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ABSTRACT 

Major Depressive Disorder (MDD) is a multifaceted disorder that imposes an 

enormous medical, societal and economic burden. Selective Serotonin Reuptake 

Inhibitors (SSRIs) are the most commonly prescribed antidepressant drugs. However, 

their efficacy is variable and incomplete and there is still limited understanding of the 

factors determining their beneficial action. With the purpose to identify these factors 

and develop more effective therapeutic strategies for MDD, we carried out preclinical 

studies exploiting a multidisciplinary strategy, spanning from molecular to cellular 

and behavioral assessment. We focused on inflammation and neural plasticity 

because, though these have been widely reported as key factors in determining SSRI 

outcome, their interplay has been limitedly explored. The results obtained show, on 

the one hand, that the increased neural plasticity induced by SSRI administration 

regulates inflammation counterbalancing both the activation and suppression of 

immune response, and, on the other, that any deviation towards an extreme immune 

activation or suppression results in reduced neural plasticity. These findings indicate 

that neural plasticity and inflammation are mutually regulating processes and that 

inflammatory levels should be kept within a strict physiological range to be 

permissive for neural plasticity. As further step, we explored a polypharmacological 

strategy aimed at increasing SSRI efficacy through the add-on treatment with 

metformin, a drug able to improve metabolic profile, which has been shown to be 

implicated in antidepressant efficacy. This approach is aimed at producing two 

concerted effects –increasing neural plasticity (i.e. SSRI) and regulating metabolism 

(i.e. metformin)—that together should lead to a more effective therapeutic strategy 

for MDD than the SSRI alone. The results suggest that the combined treatment has 

an improved efficacy and that multifactorial disorders such as MDD may be more 

effectively treated with strategies able to targeting several biological processes. 

Overall, our findings underpin the implementation of the precision medicine 

paradigm in the psychiatric field. Indeed, information concerning not only the 

patients’ mood but also selected physiological endpoints (e.g. inflammatory levels 

and metabolic profile) should be considered for an effective antidepressant 

therapeutic strategy. 
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GENERAL INTRODUCTION 

1. Major depression and current antidepressant drug 

treatments 

1.1 Major depressive disorder 

1.1.1 Clinical feature of major depressive disorder 

The most common form of depression is the Major Depressive Disorder 

(MDD), which affects more than 300 million people across the globe, an increase of 

more than 18% between 2005 and 2015 (WHO, 2017).  

According to the criteria established by the Diagnostic and Statistical Manual 

of Mental Disorders (DSM-V) MDD is diagnosed when the individual experiences, 

for at least two weeks, feelings of sadness and hopelessness and loses interest in 

activities once enjoyed. In addition, there are a number of other symptoms causing 

marked functional impairment, such as sleep disturbance (insomnia or hypersomnia), 

lack of energy, poor concentration, lack or increase in appetite, inappropriate feelings 

of self-reproach, recurrent morbid thoughts about death and suicidal ideation (APA, 

2013). The diagnosis of MDD requires presence of five out of nine symptoms, 

consequently is possible for two clinically depressed patients to share only one 

symptom. Moreover, MDD can manifest itself with increasing degrees of severity: 

some people have low intensity symptoms, while who suffers the severe form shows 

higher number, increased intensity and duration of symptoms (Kendler et al., 1998). 

The several different clinical presentations imply that MDD could be approached as 

a group of diseases, rather than a single clinical entity. 

MDD often carries an unfavorable prognosis, a depressive episode lasts for 

six months on average (Kruijshaar et al., 2005) and in 20% of the cases it lasts longer 

than two years (Spijker et al., 2002). It is important to note that MDD is a recurrent 

disorder, after a first depressive episode only 30% of the patients remain largely 
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symptom free and there is 85% probability that, after recovery, a new episode occurs 

in the five years following the index episode (Mueller et al., 1999). 

A serious problem in depression is the increased mortality because of suicide, 

about 60% of all suicides are committed by people who were depressed (Marquet et 

al., 2005), and mortality rates are higher in people with depression compared to non-

depressed subjects (Cuijpers and Smit, 2002). Furthermore, it is important to note 

that depression is often accompanied by other psychiatric disorders, especially 

substance use disorder, impulse control disorder, and anxiety disorders. In particular, 

depressive and anxiety disorders show high comorbidity and substantial symptomatic 

fluidity with frequent changes of diagnostic subtypes over time (Kessler et al., 2003). 

Several risk factors can play a role in MDD, according to the American 

Psychiatric Association there are four main contributors, (i) biochemistry: differences 

in certain chemicals in the brain may contribute to symptoms of depression; (ii) 

genetics: depression can run in families; (iii) personality: people with low self-

esteem, who are easily overwhelmed by stress, or who are generally pessimistic 

appear to be more likely to experience depression; (iv) environmental factors: 

continuous exposure to violence, neglect, abuse or poverty may make some people 

more vulnerable to the pathology (Kessler, 2005; APA, 2013). 

 

1.1.2 Socio-epidemiological framework 

According to the World Health Organization (WHO), MDD is the leading 

cause of years lost owing to disability worldwide and the third overall contributor to 

the burden of disease, projected to be the biggest contributor by 2030 (WHO, 2017). 

Despite MDD affects people of every age, ethnic background, educational and socio-

economic status, the prevalence rates for women are generally twice as high as those 

for men (Kuehner, 2003). In 2010, the global annual prevalence was 5.1% and 3.6%, 

respectively in women and in men (Whiteford et al., 2013; Figure 1). 
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Figure 1. Prevalence of depressive disorders. The proportion of the global population 

with depression in 2015 is estimated to be 4.4%. Upper and lower uncertainty intervals are 

represented in the bar graph by the error bars. Depression is more common among females, 5.1%, 

than males, 3.6% (WHO, 2017). 

 

The average age of onset is 32 years old, but from an epidemiological 

research results that 3.3% of 13 to 18 year olds have experienced a seriously 

debilitating depressive disorder. Moreover, like common mental disorders, which are 

most prevalent among those with a poor standard of living, depression is often 

associated with unemployment and poverty (Weich and Lewis, 1998). 

The economic impact of MDD is alarming considering the health care costs 

for individuals suffering from depression and other co-morbidities. Patients with 

depression have significantly higher mean medical costs when compared to non-

depressed patients, in every age group and category of medical care. For example, 

the annual cost of depression in Europe is estimated over 120 billion Euros, which 

accounts for around 1% of the gross domestic product (Balak and Elmaci, 2007). This 

number is not surprising since it has been calculated that patients with MDD are 

unable to perform their normal daily activities on 35 days per year on average 

(Kessler et al., 2003). 
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1.2 Antidepressant treatment 

The principal therapies to treat MDD are drugs, psychotherapy and 

Electroconvulsive Therapy (ECT), but the international trends have indicated an 

increase in the use of antidepressants, particularly after the introduction of selective 

serotonin reuptake inhibitors (SSRIs) in the early 1990s (Whooley and Simon, 2000). 

Currently, SSRIs are the class of compounds typically used as antidepressants 

in the treatment of MDD and others mood disorders. 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 observation that the increase of the synaptic concentrations of 

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

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 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 is 

certainly involved in the pathogenesis (Lambert et al., 2000; Meyer et al., 2006), 

MDD affects the brain in a more complex and sophisticated manner and the causes 

appears to be different from being the decrease of monoamine concentration in the 

brain. 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 rapid onset of action than the older 

antidepressants drugs, like tricyclic antidepressant (TCA), but their improved safety 

and tolerability in clinical use has led to be the most widely used of all antidepressants 

(Beasley et al., 1993; Sternbach, 1991). Moreover, to prevent 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). 
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1.3 Controversial results of serotoninergic antidepressant 

treatment 

Basing on a large number of studies, we know that pharmacotherapy with 

SSRIs achieves mixed results, and patient success in achieving remission often 

depends on several factors. It is becoming increasingly necessary to find more 

efficient treatment, since it is well documented that depression has the tendency to 

assume a chronic course, be recurrent, and over time to be associated with increasing 

disability.  

1.3.1 Low SSRIs efficacy 

Clinical studies and meta-analyses have shown that 30-50% of patients 

treated with SSRI do not show a significant response and 60-70% do not achieve 

remission (Trivedi et al., 2006; Figure 2). Partial remission is characterized by the 

presence of residual symptoms that are predictors of a relapse. Indeed, patients 

presenting residual symptoms has up to 6 times higher probability of a relapse than 

in patients those who experience full remission (Kato and Serretti, 2010; Moncrieff 

and Kirsch, 2005). 

A second unexplained feature of antidepressant drug action is the temporal 

disconnection between the onset of the serotonin uptake inhibition in the CNS and 

the onset of the antidepressant activity, given that the former occurs within hours of 

the first administration while the latter takes at least three weeks. Thus, if the effect 

alone was sufficient to mediate an antidepressant response, SSRIs should work within 

hours rather than weeks (Alarcon et al., 2004). 

Moreover, antidepressants tend to lose efficacy during treatment even if a 

number of strategies are used in clinical practice to try to overcome this limits, 

including switching medication, increasing dose augmentation and combining drugs 

(Fava, 2002).  
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Figure 2. Low remission and response to SSRI citalopram treatment in outpatients 

with non psychotic major depressive disorder defined by 16-Item Quick Inventory of 

Depressive Symptomatology-Self-Report (QIDS-SR), scores by week of treatment. Response 

was defined as improvement of ≥ 50% in QIDS-SR score from baseline. Remission was defined 

as a QIDS-SR score of ≤ 5 at endpoint. (Trivedi et al., 2006). 

 

1.3.2 High placebo efficacy  

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 (Figure 3). In particular, 

placebo response rates range from 30% to 50%; this high percentage occurs partly 

because some patients show a spontaneous remission from MDD 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 drug and placebo (Fournier et al., 2005; Kirsch et al., 2008). 

Nevertheless, increasing number of studies suggests that the small effects of 

antidepressants compared with placebo may be attributable to methodological factors 

or selective presentation of data from antidepressant trials (Moncrieff and Kirsch, 
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2005). For this reason, it is advisable conduct further studies using a more universal 

methods and criteria.  

 

Figure 3. Lack of major differences in the response to placebo, paroxetine or 

imipramine treatment, measured according to the Hamilton Depression Rating Scale 

(HAM) in adolescents with major depression. (Le Noury et al., 2015). 

 

1.3.3 Risk of suicides in patient treated with SSRIs  

A debate has raged for several years over the supposed association between 

the treatment with SSRIs and the occurrence of suicidal thoughts and suicide, 

especially in children and adolescents depressed patients. For instance, the 2004 U.S. 

Food and Drug Administration (FDA) analysis of clinical trials on children with 

MDD, found statistically significant increases of the risk of possible suicidal ideation 

and behavior (80%), and of agitation and hostility (130%) (Hammad et al., 2006). 

Although the systematic review conducted by Fergusson and colleagues, did 

not found a statistically significant increase of fatal suicidal attempts comparing users 

of SSRIs with users of placebo or other therapeutic interventions, the authors found 

an almost twofold increase in the odds of fatal and non-fatal suicidal attempts in SSRI 

treated group (Cipriani et al., 2005; Fergusson et al., 2005). 

In addition, the re-analysis of SmithKline Beecham’s Study 329, which 

compared the efficacy, and safety of SSRI paroxetine with placebo in depressed 

adolescents, showed the significant increases in harms, including suicidal ideation 

and behavior, in the paroxetine group (Le Noury et al., 2015). 

http://en.wikipedia.org/wiki/Food_and_Drug_Administration_(United_States)
http://en.wikipedia.org/wiki/Food_and_Drug_Administration_(United_States)
http://en.wikipedia.org/wiki/Clinical_trial
http://en.wikipedia.org/wiki/Suicidal_ideation
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Some studies try to explain this association positing that the ability to react 

and make decisions may return before the mood improvement. In this phase, it is 

easier to implement decisions but the depression is still severe and the risk of suicide 

may increase (Gunnell et al., 2005). 

 

1.4 Serotonin and brain plasticity  

Serotonin metabolism has 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).  

1.4.1 “Undirected susceptibility to change” hypothesis 

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

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

has been proposed (Branchi, 2011). According to such 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 recover from MDD, 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 (Figure 4). 

The USC hypothesis has been recently demonstrated at preclinical and 

clinical levels. In particular, it has been showed in a mouse model of depression that 

the treatment with fluoxetine, one of the most commonly prescribed SSRIs, affects 
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the molecular and behavioral depression-like phenotype according to the quality of 

the living environment: when administered in an enriched environment, it led to an 

improvement, while, when administered in a stressful environment, to a worsening 

(Branchi, 2013; Alboni, 2017). At clinical level, the study conducted by the same 

team confirmed that the effects of the SSRI citalopram are dependent on the 

environment. 

 

Figure 4. Schematic description of the undirected change susceptibility hypothesis. 

Serotonin levels determine vulnerability to MDD and capacity to recover from it. Low serotonin 

levels are associated to reduced neural plasticity. This condition does not allow to shift from an 

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 

to shift 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 that increase the 

extracellular level of serotonin (modified by Branchi, 2011). 

 

1.4.2 Relevance of the environment  

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 change. In literature there are several evidences supporting this model. 

For instance, individuals bearing the s allele of 5-HTTLPR, that leads to higher levels 

of brain serotonin, if exposed to childhood maltreatment or other stressful life events, 

show increased neuroticism (Schinka et al., 2004) and incidence of MDD (Caspi et 

al., 2003). On the contrary, different types of therapy, such as psychological (e.g., 

cognitive and other) and physical (e.g., light), if associated to a positive environment, 

exert beneficial effects on depression symptoms and rate of recovery (DeRubeis et 
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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 MDD. 

 

1.4.3 USC hypothesis may explains the inconsistent results concerning 

SSRI efficacy  

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 outcome. 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 to the expectancy created by placebo, may lead to recovery also without 

drug administration. 

The most serious consequence of depression is suicide. 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).  
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2. Inflammation and SSRI action 

2.1 Inflammation in the central nervous system  

Inflammation consists in a protective immunovascular response to harmful 

stimuli, such as pathogens, damaged cells, or irritants (Ferrero-Miliani et al., 2007; 

Medzhitov, 2010). It is the protective attempt by the organism to remove the injurious 

stimuli and initiate the healing process for the tissue (Chen et al., 2018). A cascade 

of biochemical events propagates and matures the inflammatory response, involving 

the local vascular system, the immune system, and various cells within the injured 

tissue. Inflammation consists in the balance between pro-inflammatory mediators 

such as cytokines, chemokines and acute phase proteins and anti-inflammatory 

mediators (Blume et al., 2012; Irwin and Miller, 2007; Zorrilla et al., 2001). If the 

anti-inflammatory mediators are not able to inhibit the pro- inflammatory ones, for 

example when the injurious stimuli are persistent, the inflammation could last even 

for years and become chronic (Kohler et al., 2016). 

The central nervous system (CNS) has long been considered an immune-

privileged organ largely due to the presence of the blood-brain-barrier (BBB) which 

protect the brain from been exposed to inflammation and potentially fatal 

autoimmunity and toxins (Carson et al., 2006). Recently the BBB appeared to be 

more penetrable than previously assumed. An increasing number of studies showed 

that several proteins, including cytokines, could pass it and reach the brain (Lorton et 

al., 2006). The brain releases neurotransmitters and neuropeptides that influence the 

production and release of hormones from the pituitary to regulate functions such as 

metabolism, growth and reproduction. For example, the neurotransmitters and 

neuropeptides released in the lymphoid organs bind to specific receptors on the cells 

of the immune system and modulate their functions. (ThyagaRajan and Priyanka, 

2012). All these evidences, indicating the bidirectional communication between CNS 

and the periphery, have proven that the isolated view of the CNS is not correct. The 

CNS’ innate immune response involves complex signaling circuitry and cellular 

networks. The primary cells involved in neuroinflammation are the microglia, 
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considered the macrophages of the CNS, and the astrocytes, which perform many 

functions including support of the BBB and maintenance of the extracellular ion 

balance. These cells regulate both the induction and limitation of neuroinflammatory 

processes (Carson et al., 2006; Quan and Banks, 2007). Microglia are derived from 

the yolk sac, and takes up residence in the brain during development, representing up 

to 12% of the cells of the CNS (Harry and Kraft, 2012). In the mature CNS, microglia 

are apparently dormant (resting microglia) but are actively monitoring the 

environment, contributing to the maintenance of neurovascular integrity. They 

respond to inflammatory stimuli by producing pro-inflammatory cytokines and 

prostaglandins whose receptors are expressed by both neuronal and non-neuronal 

brain cells (Galic et al., 2012).  

 

2.2 The role of the immune brain system under quiescent 

conditions 

The immune system is involved not only in processes of surveillance and 

protection but also in tissue remodelling, which is a continuous process of dynamic 

alterations in a specific tissue to facilitate morphological and functional adaptations 

to the changing of the environment (Bajayo et al., 2005; Yirmiya and Bab, 2009). 

The CNS provides an excellent example of necessity of tissue remodelling to adaptive 

coping, since neural cells and networks are constantly modified by experience. 

Indeed, more than 50% of the neurons formed in the brain during development die 

before birth (Oppenheim, 1991). Moreover, a large percentage of the processes of the 

developing neurons such as dendrites and axons undergo dynamic and dramatic 

pruning, leading to the formation of accurate, fine-tuned, and efficiently functioning 

neural circuits (Luo and O'Leary, 2005). All these processes continue throughout the 

entire life of the individual, albeit in a less dramatic manner; in particular, dendrites 

and axons are formed and pruned, synapses and associated structural elements are 

constantly shaped, retracted and modified, neurons undergo apoptosis and 

neurogenesis (Luo and O'Leary, 2005). These events, collectively termed neural 
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plasticity, allow the CNS to adapt to the changes of the environment, and have been 

shown to be regulated by immune mechanisms. Indeed the remains of cellular corpses 

and the neuritic debris cannot stay in the tissue because they could interfere with its 

normal functioning, consequently microglia, astrocytes, and mast cells participate in 

modulating and sculpting the brain (Yirmiya and Goshen, 2011; Figure 5). 

Interestingly, the activation of the immune brain system under quiescent 

conditions can stimulate two brain-to-body communication pathways, such as the 

hypothalamus–pituitary–adrenal (HPA) axis and the autonomic nervous system 

(Besedovsky and Rey, 2007), which in turn influence the central immune responses 

leading to a feedback loop.  

The notion that the immune processes play an important role in normal neural 

processes is supported by the evidence that cytokines act as neuromodulators in the 

healthy brain. Indeed, several studies reported that, also under quiescent conditions, 

neurons produce and respond to inflammatory cytokines and that neuronal activity 

regulates the production and secretion of cytokines (Vitkovic et al., 2000). An 

increasing number of studies demonstrated the involvement of cytokines in specific 

normal neurobehavioral functions such as sleep (Krueger et al., 2001; Opp, 2005) or 

pain (Wolf et al., 2003). 
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Figure 5. Schematic description of the complex interplay between immune system 

and brain in regulating neural plasticity and behavioral processes, such as learning and 

memory, at molecular and cellular level. During learning or high frequency stimulation (HFS) 

that induces LTP, the external glutamatergic, monoaminergic and adrenocortical input can activate 

neurons, microglia and astrocytes (blue arrows). Signaling via specific receptors expressed on 

these glia cells induces the production of various mediators (red arrows). IL-1 can in turn further 

activate astrocytes, inducing the secretion of several compounds that are critical for memory 

formation and synaptic plasticity (green arrows). IL-1 has also been shown to facilitate glucose 

uptake and the production of lactate by astrocytes, which are important for long-term memory 

consolidation. Microglia and astrocytes also secrete various compounds that directly influence 

neuronal functioning and neural precursor cells (NPCs). Microglial-derived IL-1 can also directly 

influence neurons by upregulating NMDA receptor functioning. The production of IL-1 and other 

glial mediators is tightly regulated by neuronal-derived factors (black arrows). Microglial 

expression of IL-1, MHC class II and various chemokines can influence T cells, which play an 

important role in learning and neurogenesis (light blue arrows). Finally, IL-1 can activate 

endothelial cells, which produce various trophic factors important for memory, neural plasticity 

and neurogenesis (purple arrows, Yirmiya and Goshen, 2011). 

 

2.3 Inflammation and MDD 

Although it is not known whether inflammation causes MDD or vice versa, 

it has been clearly shown that MDD involves both immune suppression and activation 

(Blume et al., 2012). The hypothesis mostly corroborated is that the excess of 

inflammation increases vulnerability to the pathophysiology, supported by, amongst 
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other things, the increased levels of pro-inflammatory cytokines and acute phase 

proteins found in depressed patients (Maes et al., 1995; Maes et al., 2009). 

