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Foreword

“If you think this Universe is bad, you should see some of the
others.”

—Philip K. Dick

Schizophrenia was first identified as a mental disease in 1887 by Dr. Emile

Kraepelin and the word “schizophrenia” is less than 100 years old. However the

disease is thought to have affected mankind throughout history. The pathophysiolo-

gy and the underlying neurobiological dysfunctions which lead to schizophrenia are

still far to be completely understood, despite major advances in the understanding

of the role of neurotransmitters and their imbalance in the disease. Schizophrenia

remains a chronic, severe and disabling brain disorder which affects approximately

1% of the population and for which a treatment is still desperately needed.

Schizophrenia is a complex disease with a complex manifestation that causes

profound disruption not only to those suffering from the conditions but also to the

people around them. Positive, negative and cognitive symptoms cannot be treated

with a single stand-alone therapy, but rather a combination of pharmacological

treatments seem to have a better chance to be successful in treating the spectrum of

symptoms which can be very different across patients.

While antipsychotic treatments for positive symptoms are available since a few

decades, they come with major side effects and have no influence on the negative

symptoms. Negative and cognitive symptoms represent the most debilitating fea-

ture of the disease and are still a major unmet need and they are often the focus of

drug discovery programs.

In this volume of Topic in Medicinal Chemistry focused on Schizophrenia, the

authors have covered the most promising and advanced therapeutic approaches,

discussing the biological rational for the selected targets and the wide diversity of

chemotypes, discussed the detailed characterization of their in vitro and in vivo

pharmacology, pharmacokinetic profile and preclinical safety when available and

last but not least summarized the clinical status of the most advanced candidates.

The way drugs act at the selected target have also been described, including in vitro

and in vivo target engagement using modern brain imaging technologies, in partic-

ular Positron Emission Tomography (PET) tracers. Kinetics of target binding, fine

tuning of functional activity (orthosteric agonist versus positive allosteric

v
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modulators) and clarification of biased signalling are routinely part of modern drug

discovery programs, and these considerations found ample space in this volume.

Chapter “Antipsychotics and the Dopamine–Serotonin Connection” is nicely

introducing the disease and its ethiology, then moving to a comprehensive review

of the first and second generation of marketed antipsychotic drugs acting at the

dopamine and serotonine receptors. The glutamate hypothesis in schizophrenia is

covered by Chapters “GlyT-1 Inhibitors: From Hits to Clinical Candidates”, “Meta-

botropic Glutamate Receptor 2 Activators” and “Activation of the mGlu5 Receptor

for the Treatment of Schizophrenia and Cognitive-Deficit-Associated Disorders”

which describe the inhibition of Glycine transporter type 1 (GlyT-1) and the

activation of metabotropic glutamate receptor type 2 (mGlu2) and type

5 (mGlu5) to achieve therapeutic benefit. Chapters “Muscarinic Acetylcholine

Receptor Activators” and “Nicotinic Acetylcholine Receptor Modulators” high-

light the drug discovery and development efforts in targeting the acetycholine

hypothesis and describe the activation of muscarinic (mACh) and nicotinic recep-

tors (nACh), in particular m1 and m4 ACh, as well as a4b2 and a7 nACh receptor

subtypes. Finally, the last chapter is describing the emergence of phosphodiesterase

subtypes 10 and 9 inhibitors (PDE10, PDE9) as interesting targets for schizophrenia

and cognitive impairment associated with schizophrenia (CIAS).

Despite strong pharmacological rational and preclinical evidence, still several

targets have shown limited or disappointing clinical benefit, demonstrating how

difficult it is to translate new concepts into useful medicines for schizophrenia.

However we believe that clinical testing of new hypothesis is the key to understand

the complex disease, to validate preclinical translation approaches and to find the

right population that might benefit from a specific treatment.

We would like to deeply thank all the contributing authors to this special

volume, providing to the readers and their peers an excellent and compelling

overview of the current progresses, challenges and therapeutics opportunities

targeting such complex, chronic and debilitating psychiatric illness.

Reigner, France Sylvain Celanire

Geneva, Switzerland Sonia Poli

vi Foreword
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Antipsychotics and the Dopamine–Serotonin

Connection

Bart A. Ellenbroek and Andrea M. Cesura

Abstract Schizophrenia is a severe psychiatric illness that afflicts around 1% of

the population worldwide. Although recognized for over 100 years, the etiology

and pathophysiology, as well as the underlying neurobiological substrate are still a

matter of intense research and controversy. In the early 1950s of the previous

century, a major revolution took place in the treatment of schizophrenia: the

introduction of chlorpromazine (1) and in its wake a series of more potent

antipsychotics drugs. These drugs led to a major improvement on the quality of

life of patients with schizophrenia. However, throughout the years of clinical

experience it became clear that antipsychotics only significantly improved the

psychotic symptoms but had little influence on the negative or cognitive deficits

and led to parkinsonian-like side effects. The introduction of the so-called second

generation antipsychotics only slightly improved this situation. The vast majority of

antipsychotics bind to dopamine as well as serotonin receptors, and it has been

suggested that the ratio between the affinities for these receptors may be crucial for

the therapeutic properties. The aim of the present review is to evaluate the role of

dopamine and serotonin receptors in the antipsychotic potential of known as well as

potential novel antipsychotics.

Keywords Antipsychotics, Benzamides, Butyrophenones, Clozapine, Cognitive

symptoms, Dopamine, Environmental factors, Extrapyramidal side effects, First

generation, Gene–environment interactions, Genetic factors, Negative symptoms,

Phenothiazines, Positive symptoms, Second generation, Serotonin
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1 Schizophrenia

First described by Emil Kraeplin as dementia praecox, and later renamed by Eugen

Bleuler, schizophrenia is one of the most severe mental illnesses. Although the

lifetime prevalence is estimated at about 0.4–0.7%, conservative estimates have

calculated the direct medical costs at about 35 billion Euros in Europe [1]. However,

the total costs including indirect costs are much higher. Indeed a study in England

showed that whereas the direct medical costs in 2004/2005 were about two billion

pounds, the indirect costs were estimated at almost five billion [2] and the most

recent pan-European study calculated the total costs for schizophrenia at around

94 billion Euros, making it the third most expensive brain disorder after dementia

and mood disorders [3]. These exceptionally high costs are in part due to the fact

that the symptoms typically become apparent at a relatively young age (generally

between 18 and 30 years [4]) and are usually so severe that most patients fail to

obtain an educational degree. Moreover, as will be discussed extensively below,

a significant proportion of patients do not respond adequately to treatment, with

a need for constant care, and even among those who do respond to therapy, a

substantial proportion cannot contribute to the economic process, leading to very

high indirect costs, such as loss of productivity.

The symptoms of schizophrenia are generally subdivided into three different

domains: positive, negative and cognitive symptoms.

1. Positive symptoms are features that are normally not present in healthy control

subjects but occur in patients as a result of the disease process. In schizophrenia

these symptoms include predominantly hallucinations, delusions and thought

disorder. With respect to hallucination, those in the auditory domain (especially

hearing voices) are the most prominent, though visual and tactile hallucinations

also occur. Delusions usually take on a negative form, such as thought

withdrawal and broadcast and paranoid delusions. Delusions of grandeur

(often present in bipolar disorders) are less prevalent in schizophrenia.

2. Negative symptoms include social withdrawal, apathy, poverty of speech and

anhedonia. While these traits may also be present to some extent in normal

subjects they are greatly exaggerated in schizophrenic patients.

3. Cognitive symptoms are deficits in learning and memory as well as other aspects

within the cognitive domain. Although studies in schizophrenic patients have

shown that virtually all domains of cognition are affected, the deficit seems to

particularly severe in executive function, attention, working memory and verbal

learning [5, 6].

Antipsychotics and the Dopamine–Serotonin Connection 3



1.1 The Etiology of Schizophrenia

Both adoption and twin studies have provided clear evidence that schizophrenia has

a strong heritability. The average estimated risk of developing schizophrenia if

one of a monozygotic twin pairs has already developed schizophrenia is roughly

50–70% [7]. Although this is significantly higher than the risk in dizygotic twins

(9–18%), it is at the same time much less than the 100% one would expect for a

disorder with a pure genetic origin, indicating that genes increase the risk of

developing schizophrenia, but do not, by themselves cause the disease.

1.1.1 Genetic Factors

With the advent of molecular genetics, there was hope of identifying the gene

(or genes) responsible for this increased susceptibility. However, the results of

linkage, candidate gene and genome wide association studies have identified

an enormous number of genes, most of which have only a small odds ratio

(OR: 1.1–2.0). The 2009 release of the schizophrenia gene resource database listed

7,855 genes that were somehow involved in the etiology of schizophrenia [8]. In

line with this, genome wide association studies (GWAS) have often led to very few

strongly positive results and have often failed to replicate previous GWAS studies

[9–11]. While a recent paper highlights the polygenic nature of schizophrenia [12]

given the large number of potential genes we will not discuss any individual genes

here. However, we do want to point to two interesting new developments: copy

number variations and de novo mutations. Copy number variations (CNVs) are

insertions/deletions of significant parts of a chromosome ranging from roughly

1 kilobase (Kb) to several megabases (Mb). They occur naturally and are thought

to make up about 12% of the normal DNA. Interest in CNVs in schizophrenia was

triggered by the finding that individuals with a specific deletion on chromosome

22 (22q11.2) involving roughly 3 Mb and about 45 different genes have a

significantly higher risk of developing schizophrenia [13]. Although much less

investigated than single nucleotide polymorphism (SNPs), CNVs seem to be rarer

but infer higher risks. Thus the 22a11.2 CNV has been reported to have an OR of

21, while others have ORs of between 11 and 17 [10], thus making these genetic

variations much more interesting, especially given the new technologies for

detecting CNVs. The second novel approach, looking for de novo mutations,

makes use of the occurrence of novel case of schizophrenia (i.e. where neither

the father nor the mothers is afflicted by the disorder). By comparing the DNA from

the patient and the parents (and ideally non-affected siblings) it may be possible

to identify genetic mutations that are specific for the affected sibling. This

approach was recently successfully applied to autism [14] and schizophrenia

[15–17]. In addition to identifying new and potentially causative genetic factors

in schizophrenia, these analyses have also led to the discovery that de novo
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mutations appear more common in schizophrenia than would be expected,

suggesting that the genetic make-up of schizophrenic patients is more vulnerable

than that of healthy controls.

1.1.2 Environmental Factors

In addition to the search for the genetic factors, researches have also tried to

identify non-genetic (environmental) factors that contribute to the development of

schizophrenia. However, this search has met with considerable more technical

problems. First of all, many of the environmental risk factors are considered to

impinge very early in life (either prenatally or in the first years after birth). This

implies that many studies are forced to use a retrospective design which, if not

backed up by objective data (such as hospital records), can lead to a subjective bias

or false memories. A second confounding factor has been the use of the so-called

ecological design, as exemplified by the 1957 influenza pandemic. The first

results of this study showed that children born shortly after this pandemic had a

significantly increased risk of developing schizophrenia (as compared to children

born in 1956 of 1958 during the same period of the year [18]). However, later

studies were unable to confirm this. It has been suggested that this may be due to the

design of the study. Thus, although many more individuals suffered from influenza

in 1957 than in the year before or after, the total incidence of influenza even at its

peak was considered to be around 25%. In other words, 75% of pregnant

mothers even during the peak of the pandemic were influenza free, leading to a

misclassification in the majority of cases. Designs based on birth cohort studies

(using hospital records to confirm the presence or absence of an infection in

individual patients) showed much more robust results [19]. A third factor is that,

in contrast to genetic mutations, the nature of the environmental factor is much less

well circumscribed and verifiable. For instance, immigration has often been found

to increase the risk of schizophrenia (see below). However, which aspect of

immigration (i.e. stress of a foreign culture, foreign pathogens, foreign foods,

etc.) mediates this risk is unclear. Finally, the timing of the environmental factor

may be a highly relevant factor in determining the risk of developing a disorder. For

instance, the offspring of pregnant females exposed to the Dutch hunger winter

have an increased risk of developing schizophrenia when exposed in the first

trimester but an increased risk of developing depression when exposed in the

second or third trimester [20].

In spite of these inherent difficulties, a range of different environmental risk

factors for schizophrenia have been identified (see Table 1), including several

prenatal (infection, malnutrition and stress), perinatal (obstetric complications)

and later onset (urbanicity, migration, cannabis use). The risk factors shown in

Table 1 by no means pretend to be complete as many other environmental factors

have been linked to the development of schizophrenia including vitamin D

deficiency, prenatal lead exposure, and others [7, 21]. When inspecting these risk

factors however, it is clear that several different periods of vulnerability exist
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during which adverse life events enhance the risk for the development of schizo-

phrenia. In addition to the prenatal period, especially the time around puberty seems

to be a particularly vulnerable period and stress, infections or cannabis use during

this period seem to enhance the risk. Given the multitude of changes happening

within the brain during this period, this is not at all surprising [22] and indeed does

not seem to be limited to schizophrenia either. Another interesting characteristic of

these environmental risk factors is that although they are very different, all ORs

seem fairly similar, reminiscent of the very similar ORs of the various SNPs that

also all seem to be fairly similar to irrespective of the individual gene involved.

1.1.3 Gene–Environment Interactions

Although the ORs for the environmental risk-factor (2.0–3.0) appear somewhat

higher than for the genetic factors (1.1–2.0), they are nonetheless fairly small,

indicating again that multiple factors are likely to interact. Indeed, there is now a

fair degree of consensus that schizophrenia ultimately results from an interaction

between genetic and environmental factors. How many and the exact nature of

these factors, however, still eludes us. Nonetheless, the research into the role of

genes and environment interactions in psychiatry in general and schizophrenia in

particular is gaining tremendous momentum.

Although it would be beyond the scope of this review to discuss these in

any great detail, especially as none of the treatments currently available or in

development aim to specifically influence these gene–environment interactions,

we would like to just name a few examples. In one of the first large-scale

gene–environment interaction studies Caspi and his colleagues [23] showed that

while adolescent cannabis use was positively associated with the diagnosis of

schizophreniform disorder in individuals with the COMT Val/Val genotype

(OR 10.5), it had no effect in individuals with the Met/Met genotype (OR 1.1).

Interestingly, they found a gene-dosage effect as the OR increased to 2.5 for the

heterozygous individuals (Val/Met). In a similar study, the influence of cannabis

use on schizophrenia was also found to be moderated by an SNP in the Akt gene
(rs2494732 C/T) [24], a finding recently replicated in an independent cohort of first

Table 1 Environmental risk

factors in the development of

schizophrenia

Risk factor Odds ratio

Urbanicity 2–3

Migration 2–3

Winter birth 1.1

Maternal infection 2–3

Prenatal malnutrition 2–3

Prenatal stress 1–2

Obstetric complications 2–3

Advanced paternal age 1.5–3

Childhood trauma 2–3

Cannabis use 2–3
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episode patients with schizophrenia [25]. This latter study also illustrated a very

important aspect of etiological studies in schizophrenia. The authors found that

although there was a highly significant interaction, neither the AKT SNP nor the use

of cannabis by itself was significantly correlated with the diagnosis. In other words,

if the authors had focussed on only one of the factors, they had concluded that

neither was a risk factor for the development of schizophrenia. Moreover, close

inspection of the data presented in the paper provide an explanation for this lack of

effect. Thus while patients with the c/c genotype who smoked cannabis daily had a

significantly increased OR (7.3), those with the c/c genotype who did not smoke

cannabis at all had a much lower OR (0.53). In other words, in non-cannabis

smokers the c/c genotype was actually a protective factor. Such genes are often

referred to as “plasticity genes” (as opposed to vulnerability genes) as they seem

to increase the susceptibility for environmental factors “for better or for worse”

[26, 27]. The concept that one and the same gene can be both protective and

deleterious for schizophrenia (or diseases in general) has important implications

not only for the aetiology of a disease (i.e. the number of genetic factors may in fact

even be a lot higher) but also for our efforts in developing novel animal models with

improved predictability, as such models are nowadays still largely designed to

mimic either a genetic or an environmental factor [28, 29]. The COMT Val148Met

SNP has also recently been studied in relation to childhood trauma [30]. In this

study, the severity of positive symptoms was greater in Met carriers who had

experienced physical abuse, but the negative symptoms were more severe in Met

carriers who had experienced social neglect. In addition the authors also looked at

the cognitive performance and found, surprisingly that in the Val carriers (which by

themselves have poorer performance), physical abuse was actually associated with

a better performance in executive functioning tasks. The effects of childhood

trauma on cognition also appear to be moderated by the BDNF Val66Met SNP:

the meth carriers exposed to childhood trauma had significantly poorer cognitive

performance compared to the Val/Val carriers exposed to trauma, especially

physical abuse and emotional neglect, with a much smaller effect for sexual

abuse. However, there was a significant interaction between the BDNF Val66Met

SNP and sexual abuse in hippocampal and ventricular size.

Although the research into gene–environment interactions is still in its infancy,

it has already led to a number of very interesting findings. Moreover, it has led to

the realization that the original idea that genes are vulnerability factors is too

simplistic. In fact genes may increase the overall vulnerability of an individual

for environmental effects. This offers the possibility of identifying protective

environments which may actually decrease the risk of developing schizophrenia.

Although at present this is only theory, it may in time offer a more promising

approach to reducing the burden of schizophrenia.
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1.2 The Pathology of Schizophrenia

As with the etiology, the pathology of schizophrenia is still largely unknown and

highly variable, emphasizing the idea that schizophrenia in itself is a heterogeneous

disorder. Systematic reviews and meta-analyses of structural magnetic resonance

imaging studies show a reduction in total brain and gray matter volume, as well as

an increased ventricular space [31]. More detailed analyses also showed reductions

in the temporal lobe (especially the hippocampus and amygdala), prefrontal cortex,

thalamus anterior cingulate and corpus callosum [32].

An important question with respect to the pathology of schizophrenia is whether

schizophrenia is a neurodevelopmental or a neurodegenerative disorder, i.e. if the

pathology is due to disturbance in the normal development or occurs later on in life

and progresses as the disease continues. An evaluation of the current literature

suggests that schizophrenia likely has components of both. Thus, there are clear

indications of a disturbance in neurodevelopment, such as misplaced cells in the

temporal cortex [33, 34], low brain and body weight at birth [35, 36], and

developmental disturbances in dermatoglyphic features of the hand [37]. In

addition, many studies have identified developmental changes in children who

grow up developing schizophrenia, such as a retardation of development

milestones [38–40] emphasizing that schizophrenia has a neurodevelopmental

component [41, 42].

With respect to a potential neurodegenerative component the literature is less

consistent. The virtually complete lack of gliosis (a hallmark of neurodegeneration)

has suggested to many that the pathology in schizophrenia is not progressive

[43]. However, longitudinal studies using structural magnetic resonance imaging

(MRI) or computer tomography find clear evidence for changes in brain region

volume over time [44–47]. A recent meta-analysis of over 18,000 patients showed

that gray matter volume was significantly and negatively correlated with duration of

illness [48]. On the other hand, gray matter volume was also negatively correlated

with dose of antipsychotic drugs at time of the scan, suggesting that these drugs

may contribute to total volume loss.

1.2.1 Neurotransmitter Changes in Schizophrenia

The dopamine (DA) hypothesis has been without a doubt the most influential

neurochemical theory in schizophrenia and has had a major impact on the

development on antipsychotic drugs. It was already recognized in 1958 that high

doses or chronic use of the DA releasing drug amphetamine can induce a psychosis

very similar to that observed in schizophrenia [49]. In addition a number of

psychotomimetic drugs were shown to act as agonists at DA receptors in addition

to receptors for serotonin (5-hydroxy-tryptamine, 5-HT). However, for a long time

it appeared technically difficult to reliably quantify parameters of dopaminergic

transmission in vivo. It has only been through the use of sophisticated protocols
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using positron emission tomography (PET) or single photon emission computed

tomography (SPECT) that we have been able to unequivocally show changes in

basal dopaminergic neurotransmission. These studies showed that the basal release

of DA is significantly enhanced in patients with schizophrenia [50, 51]. Subsequent

studies also showed an enhanced DA release after an amphetamine challenge

[52, 53], and both appear tightly correlated with each other [54]. This increase in

DA release seen after amphetamine was correlated with positive but not negative

symptoms and could also be observed in drug-naı̈ve first episode patients, but not

during remission [55]. In several recent studies, it was shown that the enhanced DA

release is even seen in ultra-high risk patients during the prodromal phase [56] with

a further increase upon onset of florid psychotic symptoms [57]. Although

schizophrenia is no doubt much too complex to be associated with only one

neurotransmitter, these data nonetheless clearly show that the positive psychotic

symptoms appear to be related to changes in the presynaptic control of the dopa-

minergic system [58]. Further improvement of the spatial resolution has pointed to

the associative anterodorsal striatum, rather than the often implied ventral striatum

as the site for the enhanced DA (re)activity [56, 59]. Indeed DA release in the

ventral striatum (including the nucleus accumbens) seems to be more related to

euphoria [60].

Besides DA, dysfunction in 5-HT neurotransmission has also been implicated in

the etiology of schizophrenia. As for DA, this was triggered by the fact that the

psychotomimetic drug lysergic acid diethylamide (LSD) as well as many

other hallucinogenic drugs [61] acts at 5-HT receptors. It is today believed that

hallucinogens are agonists at the 5-HT2A receptor subtype, especially those

expressed on neocortical pyramidal cells (see, e.g., [62] for a review). The interest

in the “serotoninergic” hypothesis for schizophrenia has somewhat declined over

the last 30 years and its discussion is beyond the scope of this review and well

covered in previous ones. Yet the fact that several antipsychotic drugs, in particular

of the second generation (atypical antipsychotics, see below) bind to certain 5-HT

receptors subtypes, in particular the 5-HT2A, underscores the importance of 5-HT

neurotransmission in schizophrenia.

