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    The Search For Novel Antidepressants


  




  

    In spite of the undeniable progress of Psychiatry over the past 60 years, and hundreds of new molecules having been tested for the treatment of mental disorders, the pharmacological treatment of depression is far from being satisfactory. In the last decades, no significant paradigm shifts in the psychopharmacology of mood disorders have occurred, mostly because the development of novel antidepressant agents is limited by our limited understanding of the pathophysiology of the illness. In this context, Andre F. Carvalho, Gislaine Z. Reus, and João Quevedo have devoted their talent and effort to provide us with a crisp summary of the past, present, and future treatment options for the management of depression that will please both preclinical and clinical investigators in neuropsychopharmacology. This e-jewell, rather than e-book, (and its printed version) gathers prominent researchers in basic and clinical psychopharmacology, authoring thoughtful chapters on exciting topics such as animal models, optogenetics, endophenotypes, repurposing, cognitive dysfunction, biomarkers, oxidative stress, and the microbiota-brain axis, which are outstandingly relevant for understanding the current approach to the pathopshysiology of mood disorders. Modern and traditional treatment targets, such as glutamate receptors, monoamine-oxidase-A, intracellular signaling pathways, and new avenues based on the comorbidity between depression and metabolic syndrome, neuropeptides, or herbal remedies are also part of this comprehensive text which starts with a wonderful chapter on innovative solutions for the development of new antidepressant drugs. I personally enjoyed reading it and learnt much from it. In difficult times such as ours, when social and methodological hurdles are challenging our ability to translate scientific progress into true impactful innovation in this field, the reading of this book fuels fresh air into the community of scientists, clinicians, and perhaps informed patients who await answers or at least better questions for the understanding and management of depression.
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    PREFACE


  




  

    This eBook was conceived after an invitation by the Bentham Science Publishers due to the necessity to review novel antidepressant alternatives.




    The prevalence of people with major depressive disorder (MDD) has increased drastically worldwide. In addition, many patients do not respond to classic antidepressant treatments. However, in the last years, new strategies have been studied in experimental and clinical approaches.




    The development of novel treatment of MDD would decrease the morbidity and mortality, and consequently the economic burden associated with hospital. Some of these new treatment alternatives are associated with a fast antidepressant effects and low side effects compared to classical treatments. Several studies indicate that pathological mechanisms involved with MDD development are not only based on monoaminergic system, but also with metabolic disturbances, inflammation and a decrease in protein involved with neuroplasticity.




    This eBook aims to contribute to an integrated understanding concerning innovative alternatives to treat MDD. It is based on cutting edge research and the outcome will shed light on the most appropriate approach to treat resistant-treatment MDD patients. It gathers a wide range of topics on the subject and includes several chapters with original material.




    Authors and co-authors represent a multidisciplinary team that includes scientists and professors with a vast experience in the area, from different universities and research institutions. It is an attempt to encourage the implementation of alternative approaches to the classic antidepressants for humans.




    The eBook is organized in fourteen chapters: the general introduction is followed by a review devoted to experimental models, optogenetics therapy, the role of healthy human volunteers, monoamine oxidase-A, repurposed drugs, glutamatergic compounds, cognition, oxidative and nitrosative stress, melatoninergic pathway, neuropeptides, gut microbiota, metabolic disturbances, and plant-based drugs.




    Ultimately, we would like to thank all authors that have actively contributed to this eBook, and all people that someway helped us to bring it to daylight, including our family, friends, students and colleagues.
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      Abstract




      Major depression is a serious problem of today’s society affecting approximately 14.8 million American adults, or about 6.7 percent of the U.S. population age 18 and older in a given year. In the last decades neuroscientists have focused their efforts to understand depression and find adequate antidepressant treatments. Despite antidepressant drug treatment patients continue to experience low remission rates and some patients are treatment-resistant. Furthermore, current antidepressant drugs display a slow onset of action and clinical benefits are evident only after several weeks of treatment. Most of the marketed antidepressant drugs target the brain monoaminergic systems, i.e., serotonin (5-HT), noradrenaline (NA) and dopamine (DA) sharing common mechanisms of action. Thus, new therapeutic approaches are needed. The purpose of the following manuscript is to take a journey starting from the discovery of the first antidepressant drug to the recent exciting advances in antidepressant therapeutic approaches. In particular, we summarize the discovery of monoamine oxidase inhibitors (MAOIs), tricyclic antidepressants (TCAs), selective serotonin re-uptake inhibitors (SSRIs), dual acting/multi-target antidepressants and ketamine. We also discuss novel therapeutic targets such as glutamate, gamma-aminobutyric acid (GABA), neuropeptides, immune system- and brain-gut axis-related targets among others. Finally, we examine the efficacy and safety of non-pharmacological therapeutic approaches for treatment-resistant patients such as electroconvulsive therapy, transcranial magnetic stimulation, magnetic seizure therapy, transcranial direct current stimulation, deep brain stimulation and vagus nerve stimulation.


    




    

      Keywords: Antidepressant, DBS, ECT, Ketamine, MAOI, Multimodal, NASSA, NDRI, SARI, SNRI, SSRI, TCA, TMS, VNS.


    




    


    * Corresponding author Denis J. David: Université Paris-Saclay, Univ. Paris-Sud, INSERM UMR-S 1178, Fac Pharmacie, Chatenay Malabry 92290, France; E-mail: denis.david@u-psud.fr§ co-last authors


    


  




  

    

      INTRODUCTION




      At some point in our life, some individuals may have experienced a general low frame of mind, felt deeply sad or miserable in response to a specific stress or shock. Feeling ‘sad’ is a natural response to stressful or bad events of everyday life. However, when ‘sadness’ is persistent it could develop into a ‘malignant sadness’ or into depression. Depression is a serious mental health problem that interferes with everyday life over long periods of time. According to the Diagnostic and Statistical manual of Mental disorders version V (DMS-V) [1], depression is diagnosed when at least 5 core symptoms listed in Table 1 have been present during the same 2-week period and represent a change from previous functioning; at least one of the symptoms is either (i) depressed mood or (ii) loss of interest or pleasure. In the US, the economic burden associated with depression was estimated to reach $210.5 billion in 2010 [2] and the World Health Organization (WHO) has predicted that by the year 2030, depression will be the second leading cause of disease burden worldwide, preceded only by human immunodeficiency virus (HIV) [3]. Despite, the high impact of depression on today society, current antidepressant treatments have important shortcomings relative to the therapeutic needs of depressed patients (Fig. 1; Table 2). Thus, antidepressant drug efficacy is typically observed only after several weeks of treatment and approximately 30-40% of patients do not respond to any antidepressant therapy. Furthermore, antidepressant drug treatments induce modest clinical improvement with only a minority of patients achieving full remission [4]. Given this huge unmet need, enormous resources from the scientific world (public and private) have been as is being devoted to the search for novel and better antidepressant treatments. The aim of this review is to summarize the currently available antidepressant therapies (drug and non-drug) and discuss the future directions for antidepressant research.


    




    

      



      1. Monoaminergic Antidepressants




      The 1960’s represent the golden age for the antidepressant drug discovery and market entries (Fig. 1). The first antidepressants introduced in the market, iproniazid and imipramine, were discovered thanks to the perceptiveness of some brilliant scientists and were not initially developed to treat depression. Indeed, before the discovery of the first antidepressants, depression was thought of as a sympthomatological manifestation of personal internal conflicts that did not need pharmacological treatment [16].




      Depressed individuals were supposed to resolve their personal conflicts to find out the roots of their inner problems and any drug treatment was highly discouraged. Depression was not considered as a biological illness. The discovery of the first antidepressants unraveled the biological foundations of depression.




      

        Table 1 DMS-V Criteria for Diagnosis of Major Depression.