Actually, the alterations of cytokines concentrations are associated to several 

psychiatric disorders. For example, increased levels of Interleukin (IL)-1, IL-6 and 

Tumor Necrosis Factor (TNF)-α have been reported in bipolar disorder at differing 

stages of the illness and a recent meta-analysis demonstrated that schizophrenia is 

associated to increased plasma concentrations of IL-6 and IL-1 (Schmitt et al., 2005). 

Focusing on depression, it has long been recognized that there are significant 

overlaps between sickness behavior, which is the adaptive set of behaviors induced 

by infection and inflammation, and MDD. Indeed, to combat infection, the body plays 

out a set of behavioral and affective alterations such as anhedonia, decreased appetite, 

disturbed sleep, decreased activity and social withdrawal, which are similar to the 

symptoms present in MDD. The purpose of these behavioral alterations is to cope 

better with illness or infection. The pro-inflammatory cytokines, produced by the 

immune system in response to the pathogens and triggering sickness behavior, are 

IL-1, IL-6 and TNF-α. 

Therefore it has been proposed that depression is an evolutionary 

psychological byproduct of early mechanisms that promoted diversion of energy 

sources to fight back the infection; in other words depressive symptoms could be the 

maladaptation of sickness behavior as a result of chronic immune activation and 

consequential inflammation (Raison and Miller, 2011). 
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2.3.1 High inflammatory levels in depressed patients 

The notion that MDD is associated with raised inflammatory markers was 

supported by numerous studies reporting the significantly higher concentrations of 

pro-inflammatory cytokines such as TNF-α, C-reactive protein (CRP) and IL-6 in 

depressed patients compared with non-depressed patients (Liu et al., 2012). It is worth 

to note that the increase occurs even in the absence of physical illness or infection 

and therefore it could be accounted for by depression (Irwin and Miller, 2007). 

In a meta-analysis of 22 cross-sectional studies performed by Liu and his 

colleagues, the concentration of soluble IL-2 receptor, TNF-α, and IL-6 in depressed 

patients were significantly higher than those of healthy subjects (Liu et al., 2012). 

This association is supported also by another meta-analytic review indicating 

significant increased circulating IL-6 levels in MDD. In addition, it has been observed 

that treatment with pro-inflammatory cytokines can induce MDD in up to 70% of 

cases (Maes et al., 2009). Other inflammatory markers has been associated to the 

onset and maintenance of MDD, include acute phase proteins such as CRP, 

haptoglobin and neopterin. This association is so strong that in the Consensus paper 

of the WFSBP Task Force on Biological Markers published in the 2017 it has been 

proposed to consider plasma IL-6 and soluble IL-2 –receptor as biomarker of 

depression (Schmitt et al., 2017). 

The above results indicate an association between inflammatory markers and 

MDD but not the causal relationship (Dowlati et al., 2010; Liu et al., 2012) and it has 

not been found yet a correlation between inflammatory levels and the severity of 

depressive symptoms (Schlatter et al., 2004). Moreover, some studies have found 

incongruent or even opposite correlations for pro-inflammatory markers and the 

pathogenesis of depression (Levine et al., 1999; Schlatter et al., 2004; Steptoe et al., 

2007).  

Interestingly, an increasing number of studies show that the association 

between inflammatory levels and MDD has been attenuated when the analyses 

include factors such as body mass index, personality or even gender (Bouhuys et al., 

2004).  
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2.3.2 Association of pro- and anti-inflammatory treatment with 

antidepressants 

A number of pre-clinical studies demonstrated that the administration of 

cytokines induces a set of behaviors associated to the depressive phenotype. In 

particular, mice treated with TNF-α shown a depressive-like behavior that is 

attenuated by administration of antidepressants. Similarity, also in non-human 

primates, the administration of a large number of pro-inflammatory cytokines lead to 

the observation of classical depressive-like behaviors. 

Precious data derive from clinical studies concerning the immunotherapy. 

Immunotherapy consists in the systemic injection of cytokines including INF-α and 

IL-2 to fight diseases such as hepatitis C and cancer. This kind of therapy induces a 

strong increase of pro-inflammatory cytokines, especially INF-α and IL-6, which are 

associated with the onset and maintenance of depressive symptoms. INF-α-induced 

depression is associated with changes in the metabolism of the serotonin and the 

alterations of HPA axis (Capuron and Miller, 2011).  

A study focusing on patients with hepatitis C treated with interferon (IFN) 

revealed that 33% of patients developed IFN-α-induced MDD, and that the 85% of 

these individuals were responsive to antidepressant treatment (Madeeh Hashmi et al., 

2013). A different study found that patient receiving IFN-α therapy showed 

significantly increased scores for MDD during the treatment period compared with 

the untreated reference group, and that the pre-treatment with the antidepressant 

Paroxetine was effective to counteract the IFN-α- induced-depression (Kraus et al., 

2002). Again, all these evidences show a correlation between MDD, antidepressant 

treatment and pro-inflammatory compounds administration but they cannot 

demonstrate the casual relationship between these elements. 

There is now a large body of literature proving the antidepressant effects of 

agents with anti-inflammatory activity. For example, Kohler and colleagues, 

combining data from 14 randomized clinical trials, reported that depressed patients 

treated with nonsteroidal anti-inflammatory drugs (NSAIDs) or cytokine inhibitors 

as primary treatment modalities (Kohler et al., 2014), showed significant reduced 
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depressive symptoms compare to the placebo control group. The treatment with 

antagonists of TNF-α, such as Etanercept or Infliximab, for patient with autoimmune 

disorders has been shown to decrease the depressive symptoms without the 

combination with antidepressants drugs (Grattendick et al., 2008; Tyring et al., 2006; 

Wichers et al., 2006). Differently, in the review of Rosenblat and colleagues 

(Rosenblat et al., 2014), which examined the effect of treatment with NSAIDs, 

omega-3 fatty acids, n-acetylcysteine, or pioglitazone as adjuncts in the treatment of 

MDD  and bipolar disorder, the results showed that the anti-inflammatory agents 

reduced the depressive symptoms with an effect size of -0.40 (95% CI -0.65 to -0.14).  

Other studies have reported increased efficacy of several antidepressant 

treatments with the addition of anti-inflammatory agents, for example, adding the 

NSAID celecoxib to sertraline or fluoxetine and reboxetine, leads to a greater 

reduction of inflammatory markers and severity of depressive symptoms than either 

of the antidepressant alone. The combination of fluoxetine and acetylsalicylic acid 

has been shown to increase the remission rates of MDD probably accelerating the 

pharmacological action of the SSRI (Brunello et al., 2006). 

2.3.3 Antidepressant treatment affects inflammatory levels 

The interaction between inflammation and antidepressant drugs is 

increasingly being recognized. The treatment with antidepressants has been shown to 

reverse the disequilibrium of the inflammatory markers (Hepgul et al., 2016), in 

particular fluoxetine treatment can significantly reduce the peripheral concentration 

of IL-6 in depressed patients (Hannestad et al., 2011). In the same way, antidepressant 

drugs such as imipramine, clomipramine, venlafaxine, fluoxetine, sertraline and 

trazodone have been shown to reduce the pro-/anti- inflammatory ratio in vitro human 

blood samples, linked to an anti-inflammatory effect (Kopschina Feltes et al., 2017). 

An adjunctive proof is that non-responders patients to SSRIs continue to exhibit 

raised IL-6 levels, suggesting that response to treatment is linked to a reduction of 

IL-6 (Kohler et al., 2015). 
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The administration of tricyclic antidepressants including clomipramine and 

imipramine significantly decreased the production of nitric oxide and TNF-α in 

microglia and astrocyte cultures (Wang et al., 2017). This effect was present also at 

the transcriptomic level, since the same treatment produced the reduction of the 

mRNA coding these pro-inflammatory cytokines.  

Finally, in a meta-analysis comprising clinical trials with depressed patients, 

the levels of various cytokines, such as IL-1 and IL-6, were significantly reduced by 

the efficient treatment with SSRIs suggesting that this class of antidepressant, 

inhibiting the effect of inflammatory cytokines, can relieve depressive symptoms 

(Hannestad et al., 2011). 
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3. Current state of the art and purpose of the studies 

3.1. Current state of the art and statement of the problem 

MDD is an enormous medical, societal and economical challenge. SSRIs, the 

most prescribed antidepressants, have variable and incomplete efficacy, thus a new 

and effective pharmacological approach is warranted. The USC hypothesis, positing 

that SSRI treatment does not affect mood per se, but amplifies the influence of the 

living environment on treatment outcome, may reconcile the apparent inconsistency 

of the findings reported so far on the SSRI efficacy (Branchi, 2011). 

In the study published on Molecular Psychiatry in 2017, we demonstrated the 

USC hypothesis in a mouse model of depression, showing that the administration of 

fluoxetine in an enriched condition led to a significant recovery from the depression-

like phenotype compared with vehicle, while under stressful condition it led to a 

worsening of the depression-like phenotype (Table 1, Alboni et al., 2017). Although 

few clinical studies have attempted to investigate the influence of the environment on 

antidepressant action, the finding currently available show that living conditions, 

such as socioeconomic status and lifestyle, modulate the effects of these 

antidepressants. In particular, these studies suggest that SSRIs are more effective in 

those individuals who experience a better quality of life (Alboni et al., 2017). 

 

Table 1. The effects of the SSRI fluoxetine are highly dependent on the quality of 

the living environment. Fluoxetine administration in an enriched condition leads to a significant 

recovery from the depression-like phenotype compared with vehicle, while fluoxetine treatment 

under stress led to a worsening of the depression-like phenotype. Such environment-dependent 

effect is pervasive, as it concerns most of the phenotypic features analysed, from molecular 

pathways to behavior (Alboni et al., 2017).  
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To validate the USC hypothesis also at clinical level, Branchi and colleagues 

exploited the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) 

data set, which is a study enrolled 4.041 outpatients diagnosed with MDD 

representing a broad range of ethnic and socioeconomic groups (Trivedi et al., 2006). 

They found that the sociodemographic characteristics affect citalopram treatment 

response and that this effect is greater in the patients treated with the higher dose of 

antidepressant. Therefore, these results confirm that serotoninergic antidepressant 

treatment amplifies the influence of the living conditions on mood also in depressed 

patients (Figure 6). 

 

Figure 6. The high dose of SSRI citalopram, compared to the lower, leads to an 

increase of the percent of improvements in patients living in a favorable environment but 

also of the percent of worsening in patients living in an unfavorable environment. Percent of 
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patients showing improvement (i.e., reduction ≤1 in QIDS-SR16 score ), percent of stationary 

patients (i.e. no change in QIDS-SR16 score) and percent of patients showing a worsening (i.e., 

increase ≥1 in QIDS-SR16 score) were measured between week 4 and 6, according to the dose 

regimen - either 20 or 40 mg/d dose. Only patients receiving the 40 mg/d dose showed a variation 

in these percent significantly moderated by the sociodemographic characteristics. Chi-square 

*p<0.05 and ** p<0.01 (Chiarotti, 2017). 

 

Inflammation is one of the most recent and promising target of therapeutic 

strategies for psychiatric disorders, such as MDD (Dinan, 2009; Miller and Raison, 

2016; Otte et al., 2016). There is an increasing body of literature reporting that 

inflammatory levels are strongly affected by the quality of the living environment. In 

turn, immune response affects both vulnerability to MDD and antidepressant 

efficacy, in particular, up to 40% of depressed patients exhibit increased 

inflammation, including increased levels of pro-inflammatory cytokines such as, IL-

1β, IL-6, TNF-α (Miller et al., 2009; Miller and Raison, 2016; Raison et al., 2013). It 

has been reported that the activation of inflammatory pathways is associated with a 

lack of response to antidepressants (Carvalho et al., 2013; Cattaneo et al., 2016; 

Cattaneo et al., 2013; Eller et al., 2008; Tuglu et al., 2003; Vogelzangs et al., 2014). 

Furthermore, in 2011 was published and interesting study showing that the 

administration of anti-inflammatory compounds, such as nonsteroidal anti-

inflammatory drugs (NSAIDs), antagonized the behavioral response to SSRI 

treatment. In particular, the authors demonstrated that depressed patients chronically 

treated with the SSRI citalopram are significantly less likely to show full remission 

if they concomitantly take NSAIDs and/or other analgesics (Warner-Schmidt et al., 

2011; Figure 7). Basing on all these findings, the control of the inflammatory response 

in depressed patients may represent a potential approach to modulate the influence of 

the living environment on SSRI treatment outcome.  
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Figure 7. Effects of antidepressants and NSAIDs on behavioral responses. There was 

no effect of chronic citalopram treatment when ibuprofen was co-administered before testing in 

the tail suspension and the novelty suppressed feeding test. All data are presented as means ± 

SEM. Statistically significant effects of antidepressants (#p < 0.05) or NSAIDs/analgesics (*p < 

0.05, **p < 0.01) are noted (Warner-Schmidt et al., 2011). 

 

As mentioned before, the view offered by the USC hypothesis leads to new 

perspectives on how to improve SSRI efficacy through the control the living 

conditions. However, often it is not possible to act on the quality of the living 

environment since the patient’s life circumstance and his personal history are 

unchangeable. In these cases, it is advisable modulate, with a pharmacological 

approach, the factors underlying the link between living environment and SSRI 

efficacy. In this way, it could be possible to improve the antidepressant outcome even 

in patients living in non-supportive conditions, which are very common in depressed 

patients. A large body of literature reports that the quality of the living condition is 

strongly associated also to the metabolism. For instance, it is well known that having 

an active physical and social life profoundly modulates the metabolic markers, 

including hormones and adipokine levels (Corpeleijn et al., 2007; Hafner et al., 2011). 

On the other hand, the neuroendocrine pathway, which consist in the brain-adipocyte 

axis, is reportedly involved in the vulnerability to MDD and in antidepressants 

efficacy. For example, it has been recently shown that metabolic syndrome is 

associated with MDD and, more in particular, that obesity and metabolic syndrome 

are involved in the vulnerability of MDD (Anderson et al., 2001; Luppino et al., 

2010). In a recent work, it has been demonstrated that the remission from MDD with 
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antidepressant treatment is associated to the normalization of metabolic markers, 

while non-remitters patients do not show changes in adipokine levels (Weber-

Hamann et al., 2007). Therefore, the modification of metabolism represents a 

potential approach to modulate the interplay between environment and SSRIs in order 

to improve antidepressant treatment outcome. 

 

3.2. Purpose of the studies  

The general aim of the following studies is to identify the factors that 

determine the serotoninergic treatment outcome in depressed patients, to improve the 

SSRI treatment efficacy. According to the USC hypothesis, SSRI outcome are not 

determined by the drug per se but induced by the drugs and driven by different 

intervening factors. The consequence of such hypothesis is that, controlling the living 

conditions experienced by the patients treated with SSRIs, it is possible increase the 

efficacy of the therapy. Therefore it is crucial to find the factors that mediate the 

influence of the environment on SSRI action and, to this purpose, we focused on 

neural plasticity and inflammation since they have been widely reported act as key 

factors in determining SSRI outcome. Indeed microglia and inflammatory system are 

increasingly emerging as effectors translating the influence of the living environment 

into changes in brain function. To explore the interplay between neural plasticity and 

inflammation, first we assessed how the increase in neural plasticity, associated with 

the fluoxetine treatment, affects the inflammatory levels. Then, we modulate the 

immune system with two different pharmacological agents, which induced either 

immune activation or suppression, and we evaluated their effects on neural plasticity 

at both molecular and cellular level.  

As further step, we investigated the effects of the combined administration of 

fluoxetine and metformin, a drug able to improve metabolic profile, in a mouse model 

of depression. Our aim was to verify whether the pharmacological intervention on 

metabolism, which is reported to mimic the quality of the living condition on mood, 

counteracts the demonstrated limited efficacy of fluoxetine alone, when administered 
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in stressful conditions. In particular, we wanted identify the metabolic targets in the 

brain-adipocyte axis that lead to a beneficial effect on depressive symptoms, even 

when the patient is treated in non-supportive conditions. 

 

3.3. Experimental approach and outline of the thesis 

In the Study 1, to assess whether the increased neural plasticity induced by 

SSRI controls inflammation, we chronically administered the SSRI fluoxetine in 

mice with high levels of inflammation, associated with exposure to a stressful 

environment, and in mice with low levels of inflammation, associated with exposure 

to an enriched environment. We measured the expression levels of the principal pro- 

and anti-inflammatory cytokines in the hippocampus and in the hippocampal isolated 

microglia. Moreover, we investigate the surveillance state of the microglia 

determining their density, distribution and morphology 

The results we obtained showed that the increased neural plasticity, induced 

by fluoxetine, leads to opposite effects on inflammation, according to the starting 

inflammatory conditions of the animals. In particular, when the inflammatory levels 

were low, as in the enriched environment, neural plasticity increases them, while 

when the inflammatory levels were high, as in the stressful environment, plasticity 

decreases them. This suggests that enhanced neural plasticity is associated with an 

intermediate range of inflammation strictly controlled and that SSRI effects depends 

on this control.  

In the Study 2, we investigated the interplay between neural plasticity and 

inflammation, assessing the level of plasticity following an immune activation or 

suppression. Indeed it is well known that neural plasticity is influenced by several 

factors including inflammation (Yirmiya and Goshen, 2011) and we hypothesized 

that neural plasticity vary in function of inflammatory activity in an inverted U-shape 

relation. To investigate such interaction, we acutely treated adult male mice with 

different doses of ibuprofen or lipopolysaccharide (LPS), which respectively 

decrease and increase inflammatory levels, and we assessed their neural plasticity 
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both at molecular and cellular level. In particular, we performed functional measures 

in the hippocampus recording the long-term potentiation (LTP) at Schaffer collateral-

CA1 synapses since it is considered a cellular substrate of brain plasticity and we 

analyzed the hippocampal levels of BDNF, the neurotrophic factor most involved in 

plasticity process. Our findings showed that the mice treated with the higher doses of 

ibuprofen and LPS display significant reduced plasticity compared to the mice treated 

with the lower doses and with the saline. These results demonstrated that the two 

extreme inflammatory condition lead to an impairment of the brain function, 

suggesting that the neural plasticity is possible only within a strict range of 

inflammatory levels and that any deviations from such range results in reduced 

plasticity. 

With the Study 3, we explored whether the combined administration of 

fluoxetine and metformin, an agent drug able to improve metabolic profile, improve 

the limited efficacy of fluoxetine alone in a mouse model of depression. Indeed 

metabolism could be an important target to modulate the influence of the environment 

on the individual and we decide to explore such polypharmacological approach to 

test whether a multi-target treatment could enhance the already proved limited 

effectiveness of the treatment with fluoxetine alone when administered in stressful 

conditions. Adult C57BL/6 male mice were exposed to stressful condition for 6 

weeks, the first two aimed at inducing a depression-like phenotype. During the 

remaining 4 weeks, mice received vehicle, fluoxetine, metformin or a combination 

of fluoxetine and metformin. We measured behavioral phenotypes of depression and 

we assessed the expression levels of several genes involved in MDD and 

antidepressant response in the dorsal and ventral hippocampus, reported to be 

differently involved in this pathology. Our results showed that the combined 

treatment was more effective than fluoxetine alone in improving the depressive 

symptoms, suggesting that this polypharmacological approach could be more 

effective to treat MDD compared to the currently antidepressant therapy, especially 

when patients experience stressful living conditions.   
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EXPERIMENTAL SECTION 

Study 1. Brain plasticity inducted by SSRI depends on the 

quality of the environment 

Introduction 

Selective serotonin reuptake inhibitors (SSRIs) are the most commonly 

prescribed drugs for the treatment of major depression (MD), which constitutes an 

enormous medical, individual, societal and economical challenge and afflicts up to 

10-15% of the population worldwide. However, the efficacy of SSRIs is variable and 

incomplete: 60–70% of patients do not experience remission and 30–40% do not 

show a significant response (Trivedi et al., 2006). One of the main reasons for such 

limited efficacy is the poor comprehension of their mechanisms of action at cellular 

and molecular levels. 