In addition to the dopaminergic theory, many other neurotransmitters have also

been implicated in the neurobiology of schizophrenia, but the evidence is less

conclusive. While many of these hypotheses will be discussed in later chapters,

we will only briefly discuss the glutamate hypothesis which currently appears to be

the most attractive one also in terms of antipsychotic drug development. As with the

DA hypothesis, the glutamate hypothesis is partly based on the finding that specific

drugs such as phencyclidine and ketamine can induce schizophrenia-like symptoms

in otherwise healthy individuals [63, 64]. Interestingly, and perhaps in contrast

to amphetamine, these drugs seem to induce both positive and negative symptoms

[65, 66]. As these drugs block glutamatergic N-methyl-D-aspartate (NMDA)

receptors [67] this has led to the idea that glutamatergic neurotransmission is

compromised in schizophrenia [68–71]. However, it has proven elusive to identify

glutamatergic deficits in particular in drug-naı̈ve schizophrenic patients. This is

certainly in part due to methodological difficulties (i.e. the lack of imaging PET

ligands selectively binding to NMDA receptors suitable for use in vivo) [72].
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Nonetheless deficits in glutamatergic neurotransmission may indeed underlie

some of the symptoms of schizophrenia and may explain a phenomenon that has

received a lot of attention in recent years, namely functional dysconnectivity

[73]. This theory states that the neurobiological deficit in schizophrenia is not

primarily due to a single dysfunctional structure (as is, for instance, the case in

Parkinson’s disease) but rather due to dysfunctional communication between

different structures within a network. Using different techniques, it was found

that the normal synchrony observed between specific brain regions is significantly

altered in patients with schizophrenia (for a recent review, see [74]).

2 The Treatment of Schizophrenia

While compounds like insulin or cardiazol had been used to treat schizophrenia [75]

before the advent of modern psychopharmacology, it is safe to say that the

pharmacological treatment of schizophrenia started with the introduction of

chlorpromazine (1) through the seminal observations of Delay and Deniker

[76, 77]. Searching for a novel (antihistaminic) sedative drug they started using

chlorpromazine (1, RP4560) after Henri Laborit had used the drug as an anesthetic

booster in a clinical trial [78]. It soon became clear, however, that chlorpromazine

(1) was much more than a sedative and that it was capable of selectively reducing

the psychotic symptoms in schizophrenic patients.

The introduction of chlorpromazine (1) was rapidly followed by a large number

of other drugs originally referred to as neuroleptic drugs (a term coined by Delay

and Deniker) but now commonly referred to as antipsychotic drugs. As Fig. 1

indicates the number of approved antipsychotics steadily climbed until around 1975

culminating with the introduction of clozapine (5). This period was followed by a

long plateau phase, marked by the withdrawal of clozapine for safety reasons which

will be explained below, followed by its reintroduction in the market. After this, in

1994, risperidone (8) was introduced followed by a series of novel antipsychotics,

that last of which being lurasidone (not shown), which was approved by the FDA

in 2010. The antipsychotics are generally subdivided into two categories: first

generation (classical) and second generation (atypical) antipsychotics, with

clozapine (5) marking the transition between the two classes. In some papers

aripiprazole (9) has been sometime referred to as the third generation drug as it

has some unique mechanism of action (see below). However, as aripiprazole (9) is

only one of the antipsychotics among several drugs with a similar mode of action

which did not reach the market, we conservatively propose classifying this drug still

as a second generation drug, also because its differentiation in terms of mechanism

of action does not justify, in our opinion, its classification into an additional

category.
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2.1 The First Generation of Antipsychotics

Most of the first generation antipsychotics generally belong to four different

chemical classes: the tricyclic phenothiazines and thioxanthenes and the butyro-

phenones and the diphenylbutylamines (see Fig. 2).

After the successful introduction of chlorpromazine (1) thousands of variations

in the basic structure of the thioridazines have been tested in animal models

for antipsychotic activity – mostly inhibition of motor behaviour or conditioned

avoidance response [79]. As a result, the medicinal chemistry characteristics of

tricyclic compounds are very well known. Here we will only briefly touch upon

them. For a more detailed analysis the reader is referred to the excellent chapter of

Altar et al. in Burger’s textbook on medicinal chemistry and drug discovery [80].

Within the class of the tricyclics the distance between the –N– of the side chain

and the tricyclic structure should optimally be a three carbon-chain. Shorter

chains decrease the antipsychotic potency while at the same time increasing the

antihistaminic and anticholinergic properties. With respect to the nature of the

amino-group, it has been shown that a tertiary amino group is optimal, with

mono- and desmethylchlorpromazine being several times less active.

Within the tricyclic ring, electron-withdrawing substituents (i.e. –Cl or –CF3) in

the R1-position greatly enhance the antipsychotic potential. Indeed, it was long

thought that this was essential for antipsychotic activity and, until the introduction

of olanzapine (6) (see below) all tricyclics contained an electron-withdrawing

group in the R1-position. While keeping the diaryl nature of the tricyclic rings, a

variety of alterations have been evaluated within the central ring. Changing the –S–

into a –O– or a –C– leads to a reduction in the antipsychotic efficacy. Interestingly,

Fig. 1 The development of antipsychotic registration with some highlights depicted. cpz chlor-
promazine, hal haloperidol, cloz clozapine, risp risperidone, olan olanzapine, aripip aripiprazole
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a change into a –CH2–CH2– (i.e. changing the six-membered ring into a seven-

membered ring, while reducing the antipsychotic efficacy) increases the antide-

pressant activity (especially when the –N– is changed into a –C as well). A final

change in the central ring is the replacement of the –N– for a –C– leading to the

group of the thiotixenes, which are also highly potent antipsychotics and include

drugs such as thiotixene (2), chlorprotixene and flupenthixol.

The butyrophenones were discovered in the laboratory of Paul Janssen in Beerse,

Belgium in a search for meperidine-like analgesics. By increasing the distance

between the aryl group and the tertiary amine and by introducing an electron-

withdrawing group in the 4-position of the aryl group, the analgesic properties

Fig. 2 The general structure of the major classes of first generation antipsychotics (top) and a

representative example (bottom). (a) Phenothiazines; (b) thiothixenes; (c) butyrophenones; (d)
diphenylbutylamines
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significantly decreased, while at the same time the antipsychotic efficacy increased.

Indeed some of the butyrophenones are among the most potent antipsychotics (such

as trifluperidol, spiroperidol and haloperidol (3)).

The medicinal chemical properties of butyrophenones have been much less

extensively studied, compared to those of the tricyclics discussed above. Most

substitutions have been on the tertiary amino side, including the X, R1 and R2

position (see Fig. 2c). In most cases, X represents a C–, but replacing it with an N–

can also lead to potent antipsychotics. Related to the butyrophenones are the

diphenylbutylamines, in which the ketone group is replaced by a phenyl group

(again with an F– in the 4-position). This change led to several potent long-acting

antipsychotics, such as fluspirilene and pimozide (4).

In addition to these four classes of drugs a large number of other antipsychotics

have been developed that do not really fit into any other structural class, including

butaclamol, molindone, oxypertine and several others.

2.2 The Second Generation of Antipsychotics

As mentioned above, the introduction of clozapine (5) in the early 1970s,

and especially its re-introduction in 1989 marked a new era of antipsychotic

development. Especially the very low frequency of extra-pyramidal (parkinsonian-

like) symptoms (EPS, a major concern with first generation antipsychotics),

accompanied also by a lower incidence of tardive dyskinesia were considered unique

and earned it the name “atypical antipsychotic” [79]. Actually, the finding that some

antipsychotics had less EPS than others was far from new, and was already

established in the early 1960 in large studies [79]. Unfortunately, clozapine (5) suffers

from a number of serious and even fatal side effects, most notably agranulocytosis,

a potentially deadly reduction in white blood cells and the reason why it was

voluntarily withdrawn from the market in the first place [81]. While clozapine (5)

was reintroduced in 1989 after studies demonstrated its effectiveness especially in

treatment-resistant schizophrenia, its use is strictly controlled, with several “black

box” warnings and currently, in spite of its obvious benefits (see below), clozapine (5)

is reserved almost exclusively for therapy-resistant patients. Also the introduction of

newer and safer second generation antipsychotic drugs has further limited its use.

However, the unique characteristics of clozapine (5) sparked the development of

a whole series of novel molecules, including risperidone (8), olanzapine (6),

quetiapine (7) and aripiprazole (9) (Fig. 3). Most of these drugs have quite unique

chemical structures and therefore only relatively limited medical chemical

information is available. As can be seen in Fig. 3, both olanzapine and quetiapine

are clearly based on the tricyclic structure of clozapine. Interestingly, whereas

clozapine retained the electron-withdrawing halogen on the phenyl ring, it is

notably absent in both olanzapine (6) and quetiapine (7). Although this may

actually have reduced the overall antipsychotic efficacy [82], it seems to have

contributed to the “atypical” character.
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A last class on antipsychotics that is worth mentioning in this respect is the

benzamides (see Fig. 4). This class also contains a large series of drugs including

the anti-emetic drug metoclopramide, the first generation antipsychotic sulpiride

(10) and clebopride and the second generation remoxipride (11), raclopride and

amisulpride (12). The general structure is given in Fig. 4 and medicinal chemical

approaches rapidly established the essential nature of the 2-OCH3 group on the

phenyl ring. Further substitutions on the phenyl ring (especially Br– substitution on

Fig. 3 The chemical structure of several second generation antipsychotics. (a) Clozapine,

(b) olanzapine, (c) quetiapine, (d) risperidone, (e) aripiprazole

Fig. 4 The structure of the benzamides (a) with some representative examples: (b) sulpiride,

(c) remoxipride, (d) amisulpride
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the X-position) greatly enhanced the potency leading to remoxipride (11), which

was briefly introduced in clinical practice, but was withdrawn after reports of

aplastic anemia. The latest addition to the benzamides is amisulpride (12), a drug

which is registered in several countries is Europe, but not in the USA. It seems to

have a clinical profile similar to remoxipride (11), although it does not induce the

aplastic anemia.

2.3 The Clinical Features of Antipsychotic Drugs

The existence of so many antipsychotics warrants the questions whether there are

(fundamental) differences between them. For many years it has been common

practice to subdivide the antipsychotics into classical and atypical drugs, based

on their potency to induce EPS [83–85]. However, this distinction seems to be more

quantitative than qualitative. Thus, when given in high enough doses virtually all

antipsychotics induce to a certain extent EPS of higher or lower severity. Atypical

antipsychotics may be different from the more traditional one in that their

therapeutic width is (slightly) larger. Thus careful titration might lead to less EPS

with these drugs at doses that produce sufficient antipsychotic activity. The

relevance of this distinction for everyday clinical practice becomes therefore less

evident. Moreover, even in animal research the distinction between classical and

atypical antipsychotics has not always been clear. For instance, two papers

published in 1983 studied the effects of repeated antipsychotic administration of

the firing properties of the dopaminergic cells in the midbrain [85, 86]. Both found

that atypical antipsychotics such as clozapine (5) differentiated between the A9 and

the A10 cell groups. Interestingly, both groups also studied the effects of sulpiride

(10) with some authors [85] classifying it as a classical antipsychotic and others

[86] three as an atypical antipsychotic. Likewise, whereas Meltzer and colleagues

classified thioridazine as an atypical antipsychotic in one paper in 1989 [87], in

another paper in the same year they classified it as an atypical antipsychotic

[84]. Based on these and other findings that the clinical and neurochemical

difference between these two classes of drugs may be less conspicuous than

originally thought, we and others prefer the terms first and second generation

antipsychotics.

In order to determine whether there are meaningful differences between the

individual antipsychotics, two approaches have been used: meta-analyses and

large-scale multicentre studies. Several meta-analyses have been published mainly

comparing first and second generation antipsychotics [88–91]. In addition, several

large-scale studies have been conducted to investigate potential differences in the

treatment of schizophrenia (see Table 2). Although both types of studies have their

advantages and limitations (see also [92]), including different read-out parameters,

poor comparability in terms of dosing regimens and patient selection, the

conclusions are remarkably similar.
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Overall, all first and second generation antipsychotics show a clear therapeutic

effect on the positive symptoms, while being much less effective in treating the

negative or the cognitive symptoms. For instance in the CATIE study, a 35%

reduction in positive symptoms was seen with all drugs evaluated after about

12 months, while reductions in negative and cognitive symptoms were less than

15% [93–95]. In addition the CATIE study showed that compliance rates were

generally very poor with 60 and 75% of patients discontinuing their treatment

within 12 and 18 months, respectively. This is remarkably similar to the 68.4,

70.9 and 71.4% discontinuation seen after 1 year with olanzapine (6), quetiapine

(7) and risperidone (8) in the CAFE study [96]. The discontinuation was lower in

the EUFEST study (ranging from 33% for amisulpride (12) to 72% for haloperidol

(3) after 1 year) which may be due to the fact that this study only included first

episode patients. Interestingly, although there were differences in compliance

rates between the different antipsychotics (with haloperidol being the least well

tolerated), the therapeutic effects were virtually identical for all antipsychotics

involved [97].

In addition to small differences between different drugs with respect to the

therapeutic effects, larger differences have been reported with respect to the side

effects. Although the second generation antipsychotics are certainly not without

motor (EPS) side effects, the incidence seems somewhat lower than with the first

generation antipsychotics. For instance in the EUFEST study, haloperidol induced

EPS in a significantly higher incidence (34% of the patients) than after treatment

with olanzapine (6) (6%), quetiapine (7) (11%), ziprasidone (16%) and amisulpride

(12) (17%) [97]. A similar pattern was found with respect to akathisia (although in

this case ziprasidone was no different from haloperidol). This small advantage of

second generation antipsychotics was also observed in the CATIE study, with EPS

observed in 8% of the patients treated with the first generation drug perphenazine,

vs. 2–4% for the second generation drugs olanzapine (6), risperidone (8),

ziprasidone (not shown), and quetiapine (7) [98]. On the other hand, the second

generation drugs seem to induce more metabolic side effects especially increases in

body weight. Thus, whereas the average weight gain over a 1 year treatment was

7.6 kg for haloperidol, it was estimated at 9.7 kg for amisulpride (12), 10.5 kg for

quetiapine (7) and 13.9 kg for olanzapine (6) [97]. Again, the data are similar to

Table 2 Large-scale multicentre trials

Acronym Title Primary outcome

CATIE Clinical antipsychotic trials of intervention

effectiveness

Discontinuation of

medication

CUtLASS Cost utility of the latest antipsychotic drugs

in schizophrenia study

Quality of life and costs

SOHO Schizophrenia outpatients health outcomes Two years symptoms recovery

CAFE Comparison of atypicals in first episode Discontinuation of medication

EUFEST European first episode schizophrenia trial Discontinuation of medication
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those of the CATIE study, showing an increased risk for obesity, especially for

olanzapine (with 30% of the patients gaining more than 7% in body weight).

Interestingly, in both studies ziprasidone was the least likely to induce weight

gain [98].

Overall then the conclusion of the comparative studies shows that although

subtle differences exist between individual antipsychotics, they do not show great

superiority for the second generation. Moreover, none of the current drugs seem

particularly effective in the treatment of negative and cognitive symptoms, and

overall therapy compliance is low, especially in more chronic patients. In other

words, there is a clear unmet medical need for drugs with an improved profile, in

terms of both better therapeutic efficacy and reduced side effect liability.

Before discussing the therapeutic mechanisms of antipsychotics, it is important

to mention the special position of clozapine. As discussed before, clozapine was

re-introduced in 1989 in spite of the fatal risk of agranulocytosis. The reason for this

was clozapine’s unique therapeutic profile. Indeed clozapine seems to induce very

few if any parkinsonian-like side effects. Moreover, clozapine seems unique in that

it shows efficacy in therapy-resistant patients. This was the primary outcomes of the

landmark study that led to the re-introduction of clozapine [99] and has since been

replicated in several studies, including the CATIE study [94, 100, 101]. Although

not all studies have confirmed clozapine’s superiority over other drugs [90], it is fair

to say that clozapine represents a unique antipsychotic drug and it does indicate that

it is possible to develop drugs that are more effective than most of the currently

available therapies.

2.4 The Mechanisms of Action of Antipsychotic Drugs

Given that the differences between the antipsychotics are marginal, especially

in relation to the reduction in positive symptoms, it is not surprising that all antipsy-

chotic drugs are thought to have a common mechanism of action (with the possible

exception of clozapine). Indeed as early as the beginning of the 1960s it was proposed

that all antipsychotics act through an interaction with catecholaminergic receptors as

they all led to increases in metabolic products of DA and noradrenaline (NA),

respectively [102]. It was Jacques van Rossum who in 1966 proposed that all

antipsychotics were antagonists of the DA receptor (at that time only one DA receptor

was known) as they all reversed the behavioural effects of L-Dopa [103]. However, it

took another 10 years before two groups independently showed that indeed all

antipsychotics bind to DA receptors, and that there was a linear correlation between

the binding to the receptor and the average daily dose used in the clinic [104, 105],

while there was no such correlation with other receptors [106]. Final confirmation

about the relevance of the DA D2 receptor subtype for the therapeutic effect came

from brain imaging studies, using PET and SPECT ligands to visualize D2 occupancy
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of antipsychotic drugs in clinically relevant doses. These data clearly show that

for the vast majority of antipsychotic drugs therapeutically relevant doses lead to a

70–80% occupation of the D2 receptor [107–112]. It is important to realize that this

level of occupancy was observed for both first (haloperidol, chlorpromazine,

flupenthixol, molindone, etc.) and second (olanzapine, remoxipride, amisulpride,

lurasidone and ziprasidone). So far only two antipsychotics appear to require a

lower occupancy rate: clozapine (5) and quetiapine (7). Both drugs appear therapeu-

tically active in doses which occupy only 20–40% of the D2 receptors.With respect to

clozapine, given its effectiveness in therapy-resistant patients, it is tempting to

speculate that properties additional to the D2 blocking effects may be responsible

for this unique effect. This is unlikely the case for quetiapine (7), as its effect in

therapy-resistant patients is not different from other antipsychotics. However, it is

important to note that the half-life of quetiapine (7) is short, and thus receptor

occupancy as assessed using brain imaging may underestimate the true binding. An

additional finding of the brain imaging studies showed that there is a small but

important therapeutic window between the therapeutic effect (roughly 60–80%

occupancy) and the development of EPS (above 80–85%). Again, there appears to

be an exception to this rule. Aripiprazole (9) generally occupies over 90% of the D2

receptors, yet does not induce significantly more EPS. In spite of this, this drug does

not induce more EPS side effects than the other antipsychotics. A likely explanation

is that whereas all other antipsychotic drugs are antagonists, aripiprazole (9) is a

partial agonist at D2 receptors whose efficacy in vitro relative to that of DA varies

depending on the presence of spare receptors/receptor reserve for DA [113]. The

partial agonist properties of aripiprazole may represent a feature possibly protecting

against severe EPS side effects.

2.5 The Binding Profile of Antipsychotic Drugs

Although all antipsychotics bind to the D2 receptor and this effect seems directly

related to the therapeutic effect (on the positive symptoms), it is important to realize

that virtually all antipsychotics are dirty drugs (or as some have referred to “have a

rich pharmacology”). In fact with the exception of the benzamides, all antipsy-

chotics show appreciable affinity for 5-HT, adrenoceptors, muscarinic and or

histaminergic receptors. Tables 3 and 4 list the Ki values for 7 first and 12 second

generation antipsychotics, obtained from the PDSP database (http://pdsp.med.unc.

edu/indexR.html). Given that there are large differences in doses used for each

antipsychotic, the absolute Ki values are only of limited use. A better representation

can be obtained if we look at the affinities relative to the D2 receptor, as antipsy-

chotics are usually titrated to reach about 80% D2 occupancy as discussed above.

This is illustrated for the 5-HT receptors for several representative examples of first

and second generation antipsychotics in Fig. 5. Data are converted to pKi, implying

that a score of +1 means a tenfold lower affinity for the receptor compared to the D2

receptor, a score of +2 means 100-fold, etc. Negative scores imply that the
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antipsychotic has a higher affinity for that receptor than for the D2 receptor. From

the figure it becomes automatically clear that there are marked differences in

binding profiles between the first and second generation antipsychotics. Whereas

the first generation antipsychotics bind almost without exception more potently to

the D2 receptor, many of the second-generation antipsychotics have higher affinity

for 5-HT receptors, most notably 5-HT2A where they act as antagonists. The figure,

Fig. 5 The affinities of several first and second generation antipsychotics for the 5-HT receptors,

relative to their affinity for the D2 receptor (pKi, see text for explanation). The hatched bars
indicate minimal values (i.e. the Ki are >10,000 nM)
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however, also indicates that the second generation antipsychotics are a much more

heterogeneous group of drugs. For instance, amisulpride (12) and aripiprazole (9)

have a profile very similar to that of the first generation type antipsychotics, while

clozapine (4) and olanzapine (5) show a very different profile.

In addition to binding to DA and 5-HT receptors, most first and second

generation antipsychotics also have appreciable affinity for adrenergic α1 and

histaminergic H1 receptors. In addition, some drugs also show significant binding

to some of the muscarinic receptors, especially m1, m3 and m5 receptors. The

differences in receptor affinities are likely to underlie some of the clear differences

especially in terms of side effects between the individual antipsychotic drugs

(see Table 5).

3 The Dopamine–Serotonin Interaction

As Fig. 5 and Tables 3 and 4 illustrate, the binding of most antipsychotics is

complex, but a clear distinction between first and second generation drugs on the

basis of the binding profile alone seems impossible. Nonetheless, it has been

suggested that especially the binding to the 5-HT2 receptors is an important

distinguishing factor between the two groups of drugs. Herbert Meltzer was

one of the first who suggested that second generation antipsychotics could be

distinguished from first generation antipsychotics by their more potent 5-HT2A

blockade (relative to D2 blockade [84, 117, 118]). Indeed inspection of Fig. 5

shows that most first generation antipsychotics are less potent on 5-HT2A and

5-HT2C receptor (with the exception of loxapine and possibly chlorpromazine

(1)), while most second generation antipsychotics are more potent (with the

exception of amisulpride (12)). In spite of the lack of a clear therapeutic difference

between the two groups of antipsychotics, this has led to the idea that drugs that

Table 5 The involvement

of neurotransmitter receptors

in the side effects of

antipsychotic drugs [114–116]

Receptor Side effects

5-HT1A Weight gain

Cognitive impairment (?)

5-HT2A Sexual dysfunction

5-HT2C Weight gain, diabetes

Sexual disturbances

α1 Orthostatic hypertension

Dizziness, reflex tachycardia

D2 receptor Extrapyramidal side effects

Endocrine (Prolactin elevation)

H1 Sedation, weight gain, diabetes

m1 Dry mouth, blurred vision, constipation

Cognitive impairment
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interact with both DA and 5-HT receptors might be clinically superior to drugs

that are more selective. In the remainder of this chapter, we will therefore focus

specifically on this dopamine–serotonin interaction and what the potential conse-

quences of these interactions for the clinical profile of antipsychotics drugs

could be.