        

          

            

              	i. depressed mood most of the day, nearly every day, as indicated by either subjective report (e.g., feels sad or empty) or observation made by others (e.g., appears tearful).

            




            

              	ii. markedly diminished interest or pleasure in all, or almost all, activities most of the day, nearly every day (as indicated by either subjective account or observation made by others)

            




            

              	iii. significant weight loss when not dieting or weight gain (e.g., a change of more than 5% of body weight in a month), or decrease or increase in appetite nearly every day

            




            

              	iv. insomnia or hypersomnia nearly every day

            




            

              	v. psychomotor agitation or retardation nearly every day (observable by others, not merely subjective feelings of restlessness or being slowed down)

            




            

              	vi. fatigue or loss of energy nearly every day

            




            

              	vii. feelings of worthlessness or excessive or inappropriate guilt (which may be delusional) nearly every day (not merely self-reproach or guilt about being sick)

            




            

              	viii. diminished ability to think or concentrate, or indecisiveness, nearly every day (either by subjective account or as observed by others)

            




            

              	ix. recurrent thoughts of death (not just fear of dying), recurrent suicidal ideation without a specific plan, or a suicide attempt or a specific plan for committing suicide
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Fig. (1))


      Schematic representation of the chronology for the discovery of drugs for the treatment of major depression. * withdrawn from the market. Abbreviations: TCA, tricyclic antidepressant; SSRI, selective serotonin reuptake Inhibitors; SNRI, serotonin–noradrenaline reuptake inhibitor; SARIs, serotonin antagonist and reuptake inhibitors; SNRI, serotonin-noradrenaline reuptake inhibitor; NDRI, noradrenaline-dopamine reuptake inhibitors; SARI, serotonin-2 antagonist and reuptake inhibitor; NASSA, noradrenergic and specific serotonergic antidepressant; MASSA, melatonin agonist and selective serotonin antagonist.



      

        



        1.1. Monoamine Oxidase Inhibitors (MAOIs)




        The first antidepressant ever marketed is iproniazid a non-selective, irreversible monoamine oxidase inhibitor (MAOI) of the hydrazine class [5]. MAOIs inhibit the activity of the MAO enzyme preventing the breakdown of monoamine neurotransmitters and thereby increasing their availability. MAO activity in the human was not discovered until 1952 by Zeller and colleagues [17].




        

          Table 2 Current Antidepressant Drugs Marketed in Europe and/or USA. Note: The Antidepressant Drugs Listed are Marketed in USA and EU Unless Specified.




          

            

              

                	Class of Antidepressants



                	Drugs



                	Mechanism of Action



                	Ref

              


            



            

              

                	Enzyme Inhibitors



                	Monoamine Oxidase Inhibitors (MAOIs)



                	Phenelzine,


                tranylcypromine, isocarboxazid,


                moclobemide (EU), selegiline (USA)



                	MAOIs prevent the breakdown of monoamine neurotransmitters, such as 5-HT and NA



                	[5]

              




              

                	Reuptake Inhibitors



                	Tricyclics (TCAs)



                	imipramine, desipramine, trimipramine, clomipramine, amytriptyline, nortriptyline, protriptyline, doxepin, amoxapine,


                maprotiline



                	TCAs inhibit the NA transporter and the 5-HT transporter, respectively



                	[6]

              




              

                	Selective Serotonin Reuptake Inhibitors (SSRIs)



                	fluoxetine, paroxetine, citalopram, escitalopram, sertraline, fluvoxamine



                	SSRIs selectively inhibit the 5-HT transporter



                	[7]

              




              

                	Noradrenaline and Dopamine Reuptake Inhibitor (NDRI)



                	bupropion



                	NDRIs block the action of the NA transporter and the DA transporter,



                	[8, 9]

              




              

                	Dual Serotonin and Noradrenaline Reuptake Inhibitor (SNRI)



                	venlafaxine (USA), desvenlafaxine (USA), levominalcipran (USA), duloxetine (USA)



                	SNRIs inhibit the NA transporter and the 5-HT transporter



                	[10]

              




              

                	Noradrenaline reuptake inhibitor (NRI)



                	lofepramine (EU); reboxetine (EU)



                	NRI selectively inhibit the NA transporter



                	[11]

              




              

                	Noradrenergic and Specific Serotonergic Antidepressant (NASSA)



                	mirtazapine, mianserin (EU)



                	NASSAs block the NA α2 autoreceptors and α2 heteroreceptors. In addition, mirtazapine blocks postsynaptic 5-HT2 and 5-HT3 receptors.



                	[12]

              




              

                	Other antidepressants



                	Serotonin Multimodal



                	vortioxetine, vilazodone, trazodone



                	Vortioxetine is a 5-HT7, 5-HT3 and 5-HT1D receptor antagonist and 5-HT1B partial agonist, a 5-HT1A receptor agonist and 5-HT transporter inhibitor; Trazodone is a 5-HT2 receptor antagonist and 5-HT1A partial agonist;


                Vilazodone is a 5-HT reuptake inhibitor and 5-HT1A receptor partial agonist.



                	[13, 14]

              




              

                	Melatonin Multifunctional



                	agomelatine (EU)



                	Agomelatine is a melatonin MT1 and MT2 receptor agonist and 5-HT2C receptor antagonist



                	[15]

              


            

          




        




        Iproniazid, a derivative of isoniazid, was originally developed as a more efficacious treatment for tuberculosis. However, clinicians working in the Sea View Hospital on Staten Island (New York) observed unexpectedly that tuberculosis patients treated with iproniazid displayed striking psychological changes such as greater vitality and increased social relationships [17]. The news spread into the newspapers and iproniazid was considered to be an “antidepressant”. Iproniazid was introduced in the market in 1958 after a few clinical trials. Few years later, in 1961, iproniazid was withdrawn from the market (remained in use in France marketed as Marsilid) due to two serious adverse effects, acute hepatic necrosis and “cheese reaction”. The cheese reaction was named so from the observation of a neurologist who noticed that his wife (under MAOIs treatment) was having severe headaches when eating cheese. The reason was that MAOIs inhibit the catabolism of dietary amines and the ingestion of food, such as unprocessed cheese, containing high levels of tyramine may cause a hypertensive crisis.




        Even though iproniazid had a short presence in the market, it enabled a revolution in the modern psychiatry [16]. Indeed, depression began to be considered not merely as a psychodynamic process but as an illness with biological basis. Furthermore, the introduction of iproniazid on the market paved the way for the search for new antidepressant drugs (Fig. 1). Other MAOIs with a safer profile were later developed and introduced on the market such as phenelzine, isocarboxazid and tranylcypromine. Those antidepressant drugs are still available in the market in the US but are not used anymore as first line treatment given the risk for food and drug interactions. Later research revealed that there are two isoforms of MAO namely MAO-A (located preferentially in the intestinal lining and which mainly metabolises 5-HT and NA) and MAO-B (which mainly metabolises DA and phenethylamines). Based on this discovery, the safer reversible MAO-A inhibitor moclobemide has been introduced [18]. Recently (2006), the MAO-B inhibitor selegiline has been approved by the FDA in the formula selegiline transdermal system (STS), which is thought to be safer at clinical doses for major depressive disorder [19]. However, it is now recognized that the MAOIs are less successful than the antidepressants based on inhibition of monoamine transporters described in the following sections.


