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Abstract

Cognitive impairments associated with schizophrenia (CIAS) represent a central element of the symptomatology of this
severe mental disorder. CIAS substantially determine the disease prognosis and hardly, if at all, respond to treatment
with currently available antipsychotics. Remarkably, all drugs presently approved for the treatment of schizophrenia are,
to varying degrees, dopamine D,/D5 receptor blockers. In turn, rapidly growing evidence suggests the immense signifi-
cance of systems other than the dopaminergic system in the genesis of CIAS. Accordingly, current efforts addressing the
unmet needs of patients with schizophrenia are primarily based on interventions in other non-dopaminergic systems. In
this review article, we provide a brief overview of the available evidence on the importance of specific systems in the
development of CIAS. In addition, we describe the promising targets for the development of new drugs that have been
used so far. In doing so, we present the most important candidates that have been investigated in the field of the specific
systems in recent years and present a summary of the results available at the time of drafting this review (May 2022), as

well as the currently ongoing studies.

1 Introduction

Schizophrenia is regarded as one of the most serious of
all psychiatric disorders [1], with a uniform lifetime risk
of about 1% worldwide [2]. Considering broader diagnos-
tic criteria, the lifetime rate of schizophrenia and related
categories is even higher, with a range between 2 and 3%
[3]. Thereby, life expectancy in schizophrenia is reduced
by 13-15 years [4] and some reliable estimates suggest a
suicide rate of around 5% [5].

Like most psychiatric disorders, schizophrenia is a syn-
dromic concept. The diagnosis is made clinically, based on
symptoms, examination of the mental state, and the use of
operational criteria as defined by the Diagnostic and Sta-
tistical Manual of Mental Disorders, Fifth Edition [6] or
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the International Classification of Diseases [7]. Both clas-
sifications assign schizophrenia to the spectrum of psy-
chotic disorders, mainly pointing out positive and negative
symptoms of the disease [8]. The statement that cognitive
deficites were recognized as a central component of schizo-
phrenia since the early days of modern psychiatry, as seen
in the texts of Kraepelin and Bleuler originates from the
publication Elvevag et al. [9]. Extensive scientific evidence
has since supported the major role of cognitive impairments
associated with schizophrenia (CIAS), particularly as they
contribute significantly to the disability of affected individu-
als and are generally highly resistant to the available therapy
options [10].

Thereby, the scope of the CIAS is wide ranging. The
Measurement and Treatment Research to Improve Cogni-
tion in Schizophrenia (MATRICS) initiative [11] defined
the following seven cognitive domains mainly impaired in
schizophrenia: speed of processing, attention-vigilance,
working memory, verbal learning, visual learning, reasoning
and problem solving, and social cognition [12—14]. Large
studies indicate that cognitive performance in patients with
schizophrenia is one to two standard deviations lower than
in age-matched control subjects [15]. Mostly normal cogni-
tive profiles have been reported only in a small proportion
of patients with schizophrenia, but even they perform below
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Current efforts to address cognitive impairments associ-
ated with schizophrenia are primarily based on interven-
tions in non-dopaminergic systems.

Among the numerous compounds currently under
investigation, the development of the selective glycine
transporter inhibitor BI 425809 and the TAAR1 agonist
ulotaront (SEP-363856) is the most advanced. Both
compounds have been granted a breakthrough therapy
designation by the US Food and Drug Administration.

Other substances in advanced stages of development are
the combined muscarinergic agonist/antagonist formula-
tion KarXT, the serotonin SHT,, receptor antagonists
roluperidone (MIN-101) and pimavanserin, the selec-
tive 5-HT receptor antagonist AVN-211 as well as the
dopamine-serotonin system stabilizer RP5063 (brilaroxa-
zine).

Finally, the large phenotypic heterogeneity of the schizo-
phrenia symptomatology implies an associated high
neurobiological diversity that can only be adequately
addressed by individualized treatment approaches.

the expectations that would result from their family’s level
of education [16] and show weaknesses in information pro-
cessing speed [17].

Cognitive impairments are detectable in all stages of
schizophrenia and prior to the onset of psychosis [18, 19],
as well as in subjects with an increased familial or clinical
risk [20]. They represent an essential predictive factor of
functional outcome in terms of social, occupational, living
status [21-25], medication adherence, and ability to self-
manage medication [26-28], as well as relapse prevention
[29]. Additionally, the global neurocognition is strongly
interconnected with social cognition, which is tightly linked
with real-life functioning [30, 31].

1.1 Neurobiological Basis of CIAS

Current understanding of the neurobiological basis of CIAS
includes extensive, albeit multifaceted, evidence. Several
studies reported an association between CIAS and corti-
cal thickness in different brain regions [32, 33], with most
robust findings within the fronto-temporal regions, which
are generally known to be mainly involved in cognition [34]
and thereby not directly linked to overall symptom sever-
ity [35]. Moreover, successful cognitive performance also
requests a synergistic interaction with reward circuits, in
which dysfunctions have also been shown in schizophrenia
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[34]. Furthermore, CIAS are associated with abnormali-
ties of functional connectivity within and between regions
comprising the cortico-cerebellar-striatal-thalamic loop and
the task-positive and task-negative cortical networks [36].
Additionally, individuals with poor social and neurocogni-
tive performance could be differentiated from those with
normal performance by greater resting-state connectivity in
the mirror neuron and mentalizing systems [37].

In the multifactorial context, the interaction between
genetic and environmental factors is a central element of
the etiology of schizophrenia [38], while numerous genes
are also known to be associated with CIAS. Most of them
encode proteins that participate in neurotransmission [38]
and/or are involved in the modulation of various neuro-
circuitry as well as synaptogenesis and neuroplasticity [39].

From a neurochemical perspective, which is crucial when
it concerns the development of new medications, CIAS has
been linked to imbalances in neurotransmitters such as gluta-
mate, gamma-aminobutyric acid (GABA), dopamine, acetyl-
choline, and histamine [40]. Accordingly, several promising
categories of substances targeting those systems have been
identified for further drug development, including nicotinic
partial agonists, muscarinic agonists, glutamate enhancer,
GABA-A partial agonists, GABA-B antagonists, serotonin
(5HT) antagonists, histamine agonists, and phosphodies-
terase inhibitors [41]. In recent years, several additional
mechanisms have also been addressed, including neuropep-
tides, immunomodulatory and anti-inflammatory agents, and
genetic-based approaches [42, 43].

2 Current Approaches for the Treatment
of CIAS

Currently, the treatment of schizophrenia relies primary on
antipsychotics, whose effectiveness in mitigating the positive
symptoms is undisputed [44]. Thereby, antipsychotics seem
to be much less effective against CIAS. Some earlier studies
and meta-analyses attributed certain pro-cognitive superi-
ority to the second-generation antipsychotics as compared
with treatment with first-generation antipsychotics [45-47],
but this view has been gravely questioned by the results of
the CATIE [48] and EUFEST [49] studies and refuted by
some other meta-analyses [50, 51]. Nevertheless, a large
meta-analysis that included 54 randomized double-blinded
trials enrolling 5866 patients and 14 drugs reported a cer-
tain advantage for individual substances in specific cognitive
domains without finding overall superiority [51]. It should
be mentioned here that some recently approved antipsychot-
ics were not included in this meta-analysis.

Cariprazine is a potent dopamine D;- and D,-receptor
partial agonist [52, 53] that received approval from the US
Food and Drug Administration (FDA) for the treatment of
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schizophrenia in September 2015. Currently available data
indicate a potentially pro-cognitive effect of cariprazine [54]
that may be attributed to the preferential D, receptor affinity
[55].

The most recently approved innovative antipsychotic
lumateperone acts as a potent 5-HT,, receptor antagonist, a
D,-receptor presynaptic partial agonist, and a post-synaptic
antagonist, as well as a D,-receptor-dependent modulator
of glutamate and a serotonin reuptake inhibitor [56, 57].
Data from the few available studies suggest that lumateper-
one is not only effective for positive and negative symptoms
but also for CIAS [58]. However, similar to cariprazine, the
evidence base for the pro-cognitive effects is currently too
small to make a reliable assessment. Consequently, further,
and manufacturer-independent investigations are required.
Summing up, despite indications that some pharmacological
treatments may be beneficial in various cognitive domains,
there is currently no specific drug for CIAS that has been
approved by any regulatory agency worldwide [59].

3 New Psychopharmacological Approaches
for the Treatment of CIAS

In the following sections, we first provide a brief overview
of the available evidence on the importance of specific sys-
tems in the development of CIAS. In addition, we describe
the targets for the development of new drugs that have been
used so far. In doing so, we present the most important can-
didates that have been investigated in the field of the specific
systems in recent years and present a summary of the results
available at the time of drafting this review (May 2022),
as well as the currently ongoing studies. All contents are
briefly summarized in Table 1. For the overview of ongoing
studies with specific substances, entries in the most well-
known register of clinical studies, ClinicalTrials.gov (https://
clinicaltrials.gov), were searched, and the announcements
of the companies developing the specific substances were
also reviewed.