3.1 The Dopamine System

The dopaminergic system consists of several clusters of cells (generally referred to

as A8 to A15) located in the midbrain and the hypothalamus [119]. The major cell

clusters are the A9 (or substantia nigra pars compacta, SNc) which sends fibres

predominantly to the dorsal striatum, the A10 (or ventral tegmental area, VTA)

which sends fibres to the ventral striatum and prefrontal cortex and the A12 (in the

periventricular and arcuate nucleus of the hypothalamus) which sends fibres to the

median eminence and the posterior lobe of the pituitary gland (see Fig. 6).

DA interacts with five different receptors, conveniently labeled D1 to D5, which

are subdivided into two families: the D1 family (comprising of the D1 and D5

receptor) and the D2 family (comprising of the D2, D3 and D4 receptor). All DA

receptors are G-protein-coupled receptors (GPCRs), with the D1 family coupled to

Gs (and possibly Gq) and the D2 family to Gi. Most of the dopaminergic receptors

are concentrated within the basal ganglia, especially the dorsal and ventral striatum,

with the D1 family also abundant in the prefrontal cortex. In addition the D3 is found

in the island of Calleja, the D4 receptor in the amygdala and the D5 receptor in the

hippocampal formation [120–122]. However, the lack of selective ligands for the

individual subtypes has greatly hampered our understanding of the role of each of

these receptors in any detail.

DA is probably one of the most studied neurotransmitters and it is known to play a

prominent role in motor coordination and initiation, motivation and reward as well as

Fig. 6 The anatomy of the dopaminergic system in a sagittal section of the rat brain
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in cognition. It is therefore not surprising that alterations in the dopaminergic system

have been implicated in several major disorders, such as Parkinson’s disease, drug

dependence and addiction and schizophrenia [123–125].

3.2 The Serotonergic System

Similar to the organization of the dopaminergic system, serotonergic cell bodies are

also located in several clusters located in the midbrain. In their classical study

Dahlstron and Fuxe labeled these cell clusters B1–B9 [119]. Figure 7 shows the

major serotonergic cell clusters: B3 (Raphe magnus), B5 (medial raphe, MR), B6,

B7 (both parts of the dorsal raphe, DR) and B8 (median raphe). Serotonergic fibres

run both caudally (from B1 to B4 into the brainstem and spinal cord) and rostrally

(from B5 to B9) innervating almost all forebrain region [126]. The vast majority of

these ascending serotonergic fibres arise in the dorsal and median raphe and are

organized into a dorsal and ventral system [127].

The pharmacology of the serotonergic system is highly complex as 5-HT is

known to interact with thirteen different receptors (with a putative fourteenth

receptor (5-HT5B) identified in rodents) belonging to seven different classes

(5-HT1 to 5-HT7) [128]. Moreover, some receptors occur in different isoforms,

due to posttranslational modification. For instance, at least 14 functional isoforms

of the 5-HT2C and nine of the 5-HT4 receptors have so far been identified

[129]. With the exception of the 5-HT3 family, all these receptors are GPCRs.

The 5-HT1 and 5-HT5 receptor families are coupled to Gi/o, whereas the 5-HT4,

5-HT6 and 5-HT7 are coupled to Gs. Finally the 5-HT2 receptors are coupled to

Gq/11. All the receptors are widespread across the brain with many localized in key

areas related to schizophrenia, such as the basal ganglia and the cortex.

5-HT is one of the evolutionary oldest neurotransmitters and plays a key role in

emotions, social behaviour, cognition and impulsivity. Hence it has been implicated

in major mood disorders such as depression, disorders and anxiety disorders, as well

as obsessive compulsive disorders and autism [130].

Fig. 7 The anatomy of the serotonergic system in a sagittal section of the rat brain
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3.3 Functional Interaction Between the DA and 5-HT
Neurotransmission

Given the both DA and 5-HT innervate (at least in part) similar areas of the brain

and the receptors from both are highly concentrated in the basal ganglia, the

midbrain and the prefrontal cortex, it is not surprising that these neurotransmitters

intimately interact with each other. However, the interactions are highly complex

given the multiple receptors of both neurotransmitters that often have opposite

intracellular effects. Especially electrophysiological studies have yielded complex

interactions between DA and 5-HT [131]. This is in part due to the fact that most

studies have been done under general anaesthesia, which influences the electro-

physiological properties of neuronal cells. However, a more important limitation is

the above-mentioned plethora of receptors involved in (especially) serotonergic

signaling. Moreover, there is a reciprocal connection between the dopaminergic

cells and the serotonergic cells. Thus, the DR sends projections to SN and VTA,

whereas the MR only sends projections to the VTA but not the SN [132]. Likewise

there the SNc and VTA send dopaminergic projections to the DR [133, 134]. In

line with this, serotonergic cells within the DR express both D2 and D3 receptors

[135, 136].

Studies using microdialysis especially in combination with specific serotonergic

receptor (ant)agonists have provided more consistent data. Although 5-HT can also

inhibit DA release, its major effect, as observed with in vivo microdialysis is an

increase in striatal DA release [137]. 5-HT1A agonists increase DA release in the

hippocampus and prefrontal cortex, but not in the dorsal or ventral striatum.

Although antagonists by themselves have no effect, they do prevent the effects of

5-HT1A agonists [138]. This effect is likely due to postsynaptic 5-HT1A receptors as

the effect is still present after denervation of the 5-HT fibres. Moreover, there is a

dense 5-HT1A receptor population in the medial prefrontal cortex and hippocampus,

while the receptors are scarce in the dorsal and ventral striatum [139]. 5-HT1B

receptors also enhance DA release, but in contrast to the 5-HT1A receptors, this

seems to be a more general effect, observed in the dorsal and ventral striatum as

well as in the medial prefrontal cortex. This effect could be mediated via an indirect

effect at the level of the cell bodies. 5-HT1B receptors are located on GABAergic

terminals within the VTA and SNc and 5-HT1B agonists reduce GABA outflow,

thereby disinhibiting the DAergic cells [140].

Probably the most convincing serotonergic influence of dopaminergic

neurotransmission is mediated via the 5-HT2 receptor family, with the 5-HT2A

and 5-HT2C having opposite effects. Thus, the non-selective 5-HT2A agonists DOI

enhance basal DA release in the prefrontal cortex and nucleus accumbens, an effect

that is blocked by the selective 5-HT2A antagonist MDL100907 [140]. Interestingly,

while 5-HT2A antagonists inhibit psychostimulant-induced DA release, they do not

influence the dopamine release induced by morphine. This is likely due to the fact

that the psychostimulant-induced DA release is impulse independent, while the

morphine-induced increase depends on increased firing of the dopaminergic cells
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[141]. However, the role of 5-HT2A receptors is more complex as evidenced by

studies that showed that local application of DOI into the striatum increased DA

release via 5-HT2C but not 5-HT2A receptors [137]. Moreover, within the prefrontal

cortex, it has been shown that 5-HT2A antagonists can increase DA release when

combined with first generation antipsychotics such as sulpiride and haloperidol

[142]. These latter authors suggest that this effect is actually due to an indirect

effect on release 5-HT on 5-HT1A receptors, as the effects are selectively blocked

by the 5-HT1A antagonist WAY100635.

5-HT2C receptors also influence dopaminergic neurotransmission with

antagonists increase DA cell firing, burst cell activity and DA release in the medial

prefrontal cortex and striatum [140].

5-HT3 and 5-HT4 receptors are also involved in the release of DA albeit in a

slightly different manner. Whereas systemic application of 5-HT3 agonists

enhances DA release, systemic application of 5-HT4 agonists has no effect

[140]. On the other hand, antagonists of both receptors block the morphine-induced

increase in DA release, while not affecting the amphetamine-induced increase,

suggesting that these receptors only affect impulse-dependent DA release

[143, 144].

Much less is known with respect to the other 5-HT receptors, although a recent

study showed that the selective 5-HT6 agonist ST1936 enhances DA release in the

medial prefrontal cortex and the ventral striatum, especially the nucleus accumbens

shell; an effect blocked by selective 5-HT6 antagonists [145].

In addition to microdialysis, behavioural studies have highlighted the

interactions between dopaminergic and serotonergic drugs. DA agonists, especially

indirect agonists such as amphetamine and cocaine are well known to increase

locomotor activity. This hyperactivity is blocked by, among others, 5-HT1A

agonists [146], 5-HT1B antagonists [147], 5-HT2A antagonists [148], 5-HT2C

agonists [149], 5-HT3 antagonists [150], 5-HT4 antagonists [151] and 5-HT7

antagonist [152, 153] but not 5-HT6 antagonists [154, 155]. One issue of concern

with these pharmacological studies is the selectivity of the effect, i.e. whether

the doses used to reduce drug-induced hyperactivity are ineffective in blocking

spontaneous activity. Other behavioural studies have specifically looked at the

interaction between 5-HT receptors and antipsychotic drugs, especially in relation

to the side effects. Thus, 5-HT1A agonists [156], 5-HT3 antagonist [157] and 5-HT6

antagonists [157] reverse haloperidol-induced catalepsy, while 5-HT4 [158], 5-HT5

and 5-HT7 antagonists [157] are without effect. The influence of 5-HT2A

antagonists is less clear with some reporting an inhibitory effect [159], while others

found no effect [160]. The effects of 5-HT2 receptors on antipsychotic-induced

motor inhibition were also investigated and found that the interaction is highly

complex and depends on the antipsychotic [161]. It is interesting, however, to see

that a number of the drugs that reverse the DA agonist induced hyperactivity, also

reverse the DA antagonist induced catalepsy in rodents. On the one hand this

emphasizes the complex pharmacological interaction between DA and 5-HT, and,

on the other hand, suggest that such ligands may possess antipsychotic properties

(as they reverse DA-induced hyperactivity) while exhibiting less EPS (as they

reverse catalepsy).
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4 The Future DA/5-HT Antipsychotics

As discussed at length already, most antipsychotics possess both DA and 5-HT

receptor blocking properties. This is especially true for the second generation

antipsychotics. Moreover, as indicated in Fig. 5, most of these interact with several

different receptors. The question that remains is whether a truly innovative

antipsychotic with a binding profile focusing on DA, 5-HT or an interaction

between them is still possible. In the remainder of this chapter we will discuss the

theoretical and practical strategies used to answer this question. As we will see,

most of these strategies are based on (are at least inspired by) the binding profile of

clozapine, still considered the most effective antipsychotic treatment. Tables 6, 7, 8,

9, and 10 give an overview of the different drugs that have at least led to clinical

trials. As is evident, however, the development of most drugs has either been

Table 6 Examples of recent DA-specific and 5HT-specific drugs that have failed in different

stages of development for schizophrenia

Drug Company MOA Remarks

CEE-03-310 Addex D1 # Development ceased during/after phase

IIa trials

SDZ-HDC-

912

Novartis D2 # Development ceased during/after phase II

trials

Aplindore Pfizer D2/D3 " In phase II for PD

Sonepiprazole Pfizer D4 # Development ceased during/after phase II

trials

AV-965 Avera Pharma 5-HT1A # Development ceased during/after phase I

trials

Adatanserin Pfizer 5-HT1A "/5-
HT2A #

Development ceased during/after phase II

trials

Volinanserin Sanofi 5-HT2A # Not superior to placebo in phase III trial

Eplivanserin Sanofi 5-HT2A/5-

HT2B #
Development ceased during/after phase IIb

trials

Vabicaserin Pfizer 5-HT2C "/5-
HT2B #

Development ceased during/after phase II

trials

Zacopride Sanofi 5-HT3 # Development ceased during/after phase II

trials

Ricasetron GlaxoSmithKline 5-HT3 # The drug was in a phase II trial for anxiety

PRX-07034 Epix 5-HT6 # Phase II trial was planned

LY-483518 Lundbeck 5-HT6 # Development ceased during/after phase II

trials

Cerlapirdine Pfizer 5-HT6 # Development ceased during/after phase I

trials

ABT-354 Abbott 5-HT6 # Development ceased after phase I

Lu-AE-58054 Lundbeck 5-HT6 # Positive phase III data reported for AD

Data were obtained from the Citeline® database (www.citeline.com)

" refers to agonistic activity

# refers to antagonistic (inhibitory) activity
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discontinued (Tables 6 and 7) or the developmental status is unknown (Tables 8 and

9), meaning in most cases also that the drug is no longer actively pursued.

4.1 Selective Dopaminergic Ligands

As DA interacts with five different receptors, while most antipsychotics have high

affinity for only one or do not clearly distinguish between the different receptors

(especially between D1 and D5, and between D2, D3 and D4), strategies have been

developed to design more selective drugs. As discussed above, the effects of

antipsychotic drugs on the positive symptoms seem mediated through the D2

receptor, leading to the question whether the other four receptors also may have a

role in the therapy of schizophrenia.

4.1.1 D1-Family Specific Ligands

Given the strong homology between the D1 and the D5 receptors it has so far been

impossible to develop ligands with any pharmacologically relevant selectivity for

one of these two receptors. We will therefore refer to them as D1/5 ligands. The first

of these were the benzazepines SKF 38393 (13) [162] and Sch 23390 (14) [163] a

(partial) agonist, resp., antagonist (see Fig. 8). Following the recognition that

SKF38393 is only a partial agonist, additional full agonists were developed using

the same general scaffold. Interestingly, both agonists and antagonists have been

suggested to be beneficial in schizophrenia. We found that, like clozapine (5) and

quetiapine (7), SCH23390 selectively reversed the amphetamine-induced social

Table 7 Examples of recent mixed DA/5-HT drugs that have failed in different stages of

development for schizophrenia

Drug Company MOA Remarks

SLV-314 Abbott D2 #/5-HT1A " Development ceased during/after phase II

trials

Adoprazine Abbott D2 #, 5-HT1A " Development ceased during/after phase II

trials

PF-217830 Pfizer D2/5-HT2A #,
5-HT1A "

Development ceased during/after phase II

trials

Lu-35-138 Lundbeck D4/5-HT2 # Development ceased during/after phase II

trials

Fananserin Sanofi D4/5-HT2A # Development ceased during/after phase II

trials

Belaperidone Abbott D4/5-HT2 # Development ceased during/after phase II

trials

Roxindole Merck

KGaA

D2, SERT #/5-HT1A " No efficacy in phase II trial

Data were obtained from the Citeline® database (www.citeline.com)

" refers to agonistic activity

# refers to antagonistic (inhibitory) activity
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isolation in Java monkeys [164, 165]. Although some beneficial effect was found in

earlier studies [166] poor oral bioavailability and rapid tolerance severely limited

the usefulness of these drugs [167]. Additional trials with selective D1/5 antagonists

including CEE-03-310 and TSR-1938 were equally ineffective.

More recently, a potential role for D1/5 agonists has been proposed, based on

findings in animal and human studies that increasing D1/5 tone, especially in

the prefrontal cortex, could improve cognitive performance [168, 169]. Recently,

this hypothesis was tested using the polycyclic compound dihydrexidine

(16, DAR-0100). The results showed that the drug was well tolerated and at a

dose of 20 mg increased indeed prefrontal perfusion [170, 171]. Larger scale

clinical trials have, however, not yet been performed. DAR-0100 is currently in

clinical testing as cognitive enhancer in schizotypal personality disorder

(ClinicalTrials.gov Identifier: NCT01466205) while a trial in neuropsychiatric

disorders has been completed (ClinicalTrials.gov Identifier: NCT01519557) but

no results have been published to the best of our knowledge.

Table 8 Examples of recent DA-specific and 5HT-specific drugs for which the developmental

status for schizophrenia is unclear

Drug Company

Mechanism of

action Remarks

Uridine Polifarma DA " No development after start of phase II

trials

DAR-0100 BioValve

Technology

D1 " No development after start of phase II

trials

TSR-1938 Paion D1 # No development after start of phase I

trials

YKP-1358 SK Holdings D2 # No development after start of phase II

trials

JNJ-37822681 Johnson & Johnson D2 # No development after start of phase II

trials

AVE-5997EF Sanofi D2/D3 (") No development after start of phase I

trials

BP4.897 Bioprojet D3 " No development after start of phase II

trials

ABT-925 Abbott D3 # Phase II trial was terminated

NGD 94-1 Merck & Co D4 # No development after start of phase I

trials

Sulamserod Hoffmann-La

Roche

5-HT4 " No development after start of phase I

trials

SYN-114 Hoffmann-La

Roche

5-HT6 # No development after phase I trials

SB-271046 GlaxoSmithKline 5-HT6 # No development after start of phase I

trials

PNU-22394 Pfizer 5-HT2A/2B/2C # No development after start of phase II

trials

Data were obtained from the Citeline® database (www.citeline.com)

" refers to agonistic activity

# refers to antagonistic (inhibitory) activity

(") refers to partial agonistic activity
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An interesting compound as potential cognitive enhancer in schizophrenia is

stepholidine (17) [172–174], which was originally isolated from the roots of the

plant Stephania intermedia and acts as a partial D1 agonist and full D2 antagonist. In

animal research this drug showed an interesting pharmacological profile

[175, 176]. Unfortunately, few informative clinical studies have been performed

with this drug, so its potential cannot be assessed.

Although originally described as a classical D1/5 agonist, SKF 83959 (15, Fig. 8)

was found to have several unique characteristic. Biochemically, rather than

increasing cAMP, it activates phospholipase C (PLC) stimulating the hydrolysis

of PIP2 into IP3 and DAG. Behaviourally it was shown to have antiparkinsonian-

like properties in both rat and monkey models [177–179] and several other unique

characteristics. Given that there is only one D1 and one D5 receptor gene, neither of

which seems to have any functional isoforms, the question is how SKF83959 can

activate PLC whereas other agonists activate adenylate cyclase. One possibility that

has been suggested by several studies is that when D1 receptors form heterodimers

with D2 receptors, the intracellular machinery changes from a Gs (activating

adenylate cyclase) to a Gq (activating PLC) protein [180], with SKF83959

occupying a specific binding pocket in the dimer. The potential relevance for the

treatment of schizophrenia has yet to be determined [181, 182].

Table 9 Examples of recent mixed DA/5HT drugs for which the developmental status for

schizophrenia is unclear

Drug Company Mechanism of action Remarks

ZD-3638 AstraZeneca D1/D2/5-HT2A # Phase II data reported

TGOF02N Fabre-Kramer D1-D4/5-HT1A/5-HT2A

#
No development after start of phase

II trials

SSR-181507 Sanofi D2 #/5-HT1A " No development after start of phase

I trials

Bifeprunox Abbott D2/5-HT1A (") No development after start of phase

III trials

SDZ-MAR-

327

Novarts D2/5-HT1A (") No development after start of phase

II trials

GSK-773812 GlaxoSmithKline D2/5-HT2 # No development after start of phase

II trials

Abaperidone Ferrer D2/5-HT2 #, 5-HT1A (") No development after start of phase

I trials

SLV-310 Abbott D2, SERT # No development after start of phase

II trials

SEL-73 Selvita D2/5-HT2A/5-HT6/5-

HT7 #
Clinical trials were expected in

2010

BTS-79018 Abbott D3 #/5-HT1A " No development after start of phase

I trials

SL-91.0177 Sanofi D4/5-HT2A # No development after start of phase

III trials

Data were obtained from the Citeline® database (www.citeline.com)

" refers to agonistic activity

# refers to antagonistic (inhibitory) activity

(") refers to partial agonistic activity
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4.1.2 D2-Family Specific Ligands

Without exception all the antipsychotics in clinical use today block the D2 receptor

(with aripiprazole (9) being a partial agonist). Moreover, the clinical effects of the

highly selective benzamides have shown that D2 blockade is by itself sufficient for

antipsychotic activity. Nonetheless, it should be remembered that almost without

exception these drugs also affect the D3 and D4 receptor (see Table 3). Given the

overall sequence homology between these receptors (which is between 73 and 90%

for the transmembrane domains), this is not surprising. Many of the (non)-selective

DA antagonists (such as not only the butyrophenones and the diphenylbutylamines,

Fig. 2, but also the second generation antipsychotics risperidone (8) and

aripiprazole (9), Fig. 3) belong to the basic 1,4-disubstituted aromatic piperazines

and piperidines. As discussed in a recent paper [183] this structure has four basic

components as illustrated in Fig. 9, with the linker between the amine unit and the

lipophilic terminal region being responsible for the subtype selectivity. Thus, a long

linker shows more D3 selectivity, a short linker has more D4 selectivity, while an

intermediate linker is more D2 selective. It has therefore been possible to develop

more selective D3 and D4 ligands. Moreover, the recent publication of the crystal

structure of the D3 receptor might lead to a further improvement of the selectivity of

the D2 family ligands.

Table 10 Examples of recent DA/5-HT drugs that are (presumably) still in development for

schizophrenia

Drug Company Mechanism of action Remarks

Seridopidine Neurosearch DA "# In phase I for PD and Tourette

syndrome

Brexpiprazole Otsuka D2/D3 " Also in phase III for AD and

depression

Eltoprazine Abbott 5-HT1A (")/5-
HT1B "

Positive phase II data reported for

ADHD

MT210/

CYR101

Mitsubishi

Tanabe

5-HT2A/sigma # Phase IIa trials in 100 patients was

positive

MG01C1 Alcobra 5-HT2B # In phase II for ADHD

Pimavanserin Acadia 5-HT2A # In phase III for PD

SUVN-502 Suven Life

Sciences

5-HT6 # In phase I for AD

GSK-742457 GlaxoSmithKline 5-HT6 # Positive phase II data reported for AD

AVN-211 AviNeuro 5-HT6 # Positive phase II data reported

RP-5063 Reviva Pharm broad spectrum # Phase III trials scheduled for early

2014

ITI-007 Bristol Myers

Squibb

D2 "/5-HT2A # Phase III trials planned for second half

2014

Zicronapine Lundbeck D1/D2/5-HT2A/5-

HT2C #
Data were obtained from the Citeline® database (www.citeline.com)
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Fig. 8 The structure of representative selective dopamine receptor ligands. (a) D1 ligands,

(b) a D1 agonist/D2 antagonist, (c) a fast dissociating D2 antagonists, (d) a selective D3 antagonist

Fig. 9 The basic structure of dopaminergic 1,4 disubstituted aromatic piperazines and piperidines
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Recent research has focused on developing drugs with selectivity for D3 or D4

receptors. One possible exception currently pursued by Johnson & Johnson is the

development of a fast dissociating non-selective D2 antagonist (JNJ-37822681, 18,

see Fig. 8). The idea behind this is that rapid dissociation might decrease the risk of

side effects [184] and in a recent study JNJ-37822681 (at least at a low dose of

10 mg bid) had a slightly better side effect profile than olanzapine (similar EPS but

less weight gain,)[185]. It was even suggested that the drug might also have a

faster onset of action [186]. While JNJ-37822681 completed phase II studies, no

information on its development status is available (see Table 8).