      




      

        



        1.2. Tricyclic Antidepressants (TCAs)




        Imipramine is the first antidepressant drug belonging to the class of tricyclic antidepressants (TCAs). TCAs are thought to mediate their antidepressant activity through serotonin (5-HT) and noradrenaline (NA) transporter blockade, which results in an increase in extracellular levels of these two neurotransmitters [6]. Realizing imipramine’s antidepressant properties is probably the most groundbreaking finding for the development of therapeutic approaches for depressed patients. Imipramine was first marketed in Swiss in 1957. Afterward, the drug was sold in the rest of Europe in 1958 and in the USA in 1959. Imipramine was discovered thanks to the brilliant intuition and careful clinical observations of Dr. Roland Kuhn. Imipramine (originally named G22355) was provided to Dr. Khun by the Geigy’s Pharmacology Section (manufacturer of drugs in Basle, Switzerland) for testing in patients with schizophrenia. Dr. Khun brightly observed that patients treated with imipramine ameliorated depressive symptoms rather than psychotic symptoms, i.e. some patients even showed worsened psychotic symptoms. Later on, imipramine was recognized as an antidepressant drug in Europe and approved by the Food and Drug Administration (FDA) as an antidepressant drug thanks to the works of Dr. Heinz E. Lehmann. In 1961, the second TCA, amitriptyline, was introduced in the market: subsequently it was followed by several others TCAs including desipramine, clomipramine (not approved in USA), nortryptyline, trimipramine, doxepine, dothiepin (not approved USA), protryptyline and butriptyline.




        The mechanism of action of imipramine was disclosed several years later based on results from preclinical studies conducted by many different laboratory teams. Some of these efforts lead Dr. Joseph Jacob Schildkraut to formulate “The Catecholamine Hypothesis of Affective Disorders” published in the American Journal of Psychiatry in 1965. According to this hypothesis, depression was mainly due to an imbalance of brain NA levels in the synaptic clefts. This was the first theory that attempted to shed light on the biochemical basis of depression. Most of the currently marketed antidepressant drugs (Table 2) were developed based on the monoaminergic theory of depression, namely depression is the result of altered levels (“chemical imbalance”) of monoamines such as 5-HT, NA and dopamine (DA). This theory was formulated mainly by the pioneering research of Dr. Alec James Coppen at the Neuropsychiatric Research Unit of the UK Medical Research Council and Dr. Herman M. van Praag, at the Departament of Biological Psychiatry of the University of Groningen (The Netherlands). Nowadays is increasingly clear that the monoamine hypothesis of depression is unlikely to explain depressive disorders alone, and that other slow adaptive mechanisms are involved, including the activation of various molecular signaling pathways (molecular and cellular hypothesis of depression) that in turn results in the regulation of several physiological processes including neurogenesis (the birth of new neurons; neurogenesis hypothesis of depression), neuroplasticity and hypothalamic–pituitary–adrenal (HPA) axis dysfunction [20, 21].


      




      

        



        1.3. Selective Serotonin Reuptake Inhibitors (SSRIs)




        Indalpine (Pharmuka) and zimelidine (Astra Pharmaceuticals) were the first SSRIs introduced on the market. However, zimeldine was withdrawn soon after its release for some case reports of Guillain-Barré syndrome. Similarly, indalpine was abruptly withdrawn from the market for increasing concerns about SSRIs adverse effects and for reported hematological effects. Fluoxetine was the first SSRI to be successfully introduced and kept in the market. Fluoxetine was discovered by Eli Lilly and resulted in a real revolution for antidepressants’ use. Given the insights into the mechanism of action of MAOIs and TCAs provided by basic researchers, Eli Lilly (Indianapolis, Indiana) was looking for a molecule with a specific target (serotonin reuptake pump) based on rational theories. Fluoxetine was discovered thanks to the research efforts of the lab group headed by David T. Wong. Fluoxetine (Prozac) was marketed in 1987 in the USA (1988 in Europe) and soon became the most prescribed antidepressant drug with more than 20 million prescriptions being written yearly. Other SSRIs were introduced in the market during the next few years, including citalopram (Lundbeck), fluvoxamine (Solvay), paroxetine (AS Ferrosan, Novo Nordisk, GSK) and sertraline (Pfizer). Fluvoxamine was first marketed in 1983 in Switzerland, citalopram in 1989 in Denmark, sertraline in 1990 in the UK and paroxetine in 1991 in Sweden. The discovery of fluoxetine drastically changed antidepressant drug consumption worldwide. Indeed, in the USA between 1988–1994 and 2007–2010, among adults aged 18 and over, the use of antidepressants increased more than four-fold, from 2.4% to 10.8% (U.S. Department of Health and Human Services: Health, United States, 2013). SSRIs became the first line of treatment for depression since they are claimed to be safer than TCAs [7]. SSRIs are thought to have safer side-effects profile than TCAs and MAOIs since they target specifically the SERT and display less unspecific activity. TCAs act non-specifically at different sites inducing (i) blockade of α-adrenergic and histamine receptors causing sedation; (ii) blockade of cholinergic receptors producing dry mouth, constipation and difficult micturition; (iii) inhibition of the fast sodium channels slowing cardiac conduction thus having dangerous anti-arrhythmic properties. However, SSRIs are not without disadvantages. Thus, SSRI treatment can induce sexual dysfunction, nausea, insomnia, nervousness and anxiety and addiction withdrawal syndrome (well known for paroxetine). Moreover, few clinical studies have demonstrated clearly safer profile of SSRIs in depressed patients. In fact, the evidence showing that SSRIs are safer than TCAs is not striking and there are many conflicting reports [22, 23]. Several meta-analyses have shown that SSRIs are not more effective than TCAs, e.g [24, 25]. However, some recent studies have shown that escitalopram may be more effective than nortriptyline in reducing symptoms of major depression [26, 27].


      




      

        



        1.4. Other Monoaminergic Antidepressants




        

          1.4.1. Antidepressant with Dual Activity




          Since the discovery of the antidepressant properties of iproniazid and imipramine, neuroscientists have achieved major advances in understanding their antidepressant actions, which led to the development of SSRIs. However, there was still a huge room for improvements. Indeed, faster, safer and more effective antidepressant drug treatments were requested. One strategy trying to cope with this was to develop antidepressant drugs with dual activity targeting both NA and DA reuptake inhibition (NDRI) or 5-HT and NA reuptake inhibition (SNRI). Nomifensine was the first NDRI [9] developed by Hoechst AG (now Sanofi-Aventis) in 1960, but it was withdrawn from the market in 1980s due to safety issues, particularly the increased risk of haemolytic anaemia. Bupropion is an NDRI approved by the FDA in 1985 and discovered by Burroughs Wellcome (now GlaxoSmithKline) in 1969 [8]. Bupropion was withdrawn from the market in 1986 due to a significant incidence of epileptic seizure. However, once realized that the seizures were mainly caused by over dosing, bupropion was reintroduced on the market in 1989. Bupropion is commonly prescribed in USA with > 15 million depressed patients having received treatment and it is commonly prescribed in an extended-release (XL) formulation which allows once-daily dosing [28]. Bupropion, although it has been shown not to be more effective than SSRIs and TCAs, is associated with a more favorable adverse effect profile. Thus, bupropion is not associated with sexual dysfunction, gain weight and sedation [28]. Since 2001, bupropion is also prescribed for smoking cessation.




          The SNRIs display a dual 5-HT and NA reuptake inhibitor activity [10]. Venlafaxine (FDA approved in 1997], duloxetine (FDA approved in 2004], milnacipran (approved in Europe but not USA), desvenlafaxine (FDA approved in 2007] and levomilnacipran (FDA approved 2013) are the SNRIs currently available in the market. SNRIs differ from TCAs in that they do not interact with α- or β-adrenergic receptors, muscarinic cholinergic receptors, histaminergic or serotoninergic receptors. In addition, SNRIs do not interact with the fast sodium channels of cardiac cells. However, SNRIs show similar adverse effects of SSRIs and in addition the increase NA activity may result in anxiety and elevated blood pressure. SNRIs do not seem to be more effective than SSRIs, although some studies have shown some modest advantages [29, 30].


