of an object was 

defined as directing the nose towards an object at a distance of less than 1 cm 

and/or touching the object with the nose and/or paws. Sitting on the objects was 

not considered exploratory behavior. Alcohol solution (70%) was used to remove 

odors in the novel object recognition apparatus between all sessions. 
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Fear conditioning test 

To assess emotional learning and memory, on PND 55 we performed the 

fear conditioning test. The test is based on the association between an 

unconditioned stimulus (US) and a conditioned stimulus (CS) causing an 

unconditioned response (UR). In particular, the CS corresponds to a neutral tone, 

paired with a brief electric foot-shock (US). This produces a typical rodents UR, 

called freezing behavior, corresponding to the total absence of all movement 

except respiration. The experimental apparatus corresponds to a training 

chamber (30×35×20 cm) with four opaque sidewalls and a removable foot-

shocking grid floor used for the first two phases of the task, training, and context 

test. The third phase, the tone test, requires a different context to verify the mice’s 

association between CS and US. The fear conditioning test was performed on 

two days. In the training session, mice learn to associate a neutral tone (1000 

Hz, 90 dB) to the foot-shock (0.23 mA average intensity) for three trials, 60 

seconds each. Before the first trial, was performed 60 seconds of observation to 

assess the baseline activity of the animals. Each trial consisted of a tone phase 

of 30 seconds with two seconds of foot-shock starting at 28 seconds, the last 30 

seconds of trial were without tone (intertrial). In this phase, we assess emotional 

response and learning by scoring the percentage of freezing time behavior. After 

24 hours we performed the context test, mice are exposed to the same training 

chamber for 120 seconds without neutral tone and foot-shock. We assess 

memory by scoring the percentage of freezing time behavior. During the last 

session, the tone test, mice are observed in a new environment consisting of a 

chamber (25×28×16.5 cm) with four white walls, black visual cues, and red light. 

90 minutes after the context test, mice are exposed to the same neutral tone in 

the new test chamber without the final foot-shock for three trials of 60 seconds, 

divided into 30 seconds of tone and 30 seconds of intertrial. The association 

between CS and US is scored by the percentage of freezing time. 

 

Corticosterone levels 

Following the three weeks of social isolation (PND44), the activation of the 

hypothalamus-pituitary-adrenal (HPA) axis was assessed by measuring plasma 
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levels of corticosterone in response to a psychophysical stressful challenge. All 

subjects underwent acute restraint stress (30 min) and blood samples were 

collected by a tail nick at different time points, i.e., immediately before (0 min) 

and after (30 and 180 min) the exposure to stress. The restraint procedure 

consisted in placing animals in 50ml-plastic falcon tubes with a few holes to keep 

airflow with white light during the stress. This procedure took place at 02:30 p.m. 

when the levels of free corticosterone were far from the circadian peak (Kitchener 

et al., 2004). Blood samples were collected individually in potassium–

ethylenediaminetetraacetic acid (EDTA) coated 10 ml tubes (1.6 mg EDTA/ml 

blood: Sarstedt). All samples were kept on ice and later centrifuged at 3000 rpm 

for 15 min at 4 ◦C. Blood plasma was transferred to Eppendorf tubes for CORT 

determination and stored at − 80 ◦C until analysis. Plasma corticosterone levels 

were quantified by enzyme immunoassay according to the manufacturer’s 

recommendations (Corticosterone Elisa kit, Enzo Life Sciences). Samples were 

diluted 1:40 before analysis, and data were analyzed by sigmoidal 4-parameter 

logistic curve fit using Prism 6 (Graphpad). The sensitivity of the assay was 27.0 

pg/ml and the intra-assay percent coefficients of variations were between 3.35% 

and 3.82%. Because of the great variability, the logarithmic transformation will 

be implemented. 

 

RNA extraction and RT-PCR on the entire hippocampus 

We assessed the expression levels of genes related to inflammation 

[Interleukin (IL)-1β, IL-10, IL-6, and Tumor Necrosis Factor-α (TNF-α)] and 

neuroplasticity (BDNF and PSD95) by RT-PCR tests and according to published 

protocol (Poggini et al., 2021). Briefly, total RNA was extracted, at the end of the 

behavioral tests period (PND60), with Purelink RNA mini kit (Thermo Fisher) from 

the entire mice hippocampus and according to the manufacturer protocol. Any 

residual genomic DNA contamination was eliminated by the use of the Pure Link 

DNase set (Thermo Fisher). The purified total RNA was eluted in 50 μl RNase-

Free water and immediately stored in aliquots (of 10 μl each) at -80 ° C until use. 

The amount and quality of total RNA extracted were assessed by Nanodrop 2000 

(Thermo Fisher) readings (average concentration = 168.2 ng / μl; mean 
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A260/280 = 2.1). Purified RNA (400 ng in total) was used in 20 μl of reverse 

transcription according to the High Capacity RNA to cDNA kit protocol (Thermo 

Fisher). Negative retrotranscription controls (without retrotranscriptase enzyme) 

were also performed. The resulting cDNA samples were diluted 1:10 with RNase-

free water and processed by the real-time PCR protocol using PowerUp SYBR 

GREEN Master mix (Thermo Fisher). Negative (no cDNA) and genomic 

contamination (negative retrotranscription control) controls were included in all 

experiments. The pairs of primers used in this study were designed (with the help 

of online software) in such a way as to be as specific as possible for the regions 

being investigated and are presented in table 1 in the Supplementary. For RT-

PCR each well of a 96 wells plate (Euroclone) was loaded with 10 µl of the 

solution containing 1 µl of nuclease-free water, 5 µl of SYBR Green mastermix 

2X (Thermo Scientific), 1 µl of primers pair (10 µM each) and 3 µl of cDNA. 

Amplification was carried out in an ABI 7500 (Applied Biosystem) thermocycler 

with the following conditions: 50°C for 2 min, 95°C for 2 min, followed by 40 cycles 

(95°C for 15 s and 58°C for 1 min). After the amplification, a melting curve was 

obtained to analyze specificity. The amplification curves were analyzed using the 

ABI7500 instrument software both to determine the Ct and for the analysis of 

melting curves. The same fluorescence threshold of 0.1 was kept for all plates. 

Each sample was done in triplicates. All assays presenting multiple melting 

temperatures or temperatures different from expected were omitted from the 

analysis. Data were then extracted in excel files for further statistical analyses 

and calculations. In order to perform appropriate normalization in our 

experiments, we used two housekeeping genes (B2M and bACT) as references 

(Supplementary Tab.1). Amplification curves with Ct >35 were considered 

negative (not expressed) except for the IL-10 gene on which we carried out an 

explorative analysis even if the Ct values were above the threshold (Average Ct 

= 37.3). The 2-DCt method was used for gene expression determination. 

 

Statistical methods 

All data were analyzed with one-way ANOVA with the Statistical software 

Statview II (Abacus Concepts, CA, USA), to compare isolated animals versus 



59 
 

group-housed animals, independently for the two sexes. Time (minutes or days) 

was considered a repeated measure within subjects. Latency data, which had no 

normal distribution, were analyzed with the Mann-Whitney nonparametric test. 

Post-hoc comparisons were performed using Tukey’s test. All mean differences 

were considered statistically significant when p < 0.05. 
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Results 

Emotional response 

Depressive-like behavior: Liking-type anhedonia 

Following 3 weeks of social isolation, both male and female mice showed 

higher liking-type anhedonia, displaying significantly lower saccharin preference 

compared to respective group-housed mice (male: F1,26 = 5.649, p = 0.0251; 

female: F1,24 = 6.913, p = 0.0147; Fig.2). 

 

Figure 2. Depressive-like behavior. Following 3 weeks of social isolation, both male and female 
mice showed higher liking-type anhedonia, displaying significantly lower saccharin preference 
compared to group-housed mice. * p<0.05 vs. group-housed mice, data are shown as mean ± 
S.E.M. 

 

Anxiety-like behavior- Elevated plus-maze and Open field test 

In the elevated plus maze, isolated male mice showed an enhanced anxiety-

like profile, displaying higher latency to enter the open arm compared to group-

housed mice (U = 39.500, p = 0.0256), although no difference in time spent in 

open arms emerged (F1,25 = 1.126, p = 0.2988). Isolated female mice did not show 

significant differences compared to group-housed mice in both latency to enter 

(U = 71.500, p = 0.9770) and time spent in open arms (F1,22 = 1.612, p = 0.2174; 

Fig.3A-B). 

Interestingly, in the open field test, the anxiety-like profile of the two sexes 

appeared opposite in comparison with the performance in the elevated plus-

maze test. In male mice, no difference has been observed in time spent in the 

center of the arena (F1,25 = 2.063, p = 0.1633), while isolated female mice spent 
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lower time in the center compared to group-housed mice all over the duration of 

the test (F1,23 = 13.450, p = 0.0013; Fig.3C). Moreover, both isolated male and 

female mice displayed significantly more s.a.p. than their control groups all over 

the duration of the test (respectively, F1,23 = 12.137, p = 0.0020 and F1,25 = 4.731, 

p = 0.0393; Fig.3D). 

 

 

Figure 3. Anxiety-related behavior. A) Isolated male mice displayed higher latency to enter the 
open arm, (B) but no difference in time spent in open arms emerged compared to group-housed 
mice. A-B) Isolated female mice did not show significant differences in both latency to enter and 
time spent in open arms compared to group-housed mice. C) In the open field test, in male mice, 
no difference has been observed in time spent in the center of the arena, while isolated female 
mice spent lower time in the center compared to group-housed female mice. D) Both isolated male 
and female mice display significantly more stretched attend posture than their control groups. * 

p<0.05 and ** p<0.01 vs. group-housed mice, data shown as mean ± S.E.M. 
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Cognitive abilities 

Learning and memory: Novel object recognition test 

Adolescent social isolation affects cognitive abilities only in male subjects. 

Indeed, during the test phase, isolated male mice showed a significantly lower 

discrimination index compared to group-housed mice (F1,12 = 4.975, p = 0.0456). 

We did not observe a significant difference in female mice (F1,14 = 1.979, p= 

0.1813; Fig.4A). 

 

Learning and emotional memory: Fear conditioning test 

In the first phase of the fear conditioning test, isolated male mice showed a 

greater percentage of freezing behavior compared to group-housed mice (F1,25 = 

5.985, p = 0.0218), while we did not observe a significant difference in females 

(F1,22 = 1.578, p = 0.2222; Fig.4B). Concerning memory retrieval, no difference 

has been found between isolated and group-housed males (context test: F1,25 = 

0.2980, p = 0.5902; tone test: F1,25 = 1.195, p = 0.2847) and females (context 

test: F1,22 = 1.048, p = 0.3171; tone test: F1,22 = 1.339, p = 0.2596; Fig.4C-D). 
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Figure 4. Cognitive domain. A) During the test phase of the novel object recognition test, isolated 
male mice showed a significantly lower discrimination index compared to group-housed mice. We 
did not observe a significant difference in female mice. B) In the first phase of the fear conditioning 
test, isolated male mice showed a greater percentage of freezing behavior compared to group-
housed mice, while we did not observe a significant difference between isolated and group-housed 
females. C-D) Concerning memory retrieval, no difference has been found between isolated and 
group-housed males and females. B1: Baseline 30 seconds; B2: Baseline 60 seconds; T: Tone; I: 
interatrial. * p<0.05 vs. group-housed mice, data are shown as mean ± S.E.M. 

 

HPA-axis activity: corticosterone levels 

HPA-axis activity has been affected by adolescent social isolation only in 

male subjects, with isolated mice showing increased levels of corticosterone 

levels compared to group-housed mice (F1,12 = 4.730, p = 0.0504). By contrast, 

no difference has been found between isolated and group-housed female mice 

(F1,12 = 3.985, p=0.0691; Fig.5). 

 

Figure 5. Corticosterone levels. HPA-axis activity has been affected by adolescent social 
isolation only in male subjects, with isolated mice showing increased levels of corticosterone levels 
compared to group-housed mice. By contrast, no difference has been found between isolated and 
group-housed female mice. *p=0.05 vs. group-housed mice, data are shown as mean ± S.E.M. 

 

Hippocampal expression levels of neural plasticity and inflammatory markers 

Pooled data of both males and females revealed that adolescent social 

isolation impaired neural plasticity, isolated mice were characterized by 

significantly lower expression levels of BDNF compared to group-housed mice 

(F1,47 = 4.055, p = 0.0498). Data split by sex missed to reach the statistical 

significance (male: F1,23 = 2.256, p = 0.1467; female; F1,22 = 1.474, p = 0.2376). 
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By contrast, no difference was found in the expression levels of PSD95 (pooled 

data: F1,45 = 0.376, p = 0.5428; male: F1,23 = 0.865, p = 0.3619; female; F1,22 = 

1.514, p = 0.2315; Fig.6A). Regarding the inflammatory profile, we found a 

significant decrease of the pro-inflammatory cytokine IL-1β expression levels in 

both males and females (male: F1,23 = 4.096, p = 0.0547; female; F1,20 = 7.680, p 

= 0.0118). In addition, isolated male mice showed increased levels of the anti-

inflammatory cytokine IL-10 (male: F1,11 = 5.837, p = 0.0343; female: F1,9 = 0.137, 

p = 0.7195). Finally, no difference emerged concerning hippocampal expression 

levels of IL-6 (male: F1,23 = 0.134, p = 0.7180; female: F1,21 = 1.590, p = 0.2212) 

and TNF-α (male: F1,23 = 0.415, p = 0.5227; female; F1,21 = 0.006, p = 0.9398; 

Fig.6B). 

 

 

Figure 6. Neural plasticity and inflammatory markers. A) Pooled data of both males and 
females revealed that adolescent social isolation impaired neural plasticity, isolated mice were 
characterized by significantly lower expression levels of BDNF compared to group-housed mice. 
Data split by sex missed reaching the statistical significance. By contrast, no difference was found 
in the expression levels of PSD95. B) Regarding the inflammatory profile, we found a significant 
decrease in the pro-inflammatory cytokine IL-1β expression levels both in males and females. In 
addition, isolated male mice showed increased levels of the anti-inflammatory cytokine IL-10. no 
difference emerged concerning hippocampal expression levels of IL-6 and TNF-α. * p<0.05 and ** 
p<0.01 vs. group-housed mice, data are shown as mean ± S.E.M.  
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Discussion 

The present findings show that adolescent social isolation leads to 

depressive- and anxiety-like phenotype and reduced neural plasticity in both 

sexes. However, the lack of social experiences in adolescence produced 

different effects in the two sexes: females showed more marked impairments in 

the emotional domain, while males displayed alterations in the cognitive domain 

and the stress response. In addition, in both sexes, adolescent isolation led to a 

reduction of inflammatory markers. 

Adolescent social isolation increased anhedonic response in both male and 

female subjects compared to not-isolated mice. The result concerning male 

subjects is in line with the literature (Amiri et al., 2015; Burstein and Doron, 2018; 

Haj-Mirzaian et al., 2015; Zhang et al., 2017). Whereas this is one of the first 

studies demonstrating that both sexes are equally vulnerable to social isolation 

in adolescence concerning anhedonic behavior. Indeed, the comparison 

between male and female rodent models of depression yielded contrasting 

results (Kokras and Dalla, 2014), with some studies reporting lower, higher, or 

no difference in depression-like behaviors in females compared to males (Pitzer 

et al., 2022). In addition, Eltokhi and collaborators showed that baseline 

depression-like behaviors of adolescent mice are age but not sex-dependent 

(Eltokhi et al., 2021). By contrast, concerning the anxious profile of the animals 

after social isolation, we found an increased anxiety-like behavior in both sexes 

but in a test-dependent manner. Isolated male mice displayed an increased 

anxiety-like profile in the elevated plus maze, while isolated female mice showed 

a pronounced anxiety-like behavior in the open field test. These findings confirm 

that social deprivation affects the anxious profile of male subjects in the elevated 

plus maze as reported in the literature (Hellemans et al., 2004; Maisonnette et 

al., 1993; Workman et al., 2011) and that females appear spontaneously less 

anxious in this test (Knight et al., 2021). For instance, McCormick and colleagues 

showed that isolation stress in female rats during mid-adolescence resulted in a 

decreased anxiety-related behavior in the elevated plus maze test (McCormick 

et al., 2008), while Huang and collaborators displayed no differences between 

group-housed and isolated females (Huang et al., 2017). Conversely, in the open 
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field test, an overlapping increased anxious profile between the two sexes has 

been found, but it reaches statistical significance only for the isolated females, 

who spend less time in the center of the arena. Indeed, decreased time in the 

arena center represents a key measure of the anxiety-related behavior of mice 

(Kraeuter et al., 2019). This anxious profile is confirmed in both sexes by 

increased time spent in the stretched attend posture behavior, an important 

component of the “risk-assessment” repertoire of defensive behavior in rodents 

(Grewal et al., 1997). Our findings suggest that isolated mice have higher anxiety-

like behavior related to a novel environment compared with group-housed mice 

and that social isolation affects mostly the anxious profile of females. 

We found a clear sex-dependent effect considering the cognitive abilities of 

experimental subjects, only isolated male mice show a memory impairment in 

the novel object recognition. These findings are in line with the dysregulation of 

the HPA-axis activity displayed only by our isolated male mice, which is reported 

to affect the cognitive abilities of subjects including memory and selective 

attention (Bremner et al., 2004; Herbert et al., 2006; Jameison and Dinan, 2001). 

However, several studies exploring cognitive abilities after social isolation 

revealed contrasting data in both male and female adolescent subjects, although 

memory impairment after social isolation is well characterized in adulthood in 

males (Liu et al., 2020; Pais et al., 2019). For instance, H. Koike and colleagues 

confirmed our results concerning adolescent male mice (Koike et al., 2009), while 

Rivera-Irizarry and colleagues showed that all subjects display a preference for 

a novel object over a familiar one, independently of the adolescent social 

isolation, and this preference was greater in males than females (Rivera-Irizarry 

et al., 2020). Therefore, the interaction between higher corticosterone levels and 

the intrinsically higher preference for the novel object of male rodents than 

females at mid-adolescence (Cyrenne and Brown, 2011) could explain how 

adolescent social isolation affects the cognitive profile exclusively of male 

subjects. A sex-dependent effect appears also in the training phase of fear 

conditioning test in which only isolated male mice show an increased fear 

response and anxiety-related behavior after foot shock compared to group-

housed, but no memory retrieval deficit. By contrast, no difference appears in the 
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fear response and memory of female subjects although females display a greater 

percentage of freezing behavior compared to males as reported in the literature 

(Rivera-Irizarry et al., 2020). Different studies reported how adolescent social 

isolation does not affect fear memory in rodents after 24 hours from the training 

phase of fear conditioning (Drummond et al., 2021; Rivera-Irizarry et al., 2020). 

Drummond and colleagues show how adolescent social isolation in rats impaired 

the extinction of fear in isolated males and females after 72 hours of the test 

(Drummond et al., 2021), and Liu and collaborators prolonged this time point and 

show how adolescent social isolation strengthens the retention of fear memories 

increasing the percentage of freezing after 14 and 28 days from the training 

phase compared to controls (Liu et al., 2015). These evidences suggest that the 

missing effect on fear memory retrieval could be ascribed to the timing of the test 

and that adolescent social isolation would have long-lasting effects on fear 

memory and retention. 

Adolescent social isolation affected the HPA-axis activity only in male 

subjects, with isolated mice showing increased levels of corticosterone compared 

to group-housed mice, while no difference was found between isolated and 

group-housed female mice. Although the effect of stress on corticosterone levels 

is clear (Ulrich-Lai and Herman, 2009), there is several different stress-

susceptibility between males and females (Handa and Weiser, 2014). Males’ 

HPA-axis activity is in line with the literature (Ros-Simo and Valverde, 2012) 

reporting hyperstimulation of the axis that leads to a slower decrease of 

corticosterone levels after acute stress in the isolated group. By contrast, isolated 

females’ HPA-axis activity is not affected by social isolation and these results 

confirm those of Lopez and colleagues who do not find any differences between 

group-housed and isolated female mice (Lopez and Laber, 2015). Interestingly, 

Pyter and collaborators showed that social isolation reduced basal circulating 

corticosterone concentration in female mice compared to group-housed (Pyter et 

al., 2014). This effect could be ascribed to increased glucocorticoid negative 

feedback sensitivity via increases in mineralocorticoid and/or glucocorticoid 

receptors (Elakovic et al., 2011) and to diminished responsiveness of the HPA-

axis after the exposure to prolonged stress (Rivier and Vale, 1987). 
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Adolescent social isolation impaired neural plasticity reducing expression 

levels of BDNF. It has been reported the link between BDNF decreased levels 

and depressive disorder in adolescence (Chen et al., 2012; Lee et al., 2020). 

Since the key role played by BDNF on neural plasticity and early development of 

the brain (Antal et al., 2010; Yang et al., 2020), it could be related to the 

pathophysiology of depression in both males and females, in particular 

concerning depressive- and anxiety-like symptoms displayed equally by both 

sexes in our work. However, there are still few studies on adolescent depression 

and BDNF levels in both sexes and it is necessary to better understand the 

mechanisms underlying the development of adolescent depression (Lee et al., 

2022). 

Adolescent isolation leads also to inflammatory profile alterations in terms of 

hippocampal expression levels of IL-1β and IL-10. These findings are in line with 

the studies of Donovan and collaborators showing that post-weaning social 

isolation reduces IL-1β in male and female prairie voles (Donovan et al., 2021), 

and Berry et collaborators, showing lower mRNA levels of Il-1β in the dorsal 

hippocampus of rats exposed to prenatal stress (Berry et al., 2022). In addition, 

Panetta and colleagues correlate the lower levels of hippocampal IL-1β to 

increased anxiety-related behavior in the elevated plus maze and impaired 

neural plasticity in terms of decreased BDNF levels (Panetta et al., 2017). It is 

important to note that cytokines are also constitutively released in the healthy 

brain by resident myeloid cells to keep proper synaptic plasticity, as the 

modulation of LTP and synaptic scaling (a form of homeostatic plasticity) (Rizzo 

et al., 2018; Salim et al., 2012). Thus, both immune activation and suppression 

impair synaptic plasticity and could lead to psychopathologies in mice (Alboni et 

al., 2016; Alboni et al., 2017; Golia et al., 2019). This mechanism could explain 

the link between the behavioral abnormalities and the significant reduction of pro-

inflammatory cytokine IL-1β and increased levels of anti-inflammatory cytokine 

IL-10 after adolescent social stress. Lopizzo and colleagues show how the 

alterations in ‘inflammatory’ pathways in the rat prefrontal cortex and 

hippocampus could be a predictor of the negative consequences of early life 

stress exposure, in particular pathways related to IL-10, neuroplasticity, and 



69 
 

neurogenesis (Lopizzo et al., 2021). Finally, since TNF-α, IL-1β and IL-6 are the 

main activators of the HPA axis and are in turn modulated (inhibited) by 

glucocorticoid hormones (Besedovsky and del Rey, 2000), the increased levels 

of corticosterone reached by isolated mice could induce a reduction in cytokines 

levels through this feedback mechanism, in particular in male subjects. 

In conclusion, social experiences in adolescence represent a key factor in 

the neurodevelopment of individuals, and the lack of social interaction triggers 

psychopathologies in both sexes. The different vulnerability to depression 

observed in individuals of the two sexes could be ascribed not to cultural and 

social influences but to their different responses to the same environmental 

stimuli leading to distinct stress response activation, but not to different neural 

plasticity and inflammatory pattern activation between sexes. 
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Supplementary materials 

Body weight 

 

Figure S1. Body weight. No difference emerged concerning body weight between isolated and 
group-housed mice both in males (main effect, F1,23 = 1.391, p = 0.2503) and females (main effect, 
F1,23 = 0.033, p = 0.8584). Data are shown as mean ± S.E.M. 

 

Supplementary table 1 

Primers used for Real Time RT-PCR analysis 

Gene Forward Reverse 

IL-1𝜷 GCAGCTACCTGTGTCTTTCC TGTCCATTGAGGTGGAGAGC 

IL-6 TCCCTACTTCACAAGTCCGG CCAGGTAGCTATGGTACTCC 

IL-10 TGACTGGCATGAGGATCAGC TTCTGGGCCATGCTTCTCTG 

TNF-α AAACCACCAAGTGGAGGAGC GATAGCAAATCGGCTGACGG 

BDNF TTACCTTCCTGCATCTGTTGG GTCATCACTCTTCTCACCTGG 

PSD95 TCAGGGTCAACGACAGCATC TGCGATGCTGAAGCCAAGTC 

ACT 𝜷 TGACGTTGACATCCGTAAAG GAGGAGCAATGATCTTGATC 

B2M GGGAAGCCGAACATACTG TGCTTAACTCTGCAGGCG 

 

Table 1. Primers used for Real Time RT-PCR analysis. The pairs of primers used in this study 
were designed (with the help of online software) in such a way as to be as specific as possible for 
the regions being investigated. 
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Abstract 

Adolescence is a sensitive phase where adverse experiences, such as a 

lack of appropriate social interactions, increase the vulnerability to depressive 

episodes and to the onset of treatment-resistant major depressive disorder in 

adulthood. The first-line treatment for depression is selective serotonin reuptake 

inhibitors (SSRIs), but their efficacy is incomplete. Recently, to explain such 

variable effects, it has been proposed that SSRIs do not affect mood per se, but 

by enhancing neural plasticity, amplify the influences of the living environment 

on mood. Therefore, we hypothesized that a supportive environment is critical for 

recovery and antidepressant treatment can further enhance such beneficial 

action. To test this hypothesis, we compared the efficacy of the exposure to an 

enriched environment, the SSRI fluoxetine administration, and their combination 

in depressed-like adult mice. From weaning to adulthood, C57BL/6 male mice 

have been exposed to either standard social housing or social isolation to induce 

a depressive-like phenotype. In adulthood, socially housed mice received vehicle 

while exposed to an enriched environment (Control group). By contrast, isolated 

subjects received either fluoxetine or vehicle while exposed to a standard or 

enriched environment. We assessed the effects of the different treatment 

strategies on the cognitive and emotional domains, and stress hormone levels. 

Our results showed that environmental enrichment alone or in combination with 

fluoxetine, but not fluoxetine alone, counterbalanced the detrimental effects of 

isolation on the depression-like phenotype. Our findings outline the relevance of 

environmental interventions alone or in combination with SSRI to treat 

adolescence-onset depression. 

 

 

Keywords 

Major depression disorder, adolescence, treatment-resistant, SSRI, social 
experience, environment 
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Introduction 

Major depressive disorder in adolescents constitutes a huge medical and 

social issue and represents the second leading cause of death among teenagers 

(Costello et al., 2005; Windfuhr et al., 2008). In addition, the onset of depression 

in adolescence is associated with later depressive episodes and treatment-

resistance in adulthood (Hill et al., 2014; Johnson et al., 2018; Qualter et al., 

2010). Indeed, several clinical studies have shown that depressed adolescents 

are more likely than their non-depressed peers to subsequently have depression, 

as well as non-mood disorders (Fergusson and Woodward, 2002; Harrington et 

al., 1990; Lewinsohn et al., 1999; Rao et al., 1995). 

Adverse early life events, associated with a dysfunctional socioemotional 

environment, predict the onset of major depressive disorder in adolescence and 

its recurrence (Lewinsohn et al., 2001; Lewinsohn et al., 1999). For instance, 

adolescent interpersonal relationships and peer interaction have been linked to 

anxiety and depression till adulthood (Jacobson and Newman, 2016). Therefore, 

adversities involving the lack of appropriate emotional and social experiences 

during adolescence jeopardize individual development and can trigger 

psychopathologies, such as major depressive disorder (Almeida et al., 2021; 

Viduani et al., 2021). 

The first-line treatment for depression is selective serotonin reuptake 

inhibitors (SSRIs), but their efficacy is variable and incomplete (Trivedi et al., 

2006). In double-blind, randomized controlled trials testing the efficacy of 

antidepressants, SSRIs demonstrate small yet statistically significant 

advantages over placebo but do not substantially improve patient symptoms. In 

particular, placebo response rates range from 30% to 50%; this high percentage 

occurs partly because some patients show a spontaneous remission from 

depression during the 6-8 weeks of the drug trial, and partly because of the power 

of the placebo effect, which is particularly noticeable in the management of 

psychiatric illness (Le Noury et al., 2015). Recently, two meta-analyses 

confirmed this evidence showing a small therapeutic effect for all antidepressants 

with fluoxetine being the only antidepressant to have a statistically significant 

effect over placebo on efficacy for the treatment of depression (Cipriani et al., 
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2016; Mullen, 2018; Vitiello and Ordonez, 2016). Therefore, it is becoming 

increasingly necessary to find more efficient and less variable antidepressant 

treatments. 

To explain such variable and incomplete efficacy, a novel hypothesis – the 

undirected susceptibility to change hypothesis – has been recently proposed. It 

posits that the increase in serotonin levels induced by SSRIs does not affect 

mood per se but, by enhancing neural plasticity, amplifies the influence of the 

environment on mood. Thus, SSRI outcome depends on the quality of the living 

environment (Branchi, 2011; Branchi and Giuliani, 2021). This hypothesis has 

been recently demonstrated both at preclinical and clinical levels. In a mouse 

model of depression, treatment with the SSRI fluoxetine led to an improvement 

of depressive phenotype in a favorable environment, while having a limited 

efficacy or even leading to a worsening in a stressful environment (Alboni et al., 

2016; Branchi et al., 2013; Poggini et al., 2019). In patients, the SSRI citalopram 

has been demonstrated to amplify the influence of the living conditions on mood, 

improving depressive symptoms according to socioeconomic status (Chiarotti et 

al., 2017; Viglione et al., 2019). 

Because of the environment-dependent outcome of SSRIs, here we 

hypothesized that treatment with serotoninergic antidepressants for 

adolescence-onset depression has to be administered in a supportive 

environment to have the highest efficacy. To test this hypothesis, we compared 

the efficacy of the SSRI fluoxetine, the exposure to an enriched environment, and 

their combination in adult mice displaying a depressive-like phenotype induced 

via social isolation during adolescence. From weaning to adulthood, C57BL/6 

male mice have been exposed to either standard social housing or social 

isolation to induce a depressive-like phenotype. In adulthood, socially housed 

mice received vehicle while exposed to an enriched environment (Controls). By 

contrast, isolated subjects received either fluoxetine or vehicle while exposed to 

a standard or enriched environment. To assess the effects of the different 

treatment strategies, we phenotyped the behavioral response in the emotional 

and cognitive domains through a battery of tests, including open field, elevated 

plus maze, forced swim test, novel object recognition, and fear conditioning test. 
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In addition, as a physiological endpoint of the stress response, we assessed the 

circulating levels of corticosterone. We expected first that adolescent isolation 

induces both depressive- and anxiety-like behavior, then that fluoxetine effects 

are environment-dependent and the combination of both environmental 

enrichment and fluoxetine, but not fluoxetine alone, counterbalanced the 

detrimental effects of isolation. 
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Materials and methods 

Ethical standards 

All procedures were carried out in accordance with the European and Italian 

legislation on animal experimentation (respectively European Directive 

2010/63/UE and Decreto Legislativo 26/2014). Animals were examined for signs 

of discomfort as indicated by the animal care and use guidelines [National 

Academy of Sciences. Guide for the care and use of laboratory animals, 1998, 

‘‘Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral 

Research” (National Research Council 2003)]. The Italian Ministry of Health 

approved the protocol with permit number D9997.111. 

 

Animals and breeding procedure 

13 male and 36 female C57BL/6 mice weighing 16-21 g (5 weeks old) were 

purchased from Charles River Laboratories placed in Calco (Lecco, Italy). 

Animals were housed under reversed 12 light-dark cycle (07.00-19.00) in an air-

conditioned room (temperature 21±1 °C, relative humidity 60±10%). Males and 

females were housed in same-sex groups of 4-5 individuals in 42.5 x 27.6 x 15.3 

Plexiglas cages with a metal top and sawdust as bedding, with pellet food 

(Enriched standard diet, Riper, Vendoies, BZ, Italy) and tap water ad libitum. 

Each cage was provided with tissue paper (300 x 200 mm). When animals were 

9 weeks old, two females and one male were mated for 8 consecutive days. 

Afterward, males were removed from the breeding cages, and each female was 

singly housed for the entire duration of pregnancy until the pups’ weaning, 

postnatal day (PND) 21. On PND-1 litters were culled to 3 male and 3 female 

pups and a cross-fostering procedure was performed to limit the number of mates 

needed. 

