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Abstract

Background There is urgent need for new medications for psychiatric disorders. Mental illness is expected to become the leading
cause of disability worldwide by 2030. Yet, the last two decades have seen the pharmaceutical industry withdraw from psychi-
atric drug discovery after costly late-stage trial failures in which clinical efficacy predicted pre-clinically has not materialised,
leading to a crisis in confidence in preclinical psychopharmacology.

Methods Based on a review of the relevant literature, we formulated some principles for improving investment in translational
neuroscience aimed at psychiatric drug discovery.

Results We propose the following 8 principles that could be used, in various combinations, to enhance CNS drug discovery: (1)
consider incorporating the NIMH Research Domain Criteria (RDoC) approach; (2) engage the power of translational and systems
neuroscience approaches; (3) use disease-relevant experimental perturbations; (4) identify molecular targets via genomic analysis
and patient-derived pluripotent stem cells; (5) embrace holistic neuroscience: a partnership with psychoneuroimmunology; (6)
use translational measures of neuronal activation; (7) validate the reproducibility of findings by independent collaboration; and
(8) learn and reflect. We provide recent examples of promising animal-to-human translation of drug discovery projects and
highlight some that present re-purposing opportunities.

Conclusions We hope that this review will re-awaken the pharma industry and mental health advocates to the opportunities for
improving psychiatric pharmacotherapy and so restore confidence and justify re-investment in the field.

Keywords Psychiatric drug discovery - New medications - Psychiatric disorder - Systems neurosciencese

Introduction pandemic, whereby the global mitigation strategy of social

distancing and isolation, compounded by high anxiety, fear

The World Health Organisation (WHO) estimates that un-
treated mental disorders account for 13% of the total global
burden of disease and that by 2030 depression alone will be
the leading cause of disability around the world, outstripping
heart disease, cancer and HIV (Patel et al. 2018). This “time
bomb” might have been hastened by the COVID-19
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of uncertainties, and emerging cytokine-based pathologies
conspires to create a “perfect storm” of mental ill health. The
dearth of novel and more efficacious treatment options in psy-
chiatry has been attributed to a limited understanding of the
biological basis of mental disorders. But the pessimism for
future success may be unwarranted.

Optimism for new treatment options

The announcement in 2019 by the US Food and Drug
Administration (FDA) of approvals for new interventions for
treatment-resistant depression (S-ketamine and vagal
stimulation) and postpartum depression (brexanolone) de-
mands attention as these interventions open a new frontier in
treatment options for difficult-to-treat depression (Cristea and
Naudet 2019). Brexanolone (or allopregnanolone) was
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discovered as a breakdown product of progesterone and
deoxycorticosterone that amplifies GABA-activated chloride
ion currents (Kose and Cetin 2017). These metabolites fluctu-
ate during times of stress and during the menstrual cycle
(Penalver Bernabe et al. 2020). Allopregnanolone increases
during pregnancy and then declines after birth, it being
thought that this drop triggers depression (Cristea and
Naudet 2019).

The motivation to test the potential antidepressant effects
of ketamine (Krystal et al. 2019) was based on work on the
psychosis-inducing effects of ketamine that led Krystal et al.
to think that it was more likely that the pathophysiology of
depression resides in the intrinsic circuitry of the cortex and
limbic system where glutamate and GABA are the predomi-
nant neurotransmitters rather than simply monoaminergic in-
fluences on this circuitry. Krystal et al. were aware of the
preclinical studies of Trullas and Skolnick (1990), suggesting
that NMDA receptor antagonists have antidepressant-like ef-
fects in animals subjected to inescapable stress and decided to
test the hypothesis clinically. Ketamine was found to produce
a rapid profound and surprisingly durable antidepressant ef-
fect that was replicated in treatment-resistant major depression
(Zarate Jr. et al. 2006). The effects were temporally dissociat-
ed from the brief acute behavioural effects of the drugs and led
Krystal et al. to state that “substances capable of reducing
neurotransmission at the NMDA receptor complex may rep-
resent a new class of antidepressants” (Krystal et al. 2019).

It is interesting that the initial development of MK-801 was
based on its anticonvulsant and anxiolytic effects in rodents
(Clineschmidt 1982) and later in monkeys (Rupniak et al.
1993). Based on these findings, and the the behavioural
response to glutamatergic agents in inescapable stress
paradigms led Trullas and Skolnick (1990) to conclude “that
pathways subserved by the NMDA subtype of glutamate re-
ceptors are involved in the pathophysiology of affective dis-
orders and may have heuristic value”.

Emerging developments of innovative agents include new
insights into preclinical pharmacology, engagement of trans-
lational approaches, novel routes of delivery and treatment
settings, and rapid onset of drug action. The latter served a
long unmet clinical need so far often achieved serendipitously
rather than by design. The finding that treatment response to
ketamine is related to the plasma concentration of D-serine, an
agonist at the glycine modulatory site on the NMDA receptor
(Singh et al. 1990), raises the possibility that treatment could
be personalised by tailoring to this biomarker or by manipu-
lating plasma D-serine concentration (Moaddel et al. 2015). In
reflecting on these and other innovative discoveries, we high-
light here how they have informed us about the future chal-
lenges and opportunities in biological psychiatry research. We
ask what some of the new areas of focus are that we should be
addressing, and how will these findings drive our thinking on
new treatment options and translational psychopharmacology
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for global mental disorder management. What should we be
doing differently for psychiatric drug discovery and
development?

Reflection on a hiatus

With just a few notable exceptions, most of the US-, Japan-
and EU-based pharmaceutical companies have now with-
drawn resources from psychiatric drug discovery, mainly
because of the many costly late-stage failures where the
clinical efficacy, predicted preclinically for a novel drug,
has not materialised (Sarter and Tricklebank 2012; Wong
et al. 2010). It has been argued previously that this is most
likely because of a failure to apply “systems neuroscience
mapping” to establish linkages between molecular and cel-
lular mechanisms and measures of neuronal circuit function
(Sarter and Tricklebank 2012). Systems neuroscience map-
ping is here defined as the use of homology to make trian-
gulating inferences about relationships between animal and
human studies in terms of common functional neural cir-
cuitry including neurotransmitters. We provide several ex-
amples of how risky decisions have been made on selected
molecular mechanisms and suggest eight guiding principles
that if followed will enhance the translational validity of
preclinical psychopharmacology and provide the essential
deep understanding of the relationship between target ac-
tion measured preclinically and its mapping to clinical phe-
notypes. If this failure is not understood it will continue to
undermine confidence for when companies deem that it is
safe to “get back into the water” (Sarter and Tricklebank
2012; Brady et al. 2019).

We illustrate in Fig. 1 how these eight principles can be
integrated to support a drug discovery pipeline, noting that
these should act as a general guide to thinking rather than as
a specific road map. Different problems may require different
configurations of these principles, and it may not be necessary
to deploy them all in every instance.

This review suggests that renewed confidence in preclinical
psychopharmacology is justified if a systems neuroscience ap-
proach is taken and provides examples of how this has been
achieved. These insights, if effectively adopted, would improve
decision making to a point allowing resource reinvestment that
would satisfy business leaders and scientists alike. This paper
will also show that many preclinical-clinical translational prin-
ciples for psychiatric drug discovery exist and offers some guid-
ance on how we can begin to restore confidence before the skill
base is irreparably damaged or even lost. With the availability
of functional neuroimaging and well-designed psychological
paradigms that can be readily adapted for use with rodents in
translation mode, it is now possible to accurately model, quan-
tify and identify the neuronal mechanisms underlying many
aspects of psychiatric symptomatology.
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The 8 Principles; How they work in Theory

1,5. Define disorder phenotype:
Behavioural/cognitive (RDoc)
Neural system implicated by

pathophysiological analysis

Immunological targets

Neurotransmitter receptor targets

4,5 Generate molecules via strategies
including medicinal chemistry and stem
cells, if they do not already exist and
can be re-purposed, e.g. from
immunological platforms.
Pharmacological analysis.