        




        

          1.4.2. Multi-target and Multimodal Antidepressants




          Another strategy followed to develop more effective (or efficient) and safer antidepressant drugs was to develop molecules with combined reuptake inhibition and 5-HT receptor activity.




          Trazodone is a 5-HT2 receptor antagonist and 5-HT reuptake inhibitor (SARI) developed in Italy in the 1960s by Angelini Research Laboratories [14]. It is now approved in Europe and USA as an extended-release once-a-day formulation (2010) for the treatment of MDD. Trazodone is not more effective than existing antidepressant drugs on the market and display a similar side-effect profile, except for fewer negative effects on sleep [31].




          However, in particular blockade of somatodendritic 5-HT1A autoreceptors, which are thought to interrupt the negative feedback regulation of 5-HT gained a lot of attention during the 1990ies [32, 33]. Out of this line of research came vilazodone a potent 5-HT reuptake inhibitor and 5-HT1A receptor partial agonist, which was approved by the FDA in 2012 for the treatment of MDD. Vilazodone has been shown to be superior to placebo in two published clinical studies [34, 35]. Clinicians expected that vilazodone treatment could induce faster antidepressant effects, but so far no published studies have compared vilazodone effects versus other antidepressant drugs [36].




          Vortioxetine is another antidepressant drug that originates from this line of research. Vortioxetine is a 5-HT3, 5-HT7 and 5-HT1D receptor antagonist, 5-HT1B receptor partial agonist, 5-HT1A receptor agonist and 5-HT reuptake inhibitor [13]. Vortioxetine was approved by the Food and Drug Administration for the treatment of MDD in 2013. The 5-HT1A receptor agonist activity combined with SERT inhibition is thought to induce rapid desensitization of somatodendritic 5-HT1A autoreceptors and an enhanced antidepressant effect through activation of post-synaptic 5-HT1A receptors [37, 38]. Furthermore, antagonism of 5-HT3 receptor could lead to enhanced extracellular 5-HT levels [38, 39]. Several published clinical studies have shown that vortioxetine is superior to placebo and may ameliorate cognitive dysfunction in depressed patients [38]. In addition, vortioxetine treatment appears to be associated with a lower incidence of sexual dysfunction and sleep disturbances.




          Mirtazapine is a mianserin derivative. Although the chemical structures of these antidepressants are closely related, there are considerable differences in their pharmacological properties. Mirtazapine is a so-called noradrenergic and selective serotonergic antidepressant drug (NASSA) and blocks the noradrenergic α2 autoreceptors (thereby increasing NA release) and α2 heteroreceptors (resulting in increased 5-HT release when expressed on serotonergic neurons), the postsynaptic 5-HT2 and 5-HT3 receptors (resulting in increased 5-HT release) [12]. Mirtazapine was introduced by Organon International in the United States and approved by FDA in 1996. Mirtazapine shows efficacy similar to TCAs and may induce a more robust effects than SSRIs in the early course of treatment. Mirtazapine induces mainly sedation, weight gain and dizziness [40, 41]. Mianserin was the first NASSA to be introduced in the market. Mianserin was originally designed as an anti-allergic drug but it was later on (1972) identified as a mood improving agent [42]. Mianserin has not been approved by the FDA (whilst its analogue mirtazapine has been licensed), but it is still in the market in Europe.


        


      


    




    

      



      2. Antidepressants Treatment Strategies




      Despite the great advances on the antidepressant market in the last 50 years, there are no striking differences in efficacy between the old and the newer antidepressant drugs and several patients still do not respond to antidepressant drug therapy. Response is defined as at least a 50% reduction in depressive symptoms evaluated on a standard instrument, such as the Hamilton Depression Rating Scale (HAM-D) or Montgomery-Aasberg Depression Rating Scale (MADRS) [43]. If patients do not respond to first line treatment guidelines, or common clinical practice is to switch to another antidepressant drug of the same or different class, followed by an augmentation strategy or combinations of antidepressant drugs (TCAs + SSRIs; SSRIs+ Bupropion; SSRIs/SNRIs + Mirtazapine).




      

        



        2.1. Antidepressant Switch Strategies




        A common clinical practice for depressed patients that do not respond to the first antidepressant drug treatment is to switch to another antidepressant. Antidepressants have different pharmacological mechanisms of action so a second antidepressant could activate alternative molecular mechanisms, which could lead to therapeutic benefits. Clinical data suggest that only about one in five patients with lack of improvement after 4 weeks will have a response by 8 weeks [44]. Common clinical practice is to wait until 8-12 weeks of treatment in order to establish if an antidepressant treatment is effective. Clinical trials existing in literature show contradicting findings [45-48] and it is not clear if an earlier switch to a second antidepressant therapy is advantageous [44]. Furthermore, although it is a common clinical practice, the “switch strategy” for non-responding depressed patients is not strongly supported by results from clinical trials. Indeed, several meta-analyses have shown that depressed patients do not significantly or only slightly benefit from new antidepressant treatment [49-53].


      




      

        



        2.2. Antidepressant Augmentation Strategy




        Another therapeutic choice for non-responders is to add another drug to the partially active antidepressant treatment. Commonly used augmentation strategies include addition of lithium, thyroid hormone, pindolol, psychostimulants (traditional psychostimulants or modafinil) and second-generation antipsychotics (olanzapine, quetiapine, risperidone, ziprasidone, aripripazole). Meta-analyses studies showed that adjunctive treatment with lithium is more effective, but not faster in obtaining antidepressant response in depressed patients [54, 55]. However, most of the clinical trials published are lithium augmentation studies with TCAs and not newer antidepressants (SSRIs). Some evidences suggest that thyroid hormone (triiodothyronine, T3; thyroxine, T4) augmentation strategy may be effective in alleviating depression-related symptoms [56, 57]. Concomitant use of pindolol (antagonist at the 5-HT1A and β-adrenergic receptors) seems to hasten response to SSRIs in depression [58, 59] and to be effective in patients poor metabolizers of venlafaxine [60]. Traditional psychostimulants such as methyl-phenidate and amphetamines are commonly prescribed by psychiatrics to improve depressive symptoms, but the literature supporting this practice is very scarce with only few small clinical trials published showing doubtful outcomes [61-63]. Modafinil (racemic mix of R- and S-enantiomers) has been shown to be effective as augmentation strategy for acute depressive episodes in unipolar and bipolar disorders [64]. The second-generation antipsychotics compared to the older “typical” antipsychotics (eg haloperidol, perphenazine) exhibit lower occupancy rates at DA D2 receptor (70% or less versus 90% or more), which may induce less adverse effects. The second-generation antipsychotic may bind to several different targets including 5-HT2A receptors (olanzapine, quetiapine, aripiprazole, risperidone), 5-HT1A receptors (ziprasidone, aripiprazole) and inhibit NA reuptake (ziprasidone, quetiapine). Certain drugs of this class have been shown to be effective when administered with SSRIs in augmenting the efficacy [45, 65], but low doses of these antipsychotics are prescribed in this indication. Aripiprazole (2007) and quetiapine (2009) have been approved by FDA for augmentation therapy. Olanzapine-fluoxetine combination is as well FDA approved for treating bipolar disorders [66].




        This polypharmacy approach poses a risk of inducing drug-drug interactions and thereby increased risk for adverse effects. There is also an increased risk of medications errors and reduced compliance. Although augmentation is a widely-used practice among psychiatrists and primary care physicians, empirical evidence for the benefits of this type of antidepressant polypharmacy is currently limited [67-69].