 

The paradigm of chronic stress: post-weaning social isolation protocol 

On PND 21, male mice were selected and assigned to the two experimental 

groups isolated or group-housed. Isolated mice were singly housed in a cage of 

29 x 22 x 14 cm. Grouped mice were housed 4/cage with a same-sex conspecific 
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(42.5 x 27.6 x 15.3 cm). To identify each subject, we marked the animals with an 

ear punch. After 6 weeks of social isolation (PND 60), the isolated mice were 

subjected to resocialization in group-housed conditions (four per cage), while 

group-housed mice (i.e. Controls) maintained the conditions mentioned above. 

During behavioral analysis, the previous housing conditions were maintained.  

 

Experimental design 

From weaning (PND 21) up to adulthood (PND 60) mice underwent social 

isolation to induce a depressive- and anxiety-like phenotype or group-housing. 

At the end of the isolation period, mice were exposed to treatments till PND 120. 

In particular, a total of 67 male mice were selected, 55 of them were subjected to 

the social isolation protocol, while 12 were exposed to an enriched environment 

and treated with vehicles representing the Control group. The group of mice 

socially isolated during adolescence was randomly divided into 4 experimental 

groups, exposed to either standard or enriched environment in combination with 

fluoxetine or vehicle treatment: 12 mice treated with fluoxetine and enriched 

environment, 14 mice in an enriched environment treated with vehicle, 13 mice 

in standard-housed condition and treated with fluoxetine, 9 mice in standard-

housed condition and treated with vehicle. Behavioral tests started after 14 days 

of fluoxetine treatment (Fig.1A). 

 

Environmental conditions 

Standard environment 

In the standard condition, mice were housed in groups of 4 Plexiglas cages 

with a metal top and sawdust as bedding, with pellet food and tap water, and 

saccharine ad libitum. Each cage was provided with tissue paper. 

Enriched environment 

In the enriched condition, in addition to the food, water, saccharine ad 

libitum, and tissue papers, mice were given several objects with which mice could 

interact, such as paper tubes, nesting material, a rearrangeable set of plastic 

tubes, paper rolls, plastic shelters, rubber rings, and bells and balls (Fig.1B). To 
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maintain a stimulating effect of environmental enrichment, except for paper 

shelter and tissue, the objects were changed twice a week. 

 

 

Figure 5. Experimental design, schema of experimental groups, and environmental 
enrichment. (A) From weaning (PND 21) to adulthood (PND 60), male mice were exposed either 
to a group-housing condition (4 individuals per cage) or to a social isolation protocol, to induce a 
depressive-like phenotype. Therefore, Controls have been exposed to an enriched environment 
while treated with vehicle. By contrast, isolated mice in adulthood have been group-housed while 
exposed either to a standard or enriched environment and treated with the SSRI fluoxetine or 
vehicle, in order to obtain four experimental groups: Standard+vehicle, Standard+fluoxetine, 
Enrichment+vehicle, and Enrichment+fluoxetine. We evaluated the effects of the interventions on 
both emotional and cognitive domains from PND 90 to PND120, then the animals have been 
sacrificed, and central and peripheral tissues collected. (B) Environmental enrichment. Mice were 
exposed to several objects such as paper tubes, nesting material, a rearrangeable set of plastic 
tubes, paper rolls, plastic shelters, rubber rings, and bells and balls. The objects were changed 
twice a week. 

 

Fluoxetine treatment 

After the first 6 weeks of social isolation aimed at inducing a depression-like 

phenotype, mice received for 60 days fluoxetine or vehicle while they were 

exposed either to an enriched or standard environment. To avoid the stress due 

to the manipulation, fluoxetine (Fluoxetine HCl, SantaCruz, USA) was dissolved 

in water and saccharin solution avoiding that saccharin preference could affect 

the amount of drug received. The solutions were prepared according to the 

average weight and daily water consumption previously assessed of the mice, to 

provide an average daily intake of 10 mg/kg. Bottles were wrapped in tin foil to 
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protect the substance from light. Fluoxetine dose has been selected according to 

the results previously obtained with the same pharmaceutical form and route of 

administration in C57BL/6 mice (Branchi et al., 2013; Dulawa et al., 2004; Iniguez 

et al., 2014a). 

 

Behavioral tests 

Starting from 14 days of treatment, we assessed the depressive-like profile 

of the animals, through the forced swim test, while the anxiety-like profile and the 

spontaneous exploration through the open field and elevated plus-maze test. 

Novel object recognition and fear conditioning tests were selected to evaluate 

cognitive abilities. All tests were carried out during the dark period (between 

09.30 and 16.00 h). Animals were transferred to the experimental room at least 

30 min before the test to let them acclimatize to the new environment. All the 

tests were video-recorded using a digital video camera (CANON LEGRIA 

HFR86). The behavioral scoring was carried out using the commercial software 

Observer XT (Noldus, Wageningen, The Netherlands) and AnyMaze software 

(Stoelting Europe). 

 

Open field test 

At PND 83 we performed the open field test. Mice were allowed to explore 

the apparatus, consisting of an empty black box (40 x 40 x 50 cm) for 15 minutes 

under indirect dim light (10 lux). The central area was defined as a central 20 cm 

× 20 cm square, and the other region was defined as the peripheral area. Mice 

were placed in the periphery with the snout facing the wall, and we scored the 

total distance traveled in the arena, the percentage of time spent in the periphery 

calculated as follows [(periphery/total) ×100], and the latency of first entry in the 

center (entry in center = all four paws into the center). 

 

Novel object recognition test 

At PND 84 we performed the novel object recognition test. Mice were tested 

individually in an empty black box (40 x 40 x 50 cm) under indirect dim light (10 
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lux). The test consisted of two trials, each of 10 minutes, with an inter-trial interval 

of 2 hours. Twenty-four hours before testing, subjects were familiarized with the 

arena during a 15-minutes pre-exposure session. During the first trial, the 

familiarization phase, a single animal is placed in the open-field arena containing 

two identical sample objects [glass (G) or lego (L)], for 10 minutes, as the 

following objects scheme: G-G or L-L. Plastic or glass objects of identical volume 

and different shapes constituted the stimuli. Objects and object locations were 

counterbalanced to avoid a potential object and/or location bias. To prevent 

coercion to explore the objects, rodents were released against the center of the 

opposite wall with their back to the objects. During the second trial, corresponding 

to the test phase, the animal is exposed to two objects, one is identical to the 

sample and the other is novel (i.e. G-L). During both the familiarization and the 

test phases, objects were located in opposite and symmetrical corners of the 

center of the arena, and the location of novel versus familiar objects is 

counterbalanced. A discrimination index, calculated as [(A-B)/(A+B)] in which A 

represents the time exploring the novel object and B is the time exploring the 

familiar one, was used to measure the novel object exploration. This index can 

vary between +1 and −1, where a positive score indicates more time spent with 

the novel object, a negative score indicates more time spent with the familiar 

object, and a zero score indicates a null preference. Exploration of an object was 

defined as directing the nose towards an object at a distance of less than 1 cm 

and/or touching the object with the nose and/or paws. Sitting on the objects was 

not considered exploratory behavior. Alcohol solution (70%) was used to remove 

odors in the novel object recognition apparatus between all sessions. 

 

Elevated plus-maze 

To assess anxiety-related and explorative behavior, at PND 89 we 

performed the elevated plus-maze test. The elevated plus-maze comprises two 

open arms (30 x 5 cm) and two closed arms (30 x 5 x 15 cm) that extended from 

a common central platform (5 x 5 cm). The apparatus, made of Plexiglas (gray 

floor, clear walls), was elevated to a height of 60 cm above the floor level. Mice 

were individually placed on the central platform facing an open arm and allowed 
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to explore the maze for 5 minutes under indirect dim light (10 lux). Behavioral 

parameters observed were the percentage of time spent in the open arms 

[(open/total) ×100] and latency of the first open arm entry (arm entry = all four 

paws into an arm). Furthermore, we scored the percentage of time spent 

performing the stretched attend postures (s.a.p.), an exploratory posture in which 

the body is stretched forward and then retracted to the original position without 

any forward locomotion, and the percentage of time spent performing the head-

dipping behavior, an exploratory posture in which mice scanning their head over 

the sides of the maze towards the floor, both considered two important 

components of the risk-assessment repertoire of mouse defensive behavior 

(Fernandez Espejo, 1997). 

 

Forced swim test 

At PND 95 mice were tested according to the Porsolt's procedure (Porsolt et 

al., 1977). Each experimental subject was gently placed into a cylindrical glass 

container (20 cm diameter, 40 cm height), filled with 25 cm of water at a 

temperature of 26 ± 1 °C for 6 minutes with a dim light illumination (3-5 lux). When 

removed from the water, the mouse was allowed to dry for 5 min under red light. 

The following behavioral responses were scored: the percentage of time spent 

performing struggle, vigorous attempts at climbing the walls of the cylinder, and 

the percentage of time spent performing floating, total absence of movement. 

 

Fear conditioning test 

To assess emotional learning and memory, on PND 99 we performed the 

fear conditioning test. The test is based on the association between an 

unconditioned stimulus (US) and a conditioned stimulus (CS) causing an 

unconditioned response (UR). In particular, the CS corresponds to a neutral tone, 

paired with a brief electric foot-shock (US). This produces a typical rodents UR, 

called freezing behavior, corresponding to the total absence of all movement 

except respiration. The experimental apparatus corresponds to a training 

chamber (30×35×20 cm) with four opaque sidewalls and a removable foot-

shocking grid floor used for the first two phases of the task, training, and context 
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test. The third phase, the tone test, requires a different context to verify the mice’s 

association between CS and US. The fear conditioning test was performed on 

two days. In the training session, mice learn to associate a neutral tone (1000 

Hz, 90 dB) to the foot-shock (0.23 mA average intensity) for three trials, 60 

seconds each. Before the first trial, was performed 60 seconds of observation to 

assess the baseline activity of the animals. Each trial consisted of a tone phase 

of 30 seconds with two seconds of foot-shock starting at 28 seconds, the last 30 

seconds of trial were without tone (intertrial). In this phase, we assess emotional 

response and learning by scoring the percentage of freezing time behavior. After 

24 hours we performed the context test, mice are exposed to the same training 

chamber for 120 seconds without neutral tone and foot-shock. We assess 

memory by scoring the percentage of freezing time behavior. During the last 

session, the tone test, mice are observed in a new environment consisting of a 

chamber (25×28×16.5 cm) with four white walls, black visual cues, and red light. 

90 minutes after the context test, mice are exposed to the same neutral tone in 

the new test chamber without the final foot-shock for three trials of 60 seconds, 

divided into 30 seconds of tone and 30 seconds of intertrial. The association 

between CS and US is scored by the percentage of freezing time. 

 

Corticosterone levels 

At the end of the behavioral test phase (PND117), the activation of the 

hypothalamus-pituitary-adrenal (HPA) axis was assessed by measuring plasma 

levels of corticosterone in response to a psychophysical stressful challenge. All 

subjects underwent acute restraint stress (30 min) and blood samples were 

collected by a tail nick at different time points, i.e., immediately before (0 min) 

and after (30 and 180 min) the exposure to stress. The restraint procedure 

consisted in placing animals in 50ml-plastic falcon tubes with a few holes to keep 

airflow with white light during the stress. This procedure took place at 02:30 p.m. 

when the levels of free corticosterone were far from the circadian peak (Kitchener 

et al., 2004). Blood samples were collected individually in potassium–

ethylenediaminetetraacetic acid (EDTA) coated 10 ml tubes (1.6 mg EDTA/ml 

blood: Sarstedt). All samples were kept on ice and later centrifuged at 3000 rpm 
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for 15 min at 4 ◦C. Blood plasma was transferred to Eppendorf tubes for CORT 

determination and stored at − 80 ◦C until analysis. Plasma corticosterone levels 

were quantified by enzyme immunoassay according to the manufacturer’s 

recommendations (Corticosterone Elisa kit, Enzo Life Sciences). Samples were 

diluted 1:40 before analysis, and data were analyzed by sigmoidal 4-parameter 

logistic curve fit using Prism 6 (Graphpad). The sensitivity of the assay was 27.0 

pg/ml and the intra-assay percent coefficients of variations were between 3.35% 

and 3.82%. Because of the great variability, the logarithmic transformation will 

be implemented. 

 

Statistical methods 

All data were analyzed with one-way ANOVA with the Statistical software 

Statview II (Abacus Concepts, CA, USA), to compare Controls versus 

Standard+vehicle, Standard+ fluoxetine, Enrichment+vehicle, and 

Enrichment+fluoxetine. Time (minutes or days) was considered a repeated 

measure within subjects. Latency data, which had no normal distribution, were 

analyzed with the Mann-Whitney nonparametric test. Post-hoc comparisons 

were performed using Tukey’s test. All mean differences were considered 

statistically significant when p < 0.05. 
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Results 

Emotional response 

Locomotor activity and anxiety-like behavior- Open field test 

The analysis of the behavior in the open field test revealed a statistically 

significant main effect of the intervention on the total distance traveled in the 

arena (F4,55 = 2.722, p = 0.0386). Post-hoc analysis revealed that 

Enrichment+vehicle mice displayed higher locomotor activity compared to 

Standard+fluoxetine mice (p < 0.05; Fig.2A). Concerning the anxiety-like 

behavior, no differences between the experimental groups were found on both 

the percentage of time spent in the periphery (F4,53 = 0.818, p = 0.5197; Fig.2B) 

and the latency of first entry in the center (U = 2.324, p = 0.6764; Fig.2C). 

 

 

Figure 2. The exposure to the enriched environment increased locomotor activity in the 

open field test. (A) The analysis of the behavior in the open field test revealed a statistically 

significant main effect of the intervention on the total distance traveled in the arena. (B) Concerning 

the anxiety-like behavior, no differences between the experimental groups were found on both the 
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percentage of time spent in the periphery and (C) the latency of the first entry in the center. # p < 

0.05 vs Standard+fluoxetine, n = 8-12. Data are means ± S.E.M. 

 

Anxiety-like behavior- Elevated plus-maze 

In the elevated plus maze, we found a statistically significant main effect of 

the intervention on the percentage of time spent in the open arms (F4,54 = 3.347, 

p = 0.0161): the exposure to the standard environment enhanced anxiety-like 

profile, and fluoxetine treatment produced opposite effects in the two 

environmental conditions (Fig.3A). Post-hoc analysis revealed that mice exposed 

to the standard environment and treated with fluoxetine significantly decreased 

the percentage of time spent in the open arms compared with the Controls (p < 

0.05), while mice treated with fluoxetine in the enriched environment increased 

the percentage compared both to Standard+vehicle and Standard+fluoxetine 

mice (p < 0.05). However, no significant differences were found concerning both 

the latency to enter in the open arms (U = 6.926, p = 0.1398; Fig.3B) and the 

risk-assessment behavior as stretched attend posture (F4,55 = 1.449, p = 0.2304; 

Fig.3C) and head-dipping behavior (F4,53 = 1.876, p = 0.1282; Fig.3D). 
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Figure 3. The combination of environmental enrichment and fluoxetine treatment decreased 

the anxiety-like behavior in the Elevated plus-maze. (A) Standard +fluoxetine mice significantly 

decreased the percentage of time spent in the open arms, while Enrichment+fluoxetine mice 

increased their percentage compared to both Standard+vehicle and Standard+fluoxetine mice 

(p<0.05). (B) No significant differences were found concerning latency to enter in the open arms, 

and risk-assessment behavior as (C) stretched attend posture, and (D) head-dipping behavior. * p 

< 0.05 vs Controls, £ p < 0.05 vs Standard+vehicle, # p < 0.05 vs Standard+fluoxetine, n = 8-12. 

Data are means ± S.E.M. 

 

Despair-like behavior- Forced swim test 

We observed that social isolation from adolescence till adulthood tent to 

increase the despair-like behavior of those mice which have been subsequently 

exposed to the standard environment and that the exposure to the enriched 

environment alone could reverse such a tendency. In particular, we found a 

statistically significant main effect of the intervention on the percentage of floating 

time (F4,55 = 3.592, p = 0.0113), and post-hoc analysis revealed that both 
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Standard+vehicle and Standard+fluoxetine mice spent a higher percentage of 

time floating compared to the Enrichment+vehicle mice (respectively p < 0.05 

and p < 0.01; Fig.4). 

 

Figure 6. The exposure to the enriched environment, alone or in combination with 
fluoxetine, decreased the despair-like behavior. The intervention affected the floating behavior 
during the forced swim test, Enrichment+vehicle mice significantly decreased the percentage of 
time floating compared to both Standard+vehicle mice (£ p < 0.05) and Standard+fluoxetine mice 
(## p < 0.01), n = 8-12. Data are means ± S.E.M. 

 

Cognitive abilities 

Learning and memory: Novel object recognition test 

The evaluation of the discrimination index during the novel object recognition 

test did not reveal a significant difference between experimental groups (F4,55 = 

0.326, p = 0.8590; Fig.5A). 

 

Learning and emotional memory: Fear conditioning test 

In the first phase of the fear conditioning test, we did not observe a significant 

difference between groups in terms of the percentage of freezing behavior (F4,49 

= 2.380, p = 0.0643; Fig.5B). Concerning memory retrieval, no differences 

between experimental groups have been found during the context test (F4,53 = 

1.008, p = 0.4118; Fig.5C), while statistically significant main effect of the 

intervention on the percentage of freezing behavior has been observed in the 

tone test (F4,53 = 3.712, p = 0.0098). Post-hoc analysis revealed a decreased 
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freezing response of the Enrichment+fluoxetine mice compared to the 

experimental subjects exposed to Enrichment+vehicle (Fig.5D). 

 

 

Figure 7. Learning and memory functions assessed through Novel object recognition test 
and Fear conditioning test. (A) No differences emerged concerning the discrimination capability 
of the animals during the novel object recognition test. (B-C) In the training and memory retrieval 
phases of the fear conditioning test, we did not observe a significant difference between groups in 
terms of the percentage of freezing behavior. (D) During the tone test, Enrichment+fluoxetine mice 
decreased their percentage of freezing compared to Enrichment+vehicle mice, $ p < 0.05, n = 8-

12. Data are means ± S.E.M. 
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HPA-axis activity: corticosterone levels 

Fluoxetine treatment in combination with the standard environment led to a 

hyperactivation of the HPA-axis and consequently to an increased stress 

response, by contrast in the enriched environment the treatment led to an 

opposite effect. Comparing the corticosterone levels after the exposure to the 

restraint with the basal levels, we found a statistically significant main effect of 

the intervention (F4,28 = 7.817, p = 0.0002). Post-hoc analysis revealed that after 

the acute stress (30 minutes) Standard+fluoxetine mice showed an increased 

stress response compared to both Standard+vehicle and Enriched+fluoxetine (p 

< 0.01). Following 180 minutes, Standard+fluoxetine mice showed increased 

levels compared with Enriched+fluoxetine mice (p < 0.01; Fig.6). 

 

 

Figure 8. HPA-axis activity. HPA-axis activity has been assessed by measuring plasma levels of 
corticosterone in response to acute stress. In particular, we calculated the ratio between the 
baseline levels and the levels of corticosterone following both 30 and 180 minutes of restraint. 
Standard+fluoxetine mice showed increased corticosterone levels compared to both 
Standard+vehicle and Enriched+fluoxetine immediately after the restraint protocol. Following 180 
minutes, Standard+fluoxetine mice showed increased levels compared with Enriched+fluoxetine 
animals. £ p < 0.05 ; ## p < 0.01, n = 4-9. Data are means ± S.E.M. 
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Discussion 

Our results confirm that adolescent isolation induced both depressive- and 

anxiety-like behavior and show that environmental enrichment alone or in 

combination with fluoxetine, but not fluoxetine alone, improves the depressive-

like phenotype. The combination of drug treatment with favorable enrichment is 

specifically effective to counteract anxiety-like behavior. Our findings outline the 

relevance of environmental conditions alone or in combination with 

antidepressant drugs in the treatment of adolescence-onset depression. 

The environment is key in recovering from depressive-like behavior because 

it provides the skills needed by the individual isolated during adolescence to face 

the environmental challenges at adulthood, as indicated by the behaviors in the 

forced swim and the open field test. Indeed, in the forced swim test the 

Enriched+vehicle mice showed a decreased time of floating behavior compared 

to both Standard+vehicle and Standard+fluoxetine mice, a result indicating that 

enriched environment could counteract the increased despair-like behavior 

induced by prolonged social deprivation during adolescence (Bogdanova et al., 

2013; Guarnieri et al., 2020; Porsolt et al., 1977). In addition, experimental 

subjects exposed to the enriched environment and treated with vehicle displayed 

increased exploratory activity in the open field test compared to animals exposed 

to the standard environment and treated with fluoxetine. These results are in line 

with the literature reporting the beneficial effects of a supportive environment on 

exploratory activity (Guarnieri et al., 2020; Korholz et al., 2018; Krupina et al., 

2020) and are supported by several studies indicating that abnormalities in the 

exploratory behavior of rodents it has been linked to their general health 

(Fahlstrom et al., 2012) and anxiety-like profile (Crawley, 1985). 

The lack of social experiences during adolescence affects the emotional 

profile of experimental subjects in the elevated plus maze and fluoxetine 

treatment, by enhancing plasticity, amplifies the beneficial effect of the favorable 

environment. In line with the literature (Hu et al., 2017; Iniguez et al., 2014b; 

Wang et al., 2011), mice exposed to the standard environment showed an 

increased anxiety-like behavior, in particular in the Standard+fluoxetine 

compared to Control mice. The interaction between enriched environment and 
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fluoxetine treatment counterbalances the anxiolytic effect of social isolation as 

indicated by the increased time spent in the open arms of Enriched+fluoxetine 

compared to both Standard+vehicle and Standard+fluoxetine mice. An increased 

anxiety-like profile and the beneficial effects of the combination of enriched 

environment and fluoxetine treatment were suggested by the latency to open 

arms and the behaviors related to the risk assessment profile of the animals, 

such as stretched attend posture and head-dipping, although these parameters 

missed to rich the statistical significance. These results are in line with previous 

studies showing the higher efficacy of fluoxetine treatment administered in a 

supportive environment compared to a not-beneficial one, underlying the key role 

of the environment in determining the SSRI outcome (Branchi and Giuliani, 2021; 

Forsyth et al., 2015; Poggini et al., 2019; Poggini et al., 2021; Viglione et al., 

2019; Wilkinson et al., 2019). According to this evidence, the opposite results 

displayed by Standard+fluoxetine and Enriched+fluoxetine mice in the elevated 

plus suggest also that the effects of fluoxetine are environment dependent. The 

results concerning the HPA-axis activation corroborated this hypothesis. Mice 

exposed to the standard environment and treated with fluoxetine showed 

significantly increased levels of corticosterone compared to mice exposed to the 

enriched environment and treated with fluoxetine, which confirmed the 

environment-dependent effect of fluoxetine treatment. Moreover, these findings 

are in line with the literature showing that an enriched environment and fluoxetine 

tend to decrease corticosterone levels (Baker et al., 2018; Lopez and Laber, 

2015; Mesa-Gresa et al., 2016). 

Finally, our findings confirm that the lack of social experiences affects more 

the emotional profile than the cognitive profile of the experimental subjects in 

adulthood, concerning both depressive- and anxiety-like responses and 

hormonal reactivity to stress. Indeed, in line with the literature (Guarnieri et al., 

2020; Rivera-Irizarry et al., 2020), we did not observe differences in the animals’ 

cognitive abilities in both novel object recognition and fear conditioning test. At 

the clinical level, several studies focused their attention on the emotional profile 

of individuals and their social environment, reporting that adverse early life 

events, associated with a dysfunctional socioemotional environment, predict the 
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onset of major depressive disorder in adolescence and its recurrence (Lewinsohn 

et al., 2001; Lewinsohn et al., 1999). Calati and colleagues show that social 

environment was deeply associated with emotional dysfunction leading to 

suicidal thoughts and attempts in both adolescents and young adults. The main 

construct was represented by the living conditions, i.e. being single, divorced, 

widowed, or living alone. In addition, both the objective condition (e.g., living 

alone) and the subjective feeling of being alone (i.e., loneliness) were strongly 

associated with suicidal outcomes, suggesting that both objective social isolation 

and the subjective feeling of loneliness should be incorporated into the risk 

assessment of mental disorders and suicide (Calati et al., 2019). 

Overall, these findings underly that (1) the environment is key in recovering 

from depressive-like behavior, (2) fluoxetine treatment, by enhancing plasticity, 

amplifies the beneficial effect of the favorable environment, and (3) the effects of 

fluoxetine are environment dependent. In a translational perspective, by 

controlling the subjects living conditions has been possible to improve 

therapeutic intervention and predict treatment outcomes, as suggested by the 

study of Viglione and collaborators. Indeed, they show that citalopram, a common 

SSRI, produces a dose-dependent amplification of the influence of the 

environment on mood, making symptom severity dependent on the level of 

socioeconomic status. As a consequence, they are able to effectively predict the 

treatment outcome based on the patient’s socioeconomic status in a dose-

dependent fashion. Patients who received the high, but not the low, dose of 

citalopram could be effectively identified at baseline as patients who will show or 

not show remission following 12 weeks of treatment (Viglione et al., 2019). 

In conclusion, our findings confirm and further show the key role of the living 

environment in psychiatric treatment, in particular for those compounds 

leveraging on the enhancement of neural and behavioral plasticity such as SSRIs 

(Alboni et al., 2017; Branchi, 2011; Poggini et al., 2019; Wilkinson et al., 2019). 

We thus underpin the relevance of the patient’s living conditions in the selection 

of the most effective pharmacological treatment and advocate for considering the 

key role of the environment in the precision medicine paradigm in the psychiatric 

field.  
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Abstract 

The efficacy of selective serotonin reuptake inhibitors (SSRIs), the first-line 

antidepressant treatment, is variable. To explain such variability, it has been 

recently proposed that SSRIs act, at least in part, by amplifying the influence of 

the living environment on mood. Since the quality of the living environment 

depends not only on its objective features but also on the subjective experience 

of it, we hypothesized that the latter plays a key role in determining SSRI 

treatment outcome. To test this hypothesis, we used two groups of CD-1 male 

mice that reportedly show different subjective experiences of the social and 

emotional environment because of different rearing conditions: standard nesting 

(SN) mice, reared in standard laboratory conditions, and communal nesting (CN) 

mice, reared in a nest where three dams breed together their offspring and share 

caregiving behavior. At adulthood, CN mice experienced the same test 

environment as more socially challenging and potentially dangerous compared 

to SN mice. We then treated them with either the SSRI fluoxetine or vehicle for 

21 days. Fluoxetine increased offensive and anxious response in SN, while 

producing opposite effects in CN mice. BDNF regulation was modified by the 

treatment accordingly. These results indicate that the subjective experience of 

the environment determines fluoxetine outcome. In a translational perspective, 

our findings point out the need to consider not only the objective quality but also 

the subjective experience of the patient’s living environment to develop effective 

personalized therapeutic approaches in psychiatry. 

 

 

Keywords 
Major depression disorder, SSRI, individual experience, subjective, environment, 
context 
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Introduction 

Selective serotonin reuptake inhibitors (SSRIs) are the first-line treatment for 

depression. Nevertheless, their efficacy is variable and incomplete: 60-70% of 

patients do not achieve remission and 30-40% do not show a clinical response 

(Trivedi et al., 2006). To explain such variability, a novel hypothesis, named 

undirected susceptibility to change, has been recently proposed (Branchi, 2011, 

2022). It posits that SSRIs do not affect mood per se but, by boosting the 

serotonergic tone, they enhance neural plasticity and thus amplify the influence 

of the environment on mood. This hypothesis has been validated in both 

preclinical and clinical studies (Branchi, 2022; Branchi and Giuliani, 2021). In 

mouse models, the administration of the SSRI fluoxetine in an enriched 

environment improves the depressive-like phenotype while, in stressful 

conditions, it has no effect or even leads to a worsening (Alboni et al., 2017; 

Bashiri et al., 2021; Branchi et al., 2013b; Karpova et al., 2011; Lima et al., 2019; 

Poggini et al., 2021). Clinical studies demonstrated that the administration of 

SSRI Citalopram amplifies the influence of living conditions on mood, leading to 

an improvement of symptoms according to the individual’s socioeconomic status 

(Chiarotti et al., 2017; Viglione et al., 2019). Accordingly, recent studies aimed at 

investigating the effects of SSRI in healthy subjects further confirmed the context 

dependence of the SSRI effects showing that, in clinical practice, these drugs 

enhance neuroplasticity rather than directly improving psychiatric symptoms 

(Klobl et al., 2022; Reed et al., 2022). Thus, the quality of the living environment 

is key in determining SSRI treatment outcome. 

The quality of the environment, such as the living conditions, does not 

depend only on its objective features, but also on the subjective experience of it 

(Kempermann, 2019). For instance, trust impressions are highly dependent on 

individuality (Sutherland et al., 2020) and individuals show important differences 

in their response to fear and threat (LeDoux and Brown, 2017). In addition, twin 

studies demonstrate that subjective perceptions of social status correlate with 

indicators of well-being (Rivenbark et al., 2020). 

Given the role of the environment in driving SSRI efficacy and the relevance 

of the subjective experience in experiencing the environment, we hypothesized 
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that the latter is key in determining SSRI treatment outcome. To explore such a 

hypothesis, we generated two groups of mice showing distinct experiences of the 

social and emotional environment. These mice are indistinguishable at the 

genetic level but were reared in two different reading conditions: standard 

laboratory (Standard Nesting -- SN) and Communal Nesting (CN) conditions. CN 

mice received caregiving behavior by multiple dams and interacted with a larger 

number of genetic and non-genetic peers during the first four weeks of life 

(Branchi, 2009; Branchi et al., 2011a). At adulthood, CN mice reportedly 

experience the environment as more socially challenging and potentially 

dangerous compared to SN mice (Branchi, 2009; Branchi and Alleva, 2006). To 

assess whether the subjective experience of the environment affects SSRI 

treatment outcome, we administered either vehicle or fluoxetine for 21 days and 

then phenotyped their response to the same test environment. We measured 

emotional and social behavior endpoints that are reportedly targeted by SSRIs 

(Cirulli et al., 2000; Mikics et al., 2018; Molendijk et al., 2012) and analyzed brain 

derived neurotrophic factor (BDNF) epigenetic regulation and protein levels 

because this is considered one of the most reliable molecular proxies of 

antidepressant action (Branchi et al., 2011b; Casarotto et al., 2021; Tsankova et 

al., 2006). We predicted that SSRI treatment produces different effects in SN and 

CN because of their different subjective experience of the context. 
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Methods and Materials 

Animals and Breeding Procedure 

All procedures were performed according to European Communities 

guidelines (European Directive 2010/63/UE) and the Italian legislation on animal 

experimentation (Decreto L.vo 26/2014). 

32 male and 64 female mice of an outbred CD-1 Swiss-derived strain (ICR) 

weighing 25-27 g (3-4 weeks old) were purchased from Envigo (San Pietro al 

Natisone (UD), Italy). Animals were housed under reversed 12 light-dark cycle 

(08.00-20.00) in an air-conditioned room (temperature 21±1 °C, relative humidity 

60±10%). Males and females were housed in same-sex groups of 6 individuals 

in 42 x 17 x 14 cm Plexiglas cages with a metal top and sawdust as bedding, 

with pellet food (Enriched standard diet, Riper, Vendoies, BZ, Italy) and tap water 

ad libitum. After one week of acclimatization, animals were used to form breeding 

groups, made up of 1 male and 2 females, housed in 33 x 13 x 14 cm Plexiglas 

cages. Vaginal plugs were checked twice a day (at 09.00 h and 19.00 h) from the 

first day after breeding group formation. The male was removed from the 

breeding cage around gestational day 12 and females were assigned to one of 

the two experimental groups: standard nesting (SN) or communal nesting (CN). 

For the SN condition, one female was housed in a 33 x 13 x 14 cm Plexiglas 

cage. In the CN condition, according to the expected day of delivery (calculated 

basing on the day of vaginal plug detection), the females were housed in trios in 

42 x 17 x 14 cm Plexiglas cages, five days before the delivery. In the CN group, 

females of the same trio gave birth on the same day. Each litter was culled on 

the day after birth, postnatal day (PND) 1 (birth = PND 0) to 6 males and 2 

females for the SN group, and to 18 males and 6 females for the CN group. Pups 

were weaned on their own PND 25 and males of each litter were housed in 

groups of 4 animals in 42 x 17 x 14 cm Plexiglas cages until PND 120. From PND 

120 male mice were housed in groups of 2 animals (according to their 

experimental group and treatment) and tested at PND 141 (Fig.1A). Female 

offspring were not studied in this work.  
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Treatment 

Fluoxetine (Biomol International, LP, USA) was dissolved in water and 

delivered ad libitum in the drinking bottles for 21 days. The solution was prepared 

every day in different concentrations for SN and CN mice (respectively, 0.07 and 

0.08 mg/ml), according to the average weight and daily water consumption 

previously assessed, to provide an average daily intake of 10 mg/kg. Bottles were 

wrapped in tin foil to protect the substance from light and weighed every day to 

monitor consumption. Compared to administration by injection, this method 

allows avoiding the stress due to the manipulation. Behavioral tests and 

neurochemical analyses were performed in different batches of animals (Fig.1B). 

