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Abstract
Modern neuropsychopharmacology commenced in the 1950s with the serendipitous discovery of first-
generation antipsychotics and antidepressants which were therapeutically effective yet had marked
adverse effects. Today, a broader palette of safer and better-tolerated agents is available for helping
people that suffer from schizophrenia, depression and other psychiatric disorders, while comple-
mentary approaches like psychotherapy also have important roles to play in their treatment, both
alone and in association with medication. Nonetheless, despite considerable efforts, current
management is still only partially effective, and highly-prevalent psychiatric disorders of the brain
continue to represent a huge personal and socio-economic burden. The lack of success in discovering
more effective pharmacotherapy has contributed, together with many other factors, to a relative
disengagement by pharmaceutical firms from neuropsychiatry. Nonetheless, interest remains high,
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and partnerships are proliferating with academic centres which are increasingly integrating drug
discovery and translational research into their traditional activities. This is, then, a time of transition
and an opportune moment to thoroughly survey the field. Accordingly, the present paper, first,
chronicles the discovery and development of psychotropic agents, focusing in particular on their
mechanisms of action and therapeutic utility, and how problems faced were eventually overcome.
Second, it discusses the lessons learned from past successes and failures, and how they are being
applied to promote future progress. Third, it comprehensively surveys emerging strategies that
are (1), improving our understanding of the diagnosis and classification of psychiatric disorders;
(2), deepening knowledge of their underlying risk factors and pathophysiological substrates;
(3), refining cellular and animal models for discovery and validation of novel therapeutic agents;
(4), improving the design and outcome of clinical trials; (5), moving towards reliable biomarkers of
patient subpopulations and medication efficacy and (6), promoting collaborative approaches to
innovation by uniting key partners from the regulators, industry and academia to patients.
Notwithstanding the challenges ahead, the many changes and ideas articulated herein provide
new hope and something of a framework for progress towards the improved prevention and relief of
psychiatric and other CNS disorders, an urgent mission for our Century.
& 2015 Elsevier B.V. and ECNP. All rights reserved.
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1. Introduction: the challenge of improving
the treatment of brain disorders

1.1. The huge personal and socio-economic
burden of disorders of the brain

The two most widely-accepted and interlinked generalities
concerning psychiatric disorders are their high prevalence
and striking socio-economic burden on the one hand, and
their inadequate current treatment on the other (Chandler,
2013; Copeland et al., 2011; Gustavsson et al., 2011; Nutt
and Goodwin, 2011; Wittchen et al., 2011). As concerns
their significance, several comprehensive studies, effected
at the country (Chevreul et al., 2013; Clavenna et al.,
2013), continental (Gustavsson et al., 2011; Wittchen et al.,
2011) and world-wide (Kessler and Ustun, 2004; Murray
et al., 2007) level, have now confirmed and semi-quantified
Downloaded for Joachim Raese MD (jraese@gmail.com) at Kaweah Delta Hea
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the high incidence and impact of psychiatric disorders and
other diseases of the brain. These surveys have underscored
the enormous financial burden of psychiatric disorders to
society, frequently (for example in depression, anxiety
disorders and schizophrenia) due to lost employment and
social support rather than the costs of treatment – with
hospitalisation weighing in more heavily than medication
(Gustavsson et al., 2011; Mihalopoulos et al., 2011; Skripka-
Serry, 2013). Given this tremendous unmet need, even if
new pharmacotherapy and complementary therapies were
more expensive than generic medication, more efficacious
treatment coupled to improved real-world function and
socio-economic integration would unquestionably reduce
the overall cost of psychiatric disorders. Arguably then, it
would seem wise to persist in our efforts to better
understand the causes and pathophysiological bases of
psychiatric disorders, and to improve their prevention and
treatment.
lth Care District from ClinicalKey.com by Elsevier on September 25, 2017.
. Copyright ©2017. Elsevier Inc. All rights reserved.
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1.2. The current status of Research and
Development (R&D) in neuropsychopharmacology

In fact, over the last two to three decades, enormous resources
– public and private, academic and industrial – have been
devoted to R&D for psychiatric disorders, mental health and
diseases of the brain in general. There is a substantial time-lag
(up to 20–25 years) between new basic discoveries (like
molecular substrates of disease and potential drug targets)
and availability to patients of the corresponding medication.
Nonetheless, despite a handful of exceptions and improved
tolerance-safety, few major and broad-based gains have been
made in terms of medication efficacy since the introduction of
first-generation psychotropic agents (Allgulander and Baldwin,
2013; Cipriani et al., 2012; Connolly and Thase, 2012; Correll
et al., 2011; Leucht et al., 2013; Meltzer, 2013; Millan, 2003;
2006; Parmentier et al., 2013; Pizarro et al., 2014; Skripka-
Serry, 2013; Vieta and Valentí, 2013). This lack of clear
progress, together with our incomplete understanding of the
origins of psychiatric disorders, has led to a certain frustration.
Further, a relative disengagement of “Big Pharma” from
neuroscience has also been prompted by a variety of issues:
the difficult economic climate; regulatory and pricing con-
straints; limited duration of patent protection; risky, long and
costly clinical development; competing demands of other
important domains like oncology, diabetes and infective dis-
orders; promotion of “biologicals” like antibodies and cell
therapy of currently limited application to psychiatric disorders;
and the (belated) realisation that sequencing the human
genome will not provide a rapid and direct solution to enriching
the pipeline for psychiatric disorders. The threat to R&D for
psychiatric disorders has been highlighted in several major
publications (Chandler, 2013; Cuthbert and Insel, 2010, 2013;
Dean et al., 2013; Sams-Dodd, 2013; Skripka-Serry, 2013), and
also by organisations such as the European College of Neurop-
sychopharmacology (ECNP) at a Summit meeting in 2011 (Nutt
and Goodwin, 2011).

Nonetheless, as emphasised in the present article, all is
not doom and gloom. Awareness and reactivity remain high,
the field of Neuroscience is dynamic, highly productive and
advancing rapidly, and there have been many recent and
high-profile national (US) and supranational (EU) initiatives to
reignite R&D for improved therapeutic control of CNS
disorders (Section 9.3) (Collins et al., 2013; Dean et al.,
2013; Goldman, 2012; Nutt and Goodwin, 2011; Skripka-
Serry, 2013). Further, it is fallacious to believe that psycho-
tropic drugs are generally less efficacious than other classes
of medication (Broich, 2009; Leucht et al., 2012; Melander
et al., 2008) – or alternative treatment strategies (Cuijpers
et al., 2010; Davis et al., 2011), while challenges are being
increasingly faced in essentially all fields of R&D for drug
discovery.

Thus, the above comments should not detract from a more
general and encouraging – though less visible and often neg-
lected – current of progress in our conceptualisation, study and
knowledge of psychiatric disorders since the introduction of
the first wave of medication in the 1950s. While tangible
gains for patients may not yet be apparent, the foundations
are being laid for their future emergence, both as
regards pharmacological approaches and complementary stra-
tegies like psychosocial–cognitive–behavioural and stimulation
Downloaded for Joachim Raese MD (jraese@gmail.com) at Kaweah Delta Health
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therapies, not to mention more effective programmes of
prevention (Cuthbert and Insel, 2010, 2013; Kawa and
Giordano, 2012; Kupfer et al., 2013; Phillips et al., 2012;
Sams-Dodd, 2013; Schumann, 2014; Skripka-Serry, 2013). This
note of prudent, long-term optimism provides the background
to, and motor for, the present article.
1.3. Aims and organisation of this article

This would seem, then, an opportune moment to consider what
we can learn from the past and also to look to the future – with
a perhaps more positive (yet objective) accent than some
unduly pessimistic assessments that have recently appeared
elsewhere. Moreover, European Neuropsychopharmacology, the
official journal of the ECNP (founded in 1987), would seem an
appropriate venue for such a reflection inasmuch as this
Organisation has supported R&D into disorders of the brain
for nearly three decades (about half the current lifespan of
neuropsychopharmacology) and will continue to do so in the
future – see further below (Millan et al., 2015; Nutt and
Goodwin, 2011; Wittchen et al., 2011).

The remainder of the present article, which has no
pretensions to being exhaustive, is organised as follows.

First, it commences with a discussion of the serendipitous
discovery of the first generation of psychotropic agents, fol-
lowed by their more systematic transformation into newer
classes of medication for treating schizophrenia, major depres-
sion, bipolar disorder, anxiety disorders, insomnia and
Attention-Deficit Hyperactivity Disorder (ADHD) (Section 2).

Second, this account is followed by an analysis of some of
the major messages to be gleaned from the successes and
disappointments of the last 60 years, and their enduring
relevance for neuropsychopharmacological R&D today.

Third, the following and major part of the Review focuses
in more detail on the current state of affairs and prospects
for progress. It evokes several factors that have made it
more challenging and risky to develop new agents for
improving brain health (Sections 3–9). More importantly,
however, Sections 3–9 underscore a number of areas where
important advances are underway that should promote
future success. These include: more refined clinical char-
acterisation of psychiatric disorders and domains of dysfunc-
tion: deeper knowledge of the pathophysiological substrates
of psychiatric disorders; improved models for their experi-
mental study; more efficient procedures of drug discovery;
more flexible and better-adapted designs for clinical trials;
and more intensive collaboration amongst major stake-
holders in an effort to resolve current difficulties and move
forward. For reasons of clarity and space, the discussion
focuses mainly on antipsychotics and antidepressants, but
the points raised apply to essentially all classes of medica-
tion for treating psychiatric and neurological disorders.

Finally, the article concludes by evoking certain key
factors that will likely prove of central importance to future
efforts to improve the treatment of psychiatric disorders
and to promote brain health.

The accompanying figures and Table 1 provide an over-
view of the history and current use of the major classes of
currently-authorised psychotropic agent, while Tables 2–4
summarise and highlight the key points raised in the
discussion of Sections 3–9.
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
opyright ©2017. Elsevier Inc. All rights reserved.



Table 1 Mechanisms of action and therapeutic utilization of psychotropic agents presented in Figures 1–5 and currently in
clinical use in the EU and/or the US.

Therapeutic
domain

Authorised agent Major mechanism(s) of action Authorised (CNS) therapeutic
indications (EU and/or US)

Schizophrenia Chlorpromazine Antagonist at D1-D4, 5-HT2A/2C, histamine H1,
α1-AR and muscarinic receptors.

Schizophrenia, bipolar disorder.

Clozapine Antagonist at D1-D4, 5-HT2A/2C, 5-HT6/7, α1-
AR, α2-AR (modest), histamine H1 and
muscarinic M1/M2 receptors. Partial agonist at
5-HT1A and M4 receptors. Modulator of
glutamatergic and GABA transmission.
5-HT2A4D2 affinity.

Schizophrenia. Treatment-resistant
psychosis, suicidality. Parkinson's
disease (psychosis).

Haloperidol Antagonist at D1-D4, 5-HT2A (weak) and α1-AR
receptors. Ligand of sigma1 sites.

Schizophrenia, mania.

Amisulpiride Antagonist at D2, D3 and (less potently) 5-HT7
receptors.

Schizophrenia, depression
(unspecified).

Risperidone Antagonist at D1-D4, 5-HT2A/2C, 5-HT7, α1-AR,
α2-AR and histamine H1 receptors. 5-HT2A4D2
affinity.

Schizophrenia, bipolar disorder,
Alzheimer's disease (persistent
aggression). Autism (irritability,
aggression).

Sertindole Antagonist at D1-D4, 5-HT2A/2C, 5-HT6 and α1-
AR receptors. 5-HT2A4D2 affinity.

Schizophrenia.

Olanzapine Antagonist at D1-D4, 5-HT2A/2C, 5-HT6/7,
histamine H1, α1-AR and muscarinic receptors.
5-HT2A4D2 affinity.

Schizophrenia, acute and maintenance
treatment of bipolar disorder.

Quetiapine Antagonist at D1-D4 (weak), 5-HT2A/2C, α1-
AR, histamine H1 and muscarinic receptors.
5-HT2A4D2 affinity.

Schizophrenia, bipolar disorder.

Ziprasidone Antagonist at D1-D4, 5-HT2A/2C, 5-HT6/7
(modest) and histamine H1 receptors. Partial
agonist at 5-HT1A receptors. 5-HT2A4D2
affinity.

Schizophrenia, bipolar disorder.

Aripiprazole Partial agonist at D2, D3 and 5-HT1A receptors.
5-HT2A and (less potent) 5-HT2C and 5-HT7
antagonist.

Schizophrenia, bipolar disorder, MDD
(adjunctive), autism (irritability,
paediatric), Tourette's syndrome.

Lurasidone Antagonist at D2, D3, 5-HT2A, 5-HT7 and α2-AR
receptors. 5-HT1A partial agonist.

Schizophrenia, bipolar disorder.

Major
depressive
disorder

Imipramine 5-HT/NA reuptake inhibitor. Antagonist at α1-
AR, histamine H1 and muscarinic receptors.

MDD.

Amitriptyline 5-HT/NA reuptake inhibitor. Antagonist at
5-HT2A/2C, α1-AR, histamine H1 and muscarinic
receptors. Na+/Ca2+ ion channel blocker.

MDD, chronic pain.

Phenelzine Irreversible MAO inhibitor. MDD, “atypical” depression and
anxiety (unspecified).

Clomipramine 5-HT/NA reuptake inhibitor, Antagonist at
5-HT2A/2C, α1-AR, histamine H1 and
muscarinic receptors.

MDD, OCD, panic disorder.

Bupropion DA reuptake uptake inhibitor (modest affinity).
Nicotinic receptor modulator.

MDD, smoking cessation.

Tianeptine Modulator of glutamatergic transmission (likely
indirect).

MDD.

Fluoxetine 5-HT reuptake inhibitor. MDD, bipolar depression, Anxiety
(unspecified), OCD, premenstrual
syndrome.

Moclobemide Reversible MAO-A inhibitor. MDD, social anxiety.
Mirtazapine Antagonist at 5-HT2A/2C, 5-HT3, α2-AR and

histamine H1 receptors.
MDD.

Reboxetine NA reuptake inhibitor, modest selectivity. MDD.
Venlafaxine 5-HT/NA reuptake inhibitor. MDD, GAD.
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Table 1 (continued )

Therapeutic
domain

Authorised agent Major mechanism(s) of action Authorised (CNS) therapeutic
indications (EU and/or US)

Citalopram 5-HT reuptake inhibitor. Depression (unspecified), panic
disorder, OCD.

Escitalopram 5-HT reuptake inhibitor. MDD, GAD, panic disorder.
Duloxetine 5-HT/NA reuptake inhibitor. MDD, GAD.
Agomelatine Melatonin MT1 and MT2 receptor agonist,

5-HT2C receptor antagonist.
MDD.

Vilazodone 5-HT reuptake inhibitor, 5-HT1A receptor
partial agonist.

MDD.

Vortioxetine 5-HT reuptake inhibitor, 5-HT1A/1B receptor
partial agonist, 5-HT3 and 5-HT7 receptor
antagonist.

MDD, GAD.

Bipolar
disorder

Lithium Inhibitor of inositol mono-phosphatase, and of
Wnt and GSK-3β signaling. Glutamatergic and
5-HT modulator.

Bipolar disorder.

Lamotrigine Blocker of voltage-gated Na+ channels, less
markedly some types of Ca2+ channel. Leads to
inhibition of glutamate release.

Bipolar disorder, epilepsy (generalized,
focal and partial).

Carbamazepine Inactivator of Voltage-gated Na+ (and probably
Ca2+) channels. Leads to inhibition of
glutamate release. May enhance GABA
transmission.

Bipolar disorder, epilepsy.

Valproic acid Promoter of GABA transmission (inhibition of
GABA degradation/reuptake). Blocker of Na+

channels. Pan-inhibitor of histone
deacetylases.

Bipolar disorder, epilepsy.

Anxiety
disorders and
insomnia

Chlordiazepoxide GABA-A receptor positive allosteric modulator. Anxiety (unspecified), epilepsy, alcohol
addiction/dependence.

Diazepam GABA-A receptor positive allosteric modulator. Anxiety (unspecified, GAD), epilepsy
(generalized), alcohol addiction/
dependence.

Lorazepam GABA-A receptor positive allosteric modulator. Anxiety (unspecified).
Alprazolam GABA-A receptor allosteric modulator. High

affinity.
Anxiety (unspecified), panic disorder,
depression (unspecified), alcohol
addiction/dependence.

Buspirone 5-HT1A receptor partial agonist. Anxiety (unspecified), GAD.
Zaleplon GABA-A receptor positive allosteric modulator. Insomnia.
Zopiclone GABA-A receptor positive allosteric modulator. Insomnia.
Ramelteon Agonist at melatonin MT1 and MT2 receptors. Insomnia.
Pregabalin Modulator of α2δ subunit of (P/Q) voltage-

dependent calcium channels. Leads to reduced
glutamate and Substance P release.

GAD, epilepsy, neuropathic pain.

Zolpidem GABA-A receptor positive allosteric modulator. Insomnia.

Attention
deficit
hyperactivity
disorder

Methylphenidate DA and less potent NA reuptake inhibitor. ADHD in children and in adults.

Amphetamine (mix
of salts/
stereoisomers)

DA/NA reuptake inhibitor and releaser,
Vesicular amine transporter 2 inhibitor.

ADHD, narcolepsy.

Dextro-
amphetamine
(single
stereoisomer)

DA/NA reuptake inhibitor and releaser,
Vesicular amine transporter 2 inhibitor.

ADHD, narcolepsy.
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Table 1 (continued )

Therapeutic
domain

Authorised agent Major mechanism(s) of action Authorised (CNS) therapeutic
indications (EU and/or US)

Lisdexamfetamine
mesylate

Same as dextroamphetamine,
of which it is a
pro-drug.

ADHD in children and adults.

Atomexetine NA reuptake inhibitor. ADHD in children and adults.
Clonidine α2-AR agonist. ADHD.
Guanfacine α2-AR agonist. Preference for α2A-AR subtype. ADHD in children

The names of the drugs are international non-proprietary names. Numerous drugs have multiple mechanisms of action: only the major
and therapeutically-relevant ones are indicated. Note, however, that mechanisms of action are still not fully elucidated for certain
drugs. Only CNS indications are shown, and only those authorized in the US, in the entire EU, or in specific countries of the EU. See
Figures 1–5 for compound dates of authorization (US if available, if not the EU), though – contra-intuitively – these dates are
sometimes hard to clarify especially for the older drugs. The authorized therapeutic indications are based on the Pharmaproject and
other databases and on published literature. For ADHD, children implies over 6 years of age. For more information, including off-label
uses, see following citations (Connolly and Thase, 2012; Correll et al., 2011; Meltzer, 2013; Millan 2003, 2006; Parmentier et al., 2013;
Pizarro et al., 2014; Vieta and Valentí, 2013; Zohar et al., 2014). Abbreviations as follows: AR, adrenergic; GAD, Generalized Anxiety
Disorder; GSK, Glycogen Synthase Kinase; MAO, Monoamine Oxidase; MDD, Major depressive disorder: NA, Noradrenaline and OCD,
Obsessive-Compulsive Disorder.
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2. The history and evolution of
pharmacotherapy for psychiatric disorders

2.1. The origins of neuropsychopharmacology

Discoveries made during the early 1950s mark the beginning of
“modern” neuropsychopharmacology with the introduction of
treatments for a number of psychiatric disorders (Ban, 1969;
Healy, 1997; Li and Vederas, 2009; López-Muñoz and Alamo,
2009). Their clinical utility emerged from careful and some-
times unexpected observations by individual psychiatrists of the
effect of novel medication in diverse patient groups. Subse-
quently, this initial phase evolved to one where more systema-
tic and focused assessments were undertaken, including
placebo-controlled studies, and efforts to correlate drug expo-
sure to clinical outcome (Lasagna, 1955). Moreover, our early
understanding of the actions of psychotropic drugs was facili-
tated by advances in chemical neuroanatomy: notably, the
development of methods for measuring brain concentrations of
monoamines and mapping their projections (Dahlström and
Fuxe, 1964).

To better understand the current state of affairs in neuro-
psychopharmacology, changes underway and future progress, it
is instructive to consider the past 60 years of drug discovery for
psychiatric disorders. In the account below, only the major
events and innovations are chronicled, such as the first drug for
a specific disorder, or the introduction of a drug possessing a
novel mechanism of action. Many other significant develop-
ments have taken place and numerous other useful agents have
been proposed, but it is not possible to detail them all within
the scope of this paper.

2.2. Antipsychotics for the treatment of
schizophrenia (Figure 1, Table 1)

2.2.1. Chlorpromazine to haloperidol, the neuroleptics
Detection of the antipsychotic properties of RP4560 (Chlorpro-
mazine) in 1952 represents a major landmark in psychiatry
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(Delay and Deniker, 1952). RP4560, an analogue of phenothia-
zine synthetised by Charpentier at the French company Rhone-
Poulenc in 1950, was first investigated for its antihistaminergic
properties. The French surgeon Laborit was the first to realise
its potential in Neuropsychiatry while using a “lytic cocktail” of
antihistaminergic drugs containing inter alia RP45600 with the
aim of reducing post-injury shock (Laborit and Huegenard,
1951). His observations led to clinical investigations by Delay
and Deniker who made the breakthrough finding that Chlorpro-
mazine alleviated hallucinations and extinguished internal
“voices” in agitated and aggressive psychotic patients (Delay
et al., 1952; Delay and Deniker, 1952). These investigators also
introduced the term “Neuroleptic” for this class of agent (Delay
et al., 1952). Their findings were soon confirmed by several
independent studies which laid the foundations for the pharma-
cotherapy of schizophrenia as practiced today (Ayd, 1963;
Lehmann and Hanrahan, 1954; Rickels et al., 1959).

As regards mechanism of action, based on several findings it
was subsequently suggested that antipsychotics may interfere
with dopaminergic neurotransmission. First, the suppression of
motor activity and the Parkinson disease-like syndrome provoked
by the monoamine-depleting agent, reserpine. Second, the
parallel observation that dopamine (DA) plays a major role in
the control of extrapyramidal motor function, an observation
related to the ability of the DA precursor, “L-DOPA”, to alleviate
Parkinson-like bradykinesia (Carlsson et al., 1958). Third, studies
with chlorpromazine and haloperidol in rats suggested that
neuroleptics block “monoaminergic receptors“ and/or interfere
with the release of monoamines (Carlsson and Lindqvist, 1963).
Based on these arguments, together with the finding that DA-
releasing drugs provoke hallucinations, Van Rossum was the first
to explicitly propose “a dopaminergic hypothesis of schizophre-
nia” incriminating overactive dopaminergic pathways: accord-
ingly, he posited that neuroleptics act by blocking DA receptors
(Van Rossum, 1966). More direct evidence for interference
by neuroleptics with dopaminergic transmission was provided
a decade later by use of receptor-binding studies (Seeman
et al., 1975): nanomolar concentrations of neuroleptics were
shown to stereoselectively inhibit the binding of [3H]-DA or
lth Care District from ClinicalKey.com by Elsevier on September 25, 2017.
. Copyright ©2017. Elsevier Inc. All rights reserved.
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Figure 1 Schematic representation of the chronology for introduction of medication for the treatment of schizophrenia. The dates
given are for approval by the FDA unless otherwise specified below. The non-propriety (WHO-approved) names of the drugs are
indicated, not their commercial names which differ from region to region. Amisulpride was originally launched only in France and
since then has been approved in several other countries in Europe: it is not available in the US. Clozapine was withdrawn for safety
reasons (agranulocytosis) then re-introduced in light of its unique efficacy and atypical profile. Sertindole (EU) was withdrawn for
reasons of cardiac safety, then re-introduced after re-assessment of its benefit-risk ratio. Many antipsychotics are also used in the
treatment of bipolar disorder, and several other indications (Table 1). Not all drugs are shown, only those commented on in the text
and of particular significance in terms of their mechanistic and/or therapeutic profiles.
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[3H]-haloperidol to D2 receptors in cerebral tissue. The DA
hypothesis of schizophrenia received further support from the
striking correlation between clinically-effective doses of neuro-
leptics and their affinities for D2 receptors (Creese et al., 1976;
Seeman, 1976). No such correlation was apparent for D1
receptors, reinforcing the conviction that D2 receptors are the
main target for drugs clinically effective in controlling psychosis.