      




      

        



        2.3. Antidepressant Combination Strategy




        Patients not responding to antidepressant monotherapy (standard treatment and high doses) may benefit from antidepressant drug combinations where two antidepressant drugs of different classes can be administered. Commonly used combinations are TCA + reversible and selective MAOI type A, TCA + SSRI, SSRI+ Bupropion, SSRI/SNRI + Mirtazapine. The second antidepressant drug can be used to treat a specific sympomatology such as insomnia (mirtazapine or trazodone), or sexual adverse effects (bupropion). The second antidepressant could also be added to potentiate the overall antidepressant therapy in order to induce significant benefits. MAOIs type A may be administered in combination with TCAs in patients with advanced stage treatment-resistant depression. This clinical practice started in the 1960ies but the safety of the treatment was not confirmed by clinical trials until 10 years later. Some patients may benefit from the administration of TCAs and MAOIs [70, 71], however further clinical trials are needed to evaluate if antidepressant combinations are more efficacious than a monotherapy. TCAs + SSRIs were combined for the first time in a small open trial conducted by Nelson and colleagues [72]. Although this first trial showed promising results, following trials did not show greater efficacy of combined versus monotherapy antidepressant drug treatment [73, 74].




        Buproprion has since its introduction in the market in 1989 been widely used in the USA and its effects have been tested in combination with SSRIs in non-responding patients. Two clinical trials [75, 76] have evaluated in 2004-2006 the effects of citalopram treatment in combination with bupropion in depressed non-responders. This antidepressant drug combination was well tolerated and slightly more effective than a monotherapy. In 2011, a large study comparing the effects of escitalopram plus placebo, escitalopram plus sustained-release bupropion and extended-release venlafaxine plus mirtazapine did not show any difference in efficacy of antidepressant combination versus monotherapy [77].




        SNRI/SSRI plus mirtazapine combination treatment has been evaluated in a few clinical studies. Combination treatment with venlafaxine and mirtazapine has been widely used in the past, however no clinical evidence showed that this combination is more efficacious than a monotherapy [78]. There are a few clinical trials published that have evaluated the efficacy of treatment with SSRIs and mirtazapine. Paroxetine and mirtazapine combination therapy was well tolerated and more effective than a monotherapy in a double blind study in unipolar depressed patients [79]. Similarly, fluoxetine and mirtazapine antidepressant combination treatment was more effective than a monotherapy [80].


      


    




    

      



      3. Ketamine




      Overall, current antidepressant treatments target the monoaminergic systems and are effective in about two thirds of patients showing superiority to placebo (33% of response) [81]. However, many attempts have been made to find antidepressant drugs with different mechanisms of action. Ketamine and its mechanism of action is surely one of the most notable findings since the discovery of imipramine.




      Ketamine is an N-methyl-D-aspartate glutamate receptor antagonist. Several preclinical and clinical studies suggest that ketamine is an effective and faster antidepressant in treatment-resistant depressed patients [82-85]. In 2000, Berman and colleagues conducted the first clinical trial that assessed the effects of a single intravenous dose of ketamine (0.5 mg/kg) in 7 depressed patients [86]. Berman showed that ketamine infusion significantly improved depressive symptoms within 72 hours. These findings were replicated in another milestone study conducted by Zarate and colleagues in 2006 [87]. They showed that intravenous infusion of ketamine (0.5 mg/kg) improved depressive symptoms within 110 minutes after injection and the effects were still evident at 24 hours and 1 week after treatment. Such a rapid and persistent activity clearly distinguishes ketamine from other antidepressant drugs. A recent preclinical study suggests that ketamine may have a prophylactic effect against stress-induced depressive-like behavior [88]. Denny C.A. and colleagues showed that a single injection of ketamine protected against depressive-like behavior induced by chronic stress protocols in mice. Beyond the enthusiasm regarding its original antidepressant effects, it is well known that ketamine administration is associated with several adverse effects including hallucinations, abuse liability and cognitive impairments, which limits its clinical use. However, recent studies suggest that intranasal or intramuscular ketamine administration may be effective and safer. So far only one randomized, double-blind study assessed the efficacy and safety of intranasal ketamine administration [89]. Ketamine significantly improved depression-related symptoms within 24 hours and induced minimal psychotomimetic or dissociative effects [89]. A recent trial evaluated the efficacy and safety of intramuscular (0.25 mg/kg) versus intranasal (0.5 mg/kg) ketamine administration in depressed patients [90]. Intramuscular administration of ketamine was as effective and safe as intranasal administration inducing effects within a few hours [89]. Sublingual ketamine administration has also been shown to induce rapid antidepressant-like effects in unipolar and bipolar depressed patients combined with a good tolerability [91]. However, this study did not include a placebo controlled group. Given the safety issues, ketamine can only be used in treatment-resistant depressed patients and in chronic pain syndromes. However, understanding ketamine mechanisms of action could be the key to develop safer and faster antidepressants. One key mechanism for ketamine’s antidepressant effects is the activation of the mammalian target of rapamycin (mTOR) signaling pathway [82], which is not a target for SSRIs.




      Ketamine is a racemic mixture containing equal parts of R-ketamine and S-ketamine. The development of one of its enantiomers may have clinical benefits: it could help reduce the dose, thus limiting the adverse effects in treatment-resistant depressed patients. For example, a recent preclinical study showed that R-ketamine can induce rapid and sustained antidepressant-like effects and free of psychotomimetic adverse effects and abuse liability in social defeat stress and learned helplessness mouse models of depression [92]. S-ketamine (Esketamine) is a compound developed by Janssen Pharmaceutical in a nasal spray formulation that is in phase II clinical trials for treatment-resistant depression. S-ketamine is currently studied for pain treatment [93]. Furthermore, a very small dose of S-ketamine 5 µg/kg was administered intravenously to healthy volunteers in a recent double-blind phase-I studies performed by Janssen Research and Development Laboratory [94]. This trial was conducted to evaluate the effects of S-ketamine in cognition and subjective awareness in healthy smoking or not smoking subjects. However, S-ketamine compared to R-ketamine may induce dissociative or hallucinogenic effects [95]. Targeting NMDA receptor is also a strategy used to develop compound similar to ketamine but devoid of the specific adverse effects. Lanicemine is a low-trapping NMDA channel blocker developed by AstraZeneca that has been evaluated in treatment-resistant depressed patients [96, 97]. However, results from clinical trials have been disappointing and lanicemine production was interrupted in 2013 [96, 97]. Rapastinel (GLYX-13) is a NMDA receptor glycine-site functional partial agonist developed by Naurex that is a promising compound currently under investigation. GLYX-13 has been shown to induce antidepressant-like effects and pro-cognitive effects without ketamine-like adverse effects in rodents [98, 99] and ameliorates depression-like effects in depressed patients in a small clinical trial [100].


    




    

      



      4. Novel and Old Targets for Drug Development




      A plethora of data from preclinical studies suggests several novel targets for the development of novel antidepressant drugs beyond the monoamine systems. In the present section, we are going to revise some major targets highlighted in the last decade of research for the development of new antidepressants.