 

Figure 1. Experimental design and schema of experimental groups. (A) Timeline of communal 
nest procedure, fluoxetine or vehicle administration, and behavioral and neurochemical analyses. 
(B) In each couple of SN and CN mice, treated with fluoxetine or vehicle, one subject was randomly 
assigned to behavioral tests, while the other one was addressed to neurochemical analysis. 

 

Behavioral tests 

All tests were carried out during the dark period (between 09.30 and 15.30 

h). Animals were transferred to the experimental room at least 45 min before the 

test to let them acclimatize to the new environment. Behavior was video-recorded 

using a digital videocamera (TR 7000E, Sony, Tokyo). The behavioral scoring 
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was carried out using the commercial software Observer 3.0 (Noldus, 

Wageningen, The Netherlands). 

 

Social interaction test 

Experimental subjects were placed in a novel cage, identical to the home 

cage, with a standard opponent of the same weight. The maximum length of 

social encounters was 20 min. 

Behavioral categories and elements scored for both frequency and duration 

were: 

- agonistic behaviors: attack, fighting episode when a mouse belonging to 

the experimental group approaches the opponent and bites it; aggressive 

grooming, violent grooming of the animal on the back of the partner; offensive 

upright posture, the animal stands on its hindlimbs facing the opponent 

aggressively; defensive upright posture, the animal stands on its hindlimbs and 

pushes the aggressive opponent with its forepaws; crouched posture, the animal 

lies on its ventrum, the head flat on the cage floor (this posture is often observed 

as an answer to aggressive grooming performed by the partner); submissive 

upright posture, the animal stands on its hindlimbs, the head pulled far back and 

its body rigid; tail rattling, fast tail vibration often observed in a distance 

ambivalence situation. 

- affiliative behaviors: anogenital sniff, sniffing the anogenital area of the 

partner; nose sniff, sniffing the head and the snout region of the partner; 

allogrooming, grooming the partner; body sniff, sniffing any other area of the body 

of the partner. 

- non-social activities: wall-rearing; bar holding, animal grasps the metal top 

of the cage holding itself above the level of the ground.; self-grooming; digging, 

animal digging the sawdust with the forelimbs, often kicking it away with the 

hindlimbs. 

To discriminate the experimental subject from the standard opponent during 

data collection, standard opponents were marked by a blue, scentless and 

nontoxic felt pen 30 min before testing. 
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Novelty Suppressed Feeding 

A highly palatable food, i.e. a butter cookie, was placed into a cage contained 

in an unfamiliar cylindrical transparent cup. Mice were free to explore the cup 

containing food for 10 minutes. The behavioral parameters scored were latency, 

frequency, and duration of object exploration and food contact. The use of high-

palatable food allows for performing the test without food deprivation. 

 

Elevated plus maze 

The elevated plus-maze comprises two open arms (30 x 5 cm) and two 

closed arms (30 x 5 x 15 cm) that extended from a common central platform (5 x 

5 cm). The apparatus, made of Plexiglas (gray floor, clear walls), was elevated 

to a height of 60 cm above the floor level. Mice were individually placed on the 

central platform facing a closed arm and allowed to freely explore the maze for 5 

min. Behavioral parameters observed were frequencies of total, open and closed 

entries (arm entry  =  all four paws into an arm), percentage of open entries 

((open/total)×100], and time spent in open and closed arms and in the central 

part of the platform. Furthermore, we scored frequency, duration and latency of 

head dipping (exploratory movement of head and shoulders over the edge of the 

maze) and stretched attend postures (s.a.p.; exploratory posture in which the 

body is stretched forward and then retracted to the original position without any 

forward locomotion). 

 

Brain derived neurotrophic factor determination 

BDNF protein levels were measured in the hippocampus following the 

procedure suggested by the manufacturer (Emaxtm ImmunoAssay System 

number G6891 by Promega, Madison, WI, USA). A monoclonal anti-mouse-

BDNF antibody was used. BDNF concentration was determined from the 

regression line for the BDNF standard curve (ranging from 7.8 to 500 pg/ml-

purified mouse BDNF) incubated under similar conditions in each assay. The 

sensitivity of the assay is about 15 pg/ml of BDNF, and the cross-reactivity with 

other related neurotrophic factors (NGF, NT-3, and NT-4) is considered nil. 
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Chromatin immunoprecipitation (ChIP) assay 

The chromatin from the whole hippocampus was subjected to 

immunoprecipitation using antibodies against trimethyl-Histone H3 (K27) and 

acetyl-Histone H3 (K9 + K14) (Upstate, Millipore, Temecula, CA, USA). The 

specificity of these antibodies in the ChIP assay has been established previously 

(Kumar et al. 2005). To control for the specificity of antibody binding in our 

conditions, non-immune rabbit IgG (Chemicon, Millipore, Temecula, CA, USA) 

and no-antibody immunoprecipitations were performed for each chromatin 

sample. The following primers were used to selectively amplify a portion of 

BDNF: 

- promoter I (5’-GTGCCTCTCGCCTAGTCATC–3’ and 5’- 

GGGAACAACTGCGTGAATC-3’) 

- promoter II (5’-GGGCATATAATTGACATCCGCAA-3’ and 5’-

TCCACCACTATCCTCACCTAAACTCT–3’) 

- promoter III (5’-GAATCAGAGGATGGAGGGAGTGTG–3’ and 5’-

GGAAAGAGAGGGAGGCAGGGATA-3’) 

- promoter IV (5’-TGCGCGGAATTCTGATTCTGGTAAT–3’ and 5’-

AGTCCACGAGAGGGCTCCACGCT-3’) 

- promoter V (5’-CAAGGAAAAGGCGCGTCGTC–3’ and 5’-

TCTTCGGTTGAGCTTCGATT-3’) 

- promoter VI (5’-GGGGAAATGGACAGAAGCC–3’ and 5’-

CGCCACCGATACCCATT-3’) 

- promoter VII (5’-GTGTAGTCCGAGAATGGGTCTTGG-3’ and 5’-

ACCTTGGACCTGTAAGTAAGCTTTG-3’) 

Control PCR was performed with the primers for a promoter of a 

housekeeping gene β-actin (5’-AAAATGCTGCACTGTGCGGCGA–3’ and 5’-

GGACGCGACTCGACAGTGGCTG –3’) to ensure the validity of the ChIP assay. 

DNA amplification reactions were run in triplicate at least two independent times 

in the presence of SYBR-Green (LightCycler 480 SYBR Green 1 Master mix, 

Roche Diagnostics GmbH, Mannheim, Germany). Ct values from each sample 

were obtained using the LightCycler 480 software (Roche Diagnostics GmbH, 
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Mannheim, Germany). The real-time PCR ChIP data were normalized to the 

‘input’. 

 

Statistical analysis 

All data were analyzed by analyses of variance (ANOVA), using nesting and 

treatment (respectively: standard vs. communal and vehicle vs. fluoxetine) as 

between-subject factors and the experimental subject as a random factor nested 

within nesting and treatment. Latency data, which had no normal distribution, 

were analyzed with the Mann-Whitney nonparametric test. Post-hoc 

comparisons were performed using the Tukey test. Analyses were carried out 

using the software Statview II (Abacus Concepts, CA, USA). 
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Results 

Social interaction test 

SN and CN mice differently modified their offensive behaviors according to 

treatment, as shown by the statistically significant effect of experimental group x 

treatment interaction for frequency and duration of attacks (F1,26 = 24.235 and 

F1,27 = 24.050, respectively for frequency and duration and p < 0.001 for both) 

and offensive upright postures (Fs1,25 = 20.611 and 27.416, respectively for 

frequency and duration and p < 0.001 for both). In line with previous studies 

(Branchi, 2009; Branchi et al., 2013a), CN mice receiving vehicle showed higher 

attacks and offensive upright postures in both frequency and duration compared 

to SN mice receiving vehicle (ps < 0.01). In addition, post-hoc analysis revealed 

that fluoxetine treatment increased the number and the duration of attacks and 

upright offensive postures in SN mice (ps < 0.05) and decreased the same 

endpoints in CN mice (ps < 0.01). Moreover, fluoxetine decreased the number of 

upright offensive postures in CN compared to SN mice (ps < 0.01; Fig.2A). No 

statistically significant effects were found for defensive behaviors (Fig. 2B). For 

social investigation, main effects of fluoxetine treatment (Fs1,28 = 19.780 and 

7.080, p = 0.0001 and p = 0.0128, respectively for frequency and duration) and 

experimental group (Fs1,28 = 20.597 and 14.787, ps < 0.001 and < 0.01, 

respectively for frequency and duration) were found, all mice markedly increasing 

such social investigation following fluoxetine administration and CN showing 

more and longer interactions with a conspecific compared to SN mice (Fig.3). 
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Figure 2. Agonistic behavior in adult mice. (A) CN vehicle mice showed more attacks and 
offensive upright postures than SN of the same treatment group. Fluoxetine acted in an opposite 
direction in the two groups, reducing offensive behaviors in CN mice and increasing the same 
parameters in SN. (B) Defensive behaviors were not significantly different between groups. ** p < 
0.01, CN vs. SN of the same treatment; $ and $$ p < 0.05 and < 0.01 fluoxetine vs. vehicle of the 
same experimental group, n  =  8. Data are means ± S.E.M. 
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Figure 3. Social investigation behavior. CN mice showed a higher propensity to interact with a 
conspecific compared to SN (main effect of the experimental group). Fluoxetine increased social 
investigation behavior in both CN and SN mice (main effect of treatment). ^^ p < 0.01, CN vs. SN 
mice; ££ p < 0.01 fluoxetine vs. vehicle, n  =  8. Data are means ± S.E.M. 

 

Novelty suppressed feeding 

The analysis of behavior in the novelty suppressed test, revealed a 

statistically significant experimental group x treatment interaction for frequency 

and duration of object exploration (F1,35 = 20.169 and F1,36 = 20.540, respectively 

for frequency and duration and ps < 0.0001 for both) and food contact (F1,34 = 

25.399 and F1,35 = 16.276, ps < 0.0001 and < 0.001, respectively for frequency 

and duration). Post-hoc analysis revealed that CN fluoxetine mice spent more 

time exploring the novel object (p < 0.01) and performed a higher number of 

explorations (p < 0.01; Fig.4A). Moreover, fluoxetine increased the number and 

the duration of food contact in CN mice (ps < 0.01; Fig.4B). Latency data 

confirmed such profile showing that fluoxetine led to shorter latencies in both 

object exploration (U = 31.500 and P < 0.001) and food contact (U = 81.000 and 

p < 0.001; Fig.4C) in CN mice. 
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Figure 4. The emotional response in the Novelty Suppressed Feeding test. Fluoxetine 
treatment affected emotional response only in CN mice, increasing both (A) object exploration (B) 
and food contact (C as well as latency to the first contact. ** p < 0.01, CN vs. SN mice of the same 
treatment; $ and $$ p < 0.05 and < 0.01 fluoxetine vs. vehicle of the same experimental group, n  
=  8. Data are means ± S.E.M. 

 

Elevated plus maze 

We found a statistically significant experimental group x treatment interaction 

for the percentage of open entries (F1,35 = 15.760 and p < 0.01), time in open 

arms (F1,36 = 10.355 and p < 0.01), and the number of open entries (F1,35  =  

13.022 and p < 0.001), showing that fluoxetine treatment produced opposite 

effects in CN and SN mice. Post-hoc analysis revealed that fluoxetine increased 

the percentage of open entries, time in open and the number of open entries in 

CN (p < 0.05 for all parameters) while reducing them in SN mice (p < 0.05 for the 

percentage of open entries and time in open, and p < 0.01 for the number of open 

entries). Furthermore, CN mice receiving vehicle spent less time and displayed 
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lower entries in the open arms compared to SN mice receiving vehicle (p < 0.05). 

Finally, CN mice receiving fluoxetine displayed a significantly higher percentage 

of open entries compared to SN mice receiving fluoxetine (p < 0.05; Fig.5A). For 

locomotor activity, measured as the number of total entries in the maze arms, a 

statistically significant effect of experimental group x treatment interaction was 

found (F1,35 = 25.674 and p < 0.0001). Fluoxetine increased the number of total 

entries in CN (p < 0.05) while reducing it in SN mice (p < 0.01), compared to the 

relative vehicle groups. In addition, fluoxetine increased the number of total 

entries in CN compared to SN mice (p < 0.05; Fig.5A). No significant effects were 

found for the number of closed entries (data not shown). Concerning other 

behavioral parameters, CN mice showed higher frequency and duration of 

stretched attend posture (main effect of experimental group: Fs1,36 = 36.641 and 

23.467, respectively for frequency and duration and ps < 0.0001 for both) and 

lower head-dipping frequency and duration (main effect of experimental group: 

Fs1,36 = 12.193 and 10.743, ps < 0.001 and < 0.01, respectively for frequency 

and duration) compared to SN mice (Fig.5B). 
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Figure 5. Anxiety-like behavior and activity levels in the elevated plus maze test. (A) CN 
vehicle mice spent less time in the open arms compared to SN mice of the same group. Fluoxetine 
administration reduced emotionality in CN while increasing it in SN. (B) CN mice performed high 
stretched attend postures and less head-dipping compared to SN (main effect of the experimental 
group). * and ** p < 0.05 and < 0.01, CN vs. SN of the same treatment; $ and $$ p < 0.05 and < 
0.01 fluoxetine vs. vehicle of the same experimental group; ^ and ^^ p < 0.05 and <0.01 CN vs. SN 

mice, n  =  10. Data are means ± S.E.M. 
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Brain derived neurotrophic factor levels 

We found a statistically significant effect of experimental group x treatment 

interaction (F1,28 = 7.213 p < 0.05) for hippocampal BDNF, showing that fluoxetine 

differently affected neurotrophin levels in CN and SN mice. Post-hoc 

comparisons revealed that fluoxetine treatment increased BDNF in SN (p < 0.05) 

and reduced it in CN mice (p < 0.05). In addition, CN mice receiving vehicle 

showed higher levels of BDNF compared to SN mice receiving vehicle (p < 0.05; 

Fig.6). 

 

Figure 6. Hippocampal BDNF protein levels. CN vehicle mice had higher hippocampal BDNF 
levels compared to SN at baseline. Fluoxetine increased BDNF levels in SN mice and reduced it 
in CN. * p < 0.05, CN vs. SN of the same treatment group; $ p < 0.05 fluoxetine vs. vehicle of the 
same experimental group, n = 8. Data are means ± S.E.M. 

 

Epigenetic structure at the promoter IV of BDNF 

The ChIP analysis revealed a statistically significant experimental group x 

treatment interaction. Post-hoc analysis showed that fluoxetine treatment led to 

a trend toward an increase in the levels of the repressive mark H3K27me3 in CN 

mice (p = 0.052; Fig.7A). CN mice displayed an overall increase in the levels of 

acetylation of the histone H3 compared to SN mice (p = 0.006; Fig.7B). Post-hoc 

analysis revealed that fluoxetine treatment led to a trend toward an increase of 

the acetylation levels in SN mice (p = 0.056; Fig.7B). 
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Figure 7. Chromatin remodeling at BDNF IV promoter in the hippocampus of adult mice. (A) 
ChIP analysis revealed a clear trend toward an increase in the levels of the repressive mark 
H3K27me3 in CN mice. (B) CN mice showed higher levels of the acetylated form of histone H3 at 
the BDNF promoter IV compared to SN mice. In addition, fluoxetine administration led to a trend 
toward an increased acetylation levels in SN mice. # p = 0.052 vs. SN, same treatment; $ p = 0.056, 
fluoxetine vs. vehicle within the same experimental group, ^^ p < 0.01, CN vs. SN mice; n = 8. Data 
are means ± S.E.M. 
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Discussion 

Adult SN and CN mice demonstrated different subjective experiences of the 

environment as indicated by their distinct social and emotional responses in 

facing the same test environment. Accordingly, chronic fluoxetine treatment 

produced significantly different effects in the two experimental groups both at 

behavioral and BDNF regulation levels. 

In line with the literature (Branchi, 2009; Branchi and Alleva, 2006; Branchi 

et al., 2013a), the two experimental groups confirmed that they differently 

experience the environment. Overall, CN experienced it as more socially 

challenging and potentially dangerous showing higher levels of offensive and 

anxiety-like behavior compared to SN mice. We thus administered fluoxetine to 

the experimental subjects to assess whether treatment outcome depends on 

their subjective experience of the environment. As predicted, the drug produced 

different effects in the two groups. In the social interaction test, the treatment 

reduced offensive behavior in CN, while increasing it in SN mice. In the elevated 

plus maze, fluoxetine increased the time spent in the open arms and the number 

of entries in CN, while reducing it in SN mice. Our results are in line with previous 

preclinical studies showing that fluoxetine effects depend on the behavioral 

profile of the individual (Mitchell, 2005). For instance, SSRIs are reported to be 

more likely to produce anti-aggressive effects in conditions of escalated agonistic 

behavior (Caldwell and Miczek, 2008; Mitchell, 2005) and have effects that are 

dependent on social status, reducing anxiety-like response only in dominants 

(Murlanova et al., 2021). In addition, other factors that affect the behavioral 

profile, such as sex and genetic background, have been reported to modulate 

the effects of SSRIs as well (Cervo et al., 2005; Gunther et al., 2011; Lifschytz et 

al., 2006; Lopez-Rubalcava and Lucki, 2000). The role of the subjective 

experience of the environment in determining fluoxetine outcome may explain, at 

least partially, the reported variable drug effects and may reconcile previous 

discordant findings on the effects of SSRIs on aggressive and emotional 

responses. Indeed, many studies found that SSRIs exert an anti-aggressive 

action (Fuller, 1996), reducing offensive behaviors in mouse models of 

aggression (Mamiya et al., 2017; Wagner et al., 1993) and following chronic 
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stress (Laugeray et al., 2016), and produce anxiolytic effects (Kurt et al., 2000; 

Rogoz and Skuza, 2011). However, other studies found no (Silva and Brandao, 

2000) or opposite results (Caldwell and Miczek, 2008; Drapier et al., 2007; Kurt 

et al., 2000; Mitchell, 2005; Oh et al., 2009; Robert et al., 2011). It is worth noting 

that the different effects of fluoxetine in SN and CN appear not concerning all 

behavioral domains, as fluoxetine equally increased the frequency and the 

duration of affiliative behavior, such as allosniffing and allogrooming, in both 

experimental groups. 

To investigate the action of fluoxetine effect at molecular level, we assessed 

BDNF levels and epigenetic structure as this neurotrophin is considered to be 

one of the prominent proxy of SSRI action (Castren and Monteggia, 2021; Duman 

et al., 2021). In addition, the epigenetic regulation of the BDNF promoter IV has 

been involved in the effects of antidepressants on the emotional response and 

antidepressant treatments have been found to reverse its downregulation in 

animals exposed to chronic stress (Branchi et al., 2011b; Tsankova et al., 2006). 

We showed, on the one hand, that CN had significantly higher hippocampal 

BDNF levels compared to SN mice at baseline, as previously described (Branchi 

et al., 2006a; Branchi et al., 2006b). On the other, in line with the behavioral 

results, fluoxetine effects on BDNF regulation differed in the two experimental 

groups: neurotrophin levels were significantly reduced in CN, while increased in 

SN mice. In addition, the treatment modified methylation and acetylation levels 

of exon promoter IV the BDNF gene accordingly. As for the social and emotional 

responses, viewing the subjective experience of the environment as determining 

treatment effects provides a potential explanation for the discordant results 

concerning the effects of SSRIs on BDNF expression (Bessa et al., 2009; Goekint 

et al., 2011; Jacobsen and Mork, 2004; Nibuya et al., 1996; Torrisi et al., 2021). 

The present results are in line with the hypothesis that the amplification of 

the influence of the environment on mood produced by SSRIs concerns, not only 

the objective features (Branchi, 2011; Branchi and Giuliani, 2021), but also the 

subjective experience of the environment. Indeed, as the objective features have 

been kept the same for SN and CN mice, the distinct fluoxetine effects in the two 

groups can be ascribed to their different subjective experiences. Since SN mice 
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are relatively naïve and with a history of limited social interactions and CN mice 

are socially and emotionally more experienced, fluoxetine enhanced the 

experience of a challenging environment in SN, increasing their aggressive and 

anxiety-like behavior, while producing an opposite effect in CN mice. In 

accordance, as BDNF is produced in response to a stimulating environment in 

order to promote neural and behavioral adaptive changes (Branchi et al., 2004; 

Clayton et al., 2020; Rossi et al., 2006; Sale et al., 2014; Yoshii and Constantine-

Paton, 2010), we found its levels to be increased by fluoxetine treatment in SN 

but reduced in CN mice. The BDNF epigenetic regulation changes show an 

overlapping profile confirming that epigenetic modifications mediate the effect of 

the environment on brain function (Branchi et al., 2004; Clayton et al., 2020; 

Rossi et al., 2006; Sale et al., 2014; Yoshii and Constantine-Paton, 2010). 

The view that the subjective experience of the environment affects the 

response to psychiatric treatments modulating plasticity, such as 

antidepressants, is rapidly emerging in clinical studies (Bottemanne et al., 2022; 

Murphy et al., 2021; Reed et al., 2022; Wardenaar et al., 2014). In line with our 

hypothesis positing that SSRIs amplify the influence of the subjective experience 

of the living environment on mood, an increasing number of studies is elegantly 

showing that antidepressant outcome can be predicted according to patient’s 

affective bias (Godlewska et al., 2016; Shiroma et al., 2014). A positive bias in 

perceiving positive facial expressions has been found to be associated with 

subsequent improvement in depression severity (Tranter et al., 2009). On the 

basis of these results, the PReDicT study has developed an algorithm to predict 

the clinical effectiveness of the antidepressant treatment (Browning et al., 2021; 

Kingslake et al., 2017) managing to improve the functional outcome as well as 

the anxiety symptoms in patients (Browning et al., 2021). Further evidence 

supporting our results concerns personality studies. Differences in personality, 

which significantly affect the experience of the environment and stressful 

conditions (Kendler et al., 2003), are associated with different efficacies of 

antidepressant treatments: patients with a more positive attitude toward the living 

environment, show lower levels of neuroticism and higher levels of extraversion, 
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agreeableness, and conscientiousness, recover faster (Kim et al., 2016; 

Wardenaar et al., 2014). 

Our study suffers from some limitations. First, though SN and CN mice are 

virtually genetically undistinguishable and come from the same batch of animals, 

the subjective view of the environment may not be the only explanation of the 

present results as the different rearing conditions may have produced distinct 

adult neural organizations potentially accounting for the differences in treatment 

outcome. However, as neural substrates and behavioral profiles are highly 

related, the subjective behavioral response to the environment can be 

considered a sensitive proxy of brain functioning and thus a factor predicting 

therapeutic efficacy. Second, we focused on hippocampal BDNF but other brain 

regions and molecular markers could have also been considered. However, 

BDNF regulation in the hippocampus is considered the gold standard reference 

to assess the action and effects of serotoninergic antidepressants (Castren and 

Monteggia, 2021; Duman et al., 2021). Finally, as sexes show neural differences 

due to both genetic and hormonal factors, studying both male and female 

subjects would have improved the translational power of the present findings. 

Overall, we have demonstrated the role of subjective view in experiencing 

the environment as key determinant of SSRI outcome at the preclinical level. 

Indeed, the latter depends not only on the objective features of the living 

environment, as previously shown (Branchi, 2011; Viglione et al., 2019), but also 

on the subjective experience of it. Translating these findings to clinical practice, 

we suggest that psychiatric treatment increasing plasticity and susceptibility to 

change behavioral outcome according to context -- such as SSRIs, psychedelics, 

and ketamine (Carhart-Harris et al., 2018; Casarotto et al., 2021; Price et al., 

2022) -- should consider individuality in facing environmental challenges to 

designing tailored therapeutic strategies with high efficacy. Moreover, such a 

personalized approach will allow improving also our ability to predict treatment 

outcome. 
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General discussion 

 

The lack of life skills induced by social deprivation affects both males and 

females at behavioral and molecular levels 

Adolescent social isolation leads to depressive- and anxiety-like phenotype 

and reduced neural plasticity in both sexes. However, the lack of social 

experiences in adolescence altered different behavioral domains of the two 

sexes: females showed more marked impairments in the emotional domain, 

while males displayed alterations in the cognitive domain and the stress 

response. Since the key role played by BDNF on neural plasticity and early 

development of the brain (Antal et al., 2010; Chen et al., 2012; Lee et al., 2020; 

Yang et al., 2020), it could be related to the pathophysiology of depression in 

both males and females, in particular concerning depressive- and anxiety-like 

symptoms displayed equally by both sexes in our work. However, there are still 

few studies on adolescent depression and BDNF levels in the two sexes and it is 

necessary to better understand the mechanisms underlying the development of 

adolescent depression (Lee et al., 2022). In addition, in both sexes, adolescent 

isolation led to a reduction of inflammatory markers. These findings are in line 

with the studies of Donovan and collaborators showing that post-weaning social 

isolation reduces IL-1β in male and female prairie voles (Donovan et al., 2021), 

and with the work conducted by Berry and collaborators, showing lower mRNA 

levels of Il-1β in the dorsal hippocampus of rats exposed to prenatal stress (Berry 

et al., 2022). In addition, Panetta and colleagues correlate the lower levels of 

hippocampal IL-1β to increased anxiety-related behavior in the elevated plus 

maze and impaired neural plasticity in terms of decreased BDNF levels (Panetta 

et al., 2017). It is important to note that cytokines are also constitutively released 

in the healthy brain by resident myeloid cells to keep proper synaptic plasticity, 

as the modulation of LTP and synaptic scaling, a form of homeostatic plasticity 

(Rizzo et al., 2018; Salim et al., 2012). Thus, both immune activation and 

suppression impair synaptic plasticity and could lead to emotional and cognitive 

dysfunctions in mice (Alboni et al., 2016; Alboni et al., 2017; Golia et al., 2019). 

This mechanism could explain the link between the behavioral abnormalities and 
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the significant reduction of pro-inflammatory cytokine IL-1β and increased levels 

of anti-inflammatory cytokine IL-10 after adolescent social stress. 

These findings indicate that social deprivation deeply affects the 

physiological development of both sexes and that the different vulnerability to 

mental disorders could be ascribed to their different responses to the same 

environmental stimuli and different stress responses. Indeed, the HPA-axis 

reactivity after social isolation was different between males and females 

suggesting different glucocorticoid negative feedback sensitivity and HPA-axis 

responsiveness. 

Overall, in a translational perspective, these findings point out the essential 

role of social experiences in the development of skills and the capability to face 

environmental challenges in boys and girls. Indeed, life skills are defined as 

adaptive and positive behaviors that enable individuals to deal effectively with 

the demands and challenges of everyday life (UNICEF, 2012). Since many 

healthy behaviors that contribute to morbidity and mortality are established 

during adolescence (Asarnow and Miranda, 2014; Campo, 2012; Kieling et al., 

2011), this period is recognized as a critical time to introduce and sustain critical 

health-related knowledge and skills, in particular to mental health (Pandey et al., 

2018). Evidence supports multicomponent interventions which aim to strengthen 

life skills including emotional regulation, self-efficacy, and conflict resolution that 

are typically delivered through a classroom-based curriculum (Durlak et al., 2011; 

Pandey et al., 2018; UNICEF, 2012; Weare and Nind, 2011). Singla and 

collaborators show the beneficial effects of programs improving life skills 

targeting one or more mental health outcomes and co-occurring risk factors in 

school and community settings. In particular, comprehensive programs focusing 

on multiple life skills related to the individual, his or her social environment and 

parent-child interactions appear more effective to improve individuals’ mental 

health (Singla et al., 2020). 
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The interaction between antidepressants, environment, and individuality in 

experiencing the environment determines the treatment outcome 

Our findings showed that adolescent isolation induces both depressive- and 

anxiety-like behavior and that environmental enrichment alone or in combination 

with fluoxetine, but not fluoxetine alone, counterbalanced the detrimental effects 

of isolation on the emotional domain. In particular, we showed that (1) the 

environment is key in recovering from the depressive-like behavior because it 

provides the skills needed by the individual isolated during adolescence to face 

the environmental challenges at adulthood, (2) fluoxetine treatment, by 

enhancing plasticity, amplifies the beneficial effect of the favorable environment, 

and (3) the effects of fluoxetine are environment dependent. 

These findings are in line with previous studies showing the higher efficacy 

of fluoxetine treatment administered in a supportive environment compared to a 

not-beneficial one, underlying the key role of the environment in determining the 

SSRI outcome (Branchi and Giuliani, 2021; Forsyth et al., 2015; Poggini et al., 

2019; Poggini et al., 2021; Viglione et al., 2019; Wilkinson et al., 2019). According 

to this evidence, the opposite results displayed by Standard+fluoxetine and 

Enriched+fluoxetine mice in the elevated plus maze in Study 2 displayed also the 

environment-dependent effects of fluoxetine. The results concerning the HPA-

axis activation corroborated this hypothesis. Mice exposed to the standard 

environment and treated with fluoxetine showed significantly increased levels of 

corticosterone compared to mice exposed to the enriched environment and 

treated with fluoxetine. 

The influence of the environment on the onset of mental disorders has been 

reported at the clinical level, but further studies should investigate the interaction 

between the environment and the progression of psychopathologies. Several 

studies focused their attention on the emotional profile of individuals and their 

social environment, reporting that adverse early life events, associated with a 

dysfunctional socioemotional environment, predict the onset of major depressive 

disorder in adolescence and its recurrence (Lewinsohn et al., 2001; Lewinsohn 

et al., 1999). Calati and colleagues show that social environment was deeply 

associated with emotional dysfunction leading to suicidal thoughts and attempts 
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in both adolescents and young adults. The main construct was represented by 

the living conditions, i.e., being single, divorced, widowed, or living alone. In 

addition, both the objective condition (e.g., living alone) and the subjective feeling 

of being alone (i.e., loneliness) were strongly associated with suicidal outcomes, 

suggesting that both objective social isolation and the subjective feeling of 

loneliness should be incorporated into the risk assessment of mental disorders 

and suicide (Calati et al., 2019). 

Given the role of the individual's subjective feeling in the onset of mental 

illness, we demonstrated the role of the subjective experience of the environment 

as a further key determinant of SSRI outcome. As the objective features have 

been kept the same for SN and CN mice, the distinct fluoxetine effects in the two 

groups can be ascribed to their different subjective experiences. In line with the 

literature (Branchi, 2009; Branchi and Alleva, 2006; Branchi et al., 2013), the two 

experimental groups confirmed that they differently experience the environment. 

Since SN mice are relatively naïve and with a history of limited social interactions 

and CN mice are socially and emotionally more experienced, fluoxetine 

enhanced the experience of a challenging environment in SN, increasing their 

aggressive and anxiety-like behavior, while producing an opposite effect in CN 

mice. In accordance, since BDNF is produced in response to a stimulating 

environment in order to promote neural and behavioral adaptive changes 

(Branchi et al., 2004; Clayton et al., 2020; Rossi et al., 2006; Sale et al., 2014; 

Yoshii and Constantine-Paton, 2010), we found its levels to be increased by 

fluoxetine treatment in SN but reduced in CN mice. The view that the subjective 

experience of the environment affects the response to psychiatric treatments 

modulating plasticity, such as antidepressants, is rapidly emerging in clinical 

studies (Bottemanne et al., 2022; Murphy et al., 2021; Reed et al., 2022; 

Wardenaar et al., 2014). Our findings suggest that the quality of the environment 

depends not only on the objective features of the living environment, as 

previously shown (Branchi, 2011; Viglione et al., 2019), but also on the subjective 

experience of it, thus such a personalized approach will allow improving also our 

ability to predict treatment outcome. 
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Limits 

The limitations of the present work include, first, the lack of data concerning 

the estrous cycle in female subjects. However, vaginal cell sampling imposes 

stress on the experimental subjects, and previous studies have reported that the 

effect of the estrous cycle in several behavioral tests, such as open field or fear 

conditioning, is limited: behavioral parameters were not affected across all four 

estrous phases (Hiroi and Neumaier, 2006; Lovick and Zangrossi, 2021; Meziane 

et al., 2007). 

A further limitation concerning the study exploring the immune system 

activation after social isolation, is the assessment of inflammatory markers only 

in the central nervous system, though in clinical settings peripheral levels are 

routinely measured. Therefore, future studies assessing both central and 

peripheral markers will have a high translational value and will help illustrate the 

link between central and peripheral inflammation. 