4 The Glutamatergic System

The involvement of the glutamatergic neurotransmission in
the etiology and pathophysiology of schizophrenia is sup-
ported by a growing body of evidence at several levels [60].
The first related intervention was documented more than
seven decades ago with encouraging results after the use
of glutamic acid for the treatment of catatonic symptoms
[61]. However, comprehensive evidence suggests that the
symptoms of schizophrenia are not simply a consequence of
a glutamate deficit. Currently, the central role of glutamater-
gic disbalance and the hypofunction of the glutamatergic

N-methyl-p-aspartate receptors (NMDA-Rs) are acknowl-
edged as the key factors [62].

In general, glutamate is the major excitatory neurotrans-
mitter in the brain, with glutamatergic neurons utilizing
between 60 and 80% of total brain metabolic activity [63].
Glutamatergic neurotransmission occurs through two classes
of receptors, metabotropic glutamate receptors (mGluRs)
and ionotropic glutamate receptors. Metabotropic glutamate
receptors are members of the G-protein-coupled receptor
superfamily classified into three groups (I, II, and III) and
differentiated into eight different receptor types [64]. Iono-
tropic glutamate receptors are named after the agonists origi-
nally found to selectively activate them: a-amino-3-hydroxy-
5-methyl-4-isoazolepropionic acid (AMPA), kainate, and
N-methyl-p-aspartate (NMDA) [65]. The stated complexity
of glutamatergic neurotransmission implies a large number
of presynaptic, postsynaptic, and regulatory proteins that
represent suitable targets for drug development [66, 67].

4.1 Targeting the NMDA-Rs

N-methyl-D-aspartate receptors are glutamate-gated cation
channels that play a vital role in synaptic transmission, neu-
roplasticity, and cognitive functions [68]. The application
of non-competitive NMDA-R antagonists (as phencyclidine
or ketamine) induces symptoms comparable with positive,
negative, and cognitive symptoms in schizophrenia [69-71].
Thereby, it is likely that the downstream availability of glu-
tamate increases owing to the involvement of GABAergic
interneurons and the activation of AMPA receptors (AMPA-
Rs) [62, 72].

The NMDA-R is a heterotetrametric complex composed
of seven possible subunits: GluN1, GluN2A-GIluN2D, and
GluN3A-GIluN3B3 [73]. Uniquely amongst ligand-gated ion
channels, it requires two obligatory co-agonists, binding at
the glutamate-binding site (GIuN2) and the glycine-binding
sites (GIuN1 or GluN3) [65, 74]. N-Methyl-p-aspartate
receptors can also be allosterically modulated by various
other substances [75] acting as positive negative allosteric
modulators (PAMs) or negative allosteric modulators. Posi-
tive allosteric modulators cause an increase of the response
and negative allosteric modulators cause a decrease of the
response elicited by the endogenous ligands acting at the
orthosteric sites [76]. Additionally, the NMDA-R is redox
sensitive, and its activity may be potentiated by glutathione,
which is a major antioxidant and redox regulator that pro-
tects cells against oxidative stress [77]. Thus, a glutathione
deficit is found to be related to an NMDA-R hypofunction
and synaptic plasticity impairment [78]. The complex bind-
ing properties of the NMDA-R enable several different
approaches in order to modulate the glutamatergic neuro-
transmission, which will be presented below.
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4.1.1 Interventions on the Glycine Modulatory Site

Glycine binding on the glycine modulatory site is necessary
for NMDA-R activation [79] and for the opening of the chan-
nel subunit once the receptor has been activated by a glu-
tamatergic agonist [80]. Apart from glycine, other b-amino
acids such as p-serine, D-cycloserine, and p-aspartate also
exhibit co-activator properties [81]. The use of these co-
agonists to enhance the NMDA-R-mediated neurotransmis-
sion and improve negative symptoms and CIAS [82] has so
far produced mixed results [83, 84] as summarized in two
comprehensive reviews, which yielded a negative overall
evaluation [68, 85]. However, it is worth mentioning that
the negative results tend to come from studies with lower
doses, while studies with a higher dosage of p-serine (60 mg/
kg [~4 g/day]) showed beneficial effects on some cognitive
parameters and neuroplasticity [86, 87].

The search for ongoing studies at ClinicalTrials.gov
revealed solely two active entries with D-serine. The first
study (NCT04140773) examines the effects of a high dose of
D-serine (2 g/day) on CIAS in early stages of disease, while
in the second study (NCT05046353), p-serine (120 mg/kg)
will be administered in addition to a cognitive remediation
program along with a stabile antipsychotic.

4.1.2 Glycine Reuptake Inhibitors

One other promising mechanism to enhance NMDA-R func-
tion is to increase the availability of the necessary co-agonist
glycine (or p-serine) through the inhibition of glycine reup-
take from the synapse. Two plasma membrane transporters
for glycine have been identified. Thereby, the glycine trans-
porter type 1 (GlyT-1) is widely distributed throughout the
brain [88] and thus a potential target for the development of
new therapeutic agents.

One of the first compounds that gained large attention was
sarcosine (N-methylglycine), a non-selective inhibitor of gly-
cine transport [89] and a NMDA-R glycine site co-agonist
[90]. Clinical trials with sarcosine revealed partly conflict-
ing results. Two comprehensive meta-analyses confirmed
positive effects of sarcosine combined with first-generation
antipsychotics and second-generation antipsychotics (with
the exception of clozapine) on clinical symptoms overall,
but not on cognitive functions [91, 92].

Bitopertin, a potent selective GlyT-1 inhibitor, showed
antipsychotic-like activity in modulating both glutamater-
gic and dopaminergic neurotransmission in animal models
[93]. In humans, bitopertin significantly reduced negative
symptoms in a phase II proof-of-concept trial, but its effects
on cognition were negative [94]. An absence of significant
effects on cognition was also found in three subsequent
phase III trials conducted over 24 weeks [95].
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After promising phase I results with BI 425809, a potent
selective GlyT-1 inhibitor [96], a large multicentric phase II
study (sponsored by Boehringer Ingelheim) was launched in
2019 (NCT03859973) [97]. This still ongoing study inves-
tigates the benefit of combining BI 425809 with adjunctive
computerized cognitive training over 12 weeks treatment
in patients with schizophrenia. In the meantime, the results
from one other phase II, randomized, double-blind, placebo-
controlled, parallel-group trial were published, showing BI
425809 (dosages of 10 and 25 mg) to have a statistically
significant benefit over placebo in terms of cognition dur-
ing 12 weeks of treatment [98]. In May 2021, the company
announced that the FDA has granted BI 425809 a break-
through therapy designation for the treatment of CIAS [99].
With this status, the substance is eligible for intensive guid-
ance from the FDA on the drug development program and
priority review [100]. The company also announced the ini-
tiation of the CONNEX trial program, consisting of three
phase III clinical trials (NCT04846868, NCT04846881, and
NCT04860830) with 586 patients in each study. The esti-
mated completion date of all three trials is May 2024. One
additional study is designed as a follow-up for the CONNEX
program (NCTO05211947) to examine the long-term safety
of BI 425809 once daily during 1 year.

One further GlyT-1 inhibitor, PF-03463275 [101],
showed positive effects on cognition in an animal model
[102]. Results from a study in healthy controls and in
patients with schizophrenia indicated an increase in neu-
roplastic capacity during cognitive remediation and other
rehabilitative treatment [101]. One active, but not recruit-
ing, phase II study with PF-03463275 was also found on
ClinicalTrials.gov (NCT01911676). However, the substance
was not listed in the Pfizer pipeline released in February
2022 [103].

4.1.3 Indirect Modulation of NMDA-R Function
by Reducing the p-Serine Metabolism

One of the main regulators of the cellular p-serine level and
release is the flavoenzyme p-amino acid oxidase (DAO),
which thus has the potential to modulate the function of
NMDA-Rs and to contribute to their hypofunction in schizo-
phrenia [104]. Increased DAO activity leads to decreased
D-serine levels, which may subsequently lead to NMDA-R
hypofunction [68]. Accordingly, at least two DAO inhibi-
tors are in advanced clinical investigation as potential novel
drugs for schizophrenia treatment, including sodium benzo-
ate and TAK-831.