      Glutamate (L-glutamic acid) is the major excitatory neuro-transmitter in the brain and acts on both ionotropic receptors (iGlu receptors, including NMDA, AMPA and kainate receptors), which are coupled to ion channels and metabotropic glutamate receptors (mGlu receptors), which are a family of G-protein-coupled receptors. mGlu receptors are classified into three groups: group I (mGlu1 and mGlu5), group II (mGlu2 and mGlu3) and group III (mGlu4, mGlu6, mGlu7 and mGlu8). Recent evidence suggested that the metabotropic glutamate receptor group II (mGlu2 and mGlu3) could be an important potential target for the development of new antidepressant drugs [101-103]. mGlu2 receptors are localized predominantly in presynaptic terminals of glutamate neurons and inhibit mainly the release of glutamate and GABA [104]. mGlu3 receptors are mainly localized on the postsynaptic neuronal terminal and on glial cells and have been shown to modulate GABA release [104]. However, current research drug development targeting mGlu2 and mGlu3 receptors have shown limited success in clinical trials. Decoglurant (RG1578, RO4995819) is a negative allosteric modulator of the mGlu2 and mGlu3 receptors developed by Roche for the adjunctive treatment of major depressive disorder. This compound reached the phase II clinical trials, but was discontinued due to lack of efficacy. JNJ-40411813 is a positive allosteric modulator of mGluR2 developed by Janssen Research and Development Laboratory currently investigated in the clinic for schizophrenia and anxious depression disorders [94, 105]. mGlu5 receptor (group I mGlu receptor) is another potential target for the development of new drugs. mGlu5 receptor displays primarily postsynaptic localization on neurons and glial cells and is thought to positively modulate glutamate and GABA neuronal transmission [104]. mGlu5 receptor antagonists induce decreased activation of NMDA receptor activation [106]. Several preclinical studies have shown that mGlu5 receptor antagonists induce antidepressant-like behaviour in rodents [107]. Basimglurant (RG-7090, RO4917523), a negative allosteric modulator of the mGlu5 receptor, developed by Roche for the treatment-resistant depression (as an adjunct) is current in phase II clinical trials. A 9-week, double-blind, placebo-controlled study in treatment-resistant depressed patients assessed the effects of basimglurant administered at two dose levels of 0.5 mg and 1.5 mg daily adjunctive to ongoing treatment with SSRIs or SNRIs. Basimglurant (1.5 mg) induced consistent antidepressant effects across end points [108, 109], which warrants further investigation. mGlu7 (group III mGlu receptor) receptor agonists have also been shown to have antidepressant-like effects [110-112]. mGlu 7 receptor displays presynaptic and postsynaptic localization on neurons and is thought to negatively modulate glutamate and GABA neuronal transmissions [104]. A novel negative allosteric modulators for mGlu7 receptor (orally active and brain-penetrant) has been developed by Addex Therapeutics, (+)-6-[2,4-dimethylphenyl)-2-ethyl-6,7-dihydrobenzo[d]oxazol-4[5H)-one (ADX71743), which is a promising tool to investigate the exact role of mGlu7 in depression [113].




      γ-Aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the mammalian nervous system and is released from interneurons that regulate the activity of noradrenergic, dopaminergic, and serotonergic neurons. GABA acts in the central nervous system (CNS) on two types of receptors: ionotropic GABAA and GABAC receptors, and metabotropic GABAB receptors. Unlike GABAA receptors, which are ligand-gated ion channels, GABAB receptors belong to the family of G-protein coupled receptors. The “story” of the GABAB receptors starts about 35 years ago when Bowery first characterized them [114]. GABAB receptors are potential candidate for the development of novel antidepressant approaches [114]. Indeed, preclinical studies strongly suggest that GABAB receptor antagonists induce antidepressant-like effects [114, 115]. In addition GABAB receptor antagonist treatment increases adult hippocampal neurogenesis (birth of new neurons) in vivo [115] and in vitro [116], which is a mechanism of action of several antidepressant drugs [117]. One GABAB receptor antagonist has reached phase II clinical trial and has shown potential pro-cognitive effects [118]. The development of antidepressant drugs targeting the GABAB receptor is hampered by its potential adverse effects since it is widely distributed in the CNS [119]. Potential adverse effects of the modulation of GABAB receptor include hypotension, seizures, hallucinations, nausea, muscle weakness, drowsiness, dizziness and mental confusion [119].




      Neuropeptides have been long investigated and represent an “old” target for the development of antidepressant strategies [120, 121]. Targeting neuropeptides has been with limited success across those years in the search of novel antidepressants. Neuropeptide Y (NPY) has received greater attention for antidepressant treatment. Depressed patients display lower levels of NPY [122, 123], whereas antidepressant drug treatments and electroconvulsive therapy have been shown to increase cerebrospinal fluid NPY levels in depressed patients [124]. A recent study showed that infusions of NPY into the cerebral ventricle of learned helpless rats (an animal model of depression) were able to induce antidepressant-like effects [125]. Similarly, intraperitotoneal injection of NPY induces antidepressant-like effects in rats [126]. Moreover, knockout mice for NPY-4 receptor display decreased depression-related behaviour when compared to control mice [127].




      Substance P (neurokinin-1 [NK1]) is a peptide composed of a chain of 11 amino acid member of the tachykinin neuropeptide family and is the most abundant neuropeptide in the mammalian CNS. Some clinical trials have shown that NK1 receptor antagonists induce antidepressant-like effects. In 1998, one clinical trial assessed the effects of MK-869 (substance P antagonist; aprepitant) versus paroxetine in a randomized double-blind placebo-controlled study in depressed patients with moderate anxiety [128]. MK-869 was well tolerated and effective in improving depression-related symptoms. In this clinical trial MK-869 antidepressant profile was similar to that of paroxetine. In addition, MK-869 induced anxiolytic-like effects in depressed patients [128]. However, a second clinical trial failed to show antidepressant-like effects of MK-869 versus placebo, whereas paroxetine was effective in ameliorating depressive-like symptoms in depressed patients [129]. A clinical trial in depressed patients conducted by Kramer and colleagues [130] in 2004 evaluated the efficacy and the safety of another NK1 receptor antagonist, namely L-759274. In this randomized, double-blind placebo controlled trial L-759274 was superior to placebo and showed a safe profile. L-759274 improved insomnia and induced no sexual dysfunction and lower gastrointestinal adverse effects [130]. However, this trial was small and further investigations are needed. In 2011, another NK-1 receptor antagonist that was evaluated in clinical trials is casopitant, which has been shown to be superior to placebo only at higher dose (80 mg) in depressed patients [131].




      Ghrelin is a neuropeptide that has received increasing attention in the last years. Ghrelin is an appetite-stimulating hormone that is produced by ghrelinergic cells in the gastrointestinal tract. Besides regulating appetite, recent evidence suggests that ghrelin may play a crucial role in cognition and on the effects of stress on mood [132-134]. Ghrelin polymorphism has been associated with major depression in humans and patients treated with ghrelin may display improved mood [135, 136]. One hypothesis states that ghrelin may induce antidepressant-like behaviour increasing adult hippocampal neurogenesis. Ghrelin-null mice exhibit more severe depression-related features than wild type mice following chronic social defeat stress (CSDS) paradigm and display higher decreased levels of adult hippocampal neurogenesis in the ventral dentate gyrus [137]. Systemic treatment with P7C3 neuroprotective compound induced antidepressant-like effects in CSDS-ghrelin null mice and increased adult hippocampal neurogenesis. Notably, the antidepressant-like effects of P7C3 were loss in mice with focal ablated neurogenesis [137]. Further investigations on ghrelin are needed in order to understand its exact role in depression.




      Other peptide targets investigated for the development of novel antidepressant drugs have been the corticotropin-releasing factor [138-140], vasopressin [141], galanin [142, 143], and melanin-concentrating hormone [144].


    




    

      



      5. Depression & the Immune System




      A preponderance of evidence is showing that the immune system play a role in the pathophysiology of affective disorders [145]. A new theory of the etiology of depression states that it is an inflammatory disorder similar to sickness behaviour [146-148]. The major findings that support this theory [145] is that (i) depressed patients consistently display increased levels of inflammatory cytokines including interleukin (IL)-1β, IL-6 and interferon-γ (IFN-γ) in the blood and in the brain [145, 149, 150]; (ii) depression is accompanied by an acute phase response with increased acute phase proteins (haptoglobin, α1-antitrypsin, α1-acidglycoprotein, ceruloplasmin, α1-α2 globulin fractions) and decreased levels of negative acute phase proteins (albumin, transferrin); (iii) depressed patients display higher plasma levels of complement components C3C and/or C4 and increased synthesis of IL-receptor antagonist (RA). Furthermore, pro-inflammatory cytokine activation may increase hypothalamic-pituitary-adrenal-axis (HPA) activity, which is clinically observed in some depressed patients [151, 152]. The hypoactivity of the brain 5-HT system in depressed patients may be correlated with cell-mediated immune activation and IFNγ- induced indoleamine 2.3-dioxygenase [137] activation [153]. This enzyme activates the catabolism of tryptophan leading to decreased plasma L-tryptophan availability to the brain, commonly observed in depressed patients. Given this evidence, some anti-inflammatory drugs have been thought to be candidates for the development of antidepressant drugs. The main anti-inflammatory drugs evaluated in clinical trials are tumor necrosis factor-α (TNF-α), selective cyclooxygenase (COX)-2, non-selective COX inhibitors and non-steroidal anti-inflammatory drugs (NSAIDs). The clinical trials have given mixed results, with some studies supporting and others not supporting their antidepressant efficacy (reviewed in [154, 155].