Finally, in the study aimed at assessing the role of subjective appraisal in 

determining the antidepressant outcome, we focused mainly on hippocampal 

BDNF, though other brain regions and molecular markers could have also been 

considered. However, BDNF regulation in the hippocampus is considered the 

gold standard reference to assess the action and effects of serotoninergic 

antidepressants (Castren and Monteggia, 2021; Duman et al., 2021). 
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General conclusions and future perspectives 

Our findings confirm and further describe the key role of context in 

adolescent neurodevelopment in both sexes and in driving the outcome of 

psychoactive compounds, especially those leveraging on the enhancement of 

neural and behavioral plasticity such as SSRIs (Alboni et al., 2017; Branchi, 

2011; Poggini et al., 2019; Wilkinson et al., 2019). 

In a translational perspective, modifications in the living conditions/lifestyle 

and/or of the subjective appraisal should be considered to improve therapeutic 

intervention and predict treatment outcomes in both adolescence and adulthood, 

as previously suggested by the study of Viglione and collaborators (Viglione et 

al., 2019). We thus underpin the relevance of the patient’s living conditions in the 

selection of the most effective pharmacological treatment and advocate for 

considering the key role of context in the precision medicine paradigm in the 

psychiatric field. 

The availability of several longitudinal studies such as The Resilience, 

Ethnicity and AdolesCent Mental Health (REACH) Study, The National 

Community Mental Health Care Database (NCMHCD), Adolescent Brain 

Cognitive Development (ABCD) Study, the Covid-Mind Network, The Sequenced 

Treatment Alternatives to Relieve Depression (STAR*D) study and the 

Combining medications to enhance depression outcomes (CO-MED) study, will 

allow to further explore the interaction between environmental conditions, 

subjective appraisal, and their interaction at a clinical level to setup novel and 

effective therapeutic strategies. 
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A B S T R A C T   

Selective serotonin reuptake inhibitors (SSRIs) are the first-line treatment for major depressive disorder. It has 
been recently proposed that these drugs, by enhancing neural plasticity, amplify the influences of the living 
conditions on mood. Consequently, SSRI outcome depends on the quality of the environment, improving 
symptomatology mainly in individuals living in favorable conditions. In adverse conditions, drugs with a 
different mechanism of action might have higher efficacy. The antibiotic minocycline, with neuroprotective and 
anti-inflammatory properties, has been recently proposed as a novel potential antidepressant treatment. To 
explore the drug-by-environment interaction, we compared the effects on depressive-like behavior and neural 
plasticity of the SSRI fluoxetine and minocycline in enriched and stressful conditions. We first exposed C57BL/6 
adult female mice to 14 days of chronic unpredictable mild stress to induce a depressive-like profile. Afterward, 
mice received vehicle, fluoxetine, or minocycline for 21 days, while exposed to either enriched or stressful 
conditions. During the first five days, fluoxetine led to an improvement in enrichment but not in stress. By 
contrast, minocycline led to an improvement in both conditions. After 21 days, all groups showed a significant 
improvement in enrichment while fluoxetine worsened the depressive like behavior in stress. The effects of the 
drugs on neural plasticity, measured as long-term potentiation, were also environment-dependent. Overall, we 
show that the environment affects fluoxetine but not minocycline outcome, indicating that the latter represents a 
potential alternative to SSRIs to treat depressed patients living in adverse conditions. From a translation 
perspective, our finding call for considering the drug-by-environment interaction to select the most effective 
pharmacological treatment.   

1. Introduction 

Selective serotonin reuptake inhibitors (SSRIs) are the most pre-
scribed drugs for the treatment of Major Depressive Disorder (MDD). 
Nevertheless, their efficacy is variable and incomplete: 60–70 % of pa-
tients do not experience remission and 30–40 % do not show a clinical 
response [1]. To explain such incomplete efficacy, a novel hypothesis – 
the undirected susceptibility to change hypothesis – has been recently 

proposed. It posits that the increase in serotonin levels induced by SSRIs 
does not affect mood per se but, by enhancing neural plasticity, amplifies 
the influence of the environment on mood. Thus, SSRI outcome depends 
on the quality of the living environment [2,3]. This hypothesis has been 
recently demonstrated both at preclinical and clinical levels. In a mouse 
model of depression, treatment with the SSRI fluoxetine led to an 
improvement of depressive phenotype in a favorable environment, 
while having a limited efficacy or even leading to a worsening in a 
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stressful environment [4–6]. In patients, the SSRI citalopram has been 
demonstrated to amplify the influence of the living conditions on mood, 
improving depressive symptoms according to the socioeconomic status 
[7,8]. Because of such environment-dependent outcome of SSRIs, other 
drug classes, having a mechanism of action not directly affecting neural 
plasticity, might have higher efficacy in adverse living conditions. 

Minocycline, a second-generation tetracycline antibiotic able to pass 
the brain-blood barrier, inhibits the immune system activation [9] and 
has been found to exert an antidepressant action [10]. Pre-clinical 
studies have indeed shown that minocycline reduces depression-like 
behavior and potentiates the effects of different antidepressant drugs 
[11–13]. Preliminary clinical investigations confirmed these results, 
demonstrating that minocycline has an antidepressant effect compared 
to placebo in patients [14,15]. 

According to the literature, fluoxetine and minocycline appear to 
have different primary targets and non-overlapping mechanisms of ac-
tion. The first drug directly inhibits the serotonin transporter [16–18], 
while the second one has a more complex and diversified action 
including antioxidant, anti-inflammatory and neuroprotective proper-
ties [9]. In addition, fluoxetine has been shown to produce effects that 
are dependent on the living conditions while, to our knowledge, mino-
cycline effects are not affected by the environment. Therefore, in a 
drug-by-environment interaction perspective, we hypothesized that the 
interplay between each one of these drugs and the environment would 
lead to different outcomes. To test this hypothesis, we exposed C57BL/6 
adult female mice to 14 days of chronic unpredictable mild stress to 
induce a depressive-like phenotype. Afterward, we treated them with 
vehicle, the SSRI fluoxetine or minocycline for 21 days while the mice 
were living in either an enriched or a stressful condition. Our prediction 
was that the effects of fluoxetine are beneficial in the enriched but not in 
the stressful condition. Conversely, minocycline improves depressive 
phenotype in both conditions. We performed our experiments on female 
subjects since MDD is twice as common in women than men [19], 
expecting that part of such gender difference could be ascribed to 
physiological features and not only to social and cultural factors. 

2. Materials and methods 

2.1. Ethical standards 

All procedures were carried out in accordance with the European and 
Italian legislation on animal experimentation (respectively European 
Directive 2010/63/UE and Decreto Legislativo 26/2014). Animals were 
examined for signs of discomfort as indicated by the animal care and use 
guidelines [National Academy of Sciences. Guide for the care and use of 
laboratory animals, 1998, “Guidelines for the Care and Use of Mammals 
in Neuroscience and Behavioral Research” (National Research Council 
2003)]. The Italian Ministry of Health approved the protocol with the 
permit number D9997.83. 

2.2. Animals 

Sixtynine C57BL/6 female mice 12–15 weeks old were used (up to 13 
animals for experimental conditions). Mice were obtained directly from 
Charles River Laboratories placed in Calco (Lecco, Italy). 

2.3. Housing condition 

Mice were kept under reversed 12 light-dark cycle at 22–25 ◦C. For 
the entire duration of the experiment, animals were housed in the 
IntelliCage system (TSE-system, NewBehavior AG, Zürich, Switzerland), 
which is an apparatus for automatic monitoring of mouse behavior. It 
consists of a large acrylic cage (20.5 cm high, 58 cm × 40 cm at the top 
and 55 cm × 37.5 cm at the base, Model 2000 Tecniplast, Buguggiate, 
VA, Italy) with 4 walls separating each corner from the center so that 
they form 4 identical triangular conditioning chambers (15 × 15 × 21 

cm). Animals have access to each chamber by entering a front hole and 
only a single mouse can enter a chamber at a time since each one is 
identified by a transponder. Two drinking bottles were placed in each 
corner and the access to each solution was prevented by a door, thus, to 
drink mice had to perform a nosepoke. The system is able to collect data 
about the number and duration of visits and the number, duration, and 
side (right or left) of nosepokes and licks. 

The floor of the cage is covered with bedding while on the top a food 
rack is present filled with standard mouse chow (food ad libitum). An 
additional cage (SocialBox) was used to expand the existing IntelliCage 
to a multiarea system, thus we increased the number of the subjects 
tested simultaneously. One week before being moved to the IntelliCage, 
each animal was injected with a subcutaneous transponder (T–IS 8010 
FDX-B Datamars SA, Switzerland). Then, mice have been gradually 
habituated to the IntelliCage environment for 14 days (habituation 
period). At the same time, they were habituated also to 0.1 % of 
saccharin solution. The IntelliCage system allows to phenotype the in-
dividual behavioral responses in a group of socially housed mice without 
any intervention by the experimenter reducing the biases due to animal 
manipulations and exposure to the testing environment. 

2.4. Treatment 

After the first 14 days of stressful condition aimed at inducing a 
depression-like phenotype, mice received for 21 days one of the 
following treatments: fluoxetine, minocycline, or vehicle while they 
were exposed either to enriched or stressful environment (Fig. 1). 

To avoid the stress due to the manipulation, fluoxetine (Fluoxetine 
HCl, SantaCruz, USA) and minocycline (Minocycline Hydrocloride 
crystalline, SigmaAldrich, St Louis, MO, USA) were dissolved in water 
and saccharin solution avoiding that saccharin preference could affect 
the amount of drug received. During the treatment period, each exper-
imental group could access only the corner of the IntelliCage adminis-
tering the treatment to which it was assigned. 

The solutions were prepared according to the mouse average weight 
and daily water consumption to provide respectively an average daily 
intake of 30 mg/kg of fluoxetine, and 50 mg/kg of minocycline. The 
average amount of fluoxetine or minocycline administered did not differ 
among the experimental groups receiving the same compound. Bottles 
with fluoxetine were wrapped in tin foil to protect the substance from 
light. 

Fluoxetine dose has been selected according to the results previously 
obtained with the same pharmaceutical form and route of administra-
tion in C57BL/6 mice [5,6,20].Such dose allowed to reach an effective 
fluoxetine serum level of around 150 ng/mL [21]. The dose of mino-
cycline has been also selected based on the literature [22]. 

2.5. Environmental conditions 

Two parallel independent experiments were performed: the first 
aimed at assessing the effects of treatments in the enriched environment 
and the second one aimed at assessing the effects of treatments in the 
stressful environment. In each experiment, the effects of fluoxetine and 
minocycline were compared with an independent control group 
receiving the vehicle. In both experiments, mice were first exposed to 
the stressful condition for 14 days to induce depressive-like behavior 
and, immediately after, received the treatments for 21 days while 
exposed to either the enriched or to the stressful condition (Fig.1). 

2.5.1. Enriched condition 
In the enriched condition, in addition to the different settings (e.g., 

cage vs operant chambers, [23,24]) provided by the IntelliCage system, 
mice were given Plexiglas shelters of different colors and shapes (e.g., 
four red transparent Tecniplast plastic nest boxes) and tissue papers. A 
new tissue paper was provided every five days, and the plastic shelters 
were cleaned every week. 
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2.5.2. Stressful condition 
After the habituation period, mice were exposed to chronic unpre-

dictable mild stress to induce depression-like behavior. In the stressful 
condition, the IntelliCage system has been used to constantly (h24) 
expose animals to different stress procedures previously validated 
through the assessment of behavioral, cellular, and molecular endpoints 
[5,6,20]. For instance, the stressful conditions exploited in the present 
study has been shown to increase corticosterone levels, considered a 
marker of stress response [25]. The stress procedure lasted 14 days and, 
to prevent the habituation to the stress procedures provided by the 
IntelliCage, mice were exposed each day to a different, randomly chosen 
one. The procedures were: short open door: door to access solutions 
remains open for few seconds; delay: door opens randomly with a delay 
of 1, 1.5, 2, 2.5 s after the first nosepoke; open door 25 %: door opens 
only following 25 % of nosepokes; random air puff: randomly 1, 2, 3, or 
4 s after the first nosepoke, the animal receives an air puff (2 bar). The 
duration of each paradigm was randomly 12, 18, or 24 h. During the 
stressful procedures, red LEDs in the corner were turned on when a 
mouse entered in and turned off at the end of the visit, the aim is that 
mice associate this light condition to the probability that one of these 
stressful events can happen. In addition, during the stressful condition, 
no shelter or tissue paper was provided. 

2.6. Behavioral tests 

Behavioral endpoints investigated included liking- and wanting-type 
anhedonia. The experimental procedures used to phenotype behavior 
have been selected as they were automatically administered by the 
IntelliCage avoiding any bias due to the experimenter. We assessed also 
(i) peripheral corticosterone levels, to verify the effect of the stress 
exposure and (ii) estrous cycle since the hormonal fluctuation could 
potentially affect behavioral responses (see Supplementary). 

2.6.1. Liking-type anhedonia - saccharin preference 
To assess liking-type anhedonia we measured saccharin preference. 

In each corner of the IntelliCage two bottles were present, one con-
taining tap water and the other containing the saccharin solution; both 
freely available 24/24 h. The position of water and saccharin in each 
corner was counterbalanced across the four corners. Saccharin prefer-
ence was determined as follows: [saccharin solution consumed/ 

(saccharin solution consumed + water consumed)] × 100. Baseline 
saccharin preference was measured as the mean of the last two days of 
the habituation period (i.e., Pre-stress). In addition, we measured 
saccharin preference at the end of the stress period (i.e., Day0), from day 
1–5 of the treatment period, and at the end of the treatment period (i.e., 
Day21; Fig. 1). On the day immediately before the beginning of treat-
ments, all experimental groups showed an overlapping saccharine 
preference (Fig. 2a, d). 

2.6.2. Wanting-type anhedonia - progressive ratio reinforcement schedule 
To assess wanting-type anhedonia, i.e., the drive for obtaining a 

reward, we used the Progressive Ratio reinforcement schedule that 
utilizes a multiplicative increase in the number of responses (i.e., 
nosepokes) required to dispense a unit of reinforcement (i.e., saccharin 
solution). In particular, water was always accessible after one nosepoke 
while saccharin solution was accessible only after a specific number of 
nosepokes were performed. Such number increases progressively after 
each series of 8 visits according to the following sequence: 2, 3, 4, 5, 6, 7, 
8, 10, 12, 16, 20, 24. Each test session lasted 48 h or until mice reached 
the module with 24 nosepokes. The time for performing the nosepokes 
increased gradually according to the number of nosepokes requested 
from one to 24 s. The test has been run following the 21 days of treat-
ment, and, to make the mice aware of the testing condition, the green 
LEDs on the top of each door were kept turned on throughout the 
session. 

2.7. Corticosterone levels 

Corticosterone levels were measured in all subjects before and after 
the chronic unpredictable mild stress procedure. Blood was collected 
from the tail in the middle of the dark period and the procedure lasted 
less than 10 min to avoid effects due to the stress of manipulation. The 
collection of blood consisted of a small superficial cut in the tail. Blood 
samples were collected in potassium–EDTA coated 10 mL tubes (1.6 mg 
EDTA/mL blood; Sarstedt, Germany) and kept on ice. Blood samples 
were then centrifuged at 2500 rpm for 15 min at 4 ◦C and plasma was 
transferred to Eppendorf tubes and stored at −80 ◦C until further anal-
ysis. Corticosterone was measured using a commercial ELISA kit (ENZO 
Life Sciences, ADI-900−097) according to the instruction of the manu-
facturer. Samples were treated with a 1:100 solution of Steroid 

Fig. 1. Experimental design. (a) Treatment in the enriched condition. (b) Treatment in the stressful condition. First, mice have been habituated to the IntelliCage 
environment during a 14-day period (Habituation). Then, they were exposed to a 14-day period of stress to induce a depression-like phenotype. Afterward, mice 
received vehicle, fluoxetine or minocycline for 21 days either in the enriched or the stressful condition. 
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Displacement Reagent and diluted with ELISA assay buffer to obtain a 
final dilution of 1:40. 100 μl of sample were pipetted in 96-well plates 
coated with donkey antibody specific to sheep Ig. Samples were then 
incubated with 50 μl of alkaline phosphatase-conjugated with cortico-
sterone and 50 μl of sheep polyclonal antibody to corticosterone for 2 h 
at room temperature on a plate shaker. After 2 h, the plates were washed 
three times with wash buffer. After the final wash, wells were aspirated 
and 200 μl of a substrate solution of p-nitrophenyl phosphate in buffer 
were added to each well. After 1 -h incubation without shaking, 50 μl of 
stop solution were added to each well, and plates were immediately read 
at 405 nm, using a microplate reader. Corticosterone concentrations 
were determined based on the corticosterone standard curve (range 
32–20000 pg/ml corticosterone) incubated under a similar condition in 
each assay. Data were elaborated with GraphPad Prism (GraphPad 
Software, San Diego, CA, USA). All assays were carried out in duplicate. 
The sensitivity of the assay was about 26.99 pg/mL. Because of the great 
variability, the logarithmic transformation was implemented. 

2.8. Electrophysiology 

To perform electrophysiological experiments, at the end of the 
treatment period, hippocampal slices were collected. Animals were 
anesthetized with halothane and decapitated. Whole brains were rapidly 
removed from the skull and immersed for 10 min in ice-cold artificial 
cerebrospinal fluid (ACSF), continuously oxygenated with 95 % O2, 5% 
CO2 to maintain the proper pH (7.4). Transverse 350 μm slices were cut 
at 4 ◦C. with a vibratome and the appropriate slices were placed in a 
chamber containing oxygenated ACSF. After their preparation slices 
were allowed to recover for 1 h at 30 ◦C. For field recordings, individual 
slices were then transferred to the interface slice-recording chamber 
(BSC1, Scientific System Design Inc) maintained at 30−32 ◦C and 
constantly superfused at the rate of 2.5 mL/min. At the beginning of 
each recording, a concentric bipolar stimulating electrode (SNE-100 ×
50 mm long Elektronik–Harvard Apparatus GmbH) was placed in the 
stratum radiatum for stimulation of Shaffer collateral pathway projec-
tion to CA1. Stimuli consisted of 100 μs constant current pulses of var-
iable intensities, applied at 0.05 Hz. A glass micropipette (0.5–1 MΩ) 

filled with ACSF was placed in the CA1 hippocampal region, at 200–600 
μm from the stimulating electrode, in order to measure orthodromically 
evoked field extracellular postsynaptic potentials (fEPSP). Stimulus in-
tensity was adjusted to evoke fEPSP of amplitude about 50 % of the 
maximal amplitude with minimal contamination by a population spike. 
Evoked responses were monitored online, and stable baseline responses 
were recorded for at least 10 min. Only the slices that showed stable 
fEPSP amplitudes were included in the experiments. LTP was induced by 
high-frequency stimulation (HFS, 1 train of stimuli at 100 Hz of 1 s 
duration), repeated after 30 min. To analyze the time course of the fEPSP 
slope, the recorded fEPSP was routinely averaged over 1 min (n = 3). 
The fEPSP slope changes following the LTP induction protocol at 25 and 
55 min post tetanus were calculated with respect to those of the baseline 
(1 min before induction). N/n refers to the number of slices on the total 
number of mice analyzed. The paired-pulse ratio (PPR) was measured 
from responses to two synaptic stimuli at 50 ms interstimulus interval. 
PPR was calculated as the ratio between the fEPSP amplitude evoked by 
the second stimulus (A2) and that by the first (A1; A2/A1). fEPSP were 
recorded and filtered (low pass at 1 kHz) with an Axopatch 200A 
amplifier (Axon Instruments, CA) and digitized at 10k Hz with an A/D 
converter (Digidata 1322A, Axon Instruments). Data acquisition was 
stored on a computer using pClamp 9 software (Axon Instruments) and 
analyzed offline with Clampfit 10 program (Axon Instruments). 

2.9. RNA extraction and RT-PCR on the entire hippocampus 

Total RNA was obtained from the hippocampi. After RNA reverse 
transcription, real-time PCR was performed. Sample were normalized to 
the housekeeping genes Actβ and B2M (see Supplementary). 

2.10. Statistical methods 

Fluoxetine and minocycline were investigated in two independent 
experiments aimed at assessing their effects in interaction with either 
the enriched or the stressful environment. Each experiment included its 
own control group. All data were analyzed with one-way ANOVA with 
the statistical software Statview II (Abacus Concepts, CA, USA), to 

Fig. 2. Effects of treatment with fluoxetine and 
minocycline on depressive-like behavior. (a,d) 
In both experiments, the14-day period of 
chronic unpredictable mild stress induced a 
depression like phenotype. (b,e) Different ef-
fects of fluoxetine and minocycline on liking- 
type anhedonia in the enriched (b) and stress-
ful (e) conditions during the first five days and 
after 21 days of treatment. Effects of fluoxetine 
and minocycline on wanting-type anhedonia in 
the enriched (c) and the stressful (f) conditions 
after 21 days of treatment. $$ p < 0.0001 vs 
pre-stress; ^ p < 0.05 vs vehicle group, * p <
0.05 vs Day0 within each group, # p < 0.05 vs 
fluoxetine and vehicle groups, + p < 0.05 vs 
fluoxetine group. Data are shown as means + s. 
e.m., n = 7-13.   
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compare vehicle versus fluoxetine and minocycline treatment in each 
experiment. Time (days) was considered a repeated measure within- 
subjects, while enriched and stressful conditions were considered inde-
pendently. Post-hoc comparisons were performed using Tukey’s test. All 
mean differences were considered statistically significant when p <
0.05. 

3. Results and statistical analyses 

3.1. Behavior 

To investigate depression-like behavior, we assessed liking- and 
wanting-type anhedonia, previously shown to be affected by chronic 
unpredictable mild stress and SSRI treatment [4–6]. We investigated the 
effects of treatment independently in the enriched and the stressful 
condition and, in each condition, we assessed the effects of the admin-
istration of fluoxetine and minocycline. 

3.1.1. Treatment in enriched condition, after exposure to stress 
The exposure to 14-day period of stress before treatment induced a 

depression-like phenotype: all experimental subjects showed a signifi-
cant reduction in saccharin preference (liking-type anhedonia) [F(1,35) 
= 28.364, p < 0.0001] (Fig. 2a). 

Following the chronic stressful period, exposure to the enriched 
condition led to a progressive decrease of depression-like responses. 
Considering the liking-type anhedonia during the first five days of 
treatment, we observed a significant main effect of the treatments [F 
(2,132) = 3.918, p = 0.0283]. Post-hoc analysis revealed that fluoxetine 
and minocycline mice displayed higher saccharin preference compare to 
the vehicle (p < 0.05, Fig. 2b). At the end of the treatment period, we did 
not observe a significant difference between the experimental groups, 
neither regarding the liking-and the wanting-type anhedonia [F(2,34) =
1.215, p = 0.3094] (Fig. 2b-c). These data suggest that 21 days of 
exposure to the enriched environment allowed all animals to fully 
recover the effects induced by the exposure to stress, independently 
from the treatment received. 

To investigate the interplay between each treatment and the 
enriched environment on depression like-behavior in the short term, we 
analyzed the saccharin preference from day 1–5 within each experi-
mental group. We did not observe a significant improvement of the 
liking-type anhedonia in the vehicle group, likely because of the short- 
time interval since the beneficial effects reportedly emerge only after 
a prolonged exposure to enrichment [26]. We observed a significant 
improvement of the liking-type anhedonia within the first five days of 
treatment only in mice receiving minocycline [F(4,44) = 2.690, p =
0.0433] (Fig. 2b). To assess the long-term effect of the exposure to the 
enriched environment, we measured the difference in saccharin pref-
erence between Day0 and Day21. The results showed that, as expected, 
each experimental group significantly decreased liking-type anhedonia 
[vehicle, F(1,10) = 17.215, p = 0.0020; fluoxetine, F(1,12) = 6.639, p =
0.0243; minocycline, F(1,11) = 13.050, p = 0.0041] (Fig. 2a-b). 

3.1.2. Treatment in stressful condition, after exposure to stress 
The first 14 days of chronic stress were effective in inducing a 

depression-like profile as indicated by the significant decrease of the 
saccharin preference dropped from around 90 to 60 percent [F(1,30) =
114.502, p < 0.0001] (Fig. 2d). During the first five days of treatment, 
liking-type anhedonia showed statistically significant differences be-
tween groups [F(2,72) = 2.447, p = 0.0211]. Post-hoc analysis revealed 
that mice treated with minocycline showed higher saccharin preference 
compared to both fluoxetine and vehicle mice (p < 0.05, Fig. 2e). After 
21 days of treatment in the stressful environment, saccharin preference 
did not differ between experimental groups (Fig. 2e). However, the 
minocycline mice showed a significantly reduced wanting-type anhe-
donia compared to fluoxetine mice, as indicated by a higher breakpoint 
[F(2,30) = 4.423, p = 0.0207] (Fig. 2f). Finally, we investigated the 

effect of the 21-day exposure to the stressful environment in each 
experimental group. The results showed that fluoxetine mice signifi-
cantly worsened their liking-type anhedonia over the treatment period 
[F(1,9) = 6.059, p = 0.0360] (Fig. 2e). 

In both the enriched and stressful conditions, on the first day of the 
treatment period, all mice showed a reduced preference compared to 
Day0 likely because, during the treatment period, each experimental 
group could access only the corner of the IntelliCage administering the 
treatment to which it was assigned. 

To evaluate the potential association between behavior and hor-
monal fluctuations, we monitored the estrous cycle. No association was 
found suggesting that the behavioral responses were independent of the 
hormonal levels (see Supplementary). 

3.2. Corticosterone levels 

Corticosterone levels measured after the exposure to stress resulted 
significantly increased [F(1,29) = 7.641, p = 0.0098] (Fig. 3). Since 
corticosterone levels start to increase after 5 min of acute stress, we 
evaluated the correlation between the order of animals during the blood 
collection and corticosterone levels, but no correlation was found (data 
not shown). 

3.3. Electrophysiology 

We explored LTP stimulating Schaffer collaterals with spaced (30 
min apart) high-frequency stimulation (HFS) and analyzing LTP am-
plitudes 25 min after each stimulation. In enriched condition, following 
the first stimulation, we observed that LTP amplitude was significantly 
affected by treatment [F(2, 33) = 3.375, p = 0.0464]. In particular, post- 
hoc analysis revealed that mice treated with minocycline showed higher 
LTP amplitude (1.1574 ± 0.174) compared to fluoxetine treatment 
(1.455 ± 0.137). Following the second stimulation, no significant dif-
ference between groups arose, although a clear tendency toward an 
increase in LTP was observed in minocycline treated mice (Fig. 4a). By 

Fig. 3. Peripheral corticosterone levels. Exposure to 14 days of chronic un-
predictable mild stress significantly increased the levels of peripheral blood 
corticosterone. $ p < 0.01 vs pre-stress. Data are shown as mean + s.e.m., n =
8-13. 
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contrast, in the stressful condition, post tetanus LTP amplitude was not 
significantly affected by treatments (Fig. 4b). Overall, these results 
indicate that only in enriched condition minocycline significantly po-
tentiates hippocampal plasticity. We thus measured the Paired Pulse 
Ratio (PPR), a form of short-term plasticity related to neurotransmitter 
release probability (Zucker, 1989) by stimulating the Schaffer collateral 
projections to CA1 at 50 ms intervals. In all conditions, PPR was not 
modified by treatments (data not shown). 

3.4. Hippocampal inflammatory levels 

To assess the effects of the interaction between the quality of the 
environment and treatment at molecular level, we measured the hip-
pocampal expression levels of selected inflammatory markers at the end 
of the treatment period. In both the environmental conditions, fluoxe-
tine and minocycline administration did not affect the cytokines 
expression levels (see Supplementary). 

4. Discussion 

Fluoxetine and minocycline had different effects on depressive-like 
phenotype according to a drug-by-environment interaction. During the 
first five days of treatment, fluoxetine improved the depressive-like 
response in the enriched but not in the stressful environment, while 
minocycline led to an improvement in both environmental conditions. 
After 21 days, in enrichment, fluoxetine, minocycline and vehicle groups 
showed an overlapping significant improvement, likely because of the 
beneficial effect of the enrichment. By contrast, in stress, fluoxetine 
worsened the depressive like behavior (Fig. 2). Though no clear rela-
tionship between behavioral changes and neural plasticity modifications 
emerged, the effect of treatments on LTP was found to be dependent on 
the environment as well (Fig. 4). 

It is worth noting that, despite the prevalence of MDD is almost twice 
in women than men [27], most of the preclinical studies focused on 
males . In the present study, we investigated for the first time the 
interplay between the environment and the SSRI treatment in female 
mice. This is important because the physiological and behavioral fea-
tures of depressive disorder profoundly differ between the two sexes 
[28,29]. 

4.1. Fluoxetine treatment outcome is dependent on the quality of the 
environment 

The exposure to chronic stress was effective to induce the depressive- 
like phenotype, as indicated by the significantly increased liking-type 
anhedonia (Fig. 2a, d) and serum corticosterone levels (Fig. 3), both 
widely considered endophenotypes of depression [30–32]. Chronic 
stress reportedly activates the hypothalamic-pituitary-adrenal axis and 
increased glucocorticoid levels have been found in both depressed 

patients and animal models of depression [33–37]. During the first five 
days of treatment in the enriched condition, fluoxetine administration 
significantly improved the anhedonic profile, increasing saccharin 
preference over water. By contrast, in the stressful environment, fluox-
etine effect did not differ from vehicle, both groups showing almost no 
preference for the sweet solution. These results confirm previous studies 
demonstrating that SSRI administration in a favorable environment 
leads to a reduction of depressive symptoms while, in a stressful envi-
ronment, the treatment has limited beneficial effects [5,6,20]. The role 
of the environment in determining the SSRI outcome could explain the 
apparently discordant evidence on the effects of this class of drugs, some 
studies reporting an improvement of depression endophenotypes 
[38–45], while others describing opposite results [46–54]. The 
environment-dependence of the outcome of treatments affecting sero-
tonin levels is increasingly exploited to explain the results in the liter-
ature [55–58] and several studies suggest to exploit the interaction 
between increased neurobehavioral plasticity and the environment to 
improve the clinical outcome in major depression [3,6,59,60]. 

Following 21 days of enriched condition, both fluoxetine and vehicle 
mice showed similarly high saccharin preference, which overlapped the 
pre-stress levels (Fig. 2b). Such lack of difference is likely due to the 
beneficial effect of the prolonged exposure to the enrichment. By 
contrast, in the stressful condition, 21 days of fluoxetine treatment 
worsened the anhedonic profile compared to the levels immediately 
before the treatment period (Fig. 2e), in line with our hypothesis of the 
potential detrimental effect of fluoxetine when administered in an 
adverse environment [2,20]. 

4.2. Minocycline antidepressant action is not dependent on the quality of 
the environment 

Contrary to fluoxetine, during the first five days of treatment, min-
ocycline exerted a beneficial effect independently from the quality of the 
environment: treated subjects displayed a higher saccharin preference 
compared to vehicle both in the enriched and stressful conditions 
(Fig. 2b, e). The different effects of the two compounds are in line with 
their different mechanisms of action: while fluoxetine directly modu-
lates serotonin levels and consequently neural plasticity [61–63], min-
ocycline targets a variety of biological processes though which it exerts 
an anti-inflammatory and anti-oxidant action and is able to block 
microglial activity [64–66]. In addition, minocycline does not directly 
affect the serotoninergic system [11,65]. However, after 21 days, also 
minocycline treatment did not produce any effect compared to vehicle, 
indicating that the beneficial action of this compound is not detectable 
in the long-term. This suggests that minocycline has a fast but short-time 
efficacy. Such rapid action might be due to its ability to reduce micro-
glial activity when microglial proliferation and activation is maximal, i. 
e. during the beginning of the exposure to chronic stress [64,67,68]. For 
wanting-type anhedonia, no difference between treated groups and 

Fig. 4. Hippocampal CA1 LTP in mice exposed 
either to the enriched or the stressful condition 
and treated for 21 days as indicated. (a) In the 
enriched condition, following first tetanus, 
minocycline induced a significant increase in 
LTP, while in the stressful environment, (b) no 
differences arise. Arrows indicate time of 
application of HFS (100 Hz trains of 1 s dura-
tion, 30 min apart); fEPSP, field excitatory 
postsynaptic potential; # p < 0.05 vs fluoxetine 
and vehicle groups. Data are shown as mean +
s.e.m., N/n refers to the number of slices on the 
total number of mice analyzed, N = 9-15/n = 5- 
6.   
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vehicle was found after 21 days of treatment. However, minocycline 
significantly reduced anhedonia compared to fluoxetine, further sug-
gesting that minocycline is more effective in adverse conditions (Fig. 2f). 