The DA D3 receptor was the third receptor to be identified in rodents and humans

[187] and, although much less numerous than the D1 and the D2 receptor, their

location especially in more limbic regions, in addition to the fact that most

antipsychotic drugs also potently inhibit the D3 receptor has led to the hypothesis

that selective D3 receptor antagonist may be beneficial in the treatment of

schizophrenia [188]. Interestingly, selective D3 antagonists fail in most classical

models for antipsychotics, such as DA agonist-induced locomotor activity and

conditioned avoidance response. This could indicate that these drugs may not

have much effect on the positive symptoms. On the other hand, it may be argued

that these models were predominantly developed to pick up DA D2 receptor

antagonists, rather than antipsychotics per se [188]. D3 antagonists are, however,

effective in a variety of models assessing cognitive functioning [189–191]. Whether

this translates to improved cognition in patients with schizophrenia remains to be

investigated. So far only one D3 antagonist has been studied in patients (ABT-925

(19) see Fig. 8), with doses up to 150 mg q.d. for 6 weeks being ineffective on

positive and negative symptoms [192]. Unfortunately, due to side effects higher

doses could not be tested. Given that the 150 mg dose blocked less than 40% of the

D3 receptors [193], the potential usefulness of D3 antagonists for the treatment of

schizophrenia remains to be determined. Cariprazine (not shown) is a mixed D3/D2

partial agonist with about a tenfold selectivity for the D3 receptor [194]. Clinical

trials have shown doses between 1.5 and 4.5 mg/day to be effective in reducing the

symptoms of an acute exacerbation, similar to 4 mg/day risperidone, with a slightly

better side effect profile (Durgam et al. 2013). However the FDA, though

acknowledging that cariprazine demonstrated effectiveness in the treatment of

schizophrenia and mania associated with bipolar disorder, has declined approval,

requesting additional trials data and possibly new clinical trials. Sanofi also tested

a partial D2/3 agonist (AVE-5997EF) but no development was reported after

phase I trials.

Like the D3 receptors, the density of D4 receptors is significantly lower than D1

or D2 receptors, but interest in the potential role of the D4 receptor in schizophrenia

was sparked by the finding that clozapine has high affinity for the D4 receptor [195],

see also Table 3. Moreover, D4 receptors reduce NMDA signaling on the prefrontal

cortex, suggesting that D4 antagonists might alleviate prefrontal hypofunctioning

and thus cognitive deficits [196]. However, clinical trials with D4 selective drugs

(including sonepiprazole) have failed to produce a strong antipsychotic effect [197]

and work in this area seems to have come to a standstill after the initial enthusiasm
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for D4 receptors. An interesting recent study actually found evidence that D4

agonists might be relevant to the treatment of the cognitive symptoms of

schizophrenia [198]. In this study, the pro-cognitive effects of lurasidone in

marmoset monkeys were blocked by the addition of a D4 antagonist, while a D4

agonist improved cognition.

4.2 Selective Serotonergic Ligands

In an attempt to develop non-dopaminergic antipsychotics several companies have

looked towards selective serotonergic drugs given their close interaction with the

dopaminergic system (see Sect. 3.3; also refer to Table 8). Although so far, these

strategies have not led to successful drugs, we will nonetheless briefly discuss them.

4.2.1 5-HT2A Receptor Ligands

Most attention has been paid to selective 5-HT2A receptor antagonists, inspired

predominantly by the theory put forward by Meltzer and his colleagues that an

increase in 5-HT2A binding over D2 binding leads to less EPS (see Sect. 3.3).

However, although several ligands (with varying degree of selectivity over the

5-HT2C receptor) have been tried in schizophrenic patients, none have been found

particularly effective in treating positive, negative or cognitive symptoms.

Although these studies using inverse agonists such as pimavanserin (20,

ACP-103) and nelotanserin (21, APD-125), or antagonists such as eplivanserin

(22, SR-46349), volinanserin (23, MDL 100,907) and CYR-101 were generally

found to be superior to placebo, they were invariably less effective than standard

antipsychotics [199]. As Fig. 10 shows the two inverse agonists are structurally

quite similar with two phenyl rings interspersed with a urea (N–CO–N) linker.

Volinaserin (23) and ketanserin (24) show structural similarity to the butyrophe-

nones and ritanserin (25) to the diphenylbutylamines, although the distance

between the aromatic group and the nitrogen of the piperidine is larger in the

selective 5-HT2A antagonists.

In addition to 5-HT2A antagonists, several companies have also evaluated 5-HT2C

agonists. As discussed above, 5-HT2C receptors are intimately related to the

dopaminergic cells within the midbrain and 5-HT2C agonists have been found to

reduce dopaminergic cell firing. Moreover, given that one of the major side effects of

second generation antipsychotics (weight gain) seems at least in part mediated via

blockade of 5-HT2C receptors, these 5-HT2C agonists were thought to be devoid of

this risk. Lorcaserin (26), a benzazepine 5-HT2C agonist (see Fig. 10) has been

approved for the treatment of obesity by the FDA in 2012 but was subsequently

classified as a schedule IV drug in 2013 because of the occurrence of psychomimetic

effect (especially hallucinations). Vabicaserin (27, a benzodiazepine derivative), a

5-HT2C agonist and 5-HT2B antagonist was tested in patients with schizophrenia but a
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recent study evaluating vabicaserin in patients with acute exacerbations was

withdrawn in 2012 and its development discontinued. As Table 10 indicates, several

more or less selective 5-HT2A ligands appear to be still in development, such as

MT201/CYR101 (a 5-HT2A and sigma receptor antagonist) which showed

improvement in cognitive and negative symptoms in a double blind placebo

controlled phase IIa study in 100 patients. Likewise, pimavanserin is still in devel-

opment (phase III) for Alzheimer’s disease.

In addition to these 5-HT2 ligands as alternatives to antipsychotic drugs, several

5-HT selective ligands have been proposed as add-on to existing antipsychotics,

either as a means to reduce the side effect or to improve the therapeutic effects,

mainly focusing on the negative and/or cognitive effects.

The 5-HT1A receptor has been implicated in the treatment of depression

especially in relation to neurogenesis, an expanding field whose occurrence outside

the hippocampus and relevance if any to humans in psychiatric and cognitive

disorders remains to be assessed (see, e.g., [200]). As negative symptoms show at

least at face value similarity to depressive symptoms and neurogenesis has also

been implicated in cognition, selective 5-HT1A receptor agonists have been thought

to improve the therapeutic effect as add-on to existing antipsychotic medication

[201]. Moreover, as discussed above, 5-HT1A agonists reduce the antipsychotic

Fig. 10 The structure of representative selective serotonergic receptor ligands proposed as

antipsychotic drugs
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induced catalepsy, generally regarded as an animal model for EPS, suggesting that

adding a 5-HT1A agonist might also reduce the side effect liability of antipsychotic

medication. Although several 5-HT1A ligands are currently on the market as

anxiolytic drugs, all of these are only partial agonists, with varying degrees of

selectivity over the 5-HT2A, α1 and α2 receptor. These drugs all belong to the

azapirones, including buspirone (28), tandospirone (29) and ipsapirone (30, see

Fig. 11). Several of the azapirones actually have D2 blocking properties and one

of them (perospirone, 31) is marketed as an antipsychotic in Japan. A recent meta-

analysis, however, showed it to be less efficacious than other second generation

antipsychotics [202]. In line with this, a recent meta-analysis of 5-HT1A add-ons

(especially buspirone and tandosprione) showed no significant improvement

negative or positive symptoms or discontinuation rates. Only the overall psycho-

pathology improved significantly with additional treatment with a 5-HT1A agonist

[203]. One important aspect to keep in mind here is the fact that most azapirones are

only partial agonist of the 5-HT1A receptor and only when full agonists become

available we will be able to assess the potential benefits of 5-HT1A stimulation in

schizophrenia. Eltoprazine, a partial agonist for the 5-HT1A and a full agonist for

the 5-HT1B receptor seems to be still in development and at least with respect to

Alzheimer’s disease, positive phase II results have been published.

The second class of potentially interesting add-ons is the selective 5-HT3

antagonists, currently in use for the treatment of nausea especially in relation to

chemotherapy. In recent years, several studies have evaluated 5-HT3 antagonists,

including ondansetron (32) and tropisetron (33) as add-on to existing antipsychotic

Fig. 11 The structure of representative selective serotonergic receptor ligands proposed as add-on

to existing antipsychotic treatment. (a) partial 5-HT1A agonists, (b) 5-HT3 antagonist, (c) 5-HT6

antagonists
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medication in patients with schizophrenia [204–206]. These studies all showed that

the addition of the 5-HT3 antagonist led to an additional reduction in positive

symptoms, as well as a reduction in EPS. Perhaps more interesting all studies

also showed a significant improvement in the negative symptoms. As the 5-HT3

receptor is the only ionotropic 5-HT receptor, the development of selective

ligands is significantly easier. The pharmacophore is thought to consist of three

components: a carbonyl-containing linking moiety, a (hetero)aromatic ring and a

basic centre. Although several different chemical classes of 5-HT3 antagonists have

been developed (ondansetron is a carbazole and tropisetron an indole for instance),

they all seem to fit reasonably within the pharmacophore [207]. It should be kept in

mind that some of the 5-HT3 receptor antagonists also have affinity for the nicotinic

acetylcholine receptor (which, like the 5-HT3 receptor belongs to the class of the

cys-loop ionotropic receptors) (see [208], this book). However, the actions of 5-HT3

antagonists on the nicotinic receptors are complex with tropisetron stimulating and

ondansetron inhibiting the receptor. It is therefore likely that the therapeutic effects

of the various setrons in schizophrenia are indeed due to their 5-HT3 blocking

effect, though a role for the nicotinic receptors cannot be completely excluded at

this point.

The last 5-HT receptor that has been suggested to be beneficial to the therapeutic

effects of antipsychotics is the 5-HT6 receptor. Especially 5-HT6 receptor

antagonists have been found to show cognitive enhancing effects in rodent models

[209–211]. As a result, the potential cognitive enhancing properties of 5-HT6

antagonists are now being evaluated in phase II/III clinical studies in Alzheimer’s

disease (AVN322 (35), SUVN-502, LuAE58054, GSK742457, PF05212377 and

SYN-120). Although a number of these drugs were also evaluated in schizophrenia,

currently, to the best of our knowledge only Avineuro’s AVN-211 (34) is still in

phase II development for schizophrenia. The development of several other 5-HT6

antagonists seems to have ceased, including SYN-114, SB-271046 and ABT-354

(see Tables 6, 7, 8 and 9).

Significant progress has been made in the development of selective 5-HT6

receptor antagonists and drugs from many different chemical classes have shown

affinity for the 5-HT6 receptor [212]. Earlier drugs, such as the pyrido-indole

dimebon showed a multireceptor profile, with appreciable affinity for the histamine

H1 and H2 receptors. Removal of the N-side chain and subsequently increasing

the size of the phenyl-substituent (with, for instance, a benzenesulfonyl group)

significantly improved selectivity, although many of these drugs still showed

appreciable affinity for several other 5-HT receptors [213]. Additional changes of

the three-cyclic pyrido-indole structure to a two-ring structure led to the pyrrolo

[2,3-b]pyridine and -pyrazolo[1,5-a]pyrimidines, which are among the most potent

5-HT6 antagonists, including AVN 211, which seems quite selective (50-fold over

the nearest other receptor, the 5-HT2B). Interestingly, some of the 5-HT6 ligands

also show appreciable affinity of butyrylcholinesterase which may provide

additional benefits for the treatment of Alzheimer’s disease, although whether it

provides any benefits or liability for the treatment of schizophrenia is largely

unknown.
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4.3 Mixed Dopaminergic/Serotonergic Ligands

Since all strategies that have focused on 5-HT receptors alone have so far not led to

successful marketing, many drug companies are developing additional multi-

receptor drugs. However, as all second generation antipsychotics interact with

multiple dopaminergic and serotonergic receptors (with the possible exception of

amisulpride (12)), it is becoming increasingly difficult to provide develop drugs that

are superior to the existing drugs, and thus warrant marketing. Indeed several drugs

seem to have failed mainly because they did not provide additional benefits over

existing medication. Tables 7 and 9 list a number of multi-receptor drugs that have

been developed for the treatment of schizophrenia and that have since been

discontinued or for which no development has been reported.

Given the scarcity of data from pharmaceutical companies, this list is by no

means complete, but it does show that a large number of approaches has been tried

and failed. These approaches range from very broad spectrum antagonists (similar

to clozapine and asenapine) such as SEL-70 to more selective (mostly dual)

receptor ligands. Moreover, various combinations of dual receptor ligands have

been studied, including D2 antagonists/5-HT1A agonists, D4/5-HT2A antagonists

and D3 antagonist/5-HT1A agonists. The reason for these failures is not always clear

with some likely due to drug-specific side effects, while others to corporate

management strategic decisions. Another important reason for failure is the

difficulty in developing what we might call selective dual receptor ligands. As

discussed above, there are at least theoretical reasons why specific combinations

(D2 antagonism plus 5-HT1A agonism, D2 plus 5-HT2A antagonism, D2 plus 5-HT6

antagonism, etc.) might be more effective than existing second generation

antipsychotics. However, many of the existing drugs as well as those listed in

Tables 6 and 7 affect more than just two receptors. Although important progress

is being made in defining the characteristics of the pharmacophore for several 5-HT

receptors, the fairly large homology between receptors, especially in the transmem-

brane domain remains a significant obstacle for developing highly selective

compounds. This is highlighted in a recent review on chain arylpiperazines as

ligands for the 5-HT1A, 5-HT2A and 5-HT7 receptor [214].

Finally, there is the problem of balance. As discussed above, it has been

hypothesized that the ratio between D2 and 5-HT2A antagonism determines the

EPS liability. Likewise, it was recently suggested that the ratio amount of 5-HT1A

agonism is important [201], with too much agonism limiting the therapeutic

efficacy and too little having no benefit.

5 Summary

In this chapter, we have tried to give an overview of the current status of antipsychotic

treatment, highlighting the enormous validity of the current therapeutic arsenal,

which has significantly reduced the burden of millions of patients. However, from
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our survey it is also clear that there is still room for significant improvement,

especially in relation to the cognitive and negative symptoms, as well as overall

compliance. As virtually all antipsychotics affect both DA and 5-HT receptors, we

next discussed these two neurotransmitters and their interaction in some detail.

Finally, we looked at potential future antipsychotics. Although virtually all second

generation antipsychotics (with amisulpride being the only exception) have

considerable affinity for several DA and 5-HT receptors, the role of virtually all

these individual receptors in the clinical effects is still under debate. In fact there is

only strong evidence for a role of the D2 receptor in reducing the positive symptoms.

Fortunately, medicinal chemical knowledge of the requirements for the different DA

and 5-HT receptors is increasing thus leading to more and more selective drugs.

Although the history of the development of antipsychotics suggests that such

selective drugs may not necessarily be very effective antipsychotics, they may

provide us with tools for probing the role of the various receptors. This knowledge

can then help us to find the right combination of receptors to successfully treat the

entire complex of schizophrenic symptomatology. However, it is likely that the

road to this “holy grail” of psychopharmacology is still long. The several recent

disappointments and the threat of a major disinvestment by the pharmaceutical

industry in making new drugs for brain disorders do not presently cast a good

omen. Yet, we are deeply convinced that it is journey well worth it. This is in the

hope to alleviate suffering from neuropsychiatric disorders which are increasingly

recognized as a major burden to humanity [215].
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GlyT-1 Inhibitors: From Hits

to Clinical Candidates

Roderick A. Porter and Lee A. Dawson

Abstract The treatment of schizophrenia has long been dominated by aminergic

receptor antagonist-based therapeutics largely founded on the dopamine hypothesis

of schizophrenia. More recently the glutamatergic theory has come to the fore which

may potentially address some of the deficiencies of current therapies. While there are

many approaches to manipulating the glutamatergic system, the most advanced

approach is to increase synaptic concentrations of the NMDA receptor co-agonist

glycine via inhibition of the glycine transporter 1 (GlyT-1). Here we will describe the

background biological rationale for this approach and review the diverse classes of

compounds which have been identified as GlyT-1 inhibitors with particular focus on

the identification of those molecules which have entered the clinical stages of

development. The role of target kinetics in drug action, a review of the rich vein

of PET ligand development and their use in clinical development and the status of

clinical-stage compounds will be addressed. Finally there is a discussion of some of

the issues that have arisen with the discovery and development of GlyT-1 inhibitors

and the prospects for the future of this mechanistic approach.

Keywords Bitopertin, Glutamate, Glycine transporter, GlyT-1, NMDA receptor,

Schizophrenia
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Abbreviations

ADMET Adsorption, distribution, metabolism, excretion, toxicity

ASST Attentional set-shifting task in rats

CADSS Clinician administered dissociative symptoms scale

CAR Conditioned avoidance response

CBT Cognitive-behavioural therapy

CSF Cerebrospinal fluid

DAAO D-Amino acid oxidase

DAT Dopamine transporter

EEG Electroencephalogram

EPSCs Excitatory postsynaptic currents

ErbB4 Receptor tyrosine-protein kinase erbB-4

Gly Glycine

GlyB Strychnine-insensitive glycine-B subunit

GlyR Glycine receptor

GlyT-1 Glycine transporter-1

GlyT-2 Glycine transporter-2

h Hour(s)

hERG Human ether-à-go-go-related gene

HTS High-throughput screening

i.v. Intravenous

kg Kilogram

LeuT Leucine transporter
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LeuTAa Leucine transporter from Aquifex aeolicus
LTP Long-term potentiation

mPFC Medial prefrontal cortex

MED Minimum effective dose

MEST Maximal electroshock test

NMDA N-Methyl-D-aspartic acid

NR1 NMDA receptor subunit-1

NRG-1 Neuregulin receptor 1

ORD Object retrieval–detour

p.o. Per os

PANNS Positive and negative syndrome scale

PCP Phencyclidine

PDSS Panic Disorder Severity Scale

PET Positron emission tomography

PFC Prefrontal cortex

P-gp P-glycoprotein

PK Pharmacokinetics

PPB Plasma protein binding

s.c. Subcutaneous

SAR Structure activity relationship

SSRI Selective serotonin reuptake inhibitor

SRR Serine racemase

TCA Tricyclic antidepressant

TM Transmembrane helix

WT Wild type

1 Introduction

The NMDA receptor (and more specifically a dysfunction of NMDA-mediated

neurotransmission) has gained significant interest as the mediator of the dysfunction

seen in schizophrenia. This hypothesis has been derived from a number of obser-

vations: firstly, both of the NMDA receptor blockers phencyclidine (PCP) and

ketamine exacerbate psychotic symptoms in schizophrenic individuals, reinstate

schizophrenic-like symptoms in remitting patients [1] and induce schizophrenic-

like psychotic states and impairments in cognitive performance in healthy individuals

[1–3] and secondly the ever-increasing genetic observations which are continuing to

cluster around the NMDA receptor [4–6]. For example, neuregulin-1 (NRG-1)-

mediated suppression of NMDA receptor function, possibly via enhanced activation

of ErbB4 [7], has been demonstrated in postmortem prefrontal cortex from schizo-

phrenic subjects. Moreover, mice with mutations in NRG-1 transmembrane regions

produced selective imbalances in glutamatergic and dopaminergic neurotransmission

[8]. G72 and G30 were identified in a segment from chromosome 13q34 that has been

shown to be genetically linked to schizophrenia [9]. The G72 gene product was found
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to increase the activity of D-amino acid oxidase (DAAO), the enzyme responsible for

the breakdown of the NMDA co-agonists D-serine and D-alanine ([9]; for reviews see

[10, 11]). Burnet and colleagues reported that DAAO activity and expression were

upregulated in tissue from schizophrenic patients [12, 13]. Furthermore, there is

evidence that serine racemase (SRR), which is responsible for the catalytic conver-

sion of L-serine to D-serine [14], may also be a susceptibility gene [15, 16] and its

expression may also be altered in the disorder [13, 17]. Thus, there is increasing

evidence of a variety of potential subtle dysfunctions around the NMDA receptor

synapse which may increase susceptibility to progression into schizophrenia and be

an underlying substrate for the symptoms of the disease. Targeting the NMDA

receptor synapse has, therefore, become an obvious focus for novel therapeutic

approaches to treat schizophrenia. Direct activation of the NMDA receptor by an

“orthosteric agonist” or elevation of the endogenous agonist, glutamate, can result in

overexcitation, potentially leading to seizurogenesis and/or excitotoxicity and as such

is not a viable approach. However, the NMDA receptor is unique in that it requires

the presence of both an agonist (i.e. glutamate) and an obligatory co-agonist

(i.e. glycine (Gly), D-serine and/or D-alanine) which bind at a distinct site, known

as the strychnine-insensitive glycine-B (GlyB) site located on the NR1 subunit. It is

only in the presence of both agonists that the ligand-gated ion channel opens.

Therefore, one such approach for enhancing NMDA receptor function has been to

increase occupancy and activity at this co-agonist/regulatory GlyB site.

There are now a number of clinical observations that at least partially provide

credence to this approach. Javitt and colleagues have carried out a series of double-

blind placebo-controlled studies of high-dose Gly given adjunctively to current

antipsychotics [18–21]. The general outcomes were a significant reduction in nega-

tive symptoms and improvements in cognition and general psychopathology but with

no effect on positive symptom domains. Similarly, a double-blind placebo-controlled

trial of D-serine (30 mg/kg/day) in chronic schizophrenia patients who were poorly

responsive to neuroleptics (for 6 weeks) produced significant reductions in negative

and cognitive symptoms and, in this case, also positive symptoms [22]. Gly

and D-serine are not suitable drugs for long-term therapy due to the requirement for

very high doses (due to their poor pharmacokinetics (PK) and low brain penetration).

In addition, D-serine has shown some evidence of toxicity [23]. However, taken

together these studies do substantiate the hypothesis that co-agonism at the GlyB

site may modulate NMDA receptor function and thus have therapeutic potential in

schizophrenia. Of course the alternative strategy, and perhaps more viable approach,

would be to elevate the various endogenous co-agonists within the synapse.

2 Glycine Transporters

Extracellular Gly levels are regulated by two specific sodium-dependent solute

carrier family 6 (SLC6) transporters present either in the plasma membrane of the

presynaptic nerve terminals or in astrocytes [24]. The two transporters, Gly trans-

porter 1 (GlyT-1 [25]) and Gly transporter 2 (GlyT-2 [26]), share ~50% amino acid
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sequence homology but can display quite different pharmacology and function

[27]. There are currently five identified variants of GlyT-1 (GlyT-1a, GlyT-1b,

GlyT-1c, GlyT-1d and GlyT-1e) and three of GlyT-2 (GlyT-2a, GlyT-2b and GlyT-

2c). These originate from differing promoter controls and/or splice variants (for

review see [28]). Unfortunately to date the relative CNS distribution of the various

variants have not been systematically reported, with the possible exception of

GlyT-1e which appears to be largely retinal [29]. Thus, the exact functional

consequence of this diversity is not clear; however, functional consequences have

been demonstrated, e.g. GlyT-2b does not appear to transport Gly [30].