2,6. Systems neuroscience

!

generates trans-species task

to test animal and human

phenotype — e g. memory in

some neural structure or

network (via cross-species

MRI, photometry)
—

3. Disease relevant

2,3,6. Test molecule in
relevant perturbation and
in experimental studies in

animals; healthy volunteers

-

7. Target validation,

e.g. via PET and
reproducibility via
industrial/academic/
international;
collaboration

perturbations.
Genetic, Pharmacological,
Developmental,
Environmental e.g. early
social. Compare results if
necessary

A 4

Fig. 1 Schematic diagram to illustrate how in theory the 8 principles
(identified by digits) might enhance CNS drug discovery (when applied
in the sequence indicated by arrows, from left to right). Basic
neuroscience feeds into the definition of disease phenotypes that define
targets, and the generation of disease-relevant perturbations. Test mole-
cules are generated from a variety of platforms including medicinal

Principle 1: consider incorporating the NIMH
Research Domain Criteria (RDoC) approach

This recent initiative has challenged the traditional approach
to the diagnosis of mental health conditions based on symp-
tom scores which has problems with heterogeneity and deals
poorly with comorbidity (Cuthbert and Insel 2013). It seeks to
identify dimensions of neurobiology and observable behav-
iour from an understanding of the biology of the broad do-
mains of dysfunction that are common to psychopathology
and are commonly involved across our currently accepted
diagnoses (Insel et al. 2013). The functional domains are
largely developed from the accumulated understanding and
analysis of human and animal bio-behavioural data, by split-
ting behaviour into broad positive valence (reward respon-
siveness) and negative valence (acute threat, potential threat,
fear and anxiety) systems. Cognitive systems are thought of in
terms of such constructs as visual and auditory perception,
learning, memory, and cognitive control. The aim is to under-
stand the neurobiology of the elements that constitute the be-
havioural repertoire, much as there is a need to understand all
the bodily elements that control the cardiovascular system that
allow the control of its functional parameters within an opti-
mal range to ensure survival.

Support for this concept has been provided by employing a
comprehensive evaluation of psychiatric symptoms in 999
youths (Xia et al. 2018). Impressively, along with identifying
four dimensions of psychopathology: psychosis, fear, mood
and externalising behaviours (problems directed toward the
external environment), they went on to demonstrate, using

and patients using .
comparable behavioural
tests

8. Feedback findings to
validation of animal model of
Phase 2/3 trials. Consider
repurposing for other
disorders with similar
phenotype .

T

chemistry. Molecules are tested in animal and humans using translational
methods and paradigms. Targets are validated and clinical efficacy tested
via collaborative studies. Results of studies are fed back to validate, or
otherwise, the methods employed, or the molecule tested, or its clinical
target

resting state functional imaging and a novel machine learning
multivariate analysis, that the four dimensions correlated with
distinct patterns of functional connectivity. Loss of network
segregation between the default mode network and executive
network emerges as a common feature across all dimensions.
The findings were replicated within the same study in an in-
dependent data set of 336 individuals. The revelation of the
high degrees of comorbidity that exist between mental disor-
ders, and the development of neuroimaging techniques that
associate these domains with specific patterns of network con-
nectivity, allows the starting point of psychiatric drug discov-
ery to shift away from attempts to understand disease pathol-
ogy only. RDoC inverts this process and puts basic science as
the starting point and disorders are considered as disruptions
of the normal range of operation within each domain (Xia
et al. 2018). Connectivity related to mood and psychosis be-
comes more prominent with development while sex differ-
ences are present for connectivity related to mood and fear.
Adopting a similar approach, a prominent feature of the
human brain’s global architecture is the anti-correlation of
default mode versus task positive systems (Anticevic et al.
2012). Administration of the psychotomimetic agent ketamine
disrupts the reciprocal relationship between these systems in
terms of task dependent activation and connectivity during
performance of a delayed working memory task. But what
of the global functional connectivity in psychosis? Using the
same functional imaging approach, Salomon et al. (2011)
measured functional connectivity in schizophrenic patients
and healthy controls during two different tasks, plus a rest
condition, revealing a striking connectivity decrease in
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patients compared to the controls. In the task condition, weak-
er connectivity was specific to the cortex not active during the
task. In the rest condition the difference between patients and
controls was larger.

Comorbidity analyses reveal that many mental health
problems share an underlying cause; the “p” factor
(Hammerschlag et al. 2020). The p factor is analogous to
Spearman’s g factor for general intelligence, an overarching
cognitive capacity that emerged from factor analysis of chil-
dren’s ability that reflects the fact that children good at one
task tend to be good at others. Adopting a similar approach,
Lahey et al. (2012) analysed the diagnoses of 30,000 people
over a 3-year period and found that the observed patterns of
illness were best explained by a general tendency towards
mental health conditions. Selzam et al. (2018) coined the
term p factor to describe an individual’s broad susceptibility
to mental health problems. The p factor can explain puz-
zling patterns of mental health conditions within families.
Twin studies have estimated the heritability of schizophre-
nia at 80%, and major depression at 45%, but having a par-
ent or sibling diagnosed with a given condition does not
simply increase the odds of experiencing that condition,
but also increases the odds of one being diagnosed with a
different condition. If a parent has schizophrenia, the risk of
developing bipolar disorder doubles and vice versa.

The neural and psychological nature of the p factor is still
being elucidated. As g depends on the dynamic reorganisation
of brain networks, modifying their topology and community
structure in the service of system-wide flexibility and adapta-
tion (Barbey 2018), the p factor may also be equally depen-
dent on the same global connectivity pattern changes and
might help in relating the domains of psychopathology possi-
bly illuminating the links that determine why suffering psy-
chosis raises the risk of also suffering cognitive impairment.
There is evident overlap of g with neural networks that engage
'fronto-executive' function, and much is known about the
pharmacological modulation of this system - one prominent
example being via drugs affecting the ascending catechol-
amine (ie dopamine and noradrenaline) systems. Drugs such
as Ritalin (methylphenidate) appear to enhance cognitive ef-
fort, i.e. enhancing motivation to engage executive functions
such as working memory (Westbrook et al. 2020) as well as
normalising brain activation and connectivity in ADHD
(Rubia et al. 2009) and therefore may have global effects that
ameliorate the p factor.

In order to provide clues of possible targets it is necessary
to employ animal models that reflect some part of the known
aetiological factors of the psychiatric disorder of interest. We
are aware that these are not always understood sufficiently at a
mechanistic level to provide an optimal disease model but
taking the RDoC approach removes this necessity. In fact,
the RDoC approach encourages the view that complex disor-
ders may need to be treated with more than one medication to
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target the heterogeneity of the presentation of the condition
and the heterogeneity of the underlying pathology.

We acknowledge that the further application of RDoC con-
structs will require a change in the mindset of regulators and
payors who still adhere to traditional diagnostic criteria for
approvals and reimbursements. A good example is the
NIMH Fast-Fail initiative anhedonia study with the k-opioid
receptor antagonist, JINJ-67953964 (Krystal et al. 2020;
Germine et al. 2019). This was framed as an antidepressant
study because that is what the FDA would likely approve.
However, the compound significantly reduced anhedonia
without impacting depression scores overall and unless anhe-
donia is recognised by the regulatory agencies as an indica-
tion, the treatment might not then be made available.
Researchers are to some degree already comfortable with the
RDoC concept, but progress can only be made if regulators
recognise RDoC constructs as targets for drug development.

Principle 2: engage the power of translational
and systems neuroscience approaches

A key point of improvement for preclinical testing is to devel-
op and use rodent behavioural assays that are as close as pos-
sible to those used clinically to identify and quantify the be-
havioural symptomatology of interest. As an example, the
stop signal reaction time is a sophisticated go/no-go measure
of impulsivity that can be modulated clinically and preclini-
cally by the selective norepinephrine reuptake inhibitor
atomoxetine (Chamberlain et al. 2009; Chamberlain and
Sahakian 2007). A very similar task to that used in humans
involves the same initial development in rats of a pre-potent
response of pressing two levers in sequence to obtain food,
whilst having to withhold the second response on 20% of the
trials when a stop signal auditory tone is presented. Local
micro-infusion of atomoxetine into the lateral orbitofrontal
and dorsal prelimbic cortex reduced the stop signal reaction
time (Bari et al. 2011), i.e. reduced impulsivity. Similar effects
have been shown following acute systemic doses of
atomoxetine in humans (Chamberlain et al. 2009). In human
functional imaging experiments, short stop signal reaction
times, or more efficient response inhibition, following
atomoxetine treatment, was associated with greater activation
in the homologous inferior frontal cortex (Li et al. 2006;
Chamberlain et al. 2009). Translational validity of the behav-
ioural task used to quantify psychiatric symptoms can thus be
achieved if the task can be shown to involve homologous
brain regions across species.

A further example of an anatomically well-defined test of
cognitive flexibility is the rodent version of the Wisconsin
Card Sorting Test (WCST), in which a subject has to learn
to sort cards according to rules based on the colour, set or
number of playing cards (Birrell and Brown 2000). This
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human task has been decomposed into its elements in the
CANTAB intra-dimensional/extra-dimensional (IDED) set-
shifting test, which has been administered to both human pa-
tients and monkeys (Keeler and Robbins 2011). This test mea-
sures abstract rule learning about particular perceptual features
of visual stimuli, such as their shape, on the basis of trial-and-
error-learning, the ability to shift to an alternative rule when
the feedback changes and the ability to reverse the reward and
punishment contingencies of a particular rule. Studies in the
marmoset monkey (Dias et al. 1996) have indicated that
whereas damage to the lateral prefrontal cortex impairs
shifting of abstract rule learning, reversal learning is impaired
by lesions of the orbitofrontal cortex (OFC). Analogous find-
ings have been found in human imaging and patient studies of
the WCST (Kramer et al. 2007) and the CANTAB IDED task
(Vaghi et al. 2008; Leeson et al. 2009).