Chlorpromazine was the starting point for the development
of numerous drugs designed to treat schizophrenia and other
psychotic states, a clinical property covered by the more
general term, “antipsychotic”. Of special importance was the
launch of the butyrophenone, haloperidol (Janssen, Belgium),
approved by the U.S. Federal Drug Administration (FDA) in 1967.
Haloperidol became the prototype of drugs displaying high
affinity for D2 receptors together with antipsychotic properties
in both animal models and patients (Janssen et al., 1967; Leysen
et al., 1992, 1994). This came at a price, however. Namely, a
worryingly high tendency to elicit: first, extrapyramidal motor
side-effects like akathisia and bradykinesia due to blockade of
striatal D2 receptors; second, hyperprolactinaemia by antagon-
ism of hypophyseal D2 sites inhibitory to prolactin release and
third, in the longer term, tardive dyskinesia, probably by
interfering with glutamatergic signalling in the basal ganglia
(Arana, 2000; Leucht et al., 2009; Millan et al., 2000a).
2.2.2. The atypical antipsychotic, clozapine: unique
clinical efficacy
A major landmark in the management of schizophrenia was the
synthesis of the “atypical” agent, clozapine, by Hunziker et al.
(1967). It was launched in 1971 in Europe, withdrawn in 1975
due to the risk for agranulocytosis, yet re-introduced in 1989
owing to its clinically-unique profile. Clozapine differed from
haloperidol in revealing antipsychotic effects at doses that did
not cause motor and endocrine side-effects (Meltzer et al.,
1991). Another decisive finding was the efficacy of clozapine in
a substantial proportion (about a third to a half) of patients
resistant to haloperidol and other “typical” agents (Kane et al.,
1988). Later on, a distinctive reduction in suicidality was
confirmed across the weeks or months following onset of
administration (Meltzer et al., 2003). The advantages of
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clozapine were suggested to reflect its less pronounced D2
receptor blockade compared to potent actions at a number of
other sites. These included: DA D4 receptor antagonism (Lauzon
and Laviolette, 2010; Millan et al., 2000a); partial agonism at 5-
HT1A receptors (Millan, 2000); blockade of 5-HT2A receptors
(Leysen et al., 1992; Meltzer et al., 1989) and antagonism of 5-
HT2C receptors (Meltzer et al., 2012). Clozapine also was found
to have relatively high affinity for 5-HT6 and 5-HT7 receptors
(Roth et al., 1994; Meltzer et al., 2012). While 5-HT6 and 5-HT7
receptor blockade certainly does not fully account alone for its
distinctive profile, it is interesting since. First, selective 5-HT6
antagonists improve cognitive function (Meffre et al., 2012;
Nikiforuk, 2014). Second, the unusual benzamide antipsychotic,
amisulpride (not marketed in the US), blocks 5-HT7 in addition
to D2 receptors and may improve secondary negative symptoms
and mood (Abbas et al., 2009; Leucht, 2004; Millan, 2014a,
2014b).

Finally, the high affinity of clozapine for α1-adrenergic (AR)
receptors is a double-edged sword in moderating positive
symptoms driven by disinhibited mesolimbic DA pathways yet
provoking orthostatic hypotension (Millan et al., 2000a;
Newcomer, 2005; Meltzer, 2013). Furthermore, histamine H1
and muscarinic M1 antagonism compromises cognition and
provokes autonomic and metabolic side-effects (Arana, 2000;
Bymaster et al., 1996; Millan et al., 2012; Newcomer, 2005).

In the wake of clozapine, the major focus was initially on
reproducing its atypical profile and clinical efficacy: only
later did the importance of delimiting non-motor, metabolic
side-effects become a priority (Newcomer, 2005).
2.2.3. Second generation antipsychotics: the serotonin
connection
Attempts to mimic the clinical profile of clozapine by focusing
on the individual components of its pharmacological actions,
like selective D4 receptor blockade, were fashionable for many
years yet proved to be largely fruitless (Lauzon and Laviolette,
2010). The other and opposite strategy was development of
second-generation antipsychotics (SGAs) acting at a palette of
sites recognised by clozapine.
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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These drugs, approved and introduced from the mid 1990ies
until virtually today, partially mimic the complex receptor-
binding profile of clozapine. Notably, they all display relative
marked affinities for 5-HT2A, 5-HT2C, 5-HT1A, 5-HT6 and/or 5-
HT7 vs D2 receptors (Leysen et al., 1992; Meltzer et al., 1989,
2012; Meltzer, 2013; Millan et al., 2000a, 2000b, 2000c; Roth
et al., 1994; Schotte et al., 1996). SGAs include the first of this
class, risperidone, which was approved in 1994 by the FDA for
the treatment of schizophrenia (Komossa et al., 2011). It
became the prototypical 5-HT2A4D2 potency antipsychotic,
a profile proposed to afford an “atypical”-like profile in
moderating extrapyramidal motor side-effects at doses provid-
ing robust antipsychotic activity (Leysen et al.,1992; Meltzer
et al., 1989; 2012; Millan et al., 2000a, 2000b, 2000c; Roth
et al., 1994; Schotte et al., 1996). Risperidone was hotly
pursued by olanzapine in 1996 and quetiapine in 1997, both of
which conserved the 5-HT2A4D2 potency profile of risperidone
and clozapine. Olanzapine is far more potent at D2 receptors
than quetiapine which has disconcertingly low potency at D2
sites, yet high affinity for α1-AR receptors and histamine H1
receptors (Bymaster et al., 1996; Ishibashi et al., 2010; Leucht
et al., 2013; Meltzer et al., 2012; Millan et al., 2000a; Moore
et al., 1992). Ziprasidone materialised somewhat later,
remained faithful to the 5-HT2A4D2 dogma yet, in contrast
to its SGA forerunners, had more pronounced agonist properties
at 5-HT1A receptors (Meltzer et al., 2012; Seeger et al., 1995).

However, none of these SGAs fully reproduce the receptor
binding profile of clozapine, of which the precise, multi-modal
mechanism of action still remains elusive. Correspondingly, they
do not reproduce the clinical profile of clozapine which remains
the Gold Standard in terms of efficacy. Further, the potent
antagonist properties of SGAs at muscarinic, histamine H1 and
α1-AR receptors is, as for clozapine, associated with adverse
actions like sedation, weight gain, metabolic troubles and even
diabetes (Arana, 2000; Leysen et al., 1994; Meltzer, 2013;
Newcomer, 2005; Schotte et al., 1996). Hence, despite their
undeniable clinical importance, the genuine benefits of SGAs
versus first-generation drugs for schizophrenia is still debated
(Lieberman et al., 2005; Meltzer, 2013). In any event, SGAs are
broadly authorised for the treatment of bipolar disorder
(Table 1) (Thase et al., 2006). As for their place in paediatric
psychiatry, this is a complex issue still under investigation, as
thoughtfully discussed elsewhere (Arango, 2015; Glennon et al.,
2014; Rapoport, 2013).

The SGA, sertindole, justifies a brief yet highly instructive
digression. Sertindole, a DA receptor antagonist, has low affinity
for muscarinic and histamine H1 receptors, and was approved in
Europe in 1996. However, owing to a significant risk of "QT"
prolongation and hence cardiotoxicity it was withdrawn in 1998
(Lewis et al., 2005; Muscatello et al., 2014). This effect was
attributed to its comparatively high affinity for so-called “hERG”
(human ether-a-go-go) potassium channels in the heart (De Ponti
et al., 2002; Lewis et al., 2005). The demise of Sertindole
wrought havoc with many agents under development at that
time for schizophrenia and other psychiatric disorders. Moreover,
it provoked a sea change in the way that new ligands were
screened to mitigate cardiac safety concerns. Draconian rules for
elimination of compounds were enforced in screening based on
more or less arbitrary cut-offs for in vitro affinities at hERG sites,
even though the screens were not fully predictive of in vivo
actions and an impact at hERG can be compensated for by
actions at other classes of cardiac channel (De Ponti et al.,
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2002). Inevitably, while safety is of paramount importance and
unexpected QT prolongation is thankfully a rare event today, an
awful lot of babies – and indeed families (of chemical com-
pounds) - disappeared with the bath water. Rather ironically,
then, and based on a re-assessment of the complete safety data
set, Sertindole was eventually reintroduced in Europe in 2002 for
the treatment of schizophrenia, albeit with electrocardiographic
monitoring, and mainly in patients intolerant to at least one
other antipsychotic (Leucht et al., 2013; Muscatello et al., 2014).

The last multi-target agent and SGA to be launched was
lurasidone (US, 2013 and EU, 2014) authorised for the treatment
of both schizophrenia and bipolar disorder. The antagonist
properties of lurasidone at α2-AR receptors as well as at 5-
HT2A and 5-HT7 receptors have been accentuated, together
with its potent partial agonist actions at 5-HT1A receptors
(Ishiyama et al., 2007; Ishibashi et al., 2010). It is relatively
weak at histamine H1 and muscarinic receptors. This profile
may be related to cognitive improvement in animal models and
to a low risk of motor side-effects. Lurasidone also shows good
metabolic tolerance, but its clinical career has only just begun,
so further feedback is awaited (Leucht et al., 2013; Sanford,
2013; Tarazi and Riva, 2013).
2.2.4. The D2/D3 receptor partial agonist, aripiprazole
The launch of aripiprazole in 2002 justifies emphasis. This
antipsychotic is a potent antagonist at 5-HT2A receptors, as
well as a partial agonist at 5-HT1A receptors yet, in contrast
to SGAs, aripiprazole behaves as a partial agonist at D2 and
D3 receptors. This profile permits the more precise fine-
tuning and stabilisation of dopaminergic transmission com-
pared to robust D2 receptor antagonism (Keck and McElroy,
2003; Shapiro et al., 2003). Aripiprazole must be introduced
carefully to avoid undesired activation of D2 receptors,
titration and appropriate dose-finding can be tricky, and it
does not emulate the clinical efficacy of clozapine. Never-
theless, aripiprazole therapy is associated with a low risk for
motor side-effects and, as compared to SGAs, its propensity
to trigger weight gain is markedly reduced, so it must be
considered a significant advance in the management of
schizophrenia (Keck and McElroy, 2003; Leucht et al., 2013).
2.2.5. Lack of antipsychotic efficacy vs negative,
neurocognitive and social cognitive symptoms
It must be emphasised that neither neuroleptics, SGAs,
aripiprazole nor even clozapine display sufficient efficacy in
controlling the cognitive, primary negative and social
cognition/processing deficits of schizophrenia: this is impor-
tant since the latter two symptom clusters are closely linked
to real-world dysfunction and lack of socio-occupational
integration (Foussias et al., 2014; Green, 1996; Millan et al.,
2012; Millan, 2014a). Their improved treatment remains a
major challenge for the future.

Moreover, as pointed out elsewhere (Millan et al., 2012;
Watson et al., 2012), the D2, histamine H1 and muscarinic
antagonist properties of SGAs (and clozapine) compromise
cognitive function, questioning the wisdom of their associa-
tion with putative mechanisms for improving cognitive
performance, like nicotinic agonists (Geerts, 2012). This
has not prevented a decade or more of such clinical trials
with predictably disappointing outcomes (Millan et al.,
2012).
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Figure 2 Schematic representation of the chronology for introduction of medication for the treatment of major depression. The
dates given are for approval by the FDA unless otherwise specified below. The non-propriety, generic (WHO-approved) names of the
drugs are indicated, not their commercial names which differ from region to region. Tianeptine, agomelatine and moclobemide are
approved in Europe but are not available on the US market. Not all drugs are shown, only those commented on in the text and of
particular significance in terms of their mechanistic and/or therapeutic profiles. Mirtazapine blocks α2-AR and 5-HT2C receptors
without affecting monoamine reuptake. Note that SSRIs are also authorised for long-term treatment of anxiety states and obsessive-
compulsive disorder (Table 1). Abbreviations: DARI, dopamine reuptake inhibitor; MAO, monoamine oxidase; MT, melatonin; Multi,
multi-target; NARI, noradrenaline reuptake inhibitor; NaSSa; noradrenaline and specific serotonergic receptor antagonist; SNRI,
5-HT and noradrenaline reuptake inhibitor; SRI, 5-HT reuptake inhibitor; SSRI, Selective 5-HT reuptake inhibitor and TCA,
tricyclic agent.
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2.3. Antidepressants for the treatment of major
depression (Figure 2, Table 1)

2.3.1. Tricyclic agents
In 1957, the Swiss psychiatrist, Roland Kuhn, unveiled the
antidepressant properties of the iminodibenzyl, G22355 (Ciba-
Geigy), an experimental compound synthetised in 1954 by
Schindler and Häfliger (1954) and originally thought to be an
antipsychotic (Kuhn, 1957). G22355 was later re-baptised
imipramine and became the first tricyclic agent (TCA) to be
approved for treatment of depression by the FDA in 1959.
Imipramine was closely followed by another iminodibenzyl
analogue, amitriptyline, which was also shown to be an
efficacious antidepressant and approved by the FDA in 1961
(Connolly and Thase, 2012; Millan, 2006).

The findings by Kuhn were soon confirmed (Cole, 1964;
Healy, 1997; Kiloh and Ball, 1961) and extended to anxiety
states (Sargant and Dally, 1962). These findings prompted many
studies of the potential mechanism of action of the TCAs which
could not be explained at that time. In 1961, the American
biochemist, Julius Axelrod, showed by use of a radioisotope
technique and tritiated noradrenaline (NA) that released NA
was taken up into presynaptic neurones by a specific and TCA-
sensitive uptake mechanism (Axelrod et al., 1961). This led to
the hypothesis that, first, compounds that increase brain levels
of NA should possess antidepressant properties and, second,
that depression can be attributed to a relative decrease in the
activity of cerebral adrenergic neurones (Schildkraut, 1965).
This “catecholamine hypothesis of affective disorders” played a
pivotal role for R&D in the field of major depression for many
years though, paradoxically, drugs preferentially targeting NA
reuptake only crystallised much later than their serotonergic
counterparts (Section 2.3.2).

Indeed, in the late 1960s, a new and competing hypotheses
was formulated, “the serotonin (or 5-HT) hypothesis of
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depression” (Coppen, 1967), which suggested that depression
is caused by low levels of serotonin in the brain. This conjecture
was based on biochemical inspection of tissue from depressed
patients, and on the demonstration by two independent groups
of a specific 5-HT reuptake mechanism in the brain (Blackburn
et al., 1967; Ross and Renyi, 1967). Determinant for the further
development of antidepressants was the finding that several
TCAs blocked 5-HT reuptake. These included imipramine
whereas it's demethylated metabolite, the secondary amine,
desipramine, preferentially interfered with NA uptake (Carlsson
et al., 1969). This discovery triggered the proposal by the Swiss
psychiatrist, Paul Kielholz, that TCAs themselves improve mood
whereas their metabolites increase drive (Kielholz, 1979). A
similar conjecture was made by Carlsson et al. (1969) “that
blockade of 5-HT re-uptake is involved in the mood-elevating
action of TCAs, whereas blockade of NA re-uptake promotes
drive in the depressed patient.”

Clomipramine (FDA approved, 1964) was found to be
more selective in blocking 5-HT re-uptake compared to
previously-launched TCAs (Carlsson et al., 1969; Millan
et al., 2001). Interestingly, clomipramine is also effective
in the treatment of panic disorder and especially obsessive
compulsive disorder (OCD), by a mechanism poorly under-
stood even today (Fineberg and Gale, 2005; Hall and Ogren,
1981; Pizarro et al., 2014).

2.3.2. Monoamine reuptake inhibitors: selective and
multi-modal
The above-mentioned premise that an elevation in 5-HT
availability enhances mood set the stage for the intensive
search for 5-HT selective reuptake inhibitors (SSRIs) in the
1970s and 1980s by almost every major pharmaceutical firm
worldwide (Block and Nemeroff, 2014; Connolly and Thase,
2012; Healy, 1997). Zimelidine, synthesised in 1971 and
launched by the Swedish company Astra Pharmaceuticals in
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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1982, was the first to reach the market but withdrawn in 1983
because of adverse neurological effects. Fluoxetine (more
familiar as Prozac) was developed by Eli Lilly and approved by
the FDA in 1987 for major depression (Connolly and Thase,
2012; Fuller et al., 1991; Wong et al., 1990). It initiated an era
enduring to this day in which fluoxetine and several others
SSRIs (including fluvoxamine, paroxetine and sertraline) came
to dominate the first-line treatment of major depression
(Connolly and Thase, 2012; Millan, 2006). Later, SSRIs became
widely-used in the control of various classes of anxiety
disorder, as well as the treatment of OCD (Allgulander and
Baldwin, 2013; López-Muñoz and Alamo, 2009; Millan, 2003;
Parmentier et al., 2013; Wong et al., 2005).

One major advantage of SSRIs contributing to their wide-
spread, first-line use for depression is their better safety margin
compared with TCAs. This is explained by the fact that they are
devoid of actions at cardiac ion channels, histaminergic H1 and
muscarinic receptors. However, SSRIs elicit their own pattern of
side-effects linked to excess serotonergic transmission like
sexual dysfunction, nausea and, at the beginning of treatment,
nervousness and anxiety (Block and Nemeroff, 2014; Millan,
2006; Stark and Hardison, 1985). In fact, fluoxetine (modestly)
interacts with a number of sites other than 5-HT transporters,
and the most selective of the SSRIs, citalopram (approved 1998)
and its S-enantiomer, escitalopram (approved 2002), were not
introduced until much later (Montgomery and Möller, 2009).
Clinical results with SSRIs underpin the importance of 5-HT
reuptake inhibition for their antidepressant effects, yet do not
reveal which of the many (14) classes of 5-HT receptor are
decisive for their actions, nor prove the 5-HT deficiency theory
of depression, which is still debated to this very day (Artigas,
2013; Millan, 2006; Montgomery et al., 2007). Further, since
preferential blockade of NA uptake by desipramine and the
more recently-launched (1997, EU) reboxetine (Millan et al.,
2001; Papakostas et al., 2008) is likewise effective in major
depression (though see Eyding et al., 2010), both NA and 5-HT
appear to be importance – as originally postulated by Kielholz
and Carlsson (vide supra).

Nonetheless, as implied above, the roles of 5-HT and NA are
subtly different (Millan, 2006) which prompted efforts to
develop dual 5-HT/NA reuptake inhibitors, termed “SNRIs”.
Combined blockade of both 5-HT and NA uptake by venlafaxine
(FDA approval 1997) and duloxetine (approved 2004) is asso-
ciated with robust clinical efficacy. The balance of evidence
suggests that “SNRIs” may have some modest advantages in
terms of antidepressant efficacy over most SSRIs, and they may
also be effective in some patients that respond poorly to SSRIs.
However, not all authorities would agree on this, and the full
efficacy of SNRIs may be masked since peripheral NA-mediated
cardiovascular side-effects cap the maximal dose utilisable
(Baldomero et al., 2005, 2014; Cipriani et al., 2012; Connolly
and Thase, 2012; Millan, 2006; Millan et al., 2001; Montgomery
et al., 2007; Montgomery and Möller, 2009; Rush et al., 2006). It
is also worth noting that the utility of duloxetine in the control
of neuropathic pain reflects (spinal) inhibition of NA rather than
5-HT reuptake – mimicking amitriptyline, though actions of the
latter at Na+ and Ca2+ ion channels on primary afferent
nociceptive fibres may also be involved in pain relief (Micó
et al., 2006; Millan, 2002).

While bupropion, introduced in 1985, blocks DA transpor-
ters, this effect is of rather modest potency and of unclear
relevance to its clinical effects, not least owing to marked
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species differences in its metabolism (Carroll et al., 2014).
Further, bupropion is not very selective for DA transporters.
Actions at several nicotinic receptor subunits may also be
involved in its relief of depression – and use for smoking
cessation (Carroll et al., 2014; Connolly and Thase, 2012;
Foley et al., 2006; Millan, 2006; Rush et al., 2006).
Regrettably, recent work on triple DA/5-HT/NA reuptake
inhibitors has not yet come to clinical fruition so the
significance of DA reuptake blockade for relieving depres-
sion, though intuitively desirable, still remains to be proven
– at least at clinically-acceptable doses devoid of any risk of
abuse potential (Millan, 2006; Skolnick and Basile, 2006;
Tran et al., 2012).

The lack of enhanced clinical efficacy with SSRIs relative to
TCAs encouraged efforts to combine 5-HT reuptake inhibition
with complementary properties (Millan, 2006, 2009). One major
line of research aimed to block 5-HT1A or 5-HT1B autoreceptors
in order to interrupt the feedback actions at 5-HT: it was
posited that this would enhance the clinical efficacy of drugs
that suppress 5-HT reuptake (Artigas, 2014; Millan et al.,
2000c). Though such a mechanism per se never reached
patients, vilazodone, which acquired US authorisation in 2011,
is a 5-HT1A partial agonist/5-HT reuptake inhibitor that more
powerfully elevates extracellular 5-HT levels than pure SSRIs
(Connolly and Thase, 2012; Frampton, 2011; Page et al., 2002).
More recently launched (2013) is vortioxetine which possesses
5-HT reuptake blocking activity plus a multi-target
profile with actions at 5-HT1A, 5-HT1B, 5-HT3 and 5-HT7
receptors (Alvarez et al., 2014; Bang-Andersen et al., 2011).
It is uncertain to what extent these additional sites are
occupied at clinically-used doses in patients, but its
therapeutic profile (including putative pro-cognitive
properties) will be of interest to establish in clinical compara-
tive trials (Boulenger et al., 2014; Sanchez et al., 2015).
2.3.3. Multi-target agents blocking 5-HT2C receptors:
mirtazepine and agomelatine
In addition to blockade of monoamine reuptake, TCAs antag-
onise 5-HT2C receptors. This is important since 5-HT2C receptor
blockade reinforces mesocortical DA and NA transmission and is
associated with anxiolytic properties (Dekeyne et al., 2008;
Millan, 2005). α2-AR receptors are inhibitory to release of DA
and NA in the frontal cortex, so their blockade likewise
promotes frontocortical dopaminergic and adrenergic transmis-
sion to favour mood (Millan et al., 2000b, 2000c). Interestingly,
then, the “atypical” antidepressant, mirtazapine (approved by
the FDA in 1996) does not interact with monoamine transpor-
ters, yet blocks both 5-HT2C and α2-AR receptors to promote
frontocortical NA and DA release: as for its anxiolytic properties,
they may be ascribed to 5-HT2C rather than α2-AR antagonism
(Fernández et al., 2005; Millan et al., 2000b; Watanabe et al.,
2011). Unfortunately, potent histamine H1 antagonism is asso-
ciated with weight gain and provokes a somnolence that limits
its utilisation and generally necessitates evening administration.

While selective 5-HT2C antagonists were never successfully
developped, and mirtazepine possesses a purely monoaminergic
mechanism of action, it is of particular interest that 5-HT2C
antagonism was synergistically coupled to melatonergic agonism
in the first antidepressant with a non-monoaminergic compo-
nent of therapeutic activity: agomelatine. This agent was
launched in the EU in 2009 and found to likewise possess robust
lth Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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anxiolytic properties (De Bodinat et al., 2010; Guardiola-
Lemaitre et al., 2014; Stein et al., 2013; Taylor et al., 2014).
Agomelatine justifies a brief parenthesis from the perspective of
drug discovery since it represents a good example of flexibility
and reactivity. Thus, its 5-HT2C antagonist properties were not
originally envisaged. Rather, they appeared in the process of
screening and, in view of potential clinical utility, rather than
being summarily eliminated, this activity was reinforced and
carefully characterised. 5-HT2C receptor blockade: first,
offered synergistic antidepressant properties complementary
to rhythm resynchronisation; second, afforded supplementary
anxiolytic effects and third, resulted in a unique pharmacolo-
gical and therapeutic mechanism of action. However, an
unexpected adverse impact on the liver emerged later for
agomelatine. Therefore, it is important to respect contra-
indications and hepatic monitoring for successful use. Collec-
tively, the message is a rather Darwinian one of the constant
need to adapt to changing circumstances in the characterisa-
tion, clinical development and therapeutic use of pharmacother-
apy for patients (de Bodinat et al., 2010).
2.3.4. Other potential mechanisms of action:
modulation of glutamatergic transmission
Despite the originality of agomelatine, it is interesting that it,
mirtazapine and virtually all classes of antidepressant converge
upon Brain-Derived Neurotrophic Factor (BDNF) and neurogen-
esis (comprised in depression and by chronic stress) (Duman and
Voleti, 2012; Millan, 2006; Spalding et al., 2013). Nonetheless,
clinical relevance for alleviation of depression remains disputed,
and neither BDNF nor neurogenesis are yet to be specifically and
directly harnessed by a clinically-approved antidepressant
(Block and Nemeroff, 2014; Duman and Voleti, 2012).

Moreover, despite numerous intriguing routes of research
such as Neurokinin-1 and Corticotrophin Releasing Factor
1 receptor antagonism, no other innovative mechanism of
action has become available to treat depression. This may
reflect the fact that “novel“ sites were systematically exploited
by highly-selective agents, which emerged to be insufficiently
robust in the clinic. By contrast, coupling activity to other
pharmacological properties would likely have been more effec-
tive (Section 7.1) (Connolly and Thase, 2012; Holsboer, 1999;
Kehne and Cain, 2010; Millan, 2006, 2009, 2014a; Millan et al.,
2010; Ratti et al., 2011).