In situ hybridisation studies have revealed that GlyT-1 expression appears to be

localised in astrocytes and widely expressed across the brain, while GlyT-2 is

predominantly expressed in glycinergic nerve terminals co-localised with Gly recep-

tors (GlyR) [24]. This differential cellular localisation leads to differing functional

roles. Glial GlyT-1 ensures the removal of Gly from the synaptic cleft leading to the

termination of Gly-mediated neurotransmission; GlyT-1’s presence in glutamatergic

synapse and co-localisation with NMDA receptors [24, 31] suggests a critical role in

regulating excitatory neurotransmission. GlyT-1 also mediates the clearance of Gly

from the synaptic cleft of inhibitory synapses and concurrently participates in the

regulation of Gly concentrations at excitatory synapses and thus plays a key role in

balancing excitatory vs. inhibitory activity. In contrast, GlyT-2 ensures the refilling of

presynaptic vesicles of glycinergic neurons [32, 33]. It is worth noting that data from

knockout mouse models have shown that constitutive disruption of GlyT-1 or GlyT-2

is lethal [32, 33], presumably as a result of excessive or deficient glycinergic

inhibition, respectively. Heterozygous GlyT-1 knockdowns are, however, viable

and show ~50% reductions in tissue uptake of Gly, an increased NMDA receptor

function and subsequent behavioural improvements in cognitive and “psychosis”

models [34–36]. Furthermore, this delineated localisation and function may not be

as clear-cut as originally thought [37, 38], and the dual excitatory vs. inhibitory role

of GlyT-1 may lead to unwanted outcomes or limitations in tolerance to pharmaco-

logical intervention (see Sect. 8).

3 Molecular Structure of GlyT-1

The Na+Cl� coupled solute carrier SLC6 gene family includes monoamine (dopa-

mine transporter (DAT), norepinephrine transporter (NET) and serotonin trans-

porter (SERT)) and GABA transporters (GAT1-4) alongside GlyT-1 and GlyT-2.

GlyT-1’s stoichiometry is bidirectional transport of Gly which involves a two Na+,

one Cl� symporter dependency. This stoichiometry is however somewhat different

for GlyT-2 which is unidirectional in its transport of Gly [28]. An excellent review

[39] covers early structural work on SLC6 neurotransmitter transporters; however,

until recently there has been only limited crystallographic data for this family class.

This section will briefly review more recent crystallographic data for SLC6

family members and its relevance to GlyT-1, alongside some results of mutagenesis

studies.
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3.1 Crystallography

Several structures of SLC6 family member proteins have now been reported:

• The bacterial Na+/Cl�-dependent leucine transporter from Aquifex aeolicus
(LeuTAa; Fig. 1 [40])

• A dopamine transporter from Drosophila melanogaster [41] with nortriptyline

bound

• Multiple structures of LeuTAa with bound tryptophan (a competitive inhibitor

[42]), selective serotonin reuptake inhibitors (SSRIs [43]) and tricyclic anti-

depressants (TCAs [44, 45])

• Structures of LeuTAa Δ13 mutants in which key residues have been changed to

those corresponding to SERT, which recapitulates the pharmacology of SSRIs

with several different SSRIs bound (e.g. fluoxetine (1) [46])

These crystal structures have confirmed a 12 transmembrane (TM) helical

arrangement of this family with corresponding intracellular and extracellular

loops and intracellular N- and C-termini (Fig. 1). TM1 and TM6 are partially

unwound to give TM1a, TM1b and TM6a, TM6b and, in the LeuTAa, provide

the majority of interactions with bound leucine along with TM3 and TM8 residues,

including the highly conserved TM3 Tyr108 (¼Tyr 128 GlyT-1, Tyr289 GlyT-2a).

GlyT-2a Tyr289 has been implicated in substrate binding and ion coupling

[47]. Analysis of residues involved in binding leucine to LeuTAa and equivalent

Fig. 1 A side on view of

leucine (orange) bound in

LeuTAa with helices 1, 3,

6 and 8 highlighted in

magenta from pdb 2A65

[40]
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residues in GlyT-1 highlights the more bulky side chains of the latter. It has been

postulated that the change from the less sterically demanding Gly305 (hGlyT-1b) to

the corresponding bulkier Ser481 (GlyT-2) accounts for the selectivity of sarcosine

(2) for GlyT-1 vs. GlyT-2 [48]. Furthermore, sarcosine (2) can be transported by a

Ser481Gly mutant of GlyT-2 [49].

Nortriptyline is bound in an outward-open transporter conformation in the DAT,

blocking isomerisation to an inward facing conformation and engaging with resi-

dues from TMs 1, 3, 6 and 8 [41]. Also present in this structure is a molecule of

cholesterol which has been previously proposed [50] to regulate neurotransmitter

transporters and specifically for DAT stabilisation of an outward-open state

[51]. Both GlyT-1 [52] and GlyT-2 [53] have also been reported to associate with

cholesterol-rich lipid rafts which affects transporter activity.

As fluoxetine 1 (Fig. 3) was used as an initial design motif for early sarcosine

(2)-based GlyT-1 inhibitors (see Sect. 4.1), the LeuTAa mutant/fluoxetine (1)

complex is of particular interest (Fig. 2) ([46]; pdb accession code 4MM8). How-

ever, the well-documented non-competitive nature of these sarcosine analogues

differs from the competitive nature of SSRI binding to SERT, a difference which

Fig. 2 Fluoxetine (1)

(green) bound to LeuTAa

Δ13 showing residues

within 4A from pdb 4MM8

[46]
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remains to be explained. It is noteworthy that in the structures discussed here Na+ is

bound, while NFPS (3) (Sect. 4.1) binding has been reported to be Na+ independent.

Transporter inhibitors, being substantially larger than the endogenous amino acid or

bioamine cargoes, interact with additional residues, in particular those within

TM10.

Consistent with these crystallographic findings, data have been generated

demonstrating that TM domains 1 and 3 of GlyT-1 are determinants of NFPS (3)

(Sect. 4.1) activity. When GlyT-1 TM3 or particularly TM1 were replaced with the

equivalent helices from GlyT-2, the activity of NFPS (3) was substantially reduced.

Conversely, a chimeric GlyT-2 receptor with TM1 and TM3 from GlyT-1 showed

sensitivity to NFPS (3). While a GlyT-1/TM1/GlyT-2 chimera retained

non-competitive kinetics for NFPS (3), the GlyT-1/TM3/GlyT-2 chimera had

mixed kinetics [54]. TM-1 has also been implicated in the binding of Gly and

sarcosine (2) [55].

GlyT-1 exists in N-terminal (pre-helix 1) splice variants that are reported to

effectively show no variation in ligand pharmacology [48]. This is readily under-

stood as no residue outside the 12TM bundle is invoked in ligand (or ion) binding

from the reported structural studies. However, these splice variants may still

influence biological function due to differences in cell tracking or protein–protein

associations.

3.2 Structure-Based Design

While homology models have been built based on crystallographic data, for use in

virtual screening [56], there have been few reports on homology models of GlyT-1

[48]. Furthermore, the detail of conformational changes involved in function of

SLC6 class neurotransmitter transporters is not immediately clear from the

crystallographic studies reported thus far, with structures tending to only show

inhibitors or substrates bound in a common “open-out” conformation. Accelerated

molecular dynamics simulations of the LeuT +/� leucine and Na+ [57] suggest that

there are seven unique conformations, only two of which have been seen in

crystallography studies. A further challenge is the uncertainty over the binding

mode needed to give preferred target kinetics for optimal efficacy and safety

(Sects. 5 and 8).

Org24461 (rac) (5) 
Org24598 (R-ent) (6) 

Sarcosine (2) NFPS  (rac) (3)
ALX5407 (R-ent) (4) 

Fluoxetine (1) 

Fig. 3 NFPS/ALX5407, Org24598/Org24461 and their progenitor ligands
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4 Reported Inhibitors: Structural Classes

and Pharmacology

Many companies have pursued GlyT-1 inhibitors resulting in a diverse range of

structures and mechanisms of action. These have been identified from high-

throughput screening (HTS) activities and structural analogy with other SLC trans-

port inhibitors (e.g. SERT and DAT inhibitors) and more recently via pharmaco-

phore-based rational design. This section will discuss the development of the

various classes of GlyT-1 inhibitor and their biological profiles, focussing on

those classes that have ultimately resulted in molecules which have progressed

into the clinic. Broadly the discussion will be categorised based on ionisation state

of the molecules, namely, zwitterionic sarcosine-derived inhibitors, basic com-

pounds and non-physiologically ionisable compounds; although the reader will

note that significant overlaps between these categories are emerging. For more

detail several reviews on GlyT-1 inhibitors have been published [58–68].

4.1 Sarcosine and Sarcosine Analogues

4.1.1 Aryloxyphenylpropyl Substituted Glycines

Sarcosine (2) is a very weak competitive substrate/inhibitor of GlyT-1 (IC50 91 μM
[69]) but with selectivity over GlyT-2. Despite this, the compound is undergoing

clinical evaluation (Table 10). By analogy with fluoxetine (1), hydrophobic

sarcosine N-substituents gave high affinity non-substrate inhibitors (Fig. 3). The

earliest examples of this approach are NFPS (racemate) (3) or ALX5407 (single

enantiomer) (4) [70] and Org24461 (racemate) (5) and Org24598 (single enantio-

mer) (6) [71] (Fig. 3). ALX5407 (4) showed low nM activity (IC50¼ 3 nM) and

excellent selectivity over GlyT-2 (IC50> 75 μM), other glycine binding proteins

and other transporters including SERT.

[3H]NFPS has been shown to have saturable rapid binding to rat forebrain

membranes Kd 7.1 nM, Bmax 3.14 pmol/mg protein and a dissociation t1/2 of

28 min [72].

Functional studies revealed that NFPS (3) was a non-competitive inhibitor of

[3H]Gly uptake and did not interact with Na+ and Cl� binding sites of GlyT-1 [72]

but inhibited uptake of [3H]Gly in hippocampal synaptosomes (IC50 of ~20 nM

[73]). In vivo NFPS (3) increased cerebrospinal fluid (CSF) levels of Gly and

elevated, transiently, extracellular levels of Gly in the prefrontal cortex (PFC) of

rats at 10 mg/kg p.o. [73]; interestingly a concurrent and much more sustained

increase was seen in the cerebellum of rats [74]. Functionally NFPS (3) potentiated

NMDA receptor-mediated responses and long-term potentiation (LTP, a marker of

glutamate-induced synaptic plasticity) both in vitro [75–77] and in vivo

[76, 78]. These neurophysiological changes resulted in behavioural reversal of
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NMDA receptor antagonist-induced impairments in models of cognition (such as

novel object recognition [79, 80] and social working memory [81]), significantly

reversed PCP-induced alterations in striatal dopamine efflux [82–84] and inhibited

PCP and D-amphetamine-induced hypermotility in mice [73]. Taken together these

data support the proof of mechanism of NFPS (3) (i.e. elevations in synaptic Gly,

enhancement of NMDA function) and supports the hypothesis that GlyT-1 inhibi-

tion may have therapeutic utility across a number of schizophrenic symptom

domains. Unfortunately, NFPS (3) was generally poorly tolerated in vivo, poten-

tially due to its irreversible GlyT-1 inhibition [74, 85]. Other sarcosine-based

structures such as Org24461 (5), CP-802,079 (7) (Fig. 5) and LY2365109 (9)

(Fig. 6) produced largely similar profiles in these types of model [73, 86,

87]. Org24461 (5) has also been shown to prevent chronic D2 receptor

antagonist-mediated increases in striatal dopamine when co-administered with

risperidone, possibly indicating that adjunctive GlyT-1 inhibition may also attenu-

ate classic antipsychotic-induced motor side effects [88].

Structure activity relationship (SAR) studies have been published for Org24598

(6) [71]. Key observations from these studies are (1) extending the N-methyl

substituent (to, e.g. ethyl) results in a tenfold reduction in activity, (2) the

corresponding 3-propionic acid was essentially inactive, (3) the phenoxy ether

can be replaced with a methylene with only a threefold loss in activity and

(4) ortho-ring substitution was poorly tolerated with an electron-withdrawing
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for NFPS (3). Triangle and circle symbols are observed plasma and brain concentrations (mean

+/� S.D. n¼ 3–4), respectively. Liu et al. [89] published with permission

CP-802,079 (7) (R)-NPTS (8) 

Fig. 5 Pfizer sarcosine analogues
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para-substituent preferred for target activity in the phenoxy ring. Finally the R(�)

enantiomer was most active with a eudismic ratio of approximately tenfold and

resulted in Org24598 (6) which had a pIC50 6.9 in a Gly uptake assay (GlyT-1

expressing CHO cell line) and excellent selectivity over GlyT-2 (pIC50< 4.0).

In a detailed study of “time to reach brain equilibrium” in the rat [89], it was

shown that NFPS (3) took ~6 h to reach brain Cmax, while the brain plasma ratio was

still rising at 24 h post dose (Fig. 4). Noteworthy is that brain levels at 24 h are

comparable to brain concentrations at around the 1 h time-point.

In a binding assay, with cloned human GlyT-1c expressed in HEK293 cells,

[3H]-(R)-NPTS (8) (Fig. 5) had a Kd 1 nM [90] making it a useful tool to be used to

support HTS studies. A close analogue of (R)-NPTS (8), CP-802,079 (7)

(IC50¼ 16 nM in a rat synaptosomal uptake assay [86]), gave a concentration-

dependent increase in extracellular Gly levels when administered to rats via reverse

microdialysis (0.1 or 1 μM). At the concentration estimated as IC50 (based on an

assumed 10–20% efficiency at crossing the microdialysis membrane), a 59%

increase in Gly was observed. Effects on LTP in the CA1 region of rat hippocampal

slices were determined using 25 nM CP-802,079 (7) and 750 μM sarcosine (2).

Increases in amplitude of response, following induction of LTP, were 195 and

213% above baseline, respectively.

4.1.2 Other Research Stage Sarcosine Analogues

More structurally diverse sarcosine-based GlyT-1 inhibitors have also been

described (Fig. 6). Examples include the work from Lilly reporting 1,2,4-

trisubstituted aromatics leading to LY2365109 (9) [74, 91, 92]. NFPS (3) (0.1–

10 mg/kg p.o.) and LY2365109 (0.3–30 mg/kg p.o.) gave comparable increases in

CSF Gly.

SzV-1997 (12) GlyT-1 IC50 250nM (11) GlyT-1 IC50 150nM
  

LY2,365,109 (9) (10) GlyT-1 IC50 0.47nM (ent-1)

Fig. 6 Miscellaneous sarcosine analogues
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Indandiones, e.g. (10) reported by Merck [93], give excellent target activity.

This template evolved from in-house screening and derivatisation of published

inhibitors, although no specifics were disclosed – unusually it was noted that an

α-substituent was well tolerated.
The Lundbeck team have reported arylthio-substituted analogues such as (11)

(Fig. 6 [94]). Compounds showed good permeability, although in some cases

P-glycoprotein (P-gp) substrate activity was evident [95]. Pharmacokinetics of

(11) in the rat were also encouraging with 100% oral bioavailability (dosed as a

solution) and low clearance (0.4 L/h/kg) and a terminal t½ of 4 h. In freely moving

mice a dose-dependent increase in Gly was seen with an increase to 140% of

baseline levels 60 min post 4.6 mg/kg s.c.

While few polar-substituted sarcosine analogues have been reported, one exception

was the arylpyridazinone SzV-1997 (12) [48]. SzV-1997 (12) showed modest potency

in a rat cortical synaptosomal [3H]Gly uptake assay (IC50 250 nM cf. NFPS (3) IC50

12 nM), but despite this a 10 mg/kg i.p. dose produced a robust increase in striatal Gly

at 2 h post dose, while an equivalent dose of NFPS (3) took 4 h to achieve a significant

increase. In contrast, in a mouse hyperlocomotion model, NFPS (3) gave profound

locomotor and behavioural changes at 10 mg/kg i.p. [74], while the same dose of

SzV-1997 (12) was without effect. The authors suggested that the substantially

increased polarity of SzV-1997 (12) (cLogP 2.55 unionised species, cLogD7.4� 0.18),

relative to NFPS (3) (cLogP 4.95 unionised species, cLogD7.4 2.21), may be contrib-

uting to a change in target kinetics and a consequent change in side-effect profile (see

Sect. 5); however, neither exposure nor kinetic data were presented.

4.1.3 Sarcosine Analogues and the Clinic

Several sarcosine-derived compounds have progressed to the clinic with little

preclinical data published (Fig. 7). Early clinical data has been reported for the

R 231857 (14) 

AMG747  (15)

R 213129 (13)

Org25935 (16) 

Fig. 7 Clinical-stage sarcosine analogues
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Allelix/Johnson and Johnson compound R213129 (JNJ-17305600) (13) [96, 97]

and R231857 (14) [98].

Benzhydryl piperazines from Amgen (e.g. AMG747 (15)) have shown excellent

target activity [99] and this compound has been reported to be in PhII clinical studies.

AMG747 (15) has approximate IC50s of 75, 79 and 205 nMagainst human, rat and dog

GlyT-1 with>100-fold selectivity over GlyT-2 and reportedly good PK. Rat CSFGly

is elevatedwith anMED of 0.3 mg/kg and AMG747 (15) is active in a model of object

recognition in naı̈ve rats (MED 0.3 mg/kg p.o.) and in a subchronic PCP-induced

model of cognitive impairment also in rats (MED 0.1 mg/kg, p.o.) [204].

Org25935 (16) (renamed as SCH900435 a conformationally constrained ana-

logue of Org24598 (6)) is thought to be the sarcosine analogue that has been

advanced furthest into the clinic (see Sect. 7). Org25935 (16) is known to be a

selective inhibitor of GlyT-1 vs. GlyT-2 and monoamine transporters. Scientists at

Organon Laboratories Ltd. have demonstrated high radioligand binding of

Org25935 (16) in several brain regions [101]. Functionally Org25935 (16) has

been demonstrated to specifically increase Gly levels in rat frontal cortex (for up

to 4 h [101]) and in the nucleus accumbens and striatum [102] using in vivo

microdialysis in the rat. No concurrent change in extracellular levels of taurine or

β-alanine (both GlyR agonists) was observed [100], suggestive of at least some

selective action on the Gly uptake mechanism. Furthermore, an increase in Gly can

also be demonstrated in the CSF of both rats and primates [101]. Org25935 (16) has

also been shown electrophysiologically to enhance NMDA-induced currents in

pyramidal cells of the rat mPFC neurons [103]. Further neurochemical evaluation

demonstrated that, like previous sarcosine-like molecules, Org25935 (16) produced

increases in nucleus accumbens dopamine levels while attenuating PCP- [104] and

ethanol-induced increases in subcortical dopamine [100, 105]. In a conditioned

avoidance response (CAR) paradigm in rats, Org25935 (16) (1, 3 and 6 mg/kg s.c.)

produced a very small but statistically significant suppression of CAR at 6 mg/kg.

Org25935 (16) (6 mg/kg) adjunctively produced a small augmentation of haloper-

idol but not olanzapine- or risperidone-induced suppression of CAR. Finally,

Org25935 (16) (0.1, 0.3 and 1 mg/kg, p.o.) produced a significant attenuation of

the scopolamine-induced impairment in a primate object retrieval task, but a higher

dose (3 mg/kg) was ineffectual [106]. The predicted GlyT-1 occupancies of

Org25935 (16) at effective doses ranged from 16 to 80% [106]. These data suggest

that GlyT-1 inhibitors have the potential to improve performance in PFC-dependent

tests, but that efficacy is lost when higher occupancies are achieved. This “bell-

shaped” dose phenomenon was also seen with bitopertin (58) (Sect. 4.3.3), the

Roche clinical GlyT-1 molecule, in this task and seems to have been borne out by

the clinical findings with this molecule (Sect. 7).

4.2 Basic GlyT-1 Inhibitors

Several series of basic GlyT-1 inhibitors have been reported but here particular

focus will be on work resulting in clinical candidates.
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4.2.1 Aminophenethylbenzamides SSR504734, SSR103800

and GSK1018921

This class of compound has generated intense interest from several companies and

resulted in at least three molecules being progressed to clinical evaluation. The

initial template can be seen to emerge from the DAT inhibitor methylphenidate (17)

from which Sanofi researchers identified SSR504734 (18) [107] (Fig. 8) and

subsequently SSR103800. While the structure of SSR103800 has not been

disclosed, a recent patent from Sanofi ([108] also see [109]) discloses novel

polymorphic forms of (S,S)azabicyclooctane (19) (Fig. 8).
SSR504734 (18) is a selective (vs. 120 different receptors, ion channels,

enzymes or transporters including GlyT-2) and reversible inhibitor at human, rat

and mouse GlyT-1 (IC50’s of 18, 15 and 38 nM, respectively). SSR504734 (18)

blocked Gly uptake ex vivo and produced an increase in extracellular Gly and

dopamine levels in the rat PFC (MED 3 mg/kg i.p.). SSR504734 (18) potentiated

NMDA-mediated excitatory postsynaptic currents (EPSCs) in rat hippocampal

slices and increase electroencephalography (EEG) spectral power in mice and

rats. SSR504734 (18) prevented ketamine-induced metabolic activation in mice

and reversed MK-801-induced hyperactivity in rats and mice. Additionally, it

normalised the endogenous deficit in pre-pulse inhibition seen in DBA/2 mice

(MED, 15 mg/kg i.p.) and reversed d-amphetamine-induced hyperlocomotion

[110]. This compound also showed additional activity in chronic mild stress in

mice and rat pup maternal separation models of anxiety [110]. In the attentional

set-shifting task in rats (ASST), a model of cognitive flexibility/executive function,

SSR-504734 (18)-treated animals required significantly less trials to criteria during

the extra-dimensional shift (EDs) phase of the ASST, an effect completely

prevented by the Gly/NMDAR site antagonist, L-687,414 [111], demonstrating

that this molecule can enhance executive function performance via activation of

(19) (20) (21)SSR504734 (18) 

threo methyl
phenidate (17) 

Fig. 8 Examples of Sanofi aminophenethylbenzamides
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the Gly site of the NMDA receptor. Similar enhancements of activity have been

seen in other models of cognitive performance [112–114].