The add-on of sodium benzoate (which is widely used as
a preservative and a food pickling agent) showed beneficial
effects on neurocognition, positive and negative symptoms
in patients with chronic schizophrenia [105] as well as on
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quality of life [106]. In addition, adjunctive treatment with
the combination of sodium benzoate (1g/day) plus sarcosine
(2 g/day), but not sarcosine alone, improved the Positive
and Negative Syndrome Scale (PANSS) total score, PANSS-
positive score, and quality of life in patients with schizophre-
nia without positive effects on cogitation [107]. However,
adjunctive use of benzoate in early psychosis did not reveal
significant differences in any subscales of the PANSS or any
secondary measures [108].

ClinicalTrials.gov lists two actively regrouting phase II/
III studies [sponsored by SyneuRx International (Taiwan)
Corp.] evaluating the safety and efficacy of sodium benzoate
for schizophrenia in adolescents (NCT01908192; estimated
completion June 2023) and as an add-on therapy with clo-
zapine for residual symptoms of refractory schizophrenia in
adults (NCT03094429; estimated completion June 2026).
One further study (Australian New Zealand Clinical Trials
Registry ACTRN12621000327886) investigates the optimal
dosing in treatment-refractory schizophrenia. In this study,
the participants will receive dosages between 1 and 4 g/day
[109]. Concerning safety issues, the authors point out that
sodium benzoate was classified as ‘Generally Recognized As
Safe’ by the FDA and allowed in a concentration up to 1% in
medicines [110]. Further, the joint committee by the Food
and Agriculture Organization of the United Nations and the
World Health Organization has suggested an acceptable
daily intake up to 5 mg/kg of body weight [111], reporting
that on a daily intake of 250-500 mg/kg body weight clinical
signs of toxicity are rare.

Interestingly, in one other study involving patients with
behavioral and psychological symptoms of dementia, it was
shown that following 6 weeks of treatment with 250-1500
mg/day of sodium benzoate the effects on cognitive perfor-
mance significantly surpassed the placebo in women but not
in men [112]. There are no studies so far that would report
such sex differences in schizophrenia.

The second most promising selective inhibitor of DAQO is
TAK-831 (or Luvadaxistat), currently under development by
Neurocrine Biosciences and Takeda Pharmaceutical Com-
pany Limited for the treatment of Friedreich’s ataxia and
cerebellar ataxia and as an adjunctive therapy for cogni-
tive impairment and negative symptoms of schizophrenia.
The (preliminary) results of the study NCT03382639 with
228 participants provided as an conference abstract [113]
reported cognitive improvements with luvadaxistat 50 mg
versus placebo but not with luvadaxistat 125 mg or 500 mg
[113]. A ClinicalTrials.gov search conducted in May 2022
revealed one ongoing phase II study (NCT05182476) with
luvadaxistat that will involve 308 patients until February
2024.

4.1.4 PAMs of the NMDA-Rs

In recent years, a number of direct PAMs or negative allos-
teric modulators at several newly recognized binding sites of
NMDA-Rs have been identified [114]. Their main advantage
is a greater subtype selectivity [74]. However, there are cur-
rently only a few reports on their clinical use.

To date, the most studied substance from this group
is CAD-9303. Cadent Therapeutics (now part of
Novartis [115]) started a phase I study in February 2020
(NCTO04306146) in a cohort of 103 participants (healthy
controls and patients with schizophrenia). The aim of the
study includes an assessment of the effects on sensory and
cognitive functions. According to the last available update
(December 2021), the overall study status is completed, but
results are yet to be posted.

4.1.5 Targeting the Redox/Glutathione-Sensitive Site
of the NMDA-R

In addition to the glycine modulatory site, the NMDA-R
contains a well-characterized redox/glutathione sensitive site
that is modulated by the oxidized form of glutathione [116].
Decreased glutathione levels have been reported in patients
with schizophrenia in cerebrospinal fluid, the prefrontal cor-
tex [117], and the caudate region (post-mortem) [118], as
well as in spectroscopic investigations [119]. Further find-
ings also suggest a link between decreased glutathione levels
and cognitive impairment [120].

A large body of evidence indicates that agents able to
improve glutathione levels also ameliorate the effects of oxi-
dative stress in various preclinical models of schizophre-
nia [121]. Accordingly, the glutathione precursor N-ace-
tylcysteine (NAC) is particularly associated with putative
neuroprotective properties that act against neurotoxic effects
of the disease processes in psychotic disorders [122]. Sig-
nificant pro-cognitive effects of NAC have been reported
in a comprehensive systematic review [123] and a meta-
analysis [124]. Regarding the ongoing research with NAC,
ClinicalTrials.gov lists four active entries: NCT02505477,
NCT03149107, and NCTO05142735 (investigating effects
of NAC on psychosis-like symptoms and cognition in
persons with a clinical high risk for schizophrenia), and
NCTO04013555 (examines the pro-cognitive effects of NAC
combined with tryptophan).

4.1.6 NMDA-R Antagonism
Abnormally high extracellular levels of glutamate have the

potential to induce neuronal dysfunction and degeneration
[125]. This process is referred to as excitotoxicity [126]. In
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schizophrenia, the disruption in glutamatergic signaling may
result in an excitotoxic effect secondary to excessive stimula-
tion of non-NMDA glutamate receptors (i.e., AMPA-R and
kainate) [127]. Additionally, preclinical data suggest that
an excitotoxic effect may occur as a result of a paradoxi-
cal increase in glutamatergic activity following NMDA-R
hypofunction [128]. Thus, a number of approaches that aim
to reduce this glutamatergic overactivity have been investi-
gated in recent decades.

The question of a possible benefit of concomitant
off-label treatment with memantine, a non-competitive
NMDA-R antagonist approved for the treatment of moder-
ate-to-severe Alzheimer’s disease [129], has so far yielded
different, sometimes contradictory results. However, two
meta-analyses reported adjunctive therapy with memantine
to have a beneficial effect, mainly on negative symptoms, but
also on neurocognitive functions [130, 131]. ClinicalTrials.
gov lists three active studies investigating the pro-cogni-
tive effect of memantine in schizophrenia: NCT04857983
(memantine augmentation of targeted cognitive training in
schizophrenia), NCT03860597, and NCT04789915.

Another interesting modulation approach at the NMDA-
R is the combination of deuterated (d6)-dextromethorphan
hydrobromide (an uncompetitive NMDA-R antagonist) and
ultra-low-dose quinidine sulfate (increases the dextrometho-
rphan concentration by cytochrome P450 2D6 inhibition),
which is currently being investigated under the name AVP-
786 [132]. This oral formulation appears to be a promising
treatment option for Alzheimer’s disease, particularly for
agitation [133]. ClinicalTrials.org lists two phase II stud-
ies designed by Avanir Pharmaceuticals to investigate the
effects of AVP-786 on negative symptoms in schizophrenia
(NCT02477670 and NCT03896945). The first study has
been completed. The results regarding the cognitive meas-
ures state a nonsignificant trend-like group difference in the
mixed-model analysis (p = 0.074). No further details are
given.

4.2 Targeting the AMPA-R

The ionotropic post-synaptic AMPA-Rs are broadly
expressed throughout the brain and mediate the majority
of the fast excitatory synaptic transmission [134]. Numer-
ous investigations indicate that the modulation of AMPA-R
function could be crucial for the short-term and long-term
modification of synaptic efficacy and thus for synaptic plas-
ticity [135]. A class of compounds that bind to an allosteric
site on the AMPA-Rs to prevent a receptor deactivation are
known as allosteric potentiators of AMPA-Rs or AMPAKi-
nes [136]. AMPAKkines have been shown to alleviate cog-
nitive deficits in animal models of schizophrenia [137]. In
this regard, several PAMs of AMPA-Rs are currently under
development by Cortex Pharmaceuticals (CX516, CX614,
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CX691, also known as ORG24448 and farampator, CX717,
CX1739), Eli Lilly (LY451395), Organon (ORG26576),
Pfizer (PF-04958242), Servier (S18986 and S47445), GSK
(GSK729327), and Takeda (TAK-137, TAK-653) and have
entered clinical studies. However, up to now, none has
achieved regulatory approval [138].

The most advanced investigations concern BIIB104
(PF-04958242), which was shown to significantly reduce
ketamine-induced impairments in immediate recall and
the 2-Back and spatial working memory tasks without sig-
nificantly attenuating ketamine-induced psychotomimetic
effects in 29 healthy male subjects [139]. Three other phase
I studies were conducted by Biogen to evaluate the safety
of BIIB104 as well as one phase II trial to evaluate the effi-
cacy in subjects with CIAS (NCT03745820). In April 2022,
all studies were announced as completed, the presentation
of the results is still awaited. The second most promising
AMPAkine CX-516 has been shown to have beneficial
effects on memory and attention in patients treated with
clozapine [140] in a pilot trial but the results in a later larger
study were negative [141].