Interestingly, tianeptine, an agent approved (1988) in the EU
for treating depression, was originally suggested to act by
enhancing 5-HT reuptake, but more recent work suggests that
it promotes synaptic plasticity by (perhaps indirectly) modulat-
ing glutamatergic transmission (Hayley and Litteljohn, 2013;
Kasper and McEwen, 2008; McEwen et al., 2010; Svenningsson
and Fuchs, 2010). More recently there has been a revival of
interest in the role of glutamate for management of depression
(Hashimoto et al., 2013; Lapidus et al., 2013; Pilc et al., 2013).
This includes blockade of metabotropic glutamatergic 2 recep-
tors and recruitment of metabotropic glutamatergic 7 receptors
(Bradley et al., 2012; Dwyer et al., 2012) but, in particular,
blockade of NMDA receptors, and preferentially their NR2B
subunit (Aan Het Rot et al., 2012; Fond et al., 2014; Ibrahim
et al., 2012a,b). Thus the rapid onset (hours) antidepressant
effect of a single dose of the non-competitive NMDA receptor
antagonist, ketamine, compares favourably to the several weeks
required for full efficacy of conventional agents (Aan Het Rot
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et al., 2012; Ballard et al., 2014; Zarate et al., 2006). This likely
reflects a distinctive cellular mechanism of action, though this
remains to be corroborated (Aan Het Rot et al., 2012). Whether
NMDA/NR2B antagonism can be reliably, durably and safely
exploited clinically without the risk of psychotomimesis or
cognitive impairment is under active investigation (Fond
et al., 2014; Ibrahim et al., 2012b; Zarate et al., 2006, 2013).

2.3.5. Monoamine oxidase inhibitors: irreversible to
reversible
Somewhat tangential to the above story from TCAs to SSRIs
to agomelatine another tale was unfolding whereby depres-
sion was treated by drugs that increased monoamine levels
not by blocking their reuptake nor by promoting their
release, but rather by interfering with their catabolism
(Cole, 1964). This requires us to return to the 1950s.

Isoniazid, the prototype of drugs later named Monoamine
Oxidase (MAO) inhibitors, was synthetised by Hoffman La Roche
in 1951 in the search for more powerful drugs against tubercu-
losis. Isoniazid was a clinically effective antibiotic and noted to
cause signs of CNS stimulation in patients. A related hydrazine
derivative, iproniazid, was elaborated that revealed antidepres-
sant properties when studied by several groups (Crane, 1957;
Loomer et al., 1958), and its clinical efficacy was linked to MAO
inhibition by Zeller et al. (1952). Correspondingly, as reported
by Pletscher et al. (1956), rodents given ipronizid before the
monoamine-depleting agent, reserpine, displayed excitation
instead of sedation. Despite its antidepressant profile, iproniazid
had high liver toxicity and the early 1960ies witnessed the
development of hydrazines such as pheniprazine, an irreversible
MAO inhibitor (Fagervall and Ross, 1986). This agent was
launched but had to be withdrawn because of toxicity, including
an interaction with foods containing tyramine, the notorious
“cheese effect”: this refers to the fact that irreversible MAO
inhibitors protect tyramine from breakdown, thereby reinfor-
cing its hypertensive actions. Tranylcypromine, launched 1961,
is rarely used today for a similar reason. In fact, all irreversible
MAO inhibitors are characterised by this potential cardiovascular
side-effect, though phenelzine (launched 1961), is likewise still
available to treat patients with anxious and atypical depressive
symptoms (Fiedorowicz and Swartz, 2004).

Future work on MAO inhibitors was driven by two aspects:
first, the search for safer, reversible inhibitors of MAO and,
second, differentiation of MAO-A, which mainly metabolises 5-
HT and NA, from MAO-B which preferentially metabolises DA
and phenethylamines like tyramine (Lotufo-Neto et al., 1999;
Priest et al., 1995). This work resulted in the launch of the
reversible and well-tolerated MAO-A inhibitor moclobemide in
the EU for the treatment of depression and social anxiety
(Davidson, 2006; Lotufo-Neto et al., 1999). By contrast, drugs
preferentially targeting MAO-B such as selegiline, (�)-depre-
nyl, and quite recently, rasiligine, have been orie-
nted towards the symptomatic and possibly disease-modifying
treatment of Parkinson's disease (Magyar and Szende, 2004;
Youdim et al., 2001).

2.4. Agents for the treatment of bipolar disorder
(Figure 3 and Table 1)

The anti-manic properties of Lithium were first described in the
modern era by the Australian psychiatrist Cade in 1949 (Mitchell
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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Figure 3 Schematic representation of the chronology for introduction of medication for the treatment of bipolar disorder. The
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commercial names which differ from region to region. Drug mechanisms of action are not well understood and are outlined in the
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and Hadzi-Pavlovic, 2000). He observed that, when used as a
solvent for uric acid (of which the accumulation had specula-
tively been linked to CNS disorders since the 1870s), Lithium
protected guinea-pigs from its toxic effects, as well as inducing
lethargy and tranquilisation. It took some time until he realised
that this calming effect was related to Lithium itself and not to
urea. After this finding, Cade (1949) started to treat psychiatric
patients with Lithium and its utility to control manic episodes in
bipolar patients became apparent. Later studies in the early
1950s verified Lithium's efficacy in mania and established the
margin of plasma concentrations requisite for expression of its
clinical properties compared to the induction of toxic side-
effects (Gershon and Trautner, 1956; Noack and Trautner, 1951;
Schou et al., 1954). However, the acceptance of Lithium was
slow in psychiatry and almost two decades passed following its
discovery until the FDA finally granted approval in 1970 for the
control of bipolar disorder. Quite apart from safety concerns,
one reason underlying this hesitation was the lack of insight into
molecular mechanisms underlying the mood-stabilizing proper-
ties of Lithium, and this conundrum has yet to be fully resolved.
Nonetheless, one prominent hypothesis suggested that Lithium
inhibits the enzyme inositol mono-phosphatase: the consequent
change in phosphatidylinositol metabolism may reset the sensi-
tivity of diverse receptors and ion channels that converge onto
second messengers such as Ca2+ and cyclic GMP (Berridge et al.,
1982). More recent studies have suggested a role for cholecys-
tokinin and a (probably indirect) inhibition of Glycogen Synthase
Kinase-3β, as well as modulation of Wnt and catenin signalling,
and an influence on dopaminergic, glutamatergic and seroto-
nergic pathways (Arey et al., 2014; Duman and Voleti, 2012;
Gould and Manji, 2005).

The mood-stabilizing actions of the repurposed (Section 6.3)
anticonvulsants, lamotrigine (FDA approval 2003) and carbema-
zepine (approved 2005) appear to be complex (Calabrese et al.,
1999). Lamotrigine acts at voltage-dependent Na+ (and some
classes of Ca2+) channels to blunt glutamatergic transmission,
and it also displays neuroprotective properties (Du et al., 2007;
Ketter et al., 2003; Qiao et al., 2014). Carbamazepine stabilises
the inactive state of voltage-gated Na+ channels and has been
suggested to potentiate GABAergic transmission, for example by
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acting at various subunits of GABA-A receptors (Granger et al.,
1995; Qiao et al., 2014). It has also been suggested that they
both suppress the over-activation of arachidonic acid induced
signalling downstream of NMDA, D2 and other classes of
receptor (Rapoport et al., 2009).

As for Valproic acid – also known as valproate – its anti-
convulsant effects prompted its authorisation for the treatment
of epilepsy in France in 1967 (Henry, 2003). The discovery of its
antimanic and mood-stabilising effects leading to authorisation
for the treatment of bipolar disorder came much later. Its
actions are incompletely understood (Monti et al., 2009). They
are related to blockade of Na+ channels and increased cerebral
levels of GABA, possibly due to inhibition of breakdown by GABA
transaminase and interference with GABA reuptake (Löscher,
2002). This increase in GABA is also believed to contribute to its
mood-stabilising and anti-manic properties (Monti et al., 2009).
However, modulation of glutamatergic transmission, inhibition
of arachidonic acid signalling, induction of BDNF and suppression
of histone deacetylation are also implicated in the mechanisms
of action of valproic acid (Arey et al., 2014; Chiu et al., 2013;
Duman and Voleti, 2012; Millan, 2006, 2013; Monti et al., 2009;
Rapoport et al., 2009) which await further clarification.

The last decade or so has witnessed the en masse reorienta-
tion of newer antipsychotics like quetiapine into bipolar disorder
for mood-stabilisation, and for the control of both psychotic and
(separate) manic episodes (Cipriani et al., 2011; Thase et al.,
2006). However, while D2/5-HT2A receptor blockade is pre-
sumably implicated in the control of psychosis, mechanisms
underlying anti-manic effects of antipsychotics are unclear, and
commercial as much as pathophysiological and clinical reasoning
may have encouraged this particular example of repurposing
(Section 6.3). Further, despite reports that quetiapine helps
alleviate depression in bipolar patients by formation of an active
metabolite blocking NA reuptake (Calabrese et al., 1999;
Nyberg et al., 2013), SGAs do not offer an acceptable solution
to the chronic depression of bipolar disorder, not least in view of
their metabolic and other side-effects.

The above observations suggest that there may be several
ways to achieve mood-stabilisation in bipolar disorder yet,
despite some interesting avenues of research like sleep and
lth Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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circadian clocks (Dallaspezia and Benedetti, 2009; McCarthy and
Welsh, 2012), the core mechanisms underlying mood lability
remain nebulous, complicating therapeutic progress. Further,
the debilitating chronic depression of bipolar disorder is phar-
macologically (if not clinically) distinct from that of major
(unipolar) depression in the sense that it does not respond well
to conventional antidepressants – nor to mood-stabilising agents
(Selle et al., 2014). A core problem for “treated” patients is
that they end up being entrapped in a long-term, less fluctuat-
ing and less risk-taking yet essentially mood-suppressed state.

As starkly depicted by a comparison of Figure 3 to Figure 2,
bipolar disorder has been the poor relative of major depression
for far too long. This is an area of enormous need for patients
and their families, and where more intensive R&D and more
effective treatments are urgently awaited.
2.5. Anxiolytic agents for treating anxiety
disorder and insomnia (Figure 4 and Table 1)

2.5.1. Benzodiazepines: the prototypical anxiolytics
Chlordiazepoxide was the first clinically-used benzodiazepine
class to be synthesised by Leo Sternbach in 1955 (Sternbach,
1983). Experimental and clinical studies found that Chlordiazep-
oxide failed to affect psychotic behaviour, yet was effective in
the relief of anxious states (Randall, 1961; Tobin et al., 1960)
resulting in its marketing as an anxiolytic by Hoffman-LaRoche
in 1960. This was followed by the launching of another
benzodiazepine analogue, diazepam, in 1963, and both agents
soon became highly prescribed. Unfortunately, despite their
high safety margins and short-term efficacy in the treatment of
various forms of anxiety – as well as seizures and ethanol
withdrawal – it was later realised that extended use carries the
risk of dose-escalation, physical/psychological dependence and
withdrawal post-discontinuation (Lader, 2011). Further, adverse
side-effects of sedation and cognitive slowing became apparent
(Allgulander and Baldwin, 2013; Millan 2003; Möhler, 2012;
Parmentier et al., 2013).
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The generation of a diversity of benzodiazepine-related
ligands in the 1970s–1980s was motivated by a desire to over-
come their limitations. This second wave of agents displayed
somewhat different pharmacological, pharmacokinetic and
therapeutic profiles compared to classical benzodiazepines
(Hevers and Lüddens, 1998; Möhler, 1983) but they were
unfortunately not shed of undesirable properties like toler-
ance and dependence. These agents are rather numerous and
can be represented by, for example, lorazepam and alprazo-
lam, the latter a short-acting and high potency anxiolytic
(Möhler, 1983; 2012; Parmentier et al., 2013).

Convincing evidence was eventually acquired that reinforce-
ment of GABAergic transmission by binding to an allosteric site
on GABA-A receptors underlies the anxiolytic properties of
benzodiazepines (Millan, 2003; Möhler, 2012). Hence, two
major lines of R&D were subsequently followed in renewed
efforts to generate agents that retained their beneficial proper-
ties yet were devoid of adverse effects. First, chemically-
distinct agents acting at specific allosteric sites localised on
GABA-A receptors. Second, agents acting at specific subtypes of
GABA-A receptor possessing contrasting properties and differ-
entially distributed in the brain (Millan, 2003; Möhler, 2012). For
example, agents that behaved as positive allosteric modulators
(PAMs) at the α2/3 subtype mediating anxiolytic (and anti-
convulsant) properties, yet inactive at α1 subtypes transducing
sedation, and likewise inactive at α5 subtypes interfering with
cognition (Atack et al., 2011; Dawson et al., 2005; Möhler
et al., 2002; Millan, 2003). Differentiation between subtypes
was evaluated using the properties of both affinity (high
selectivity) and contrasting efficacy (agonist/PAM vs antago-
nist/negative allosteric modulator). Findings drugs that distin-
guish between GABA receptor subtype agents proved, in fact,
highly taxing, partly due to unexpected species differences
between rodents and humans. Regrettably, then, no drug
reached the market despite formidable efforts in R&D (Atack
et al., 2011, 2005). It is worth noting nonetheless the current
evaluation of a preferential GABA-A α2 subtype PAM for
improving cognitive function in schizophrenia (Lewis, 2012;
Lewis et al., 2012).
m
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As concerns non-benzodiazepine classes of drug introduced
for the treatment of insomnia such as zaleplon, zopiclone and
zolpidem, they bind to GABA-A receptors in a manner different
from classical benzodiazepines (Davies et al., 2000; Sanger,
2004). However, despite their clinically-important short-term
treatment of insomnia where sleep initiation and/or sleep
maintenance are compromised, they are not spared of side-
effects and are far from risk-free. Indeed, prolonged use is not
recommended in view of the tolerance and dependence that
develops in certain individuals, by analogy with classical
benzodiazepines (Parmentier et al., 2013; Sanger, 2004).

While benzodiazepines and related GABA-A receptor mod-
ulators are still widely used for the short-term control of
anxious states and insomnia, longer-term management is
usually undertaken with SSRIs (Allgulander and Baldwin, 2013;
Millan, 2003; Parmentier et al., 2013). This can be explained by
observations that their acute, 5-HT2C receptor-mediated anxio-
genic actions are transformed over time (reflecting 5-HT2C
receptor down-regulation) into clinically-reliable anxiolytic
actions (Allgulander and Baldwin, 2013; Dekeyne et al., 2008,
Millan, 2003, 2005).
2.5.2. Non-benzodiazepine agents for treating anxiety
disorders and insomnia
Although pregabalin is a structural analogue of GABA, it
turned out to express anxiolytic effects via a mechanism
that differs from the benzodiazepines and the SSRIs (Baldwin
and Ajel, 2007; Davidson, 2006; Parmentier et al., 2013; Strawn
and Geracioti, 2007). It was approved for use in the EU in 2007.
Conversely, it is not yet approved for this indication in the US,
where it is authorised for the treatment of pain (Toth, 2014).
The anxiolytic (and, in the dorsal horn, analgesic) effects of
pregabalin reflect its occupation of synaptic terminal-localised
α2δ sub-units of voltage-gated Ca2+ channels, thereby blunting
excessive release of excitatory neurotransmitters like gluta-
mate and substance P (Kavoussi, 2006; Owen, 2007). Clinical
studies suggest advantages in comparison with benzodiazepines
as concerns its low potential for abuse and withdrawal, at least
after short-term use (Baldwin and Ajel, 2007; Baldwin et al.,
2013; Pande et al., 2003).

In contrast to pregabalin, the azaspirone buspirone does not
interact with GABA receptors. Rather this 5-HT1A partial
agonist likely moderates the stress-induced release of 5-HT in
the hippocampus and amygdala to blunt over-activation of post-
synaptic 5-HT2C receptors (Millan et al., 2000c). Buspirone has
been authorised for treatment of GAD and other anxious states
in the US (Chessick et al., 2006; Millan, 2003; Millan et al.,
2000c; Parmentier et al., 2013).

Regrettably, however, mirroring the downfall of neuro-
peptidergic agents in depression – and likewise reflecting a
poorly-founded obsession with high selectivity – drug inter-
acting with Neurokinin 1, Corticotrophin Releasing Factor
1 and Cholecytokinin-B receptors, despite encouraging
preclinical data, were never developed and deployed as
anxiolytic agents (Griebel and Holmes, 2013; Holsboer,
1999; Kehne and Cain, 2010; Millan 2003; Van Megen
et al., 1996). It it is warranted to mention the utility of
propranolol for controlling performance anxiety (Huffman
and Stern, 2007), but there clearly remains much progress
to be made in the management of, for example, post-
traumatic stress disorder and severe phobias. Various forms
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of psychotherapy, alone and combined with pharmacother-
apy, are important strategies for coping with these problems
and for anxiety disorders in general (Section 8.6).

Finally, recent investigations have focused on non-
benzodiazepine mechanisms for countering insomnia, including
manipulations of melatonergic mechanisms involved in regula-
tion of the sleep–wake circle (Cardinali et al., 2012). Ramelteon
does not bind to GABA-A receptors but interacts with high
affinity at melatonin MT1 and MT2 receptors in the suprachias-
matic nucleus (Owen, 2006). This mechanism is believed to
underlie its sleep-promoting properties. It received FDA
approval in 2005 for the long-term treatment of insomnia.
2.6. Agents for treatment of Attention-Deficit
Hyperactivity Disorder (Figure 5 and Table 1)

The first attempt to pharmacologically control what we today
call ADHD (Lange et al., 2010) was made by the American
physician, Bradley. In the 1930s, he discovered by chance that
some children suffering from neurological disorders treated
with benzedrine (a racemic mixture of dl-amphetamine)
showed clear improvements in their behaviour and scholastic
achievements, as well as a decrease in hyperactivity (Bradley,
1937; Gross 1995). Moreover, he identified a group of children
with features corresponding to ADHD and they also responded
favourably to benzedrine (Gross, 1995). In addition, their
emotional reactivity was moderated and their social behaviour
improved (Strohl, 2011). However, these important observations
that children with behavioural problems resembling ADHD
respond positively to a central stimulant went largely unnoticed
for almost 25 years (Strohl, 2011), probably due to the
dominance of psychoanalysis up to the 1960s and since little
was known about the biological bases of ADHD (Cyr and
Brown, 1998).

In fact, only in 1955 was the first drug, methylphenidate,
approved by the FDA for treatment of “hyperactivity”.
Methylphenidate is a substituted phenethylamine which,
like a number of CNS stimulants, was first synthesised in
1944 by the chemist Leandro Panizzon (Panizzon, 1944) at
Ciba-Geigy and marketed as “Ritalin” (Leonard et al., 2004;
Lange et al., 2010). Although it was quite widely prescribed
to hyperactive children in the 1960s, it's broad use to
control ADHD in children only emerged in the 1990s, by
which time the diagnosis of ADHD had become more widely
accepted (Cyr and Brown, 1998; Lange et al., 2010). Thus,
from the 1970s on, the early focus on hyperactivity
(“Hyperkinetic Reaction of Childhood”) gradually morphed
into an emphasis on deficits in sustained attention and
impulsivity as the key symptoms in ADHD (Barkley, 2006;
Douglas, 1972; Findling, 2008; Gross, 1995; Lange et al.,
2010). This ultimately led to the more recent conceptuali-
sation of ADHD as defined in Diagnostic and Statistical
Manual (DSM)-IV (Correll et al., 2011; Rapoport, 2013).

Benzedrine has not been available for some time owing to
the high frequency of central and peripheral side-effects
(Cooper et al., 2011; Lange et al., 2010), and methylpheni-
date is currently the first line of treatment for children
diagnosed with ADHD (Felt et al., 2014). In addition, its
therapeutic use now extends to adolescents and adults with
ADHD (Davidson, 2008). However, other drugs with central
"stimulant" properties have also been introduced for
lth Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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Figure 5 Schematic representation of the chronology for introduction of medication for the treatment of Attention Deficit
Hyperactivity Disorder. The dates given are for approval by the FDA. The non-propriety, generic (WHO-approved) names of the drugs
are indicated, not their commercial names which differ from region to region. Psychostimulants act via release and transporter
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management of children and adults with ADHD-associated
hyperactivity, impaired attention and impulsive behaviour
(Cyr and Brown, 1998; Felt et al., 2014; Findling, 2008;
Gross, 1995): interestingly, it is the latter two symptoms that
display the most favourable response to treatment (Douglas,
1972). The major psychostimulant preparations used today
(Figure 5) include rapid and extended release forms of: a
mixture (mainly dextro) of amphetamine stereoisomers/
salts; the dextro isomer of amphetamine alone; and the
dextroamphetamine pro-drug with longer kinetics and lower
abuse liability, lisdexamfetamine dimesylate (Castells et al,
2011; Dew and Kollins, 2010; Felt et al, 2014; Heal et al,
2013).

The mechanisms by which methylphenidate and psycho-
stimulants exert their actions are multiple (Table 1). They
principally involve presynaptic actions at transporters (mem-
brane and vesicular), release mechanisms and trace amine
associated receptors (Heal et al, 2013; Sulzer, 2005). This leads
to elevated DA in ventral striatum (Volkow et al., 2012). They
also enhance synaptic levels of DA and NA which should restore
a hypothetical deficit in catecholaminergic transmission in the
frontal cortex. This is important since an increase in frontocor-
tical transmission will reinforce executive function, focused
attention and top-down inhibition of impulsivity (Arnsten, et
al., 1996; Barkley, 1997; Berridge and Arnsten 2013; Lange
et al., 2010; Leonard et al., 2004). More recently, a selective
inhibitor of NA reuptake was introduced to control ADHD,
atomoxetine, approved by the FDA in 2002 (Felt et al., 2014;
Garnock-Jones and Keating, 2009). Atomoxetine, has a more
specific frontocortical mechanism of action than stimulants in
that it does not interfere with synaptic release mechanisms nor
vesicular monoamine uptake (Felt et al., 2014). A primary
advantage over central stimulants (scheduled drugs) in the
clinic is a lack of abuse potential (Felt et al., 2014; Garnock-
Jones and Keating, 2009; Morton and Stockton, 2000). However,
the full therapeutic effects of atomoxetine usually take 2–4
weeks to develop and its clinical efficacy seems to be some-
what lower than central stimulants, presumably since the
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dopaminergic component of activity is less pronounced (Felt
et al., 2014; Garnock-Jones and Keating, 2009).

The above comments are consistent with observations that
activation of (postsynaptic) α2A-AR receptors by the agonists,
clonidine and guanfacine, is likewise effective active in ADHD.
They were both authorised by the FDA in 2010, respectively
alone and for adjunctive use with stimulants, in comparison to
which they are less efficacious, most likely since they lack the
D1 receptor component of activity recruited by stimulants
(Arnsten, 2006; Bidwell et al, 2010; Connor et al., 2014; Felt
et al., 2014; Sallee et al., 2013).

Finally, the importance of behavioural therapies should be
mentioned and it should be noted that the historical terms
“stimulants” or “psychostimulants” are hardly appropriate to
describe the pharmacotherapy of children and adults with
ADHD, and do not correspond to their core therapeutic benefits.
This is one example underlying current interest in providing
other systems of nomenclature for psychotropic agents (Zohar
et al., 2014). Further, there is an important current debate
about whether ADHD is, or is not, being excessively diagnosed
and treated in children, in particular in the US (Arango, 2015;
Rapoport, 2013).
2.7. How 60 years of neuropsychopharmacology is
informing future R&D for improving the treatment of
brain disorders

2.7.1. Steady progress, yet with a remaining need to
enhance treatment efficacy
The above summary of the origins and further evolution of
pharmacotherapy for psychiatric disorders covers a period of
over six decades during which clinical progress was essentially
incremental. There have been no radical paradigm-making
(saltational) shifts leading to marked gains in efficacy after
the first decade – though the important advances of both
medication and non-pharmacotherapeutic strategies should not
be neglected. Indeed, for responsive patients, increased choice
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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plus sure and steady progress in symptom relief with improved
tolerance and safety is not a trivial achievement. However,
there is now a consensus that further advances are imperative
to enhance effectiveness both in refractory and in partially-
responsive subjects – and ultimately to slow or prevent disease
onset and progression (Carpenter and Koenig, 2008; Cuthbert
and Insel, 2010, 2013; Kupfer et al., 2013; Sabbag et al., 2011).