In recent decades, the crosstalk between the innate and adaptive immune 

systems and the brain has been suggested as a key factor contributing to 

antidepressant drug action (Carvalho et al., 2013; Eller et al., 2008; Lanquillon et al., 

2000; Tuglu et al., 2003). Indeed, treatment with SSRIs has been shown to decrease 

MD associated cytokine elevations. In particular, the levels of inflammatory 

cytokines IL-1β, IL-6 and TNF-α have been reported to be reduced following SSRI 

treatment (Basterzi et al., 2005; Kagaya et al., 2001; Lanquillon et al., 2000; Leo et 

al., 2006; Tuglu et al., 2003; Yoshimura et al., 2009). In addition, elevated baseline 

levels of TNF-α and IL-6 correlate with treatment failure (Carvalho et al., 2013; Eller 

et al., 2008; Lanquillon et al., 2000). However, other clinical studies obtained 

opposite results, demonstrating no or even pro-inflammatory effects of antidepressant 

treatment (Chen et al., 2010; Haastrup et al., 2012; Hannestad et al., 2011; Jazayeri 

et al., 2010; Kim et al., 2013; Song et al., 2009). Experimental studies reflect the 

incongruence of clinical findings. Indeed, though many studies attributed anti-

inflammatory effects to antidepressant drugs (Bielecka et al., 2010; Kenis and Maes, 

2002; Obuchowicz et al., 2006; Tynan et al., 2012; Xia et al., 1996), pro-
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inflammatory effects were reported as well (Diamond et al., 2006; Horikawa et al., 

2010; Horowitz et al., 2015; Kubera et al., 2005; Tynan et al., 2012). Such 

discrepancy suggests that SSRIs may not have a univocal effect on inflammatory 

processes and additional factors may moderate the complex interplay between 

antidepressants and inflammation (Kraemer et al., 2006). 

Recently, a number of preclinical studies have identified the living 

environment as a key moderator of the outcome of SSRI treatment (Alboni et al., in 

press; Branchi, 2011; Branchi et al., 2013). In particular, since the increase in 

serotonin levels induced by SSRIs enhances neural plasticity, rendering individuals 

more susceptible to environmental conditions, the outcome of SSRI administration is 

not univocal but depends on the quality of the environment. This view is supported 

by clinical studies showing that antidepressants are more effective in patients with a 

good quality of life, while having no or even detrimental consequences in patients 

experiencing stressful conditions (Cohen et al., 2006; Trivedi et al., 2006). 

Accordingly, the quality of the environment has been shown to determine the 

outcome of SSRI treatment on the vulnerability to obesity (Mastronardi et al., 2011; 

Wong and Licinio, 2001). Though the influence of the living environment in driving 

SSRI effects on depressive symptomatology starts to be unraveled, no information 

on its role in moderating SSRI effects on the inflammatory response is available. 

The aim of the present study was to determine whether fluoxetine treatment, 

as compared to vehicle, affects the inflammatory response, which notably involves 

microglial cells within the brain, according to the quality of the living environment. 

To this purpose, we exposed C57BL/6 mice first to 14 days of stress, in order to 

induce a depression-like phenotype and, subsequently, to 21 days of either (i) an 

enriched or (ii) a stressful condition, while receiving fluoxetine or vehicle. We 

assessed the expression levels of several key inflammatory markers in the 

hippocampus, a highly plastic brain region that is deeply involved in MD and 

antidepressant effects (MacQueen and Frodl, 2011). In addition, in order to 

investigate possible changes in microglial function, we measured the expression 

levels of several inflammatory markers in freshly isolated hippocampal microglial 
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cells, as well as microglial density, distribution and morphology. Our prediction was 

that the trajectories of inflammatory and microglial modifications induced by 

fluoxetine treatment depend on the living environment. 

 

Material and methods 

Animals and housing conditions 

C57BL/6 male mice 12–15 week old were used and kept under 12-hour light-

dark cycle at 22–25°C. Animals were housed in the Intellicage system (TSE-system, 

NewBehavior AG, Zürich, Switzerland), which is an apparatus designed for the 

automatic monitoring of mouse behavior (Branchi et al., 2013). Food was freely 

available. 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)]. All 

procedures were carried out in accordance with the EC guidelines (EEC Council 

Directive 2010/63/UE86/609 1987), Italian legislation on animal experimentation 

(Decreto Legislativo 26/2014). 

The animals were gradually habituated to the Intellicage environment during 

a 14-days period. Five days before being moved to the Intellicage, each animal was 

injected with a subcutaneous transponder (T-IS 8010 FDX-B; Datamars SA, 

Switzerland). Three independent experiments were performed. In each experiment, 

animals were housed in enriched or stressful conditions, and received fluoxetine or 

vehicle. 

Enriched condition: the Intellicage provides an enriched environment 

because mice are socially housed and exposed to Plexiglas shelters of different colors 

and shapes (four red transparent Tecniplast plastic nest boxes and four white opaque 

boxes), and to tissue paper. New paper was provided every 5 days and the plastic 

shelters were cleaned every week. 
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Stressful condition: The mice were exposed each day to a different stressor, 

randomly chosen among social stress and other stressful procedures provided by the 

Intellicage. Exposing mice to different stressors was used to prevent habituation to 

each of these. The stressful procedures used are: Social stress: moving animals from 

one Intellicage into another, creating new social groups hence forcing mice to re-

establish their social hierarchy; Short open door: door to access water or saccharin 

remains open for only 1.5 seconds; Open door 25%: door opens only following 25% 

of nosepokes; Air puff: when the mouse enters the corner, it has a 20% chance of 

receiving an air puff; Delayed door: door opens 2.5 seconds after the first nosepoke. 

In addition, in the stressful condition, no shelter or tissue paper was provided. 

Treatment 

Fluoxetine (Fluoxetine HCl, SantaCruz, USA) was dissolved in water or 

saccharin solution and delivered ad libitum in the drinking bottles for 3 weeks. 

Compared to injection, this administration method avoids stress due to the handling. 

The solutions were prepared according to the mouse average weight and daily water 

consumption in order to provide an average daily intake of 30 mg/kg. According to 

previous studies, such intake allows to reach an effective fluoxetine serum level 

approximating 150 ng/ml (Dulawa et al., 2004). Bottles were wrapped in tin foil as 

to protect the substance from light.  

Treatment in the enriched condition: Mice underwent a 14-days stress period 

consisting in random exposure to different stressful procedures (see above, Stressful 

condition). Afterwards, mice were housed for 21 days in the enriched condition while 

being treated with fluoxetine or vehicle.  

Treatment in the stressful condition: Mice underwent a 14-days stress period 

(as above described). Afterwards, they were exposed to a second stress period (21 

days) while receiving fluoxetine or vehicle (Fig. 1).  
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Figure 1. Experimental design. Fluoxetine treatment in (A) the enriched and stressful 

and (B) the standard condition. In all conditions, before treatment, mice are exposed to a 14-days 

period of stress to induce a depression-like phenotype. 
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RNA extraction, RT-PCR and Real Time PCR on entire hippocampus 

Total RNA was extracted from the hippocampi of 8 animals per group by 

using GeneEluteTM Mammalian Total RNA Moniprep kit (Sigma, St. Louis, MO. 

USA) using On-Column DNAse I Digestion Set (Sigma, St. Louis, MO. USA) clean-

up step in order to remove genomic contamination. Quantity of total RNA was 

determined using a ND-1000 Spectrophotometer (Nanodrop), and RNA integrity was 

assessed with an Agilent 2100 Bioanalyzer (Agilent Techonologies) to determinate 

the ratios of 28S–18S ribosomal RNA band intensities (RNA integrity number; RIN). 

A cutoff of 8 of RIN value was applied in order to ensure a high samples quality. Two 

μg of total RNA were reverse transcribed using High Capacity cDNA Reverse 

Transcription Kit (Life Technologies, Milan) in 20 μL of reaction mix. Real Time 

PCR was performed in LightCycler® 480 Instrument (Roche, Mannheim, Germany) 

using Power SYBR Green mix (Applied Biosystems®, Milan) added to the specific 

primers (see Supplementary Table 1 for primers sequences). The cycling parameters 

were: 95°C 10 min and 95 °C 15 s, 60° 1 min for 40 cycles. Single PCR products 

were subjected to a heat dissociation (gradual increase of temperature from 60°C to 

95 °C) and agarose gel separation in order to verify the absence of artifacts, such as 

primer-dimers or non-specific products. Direct detection of PCR products was 

monitored by measuring an increase in fluorescence intensity resulting from the 

binding of SYBR Green dye to neo-formed double strand DNA during the 

amplification phase. Each sample was normalized to the expression of housekeeping 

gene GAPDH (NCBI accession number: NM_008084). Cycle threshold (Ct) value 

was determined by the SDS software 2.2.2 (Applied Biosystems®, Milan) and was 

utilized to calculate mRNA fold changes using the delta delta ct (ΔΔCt) method 

(calibrator: average of VEH treated control animals). For an appropriate application 

of comparative ΔΔCt method, it was demonstrated that amplification efficiency of 

the target genes and endogenous control gene were approximately equal (Alboni et 

al., 2011). 
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Protein extraction and Western blotting 

For protein extraction, hippocampi from 8 animals per group were 

homogenized by potter (12 stroke at 600 rpm) in lysis buffer containing Hepes 10 

mM, EGTA 0.1 mM, sucrose 0.28 M pH 7.4, 1X Complete protease Inhibitor 

Cocktail (Roche, Mannheim, Germany), NaPP 5 mM, NaF 20 mM, Na3VO4 1 mM. 

Protein concentration was determined with a standard protocol using Coomassie® 

reagent (Sigma-Aldrich, Milan, Italy). Western blots were carried out on 30 μg of 

total or cytoplasm enriched extracts separated by 10-14% SDS-PAGE and transferred 

onto PVDF (Millipore) membranes. After blocking with 5% non-fat dry milk in TBS-

Tween 20 for 1 hr at room temperature, membranes were incubated with specific 

antibodies overnight at 4°C followed by secondary antibodies (HRP-conjugated anti-

rabbit or anti-mouse IgG at appropriate dilutions) for 1 hr at room temperature (see 

Supplementary Table 2). Antibody binding was detected by using ImmobilonTM 

Western Chemiluminescent HRP substrate (Millipore). The levels of protein were 

calculated by measuring the peak densitometric area of the autoradiography analyzed 

with an image analyzer. The optical density (OD) for targets signals were normalized 

according to the OD of β-Tubulin. Ratios were expressed as percentage of relative 

control ± SEM. Each experiment was performed twice and the mean of the OD ratios 

(target/internal standard) were analyzed. 

Histology 

Animals were sacrificed by an overdose of Pentobarbital (50mg/kg) and 

perfused transcardially with cold phosphate buffered saline (PBS) followed by cold 

1% paraformaldehyde (PFA) with 15% saturated picric acid. Brains were dissected 

rapidly and the hippocampi removed. Isolated hippocampi were gently straightened 

and fixed with 4% PFA in grooves (25 x 4 x 8 mm) carved into PVC blocks. 

Hippocampi were post fixed in this straightened position for 3 hrs, PFA was 

exchanged every hour. 
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Matrix embedding of straightened hippocampi 

Randomly selected left or right hippocampi were processed for 

immunohistochemistry as following: 

hippocampi were embedded in a gelatin-albumin protein matrix following the 

protocol developed by Smiley and Bleiwas (Smiley and Bleiwas, 2012). In brief, 

tissue was first cryoprotected by immersion in glycerol. A base layer of protein 

composed of gelatine-egg-albumin with the cross-linking reagents glutaraldehyde 

and lysine was prepared in molds (25 x 20 x 14 mm). Hippocampi were positioned 

in parallel on the slightly hardened base layer (5-6 hippocampi per mold) and gently 

pushed below the surface. After 10 min, the entire mold was filled up with freshly 

prepared protein matrix. Matrix blocks containing the embedded hippocampi were 

then cryoprotected by immersion into glycerol. Frozen blocks were cut perpendicular 

to the longitudinal/septotemporal axis of the hippocampi at 40 m, series of every 

10th section were collected and stored in cryoprotection solution until further 

processing. A reference serie was mounted immediately in the correct anatomical 

order and Giemsa-stained (Giemsa stock solution 1.09204.0500, Merck, Darmstadt, 

Germany) following the protocol of Iñiguez (Iniguez et al., 1985). One complete 

series of sections for each animal was processed for IBA1 immunohistochemistry. 

For this, free-floating sections were washed extensively in Tris buffered saline (TBS) 

containing 0.05% Triton. For epitope retrieval, sections were treated shortly in the 

microwave with citrate buffer (Target Retrieval Solution, DAKO; 1:10, pH 6.0) and 

endogenous peroxidase activity was blocked with a 15-min incubation in 0.06% 

peroxidase. After pre-incubation in 2% normal goat serum with 0.25% Triton in Tris-

buffered saline (TBS) for 60 min at RT, the sections were incubated overnight with 

primary antibodies against IBA1 (rabbit-anti-IBA1, Wako Pure Chemicals, Japan, 

1:3000). Incubation in secondary antibody (Goat anti Rabbit, Vectastain, 1:300) was 

followed by incubation with ABC solution (Vectastain). Finally, sections were 

stained with 3,3’ diaminobenzidine (DAB) and mounted, counterstained with 

hematoxylin solution, dehydrated and cover-slipped. 



57 

 

Light microscopy imaging and analysis 

Color pictures were acquired in the central hippocampus CA1 stratum 

radiatum of 7 sections in each of 7 animals per experimental group using an Infinity 

2 camera (5 MP; Lumenera), at 10X for the cellular density and spacing analysis, and 

at 40X for the morphology analysis. All the analysis was performed with the ImageJ 

software (National Institutes of Health). To determine cellular densities and spacing, 

the CA1 stratum radiatum was delineated in 10X pictures by using the freehand 

selection tool, based on the stereotaxic atlas of Paxinos and Franklin (Paxinos and 

Franklin, 2013), and its area measured in pixels and converted into mm2. The center 

of each microglial cell body (area ≥20µm2) was marked with a dot using the 

paintbrush tool. The analyze particles function was then used to automatically record 

cell numbers as well as spatial coordinates, enabling to determine the nearest 

neighbor distance for each cell by using the nearest neighbor distance plugin. Total 

cell number was divided by the total area to determine cellular density on a per animal 

basis. A spacing index was calculated as the square of the average nearest neighbor 

distance multiplied by microglial density on a per animal basis (Tremblay et al., 2012; 

Milior et al., 2015). 

To analyze morphology, a total of 15 microglial cells in each of 5 animals per 

experimental group were analyzed at 40X. Only cells whose cell body and proximal 

processes were perfectly in focus were included in the analysis. Every IBA1-

immunopositive microglia in a particular picture was analyzed before moving on to 

the next picture as to not introduce selection bias (Tremblay et al., 2012; Milior et al., 

2015). For each microglia, the soma area was determined by drawing a line around 

the cell body by using the freehand selection tool. The arborization area was 

determined with the polygon selection tool to connect the most distal extremities of 

every process. The soma and arborization areas were calculated in pixels and 

converted into micrometers. A morphological index was determined by using the 

formula: soma area/arborization area. The larger the value, the greater the soma size 

was in relation to the arborization size (Tremblay et al., 2012). All analyses were 

performed blind to the experimental condition. 
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Isolation of CD11b+ cells, total RNA extraction and Real-time PCR on 

CD11b+ cells 

Mice housed in enriched or stressful environments, receiving fluoxetine or 

vehicle, were anesthetized and decapitated. Brains were removed, cut into small 

pieces and single-cell suspension was achieved by enzymatic digestion in trypsin 

(0.25 mg/ml) solution in Hank's balanced salt solution (HBSS). The tissue was further 

mechanically dissociated using a wide-tipped and the suspension was applied to a 30 

m cell strainer. Cells were processed immediately for MASC MicroBead separation. 

The CD11b-positive (+) cells were magnetically labelled with CD11b MicroBeads. 

The cell suspension was loaded onto a MACS Column (Miltenyi Biotec, Germany) 

placed into the magnetic field of a MACS Separator. After removing the magnetic 

field, CD11b+ cells were eluted as positive fraction. Live CD11b+ cells were 

identified by flow cytometry (FACS) as previously indicated (Garofalo et al., 2015). 

Upon sorting of the CD11b+ and negative (-) fractions, total RNA was isolated using 

RNeasy Mini Kit, and processed for real-time PCR. The quality and yield of RNAs 

were verified with the Ultraspec 2000 UV/Visible (Pharmacia Biotech). Reverse 

transcription reaction of the CD11b+ and - fractions was performed in a thermocycler 

(MJ Mini Personal Thermal Cycler; Biorad) using IScript TM Reverse Transcription 

Supermix (Biorad) 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. Real-time PCR (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 instructions. 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 quantification analysis the comparative Threshold Cycle (Ct) method 

was used. The Ct values from each gene were normalized to the Ct value of GAPDH 

in the same RNA samples. Relative quantification was performed using the 2−ΔΔCt 

method (Schmittgen and Livak, 2008) and expressed as fold change in arbitrary 

values. 
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Statistical analysis 

One-way ANOVA, Student’s t-test or non-parametric analyses (when data 

were non-normally distributed) were performed with the Statistical software Statview 

II (Abacus Concepts, CA, USA) to compare vehicle vs. fluoxetine-treated groups, 

independently in the enriched or stressful conditions. All mean differences were 

considered statistically significant when p < 0.05. 

Results and discussion 

Fluoxetine affects hippocampal inflammatory mediators 

In order to explore whether fluoxetine effects on inflammation depend on the 

quality of the living environment, we analyzed hippocampal expression levels of six 

immune mediators reportedly involved in antidepressant drug action (Carvalho et al., 

2013; Chen et al., 2010; Eller et al., 2008; Hannestad et al., 2011; Kim et al., 2013; 

Lanquillon et al., 2000; Song et al., 2009; Tuglu et al., 2003) and affected by 

environmental stimuli (Chabry et al., 2015; Goshen et al., 2008; Singhal et al., 2014; 

Wohleb et al., 2011). In particular, we focused on IL-6, TNF- and IL-1, which are 

pro-inflammatory cytokines among the most studied in relation to antidepressant 

effects (Carvalho et al., 2013; Eller et al., 2008; Hannestad et al., 2011). The 

expression levels of IFN-, which has pro-inflammatory effects and pleiotropic 

activity, and two anti-inflammatory cytokines, IL-4 and TGF-, were analyzed as 

well. 

While hippocampal IL-6 expression was not modified by fluoxetine in both 

conditions, TNF- and IL-1 levels were affected by treatment in an environment-

dependent fashion. In particular, fluoxetine decreased TNF- mRNA expression as 

compared to vehicle in the stress condition (t = -3.075, p = 0.0082) but did not affect 

it in the enriched condition (Fig. 2 A,C). Whereas IL-1 mRNA expression was 

increased by treatment in enrichment (t = 4.714, p = 0.0008) but not affected in stress 

(Fig. 2 A,C). The change in IL-1 mRNA levels was paralleled by concordant 

modifications of IL-1 precursor and mature protein levels (Fig. 2 B), fluoxetine-
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treated subjects showing a decrease in pro-IL-1 (t = -2.368, p = 0.0281) and an 

increase in mature IL-1 (t = 2.135, p = 0.0460) in comparison with vehicle. No 

change in protein levels was found in the stressful condition (Fig. 2 D). IL-6 and 

TNF- protein levels were not affected by fluoxetine in both conditions (data not 

shown). IFN- expression levels were modified by fluoxetine treatment as compared 

to vehicle only in the stressful condition, treated mice showing decreased mRNA 

levels compared to controls (t= -3.007, p = 0.0109). No significant effect of 

fluoxetine on IL-4 and TGF- was found (Fig. 2 E,F). These findings indicate that 

fluoxetine increases the overall inflammatory milieu in the enriched condition, while 

exerting an opposite effect in the stressful condition. The latter result is in line with 

previous studies showing that fluoxetine, when administered to mice exposed to a 

stressful environment, overall reduces hippocampal expression of pro-inflammatory 

cytokines (Cheng et al., 2016; Ji et al., 2014; Jiang et al., 2013; Lu et al., 2014; 

Tianzhu et al., 2014; Wilson et al., 2014; Xie et al., 2015). 
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Figure 2. Fluoxetine effects on inflammatory markers in the whole hippocampus. In 

the enriched condition, we found (A) increased levels of IL-1 mRNA, (B) decreased protein 

levels of pro IL-1 and increased levels of mature IL-1. (C) TNF- expression was reduced by 

fluoxetine treatment in mice treated in the stressful condition. (D) IL-1 protein level was not 

affected in the stressful condition. (E) No significant effect was found for IFN-ɣ, IL-10, IL-4 and 

TGF-β mRNA levels in the enriched condition. (F) By contrast, IFN-ɣ mRNA levels were lower 

in mice treated in the stressful condition. Representative blots of pro- and mature- forms of IL-1, 

and their relative β-tubulin bands, in (G) the enriched or (H) the stressful condition. Results are 

shown as fold increases relative to vehicle. Data are expressed as mean + S.E.M. (n = 8 per group). 