4.3 Targeting mGluRs

Metabotropic glutamate receptors are G-protein-coupled
receptors with eight subtypes grouped in three classes: group
I (mGlIuR-1, mGluR-5), group II (mGluR-2, mGluR-3), and
group III (mGluR-4, mGluR-6, mGluR-7, and mGluR-8)
[64]. In the context of drug discovery efforts, several allos-
teric modulators that target subtypes within each of the
three groups have been investigated as potential drugs for
the treatment of positive, negative, and cognitive symptoms
associated with schizophrenia [142]. Preclinical studies have
so far yielded numerous promising substances from these
categories, most of which have yet to be tested for clinical
applicability.

From group I, mGluR-5 has been considered an appealing
therapeutic target because of its interaction with NMDA-Rs
through structural and functional connections [143, 144].
Positive allosteric modulators of mGluR-5 have been shown
to enhance long-term plasticity in the hippocampus and
have pro-cognitive and antipsychotic-like effects in differ-
ent animal models [145, 146]. However, the clinical transfer
of these promising results has been thwarted by preclinical
toxicology issues, possibly related to excessive NMDA-R
activation [147].

The presynaptic mGluR-2,3 (group II) are prominently
expressed in limbic brain regions and are crucial for the reg-
ulation of the excessive glutamate release [148]. Activation
of mGIuR group II by orthosteric agonists has been shown
to enhance the function of NMDA-Rs [149] and regulate
the long-term potentiation and depression in the prefrontal
cortex and the hippocampus [150, 151]. Following positive
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preclinical studies with mGluR-2 PAMs [152], the first
promising substance from this category that reached clini-
cal trials was pomaglumetad methionil (LY2140023 mono-
hydrate, a prodrug of the mGIuR-2/3 agonist, LY404039),
developed by Eli Lilly and Company. Despite an earlier
study showing positive effects [153], the substance did not
significantly improve symptoms of schizophrenia compared
to a placebo [154—156], which led to the cessation of the
LY2140023 drug development program. However, an addi-
tional explorative analysis revealed higher efficacy in certain
populations, including early-in-disease patients [157]. In a
later study, Mehta and colleagues reported a reduction in the
ketamine-evoked, blood-oxygen-level-dependent, magnetic
resonance imaging signal relative to a placebo in healthy
controls treated with LY2140023, as well as with the ala-
nine prodrug of the selective orthosteric mGluR-2 agonist
2812223 [158].

With regard to the mGluR-2 selective PAMs, to date, two
substances have progressed to clinical trials: INJ40411813/
ADX71149 and AZD8529 [159]. A generally good toler-
ability of INJ40411813/ADX71149 has been demonstrated
in two randomized, double-blind, phase I studies [160].
JNJ40411813 was shown to reduce the increase in positive
and negative symptom scores induced by a low dose of (S)-
ketamine and had a trend towards a reduction in cognitive
deficits in attention and episodic memory precipitated by
smoking withdrawal in a subpopulation of healthy volun-
teers. However, statistical significance was not obtained
[160]. Currently, ClinicalTrial.Gov lists one ongoing study
with JNJ40411813, which focuses on the treatment of epi-
lepsy rather than schizophrenia (NCT04836559).

The second substance, AZD8529 (developed by Astra-
Zeneca), did not improve symptoms in schizophrenia in
a proof-of-principle study [161] either. However, in one
later study, despite not producing significant group-average
effects on symptoms or cognitive accuracy, AZD8529 was
shown to increase activation in task-activated fronto-striatal
regions, leading the authors to conclude that the substance
may be beneficial for an important subset of individuals with
schizophrenia [152].

With respect to mGluR-3, some investigations indicate
their neuroprotective effects [162]; thus, the hypothesis has
emerged that enhancement of mGluR-3 signaling may pro-
vide pro-cognitive benefits in addition to ameliorating some
of the neuroinflammatory pathology seen in schizophrenia
[159, 163]. Nevertheless, none of the preclinical substances
investigated seem to have achieved the level of a clinical
trial so far.

Concerning the mGluR group III, preclinical studies sug-
gest that mGluR-4, mGluR-7, and mGluR-8 may be poten-
tial targets to normalize glutamatergic tone within the brain
in patients with schizophrenia [64]. However, the research

regarding these receptors is still in its early stages, and clini-
cal studies are yet to be conducted [164].

5 The Cholinergic System

Central cholinergic dysfunction has long been associated
with schizophrenia, making the cholinergic system an inter-
esting target for the development of new drugs [41]. The
investigated approaches include acetylcholinesterase inhibi-
tors, muscarinic agonists, and agonists and potentiators of
nicotinic receptors.

5.1 AChE-Is

To date, three acetylcholinesterase inhibitors (AChE-Is)
[donepezil, rivastigmine, and galantamine] have been
approved for the symptomatic treatment of mild-to-moderate
Alzheimer's disease [165]. The main acting mechanism of
AChE-I includes the inhibition of the enzyme acetylcho-
linesterase, which consecutively results in a reduced degra-
dation and in an increased level and duration of action of the
neurotransmitter acetylcholine [166].

A comprehensive base of evidence proves that cholin-
ergic projections to the cortex and basal forebrain play
an important role in compromised cognitive constructs in
schizophrenia [167]. However, investigations of the poten-
tial pro-cognitive effects of AChE-Is in schizophrenia have
yielded very heterogeneous results that are also reflected in
the mixed results of different meta-analyses, stating weak
evidence for the beneficial effect of AChE-Is in combina-
tion with antipsychotics in a few domains of mental state
and cognition [166, 168] but also a lack of such evidence
[169, 170]. Additionally, a small-sized positive effect of gal-
antamine has been reported [171] and attributed mainly to
its additional activity as a PAM of the nicotinergic alpha-7
receptors. Furthermore, some evidence emphasizes the
effectiveness of the synergistic action of a galantamine-
memantine combination [172].

5.2 Muscarinic Agonists and PAMs

One of the first promising substances from the category of
muscarinic agonists was xanomeline, which showed posi-
tive effects on psychotic symptoms and cognition in patients
with schizophrenia [173], as well as in preclinical models
[174]. However, the occurrence of dose-dependent cholin-
ergic adverse events mediated by stimulation of peripheral
muscarinic cholinergic receptors has limited its widespread
use. Therefore, a co-formulation of xanomeline and the
muscarinic receptor antagonist trospium chloride (which
only minimally, if at all, penetrates the blood—brain barrier)
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has been developed [175]. This co-formulation is being fur-
ther investigated as KarXT by the pharmaceutical company
Karuna Therapeutics. Findings from a double-blind phase
II trial indicate a greater decrease in the PANSS total score
in patients with schizophrenia treated over 5 weeks with
KarXT compared with placebo [176]. A specific effect on
cognitive symptoms was not reported in this publication.
However, based on a separate exploratory analysis, the com-
pany announced trends towards improvement in cognition
[177].

KarXT is currently under development for schizophre-
nia and Alzheimer’s disease psychosis. The Clinical.Tri-
als.gov search (May 2022) revealed six active phase III
studies (NCT04659161, NCT04659174, NCT04820309,
NCT05145413, NCT04738123, NCT05304767) designed
to investigate the safety, tolerability, and efficacy of KarXT
in adult patients with schizophrenia. The estimated primary
completion dates range from May 2022 to December 2024.
For all six studies, the inclusion of over 1600 participants
are estimated.

In addition to xanomeline, the development of some addi-
tional selective muscarinic agonists with high muscarinic
M, -receptor potency and very low activity at M5 receptors
has been reported [178]. The clinical implication of these
substances, however, does not seem to have been identified
yet.

When discussing the muscarinic agonists, the bidirec-
tional modulation of muscarinergic receptors by clozapine
and its metabolite should also be mentioned. Clozapine itself
acts as a competitive mAChR antagonist in striatal tissue
[179]. In contrast, its primary metabolite, N-desmethylclo-
zapine (norclozapine), is a robust agonist of muscarinic M,
receptors and also potentiates the NMDA-R activity [180].
The single formulation of norclozapine was investigated
by ACADIA Pharmaceuticals as ACP-104 and reached a
phase II study (NCT00490516). Despite some initial positive
results, the phase IIb trial was discontinued because of a lack
of efficacy [181], and the substance is currently not listed
in the pipeline of the company. Instead, another compound,
ACP-319 (PAM of M1 receptors), is in an early-stage clini-
cal program and has been referred to as a novel approach
to improving cognitive function and other neuropsychiatric
symptoms in patients with brain disorders [182].