Trial and error learning is also the basis of the rodent ver-
sion of the task which is similarly dependent on two prefrontal
cortex regions; the orbitofrontal cortex (reversal) and the me-
dial prefrontal cortex (abstract rule shift), as indicated by le-
sion studies (Kramer et al. 2007). In the rodent assay, the
animal initially has to form an attentional set on the basis of
discrimination of the odours of one of two differentially scent-
ed pots (e.g. thyme vs. cumin) in which food has been buried
in contrasting textured media (e.g. stones vs sawdust) by dig-
ging for food (Birrell and Brown 2000). Reversal learning is
tested by swapping whether thyme or cumin is the correct
odour, whereas extra-dimensional shifting occurs when the
relevant rule is to respond to the texture of the medium rather
than its odour. Deficits in both reversal and extra-dimensional
set shifting have been shown to be prominent aspects of cog-
nitive impairment in schizophrenia (Leeson et al. 2009), and
are dependent on homologous brain regions in rodents, mon-
keys and man (Keeler and Robbins 2011).

Translational value of rodent behaviour

A further contributor to this reluctance to re-engage is scepti-
cism that animal physiology can inform mechanisms underly-
ing human behaviour and, in particular, that rodents are capa-
ble of exhibiting behavioural analogues of what had previous-
ly been thought to reflect uniquely human attributes. It is
conceivable that the desire to avoid facile anthropomorphic
interpretations of animal behaviour has contributed to this
mistrust. But such views have been clearly demonstrated to
be untrue in situations where the behaviour has also been
shown to involve homologous brain circuitry in animals and
man. An impressive example is the demonstration that rats can
be shown to adopt empathic decision making when they ob-
serve others being subjected to foot-shock (Hernandez-
Lallement et al. 2020). The experiment involved instrumental
conditioning in which rats were trained to press one of two
levers for food reward. Evidence of empathic decision-

making was demonstrated when a second lever delivered
equal amounts of food but also foot-shock to a neighbouring
rat. When allowed to choose between levers, the animals
showed a clear preference for avoiding the lever associated
with delivering pain to another. This reaction is recognised in
human psychology as harm aversion and is associated with
activation of the anterior cingulate cortex (ACC). Reducing
activity in the ACC by injection of baclofen abolished the
harm aversion response in the rat (Marsh et al. 2013) showing
conservation of neural mechanisms.

The second example is in similar vein using the highly
social monogamous prairie vole. Burkett et al. (2016) demon-
strated that the animal shows consolatory behaviour most
commonly associated with humans and great apes in that,
having witnessed the exposure to stress of a cage mate, the
observer animal greatly increases partner-directed grooming
towards familiar conspecifics, but not to strangers that have
experienced an unobserved stressor. Exposure to the stressed
cage mate increases activity in the ACC and the behaviour is
blocked when an oxytocin receptor antagonist is infused into
this area, again showing conserved neural mechanisms be-
tween prairie vole and man. Further evidence supporting this
view is given by Uysal et al. (2020).

Rats are also capable of expressing the human tendency to
place greater value on the things for which we work hardest, a
phenomenon attributed by psychologists to reflect a state of
cognitive dissonance or psychological discomfort that occurs
when there is a discrepancy between a person’s attitude and
their actions. Thus, it has been found that rats place more
value on a sucrose reward when it follows high effort
(Lydall et al. 2010). Rats were trained to press a lever for food
reward and the effort required was manipulated by varying the
number of lever presses the animal had to make before reward
was delivered. The value of a liquid sucrose reward was esti-
mated by examination of palatability via microstructural anal-
ysis of licking behaviour during ingestion (Lydall et al. 2010;
Dwyer 2012). There is also growing interest and capability in
measuring subtle changes in social behaviour in rodents, as a
consequence of increased attention to treatment of psychiatric
conditions where impairments in social behaviour are found
(Nardou et al. 2019).

Equally impressive is the discovery of the role played by
the GNPTAB gene products, the N-acetylglucosamine-1-
phosphate transferase o« and 3 subunits, in the common
neurodevelopmental disorder of stuttering (Han et al. 2019).
Unlike the relatively minor effects of copy number variants
(CNVs) engineered as significant risk factors for the develop-
ment of schizophrenia (see below), genetic engineering of the
human stuttering mutation into mice resulted in deficits in the
flow of ultrasonic vocalisations very similar in pattern to
stuttering deficits in humans. Histological examination indi-
cated that a deficit in astrocytes in white matter tracts, partic-
ularly in the corpus callosum, may lead to a deficit in
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interhemispheric connectivity in stuttering. Mice carrying mu-
tations in the FoxP2a gene mutated in human developmental
dyslexia, also have abnormalities in a range of vocalisation
phenotypes (Fujita-Jimbo and Momoi 2014), strongly
supporting the view that mice can serve as a valid model for
investigating central nervous system functions, even those
considered to be uniquely human in nature.

These investigations open up behaviours thought primarily
beyond the cognitive capacity of rodents, and that can be
pharmacologically manipulated (Uysal et al. 2020). The ten-
dency of some to dismiss rodent-based neuroscience as irrel-
evant to the mechanisms underlying human brain dysfunction
are closing their eyes to a source of knowledge that is highly
relevant and able to inform our understanding of the molecular
events that underlie human brain function and more impor-
tantly, human brain dysfunction (Markou et al. 2009).

Although animal models have often received considerable
blame for failing to predict the outcome of psychiatric clinical
trials, it has also been pointed out that experimental medicine
studies across the spectrum of clinical disorders in volunteers
and patients perform no better in this regard. It has been ar-
gued that one way of achieving this is to implement the phi-
losophy about animal behavioural testing mentioned above,
that it should show some degree of commonality with human
behavioural and cognitive tests (as in the CANTAB and other
test batteries (Barnett et al. 2016). Some translation of these
relatively objective behavioural tests should then be employed
in phases 2 and 3, if not replacing, at least paralleling, the
clinical scales used for evaluating drug outcomes. Such scales
are often based on self-report of subjective assessment of
symptoms by the psychiatrist and may lack sensitivity, as well
as failing to reflect what has been established about drug ac-
tions in pre-clinical investigations. What must be improved is
the vertical translation between animal studies, mechanism-
based human findings and classical clinical outcomes.

Principle 3: use disease-relevant experimental
perturbations

Of course, it is important that assumptions about cognitive
testing in animals are tested and shown to be valid, in that
similarities in behaviour are shown to involve homologous
brain regions and circuitry in performance within the normal
range. While the RDoC approach obviates the need for animal
models of disease, the range of behaviour within a particular
psychopathological domain may remain hidden unless the ex-
tremes of the range can be studied and quantified. If, for ex-
ample, the domain of interest is psychosis and there is evi-
dence that psychotic symptoms are seen in man when gluta-
mate release is stimulated by administration of ketamine in the
prefrontal cortex (Stone et al. 2008) so leading to impairment
of working memory tasks, then it is logical to test the ability of
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a compound to reverse those changes rather than seek to see
an improvement in performance within the normal range.

The NMDA receptor antagonist phencyclidine (PCP) in-
duces many symptoms reminiscent of schizophrenia in
healthy volunteers (Krystal et al. 2002; Teixeira et al. 2017).
Indeed, a number of suspected cases of schizophrenia are ac-
tually a consequence of an autoimmune inflammatory process
in which the antibodies formed are directed at the NMDA
receptor and thus act like an NMDA receptor antagonist such
as PCP or ketamine (Teixeira et al. 2017). There is no doubt
that NMDA receptor antagonists have proved extremely use-
ful tools in understanding the pathophysiology of psychosis.
In healthy volunteers, acute treatment with ketamine rapidly
induces behaviours associated with the negative and positive
symptoms of schizophrenia (Krystal et al. 2002) and disturbs
cognitive functioning, attentional set shifting, and both de-
layed and immediate memory recall changes that are associ-
ated with the ketamine-induced release of glutamate (Deakin
et al. 2008; Abdallah et al. 2018; Krystal et al. 1994).

For schizophrenia, it is evident that there are disease-
related genetic, developmental, as well as neural and neuro-
chemical aspects of its pathophysiology that can be
reproduced in experimental animals (Robbins and Moore
2008). While the perfect combination of these putative factors
has yet to be established, comparison of different models,
preferably by collaboration and co-operation across laborato-
ries, can begin to approach this goal by focussing on a domain
of psychopathology and its underlying circuitry that obviates
the need for a model that combines all these factors. The value
of comparing models can be seen from the recent study by
Scarpa et al. (2020) which showed that three distinct murine
models of stress reproduced different aspects of the genetic
expression of human major depressive disorder in the medial
frontal cortex and nucleus accumbens. The demonstration
shows the difficulty of capturing an entire mental disorder in
a single model and emphasises their multifaceted as well as
polygenic heterogeneous and co-morbid nature which will
likely require a multimodel treatment approach.