4.3. Effects of treatments on neural plasticity 

To investigate possible neural correlates of the behavioral effects of 
treatments, we focused on neural plasticity measured as hippocampal 
LTP since the latter has been involved in antidepressant action and is 
reportedly affected by fluoxetine and minocycline treatments [69–73]. 
We assessed LTP in two consecutive stimulations to measure the effect of 
cumulative recruitment of potentiated synapses and possible LTP satu-
ration. LTP amplitude was not reduced by chronic stress, as previously 
reported in males [20]. This might be due to the reported different 
response to stress in males and females [74], the latter being more 
resistant to the neurobiological effects of chronic stress [75,76]. 

Fluoxetine did not affect LTP in the enriched and stressful conditions. 
The lack of effect in enrichment is in line with previous studies [20] and 
could be due to the overlapping effects of treatment and enrichment on 
neural plasticity, both inducing an LTP increase [20,71,77]. By contrast, 
the lack of fluoxetine effect in the stressful condition could be ascribed to 
the five weeks of stressful procedure that flattened potential effects of 
treatment. In addition, long-term fluoxetine treatment might produce 
different outcomes in females and males [20]. 

Minocycline treatment enhanced LTP during the first stimulation in 
the enriched condition. This effect appears to be due to microglial in-
hibition that is reportedly associated to LTP enhancement [78,79]. By 
contrast, minocycline did not affect LTP in the stress condition, sug-
gesting that its effect on hippocampal plasticity might be temporarily 
restricted to the first five days of treatment, paralleling behavioral re-
sults. Accordingly, in stress conditions, microglia status has been shown 
to go through dynamic alterations which are a function of the duration 
of the stress exposure and the anti-depressive action of minocycline has 
been found to be maximal at short term [68]. This could also account for 
the differences between depressive-like phenotype and neural plasticity 
modifications observed. In addition, besides the CA1 hippocampal 
plasticity, other cellular mechanisms and brain area could contribute to 
the behavioral phenotype. 

The assessment of the expression levels of inflammatory markers (i. 
e., IL-1β, IL-6, and TNF-α) following 21 days of fluoxetine or minocycline 
treatment revealed no effect of stress or treatment (Fig. S1). Though 
these results appear controversial, previous studies have already re-
ported that chronic stress does not affect, or even decrease, inflamma-
tory levels [80]. The duration of the procedure may account for these 
results since cytokine expression has been reported to be up-regulated 
after five but not after 10 days of stress [81]. Moreover, stress pro-
duces a less pronounced increase of the hippocampal cytokine levels in 
C57BL6 mouse females than in males [81]. Regarding the unexpected 
lack of effect of minocycline on inflammatory markers, our results are in 
line with a recent clinical study reporting that minocycline does not 
affect inflammation in patients, suggesting that the therapeutic action of 
this drug might not rely on a direct modulation of the immune system 
activity [15]. 

This study presents limitations. We did not perform a pharmacoki-
netic analysis to assess the potential interaction between fluoxetine and 
minocycline. However, previous studies indicate that these compounds 
do not interact, and minocycline does not directly affect the serotonergic 
system [11]. The assessment of different doses of fluoxetine and mino-
cycline would have provided a better characterization of their effects on 
depression-like phenotype. The assessment of the adult hippocampal 
neurogenesis would have better illustrated the effects of the stress 
exposure and treatment administration since chronic stress and seroto-
ninergic antidepressants reportedly modify neurogenesis in the dentate 
gyrus [20,82]. The analysis of brain areas other than the hippocampus, 
such as the prefrontal cortex, would have provided a more exhaustive 
characterization of fluoxetine and minocycline effects [83,84]. Finally, 

the analysis of the wanting-type anhedonia at the end of the first five 
days of treatment would have provided a more comprehensive behav-
ioral phenotyping of the drug-by-environment effects. Thus, further 
studies aimed at a more comprehensive characterization of the neuro-
behavioral effects of fluoxetine and minocycline at different time-points 
are warranted. 

5. Conclusions 

Our findings highlight the relevance of the drug-by-environment 
interaction showing that at short-term minocycline is effective in both 
the enriched and stressful conditions, while fluoxetine has a beneficial 
effect only in enrichment. At long-term, in the stressful condition, 
minocycline has limited efficacy, but fluoxetine has even detrimental 
effects. Thus, minocycline appears overall more effective when subjects 
live in an unfavorable condition. In a translation perspective, the 
beneficial effects of minocycline, which are independent from the 
quality of living conditions, are particularly relevant because the onset 
and progression of MDD are associated with stress [85–88] and, often is 
not possible to change the patient’s environmental conditions because of 
personal history and complex life circumstances. 

Finally, here we confirm and further show the key role of the living 
environment in psychiatric treatment, in particular for those compounds 
leveraging on the enhancement of neural and behavioral plasticity such 
as SSRIs [2,6,20,59]. We thus underpin the relevance of the patient’s 
living conditions in the selection of the most effective pharmacological 
treatment and advocate for considering the key role of the environemnt 
in the precision medicine paradigm in the psychiatric field. 
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A B S T R A C T   

Chronic psychological stress is one of the most important triggers and environmental risk factors for neuro-
psychiatric disorders. Chronic stress can influence all organs via the secretion of stress hormones, including 
glucocorticoids by the adrenal glands, which coordinate the stress response across the body. In the brain, 
glucocorticoid receptors (GR) are expressed by various cell types including microglia, which are its resident 
immune cells regulating stress-induced inflammatory processes. To study the roles of microglial GR under normal 
homeostatic conditions and following chronic stress, we generated a mouse model in which the GR gene is 
depleted in microglia specifically at adulthood to prevent developmental confounds. We first confirmed that 
microglia were depleted in GR in our model in males and females among the cingulate cortex and the hippo-
campus, both stress-sensitive brain regions. Then, cohorts of microglial-GR depleted and wild-type (WT) adult 
female mice were housed for 3 weeks in a standard or stressful condition, using a chronic unpredictable mild 
stress (CUMS) paradigm. CUMS induced stress-related behavior in both microglial-GR depleted and WT animals 
as demonstrated by a decrease of both saccharine preference and progressive ratio breakpoint. Nevertheless, the 
hippocampal microglial and neural mechanisms underlying the adaptation to stress occurred differently between 
the two genotypes. Upon CUMS exposure, microglial morphology was altered in the WT controls, without any 
apparent effect in microglial-GR depleted mice. Furthermore, in the standard environment condition, GR 
depleted-microglia showed increased expression of pro-inflammatory genes, and genes involved in microglial 
homeostatic functions (such as Trem2, Cx3cr1 and Mertk). On the contrary, in CUMS condition, GR depleted- 
microglia showed reduced expression levels of pro-inflammatory genes and increased neuroprotective as well 
as anti-inflammatory genes compared to WT-microglia. Moreover, in microglial-GR depleted mice, but not in WT 
mice, CUMS led to a significant reduction of CA1 long-term potentiation and paired-pulse ratio. Lastly, differ-
ences in adult hippocampal neurogenesis were observed between the genotypes during normal homeostatic 
conditions, with microglial-GR deficiency increasing the formation of newborn neurons in the dentate gyrus 
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subgranular zone independently from stress exposure. Together, these findings indicate that, although the 
deletion of microglial GR did not prevent the animal’s ability to respond to stress, it contributed to modulating 
hippocampal functions in both standard and stressful conditions, notably by shaping the microglial response to 
chronic stress.   

1. Introduction 

Stress is defined as the perturbation of the physiological homeostasis 
or psychological well-being by a real or interpreted threat. While the 
stress response is a necessary survival mechanism required for the 
adaptation to environmental challenges, it can have many adverse ef-
fects when it persists or is repeated over time (McEwen, 2008). Chronic 
stress is associated with an increased risk of developing adverse health 
conditions that include cardiovascular diseases (Steptoe and Kivimäki, 
2012), neuropsychiatric disorders (Davis et al., 2017), and neurode-
generative diseases (Esch et al., 2002). In our modern society thriving on 
performance and efficiency, chronic stress is an increasingly important 
public health concern. 

Stress activates the hypothalamic–pituitaryadrenal axis (HPA axis), 
which controls the production of glucocorticoids (GCs) by the adrenal 
cortex (Herman et al., 2016). GCs are a class of steroid hormones that 
regulate the physiological (e.g., metabolic, cardiovascular, and immune) 
and behavioral (e.g., emotional, cognitive, and motor) response to stress 
(Smith and Vale, 2006). The main GC in rodents is corticosterone 
(CORT), which acts by binding to mineralocorticoid receptors (MR) and 
GC receptors (GR). MR and GR cooperatively regulate the stress 
response (de Kloet et al., 2008; Orchinik et al., 1991). Nevertheless, MR 
is mainly recruited under basal conditions and GR upon stress, since MR 
has a 10-fold higher affinity for CORT (Reul and Kloet, 1985). CORT has 
an anti-inflammatory effect that depends on its concentration and 
duration of exposure. Chronically elevated CORT levels, as measured 
upon chronic stress, repress mRNA levels of the neuronal chemokine 
fractalkine and its microglial CX3C chemokine receptor 1 (CX3CR1) –a 
signaling pathway that restrains neuroinflammation and modulates the 
stress response– while increasing mRNA levels of the pro-inflammatory 
cytokine interleukin (IL)-1β in adult rat hippocampus (Sorrells et al., 
2014). Long-term increase of CORT levels is also well-known to cause 
maladaptive neuronal plasticity, notably in the hippocampus. It has 
been shown that chronically elevated circulating CORT levels induce 
hippocampal dendritic retractions in ovariectomized females rats 
(McLaughlin et al., 2005) as well as neuronal loss and dendritic atrophy, 
leading to an overall reduction of hippocampal volume in male rodents 
(Lee et al., 2009; Sapolsky et al., 1985; Woolley et al., 1990). In female 
and male mice, chronic stress was also associated with a reduction of 
adult neurogenesis in the dentate gyrus (DG), the main region where 
new neurons are generated throughout life (Goshen et al., 2008; Murray 
et al., 2008). 

Microglia, the resident macrophages of the brain, play an essential 
role in the maintenance and remodeling of neuronal networks. These 
cells modulate hippocampal neurogenesis by producing pro-neurogenic 
factors and phagocytosing the excess of newborn cells undergoing 
apoptosis (Sierra et al., 2014). Their processes are highly dynamic and 
make frequent contacts with neuronal cells at synapses (Tremblay et al., 
2010). Microglia-synapse interactions were shown to be important for 
the formation, maintenance and elimination of synapses, contributing to 
processes such as synaptic plasticity, learning, and adaptation to the 
environment (Tay et al., 2017). Microglia are extremely sensitive to 
homeostatic changes in their microenvironment such as those resulting 
from chronic stress exposure. Several studies have revealed that 
microglia undergo important morphological and functional changes in 
response to chronic psychological stress (reviewed in (Picard et al., 
2021)). In mice, different models of chronic stress were shown to 
exacerbate microglial phagocytosis, notably of synaptic structures 
(Lehmann et al., 2016; Milior et al., 2016; Wohleb et al., 2018). Stressed 

microglia also contribute to neuroinflammation via their secretion of 
various mediators. Indeed, in a paradigm of repeated social defeat, 
acutely isolated microglia from male mice had increased mRNA levels of 
IL-1β (Wohleb et al., 2011). These modifications in response to chronic 
stress suggest microglial involvement in stress-induced neuronal deficits 
and behavioral maladaptation. However, while microglia abundantly 
express GR as demonstrated in rodent models (Sierra et al., 2008; 
Tanaka et al., 1997), the role of microglial GR under homeostatic con-
ditions and in the stress response remains largely undetermined. 

To explore the role of microglial GR in the response to stress, we 
generated a mouse model in which microglia specifically lack GR. We 
hypothesized that disrupting microglial GR signaling will modify their 
homeostatic functions, with consequences on the neurobehavioral 
response to stress. We crossed GRflox mice with Cx3cr1CreERT2 mice, 
resulting in a tamoxifen-inducible conditional depletion of GR from 
CX3CR1-expressing cells. Mice were treated with tamoxifen at adult-
hood to prevent developmental confounds, and the experiments were 
initiated one month after recombination, to target microglia selectively 
considering the higher turnover rate of peripheral myeloid cells that can 
also express CX3CR1 and transit to the brain upon stress (Lawson et al., 
1992; Wohleb et al., 2013). Females were specifically examined 
considering their greater stress vulnerability and HPA axis dysregula-
tion, as well as higher predisposition to stress-induced anxiety and 
depression compared with males (Heck and Handa, 2019). Female mice 
exposed to chronic unpredictable stress also presented increased 
glucocorticoid resistance compared to males, which might contribute to 
their vulnerability to stress-related disorders (Palumbo et al., 2020). The 
microglial-GR (mGR) depleted female mice and their wild-type (WT) 
controls were exposed either to standard housing conditions or chronic 
unpredictable mild stress (CUMS) using the Intellicage system, a high 
throughput apparatus designed for the automated behavioral pheno-
typing of mice (Kiryk et al., 2020). Our analyses focused on the hippo-
campus considering its high expression levels of GR and its key 
involvement in the stress response (de Kloet et al., 2005). We investi-
gated microglial density, distribution and morphology, as well as gene 
expression. We also assessed hippocampal neurogenesis, short- and 
long-term neuronal plasticity as well as basal synaptic transmission at 
Schaffer collateral-Cornu Ammonis 1 (CA1) synapses and in pyramidal 
neurons to provide insights into neural plasticity mechanisms underly-
ing the response to CUMS (Tay et al., 2017). 

2. Methods 

2.1. Animals 

All experiments were approved and performed under the guidelines 
of Université Laval’s animal ethics committees, the Canadian Council on 
Animal Care, the European Directive (2010/63/UE), and the Italian 
legislation on animal experimentation (Decreto Legislativo 26/2014). 
Animals were examined for signs of discomfort as indicated by the an-
imal care and use guidelines [National Academy of Sciences. Guide for 
the care and use of laboratory animals, 1998, ‘‘Guidelines for the Care 
and Use of Mammals in Neuroscience and Behavioral Research” (Na-
tional Research Council 2003)]. They were housed at 22–25 ◦C under a 
12-h light–dark cycle with ad libitum access to food and water. The 
Cx3cr1CreERT2 mice were obtained from the European Mouse Mutant 
Archive with authorization from Prof. Steffen Jung (Weizmann Institute 
of Science, Rehovot, Israël) and crossed with Nr3c1 fl/fl (GRflox) mice 
purchased from The Jackson Laboratory (strain No. 021021). To induce 
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recombination in Cx3cr1CreERT2+/−:Nr3c1fl/fl mice, at adulthood 
(6.5 to 8.5 weeks of age), the animals were treated orally with 10 mg of 
tamoxifen (Sigma-Aldrich) (dissolved in 1:10 ethanol/corn oil) (micro-
glial-GR depletion tamoxifen group) twice with a 2-day interval. As 
controls, Cx3cr1CreERT2+/−:Nr3c1fl/fl mice were treated with oil 
(microglial-GR depletion oil group), Cx3cr1CreERT2−/−:Nr3c1fl/fl 
mice with tamoxifen (WT tamoxifen group), and Cx3cr1CreERT2−/−: 
Nr3c1fl/fl mice with oil (WT oil group). The animals were then allowed 
a resting period of 7–9 weeks, housed 3–5 per cage. This resting period 
allowed to selectively target microglia due to their longer lifespan 
compared with peripheral myeloid cells that can also express CX3CR1 
(Füger et al., 2017). As described below, the animals were then either 
sacrificed to characterize microglial-GR depletion or transferred to the 
Intellicage system to study the effects of CUMS versus standard housing 
conditions, followed by behavioral, electrophysiological, cellular, or 
molecular analyses. 

The physiological and behavioral features of the stress response 
profoundly differ between sexes (Figueiredo et al., 2002; Oyola and 
Handa, 2017). Numerous recent findings show that gonadal hormones 
might play a role in determining microglial response to stress, which 
could shape neurobiological and behavioral outcomes (Picard et al., 
2021). Females have been reported to be more vulnerable to chronic 
stress and display an increased predisposition to stress-induced anxiety 
and depression (Heck and Handa, 2019). Therefore, considering both 
the higher vulnerability and the limited knowledge available from the 
literature, we decided in the current study to investigate the effects of 
microglial-GR deficiency in female subjects. 

2.2. Characterization of microglial GR depletion 

We first characterize microglial GR depletion in both males and fe-
males to confirm our model using immunofluorescence (Fourgeaud 
et al., 2016; Zhou et al., 2020). Naïve male and female mice were 
anesthetized with a mix of ketamine [80 mg/kg]/xylazine [10 mg/kg] 
and blood was transcardially flushed with ice-cold phosphate-buffered 
saline [50 mM, pH 7.40] (PBS). Brains were post-fixed in 4% para-
formaldehyde (PFA; Electron Microscopy Sciences) overnight at 4 ◦C. 
After cryoprotection in 10%, 20% and 30% sucrose solutions (24 h in 
each, at 4 ◦C), the brains were cut into 30 µm-thick coronal sections 
using a freezing microtome (Leica SM 2000R). Sections were stored in 
cryoprotectant solution (30% (v/v) glycerol and 30% (v/v) ethylene 
glycol in PBS) at −20 ◦C until use. 

Sections containing the cingulate cortex (Bregma 1.41 mm to 1.93 
mm) and the ventral hippocampus (Bregma −2.91 mm to −3.39 mm) 
were selected based on the stereotaxic atlas of Paxinos and Franklin (4th 
edition). We chose these regions, both part of the limbic system, 
considering their involvement in the regulation of emotional behavior 
and response to stress (Fanselow and Dong, 2010; McEwen and Gia-
naros, 2010). For immunofluorescence staining, the free-floating sec-
tions were first incubated in citrate buffer [0.1 M] at 70 ◦C for 40 min to 
retrieve antigens. After cooling down, the sections were permeabilized 
with 0.3% (v/v) H2O2 in PBS for 5 min and then washed with PBS. They 
were then placed in 0.1% NaBH4 solution for 30 min to block non- 
specific staining and washed. Afterward, the sections were incubated 
in a blocking solution of 10% (v/v) fetal calf serum with 3% (w/v) 
bovine serum albumin (BSA) and 0.03% (v/v) Triton X-100 in PBS for 1 
hr at room temperature (RT). All primary and secondary antibodies were 
diluted in blocking buffer. Sections were incubated with anti-IBA1 
antibody (ionized calcium-binding adapter molecule 1, 1:150, catalog: 
MABN92, EMD Millipore) and anti-GR antibody (1:800, catalog: sc- 
1004, Santa Cruz Biotechnology) at 4 ◦C overnight. Sections were then 
rinsed in Tris-buffered saline [50 mM] (TBS) containing 0.01% (v/v) 
Triton X-100 (TBS-T), and incubated with a donkey anti-mouse Alexa 
Fluor® 488-conjugated (1:300, catalog: A21202, Life Technologies) and 
a goat anti-rabbit Alexa Fluor® 568-conjugated (1:300, catalog: 
A11011, Life Technologies) secondary antibodies for 90 min at RT. 

Sections were washed in TBS, counter-stained with DAPI (1:20000, 
Thermo-scientific), mounted on slides and cover-slipped in anti-fading 
medium (Fluoromount-G, catalog: 0100-01, SouthernBiotech). 

Imaging was performed in the cingulate cortex and ventral hippo-
campal DG polymorphic layer and CA1 stratum radiatum (str rad) with a 
Zeiss Axio Imager M2 epifluorescence microscope. The pictures were 
acquired with an AxioCamMR3 camera (Zeiss, Oberkochen, Germany) 
using a 20x objective. The analysis of IBA1/GR colocalization was per-
formed blind to the experimental conditions using Photoshop CC 2018 
on 2–3 sections/region/animal (n = 3–5 animals/experimental group). 
Every IBA1-positive (+) cell in the pictures in the region of interest was 
analyzed to assess colocalization with GR in the cell body. For figure 
presentation, microglial cells were imaged using a Zeiss LSM-880 
confocal microscope. Z-stacks were acquired with a 63× objective and 
the Airyscan module was used for the IBA1 channel. Each stack con-
tained ~95 slices and focus stacking was performed using Zen 3.1 
software (Blue edition, Zeiss). 

2.3. Chronic unpredictable mild stress (CUMS) paradigm 

Following the confirmation of our model, we exposed WT 
(Cx3cr1CreERT2−/−: Nr3c1fl/fl) and mGR depleted 
(Cx3cr1CreERT2+/−: Nr3c1fl/fl) female mice treated with tamoxifen to 
CUMS (n = 9–13 animals/group). For the entire duration of the exper-
iment, female mice were housed in the Intellicage system (TSE-system, 
NewBehavior AG, Zürich, Switzerland), which is an apparatus designed 
for the automatic monitoring of mouse behavior. It consists of a large 
acrylic cage (20.5 cm high, 58 cm × 40 cm at the top and 55 cm × 37.5 
cm at the base, Model 2000 Tecniplast) with 4 walls separating each 
corner from the center so that they form 4 identical triangular condi-
tioning chambers (15 × 15 × 21 cm). In this system, animals have access 
to each chamber by entering a front hole and only a single mouse can 
enter each chamber at a time since each one is identified by a tran-
sponder. The system can collect data about the number and duration of 
visits and number, duration, and side (right or left) of nose pokes and 
licks. 

The floor of the cage is covered with bedding and contains four 
sleeping shelters in the center while a food rack on the top is filled with 
standard mouse chow (food ad libitum). One week before being moved to 
the Intellicage, each animal was injected with a subcutaneous tran-
sponder (T-IS 8010 FDX-B; Datamars SA). Mice have been gradually 
habituated to the Intellicage environment for 14 days. At the same time, 
they were habituated to drinking a 0.1% saccharin solution for a later 
assay of taste preferences and motivation. 

2.3.1. Standard condition 
The standard condition consisted of housing mice in the Intellicage in 

the absence of stressful procedures. In particular, mice were socially 
housed in the Intellicage and exposed to Plexiglas shelters of different 
colours and shapes (four red transparent Tecniplast plastic nest boxes), 
and to tissue paper. New tissue paper was provided every 5 days and the 
plastic shelters were cleaned every week. 

2.3.2. Stressful condition 
After the habituation period, mice were exposed to CUMS procedures 

to induce depression-like behavior. CUMS lasted three weeks and was 
expected to induce an approximate 30% decrease of saccharin prefer-
ence. During CUMS, mice were exposed each day to a different randomly 
chosen stressor to prevent habituation. The stressors were administered 
by the Intellicage system, without any physical intervention by the 
experimenter, and comprised either: Short open door: door to access 
water or saccharin solution remains open for only 1.5 s; Delay: door 
opens only with a delay of 1, 1.5, 2, 2.5 s after the first nosepoke; Open 
door 25%: door opens only following 25% of nosepokes; Air puff: when 
the mouse performs a visit, it has a 20% chance to receive an air puff (2 
bar) that lasts 1 s or until the animal leaves the corner and the doors 
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remained closed. During the stressful phase, to drink more, the animals 
have to leave the corner and start a new visit. The duration of each 
stressor was randomly 12, 18 or 24 hrs. During the stress-inducing 
procedures, red LEDs in the corner were turned on when a mouse 
entered in and turned off at the end of the visit, in order for mice to 
associate this light condition to the probability of a random stressful 
event happening. Additionally, during the stressful paradigm, no shelter 
or tissue paper was provided. 

This stressful paradigm, consisting in the constant (24 hrs) exposure 
of the animals to various stressors, has been previously validated 
through the assessment of behavioral, cellular, and molecular endpoints 
(Alboni et al., 2017; Branchi et al., 2013; Poggini et al., 2019). Indeed, 
the stressful conditions exploited in the present study have been shown 
to increase basal CORT levels, a marker of stress response in males 
(Milior et al., 2016). 

2.4. Behavioral tests and physiological assessments 

The experimental procedures used to phenotype behavior were 
automatically administered by the Intellicage system, thus avoiding any 
bias or additional stress due to the presence of experimenter. These 
included saccharine preference and progressive ratio schedule. In 
addition, immediately before and at the end of their housing in the 
Intellicage, the animals were measured for body weight changes. 
Following the exposure to standard or stressful conditions, plasmatic 
CORT levels were measured to assess the HPA axis activity and identify 
potential dysfunctions. Finally, to evaluate the potential association 
between behavior and hormonal fluctuations, we monitored the estrous 
cycle of all mice (see Supplementary Methods). 

2.4.1. Bodyweight 
At the end of the habituation period and following the exposure 

either to the standard or stressful conditions, the bodyweight of the 
animals was measured at the beginning of the dark phase. 

2.4.2. Saccharin preference 
To saccharin preference was determined. In each corner of the 

Intellicage two bottles were present, one containing tap water and the 
other containing 0.1% saccharin solution; both freely available at all 
time. Water and saccharin solutions were swapped daily. The position of 
water and saccharin in each corner was counterbalanced across the four 
corners. Saccharin preference was determined as follows: (saccharin 
solution consumed/ saccharin solution consumed + water consumed) ×
100. We measured the baseline saccharin preference on the last two days 
of the habituation period and at the end of the exposure either to the 
standard or stressful conditions. 

2.4.3. Progressive Ratio schedule 
To assess the effort to obtaining a reward, we used the progressive 

ratio reinforcement schedule that utilizes a multiplicative increase in the 
number of responses (i.e., nosepokes) required to dispense a unit of 
reinforcement (i.e., saccharin). In particular, water was always acces-
sible after one nosepoke while saccharin solution was accessible only 
after a specific number of nosepokes performed in a given amount of 
time. Such number increased progressively after each series of 8 visits 
according to the following scheme: 2, 3, 4, 5, 6, 7, 8, 10, 12, 16, 20, 24. 
The time to perform the nosepokes was progressively increased ac-
cording to the required number of nosepokes from two to 24 s. Mice 
were exposed to this task immediately before and after the exposure to 
the environmental condition (i.e., standard versus CUMS paradigm). To 
allow mice to recognize the session period, the three LEDs on the top of 
each door were switched on. Each test session lasted two days or until 
mice reached the module with 24 nosepokes. The animals have been 
trained on the progressive ratio reinforcement schedule during the 
habituation phase and before the testing in order to assess their learning 
performance and control differences in cognitive abilities. The 

parameter considered was the ‘breakpoint’, defined as the highest 
number of consecutive nose pokes performed in a single visit to achieve 
the access to the bottle. 

2.4.4. Locomotor activity – Number of corner visits 
To assess the homecage locomotor activity, we measured the number 

of corner visits per day, both during the habituation period and CUMS. 

2.4.5. CORT levels 
Plasma CORT levels, which follow a marked circadian rhythm, have 

been assessed in all animals at the end of the dark phase when the 
hormonal levels are lowest and do not differ between males and females 
(Lightman and Conway-Campbell, 2010), at the end of behavioral 
assessment. In unanesthetized animals, blood was collected from the tail 
3 hrs before lights on. The bleeding procedure consisted of a small and 
superficial cut on the tail. Blood samples were collected individually in 
potassium–ethylenediaminetetraacetic acid (EDTA) coated 10 ml tubes 
(1.6 mg EDTA/ml blood: Sarstedt). All samples were kept on ice and 
later centrifuged at 3000 rpm for 15 min at 4 ◦C. Blood plasma was 
transferred to Eppendorf tubes for CORT determination and stored at 
−80 ◦C until analysis. Plasma CORT levels were quantified by enzyme 
immunoassay according to the manufacturer’s recommendations 
(Corticosterone Elisa kit, Enzo Life Sciences). Samples were diluted 1:40 
before analysis, and data were analyzed by sigmoidal 4-parameter lo-
gistic curve fit using Prism 6 (Graphpad). The sensitivity of the assay was 
27.0 pg/ml and the intra-assay percent coefficients of variations were 
between 3.35% and 3.82%. 

2.5. Immunohistochemistry staining 

2.5.1. Hippocampal adult neurogenesis 
24 hrs after the end of the Intellicage paradigm, a cohort of animals 

was anesthetized with ketamine [80 mg/kg]/xylazine [10 mg/kg] and 
perfused transcardially with 4% PFA to assess hippocampal neuro-
genesis. Brains were post-fixed in 4% PFA overnight at 4 ◦C and cry-
oprotected in 10%, 20% and 30% sucrose solution (24 hrs each 
concentration). The brains were divided into the hemispheres, and right 
hemispheres were cryoprotected with 30% sucrose, frozen and cut into 
40 µm-thick horizontal sections using a manual microtome (HM 430 
Sliding Microtome); series of every 8th section were collected and stored 
in cryoprotection solution (30 % (v/v) glycerol and 30% (v/v) ethylene 
glycol in PBS) at −20 ◦C until further processing. Sequential horizontal 
sections containing the hippocampus across the mouse brain (every ~ 
320 µm, ~ 8–9 sections per mice) were collected, mounted in the correct 
anatomical order and Giemsa-stained (Giemsa stock solution 
1.09204.0500, Merck, Darmstadt, Germany). The stained sections were 
differentiated 10 s in 1% acetic acid, dehydrated and coverslipped. For 
the neurogenesis assessment, free-floating sections were heat-treated for 
40 min in citrate buffer (Target Retrieval Solution, DAKO; 1:10, pH 6.0) 
for epitope retrieval. After pre-incubation in 2% normal serum with 
0.25% Triton in TBS for 1 hr at RT, the sections were incubated over-
night at 4 ◦C with primary antibodies against Ki-67 (1:300, polyclonal 
Mouse-anti-Ki-67, BD Pharming) or doublecortin (DCX) (1:2000, Rabbit 
polyclonal DCX, Abcam ab18723). Incubation in secondary antibody 
(1:300 for Ki-67 and 1:1000 for DCX) was followed by a 1hr incubation 
with avidin–biotin complex (ABC) solution (Vectastain). Finally, sec-
tions were stained with 3,3′-diaminobenzidine (DAB) and mounted. 
DCX stained sections were counterstained with hematoxylin solution 
and all sections were dehydrated and coversliped. 

The total number of DCX + cells was estimated in the polymorphic 
layer of the DG with the optical fractionator using the Stereoinvestigator 
software (MicroBrightField Inc. Williston, USA) with a 63x oil- 
immersion lens (ZEISS Plan-Apochromat 63x/1.40 Oil DIC). Cells were 
counted in a frame of 35 µm × 35 µm with x- and y- step sizes of 75 µm. 
Total cell numbers (N) were calculated using the formula: N = ∑ Q- 1 
asf 1 ssf where ∑Q is the total number of cells counted, asf is the area 
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sampling fraction and ssf the section sampling fraction. All Ki-67 + cells 
were counted manually, stained cells in the top focal plane were not 
considered to prevent over-estimation. Total cell number estimates were 
calculated by multiplying the cell counts by the section sampling 
fraction. 

2.5.2. Microglial density, distribution and morphology 
For the analysis of microglial density, spacing and morphology, 

ventral hippocampal sections (Bregma −2.91 mm to −3.39 mm) were 
incubated in citrate buffer at 70 ◦C for 40 min for antigen retrieval. After 
the sections had cooled down, the free-floating sections were placed in 
0.1% NaBH4 solution for 30 min and washed. They were incubated in a 
blocking solution of 10% donkey serum with 0.5% gelatin and 0.1% 
Triton X-100 in PBS for 1 hr at RT. Sections were then incubated with 
anti-IBA1 (1:150, catalog: MABN92, EMD Millipore) and anti-TMEM119 
(Transmembrane Protein 119) (1:300, catalog: ab209064, Abcam) an-
tibodies at 4 ◦C overnight, rinsed in PBS(T) 0.01%, and then incubated 
with an Alexa Fluor® 555-conjugated (1:300, catalog: A31570, Invi-
trogen) and an Alexa Fluor® 647-conjugated (1:300, catalog: A31573, 
Invitrogen) secondary antibodies for 90 min at RT. All primary and 
secondary antibodies were diluted in the same blocking buffer. Sections 
were washed in PBS, counter-stained with DAPI (1:20000, Thermo- 
scientific), mounted on slides, then coverslipped with anti-fading me-
dium (Fluoromount-G, SouthernBiotech). 

6 sections/mice in 6 mice per experimental group were used for 
imaging. For density, distribution and infiltration analyses, sections 
containing the hippocampal DG polymorphic layer and CA1 str rad were 
imaged in a single plane at 20x magnification using an Axio Imager M2 
epifluorescence microscope equipped with an AxioCamMR3 camera 
(Zeiss, Oberkochen, Germany) and mosaics were created with Zen 3.1 
software (Blue edition, Zeiss). For the morphological analysis, the hip-
pocampal DG polymorphic layer and CA1 str rad were imaged using a 
Quorum WaveFX Spinning disc confocal microscope. Z-stacks were ac-
quired with a 20x objective and an ORCA-R2 camera (Hamamatsu, 512 
× 512 pixels). Each stack contained ~ 30 slices (1 μm each) and focus 
stacking was performed using Volocity software (Version 5.4, 
PerkinElmer). 