For this to happen, although the foundations have been
laid, much more must be learned about the causes and
neurobiological bases of psychiatric disorders than in the
past 60 years (Munos, 2009).
2.7.2. The importance of solid clinical feedback for
novel mechanisms: on the issue of its absence
One fundamental pillar of the learning process of neurop-
sychopharmacology is the generation of reliable and con-
firmed data on efficacy from patients in the course of
clinical trials of novel therapeutic concepts and mechanisms
of action. However, in many cases where medication has
failed (Section 8.4), it is difficult to be certain that the
drug/concept was given a real chance, not least in view of
nagging questions concerning the choice of patient popula-
tion, maximal tolerated dose, and whether target engage-
ment was sufficient for efficacy to be expressed.

One reason for the latter uncertainty has been the lack of
specific biomarkers such as a Positron Emission Tomography
ligands for defined classes of receptor/transporter. While
radiolabelled ligands are available for, say, D2, 5-HT1A and
Neurokinin 1 receptors as well as monoamine transporters,
despite considerable efforts, no equivalent agent has ever
been generated for 5-HT2C, metabotropic glutamate 2 or
Corticotrophin Releasing Factor 1 receptors, complicating
development of agents targeting these sites (Catafau and
Bullich, 2013; Ratti et al., 2011). Efforts to search “upfront”
for translational biomarkers of target occupation (and
medication effectiveness) early in the R&D process are
considered in Section 8 (Chandler, 2013; Doehrmann
et al., 2013; Harmer et al., 2011; Scarr et al., in press).

However, perhaps the most frustrating examples of absent
feedback from patients are for targets/mechanisms of action
where preclinical observations are highly compelling yet
clinical data have never been, for a variety of commercial,
strategic and/or practical reasons, generated. For example,
despite the fact that every single clinically-useful antipsychotic
binds with equal affinity at D2 and D3 receptors, and a
substantial data base supporting use of the latter for promoting
cognition and countering drug-seeking behaviour, no data from
patients are available with selective D3 antagonists in schizo-
phrenia (Heidbreder and Newman, 2010; Millan et al., 2007;
Mugnaini et al., 2012; Watson et al., 2012). There are innum-
erable other examples, such as various classes of neuropepti-
dergic receptor, kinase antagonist inhibitor and so forth.

Thus, an awful number of holes still remain to be plugged
– and pieces of the jigsaw to be fitted – before we will have
a completer picture of the neuropsychopharmacology of
psychiatric disorders. This remains a task for the future, but
one approach to help resolve this situation is Experimental
Medicine using discontinued drugs clinically proven to be
safe and possessing well-defined and novel, as yet untested,
mechanisms of action (Section 6.3).
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2.7.3. Key messages concerning pharmacotherapeutic
agents and drug development
As regards pharmacotherapy and drug development, there
are a number of significant messages worth retaining for
future reference, several of which are discussed in other
Sections of this article.

First, not all drugs have their origins in ostensibly
“rational” target-based drug discovery, which has been
heavily subsidised since the 1990s, mainly driven by tech-
nological advances like High-Throughput-Screening (HTS). In
fact, many drugs emerged from more standard, “low”
throughput paradigms and from the evaluation of com-
pounds in integrated systems (Rask-Andersen et al., 2011;
Swinney and Anthony, 2011). Intriguingly, the latter
approach of phenotypic screening is enjoying something of
a renaissance, in particular using new cellular models
(Section 6.2)

Second, at the other (patient) end of R&D, major
therapeutic advances were not necessarily based on cogent
psychopharmacological, mechanistic and clinical reasoning –

in some cases since the mechanism of action of the drug in
question was unknown. Rather, in particular during the
emergence of medication for psychiatric disorders in the
1950s, perspicacity and serendipity were key elements. This
alludes to above-mentioned progress (Section 2) made by
astute and imaginative clinicians supported by perceptive
pharmacologists and creative chemists. Indeed, serendipity
is likely to remain psychiatry's friend and it is critical to
foster the experimental spirit and knowledge that can
discover both the true vocation of novel agents, as well as
new indications for any specific treatment whatever its
original use (Sections 6.3 and 8.4).

Third, in most cases, though we are not entirely in the
dark, we do not have a precise idea of exactly how drugs
work, mirroring uncertainty regarding the pathophysiologi-
cal causes of psychiatric disorders. Again, better knowledge
would be important for future progress (Section 4).

Fourth, in line with the previous points, all drugs are a
work in progress. A sustained effort in experimental and
clinical studies throughout their lifetimes is desirable to
better understand their pharmacologic and pharmacokinetic
properties, clinical actions (beneficial and deleterious) and
therapeutic utility. It is impossible to pre-programme and
anticipate everything from the word "Go"!

Fifth, partly as a function of such incremental and
updated knowledge, drugs may conquer new territories in
terms of clinical application (repurposing) (Section 6.3).
Bupropion for smoking cessation and SSRIs for anxiety
disorders are examples, as well as SGAs for bipolar disorder.
The recent difficulties of getting new chemical entities into
patients are encouraging an expansion of this strategy
(Section 6.3).

Sixth, no drug is selective, but some are less selective
than others. This is not necessarily a bad thing. On the
contrary. However, as exemplified by the pros and cons of
clozapine and TCAs, it would be advisable to choose by
dialling in and out beneficial and deleterious properties,
respectively. This is the core concept underpinning multi-
target treatments for complex disorders (Section 7.1).

Seventh, for a specific psychiatric disorder, or domain of
dysfunction, multiple mechanisms of action are usually effec-
tive for symptom relief. This is consistent with biological
lth Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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redundancy in the control of core functions like cognition and
mood, and also with the multi-factorial nature of psychiatric
disorders. This point suggests that we can intervene at several
distinct nodes in anomalous networks, though whether there is
convergence onto one common substrate is not yet clear
(Fornito and Bullmore, 2015; Millan, 2006; Nussinov et al.,
2011). In any event, such observations encourage the future
pursuit of several different mechanisms of action – alone and in
tandem – for treatment of psychiatric disorders and their
attendant symptoms (Millan, 2014a). Contrariwise, for one
specific mechanism of action, diverse beneficial effects may
be expressed across a number of contrasting diagnoses or
domains of impairment. Again, this encourages an open and
flexible approach to the prospective clinical evaluation of novel
concepts and mechanisms of action, as well as the need to be
alert as regards unanticipated effects – unwanted as well as
desired (Section 8.4).

Eighth, there is currently much scepticism concerning the
relevance of in vivo animal models and behavioural tests of
psychotropic agents to the actions of medication in humans.
However, it stretches credulity to imagine that moving even
farther away from the human brain to, say, zebrafish larvae,
would (despite certain useful applications, Section 6.2) be
more instructive – while similar issues of data reliability
would be faced. In fact, all currently-employed antipsycho-
tic, antidepressant and other classes of agent are active in
specific behavioural paradigms in rodents. Further, some
models and readouts like the conflict test for anxiety and
the forced-swim test for antidepressants, despite obvious
limitations, pick up diverse classes of compound. Hence,
they can hardly be considered as superfluous. The challenge
remains of improving these models in particular in terms of
responsiveness to novel mechanisms of action. This implies
avoiding both false positives (only seen in the clinic) and
false negatives (which we will never know about). Back-
translation of active agents to animal procedures (mirroring
the early days of the TCAs, Section 2.3.1) is of importance
here (Section 8.4). The history of neuropsychopharmacology
suggests that it would be very unwise to abandon rodent-
behavioural models and to jump straight into humans, in
particular in view of current progress in their improvement
within a translational framework (Sections 5 and 8).

Ninth, pharmacotherapy is critical, but it is unlikely ever to
be enough alone for the control of all symptoms in all patients.
In many cases, it may best be used in conjunction with
psychotherapeutic, simulation and rehabilitative approaches.
Hence the importance of studying and associating complemen-
tary therapeutic strategies to protect and help patients as a
function of their symptoms, pathophysiologies, needs and
convictions (Section 8.6).

Finally, while 60 years may appear a long time, progress
in our knowledge of the brain has been phenomenal, in
particular at the molecular level and this period is rather
modest in relation to a normal human life-span. Even if we
were to require another 60 years to more comprehensively
and profoundly understand the brain, to work out why
things go wrong, and to learn how to put them right, this
would correspond to no more that the (at this time)
recognised maximal life-span (122 candles for Jean Cal-
ment). And 60 years is less than one thousandth of the
estimated time for the presence of (anatomically-modern)
Homo sapiens sapiens on this planet.
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2.8. Sequencing the human genome and its
dubious impact on drug discovery for psychiatric
disorders

From a historical perspective, a few remarks should be made on
how the sequencing the human genome influenced drug disco-
very for CNS disorders. Merely the announcement that the
genome was going to be sequenced led to the naive hope of
some (aggravated by hype from others) that a vast panoply of
novel genes–proteins-mechanisms were going to be revealed to
explain the function and dysfunction of the human brain, and
ipso facto to provide an inexhaustible palette of novel targets
for (“personal”) medication. The genomic balloon began to
deflate with the realisation that, regulatory zones of DNA/RNA
notwithstanding, the total number of gene-coding proteins was
nothing exceptional compared to, say, a cabbage, and later,
that the number of hitherto-unexploited targets was fairly
modest – with only some relevant to CNS disorders (Drews 2006;
Graur et al., 2013; Pertea and Salzberg, 2010; Rask-Andersen
et al., 2011). Unfortunately, this did not prevent the at least
temporary neglect of other “genome-free” R&D programmes
and the diversion of enormous resources to the identification of
the genetic risk factors for/causes of disorders – the latest
chapter being the current vogue for Genome-Wide Association
Studies (GWAS) and cut-price, individual genome-sequencing.
Another problem at that time was the (outrageous) locking up
of potential new targets by dissuasive patents: chromosomal
locus, gene, protein, method of screening, therapeutic use etc.
This ironically reduced rather than increased target availability.
This was often coupled to a simplistic one gene-one disease-one
drug mindset for (in fact idiopathic, polygenic, multifactorial)
CNS disorders, and the – with hindsight – naive belief that
nominally “Rational” drug discovery driven by HTS and combi-
natorial chemistry (the “magic of high numbers”) would
simplify and accelerate the discovery and development of
novel (highly selective) and more efficacious agents (Drews,
2006; Millan, 2006, 2014a; Pertea and Salzberg, 2010; Rask-
Andersen et al., 2011). It didn't.

To cut a long story short, sequencing the human genome did
not provide the hoped-for quick fix. On the other hand, it is
now providing an indispensable source of knowledge that is
being progressively exploited to better understand the function
and dysfunction of the brain, to identify reliable biomarkers of
psychiatric disorders, and to help identify and validate novel
treatments for their relief. This story has just begun.
3. Clinical characteristics and causes of
psychiatric disorders (Table 2)

3.1. Normal and healthy states: defining the
boundary to psychiatric disorders

By analogy to other diseases, a psychiatric disorder inherently
implies a difference between normal and abnormal. The events
related in Section 2 unfolded largely within a diagnostic frame-
work dominated by the DSM and International Classification of
Disorders (ICD) which still play important roles in defining the
boundary between well and unwell (Section 3.2). This boun-
dary is used as a criterion for therapy, with the evidence basis of
the treatment in question defined by rigorous clinical trials
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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Table 2 Overview of recent changes in thinking and performance of R&D for psychiatric disorders as concerns their clinical
characterisation and causes.

Area of R and D Recent and future developments

Diagnosis and clinical characteristics of
psychiatric disorders

Better documentation and quantification of the precise cost and burden of
psychiatric disorders.
Progressive erasure of artificial barriers between Psychiatry and Neurology,
and between Psychiatry and Psychology (disease characteristics, causes,
pathophysiology, study, etc).
More attention to differentiation of psychiatric disorders from “normality”.
Integration of dimensional (domains of dysfunction) with categorical (class
of disorder) criteria in the classification of psychiatric disorders.
Domains of dysfunction and pathophysiological substrates that cut across
traditional nosological borders, over and above co-morbidity.
Better linking of symptoms/dysfunction to pathophysiological substrates.
Shift in focus from neurocognition to key importance of impaired social
cognition/processing for psychiatric disorders: more closely linked to real-
world dysfunction.
Idiopathic psychiatric disorders genetically complex: identification of
putative genetic markers (clusters) for diagnosis and stratification
challenging: needs multivariate methods of validation in large samples,
then confirmatory studies.
Need for multi-modal biomarkers of psychiatric disorders, domains of
dysfunction and underlying pathology (genetic, EEG, imaging,
neurocognitive readouts): both for diagnosed patients and for high-risk
subjects.

Risk factors, causes and pathophysiological
substrates of psychiatric disorders

Psychiatric disorders are multifactorial: gene-gene and gene-environment
interactions critical, especially during development. Innumerable minor
effect genes: certain de novo high impact CNVs and rare, deleterious
mutations. Somatic and mitochondrial mutations.
Epigenetic (de)regulation can scramble genetic links to psychiatric
disorders. It partially transduces impact of environmental risk factors.
Source of novel biomarkers and drug targets.
Additional mechanisms underlying impact of environmental risk factors,
including their interaction with genetic risk factors, need more intensive
study.
Both molecular (reductionist) and circuit (systems) analyses of causes and
pathophysiological substrates of psychiatric disorders essential.
Not just perturbed neurotransmission: many processes disrupted like
synaptic plasticity, mitochondrial integrity, neuronal migration, and
neurogenesis.
Not just neuronal dysfunction: likewise abnormalities of glia (astrocytes,
oligodendrocytes, microglia) incriminated in psychiatric disorders.
Roles for neuroendrocine (other organs) and auto-immune mechanisms.
Exotic factors; intestinal microbiome, viral/bacterial infection and
parasites. May converge on central mechanisms like immune-inflammatory
processes.
Certain external and endogenous mechanisms protect from psychiatric
disorders: e.g. green environment and epigenetic programming,
respectively.

The table summarizes the points discussed in more detail in the text. CNV, copy number variant and EEG, electroencephalography.
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(Section 8). The issue remains of how to objectively specify the
boundary not only between disorders but also between health
and disease which, in contrast an acute bacterial infection, is
more ambiguous to define. Indeed, the criticism has been made
that psychiatric disorders lie on a spectrum of experience
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continuous with normality since “ healthy” subjects may display
transient, mild and isolated symptoms of anxiety, depressed
mood and even psychosis (Copeland et al., 2011; Ford et al.,
2014; Kawa and Giordano, 2012; Kupfer et al., 2013; Stein,
2013; Varga, 2011). This remains under discussion, but is not
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inconsistent with the enormous overlap for most biomarkers in
studies of ill vs well populations, and gradients of cumulative
genetic load across a broad range of phenotypes from healthy to
umambiguously ill (Cannon et al., 2015 Fusar-Poli et al., 2013;
Doherty and Owen, 2014; Scarr et al., in press).

In fact, several other chronic diseases likewise do not
suggest a neat dichotomy between normal and abnormal.
This is illustrated by hypertension and measures of blood
pressure, as well as by similarly controversial interpretation
of deviations in circulating levels of cholesterol, glucose and
prostate-specific antigen (Robinson et al., 2014; Rosa et al.,
2014). Moreover, for psychiatric disorders, the definition of
“healthy” is especially complex and ambivalent since
notions of normative behaviour and well-being may vary
from person to person and population to population as a
function of context, upbringing, religion, culture and age
etc (Cloninger, 2006; Harris and Deary, 2011; Khoury et al.,
2014).

Nonetheless, appropriately demarcating psychiatric dis-
orders from a “normal” or typical phenotype and range of
variation is important in order to avoid: underestimation
and/or over-inflation of prevalence rates; under-treatment
and/or excessive medicalisation; risky behaviour in the false
belief that one is not at risk and/or false attribution of a
psychiatric disorder (Butlen-Ducuing et al., 2012; Corrêa
Coutinho et al., 2010; Khoury et al., 2014; Kawa and
Giordano, 2012; Nutt, 2012; Stein, 2013). For example,
there has been much discussion regarding the growing
prevalence and treatment of ADHD in the US over the past
decades (Arango, 2015; Correll et al., 2011; Rapoport,
2013). Conversely, it is critical not to ignore early warning
signs of the imminent or future emergence of a psychiatric
disorder (Cannon et al., 2015; Fusar-Poli et al., 2013; Kupfer
et al., 2013; Stein, 2013). Notwithstanding developmental
and age-related changes in mood, behaviour and cognition,
in the course of longitudinal studies, marked and unex-
pected shifts in mood or cognition are a sign of something
wrong – especially when associated with distress and help-
seeking (Fusar-Poli et al., 2013; Fjell et al., 2014; Harris and
Deary, 2011).

In considering the question of what is abnormal prior to
instigating preventive therapy, it is again interesting to consider
the parallel with statins used for precluding onset of cardio-
vascular disorders based on circulating levels of cholesterol
(Rosa et al., 2014). What we currently lack in psychiatry are:
reliable biomarkers of risk even where appearances are
“normal”; very safe drugs for treatment of vulnerable people;
and large-scale studies demonstrating their benefit in an at-risk
population. Nonetheless, as discussed in Section 7.3, we are
moving towards that goal, at least as regards young people at
clinically-high risk of transition to schizophrenia (Fusar-Poli
et al., 2013).

The distinction between healthy and ill can, then, be
challenging, though recent studies emphasise that the vast
majority of treatment is indeed devoted to patients with
disorders of mental health (Al-Hamzawi et al., 2015; Nutt,
2012). The related point of when “mild” turns into serious also
warrants brief mention with respect to clinical trials and real
world treatment, since the efficacy of medication in severe
states may not always be reproduced for milder forms (Butlen-
Ducuing et al., 2012; Cameron et al., 2014; Cuthbert and Insel,
2010).
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3.2. Categorising and discriminating between
psychiatric disorders, the advent of DSM-5

Apart from the pressing question of differentiating psychia-
tric disorders from the “normality” to which treatment
should regress, a further critical issue is the discrimination
between specific psychiatric disorders themselves, and their
overall classification. This is a far from simple process,
which commenced around the time of Kraepelin and Bleuler,
and is still on-going as embodied by successive World Health
Organisation coordinated editions of the ICD (mainly for
general practitioners and educational use) and of the
American Psychiatry Association-sponsored DSM (mainly for
psychiatric specialists and clinical research) (Butlen-
Ducuing et al., 2012; Casey et al., 2013; Hyman, 2007,
2010; Kawa and Giordano, 2012; Kupfer et al., 2013).
Though output is widely respected and recognised by com-
panies, regulators, clinicians and others involved in R&D,
classification is still a source of debate which has been re-
ignited with the recent appearance of DSM-5. Amongst
other new features aiding clinical practise, DSM-5 is
designed to improve coherence with the ICD and to better
reflect the needs of patients (Butlen-Ducuing et al., 2012;
Cuthbert and Insel, 2013; Kawa and Giordano, 2012; Khoury
et al., 2014; Kupfer et al., 2013; Mellsop et al., 2007;
Phillips et al., 2012; Regier et al., 2013).

In fact, some might provocatively debate whether there is an
absolute need for a diagnostic system by categories of disorder,
since a standardised diagnosis can become disconnected from
underlying mechanisms in grouping together either too many
(or too few) individual cases. For example, the over-extension
of the notion of schizophrenia in North America during the
1950s and 1960s eventually compromised its significance, and it
is possible that an analogous problem with bipolar diagnosis in
childhood is causing similar problems today. Nonetheless, this
does not invalidate the approach, rather incites greater care
and thought into the discrimination of diagnostic groups, as
attempted by DSM-5 (Kupfer et al., 2013). Moreover, at least
initially, a diagnosis is less of a fact, rather more of a hypothesis
awaiting proof of concept before final confirmation. In addition,
categorising disorders (and treatments) as best we can is
important for accessing the scale of psychiatric disorders in
society, for evaluating the utility of treatments for reimburse-
ment and for communicating with patients.

Concomitantly with this ongoing discussion as to how best to
clinically classify psychiatric disorders, a parallel, equally-
important and more research-driven process is underway to
better understand their neurobiological substrates. It is to be
hoped – and cautiously anticipated – that these paths will
ultimately converge (see following Section).
3.3. Comorbidity amongst psychiatric disorders:
trans-nosological domains of dysfunction

Clinical practise and the literature are dominated by the
diagnostic categories of schizophrenia, bipolar disorder and
depression etc (Table 1), and they are likely to remain
omnipresent and indispensable for the foreseeable future.
However, their precise significance in terms of core features
and neurobiological underpinnings remain under clarification,
and heterogeneity is increasingly recognised in terms of risk
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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factors, pathophysiology, symptoms, outcome and – as a
consequence – treatment. Indeed, the very fact that diagnostic
categories are defined by symptoms poorly linked to
underlying pathophysiology suggests that they are likely to be
heterogeneous.

The occurrence of extensive co-morbidity amongst psychia-
tric disorders, and between psychiatric disorders and physical
complaints, is now widely recognised – and associated with
greater disease burden (Brown, 1996; Buist-Bouwman et al.,
2005). However, overlap appears to be more fundamental than
the mere co-existence of two distinct disorders. Thus, the
traditional notion of co-morbidity is yielding to a more complex
view of communalities between nominally-independent yet
neurobiologically-related disorders including, for example:
genetic risk factors, epigenetic misprogramming, stress axis
deregulation, neuroinflammation, disruption of synaptic plasti-
city, and abnormal glutamatergic transmission. In addition,
deficits in core functional domains like neurocognition, social
processing, reward and affect likewise cut across traditional
boundaries. The improved characterisation of deficits and
pathophysiological mechanisms specific to discrete disorders
(or sub-types of disorder) as compared to those shared with
others should facilitate the identification of more discriminant
biomarkers of greater reliability (Cross-Disorder Group of the
Psychiatric Genomics Consortium, 2013; Cuthbert and Insel,
2010, 2013; Doherty and Owen, 2014; Grabrucker et al., 2011;
Harrison, 2014; Hyman, 2007; Kupfer et al., 2013; McGowan
and Szyf, 2010; Millan et al., 2012; Millan, 2013; Muglia, 2011;
Scarr et al., in press).

It has been pointed out that a trans-nosological clinical trial
of, say, deficient working memory would hardly be less
challenging than a psychiatric disorder-specific clinical study
(Butlen-Ducuing et al., 2012). In addition, the risk of patients
needing a cocktail of specific treatments with one per patho-
physiological mechanism/symptom (impaired working memory,
social processing deficits or poor motivation etc) should be
borne in mind. Further, it is important not to put the cart
before the horses in forcing clinical syndromes to match
pathophysiological substrates: at the end of the day, it is
symptoms that patients suffer from and that they want to see
improved, not putative biomarkers.

Nonetheless, these points should not detract from this
important goal of improved characterisation and differentiation
of psychiatric disorders, including the more refined alignment
of populations targeted for clinical trials/treatment with
pathological mechanisms underlying dysfunction. One major
initiative in this regard is the “RDoc” programme of the
National Institute of Mental Health (Casey et al., 2013;
Cuthbert, 2014; Cuthbert and Insel, 2010, 2013; Phillips
et al., 2012; Simmons and Quinn 2014). The RDoc programme
does not stand in opposition to current clinical classifications
since, as implied, it is a research-driven enterprise which aims
to better classify trans-diagnostic dimensions of disease within
a biological framework. Its outcome should eventually merge
with new diagnostic schemes to mutual benefit. It has a strong
translational flavour (validated measures adaptable for human
use), emphasises the need for improved animal models
(Section 5), puts behavioural, neurobiological and genetic
findings on equal footing, and embraces the notion of endo-
phenotypes or intermediate phenotypes. Intermediate refers to
the fact that a specific anomaly (like impaired executive
function) lies between a genetic aberration and a psychiatric
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disorder and hence should be more closely linked to the causal
gene (Goldstein and Klein, 2014; Hasler et al., 2006a, 2006b).
RDoc attempts – in a trans-nosological and dimensional manner
– to define the pathophysiological substrates of psychiatric
disorders for general domains like neurocognition, affect, social
processing, arousal and reward (Cuthbert and Insel, 2013; Kas
et al., 2007; Marcou et al., 2009; Robbins et al., 2012). This
should eventually aid both the discovery and validation of novel
treatments, and promote the (pre and post diagnosis) detection
of more reliable biomarkers of disease/pathophysiological
states.

3.4. An ongoing process of refinement and
convergence

To summarise, it is important to clearly differentiate psychiatric
disorders from “normality” and to improve their clinical
characterisation. Classification of psychiatric disorders remains
a “work in progress” which is increasingly being informed by
neuroscience and occurring in a transnosological context as
regards underlying pathophysiological – and counter-regulatory
–mechanisms. The more rigorous characterisation of psychiatric
disorders, increased awareness of their similarities and differ-
ences, and their improved integration with neurobiology should
ultimately permit 1), the development of more specific
biomarkers and 2), the identification of more effective and
focused treatments for specific populations (Cuthbert, 2014;
Cuthbert and Insel 2013; Kawa and Giordano, 2012). Though
the vision of pathology-based “precision medicine” for psychia-
tric disorders still remains distant, progress has now com-
menced towards this ultimate goal (Section 8.5).