Disease model perturbations such as those induced by the
DNA-alkylating agent methylazoxymethanol acetate (MAM)
administered to pregnant dams on embryonic day 17 (E17)
provide a neurodevelopmental aspect to a model of schizo-
phrenia (Robbins and Moore 2008) that is reliable at the neu-
robiological level with six different laboratories all reporting
similar neuroanatomical differences especially in the hippo-
campus (Howe et al. 2015). Moreover, MAM treatment im-
pacted a battery of ventral and dorsal hippocampal-dependent
memory tasks (Arguello et al. 2010). Spatial reference mem-
ory deficits in the water-maze spatial memory task were rep-
licated in two separate MAM E17 cohorts (Gastambide et al.
2015).

Deficits have also been found in reversal learning and
extra-dimensional attentional set shifting that were completely
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remediated by an mGIluRS5 receptor positive allosteric modu-
lator (PAM) consistent with a demonstrated loss of mGIluR5
receptors in the predicted regions of the prefrontal cortex as a
consequence of the MAM pre-treatment (Gastambide et al.
2012). However, the effect size and consequent power analy-
sis rendered the need for sample sizes to be very large to
ensure reproducibility and was ultimately considered exces-
sive for the resources available for its routine use in a drug
discovery programme.

Unfortunately, the mGIuRS receptor PAMs also cause ad-
verse effects such as cortical necrosis and this explains why
the drug has not progressed to clinical trials. But this does not
take away the valuable insights gained in the preclinical work
on this class of agents (Parmentier-Batteur et al. 2014). In
RDoC terminology, mGlIuRS5 is clearly capable of modulating
the cognitive impairment associated with psychosis and can
ameliorate the cognitive impairment associated with NMDA
receptor antagonists and aspects of cognitive flexibility asso-
ciated with MAM pre-treatment (Gastambide et al. 2012;
Gastambide et al. 2013). Using positron emission tomography
and resting-state fMRI, large-scale changes in brain connec-
tivity have been observed (Niesters et al. 2012) and detailed
comparison with the connectivity patterns associated with the
symptoms of psychosis seen by Xia et al. (2018) would be
very informative.

A possible obstacle for translation is failing to understand
species differences. Complications in drug discovery imposed
by occasional species differences (e.g. in 5-HT receptor sub-
types) must be acknowledged, but identifying the relevant
targets and proof of principle will still depend on effective
animal models. For example, a drug that inhibits ketamine-
induced glutamate release in frontal cortex could predict the
efficacy of a different target that serves the same function in
humans, as exemplified by mGlu2/3 receptor agonists and 5-
HT?7 receptor antagonists.

Principle 4: identify molecular targets via
genomic analysis and patient-derived
pluripotent stem cells

Whilst the genomic revolution promised great hope for ratio-
nal target identification for novel anti-schizophrenic drugs, it
is clear that schizophrenia is a disorder contingent on the in-
terplay of a large number of genes, each with relatively small
effect size. This has made difficult the development of useful
genetic mouse models, quite apart from the question of func-
tional homology. For example, unlike the stuttering gene
(discussed above), engineering CNVs into mice does not al-
ways recapitulate the full spectrum of cognitive deficits of the
disorder. In three engineered CNV mouse strains (15q13,
1921 and 22q11), animals were found to have but subtle im-
pairments in attention, impulsivity and vigilance (Kellendonk

et al. 2009). Perhaps a second “hit” is required to precipitate a
more profound behavioural phenotype, as seen with the pre-
cipitation of psychosis in individuals deemed at risk by ad-
ministration of the partial inverse benzodiazepine receptor ag-
onist iomazenil (Ahn et al. 2011). A further example is the
Disrupted In Schizophrenia gene (DISC-1), a promising sus-
ceptibility factor that, when engineered into mice (Porteous
et al. 2011), reduces parvalbumin in neurons in the cortex,
induces enlarged lateral ventricles and hyperactivity changes
in sensorimotor gating, and an anhedonia/depression-like def-
icit (Hikida et al. 2007). However, it was perhaps a forlorn
hope that genetic studies would identify a single gene as the
cause of schizophrenia.

While such examples show parallelism, though incom-
plete, of genetic translation between mice and human, it has
not been always successful. As a note of caution, the identifi-
cation of the gene associated with congenital insensitivity to
pain led many to believe that the NaV1.7 ion channel gene
responsible was the perfect target for a novel non-opioid an-
algesic. Selective inhibitors of NaV1.7 were duly sought and
found, but they failed to show analgesic properties. More de-
tailed investigation revealed that the gene deletion led to pleio-
tropic upregulation of the pro-enkephalin gene, penk (Minett
et al. 2015). That is, the deletion of the one gene caused in-
creased expression of another. Pain sensitivity in mice and
human subjects can be restored by treatment with the opioid
receptor antagonist naloxone (Kleber 2007), but is this pleio-
tropic response telling us something about endorphinergic
physiology that could potentially lead us to a perfect opioid
analgesic? Why, for example, is it possible to block the anal-
gesic response to penk up-regulation without precipitating
withdrawal symptoms and why do subjects with the gene
deletion show no signs of tolerance or craving after treatment
with naloxone? This is an instance where the body appears
able to harness the positive therapeutic aspects of enkephalin,
but none of the negatives.

Genetic evidence from rodents is not, therefore, always a
reliable means of identifying drug targets in man, and despite
the increasing use of gene editing techniques in larger animal
species, the use of human material is always more attractive.
The isolation and culture of patient-derived pluripotent stem
cells (iPSCs) into functional neurons essentially provides the
makings of a diseased brain in a test tube (Bellin et al. 2012),
the neurotransmission and electrophysiology of which can be
thoroughly investigated and compared with control prepara-
tions with no disease. As an example, individual studies have
noted the frequent dysregulation of glial selective genes, both
astrocytic and oligo-dendrocytic, in schizophrenia (Windrem
et al. 2017). This has in turn led investigators to highlight the
marked differences between humans and rodents in glial gene
expression in contrast to the relatively conserved nature of
neuronal gene expression across mammals that has suggested
a correlative association of human glial evolution with the
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phylogenetic appearance of schizophrenia (Windrem et al.
2017). It is important to remember that there are likely to be
genomic influences on the target expression and mechanism
of action that could potentially make or break target valida-
tion. Patients with schizophrenia are characterised by a rela-
tive paucity of white matter and hypomyelination, with defi-
ciencies in oligo-dendro-glial density and myelin structure
being noted in imaging studies (Windrem et al. 2017). In order
to create animal models of glial dysfunction, Han et al. (2013)
engineered a model of human glial chimeric mouse brains.
Patient-specific and control iPSCs were cultured and
transplanted neonatally either into immunodeficient myelin
wild type mice or immune-deficient hypomyelinated shiverer
mice. In the human glial chimeric mice and their progeny, the
majority of resident glia are replaced by human glia allowing
human glial physiology. Some of the limitations of using pa-
tient derived stem cells are discussed by (Brennand et al.
2014), gene expression and effects on neurophysiological
function and behaviour to be assessed in vivo. The glial chi-
meric mice were analysed for astrocytic and oligo-dendrocytic
differentiation according to their schizophrenia derivatisation.
The chimeric mice derived from patient iPSCs developed ab-
normal astrocytic morphology, had disturbed sleep patterns,
decreased social interactions and increased anxiety, and re-
duced pre-pulse inhibition of the startle response. The trans-
plant model represents an exciting example of the use of pa-
tient derived iPSCs as a tool to understand the neurobiology of
schizophrenia.

We add a caution here since as pointed out by Brennand
et al. (2014), iPSCs are useful for studying genetic risk mech-
anisms but not necessarily disease mechanisms, in part be-
cause of the immaturity of the iPSC-derived cells. As with
any transgenic engineering approach it is always going to be
difficult to know the time in their development cycle that
recapitulates the point of optimum developmental adaptation
and when to start investigation. In the glial dysfunction model
described above we may be seeing the result of developmental
adaptations to the genetic abnormalities rather than the imme-
diate consequences of the original abnormalities. However, a
transplant model in which the transplanted glia proliferate in
situ, removes any concerns about the state of maturity of the
transplanted cells.

In a phase 2 human trial of the mGlu2/3R agonist
LY2140023, initial clinical results were disappointing.
However, in a pharmacogenomic analysis of the data, it was
discovered that 23 single nucleotide polymorphisms (SNPs)
were associated with a change in positive and negative syn-
drome scale total score in response to 28-day treatment. There
was a 30 point PANSS total reduction in the most responsive
genotype group, the 5-HT,, receptor SNP rs7330461 (Liu
et al. 2012), which was greater than the mean reduction of
22 points seen with clozapine (Siskind et al. 2017). In the
study with LY2140023, sixteen of the SNPs were located in
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the gene coding for the 5-HT,4 receptor (Liu et al. 2012).
These results suggest that LY2140023 and other mGlu2/3
receptor agonists might be therapeutically effective in a subset
of schizophrenic patients and point to the potential value, in
general, of genotyping patients for treatment stratification.
Indeed, the effect of LY2140023 on ketamine-induced chang-
es in coherence in the rat begs the question whether an equiv-
alent effect is seen in human, and therefore whether this has
any functional consequence. While this is currently unknown,
the data have been captured and could be analysed, and might
indicate whether mGIluR2/3 agonists are more clozapine-like
in their effect.