* p<0.05 vs. relative vehicle group. 
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The inflammasome is emerging as a key player in mediating the influence of 

inflammation on the vulnerability to psychiatric disorders including MD (Alcocer-

Gomez and Cordero, 2014; Alcocer-Gomez et al., 2014; Alcocer-Gomez et al., 2015; 

Miller and Raison, 2015; Pan et al., 2014; Zhang et al., 2015). High expression of 

NLRP3 inflammasome and caspase 1 in peripheral blood mononuclear cells of 

depressed patients has been associated to increased blood concentration of IL-1β, 

which in turn correlates with depression severity (Miller and Raison, 2015). To 

investigate whether the inflammasome complex responsible for the activation of 

inflammatory processes is differently affected by fluoxetine in comparison to vehicle 

when administered in the enriched or stressful condition, we measured the 

hippocampal expression levels of components of the intracellular NLR 

inflammasome family. In the stressful condition, mice treated with fluoxetine showed 

decreased mRNA levels of the adaptor apoptosis-associated speck-like protein (ASC) 

common to all inflammasomes, as compared to vehicle (t = -3.391, p = 0.0048). By 

contrast, mice treated in the enriched condition showed increased caspase-1 mRNA 

levels (t = 2.679, p = 0.0019). No significant differences were observed in NLRP3, 

NLRP1, and IPAF (NLRC4) mRNAs levels in both conditions (Fig. S1 A). Overall, 

these results support a dual effect of fluoxetine driven by the quality of the 

environment and suggest that fluoxetine downregulates inflammasome activity in the 

enriched condition, while exerting opposite effects under stress. 

Microglial modulation by fluoxetine upon environmental stimulation 

Microglial cells represent a potential key player in the brain-immune dialogue 

since they mediate the influence of the inflammatory milieu on neuronal activity and, 

thus, on behavioral outcome (Bessis et al., 2007; Branchi et al., 2014). To evaluate 

whether microglial function is affected by changes in inflammatory markers induced 

by fluoxetine treatment in the two environmental conditions, we first measured the 

expression of Toll-like receptors (TLRs). These receptors mediate innate immune 

responses to exogenous and endogenous threats (Trotta et al., 2014) and can be 

triggered in the absence of infection (Janova et al., 2015). During inflammatory 
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responses, the membrane-anchored CD14 acts as a co-receptor for TLR4, an important 

regulator of neuroimmune interactions in the response to stress and MD (Liu et al., 

2014), leading to the downstream release of inflammatory modulators such as TNF- 

and IL-1 (Zhou et al., 2013). We found that fluoxetine treatment, as compared to 

vehicle, increases hippocampal levels of both CD14 and TRL4 mRNAs in the 

enriched condition (t = 3.111, p = 0.0090 and t = 3.204, p = 0.0107, respectively; 

Fig. S2). Since TLR4 and CD14 are mainly expressed by microglial cells in the brain 

(Lehnardt et al., 2003), these findings suggest that fluoxetine treatment in an enriched 

environment makes microglial cells prone to mount an immune response. The 

expression of these mediators did not differ between fluoxetine treatment and vehicle 

in the stressful condition. 

We next assessed changes in neuron-microglia signaling through the 

chemokine fractalkine (CX3CL1) and its unique receptor CX3CR1 expressed by 

microglia in the brain, which is known to maintain microglial cells in a surveillance 

state (Paolicelli et al., 2014). Fractalkine signaling was recently found to play also a 

prominent role in mediating the influence of environment on brain function, 

regulating key brain processes such as microglial phagocytosis of synaptic elements 

and short- and long-term neuronal plasticity (Maggi et al., 2011; Milior et al., 2015). 

We found that, though CX3CR1 receptor levels were not affected, hippocampal 

fractalkine expression was reduced in fluoxetine-treated mice compared to vehicle in 

the stressful condition (t= -3.519; p= 0.0038), suggesting an “activation” or 

phenotypic transformation of microglia induced by the drug when administered in 

mice exposed to stress (Fig. 3 B). No change was found in the enriched condition 

(Fig. 3 A).  

To investigate microglial surveillance state, we evaluated microglial density, 

distribution and morphology in the CA1 radiatum through IBA1 immunostaining. 

This analysis revealed that density was not modified by fluoxetine treatment 

compared to vehicle in both conditions, suggesting marginal proliferation or brain 

infiltration by IBA1-positive myeloid cells (Fig. 3 D,F). This finding is concordant 

with the lack of effects of fluoxetine on IBA1 and CD11b expression in whole 

https://en.wikipedia.org/wiki/Tumor_necrosis_factor-alpha
https://en.wikipedia.org/wiki/IL1B
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hippocampus (Fig. 3 A). By contrast, microglial spacing was affected by fluoxetine, 

though only in the stressful condition (Fig. 3 E), where it was significantly increased 

by the treatment in comparison to vehicle [F(1, 12) = 6.030, p = 0.0303]. This 

increased microglial spacing indicates the occurrence of unsampled neuropil areas 

where a reduced surveillance could compromise the brain response to endogenous 

and exogenous challenges. Microglial morphology was overall not affected in the 

enriched condition (Fig. 3 C). However, fluoxetine treatment increased cell body area 

[F(1, 148) = 5.062, p = 0.0259] and decreased arborization area [F(1, 148) = 3.991, 

p = 0.0476] compared to vehicle in the stressful condition. The morphological index, 

standardizing the size of microglial cell body to the arborization area, was increased 

as well [F(1, 148) = 10.645, p = 0.0014; Fig. 3 I]. These changes suggestive of 

immune “activation” have been classically associated to a pro-inflammatory profile 

(reviewed in (Walker et al., 2014)) as during aging (Bachstetter et al., 2011; Tremblay 

et al., 2012). By contrast, here we found that such microglial modifications are 

associated to an anti-inflammatory profile, prompting to revisit this simplistic 

association between microglial structure and function, as already suggested (Walker 

et al., 2014). Such alternative association between microglial morphological changes 

and an anti-inflammatory function is increasingly reported. For instance, 

noradrenergic signaling, which is notably enhanced by fluoxetine treatment, has been 

shown to increase microglial expression of anti-inflammatory mediators, while 

inducing microglial process retraction, reducing surveillance and promoting 

phagocytosis (Gyoneva and Traynelis, 2013; Heneka et al., 2010). 
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Figure 3. Microglial surveillance state in the hippocampus. (A) In the enriched 

condition, IBA1, CD11b, CX3CR1 and CX3CL1 mRNAs levels were not modified by fluoxetine 

treatment. However, (B) in the stressful condition, the expression of CX3CL1 was significantly 

reduced in fluoxetine treated mice with respect to their control. Results of RT-PCR analysis are 

shown as fold increases relative to vehicle. Gene expression data are expressed as mean + S.E.M. 

(n = 8 per group). * p<0.05 vs. relative vehicle group. (C, E) In the enriched condition, the nearest 

neighbor distance (NND), density and spacing index (square of the average NND multiplied by 

microglial density), cell body area, arborization area and morphological index (cell body area over 

arborization area) were not altered by fluoxetine treatment. (D, F) By contrast, in the stressful 

condition, the spacing index and cell body areas were increased, the arborization area was 

decreased and the morphological index was increased in fluoxetine treated mice. Representative 

images of IBA1-stained microglia from the four experimental groups, captured at low (10X) or 

high magnification (40X), are respectively shown in (G, H) and (I, J). 
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Fluoxetine modulates microglial phenotype in an environment 

dependent manner 

Different activation states of microglia are characterized by a wide variety of 

phenotypic markers, including cytokines, chemokines, surface receptors and 

metabolic enzymes that lead to a pro or anti-inflammatory action (Franco and 

Fernandez-Suarez, 2015). In order to investigate how the interplay between the 

environment and fluoxetine treatment affects microglial phenotype and to assess 

whether resident immune cells contribute to the inflammatory changes measured in 

the whole hippocampus, we isolated and analyzed CD11b+ cells. Considering that 

peripheral immune cells infiltration appears to be marginal in our model, the CD11b+ 

population should mainly comprise microglia. RT-PCR analysis in CD11b+ cells 

revealed that, compared to vehicle, fluoxetine treatment administered in the enriched 

condition led to a pro-inflammatory profile, increasing pro-inflammatory and 

decreasing anti-inflammatory-related genes expression (Fig. 4). In particular, iNOS 

(t = 2.965, p = 0.041), cd86 (t = 6.399, p < 0.001), IL-15 (t = 3.925, p = 0.008), IL-

1b (t = 2.675, p = 0.038) and IL-23 (t = 7.343, p < 0.001) mRNA levels were 

increased, while arg-1 (t = 3.059, p = 0.022), ym-1 (t = 5.547, p = 0.005), IL-10 (t = 

5.201, p = 0.002), IL-1Ra (t = 3.151, p = 0.025) were reduced compared to vehicle 

(Fig. 4A, D). Interestingly, an opposite effect was found when fluoxetine treatment 

was administered in the stressful condition, which produced a clear shift towards an 

anti-inflammatory profile. Specifically, arg-1 (t = 4.042, p = 0.007), cd206 (t = 2.783, 

p = 0.032), ym-1 (t = 2.961, p = 0.042), TGF-β (t = 2.605, p = 0.040), socs3 (t = 

2.963, p = 0.031), IL-10 (t = 4.117, p = 0.006), IL-1ra (t = 3.752, p = 0.009), fizz-1 (t 

= 3.051, p = 0.022) mRNA levels were increased, while iNOS (t = 5.535, p = 0.005), 

TNF-α (t = 3.217, p = 0.018), IL-1b (t = 3.917 p = 0.008), IL-6 (t = 2.934, p = 0.026) 

and IL-23 (t = 3.366, p = 0.015) levels were decreased compared to vehicle (Fig. 4B, 

E). TNF-α and IL-1b were modulated by fluoxetine in the whole hippocampus and in 

isolated microglial cells in a similar fashion, suggesting that microglia participate in 

setting the hippocampal levels of these cytokines. Moreover, in the stress condition, 

the fluoxetine-induced reduction in the whole hippocampus levels of IFN-ɣ, a main 
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cytokine leading to pro-inflammatory microglial response, was concordant with the 

increased expression of anti-inflammatory markers in CD11b+ cells. Among these, 

iNOS, which is deeply involved and upregulated in the inflammatory response 

(Ghosh et al., 2016), was markedly reduced upon fluoxetine treatment. In the 

enriched condition, the fluoxetine-induced increase of TLR4 and CD14 levels in the 

whole hippocampus is in line with the expression of pro-inflammatory-related genes 

in CD11b+ cells. It is worth noting that in the stressful condition, microglial IL-6 

expression is affected by treatment in an opposite fashion as compared to the 

expression of other pro-inflammatory-related genes. Previous studies have already 

found unique IL-6 expression profile compared to that of other pro-inflammatory 

cytokines in response to stressful (Audet et al., 2010) or immunogenic stimuli (Skelly 

et al., 2013). In addition, IL-6 has been reported to produce unexpected effects when 

used to modulate a variety of physiological processes, such as memory function 

(Arnold et al., 2002; Yirmiya and Goshen, 2011). Therefore, the functional role of 

IL-6 modulation by fluoxetine warrants further investigation. We measured the 

effects of fluoxetine independently from the environment by analyzing the expression 

of pro- and anti-inflammatory-related genes in hippocampal CD11b+ cells from mice 

receiving either vehicle or fluoxetine in the standard condition. The results show that, 

contrary to subjects exposed to the enriched condition, those exposed to the standard 

condition display a microglial expression profile similar to that shown by mice 

exposed to the stressful condition, suggesting that, when administered to individuals 

first exposed to stress and afterwards treated in standard laboratory cages, fluoxetine 

produces effects partially overlapping with those produced in individuals kept in a 

stressful condition before and during treatment (Fig. 4C, F). In particular, arg-1 (t = 

10.000, p = 0.029), cd206 (t = 7.085, p = 0.001), ym-1 (t = 6.929, p = 0.001), TGF-β 

(t = 10.000, p = 0.029), IL-10 (t = 2.588, p = 0.041), IL-1Ra (t = 7.173, p < 0.001) 

and fizz-1 (t = 10.435, p < 0.001) mRNA levels were increased by treatment, while 

TNF-α (t = 3.301, p = 0.021), IL-1b (t = 4.151, p = 0.009), IL-6 (t = 26.000, p = 

0.029) and IL-15 (t = 12.680, p < 0.001) levels were decreased compared to vehicle. 
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The only exception concerned socs3, an anti-inflammatory marker, which was 

increased by fluoxetine treatment (t = 7.655, p<0.001). 

 

Figure 4. Microglial phenotypic change induced by fluoxetine treatment. Expression 

of pro- and anti-inflammatory-related genes in CD11b+ cells isolated from the hippocampus of 

mice exposed to the enriched or the stressful condition, treated with fluoxetine or vehicle. Results 

of RT-PCR analysis are shown as fold increases vs. vehicle. mRNA levels of pro-inflammatory-

related genes measured in the (A) enriched, (B) stressful and (C) standard condition. mRNA levels 

of the anti-inflammatory-related genes measured in the (D) enriched, (E) stressful and (F) standard 

condition. Results are shown as fold increases relative to vehicle. Data are expressed as mean + 

S.E.M. (n=4 per group) Student t-test * p<0.05 ** p<0.01. 
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In order to assess whether, independently from treatment, the environment 

affected inflammation in microglia, we measured the expression levels of pro- and 

anti-inflammatory related genes in hippocampal CD11b+ cells of mice exposed to 

the standard, enriched or stressful condition. We found that, in line with previous 

studies (Chabry et al., 2015; Wohleb et al., 2011), enrichment led to an anti-

inflammatory while stress led to a pro-inflammatory profile compared to the standard 

condition (Fig. 5). In particular, mice housed in the enriched condition showed 

reduced levels of IL-6, IL-23 and TGF-β (t = 37.494, p < 0.0001, t = 14.051, p < 

0.0001, t = 43.000, p < 0.0001, respectively) accompanied by increased levels of IL-

1Ra and IL-10 (t 8.014, p = 0.0002, t = 5.123, p = 0.0022, respectively) compared to 

mice housed in the standard condition. In addition, mice housed in the enriched 

condition showed reduced levels of IL-1b, IL-6, IL-23 and TGF-β (t = 3.091, p = 

0.0214, t = 3.802, p = 0.0191, t = 5.044, p = 0.0023, t = 5.044, p < 0.0001, 

respectively) and increased levels of IL-1Ra and IL-10 (t = 8.271, p = 0.0002, t = 

5.28, p = 0.0019, respectively) compared to mice housed in the standard condition. 

Finally, mice housed in the stressful condition showed increased levels of IL-1b (t = 

3.842, p = 0.0085), and reduced levels of IL-1Ra (t = 22.093, p < 0.0001) compared 

to mice housed in the standard condition. Overall, these results support the undirected 

susceptibility to change hypothesis and show that fluoxetine induces an anti- or pro-

inflammatory profile depending on the quality of the environment.  



70 

 

Figure 5. Inflammatory markers in hippocampal CD11b+ cells are affected by the 

environment. Expression of pro- and anti-inflammatory-related genes in CD11b+ cells isolated 

from the hippocampus of mice exposed to the standard, enriched or stressful conditions. Results 

are shown as fold changes relative to mice housed in the standard condition. Data are expressed 

as mean + S.E.M. (n=4 per group). * p<0.05, ** p<0.01, *** p<0.001 vs. mice from the standard 

condition, # p<0.05, ## p<0.01, ### p<0.001 vs. mice from the enriched condition.  
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Conclusions 

The main finding of the present study is the divergent effect of fluoxetine 

treatment, as compared to vehicle, in the enriched and stressful conditions on the 

expression levels of inflammatory markers in the whole hippocampus and isolated 

microglial cells, accompanied by changes in microglial surveillance. In particular, in 

line with the literature and our hypothesis, treatment in a stressful condition led to an  

overall anti-inflammatory response (Cheng et al., 2016; Ji et al., 2014; Jiang et al., 

2013; Lu et al., 2014; Tianzhu et al., 2014; Wilson et al., 2014; Xie et al., 2015). By 

contrast, fluoxetine treatment in an enriched condition led to an increased expression 

of inflammatory genes. To our knowledge, this is the first study investigating the 

effects on the inflammatory response of antidepressants administered in an enriched 

environment. It is worth noting that, in order to investigate the effects of treatment in 

individuals showing a depression-like phenotype, we administered fluoxetine to mice 

previously exposed to chronic stress. Such pre-exposure activates the hypothalamic-

pituitary-adrenal axis, increasing corticosterone levels (Alboni et al., in press; Milior 

et al., 2015), and likely affects the interaction among the drug, the brain and immune 

system, making the results not replicable in different circumstances. However, this 

procedure has been chosen because it reproduces the clinical condition of patients 

who, before receiving the treatment, already show depressive symptoms and have 

high levels of cortisol (Juruena et al., 2009). 

Preclinical (Alboni et al., in press; Branchi et al., 2013) and clinical (Cohen 

et al., 2006; Trivedi et al., 2006) studies have already shown that the effects of SSRIs 

are dependent on the quality of the living environment. In particular, it has been 

shown that SSRI treatment amplifies the influence of the environment on depressive 

symptomatology. Therefore, fluoxetine administration in a favorable environment 

promotes the reduction of symptoms, while in a stressful environment it may even 

lead to a worsened prognosis (Branchi, 2011). The key role of the environment in 

SSRI action has been shown also for other endpoints, such as vulnerability to obesity 

(Mastronardi et al., 2011; Wong and Licinio, 2001). Therefore, the environment acts 

as a moderator (Kraemer et al., 2006), driving treatment outcome. 
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The dual effect of fluoxetine on inflammatory markers here reported may 

explain the apparent discrepancy present in the literature. Indeed, though many 

studies showed that antidepressants have anti-inflammatory effects (Basterzi et al., 

2005; Kagaya et al., 2001; Lanquillon et al., 2000; Leo et al., 2006; Tuglu et al., 2003; 

Yoshimura et al., 2009), an increasing number of studies are reporting a pro-

inflammatory action (Chen et al., 2010; Haastrup et al., 2012; Hannestad et al., 2011; 

Jazayeri et al., 2010; Kim et al., 2013; Song et al., 2009). In addition, the bi-

directional crosstalk between SSRI administration and inflammation has been 

described also by studies investigating the effects of anti-inflammatory drugs on 

antidepressant efficacy. Indeed, experimental and clinical studies have shown that 

anti-inflammatory drugs, such as celecoxib or aspirin, can either improve 

(Akhondzadeh et al., 2009; Andrade, 2014; Brunello et al., 2006) or impair treatment 

outcome (Warner-Schmidt et al., 2011). Though we found that fluoxetine effects on 

inflammation are driven by the quality of the environment, we often did not observe 

a match in the markers modified by treatment in the enriched and stressful conditions. 

For instance, IL-1 levels in the whole hippocampus were increased in the enriched, 

but not affected in the stressful condition. By contrast, other parameters, such as 

microglia surveillance state, were modified only when the drug was administered in 

the stressful environment. This suggests that the mechanisms underlying the anti- or 

pro-inflammatory action of SSRIs may differ. It should also be noted that studies 

describing antidepressant effects on inflammation, though showing similar overall 

pro- or anti-inflammatory effects, often report differences in the individual cytokines 

affected by treatment. For instance, some studies report a decrease of IL-1 

expression following fluoxetine administration in mice exposed to stress (Cheng et 

al., 2016; Lu et al., 2014), while others do not (Wilson et al., 2014). The variable 

SSRI effects on cytokine levels have also been described in the peripheral 

inflammatory markers of depressed patients (Jazayeri et al., 2010; Song et al., 2009). 

In addition to confirming the environment-dependent outcome of 

antidepressant treatment, here we show that fluoxetine administration affects the 

inflammatory response counteracting the influence of the environment instead of 
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amplifying it as for its effect on endophenotypes of MD (Alboni et al., in press). 

Indeed, fluoxetine administration, increasing and decreasing inflammatory markers 

respectively in the enriched and stressful condition, produced an effect opposite to 

that caused by enrichment and stress per se (Chabry et al., 2015; Goshen et al., 2008; 

Singhal et al., 2014; Wohleb et al., 2011). The analysis of the interplay among SSRI, 

plasticity and inflammation provides a potential explanation for such unexpected 

effect of fluoxetine treatment. Indeed, neural plasticity requires inflammatory 

responses to be kept within a tightly controlled range. Brain plasticity processes, such 

as learning and memory, neurogenesis, neuronal excitability and synaptic scaling are 

dependent on the highly regulated interaction among microglia, cytokine production 

and neurons (Yirmiya and Goshen, 2011). Consequently, any deviation from such 

range, caused either by immune activation or suppression, results in plasticity 

impairment (Hewett et al., 2012; Santello and Volterra, 2012; Yirmiya and Goshen, 

2011). Therefore, it can be hypothesized that since fluoxetine enhances neural 

plasticity (Branchi, 2011; Ruiz-Perera et al., 2015; Wang et al., 2008), fluoxetine 

keeps inflammation within a range that is permissive for plasticity. 