4. Pathophysiological substrates of
psychiatric disorders: multiple anomalies from
molecules to cerebral circuits (Table 2)

4.1. Insights from neurological and somatic
disorders

By analogy to all other organs, disruption of the brain is
associated with specific pathologies, as exemplified by Stroke,
Parkinson's disease and Alzheimer's disease with their attendant
structural damage. As indicated in Table 1, the artificial divide
between neurological and psychiatric disorders is being pro-
gressively effaced with the recognition that, quite apart from
co-morbidity and common risk factors, they share common
domains of dysfunction in mood and cognition (Cunningham
et al., 2006; Hirao et al., 2014; Millan et al., 2012; Millan et al.,
in press; Norton et al., 2014; Sierksma et al., 2010). Likewise
contributing to the erosion of this artificial divide is the
realisation that psychiatric disorders are characterised by
structural changes in the brain – such as altered size of the
hippocampus – involving disruption of both grey and white
matter, neurones and glial cells (Arnone et al., 2013; Bartzokis,
2012; Brent et al., 2013; Buckholtz and Meyer-Lindenberg,
2012; Czeh and Di Benedetto, 2012; Kempton and McGuire, in
press; Smiałowska et al., 2013; Watkins et al., 2014; Zhang
et al., 2015). Further, certain molecular facets of age-related
disorders, like reelin dysfunction, epigenetic misprogramming
and mitochondrial bioenergetic defects are also implicated in
lth Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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psychiatric disorders (Clay et al., 2011; Folsom and Fatemi,
2013; Klengel et al., 2014; Knuesel, 2010; Krstic et al., 2013;
Manji et al., 2012; Millan 2013, 2014b; Morales et al., 2014;
Szyf, 2015; Szyf and Bick, 2013; Wallace, 2013; Zhang and
Meaney, 2010). Both Alzheimer's disease and multiple sclerosis
are characterised by neuroinflammation, and in the latter case,
by focal brain lesions and demyelination (Ellwardt and Zipp,
2014; Wyss-Coray and Rogers, 2012). Similarly, inflammatory
damage to oligodendroytes, aberrant patterns of myelinisation
and white matter loss have been implicated in the genesis of
schizophrenia (Bartzokis, 2012; Leboyer et al., 2013; Perron
et al., 2012; Najjar and Pearlman, 2015; Ren et al., 2013; Von
Hohenberg et al., 2014). A rapprochement between neurologi-
cal and psychiatric domains should be fostered and intensified
to mutual benefit since both can learn much from each other.

Novel insights into the causes of psychiatric disorders are
also being gained by studies of other organs and non-CNS
diseases such as diabetes and obesity (Karsenty, and Ferron,
2012; Labarthe et al., 2014). These risk factors for depression
may be functionally linked to, for example, aberrant signalling
by the gut-released and CNS-penetrant hormone, ghrelin,
which centrally controls mood and cognition as well as appetite
(Carlini et al., 2012; Chuang and Zigman, 2010; Labarthe et al.,
2014; Millan, 2014a; Shelton and Miller 2010). Another example
is provided by oncology where changes in mechanisms of neuro-
immune-endocrine crosstalk, cellular signalling and circadian
control have been related to an inverse correlation between
schizophrenia and Down syndrome on the one hand, and
certain cancers on the other (Tabares-Seisdedos and Rubenstein
2013).
4.2. Linking the genetics of psychiatric disorders
to causal mechanisms and targets

A widely-used approach to examine the aetiology of psychiatric
disorders, and to search for potential biomarkers, is psychiatric
genetics (Cross-Disorder Group of the Psychiatric Genomics
Consortium, 2013; GENDEP Investigators, 2013; Harrison,
2015; Karayiorgou et al., 2012; Levinson et al., 2014; Muglia
2011). In view of its intensive study, schizophrenia serves to
illustrate recent developments of the field. In contrast to rare
neurodevelopmental forms of Autism-Spectrum Disorder (ASD)-
related syndromes like Fragile X or Rett (Millan 2013), mono-
genic forms of schizophrenia are unknown (Muglia, 2011;
Winchester et al., 2014). Further, despite high heritability,
candidate gene (single nucleotide polymorphism) association
studies have not revealed any robust, common and specific
genetic signals underlying schizophrenia – nor other psychiatric
disorders. Rather, numerous, rare, inherited or de novo risk loci
(single genes to CNVs) appear to be involved, consistent with
the notion that multiple nodes of cellular circuits are disrupted
in psychiatric disorders (Cross-Disorder Group of the Psychiatric
Genomics Consortium, 2013; Fromer et al., 2014; Levinson
et al., 2014; Doherty and Owen, 2014; Purcell et al., 2014;
Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2014). In addition, candidate gene studies have
often failed to replicate published studies suggesting that
underlying genetic architecture is complex and that interac-
tions amongst genes in heterogeneous, small populations may
influence study outcome (Franck and Fossella, 2011; Greene
et al., 2009; Muglia, 2011). Supporting comments in Section
Downloaded for Joachim Raese MD (jraese@gmail.com) at Kaweah Delta Health
For personal use only. No other uses without permission. C
3.4, several genetic risk loci ignore nosological categories and
are shared amongst schizophrenia, bipolar disorder and ASD
(Cross-Disorder Group of the Psychiatric Genomics Consortium,
2013; Doherty and Owen, 2014; Muglia, 2011).

Massive, unbiased GWAS can confirm (or refute) candidate
gene identification and reveal hitherto-unsuspected risk genes:
they also permit pathway analyses to interlink genes into circuits
of interacting proteins. The biggest GWAS study to date of
schizophrenia (Schizophrenia Working Group of the Psychiatric
Genomics Consortium, 2014) recently confirmed that no specific
common variant has any major impact, and that this polygenic
disorder involves thousands of loci of modest impact accounting
for about half of genetic variance (Harrison, 2015; Purcell et al.,
2014; Ripke et al., 2013). Further, it should not be forgotten
that the significance of any genetic variant requires direct
functional analysis (Dolgin, 2014; Muglia, 2011). Nonetheless,
some positive aspects should be highlighted from this GWAS
study of schizophrenia since D2 receptors (not exactly a novel
target) were only one of 108 loci (including 83 novel ones)
identified (Schizophrenia Working Group of the Psychiatric
Genomics Consortium, 2014). In this and other large-scale
studies, the frequent appearance of genes related to synaptic
plasticity, glutamatergic transmission, immune-inflammatory
processes and ion channels is interesting; products of several
genes such as “CACNA1C” (encoding a Ca2+ channel subunit),
are eminently druggable (Fromer et al., 2014; Keller and Muller,
2006; Harrison, 2015; Muglia, 2011; Purcell et al., 2014;
Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2014).

Furthermore, several classes of CNV have been found to be
highly penetrant in small populations. For example, 22q11.2 is
associated with velocardiofacial (Di George) syndrome, a rare
disorder with a very high risk of schizophrenia (Kirov et al.,
2013; Millan, 2013; Sigurdsson et al., 2010). While covering
many protein-coding and other genes, CNVs can be studied in
both cellular and murine models, the functions of individual
genes clarified and further analysis at the mRNA and protein
level undertaken in schizophrenic tissue. This can be followed by
genetic profiling of volunteers in relation to say cognitive
performance and fMRI-defined circuits in patients (Buckholtz
and Meyer-Lindenberg, 2012; Kempton and McGuire, 2014;
Nomura and Takumi, 2012). Such observations provide raw
material for back-translation into animal models and further
characterisation of potentially-novel treatment targets (Meyer-
Lindenberg, 2010). Further, at least for schizophrenia, bipolar
disorder and ASD, it would be rewarding to search for rare,
recurrent, highly penetrative, causal deleterious mutations by
focusing on defined and small regions of the genome: not only in
CNVs, but also in regions like those embraced by the 108 loci
associated with risk for schizophrenia (Karayiorgou et al., 2012).
More attention to somatic mutations during development (Insel,
2014) and non-Mendelian mitochondrial genetics might also be
instructive (Wallace, 2013).

Overall, psychiatric genetics still has a major role to play as a
point of departure for more refined analysis of potentially
relevant proteins and novel therapeutic strategies. Further, it
is important to consider genetic pathways rather than single
genes, to examine the interaction of genetic with environmental
factors, and to see how they collectively impinge upon neural
circuits interrupted in psychiatric disorders (Brown and Derkits,
2010; Buckholtz and Meyer-Lindenberg, 2012; Caspi et al., 2003;
Muglia 2011; Wang et al., 2010; Winchester et al., 2014).
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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Psychiatric genetics should ultimately help us towards a more
informed view of the cellular and cerebral circuits disrupted in
psychiatric disorders.

4.3. Scrambling the genetic message: epigenetic
re-programming

It's a long way from the gene to the protein, and many
mechanisms can intervene to markedly modify protein dosage,
structure and function: altered gene transcription; covalent,
post-translational protein modifications like phosphorylation;
formation of higher-order protein oligomers; and association
with other proteins as in heterodimers. Such processes may be
anomalous in psychiatric disorders. However, of particular
importance are potentially-heritable (meiosis and mitosis) epi-
genetic changes that, at the level of DNA promoter methylation,
the histone code and miRNA control of mRNA translation, modify
the genetic message and protein availability (Kofink et al., 2013;
Klengel et al., 2014; Mehler, 2008; Millan, 2013; Szyf, 2015).
There is compelling evidence that environmental impacts
throughout life, and in particular during development and
maturation, strongly impact epigenetic mechanisms. While some
changes may be adaptive (Section 4.7), most are likely impli-
cated in the pathophysiology of psychiatric and neurological
disorders (Brown and Derkits, 2010; Gavin, and Floreani, 2014;
Kofink et al., 2013; Millan 2013, 2014b; Szyf and Bick, 2013;
Szyf, 2015). This adds a new and therapeutically-relevant
domain of complexity to our modern understanding of the long
and winding road from genetics to psychiatric disorders.

4.4. The view from above (and below): the crucial
importance of networks

It is now clear that the impact of genetic, epigenetic and other
anomalies, even if triggered by a single molecular event, must
be understood and analysed at the level of dysfunctional
networks, both in and of neurones. This includes, for example,
epistatic interactions amongst genes, signalling cascades, and
circuits of neurones interlinking the hippocampus and cortex.
While not ignoring the functions of discrete proteins, cells or
regions, it is their aberrant interplay and the disruption of
networks that needs to be re-equilibrated by therapy (Broyd
et al., 2009; Buckholtz and Meyer-Lindenberg, 2012; Fornito and
Bullmore, 2014; Menon, 2011; Millan et al., 2012; Penrod et al.,
2011; Silverman and Loscalzo, 2012; Wang et al., 2010). The
study of networks is often subsumed under the term “Systems”
biology and now profits from extensive computerised modelling
and the application of Graph Theory. This refers to mathema-
tical models of complex networks, their organisation and
operation in health, their dysfunction in disorders like schizo-
phrenia and depression, and strategies for their restitution
(Bolding et al., 2012; Fornito and Bullmore, in press; Kotaleski
and Blackwell, 2010; Mei et al., 2012; Millan 2006; Phillips et al.,
2012; Sams-Dodd, 2013; Van den Heuvel and Fornito, 2014).

4.5. Multiple anomalies across a diversity of cell
types: identifying the primary trigger

It should be added that aberrant events in neurones are played
out in interaction with non-neuronal cells like astrocytes,
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oligodendrocytes and microglia which fulfil a more prominent
place in the search for the origins of psychiatric disorders than
some years ago. Glial dysfunction in depression, aberrant
developmental myelination in schizophrenia and microglial-
driven inflammation in autism are examples that spring to
mind (Bartzokis, 2012; Basnasr et al., 2010; Bernstein
et al., 2015; Di Benedetto et al., 2013; Perron et al., 2012;
Smiałowska et al., 2013).

The notion of disrupted neurotransmission as a causal
factor for psychiatric disorders, such as excess mesolimbic
DA in schizophrenia, or a deficit in 5-HT in depression, is
well established (Artigas, 2013; Meltzer, 2013; Millan,
2003, 2006). Upstream, downstream and in parallel with
anomalies in neurotransmission, there is a rich panel of
other cellular mechanisms known (or suspected) to be
disrupted in CNS disorders and potentially available for
therapeutic exploitation. Examples include neurogenesis
and mitochondrial energy production (Clay et al., 2011;
Duman and Voleti, 2012; Gorman et al., 2012; Manji et al.,
2012; Wallace, 2013). However, there is still very much a
chicken and egg situation in which, both in time (during
life and prior to diagnosis) and space (cellular networks),
we need to better tease out which are the initial and
primary anomalies from which others cascade. For exam-
ple, hyperactivity and hypersensitivity of subcortical
dopaminergic projections in schizophrenia must exist at
the interface between both prior disruption (possibly of
frontocortical glutamatergic pathways) and downstream
events in postsynaptic neurones (Millan et al., 2012; Poels
et al., 2014).

4.6. Causal factors extrinsic to the brain

A brief word on exotic, brain non-autonomous mechanisms
should be made. Recently, a possible role of anti-neuronal
antibodies in triggering psychiatric and neurological syndromes
was evoked, for example by compromising activity at central
N-Methyl-D-Aspartate (NMDA) receptors (Martinez-Martinez
et al., 2013; Van Coevorden-Hameete et al., 2014). A particu-
larly intriguing idea is that mental health can be negatively
impacted by parasites, as well as bacterial and viral triggers of
CNS disorders (Eppig et al., 2010; Leboyer et al., 2013). Viruses
penetrate into the brain via, for example, immune cells and
long-range axonal transport. Once inside, they can provoke
numerous adverse effects including the fabrication and hijack-
ing of G-protein coupled receptors (GPCRs) and the reactivation
of retroviruses in multiple sclerosis and, more speculatively,
schizophrenia (Leboyer et al., 2013; Perron et al., 2012; Salinas
et al., 2010a, 2010b; Sodhi et al., 2004). Further, one –

unanticipated – factor that may contribute to psychiatric
disorders has transpired to be the microbial flora of the gut.
Though specific links to discrete diseases remain to clarify,
perhaps the most compelling body of evidence to date suggests
a link to idiopathic ASD (Foster and McVey Neufeld, 2013, Mulle
et al., 2013; Nemani et al., 2015).

4.7. Mechanisms opposing the genesis of
psychiatric disorders

Finally, it was mentioned above that not all epigenetic changes
during life are maladaptive, for example those improving the
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ability to cope with stress (Szyf and Bick, 2013; Millan, 2014b).
Indeed, for every circumstance in which one identifies a change
in a parameter that increases the risk of a psychiatric disorder,
one can turn the argument on its head, be it an allele or a level
of transmitter secretion, in arguing that the inverse change is in
fact a protective mechanism. While GWAS and hypothesis-
driven studies almost invariably aim to pinpoint rare variants
and de novo anomalies causal to disorders, there very likely
exist others (inherited and subject to positive rather than
purifying selection) that are protective. This was recently
demonstrated for certain CNVs (Grozeva et al., 2013; Doherty
and Owen, 2014; Rees et al., 2014). More attention, in
particular in the light of preventative strategies, should be
directed to endogenous and potentially reinforcable mechan-
isms that counter the genesis and progress of psychiatric
disorders. An interesting idea would be studies that compare
people particular resilient to stress to their more sensitive
counterparts as regards the development of psychiatric dis-
orders like depression.

Finally, there is little doubt that environmental, ecosystem
and climate degradation is an indirect and direct threat to
mental (and physical) health. Indeed, urban decay adversely
affects stress-processing in brain regions implicated mental
illness (Lederbogen et al., 2011). Conversely, a green and
protected environment has repeatedly been shown to enhance
well-being, even in an urban context, and will reduce the risk
of psychiatric disorders like depression (Alcock et al., 2014;
Astell-Burt et al., 2013; Nutsford et al., 2013; Richardson et al.,
2013).
4.8. Correlated does not mean causal does not
mean curative

Finally, a simple but important point that has been dis-
cussed elsewhere should be mentioned (Dean et al., 2013;
Harrison, 2015; Millan, 2006, 2014b). The mere association
of a readout like a genetic anomaly or increased tissue
levels of a transmitter with a psychiatric disorder is not
synonymous with a causal role: as implied in the previous
paragraph, it may have the opposite significance or be
merely an epiphenomemon (Millan, 2014b). Even if the
link is causal (or protective) it does not necessarily hold
that it is the most appropriate target for medication. For
example, the mechanism in question may only be devel-
opmentally active during brain formation, or it may be
inaccessible to pharmacological manipulation (Millan et al.,
2012; Veenstra-VanderWeele and Warren, 2015). Hence, it
cannot automatically be assumed that identifying the
pathological substrates of psychiatric disorders and domains
of dysfunction is tantamount to pinpointing the ideal target
for their treatment.
5. Experimental study of psychiatric
disorders: refining animal models (Table 3)

5.1. The challenge of animal models for
psychiatric disorders: multi-hit paradigms

Over the years, the literature has been replete with hopeful
claims of models of various psychiatric disorders, and the
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term can still widely be encountered (in many cases used
unthinkingly, one suspects). However, there is a growing
consensus that a more appropriate pronoun would be for
(Carpenter and Koenig, 2008; Enna and Williams 2009; Insel,
2007; Jones et al., 2011; Kas et al., 2011a,b; Powell and
Miyakawa, 2006; Marcou et al., 2009; Pratt et al., 2012). It
is likely impossible to model an entire psychiatric disease
per se and all the more so if we assume that psychiatric
disorders embrace core, human-specific facets like verbal
language (Burns, 2006; Dean, 2009; Millan et al, 2012).
Conversely, it appears more feasible to model specific
classes of symptom, pathophysiological mechanism, genetic
risk factor or epigenetic anomaly etc. This has been
referred to as a more “dimensional“ vs “syndromic
“approach to modelling psychiatric disorders, and it mirrors
the above-mentioned “dimensional” approach to categoris-
ing psychiatric disorders themselves (Section 3) (Enna and
Williams 2009; Jones et al., 2011; Kas et al., 2011a.b;
Marcou et al., 2009; Papaleo et al., 2012; Schughart et al.,
2013).

The challenges for models are well exemplified for
schizophrenia where one might cite disruption of working
memory, GABA/glutamatergic circuits, Neuregulin and DNA
methylation as examples of, respectively, symptoms, patho-
physiological mechanisms, genetic risk factors and epige-
netic anomalies that can realistically be reproduced in
rodents. Conversely, impairment of verbal language and
disorganised thought may be pretty well intractable (Burns,
2006; Dean 2009; Grayson and Guidotti, 2012; Law et al.,
2012; Millan et al., 2012; Papaleo et al., 2012; Powell and
Miyakawa, 2006). In fact, for schizophrenia, there is a
surprisingly rich palette of models now available reflecting
a shift of focus from genetic to developmental paradigms.
On the other hand, there has been less progress as regards
new models for depression, bipolar disorder and anxiety
disorders (Carpenter and Koenig, 2009; Enna and Williams
2009; Jones et al., 2011; Marcou et al., 2009; Réus et al.,
2014).

While the human brain – like the eponymous brain coral
and other ecological communities – is resilient to isolated
stressors, recurrent exposure to multiple and divergent risk
factors disrupts homoeostasis and triggers disease (Anthony
et al., 2015; McClanahan et al., 2012; Millan, 2006; Roff and
Mumby, 2012). Hence, models that manipulate only a single
factor such as a risk gene remain of limited construct
validity for modelling psychiatric disorders. One exception
may be rodent models of high-penetrance CNVs which
embrace multiple genetic hits and which can be well
reproduced in mice by chromosome engineering due to
their high degree of synteny (gene order) with humans:
the above-mentioned 22q11 (Sections 4. 2) is a good
example (Kirov et al., 2013; Millan, 2013; Nomura and
Takumi, 2012; Doherty and Owen, 2014; Sigurdsson et al.,
2010). Nonetheless, of broader interest are multi-hit models
that take account of synergistic interactions amongst sev-
eral risk factors. For example, they can mimic the impact of
an environmental risk factor superimposed upon a vulner-
able genetic background, such as adolescent psychosocial
stress in mice with a disrupted risk gene (Neuregulin 1) for
schizophrenia (Desbonnet et al., 2012; Hida et al., 2013;
Kas et al., 2011a,b; Papaleo et al., 2012; Schughart et al.,
2013).
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Table 3 Overview of recent changes in thinking and performance of R&D for psychiatric disorders as concerns preclinical R
and D, therapeutic concepts and treatment modalities.

Area of R and D Recent and future developments

Experimental validation of hypotheses, targets
and drug discovery for novel agents

Multi-hit models (gene, environment) for psychiatric disorders and
domains of dysfunction, mirroring cumulative risk factors for patients. De-
emphasis of models lacking face and construct validity.
Specific manipulation of discrete proteins in a region, cell type and life-
phase dependent manner (conditional KO, gene silencing, genome
editing, optogenetics, etc).
Longitudinal studies of phenotype throughout life: chronic drug
administration during key periods like adolescence, with measurement of
long-term effects.
More sophisticated studies in mice, and extension to rats (e.g., transgenic
lines). Specific procedures in species from zebrafish (CNS development) to
prairie voles (social cognition).
Greater efforts to independently corroborate key findings on targets and
mechanisms, both precise replication (reproducibility) and studies under
similar conditions (robustness).
Novel incentives and procedures to facilitate publication of negative data
and non-confirmatory findings. Basically all “pre-competitive” data to
share.
Greater analysis of individual variation in animals, like contrasting
responses to treatments: resembles notion of personalized medicine for
patients – insights into novel biomarkers.
Back-translation of human neuroimaging, EEG and other findings into
rodents and (if essential) primates. Studies to undertake in parallel with
behavioural and neurochemical readouts to understand circuit
pathophysiology.
Phenotypic screening using integrated cellular/in vivo models for
psychiatric disorders and pathophysiological processes, then de-
convolution (reverse screening) to find drug targets.
In vitro models for drug characterisation and screening: multiplexed
functional readouts and high content imaging: from single cells to
differentiated neural networks – for example, derived from human iPSC
cells.
Structure-based drug discovery based on improved crystal structures,
better ligand purification, chemoinformatic modelling and higher quality
medicinal chemistry (e.g. fragment-based design).
Greater attention to false positives in assays due to, for example,
interference by covalent reaction of ligand with target protein; ligand
aggregation or degradation. Confirmation of hits with 2nd procedure.

Novel therapeutic concepts and modes of target
exploitation

Correlated (gene/protein affected in a disorder) not synonymous with
causal (trigger); causal not synonymous with cure, since impact may have
passed (early life) or “target” undruggable.
For every new target, not just selective agents but also multi-target
ligands possessing complementary modes of action should be designed and
evaluated in parallel.
Multi-target and other strategies should be examined for circuit level
actions on network plasticity, connectivity and resilience, etc.
New modes of modulation for (known and orphan) GPCRs and ion channels
via allosteric sites, inverse agonism, protein-partners,
heterodimerisation, G-protein independent and biased signalling.
Target untapped cellular mechanisms like epigenetic regulation,
mitochondrial energetics, discrete kinases, neurotrophic factors, cell
adhesion, gliotransmission and apoptosis etc.
Drug repurposing: new functional properties and therapeutic actions for
known and safe agents either in clinical use (reorientation) or abandoned
(rescue).
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Table 3 (continued )

Area of R and D Recent and future developments

In addition to small molecules, novel therapeutic strategies like passive
antibodies and miRNA mimics/antagomirs: genome editing/genetic
correction for monogenic disorders.
From purely symptomatic to course-altering treatment to directly counter
pathophysiological mechanisms: both rescue (e.g., ASD) and prevention
(e.g., schizophrenia).
Psychotherapy and brain stimulation techniques, both alone and coupled
to pharmacotherapy for optimising therapeutic efficacy.

The table summarizes the points discussed in more detail in the text. ASD, autism-spectrum disorder; EEG, electroencephalography;
GPCR, G-protein coupled receptor; iPSC, induced pluripotent stem cell; KO, knockout and miRNA, microRNA.
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5.2. More focused, time and region-dependent
manipulation of cerebral function

As regards gene-manipulation studies themselves, it is impor-
tant to note progress relative to the traditional life-long,
constitutive Knockout mouse. There are now greater possibi-
lities for deleting and inducing genes at specific phases of life,
and in discrete regions and cell types, and also for introducing
humanised genes and even entire loci (Devoy et al., 2012). Such
approaches can be complemented by local shRNA gene-
silencing techniques, genomic editing (“CRISPR”, “TALEN” and
Zinc Finger Nuclease”) and optogenetic manipulation of the
activity of specific neurones, providing further insights into the
role of discrete proteins, neural elements and circuits (Aston-
Jones and Deisseroth, 2013; Carroll, 2013; Devoy et al., 2012;
Gaj et al., 2013; Gamber, 2014; Jacob et al., 2010; Pardridge,
2007; Révy et al., 2014; Schmid and Haass, 2013). These
techniques allow for more precision in the functional evaluation
of potentially-relevant mechanisms for therapy, though it
should not be forgotten that medication is not introduced into
specific brain regions, but rather given systemically.
5.3. Timing of treatment, and the issue of gender

As regards drug administration, complementary to the acute
injection of drugs in adult rats, there is a need for greater
attention to their long-term effects (tolerance, sensitisation,
withdrawal). A recent and encouraging tendency is to compare
the impact of pharmacological agents during specific phases of
life since actions and underlying pathophysiology may well differ
(Arango, 2015). One topical example, related to the notion of
preventing psychiatric disorders (Section 7.3), is to examine
whether sustained adolescent treatment may impede the adult
appearance of behavioural and neurochemical deficits in devel-
opmental models for schizophrenia (Clifton et al., 2013; Kas
et al., 2011b). For drugs impacting biological or sleep rhythms,
attention to the time of day is important: for example, the
effects of melatonergic agents are very different when applied
just before the dark as compared to light phase (Cardinali et al.,
2012; De Bodinat et al., 2010; Owen, 2006). This factor should
be more often considered in view of its relevance to the time of
day at which patients take their medication.