Cerevel Therapeutics is developing the substance CVL-
231 (emraclidine), which is a PAM of the cholinergic M,
receptor subtype. In June 2021, the company announced
positive results for CVL-231 in a phase Ib clinical trial
in patients with schizophrenia [183]. CVL-231 20 and 30
mg reduced positive and negative symptoms significantly
stronger than placebo after a 5-week treatment period.
In January 2022, Cerevel announced details of the phase
IT program in schizophrenia with two phase II studies
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(NCT05227703 and NCT05227690). Each trial will enrol
372 patients with schizophrenia with acute exacerbation
or relapse of psychotic symptoms. Data from both trials
are expected in the first half of 2024 [184]. ClinicalTri-
als.gov further lists three phase I studies with CVL-231
(NCT05245539, NCT04787302, and NCT05106309).

5.2.1 nACh-Rs

Nicotinic acetylcholine receptors (nACh-Rs) in the brain,
belonging to the superfamily of the neurotransmitter-gated
ion channels, play a crucial neuromodulatory role in the cen-
tral nervous system [185]. There are two families of cen-
tral nACh-Rs: the heteromeric nACh-R and the homomeric
nACh-Rs, assembled from a single subunit type, typically
alpha7 (alpha7-nAChRs) [186].

A number of different findings, including genetic stud-
ies, underpin a nicotinic dysfunction in schizophrenia. The
smoking rates in schizophrenia range up to 70% [187], which
is higher than in any other psychiatric disease. Diminished
expression of alpha7-nAChRs has been reported in several
regions of human post-mortem brain tissue, particularly
in the hippocampus [188, 189]. Thus, different nicotinic
therapies have been investigated in schizophrenia. Thereby,
several compounds showed promising results in preclinical
trials, as well as in early phase I and II clinical trials. How-
ever, none of them has translated to a successful phase III
clinical trial [190, 191].

One of the most promising substances was the alpha7-
nAChR partial agonist encenicline (EVP-6124). Some pos-
itive effects of encenicline on cognition in schizophrenia
were observed in studies with a small number of partici-
pants [192, 193], but the results from a phase III study were
negative [194], and further investigations of this drug were
terminated [195].

Another substance on which high expectations were
placed following initial studies was the selective alpha7-
nAChR partial agonist, ABT-126. In a phase II study, ABT-
126 significantly improved cognition in the intent-to-treat
population. Further analysis of subgroups revealed that the
beneficial effect (Cohen d effect size > 0.8) was limited to
non-smokers and had no effects in smokers [196]. As the
majority of patients with schizophrenia smoke, a larger study
was designed to evaluate the effects of ABT-126 in light
smokers. After 12 weeks of additional treatment with 25 or
75 mg of ABT-126, neither dosage group outperformed the
placebo in any cognitive domain [197]. A translational meta-
analysis of rodent and human studies [198] did not reveal
any statistically significant effects of alpha7-nAChR agonists
on overall cognition or in any of eight cognitive subdomains
in humans; but, in contrast, large effect sizes were seen in
multiple behavioral tests of cognition in rodents.
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5.2.2 PAM:s of the alpha7-nAChRs

Compared to the direct agonists, PAMs of the alpha7-
nAChRs have the major advantage that they are only active
in the presence of acetylcholine and therefore less likely to
cause desensitization [199]. The first auspicious compound
from this category, AVL-3288, showed some promising
effects on cognition in schizophrenia in preclinical and ini-
tial clinical studies but failed to evoke positive effects in a
larger phase Ib study [200]. One other alpha7-nAChR PAM,
JNJ-39393406, also failed to improve cognition in schizo-
phrenia [201].

Overall, a comprehensive meta-analysis [202] found no
evidence of the effectiveness of substances targeting the
alpha7-nAChRs as an add-on treatment for cognitive deficits
in schizophrenia. Moreover, only a small beneficial effect on
negative symptoms was reported.

6 The Serotonergic System

Hypotheses regarding the involvement of serotonergic
neurotransmission in schizophrenia originated in the early
1950s. Among others, it could be shown that d-lysergic acid
diethylamide, which has a high structural similarity to sero-
tonin and is a potent agonist at the 5-HT,, receptors [203],
can induce transient positive psychosis-like symptoms, par-
ticularly in people with a genetic predisposition for psycho-
sis [204] and in people with schizophrenia itself [205].

Multiple serotonin receptors have been implicated in
schizophrenia, including 5-HT, ,, 5-HT,, 5-HTj;, 5-HT,
and 5-HT); receptors [206]. Nevertheless, the most relevant
findings concern the 5-HT,, receptors. The 5-HT,, recep-
tors are widely expressed on the dendrites of glutamatergic
pyramidal neurons and GABAergic interneurons through-
out the cortex, and their activation regulates both gluta-
matergic and dopaminergic neurotransmission [207]. Most
second-generation antipsychotics exhibit a relatively high
serotonin 5-HT,, antagonism in addition to a relatively low
D,-receptor antagonism [208].

6.1 Substances Targeting the 5-HT,, Receptors

Pimavanserin is a partial inverse agonist and antagonist at
5-HT,, receptors, approved by the FDA in April 2016 for
hallucinations and delusions in patients with Parkinson’s
disease [209]. In patients with chronic schizophrenia, the
addition of pimavanserin enhanced the efficacy of low-dose
risperidone [210]. Furthermore, the addition to clozapine
reduced therapy-refractory hallucinations and delusions
[211]. In one large phase II study, pimavanserin signifi-
cantly improved negative symptoms in stable outpatients

with schizophrenia [212] but the improvement in the PANSS
total and in general symptom scores was not significant.

Clinical.Trials.gov search lists ten active studies with
pimavanserin, including two phase III trials evaluat-
ing the effects of additional administration of pimavan-
serin in patients with schizophrenia (NCT03121586,
NCT04531982). Both studies (estimated completion
date March 2024/March 2023) are sponsored by Acadia
Pharmaceuticals.

One further promising substance from the category of
5-HT,, receptor antagonists is roluperidone (MIN-101),
which is additionally an antagonist at sigma-2 receptors
[213]. Roluperidone monotherapy demonstrated statistically
significant efficacy in reducing negative symptoms and good
tolerability in a phase IIb study in 244 stable patients with
schizophrenia [213]. Results of a post hoc analysis suggested
a possible benefit on cognitive performance that correlated
significantly with the improvement of negative symptoms
[214]. In a large phase III study (NCT03397134, sponsored
by Minerva Neurosciences; n = 513), monotherapy with
roluperidone (64 mg/day) improved negative symptoms in
the modified intent-to-treat dataset marginally missing sta-
tistical significance, whereas improvements in the Personal
and Social Performance Scale total score were statistically
significant [215]. The only cognitive endpoint in this study
(verbal fluency) did not change significantly. Minerva Neu-
rosciences announced in April 2022, after a type C meeting
with the FDA, further steps towards a new drug applica-
tion (FDA) for roluperidone as a monotherapy for patients
diagnosed with schizophrenia with moderate-to-severe
negative symptoms and stable positive symptoms [216].
Other 5-HT,, receptor antagonists and related compounds
(SR46349B [eplivanserin], fananserin, ritanserin) have not
shown very promising results in the available studies [207].

6.2 Substances Targeting 5-HT6 Receptors

AVN-211, a selective 5-HT¢ receptor antagonist, showed
some beneficial antipsychotic and pro-cognitive effects
(attention improvement) as an add-on to antipsychotic medi-
cation in a pilot 4-week trial in patients with schizophrenia
[217]. One later study on a larger sample showed positive
effects on positive and negative schizophrenia symptoms,
favoring female individuals [218], without benefits for cog-
nition. The website of the pharmaceutical manufacturer
(Avineuro) lists AVN-211 (Avisetron) in the current pipe-
line, but details on additional studies were not available. Fur-
thermore, the pipeline of Avineuro includes the substance
AVN-322, a highly selective 5-HT, receptor antagonist
with a high binding affinity and high potency to function-
ally block the receptor [219]. According to the manufac-
turer, AVN-322 showed pro-cognitive effects in an animal
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model [219, 220] and is ready to enter phase II clinical trials
for treating diseases associated with cognitive dysfunction
[221]. However, ClinicalTrials.gov does not list any active
study with these compounds.

7 Novel Approaches Targeting
the Dopaminergic System

In general, there are five dopamine receptor subtypes: D,
receptor, D, receptor, D; receptor, D, receptor, and D5 recep-
tor. All dopamine receptors belong to the G-protein cou-
pled receptor family: D, receptor and D5 receptor (D,-like
family) stimulate cyclic adenosine monophosphate (cAMP)
signaling pathways, whereas D, receptor, D5 receptor, and
D, receptor (D,-like family) inhibit this signalization [222].