SSR103800 behaved in a similar manner to previous Sanofi molecules with

human, rat and mouse IC50 values of 1.9, 5.3 and 6.8 nM, respectively and showing

reversible inhibition of Gly uptake in mouse cortical homogenates. Using in vivo

microdialysis SSR130800 increased extracellular levels of Gly in the rat PFC and

potentiated NMDA-mediated EPSCs in rat hippocampal slices. SSR103800

(30 mg/kg, p.o.) attenuated MK-801- and PCP-induced hyperlocomotor behaviour

and neonatal PCP-induced deficits in social recognition in rats. SSR103800 (30 mg/

kg, i.p.) also normalised the pre-pulse inhibition of the startle reflex seen in

DBA/1 J mice. In addition, in putative models of anxiety SSR103800 decreased

defensive- and despair-related behaviours’ in the gerbil tonic immobility test

(10 and 30 mg/kg, p.o.) and in the rat forced-swimming test (1 and 3 mg/kg, p.o.)

suggestive of anxiolytic behaviour [115, 116]. Both SSR504734 (18) and

SSR103800 have been reported to have progressed to the clinic for schizophrenia,

although interestingly not anxiety.

Sanofi has disclosed other aminophenethylbenzamide templates (Fig. 8) such as

pyrrolidines, e.g. (20) [117], and pyrrolizine; indolizine, e.g. (21); and quinolizines

[118] with low nM activity. Gem-dialkylaminophenethylbenzamides have been

disclosed by GlaxoSmithKline (GSK; Fig. 9), including GSK931145 (22) (see

Sect. 6.1 [119]) and GSK1018921 (23) (see Sect. 7 [120]). Preclinical data on

these compounds are sparse; however, detailed metabolism of GSK1018921 (23) in

both human and preclinical species has been disclosed. Notable was the extensive

metabolism in humans relative to preclinical species and in particular the high level

of the primary amide metabolite SB636406 (24). Other metabolites generated

included N,N-debutylated and O-demethylated analogues and various permutations

of oxidation and glucuronidation [121].

Numerous patent disclosures from other companies have emerged exploring the

aminophenethylbenzamide motif. AstraZeneca (Fig. 10) has investigated further

basic bicyclic motifs such as (25) [122] and notably successful approaches to

introduce polarity either via an arylsulphone, e.g. (26) [123], or via an N-alkyl
substitution such as urethane (27) [124]. Nonbasic cyclohexylsulphones will be

discussed in Sect. 4.3.1.

GSK931145 (22) GSK1018921 (23) SB636406 (24) 

Fig. 9 Examples of GlaxoSmithKline gem-dialkylaminophenethylbenzamides
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In a further approach to increase polarity, Taisho [125] have identified

heterobiaryls (28) with excellent target activity (Fig. 10) by retaining the core

3-azabicyclo[2.2.2]octan-4-yl of (25) but now introducing a polar pyrazole hetero-

cycle and nicotinamide.

While all these templates retained a secondary carbon adjacent to the

benzamide, Roche have reported templates with a corresponding quaternary carbon

centre (Fig. 11). Particularly potent were 4-substituted 8-azabicyclo[3.2.1]octanes

such as (29) [126]. Structures based on a 6-substituted 2,3,5,7,8,8a-hexahydro-1H-

indolizine core (30) also retained good target activity [127].

Little literature data has appeared describing the SAR of aminophenethyl-

benzamides; however, some general trends can be discerned from analysis of the

data and claims disclosed in patents in this field, i.e.:

• A two-carbon amide/amine spacer is maintained in all the examples described.

• Preferred benzamide substitution, at least for target activity, appears to be 2,3-,

2,6- or 2,4,6- and is generally hydrophobic. Exceptions to this include the

(29) GlyT-1 IC50 4nM (30) GlyT-1 IC50 13nM

Fig. 11 Examples of

templates from Roche with

a quaternary carbon

adjacent to the benzamide

(28) Taisho
GlyT-1 IC50 0.2nM  

(25)  AstraZeneca
GlyT-1 IC50 1nM 

(27)  AstraZeneca
GlyT-1 IC50 1nM

(26) AstraZeneca
GlyT-1 IC50 9nM 

Fig. 10 Examples of

AstraZeneca and Taisho

aminophenethylbenzamides
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2-nicotinamides such as (28) (Fig. 10) and the unusual 3-sulphonamide of the

3,4-disubstituted benzamide (20) (Fig. 8). However, exemplification of this

pattern is sparse, suggesting it is generally disfavoured.

• A secondary benzamide is present in almost all molecules disclosed suggesting a

key role for this motif.

• Despite SSR504734 (18) being a secondary amine, the majority of compounds

disclosed are tertiary amines and considerable effort has gone into identifying a

range of tertiary amine templates.

• The phenyl ring is not obligate (see Sect. 4.2.3 for an example of an

ethylenediamine benzamide) but is present in the great majority of published

patents and is generally unsubstituted. However, examples of polar substituents

have been reported, e.g. compounds (26) and (28) (Fig. 10).

• Substitution of the basic nitrogen has generally not been widely explored, with

only one report identified (27) (Fig. 10) in which polar substitution was reported

to give robust target activity.

4.2.2 4-Aminocyclohexanes/Piperidines and Isosteres, PF-03463275

An HTS at Pfizer identified the 4-substituted aminocyclohexane (31) (Table 1

[128]). Compound (31) had a very encouraging overall profile with significant

in vivo activity, as determined by increases in CSF Gly following oral dosing,

and no hERG (patch clamp) or cytochrome P4502D6 or 3A4 liabilities. However,

permeability was poor; thus, effort was focussed on preparing metabolically stable

tertiary amines and modulating aryl ring substitutions. This resulted in the

tetrahydrocyclopropyl[c]pyrrole, PF-03463275 (32), which has progressed to the

clinic, and the octahydro-cyclopenta[c]pyrrole (33) [129]. PF-03463275 showed

Table 1 Pfizer amines

(31) PF3463275 (32) (33)

Compound

GlyT-1 Ki

(nM)

GlyT-2 Ki

(nM)

HLM % t1/2
(min)

MDCK

AB-Ca CSF Gly ED200
b

(31) 2 1,150 >120 0.5 3.9

PF3463275 (32) 12 >10,000 80 13.2 3.5

(33) 4 >10,000 78 10.4 181% at 1 mg/kg

Data from [128, 129]
aMDCK AB-C apparent permeability through MDCK cell membrane units 10�6 cm/s
bDose of drug (in mg/kg) that doubles the endogenous CSF Gly concentration (90 min post dose)
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good target affinity and selectivity and good in vivo activity coupled with improved

permeability. A kilogramme scale synthesis of PF-03463275 (32) has been

reported [130].

PF-03463275 (32) has been shown [131], in the non-human primate, to alleviate

the deficit in spatial working memory induced by ketamine at all doses tested (0.01–

0.17 mg/kg s.c.). However, ketamine-induced hallucinatory effects were not

reversed. PF-03463275 (32) is primarily metabolised by cytochrome P450 3A4

and 2D6 and may be effluxed by P-gp ([132]).

4.2.3 Other Basic GlyT-1 Inhibitors

In this section a miscellaneous selection of basic GlyT-1 inhibitors will be briefly

surveyed demonstrating the diversity of structures with activity at the target.

Ethylenediamines

Roche have reported a range of cyclo(hetero)alkylethylenediamine benzamides

such as (34) [133]. Noteworthy again is the ortho-substituted benzamide.

In an alternative approach to hit identification, a virtual screening approach was

adopted by a group from AstraZeneca [134]. Compounds with pharmacophoric

similarities to literature GlyT-1 inhibitors were identified using 2D topological

fingerprints to encode pharmacophoric features. Compounds that met fingerprint

criteria were clustered and sample members from each cluster filtered by CNS drug-

like properties (e.g. molecular weight and lipophilicity). After this process 15,000

compounds were assayed leading, after optimisation, to (35) that demonstrated

modest CNS exposure (brain 61 ng/g 1 h post 0.99 mg/kg s.c.) but a reasonable

brain/plasma ratio of 2.1 (Fig. 12).

Ethylenediamine Piperazinesulphonamides

In a design strategy invoking a tethered benzamide and propyl sulphonamide held

in appropriate proximity to reflect pharmacophoric similarities to other GlyT-1

inhibitors, a team at AMRI [135] identified metabolically labile spirosubstituted

ethylenediamines such as (36) (Table 2). As previously observed ortho-substitution
of the benzamide was found to be essential for good target activity. Introduction of

a difluorocyclohexane and heterocyclic sulphonamides (see Sect. 4.3.1) leads to

compounds such as (37) with excellent target activity and selectivity; (37) gave

prolonged in vivo activity increasing CSF Gly levels. An example from this series

(structure unknown) has been reported [136] to bind competitively with Gly to

GlyT-1.

Spiropiperidines

Optimising a spiropiperidine HTS hit [137] that had multiple developability issues

led to compounds such as RO4543338 (38) (Fig. 13). Issues that were addressed,

with some success, during the optimisation included increasing target activity,
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selectivity over the μ-opioid receptor, metabolic stability and reducing hERG

channel interaction [138–141]. While substantial progress was made in addressing

multiple issues, it remained challenging to retain good target activity while

maintaining acceptable adsorption, distribution, metabolism, excretion, toxicity

(ADMET) and PK properties. Despite this RO4543338 (38) was shown to have

activity in models of cocaine-seeking behaviours, albeit at relatively high doses

(i.e. 30 or 45 mg/kg i.v. [142]).

Phenethylamines

Abbott/Abbvie has reported potent phenethylamines (Fig. 13) such as compounds (39)

[143] and (40) [144]. The nonbasic carboxamide (41) was only marginally active

indicating the key importance of the basic centre. Heteroarylsulphonamides are

particularly preferred for target activity, e.g. N-methylimidazoles and N-
methylpyrazoles, while scope for substituting the pendant phenyl ring appeared

limited. Some compounds, e.g. (40), showed evidence of being effluxed from the brain.

Arylsulphonamides

Amongst the earliest non-sarcosine-based GlyT-1 inhibitors were 1,4-disubstituted

piperidine arylsulphonamides reported by NPS/Allelix, e.g. (42) (Fig. 14 [145]) and

can be seen as an early template of series of more recent interest.

(34) GlyT-1 IC50 = 8nM (35) GlyT-1 IC50 = 37nM

Fig. 12 Roche and AZ

ethylenediamines

Table 2 AMRI ethylenediamine piperazinesulphonamides

(36) (37)
GlyT-1 Ki

(nM)

GlyT-2 Ki

(nM)

HLM % remaining

60 min

PTT

(min)

Dose

(mg/kg)

% increase CSF

glycine

(36) 15 >75,000 29

(37) 1 >75,000 – 360 3 227

10 339

Data from [135]
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Diaminopropan-2-ol sulphonamides were identified from an HTS campaign of

which SB710622 (43) (GlyT-1 Ki 100 nM) was an optimised example [146] albeit

still retaining multiple ADMET issues. Despite modest exposure (brain 564 ng/g

1 h post 5 mg/kg s.c. with a brain/plasma ratio of 0.4) SB710622 (43) demonstrated

in vivo efficacy following s.c. dosing in the maximal electroshock threshold test

(MEST [147]). An analogue, SB733993 (44), was reported to have a Kd of 2 nM in

HEK293 membranes expressing human GlyT-1 [148].

4.3 Nonbasic GlyT-1 Inhibitors

A diverse range of nonbasic GlyT-1 inhibitors have been disclosed and have led to

several clinical candidates, including the most advanced inhibitor bitopertin (58)

which is currently in phase III (January 2014).

4.3.1 1,4-Disubstituted Piperidines/Cyclohexanes: DCCCyB (48)

In an extensive optimisation campaign by Merck, the HTS hit (45) led initially to

the more potent competitive [149] inhibitor ACPPB (46) (Fig. 15). ACPPB

(46) (1, 3 and 10 mg/kg i.v.) selectively increased Gly levels in rat PFC. ACPPB

(46) (3–100 mg/kg s.c.) also significantly increased prepulse inhibition in DBA/2

mice without affecting basal startle amplitude [66, 150]. However, ACPPB

RO4543338 (38)
GlyT-1EC50 24nM  

(40) GlyT-1Ki
<0.01.m.M 

(39) X = CH2NH2 GlyT-1Ki <0.010.m
(41) X = CONH2 GlyT-1Ki <10.m.M     

F

N
N

H
NO

F

HO

Chiral

O
S
O

N
N

N
H

N
Me

X
O

NH
S

O

O
N

NMe

Fig. 13 Roche spiropiperidines and Abbvie phenethylamines

R=

SB-710622 (43) SB733993 (44) (42)

Fig. 14 Basic arylsulphonamides – NFPS/Allelix and GSK
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(46) suffered from time-dependent cytochrome P450 inhibitory activity and poor

water solubility, limiting further progression. In a series of papers, the Merck team

outlined issues addressed, and new ones identified, as they progressed the structural

class to a clinical candidate. Issues solved included time-dependent inhibition of

cytochrome P450s [151], P-gp substrate and subsequent poor CNS exposure [152]

and poor oral bioavailability [153–155]. N-Dealkylation of N-alkylheterocycle
sulphonamides resulted in potent P450 inhibitors and piperidine ring oxidation

[154]. This work led to the identification of (47).

Exemplar (47) had a good rat PK profile (Table 3) resulting in good receptor

occupancy (Occ50 of 3.4 mg/kg p.o. [154]). However, (47) was a P-gp substrate,

giving a low brain/plasma ratio (0.16), and had potential to form N-demethylated NH

triazole metabolites which were shown to be potent cytochrome P4502C9 inhibitors

(IC50 10 nM [153]). Returning to an alkylsulphonamide gave the clinical candidate

DCCCyB (48). This ligand represented the best compromise of target activity and

ADMET properties with good rat and dog PK. Removal of the P-gp liability resulted

in a rat blood/plasma ratio of ~2.3. In vivo 3 mg/kg p.o. increased Gly levels in rat

frontal cortex. In the rhesus monkey, using the PET ligand [18F]MK-6577 (76)

(Sect. 6.2), DCCCyB (48) gave an estimated plasma EC50 of 120 nM which was

comparable to that seen in the rat (plasma EC50 of 350 nM at 3 mg/kg p.o.).

Further scaffold hopping led to novel nonbasic piperidine bioisosteres

sulphonamides (Fig. 16), e.g. (49) [149], (50) [156] and (51) [157]. Examples

showed excellent selectivity, significant free fraction, CNS exposure and activity

in pre-pulse inhibition in mice. It is however unclear if examples of these

N-methylheterocycle sulphonamides suffer from N-dealkylation to potent P450

inhibitors identified by the Merck team vide supra.

DCCCyB (48)
GlyT-1 Ki 29nM 

(45)
GlyT-1 Ki 135nM 

ACPPB (46)
GlyT-1 Ki 2.6nM 

(47)
GlyT-1 Ki 5.4nM 

Fig. 15 GlyT-1 inhibitory data for selected (Merck) 1,4-disubstituted piperidines/cyclohexanes

Table 3 Pharmacokinetic data for (Merck) 1,4-disubstituted piperidines/cyclohexanes

Compound Species CLa Vdss (L/kg) T1/2 (h) %Fpo Cmax (μM)

(47) Rat 34 2.6 1.1

DCCCyB (48) Rat 36 4.2 2.4 65 0.14

Rhesus 24 2.3 1.5 2 0.04

Dog 4.9 3.1 10 48 1.39

Data from [153, 154]
aClearance in mL/min/kg
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4.3.2 Biaryl Triazoles ASP2535 (54)

A series of biaryl triazoles (Fig. 17) have been identified by the Astellas group,

optimised from their HTS hit (52) [158, 159]. (52) lacked selectivity over GlyT-2,

but optimisation resulted in (53) identified as the more active (R)-atropisomer (the

(S)-atropisomer was ~100-fold less active [160]). Target activity was much

improved as was the selectivity over GlyT-2. Despite moderate oral bioavailability

(32% in mouse and 23% in monkey) the molecule showed activity in vivo. The

synthesis of the atropisomers has also been reported [161]. From the same series of

compounds, ASP2535 (54) [162] progressed into phase 1.

ASP2535 (54) showed minimal affinity for 54 receptors, 7 ion channels and

4 transporters with the closest cross-reactivity being to the μ-opioid receptor (IC50

1.83 μM). It inhibited ex vivo [3H]-Gly uptake in mouse cortical homogenates with

an MED of 10 mg/kg p.o. and attenuated an MK-801-induced working memory

deficits in mice and visual learning deficits in a mouse neonatal PCP model

(0.3–3 mg/kg, p.o. and 0.3–1 mg/kg, p.o., respectively). ASP2535 (54) also

improved the PCP-induced deficit in pre-pulse inhibition in rats (1–3 mg/kg, p.o.)

and scopolamine-induced deficits in working memory in mice and spatial learning

deficits in aged rats (0.1–3 mg/kg, p.o. and 0.1 mg/kg, p.o. respectively [162]).

Interestingly in all of these models, there was evidence of the bell-shaped dose

response that appears to be common across GlyT-1 inhibitor compounds.

(49) GlyT-1 IC50 15nM (50) GlyT-1 IC50 5nM (51) GlyT-1 IC50 25nM

Fig. 16 Vanderbilt University GlyT-1 inhibitors

ASP2535 (54) GlyT-1 IC50 0.09uM
sel. GlyT-2 50 fold 

(52) GlyT-1 IC50 1.8uM
sel. GlyT-2 0.9 fold

(53) GlyT-1 IC50 0.064uM
sel. GlyT-2 >450 fold

Fig. 17 Astellas triazoles
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4.3.3 Benzoylpiperazines: Bitopertin (RO4917838/RG1678) (58)

Benzoylpiperazines initially identified through HTS (Table 4) have received

intense scrutiny with the most clinically advanced compound, bitopertin (58) (aka

RO4917838 or RG1678), deriving from this work. The primary hit (55) was potent,

selective (vs. GlyT-2> 320-fold) but metabolically labile [163]; the 5-nitro group

was seen as a potential liability and important to remove. Preliminary SAR studies

showed that the 5-nitro substituent could be effectively replaced by primary or

N-methylsubstituted sulphonamides and methylsulphones, which gave the best

balance of target activity vs. polarity and metabolic stability. The 2-substituent

morpholine could be replaced by a range of N-, S-, O- or C-linked substituents, but

at least 4 heavy atoms were required to maintain target activity. Electron-donating

arylpiperazine aromatic ring substituents were generally not tolerated, while

electron-withdrawing 4-substituents proved to be beneficial for target activity.

Exploration of this SAR resulted in the lead compound (56) which showed a

good balance of target activity, excellent selectivity (over GlyT-2; IC50> 30 μM)

and physicochemical properties/solubility with negligible cytochrome P450 acti-

vity (IC50> 29 μM), modest (88%) plasma protein binding (PPB) and an encour-

aging PK profile (Table 4). This profile gave in vivo proof of mechanism with

increased striatal Gly levels following a 10 mg/kg p.o. dose. Unfortunately (56)

had unacceptable hERG activity, attributed to direct interaction of the polar

cyano substituent with the hERG channel, and only modest brain exposure.

Table 4 Roche benzoylpiperazines and the invention of RG1678 (bitopertin) (58)

(57) = (R)
RG1678 = (S) (58) 

(55) (56)

2

5

Compound

EC50 GlyT-1

(μM)

hERG

(μM)

ID50

(mg/kg)a PKb Clc
Fpo

(%)

T1/2
(h) B/P

(55) 0.015

(56) 0.016 0.6 3.0 m 9.5 100 5.8 0.1

(57) 0.057 28 3.0

RG1678 (58) 0.03 17 0.5 m 0.5

r 4.3 78 5.8 0.7

mk 3.6 56 6.4 –

Data from [164]
aReversal of L-687,414-induced hyperlocomotion in mouse (p.o.)
bPK species
cClearance in mL/min/kg

m mouse, r rat, mk monkey
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An optimisation campaign to address these issues led to the identification of the

clinical candidate RG1678, redesignated bitopertin (58) and its less active enantio-

mer (57) [164]. Bitopertin had no interactions with cytochrome P450s

(IC50> 24 μM) and was inactive in Ames and micronucleus genotoxicity assays.

Bitopertin (58) non-competitively inhibited Gly uptake at human recombinant

GlyT-1 with an IC50 of 25 nM while having no affinity for GlyT-2 (up to 30 μM). In

hippocampal CA1 pyramidal neurons, bitopertin (58) enhanced NMDA-dependent

LTP at 100 nM but interestingly not at 300 nM. A dose-dependent increase in both

CSF and striatal extracellular levels of Gly were observed in vivo with a plateau

effect reached at 10 mg/kg p.o. (as measured using microdialysis in rats). Bitopertin

(58) attenuated D-amphetamine or L-687,414-induced hyperlocomotion in both rats

and mice [165]. Bitopertin (58) was also characterised in the object retrieval–detour

(ORD) task in scopolamine-impaired rhesus monkeys and concurrently assessed

using PET [106]. Low doses of bitopertin (58) (0.3 and 1.0 mg/kg, p.o.) signi-

ficantly attenuated the scopolamine-induced impairments, while the highest dose

tested (1.8 mg/kg) was ineffectual. The predicted GlyT-1 occupancies at these

effective doses were ~10 and 30%, respectively. Interestingly these are the approxi-

mately equivalent to those occupancies [166] which resulted in clinical efficacy in

the proof of concept study (see Sect. 7 [167]).

4.3.4 Isoindolines

Further exploration of benzoylpiperazines particularly focussed on the structural

diversity tolerated by the left-hand side arylpiperazine. This led to the identification

of a series of potent isoindolines (Table 5). The initial chloroisoindoline lead (59)

[168] had good target activity and over 200-fold selectivity over GlyT-2, had

moderate to low in vitro clearance in mouse and human liver microsomes (23 and

2 μL/min/mg, respectively) and, despite poor solubility (<1 μg/mL), was active

in vivo. Introduction of a pyran, alongside manipulation of the 2-substituent, gave

RO5013853 (60) (solubility 76 μg/mL) and RO5013852 (61) (solubility 191 μg/mL).

Both RO5013853 (60) and RO5013852 (61) had good rat PK profiles and elevated

extracellular Gly levels in rat striatum at 10 mg/kg p.o. Both RO5013853 (60) and

RO5013852 (61) have been investigated as PET ligands (Sect. 6.3).

4.3.5 Miscellaneous Nonbasic GlyT-1 Inhibitors

Further diverse structures have been reported as GlyT-1 inhibitors, although none of

the following classes have apparently progressed beyond research leads and tools.