Finally, while most studies are undertaken in males, they
accounts for only about one half of human subjects, so the
importance of not neglecting the factor of gender in animal
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studies of psychiatric disorders and their alleviation should
be underscored (Kokras and Dalla, 2014).
5.4. Enriching the repertoire of behavioural
readouts: integrating social cognition and ethology

The behavioural repertoire of rodents has not exactly
evolved a great deal since the advent of neuropharmacol-
ogy, and they still steadfastly refuse to tell us what they
feel and think. Behavioural readouts are usually based on a
motor response like locomotion or pedal-pressing. However,
several new behavioural approaches justify mention.

First, the use of touch-screen procedures for interrogating
cognitive processes has been back-translated from comparable
protocols in humans (Dudchenko et al., 2012; Marcou et al.,
2009; Talpos and Steckler, 2013). This is an example of the
important principle, further accentuated below (Section 8) of
optimising comparability between tests in animals on the one
hand and those used in patients on the other.

Second, more attempts are being made to link behavioural
readouts to their neurochemical, electrophysiological and neu-
roanatomical substrates in order to understand the neurobiolo-
gical causes of anomalies. Readouts employed like extracellular
glutamate levels, stimulus-evoked electrophysiological respon-
ses and circuit neuroimaging can all be translationally performed
in humans (Buckholtz and Meyer-Lindenberg, 2012; English
et al., 2014; Gobert et al., 2011; Poels et al., 2014).

Third, there is increasing attention to the sound-world of
rodents themselves, namely response to – and emission of –
ultrasonic vocalisations in the context of sexual behaviour,
adolescent play and social interaction (Scattoni et al., 2009;
Millan and Bales 2013; Panksepp, 2010).

Fourth, impaired social processing/cognition is closely linked
to patient dysfunction in disorders like schizophrenia and ASD
(Brüne and Brüne-Cohrs, 2006; Hoertnagl and Hofer, 2014;
Foussias et al., 2014; Millan et al., 2012, 2014). Hence, efforts
are being made to improve its study in rodent models, though
this remains a difficult task. Most work has focused on social
recognition, and various ways of manipulating social interac-
tion, itself a complex construct (De Jaegher et al., 2010; Millan
and Bales, 2013; Wilson and Koenig, 2014). In fact, fully-fledged
social cognition (theory of mind and emotional processing) is
probably not present in rodents underpinning the quest for
alternative species for its study (Brüne and Brüne-Cohrs, 2006;
Millan et al., 2012). The most appropriate would be apes and,
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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reflecting convergent evolution, Corvids (crow family), dolphins
and elephants (Brüne and Brüne-Cohrs, 2006; Emery and
Clayton, 2004, 2009; Hart et al., 2008; Millan et al., 2012).
Despite the potential use of primates for some specialised
studies, their use must be minimised (Millan and Bales, 2013)
while apes and the other species mentioned are obviously
neither practical nor ethically-acceptable candidates! On the
other hand, studies of pair bonding in prairie voles have proven
instructive, notably as regards the roles of oxytocin, vasopressin
and DA (Blumstein et al., 2010; McGraw and Young, 2010; Wang
et al., 2013). Much remains to be learned about endogenous
mechanisms that modulate social processing, and their pertur-
bation in psychiatric disorders, as a basis for devising novel
therapeutic strategies for restoration (Insel, 2007; Meyer-
Lindenberg et al., 2011; Millan and Bales, 2013). Social
cognition/processing exemplifies the old adage that the best
experimental model is humans and important insights into its
modulation by oxytocin have emerged from studies in healthy
volunteers as well as patients with schizophrenia and ASD
(Insel, 2007; Meyer-Lindenberg et al., 2011; Perez-Rodriguez
et al., 2014).

Finally, along these lines, an ethological approach consisting
of the observation of undisturbed animals under naturalistic
conditions may be informative for revealing subtle alterations in
affect and cognition related to psychiatric disorders (Greggor
et al., 2014; Hånell and Marklund, 2014; Hofmann et al., 2014).
Such studies could be undertaken with a variety of conditions
known to impact emotional and cognitive operations, during
both active and sleep phases, with animals alone and socially
interacting, and following genetic and/or environmental manip-
ulations that mimic risk factors for psychiatric disorders
(Blumstein et al., 2010; Buchanan et al., 2013; Hofmann
et al., 2014). They may lead to more ethologically-founded
and real-world relevant models of greater sensitivity to the
effects of potential treatments than conventional, experimental
procedures currently in use.
5.5. Reproducibility; inter-individual differences
and genuine exploratory research: key issues

There are three other issues concerning in vivo and in vitro
studies that warrant brief mention.

First, in common with many fields of R&D, there is a need for
more rigorous confirmation of novel preclinical observations,
especially concerning putative new drug targets and pathophy-
siological mechanisms underpinning psychiatric disorders
(Ioannidis, 2005, 2014; Prinz et al., 2011; Ségalat, 2010;
Steckler, 2015). This is especially true when they are unveiled
by studies of sometimes Byzantine complexity employing a
palette of high-tech techniques. It is crucial to establish:
Reproducibility of findings when precisely re-performed; robust-
ness of conclusions when confirmed under similar but not
identical conditions; and the genuine relevance of observations
to CNS disorders in humans and their treatment as established
by a broad suite of preclinical and (where possible) clinical
studies. An important issue is, amongst others, the rigorous
statistical design and powering of studies. Obviously, the
reliability of clinical data, such as those emanating from genetic
studies, is also of paramount importance (Muglia, 2011;
Lazzeroni et al., 2014).
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Second, despite the inviolate deity of statistical significance
for determining genuine differences amongst experimental
groups, there is a need to understand rather than ignore
differences between individuals. As regards, for example, their
genetic and epigenetic underpinnings, and differences in
personality (Castro et al., 2012; Hommers et al., 2015; Kas
et al., 2011b; Réale et al., 2007; Verheij and Cools, 2008).
Inter-individual differences can provide a lot of usually
neglected yet important information and, mirroring ethological
work, their analysis in the course of long-term, longitudinal
studies commencing in development would be of particular
interest (Clutton-Brock and Sheldon, 2010; Kas et al., 2011a).
Moreover, their pertinence to the current preoccupation with
personalised medicine in humans is obvious, but has yet to be
explored (Section 8.5).

Third, the current mantra decrees that the translatability
of animal data to humans is of primordial importance and,
indeed, as outlined below (Section 8.2), this is a crucial
element for progress in drug development. Nonetheless, not
everything can nor needs to be translated. More generally,
the emphasis on translation (from funding to publication)
should not be allowed to detract from the importance of
basic, no-strings-attached, focused and even off-beat
research in the domain of psychiatric disorders, even with-
out any concrete notions of clinical relevance or applica-
tion, and on topics and mechanisms not currently en vogue.
Without fostering such fundamental research, we incur the
risk that at some point there will be nothing left to translate
(Minogue, and Wolinsky, 2010; Weinberg, 2010). In this
regard, it is critical to remain flexible, open-minded and
reactive in early-phase exploratory research. Despite the
desire and need to structure and channel ideas and to
predict future (budgetary etc) requirements, it is important
to resist the over-programming and counterproductive con-
trol of budding ideas, research and experimentation
(Applbaum, 2009).

6. Cellular procedures for drug
characterisation and discovery (Table 3)

6.1. Target-based molecular characterisation and
High-Throughput Screening

Though target-based drug discovery was for many years
dependent on binding studies effected on native tissue and/
or the use of isolated organs, the emergence of molecular
biology in the late 1980s led to a predilection for studies of
recombinant human proteins (receptors, transporters,
enzymes, etc.) transfected one at a time into simple
cellular expression systems like CHO and HEK cells. This
allowed for the target in question to be studied in isolation,
and for drugs to be identified and characterised without
interference from other proteins with which they might
potentially interact (Enna and Williams, 2009; Maccaron
et al., 2011; Sams-Dodd, 2013). Simple readouts were
usually employed like binding affinities, cAMP accumulation
or global levels of G protein. This work-horse of cellular
pharmacology has served as an invaluable set-up for first-
line ligand characterisation and drug discovery driven by
medicinal chemistry. It has also been exploited (with some-
what less success it must be said) as a core platform for HTS
lth Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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Procedures dedicated to the identification of novel ligands
for new targets, often coupled to the screening of ever
more extensive libraries (Comley, 2014; Maccaron et al.,
2011; Sams-Dodd, 2013; Swinney and Anthony, 2011).

In any event, simple cellular systems are far removed from
the natural environment of receptors and other biological
proteins, and drugs may act in the brain in a manner very
different to their behaviour at purified membranes as deter-
mined by just one parameter. For example, many GPCRs
engage multiple signalling pathways and their properties are
modified by interactions with other proteins, including other
classes of GPCR (Enna and Williams, 2009; Heilker et al., 2009;
Maccaron et al., 2011; Terstappen et al., 2007). Hence, there is
now a preference to study recombinant and endogenous
populations of proteins in neuronal (or glial) cells using multiple
readouts of drug activity, and to relate observations to findings
in, for example, primary cell cultures and cerebral tissue. As
regards HTS screening, this has likewise progressed with multi-
ple readouts (multiplexing), closer attention to drug efficacies
vs mere affinities and high-content analysis including fluore-
scent-based technologies and whole-cell imaging (Comley,
2014; Cotton et al., 2013; Neuzil et al., 2012; Zhu et al.,
2014). In addition, chemistry has renounced the illusory gains of
combinatorial chemistry, it is enriched by fragment- and
antibody-based design, and is underpinned by more refined
structural (crystallography) analyses of drug-protein interac-
tions (Bottegoni et al., 2011; Hubbard, 2011; Keseru and
Makara, 2009; Lawson, 2012; Maccaron et al., 2011).

Virtual screening (algorithms used to identify and predict
novel bioactive compounds in the hit to lead phase) as well as
in silico analysis of structure–activity-relationships are more
sophisticated in several ways. They now can, for example:
exploit machine-learning techniques to refine the design of new
chemical structures; benefit from improved insights into
protein-folding and the dynamics of macromolecular com-
plexes; integrate the roles of water molecules; and better
predict genuine drug-like properties (Bottegoni et al., 2011;
Gabrielsson et al., 2009; Hubbard, 2011; Keiser et al., 2009;
Khatib et al., 2011; Lee et al., 2011; Schneider, 2010; Wager
et al., 2010). Models will never be enough alone, but their
predictions are increasingly converging with the actual synth-
eses of “wet” chemistry.

Finally, there is more attention to the risks of false positives
which are no less a danger for drug screens than false negatives:
both can have heavy consequences. Compounds yielding false
positive responses lurk systematically in certain types of
chemical structure and can confuse readouts and interpretation
by, for example, disrupting membranes, aggregating, sequester-
ing metal cofactors for enzymes and covalently modifying target
proteins etc. They may represent up to 10% of ligands in a
standard academic library and are best teased out by the use of
multiple assays and readouts (Baell and Walters, 2014; Cotton
et al., 2013; Dahlin and Walters, 2014).
6.2. Phenotypic screening using integrated
cellular networks and simple model organisms

In recent years, mirroring interest in neural circuits, “Network
Pharmacology” and “Systems biology” (Galizzi et al., 2013;
Kotaleski and Blackwell, 2010; Mei et al., 2012; Nussinov et al.,
2011; Phillips et al., 2012; Silverman and Loscalzo, 2012), there
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has been a move towards phenotypic screening. That is, studies
of biological actions performed in integrated systems rather
than on single cells/proteins, and using a diversity of functional
readouts from cellular signalling to neuritic outgrowth to
synaptic transmission to (in vivo) behaviour (Grabrucker et
al., 2013; Lee et al., 2011; Penrod et al., 2011; Sams-Dodd,
2013; Swinney, 2014; Swinney and Anthony, 2011; Winchester
et al., 2014). Although such studies can be performed under
physiological conditions, the ability of agents to normalise a
functional deficit is of greater interest.

Phenotypic screening is usually performed in a
hypothesis-free manner (reminiscent of GWAS) to identify
active compounds. Then, by a process of “deconvolution”
their mechanisms of action can be identified and drug-like
properties refined with further chemistry (Lee et al., 2011;
Swinney, 2014; Swinney and Anthony, 2011; Terstappen
et al., 2007). This type of phenotypic screening can be
performed both with new chemical entities and with known
and safe compounds intended for repurposing (Section 6.3).

The phenotypic approach is actually akin to traditional
behavioural screening – Janssen systematically evaluated
the neuroleptic potential of essentially all compounds in
rodents in the epoch of haloperidol. However, a broader
suite of technologies is now available, with greater possibi-
lities for identifying the cellular substrates of drug actions.
Dependent upon the disorder and pathophysiology of inter-
est, many different models might be privileged. These
include primary cell cultures from genetic mouse models
of psychiatric disorders, as well as induced pluripotent stem
cells (iPSCs) obtained from patients and differentiated into
neuronal networks (Inoue and Yamanaka, 2011; Maury
et al., 2011; Vaccarino et al., 2011). This iPSC line of
research is particularly dynamic with, for example, the
recent demonstration that iPSCs can be coaxed into forming
3D cultures in vivo with properties closer to in vivo networks
than standard 2D cultures, and that they can integrate with
endogenous circuits following transplantation into mouse
brain (Choi et al., 2014; Espuny-Camacho et al., 2013;
Jacob et al., 2010). Neurally-differentiated iPSCs allow for
the investigation of the cellular phenotypes of patients with
defined genetic and clinical features. Though most data
have been generated using iPSCs from patients with mono-
genic forms of ASD-related disorder, the first attempts to
model schizophrenia were recently reported (Bray et al.,
2012). Another intriguing approach is to generate neuronal
networks from cells derived from the nasal epithelium
(Benitez-King et al., 2011).

Of potential importance are also the well-characterised,
non-vertebrate model systems: Caenorhabdis elegans (nema-
tode) (Wang et al., 2011) and Drosophila melanogaster (fruit-
fly) (Van Alphen and van Swinderen, 2013). In addition, pro-
cedures relevant to psychiatric disorders are currently under
exploration in zebrafish. Despite obvious limitations, their
transparent larvae are well-adapted to studies of developmen-
tal processes – like neuronal migration – perturbed in schizo-
phrenia and ASD (Norton, 2013; Schmid and Haass, 2013): see
also Kas et al. (2011a) and Sokolowski (2010).

As compared to conventional HTS programmes focused on a
single target, phenotypic strategies are inherently more broad-
minded and implicitly take into account a plurality of MOAs.
Hence, while HTS programmes tend to ignore and eliminate any
interaction other than the one targeted, phenotypic strategies
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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are more likely to detect and pursue agents with unexpected
actions and/or multi-modal profiles (Section 7.1) (Galizzi et al.,
2013; Hasan et al., 2012; Mei et al., 2012).

Finally, a risk of phenotypic strategies is the inability to
clearly define a drug mechanism of action.
6.3. Drug repurposing: rescue and reorientation

An increasingly prevalent idea in many fields of medicine – such
as oncology – is drug repurposing. This refers to a process
whereby a clinically-used drug (re-orientation/therapeutic
switching) or discontinued agent (rescue) is re-characterised
mechanistically in experimental then clinical paradigms and
shown to possess hitherto-unknown properties of potential use
in an alternative disorder (Cavalla, 2009; Green and Hudson-
Farmer, 2013; Hasan et al., 2012; Keiser et al., 2009; Oprea
et al., 2011). Repurposing assumes that the agent is safe and
that new patents can be taken to protect its novel niche (Oprea
et al., 2011; Smith, 2011). As compared to new chemical
entities and new drug applications, a repurposing strategy may
gain considerable time (and expense) in getting novel therapies
to patients (Cavalla, 2009; Green and Hudson-Farmer, 2013).
Repurposing can be promoted by re-evaluating agents for
previously-ignored polypharmacology, by phenotypic screening
and by network modelling (Keiser et al., 2009; Mei et al., 2012;
Reaume, 2011).

In fact, as related above (and apparent from Table 1), the
history of psychotropic agents includes many examples
where drugs have been re-oriented from one initial indica-
tion to another. Indeed, the clinicians who, in the 1950s,
discovered the first wave of psychotropic agents were
arguably pioneers in this respect! (Section 2). More recently,
the use of antipsychotics and anticonvulsants to treat
bipolar disorder, and of SSRIs to control OCD and anxiety
disorders, offer further examples of repurposing. Another
Table 4 Overview of recent changes in thinking and performan
development and the overall organisation of R and D

Area of R and D Recent and future

Clinical evaluation and utilisation of
novel medication

Improved translatio
readouts and proced
models and measur
Better validation of
studies by use of PK
More thorough char
biomarker.
Where possible, ope
physicians for deter
mechanisms of acti
Revised and refined
complementary pat
comprehensive pict
Together with regul
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good example is the antibiotic minocycline which is under
investigation for the treatment of schizophrenia (Chaudhry
et al., 2012; Millan et al., 2014; Muthyala, 2011).

Drug repurposing can be aided by programmes of experi-
mental medicine whereby, for unmarketed drugs known to be
safe, studies can be performed in healthy subjects using a range
of neuroimaging, endocrine, EEG and cognitive readouts etc
(Insel, 2007; Mullard, 2011; Schumann et al., 2014). Experi-
mental medicine embraces both drugs to be repurposed them-
selves, as well as those acting selectively at discrete targets in
order to better understand their functional significance and
therapeutic relevance. It may also be extended to non-
pharmacotherapeutic treatments used in association with med-
ication (Browning et al., 2011).

It is worth pointing out both the ECNP (Medicine Chest)
and the NIH (Medicine Cabinet) are sponsoring initiatives to
make drugs that will not be developed commercially-
available to academia and clinical investigators. Further,
drug repurposing is a key element of the NIH's initiative to
foster improved translational research (Downs and
Blackburn, 2012; Marcou et al., 2009; Oprea et al., 2011).

7. Novel pharmacotherapeutic concepts and
modes of target manipulation (Table 3)

Not only the way in which new medication is being discovered is
evolving, in addition the nature of what is being sought is
changing.

7.1. Multi-target and other network-driven
strategies.

Either directly or indirectly, currently-available medication
for treating psychiatric disorders exerts a widespread
influence on cerebral networks controlling mood and
ce of R&D for psychiatric disorders as concerns their clinical

developments

nal linking of preclinical to clinical work via common
ures. Back-translation of human findings to animals to refine
es.
medication target-engagement prior to Proof of Concept
/PD studies and multimodal neuroimaging, EEG etc.
acterisation of subjects for early human studies: clinical and

n, exploratory studies in patients by skilled and insightful
mining potential clinical utility of compounds with novel
on.
rating scales; diverse measures of real-world function;
ient, carer and physician assessments for more
ure of treatment efficacy.
ators, setting up of novel (and adaptive) trial designs for
echanisms of action and measuring distinct therapeutic

c populations.
small, target populations stratified by common clinical
arkers of the symptom/pathophysiological mechanism
hereafter, broader populations.
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Table 4 (continued )

Area of R and D Recent and future developments

Initiate development in a homogeneous, well-defined disorder like Fragile X
before moving to more heterogeneous and prevalent diseases like sporadic ASD
and schizophrenia.
Optimise designs for demonstrating superiority to existing medication:
comparator trials, evaluation in resistant subjects, switching, testing as add-on
for improved efficacy.
Focus on evidence and needs-based medicine. Personalized and precision
medicine are long-term goals for the future, not yet feasible nor affordable.
Improve compliance (clinical trials and after launch) by more convenient/less
frequent dosing, excellent tolerance, remote monitoring, family implication,
psychoeducation…..
Digital health/e-medicine: Internet/PC/Smart-App driven patient data-sharing,
consultation, treatment, identification (pharmacogenomic) and monitoring; e.g.,
remote following of patient behaviour and sleep in real time. Novel trial designs.

Organisation of R & D, and collaboration
between various partners

Major national and supranational efforts to promote therapeutic progress/drug
discovery for psychiatric disorders, notably IMI. Pre-competitive collaborations
on, for example, new translational tools and experimental models.
Industry, despite internal reduction in R&D, searching for partnerships with
Biotech and Academia: high interest for licencing-in and developing agents from
other sources.
Academia more oriented towards clinical and socio-economic relevance of
research coupled to IP protection: moves to drug discovery and collaboration
with Industry. Sustained funding required to forward translational research.
New modes of collaboration between Industry and Academia such as “Open
Innovation”: access of Academia to Pharma chemical libraries, screening
procedures and lab space. Data sharing and analysis. New skills/joint training
programmes to enhance partnership efficacy.
Collaborations and consultation meeting uniting all key actors – regulators,
industry, academia, clinicians and patients: organised by IMI, EMA and ECNP, for
example
Greater implication of better-informed patients and patient communities:
enhancement of patient alliances with therapists, definition of real-world patient
needs, setting up of research programmes and optimal trial designs etc.
Clinical populations for new compounds more confined but better defined: drugs
should be more efficacious (reasonable reimbursement). Niche markets vs
blockbuster model.
Global thinking for mental health. Specificities of other cultures in terms of
patients and trial design. Extension of future progress to less affluent regions
coupled to basic health-care and socio-economic, public hygiene and
environmental (protection/preservation) policies.
Big data generation, storing, sharing and analysis (GWAS, genome-sequencing,
brain-mapping, connectomics, mobile health data, etc): needs new and
effective solutions for all actors in R&D.
Improve and extend IP protection for innovative treatment strategies.
Ensure long-term future of R&D for brain disorders. Experience, expertise and
knowledge must not be lost but passed on: depends upon active research and
creation of permanent public and private jobs for a new wave of bright,
motivated and well-trained young people.

The table summarizes the points discussed in more detail in the text. ASD, Autism-Spectrum Disorder; ECNP; European College of
Neuropsychopharmacology; EMA, European Medicines Agency; GWAS, Genome-Wide Association Study; IMI, Innovative Medicines
Initiative; IP, Intellectual property; MOA, Mechanism of action; NCATS, National Centre for Translational Science; PK/PD,
Pharmacokinetics/Pharmacodynamics; POC, Proof of Concept and R and D, Research and development.
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cognition. Even SSRIs generally have some additional inter-
actions (such as 5-HT2C receptors, nicotinic receptors and
sigma1 sites) and release 5-HT onto 14 classes of receptor
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broadly distributed in the CNS (Artigas, 2013; Millan, 2006).
It is, thus, noteworthy that for the last 20 years or so,
despite increasing awareness of the complexity of CNS
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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disorders, the emphasis in drug discovery has been on
extreme selectivity and high potency in the search for more
efficacious agents acting at “novel targets”. For example,
as regards a diversity of receptors for neuropeptides
evaluated in depression, anxiety and/or schizophrenia,
none of which revealed clinical activity sufficiently robust
for authorisation (Sections 2.3.4. and 2.5.2.). Arguably, the
targets are clinically relevant but selective agents are not
sufficiently powerful alone, so activity would better be
exploited in combination with other mechanisms of action
(Millan, 2006, 2009, 2014a).

Even today, the predilection with selectivity remains strongly
enrooted, and almost all target-driven drug discovery pro-
grammes are initiated without the question even being asked
of whether a selective agent (apart from its utility as a tool) is
really what is clinically required (Bottegoni et al., 2011; Huggins
et al., 2012; Keseru and Makara, 2009; Müller-Schiffman et al.,
2010). Nonetheless, and in line with network thinking, there is
growing interest in multi-target strategies for re-equilibrating
perturbed circuits. While an agent acting at a key network hub
like GABAergic interneurones may be effective, the union of
several, complementary mechanisms of action is better adapted
to control multi-factorial and multi-symptom psychiatric dis-
orders as exemplified by clozapine and schizophrenia (Millan,
2006; Wong et al., 2010). Two mechanisms of action can be
coupled together either in a single compound or associated by
the use of two separate agents: the pros and cons of multi-
target agents vs drug associations have been comprehensively
analysed elsewhere (Ballon and Stroup, 2013; Millan, 2014a).