    




    

      



      6. Depression & Brain-Gut Axis: Focus on Microbiome




      An accumulating number of studies provide support for a role of the brain-gut axis in the etiology of depressive disorders. The most prestigious peer reviewed journals have hosted on their pages the exciting data on the influence of the microbiome on depression and anxiety. Impressive titles such as “Thinking from the Gut” [156], “Gut emotions” [157], “Psychobiotics: a novel class of psychotropic” [158] and “Psychobiotics and the gut–brain axis: in the pursuit of happiness” [159] are clearly introducing a new theory that may partly explain depression. Gut microbiome, immune system and depression may be tightly linked modulating our behaviour [160]. Pettersson S. and colleagues showed that germ free (GF) mice (mice free of all microorganisms) display increased motor activity and reduced anxiety, compared with specific pathogen free (SPF) mice with a normal gut microbiota. Microbial colonization in germ free mice induced behaviour similar to SPF mice. The same research group demonstrated that the blood-brain barrier (BBB) permeability in mice is influenced by gut microbiota, with exposure to a pathogen-free gut microbiota decreasing BBB permeability in germ free mice [161]. A study conducted by Cryan and colleagues demonstrated that ingestion of a specific bacteria strain can reduce depression- and anxiety related behaviour in a mouse model of stress [162]. Given this evidence, psychobiotic defined by [158] “as a live organism that, when ingested in adequate amounts, produces a health benefit in patients suffering from psychiatric illness” could represent adjunct or sole therapy for mood disorders. However, given the substantial amount of gut microbiota microorganism in our intestinal flora (1013 to 1014 different microorganisms) and the huge variability among individuals, it is challenging to find the “right” microbiota or the “right” shift of microbiota density population.


    




    

      



      7. Brain Stimulation: non pharmacological treatments




      

        



        7.1. Electroconvulsive Therapy




        Brain stimulation therapy is among the first therapeutic approaches used to treat severely depressed patients. Electroconvulsive therapy (ECT) was first used to treat psychiatric disorders in the 1930s and is still used to treat suicidal patients or patients with advanced severe depression. This approach is based on the fact that the brain is an electrochemical organ, therefore it can be modulated by electrical stimulus too. Although ECT is an effective and valuable treatment of depressive disorders that can be life-saving, it comes with quite a lot of disadvantages. Indeed, ECT is associated with several adverse effects including cognitive impairments (especially anterograde and retrograde amnesia, longer-term cognitive disturbance) and cardiopulomonary complications. Furthermore, ECT is associated with a substantial relapse rates after a successful acute treatment course, and a negative public image. Some studies suggest that unilateral ECT may be moderately less effective than bitemporal ECT and that it may cause fewer cognitive adverse effects [163]. However, a recent randomized clinical trial showed that bitemporal and unilateral ECT at sufficient intensity displayed similar efficacy and safety profile. However, bitemporal ECT induced faster antidepressant benefits [164]. Reduction of pulse width has been considered for years as a strategy to reduce ECT related adverse effects while preserving the antidepressant efficacy. A recent study showed that right unilateral (RUL) ECT with an ultra-brief pulse width (0.3 ms) is safer than standard unilateral ECT and effective [165]. Importantly, patients treated with ultrabrief pulse width displayed a slower speed response when compared to unilateral ECT-treated patients. However, another study published one year later by McCormick L.M. and colleagues showed that ultrabrief RUL was less effective of bilateral ECT in depressed patients [166]. Although future investigations are needed to reduce ECT adverse effects, this technique still remains one of the most efficient antidepressant treatments for non-responder severe depressed patients.


      




      

        



        7.2. Transcranial Magnetic Stimulation




        Transcranial magnetic stimulation (TMS) is a non-invasive method to alter electrical activity in the CNS [167]. TMS has been clinically available since 2008 and represents a valid therapeutic approach for patients that do not respond to pharmacological treatment and are not the ideal candidate for ECT, which is a very invasive technique. TMS modulates the brain’s electrical activity using magnetic fields, which passes through the cortex and depolarizes cortical neurons. TMS can be applied as a single pulse or a train of brief pulses (several thousand pulses over a period of minutes to hours). The latter is called repetitive TMS (rTMS). The first trial assessing the efficacy of TMS treatment was published in 1995 by Post and colleagues [168]. In this small pilot study, daily left rTMS was found to be well tolerated and effective in alleviating depressive symptoms in six highly medication-resistant depressed patients. Several studies have supported the efficacy of rTMS across the years [167]. A recent improvement of rTMS is deep TMS (DTMS), which has been approved by FDA in 2013 [169]. The DTMS has instead of the H conventional figure-of-eight or circular rTMS coils, a novel H-coil system, which enables focused, non-invasive stimulation of deeper brain regions [170]. A recent meta-analysis of clinical trials has demonstrated that high-frequency DTMS is able to induce acute antidepressant effects after 20 sessions in unipolar and treatment-resistant patients [171]. However, future studies in larger patient groups are needed to assess the efficacy of DTMS versus antidepressant drug treatment or ECT and to see if its effects are long-lasting. Overall, rTMS is effective and well tolerated and is a suitable therapeutic approach for depressed patients that do not need an urgent treatment. rTMS is not without disadvantages: indeed even if the seizures incidence is low, patients may experience strong headaches and there is a risk of switch to mania in patients with bipolar disorder [172].


      




      

        



        7.3. Magnetic Seizure Therapy




        Magnetic seizure therapy [74] is a combination of ECT and TMS techniques attempting to be as effective as ECT and as safe as TMS. Specifically, in MST localized seizures are induced via magnetic fields (instead of electrical current as in ECT) in patients treated with a general anaesthetic and muscle relaxant. The first human use of MST therapy was reported in 2001 by Lisanby and colleagues [173]. This trial involved a 20-year old woman who had a 3-year episode of major depression and had non-responded to treatment with an SSRI, 2 different TCAs, 2 different MAOIs (treatments not shorter than 6 weeks time) and to several novel agents and to augmentation therapy [173]. The patient underwent four sessions of MST therapy and then followed conventional ECT treatment. The four MST sessions significantly improved the depressive symptoms in this patient [173]. A recent clinical trial assessed the effects of MST versus ECT in twenty patients suffering from treatment-resistant depression [174]. MST significantly improved depression-related symptoms equally to ECT and was not associated with cognitive adverse effects [174]. These results are promising and MST could represent a novel antidepressant treatment, although further studies should clarify its safety and efficacy [175].


      




      

        



        7.4. Transcranial Direct Current Stimulation




        Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation modality in which a very low-voltage electrical current [0.5–2 mA) is applied via scalp electrodes to the cortex changes brain activity. tDCS can be defined more as a “neuromodulator” rather than “neurostimulator” since it changes the overall tissue excitability and not the single action potentials in neuronal cells [176]. Overall, some positive reports have been published demonstrating efficacy of tDCS [177, 178], but other studies do not support the use of tDCS for treatment-resistant depression [176, 179].