Inter-regional coherence is an additional translational mea-
sure that can be readily obtained clinically and preclinically.
Many psychiatric diseases are associated with changes in
functional connectivity, and sparse canonical correlational
analysis suggests circuit level abnormalities that cross diagno-
ses and reveal correlated patterns of functional connectivity
and psychiatric symptoms (Xia et al. 2018). These studies
inform us that not only do we need to measure global connec-
tivity changes after administration of ketamine and
LY2140023, but also the subjects should be selected to carry
the 5-HT, 4 polymorphism.

We are aware that genetic models have limited direct ap-
plicability to polygenic disorders. However, they may capture
some part of the syndrome or even (remarkably) a “dilute”
version of the syndrome as a whole (Robbins and Moore
2008; Arguello et al. 2010). Furthermore, they can be helpful
in providing avenues for further investigation. For example,
when a specific genetic change is identified, the distribution of
the gene product in brain will give clues as to its function as
will the nature of the behavioural and/or clinical phenotype.
This will help identify the domain of interest which will focus
the subsequent investigations. Detailed functional investiga-
tions in vitro and in vivo with transgenic animals will further
direct the behavioural phenotyping and help identify the mo-
lecular target of interest i.e a mechanism by which the genetic
defect can be overcome.

Principle 5: embrace holistic neuroscience—a
partnership with psychoneuroimmunology

In humans, inflammation has been reported to play an instru-
mental role in the association between adverse social condi-
tions and poor health outcome (Moieni et al. 2015). Using a
social stress model in mice, Hodes et al. (2014) found pre-
existing individual differences in the sensitivity of the periph-
eral immune system that predict and promote vulnerability to
social stress. The value of psychoimmunological signals was
further strengthened by the demonstration of individual in-
flammatory status and its relationship to stress-induced mental
health pathologies (Hodes et al. 2014). Lonely or socially
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disconnected individuals show greater inflammatory re-
sponses, including up-regulation of pro-inflammatory gene
expression, and people who are sensitive to cues of social
disconnection exhibit greater inflammation in response to
psychological stress. Moieni et al. (2015) examined the impact
of sensitivity to social disconnection (a composite score com-
posed of loneliness, anxious attachment, fear of negative eval-
uation, and rejection sensitivity) on pro-inflammatory cyto-
kines and gene expression in response to endotoxin (an in-
flammatory challenge) vs. placebo in a sample of 115 healthy
participants (Moieni et al. 2015). Those more sensitive to so-
cial disconnection showed increased pro-inflammatory re-
sponses (i.e. increased levels of tumour necrosis factor TNF
alpha and interleukin-6 (IL6)) to endotoxin, as well as up-
regulation of multiple genes related to inflammation. The val-
ue of psycho-immunologic signals was further strengthened
by the demonstration of individual inflammatory status and its
relationship to stress-induced mental health pathologies
(Hodes et al. 2014). Furthermore, bioinformatics analyses re-
vealed that those in the endotoxin group who were more sen-
sitive to social disconnection exhibited a conserved transcrip-
tional response to adversity (CTRA) regulatory profile, in-
volving up-regulation of beta-adrenergic and pro-
inflammatory transcription control pathways and down-
regulation of antiviral transcription factors in response to en-
dotoxin (Cole 2019). Such findings encourage a cross-
disciplinary approach that extends the armoury of drugs avail-
able to treat mental illness.

Translational examples of neuroimmunological treatments
with desirable clinical outcomes include: (i) the IL6 human
monoclonal antibody Sirukumab, originally developed as a
treatment for rheumatoid arthritis(Pelechas et al. 2017), now
also being considered as a treatment for major depressive dis-
order (Zhou et al. 2017), and (ii) the nonselective phosphodi-
esterase inhibitor pentoxifylline, an inhibitor of IL6 and TNF
alpha synthesis, as a novel adjunct to antidepressant treatment
in major depression (El-Haggar et al. 2018).

Principle 6: use translational measures
of neuronal activation

For the mapping of the circuitry underlying psychiatric disor-
ders, functional magnetic resonance imaging (fMRI) of blood
oxygen level dependent (BOLD) signals have proved invalu-
able, especially when subjects simultaneously engage in cog-
nitive tasks whilst inside the scanner. In animals, direct use of
this approach for translational biomarkers is not practical since
fMRI can only be carried out whilst the animals are restrained
or under anaesthesia. However, there is an alternative in oxy-
gen amperometry, which allows the determination of tissue
oxygen concentration (Li et al. 2016a), and can be carried
out in freely moving animals whilst engaging in responding

to a task in an operant chamber. A carbon paste electrode is
surgically implanted in a specific brain region selected accord-
ing to human imaging investigations. As with the human
BOLD response, the rat BOLD and oxygen response signals
increase when they breathe oxygen and decrease when they
are given nitrogen (Lowry et al. 2010). If trained to press a
lever in the presence of an auditory tone signalling reward
delivery, oxygen rises in the nucleus accumbens (Francois
et al. 2014) with a magnitude dependent on the size of the
reward just as it does with monetary rewards in humans
(Knutson et al. 2000).

The development of mGlu2/3 receptor agonists illustrates
the value of these techniques. These agents have been devel-
oped as potential antipsychotics because of their ability to
inhibit ketamine-induced glutamate release in the rat frontal
cortex (Lorrain et al. 2003). Intravenous administration of
ketamine induces a large prefrontal cortical BOLD response
in both human and rat, and a large increase in cortical oxygen
concentration in the rat, a response that was dose-dependently
antagonised by the mGlu2/3 receptor agonist, LY369268 (Li
etal. 2014).

Functional connectivity between brain regions can be in-
ferred based on patterns of correlation as subjects are scanned
during a passive resting state. In such resting-state fMRI stud-
ies, temporal correlations in low-frequency BOLD signal fluc-
tuations are readily observed and have led to the identification
of several resting state networks in the brain (Fox and Greicius
2010; Fox and Raichle 2007). There is evidence that resting-
state networks are impacted by a number of neuropsychiatric
diseases (Fox and Greicius 2010). Ketamine enhanced the
coherence of low-frequency oxygen fluctuations between the
frontal cortex and ventral striatum in both rat and human stud-
ies. The atypical neuroleptic, clozapine, dose-dependently at-
tenuated the ketamine-induced absolute signal in both regions,
and also the enhanced regional coherence. On the other hand,
the typical neuroleptic, haloperidol, had no effect on the ab-
solute ketamine-induced signal and potentiated the increase in
regional coherence (Li et al. 2014), as has been found in hu-
man studies.

A further excellent example of a translational cognitive
task, validated by common circuitry across species, is the
sustained attention task (SAT). The standard task consists of
the random presentation of signal and no signal trials which
consist of a brief visual cue following the signal or no signal
event. Two response levers are extended into the chamber
prompting the animal to report the presence or absence of
the signal. Following signalled trials, a press on the left lever
is scored as a hit and rewarded while a press on the right lever
is not. In one such study transient pulses of acetylcholine
release were detected voltametrically when incongruent hits
were made (i.e. pressing the correct lever when no stimulus is
given) and there was a shift from non-signal to signal directed
responses (Howe et al. 2013). To test whether the rodent
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findings of shift-related transient activity could be conceptu-
ally replicated in humans, a second study used BOLD fMRI
and a human version of the SAT found that shifts from non-
signal to signal directed processing elicited right lateral
orbitofrontal cortex activity that correlated with performance.
The third part of the study measured changes in tissue oxygen
in rats and found again, sequence-specific transient responses,
paralleling the rodent cholinergic results and human fMRI,
consistent with right prefrontal cortex activation playing an
important and specific role in shifts from monitoring to cue
directed response.

So far, we have made the point that there should be mech-
anistic commonality between animal and human testing to
improve the translation of preclinical findings to clinical effi-
cacy. But this also provides a means of early proof (and dis-
proof) of concept in volunteer and patient studies using surro-
gate endpoints before embarking on lengthy and costly clini-
cal trials, as well as helping to establish such basics as dosing
level and frequency, and side effects at pharmacological ex-
posures. With the benefit of hindsight, the knowledge that
mGlu2/3 receptor agonists and 5-HT; antagonists can dimin-
ish glutamate release induced by ketamine in rat prefrontal
cortex, linked with the knowledge that such release would
stimulate a BOLD response in humans or oxygen response
in rodents, logically leads to testing the ability of mGlu2/3
receptor and 5-HT ligands to attenuate these latter responses
in both rodents and human volunteers. The rat oxygen
amperometry response would provide the cheapest and
quickest decision point to commission more expensive fMRI
work which would then justify the human proof of concept.
Even more compelling would be to translate to humans the
finding of the ability of the compounds to attenuate the cog-
nitive disruption induced by NMDA antagonist in a transla-
tional delayed non-matching to position working memory task
(Bonaventure et al. 2011). In our experience this was very
difficult to achieve with mGlu2/3 receptor agonists possibly
because of off-target drug-drug interactions that depressed
basal operant response rates (unpublished findings). Perhaps
this would be mitigated by the expression of SNPs in the 5-
HT),4 receptor that confer the large decrease in PANSS score
seen in schizophrenics.