For innovative targets, it would seem wise to develop
both selective and multi-target drugs, and to consider
upfront possible strategies of clinical association. All three
potential therapeutic solutions require preclinical evalua-
tion. In the course of screening, unforeseen activities
inevitably crop up: rather than their systematic exclusion,
those of potential therapeutic utility should be reinforced,
whereas those linked to adverse actions should be deleted.
7.2. The search for innovative targets and novel
concepts: beyond me too

The terms "me-too" or "me-better" are used to refer (in most
cases disparagingly) to new agents differing more quantita-
tively than qualitatively to their predecessors (Carpenter
and Koenig, 2008; Zhao and Guo, 2009). No two drugs are
identical and each will have its advantages and disadvan-
tages (Millan, 2006). However, they have to be proven.
Further, though me-better obviously implies progress, it is
not always clear how much and for whom, while me-too
implicitly suggests nothing much very new. Currently, there
is a reluctance to see more additions to families of SGAs and
SSRIs, for example, as would be reflected in the attribution
of a very low level of reimbursement – assuming no unfore-
seen and clinically-proven gain in efficacy. Rather, there is a
just and understandable desire for innovation, assuming
that it is coupled to therapeutic progress and improved
patient real-world function (Carpenter and Koenig, 2008). In
fact, at the inception of a drug-discovery project nobody is
thinking me-too in reality, and the situation is not quite as
black and white as it may at first sight seem.
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Imagine that a novel and validated target is exploited by
one single company who bring to Phase III or even market an
excellent agent which suddenly has to be withdrawn for an
unanticipated safety issue. Should no back-up be available
in the same company, and no other firm active on the
target, then the therapeutic novelty would be essentially
lost – or the whole programme would need to be restarted
from scratch. Conversely, if several groups are working on
the target in parallel, even if there is a problem with the
first agent to reach the clinic, other agents should soon fill
the gap and become available to patients. A priori, it is
impossible to know at the outset which project-compound is
the most likely to succeed and to have the best profile. All
this may happen concurrently over a time scale of 10-20
years and, in this respect, the criticism that companies are
looking for me-too mimics seems a trifle unfair. From the
patient's perspective, for a genuinely important target-
concept, it would seem wise to keep several irons in the
fire in order to ensure that at least one will become
available to them in a reasonable time-frame.

Nonetheless, as stated above, there are clear limits to the
desire and need to produce an endless succession of new drugs
acting with similar mechanisms of action. Hence, the question
remains of which genuinely innovative drug targets might lead
to greater efficacy and therapeutic range in the management
of psychiatric disorders. Sequencing the human genome did not
unleash a cascade of novel, high quality, accessible and
validated targets, and there is no simple answer to this question
(Drews, 2003, 2006; Rask-Andersen et al., 2011; Swinney
and Anthony, 2011). The following points are, however, of
relevance.

GPCRs and ion channel-coupled receptors still retain their
attraction yet, in addition to those harnessed by conventional
transmitters and neuromediators, orphan GPCRs and other
unexploited classes are under scrutiny with more potential
modes of modulation than in the past. They include: 1), inverse
agonists; 2), allosteric ligands for fine tuning signalling and
offering novel chemical pistes: 3), biased transduction by drugs
that act only via discrete signalling pathways: 4), manipulation
of G-protein-independent signalling; 5), GPCR-interacting pro-
teins and 6), drugs preferentially recognising heterodimeric
assemblies vs monomers/dimers (Chico et al., 2009; Conn
et al., 2014; Dimond et al., 2011; Duman and Voleti, 2012;
Hounsou et al., 2014; Maurice et al., 2011; Nussinov et al.,
2011; Swinney and Anthony, 2011).

In addition to epigenetic regulation (Section 4.3), many
as yet unexploited cellular processes are attracting interest
for the treatment of psychiatric disorders like: axonal
dynamics and dendritogenesis; mitochondrial energy supply;
neuroinflammation, glial transmission; myelination; cell
adhesion and apoptosis (Araque et al., 2014; Clay et al.,
2011; Czeh and Di Benedetto, 2012; Glausier and Lewis,
2013; Grabucker et al., 2013; Kofink et al., 2013; Millan,
2013; Reichelt et al., 2012; Ren et al., 2013; Südhof, 2012;
Fossat et al., 2012; Winchester et al., 2014). Many of these
processes are confined to specific cellular compartments so
the notion of intracellular targeting should also be evoked:
drugs may need not only to get to the right cell, but also to
the right place in the right cell (Miyashiro et al., 2009).

This is all highly promising, some potential challenges being:
the potential dilution of limited resources in simultaneously
trying to cover numerous potentially important targets; the
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need for patient, rigorous and independent verification of
hypotheses; biomarkers for identification of patient sub-
populations possessing the relevant pathology (Section 8.2)
and, in certain cases, the requirement to contact Regulators
in advance to discuss novel and potentially-complicated clinical
developmental paths (Section 8.4).

7.3. From symptomatic treatment to course-
alteration: a potential paradigm shift

While all currently-available medication (as far as we know) acts
symptomatically, there is increasing interest in strategies that
may durably modify the progression of psychiatric disorders by
interfering with underlying neurobiological anomalies, prefer-
ably prior to diagnosis, or soon after symptom manifestation
(Fusar-Poli et al., 2013; Mueser and Cook, 2014; Sabbag et al.,
2011; Veenstra-VanderWeele and Warren, 2015). This notion is
partly driven by neurological disorders for which (or so we have
been told) there is a pretty clear idea of core pathophysiological
mechanisms (Cummings, 2009; Jack et al., 2013; Risacher and
Saykin, 2013; Spillantini and Goedert, 2013). Further, it is being
spearheaded by work with monogenic forms of ASD-related
disorder where it is hoped that abnormal phenotypes can be
rescued by appropriate interventions: for example, glutamater-
gic and GABAergic ligands for Fragile X, and replacement
therapy for Rett Syndrome (Ehninger et al., 2008; Guy et al.,
2007; Lozano et al., 2014; Pop et al., 2014). Increasing knowl-
edge of aberrant developmental events and peri-adolescent risk
factors leading to schizophrenia underlie intensive studies of
young, high-risk patients and ways in which transition might be
impeded (Fusar-Poli et al., 2013; Sabbag et al., 2011; Zipursky
et al., 2013). Economic benefits of prevention and early
treatment of psychiatric disorders are well recognised
(Mihalopoulos et al., 2011) and, with increasing public and
governmental awareness of the severe burden of mental health
problems in the young (Murray et al., 2010), strategies aiming
for course-alteration, early intervention and prevention will
likely become more prominent in the future (Lee et al., 2014;
Mueser and Cook, 2014).

The importance of non-pharmacotherapeutic strategies
should also be underlined (Section 8.6), including psy-
chotherapy which is specifically recommended in many
countries for first-line treatment of adolescents at risk of
conversion to schizophrenia (Fusar-Poli et al., 2013).

7.4. Novel modalities of therapeutic agent

Small molecules, derived from de novo chemistry and
natural substances, continue to be the mainstay for inno-
vative CNS drug discovery (Blazer and Neubig, 2009; Li and
Vederas, 2009; Sarris et al., 2011; Zhao and Guo, 2009) but
the emergence of other types of therapeutic agent, with
oncology leading the way, should be mentioned. The general
idea is to broaden therapeutic opportunities and to mod-
ulate otherwise un-druggable pathological mechanisms by
use of, for example: 1), stabilised, small-interfering RNAs
and DNA-directed interfering RNAs for specific gene silen-
cing; 2), mimics and antagonists (antagomirs) of microRNA
to regulate aberrant mRNA translation; 3) lipopeptides as
novel modulators of GPCRs; 4), oligopeptides to disrupt
abnormal protein-protein interactions: 5), aptamers (single-
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stranded, oligonucleotides that bind to proteins or nucleic
acids) and 6), passive antibodies and even active immunisa-
tion to neutralise toxic proteins and drugs of abuse (Blazer
and Neubig, 2009; De Souza et al., 2009; Dimond et al.,
2011; Houslay, 2009; Keefe et al., 2010; Kinsey, 2014;
Moreno and Janda, 2009; Suhy, 2014). Adenovirus-driven
gene transfer and cell transplants, including genome-edited
iPSCs, should also be mentioned (Maeder and Bumcrot,
2014; Mingozzi and High, 2011).

These strategies may well be very light-years away from first-
line use in, say, the symptomatic treatment of major depression
but, in a more realistic time-frame, they could be applied to
resistant patients with well-defined pathologies (Schlaepfer
et al., 2012), and monogenic forms of ASD-related, neurodeve-
lopmental disorders (Millan, 2013). Hence, their rapid progress is
well worth following.
8. Clinical development of novel medication:
constraints and opportunities (Table 4)

8.1. The challenge of clinically developing novel
agents for CNS disorders

Despite certain important successes, clinical trials for psychiatric
disorders show a high attrition rate. Their complexity, length
and cost, increasing placebo-response, frequent failure to obtain
Phase IIb Proof of Concept or, when successful, difficulties to
confirm findings in larger Phase III trials, have proven frustrating
over the last decades (Chandler, 2013; Pammolli et al., 2011;
Skripka-Serry, 2013). This can lead not only to rejection of the
compound (and even therapeutic concept) under study but also,
and more insidiously, to questioning of the predictive value of
preclinical animal models. Further, additional requirements like
the need in the EU for a (pre or post-authorisation) paediatric
study, even if well-intended and of long-term benefit, have
added further expense and challenges to clinical development
(Arango, 2015; Eichler et al., 2013; Millan et al., 2015;
Stoyanova-Beninska et al., 2011; Van Riet-Nales et al., 2014).
This has been taking place in an unfavourable economic climate,
and a legal and health service environment where patent
protection is of limited duration, the clinical population to be
treated will likely be more confined than in the past, and the
negotiation of reimbursement with national pricing agencies is
increasingly protracted.

Since many previous articles have focused on these issues,
the following paragraphs and Section 9 focus on some recent
and more positive developments which offer hope for a
renewed dynamic in the development of novel agents for
managing CNS disorders.
8.2. Translational linking of preclinical to clinical
studies: new developments

An important element in the preparation and conduct of an
efficient and informative therapeutic trial is the optimal linking
of preclinical and clinical studies. This problem of a preclinical-
clinical disconnect and the need for better “translation” has
been underlined in innumerable articles. Further, as likewise
discussed elsewhere (English et al., 2014; GENDEP Investigators
et al., 2013; Risacher and Saykin, 2013; Scarr et al., in press),
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there is increasing interest in biomarkers for both (1), identifying
the most relevant patient subpopulations for study and (2), for
tracking and predicting drug efficacy.

In fact, the current desire to better align experimental work
with therapeutic studies is hardly a revelation, and has been a
feature of clinical development since the inception of neuro-
psychopharmacology. Rather, it is a procedural revision inasmuch
as more powerful and better-characterised tools are now
available, like EEG and neuroimaging for achieving this goal
(Borsook et al., 2011; Buckholtz and Meyer-Lindenberg, 2012;
English et al., 2014; Fu and Costafreda, 2013; Schwarz et al.,
2011). In addition, the Touch-Screen system for evaluating
cognitive performance exemplifies a more rigorous conception
of translational in terms of procedures, functional domains and
readouts that are identical or as similar as possible between
experimental species and patients (Dudchenko et al., 2012;
Marcou et al., 2009; Talpos and Steckler, 2013). To optimise
demonstration of target-engagement, translational research is
increasingly being coupled to Pharmacokinetic/Pharmacody-
namic (PK/PD) measures of drug exposure (Gabrielsson et al.,
2009; Gelenberg et al., 2008). Animal models and procedures
are being increasingly refined (Section 3) in a translational spirit
to enhance their ability to predict therapeutic properties of new
agents in patients. This task will always remain challenging but
animals models at the very least are indispensable aids for
selecting the appropriate doses of novel agents to be tested in
Proof of Concept studies in patients.

Computerised modelling is routinely used to support pro-
grammes of screening coupled to HTS, and to characterise the
properties and operation of cerebral and cellular circuits (Deco
and Kringelbach, 2014; Kotaleski and Blackwell, 2010; Mei et al.,
2012; Schneider, 2010; Fornito and Bullmore, 2015). Now it is
being applied in a translational framework to predict the
beneficial and adverse effects of novel drugs in humans.
“Quantitative Systems Pharmacology” exploits preclinical data
from in vitro/in vivo studies together with human neuroanato-
mical and imaging observations to model the influence of
selective and multi-target drugs on neural networks, and hence
to predict therapeutic efficacy and side-effects in early clinical
trials (Geerts, 2011; Geerts et al., 2012; Huang et al., 2011;
Schneider, 2010). One example is provided by the 5-HT2C
agonist, vabicaserin. This potential antipsychotic was designed
to reduce excess DA release in the limbic system. Modeling
successfully predicted that the dose of vabicaserin used would
not yield a sufficiently strong therapeutic response (Liu et al.,
2014; Shen et al., 2011). Progressive fine-tuning of such models
should prove increasingly useful in optimizing transition of new
drugs to humans and in optimizing doses for target engagement
and therapeutic efficacy. Another recently-described application
is in the prediction of outcome for patients on placebo (Pilla
Reddy et al., 2012).

Importantly, several broad-based initiatives have been intro-
duced to foster the development of translational studies, such
as the National Centre for Translational Research in the US and
the NewMeds (Novel Methods leading to new medications in
depression and schizophrenia) Innovative Medicines Initiative
(IMI) consortium in the EU (Goldman, 2012; Khanna, 2012; Oprea
et al., 2011; Slusher et al., 2013).

These new efforts to better bridge the preclinical-clinical
gap should offer give a greater chance to novel medication to
be evaluated at appropriate doses, under appropriate condi-
tions, with appropriate readouts and in appropriate patients.
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In view of the broad utilisation and rapid expansion of
neuroimaging techniques, the following paragraph focuses
on their use in the service of translational studies.
8.3. Translational imaging at the systems level for
facilitating clinical development

Neuroimaging has revolutionised human cognitive neu-
roscience as applied to psychiatric disorders but has not
yet come into its own as a mainstay of methods for
translational medicine. Several strategies to achieve this
goal are being pursued which are relevant to other aspects
of clinical development like personalised medicine (Section
8.5) and the refinement of animal models (Section 3).

First, neuroimaging, especially magnetic resonance imaging
(MRI) based methods are devoting more attention to the core
requirements of drug development such as reliability, cost,
scalability and multi-site consistency. Encouragingly, several
groups have designed cognitive and structural imaging tasks
together with analysis algorithms that fulfil many of these
demands (Borsook et al., 2011; Plichta et al., 2012).

Second, if genetic or environmental predictors are used to
stratify participant populations, there is currently no objective
way of inferring their systems-level correlates, limiting transla-
tional utility. Computational approaches may help advance
understanding here. One example concerns their application
to the impact of the rs4680 Catechol-O-Methyl Transferase
(COMT) variant on dopaminergic regulation of the prefrontal
cortex (Durstewitz and Seamans, 2008). COMT is a protein that
catabolises DA and the gene exists in two variants, met and val,
that respectively are less and more efficient in clearing DA
(Chen et al., 2004). A biophysically-realistic model might better
relate the relevance of this genetic variant to DA signalling,
frontocortical circuitry and cognition, and might also help
predict the actions of therapeutic agents. The Human Brain
Project is a large scale programme in Europe that is moving
towards this goal of comprehensive brain modelling and predic-
tion of the actions of medication (Hampton, 2014). A rather less
gargantuan and more focused application of computational
neuroscience to psychiatry and therapeutic progress has been
discussed elsewhere under the rubric “computational psychia-
try” (Deco and Kringelbach, 2014; Montague et al., 2012; Wang
and Krystal, 2014).

Third, understanding neural risk mechanisms using neu-
roimaging can help in the prospective personalisation of
existing therapy. An example is again provided by the COMT
rs4680 variant. The reduced prefrontal efficiency of DA
signalling associated with the rs4680 val allele predicts that
subjects carrying this variant should most profit from
stimulation of dopaminergic transmission. This is what has
been observed upon administration of the brain tissue-
penetrant COMT inhibitor tolcapone (Apud et al., 2007).
This provides a proof of principle that understanding the
neural effects of a gene variant through a combined genetic
imaging approach can contribute to the optimisation of
therapy at an individual level. Importantly, the rs4680
variant also predicted prefrontal activation and working
memory performance in response to therapy with olanza-
pine (Bertolino et al., 2004).

Fourth, to reiterate, the best animal model for psychiatric
disorders is humans. Thus, a useful entry point for systems-level
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neuroscience could be Phase 1 studies concomitant with the
introduction of novel candidate medication. Here, neuroima-
ging can show how and to what degree relevant cerebral
circuits are affected. The predictive value of this approach
might be enhanced by stratifying healthy human subjects for
common genetic risk factors (Section 4.2) Harrison, 2015; Kirov
et al., 2013; Muglia, 2011; Doherty and Owen, 2014). In
addition, certain facets of the psychopathology of schizophre-
nia can be transiently induced in humans. For example,
psychotic episodes and cognitive dysfunction elicited by the
psychotomimetic agent, ketamine, mimic the early phase of
schizophrenia (D'Souza et al., 2012; Pomarol-Clotet et al.,
2006). Neuroimaging of the influence of antipsychotics on the
response to ketamine in the course of their early characterisa-
tion in humans could be instructive in preparing Phase II Proof
of Concept studies. This strategy could be extended to the
identification of well-defined “classifiers” that compare novel
compounds as regards their systems-level effects to an array of
previously-tested compounds.

Finally, systems-level data can be helpful in back-
translation. By delineating neural systems properties that are
consistently impacted in, for example, schizophrenia, then
ascertaining which behaviours and circuits are under their
control in rodents, new animal models might be designed.
Their utility could be enhanced by mimicking genetic risk
variants associated with the disorder (Section 4.3). Modelling
CNVs could be especially fruitful in view of their high pene-
trance in schizophrenia and ASD-related disorders (Millan, 2013;
Muglia, 2011; Nomura and Takumi, 2012; Doherty and Owen,
2014). An impressive example is a mouse model for the
schizophrenia-associated microdeletion, 22q11 that shows
abnormal hippocampal-prefrontal connectivity (Sigurdsson
et al., 2010). Rodent neuroimaging, behavioural testing and
neurochemistry (dialysis) will be essential for determining what
corresponds in a rodent to human-specific symptoms of psy-
chiatric disorders and their neurobiological substrates. This
facet is helped by advances in rodent neuroimaging which can
now delineate many of the same regions and circuits impacted
in human psychiatric disorders (Gass et al., 2013; Gobert et al.,
2011; Schwarz et al., 2013). Ultimately, this process of back-
translation will be transformed into one of translation whereby
studies are initially undertaken in experimental models with
novel agents which are then taken into humans for neuroima-
ging of their systems-levels actions.
8.4. Lack of clinical efficacy in clinical trials:
possible explanations and solutions

Where a drug “fails” in a clinical trial (usually, non-
separation from placebo), the tendency is to consider
the drug as inactive and/or its mechanism of action
ineffective. Indeed, the major reason for drug disconti-
nuation is almost invariably reported to be lack of efficacy
(Pammolli et al., 2011). The assumption that the mechan-
ism of action is irrelevant appears injudicious. In fact, the
mechanism of action may simply be insufficient alone yet
would be efficacious when associated with a complemen-
tary pharmacological activity, either in association or
embedded in a multi-target agent (Section 7.1) (Millan,
2014a). Furthermore, it is important to consider some
possible explanations of why a lack of efficacy may be
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more apparent than real and of several initiatives under
way to improve trial sensitivity and avoid potential false
negatives.

First, perhaps the best-known issue in trials of depression
and schizophrenia is the increasing difficulty of separating drug
from placebo which, in the context of a modern clinical trial,
resembles a form of “psychotherapy” with multifarious neuro-
biological effects (Alphs et al., 2012; Enck et al., 2013;
Melander et al., 2008; Benedetti, 2014). Ironically, this advan-
tage will not usually be available in the real-world of treatment
(Enck et al., 2013). Strategies for minimising the placebo
response (which can be regionally variable in a multi-centric
trial) include: greater patient homogeneity at recruitment;
rigorous patient selection for disease/avoidance of borderline
subjects; complementary clinician/patient readouts of efficacy;
lead-in arms; and computer simulation of placebo dropouts.
Since, they have been expertly discussed elsewhere, they do
not need to be evoked in detail here (Alphs et al., 2012; De
Bodinat et al., 2010; Enck et al., 2013; Gelenberg et al., 2008;
Pilla Reddy et al., 2012). Nonetheless, it is worth briefly evoking
one surprising and recently-identified factor detrimental to
placebo-controlled trials, particularly in the US. That is, the
participation of professional patients, who may even be enroled
simultaneously in several trials. Duplicate patients are particu-
larly astute in detecting whether they are on drug or placebo.
Measures to exclude them from trials would improve the
chances of statistically demonstrating that an active agent
truly separates from placebo (Shiovitz et al., 2013). One
initiative to this end is the web-based and New-Meds / IMI -
sponsored "Dupcheck". Another issue concerning placebo is the
performance of trials themselves since: (1), some patients will
only join a trial under the precondition that they are not on
placebo while (2), certain countries do not permit placebo-
controlled trials, for example, for the long-term treatment of
psychotic patients (Fleischhacker et al., 2002).

Second, when a compound is less active than expected,
there may be a problem of target-engagement at the doses
tested leading to a greater emphasis via PK/PD and biomarker
studies prior to Proof of Concept investigations to ensure that
the right dose range is evaluated (Gabrielsson et al., 2009;
Gelenberg et al., 2008; Harmer et al., 2011; Scarr et al., in
press) (Sections 2.7.2 and 8.2).

Third, improved compliance may greatly improve the re-
liability of clinical trials. Adherence can be actively favoured by
strengthening the alliance of patients with clinicians and by
implicating family and carers. In coming years, remote mon-
itoring or patients may likewise enhance compliance and trial
outcome (Garcia-Ribera and Bulbena, 2011; Leclerc et al.,
2013; Olfson et al., 2014; Rabipour and Raz, 2012) (Section
8.7). The need to improve medication compliance is also
critical to treatment outside the framework of clinical trials
in daily clinical practise (Garcia-Ribera and Bulbena, 2011;
Leclerc et al., 2013). In this regard, depot formulations are
useful, for example for schizophrenia to reduce the risk of
relapse (Altamura et al., 2012).

Fourth, another option to enhance the fidelity of clinical
trials may be adaptive designs. This alludes to the use of
information acquired from the trial itself (interim analyses) to
adjust parameters without compromising trial integrity: one
example concerns the use of surrogate markers that predict
long-term drug efficacy soon after commencing administration
(Bretz et al., 2009; Dragalin, 2011).
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Fifth, conventional measures and rating scales may not be
appropriate for novel mechanisms of action. The use of nov-
el readouts may improve sensitivity to drug efficacy. Exam-
ples include emotional processing/cognitive bias in depression
(Harmer et al., 2011) and new rating scales differentiating sub-
dimensions of negative symptoms in schizophrenia (Foussias
et al., 2014; Malaspina et al., 2014). In addition, measures of
real-world function like hours worked or socially engaged would
support claims for genuine clinical utility – and come closer to
satisfying both the requirements of regulators and the needs of
patients (Leifker et al., 2011; Rocca et al., 2014; Schennach
et al., 2012). Patient reports in parallel to (but not instead of)
carer and physician evaluation may also improve estimations of
treatment efficacy and suggest novel therapeutic opportunities
(Ishak et al., 2014). Not surprisingly, efforts are also being made
to find surrogate biomarkers of drug efficacy. However, it is
unclear whether any single readout will suffice, rather multi-
modal biomarkers may be required. Note, further, that no
surrogate measure of efficacy is currently recognised by the
EMA or FDA in the absence of a demonstrated effect on patient
function (Scarr et al., in press).

Sixth as regards trial design, rather than large, multi-
centre and inter-regional trials, one might undertake initial
Proof of Concept trials on drugs with well-defined mechan-
isms of action in smaller, more homogeneous, stratified
populations possessing an appropriate phenotype and patho-
physiology as defined by the use of specific biomarkers
(Gelenberg et al., 2008). For example, certain genotypes
like the above-mentioned COMT polymorphism (Apud et al.,
2007; Bertolino et al., 2004; Buckholtz and Meyer-Linden-
berg, 2010) modulate the response to specific drug classes.
Measures under study for potential patient stratification, in
addition to genetic profiling, include EEG parameters, neur-
oimaging, emotional processing and cognitive function
(Harmer et al., 2011; Murphy and Mackay, 2010; Scarr
et al., in press; Schwarz et al., 2011).