7.1 Targeting Primarily D, Receptor

The D, receptor shows relatively high expression in meso-
cortical projections to the prefrontal cortex, a brain area
of key importance for higher cognitive functions, includ-
ing working memory, attention, and executive function
[223, 224]. After promising preclinical investigations,
the central acting and potent D,-receptor PAM mevidalen
(LY-3154207) has been investigated in human studies and
showed acceptable safety and tolerability [223] as well
as positive effects on enhancing wakefulness in in sleep-
deprived healthy volunteers [225]. The substance was inves-
tigated for the treatment of cognitive deficits in Lewy body
dementia and Parkinson’s disease (NCT03305809), where
it improved motor symptoms but had no beneficial effects
on cognition [226]. There is currently no registered study
relating to schizophrenia.

The examination of one other D; PAM ASP4345 in a
phase I study revealed potential improvement in psychomo-
tor function and visual attention and suggested improvement
in information processing [227]. However, the development
was stopped [228] after the add-on of ASP4345 to a stable
treatment with antipsychotics failed to improve cognitive
impairments in patients with schizophrenia (NCT03557931)
[229].

The selective D,/Ds receptor partial agonist PF-06412562
failed to show a clinical benefit relative to a placebo on
assessments of cognition or reward processing in sympto-
matically stable patients with schizophrenia over a 15-day
treatment period [230]. However, in a later investigation in
healthy volunteers, higher doses of PF-06412562 improved
reversal learning only in individuals with low baseline work-
ing memory [231], indicating an inverted U-phenomenon
relationship [232]. Based on this insight, an academia-
sponsored study was initiated in collaboration with Cerevel
Therapeutics in order to examine the effects of PF-06412562
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(now renamed as CVL-562) on working memory neural
circuits in patients with early-episode schizophrenia and
to establish neuroimaging biomarkers of the D,/D; tar-
gets (NCT04457310) [232]. One further compound, Lu
AF35700, with high affinity for serotonergic, dopaminergic,
and alpha-adrenergic receptors and thereby a significantly
higher affinity to the D, receptor than for the D, receptor, did
not outperform placebo as an add-on to treatment with an
atypical antipsychotic in a phase III study (NCT03230864)
[233].

7.2 Targeting D; Receptors

D, receptors are expressed in brain regions controlling
reward, emotions, and motivation [234]. Furthermore, ample
evidence suggests that D, receptors are associated with
cognitive functioning and that a D;-receptor blockade may
enhance cognitive performance in healthy individuals and
treat cognitive dysfunction in individuals with a neuropsy-
chiatric disorder [235]. Several selective D;-receptor antago-
nists have been described as having pro-cognitive effects in
animal models [236]. The compound F17464, which demon-
strates preferential D5 versus D, receptor binding and partial
agonism at SHT, , receptors, showed beneficial effects on
social deficits and cognition in different animal models and
was well tolerated in healthy human volunteers [234]. Addi-
tionally, it improved positive and negative symptoms, as well
as cognitive functions, in a phase II study [237]. However,
there are currently no ongoing trials with F17464 registered
at ClinicalTrials.gov.

7.3 Dopamine-Serotonin System Stabilizer

The most relevant representative of this category so far is
RP5063 (brilaroxazine), which shows potent partial agonis-
tic activity at the D,, D3, D4, and the 5-HT, and 5-HT,,
receptors, and antagonist activity at the 5-HT,p, 5-HT,,
5-HTg, and 5-HT, receptors, as well as a moderate affinity
for the serotonin transporter [238]. RP5063 showed robust
efficacy and safety in a phase II trial (NCT01490086), and
trends towards cognitive improvement (nonsignificant). In
April 2021, the developing company, Reviva Pharmaceu-
ticals, announced full details of this study, reporting that
endpoints for safety and efficacy in 234 patients were met as
the substance mitigated positive and negative symptoms and
improved social functioning and cognition [239]. Accord-
ing to the website of Reviva Pharmaceuticals, two phase III
studies with RP50603 are currently in preparation [240].
One phase III study was registered at ClinicalTrials.gov in
January 2022 (NCTO05184335), aiming at an inclusion of
402 patients with schizophrenia who will receive the fixed
dose of brilaroxazine or placebo. The data acquisition should
be completed by December 2023.
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8 The Endocannabinoid System

The endocannabinoid system comprises two G-coupled
receptors referred to as the cannabinoid 1 receptor and the
cannabinoid 2 receptor [241]. Cannabinoid 1 receptors are
located throughout the central nervous system [242], while
cannabinoid 2 receptors are primarily located on immune
cells [243] and have low densities in the brain [244]. Acute
administration of the main psychoactive component of can-
nabis delta-9-tetrahydrocannabinol, which acts as a cannabi-
noid 1 receptor partial agonist, produces robust cognitive
deficits [245].

The second most prevalent bioactive constituent of the
Cannabis sativa plant is cannabidiol (CBD), which does not
convert to delta-9-tetrahydrocannabinol in the human body
[246]. Evidence from preclinical studies suggested that CBD
had potential therapeutic benefits from anti-inflammatory to
neuroprotective, analgesic, and antioxidant effects [247]. It
also appears to have antipsychotic properties [248, 249] and
a protective effect against acute cognitive deficits produced
by delta-9-tetrahydrocannabinol [250]. The exact acting
mechanism of CBD still remains unknown, but evidence
suggests that its activity at cannabinoid receptors is limited,
as over 65 other molecular targets for CBD have been identi-
fied [251].

Several controlled clinical trials performed in order
to investigate the clinical effect of CBD in schizophrenia
yielded mixed results [249, 252-254]. Two systematic
reviews found some evidence for the potential of CBD
in alleviating psychotic symptoms and cognitive impair-
ment in patients with a variety of conditions [255, 256],
while a lack of clinical evidence for the beneficial effects
of CBD against cognitive impairments was stated from
other systematic reviews [257-260]. In April 2022, Clini-
calTrials.gov listed nine active phase II clinical trials with
CBD (NCT02926859, NCT04605393, NCT02088060,
NCT02504151, NCT03608137, NCT04700930,
NCT04411225, NCT02492074, and NCT04105231) inves-
tigating the effects of CBD on cognition in schizophrenia.

9 PDE Inhibitors

Nucleotide phosphodiesterases (PDEs) are ubiquitously dis-
tributed enzymes that play a major role in cell signaling by
hydrolyzing cAMP and cyclic guanosine monophosphate
[261]. Cyclic adenosine monophosphate and cyclic guano-
sine monophosphate are secondary messengers of many
receptors whose hypofunctions are involved in the cognitive
deficits associated with schizophrenia (such as dopamine or
glutamate and many PDE subfamilies). Thus, the inhibition
of PDEs is considered a promising mechanism for treatment

of schizophrenia [262]. The inhibition of the breakdown of
cAMP and cGAMP can alter synaptic plasticity [263] and
postsynaptic signaling [264]. Currently, from the 11 known
PDE families, the subtypes 4 and 10 are the most studied for
the treatment of CIAS [265].

Phosphodiesterase 4 interacts with the gene Disrupted
in schizophrenia 1 (DISC1), which is involved in neuro-
genesis and whose malfunction is related to schizophrenia
[266]. One promising inhibitor of PDE4, roflumilast, cur-
rently used to treat chronic obstructive pulmonary disorder
[267], showed cognitive-enhancing effects in both animal
studies [268] and in healthy human participants [269, 270].
In patients with schizophrenia, significant improvements
of some electroencephalogram biomarkers with 250 pg of
roflumilast have been reported [271], as well as a signifi-
cant improvement in verbal memory [272]. ClinicalTrials.
gov lists more than 30 active studies for different somatic
(asthma, bronchiectasis, chronic obstructive pulmonary dis-
ease, psoriasis) conditions, as well as for major depressive
disorder and Alzheimer’s disease with roflumilast. However,
no further studies relating to schizophrenia were registered
in April 2022.

The second intensively studied group of PDE inhibi-
tors are PDE10A inhibitors. Up to now, these efforts have
resulted in 12 reported clinical candidates and four clinically
validated PDE10A PET ligands [273, 274]. Following posi-
tive preclinical studies [275], which indicated efficacy in the
treatment of positive and cognitive schizophrenia symptoms,
the selective PDE10A inhibitor TAK-063 was investigated
in a phase II study (20 mg/day, n = 83). Despite not meet-
ing the primary endpoint, the authors stated that the results
might be suggestive of antipsychotic activity [276]. In one
additional neuroimaging study on healthy male participants,
TAK-063 attenuated ketamine-induced changes in functional
magnetic resonance imaging signals in multiple regions of
the brain during the resting state and working memory tasks
[277]. However, the exact implication of this result is still
unclear.