Heterocycles

Several heterocyclic structures (Fig. 18) have been described. These include benzo-

diazepine-2-ones, e.g. (62) [169], and aminoimidazolinones, e.g. (63) [170], both

described by Roche. Imidazolinones, e.g. (64) (GSK [171]), have also been
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extensively exemplified in the patent literature along with unusual difluorinated

benzoxazinones disclosed by GSK, e.g. (65) [172].

Linear Amides

Linear amides (Fig. 19) have been generated from these heterocyclic systems by

Roche, e.g. (66) from (62) [169], while GSK have described linear tertiary amides

such as (67) from (64) [173].

From the limited data disclosed, particularly for structures such as (66) and (67),

it is evident that there are a number of developability issues including solubility and

high metabolic clearance. Following the amide theme cyclic tetrapeptides showing

nM inhibitory activity and 100-fold selectivity over GlyT-2 (Fig. 19) e.g. (68) have

been isolated from Nonomuraea sp. TA-0426 [174].

4.4 Marketed Drugs as GlyT-1 Inhibitors

Some marketed drugs have been reported to show marginal GlyT-1 inhibitory

activity and debatably may achieve sufficient total brain concentrations to be

pharmacologically relevant.

The “typical” antipsychotics chlorpromazine (69) and haloperidol (70) (Fig. 20)

are reported to have weak GlyT-1 inhibitory activity with IC50s between 9 and

21 μM but were nonselective with respect to GlyT-2 [175]. Clozapine (71) an

“atypical” antipsychotic (IC50 100 μM [83]) has been suggested to be able to

achieve up to a modest but arguably clinically relevant [166] 30% GlyT-1 occu-

pancy (see Sect. 7) at clinical exposures.

Table 5 Roche benzoylisoindolines

RO5013853 (60) RO5013852 (61)(59)
Compound EC50 GlyT-1 (μM) ID50 (mg/kg)a Clb Vss (L/kg) Fpo (%) T1/2 (h) B/P

(59) 0.135 20

RO5013853(60) 0.014 0.5 21 3.7 65 3.2 0.6

RO5013852(61) 0.028 0.5 22 2.0 40 1.6 0.6

Data from [168]
aReversal of L-687,414-induced hyperlocomotion in mouse (p.o.)
bClearance in mL/min/kg
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From the anaesthetic lidocaine (72) (Fig. 21), the metabolite N-ethylglycine (73)
was found to be a GlyT-1 substrate, while monoethylglycinexylidide (74), also a

lidocaine metabolite, was shown to inhibit GlyT-1 activity both in primary astro-

cytes and in GlyT-1-expressing Xenopus laevis oocytes [176]. While these effects

appear modest (i.e. μM), a cocktail of lidocaine (72) and its metabolites at clinically

relevant concentrations gave comparable inhibition of Gly uptake in vitro to that

achieved by NFPS (3) at 200 nM.

(63) GlyT-1 IC50 7nM

(65) GlyT-1 pIC50 7.7
sel. GlyT-2 >1,000 fold

(64)

(62) GlyT-1 IC50 150nM
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Fig. 18 Miscellaneous heterocycles

(66)
GlyT-1 IC50 16nM

sel. 58 fold 

(68)(67) (rac)
GlyT-1 pIC50 7.1
sel. > 300 fold   

Fig. 19 Linear amides – Roche and GSK and cyclic tetrapeptides

Clozapine (71) Chlorpromazine (69) Haloperidol (70) 

Fig. 20 Marketed antipsychotics as GlyT-1 inhibitors
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4.5 Physicochemical Properties of Clinical GlyT-1 Inhibitors

Despite wide structural diversity and substantial lead optimisation, clinical-stage

GlyT-1 inhibitors are often showing somewhat unfavourable physicochemical

properties (Table 6). This is perhaps reflected in the multiple developability chal-

lenges that have had to be overcome to identify these clinical-stage compounds.

Reducing lipophilicity has often been hampered by the presence of lipophilic-

substituted benzamides important for target affinity and to achieve effective CNS

exposures/avoiding efflux transporter activity. Also it has been suggested that

higher lipophilicity may be influencing kinetics at the target and in particular target

off-rates (see Sect. 5); however, data is too limited to draw definitive conclusions at

this stage.

Lidocaine (72) Monoethylglycinexylidide (74) N-Ethylglycine (73) 

O OMe

Me H
N H

NNEt2 H2N
NHEt NHEt

Me

Me

Fig. 21 Anaesthetic metabolites as GlyT-1 inhibitors

Table 6 Calculated physicochemical properties of clinical candidates

Clinical compounds Mol (Wt) pIC50 cLogP cLogD7.4 LLEa PSA A2

Sarcosine analogues

Alx5407 (4) 393 8.5 4.95b 2.21 3.55 54

R231857 (14) 353 3.92b 1.20 58

R213129 (13) 371 4.70b 1.96 58

Org25935 (16) 339 3.80b 1.07 54

AMG747 (15) 378 7.2 3.90b 1.15 3.3 48

Basic inhibitors

GSK1018921 (23) 488 5.55 4.26 43

SSR504734 (18) 397 7.8 4.86 2.97 2.94 46

PF3463275 (32) 363 7.9 1.87 0.76 6.03 43

Nonbasic inhibitors

Bitopertin (58) 543 7.5 3.46 3.46 4.04 80

DCCCyB (48) 494 7.5 4.53 4.53 2.97 63

ASP2535 (54) 382 7.1 4.01 4.01 3.09 83
aLLE lipophilic ligand efficiency pIC50�cLogD, all calculations using the ChemAxon calculator

plug-in
bcLogP nonionic species
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5 Target Kinetics

Kinetics of inhibition of GlyT-1 are complex with possible differences in compe-

titiveness with endogenous ligand and dependencies on Na+ and Cl� concentrations

coupled with differences in koff. These differences for selected inhibitors are

summarised with the relevant tool compound and the structurally closest clinical

compound (Table 7). Less clear are the pharmacological consequences of these

variations. The clinically most advanced GlyT-1 inhibitor bitopertin (58) is

non-competitive with respect to Gly and competitive with respect to the sarcosine

analogue [3H]ORG24598 (6), However, other non-competitive and competitive

compounds alike have all been terminated at the early clinical stages of develop-

ment. Although reasons for the various terminations are largely unknown, it would

appear that simple competitive vs. non-competitive pharmacology is not a

differentiator with respect to clinical progression at least.

While the competitive vs. non-competitive nature of drug target interaction has

not been directly implicated in issues with compounds, it has been suggested [177]

that GlyT-1 inhibitors with a short residence time at the target are less likely to

induce the unwanted hyperlocomotion effects which have been observed in pre-

clinical species (Table 8). Interestingly from the limited available data, reducing

lipophilicity tends to give faster Koff-rates which may be something which can be

optimised in future pharmacophore-based virtual screening campaigns.

Table 7 Compilation of structures with their target kinetics

Compound Clinical analogue Gly Comp.a Na+ dependent Reference

Sarcosine (2) Sarcosine (2) C Yes Herdon et al. [148]

NFPS (3) Org25935 (16) NC No Herdon et al. [148]

Org25935 (16) Alx5407 (4) Mallorga et al. [72]

R231857 (14)

R213129 (13)

AMG747 (15)

GSK931145 (22) GSK1018921 (23) C No Herdon et al. [148]

SSR504734 (18) SSR504734 (18) C Deportère et al. [110]

SSR103800

SB733993 (44) – C Yes Herdon et al. [148]

ACPPB (46) DCCCyB (48) C Yes Lindsley et al. [149]

(55) Bitopertin (58) NC Alberati et al. [165]

RO5013853 (60)

(49) – C Lindsley et al. [149]

(37) – C Mhyre et al. [136]

Clozapine (71) Clozapine (71) NC No Williams et al. [175]
aGly Comp., competitive with glycine (C) or non-competitive (NC)
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6 Positron Emission Tomography (PET) Ligands

One feature of the development of clinical GlyT-1 inhibitors has been the parallel

development of several PET ligands. This has been of particular utility as, with all

targets, there is the importance of demonstrating target engagement vs. exposure

relationships, but of particular concern for GlyT-1 is the need to more fully under-

stand the occupancy required for efficacy vs. potential adverse effects/tolerability.

Of particular advantage for GlyT-1 is the high Bmax in the cortex, with one

estimate of 3,000 fmol/mg protein in rat cortical membranes [148] which reduces

the necessity for very high affinity ligands.

Synthesis of the sarcosine-based [11C]NFPS (3) has been reported [178], but

characterisation data is sparse, probably reflecting slow brain uptake with this class

of inhibitor. However, several non-sarcosine-derived ligands have been reported.

6.1 [11C]GSK931145

[11C]GSK931145 (22) (Fig. 22) was selected based on brain penetration, hetero-

geneous distribution consistent with known GlyT-1 distribution and the level of

specific binding as determined in the pig [179, 180]. Biomathematical modelling

also identified [11C]GSK931145 (22) as a preferred ligand from a set of four

Table 8 Summary of effects of target kinetics on hyperlocomotion and pre-pulse inhibition

Compound Ki nM Functional koff min Comp/non-comp OPa cLogP (cLogD)b

Sarcosine (2) 39,000 <10 C N �0.8 (�2.8)

ALX-5407(4) 0.9 294 NC Y 4.95 (2.2)

ACPPB (46) 3.8 103 C Y 4.2

(55) 25 <10 NC N 2.5 (2.5)

SB733933 (44) 2 5c C – 3.0 (2.9)

GSK931145 (22) 2 40c C – 5.3 (3.6)

Data from [148, 177]
aOP – hyperlocomotion – obstinate progression observed at doses efficacious in increasing

prepulse inhibition
bcLogP/LogD calculated using ChemAxon calculator plug-in
cKoff

[11C]CMPyPB (75) [18F]MK-6577 (76)[11C]GSK931145 (22)

Fig. 22 Early GlyT-1 PET ligands – GSK and Merck
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analogues [181]. [11C]GSK931145 (22) has been dosed to baboons and to humans;

the limiting organ with highest radiation absorbed dose was the liver in both species

[182, 183].

In a study of 13 healthy volunteers, radioactivity was taken up rapidly into the

cerebellum, brainstem and thalamus which was similar to that seen previously in

the baboon [184]. Plasma EC50 for target occupancy by GSK1018921 (23) in the

baboon and human were 22.5 and 45.7 ng/mL, respectively. One caveat to the use

of [11C]GSK931145 (22) is that it shows unusually large differences in plasma

protein binding across species [184] with 8% fraction unbound in primate but only

0.8% fraction unbound in human which translates to a reduced tracer delivery K1

and reduced VT of the ligand in humans (Table 9). Furthermore, test/retest repro-

ducibility was poor with [11C]GSK931145 (22).

6.2 Disubstituted Piperidine Sulphonamides [11C]CMPyPB
and [18F]MK-6577

Both [11C]CMPyPB (75) and [18F]MK-6577 ([18F]CFpyPB) (76) [185] (Fig. 22)

showed good uptake in rhesus monkey brain with, as expected, highest uptake in the

pons, thalamus and cerebellum and lowest uptake in the striatum and grey matter of

the cerebral cortex. However, [18F]MK-6577 (76) showed higher brain uptake than

[11C]CMPyPB (75) (1.5 vs. 1.0 SUV in the pons) and a higher ratio of tracer uptake

in the pons relative to the striatum (2.2 vs. 1.6). In both rhesus monkey and human

brain slices, [18F]MK-6577 (76) showed high binding to cerebellum, thalamus and

white matter of the frontal cortex with low binding in the caudate and grey matter of

the frontal cortex. Two more polar metabolites of [18F]MK-6577 (76) were

observed in the rhesus monkey with 68% of radioactivity due to parent 90 min

post dose.

Table 9 Comparison of PET ligand tracer characteristics

Compound

hIC50

(nM) Speciesa K1
b

VT

thal

VT

pons

VT

cereb

BP

thal

BP

pons

BP

cereb

GSK931145 (22) 3 p 0.07 4.8 3.46 1.71 0.97

bab 0.13 4.55 4.34 2.83 2.53

h 0.03 0.75 0.7 1.74 1.55

MK-6577 (76) 2 rh 4.9 6.79 6.53

h 5 6

RO5013853

(60)c
1.7 (Kd) bab 1.66 1.80 1.36 1.48 1.78 1.01

h 0.04 ~2.1 2.59 1.86 1.43 1.93 1.26

VT observed distribution vol mL cm�3 BPND VT/fp distribution normalised to free tracer

concentration
aspecies: p pig, bab baboon, h human, rh rhesus
bK1 tracer delivery mL cm�3 min�1

cData from two-tissue 5-parameter model
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Detailed in vivo kinetics have been established [186] in the rhesus monkey for

[18F]MK-6577 (76). Human studies have been undertaken with [18F]MK-6577 (76)

([18F]CFpyPB [187]) revealing highest exposures in the lower intestine, ovaries and

liver. Rapid brain penetration was achieved with the highest uptake in brainstem

(VT¼ 7) with cerebellum, thalamus and midbrain also showing good exposure. As

expected low binding was seen in cortical grey matter (VT¼ 2)

In a head-to-head comparison of [11C]GSK931145 (22) and [18F]MK-6577 (76)

in anaesthetised baboons [188], [18F]MK-6577 (76) gave more reliable measure-

ment of binding parameters. It showed higher baboon plasma free fraction 12.8

vs. 5.6% for [11C]GSK931145 (22), higher brain uptake SUV ~4 vs. ~2 and faster

kinetics. Mean distribution volumes were at least twofold higher in relevant brain

regions for [18F]MK-6577 (76) vs. [11C]GSK931145 (22).

6.3 Benzoylindolines [11C]RO5013853 and [11C]RO5013852

Roche have disclosed two [11C] PET ligands, [11C]RO5013853 (60) and [11C]

RO5013852 (61) (Fig. 23), which have been evaluated in baboons [189] and the

latter in humans [190]. In the baboon, tracer uptake of both compounds was rapid

and high in the thalamus, cerebellum and pons with the lowest level seen in the

occipital cortex which was used as the reference brain region; kinetics appeared to

be reversible. Pretreatment with unlabelled RO5013853 (60) or bitopertin (58)

almost completely blocked binding of both ligands. In the baboon [11C]

RO5013853 (60) did show slightly higher retention and slower clearance and

demonstrated higher contrast between regions with high and low levels of GlyT-1

than those seen with [11C]RO5013852. [11C]RO5013853 (60) was 30–35%

metabolised in the baboon over the course of a 90 min experiment. [11C]

RO5013853 (60) was safe and well tolerated in humans [190, 191]. Using a

two-tissue 5-parameter model, as expected, volumes of distribution were higher

in the cerebellum, pons and thalamus (1.99–2.59 mL/mL) and lower in putamen,

caudate and cortical areas (0.86–1.13 mL/mL) with test/retest showing good repro-

ducibility with< 10% difference between scans. As in the baboon bitopertin (58)

effectively blocked tracer binding.

Comparing [11C]RO5013853 (60) with [11C]GSK931145 (22) and [18F]MK-

6577 (76), the authors conclude that while brain uptake of [11C]RO5013853 (60)

[11C]RO5013853 (60) [11C]RO5013852 (61)

Fig. 23 Roche PET ligands
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may be lower than the other ligands, this was compensated for by several other

factors. These are as follows: (1) a lower dose of radiation was required for [11C]

RO5013853 (60) (0.013 rem/mCi) compared with (0.015 rem/mCi) and (0.095 rem/

mCi) for [11C]GSK931145 (22) and [18F]MK-6577 (76), respectively; (2) VT test/

retest reliability was substantially greater for [11C]RO5013853 (60) relative to [11C]

GSK931145 (22); and (3) synthesis of [11C]RO5013853 (60) via methylation of the

sulphinate was efficient [192] and high specific activity could be achieved

(> 49GBq/umol) along with high chemical purity (100%).

Cortical GlyT-1 occupancy studies in the baboon, using [11C]RO5013853 (60)

[189] and bitopertin (58), gave 50% occupancy at plasma concentrations of 150–

300 ng/mL. This level of occupancy is considered to be an efficacious level in a

range of preclinical models [165, 193, 194] and subsequently in man [166].

6.4 PET Ligand Comparison

Some of the comparative characteristics of the various PET ligands have been

summarised in Table 9.

7 Clinical Evaluation of GlyT-1 Modulators

A number of synthetic GlyT-1 inhibitors have been assessed in schizophrenic

patients (Table 10), but Roche’s bitopertin (58) (also known as RG1678 or

RO4917838) is the most advanced in development.

7.1 Bitopertin

In a proof-of-mechanism study in healthy volunteers, once-daily oral doses of 3–

60 mg bitopertin (58) for 10 days resulted in a dose-dependent increase in CSF Gly

levels [195]. Steady state (10–12 days dosing) transporter occupancy was also

evaluated using PET and [11C]RO5013853 (60) in healthy male volunteers

[166]. At steady state, occupancy amounted to 30, 40, 60, 74 and 85% after 5, 15,

30, 60 and 175 mg doses, respectively; Emax was 92%, with an ED50 of 15 mg

which equated to a plasma EC50 of 190 ng/mL. Subsequently, a 320 patient phase

II proof-of-concept study (NCT0616798) evaluated the efficacy of bitopertin (58)

(10, 30 or 60 mg daily) in the treatment of negative symptoms in patients with

schizophrenia whose symptoms were stabilised by an antipsychotic medication.

The molecule was well tolerated at all doses. Improvements were seen in negative

symptoms and patients’ personal and social performance, reaching statistical sig-

nificance on primary and secondary end points at the 10 mg dose group; interest-

ingly, in comparison efficacy was reduced at the 30 mg dose and absent in the group

receiving 60 mg [167]. It would therefore appear that the mechanism seems to

have therapeutically relevant efficacy at transporter occupancy levels as low as 30–

40%, with the caveat that this is extrapolated from the earlier study. As mentioned
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previously these occupancies appear to be equivalent to those which have been

shown to be efficacious in preclinical models.

A subsequent study has been carried out in patients experiencing acute exacer-

bations of schizophrenic symptoms (NCT01234779). Here 10 and 30 mg doses

were dosed for 4 weeks (followed by a 4-week follow-up) and compared to the

positive comparator, olanzapine (15 mg). Positive and negative PANNS scores

were used as the primary end point. This study has completed but no data have been

released to date (as of December 2013). However, several phase III studies have

commenced: NCT01192867, NCT01192906 and NCT01192880 are phase III,

24-week, double-blind placebo-controlled studies to evaluate efficacy and safety

of RO4917838 in stable patients with persistent, predominant negative symptoms

of schizophrenia treated with antipsychotics, followed by a 28-week, double-blind

treatment period; NCT01235520 and NCT01235559 are phase III, 12-week pla-

cebo-controlled studies to evaluate the efficacy and safety of bitopertin (58) in

patients with suboptimally controlled (with antipsychotics) symptoms of schizo-

phrenia followed by a 40-week double-blind, placebo-controlled treatment period.

No dose information is currently available and none of these studies appear to have

a positive comparator component. Early phase III studies are reporting out as this

document is completing; unfortunately initial results have not proved encouraging

[196]. All studies will complete towards the end of 2014/early 2015 with full data

expected in 2015.

7.2 Sarcosine

Interestingly, based on its likely very poor pharmacokinetics/CNS penetration and

the subsequent need for very high doses, the only other molecule currently under-

going clinical evaluation is sarcosine (2). Two separate studies are evaluating 2 g

doses for 12 weeks (NCT01503359) and 6 months (NCT01047592) in

antipsychotic-stabilised schizophrenic patients. Positive and negative symptom,

quality of life and cognitive and sexual function measures are all being used as

assessment end points.

7.3 Other GlyT-1 Inhibitors

A number of other small molecule GlyT-1 inhibitors have been assessed in the

clinic for schizophrenia (Table 10) but have all generally failed to progress beyond

phase I. On the whole the reasons for this have not been released, but one may

speculate that this is due to adverse events/tolerability of the compounds.

7.3.1 Org25935 (SCH900435)

Early stage clinical evaluation of Org25935 (16) (0.5–30 mg) was examined for its

observable central nervous system effects and pharmacokinetic profile in healthy
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male volunteers [197]. Pharmacokinetics were dose-linear over the dose range

studied and peak concentrations of Org25935 (16) (1,170 ng/mL at 30 mg) were

reached between 30 and 50 min after dosing. EEG measures demonstrated small

statistically significant reductions in alpha2 power spectra (10.5–12.5 Hz) sugges-

tive of central penetration and pharmacodynamic activity. The compound was

generally well tolerated, although some increases in dizziness were reported and

again dose-related visual disturbances were clearly evident.

Org25935 (16) has been assessed for its effects on ketamine-induced schizo-

phrenia-like psychotic symptoms and perceptual alterations in 12 healthy male

subjects [198]. Ketamine produced behavioural, subjective and cognitive effects

consistent with its NMDA receptor antagonist activity. Org 25935 (16) reduced the

ketamine-induced increases in psychosis (PANSS positive and negative) and per-

ceptual alterations (Clinician Administered Dissociative Symptoms Scale

(CADSS)). None of the behavioural effects of ketamine were increased/augmented

by Org25935 (16). These data fundamentally support the mechanism of action of

GlyT-1 and demonstrate the interaction at the level of the NMDA receptor in

human subjects.

In addition to its assessment in schizophrenia, Org25935 (16) was also assessed

for its efficacy in panic disorder as an augmentation strategy to cognitive-

behavioural therapy (CBT; NCT00725725 [199]). Patients (n¼ 40) diagnosed

(DSM-IV) with panic disorder receive either a dose of Org 25935 (4 or 12 mg) or

placebo 2 h prior to an assessment. The primary end point was symptomatic change

as measured by the Panic Disorder Severity Scale (PDSS) vs. CBT alone. Although

mean PDSS total scores did decrease significantly from baseline, no statistically

significant benefit vs. placebo was observed for either dose of Org 25935 (16). Org

25935 (16) showed no major safety issues at either dose but was much better

tolerated at the 4 mg cf. 12 mg.

7.3.2 R213129 and R231857

R213129 (13) and R231857 (14) have been assessed for their effects on the central

nervous system and on scopolamine-induced impairments in cognitive and psycho-

motor function in healthy subjects. Despite scopolamine producing the predicted

and reproducible anticholinergic CNS impairments, R231857 lacked any consistent

dose-related effects, probably due to a low CNS penetration and exposure at the

doses tested [97, 98]. Both compounds are believed to have been discontinued [67].