In conclusion, the present findings further confirm the complexity of the 

crosstalk among antidepressant effects, inflammatory processes and microglial 

activity. This is moderated by quality of the living environment, suggesting a possible 

explanation for the inter-individual differences in SSRI action and effects. The 

increased understanding of the molecular mechanisms underlying this interplay may 

allow for more effective personalization of antidepressant treatment strategies based 

on the quality of the living environment of the depressed patient. 
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Supplementary materials 

 

 

Figure S1. Fluoxetine effects on the expression of inflammasome components in the 

hippocampus. (A) In the enriched condition, fluoxetine treatment increased caspase 1 mRNA 

levels but did not affect the expression of other inflammasome components. (B) In the stressful 

condition, ASC mRNA levels were lower in fluoxetine treated mice compared to the relative 

control. No other transcriptional effects were observed. Data are expressed as mean + S.E.M. (n 

= 8 per treatment group). * p<0.05 vs. relative vehicle treated group. 

 

 

 
 



83 

 

Figure S2. Fluoxetine affects expression of CD14 and TRL4. (A) In the enriched 

condition, increased mRNA levels of CD14 and TRL4 were found in fluoxetine treated mice 

compared to vehicle. (B) In the stressful condition, no significant effect was observed. Data are 

expressed as mean ± S.E.M. (n = 8 per treatment group). * p<0.05 vs. relative vehicle treated 

group. 

 

 
 

Figure S3. Modifications in inflammatory markers in the whole hippocampus of 

mice receiving either vehicle or fluoxetine in the standard condition. Treatment did not affect 

CD14, TRL4, and Caspase 1 levels, compared to vehicle. Results are shown as fold changes 

relative to vehicle. Data are expressed as mean + S.E.M. (n=4 per group). * p<0.05 vs. relative 

vehicle treated group.  

 

 

 

 

 

Figure S4. Effects of the environment on the expression of inflammatory markers. 
Though CD14 levels did not differ between the two conditions, the expression levels of mRNAs 

encoding TRL4and Caspase 1 were reduced in mice housed in the enriched condition. Results are 

shown as fold changes relative to the stress condition. Data are expressed as mean + S.E.M. (n=6 

per group). * p<0.05, ** p<0.01 vs. mice housed in the stressful condition. 
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Supplementary table 1 

Primers used for Real Time RT-PCR analysis. 

  

Gene (NCBI reference sequence) Primer (5’ 3’) 

 

Entire hippocampus  

IL-1β (NM_008361)  Sense:   TGAAAGCTCTCCACCTCAATG 

    Antisense:  CCAAGGCCACAGGTATTTTG 

IL-6 (NM_031168)  Sense:   CTTCACAAGTCGGAGGCTTA 

    Antisense: CAAGTGCATCATCGTTGTTC 

TNF-α (NM_013693.2) Sense:   GGCCTCCCTCTCATCAGTTC 

    Antisense:  CACTTGGTGGTTTGCTACGA 

IL-4 (NM_021283.1)  Sense:   CCAAGGTGCTTCGCATATTT 

    Antisense:  ATCGAAAAGCCCGAAAGAGT 

IFN-γ (NM_008337.3) Sense:   TCTTCAGCAACAGCAAGGCGAA 

    Antisense:  ACAGCTGGTGGACCACTCGGA 

TGF-β (NM_011577.2) Sense:   CCTTGCCCTCTACAACCAAC  

    Antisense:  CTTGCGACCCACGTAGTAGAC 

IL-18 (NM_008360.1) Sense:   TGAAGAAAATGGAGACCTGGA 

    Antisense:  GGCTGTCTTTTGTCAACGAAG 

IL-18BP (NM_010531) Sense:   TCCCCTACTTCAGCATCCTC 

    Antisense:  GAGCTGTCTTCAACCCATCC 

CX3CL1 (NM_009142.3) Sense:   CTTCCATTTGTGTACTCTGCTGC 

    Antisense:  GACTCCTGGTTTAGCTGATAGCG 

CX3CR1 (NM_009987.3) Sense:   TCAGCAGAATCGTCATACTCAAA 

    Antisense:  CGTGAGACTGGGTGAGTGACT 

NLRP3 (NM_145827.4) Sense:   AGAAGAGTGGATGGGTTTGCT 

    Antisense:  GCGTTCCTGTCCTTGATAGAG 

NLRP1 (NM_001004142.2) Sense:   TGACAAGGGCAGTGACAATC 

    Antisense:  GCCACAAAATGAGGGAGGTA 

IPAF (NM_001033367.3) Sense:   GCTCCTGAACATACCCGACT 

    Antisense:  GTGGTGGTGGTGACAATGAC 

ASC (NM_023258)   Sense:   CAAACGACTAAAGAAGAGTCTG 

    Antisense:  AGAGCTTCCTCATCTTGTCT 
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CASPASE-1 (NM_009807.2) Sense:   CCGTGGAGAGAAACAAGGAG 

    Antisense: AATGAAAAGTGAGCCCCTGA 

Iba1 (NM_019467.2)  Sense:  GTCCTTGAAGCGAATGCTGG 

    Antisense: CATTCTCAAGATGGCAGATC 

CD11b (NM_001082960.1) Sense:  ACGCCATCTACATGATTGTCAC 

    Antisense:  AAGACTACACTGACAGGGAGGC 

CD14 (NM_009841.3) Sense:  AGATGTGGAATTGTACGGCG 

    Antisense: CGTAAGCCGCTTTAAGGACA 

TLR4 (NM_021297.3) Sense:  ACTGGGTGAGAAATGAGCTGG 

    Antisense: AGGATTCGAGGCTTTTCCAT 

GAPDH (NM_008084) Sense:  TTCGCAAAACAAGTTCACCA 

    Antisense:  TCGTTGTGGTTGTAAATGGAA 

 

CD11b+ hippocampal cells 

GAPDH (NM_008084) Sense:  TCGTCCCGTAGACAAAATGG  

    Antisense: TTGAGGTCAATGAAGGGGTC 

TNF-α (NM_013693.2) Sense:  GTGGAACTGGCAGAAGAG 

    Antisense: CCATAGAACTGATGAGAGG 

CD86 (NM_019388.3) Sense:  AGAACTTACGGAAGCACCCA 

    Antisense: GGCAGATATGCAGTCCCATT 

IL-15 (NM_ 0012547.1) Sense:  CATCCATCTCGTGCTACTTGTGTT  

    Antisense: CATCTATCCAGTTGGCCTCTGTTT 

IL-18(NM_008360)  Sense:  GCCTCAAACCTTCCAAATCA 

    Antisense: TGGATCCATTTCCTCAAAGG 

IL-1β (NM_008361)  Sense:  CAACCAACAAGTGATATTCTCCATG 

    Antisense: GATCCACACTTCTCCAGCTGCA 

IL-1Ra (NM_031167.5) Sense:  AAGCCTTCAGAATCTGGGATAC 

    Antisense: TCATCTCCAGACTTGGCACA 

Arg1 (NM_007482.3) Sense:  CTCCAAGCCAAAGTCCTTAGAG 

    Antisense: AGGAGCTGTCATTAGGGACATC 

Fizz1 (NM_020509.3) Sense:  CCAATCCAGCTAACTATCCCTCC  

    Antisense: ACCCAGTAGCAGTCATCCCA 

IL-23 (NM_031252.2) Sense:          AGCGGGACATATGAATCTACTAAGAGA 

    Antisense: GTCCTAGTAGGGAGGTGTGAAGTTG 
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Socs3 (NM_007707.3) Sense:  GCTCCAAAAGCGAGTACCAGC  

    Antisense: AGTAGAATCCGCTCTCCCTGCAG 

CD206 (NM_008625.2) Sense:  CAAGGAAGGTTGGCATTTGT  

    Antisense: CCTTTCAGTCCTTTGCAAGT 

Ym1 (NM_009892)  Sense:  CAGGTCTGGCAATTCTTCTGAA 

    Antisense: GTCTTGCTCATGTGTGTAAGTGA 

IL-6(NM_031168)  Sense:  GATGGATGCTACCAAACTGGA  

    Antisense: TCTGAAGGACTCTGGCTTTG 

IL-10(NM_010548.2) Sense:  GAAGACCCTCAGGATGCG  

    Antisense: CCAAGGAGTTGTTTCCGTTA 

iNOS (NM_001313922.1) Sense:  ACATCGACCCGTCCACAGTAT  

    Antisense: CAGAGGGGTAGGCTTGTCTC 

TGF-β (NM_011577.2) Sense:  GGAGAGCCCTGGATACCAAC 

    Antisense: GTGTCCAGGCTCCAAATGTAGG 

 

 

 

Supplementary table 2 

Antibodies used in Western blot analysis. 

 

Antibody   Manufacturer   Catalog Number 

 

Anti-IL-β   Santa Cruz   SC-7884 

Anti-IL-6   Abcam    ab6672 

Anti-TNF-α   Abcam    ab6671 

Anti-β-Tubulin   Santa Cruz    SC-9104 

Anti-IBA1   Wako Pure Chemicals  #019-19741 

Anti-Rabbit IgG (HRP)  CST    #7074S 

Anti-Rabbit IgG (Biotinylated) Vectastain   BA-1000 

 

Abcam (Abcam, Massachusetts, USA); CST (Cell Signaling Technologies, Massachusetts, 

USA); Santa Cruz (Santa Cruz Biotechnologies, Texas, USA). 



87 

 

  



88 

 

  



89 

 

Study 2. Interplay between inflammation and neural plasticity: 

both immune activation and suppression impair LTP and BDNF 

expression 

Introduction 

Inflammation consists in the protective response to harmful stimuli, such as 

pathogens, damaged cells, or irritants, and leads to the healing process for the tissue 

(Ferrero-Miliani et al., 2007; Medzhitov, 2010). To orchestrate this process, the 

immune cells produce a wide range of soluble mediators such as cytokines (Chertov 

et al., 2000). These mediators are able to cross the blood–brain barrier and modulate 

the function of central nervous system (CNS), since they could directly interact with 

both neurons and glia, including microglia, which are the tissue-resident 

macrophages of the brain (Branchi et al., 2014; Paolicelli et al., 2011; Tay et al., 2017; 

Tremblay et al., 2011). 

The literature of last decades focused on the detrimental consequences of 

activation of the immune system in the brain, reporting that increased inflammation 

is associated to a number of pathological conditions (Chen et al., 2016; Hotamisligil 

and Erbay, 2008; Libby, 2006; Wyss-Coray and Mucke, 2002). In particular, 

mediators involved in the promotion of inflammation, are associated with the onset 

and progression of major depression in vulnerable individuals, and with 

neurodegenerative disorders such as amyotrophic lateral sclerosis, Alzheimer's, 

Parkinson's, and Huntington's disease (Chen et al., 2016; Hurley and Tizabi, 2013). 

The detrimental impact of inflammation on brain function has been hypothesized to 

be mediated by its effect on neural plasticity, i.e. the capability of the CNS for 

structural and functional changes. Indeed, high levels of inflammatory markers have 

been reported to decrease a wide number of markers of neural plasticity such as long-

term potentiation (LTP), Brain Derived Neurotrophic Factor (BDNF) levels, and 

neurogenesis (Raison et al., 2006). 

Recently, a new framework is emerging pointing out that inflammation is not 

a detrimental per se, but it is deeply implicated in the physiological functioning of 
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the healthy brain. In particular, this new view posits that inflammation is critical in 

regulating neural plasticity that includes processes such as growing and pruning of 

dendrites and axons, shaping of synapses and associated structures, apoptosis and 

neurogenesis of neurons (Yirmiya and Goshen, 2011). These events produce neuritic 

remains that are removed by the immune system to allow brain tissue remodelling, 

keeping neuronal homeostasis. Therefore, albeit high levels of inflammation are 

reported to be detrimental, inflammation in a physiological range is beneficial and 

plays a critical physiological role in neural plasticity. Indeed, it is increasingly 

reported that the microglial cells, interacting with neurons, promote a range of 

processes such as learning and memory consolidation (Yirmiya and Goshen, 2011). 

Basing on this view, we hypothesized that inflammation should be in a 

specific physiological range to be permissive for neural plasticity so that either an 

immune activation or suppression impairs such capability of the brain. To assess the 

potential U-shaped regulation of neural plasticity by inflammation, we administered 

in a mouse model either the endotoxin lipopolysaccharide (LPS) or the non-steroidal 

anti-inflammatory drug (NSAIDs) ibuprofen (IBU). LPS is commonly used to 

stimulate the innate immune system (Martin et al., 2013) and promotes brain pro-

inflammatory cytokine production, such as Interleukin (IL)-1β, IL-6 or Tumor 

Necrosis Factor (TNF)-α. (Kubera et al., 2013; Trotta et al., 2014). IBU has 

prominent analgesic and antipyretic effects, which are due to its inhibitory action on 

cyclooxygenases (COX) and, consequently, on the synthesis of prostaglandins (PG) 

(Rainsford, 2013; Shaw et al., 2005). First, we assessed the changes in physiological 

indices following the administration to confirm the effectiveness of the treatments. 

Then, we assessed both molecular and cellular endpoints, including LTP at Schaffer 

collateral-CA1 synapses since it is the most commonly used paradigm of synaptic 

plasticity (Bliss and Collingridge, 2013; McEachern and Shaw, 1999), and the 

expression levels of a number of inflammatory and plasticity markers, including 

BDNF, which is deeply involved in the neural plasticity (Lu et al., 2014). 
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Methods 

Animals 

Fifty C57BL/6 male mice 12–15 week old were used and kept under 12-hour 

light-dark cycle at 22–25°C. Mice were purchased at Envigo Italia (Udine, Italy). All 

procedures were carried out in accordance with the EC guidelines (EEC Council 

Directive 2010/63/UE86/609 1987), Italian legislation on animal experimentation 

(Decreto Legislativo 26/2014). In addition, animals were examined for signs of 

discomfort as indicated by the animal care and use National Academy of Sciences 

guidelines. (National Research Council 2003). 

Housing condition  

For the entire duration of the experiment, animals were housed in standard 

laboratory condition, four to five individuals per cage. Each cage was a Plexiglas box 

(48 x 37.5 x 21 cm) with metal tops and sawdust as bedding. Pellet food and tap water 

were provided ad libitum. The day before the treatment, mice were moved in smaller 

cage (33.1 x 15.9 x 13.2 cm) to individually monitor them. 

Treatment  

Mice were acutely treated through intraperitoneal (ip) injection of LPS 

(serotype 0127:B8; RBI/Sigma) diluted in saline at two different doses: 0.33 and 0.83 

mg/kg, IBU (Ibuprofen sodium salt, Sigma Aldrich) diluted in saline at two different 

doses: 30 and 70 mg/kg or saline (0.9% NaCl) 100 mL/100 g. LPS and IBU solutions 

were prepared daily. 

Physiological indexes 

The day before the treatment, immediately before and three hours after the 

injection, rectal temperature (MicroTherma 2T Hand Held, Thermometer) and body 

weight were measured. At the same time points, we assessed the amount food and 

liquid consumed by each animal.  
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Electrophysiological analysis 

In order to perform electrophysiological experiments, acute hippocampal 

slices were prepared from 2 months old male mice. Three hours after treatment, 

animals were anesthetized by inhalation of halothane (Sigma-Aldrich S.r.l., Milan, 

Italy) and decapitated. The brain was rapidly removed from the skull and immersed 

in ice-cold artificial cerebrospinal fluid (ACSF) solution composed of (in mM): NaCl 

125, KCl 4, CaCl2 2.5, MgSO4 1.5, NaHPO4 1, NaHCO3 26 and glucose 10). ACSF 

was continuously oxygenated with 95% O2 + 5% CO2 to maintain the proper pH 

(7.4).  

One of the two hemispheres isolated were conserved for molecular analysis. 

Following removal, one hemisphere were blocked on the stage of a vibrating 

microtome (Thermo Scientific, USA) and 350 μm thick slices were cut in ice-cold 

ACSF. The slices were then transferred to an incubation chamber containing 

oxygenated ACSF, where they were allowed to recover for 1 h at 30 °C prior to 

electrophysiological recording. 

For field recordings, individual slices were transferred to the interface slice-

recording chamber (BSC1, Scientific System Design Inc) to perform experiments 

within 1–6  hours after slice preparation. Slices were maintained at 30 to 32 °C and 

constantly superfused with ACSF at the rate of 2 ml/min. Solutions were applied to 

the slices by a peristaltic pump. A concentric bipolar stimulating electrode (SNE-

100 × 50 mm long, Elektronik–Harvard Apparatus GmbH) was placed in the stratum 

radiatum to stimulate Schaffer collateral fibers. Stimuli consisted of 100 μs constant 

current pulses of variable intensity, 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 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 
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by high-frequency stimulation (2 train of stimuli at 100 Hz, of 1 s duration and 

separated by 3 s). To analyze the time course of fEPSP slope, the recorded fEPSP 

was routinely averaged over 1 min (n = 3). fEPSP slope changes following the LTP 

induction protocol were calculated with respect to the baseline. 

RNA extraction and RT-RTqPCR 

Three hours after treatments animals were sacrificed by decapitation, the 

brains removed, hippocampi dissected, rapidly frozen and then stored at -80 °C for 

further molecular analyses. Total RNA was prepared combining extraction whit TRI 

Reagent® and GenElute™ Mammalian Total RNA Miniprep Kit and (Sigma Aldrich 

®, Milan, Italy) as previously described (Alboni et al., 2017). Two μg of total RNA 

were reverse transcribed using High Capacity cDNA Reverse Transcription Kit 

(Thermo Fisher Scientific, Waltham, MA USA) in a final reaction volume of 20 µL 

(Alboni et al., 2013). The cDNA was stored at -20 °C until Real Time PCR that was 

performed in Roche LightCycler® 480 (Roche Diagnostics GmbH, Roche Applied 

Science, Mannheim, Germany) using Power SYBR Green mix (Life Technologies 

Corporation, Carlsbad, CA, USA). Specific forward and reverse primers, at a final 

concentration of 150 nM, were used to measure mRNA levels were as follows: for 

ionized calcium-binding adapter molecule 1 (Iba1) F5’-

GTCCTTGAAGCGAATGCTGG-3’ and R5’-CATTCTCAAGATGGCAGATC-3’; 

for Tryptophan 2,3-Dioxygenase (TDO2) F5’-TGTGGTCCTGAGACACTTCAGT-

3’ and R5’-ACACCAGTTTGAGCTCTGTCTTC-3’; for prostaglandin-

endoperoxide synthase 2 COX-2 F5’-TTCTACGGAGAGAGTTCATC-3’ and R5’-

CAGTTTATGTTGTCTGTCCA-3’; for interleukin 1 beta (IL-1β) F5’- 

TGAAAGCTCTCCACCTCAATG-3’ and R5’-CCAAGGCCACAGGTATTTTG-

3’; for transforming growth factor (TGF)-β F5’-CCTTGCCCTCTACAACCAAC-3’ 

and R5’-CTTGCGACCCACGTAGTAGAC-3’; for interleukin 1 receptor antagonist 

IL-1 Ra F5’-AAGCCTTCAGAATCTGGGATAC-3’ and R5’-

TCATCTCCAGACTTGGCACA-3’; for CCAAT Enhancer Binding Protein Delta 

(CEBPD) F5’-GCGGCCTTCTACGAG-3’ and R5’-GCCATGGAGTCAATGTAG-
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3’; for total Brain Derived Neurotrophic Factor (BDNF) F5’-

CCATAAGGACGCGGACTTGTAC-3’ and R5’-

AGACATGTTTGCGGCATCCAGG-3’ and for Glyceraldehyde 3-phosphate 

dehydrogenase (GADPH) F5’-TTCGCAAAACAAGTTCACCA-3’ and R5’-

TCGTTGTGGTTGTAAATGGAA-3’ as a house-keeping gene. The cycling 

parameters were: 95°C 10 min and 95 °C 15 s, 60° 1 min for 40 cycles. Melt curve 

analysis and agarose gel separations were performed at the end of every RTqPCR to 

confirm formation of a single PCR product. Ct (cycle threshold) value was 

determined by the LightCycler® 480 Software (Roche Diagnostics GmbH, Roche 

Applied Science, Mannheim, Germany) and mRNA expression was calculated with 

the ΔΔCt method with GAPDH as endogenous control as previously described 

(Benatti et al., 2011). It was demonstrated that amplification efficiency of the target 

genes and endogenous control gene were approximately equal. Relative expression 

of the genes of interest was performed by using as calibrator (RQ value=1) expression 

levels in the hippocampus of saline treated animals.  

Statistical analyses 

All data were analyzed with one-way ANOVA or Student’s t-test with the 

Statistical software Statview II (Abacus Concepts, CA, USA), comparing LPS high 

and low dose, IBU high and low doses and saline treated mice. When a significant 

main effect was found, selected pairwise comparisons were made using Tukey post-

hoc analysis. The animals were assigned to various treatments in order to obtain 

balanced body temperature and weight across the experimental groups. 