One other promising PDE10A inhibitor, MK-8189, cur-
rently under development by the pharmaceutical company
Merck Sharp & Dohme Corp, yielded negative results
regarding the PANSS total score (NCT03055338) [278]. In
April 2022, ClinicalTrials.gov listed one active trial with
MK-8189 in schizophrenia (NCT04624243 [phase IIb]),
aiming to include 576 participants until March 2023. Results
of one other completed phase I study were still not available
(NCT04506905).

In addition to PDE4 and PDE10 inhibitors, there are some
other novel approaches to develop inhibitors of PDE9 and
PDEIB for the treatment of cognitive dysfunction in schizo-
phrenia [279]. Earlier, the PDE9 inhibitor BI 409306 failed
to improve cognitive function in schizophrenia patients in
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a phase II trial [280]. Despite this negative result, a new,
industry-sponsored, proof-of-concept trial has been set up
to investigate the change in everyday functional capacity and
cognition in patients with attenuated psychosis syndrome
treated with BI 409306 versus a placebo (NCT03230097)
[281].

10 Modulation of the TAAR1

Trace Amine-Associated Receptor 1 (TAAR1) is a G-pro-
tein-coupled receptor activated by trace amines and is
expressed in multiple regions of the mammalian brain. It
is known to be particularly present in limbic and mono-
aminergic areas, allegedly involved in mood, attention,
memory, fear, and addiction [282]. Intensive investigations
have shown that TAAR1 acts as a rheostat of dopaminergic,
glutamatergic, and serotonergic neurotransmission, and thus
could be considered a novel therapeutic target for schizo-
phrenia, depression, and addiction [283]. Preclinical studies
have revealed the ability of TAAR1 agonists to modulate
dopaminergic tone, presumably via functional physical inter-
action of TAAR1 with D, receptors and potentially also with
the dopamine transporter [284, 285].

Ulotaront, a.k.a SEP-363856 or SEP-856 [286], discov-
ered by Sunovion Pharmaceuticals in collaboration with
PsychoGenics [287], exhibits a complex mechanism, includ-
ing an agonism at TAAR1 and 5-HT, , receptors [287].In a
placebo-controlled clinical trial including 245 patients with
acute exacerbation of schizophrenia, 4-week treatment with
flexible-dosed SEP-363856 (50 or 75 mg daily) improved
the PANSS total score significantly more than the placebo
[288]. The results of the 26-week open-label extension
study [289] revealed a continuous reduction in the PANSS
total score and in the Clinical Global Impression-Severity
score, with a relatively high completion rate and absence of
extrapyramidal-related adverse effects. While neither pub-
lication specifically addresses the effects of SEP-363856
on CIAS, preclinical studies indicate a benefitial effect of
the substance on cognitive deficits in a psychosis animal
model [290]. Ulotaront was granted a breakthrough therapy
designation by the FDA for the treatment of patients with
schizophrenia in May 2019 [291, 286].

In April 2022, the ClinicalTrials.gov search revealed
ten completed and seven active studies related to SEP-
363856 in schizophrenia (NCT04109950, NCT04038957,
NCT04865835, NCT04825860, NCT04072354,
NCT04092686, NCT04115319). The estimated comple-
tion date for the ongoing studies ranges between September
2021 and March 2025. Furthermore, although some of the
studies are designated as being completed, they are not yet
published, and it is expected that these results will provide
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further insight into the effectivnes of SEP-363856 in the
near future.

11 Modulation of the Upstream Glutamate
System by Blockage of VGSCs

One new drug category, known as voltage-gated sodium
channel (VGSC) blockers, has been developed based on
emerging evidence suggesting that hippocampal hyperac-
tivity and NMDA-R dysfunction create an imbalance in the
excitatory/inhibitory neurocircuitry of mesolimbic dopa-
minergic and glutamatergic neurons, thus increasing syn-
aptic activities in the prefrontal cortex [292]. Additionally,
increased intrinsic hippocampal activity is hypothesized to
be a characteristic feature of schizophrenia that is broadly
associated with cognitive dysfunctions [293]. The genera-
tion and propagation of excitatory signals are essentially
regulated by VGSCs [294]. Furthermore, a growing body
of evidence showed a tight association between the schizo-
phrenia pathogenesis and the gene expression and function
of VGSCs [295, 296]. In this context, some evidence con-
firms the benefits of VGSC blockers (e.g., lamotrigine) as
an add-on therapy to antipsychotics [297, 298].

Evenamide (NW-3509) is a VGSC blocker that inhibits
the synaptic release of glutamate, thereby reducing hyperex-
citability in both the prefrontal cortex and the hippocampus
[292]. Beneficial effects of evenamide monotherapy [299],
including some pro-cognitive effects [300], were demon-
strated in various animal models of psychosis. In a clinical
setting, the add-on of evenamide to a stable dose of risperi-
done or aripiprazole was shown to be well tolerated and out-
performed placebo [301] in a phase II, double-blind, 28-day,
placebo-controlled clinical trial with 90 patients. The devel-
oping company (Newron Pharmaceuticals) announced the
results of a further phase II study (NCT04461119) in April
2021 [302], stating a confirmation of the safety of the sub-
stance. The initiation of another phase II/III study (EudraCT
Number: 2020-006062-36 [303]) was announced in Septem-
ber 2021 [304]. The results are expected in the fourth quarter
of 2022.

12 Anti-Inflammatory
and Immunomodulatory Approaches

The role of inflammation and immune dysregulation in
the pathophysiology of schizophrenia has been intensively
investigated in recent decades. Several findings indicate
that a multitude of genetic and environmental factors confer
an increased risk for schizophrenia by converging to alter
immune processes, which are known to play an essential
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role in shaping brain development [305]. Moreover, sub-
clinical inflammation seems to correlate with higher levels
of cognitive impairment, underlining the possible utility of
anti-inflammatory agents [306—308]. Additionally, based on
genetic, transcriptomic, and functional studies, dysregulation
in the complement system, which mediates innate immunity,
has been reported in patients with schizophrenia [309].

A broad range of anti-inflammatory strategies has
emerged to address immune dysregulation in schizophrenia,
but results have been inconsistent. In the context of CIAS,
the most frequently studied, broadly effective anti-inflam-
matory substances include aspirin, celecoxib, davunetide,
erythropoietin, oestrogen, minocycline, N-acetylcysteine,
omega-3 fatty acids, pregnenolone, and selective estrogen
receptor modulators [310].

With respect to cognitive performance, Cho and col-
leagues reported in their meta-analysis significant benefi-
cial effects for minocycline (a broad-spectrum, second-gen-
eration, tetracycline semisynthetic antibiotic approved for
the treatment of acne vulgaris, some sexually transmitted
diseases, and rheumatoid arthritis [311]) and pregnenolone
[310] (neurosteroid [312] able to suppress the activity of
interleukin [IL]-6 and tumor necrosis factor [TNF]-alpha
[313]). However, this meta-analysis has not included the
negative results for minocycline from a later large rand-
omized controlled trial with 207 patients [314].

In the second meta-analysis, Cakici and colleagues
reported the beneficial effects of minocycline, davunetide,
and NAC on cognition, whereby effects were more pro-
nounced in first-episode psychosis or early-phase schizo-
phrenia [315]. Davunetide is an intranasal drug presently
under development for the treatment of Alzheimer’s disease
and progressive supranuclear palsy [316], which downregu-
lates the key inflammatory cytokines TNF-alpha, IL-16, and
IL-12 [317]. N-Acetylcysteine has anti-inflammatory proper-
ties and can modulate immune functions during the inflam-
matory response by inhibiting TNF-alpha, IL-1f, and IL-6
[318]. N-Acetylcysteine additionally influences glutamater-
gic neurotransmission. This mechanism and findings regard-
ing the efficiency of NAC are discussed in more detail above.

In addition to non-specific anti-inflammatory agents,
monoclonal antibodies against pro-inflammatory cytokines
are receiving increasing attention in the search for new
therapeutics in the context of improving understanding of
the involvement of specific cytokines in schizophrenia. In
particular, IL-6, TNF-alpha, and interferon-y may represent
new therapeutic targets [319].

Tocilizumab, a specific IL-6 receptor antibody developed
and approved for rheumatoid arthritis, improved cognition
in a small open-label pilot trial [320], while a larger ran-
domized, double-blind, placebo-controlled clinical trial
(NCT02034474) was negative [321]. According to Clini-
calTrials.gov, one phase I study investigating tocilizumab in

schizophrenia is still active (NCT02874573). Another anti-
IL-6 chimeric monoclonal antibody, siltuximab (approved
for the treatment of multicentric Castleman’s disease, a rare
blood disorder [322]) is being tested as an adjunct to antip-
sychotic medications in schizophrenia (NCT02796859).