Microglial density, spacing, and morphology were analyzed in all the 
captured images from the 6 sections/mice in 6 mice per experimental 
group. The analysis was performed blind to the experimental conditions 
with ImageJ software (National Institutes of Health) as previously 
described (Tremblay et al., 2012). Density and spacing were calculated, 
respectively using the “analyze particles” and “nearest neighbour dis-
tance” plugins of ImageJ. Cellular density was defined as the total 
number of cells divided by the total area (cells/mm2) for each region of 
interest in each animal. Spacing index was calculated as the square of 
the average nearest neighbour distance (NND) multiplied by microglial 
density per region of interest and animal. For the infiltration analysis, 
total counts of IBA1+/TMEM119+ (microglia) and IBA1+/TMEM119 
negative (−) (peripheral/perivascular macrophages) cells were 
compiled per region of interest and animal, using the analyze particles 
plugin (Ibanez González et al., 2019). Morphology was analyzed for 
15–20 microglial cells per animal, selected based on their complete 
visualization. Soma and arborization areas were determined using the 
“drawing” and “measure” tools in ImageJ and converted in µm2. A 
morphological index was then determined using the formula: soma 
area/arborization area was also compiled (Ibanez González et al., 2019; 
Tremblay et al., 2012). The larger the value, the greater the soma size 
was in relation to the arbor size. Circularity and solidity were next 
determined using the shape descriptors plugins in ImageJ as described in 
Bordeleau et al, 2020 (Bordeleau et al., 2020). Briefly, circularity was 
calculated by: 4π×(Area/Perimeter2) for which a value of 1.0 represent 
a perfect circle. Solidity was calculated by dividing the cell area by the 
convex cell area for which a value closer to 1.0 indicates a more convex 
shape. 

2.6. Isolation of CD11b+ cells from hippocampus and real-time 
polymerase chain reaction 

Hippocampus of mice previously perfused with saline to eliminate 
circulating peripheral immune cells were cut into small pieces and 
single-cell suspension was achieved in Hank’s balanced salt solution 
(HBSS). The tissue was further mechanically dissociated using a glass 
wide-tipped pipette and processed for cluster of differentiation (CD)11b 
+ cells extraction with a magnetic-activated cell sorting (MACS) system 
(Garofalo et al., 2017). Briefly, CD11b + cells were magnetically 
labelled with CD11b MicroBeads and the cell suspension was loaded 
onto a MACS Column placed in the magnetic field of a MACS Separator. 
CD11b + cells were eluted as the positive fraction. Live CD11b + cells 
were assessed by flow cytometry and the purity was ~ 99% (Garofalo 
et al., 2017). 

RNA was isolated with the RNeasy Mini Kit and processed for real- 
time polymerase chain reaction (rt-PCR) (Qiagen) in duplicate, and 
the intra-assay coefficient of variation was below 30%. The quality and 
yield of RNAs were verified using the NANODROP One system (Thermo 
Scientific). Reverse transcription reaction of CD11b + cells collected by 
MACS was performed in a thermocycler (MJ Mini Personal Thermal 
Cycler; Biorad) using IScript TM Reverse Transcription Supermix (Bio-
rad) according to the manufacturer’s protocol, under the following 
conditions: incubation at 25 ◦C for 5 min, reverse transcription at 42 ◦C 
for 30 min, inactivation at 85 ◦C for 5 min. rt-PCR was carried out in a I- 
Cycler IQ Multicolor rt-PCR Detection System (Biorad) using SsoFast 
EvaGreen Supermix (Biorad) according to the manufacturer’s in-
structions. The PCR protocol consisted of 40 cycles of denaturation at 
95 ◦C for 30 s and annealing/extension at 60 ◦C for 30 s. For quantifi-
cation analysis, the comparative cycle threshold (Ct) method was used. 
The ΔCt was calculated by the difference between Ct values of each gene 
of interest and the Ct value of glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), then normalized with the non-stressed WT group 
(reference group) to obtain the ΔΔCt. Relative quantification was per-
formed using the 2ΔΔCt method and expressed as fold change in arbitrary 
values. The primers used are listed in Table 1. 

2.7. Electrophysiology 

2.7.1. Extracellular field recordings 
Animals were anesthetized by inhalation of halothane (Sigma- 

Aldrich) and then decapitated. The whole brain was rapidly removed 
from the skull and immersed in ice-cold artificial cerebrospinal fluid 
(ACSF) solution containing (in mM): NaCl 125, KCl 4.4, CaCl2 2.5, 
MgSO4 1.5, NaH2PO4 1, NaHCO3 26 and glucose 10. ACSF was 
continuously oxygenated with 95% O2 + 5% CO2 to maintain a pH close 
to 7.4. Following removal, the brain tissues were blocked on the stage of 
a vibrating microtome (Thermo Scientific) and 350 μm thick slices were 
cut in ice-cold ACSF. The hippocampal slices were then transferred to an 
incubation chamber containing oxygenated ACSF, where they recovered 
for 1 hr at 30 ◦C prior to field recording. Individual slices were then 
transferred to an interface slice-recording chamber (BSC1, Scientific 

Table 1 
Primers sequence for real-time polymerase chain reaction experiments.  

Gene Primer Forward Primer Reverse 
Arg1 

Cd68 
Gapdh 
Il1b 
Tnfa 
Fizz-1 
Bdnf 
Trem2 

CTCCAAGCCAAAGTCCTTAGAG 
AGAACTTACGGAAGCACCCA 
TCGTCCCGTAGACAAAATGG 
GCAACTGTTCCTGAACTCAACT 
GTGGAACTGGCAGAAGAG 
CAGGTCTGGCAATTCTTCTGAA 
CGGC GCCCATGAAAGAAGTA 
ATGGGACCTCTCCACCAGTT 

AGGAGCTGTCATTAGGGACATC 
GGCAGATATGCAGTCCCATT 
TTGAGGTCAATGAAGGGGTC 
ATCTTTTGGGGTCCGTCAACT 
CCATAGAACTGATGAGAGG 
GTCTTGCTCATGTGTGTAAGTGA 
AGACCTCTCGAA CCTGCCCT 
TCACGTACCTCCGGGTCCA 

Mertk GATTCTGGCCAGCACAACAGA GAGATATCCGGTAGCCCACCA 
Cx3cr1 TGACTGGCACTTCCTGCAGA AGGGCGTAGAAGACGGACAG  
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System Design Inc) with a total fluid dead space of about 3 ml, to 
perform experiments within 1–6 hrs after slice preparation. They were 
maintained at 30–32 ◦C and constantly superfused with ACSF at the rate 
of 2 ml/min using a peristaltic pump. A concentric bipolar stimulating 
electrode (SNE-100 × 50 mm long, Elektronik–Harvard Apparatus 
GmbH) was placed in the CA1 str rad to stimulate Schaffer collateral 
fibers. Stimuli consisted of 100 μs constant current pulses of variable 
intensity, applied at 0.05 Hz. An ACSF-filled glass micropipette (0.5–1 
MΩ) was placed in the CA1 region, at 200–600 μm from the stimulating 
electrode, in order to measure orthodromically-evoked field extracel-
lular postsynaptic potentials (fEPSP). Stimulus intensity was adjusted to 
evoke fEPSPs of amplitude about 50% of maximal amplitude with 
minimal contamination by a population spike. Evoked responses were 
monitored online, and stable baseline responses were recorded for at 
least 10 min. Only the slices that showed stable fEPSP amplitudes were 
included in the experiments. LTP was induced by high-frequency stim-
ulation (HFS, 1 train of stimuli at 100 Hz, of 1 s duration). To analyze the 
time course of fEPSP amplitude, the recorded fEPSP was routinely 
averaged over 1 min (n = 3). fEPSP amplitude changes following the LTP 
induction protocol were calculated with respect to the baseline. 

fEPSPs were recorded and filtered (low pass at 1 kHz) with an Axo-
patch 200 A amplifier (Axon Instruments, CA) and digitized at 10 kHz 
with an A/D converter (Digidata 1322 A, Axon Instruments). Data 
acquisition was stored on a computer using pClamp 9 software (Axon 
Instruments) and analyzed off-line with Clampfit 10 program (Axon 
Instruments). 

2.7.2. Patch-clamp recordings 
Patch clamp recordings were performed as described in Basilico 

et al., 2019 (Basilico et al., 2019). Briefly, animals were decapitated 
under halothane anesthesia. Whole brains were removed and immersed 
for 10 min in ice-cold ACSF solution containing (in mM): KCl 2.5, CaCl2 
2.4, MgCl2 1.2, NaHPO4 1.2, glucose 11, NaHCO3 26, glycerol 250. The 
ACSF was continuously oxygenated with 95% O2 and 5% CO2 to 
maintain the physiological pH. Horizontal 250 μm thick hippocampal 
slices were cut at 4 ◦C, using a Vibratome (DSK, Dosaka EM), and placed 
in a chamber filled with oxygenated ACSF containing (in mM): NaCl 
125, KCl 2.5, CaCl2 2, MgCl2 1, NaHPO4 1.2, NaHCO3 26 and glucose 10. 
Before use, slices were allowed to recover for at least 1 hr at RT. All 
recordings were performed at RT on slices submerged in ACSF and 
perfused with the same solution in the recording chamber. 

Evoked excitatory postsynaptic currents (EPSC) were recorded from 
CA1 pyramidal neurons using the patch-clamp technique in whole-cell 
configuration at −70 mV. Patch pipettes (3–5 MΩ) were filled with 
intracellular solution containing (in mM): Cs-methanesulfonate 135, 
HEPES 10, MgATP 2, NaGTP 0.3, CaCl2 0.4, MgCl2 2, QX-314 2, BAPTA 
5 (pH adjusted to 7.3 with CsOH). Bicuculline methochloride (10 μM) 
was added to extracellular solution to block GABAA receptors. EPSC 
were evoked by electrical stimulation with theta glass tubes filled with 
external solution. Stimulating electrodes were connected to the stimulus 
isolation unit (Iso-stim A320, WPI) and placed in the str rad, 100–150 µm 
from the patched CA1 neuron, to activate the Schaffer collaterals pro-
jecting to CA1. Synaptic responses were evoked by stimulating for 100 µs 
at 0.1 Hz, the stimulus intensity was adjusted accordingly to the 
experiment. AMPA-mediated EPSC were evoked by paired-pulse stim-
ulations (interval 50 ms) to determine the paired-pulse ratio (PPR), 
calculated as the ratio between the amplitude evoked by the second 
stimulus (A2) over the first (A1; A2/A1). The input/output (I/O) of the 
AMPA component was determined at −70 mV, stimulating Schaffer 
collaterals at increasing intensities (0.1–10 mA). Each pulse of a given 
intensity was repeated 6 times to obtain an average response. To 
determine the AMPA/NMDA ratio, stimulus strength was adjusted to 
obtain at −70 mV stable AMPA-mediated EPSC with an amplitude cor-
responding to the 50% of the maximum response. The NMDA current 
was recorded at + 40 mV from the same neuron, using the same stimulus 
strength. During the analysis, NMDA peak amplitude was measured with 

a delay of 25 ms from the AMPA peak. Recordings were made with a 
patch-clamp amplifier (Axopatch 200A, Molecular Devices), filtered at 
2 kHz, digitized (10 kHz) and acquired using pClamp 10.0 software 
(Molecular Devices); the analysis was performed off-line using Clampfit 
10 (Molecular Devices). 

2.8. Statistical analyses 

For GR microglial deficiency characterization and microglial ana-
lyses (density, distribution, morphology), as well as peripheral/peri-
vascular myeloid cells, statistical analyses were conducted using 2-way 
ANOVA with the software Prism (GraphPad, Version 8). Post-hoc com-
parisons were performed using Bonferroni’s correction for GR microglial 
deficiency characterization to compare the other groups to the WT oil 
group and Tukey’s correction for the microglial analyses. Sample size 
(n) refers to the number of animals in each experiment, except for the 
microglial morphology analysis where it refers to the cell number, as 
previously conducted by our group (Hui et al., 2018; Lecours et al., 
2020; Milior et al., 2016). Intellicage, neurogenesis and electrophysio-
logical experiments were analyzed with 2-way ANOVAs with the soft-
ware Statview II (Abacus Concepts) or R and Sigmaplot software, 
considering genotype (WT and microglial-GR depletion) and environ-
mental condition (standard, stress) as the between-subject variables. 
Post-hoc comparisons were performed using Tukey’s correction (Milior 
et al., 2016). Microglial gene expression data were tested for equal 
variances and then analyzed with 2-way ANOVAs with Sigmaplot soft-
ware and post-hoc comparisons were performed using Holm-Sidak’s 
correction. All mean differences were considered statistically significant 
when p < 0.05. All reported values are mean ± standard error of the 
mean (SEM). 

3. Results 

We investigated the effects of microglial-GR depletion on microglia 
and neuronal circuits, at steady-state and in response to CUMS using 
female mice, considering that they are more vulnerable to chronic stress 
and have a higher predisposition to stress-induced anxiety and depres-
sion compared to males (Heck and Handa, 2019). The animals were 
habituated to the Intellicage system for two weeks, and then exposed to 
a stressful (CUMS) or standard (without stress) housing environment for 
three additional weeks (Fig. 1). After sacrifice of the animals, cellular, 
molecular and electrophysiological analyses were performed in the 
hippocampal CA1 str rad and the DG polymorphic layer, two key regions 

Fig. 1. Schematic representation of the experimental design. Following 14-days 
period of habituation to the Intellicage system, the mice were exposed either to 
(a) standard or (b) stressful housing environment for 21 days. Immediately after 
the habituation phase and the environmental condition exposure, physiological 
and behavioral assessments were performed. At the end of the experiment, we 
performed a series of electrophysiological, immunohistological, and gene 
expression measures. mGR dep: microglial-glucocorticoid receptor depletion, 
WT: wild-type. 
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involved in the adaptation to stress (McEwen, 2001). 

3.1. The microglial-GR depletion mouse model almost completely 
suppresses microglial GR expression 

To characterize our mouse model, we first verified that microglia 
were depleted for GR in both male and female mice using a double 
immunofluorescent staining against the microglial marker IBA1 and GR. 
The observations were made in the cingulate cortex, CA1 str rad and DG 
polymorphic layer of WT versus mGR depleted animals that received 
either tamoxifen to induce microglial-GR deletion or oil as a control. In 
mGR depleted female mice, we observed a significant decrease in the 
proportion of microglia expressing GR following tamoxifen adminis-
tration in the three regions compared to the WT oil group (Fig. 2), the 
cingulate cortex (78.05 ± 2.19 % (WT oil) vs 6.17 ± 1.64% (mGR 
depletion Tam) [F(1,9) = 553.9, p < 0.0001]) (Supplementary Fig. 1a), 
the CA1 str rad (78.13 ± 1.09% (WT oil) vs 4.54 ± 2.28 % (mGR 
depletion Tam) [F(1,9) = 482.0, p < 0.0001]) and DG polymorphic layer 
(97.78 ± 0.48 % (WT oil) vs 4.44 ± 4.44 % (mGR depletion Tam) [F(1,9) 
= 126.7, p < 0.0001]) (Fig. 2). The same decrease was observed in males 
in the cingulate cortex (80.50 ± 2.16 % (WT oil) vs 5.91 ± 0.10 % (mGR 
depletion Tam) [F(1,10) = 204.3, p < 0.0001]) and the CA1 str rad (78.17 
± 0.77 % (WT oil) vs 4.17 ± 0.21 % (mGR depletion Tam) [F(1,11) =
328.4, p < 0.0001]) (Supplementary Fig. 1b-c). The tamoxifen treatment 
did not induce a complete depletion, which is consistent with what was 
previously observed in other models of tamoxifen-induced depletion in 
microglia (Goldmann et al., 2013). Tamoxifen versus oil also induced a 
moderate increase in microglial GR expression in the female WT ani-
mals, among the CA1 str rad (78.13 ± 1.09 % (WT oil) vs 91.10 ± 2.34 % 
(WT Tam) [F(1,9) = 482.0, p < 0.0001]) and the cingulate cortex (78.05 
± 2.19 % (WT oil) vs 92.05 ± 1.73 % (WT Tam) [F(1,9) = 482.0, p <
0.0001]). 

3.2. CUMS affects the neurobehavioral profile independently from the 
genetic background 

At the end of the habituation period, we measured the bodyweight of 
the animals and we did not observe a significant difference between the 
genotypes [F(1,41) = 0.224, p = 0.6386] (Fig. 3a). At the end of the 
experiment, we calculated the difference of body weight between before 
and after the exposure to the different conditions. We observed a sig-
nificant effect of stress exposure, with both mGR depleted and WT mice 
exposed to CUMS showing a significant reduction of body weight 
compared to the animals in standard condition [F(1,38) = 100.7, p <

0.0001] (Fig. 3b). The increase in basal peripheral CORT levels after 
CUMS failed to reach statistical significance [F(1,32) = 2.139, p = 0.153] 
(Fig. 3c). 

When we assessed the saccharine preference on the last two days of 
habituation, immediately before the animals were exposed to the stan-
dard or stressful paradigms, both mGR depleted and WT mice showed a 
strong preference for the saccharin solution [F(1,41) = 3.990, p = 0.0524] 
(Fig. 3d). Following the exposure to the standard condition, both ge-
notypes maintained a clear preference for the saccharin solution. By 
contrast, the exposure to the CUMS induced a significant decrease of 
saccharine preference, with no difference between mGR depleted and 
WT animals [F(1,38) = 15.00, p < 0.0001] (Fig. 3e). 

During the habituation phase, WT and mGR depleted mice were 
trained to progressive ratio. During training, they did not differ in the 
breakpoint reached [F(1,41) = 1.843, p = 0.1821], suggesting that the 
depletion of the microglial GR does not impair associative learning. 
During the first progressive ratio aimed at assessing the motivation 
response, immediately before stress, no difference in the breakpoint 
reached between mGR depleted and WT mice was found [F(1,39) = 3.383, 
p = 0.0735] (Fig. 3f). As expected, CUMS significantly affected the 
anhedonic response, stressed mice showing a significantly lower 
breakpoint compared to animals exposed to standard condition [F(1,37) 
= 7.612, p = 0.0090]. No interaction effect between genotype and 
condition was found [F(1,37) = 6.456, p = 0.9936] (Fig. 3g). 

Finally, we investigated the locomotor activity of the animals as 
measured by the number of corner visits per day. We did not observe an 
effect of genotype on activity neither during the habituation period nor 
the stress exposure (data not shown). 

All the neurobehavioral parameters assessed were not affected by the 
estrous cycle (data not shown). 

3.3. Microglial-GR depletion affects microglial morphology in a region- 
specific manner 

To provide insights into the consequences of microglial GR depletion 
on brain immunity, we next evaluated microglial density and distribu-
tion, as well as perivascular and infiltrating peripheral myeloid cells, in 
the CA1 str rad and the DG polymorphic layer using a double immuno-
fluorescent staining against IBA1 (labels all myeloid cells including 
microglia) and TMEM119 (specific to microglia). We found that 
microglial density, NND and spacing index (compiling the average 
nearest neighbour and microglial density) (Fig. 4), as well as peri-
vascular and infiltrating peripheral myeloid cells (proportion of cells 
only IBA1 + ) (Table 2) were not modified by CUMS or microglial GR 

Fig. 2. Characterization of microglial-GR depleted induced by tamoxifen. 4 weeks after the administration of tamoxifen or the vehicle, we used a double immu-
nofluorescence with IBA1 and GR to confirm microglial depletion of GR in the CA1 str rad (a, b, c) and DG polymorphic layer (d, e, f). The pictures were acquired 
using a confocal microscope (Zeiss LSM-880 with Airyscan) at a 63x magnification. Scale bar is equivalent to 10 µm. Data are shown as mean ± standard error of the 
mean (n = 3–4 mice/group). White arrow: IBA1+/GR + cell, blue arrow: IBA1+/GR- cell, DG: dentate gyrus, GR: glucocorticoid receptor, mGR dep: microglial- 
glucocorticoid receptor depletion, WT: wild-type. **p < 0.01, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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deficiency in both regions. 
In the CA1 str rad, microglial arborizations area increased with 

CUMS in WT animals (2278 ± 76.83 µm2 vs 2705 ± 72.77 µm2, p =
0.0013; Fig. 5c). However, this increase was not observed with CUMS in 
mGR depleted animals (2714 ± 95.31 µm2 vs 2616 ± 79.96 µm2). In 
agreement with this result, microglial morphological index (soma area/ 
arborizations area) was significantly decreased following stress in WT 
animals (0.0314 ± 0.0013 a.u vs 0.0263 ± 0.0009 a.u., p = 0.0056; 
Fig. 5d), but not in mGR depleted animals (0.0284 ± 0.0010 a.u. vs 
0.0289 ± 0.0012 a.u.). Microglial arborizations were also larger in mGR 
depleted animals compared to WT animals in standard housing condi-
tion (2713.918 ± 95.305 µm2 vs 2277.628 ± 76.828 µm2, p = 0.0011; 
Fig. 5c). Microglial morphology did not differ significantly between 
genotypes and environmental conditions in the DG polymorphic layer 
(Fig. 5 g, h and Table 2). 

3.4. Microglial-GR depletion affects microglial inflammatory gene 
expression upon CUMS 

To determine if GR deficiency modulated microglial inflammatory 
phenotype at steady-state and upon CUMS, we sorted microglial (CD11b 
+ ) cells from hippocampus of mGR depleted or WT mice and analyzed 
the expression of different pro- or anti-inflammatory genes and of genes 
involved in microglial homeostatic functions (Triggering receptor 
expressed on myeloid cells 2 (Trem2), myeloid-epithelial-reproductive 
tyrosine kinase (Mertk) and Cx3cr1). In standard condition, mGR 
depleted-microglia expressed higher levels of pro-inflammatory genes 
(Il1b and tumor necrosis factor α (Tnfa)) (Fig. 6b, c), and increased the 
expression of genes involved in phagocytic activity and in the modeling 
of synaptic transmission (cluster of differentiation Cd68, Trem2, Mertk 
and Cx3cr1) (Fig. 6a, g, h, i). Furthermore, CUMS increased the 
expression of anti-inflammatory genes (Arg-1 and Fizz-1) (Fig. 6d, e) in 
mGR depleted vs WT microglia, and reduced the expression of pro- 

inflammatory (Tnfa), phagocytic (Cd68) as well as other functional 
(Trem2, Mertk and Cx3cr1) genes (Fig. 6). There was no change in Bdnf 
(Brain-derived neurotrophic factor). 

3.5. Microglial GR deficiency alters adult hippocampal neurogenesis 

Microglia are known to influence adult hippocampal neurogenesis 
and this interaction can be affected by chronic stress (Sierra et al., 2014). 
To evaluate whether the microglial GR deficiency had an impact on this 
neurogenesis, we used immunochemistry against Ki-67 (a marker of 
proliferating cells) and DCX (a marker of newborn neurons). The anal-
ysis of Ki-67 + cells density revealed that the exposure to either standard 
or stressful conditions does not affect proliferation [F(1,16) = 0.637, p =
0.4363] (Fig. 7a). By contrast, DCX + cells density was affected by the 
genotype [F(1,15) = 5.888, p = 0.0283], but no interaction was found 
[F(1,15) = 1.725p = 0.20875]. Post-hoc analysis revealed that, in the 
standard condition, DCX + cells number is significantly increased in 
mGR depleted mice compared to WT (Fig. 7b), suggesting an increased 
number of immature neurons (p < 0.05). Exposure to CUMS led to the 
normalization of adult neurogenesis: mGR depleted mice exposed to 
stress showed a similar number of DCX + cells as in WT mice exposed to 
standard conditions. 

3.6. Microglial GR deficiency affects CA1 hippocampal plasticity, 
increasing sensitivity to stress 

To investigate the effect of microglial GR gene depletion on hippo-
campal plasticity processes, we explored CA1 plasticity inducing long- 
term potentiation (LTP) by a single Schaffer collateral stimulation (1 
train of stimuli at 100 Hz) in WT and mGR depleted mice exposed to 
standard or stressful conditions. Notably, in WT mice, exposure to stress 
did not produce any effect, whereas it reduced the amplitude of LTP in 
mGR depleted mice. An interaction between genotype and 

Fig. 3. Physiological and behavioral responses of WT and microglial-GR depleted mice exposed to CUMS. (a) At the end of the habituation period, we did not observe 
difference of body weight between the groups. (b) Following the environment exposure, mGR dep and WT mice exposed to CUMS showed a significant reduction of 
body weight compared to the animals in standard condition. (c) The exposure to CUMS did not induced an increase in corticosterone levels. (d) During the 
habituation phase, both groups showed strong preference for the saccharin solution. (e) The exposure to the CUMS induced a significant decrease of saccharine 
preference, with no difference between genotypes. (f) Before the exposure to the different environmental conditions, mGR depleted mice displayed a lower number of 
break point compared to the WT, but no significant difference was found. (g) At the end of the environmental condition, main effect of both genotype and condition 
was found. Data are shown as mean ± standard error of the mean (n = 9–13 mice per group). CUMS: chronic unpredictable mild stress, mGR dep: microglial- 
glucocorticoid receptor depletion, WT: wild-type #p < 0.05 and ### p < 0.0001 standard vs stress. 
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environmental condition additionally emerged [F(1,53) = 4.958, p =
0.0300]. In particular, post-hoc analysis revealed that under standard 
condition, the experimental groups did not differ in their LTP amplitude 
(WT, 1.499 ± 0.044; mGR depletion, 1.547 ± 0.0390) (Fig. 8a) but in 
stressful condition, mGR depleted mice showed a significant decrease in 
LTP amplitude (1.413 ± 0.038) compared to both mGR depleted and WT 
mice in standard condition (p = 0.018) (Fig. 8a) and to stressed WT mice 
(1.539 ± 0.036, p = 0.0396). 

By means of patch-clamp recordings, we measured the PPR, a form of 
short-term plasticity related to neurotransmitter release probability 
(Zucker, 1989). We determined the ratio between the amplitude evoked 
by a second stimulus over the first, by stimulating the Schaffer collat-
erals projections to CA1 at 50 ms intervals. As shown in Fig. 8b, in WT 
mice, stress did not modify PPR value, by contrast, it significantly 
reduced the value in the mGR depleted mice. We found an effect of 
genotype in stress condition (p = 0.0260) and post-hoc analysis showed 
that in mGR depleted mice, exposure to stress reduced PPR value (1.027 
± 0.115) compared to the standard housing condition (1.552 ± 0.151, p 
= 0.0080). 

3.7. Microglial GR deficiency affects hippocampal synaptic connectivity 
independently of stress 

We stimulated the CA1 Schaffer collaterals using a graded stimula-
tion and recorded the resulting AMPA responses. As shown in Fig. 8c, we 
compared I/O curves between genotypes exposed to different 

environmental stimuli. We observed that overall WT mice at different 
stimulus intensity displayed a significantly weaker peak currents 
compared to mGR depleted mice [F(1,253) = 7.533, p = 0.0070] in both 
environmental conditions, indicating that in the absence of GR, hippo-
campal synapses showed higher synaptic connectivity compared to WT 
mice. 

We then measured the amplitude of AMPA receptor (AMPAR) and 
NMDA receptor (NMDAR)-mediated components of postsynaptic cur-
rents at −70 mV and + 40 mV of holding potential, respectively, to 
determine AMPA/NMDA ratio (Hoshiko et al., 2012). This ratio evalu-
ated in WT and mGR depleted mice did not differ between experimental 
conditions (Fig. 8d). 

4. Discussion 

In the present study, we developed a depletion model of microglial 
GR inducible by tamoxifen during adulthood. Using that model, we 
show that microglial GCs-GR signaling plays an important role in 
modulating microglial phenotype and hippocampal plasticity in both 
standard and stressful conditions. Indeed, mGR depleted mice had an 
increased microglial arborizations and higher number of newborn cells, 
as well as an increased expression of microglial gene-related to synaptic 
plasticity and inflammation. Moreover, contrary to WT mice, mGR 
depleted mice exposed to CUMS had a decreased LTP and PPR and their 
microglia displayed a shift towards an anti-inflammatory gene profile. 
Behavioral characterization further revealed that CUMS induced a 

Fig. 4. Density and distribution of microglia, perivascular, and infiltrating myeloid cells in WT versus microglial-GR depleted mice exposed to CUMS. Representative 
epifluorescence pictures at a 20x magnification showing IBA1- (green) and TMEM119- (red) stained microglia in CA1 str rad (a) and polymorphic layer of the dentate 
gyrus (d) in the four groups. Scale bar is equivalent to 80 µm. White arrows: IBA1+/TMEM119- cells. No difference was observed for the microglial density and the 
spacing index in CA1 str rad (b,c) and in the polymorphic layer of the DG (e,f). (n = 6 mice per group). Data are shown as mean ± standard error of the mean. a.u. =
arbitrary units, CUMS: chronic unpredictable mild stress, DG: dentate gyrus, mGR dep: microglial-glucocorticoid receptor depletion, po = polymorphic layer, gcl =
granule cell layer, str rad = stratum radiatum, str py = stratum pyramidale, WT: wild-type. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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decrease of both saccharine preference and progressive ratio breakpoint, 
suggesting stress-related behaviors that are not prevented by the mGR 
depletion. However, it is possible that GR depletion affected other be-
haviors involving the corticolimbic regions that we did not test, such as 
the anxiety (Wohleb, 2016). 

Tamoxifen induced a moderate increase in microglial GR expression 
in the female WT animals compared to vehicle controls. This increase 
might relate to tamoxifen’s modulation of estrogen receptors (Singh 
et al., 2008), which are known to be expressed by microglia (Sierra et al., 
2008) and to interact with GR (Vahrenkamp et al., 2018). Moreover, 
estradiol is known to possess a protective effect against some of the 
deleterious effects of stress (e.g., synaptic transmission impairments, 
dendritic atrophy) (Garrett and Wellman, 2009; Wei et al., 2014), a 
phenomenon that might be prevented by tamoxifen considering its anti- 
estrogenic properties (Singh et al., 2008). To consider these possible 
effects of tamoxifen, all of our animals exposed to standard or CUMS 
environments did receive tamoxifen, including WT groups. While 
tamoxifen may have altered baseline responses of the outcomes 
measured, and may interact with CUMS, we observed differences be-
tween the WT and mGR depleted groups, pointing to a role of microglial 
GR in modulating these reactions to CUMS. Nevertheless, replicating an 
equivalent microglia-specific depleted model using a different approach 
would shed more light onto the possible effects of tamoxifen. 

4.1. Microglial-GR signaling deficiency alters microglial and neuronal 
properties at steady-state 

Our results demonstrate that the microglial GR plays an important 
role in modulating microglial functions under normal homeostatic 

conditions. Indeed, microglia from mGR depleted mice differed from 
those of WT mice by showing an increased arborizations in the CA1 str 
rad while no difference was observed in the DG polymorphic layer. The 
morphology of GR-deficient microglia was previously characterized by 
Carrillo-de Sauvage et al using GRLysMCre mutant mice in which both 
microglia and peripheral macrophages were conditionally deficient in 
GR. They did not observe differences in the microglial surface area 
within the cerebral cortex under normal physiological conditions (Car-
rillo-de Sauvage et al., 2013). Thus, the observed increase of microglial 
arborizations that we measured could be specific to the CA1 str rad. This 
is consistent with the known heterogeneity of microglia between brain 
regions (Tan et al., 2020). The increased microglial arborizations area 
was associated with an increase in microglial gene expression of Mertk, 
which can regulate microglial process surveillance and phagocytosis 
(Fourgeaud et al., 2016), and an increase of Cd68 that is associated with 
phagolysosomal activity (Lecours et al., 2020). This could indicate a 
higher activity of microglia notably in extracellular debris clearance and 
synaptic remodeling (Lecours et al., 2020). Moreover, GR depleted 
microglia had increased gene expression of Cx3cr1 and Trem2, both 
involved in microglial migration, phagocytosis and remodeling of syn-
aptic transmission (Castro-Sánchez et al., 2019; Filipello et al., 2018; 
Maggi et al., 2011; Mazaheri et al., 2017). These results suggest that GR 
depleted microglia might be more involved in synaptic plasticity, and 
that microglial GR has a role in maintaining microglia in a surveillant 
state. However, the physiological and functional changes associated 
with microglial hyper-ramification are still not well understood and 
warrant further investigation. Consistent with their homeostatic 
microglial functional changes, mGR depleted mice presented an alter-
ation in the hippocampal synaptic connectivity at steady state. Higher 

Table 2 
Microglial distribution, perivascular and infiltrating myeloid cells and microglial arborizations properties in WT versus mGR depleted mice exposed to CUMS. % 
Infiltration: Average percentage of IBA1+/TMEM119- cells on total myeloid cells count, a.u.: arbitrary unit, CUMS: chronic unpredictable mild stress, DG: dentate 
gyrus, mGR dep: microglial-glucocorticoid receptor depletion, NND: nearest neighbor distance, St rad: stratum radiatum, WT: wild-type.  