Results 

We examined the effect of immune activation and suppression on neural 

plasticity administering different doses of, respectively, LPS and IBU. In particular, 

3 hours after the ip injection with these agents, we evaluated (i) the effectiveness of 

the treatments by measuring changes in body temperature and weight, the amount of 

food and liquid consumed, (ii) the CA1 hippocampal plasticity by field potential 
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recordings in acute slices, and (iii) molecular changes of targets related to 

inflammation and plasticity processes. 

Physiological assessment of treatment’s effectiveness  

It has been largely demonstrated that LPS administration produces sickness 

behavior (Yirmiya, 1996; Yirmiya et al., 2001), while the treatment with NSAIDs, 

such as IBU is effective in improving symptoms of inflammation (Pecchi et al., 

2009). To verify the effectiveness of the treatment we used, we assessed a number of 

endpoints, including body weight and temperature, food and liquid intake, associated 

with the sickness response. We measured all these parameters the day before the 

treatment and no difference between the experimental groups has been emerged (data 

not shown).  

The difference of body temperature before and 3 hours after the injection 

showed a main effect of the treatment [F(4,45)=9.304; p<0.0001]. Post hoc 

comparison revealed that both high and low doses of LPS significantly decreased the 

body temperature compared to the other groups (p<0.05) (Fig. 1A). As for the 

temperature, also the body weight (Fig. 1B) was affected by the treatment 

[F(4,45)=18.925, p<0.0001], with post-hoc analysis revealing that LPS treated mice 

displayed a significant reduction of weight compared to saline, high and low dose of 

IBU. Accordingly, we observed the effect of treatment on the food intake 

[F=(4,36)=7.161, p=0.0002], which was decreased by the LPS treatment (Fig. 1C). 

Especially, post-hoc analysis revealed that mice treated with both doses of LPS 

consumed significant lower amount of food compared to IBU 70 mg/kg treated mice 

(p<0.05). Finally, the amount of liquid drank was affected by the treatment 

[F(4,44)=2.483, p=0.0574)], the mice treated with the higher dose of LPS displayed 

a significant reduced consumption of liquid compared to the control group (Fig. 1D). 

Taken globally, these results confirmed the effectiveness of the treatment, especially 

regarding the injection with LPS. 
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Figure 1. Physiological and behavioral parameters affected by immune alterations. 
Histogram representing the variations in body temperature (A) and weight (B), in food (C) and 

liquid (D) intake. Treatments as indicated in the legend, n = 7-15 mice per group. * p<0.05 vs 

saline, # p<0.05 vs IBU high dose and. $ p<0.05 vs saline, IBU low dose and IBU high dose. Data 

are shown as mean±s.e.m. 

 

Expression levels of inflammatory markers are affected by the LPS 

treatment 

We assessed the effect of treatment at molecular level measuring the 

expression levels of selected markers reported to be involved in inflammatory 

processes. In particular, we analyzed the hippocampal levels of IL-1β, IL-1Ra, 

CEBPB, TGF-β and COX-2. Regarding the IL-1β, we obtained the main effect of the 

treatment [F(4,24)=6.259, p=0.001] with the post-hoc analysis revealing that mice 

treated with both high and low dose of LPS had significant increased levels of IL-1β 

compared to the saline mice (respectively, p=0.025 and p=0.007). In addition, mice 

receiving the lower dose of LPS displayed significantly increased level of IL-1β 

compared to mice treated with the two doses of IBU (Fig. 2A). When we assessed 

the level of IL-1Ra, we obtained the main effect of treatment [F(4,22)=4.333, 
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p=0.010] and the post-hoc analysis revealed that the group treated with the lower dose 

of LPS had significant increased level of IL-1Ra compared to the mice receiving IBU 

(high and low dose), higher dose of LPS, and saline (Fig. 2B). We found the main 

effect of treatment also on CEBPD levels [F(4,23)=6.416, p=0.001]. Post-hoc 

analysis highlighted that the animals treated with the lower dose of LPS displayed 

significant increased levels compare to the saline mice (p=0.006). In addition, they 

were significant higher compared to both doses of IBU (Fig. 2C). The analyses of 

TGF-β and COX-2 levels did not show a significant effect of the treatment on these 

two markers (Fig. 2D,E). 

 

 

Figure 2. Expression level of inflammatory markers are affected by the LPS 

treatment. (A) Higher and lower dose of LPS significantly increase the expression level of IL-1β 

compared to saline mice. IL-1Ra (B) and CEBPD (C) levels are significantly increased by the 

lower dose of LPS compared to saline mice. (D, E) TGF-β and COX-2 levels are not affected by 

the treatment. Treatments as indicated in the legend, n =5-10 mice per group. Data are shown as 

mean±s.e.m.  
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Neuronal Plasticity is similarly affected by treatments 

We evaluated the long-term CA1 plasticity inducing LTP by a robust 

stimulation (two 100 Hz bursts, separated by a 3 s interval) of Shaffer collateral 

inputs. We observed that the treatments, with both high doses of LPS and IBU, 

significantly reduced the amplitude of LTP (Fig. 3). In particular, in mice treated with 

saline we measured a robust LTP amplitude (1.323 ± 0.149, n/N = 25/11), that was 

decreased of about 40% following IBU (1.156 ± 0.0794; n/N = 13/5; t = 3.133; p = 

0.010; vs saline) or LPS treatment (1.200 ± 0.136, n/N = 15/6; t = 2.578; p=0.041 vs 

saline; t = 0.751; p= 0.001 vs IBU). In contrast, low doses of LPS and IBU did not 

affect the amplitude of LTP (1.346 ± 0.0883, n/N = 8/4 and 1.327 ± 0.161, n/N = 8/4, 

respectively). Overall, these results demonstrate that IBU and LPS treatments have a 

detrimental effect on long-term plasticity mainly affecting the postsynaptic LTP 

expression. 

 

Figure 3. High doses of IBU and LPS treatments decrease LTP amplitude in the 

CA1 hippocampal area. IBU and LPS treatments, at different doses as indicated in the legend, 

decreased LTP amplitude, denoted by a lower increase of fEPSP amplitude after LTP induction 

(two 100 Hz bursts, separated by a 3s interval), compared to saline, 30 min after stimulation (min 

41-45). fEPSP, field excitatory postsynaptic potential. Treatments as indicated in the legend. N/n 

refers to the number of slices on total number of mice analyzed (N=8-21, n=4-9). Data are shown 

as mean±s.e.m.  
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Expression level of BDNF is differently affected by the treatment with 

IBU and LPS 

To assess the effect of immune activation and suppression on neural plasticity 

at molecular level, we investigate whether the expression levels of BDNF were 

differently affected by the treatment with IBU and LPS. The measure of hippocampal 

level of mature BDNF showed the main effect of the treatment [F(4,23)= 4.772, 

p=0.006). The post-hoc analysis revealed that the higher doses of IBU and LPS were 

associated with significant reduced level of this neurotrophin compared to control 

mice (respectively, p=0.047 and p=0.006; Fig. 4). 

 

 

Figure 4. Expression level of plasticity markers are differently affected by the 

treatments. Higher doses of both IBU and LPS significantly decrease the levels of BDNF 

compared to saline mice. Treatments as indicated in the legend, n =5-10 mice per group. Data are 

shown as mean±s.e.m. 
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Discussion 

The present results show that both pro- and anti-inflammatory treatments, 

respectively LPS and IBU, impair neural plasticity measured at both molecular and 

cellular levels. Such effects appear to be dose-dependent since only the higher, but 

not the lower, dose of both compounds leads to a plasticity impairment.  

In line with the literature about the well-characterized pro- and anti-

inflammatory actions of LPS and IBU, the two compounds produced different 

physiological effects. As expected, LPS induced the sickness response, a generalized 

defense response to an acute infection or an immune challenge comprising 

physiological, endocrinological, and behavioral changes (Hart et al., 1988; Kent et 

al., 1992; Pecchi et al., 2009; Wieseler-Frank et al., 2005; Yirmiya, 1996; Yirmiya et 

al., 2001). In particular, LPS significantly reduced body temperature and weight 

compared to all the other treatment groups and decreased food intake compared to 

the high IBU dose group. By contrast, IBU produced no effects on sickness behavior 

when compared to saline. This result is apparently discordant with previous studies 

showing that NSAIDs rescue the sickness response. However, such effect has been 

found in animal models of inflammation while, to our knowledge, no previous study 

investigated the effects of IBU in naïve animals. Overall, these results point out that 

the two compounds trigger different biological processes leading to different 

physiological responses. 

The different action exerted by LPS and IBU is evident also when evaluating 

the expression levels of a number of inflammatory markers. We found a significant 

IL-1β increased induced by both LPS doses compared to all the other groups. This is 

in line with the literature describing IL-1β as a key mediator of the inflammatory 

response (Lopez-Castejon and Brough, 2011) and main contributor to the 

pathogenesis of LPS-induced acute inflammation (Ulich et al., 1991). It is worth 

noting that, in line with our results on physiological parameters described above, both 

LPS and IL-1β have been reported to trigger the set of physiological responses typical 

of sickness behavior (Dantzer, 2004). The lower dose of LPS significantly increased 

the level of both IL-1Ra and CEPBD compared to both IBU doses and saline. IL-1Ra 
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is a natural inhibitor of the pro-inflammatory effect of IL-1β since it blocks further 

IL-1β activity and terminates the inflammatory response (Arend et al., 1998). 

Previous studies have largely demonstrated that the IL-1Ra expression can be 

induced in monocytes and macrophages through treatment with LPS (Jenkins and 

Arend, 1993). On the other hand, CEBPD is a transcription factor involved in the 

regulation of genes associated with activation and/or differentiation of macrophages, 

and consequently, with an important regulatory role of immune responses. CEBPD 

is expressed at a relatively low level under normal physiological conditions and is 

upregulated by a variety of pro-inflammatory challenges, such as IL-6, IL-1β and 

LPS (Chang et al., 2012). Contrary to the low, the high LPS dose missed to reach a 

statistically significant increase of IL-1Ra and CEBPD, possibly because the pro-

inflammatory pathways triggered by different LPS doses do not overlap, as 

previously reported (Deng et al., 2013; Dudele et al., 2015; Morris et al., 2014). The 

expression level of TGF-β and COX-2 did not show significant effect, though we 

obtained a trend towards of a reduction of COX-2 levels in the high IBU dose group 

in line the literature indicating that IBU inhibits COX enzymes (Hawkey, 1999; 

Mitchell et al., 1993). Overall, these results confirm the pro-inflammatory action of 

LPS. Whereas IBU did not produce marked changes compared to saline, probably 

because the treatment in naïve animals had a ceiling effect. 

Though LPS and IBU produced significantly different effects in physiological 

endpoints and expression of inflammatory markers, they led to overlapping effects 

on plasticity at cellular level: both LPS and IBU, at high doses, significantly reduced 

LTP amplitude by around 40%. According to the literature, LPS affected LTP most 

likely through an increase in pro-inflammatory cytokines and, among these, IL-1β 

that has notably been demonstrated to have detrimental effects on LTP induction and 

maintenance (Bellinger et al., 1993; Ikegaya et al., 2003). Therefore, the reduced LTP 

we observed is in line with our molecular measures of IL-1β expression level, which 

was significantly increased by the treatment. By contrast, IBU could have affected 

LTP through the modulation of COX-2 activity, which is a regulator of synaptic 

plasticity and LTP (Chen et al., 2002; Shaw et al., 2003; Yamagata et al., 1993). 
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Indeed, IBU broadly inhibits COX activity (Rainsford, 2013) inducing a decrease in 

PG concentrations that impairs LTP. Moreover, COX-2 activity and the consequent 

production of PGs in postsynaptic dendritic spines (Kaufmann et al., 1996) are 

upregulated after a high frequency stimulation associated with LTP induction 

(Yamagata et al., 1993). In order to confirm such view, the assessment of COX-2 

activity levels and of PGs, in addition to COX-2 expression levels, is warranted.  

In line with the results concerning LTP, the assessment of BDNF levels 

confirms that both LPS and IBU, at high doses, similarly affect neural plasticity, 

significantly reducing the expression of this neurotrophin. In line with our data on 

inflammatory marker expression, these effects are likely to be mediated by an 

increase in IL-1β that reportedly reduces BDNF levels (Tong et al., 2008). In addition, 

lower BDNF levels have been found to be associated to a reduction of LTP, as we 

here observed. With regard to the mechanisms linking IBU administration with 

reduced BDNF expression levels in naïve animals, a large body of literature indicates 

that this could be the broad-spectrum COX inhibition produced by IBU, which in turn 

decreases the levels of mature BDNF (Hein and O'Banion, 2009; Shaw et al., 2003). 

It is important to highlight that present molecular data comprise mRNA transcript 

levels and the assessment of protein levels will provide a more comprehensive picture 

of the interaction between inflammatory markers and neural plasticity. 

Overall, the present findings suggest that neural plasticity requires 

inflammatory responses to be kept within a tightly controlled range and any deviation 

from such range, caused by either immune activation or suppression, results in a 

plasticity impairment. The impact such deviations appears to be dose-dependent 

because higher is the dose of either LPS or IBU, larger is the plasticity impairment. 

This is in line with previous studies and in particular the seminal review paper by 

Yirmiya and Goshen (2011) suggesting that both anti- and pro-inflammatory 

processes are required for brain functioning since unbalances towards an immune 

suppression or activation have detrimental consequences for the healthy brain 

(Hewett et al., 2012; Santello et al., 2012; Yirmiya and Goshen, 2011). A relevant 

theoretical consequence of the present findings is that the ultimate effect of anti- and 
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pro-inflammatory challenges is determined by the baseline inflammatory condition 

of the individual. Indeed, the beneficial or detrimental impact should be evaluated 

according to the capability to normalize or exacerbate the inflammatory balance. This 

view is in line with a number of preclinical and clinical data markers (Iyengar et al., 

2013; Kohler et al., 2014; Tyring et al., 2006). For instance, a study examining the 

effects of the anti-inflammatory compound infliximab, a TNF-α inhibitor, as 

adjunctive treatment option to improve the effectiveness of antidepressants, showed 

that depressed patients with high baseline levels of peripheral inflammation profit 

from the adjunctive anti-inflammatory treatment, while those with low baseline 

inflammation show even a worse outcome, compared to patients receiving placebo 

(Raison et al., 2013). This confirms that lowering inflammation beyond optimal 

levels reduces the potential beneficial effects of the treatment.  

Finally, previous studies showed that an increase in neural plasticity, induced 

through selective serotonin reuptake inhibitor administration, counterbalances both 

the activation and the suppression of the immune response (Alboni et al., 2016), 

keeping inflammation in a strict range. Integrating these results with the present ones, 

a clear interplay between inflammation and neural plasticity emerges indicating that 

these are mutually regulating processes. Therefore, therapeutic interventions aimed 

at targeting specifically neural plasticity may result in a more effective outcome if 

designed to simultaneously act on both the processes. 
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Study 3. Combined fluoxetine and metformin treatment 

potentiates antidepressant efficacy increasing IGF2 expression in the 

hippocampus dorsal hippocampus  

Introduction 

Selective serotonin reuptake inhibitors (SSRIs) are the most commonly 

prescribed drugs for the treatment of major depressive disorder (MDD), which 

constitutes an enormous medical, individual, societal and economical challenge and 

afflicts up to 10-15% of the population worldwide [1]. However, the efficacy of 

SSRIs is variable and incomplete: 60–70% of patients do not experience remission 

and 30–40% do not show a significant response [2]. To explain such incomplete 

efficacy, a novel hypothesis – named undirected susceptibility to change -- posits that 

the increase in serotonin levels induced by SSRIs does not affect mood per se, but 

enhances brain plasticity and thus amplifies the influence of the environment on the 

individual [3-6]. Therefore, SSRI treatment has not a univocal effect but, in a 

favorable environment, it would lead to a reduction of symptoms while in a stressful 

environment, has limited efficacy and may even lead to a worse prognosis [7].  

A number of evidence supports a role for serotonin in increasing brain 

plasticity and enhancing susceptibility to environment [3, 8, 9]. In addition, the 

undirected susceptibility to change hypothesis has been recently demonstrated at 

preclinical and clinical levels. In preclinical studies, it has been shown that fluoxetine 

(FLX), one of the most commonly prescribed SSRIs, affects the molecular and 

behavioral depression-like phenotype according to the quality of the living 

environment: when administered in an enriched environment, it led to an 

improvement while, when administered in a stressful environment, FLX treatment 

led to a worsening of depression-like endpoints such as an enhanced anhedonic 

behavior and a reduced neurogenesis [5, 10]. At clinical level, it has been 

demonstrated that the commonly used SSRI citalopram amplifies the influence of the 

living conditions on mood, confirming that SSRI effects are affected by the 

environment [11]. 
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The SSRI action on brain plasticity and susceptibility to environment opens 

new perspectives on how to improve the efficacy of these antidepressants by 

improving the quality of the patients’ living environment. However, often it is not 

possible to act on the environment because of constraints due to patient's personal 

history and unchangeable life circumstances. In these cases, the pharmacological 

modulation of the factors underlying the link between living environment and SSRI 

action represents a novel and desirable strategy to improve treatment outcome in 

patients living in adverse conditions, very common in depressed patients. 

Metabolism is markedly affected by the quality of the living environment. 

For instance, having an active physical and social life profoundly modulates 

metabolic markers [12, 13]. In turn, metabolic profile affects vulnerability to MDD 

and antidepressant efficacy. As an example, normalization of metabolic markers has 

been associated to remission following antidepressant treatment, while no change 

occurs in non-remitters [14]. Therefore, modification of metabolism represents a 

potential approach to modulate the interplay between environment and SSRIs in order 

to improve treatment outcome. 

The aim of the present study was to assess whether the pharmacological 

modulation of metabolism may improve the limited efficacy of FLX when 

administered in a stressful environment. To this purpose, we used metformin (MET), 

a widely used drug to treat type II diabetes and other metabolic syndromes [15]. It 

affects metabolic profile both at peripheral and central levels since it crosses the 

blood-brain barrier [16, 17]. Though the underlying molecular mechanisms of MET 

action are yet to be fully determined, it has been reported in preclinical models that 

MET affects brain plasticity, increasing Long Term Potentiation (LTP) in the 

hippocampal CA1 region [18] and modulating neurotrophic factor levels, such as 

Brain Derived Neurotrophic factor (BDNF) [19]. 

Our prediction was that the combined FLX and MET treatment is more 

effective than FLX alone in counteracting depression-like phenotype in a stressful 

environment. According to our hypothesis, such enhanced efficacy is ascribable to 

the combined action of the two drugs: FLX increases brain plasticity, favoring a 
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change in mood, while MET, which affects the metabolic profile, drives the change 

toward an improvement. To this aim, we measured BDNF expression and LTP as 

molecular and cellular markers of neural plasticity, in addition to liking- and wanting-

type anhedonia as endpoints of depression-like response. 

Material and methods 

Animals  

C57BL/6 male mice 12–15 weeksold were used and kept under 12-hour light-

dark cycle at 22–25°C. Mice were purchased at Envigo Italia (Udine, Italy). All 

procedures were carried out in accordance with the European law (EEC Council 

Directive 2010/63/UE86/609 1987), Italian legislation on animal experimentation 

(Decreto Legislativo 26/2014). In addition, animals were routinely examined for 

signs of discomfort as indicated by the animal care and use National Academy of 

Sciences of USA guidelines (National Research Council 2003). 

Housing condition  

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 the chamber by entering a front hole (chamber entrance). 

Only one mouse at a time can enter the chamber. Once entered, it is identified through 

a transponder-antenna system. The system is able to collect data about number and 

duration of visits and number, duration and side (right or left) of nosepokes and licks. 

The floor of the cage was covered with bedding and contains four sleeping shelters 

in the center while on the top a food rack is present filled with standard mouse chow 

(food ad libitum). An additional cage (SocialBoxes) was used to expand existing 

Intellicage to a multiarea system, thus we increased the capacity of the system to test 
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simultaneously more mice. One week before being moved to the Intellicage, each 

animal was injected with a subcutaneous transponder (T-IS 8010 FDX-B; Datamars 

SA, Switzerland). Mice have been gradually habituated to the Intellicage 

environment during a 14-days period (habituation period). 

Treatment  

After the first two weeks of stressful condition, aimed at inducing a 

depression-like phenotype, mice continued to be exposed to the unpredictable chronic 

mild stress (see below) for 4 weeks receiving one of the following treatments: VEH, 

FLX, MET or FLX and MET together.  