While the previous paragraphs have focussed on imaging
as a translational technique, we also highlight the potential use
of monitoring the expression of brain derived neurotrophic
factor (BDNF) as a biomarker of antidepressant action for
both rodents and man. The significant delay that occurs before
benefit is seen with many antidepressant compounds strongly
implicates downstream effects being crucially important for
therapeutic benefit to occur and there is good evidence that
BDNF-induced neuroplasticity is the final common pathway
for antidepressant action (Stone et al. 2008). New neurons are
produced throughout life in two discrete locations, the
subventricular zone of the lateral ventricle and the subgranular
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zone of the dentate gyrus, and this occurs in humans with a
range of antidepressant treatments (Anacker et al. 2011). A
wide range of antidepressant treatments increase blood (serum
or plasma) BDNF (Brunoni et al. 2014) whose increase is
correlated with the magnitude of the antidepressant effect.
The list of treatments has been more recently extended to
include ketamine (Haile et al. 2014), vagal stimulation (ap-
proved for treatment resistant depression) (Lang et al.
2006),and allopregnalone (Shirayama et al. 2020). However
a more recent study has failed to replicate the finding that
ketamine increases blood BDNF (Medeiros et al. 2021) and
more work will be needed to settle this point.
Electroconvulsive therapy is also effective for treatment-
resistant depression (Brunoni et al. 2014) and increases
BDNF levels in blood (Bocchio-Chiavetto et al. 2006).

In rodents, antidepressants including ketamine and the
atypical antidepressant tianeptine increase brain BDNF
(Reagan et al. 2007; Campodoni et al. 2019), as does psilocy-
bin (now approved for the investigation of the treatment of
depression (Kargbo 2020)), and another psychedelic, LSD
(Vollenweider and Kometer 2010). Exogenous delivery of
BDNF promotes the function and sprouting of 5-HT contain-
ing neurons in the brains of adult rats (Siuciak et al. 1996) and
animals receiving an infusion of BDNF show behaviours as-
sociated with antidepressants in learned helplessness para-
digms (Altar 1999). BDNF therefore has many of the hall-
marks of a useful translational biomarker for antidepressant
development. Furthermore, this property of antidepressants
can be monitored even in cultured neurons (Lepack et al.
2016) opening the door to high throughput screening of
compounds.

Clearly there are biomarkers available that not only provide
valid translational measures of pharmacodynamic action but
also indicate the functional domain to which clinical trials
should engage.

Principle 7: validate the reproducibility
of findings by independent collaboration

Lack of reproducibility plagues biological research in general
as well as in pre-clinical neuroscience (Mrazek et al. 2014). As
an example of how collaboration can be used to overcome this
problem, we highlight a project from the Innovative
Medicines Initiative—NEWMEDS.

The NEWMEDS project (Novel Methods leading to New
Medications in Depression and Schizophrenia (Stensbol and
Kapur 2015, Artigas et al. 2017)) was a European Union
funded, 25 million euro public/private partnership, launched
by the Innovative Medicines Initiative (IMI), for academic and
industrial researchers to work together in collaboration to de-
sign, review, modify and validate behavioural assays of cog-
nition and animal models of schizophrenia disease symptoms
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(Stensbol and Kapur 2015; Plichta et al. 2012) including test-
retest reliability of functional imaging paradigms (Plichta et al.
2012). The project was strictly pre-clinical and all information
was shared by the dozen or so industrial participants thus
creating an ideal platform for inter-laboratory verification of
findings.

For one company, Eli Lilly, this initiative demonstrated
how independent laboratories across international borders
can effectively work together to solve common problems.
The company provided funding for 20 post-docs for 2-year
appointments, each of whom was assigned a Lilly
Neuroscience supervisor and a high-profile academic supervi-
sor who was a leading expert in psychopharmacology, behav-
ioural neuroscience or electrophysiology. Collectively this ini-
tiative formed the Lilly Centre for Cognitive Neuroscience.
Lilly was fortunate to be geographically positioned such that
80% of the UK’s neuroscience output was carried out within a
120-mi radius of the Lilly laboratories. Thus, face-to-face
communication was possible on a regular basis. The post-
doctoral researchers benefitted from having direct access to
leading academics, their laboratories and expertise, while the
IMI funding provided the resources for independent laborato-
ries to verify methodologies and results. This was done not
just by the adoption of cross-laboratory discussion and plan-
ning, but by engaging the independent groups from other col-
laborating companies in NEWMEDS carrying out the same
experiments. Where doubt lingers, either in scientists or man-
agers, it has been proposed that authors should sign a state-
ment confirming that that their key findings have been repli-
cated at least by themselves or preferably by independent col-
laborators (Tricklebank and Ajram 2017).

One example of the power of this approach was in the
testing of the disruptive actions of a range of psychoactive
compounds to impair the performance of a touchscreen based
visual discrimination learning task in rats. Academic and
pharma labs agreed together the experimental design, equip-
ment, source and strain of rats to use, and the drugs, doses and
pre-treatment times, and one company agreed to analyse drug
concentrations achieved in brain and blood (Mohler et al.
2015). Results were qualitatively similar across all laborato-
ries, the greatest differences reflecting strain differences in the
brain concentrations of drugs achieved (Mohler et al. 2015). It
was commented that since Lister Hooded rats are primarily
used in European laboratories while the Long Evans strain is
mainly used by North American groups, some difficulty in
replicating experiments across continents might be expected.
This observation reinforces the need for individual labs to
fully explore dose/response relationships and not rely on pub-
lished literature for dose selection.

In a second example, one pharma laboratory and one aca-
demic group together investigated the effects of the 5-HT,¢
receptor antagonist SB242084 (Alsio et al. 2015) in a reversal
learning task using newly available touchscreen based operant

equipment to approximate the human touchscreen testing of
patients, i.e. with the CANTAB battery (Barnett et al. 2016).
Both groups found qualitatively and quantitatively similar
findings of improved reversal learning following local intra-
cerebral infusions into the lateral OFC.

Another excellent example has been provided by the avail-
ability of 22q11.2 chromosomal microdeletion mouse models
of the neurocognitive deficits found in human populations,
relevant to schizophrenia and attention deficit hyperactivity
disorder (ADHD). Given the sensitivity of the attentional def-
icits to attenuation by amphetamine in ADHD, NEWMEDS
collaborations enabled a full neurobiological and behavioural
analysis to be made, including the demonstration of a
desynchronization of prefrontal-hippocampal oscillations,
specific deficits in attentional function and their pharmacolog-
ical remediation (Nilsson et al. 2018).

These examples give some grounds for optimism. There is
a need for preclinical scientists to work collaboratively in a
pre-competitive manner, engaging the necessary resources to
execute the studies successfully, with optimum sample sizes
and the requisite inter-disciplinary analysis (e.g. functional
imaging, neurochemical, histological and electrophysiologi-
cal) for translational validity. This strategy also enables the
comparison of different candidate models to determine their
common and distinctive features.

There was an attempt by Lilly to build on the success of
NEWMEDS with a new proposal which was considered but
unfortunately not ultimately supported by the IMI. Clearly
though, this kind of interlaboratory collaboration is essential
to improve the quality of preclinical research and the onus is
on funders to recognise its importance through providing the
necessary additional resources and perhaps for journals to be-
come more insistent on replication of key discoveries.

Principle 8: learn and reflect

Targets that have clearly failed are also important because
they bolster the belief that preclinical psychopharmacology
has low predictive validity. Thus, it is very important to con-
tinue to investigate and understand what went wrong; not to
apportion blame, but to reveal the real pros and cons of the
target and ultimately overcome any undesirable properties that
were responsible for the clinical failure (Grabb et al. 2016).
Furthermore, failure of a target for one indication does not
exclude the possibility of success for another and in this sec-
tion we give examples of opportunities for drug repurposing.