Parameters Mean ± standard error of the mean F p 
Standard Stress 
WT mGR dep WT mGR dep 

CA1 St rad NND 
(a.u.) 

50.846±0.898 51.339±0.899 51.896±0.858 51.246 ±
0.523 

Condition*Genotype: 
0.4972 
Condition: 0.3482 
Genotype: 0.0093 

Condition*Genotype: 
0.4889 
Condition: 0.5617 
Gentoype: 0.9241 

% Infiltration 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.407 ±
0.996 

Condition*Genotype: 
0.1667 
Condition: 0.1667 
Genotype: 0.1667 

Condition*Genotype: 
0.6874 
Condition: 0.6874 
Genotype: 0.6874 

Arborizations 
circularity 
(a.u.) 

0.482 ± 0.012 0.488 ± 0.013 0.494 ± 0.010 0.491 ±
0.011 

Condition*Genotype: 
0.1448 
Condition: 0.3911 
Genotype: 0.0101 

Condition*Genotype: 
0.7038 
Condition: 0.9199 
Genotype: 0.5321 

Arborizations 
solidity 
(a.u.) 

0.811 ± 0.006 0.820 ± 0.007 0.822 ± 0.005 0.820 ±
0.006 

Condition*Genotype: 
0.8006 
Condition: 0.7718 
Genotype: 0.2075 

Condition*Genotype: 
0.3715 
Condition: .0.3802 
Genotype: 0.6490  

DG polymorphic 
layer 

NND 
(a.u.) 

51.015 ±
1.764 

50.488 ±
1.120 

51.516 ±
0.896 

51.535 ±
1.691 

Condition*Genotype: 
0.0371 
Condition: 0.2982 
Genotype: 0.0320 

Condition*Genotype: 
0.8491 
Condition: 0.5911 
Genotype: 0.8598 

% Infiltration 0.000 ± 0.000 0.000 ± 0.000 0.407 ± 0.996 0.340 ±
0.833 

Condition*Genotype: 
0.0026 
Condition: 0.3307 
Genotype: 0.0026 

Condition*Genotype: 
0.9597 
Condition: 0.5716 
Genotype: 0.9597 

Arborizations 
circularity 
(a.u.) 

0.544 ± 0.010 0.560 ± 0.011 0.518 ± 0.011 0.524 ±
0.011 

Condition*Genotype: 
0.1908 
Condition: 8.288 
Genotype: 1.097 

Condition*Genotype: 
0.3325 
Condition: 0.0042 
Genotype: 0.2956 

Arborizations 
solidity 
(a.u.) 

0.846 ± 0.005 0.855 ± 0.005 0.833 ± 0.006 0.830 ±
0.005 

Condition*Genotype: 
1.329 
Condition: 13.460 
Genotype: 0.3546 

Condition*Genotype: 
0.2498 
Condition: 0.0003 
Genotype: 0.5518  
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AMPA I/O curves in the mGR depleted compared to the WT mice were 
measured after stimulation of the Schaffer collaterals, and could be 
explain by a higher number of functional synapses. This could be linked 
with the increased microglial Tnfa we observed in the mGR depleted 
mice. Indeed, it was shown that glial Tnfa promotes the expression of 
AMPA glutamate receptors in neurons (Stellwagen et al., 2005; Stell-
wagen and Malenka, 2006). Another potential cause behind the 
neuronal connectivity change could be the increased number of DCX +
cells in mGR depleted mice compared to the WT mice. Microglia play a 
key role in the regulation of neurogenesis by phagocytosing the excess of 
newborn cells (Sierra et al., 2010) and releasing neurotrophic factors 
such as insulin-like growth factor 1 (IGF-1) that promote neurogenesis 
(Gemma and Bachstetter, 2013). Considering the increase of microglial 
Mertk and Cd68, the observed increase in newly generated cells did not 
likely result from a deficit in microglial phagocytic engulfment of 
newborn cells (Fourgeaud et al., 2016). Instead, it could arise from a 
decreased microglial release of trophic factors (e.g., IL-7, IL-11) that can 
promote their differentiation (Sierra et al., 2014). These effects could 
also be mediated by the increase in Cx3cr1, which is known to be 
involved in hippocampal neurogenesis. Indeed, male mice deficient in 
CX3CR1 presented a decrease in hippocampal neurogenesis (Bachstetter 
et al., 2011), as well as in the functional connectivity (Basilico et al., 
2019), which suggests an implication of the receptor in this process. It 
has been widely reported that elevated levels of GCs reduce adult hip-
pocampal neurogenesis, inhibiting cell proliferation, differentiation, 
and survival (Bessa et al., 2009; Egeland et al., 2015; Gould et al., 1998; 
Morais et al., 2014). Notwithstanding, knowledge into the role of 
microglial GRs in these neurogenic processes, including cellular prolif-
eration and differentiation, remains limited. Nevertheless, the high 

expression of GR on microglia suggests that GCs can affect neurogenesis 
via both neuronal and microglial GRs. 

Microglia deficient in GR additionally presented at steady-state an 
increased expression of Il1b and Tnfa, which are considered to be pro- 
inflammatory cytokines (Liu and Quan, 2018). At steady-state, GR is 
known to promote anti-inflammatory actions through its inhibition of 
the transcription of pro-inflammatory genes (Escoter-Torres et al., 
2019). Thus, its absence could induce the transcription of inflammatory 
genes that have normally been inhibited, with possible consequences on 
the mechanisms underlying the response of the brain to environmental 
challenges such as CUMS. 

4.2. Role of microglial GCs-GR signaling in response to CUMS 

The main finding of our study is that the impairment of microglial 
GCs-GR signaling leads to an alteration of microglial morphology and 
gene profile, as well as synaptic plasticity (LTP and PPR), but does not 
affect the behavioral response to CUMS exposure. The CUMS paradigm 
did not induce a significant increase in CORT, which could be due to sex 
differences. Studies of HPA axis dysregulation in rodent depression 
models reports that CORT is not always increased in females as it is in 
males. In a chronic isolation/restrain model, the stress resulted in 
increased adrenocorticotropic hormone levels, without changes in CORT 
levels in female mice (Dong et al., 2020). Another study using foot-shock 
stress revealed a higher CORT increase in socially-isolated male 
compared to female rats (Pisu et al., 2016). 

In terms of microglial changes, CUMS did not modify density in the 
CA1 str rad or the DG polymorphic layer in both genotypes. There was 
very marginal myeloid cell infiltration, only observed in the stress 

Fig. 5. Microglial cell body and arborizations area, as well as morphological index in WT versus microglial-GR depleted mice exposed to CUMS. Representative 
confocal pictures showing the morphology of IBA1- (green) and TMEM119- (red) stained microglia in the four groups, in the CA1 str rad (a) and the DG polymorphic 
layer (e) at a 20x magnification. Scale bar is equivalent to 30 µm. Immunofluorescence of IBA1 (red) and TMEM119 (green) allowed the analysis of microglial cell 
body area (b,f), arborizations area (c,g), and morphological index (d,h) in the four groups, in both regions. Data are shown as mean ± standard error of the mean. (n 
= 90–105 microglial cells in 6 mice per group). a.u. = arbitrary units, CUMS: chronic unpredictable mild stress, DG: dentate gyrus, mGR dep: microglial- 
glucocorticoid receptor depletion, str rad = stratum radiatum, WT: wild-type. **p < 0.01. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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condition in both genotypes. This is consistent with studies showing 
chronic stress can promote the recruitment of peripheral cells in males 
and female mice, although this was observed in a repeated social defeat 
paradigm (Weber et al., 2019; Yin et al., 2019), which is a stronger, more 
physical stressor (Golden et al., 2011). We also found that WT animals 
had an increase in the microglial arborizations area in the CA1 str rad, 
but not in the DG polymorphic layer. Microglial hyper-ramification 
following chronic stress was previously observed in the DG in mice 

(Hellwig et al., 2016), as well as in the medial prefrontal cortex (mPFC) 
(Hinwood et al., 2013; Hinwood et al., 2012) and CA3 of rats (Franklin 
et al., 2018). However, some studies reported a decrease in microglial 
arborizations in CA1 str rad of male mice following CUMS (Milior et al., 
2016) or de-ramification in the mPFC (Horchar and Wohleb, 2019), 
medial amygdala, paraventricular nucleus, DG and hippocampus of 
male mice following repeated social defeat (Wohleb et al., 2014a; 
Wohleb et al., 2014b; Wohleb et al., 2011). These different results could 

Fig. 6. Gene expression changes in WT versus microglial-GR depleted mice exposed to CUMS. RT-PCR in CD11b+ cells sorted from hippocampus of WT or microglial- 
GR depleted mice of (a) cd68, (b) il-1b, (c) tnfa, (d) fizz-1, (e) arg-1, (f) bdnf, (g) trem2, (h) cx3cr1 and (i) mertk. Data are shown as mean ± standard error of the mean 
(n = 5 mice per group). Two-way ANOVA with Holm-sidak post-hoc test was used for the analysis. * Standard vs stress, # WT standard vs mGR depleted standard or 
WT stress vs mGR depleted stress. CUMS: chronic unpredictable mild stress, mGR dep: microglial-glucocorticoid receptor depletion, Rt-PCR: Real-time polymerase 
chain reaction, WT: wild-type. *# p < 0.05 **## p < 0.01. 

Fig. 7. Adult neurogenesis levels in WT versus microglial-GR depleted mice exposed to CUMS. (a) Ki-67 and (b) DCX positive cells in the dentate gyrus. In the 
standard condition, DCX positive cells number is significantly lower in mGR depleted mice compared to WT. Data are shown as mean ± standard error of the mean (n 
= 6 mice per group). CUMS: chronic unpredictable mild stress, DCX: doublecortin, mGR dep: microglial-glucocorticoid receptor depletion, WT: wild-type. *p < 0.05. 
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be due to a myriad of factors including the stress paradigms and their 
duration, the sex, and the brain regions studied. In fact, it is widely 
documented that varied stress models have profoundly different effects 
on neuroimmune function as well as behavior (Deak et al., 2015; 
Patchev and Patchev, 2006; Picard et al., 2021), which further high-
lights the complexity and context-dependent nature of the stress 
response. 

Interestingly, the lack of microglial GCs-GR signaling impaired the 
microglial morphological response to CUMS in the CA1 str rad. Hippo-
campal microglial hyper-ramification was proposed to be induced by an 
increase of GCs signaling. Van Olst et al showed that enhancing GCs 
levels using slow-release GC pellets in adult male mice directly increased 
CD11b immunolabeling and microglial ramifications in the molecular 
layer of the DG (van Olst et al., 2018). This work showed a relationship 
wherein administration of GCs alters microglial morphology, albeit 
directly test whether this was through microglial GR; wherein, 
conversely, our works shows that an absence of microglial GR impaired 
microglial morphological response to CUMS. Our results are also in line 
with a recent study by Horchar and Wohleb, which demonstrated that 
administration of an antagonist of GR (RU486) limited the microglial 

morphological alterations in the PFC of male mice undergoing CUMS 
(Horchar and Wohleb, 2019). Together, this implies both a necessity and 
sufficiency for GR-GCs interactions to alter microglia morphology in 
response to chronic stress or repeated CORT exposure. Contrary to our 
findings, GR blockade prevented chronic stress-induced behavioral 
despair (Horchar and Wohleb, 2019). This might be due to the fact that 
RU486 is also an antagonist of progesterone receptors (Cadepond et al., 
1997) and can inhibit GR in other cell types of the CNS, including 
neurons (Sousa et al., 1989), oligodendrocytes, and astrocytes (Vielkind 
et al., 1990). It is also possible that the microglial modifications we 
observe do not translate into behavioral changes because they are 
compensated by other CNS cells. GR in astrocytes was recently shown in 
male mice to be important for mediating the brain response to GCs, 
mainly for stress-induced memory formation (Tertil et al., 2018). 

Moreover, CUMS induced an increase in microglial Cd68, Il1b and 
Tnfa gene expression, which is in agreement with previous studies 
showing an increase in microglial pro-inflammatory cytokines upon 
exposure to various chronic stress paradigm, such as CUMS (Intellicage) 
(Alboni et al., 2016) and repeated social defeat (Weber et al., 2019). In 
contrast, mGR depleted mice exposed to CUMS showed an increased 

Fig. 8. CA1 basal responses and synaptic plasticity in 
WT versus microglial-GR depleted mice exposed to 
CUMS. (a) LTP of fEPSP slope from extracellular re-
cords made from WT and mGR depleted mice exposed 
to standard or stress condition (WT standard n = 16 
slices/7 mice, white circle; WT stress n = 14 slices/7 
mice, black circles; mGR depleted standard n = 14 
slices/6 mice, white triangle; mGR depleted stress n 
= 15 slices/6 mice, black triangle). Time course of 
slope values from responses evoked at 0.05 Hz and 
normalized as detailed in the Methods. Arrows indi-
cate LTP induction (HFS, 1 train of stimuli at 100 Hz, 
of 1 s duration). Data are means ± standard error of 
the mean. * p < 0.05 mGR depleted stress vs mGR 
depleted standard or WT stress. (b) Histogram repre-
senting EPSC recorded in CA1 pyramidal cells in WT 
and mGR dep mice exposed to standard (white, n =
13 slices/7 mice and n = 14 slices/4 mice, respec-
tively) and stressful (black, n = 16 slices/5 mice and 
n = 24 slices/6 mice, respectively) environment 
following paired-pulse stimulation of Schaffer collat-
erals (interstimulus interval 50 ms; average of 6 
traces). Data are mean ± standard error of the mean. 
* p < 0.05, ** p < 0.01. (c) Relationship between 
stimulus intensity and evoked peak amplitudes of 
EPSC recorded at − 70 mV from WT and mGR 
depleted mice exposed to standard and stress condi-
tion (WT standard n = 13 slices/6 mice, white circle; 
WT stress n = 16 slices/5 mice, black circles; mGR 
dep standard n = 14 slices/4 mice, white triangle; 
mGR depleted stress n = 23 slices/6 mice, black tri-
angle). * p < 0.05 ** p 0.01 wt vs mGR depleted, + p 
< 0.05 wt standard vs mGR depleted standard, # p <
0.05 mGR depleted standard vs mGR depleted stress. 
(d) Bar chart illustrating the ratio between AMPA 
current (evoked at − 70 mV) and NMDA (evoked at 
+ 40 mV) in CA1 synapses, determined measuring 
EPSC amplitude in WT and mGR depleted following 
standard or stressful condition stimulation (WT stan-
dard n = 8 slices/5 mice, WT stress n = 13 slices/5 
mice, mGR dep standard n = 12 slices/4 mice and 
mGR depleted stress n = 16 slices/6 mice). CUMS: 
chronic unpredictable mild stress, fEPSC: field excit-
atory postsynaptic currents, HFS: high-frequency 
stimulation, LTP: long-term potentiation, mA: milli-
ampere, mGR dep: microglial-glucocorticoid receptor 
depletion, pA: peak amplitude, PPR: paired-pulse 

ratio, s: seconds, WT: wild-type.   
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microglial gene expression of Fizz1 and Arg1, both known to have anti- 
inflammatory functions (Cherry et al., 2014), and a decrease of Cd68 
and Tnfa. While microglia are partially insensitive to CORT in mGR 
depleted mice, they could be responding to the inflamed microenvi-
ronment (Munhoz et al., 2008) caused by chronic stress through other 
receptors and respond to it by increasing their anti-inflammatory 
properties. 

We did not observe any change in neurogenesis in the DG poly-
morphic layer following exposure to CUMS for both genotypes, which is 
in disagreement with previous studies showing a decrease of neuro-
genesis following CUMS (Eid et al., 2020) and repeated water- 
immersion and restraint stress (Shimizu et al., 2019) in female mice. 
However, unlike our study, the mice were ovariectomized in both 
studies, which supports a putative protective role of estrogen. Moreover, 
genes involved in the positive regulation of neurogenesis were shown to 
be upregulated in female mice upon CUMS (Lotan et al., 2018). This 
gene regulation could protect females from the decrease in neurogenesis 
often observed in male mice after chronic stress (Ferragud et al., 2010; 
Mitra et al., 2006; Schloesser et al., 2010). 

At the neuronal circuit level, WT controls showed no modification 
with CUMS exposure, which is in contradiction with the literature 
showing that hippocampal LTP is impaired after chronic stress (Joëls 
and Krugers, 2007; Kim and Diamond, 2002). The effects of stress on the 
neuronal excitability of the female brain remain largely unknown. Only 
a few studies have been conducted in females and the mechanisms un-
derlying sex differences have not yet been clarified in the context of 
stress response. It has been reported that chronic stress impairs behav-
ioral responses in the males but not female rats (Lin et al., 2008; Zuena 
et al., 2008), as well as induces sexual dimorphism in synaptic inner-
vation of hippocampal subiculum (Carvalho-Netto et al., 2011; Andrade 
et al., 2000). Contrary to males, female rats also did not exhibit the same 
severity of apical dendritic atrophy seen after stress exposure (Galea 
et al., 1997). Interestingly, CUMS results in a significant decrease in 
pCREB expression, involved in long-term synaptic plasticity and mem-
ory, specifically in male DG (Lin et al., 2008). These results suggest that 
females are less susceptible to the aversive effects of chronic stress. 
Nevertheless, more studies are needed to unravel the mechanisms un-
derlying these important sex differences. Hippocampal LTP is known to 
be sexually dimorphic under basal conditions, with females having a 
lower amplitude than males in rats (Monfort et al., 2015). In this regard, 
our’s and other’s groups have previously demonstrated that following 
CUMS in male rodents, hippocampal short and long-term plasticity are 
impaired (Joëls and Krugers, 2007; Kim and Diamond, 2002; Milior 
et al., 2016). Here we show for the first time that, following the same 
environmental paradigm (CUMS), that females do not have reduced 
cellular hippocampal neuronal plasticity. This observation is in line with 
the idea of male–female differences in the susceptibility to chronic 
stress. Following CUMS exposure, mGR depleted mice exhibited a higher 
sensitivity to stress, displayed at the neuronal circuit level by a decrease 
in hippocampal PPR and LTP. The mechanism underlying the absence of 
LTP modulation by Intellicage induced CUMS in females and the 
sensitization to stress of mGR depleted mice, however, requires further 
investigation. One possible explanation behind the CUMS-induced LTP 
and PPR alterations observed in mGR depleted mice could result from 
differences observed in microglial morphology and homeostatic func-
tions, in genes related to inflammation, as well as in neuronal connec-
tivity. Further studies examining a possible compensatory mechanism in 
the neurons or other cells, i.e., an increased expression of the receptor 
that would sensitize them to stress, are also warranted. Moreover, while 
we found minimal physiological and neurobiological effects of CUMS in 
the WT mice hippocampus, we still observed a behavioral response in 
both genotypes with a decrease in both saccharine preference and 
motivated behavior, which suggest the CUMS paradigm might induce a 
neurobiological response recruiting other brain regions such as the nu-
cleus accumbens, which is involved in the sucrose preference (Scheggi 
et al., 2018). Overall, the mechanisms underlying modifications in short- 

and long-term plasticity of mGR depleted mice need further 
investigations. 

5. Conclusion 

Overall, our results demonstrate that microglial GR signaling con-
tributes to neurogenesis and hippocampal synaptic connectivity while 
maintaining microglia in a surveillant state under steady-state condi-
tion. Our results also suggest that the lack of microglial GCs-GR does not 
alter the behavioral response to CUMS exposure, yet the underlying 
plasticity mechanisms and microglial gene profile are modified. These 
neural changes may compensate the deletion of microglial GR, allowing 
for an overall behavioral response to stress that is similar to the controls. 
Thus, mGR depleted mice still have the behavioral capacity to adapt to 
environmental challenges. These results support other findings (Frank 
et al., 2019; Hellwig et al., 2016; Kreisel et al., 2014; Milior et al., 2016) 
indicating that microglia are key players regulating the central nervous 
system response to chronic stress. Further studies are warranted to 
better understand the mechanisms underlying the effects of microglial 
GCs-GR signaling deficiency and to determine whether similar or 
different results would be seen in males and in other brain regions 
involved in the stress response (McEwen et al., 2015). Long-term con-
sequences of chronic stress would also need to be investigated in our 
animal model. This study therefore suggests a mechanistic basis that 
could be used to modulate microglial activity and could help alleviate 
symptoms or prevent more severe neuropsychiatric disorders caused by 
chronic stress in females. 
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A B S T R A C T   

Major depressive disorder (MDD) is a chronic, recurring, and potentially life-threatening illness, which affects 
over 300 million people worldwide. MDD affects not only the emotional and social domains but also cognition. 
However, the currently available treatments targeting cognitive deficits in MDD are limited. Minocycline, an 
antibiotic with anti-inflammatory properties recently identified as a potential antidepressant, has been shown to 
attenuate learning and memory deficits in animal models of cognitive impairment. Here, we explored whether 
minocycline recovers the deficits in cognition in a mouse model of depression. C57BL6/J adult male mice were 
exposed to two weeks of chronic unpredictable mild stress to induce a depressive-like phenotype. Immediately 
afterward, mice received either vehicle or minocycline for three weeks in standard housing conditions. We 
measured anhedonia as a depressive-like response, and place learning to assess cognitive abilities. We also 
recorded long-term potentiation (LTP) as an index of hippocampal functional plasticity and ran immunohisto-
chemical assays to assess microglial proportion and morphology. After one week of treatment, cognitive per-
formance in the place learning test was significantly improved by minocycline, as treated mice displayed a higher 
number of correct responses when learning novel spatial configurations. Accordingly, minocycline-treated mice 
displayed higher LTP compared to controls. However, after three weeks of treatment, no difference between 
treated and control animals was found for behavior, neural plasticity, and microglial properties, suggesting that 
minocycline has a fast but short effect on cognition, without lasting effects on microglia. These findings together 
support the usefulness of minocycline as a potential treatment for cognitive impairment associated with MDD.   

1. Introduction 

Major depressive disorder (MDD) is one of the leading causes of 
global disability worldwide [1] affecting over 300 million people [2]. 
Although MDD primarily involves mood disturbance, up to 70% of the 

patients suffer from cognitive deficits [3–7], including impairment in 
learning and memory, executive functioning, processing speed, atten-
tion, and concentration. These symptoms are highly heterogeneous in 
severity, duration, onset, and treatment response [8] and characterize 
not only the acute phase of the illness, but may persist in remission and 
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worsen over time with repeated episodes [9–16]. 
Currently, few pharmacological treatments yielding direct pro- 

cognitive effects in depressed patients are available [8]. Vortioxetine 
is the first antidepressant approved by the Food and Drug Administra-
tion specifically targeting cognition [17] and able to improve multiple 
cognitive domains [18–22]. The therapeutic effect of vortioxetine de-
pends on its modulation of a wide range of targets, including seroto-
ninergic, dopaminergic, and noradrenergic neurotransmitters [19,23]. 
However, alternatives to this drug are still very limited. Different com-
pounds, from serotonin and norepinephrine reuptake inhibitors to ke-
tamine and psychostimulants, have been explored for their capability to 
improve cognitive function. However, their efficacy and implementa-
tion in clinics are still debated [8]. 

Compelling evidence indicates that cognitive dysfunctions in mood 
disorders are characterized by high levels of pro-inflammatory markers 
and activation of the immune system response [24–26]. Therefore, there 
is a rising interest in anti-inflammatory drugs as an add-on or 
stand-alone treatment for cognitive deficits associated with MDD [27, 
28]. Minocycline is an antibiotic able to pass the brain-blood barrier that 
exerts both anti-inflammatory and antidepressant actions [29,30]. The 
beneficial effects of this treatment have been reported both in preclinical 
and clinical studies. Recent evidence shows that minocycline is able to 
attenuate deficits in learning and memory in animal models of neuro-
degeneration [31] and cognitive impairment [32]. In addition, its 
administration as an add-on has been associated with improvement in 
both negative symptoms and executive functioning in patients with 
schizophrenia [33,34]. Thus, we hypothesized that this drug represents 
a promising treatment for cognitive impairment associated with MDD. 
To test this hypothesis, we exposed C57BL/6J adult male mice to two 
weeks of chronic unpredictable mild stress to induce a depressive-like 
phenotype. Afterward, the experimental subjects received either 
vehicle or minocycline for three weeks while living in standard housing 
conditions. Our prediction was that minocycline treatment favors the 
restoring of cognitive functions. We measured long-term potentiation 
and changes in microglia as these cells are reportedly involved in min-
ocycline central action [35]. We performed behavioral phenotyping by 
exploiting the IntelliCage system, an apparatus that allows for an 
automated, high-throughput, and continuous phenotyping of animal 
behavior in home-cage [36,37]. 

2. Materials and methods 

2.1. Ethical standards 

All procedures were carried out in accordance with the European and 
Italian legislation on animal experimentation (respectively European 
Directive 2010/63/UE and Decreto Legislativo 26/2014). Animals were 
examined for signs of discomfort as indicated by the animal care and use 
guidelines (“Guide for the care and use of laboratory animals”, National 
Research Council 2003). The Italian Ministry of Health approved the 
protocol with permit number D9997.83. 

2.2. Animals 

Fifty-two C57BL/6J male mice 12–15 weeks old were used (animals 
for experimental conditions). Mice were obtained directly from Charles 
River Laboratories located in Calco (Lecco, Italy). 

2.3. Housing conditions 

Mice were kept under a reversed 12 light-dark cycle at 22–25 ◦C. For 
the entire duration of the experiment, animals were housed in the 
IntelliCage system (TSE-system, NewBehavior AG, Zürich, Switzerland), 
which is an apparatus for automatic monitoring and measuring of mouse 
behavior. Intellicages are large acrylic cages (20.5 cm high, 58 cm × 40 
cm at the top and 55 cm × 37.5 cm at the base, Model 2000 Tecniplast, 

Buguggiate, VA, Italy) with 4 walls separating each corner from the 
center so that they form 4 identical triangular conditioning chambers 
(15 × 15 × 21 cm). Animals have access to each chamber by entering a 
front hole and only a single mouse can enter a chamber at a time since 
each one is identified by a transponder. Two drinking bottles were 
placed in each corner and access to each solution was prevented by a 
door, thus, to drink mice had to perform a nosepoke. The system is able 
to collect data about the number and duration of visits as well as the 
number, duration, and side (right or left) of the nosepokes and licks. 

The floor of the cage was covered with bedding while on the top a 
food rack was filled with standard mouse chow (food ad libitum). An 
additional cage (SocialBox) was used to expand the existing IntelliCage 
to a multi-area system, allowing to increase the number of subjects 
tested simultaneously. One week before being moved to the IntelliCage, 
each animal was injected with a subcutaneous transponder (T-IS 8010 
FDX-B Datamars SA, Switzerland). Then, mice were gradually habitu-
ated to the IntelliCage environment for 14 days (habituation period) and 
to 0.1% of saccharin solution. The IntelliCage system allows to pheno-
type individual behavioral responses in a group of socially housed mice 
without any intervention by the experimenter reducing biases due to 
animal manipulation and exposure to the testing environment. 

2.4. Treatment 

After the first 14 days of stressful conditions aimed to induce a 
depression-like phenotype, mice received minocycline or vehicle for 21 
days while they were exposed to the standard environment (Fig. 1). On 
the day immediately before the beginning of treatment, we split the 
animals in order to create two experimental groups with an overlapping 
behavioral profile. 

To avoid stress due to the manipulation, minocycline (Minocycline 
Hydrocloride crystalline, SigmaAldrich, St Louis, MO, USA) was dis-
solved both in water and saccharin solution. During the treatment 
period, mice from each experimental group could access only the corner 
of the IntelliCage administering the treatment to which it was assigned. 
The solutions were prepared according to the mouse average weight and 
daily water consumption to provide an average daily intake of 50 mg/kg 
of minocycline. The dose was selected based on the literature since it has 
been reported to suppress the activation of microglia in different mouse 
models of disease [38–40]. All the solutions were prepared fresh every 2 
days because of the instability of minocycline in aqueous solution [41, 
42]. 

Fig. 1. Experimental design. Following two weeks of habituation to the Intel-
licage, animals were exposed to two weeks of chronic unpredictable mild stress, 
to induce the depression-like behavior. Then mice were treated with vehicle or 
minocycline while they were exposed to the standard condition for three weeks. 
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2.5. Environmental conditions 

Mice were first exposed to the stressful condition for 14 days to 
induce the depressive-like behavior and, immediately after, received the 
treatment for 21 days while kept under the standard condition (Fig. 1). 

2.5.1. Standard condition 
In the standard condition, in addition to the different settings (e.g., 

cage vs operant chambers), provided by the IntelliCage system, mice 
were given Plexiglas shelters of different colors and shapes (e.g., four red 
transparent Tecniplast plastic nest boxes) and tissue papers [43,44]. A 
new tissue paper was provided every five days, and the plastic shelters 
were cleaned every week. 

2.5.2. Stressful condition 
After the habituation period, mice were exposed to chronic 

unpredictable mild stress to induce depressive-like behavior. In stressful 
conditions, the IntelliCage system was used to constantly (24 hrs) expose 
animals to different stress procedures previously validated through the 
assessment of behavioral, cellular, and molecular endpoints [45–47]. 
The stressful conditions exploited in the present study have been shown 
to increase corticosterone levels, considered a marker of the stress 
response [48]. The stresses were delivered for 14 days and, to prevent 
habituation to the stress procedures, mice were exposed each day to a 
different stressful stimulus, randomly chosen. The procedures were: 
short open door: door to access solutions remains open for few seconds; 
delay: door opens randomly with a delay of 1, 1.5, 2, 2.5 s after the first 
nosepoke; open door 25%: door opens only following 25% of nosepokes; 
random air puff: randomly 1, 2, 3, or 4 s after the first nosepoke, the 
animal receives an air puff (2 bar). The duration of each paradigm was 
randomly 12, 18, or 24 hrs. 

Finally, during the stressful procedures, no shelter or tissue paper 

Fig. 2. Depressive like-behavior. A. The exposure to two weeks of chronic mild stress induced a depressive-like profile as indicated by the significant decrease of 
saccharin preference displayed by the animals housed in the Intellicage system. When the animals switched to the standard condition, an increase in their saccharin 
preference was detected, although such improvement did not last long,. n = 18–19 per group. B. The exposure to chronic mild stress led to a significant increase in 
wanting-type anhedonia; following three weeks of standard condition, the motivation of the animals increased, n = 17–18 per group. C. During the acquisition phase 
of the first place learning test, both vehicle- and minocycline-treated mice progressively increased their visits in the target corner. D. By contrast, in the reversal 
phase, minocycline-treated mice displayed a higher number of correct visits. When we run the second place learning test at the end of the treatment period, we 
observed that all the mice learned and re-learned the correct spatial task with no difference between the two experimental groups. $$ p < 0.05 and $$$ p < 0.0001 vs 
pre-stress; # p < 0.05 vs post-stress within the same group; ^ p < 0.05 main effect of the time, * p < 0.05 main effect of the treatment, data shown as mean +s.e.m., 
n = 21 per group. 
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was provided. Thus, we can consider that the animals were under a 
continuous stress-like condition. 

2.6. Behavioral tests 

All experimental subjects underwent all testing procedures at all time 
points. These included liking- and wanting-type anhedonia, and place 
learning. The experimental procedures used to phenotype the selected 
behaviors were automatically administered by the IntelliCage avoiding 
any bias due to the experimenter. It is worth noting that the protocols 
and the tests we ran through the Intellicage system have been largely 
validated by us and other research groups [49–53]. 

2.6.1. Liking-type anhedonia - saccharin preference 
To assess liking-type anhedonia we measured saccharin preference. 

In each corner of the IntelliCage two bottles were present, one con-
taining tap water and the other containing the saccharin solution; both 
freely available 24/24 hrs. The position of the water and saccharin 
bottles in each corner was counterbalanced across the four corners. 
Saccharin preference was determined as follows: [saccharin solution 
consumed/ (saccharin solution consumed + water consumed)] × 100. 
Baseline saccharin preference was measured as the mean of the last two 
days of the habituation period (i.e., Pre-stress), at the end of the stress 
exposure, (i.e., Post-stress), and following one (Short-term) and three 
weeks of treatment (Long-term; Fig. 2). 