FLX (Fluoxetine HCl, SantaCruz, USA) and MET (Metformin, 

SigmaAldrich, St Louis, MO, USA) were dissolved in water and in saccharin solution 

and delivered ad libitum in the drinking bottles for 4 weeks. Compared to injection, 

this administration method allows avoiding the stress due to the manipulation. The 

solutions were prepared according to the mouse average weight and daily water 

consumption in order to provide respectively an average daily intake of 30 mg/kg of 

FLX [20] and 200 mg/kg of MET [21, 22]. Bottles with FLX and with FLX and MET 

were wrapped in tin foil to protect the substance from light. Metformin, fluoxetine 

and their combination were dissolved in both water and saccharin solution to avoid 

that saccharin preference could affect the amount of drug received. The average 

amount of fluoxetine or metformin administered did not differ among the 

experimental groups receiving the same compound. Though we did not perform a 

pharmacokinetic analysis, to our knowledge, no interaction between fluoxetine and 

metformin has been reported. 
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Environmental conditions 

All mice were exposed to the stressful condition for two weeks to induce the 

depression-like behavior. For the following 4 weeks, the subjects went on being 

exposed to the stressful condition or were exposed to the standard condition. 

Stressful condition: mice were exposed to unpredictable chronic mild stress 

procedure to induce depression-like behavior (Figure S1). To prevent habituation to 

stress, mice were exposed each day to a different stressful procedure, randomly 

chosen among the procedures provided by the Intellicage. The procedures were Short 

open door: door to access water or saccharin solution remains open for only 1.5 

seconds; Delay: door opens with a delay of 1, 1.5, 2, 2.5 seconds 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) 

which lasts 1-sec or until the animal leaves the corner. In the latter case, the doors 

remain closed. Once each one of these procedures ended, in order to re-open the doors 

and drink again, the animals had to leave the corner and start a new visit. The duration 

of each stressful procedure was randomly chosen: 12, 18 or 24 hrs. In addition, during 

the stressful condition, no shelter or tissue paper was provided.  

Standard condition: mice were socially housed in the Intellicages and 

exposed to Plexiglas shelters of different colors and shapes (four red transparent 

Tecniplast plastic nest boxes and four white opaque boxes), and to tissue paper. New 

paper was provided every 5 days and the plastic shelters were cleaned every week 

(Figure S2a). 

Behavioral tests  

Behavioral endpoints investigated are liking- and wanting-type anhedonia. 

These were automatically assessed by the Intellicage avoiding any bias or stress due 

to the experimenter. 

Liking-type anhedonia - Saccharin preference  

To assess liking-type anhedonia we measured saccharin preference. Two 

bottles were present in each corner of the Intellicage , one containing tap water and 
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the other containing the saccharin solution 0.1%; both were freely available 24/24 h. 

Water and saccharin solution were substituted everyday. 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 across a two days period (i) at the end of the habituation period, (ii) at the 

end of the first two weeks of exposure to the stressful condition (aimed at inducing 

the depression-like phenotype), (iii) 1 week after the beginning of the treatment 

period, (iv) at the end of the treatment period. Mice were exposed to the saccharin 

solution only (all bottles filled with saccharin solution) during the first two days of 

the Intellicage habituation period in order to make them used to the saccharin flavor. 

In the remaining 12 days, mice could choose between water and saccharin solution. 

Wanting-type anhedonia - Progressive Ratio 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 (nosepokes) required to dispense a unit of 

reinforce (i.e. access to saccharin). In particular, water was always accessible after 

one nosepoke while saccharin solution was accessible only after a specific number of 

nosepokes that increases progressively. After each series of 8 visits, the number of 

nosepokes required to access saccharin increases according to the following schedule: 

1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 16, 20, 24. After reaching the 24 nosepoke level, mice 

had freely access to saccharin following one nosepoke. The time for performing the 

nosepokes increased gradually according to the number of nosepokes requested from 

one to 24 sec. Mice were exposed to this test at the end of the habituation period, 

immediately before the treatment period and after both 1 and 4 weeks of treatment. 

To make the mice aware of the progressive ratio testing, the three LEDs on the top of 

each door were kept turned on throughout the test. Each test session lasted two days. 
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RNA extraction and RT-RTqPCR 

Following 4 weeks of treatment in the stressful condition animals were 

sacrificed by decapitation, the brains removed and the dorsal and ventral parts of the 

hippocampus dissected, rapidly frozen and then stored at -80 °C for further molecular 

analyses. The same animals tested for behavior were analyzed for mRNA expression. 

Total RNA, from ventral and dorsal hippocampi, was prepared combining extraction 

whit TRI Reagent® and GenElute™ Mammalian Total RNA Miniprep Kit and 

(Sigma Aldrich ®, Milan, Italy) as previously described [4]. Two μg of total RNA 

were reverse transcribed using High Capacity cDNA Reverse Transcription Kit 

(Thermo Fisher Scientific, Waltham, MA USA) in a final reaction volume of 20 µL 

[23]. The cDNA was stored at -20 °C until Real Time PCR that was performed in 

Roche LightCycler® 480 (Roche Diagnostics GmbH, Roche Applied Science, 

Mannheim, Germany) using Power SYBR Green mix (Life Technologies 

Corporation, Carlsbad, CA, USA). The following forward and reverse sequences 

were used at the final concentration of 150 nM: for IGF1 F5’-

TGCTCTTCAGTTCGTGTG-3’ and R5’-ACATCTCCAGTCTCCTCAG-3’; for 

IGF2 F5’-CGCTTCAGTTTGTCTGTTCG-3’ and R5’-

GGAAGTACGGCCTGAGAGGTA-3’; for BDNF F5’- 

CCATAAGGACGCGGACTTGTA C-3’ and R5’- 

AGACATGTTTGCGGCATCCAGG-3’; for p11 (S100a10) F5’-CTTCAA 

AATGCCATC CCAAA-3’ and R5’-TATTTTGTCCACAGCCAGAGG-3’, for 

leptin F5’-AAGAAGATCCCAGGGAGGA and R5’-

TGATGAGGGTTTTGGTGTCA, and for glyceraldehydes-3-phosphate 

dehydrogenase (GAPDH) F5’-TTCGCAAAACAAGTTCACCA-3’ and 5’- 

TCGTTGTGGTTGTAAATGGAA-3’ as a house-keeping gene. Melt curve analyse 

and agarose gel separations were performed at the end of every RTqPCR to confirm 

formation of a single PCR product. Ct (cycle threshold) value was determined by the 

LightCycler® 480 Software (Roche Diagnostics GmbH, Roche Applied Science, 

Mannheim, Germany) and mRNA expression was calculated with the ΔΔCt method 

with GAPDH as endogenous control as previously described [24].  
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Relative expression of the genes of interest was performed by using as 

calibrator (RQ value=1) expression levels in the ventral hippocampus of vehicle 

treated animals. All qPCR reactions based upon the same primer-set were run in the 

same amplification plate to compare the levels of mRNAs expression between the 

two parts of the hippocampus. 

Electrophysiology 

Hippocampal slice preparation 

In order to perform electrophysiological experiments, acute hippocampal 

slices were collected. At the end of treatment period in the stressful condition, animals 

were anesthetized by inhalation of halothane (Sigma-Aldrich S.r.l., Milan, Italy) and 

decapitated. The brain was rapidly removed from the skull and immersed in ice-cold 

artificial cerebrospinal fluid (ACSF) solution composed of (in mM): NaCl 125, KCl 

4, CaCl2 2.5, MgSO4 1.5, NaHPO4 1, NaHCO3 26 and glucose 10). ACSF was 

continuously bubbled with 95% O2 + 5% CO2 to maintain a pH close to 7.4. 

Following removal, the brain was hemisected along the longitudinal fissure 

to separate the two hemispheres. Brain dissection was carried out according to the 

slicing plane chosen and the structure to be investigated. Specifically, for experiments 

on the ventral hippocampus, slices were cut perpendicular to the longitudinal axis 

from the temporal pole of the brain. For experiments on the dorsal hippocampus, 

coronal slices were cut from the frontal pole. Dorsal and ventral slices have been 

identified as the distance, in μm, from the frontal and temporal pole respectively 

(approximately from 400 to 1750 μm). The brain tissues were blocked on the stage 

of a vibrating microtome (Thermo Scientific, USA) and 350 μm thick slices were cut 

in ice-cold ACSF. The slices were then transferred to an incubation chamber 

containing oxygenated ACSF, where they were allowed to recover for 1 h at 30 °C 

prior to electrophysiological recording. After this period, the slices were transferred 

to the interface slice-recording chamber (BSC1, Scientific System Design Inc) to 

perform experiments within 1–6 h after slice preparation. Dorsal and ventral slices 

were prepared from separate hemispheres of the same brain and were obtained 

alternately from right or left hemisphere.  
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Extracellular field recordings 

For field recordings, individual slices were maintained at 30–32 °C and 

superfused with ACSF at 2 ml/min by a peristaltic pump. A concentric bipolar 

stimulating electrode (SNE-100 × 50 mm long, Elektronik–Harvard Apparatus 

GmbH) was placed in the stratum radiatum to stimulate Schaffer collateral fibers. 

Stimuli consisted of 100 μs constant current pulses of variable intensity, 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 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 stimulation (HFS, 1 train of stimuli 

at 100 Hz of 1 s duration), repeated after 30 min. To analyze the time course of fEPSP 

slope, the recorded fEPSP was routinely averaged over 1 min (n = 3). fEPSP slope 

changes following the LTP induction protocol at 31 and 61 min post tetanus were 

calculated with respect to the baseline (1 minute before induction). N/n refers to the 

number of slices on total number of mice analyzed. 

The paired-pulse ratio (PPR) was measured from responses to two synaptic 

stimuli at 50 ms inter-stimulus interval. PPR was calculated as the ratio between the 

fEPSP amplitude evoked by the second stimulus (A2) over the first (A1; A2/A1). 

fEPSPs were recorded and filtered (low pass at 1 kHz) with an Axopatch 

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). 
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Data and Statistical analysis  

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

Statview II (Abacus Concepts, CA, USA), comparing VEH versus FLX, MET and 

FLX plus MET treated mice. When a significant main effect was found, selected 

pairwise comparisons were made using Tukey post-hoc analysis.  
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Results 

FLX and MET combination is effective in alleviating depression-like 

behavior 

As behavioral phenotypes of depression, we assessed the liking- and wanting-

type anhedonia, which have been previously shown to be susceptible to stress and 

SSRI treatment [5, 10, 25].  

The two weeks of chronic stress before treatment were effective in inducing 

a depression-like profile. In particular, saccharin preference (liking-type anhedonia) 

dropped from around 90 to 55 percent [F(1,37)=87.870, p<0.0001, Figure 1a] and the 

breakpoint level (wanting-type anhedonia) was significantly reduced 

[F(1,39)=17.874, p<0.0001, Figure 1b]. No difference in weight between treated and 

control groups was found (data not shown), indicating that the stress procedure did 

not differentially affect the experimental groups. Following the induction of a 

depression-like profile, mice receiving the combination of FLX and MET showed an 

improvement of their behavioral phenotype when compared to the other experimental 

groups. Specifically, following 1 week of treatment, liking-type anhedonia was 

significantly affected by treatment [F(3,34)=6.126, p=0.0019], post-hoc analysis 

revealing that FLX-MET mice displayed an increased saccharin preference compared 

both to VEH, FLX and MET mice (respectively, p<0.05, p<0.05 and p<0.001; Figure 

1a). Wanting-type anhedonia was significantly affected by treatment as well 

[F(3,35)=3.047, p=0.0414]. FLX-MET mice showed a significant increase of the 

breakpoint level compared both to FLX and MET mice (respectively, p<0.05 and 

p<0.05, Figure 1b]). At the end of the treatment, the prolonged exposure to stress (6 

weeks) led to a marked anhedonic profile in all groups, flattening the potential 

differences in liking-type anhedonia. As for wanting-type anhedonia, a significant 

main effect of treatment was found [F(3,35)=4.329, p=0.0107]. In particular, FLX-

MET mice reached a higher breakpoint level compare to MET mice (p<0.001, Figure 

1b). 
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All mice to be treated in the standard condition showed a significant increase 

of the depression-like phenotype following the two weeks of exposure to the stressful 

condition (Figure S2b and c). In particular, both liking-type anhedonia 

[F(1,41)=43.721, p<0.0001] and wanting-type anhedonia [F(1,40)=10.681, 

p=0.0022] were significantly reduced. Afterwards, when receiving VEH, FLX, MET 

or FLX-MET in a standard condition, they showed no difference in depression-like 

behavior. In particular, all experimental groups showed a full recovery, displaying no 

anhedonic response, both at 1 and 4 weeks of treatment. 

 

Figure 1. Effects of treatment with fluoxetine, metformin or their combination on 

depression-like behavior. (a) liking-type anhedonia. Saccharin preference significantly 

decreased following exposure to stressful procedure. After the first week of treatment FLX-MET 

mice displayed an increased saccharin preference compared both to VEH, FLX and MET mice; 

(b) wanting-type anhedonia. The breakpoint level was significantly reduced after the 

unpredictable chronic mild stress. Following the first week of treatment, FLX-MET mice showed 

a significant increase of the breakpoint level compared both to FLX and MET mice. Treatments 

as indicated in the legend, n=9-10 mice per group. $$p<0.0001 pre- vs post-stress, *p<0.05 and 

**p<0.001 vs VEH, #p< 0.05 and ##p<0.0001 vs FLX, +p>0.05 and ++p<0.001 vs MET. Data 

are presented as mean + S.E.M. 
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IGF2 mRNA levels are increased in the dorsal hippocampus of mice 

receiving the combined treatment 

To explore the molecular bases of treatment effect, we analyzed gene 

expression of selected targets reported to be involved in MDD and metabolism. In 

particular, we focused on IGF2 and IGF1, p11, BDNF and leptin mRNAs expression 

in the dorsal and ventral hippocampus. These hippocampal areas have been reported 

to be differently involved in MDD and antidepressant efficacy [26-30].  

IGF2 analysis revealed a significant main effect of treatment [F(3,50)=3.370, 

p=0.0256] and a significant interaction treatment x hippocampal region 

[F(3,50)=5.912, p=0.0015; Figure 2a]. Post-hoc analysis revealed that, overall, mice 

receiving the combined treatment showed higher IGF2 expression compared to VEH 

and FLX groups. With regard to the dorsal hippocampus, they displayed higher IGF2 

levels compared to VEH (p < 0.05), MET (p < 0.05) and FLX (p < 0.01). FLX-MET 

mice showed also significantly higher IGF2 levels in the dorsal compared to the 

ventral region (p < 0.01). As for the other genetic markers investigated, IGF1, BDNF, 

p11 and leptin, we found no effect of treatment but a significant main effect of 

hippocampal region [Fs(1,50)= 29.161, 96.221, 114.972, 126.865, ps <0.001, Figure 

2b-e)]. In particular, IGF1 and BDNF levels were higher in dorsal, while p11 and 

leptin were higher in ventral hippocampus.  
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Figure 2. Effects of fluoxetine, metformin or their combination on expression of 

genes involved in brain plasticity in the dorsal and ventral hippocampus. (a) IGF2 is 

significantly increased by the combined treatment compared to VEH and FLX alone, suggesting 

that this growth factor is involved in the antidepressant action of the FLX-MET treatment. Such 

effect concerned mainly the dorsal hippocampus, where FLX-MET treatment increased IGF2 

expression compared to all the other groups. (b) IGF1, (c) p11, (d) BDNF and (e) leptin expression 

was not affected by treatment but IGF1 and BDNF levels were overall higher in dorsal, while p11 

and leptin were higher in ventral hippocampus. Treatments as indicated in the legend, n = 6-8 

mice per group. £££ p<0.001, main effect of hippocampal region, § p<0.05 and §§ p<0.01 vs FLX-

MET in the dorsal region. Data are presented as mean + S.E.M. 
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LTP in the dorsal and ventral hippocampal regions is differentially 

affected by treatment 

We explored plasticity processes in CA1 hippocampal region by recording 

LTP evoked by two spaced (30 minutes apart) Schaffer collaterals stimulations in 

both dorsal and ventral hippocampus. Interestingly, during the second stimulation, 

the main effect of treatment emerged [F(3,60) = 3.321, p=0.026]. In addition, the 

main effect of hippocampal area and treatment x hippocampal region interaction were 

very close to reach statistical significance [F(1,60)=3.473, p=0.067 and 

F(3,60)=2.523, p=0.066, respectively]. Post-hoc analysis revealed that, in the dorsal 

hippocampus, FLX-MET treated mice show an increased LTP amplitude 

(1.495±0.065) compared to MET (1.226±0.061, p < 0.05) and VEH (1.260±0.058, p 

< 0.05, Figure 3a, left), but not to FLX (1.406 ± 0.069). By contrast, in the ventral 

region, the combined treatment showed a trend toward a reduction of LTP amplitude 

compared to FLX alone and VEH (1.387±0.058 vs 1.525±0.065 and 1.479±0.061, 

Figure 3a, right) but was similar to MET alone (1.323±0.0759). Finally, in the VEH 

group, the magnitude of LTP was higher in the ventral compared the dorsal 

hippocampus (p=0.012). 

With regard to PPR, a main effect of hippocampal region was observed 

following treatment [F(1,139)=157.357, p<0.001], being its value higher in dorsal 

hippocampus for all treatments (p<0.001, Figure 3b). In the VEH group, PPR was 

1.402 ± 0.034 and 1.081 ± 0.041, in the dorsal and the ventral hippocampus, 

respectively. No treatment effect was observed.  



126 

 

 

Figure 3. LTP in the dorsal and ventral hippocampus is differentially affected by 

fluoxetine, metformin or their combination. (a) LTP from extracellular records in dorsal and 

ventral hippocampus. Time course of fEPSP slope responses evoked at 0.05 Hz and normalized 

as detailed in the Methods. Arrows indicate repeated spaced HFS (2 train at 100 Hz of 1 s duration, 

30 minutes apart). Treatments as indicated in the legend (in dorsal hippocampus, VEH: n=12/8; 

FLX: n=10/9, MET: n=12/9 and FLX-MET: n=10/7; in ventral hippocampus, VEH: n=10/10, 

FLX: n=8/8, MET: n=9/8 and FLX-MET: n=11/9). Note that in dorsal hippocampus, FLX-MET 

mice show an increased LTP compared to MET or VEH and that in VEH, LTP is higher in ventral 

compared to dorsal. Tukey t-test post hoc analysis, 20 minutes after the second HFS. * p< 0.05 

FLX-MET vs VEH, ^ p< 0.05 FLX-MET vs MET. (b) PPR. Bar histogram indicate averaged PPR 

values for dorsal hippocampus (VEH: n=20/12, FLX: n=20/12, MET: n=19/11 and FLX-MET: 

n=21/12) and ventral hippocampus (VEH: n=14/11, FLX: n=16/11, MET: n=21/12 and FLX-

MET: n=16/10). Note that PPR is not affected by treatments and it is higher in dorsal compared 

to ventral hippocampus. Treatments as indicated in the legend, £££ p< 0.001 main effect of 

hippocampal region. Data are presented as mean + S.E.M.  
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Discussion  

The present results show that the combination of FLX and MET administered 

in the stressful condition ameliorates the depression-like phenotype compared to FLX 

alone and VEH after one but not after four weeks. The combination of FLX and MET 

led also to increased IGF2 expression and enhanced LTP, specifically in the dorsal 

hippocampus, at the end of treatment. 

Previous findings by us [5, 10] indicate that FLX alone administered in a 

chronic stress condition has limited beneficial effects or leads to a worsening of 

depression-like behavior. This is in line with previous studies [31-34]. However other 

studies found that mice treated with SSRI in a stressful environment show an 

improvement of the depression-like profile [35, 36]. Here, we confirm that, compared 

to VEH, FLX has limited beneficial effects when administered in adverse conditions. 

However, the co-treatment of MET and FLX counteracts the detrimental effects 

induced by the exposure to stress following 1 week of treatment. In particular, FLX 

and MET combination increases saccharin preference to the level the mice had before 

chronic stress compared to both VEH and FLX alone. Similar results have been found 

for wanting type anhedonia, mice treated with the combined treatment showing a 

higher motivation to obtain the reward compared to those receiving FLX only. The 

results collected at four weeks show no difference among the experimental groups, 

indicating that the combined treatment has not long lasting beneficial effects on 

depression-like behavior and should be used for subacute interventions. It is worth 

noting that, when administered in standard condition, treatments did not produced 

different effects, all experimental groups showing a recovery of the anhedonic profile 

both at week 1 and 4. These results confirm that the combination MET-FLX is an 

effective therapeutic approach when administered to subjects living in stressful 

conditions and support our hypothesis that FLX treatment outcome depends on the 

quality of the environment [7].  