      




      

        



        7.5. Deep Brain Stimulation




        Deep brain stimulation is a very invasive technique that uses neurosurgically implanted electrodes to stimulate specific small brain areas. Several brain areas have been targeted to treat major depressive disorders with DBS including the subgenual cingulate gyrus (SCG) and nucleus accumbens [180]. The role of the SCG area in depression has been investigated extensively by Mayberg group. They hypothesized that functional inactivation of SCG by DBS might alleviate depressive symptoms. The hypothesis mainly originated from the observation of hypermetabolism of the SCG area in depression (reversed by antidepressant treatment) and activation of SCG by negative emotion [181]. The hypothesis was confirmed by two clinical trials involving treatment-resistant depressed patients [182, 183]. DBS stimulation in the NAcc area (important for anhedonia- a core symptom of depression- and reward system) also resulted in alleviation of depression-related symptoms in two clinical trials [184, 185]. Furthermore, the effects of DBS in the NAcc have been shown to be sustained in a long-term study [186]. Similarly, DBS in other brain areas such as the anterior limb of the internal capsule [187] [188] and lateral habenula [189] is thought to be beneficial for the treatment-resistant depressed patients. DBS has been shown to be ineffective in alleviating depression-related symptoms in the ventral capsule/ventral striatum [190]. Being an invasive technique, DBS can induce several adverse effects associated with the surgical implantation (e.g. infection, hemorrhage, anaesthetic complications) and the stimulation (seizures). Although, DBS may be effective for the treatment-resistant depression given the risks for the surgical implantation, it is still a therapeutic approach ideal only for patients that have not responded to all other existent therapeutic approaches.


      




      

        



        7.6. Vagus Nerve Stimulation (VNS)




        The vagus nerve is the tenth cranial nerve (Cranial Nerve X, CNX) and it extends from the brain stem all the way to the viscera. The vagus nerve is a mixed parasympathetic nerve displaying both afferent and efferent sensory fibers. Given its connections, the vagus nerve is able to modulate the function of higher brain centers, which makes it an ideal target for mood disorders treatment. Vagus nerve stimulation (VNS) is an antidepressant approach that has been available since 2005 (approved by FDA in 2005 and by the European Medicine Agency in 2001). However, VNS is not a widely used approach since it is uncomfortable for many patients and invasive. Indeed, to achieve VNS a device (pulse generator similar to a pacemaker) need to be implanted in the chest. The device is attached to a stimulating electrode connected to the vagus nerve in the neck [191]. Several clinical trials (but not all) have shown that VNS induces antidepressant-like effects in treatment-resistant depressed patients [192]. A 10-week, acute, randomized, controlled, masked trial [193] assessed the effects of VNS versus sham treatment in 235 patients (210 patients non nonpsychotic major depressive disorder and 25 patients nonpsychotic, depressed phase, bipolar disorder). In this trial patients underwent a two-week, single-blind recovery period (no stimulation) and then 10 weeks of masked active or sham VNS followed implantation [193]. In this trial, treatment with VNS for 10 weeks was not effective in improving depression-related symptoms. A naturalistic follow up of the mentioned study assessed the effects of VNS in the same patient population following 12 months treatment [194]. VNS treatment for 12 months significantly alleviated depressive symptoms and the treatment was well tolerated. The adverse effects reported were mainly voice alteration, dyspnea, and neck pain [194]. A recent meta-analysis study stated that current evidence is not sufficient to describe VNS as effective in the treatment of depression [195]. A recent evolution of VNS therapy is the non- invasive VNS (nVNS). The nVNS do not require the surgical implantation of the device avoiding the adverse effects associated with the surgical operation. The new device provides transcutaneous VNS (tVNS) by using a dedicated intra-auricular electrode (like an earphone), which stimulates the auricular branch of the vagus nerve [196]. The nVNS has not been tested yet in depressed patients.


      


    




    

      



      8. Biomarkers




      Another important line of antidepressant research is the search for diagnostic and/or response prediction biomarkers in order to identify treatment-resistant patients in clinical studies [197-199]. Diagnostic biomarkers could come from analysis of non-invasive samples such as saliva, sputum, serum, plasma, blood, urine, tissue, faecal water or faeces. So far there are no validated markers of this kind. Examples of biomarkers that are under consideration are BDNF, cytokines and mTOR, just to mention some of them. Another approach to find biomarkers is the use of neuroimaging techniques such as magnetic resonance images (MRIs), magnetic resonance spectroscopy (MRS), fluorodeoxyglucose (FDG), positron emission tomography (PET), single-photon emission computed tomography (SPECT). Over the last years, the use of neuroimaging techniques allowed the identification of structural, functional and neurochemical brain abnormalities that may be associated with the increased risk of depression, clinical course and response to antidepressant treatment. For instance, there are numerous reports demonstrating that the volume of the hippocampus is decreased in depressed subjects [200-202]. Moreover, human imaging studies have reported that this reduction in hippocampal volume is correlated with the duration of depressive illness [203, 204]. Intriguingly, there is also some evidence that antidepressant treatment (drugs or ECT) decreases this hippocampal atrophy [205-207]. In parallel, voxel-based morphometry (VBM) studies have shown that depressed individuals display reduction in gray matter volume in other brain areas such as the prefrontal cortex, amygdala and anterior cingulate cortex [208]. Differences in gray matter volume, white matter coherence, brain activity and concentrations of specific brain metabolites (as measured with magnetic resonance spectroscopy), are potential biomarkers [208]. Known biomarkers could help in identifying subtypes of major depressive disorders or syndromes that have been defined within the NIMH-proposed Research Domain Criteria (RDoC). The RDoC is a future diagnostic system for mental disorders based on neurobiology and observable behaviors [209]. In the future biomarker research efforts may lead to a biology-based more individualized treatment of depression and facilitate the development of precise and “tailored” antidepressant treatments.


    




    

      



      9. CONCLUSIONS




      Since the introduction of iproniazid (1958) to our days the concept of “depression” has undergone a real revolution. The notion of depression evolved from being unresolved inner conflicts to being recognized as a biological illness. The etiology of depression is still unclear but several theories have been proposed such as the monoaminergic theory, the neurogenesis theory and the inflammation theory among others. Before 1958, there was no pharmacological treatment option for depressed patients. In today’s society depressed patients have a wide range of different antidepressant treatment options. Importantly, 50-60% of depressed patients successfully respond to the first line treatment. However, there are still a great percentage of non-reponding patients. Moreover, current antidepressant drugs are still monoaminergic based drugs and display a slow onset of action. In the last few years novel antidepressant drugs with interesting and unique mechanism of action have been launched such as vortioxetine or vilazodone (Fig. 2). In parallel, non pharmacological approaches for treatment-resistant depressed patients are advancing with technologies being safer and more effective (section 8). Overall, in the last decades the progress in depression treatment has been substantial, but further efforts are needed to find faster, safer and more effective therapeutic approaches.
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Fig. (2))


      Schematic representation of current antidepressant treatments (pharmacological and non-pharmacological) and future therapeutics approaches and targets. Abbreviations: TCA, tricyclic antidepressant; SSRI, selective serotonin reuptake Inhibitors; SNRI, serotonin–noradrenaline reuptake inhibitor; SARIs, serotonin antagonist and reuptake inhibitors; SNRI, serotonin-noradrenaline reuptake inhibitor; NDRI, noradrenaline-dopamine reuptake inhibitors; SARI, serotonin-2 antagonist and reuptake inhibitor; NASSA, noradrenergic and specific serotonergic antidepressant; MASSA, melatonin agonist and selective serotonin antagonist; ECT, electroconvulsive therapy; TMS, transcranial magnetic stimulation; DBS, deep brain stimulation; MST, magnetic seizure therapy; VSN, vagus nerve stimulation; tDCS, transcranial direct current stimulation.
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