Indications of positive effects of the recombinant human
interferon-y-1b originate from two case reports [323]. Sig-
nificant alterations in the levels of TNF-alpha have been
demonstrated in in vivo and in vitro studies on schizophre-
nia [324]. Thus, some approaches follow the usage of TNF-
alpha inhibitors as an adjuvant compound for schizophrenia
treatment, after some promising preclinical investigations
[325].

13 Further Approaches

Increasing evidence suggests a possible role of neuroster-
oids (steroids synthetized in the brain) and neuroactive
steroids (steroids produced by an endocrine gland and sub-
sequently reach the brain through the bloodstream) in the
pathology and symptomatology of schizophrenia [326].
Both categories are often referred to simply as neuroster-
oids [326]. In general, neurosteroids act through genomic
mechanisms, with a consecutive influence on protein syn-
thesis, but they also exhibit other different fast-occurring
non-genomic mechanisms [327], including among others
the modulation of neuronal excitability in the brain via the
GABA neurotransmitter system [328]. Their further targets
are the NMDA-Rs, as well as nicotinic, muscarinic, sero-
tonergic, adrenergic, and sigma-1 receptors [328]. Addition-
ally, evidence suggests that neurosteroids have neuroprotec-
tive effects in both central and peripheral nervous systems
by attenuating excitotoxicity, brain edema, inflammatory
processes, oxidative stress, and neural degeneration [329].
Furthermore, they accelerate and improve neurogenesis and
myelination [329, 330].

Evidence suggests that particularly pregnenolone and
dehydroepiandrosterone appear to be a promising treatment
option with some beneficial effects on cognition in schizo-
phrenia [326], which was mainly demonstrated in animal
models, where positive effects have been shown on learning
and memory [331-333]. In clinical studies, an amelioration
of cognitive deficits under treatment with pregnenolone and
dehydroepiandrosterone has been shown in isolated smaller
studies [334-336], but the overall evidence is sparse. Clini-
calTrials.gov currently does not list any further studies with
pregnenolone and dehydroepiandrosterone in the indication
schizophrenia.

Another therapeutic approach includes the application
of intranasal oxytocin, a neuropeptide mainly produced in
the hypothalamic nuclei that acts within the brain as a neu-
rotransmitter and neuromodulator [337]. Oxytocin is well
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known to influence social attachment [338] and promote
parental nurturing and social bonding [339]. Accumulat-
ing evidence also indicates its important role in human
social cognition [340]. A comprehensive meta-analysis
that included 17 studies showed a small significant effect
on theory of mind in patients with neurodevelopmental dis-
orders (including schizophrenia) [341]. Additionally, posi-
tive effects of oxytocin have been reported on emotional
recognition [342], higher-order social cognition [343] but
also on working memory [344] and verbal fluency [345]
in schizophrenia. However, there is also a relatively high
proportion of studies with negative results [346], although
review articles mainly confirm the positive effect of oxytocin
on social cognition and some other symptoms in schizophre-
nia [346-348], stating that it is a promising candidate for
the development of new treatment options. ClinicalTrials.
org lists three active studies where the effects of oxytocin
on clinical or neuroimaging feature will be investigated
(NCT03900754, NCT04177719, NCT03245437).

14 Conclusions

Cognitive impairment represents a central element of the
symptomatology of schizophrenia that can be barely, if
at all, alleviated by the currently available antipsychotics
[15]. Remarkably, despite past efforts to develop alternative
approaches [349] and rapidly growing evidence suggesting
the immense significance of systems other than the dopa-
minergic system in the genesis of cognitive impairments,
all drugs currently licensed to treat schizophrenia are D,/
D;-receptor blockers [62]. Accordingly, current efforts
directed to meeting the needs of patients with schizophrenia
are primarily based on interventions in other non-dopamin-
ergic systems.

Among the numerous compounds currently under inves-
tigation, the development of the selective GlyT1 inhibitor
BI1 425809 [97-99] and the TAAR1 agonist ulotaront (SEP-
363856) [288-291] is the most advanced. The breakthrough
therapy designation granted for both substances by the FDA
enables regulatory monitoring of the approval process. The
designation was established to expedite the development of
promising drugs intended to treat serious or life-threatening
conditions in cases where preliminary clinical evidence sug-
gests substantial superiority over existing options and the
products showed exceptional results for patients [100].

For BI 425809, the breakthrough designation was specifi-
cally granted for the treatment of CIAS, following positive
results from a phase II study, which showed a statistically
significant benefit for cognition during 12 weeks of treat-
ment [98]. The completion of the ongoing phase III studies
is expected until May 2024. Thus, in the case of positive
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results, BI 425809 could be the first substance to be explic-
itly approved for CIAS.

Ulotaront (SEP-363856), a promising first in class
TAARI agonist, was found to significantly reduce global
symptoms in schizophrenia [288, 289]. Evidence for positive
effects on cognition has so far emerged only from preclinical
studies [290] and the results of ongoing clinical trials may
provide further insights in this regard.

Moreover, current evidence regarding the pathophysiol-
ogy of CIAS suggests that interventions in the glutamater-
gic system may be highly promising [60, 62]. Thereby, the
highly complex receptor system involved in glutamatergic
neurotransmission opens up a broad diversity of possible
approaches. In addition to BI 425809, existing research
suggests that the DAO inhibitor TAK-831 (Luvadaxistat)
[113], the direct NMDA-R PAM CAD-9303 [115] as well as
AMPAKkines, acting as allosteric potentiators of AMPA-Rs
(represented by BIIB104 [PF-04958242] [139]) show some
potential as future drugs to alleviate CIAS.

Another substance in the advanced stages of develop-
ment is the combined muscarinergic agonist/antagonist for-
mulation KarXT. Following the recently reported positive
effects of KarXT on the PANSS total score [176] and the
pronounced trends towards improvement in cognition in an
exploratory analysis [177], the results of several ongoing
clinical trials are awaited. Regarding other substances tar-
geting the cholinergic system, promising results have been
reported from the early development of two selective mus-
carine receptor PAMs ACP-319 [182] and CVL-231 [183,
184], targeting the M, and M, receptors, respectively.

In the field of modifications of serotonergic neurotrans-
mission, the most promising results were reported for
the SHT,, receptor antagonist roluperidone (MIN-101)
[214-216], pimavanserin (already approved by the FDA for
hallucinations and delusions in patients with Parkinson’s
disease) [209, 211, 212] and the selective 5-HT receptor
antagonist AVN-211 [217, 218]. The efficacy of pimavan-
serin and AVN-211 are currently being intensively investi-
gated in large clinical trials. The search for a suitable inter-
vention within the dopaminergic system away from D,/D;
antagonism also continues, but so far without unequivocal
evidence of sufficient effectiveness [225-237].

One other related innovative drug category includes
the dopamine-serotonin system stabilizer, represented by
RP5063 (brilaroxazine). In a recent study, RP5063 was
shown to reduce positive and negative symptoms and
improve social functioning and cognition in patients with
schizophrenia [239]. It remains intriguing whether these
results can also be confirmed in the ongoing larger phase III
study, the results of which are expected in December 2023.

Among the substances that have been known for some
time or are already on the market, the available study
results indicate some potential pro-cognitive effects for the
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glutathione precursor NAC [123, 124, 315] and meman-
tine [130, 131]. Broad evidence suggests that the use of
neurosteroids (particularly pregnenolone and dehydroepi-
androsterone) may be favorable for cognition [326, 334,
335]. Moreover, the use of oxytocin seems to show positive
effects, particularly by improving social cognition. How-
ever, it remains to be seen whether the existing references
and level of interest are sufficient to generate more evidence
and obtain approval of those substances for the treatment of
schizophrenia. Furthermore, following the increasing recog-
nition of the significant role of inflammation and immuno-
logical dysregulation in the development of schizophrenia,
a growing number of compounds are also being explored in
this area [306-311], although these approaches are currently
at early stages of development.

Finally, the research of new pharmacological agents for
the treatment of CIAS must not disregard the high pheno-
typic heterogeneity of the symptomatology. This is inevi-
tably accompanied by a high neurobiological diversity that
can only be adequately addressed by individual treatment
approaches. This implies that a more targeted development
of substances that might have a positive effect on cognition
in certain subgroups of patients might be a more success-
ful strategy than striving for substances to be effective in
all patients. Furthermore, in view of the enormous com-
plexity of schizophrenia, psychopharmacological treatment
requires supplementation by psychotherapeutic interventions
for a sufficient treatment success. Thus, increasing efforts
are focused on developing behavioral training-based inter-
ventions (cognitive remediation [350]) in addition to phar-
macological treatments for CIAS. In the meantime, several
promising approaches are emerging [351], and some of the
substances discussed here are now being studied in combina-
tion with such interventions. Alongside the pursuit of more
personalized intervention, this could be the right way for-
ward for urgently needed progress in the treatment of CIAS.
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