To explore the molecular mechanisms associated to the therapeutic action of 

the combined treatment, we analyzed the expression of selected genes reportedly 

involved in MDD and modulated by FLX and MET [37, 38]. In particular, we focused 
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on IGF2 that is a key molecule in vulnerability to stress and a potential molecular 

target able to trigger antidepressant action [39-41]. A decrease in IGF2 hippocampal 

expression is significantly associated to depression-like behavior induced through 

chronic restraint stress [40-42]. Accordingly, IGF2 overexpression was found to 

rescue the neurobehavioral effects of stress exposure [40]. In addition, recent 

evidence indicates that IGF2 administration enhances adult neurogenesis in the 

hippocampal dentate gyrus [43], considered a marker of recovery from MDD [44, 

45], indicating IGF2 as involved in switching from depressive-like to healthy 

phenotype. IGF2 has been also reported to be a key target of ketamine [39], a novel 

antidepressant drug, which has a rapid but not long-lasting action [46], similarly to 

the effect of the combined FLX-MET treatment reported here. This suggests that 

IGF2 might be involved mainly in first phase recovery from MDD. Here we found 

that IGF2 is significantly increased by the combined treatment compared to VEH and 

FLX alone, suggesting that this growth factor might be involved in the antidepressant 

action of the FLX-MET treatment. However, since IGF2 expression has been 

associated to enhanced learning and memory [47], the differences in wanting-type 

anhedonia, assessed through a progressive ratio learning paradigm, could be ascribed 

also to the differences in learning abilities associated to IGF2 levels. The differences 

in the IGF2 expression levels concern mainly the dorsal hippocampus. Despite the 

classic view on anatomical segregation of the hippocampal function considers the 

dorsal part to be involved in learning and memory while the ventral in emotional and 

stress response [48, 49], an increasing number of studies is challenging this 

dichotomy view [50, 51]. Indeed, novel evidence indicates that dorsal hippocampus 

is implicated in MDD [52-54] and is an important target for antidepressants [29, 30, 

53-55]. For instance, though the ventral region shows the highest expression levels 

of most markers of antidepressant action, such as the 5-HT1a receptor in the dentate 

gyrus [56], the dorsal region expresses at high levels specific markers, including the 

5-HT6 receptor, emerging as relevant regulators of depression-like behavior as well 

[57, 58].  
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We also analyzed the expression levels of other metabolic markers related to 

MDD such as IGF1, p11, BDNF and leptin, but these were not affected by treatments. 

Nevertheless, all of them showed a significantly different expression in the two 

hippocampal regions. The adipose-derived hormone leptin is well known for its 

function in controlling energy homeostasis and has been recently involved in 

regulating mood and emotion [59, 60]. Low levels of leptin are associated to 

depression in humans and preclinical models as well as pharmacological studies 

indicate leptin as a potential antidepressant drug [61]. Here, we observe an increased 

leptin expression in ventral compared to dorsal hippocampus. Such specificity is in 

line with previous data showing that leptin differently affects memory and food intake 

when administered in the dorsal or the ventral hippocampus [62]. Similar to leptin, 

the expression of p11 (also known as S100A10), involved in the regulation of 

depression-like behavior and response to antidepressants [63-65], was not modified 

by treatments, but its expression levels were higher in the ventral compared to the 

dorsal hippocampus. 

BDNF is a neurotrophic factor particularly abundant in hippocampal neurons 

[66] that has been indicated as key player in the pathophysiology of MDD. Indeed, 

according to the “neurotrophic hypothesis of depression”, the psychopathology is 

associated with the reduction of brain BDNF levels and antidepressant treatments 

alleviate depressive symptoms increasing its levels [6, 67]. BDNF is reported to be 

expressed at higher levels in dorsal compared to ventral hippocampus [68]. We here 

confirm this finding. In addition, we replicate data from our and other research groups 

showing that FLX treatment does not increase the levels of this neurotrophin in a 

stressful environment [4]. In line with previous data, BDNF levels were not affected 

also by MET [69]. Akin to IGF1, BDNF levels were higher in dorsal compared to 

ventral hippocampus. 

Similar to gene expression, physiological properties differ along the 

longitudinal axis of the hippocampus. For instance, in the CA1 region [70-72], LTP 

magnitude is smaller in the ventral than in the dorsal hippocampus [73, 74, 75 ] and 

is differentially modulated by stress in the two regions [76-81], being reduced or not 
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affected in dorsal but increased in ventral hippocampus following both acute [82, 83] 

and chronic stress [27]. In line with these findings, we show here that the LTP 

magnitude was smaller in dorsal compared to ventral hippocampus. This might be 

due to the different distribution and effects exerted by the corticosteroid receptors, 

mineralcorticoids (MRs) and glucocorticoids (GRs), on LTP after exposure to stress. 

In particular, it has been reported that MRs, more expressed in the ventral part [84], 

facilitate LTP [85, 86], while GRs, more abundant in the dorsal part of the 

hippocampus [84], impair LTP [87].  

Interestingly, the treatments differentially affected LTP in the two 

hippocampal regions. In particular, the co-treatment FLX-MET produced a 

significant increase in LTP amplitude in dorsal hippocampus, which parallels the 

significant IGF2 expression increase observed in this region. Given the role of IGF2 

in modulating biological processes involved in neuronal plasticity [88], such as 

promoting dendritic spine formation[89] and enhancing pERK1/2 and GluR1 [47], 

the IGF2 increase might be involved in the plasticity enhancement we observed. By 

contrast, no significant difference in LTP was found in the ventral part, suggesting 

that FLX and MET, alone or in combination, do not regulate plasticity in this area. 

This evidence suggests that the combination FLX and MET affects the 

electrophysiological activity specifically in the dorsal hippocampus which has been 

reported as potential target for antidepressant treatments [29, 30, 53-55]. Such LTP 

amplitude enhancement, in addition to the increased IGF2 expression, in a brain 

region reportedly involved in learning processes further support that these changes 

might contribute to the differences in progressive ratio paradigm used to assess 

wanting-type anhedonia. 

The major limitations of the present study include the lack of the analysis of 

the molecular and cellular endpoints after 1 week of treatment in order to better 

investigate the association between behavioral changes and modifications in 

neurophysiological substrates. In addition, a pharmacokinetic analysis of the possible 

interaction between metformin and fluoxetine would have better illustrated whether 

the co-administration affects their bioavailability. Finally, given that MDD affects 
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mostly female with a female:male ratio of approximately 2:1, the assessment of the 

effect of the treatments not only in males, but also in female individuals will be 

extremely relevant. 

Conclusions 

In conclusion, previous works by us and others have found that FLX 

administration has beneficial effects in an enriched environment but has no effects or 

even leads to detrimental outcome when administered in a stressful environment [4, 

5, 90]. Here we show that the combined treatment FLX and MET is more effective 

than FLX alone and VEH in the short-term when administered in individuals exposed 

to a stressful condition. Therefore, this polypharmacological strategy appears 

effective to counteract the potential limited efficacy of FLX in individuals living in 

adverse conditions. This might be highly relevant in the clinic because, with very few 

exceptions, people cannot rapidly and effectively change their life circumstance, and 

adverse conditions are very common in depressed patients.  
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Supplementary materials 

 

 

Figure S1 - Experimental design of the stressful condition. Mice were exposed to 

stress for six weeks. The first two induced the depression-like phenotype. During the following 

four weeks of stress, the subjects were treated for with fluoxetine, metformin or their combination. 
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Figure S2 - Experimental design and effects of fluoxetine, metformin or their 

combination on depression-like behavior in standard condition: (a) First mice were exposed 

for two weeks to the stressful condition to induce a depression-like phenotype. Afterwards, they 

were treated for four weeks in the standard condition. (b) Liking-type anhedonia. Saccharin 

preference significantly decreased following exposure to stress. Treatments did not produce 

different effects. (c) Wanting-type anhedonia. The breakpoint level was significantly reduced after 

the unpredictable chronic mild stress. Treatments did not produce different effects.  
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GENERAL DISCUSSION AND CONCLUSIONS 

General discussion  

The purpose of the present work was to unravel the factors determining the 

limited efficacy of antidepressant drugs, with the final aim of developing novel and 

more effective therapeutic strategies for MDD. To this aim, we leveraged our 

previous results pointing out the relevance of neural plasticity in SSRI outcome 

(Alboni et al., 2017; Branchi et al., 2013). In order to identify the biological processes 

affecting treatment efficacy, we focused on the immune system, which is considered 

to be involved both in neural plasticity and SSRI action (Carvalho et al., 2013; Eller 

et al., 2008; Lanquillon et al., 2000; Tuglu et al., 2003). In particular, Study 1 and 2 

were aimed at exploring the interaction between neural plasticity, inflammation and 

serotoninergic antidepressant treatment outcome. We demonstrated that enhanced 

neural plasticity induced by the administration of SSRIs is able to keep inflammation 

within a strict physiological range and that any deviation from such range may result 

in plasticity impairment. In addition, in Study 3, we explored a polypharmacological 

strategy aimed at increasing SSRI efficacy through the modulation of metabolism 

(Corpeleijn et al., 2007; Hafner et al., 2011). In particular we assessed the effects of 

the combination of fluoxetine and metformin on mood. The results reported suggest 

that such combination has an improved efficacy compared to SSRI alone in adverse 

conditions.  

Overall, the present work shows that the increase in neural plasticity, a key 

effector of serotoninergic antidepressants action, is determined by inflammation. 

Therefore, the regulation of the immune system activation is of critical importance to 

improve SSRI efficacy. Finally, our results show that the neural plasticity induced by 

serotoninergic antidepressant - and the consequent increased capability to improve 

mood - can be favored by the co-administration of compounds affecting the metabolic 

profile. 
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Main findings  

Neural plasticity induced by SSRI treatment regulates the inflammatory 

response  

Previous studies reported contradictory results about the effects of SSRI 

treatment on inflammation, showing that these drugs can act either as pro- or anti-

inflammatory agents (Basterzi et al., 2005; Chen et al., 2010; Haastrup et al., 2012; 

Hannestad et al., 2011; Jazayeri et al., 2010; Kagaya et al., 2001; Kim et al., 2013; 

Lanquillon et al., 2000; Leo et al., 2006; Song et al., 2009; Tuglu et al., 2003; 

Yoshimura et al., 2009). Here, we obtained results that might reconcile such divergent 

views, demonstrating that the effects of fluoxetine administration on inflammation 

depend on the baseline inflammatory levels (Chabry et al., 2015; Goshen et al., 2008; 

Singhal et al., 2014; Wohleb et al., 2011). In particular, when the inflammatory levels 

are high, as following the exposure to a chronic stressful environment, SSRIs 

decrease inflammation. By contrast, when the inflammatory levels are low, as 

following the exposure to an enriched environment, SSRIs have a pro-inflammatory 

effect. The literature supports our hypothesis since the anti-inflammatory action of 

SSRIs has been described mainly by studies in which these compounds were 

administered to individuals exposed to a stressful environment. Whereas, studies 

reporting a pro-inflammatory action, investigated the effects of SSRIs in an enriched 

environment (Cheng et al., 2016; Ji et al., 2014; Jiang et al., 2013; Lu et al., 2014; 

Tianzhu et al., 2014; Wilson et al., 2014; Xie et al., 2015). These findings may 

contribute to elucidate the biological bases of the heterogeneity in the antidepressant 

response among patients, which may depend on the baseline inflammatory conditions 

of each patient. Consequently, for a personalized and more effective pharmacological 

approach, the inflammatory levels of the patients before receiving and during the 

treatment period should be monitored and, in case, modified, in order to favor neural 

plasticity and thus recovery from MDD. A further concept supported by our results 

is that increased neural plasticity induced by SSRIs (Branchi, 2011; Ruiz-Perera et 

al., 2015; Wang et al., 2008) keeps inflammatory levels in a strict range, which 
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consequently appears permissive for functional and structural remodeling of brain 

networks. This is in line with previous studies demonstrating a strictly regulated 

interaction between neurons and immune system, including microglia and cytokines, 

which is crucial for plasticity processes, such as synaptic shaping and neuronal 

excitability (Yirmiya and Goshen, 2011; Figure 8). 

 

 

Figure 8. Inverted-U curve describes the interaction between inflammatory levels 

and neural plasticity. Memory, neural plasticity and neuronal excitability as a function of brain 

inflammation. Immune processes in the brain, including microglial activation and inflammatory 

cytokine production play a complex dual role in learning, memory, and neural plasticity (blue 

graph), as well as neuronal excitability (red graph) (Yirmiya and Goshen, 2011). 
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Deviations from the physiological range of inflammation determine 

neural plasticity 

With the aim of demonstrating that inflammatory levels within a specific 

physiological range favor neural plasticity, we treated mice with ibuprofen and LPS 

that, respectively, decreases and increases inflammatory levels (Martin et al., 2013; 

Rainsford, 2013; Shaw et al., 2003), and assessed the effects of these treatments on 

molecular and cellular neural plasticity. The results showed that, as expected, the two 

compounds have opposite effects on sickness behavior and inflammatory response. 

Nevertheless, they produced overlapping effects on neural plasticity, both 

determining plasticity impairment. Such effect appears to be dose-dependent since 

only high, but not low, doses of both compounds produced such effect. 

The present findings suggest that neural plasticity and inflammation are 

mutually regulating processes and inflammatory levels should be kept within a strict 

physiological range to allow for a structural remodeling of brain networks. It is worth 

noting that the present results indicate that not only an iper- but also an ipo-activation 

of the immune system could have detrimental effect. Accordingly, Miller and Raison 

have shown that low levels of inflammatory activation might increase the 

vulnerability to psychopathologies, such as depression (Raison and Miller, 2011). 

Indeed, inflammatory processes, including the phagocytic activity of microglia or the 

production of cytokines, underlie numerous key physiological processes and too low 

inflammatory levels could impair them affecting brain functioning. The strict 

interplay between neural plasticity and inflammation is not unexpected when 

considering the inflammatory pathways as fully integrate and key elements within 

the brain. Such interplay is described by an inverted-U curve where intermediate 

levels of inflammation are associated with higher neural plasticity levels and any 

deviation from this range, caused by either a pro- or anti-inflammatory action, leads 

to reduced plasticity (Figure 9). 
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Figure 9. The curve describes the interaction between neural plasticity and 

inflammatory levels. When the inflammatory levels are kept in the physiological range the neural 

plasticity reaches its maximal level. By contrast, both immune activation and suppression lead to 

reduced neural plasticity. 

SSRI efficacy in adverse condition could be increased by the co-

treatment with metformin  

As further step, we explored novel strategies aimed at exploiting the effect of 

SSRI treatment on neural plasticity. In particular, according to the undirected 

susceptibility to change hypothesis, the increase in serotonin levels induced by SSRIs 

enhances brain plasticity and thus amplifies the influence of the environment on the 

individual (Branchi, 2011). Consequently, SSRI treatment has not a univocal effect 

but, in a favorable environment, it would lead to a reduction of symptoms while in a 

stressful environment might lead to a worse prognosis. Such SSRI action on the 

susceptibility to environment opens new perspectives on how to increase their 

efficacy by improving the quality of the patients’ living environment. However, since 

often it is not possible to act on the environment because of constraints due to 

patients’ personal history, a pharmacological modulation of the factors underlying the 

link between living environment and SSRI action represents a novel strategy to 

improve treatment outcome. Given that metabolism is affected by the quality of the 

living environment and, in turn, metabolic profile affects antidepressant efficacy 

(Corpeleijn et al., 2007; Hafner et al., 2011), the pharmacological regulation of 

metabolism represents a potential approach to improve treatment outcome. To this 

aim, we exploited a polypharmacological strategy consisting in the co-treatment with 

the SSRI fluoxetine and metformin, a commonly used drug to improve metabolic 
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dysfunction. Our results demonstrated that the exploitation of a polypharmacological 

approach, considering (i) metabolic profile as a targetable proxy for the beneficial 

effect of a favorable living environment on mood, and (ii) SSRIs as enhancers of such 

beneficial effect, allows for a more effective antidepressant treatment (Figure 10). 

 
 

Figure 10. Two-targets combined action strategy to enhance SSRI efficacy. The 

approach exploited is to develop a concerted action to produce two different effects – i.e. favouring 

the change (i.e. SSRI) and driving the change (i.e. regulation of the metabolism) – in order to 

develop highly effective therapeutic strategies for MDD. 
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Limits  

Although reporting novel findings, the present work presents some 

limitations. First, all the studies have been conducted on male subjects. Future studies 

should employ both male and female individuals. This appears even more relevant 

considering that MDD affects mostly female with a female:male ratio of 

approximately 2:1 (Albert, 2015). 

A further limitation is the lack of a detailed and comprehensive investigation 

of molecular mechanisms underlying the action of the psychoactive compounds 

tested here. However, given the well-described effects of these compounds in both 

preclinical and clinical studies, including the description of their potential side effects 

(Altamura et al., 1994; Davies, 1998; Maruthur et al., 2016; Sirtori et al., 1978), such 

characterization was beyond the aims of the present work. In addition, the molecular 

data presented here comprise mainly mRNA transcript levels, thus further analyses 

devoted to measure protein levels may strengthen the relevance of the present results.  

Finally, with regard to the analysis of immune activation, it should be taken 

into account that our data focused on the central levels of inflammation, while, in 

clinical settings, peripheral levels are routinely measured. Therefore, future studies 

should assess both central and peripheral markers of inflammation to have a higher 

translational value and to better illustrate the link between central and peripheral 

inflammation  
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General conclusions 

MDD represents a relevant global public health burden at clinical, social and 

economic level. One of the most relevant causes of such burden is the incomplete 

efficacy of antidepressant treatments. In particular, the absence of a substantial 

progress in improving SSRI effectiveness over the last decades could be ascribed to 

the limited understanding of the action of these drugs. In the present study, we strived 

to identify the factors involved in determining SSRI outcome with the final aim of 

developing a more effective antidepressant treatment. Our starting point was that, 

though inflammation and neural plasticity have been widely reported as key factors 

in SSRI action, their interplay in determining antidepressant outcome has been 

limitedly explored. 

The results obtained reveal that neural plasticity and inflammation are deeply 

intertwined processes. In particular, we first showed that an increase in neural 

plasticity, induced through SSRI administration, counterbalances both the activation 

and the suppression of the immune response. As second step, we demonstrated that 

neural plasticity is high when inflammatory markers are kept within a strict 

physiological range and any deviation towards an extreme activation or suppression 

of the immune response leads to a plasticity impairment. Together these findings 

indicate that neural plasticity and inflammation act as mutually regulating processes 

and that, to instate the neural plasticity needed for the SSRI beneficial action on 

mood, inflammation has to be tightly regulated. In a translational perspective, such 

concept entails that, to improve the efficacy of the antidepressant treatment in clinical 

settings, patients’ inflammatory levels should be controlled before and during the 

pharmacological therapy. As a consequence, combining the antidepressant treatment 

with either a pro- or anti-inflammatory compounds aimed at counterbalancing any 

deviation in inflammatory levels, could result in a more effective antidepressant 

strategy. Although the beneficial effects of a co-treatment involving an antidepressant 

SSRI and an anti-inflammatory compound, as NSAIDs, has been already reported in 

both pre-clinical and clinical studies (Kohler et al., 2015; Kopschina Feltes et al., 
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2017), new studies should be devoted to assess whether, as suggested by the 

theoretical framework proposed here, the add-on of pro-inflammatory agents could 

improve treatment outcome in patients showing extremely low inflammatory levels. 

Finally, with the purpose to develop a novel and highly effective 

antidepressant treatment, we performed a further experiment exploiting a 

polypharmacological approach combining the SSRI fluoxetine, used to enhance 

neural plasticity, with metformin, a drug able produce metabolic effects overlapping 

with those induced by an healthy lifestyle. The exploitation of such approach is based 

on the view that a multi-target intervention, which act on different pathways and 

systems, has a greater clinical efficacy compared to the old “single-target” compound 

paradigm (Hopkins, 2008). The results obtained confirmed that, in adverse 

conditions, the combined treatment is more effective in improving mood than SSRI 

treatment alone. 

Overall, the studies presented in this work indicate that, in order to improve 

the efficacy of antidepressant drugs, information concerning not only the patients’ 

mood but also their living environment and selected physiological endpoints (e.g. 

inflammatory levels) should be considered for an effective antidepressant therapeutic 

strategy. This calls for the implementation of the precision medicine paradigm in the 

psychiatric field, which consists in personalized therapeutic interventions based on a 

comprehensive assessment of the patients’ biological and psychosocial features. Such 

paradigm is relevant for a large number of psychopathologies and in particular for 

MDD, a disorder whose onset and progression are, according to an increasing number 

of studies, multifactorial rather than triggered by a single chemical imbalance 

(Lacasse JK, 2005). 
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