Inhibitors of phosphodiesterase 10 (PDE10) have a preclin-
ical profile consistent with possessing functional dopamine D,
receptor antagonism (Grauer et al. 2009) in the absence of any
significant affinity for that receptor, and yet in clinical trials no
beneficial antipsychotic action has been detected. Many labo-
ratories working on this target have agreed that like all proven
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antipsychotics, all examples of PDE10 inhibitors inhibit con-
ditioned active avoidance responses in rodents (Li et al.
2016b). Fortunately, a clinically equivalent response suitable
for use in a MRI scanner has now been designed (Gillan et al.
2015) so this response could now be measured clinically, al-
though we do not know whether the behaviour is deficient in
schizophrenia. There is thus a reason to follow up and test
PDEI10 inhibitors in the human equivalent of the CAR to (a)
establish its response to known antipsychotics and (b) verify
or not its sensitivity to PDE10 inhibition. Ideally, the human
conditioned avoidance task will be found sensitive to disrup-
tion by neuroleptic agents and allow fMRI to identify the
relevant circuitry at which PDE10 inhibitors act, which then
could guide rodent studies to confirm whether the human and
rodent tasks are utilising homologous circuitries. Similarly, a
detailed comparison of regional connectivity changes induced
by therapeutic doses of a known antipsychotic compared to
the response to a PDE 10 inhibitor might indicate the function-
al differences between these mechanisms, as was noted for the
mGlu2/3 receptor agonists.

The above example also highlights the danger of adopting a
single traditional behavioural assay to indicate the clinical
target without consideration of the principles outlined here.
It has been hypothesised that in addition to dopamine D, re-
ceptor blockade the superior efficacy of clozapine is related to
its high affinity for 5-HT, receptors. This prompted the search
for selective 5-HT, receptor antagonists which were duly
found and thought to be antipsychotics without risk of induc-
ing extrapyramidal side effects. One compound M 100907 in-
deed showed a preclinical profile (Sorensen et al. 1993) con-
sistent with what was known about atypical neuroleptics at the
time. However, this did not translate into clinical efficacy.
Nevertheless, another 5-HT, receptor antagonist,
primavanserin, has shown efficacy in the treatment of psycho-
sis associated with Parkinson’s disease (Tampi et al. 2019)
and was approved by the FDA for the treatment of hallucina-
tion and delusions associated this condition. This could be
seen as an illustration of the benefits of adopting an RDoC
approach. Clearly the mechanism underlying the generation of
psychosis in Parkinson’s might be different from that of
schizophrenia, although clozapine is effective in Parkinson’s
patients (Combs and Cox 2017). 5-HT, A receptor agonists are
a well characterised class of psychotomimetic agents and
linking these findings with the antipsychotic effects of
mGlu2/3 receptor agonists could provide fertile ground for
understanding the lack of clinical efficacy of selective 5-
HT;4 receptor antagonists in schizophrenia.

Promising progress with novel compounds

Some compounds have recently been produced using a strat-
egy that is not entirely dissimilar to the one we have described
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above, and we highlight in this section some recently ap-
proved or experimental drugs for major psychiatric conditions
whose properties suggest that they might have broader utility
than that first indicated. These drugs exemplify our proposi-
tion that application of the principles described in this paper
might positively influence clinical outcome and therapeutic
potential.

Schizophrenia

The 5-HT; receptor antagonist, SB6561014, blocks NMDA
antagonist-induced glutamate release in the prefrontal cortex
(Bonaventure et al. 2011) This drug also impressively reverses
the effects of the non-competitive NMDA receptor antagonist,
MK-801, to impair working memory, using a translationally-
relevant delayed non-match-to-position task (Bonaventure
et al. 2011). As 5-HT, receptor single nucleotide polymor-
phisms have been shown to amplify the therapeutic response
to the mGlu2/3 receptor agonists described above (Liu et al.
2012), it would be of value to see if this also holds for any
therapeutic response to 5-HT; receptor antagonists, as they
might for other similar compounds, e.g. amisulpride (Abbas
et al. 2009) and LY215840 (Cushing et al. 1996) that possess
appreciable affinity for 5-HT; receptors.

The atypical neuroleptic lumateperone (Caplyta) has been
recently approved for the treatment of schizophrenia and is in
development for bipolar depression (Kumar et al. 2018). This
drug acts as a partial agonist at presynaptic D, dopamine re-
ceptors and an antagonist at post-synaptic D, receptors. It
modulates serotonin through its affinity for the serotonin
transporter and is a 5-HT,4 receptor antagonist. Associated
with its D; receptor activation is increased activity at
NMDA receptors with enhanced GluR2B receptor phosphor-
ylation (Kumar et al. 2018). Given its unusual receptor bind-
ing profile, it is being promoted as a serotonin, dopamine and
glutamate modulator with efficacy and safety in patients with
acute exacerbation of psychosis.

Brexpiprazole was approved in 2015, a molecule which
has partial agonist activity at dopamine D, receptors and an-
tagonist activity at D3, 5-HT,4, 5-HT,5 and 5-HT; receptors
(Das et al. 2016). Like clozapine, it has agonist activity at 5-
HT 5 receptors and an antagonist action at alpha, 4, alphac,
alpha,, and alpha,p-adrenergic receptors. Of particular sig-
nificance is the interaction with 5-HT; and 5-HT 4 receptors
which like SEP363856 (see below) might owe some of its
anti-schizophrenic properties to stimulation of oxytocin re-
lease (Souza et al. 2010)through agonist action at SHT 5 re-
ceptors (Bagby and Kalogeras, 1993). Efficacy might there-
fore also be linked like clozapine to the presence of oxytocin
receptor single nucleotide polymorphisms as well as those of
the 5-HT,4 receptor (Liu et al. 2012).

While we espouse the predictive validity approach to drug
discovery, we cannot ignore any approach that contributes to
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advancing psychiatric medicine. The compound SEP363856
was found via a novel mouse behaviour phenotyping battery.
Thousands of features were collected and a proprietary bioin-
formatic algorithm was employed to select subtle phenotypic
differences associated with a disease model or drug effect.
Despite being devoid of any significant affinity for dopamine
D, receptors the compound nevertheless demonstrated broad
efficacy in rodent schizophrenia models, including
phencyclidine-induced hyperactivity, pre-pulse inhibition
and PCP-induced deficits in social interaction (Dedic et al.
2019). Given its favourable toxicological profile and pharma-
cokinetic properties, SEP363856 was progressed to a 4-week
randomised placebo-controlled trial in hospitalised schizo-
phrenics. The mean reduction from the baseline PANSS at
week 4 was significantly greater for SEP363856 vs placebo
(17.2 vs 9.7, p = 0.001, effect size 0.37), in the absence of
changes in prolactin secretion or major side effects (Koblan
et al. 2020), and the drug is currently in phase 3 trials for
schizophrenia. The only identified pharmacological properties
of the compound include affinity for the 5-HT 5 receptor and
trace amine receptor 1. The behavioural phenotype can be
antagonised by the 5-HT 5 receptor antagonist WAY 100635
but there is no evidence that the 5-HT;, partial agonist
buspirone has significant impact on schizophrenic symptoms
apart from a possible impact on negative symptoms
(Sheikhmoonesi et al. 2015). The mechanism of action of
SEP363856 therefore remains uncertain. Again it is possible
the effects are mediated via serotonergic stimulation of oxy-
tocin release (Bagdy and Kalogeras 1993), while (Kokkinou
et al. 2020), using sub-chronic ketamine administration to
replicate schizophrenia-like alterations in dopamine metabo-
lism, found that SEP363856 was able to antagonise these
changes.

Depression

The ketamine story has already been discussed. Associated
with these findings, the metabolite of ketamine, S-
norketamine, has an agonist effect at AMPA receptors
(Zanos et al. 2018). The sensitivity of ketamine’s antidepres-
sant action to attenuation by an AMPA receptor antagonist
such as perampanel would be a very informative experimental
medicine project. Ketamine is notable for its ability to reduce
suicidal feelings (Phillips et al. 2020). Postmortem studies
following suicide have revealed a high concentration of the
potentially excitotoxic NMDA receptor agonist, quinolinic
acid, in plasma, CSF and brain tissue (Brundin et al. 2016;
Steiner et al. 2011), suggesting that ketamine may be exerting
its anti-suicidal effects via blockade of the effects of quinolinic
acid. Quinolinic acid is a metabolite of the tryptophan oxidase
pathway, produced by exposure to stress (Brundin et al. 2016)
and the tryptophan/kynurenine pathway plays a pivotal role in
the onset of depression (Sakurai et al. 2020), leading to the

suggestion that tryptophan oxidase inhibitors may be effective
anti-depressants.