2.6.2. Wanting-type anhedonia - progressive ratio reinforcement schedule 
To assess wanting-type anhedonia, i.e., the drive for obtaining a 

reward, we used the progressive ratio reinforcement schedule that uti-
lizes a multiplicative increase in the number of responses (i.e., nose-
pokes) required to dispense a unit of reinforcement (i.e., saccharin 
solution). In particular, water was always accessible after one nosepoke 
while saccharin solution was accessible only after a specific number of 
nosepokes occurred. This number increases progressively after each 
series of eight visits according to the following sequence: 2, 3, 4, 5, 6, 7, 
8, 10, 12, 16, 20, and 24. Each test session lasted 48 hrs or until mice 
reached the module with 24 nosepokes. The time for performing the 
nosepokes increased gradually according to the number of nosepokes 
requested from one to 24 s. The test has been run immediately before 
and after the stress exposure, and following 3 weeks of treatment (Long- 
term). To make the mice aware of the testing condition, the green LEDs 
on the top of each door were kept turned on throughout the session. 

2.6.3. Cognitive domain – place learning test 
Place learning consisted of a simple spatial task in which mice were 

allowed to drink in one corner, instead of all four. During the first phase 
(acquisition), the mice learned which corner was rewarded and which 
was not, leading to a visiting preference for the rewarded corner (% 
correct visits). In particular, the doors were closed in all corners but one. 
Following 24 hrs, the corner in which the bottles were accessible was 
switched to the respective opposite corner for 24 hrs (reversal). The 
animals were tested both after 3 days (Short-term) and 3 weeks (Long- 
term) of treatment. 

2.7. Electrophysiology 

To perform electrophysiological experiments, at the end of the 
treatment period, hippocampal slices were collected. Animals were 
anesthetized with halothane and decapitated. Whole brains were rapidly 
removed from the skull and immersed for 10 min in ice-cold artificial 
cerebrospinal fluid (ACSF), continuously oxygenated with 95% O2 and 
5% CO2 to maintain the proper pH (7.4). Transverse 350 µm slices were 
cut at 4 ◦C with a vibratome and the appropriate slices were placed in a 
chamber containing oxygenated ACSF. After their preparation slices 
were allowed to recover for 1 hr at 30 ◦C. For field recordings, indi-
vidual slices were then transferred to the interface slice-recording 

chamber (BSC1, Scientific System Design Inc) maintained at 30–32 ◦C 
and constantly superfused at a rate of 2.5 mL/min. At the beginning of 
each recording, a concentric bipolar stimulating electrode (SNE- 
100 ×50 mm long Elektronik–Harvard Apparatus GmbH) was placed in 
the stratum radiatum for stimulation of Shaffer collateral pathway pro-
jection to CA1. Stimuli consisted of 100 µs constant current pulses of 
variable intensities, applied at 0.05 Hz. A glass micropipette (0.5–1 MΩ) 
filled with ACSF was placed in the CA1 hippocampal region, at 
200–600 µm from the stimulating electrode, in order to measure 
orthodromically evoked field extracellular postsynaptic potentials 
(fEPSP). Stimulus intensity was adjusted to evoke fEPSP of amplitude 
about 50% of the maximal amplitude with minimal contamination by a 
population spike. Evoked responses were monitored online, and stable 
baseline responses were recorded for at least 10 min. Only the slices that 
showed stable fEPSP amplitudes were included in the experiments. LTP 
was induced by high-frequency stimulation (HFS, 1 train of stimuli at 
100 Hz of 1 s duration), repeated after 30 min. To analyze the time 
course of the fEPSP slope, the recorded fEPSP was routinely averaged 
over 1 min (n = 3). The fEPSP slope changes following the LTP induc-
tion protocol at 25 and 55 min post-tetanus were calculated with respect 
to those of the baseline (1 min before induction). N/n refers to the 
number of slices on the total number of mice analyzed. The paired-pulse 
ratio (PPR) was measured from responses to two synaptic stimuli at 
50 ms interstimulus interval. PPR was calculated as the ratio between 
the fEPSP amplitude evoked by the second stimulus (A2) and that by the 
first (A1; A2/A1). fEPSP were recorded and filtered (low pass at 1 kHz) 
with an Axopatch 200 A amplifier (Axon Instruments, CA) and digitized 
at 10k Hz with an A/D converter (Digidata 1322 A, Axon Instruments). 
Data acquisition was stored on a computer using pClamp 9 software 
(Axon Instruments) and analyzed offline with Clampfit 10 program 
(Axon Instruments). For each recording, we routinely normalize LTP 
value to the baseline, measuring the increment of the fEPSP slope 
25 min post-tetanus compared to the baseline (1 min before induction). 
This normalization procedure allows comparing experiments with 
different basal values of fEPSP slope. Once normalized, we use statistical 
analysis (one-way ANOVA) to compare the amplitude of LTP at 25 min 
post-tetanus in all the slices of vehicle-treated versus the values of LTP 
measured in slices obtained by minocycline-treated animals, for both the 
first and the second stimulation. 

2.8. Tissue collection, section preparation, and immunofluorescence 

Mice were placed in a box containing ~ 3% isoflurane (Iso-Vet) and 
injected with ketamine (160 mg/kg, Biowet Pulawy) and xylazine 
(Sedazin, Biowet, 20 mg/kg). Under deep anesthesia, they were 
perfused transcardially using a perfusion pump (BQ80S Microflow 
Variable-Speed Peristaltic Pump, Golander) which infused phosphate- 
buffered saline (PBS) through the left ventricle, until the fluid coming 
out of the heart was clear. For immunohistochemistry, mice were 
perfused with cold 4% (w/v) paraformaldehyde (PFA) in PBS 
(20–30 mL) followed by PBS. Mice were decapitated, then brains were 
rapidly removed and stored in 4 ◦C PFA for 48 hrs. Subsequently, brains 
were transferred into 30% sucrose (w/v) in PBS for 48 hrs and frozen in a 
Tissue Freezing Medium (Leica) at − 80 ◦C. 

Brains were cut into 12 µm slices taken rostrocaudally using a 
cryostat (Microm HM525, Thermo Scientific) at − 18ºC and 4–5 sections 
were placed on polysine™ slides (ThermoScientific). From the pre-
frontal lobe, sections were prepared from a Bregma 2.34–1.94 mm, and 
from dorsal hippocampi and habenula slices were collected within a 
Bregma 1.22–2.30 (Paxinos & Franklin, 2001). Sections were stored at 
− 80ºC until further processing. 

For immunofluorescence, sections were thawed for 2 hrs, washed 3 
times with PBS for 5 min with gentle rocking, then incubated with a 
blocking serum (D9663, Sigma, 10% in Tris-Buffered Saline, TBS) for 2 
hrs. Sections were incubated with the primary antibodies recognizing 
TMEM119 (1:1000, ab209064 Abcam), Iba1 (1:200, E291118 Novus), 
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Ki-67 (1:1000, ab66155 Abcam), and Doublecortin (DCX; 1:1000, 
ab18723 Abcam), diluted in 3% block serum in TBS overnight at 4ºC. 
After washing three times with PBS, secondary antibodies: donkey anti- 
rabbit AlexaFluor 488 or donkey anti-goat AlexaFluor 555 (1:1000, 
Thermofisher Scientific) were applied for 2 hrs at room temperature. 
After washing 3 times with PBS, cell nuclei were stained with DAPI (4′,6- 
diamidino-2-phenylindole, 1:1000 in PBS, #D-9542, Sigma), washed 
and cover-slipped (Medlab, Marienfield) in fluorescence mounting me-
dium (#S3023, Dako). 

2.9. Cell quantification and confocal analysis 

Fluorescent pictures were acquired using a fluorescent microscope 
(Leica DM4000B, Leica CTR6500, ebq100) and the Leica App Suite 2.8.1 
software. We used 40x objective to obtain 2088 × 1560 pixels counting 
frames and collected 5 images per area per animal, in particular in three 
subareas of the medial prefrontal cortex (mPFC), cingulate cortex (CG), 
prelimbic cortex (PL), and infralimbic cortex(IL), and in three subareas 
of the dorsal hippocampus, CA1, CA3 and dentate gyrus (DG). We 
focused on these specific brain regions since it has been reported that the 
dorsal hippocampus is involved in the response to different antide-
pressant treatments and that following stress exposure morphological 
changes occur in this area [47,54]. 

Each image was collected in a given channel (blue, red, and green) in 
order to combine them during the image analysis. 

Images were analyzed using the Fiji software (Image J 1.52p Wayne 
Rasband NIH, USA, 64 bits). A composite image was created with 
separate channels: green, red and blue for double-stained microglia 
(TMEM119, Iba1, and DAPI), or green and blue for DCX -positive cells 
(DCX and DAPI) or Ki-67. Percentages of positive cells were calculated 
based on the number of DAPI-stained nuclei per image, each area was 
averaged per animal. 

Z-stacks (step size = 0.21 µm) of 20 cells (double-positive for 
TMEM119 and Iba1) per area/mice (around 2400 pictures) were ac-
quired using the 63x immersion objective of a confocal microscope and 
numerical aperture 1.4 (LSM800 Zeiss Airyscan) with Zeiss ZEN soft-
ware. The pictures were analyzed using the Fiji software (Image J 1.52p 
Wayne Rasband NIH, USA, 64-bits) as described (González Ibáñez et al., 
2019). Measurements of the body size and branching area per cell were 
calculated. 

To determine whether the treatment affects the percentage and 
morphology of microglia we selected two established microglial 
markers: Ionized calcium-binding adaptor molecule 1 (Iba1) and 
TMEM119, and we analyzed their immunoreactivity (IR). Iba1 is 
expressed by microglia and macrophages in health and disease, showing 
increased expression upon environmental challenges such as chronic 
stress [55]. TMEM119 is considered a microglia-specific transmembrane 
protein of unknown function [56]. This marker was shown to be rela-
tively stable across various conditions with some exceptions [57]. We 
analyzed 20 cells/area/animal using confocal microscopy. 

2.10. Statistical methods 

The statistical analyses have been performed using the software 
Statview II (Abacus Concepts, CA, USA) and the R program (version 
2022.07.1). All data were analyzed with one-way ANOVA to compare 
vehicle versus minocycline treatment. Stress exposure (Pre- and Post-), 
time (hrs and min), and sub-regions of each brain area were considered 
repeated measures within subjects. Concerning the Place learning test, 
the two phases (acquisition and reversal) have been considered inde-
pendent measures. Post-hoc comparisons were performed using Tukey’s 
test. All mean differences were considered statistically significant at 
p < 0.05. The final version of the graphs has been obtained with Adobe 
Illustrator software (version CC 2017). 

3. Results 

3.1. Minocycline improved cognitive abilities in the short-term 

3.1.1. Depressive-like behavior 
To evaluate the depressive-like phenotype, we assessed liking- and 

wanting-type anhedonia, previously shown to be affected by exposure to 
chronic unpredictable mild stress [46,47,58]. As expected, we found 
that following two weeks of chronic stress, all the experimental subjects 
displayed (i) a significant reduction in saccharin preference [F(1,40)=
39.691, p < 0.0001] and (ii) a significant decrease in motivation [F(1, 
40)= 15.338, p = 0.0003, Fig. 2A-B]. 

The switch to the standard condition led to an improvement of the 
depressive-like symptoms, both vehicle- and minocycline-treated mice 
increased their saccharin preference [respectively F(1,20)= 11.639, 
p = 0.0028 and F(1,20)= 4.639, p = 0.0436], with no difference be-
tween the two treatment groups [F(1,40)= 0.643, p = 0.4273]. The 
prolonged exposure to the standard condition led to an increase in 
liking-type anhedonia, and the long-term preference for the saccharin 
solution of both vehicle- and minocycline-treated mice was around 75% 
with no difference between the two experimental groups [F(1,35)=
0.388, p = 0.5376; Fig. 2 A]. Accordingly, the wanting-type anhedonia 
was improved by the exposure to the standard condition for three weeks, 
although we did not observe a significant difference between vehicle- 
and minocycline-treated mice [F(1,33)= 0.094, p = 0.7608; Fig. 2B]. 

3.1.2. Cognitive abilities 
Within the first week of treatment, we found the main effect of time 

in the acquisition phase, both vehicle- and minocycline-treated mice 
progressively increased their percentage of correct visits, [F(1120)=
6.244, p = 0.0006], with no difference between the experimental 
groups [F(1,40)= 0.048, p = 0.8285; Fig. 2 C]. A main effect of treat-
ment emerged in the reversal phase, minocycline-treated mice displayed 
a significantly higher number of correct visits compared with vehicle- 
treated mice [F(1,40)= 9.827, p = 0.0032], suggesting that treatment 
enhanced cognitive performance. In addition, we found a main effect of 
time as well, with both groups significantly increasing the number of 
correct visits [F(1120)= 9.951, p < 0.0001; Fig. 2 C]. In both the 
acquisition and reversal phases of the place learning test at the end of the 
treatment period, the animals showed a significant increase in their 
number of correct visits over time, indicating intact learning abilities 
and the capability of the animals to learn new spatial tasks [respectively 
F(1,90)= 7.257, p = 0.0002 and F(1,96)= 18.719, p < 0.0001; Fig. 2D]. 

3.2. Functional plasticity has been improved by minocycline treatment in 
the short-term 

We explored LTP stimulating Schaffer collaterals with spaced 
(30 min apart) high-frequency stimulation (HFS) and analyzing LTP 
amplitudes 25 min after each stimulation. Following one week of 
treatment in the standard condition, during the second stimulation, we 
observed that LTP amplitude was significantly affected by treatment [F 
(1,11)= 4.572, p = 0.05]. In particular, minocycline-treated mice 
showed higher LTP amplitude (1.877 ± 0.0479, n = 7 slice/3 mice) 
compared to vehicle-treated mice (1.654 ± 0.0984, n = 8 slice/3 mice;  
Fig. 3 A). By contrast, at the end of the treatment period, post tetanus 
LTP amplitude was not significantly affected by treatments (Fig. 3B, 
vehicle: n = 18 slice/8 mice; minocycline: n = 16 slice/7 mice). 

3.3. Minocycline treatment does not affect microglial proportion and 
morphology in the long-term 

When we analyzed microglial proportion and morphology following 
three weeks of treatment, we found a co-localization of TMEM119 IR 
with Iba1 IR. Quantification of the percentage of double-positive 
Iba1+Tmem119 + cells over all DAPI-positive cells revealed no 
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statistically significant difference between vehicle- and minocycline- 
treated mice [F(1,20) = 0.001, p = 0.9991 and F(1,20) = 2.390, 
p = 0.1173] in the three selected subareas of the medial prefrontal 
cortex, nor in the three selected subareas of the dorsal hippocampus 
(Fig. 4A). 

Double-positive Iba1+TMEM119+ cells were then selected for the 
quantification of the microglial cell body and branching area. We did not 
find statistically significant differences in the microglia soma size in the 
mPFC [F(1,16) = 0.667, p = 0.5268] or in the dorsal hippocampus [F 
(1,14) = 0.415, p = 0.6680; Fig. 5A]. 

When the branching of microglial processes was analyzed in the 

mPFC, there was no difference between vehicle- and minocycline- 
treated mice [F(1,16) = 1.685, p = 0.2167]. Similarly, there were no 
significant differences in the branching area in the hippocampus [F 
(1,16) = 2.195, p = 0.1437] between the two experimental groups 
(Fig. 5B). 

These results suggest that minocycline treatment might not interfere 
with microglial physiological and immune functions, notably pertaining 
to their surveillance of the parenchyma, in the long run. 

Fig. 3. Hippocampal CA1 LTP. LTP of fEPSP slope from extracellular records made from vehicle- (white square; 8 slices /3 mice) and minocycline- (dark circle) 
treated mice (7 slices/3 mice) following one week (Short-term, A) or three weeks (Long-term, B) of treatment. Time course of slope values from responses evoked at 
0.05 Hz and normalized as detailed in the Methods. Arrows indicate LTP induction (HFS, 1 train of stimuli at 100 Hz, of 1 s duration). A. After one week of treatment, 
the electrophysiological assessment showed that, following two trains of stimulation, minocycline-treated mice displayed higher LTP compared to vehicle, indicating 
that minocycline increased neuronal plasticity. B. After 3 weeks of treatment, we did not observe any differences between minocycline and vehicle-treated animals, 
following both first and second stimulation fEPSP, field excitatory post-synaptic potential; *p = 0.05 vs vehicle, data shown as mean +s.e.m., n = 7–8 mice. 

Fig. 4. Microglial proportion. A. Percentages of Iba1 and 
TMEM119 positive cells (over all DAPI-positive cells) in 
different areas of the prefrontal cortex and dorsal hippo-
campus. No significant differences in the number of 
double-positive cells between vehicle- and minocycline- 
treated mice were detected at the end of the treatment 
period in the standard condition. Data shown as mean +s.e. 
m., n = 5 per group. B. Representative images for assess-
ment of a number of double-positive microglia. Photomi-
crographs from the hippocampus of a vehicle- (on the top) 
and a minocycline- (on the bottom) treated subjects: 
separate staining for Iba1, TMEM119, DAPI (to visualize 
nuclei) and merged. scale bar= 100 µm.   
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4. Discussion 

Minocycline significantly enhanced cognitive abilities and neural 
plasticity in the short-term compared to vehicle. By contrast, both 
experimental groups equally improved their depressive-like profile, 
likely because during treatment they were no more exposed to a stressful 
environment. 

As previously reported [46,47,58], the exposure to chronic stress was 
effective at inducing a depressive-like phenotype, as indicated by the 
significant increase in liking- and wanting-type anhedonia. In the 
short-term from the end of the stressful condition, all the tested animals 
showed increased saccharin preference. However, such an increase was 
no more evident in the long-term (Fig. 2A-B). This observation is in line 
with previous studies showing that the termination of the stressful 
condition improves the depressive-like phenotype, but a standard 
environment is not supportive enough to produce a long-lasting reduc-
tion of the anhedonic response [46,59–61]. In this study, we did not find 

a significant difference in saccharin preference between minocycline- 
and vehicle-treated mice. Although a recent systematic review reported 
that this drug reduces the anhedonic-like behavior in rodents, the 
studies reporting an increased preference for the sweet solution 
following minocycline administration did not consider naïve animals, 
but individuals with an experimentally enhanced inflammatory state, 
such as those exposed to chronic stress, olfactory bulbectomized, or 
affected by type-1 diabetes [62]. These preclinical findings have been 
confirmed in a recent randomized clinical trial demonstrating that 
add-on treatment with minocycline is effective only in depressed pa-
tients with high baseline levels of inflammation [63]. 

Minocycline treatment improved learning and memory in the place 
learning test in the short term as the treatment significantly increased 
the ability to learn a new spatial task. These results are concordant with 
those by Naderi and colleagues, who reported that minocycline 
administration for only seven days helps experimental subjects recover 
the memory deficits induced by cerebral ischemia/reperfusion [32]. A 

Fig. 5. Microglial morphology. Three weeks after the end 
of the treatment period, the morphology of microglial cells 
(TMEM119 +Iba1 + cells) was assessed by measuring the 
size of their cell body area (A) and branching area (B) in 
the medial prefrontal cortex (mPFC) and in the hippo-
campus using confocal microscopy. The analyses did not 
reveal the statistical difference between the two experi-
mental groups, although we noticed that in the prefrontal 
cortex minocycline treated mice showed smaller microglial 
branching areas compared to vehicle animals. Data shown 
as mean +s.e.m. n = 4–5 per group. C. Representative 
images of microglia for morphology assessment. Photomi-
crographs of two microglial cells with a large and a small 
tree size; staining for Iba1, TMEM119, and merged. An 
example of the morphology assessment showed a drawing 
encompassing the soma size area to calculate the area 
covered. View of microglia at the z-axis in the mPFC cortex. 
An example of a morphology analysis showed drawing the 
tree size area to calculate the area covered. Scale bar 
10 µm. CG, cingulate cortex; PL, prelimbic cortex; IL, 
infralimbic cortex; DG, dentate gyrus.   
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similar effect has been described in a model of intracerebral hemor-
rhage: the treatment with minocycline for one week led to an 
improvement of the neurobehavioral performances and reduced cellular 
apoptosis and glial cell reactivity [64]. In Alzheimer’s disease rodent 
models, minocycline administration attenuated the memory impair-
ments shown during the Morris Water Maze test and counteracted 
neuronal cell death [31]. Finally, the treatment has been proven to 
counteract the age-associated deterioration of memory and to amelio-
rate cognitive performance (e.g., spatial learning) in both adult and old 
mice [65,66]. Although minocycline mechanism of action remains un-
clear, it has been hypothesized that the observed beneficial effects were 
associated with anti-inflammatory and antioxidant properties [31,32, 
64,65]. Indeed, the drug can downregulate microglial-driven inflam-
mation and reduce neuronal death triggered by exposure to stress. Three 
weeks after stress, no difference between the minocycline and vehicle 
mice was found, all subjects displayed an increase in the number of 
correct responses during both the acquisition and reversal phases 
(Fig. 2 C), suggesting that both groups recover learning and memory 
abilities in long-term. The rapid but short effect of minocycline on 
cognition after exposure to chronic stress could be explained by its 
ability to reduce microglial proliferation and reactivity when these 
phenomena are at a high level, which happens during and immediately 
after stress, when pathological conditions such as oxidative stress, cell 
damage, and death are in place [67–69]. Accordingly, a number of 
studies reported both neuronal and behavioral improvements following 
minocycline administration mostly in preclinical models of diseases 
associated with persistently increased inflammation [70–75]. These re-
sults are in line with the clinical evidence as a study showed that min-
ocycline enhances the learning functions during navigation only in 
participants with a high body mass index, associated with higher in-
flammatory levels, while inducing cognitive impairments in participants 
with low or normal body mass index associated with lower immune 
activation [76]. 

To investigate neural modifications underlying the minocycline ef-
fects on cognition, we assessed hippocampal neural plasticity measured 
as LTP, which reflects some mechanisms involved in learning and 
memory [77–79], and in particular, in place learning, considered a 
hippocampal-dependent task [80]. We found that minocycline enhanced 
LTP in the short-, but not in the long-term (Fig. 3). It is worth noting that 
this temporal profile overlaps with the behavioral effects of minocycline, 
suggesting that the enhanced performance during the learning and 
memory task is associated with enhanced plasticity and LTP. 

The immunohistochemical results showed a lack of minocycline ef-
fect on microglial morphology and proportion in the hippocampus and 
pre-frontal cortex following three weeks of treatment (Fig. 4 A). This is 
in line with our behavioral and electrophysiological results indicating a 
recovery within the first week after stress. Accordingly, previous studies 
found that minocycline action depends on the inflammatory status and 
that microglial reactivity is mainly affected in the short-term after stress, 
when an immune system response occurs [68,81–83]. However, here, 
the relation between inflammatory response and behavioral profile is 
still speculative because further data on microglial functional states at 
different time points are still warranted. 

The present study has some limitations. First, the lack of a non- 
stressed group did not allow to assess the effect of chronic stress by 
comparing stressed and non-stressed animals. However, we could 
measure the stress effect in a within-subjects analysis by comparing the 
behavioral profile of the animals immediately before and after the stress 
exposure. Second, we did not measure microglial proportion and 
morphology following the first week of treatment, when we observed 
the minocycline effects at behavioral and electrophysiological levels, 
which hinders potential microglial modifications underlying its efficacy 
in the short-term. In addition, we did not measure learning and memory 
immediately after the end of chronic stress to assess the behavioral 
response before treatment. This choice was motivated by the need to 
avoid excessive training due to the repetition of the same task. 

The rising attention on cognitive symptoms associated with MDD is 
pointing out the need to develop novel antidepressant treatments able to 
target this domain in addition to the emotional one. In the present study, 
we showed that minocycline treatment can enhance neural plasticity 
and improve learning and memory abilities with a fast but short efficacy 
suggesting, from a translational perspective, that this drug is a promising 
candidate to treat cognitive impairments in depressed patients. 

These results are of even greater impact when considering that 
treating cognitive residual symptoms has been shown to be pivotal to 
preventing new depressive episodes and the reportedly associated 
increased risk of neurodegenerative disorders [84]. 
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Reviewer Dr. Francesca Cirulli, Center for Behavioral Sciences and Mental 

Health, Istituto Superiore di Sanità, Rome Italy 

Report 

This is a very good doctoral thesis exploring the role of the environment in 

determining resilience/risk for mental disorders. The thesis mainly focuses on 

adolescence, a critical life stage when psychopathology often manifests. The 

experimental work included preclinical studies that investigated: i) the 

neurobiological bases of depression-like behavior in adolescence with the main 

focus on the role of the immune system; ii) a drug x environment interaction 

strategy to unravel the potential role of environmental conditions on 

antidepressant efficacy and iii) attest whether previous social experiences can 

redirect SSRI treatment outcome. The work is original and well-described. There 

is a very clear logic and a good wealth of techniques. I would only suggest the 

candidate to better introduce (in a few paragraphs) in the Introductory section the 

role of the immune system in the regulations object of the thesis. 

 

I thank Doctor Cirulli for the suggestion, in order to clarify the role of the immune 

system in the onset and progression of depression I added a new section (page 

14) in the General introduction and discussed the issue as follows: 

 

“Brain-immune crosstalk in the onset of adolescent depression 

The relative contribution of biological and cultural factors to adolescent-onset 

depression and to the sex-dependent vulnerability to depression is not yet clear 

(Conley and Rudolph, 2009). An increasing number of preclinical and clinical 

findings implicate the brain-immune crosstalk as a key determinant in the onset 

and treatment of psychiatric disorders – from depression to schizophrenia 

(Branchi, 2011; Branchi et al., 2021; Bullmore, 2018; Milaneschi et al., 2020; 

Pariante, 2016; Thibaut, 2018; Viglione et al., 2019). In particular, the expression 

of inflammatory cytokines in the brain has been reported to be involved in the 

pathogenesis of and susceptibility to depression, indicating adolescence as a 

unique stage of immune development (Granata et al., 2022; Mariani et al., 2021). 

The link between disturbances in the immuno-inflammatory system and the 
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etiology and pathophysiology of several psychiatric disorders has been 

specifically explored, making the field of immunopsychiatry rise (Dantzer et al., 

2008; Leboyer et al., 2016a; Leboyer et al., 2016b; Pariante, 2017). Some 

authors have hypothesized that an increase in inflammatory markers occurs 

before the onset of depressive symptoms, suggesting that immune system 

activation precedes psychopathology (Gimeno et al., 2009; Liu et al., 2019; 

Pasco et al., 2010). Others proposed an opposite temporal relationship, 

suggesting that psychiatric disorders cause an impairment in 

immunocompetence, leading to an increased vulnerability to infectious diseases 

(Copeland et al., 2012; Dantzer, 2012) or reported a lack of correlation (Copeland 

et al., 2012; Dantzer, 2012; Levine et al., 1999). In addition, only 30% of 

depressed patients show high inflammatory levels (Raison et al., 2006) and, in 

turn, depression does not always follow an immune activation (Raison and Miller, 

2011). Since stress increases both immune response and the risk of psychiatric 

disorders, exposure to stressful conditions, including childhood adversity, has 

been hypothesized to represent the common factor triggering the increase in both 

inflammatory markers and the likelihood of depression (Benros et al., 2013; 

Garcia-Bueno et al., 2008; Muller et al., 2019). Adverse childhood events 

occurring in late childhood and adolescence, but not earlier in life, were recently 

reported to be associated with persistent immune abnormalities (Iob et al., 2022), 

suggesting immune signaling may be particularly influential during the adolescent 

period and that it may play a crucial role in the onset of psychopathologies.” 
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Reviewer Prof. Judith Homberg, Radboud University Medical Center Donders 

Institute for Brain, Cognition, and Behaviour Nijmegen The Netherlands 

Report 

The thesis focusses on depression during adolescence, it’s treatment by SSRIs 

as function of the environment, and finally the subjective experience of the 

environment that determines how individuals respond to SSRI treatment. The 

work complements the existing theory that SSRI treatment does not 

unequivocally exerts antidepressant effects, but that this depends on the quality 

of the environment, with anti-depressive outcomes if the environment is positive 

and depressive outcomes if the environment is (perceived) negative. In this 

thesis this work is extended to depression in adolescence and the notion that it 

is about how the environment is being perceived. Especially social buffering 

alters the perception of the environment and contributes to resilience or a 

beneficial response to SSRI treatment. It is clear that this work has high societal 

relevance, given that depression is one of the most common disorders we have. 

The COVID-19 pandemic has further illustrated this. Also, the discussion about 

SSRI treatment during adolescence (potential increased suicides) is well 

addressed. The three chapters nicely complement each other. The experiments 

are well-designed and illustrated with figures. The data presentation is 

transparent, with the individual data points shown in the graphs. It is also great 

that male and female mice have been tested, as there is a bias to studying only 

males in neuroscience research. If find the effects found in chapter 3, with the 

standard housing versus communal nesting effects on the response to fluoxetine 

particularly compelling. The final discussion is also nice. Potentially, it could be 

worthful to add also a discussion on study limitations and an outlook for future 

research. For instance, how can the findings from this study be translated to 

humans? How do we define/create positive environments for humans? Overall, 

the thesis demonstrates that the candidate is able to independently conduct 

scientiftic research. Some small comments Page 86: “13 male and 36 C57BL/6 

mice” > Is female missing before 36? Page 86: “On PND-1 litters were culled to 

3 male and 3 female pups and a cross-fostering procedure was performed to 
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minimize the number of subjects” > how does cross-fostering contribute to 

minimize the number of subjects. 

 

I thank Professor Homberg for the suggestions, the limitations of this study are 

now discussed in a new paragraph (page 151) of the General discussion and 

conclusions section as follows:  

 

“Limits 

The limitations of the present work include, first, the lack of data concerning 

the estrous cycle in female subjects. However, vaginal cell sampling imposes 

stress on the experimental subjects, and previous studies have reported that the 

effect of the estrous cycle in several behavioral tests, such as open field or fear 

conditioning, is limited: behavioral parameters were not affected across all four 

estrous phases (Hiroi and Neumaier, 2006; Lovick and Zangrossi, 2021; Meziane 

et al., 2007). 

A further limitation concerning the study exploring the immune system 

activation after social isolation, is the assessment of inflammatory markers only 

in the central nervous system, though in clinical settings peripheral levels are 

routinely measured. Therefore, future studies assessing both central and 

peripheral markers will have a high translational value and will help illustrate the 

link between central and peripheral inflammation. 

Finally, in the study aimed at assessing the role of subjective appraisal in 

determining the antidepressant outcome, we focused mainly on hippocampal 

BDNF, though other brain regions and molecular markers could have also been 

considered. However, BDNF regulation in the hippocampus is considered the 

gold standard reference to assess the action and effects of serotoninergic 

antidepressants (Castren and Monteggia, 2021; Duman et al., 2021).” 

 

The outlook for future research, focused on the translational perspective of the 

study, is now integrated into the paragraph “General conclusions and future 

perspectives” (page 153) of the General discussion and conclusions section and 

discussed as follows: 
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“General conclusions and future perspectives 

Our findings confirm and further describe the key role of context in 

adolescent neurodevelopment in both sexes and in driving the outcome of 

psychoactive compounds, especially those leveraging on the enhancement of 

neural and behavioral plasticity such as SSRIs (Alboni et al., 2017; Branchi, 

2011; Poggini et al., 2019; Wilkinson et al., 2019). 

In a translational perspective, modifications in the living conditions/lifestyle 

and/or of the subjective appraisal should be considered to improve therapeutic 

intervention and predict treatment outcomes in both adolescence and adulthood, 

as previously suggested by the study of Viglione and collaborators (Viglione et 

al., 2019). We thus underpin the relevance of the patient’s living conditions in the 

selection of the most effective pharmacological treatment and advocate for 

considering the key role of context in the precision medicine paradigm in the 

psychiatric field. 

The availability of several longitudinal studies such as The Resilience, 

Ethnicity and AdolesCent Mental Health (REACH) Study, The National 

Community Mental Health Care Database (NCMHCD), Adolescent Brain 

Cognitive Development (ABCD) Study, the Covid-Mind Network, The Sequenced 

Treatment Alternatives to Relieve Depression (STAR*D) study and the 

Combining medications to enhance depression outcomes (CO-MED) study, will 

allow to further explore the interaction between environmental conditions, 

subjective appraisal, and their interaction at a clinical level to setup novel and 

effective therapeutic strategies.” 

 

As suggested by Professor Homberg, I added the missed word “female” on page 

88 and clarified the rationale of the cross-fostering procedure as follows (page 

88): “On PND-1 litters were culled to 3 male and 3 female pups and a cross-

fostering procedure was performed to limit the number of mates needed”. 
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