Seventh, rare diseases may likewise provide a useful
entrance point for subsequent clinical studies in larger and
more heterogeneous populations, since they should be more
sensitive for validating a specific mechanism of action. This is
an attractive option in view of successful support by both the
EMA and FDA of orphan drug/rare disease development (Butlen-
Ducuing et al., 2010). A well-established example is Down
syndrome for Alzheimer's disease (Ness et al., 2012; Weksler
et al., 2013). One may also cite the evaluation of metabotropic
glutamate receptor 5 antagonists and GABAergic modulators in
monogenic Fragile X, before their intended evaluation in
idiopathic ASD (Cook et al., 2014; Lozano et al., 2014; Pop
et al., 2014). A further possibility concerns neurodevelopmental
syndromes provoked by rare CNVs that are associated with a
very high risk of ASD and schizophrenia (Kirov et al., 2013;
Millan, 2013; Doherty and Owen, 2014).

Eighth, for a drug expected to be effective only against
certain symptoms or against a discrete pathology, as pointed
out above, it might best be evaluated in a stratified and
homogeneous population. Alternatively, since certain neu-
robiological anomalies and domains of dysfunction ignore
diagnostic boundaries, one might argue for a clinical trial in
a target population defined independently of the psychiatric
disorder. However, whether and how a novel agent could be
clinically evaluated in a trans-nosological population
remains to be established (Butlen-Ducuing et al., 2010).
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Finally, for a novel trial design or an agent with a new
mechanism of action, existing guidelines may be absent or
poorly-adapted. Hence, early discussions with regulators at
the FDA and EMA are actively encouraged. This can lead to
mutual agreement on procedures for optimising the chances
of demonstrating, for example, the efficacy of a course-
altering agent in schizophrenia (Fusar-Poli et al., 2013;
Harmer et al., 2011; Sabbag et al., 2011).
8.5. Personalised and precision medicine; future
prospects

While the term “translational” is omnipresent in the literature,
“personalised medicine” is not far behind. It emerges from the
tenet that, as a rule of thumb, 1 in 3 people respond well to
medication, 1 in three respond partly, and 1 in 3 poorly or not
at all (Schlaepfer et al., 2012). Quite apart from disparities in
drug metabolism (Evers, 2009; Kirchheiner et al., 2004), this
differential responsiveness reflects patient heterogeneity at the
genetic/epigenetic and neurobiological level, as well as con-
trasting profiles of dysfunction (Cole et al., 2011; Hariri, 2009;
Honey et al., 2008; Tansey et al., 2012; Uher, 2011). Interest-
ingly, this phenomenon is not confined to pharmacotherapy, but
is also apparent as regards the effects of, for example,
Cognitive Behavioural Therapy for depression, where contrast-
ing efficacy has been related to patient personality (Bagby
et al., 2008). Clearly, then, there is often a mismatch between
treatment and patient phenotype.

Currently, pharmacogenomic studies of Cytochrome geno-
type – which influences the metabolism of drugs like antide-
pressants and antipsychotics – are helpful in informing the
choice of medication (Kirchheiner et al., 2004). In an extra-
polation of the stratification of subpopulations for clinical
studies, tailored (or personalised) medicine implies the more
comprehensive genotyping and phenotyping of individuals as
regards functional deficits and neurobiological abnormalities
(Klöppel et al., 2012; Sams-Dodd, 2013; Scarr et al., in press;
Tansey et al., 2012). In the case where a defined drug
mechanism of action has been designed to correct a specific
pathophysiological substrate, the term precision medicine has
been coined: this is reminiscent of a key and lock relationship
and, in a similar manner, may differ between patients (Insel,
2014). Precision medicine assumes that the medicine is avail-
able and that we are in position to identify exactly which
patients would be responsive. It tends to ignore the complex
and multi-factorial nature of psychiatric disorders, even for a
single patient in terms of both symptoms and neurobiological
anomalies – patients might need several classes of precision
medicine to cover diverse pathologies and symptoms. Further,
precision medicine would require biomarkers of very high
fidelity and predictive value at the individual level.

The concepts of biomarker-enabled, tailored and precision
medicine are crucial in focusing attention on the wish to better
match medication to patient characteristics, rather than
attempt blanket treatments which inevitably will fail some
patients (Sams-Dodd, 2013; Scarr et al., in press; Tansey et al.,
2012). While group means and statistical differences are para-
mount outcomes of clinical studies of large populations, the
more proximate need of the practising physician and psychiatrist
is the single person facing them, and the wish to choose the
most appropriate therapy for that individual. It is important that
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we are now moving towards that goal. However, on medical,
ethical and economic grounds, the broad-based application of
personalised and precision medicine is not currently realistic and
remains a long-term aspiriation for the future (Davis et al.,
2009; Evers, 2009; Guttmacher et al., 2010). For the time being,
needs- and evidence-based medicine are more pragmatic and
attainable goals.
8.6. Non-pharmacotherapeutic treatments, alone
and in association with medication

As pointed out above, drugs act on proteins or on other
molecules, not on cerebral circuits per se. Despite the potential
merits of multi-target strategies in this regard (Section 7.1), it
is interesting to consider non-pharmacotherapeutic strategies
that intervene at the neural network level. Deep-brain stimula-
tion of the subgenual cortex in the treatment of refractory
depression, and transcranial stimulation (depression and schi-
zophrenia) recruit clusters of neurones distributed across the
frontal cortex (Block and Nemeroff, 2014; Du et al., 2012; Fox
et al., 2012; Kalu et al., 2012; Martin and Martín-Sánchez,
2012; Patel et al., 2010; Schlaepfer and Bewernick, 2013;
Schlaepfer et al., 2012). Nonetheless, these and related
approaches are procedure-dependent, hard to standardise
and their applicability and reproducibility are still under
scrutiny, so they are unlikely at any time soon to assume a
universal role in the control of psychiatric disorders (Block and
Nemeroff, 2014; Holtzheimer et al., 2012; Martin and Martín-
Sánchez, 2012).

Cognitive or "brain" training has been suggested to enhance
the plasticity of neural circuits and synapses (May, 2011;
Rabipour and Raz, 2012). Various modes of psychosocial-
cognitivo-behavioural intervention and psychoeducation presum-
ably also act at the circuit level. They include cognitive-
behavioural therapy with possibly enduring effects in depres-
sion, as well as cognitive remediation and social skills therapy
for improvement of cognitive and social performance in schizo-
phrenia (Cuijpers et al., 2010; DeRubeis et al., 2008; Kurtz,
2012; Patel et al., 2010; Penn et al., 2007; Ritchey et al., 2011;
Statucka and Walder, 2013; Warmerdam et al., 2010). There is
good evidence that, under appropriate conditions, when per-
formed by experts and in responsive patients, these strategies
are effective: however, the amplitude and specificity of effect
still needs further study in controlled trials (Lynch et al., 2010;
Rabipour and Raz, 2012). Further, owing to the need for (1),
skilled practitioners; (2), the labour- and time-intensive nature
of psychotherapeutic interventions and (3), differences in out-
come even between expert centres, the long-term efficacy,
large-scale applicability and cost-effectiveness of psychotherapy
warrant further clarification (Webb et al., 2013; Wiles et al.,
2013).

In any event, non-pharmacotherapeutic approaches are
clearly important, and specifically advocated by national org-
anisations under some circumstances, like first-line treatment
of subjects at high risk of conversion to schizophrenia (Fusar-
Poli et al., 2013). Their judicious further study and association
with medication both in practise – and, if feasible, in clinical
trials – appears desirable (Browning et al., 2011; Hollon et al.,
2014; Swerdlow, 2012; Wiles et al., 2013). An example of the
combination of pharmacological and psychotherapeutic inter-
ventions is provided by studies of the NMDA receptor partial
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agonist, D-cycloserine, to hasten fear-conditioned extinction
and the treatment of phobias (Smits et al., 2013). The
treatment of social phobias or impaired social cognition might
also be undertaken by associating appropriate psychotherapy
with the pro-social neuropeptide oxytocin (Meyer-Lindenberg
et al., 2011).

The specificity and effectiveness of other strategies like
exercise and meditation, alone and together with medica-
tion, in the treatment and prevention of psychiatric dis-
orders requires further clarification and more rigorous
evaluation (Goyal et al., 2014; Van Praag, 2009).
8.7. Digital health: a rapidly expanding new
domain of activity

As for all other domains of life, R&D into, and the treatment
of, psychiatric disorders is not immune to invasion by the
“e”-world. This is manifested in several different ways
(Kaltenbach, 2014).

First, on-line patient consultation with a health profes-
sional by video of some other computerised interface, while
informal patient self-help and self-diagnosis is already a
reality "thanks" to innumerable internet sites (Daker-White
and Rogers, 2013; Kaltenbach, 2014; Warmerdam et al.,
2010).

Second, there are many studies of computerised therapy
in use. These include social, cognitive, problem-solving
video-games and psychoeducative training for subjects with
depression, anxiety disorders or schizophrenia. In certain
cases, patients are acting autonomously, yet in other
instances, the therapy is family-based or undertaken with
a physician (Daker-White and Rogers, 2013; Depp et al.,
2014; Harrison et al., 2011a, 2011b; Rabipour and Raz,
2012; Rotondi et al., 2010; Sacks et al., 2013; Subramaniam
et al., 2012; Vinogradov et al., 2012; Warmerdam et al.,
2010). Reasons driving this explosive development (apart
from the commercial, and the arrival of firms not tradition-
ally committed to mental health) are manifold. Some
patients may prefer to avoid consultation, while others
would like to take a more pro-active role in their own
therapy. As regards health services, at-home electronic
solutions and portable devices avoid the need for patients
to travel to distant treatment centres, therapy provided
over the Internet short-circuits the problem of limited
staff/expertise for treating patients, and it is low-cost
(Kaltenbach, 2014; Rotondi et al., 2010). Reports have
usually been positive (above citations) as regards benefits.
However, rigorous and controlled data on efficacy, specifi-
city, risks and long-term consequences remain meagre so
much further study is warranted.

Third, another notion that is emerging is that of electro-
ceuticals whereby, mirroring the use of electronic chips in
prosthetics, nanotechnology-engineered implants might be
used to modulate the activity of neural circuits in the brain
(Skripka-Serry, 2013).

Fourth, smart technologies (like Phone APPs) are being
developed to share data and to advise, inform and remotely
monitor patients, including their location, locomotor activity
and glucose status etc. This may help adherence by alerting
physicians to abnormalities (Depp et al., 2014; Granholm et al.,
2012; Harrison et al., 2011a, 2011b). For example, if a bipolar
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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patient becomes hyperactive and/or desynchronised, this infor-
mation would be transmitted to the clinician who could contact
the patient or send e-guidance leading to resynchronisation. The
EU has launched a major IMI initiative on remote monitoring
entitled “RADAR”.

Finally, a scannable barcode encoding pharmacogenomic
information (like Cytochrome profile) can be carried by
patients (and healthy subjects) for rapid physician consulta-
tion in the event that they require treatment with psycho-
tropic or other classes of agent (Samwald and Adlassnig,
2013).

Strategies for digital health will ineluctably expand and
will not necessarily be driven purely by medical considera-
tions, so it is important to kept track of events and attempt
to influence their evolution in an objective and positive
manner benefitting patients.

9. Changes in the infrastructure and
organisation of R&D (Table 4)

9.1. Altered roles of academia and industry and
their interaction

In recent years the landscape of R&D for drug discovery has
profoundly changed as regards both Industry and Academia,
and also as regards the way in which they interact with
each other.

A well-publicised concern has been the relative withdrawal
of Big Pharma from R&D in the domain of psychiatric disorders
and the down-sizing of internal capacities in favour of a
business model driven more by outsourcing of studies on new
medication targets and drug candidates, and the licensing-in
of innovative new compounds at various stages from discovery
leads to Phase III (Hunter, 2014; Khanna, 2012; Pammolli
et al., 2011). As part of this strategy, complex, specialised
and time-consuming technologies needed for work on novel
targets (and not available in house) would be sought exter-
nally. Conversely, well-established core activities and areas of
particular expertise would be strengthened in-house in order
to facilitate effective collaboration with outside groups,
attract new partners and to undertake important studies not
possible elsewhere. It is also important that internal flexibility
and reactivity are not compromised since it is wise to run
several contrasting projects simultaneously, and also since
priorities can rapidly change for a variety of reasons. Not
surprisingly, the brunt of safety studies, late-phase clinical
development and registration would be done by Pharma.
Finally, the more precocious and pro-active influence of
commercial reflections in the R&D process should be noted.
There is clearly a need to integrate longer-term budgetary
factors into early-phase project planning, but it should be
undertaken carefully since its impact upon innovation will not
necessarily be favourable (Applbaum, 2009).

On the other side of the fence, scarcer public funding,
internal pressure to attract investment and greater public
scrutiny of the relevance of research has prompted marked
changes in academic labs. High-profile publications and a
solid standard of teaching remain primordial but are being
coupled to: more intense efforts to attract financial sup-
port; fee for data type services; greater attention (under-
pinned by university lawyers) to the commercial valorisation
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of discoveries through patents and their licencing and new
modes of collaboration with Industry (Hunter, 2014; Khanna,
2012; Larivière et al., 2013; Ségalat, 2010). In essence,
academic centres are increasingly positioning themselves in
the same arena as biotech firms by aiming to generate new
concepts and compounds for clinical development, and in
devising new strategies for drug characterisation. Academic
groups have, in fact, become increasingly skilled in working
towards well-established endpoints in a defined timescale
as usually required by industrial collaborations compared
with the looser framework of public funding. In parallel,
with the aid of industry refugees, and exploiting both
medicinal chemistry and chemical libraries in the public
domain, numerous Universities have set up units devoted to
drug discovery (Comley, 2013; 2014; Hayden, 2014; Hunter,
2014; Khanna, 2012; Schultz-Kirkegaard and Valentin, 2014;
Slusher et al., 2013). One encouraging aspect is that, for
medicine in general, small and medium-sized biotech
companies, to which such university units would effectively
correspond, have been significant contributors to novel
compounds over recent years (Barden and Weaver, 2010;
Di Masi and Grabowski, 2007; Schultz-Kirkegaard and Valen-
tin, 2014). Finally, there have even been initiatives to
undertake (so far-mitigated success) early clinical trials.
This is illustrated by “TURNS” programme for improving
cognition in schizophrenia (NIH), while the above-
mentioned National Centre for Translational Research is
mainly focused on new agents providing insights not only
into efficacy but also into the pathophysiological under-
pinnings of psychiatric disorders (Insel, 2014; Marcou et al.,
2009; Reardon, 2014).

More recently, the nature of exchange and cooperation
has been ramped up with moves to data-sharing and Open
Innovation. For example, firms may offer their own chemi-
cal libraries to academia, access to phenotype screens or
even lab space to perform promising projects (Hunter 2014;
Khanna, 2012; Kneller et al., 2014; Lee et al., 2011;
Woodcock, 2010). The firm in question would in principle
have the right of first refusal for major discoveries though,
depending on the nature of the agreement, Industry and/or
Academia would usually enjoy Intellectual Property rights.
Indeed, there are a number of variations around this core
idea, but the basic idea is the perceived need by Pharma to
enrich the pipeline by also looking elsewhere for novel ideas
and compounds.

In any event, the centre of gravity for primary drug discovery
has somewhat shifted, and new skill sets will be needed both in
Industry and in Academia. The jury is still out on all this but,
while regretting the lesser emphasis on CNS R&D and genuine
research in Industry itself, it is hoped that these changes will
indeed generate more diversity, productivity and efficiency in
the search for new therapeutic targets and hence revitalise
therapeutic progress for psychiatric disorders and other diseases
(Hayden, 2014; Hunter, 2014; Olesen et al., 2006; Schultz-
Kirkegaard and Valentin, 2014; Schumann et al., 2014).
9.2. Pre-competitive collaborations involving
multiple partners

While the above comments focused on the changing roles of
industry and academia and their relationship, an especially
lth Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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important development over the last 10 years has been the
broader coming-together of major stakeholders including reg-
ulators and patients (Section 9.5) (Eichler et al., 2013;
Goldman, 2012; Khanna, 2012). This process has been pro-
moted and financed by national institutions like the NIH and
supranational bodies like the EU, in the latter case via the
heavily-funded IMI collaboration. This, as the name implies, is a
response to the perceived penury of new drugs for psychiatric
disorders – and other domains – and an attempt to revitalise
drug discovery and development (Goldman, 2012; Khanna,
2012; Van der Feltz-Cornelis et al., 2014; Woodcock, 2010). A
diversity of consortia coalesce multiple academic groups and
industrial partners into a pre-competitive environment to
collectively search for solutions to problems like: data repro-
ducibility and sharing; the need for better translational tools
for drug characterisation in depression and schizophrenia (New-
Meds); and/or enhancing our understanding of the causes of
autism (“EU-AIMS”) (Woodcock, 2010). Another illustration of
the path taken by IMI to promote drug discovery in the EU is its
setting up a European Lead Centre, again a joint academic and
industrial venture (Comley, 2014; Hunter, 2014).

9.3. A global vision of R&D for improving the
treatment of psychiatric disorders

From the above comments, it is apparent that the commit-
ment to improve treatment of psychiatric disorders trans-
gresses national frontiers. Along these lines, there have
been many important and welcome moves to extend pro-
gress in neuropsychopharmacology to economically less-
favoured regions and to establish a genuinely global frame-
work for researching and improving brain health (Abbott and
Schiermeier, 2014; Beddington et al., 2008; Cameron et al.,
2009; Di Luca et al., 2011; Downs and Blackburn, 2012; Haro
et al., 2014; Khanna, 2012; Larivière et al., 2013; Olesen
et al., 2006; Schumann et al., 2014). It should not, however,
be forgotten that in many regions success will depend upon
a broader sweep of strategies for improving basic health
care, living standards and hygiene, for countering isolation
and poverty, and for promoting greener urbanism and
environmental protection (Alcock et al., 2014; Astell-Burt
et al., 2013; Collins et al., 2013; Murray et al., 2010;
Nutsford et al., 2013; Ochodo et al., 2014; Richardson
et al., 2013; Sharan et al., 2009; Tomlinson et al., 2009).
The single greatest future threat to mental (and physical)
health is arguably the local degradation of the environment
and ecosystems exacerbated by climate warning
(McClanahan et al., 2012; Millan, 2006; Roff and Mumby,
2012). Without resolving this issue, it is to be feared that
much of what is discussed herein will, for many people, be
of only peripheral importance.

At another level, the cultural, genetic and other differ-
ences between continents and countries are being better
recognised with, for example, specific patterns of develop-
ment and use of drugs in Asian vs Western counties.

9.4. Big data: production, storage, sharing and
analysis

The multi-group collaborations evoked above; world-wide
initiatives for mental health; open reporting of
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experimental and clinical studies; astronomical volumes of
data cascading from genome-sequencing and gene-
association studies; brain-mapping projects like the Human
Brain Project; longitudinal studies on large cohorts of
patients; and multiplexed HTS assays exemplify the increas-
ingly massive quantities of data being generated, stored,
analysed and shared in the pursuit of R&D to improve brain
health (Alivisatos et al., 2012; Buck, 2014; Deco and
Kringelbach, 2014; Kaltenbach, 2014; Lee et al., 2011;
Skripka-Serry, 2013). The term “Big Data” refers to the
challenges faced in handling and analysing gigantic volumes
of information both within and between institutions, and for
which new tools and increased computing power are being
developed (Buck, 2014; Williams and Denny-Gouldson,
2013). One interesting strategy is web-co-ordinated
crowd-sourcing of gamers (Khatib et al., 2011). Data ware-
houses will also be an important asset in this endeavour,
though questions of confidentiality, ownership and protec-
tion are issues awaiting clearer resolution. One example of
innovation for big data management is eTricks (Delivering
European Translational Information and Knowledge Manage-
ment Services), a system derived from one originally devel-
oped by Janssen, that is used to share data within the
framework of IMI collaborations.

Though information technology will presumably evolve to
cope with the barrage of data, a less tractable problem will
be the ability of humans to assimilate, understand and
intelligently act on the information generated. A simple
example is provided by the proverbial (and now literal)
thousand Dollar genome which individuals can purchase, yet
which neither they nor anyone else can precisely interpret
and act on to their benefit (Goldman and Domschke, 2014).
9.5. The increasing implication of patients in the
R&D process

Rather than having themselves sequenced, there are other more
tangible and important ways in which individuals, including
patients and their carers can contribute to progress for brain
health. It is, thus appropriate to conclude this article in
emphasizing that the role of patients themselves has signifi-
cantly evolved over the years as regards the search for improved
control of their disorders (Richards et al., 2013).

For many years, patients were mainly passive actors receiv-
ing treatment and taking part in clinical trials. However,
patients and their families have all been, at least to some
extent, empowered by the availability of information from the
Internet which has subtly modified their status and relationship
to health professionals. They now have more awareness and
understanding of the nature and significance of psychiatric
disorders and their management (Jorm, 2012; Coles and
Coleman, 2010; Richards et al., 2013)

As pointed out above, within the context of clinical trials,
patient reports are accepted as important counterparts to
physician assessments. In clinical practise, patient motivation
and alliances with therapists are better and reciprocally under-
stood to be important element for compliance and therapeutic
success (Section 8.4). As represented by online communities and
Patient Associations, there is much greater involvement of
patients and their carers in the process of R&D for psychiatric
disorders. They are recognised as equal partners by other parties
 Care District from ClinicalKey.com by Elsevier on September 25, 2017.
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from industry to regulators to academia. For example, Associa-
tions are important partners in certain consortia mentioned
above, participate in ECNP-organised meetings on CNS disorders
(Nutt and Goodwin, 2011), and they are invited to EMA work-
shops on treatment guidelines. In addition, the European Brain
Council incorporates patient groups that advise the Commission
in Brussels as concerns its strategies for enhancing mental
health. By these channels of communication, and input to
medical journals patients can provide crucial information on
their daily lives, outstanding therapeutic needs, medication
preferences, criteria for diagnosis, trials design and their
propensity to accept risks in an effort to find better treatments
(Eichler et al., 2013; Johnson et al., 2009; Kocsis et al., 2009;
Richards et al., 2013).

Globally speaking then, though not without risks, patients
are increasingly integrated in various ways in the quest to
improve the knowledge and treatment of those psychiatric
disorders from which they themselves suffer.

Finally, it should not be forgotten that private donations
to Patient Charities have traditionally been a core source of
funding in for example the UK, and with pressure on finance
for R&D, this contribution is even more important than
before (Downs and Blackburn, 2012).
10. Concluding comments

From the above text as well as the Tables and Figures, it
may be seen that neuropsychopharmacology, neuropsychia-
try and neuroscience in general have come a very long way
since the advent of the first psychotropic agents in the
1950s. Further, these fields are currently in a state of
transition whereby, as discussed herein, we need to “learn
from the past and look to the future” in moving forward.
The above paragraphs encapsulate a remarkably large
number and diversity of shifts in thinking (and actual ways
of performing R&D) that have emerged over the last few
years, and things will continue to evolve over the coming
decades. However, the most fundamental issue of all, how
to improve the prevention and treatment of people suffer-
ing from – or at risk of – psychiatric disorders is the most
challenging and lengthy to resolve, not least in view of the
frustratingly high time-constants. Moving from an idea to its
pharmaco-therapeutic concretisation in patients can take in
the order of 20–25 years. Indeed, time is a key word here.
Sequencing the human genome was a seminal and game-
changing event but certainly did not trigger a rapid
paradigm-shift from a therapeutic perspective. While, in
the long-term, it will be a resource of decisive importance,
it initially led to naïve exceptions that all was soon going to be
swiftly resolved, and hence unwittingly detracted from other
ongoing and promising projects by diverting increasingly scarce
resources into genomics, genetics and related disciplines. We
how recognise not only the power but also the limits of this
cottage industry, and studies of the human genome in general.
Moreover, it is critical to realise that much time will still be
needed before we fully understand the intertwined causes of
psychiatric disorders and can propose improved pharmacother-
apeutic and other strategies for their control. In this regard too,
it is hard not to evoke a second core element of money. It is
imperative that this period of transition for the R&D of CNS
disorders is adequately, fairly and durably funded. This includes
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the public and private provision of permanent jobs for engaged,
gifted and skilled young collaborators indispensable for future
success. Thus, both time (patience, perseverance and commit-
ment) and money (wisely spent on human and material
resources) will be necessary to systematically generate a third
core element of success, knowledge, in the search for improved
understanding and control of psychiatric disorders and other
diseases of the brain.

Finally, the domains of progress and ideas outlined in the
present paper encourage rekindled optimism that the more
effective treatment – and eventually prevention – of debil-
itating psychiatric disorders (and other diseases of the
brain) will sooner rather than later be within our reach.
However, this will require a sustained commitment by all
the major partners concerned by this venture, from industry
to academia, clinicians to patients, regulators to public
policy makers and, indeed, from society at large.
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