There is also the potential of utilising drugs affecting
neuropeptide systems in psychiatric disorders. Numerous
experimental medicine studies have indicated the ability of
oxytocin (Guastella et al. 2010) to exert beneficial effects in
disorders with prominent deficits in social cognition (autism
spectrum disorders, schizophrenia (Oya et al. 2016) and
depression (Domes et al. 2016)). The compound is limited
unfortunately by its poor brain penetration. A number of
approaches could overcome this problem by stimulating
endogenous oxytocin release or modulating oxytocin activ-
ity. One such example is the family of melanocyte-
stimulating hormones (MSH) consisting of peptides includ-
ing «-MSH, 3-MSH, and y-MSH that are produced in the
cells of the pars intermedia of the anterior lobe of the pitu-
itary gland. Preclinical studies have indicated important
roles in the regulation of food intake and metabolism, how-
ever, there is also evidence of involvement in social cogni-
tion, e.g. social bonding in animals, via interactions with
oxytocin (Kirsch et al. 2005). A comprehensive investiga-
tion of the psychopharmacological properties of
melanocortin 4 receptor agonists has conclusively demon-
strated the ability of the compounds melanotan I, melanotan
IT and PF446687 to enhance partner preference formation in
the monogamous prairie vole but not in the non-
monogamous meadow vole, effects that were blocked by
central administration of an oxytocin receptor antagonist.
Melanotan II also activated hypothalamic oxytocinergic
neurons and potentiated oxytocin release (Modi et al.
2015). Sadly lacking in these studies for definitive evidence
ofthe role of oxytocin has been the lack of availability of the
brain penetrant oxytocin receptor antagonist L-368,899 for
clinical mechanistic investigation (Boccia et al. 2007).

Vagal stimulation has also recently been proved an effec-
tive anti-depressant treatment in treatment-resistant cases
(Ondicova et al. 2010). Its mechanism of action is currently
unknown although in rodents it can stimulate the release of
neuropeptides such as oxytocin (Stock and Uvnas-Moberg
1988) and BDNF, and has anti-inflammatory properties,
possibly also mediated by oxytocin (Clodi et al. 2008).
This finding might also be considered to support principle
5. The glycine site NMDA partial agonist Glyx13
(rapastinel) has also demonstrated antidepressant activity
preclinically and upregulates BDNF (Kato and Duman
2020), and was recently approved for trials in major depres-
sive disorder by the FDA. It is without risk of the major side
effects seen with ketamine but failed to meet its clinical
endpoint. The FDA has also recently approved a clinical trial
of psilocybin for treatment-resistant depression (Kargbo
2020). Thus, there are now exciting new ideas for
treatment-resistant depression, although their mechanisms
are not yet well established.
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Indication discovery and drug repurposing

Some opportunities have been missed for detecting alternative
applications of molecules with well-specified modes of action
that have not, however, met their primary targets (Kleber
2007). There are many examples of CNS compounds that
have been discarded because they failed in clinical trials for
a particular indication, when in fact they may have been more
productively tried in alternative disorders. To increase the
chances of identifying existing drugs that can be beneficial
for psychiatric disorders, a systematic search has been recom-
mended (Nutt 2014).The RDoC approach should facilitate this
process of “indication discovery” by effectively screening the
functional properties of compounds across the domains of
psychopathology.

Some relevant examples of drug repurposing are provid-
ed in the case of alcohol use disorders. A high proportion of
violent acts are committed under the influence of alcohol.
Aggressive behaviour can also be primed in the mouse by
exposure to alcohol (De Almeida et al. 2001). In findings
that are consistent with our knowledge of the relationship
between serotonin and aggression (Pihl and Lemarquand
1998), this impact of alcohol can be ameliorated by treat-
ment with the 5-HT, g/ p receptor agonist zolmitriptan, an
approved anti-migraine drug. However, these findings have
seemingly been overlooked despite the consistency of ro-
dent and human data (Gowin et al. 2010). Similarly
overlooked has been the positive outcome of a meta-
analysis into the ability of LSD to treat alcoholism in six
trials involving 536 participants (Krebs and Johansen
2012). There was striking evidence of a beneficial effect
(p <0.0003) on alcohol misuse. Hopefully a more rational
attitude and approach to the therapeutic benefits of sched-
uled agents like LSD will result in their therapeutic potential
being realised as it might for psilocybin in treatment-
resistant depression (Carhart-Harris et al. 2016).

The current opioid crisis in both the UK and the USA has
resulted in many deaths, mostly due to suppression of respi-
ration. The treatment of choice is the opioid antagonist nalox-
one although that usually precipitates intense withdrawal
symptoms and the reinstatement of pain (Kleber 2007). Yet,
it is known that opiate-induced respiratory depression can be
overcome without loss of analgesia by activation of 5-HT,
receptors which are expressed on the pre-Botzinger complex
and do not influence opioid receptors because 5-HT, receptors
are not expressed in pain processing regions (Manzke et al.
2003; Meyer et al. 2006). The compound zacopride, a 5-HT;
receptor antagonist, also possesses significant agonist activity
at 5-HT, receptors and reverses opioid-induced respiratory
depression in animal studies (Meyer et al. 2006). 5-HT 4 re-
ceptor stimulation exerts similar effects, and the 5-HT 5 ago-
nist sarizotan has orphan drug status for relieving respiratory
depression in the rare disease, Rett syndrome (BioSpace
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2015). Clinical studies of such agents in opiate-induced respi-
ratory depression would seem long overdue.

Ethical considerations

The steps we propose to encourage reinvestment in psychiat-
ric drug discovery are based largely on better scientific knowl-
edge of underlying neuronal circuitry, improved validation of
animal tests and greater attention to their reproducibility and
robustness. These principles are entirely consistent with the
application of the 3Rs (replacement, reduction and refinement
of animal research). Principle 7, which outlines the impor-
tance of reproducibility, will need the sympathy of funders
to make allowance for increased resources for the repetition
of experiments, particularly if carried out in independent lab-
oratories. However, failure to do so merely adds to the large
body of poorly carried out and poorly reported work which
delays scientific advance and is ethically indefensible.

Whatever the legislative backing for the 3Rs, neuroscien-
tists should nevertheless acknowledge and accept their ethical
responsibility to ensure that animals do not suffer unnecessar-
ily and that their use contributes meaningfully to the advance-
ment of medicine. This means that the use of any experimental
procedure must be considered in the light of alternatives, both
animal and non-animal, and justified through a rigorous con-
sideration of the balance of likely benefits and realistic harms.
It is not only the pharmaceutical industry where faith in pre-
clinical psychopharmacology needs to be restored but also
society in general, whose acceptance of animal research is
contingent on the minimisation of harm and belief in its ne-
cessity. We are aware that the change in approach we recom-
mend here will be unfamiliar to society, whose expectation
would be that animal models recapitulate in their entirety the
current definitions of mental disorder. It is therefore incum-
bent on us, the scientists, to exercise our public engagement
responsibilities and so ensure society understands the ad-
vances in neuroscience that will ultimately result in new
medicines.

Summary

We conclude by giving an example in Fig. 2 of how the eight
principles might be applied in a specific example—cognitive
deficits in schizophrenia.

In order to enhance target validation and make clinical
“proof of concept” investigations easier, investigators
should use these principles to ensure that behavioural assays
used to quantify drug effects are tapping translationally rel-
evant brain circuitry. Concomitant determination of physi-
ological measures of neuronal activation in behaving ani-
mals not only confirms the translational validity of the tasks



Psychopharmacology (2021) 238:1417-1436

1431

Fig. 2 Schematic diagram to
illustrate how in practice the 8

The 8 Principles; How they work in Practice

4,5 Generate molecules to affect PFC-

principles (identified by digits),
applied in the sequence identified
by arrows, might enhance CNS
drug discovery, in the case of a

1. Schizophrenia; cognitive
deficits in working memory
associated with prefrontal-
hippocampal network deficit.
Target glutamatergic deficit

hippocampal circuitry via medicinal
chemistry. mGLUR5- PAM. 5-HT7-R
antagonists. Pharmacological analysis

specific example, drugs to
enhance cognition in
schizophrenia. See legend to Fig.
1 for further description. Not all
medications would necessarily
require deployment of all 8
principles

2,6. System neuroscience
generates trans-species task to
test animal and human
phenotype - e.g. spatial working
memory related to PFC-
hippocampal circuitry; glutamate
modulation

7. Target
validation
via PET

2,3,6. Test molecule in relevant and o
perturbations in animals and in » "?p!'OdUC'tﬂ“W
experimental studies in humans; via Indu§tr|a|/
healthy volunteers and first episode .academ{c/
patients with schizophrenia using international;

comparable behavioural tests. collaboration
- Complement with fMRI to check PFC-

hippocampal action '

3. Disease-relevant perturbations;
Deletion of chromosome q22;
chronic PCP/ketamine; neonatal
MAM. Rearing in social isolation.

of animal model of Phase 2/3
trials. Consider repurposing for

l 8. Feedback findings to validation

but also allows the rehearsal of clinical proof of concept
studies pre-clinically when carried out in conjunction with
baseline manipulations that disturb the circuitry in a
disease-relevant manner to maximise the commonality be-
tween preclinical and clinical testing.

Urgent unmet clinical needs necessitate renewed invest-
ment by pharma and/or government agencies, and pharma is
urged to reconsider its stance as the only viable route to pro-
vide new pharmacological agents and treatment options. The
pharma industry and patient advocates are encouraged to work
together to deliver on patient needs, and in the process, benefit
their own organizations in a win-win scenario. Industry and
other stakeholders have an opportunity to take into account
the learning and reflection to find a path to successful psychi-
atric drug discovery and development to meet impending
global mental crisis in the time of the coronavirus.
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