7.3.3 GSK1018921

A single oral dose PhI study with GSK1018921 (23) (0.5–280 mg) showed a dose

proportional pharmacokinetic profile and a dose-dependent increases in reported

frequency of dizziness format doses from 70 to 280 mg. Despite this the authors

predicted that receptor occupancy up to 80% would be well tolerated [200].
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8 The Safety vs. Efficacy Dilemma

GlyT-1 knockout animals provided some of the early indications that this target may

have some safety concerns. Knockout animals showed deficits in locomotor beha-

viour and respiratory function prior to postnatal death [201]. Heterozygote animals

are however viable and show the characteristic profile [201] seen with most of the

small molecule inhibitors describe here. Although the reported adverse events with

higher doses of GlyT-1 inhibitors vary across research groups and compounds, they

generally agree with the findings in the knockout animals, i.e. behavioural distur-

bances, locomotor deficits and ultimately respiratory issues [61, 74, 177].

Recent preclinical and clinical assessments of the efficacy vs. occupancy relation-

ship has revealed that low levels of transporter occupancy (10–40%) are actually

required to gain efficacy both in preclinical models ([106] and in the Roche clinical

studies [166, 167]. Furthermore, high occupancy levels (>50%) appear to be detri-

mental to efficacy both clinically [166, 167] and across a wide range of preclinical

models of function and behaviour [106, 162, 165].

Based on the NMDA receptor hypofunction hypothesis of schizophrenia, it is

presumed that blockade of GlyT-1 transport in the forebrain, and perhaps more

specifically prefrontal regions, results in enhanced NMDA function and hence

efficacy. However GlyT-1 is expressed across the brain and particularly in the

hindbrain regions, such as the brainstem and cerebellum. Here NMDA receptor

function is more restricted and the glycinergic system prevails; thus, concurrent

blockade of GlyT-1 here will increase glycinergic overflow onto inhibitory

strychnine-sensitive GlyRs. This hypothesis is partially substantiated by the obser-

vations that the respiratory depression seen in the knockout animals could be

attenuated by strychnine. Perry et al. [74] demonstrated concurrent elevations in

Gly in the cerebellum of animals treated with NFPS (3) (Fig. 3) and with

LY2365109 (9) (Fig. 6). These increases appeared to be of a greater magnitude

than those seen in the PFC and correlated with the onset of the locomotor and

respiratory side effects. Again locomotor effects of LY2365109 (9) were attenuated

by strychnine [74]. Behavioural effects were observed including hunched back

posture and a tendency to walk on their toes, such that animals were unable to

perform on the rotarod and showed laboured, shallow breathing, lateral recum-

bency, tremors, chromodacryorrhoea, hypothermia and tachycardia [74]. Interest-

ingly, Kalinichev et al. [147] reported anticonvulsant activity of a range of GlyT-1

inhibitors in MEST. It is somewhat counterintuitive that this effect is mediated by

forebrain NMDA function and doses which produced robust efficacy were on the

high side. Thus, these anticonvulsant effects may also be mediated via the

glycinergic receptor system.

A further potential issue is the now multiple reports of visual disturbances with

different GlyT-1 inhibitors in clinical trials [197, 200]. Similar effects have also

been observed preclinically using PF-03463275 (1, 3 or 10 mg/kg s.c) which

produced significant alterations in the electroretinogram of albino rats [202]. Gly

is certainly one of the essential neurotransmitters which appear to modulate visual
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signals in the retina [203]. It is not clear if GlyT-1 per se is the modulator of retinal

Gly levels, but the dose ranges and time course of effects in the two clinical studies

are definitely commensurate with an acute pharmacological effect [197, 200]. Thus,

this may be another safety concern which needs consideration for this target,

although to date no visual disturbances have been reported with bitopertin (58).

Liem-Moolenaar et al. [197] did suggest early evidence of tolerance to these visual

disturbances, so perhaps this may be the reason.

9 Issues and Challenges in Inventing Clinical GlyT-1

Inhibitors

From the lack of successful clinical outcomes with GlyT-1 inhibitors, it is clear that

potential mechanistic liabilities are complicating the development of molecules

targeting this approach. However, clearly the phase II clinical observations with the

Roche compound have suggested that a therapeutic window is achievable and

therapeutic benefit can be delivered, although within a relatively narrow dose

range. Why this molecule has been able to achieve this when so many of the others

have failed is not clear, perhaps the differences in chemotype have resulted in subtle

differences in binding kinetics vs. other molecules? The community obviously

hopes for positive phase III data with bitopertin (58) and a novel therapeutic for

schizophrenic suffers; however, we should be cognisant that efficacy and long-term

tolerability have not yet been proven. Early indications released during the writing

of this chapter are unfortunately not encouraging.

The complexity of target kinetics has until recently hampered the successful use

of rational or pharmacophore-based design strategies, although there are some

examples (Sect. 4). The increasing availability of structural information for SLC6

transporters may suggest that alternative routes to defining new chemotypes are

available, but caveats still remain with respect to the interpretation of these

(Sect. 3.2).

The relatively high lipophilicity of many clinical agents and frequent reports of

efflux liabilities reflects the difficulty in achieving a balance between effective CNS

exposure and manageable physicochemical properties. It has been noted [177] that

functional Koff of some of these inhibitors may be able to limit at least the motor

function deficits seen with GlyT-1 inhibitors and as such may be a strategy to

enhance the therapeutic window, a hypothesis yet to be proven. If it is confirmed

that target off-rates are an important indicator of clinical efficacy and safety, then

there will be a need to rationally design compounds with more rapid Koff-rates.

Reducing lipophilicity may be a useful guide (Sect. 5), but again this awaits

confirmation.

Finally, both preclinical and now clinical data are suggesting that the level of

transporter occupancy required to achieve efficacy is relatively low. However, the

apparent bell-shaped dose relationships in efficacy and potential adverse events

suggest that the optimal pharmacokinetic/occupancy level is within a quite narrow
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range. This puts further constraints on defining an acceptable pharmacokinetic

profile with a predictable low peak-trough inhibitor ratio or that appropriate con-

trolled release formulations may be required.

There is now an extensive amount of information available to help the medicinal

chemist to design new GlyT-1 inhibitors. If close attention is paid to physicochem-

ical properties, target kinetics and pharmacokinetic profile, there is still scope to

potentially differentiate the next generation of GlyT-1 inhibitors from existing

compounds. However, the concern must now be that with the extensive effort

already dedicated to this target and the paucity of clinical success to date that,

despite the major unmet medical need in schizophrenia, it may be difficult for the

community to justify significant new research investment in this target.

References

1. Lahti AC, Weiler MA, Tamara Michaelidis BA et al (2001) Effects of ketamine in normal and

schizophrenic volunteers. Neuropsychopharmacol 5:455–467

2. Javitt DC (1987) Negative schizophrenic symptomatology and the PCP (phencyclidine)

model of schizophrenia. Hillside J Clin Psychiatry 9:12–35

3. Krystal JH, Karper LP, Seibyl JP et al (1994) Subanesthetic effects of the noncompetitive

NMDA antagonist, ketamine, in humans. Psychotomimetic, perceptual, cognitive, and neuro-

endocrine responses. Arch Gen Psychiatry 51:199–214

4. Harrison PJ, Owen MJ (2003) Genes for schizophrenia? Recent findings and their patho-

physiological implications. Lancet 361:417–419

5. Harrison PJ, Weinberger DR (2005) Schizophrenia genes, gene expression, and neuropatho-

logy: on the matter of their convergence. Mol Psychiatry 10:40–68

6. Moghaddam B (2003) Bringing order to the glutamate chaos in schizophrenia. Neuron 40:

881–884

7. Hahn CG, Wang HY, Cho DS et al (2006) Altered neuregulin 1-ErbB4 signalling contributes

to NMDA receptor hypofunction in schizophrenia. Nat Med 12:824–828

8. Newell KA, Karl T, Huang XF (2013) A neuregulin 1 transmembrane domain mutation

causes imbalanced glutamatergic and dopaminergic receptor expression in mice.

Neurosci 248:670–680

9. Chumakov I, Blumenfeld M, Guerassimenko O et al (2002) Genetic and physiological data

implicating the new human gene G72 and the gene for D-amino acid oxidase in schizo-

phrenia. Proc Natl Acad Sci U S A 99:13675–13680

10. Abou Jamra R, Schmael C, Cichon S et al (2006) Genes and Schizophrenia. The G72/G30

gene locus in psychiatric disorders: a challenge to diagnostic boundaries? Schizophr Bull 32:

599–608

11. Detera-Wadleigh SD, McMahon FJ (2006) G72/G30 in schizophrenia and bipolar disorder:

review and meta-analysis. Biol Psychiatry 60:106–114

12. Burnet PJ, Hutchinson L, von Hesling M et al (2008) Expression of D-serine and glycine

transporters in the prefrontal cortex and cerebellum in schizophrenia. Schizophr Res 102:

283–294

13. Verrall L, Walker M, Rawlings N et al (2007) d-Amino acid oxidase and serine racemase in

human brain: normal distribution and altered expression in schizophrenia. Eur J Neurosci

26:1657–1669

14. Wolosker H, Blackshaw S, Snyder SH (1999) Serine racemase: a glial enzyme synthesizing

D-serine to regulate glutamate-N-methyl-D-aspartate neurotransmission. Proc Natl Acad Sci

U S A 96:13409–13414

GlyT-1 Inhibitors: From Hits to Clinical Candidates 89



15. Goltsov AY, Loseva JG, Andreeva TV et al (2006) Polymorphism in the 50-promoter region

of serine racemase gene in schizophrenia. Mol Psychiatry 11:325–326

16. Morita Y, Ujike H, Tanaka Y et al (2007) A genetic variant of the serine racemase gene is

associated with schizophrenia. Biol Psychiatry 61:1200–1203

17. Steffek AE, Haroutunian V, Meador-Woodruff JH (2006) Serine racemase protein expression

in cortex and hippocampus in schizophrenia. Neuroreport 17:1181–1185

18. Heresco-Levy U, Javitt DC, Ermilov M et al (1996) Double-blind, placebo-controlled,

crossover trial of glycine adjuvant therapy for treatment-resistant schizophrenia. Br J Psy-

chiatry 169:610–617

19. Heresco-Levy U, Javitt DC, Ermilov M et al (1999) Efficacy of high-dose glycine in the

treatment of enduring negative symptoms of schizophrenia. Arch Gen Psychiatry 56:29–36

20. Heresco-Levy U, Javitt DC (2004) Comparative effects of glycine and D-cycloserine on

persistent negative symptoms in schizophrenia: a retrospective analysis. Schizophr Res 66:

89–96

21. Javitt DC, Zylberman I, Zukin SR et al (1994) Amelioration of negative symptoms in

schizophrenia by glycine. Am J Psychiatry 151:1234–1236

22. Tsai G, Yang P, Chung LC et al (1998) D-serine added to antipsychotics for the treatment of

schizophrenia. Biol Psychiatry 44:1081–1089

23. Carone FA, Ganote CE (1975) D-serine nephrotoxicity. The nature of proteinuria, glucosuria,

and aminoaciduria in acute tubular necrosis. Arch Pathol 99:658–662

24. Eulenburg V, Armsen W, Betz H et al (2005) Glycine transporters: essential regulators of

neurotransmission. Trends Biochem Sci 30:325–333

25. Guastella J, Brecha N, Weigmann C et al (1992) Cloning, expression, and localization of a rat

brain high-affinity glycine transporter. Proc Natl Acad Sci U S A 89:7189–7193
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Metabotropic Glutamate Receptor

2 Activators

José M. Cid, Andrés A. Trabanco, and Hilde Lavreysen

Abstract Schizophrenia is a common and severe, often disabling psychiatric

illness of unknown aetiology that affects approximately 24 million people world-

wide. The illness is characterized by symptomatology comprising positive symp-

toms (hallucinations and delusional behaviours), negative symptoms (anhedonia,

social withdrawal and apathy) and cognitive dysfunction (diminished capacity for

learning, memory and executive function). Current pharmacological treatments are

effective at alleviating positive symptoms but have limited impact on negative

symptoms and cognitive deficits. Furthermore, the extrapyramidal symptoms,

hyperprolactinemia and metabolic syndrome, including substantial weight gain,

are typical side effects limiting the value of many of these drugs for patients.

Thus, drugs that better serve the patient population by effectively treating all

symptoms with improved safety and tolerability remain a critical unmet need.

Modulation of the metabotropic glutamate type 2 (mGlu2) receptor has emerged

as a promising mechanism for the treatment of CNS diseases, with the potential to

provide a new and more effective avenue for the treatment of schizophrenia.
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1 Introduction

Schizophrenia is a common and severe, often disabling psychiatric illness of

unknown aetiology that affects approximately 1% of the world population

[1]. Schizophrenia is characterized by three groups of symptoms: (1) positive

symptoms that appear to reflect an excess or distortion of normal functions,

including auditory hallucinations, disorganized or bizarre thoughts, delusions and

irrational fear; (2) negative symptoms that reflect a diminution or loss of normal

functions, including social withdrawal, loss of will or drive, poverty of speech,

apathy and lack of energy; and (3) cognitive dysfunction ranging from impaired

attention to abnormal executive function, as well as memory impairment, depres-

sion and/or anxiety. Although not continuously, all patients with schizophrenia

experience positive symptoms; approximately one-third of all patients experience

negative symptoms. Cognitive dysfunction may present prior to the emergence of

positive and negative symptoms and can change over time. Given the extensive

heterogeneity of symptoms between individual patients, schizophrenia may be

considered a clinical syndrome rather than a single disease entity.

Current treatments involve direct modulation of the D2 receptor and their

associated signalling pathways [2]. While the treatment and maintenance of the

positive symptoms of schizophrenia are largely addressed with these medications,

the major challenge for researchers nowadays is to identify compounds showing

clinically significant improvements in the treatment of negative symptoms and

cognitive dysfunction [3–5]. In addition, a major issue with most of the currently

prescribed antipsychotic drugs is the side-effect liabilities of weight gain, metabolic

abnormalities, diabetes and potential cardiovascular safety concerns, and so signif-

icant improvements in safety and tolerability still need to be made [6–8].

Compounds capable of addressing both social and cognitive deficits will fill a

significant unmet need in the treatment and management of the schizophrenia.

2 Glutamate and Schizophrenia

The dopaminergic hypothesis of schizophrenia reposes on the fact that some

compounds effective in the treatment of mainly the positive symptoms are dopa-

minergic antagonists. Also, there is a direct correlation between plasma

homovanillic acid (metabolite of dopamine) concentration and the severity of

schizophrenic illness. Moreover, some of the symptoms of schizophrenia are

recapitulated by abuse drugs like amphetamines, which are known to increase the

dopaminergic tone. More recent findings also suggest a dysregulation of

glutamatergic neurotransmission in schizophrenia through the so-called NMDA

receptor hypofunction hypothesis. This hypothesis originates from clinical obser-

vations that non-competitive antagonists of NMDA receptors, such as phencycli-

dine (PCP) and ketamine, are able to induce psychotic symptoms in healthy
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volunteers and exacerbate either positive, negative or cognitive symptoms in

patients with schizophrenia [9]. Also molecular studies using human post-mortem

brain tissue and animal models of schizophrenia support the hypothesis that

reduced signalling at postsynaptic NMDA receptors is linked to schizophrenia

[10–12].

The microcircuitry underlying the NMDA receptor hypofunction is thought to

involve a reduction of NMDA receptor function on midbrain inhibitory GABAergic

neurons resulting in a disinhibition of glutamatergic projection neurons and exces-

sive glutamate release in the prefrontal cortex. The paradoxal increase in extracel-

lular glutamate levels as a result of NMDA receptor hypofunction was confirmed by

studies demonstrating a hyperglutamatergic state in patients with schizophrenia by

in vivo magnetic resonance spectroscopy [13]. In patients with stable schizophrenia

treated with antipsychotic drugs, however, a relative glutamate hypofunction in the

left anterior cingulate cortex was found [14]. Indeed, recent meta-analysis of
1H-MRS studies [15] revealed that in patients with schizophrenia, glutamate and

glutamine concentrations decreased at a faster rate with age as compared with

healthy controls. Hence, it is not yet completely understood how glutamatergic

systems in schizophrenia are altered and it may well depend on the disease stage

(acute versus stable) as well as the nature of the symptoms.

The fact that glutamatergic signalling may be disrupted in patients with schizo-

phrenia has been reinforced with the discovery of several susceptibility genes

related to glutamatergic pathways [16, 17]. While thought to be more proximal to

the root causes of schizophrenia, the glutamate hypothesis does not negate hypoth-

esis, and the two may in fact ultimately be brought together by circuit-based

models [18].

Notably, in addition to the dopamine and glutamate hypothesis, several factors

can likely contribute to the development of schizophrenia including (1) biological

factors arising from physiology, biochemistry, genetic make-up and physical con-

stitution; (2) psychological factors including childhood experiences, emotional

trauma and interactions with people; and (3) social factors associated with lifestyle

and sociocultural influences.

3 The Glutamate Receptors

Glutamate is the major excitatory neurotransmitter in the central nervous system

(CNS) of vertebrates. Glutamate elicits and modulates synaptic responses by

activating two families of receptors, ligand-gated cation channels termed ionotropic

glutamate (iGlu) receptors and G protein-coupled glutamate receptors termed

metabotropic glutamate (mGlu) receptors [19]. In general, mGlu receptors bind

glutamate and function to modulate or ‘fine-tune’ excitatory and inhibitory trans-

mission by presynaptic, postsynaptic and glial mechanisms. mGlu receptors are

characterized by a large N-terminal extracellular domain of ~560 amino acids that

contains the glutamate-binding domain and confers selectivity for agonists; specific
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amino acids downstream from the first transmembrane domain might also influence

agonist affinity and potency. In contrast to other G protein-coupled receptors where

the third intracellular loop appears critical for G protein coupling, in mGlu recep-

tors the second intracellular loop serves for this function and is furthermore

important for determining the intracellular transduction mechanism (Fig. 1).

To date, eight mGlu receptor subtypes and multiple splice variants have been

cloned and classified into three groups based upon sequence homology, pharmaco-

logical profile and preferential signal transduction pathway. Group I mGlu recep-

tors (mGlu1 and mGlu5) are coupled to the stimulation of phospholipase C when

expressed in heterologous systems, whereas group II (mGlu2 and mGlu3) and III

receptors (mGlu4, mGlu6, mGlu7 and mGlu8) are negatively coupled to adenylate

cyclase activation [20]. Group I receptors are primarily expressed postsynaptically,

whereas both group II and III are mainly found presynaptically where they reduce

glutamate release. Pharmacological studies with group-specific agonists and antag-

onists suggest that, in general, activation of group I mGlu receptors increases

the excitability of neurons, whereas group II and group III receptor activation

suppresses neuronal excitability. The receptors and mechanisms by which group-

specific agonists enhance or suppress glutamatergic excitability is currently an

active area of pharmacological research.

Group II mGlu receptors reduce transmission at glutamatergic synapses in brain

regions where excessive glutamatergic transmission may be implicated in the

pathophysiology of anxiety and schizophrenia, such as the prefrontal cortex and

hippocampus [21, 22]. It is therefore hypothesized that activation of group II mGlu

receptors may provide anxiolytic and/or antipsychotic effects [22]. mGlu2/mGlu3

receptor agonists have demonstrated therapeutic potential in animal models of

anxiety, psychosis, epilepsy and addiction. Initial human data have suggested

potential therapeutic benefit of mGlu2/3 receptor agonists in schizophrenia and

Fig. 1 General structure

of mGlu receptors
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generalized anxiety disorder although more recent studies warrant further investi-

gation of effects dependent on disease stage and subpopulation of patients.

The individual contributions of mGlu2 and mGlu3 receptors as targets for the

treatment of psychiatric disorders have not been extensively elucidated because of

the dearth of subtype-selective agents, though knockout studies suggest that the

antipsychotic effects of mGlu2/mGlu3 mixed receptor agonists may be mediated by

the mGlu2 receptor [23, 24].

4 mGlu2/mGlu3 Receptor Agonists

Pharmacological studies in humans and animals suggest that PCP administration to

test species represents a useful model of psychosis and serves as the basis for the

“glutamate hypothesis of schizophrenia.” PCP produces schizophrenia-like symp-

toms in healthy subjects and worsens psychosis in patients with schizophrenia. PCP

has multiple behavioural effects in animals, such as increased motor behaviours,

that have been linked to enhanced release of neurotransmitters, including

glutamate.

Use of mixed mGlu2/mGlu3 receptor agonists in animal studies with PCP

provided the first clues that mGlu2 receptor may represent a novel target for the

treatment of schizophrenia. The first generation of molecules capable of activating

the mGlu2 receptor were conformationally restricted analogues of the endogenous

ligand glutamate. Initial prototypes (1, Fig. 2) lacked selectivity and were moder-

ately potent, acting as orthosteric agonists at both mGlu2 and mGlu3 receptors

[25]. Relevant improvements in both potency and selectivity were later reported in

series of cyclopropanes (2, Fig. 2) [26, 27], where substitution at C3 seems to be the

most sensitive position to modulate both potency and selectivity and even to turn

agonism into antagonism. Compound 2 was reported to have the best balance

between potency and selectivity in this series. The next optimization step on

these constrained glutamate chemotypes was achieved by hybridation of the

cyclopentane (1) and cyclopropane (2) series leading to bicyclic analogues (3-6,

Fig. 2). LY354740 (3) was one of the first analogues reported that displayed

excellent activity at both mGlu2 and mGlu3 receptor subtypes, showed good

selectivity over other glutamate receptors and was the first group II mGlu receptor

agonist that showed activity in vivo [22, 25, 28].

Further evolution of the bicyclic series is illustrated by compounds LY379268

(4), LY389795 (5) or LY404039 (6) resulting from the replacement of X¼CH2 (3)

by O, S or SO2, respectively. All these novel bicyclic subclasses delivered excellent

pharmacological tools that were extensively characterized over the years and that

proved to be active in many different animal models of anxiety and schizophrenia

[23, 29–31].

Initial clinical data strengthened the rationale for group II receptor intervention

as a treatment for schizophrenia. LY2140023 (7, Fig. 3) (termed pomaglumetad

methionil), the oral prodrug of the mGlu2/mGlu3 receptor agonist LY404039,
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showed improvement of both positive and negative symptoms in schizophrenia in a

double-blind placebo-controlled study in patients with schizophrenia [28, 32, 33].

Importantly, treatment with LY2140023 was safe and well tolerated, did not affect

prolactin levels nor did it induce extrapyramidal symptoms or weight gain, in

contrast to many of the current D2 receptor antagonist antipsychotics. These

positive data could however not be confirmed in follow-up studies [34, 35] and,

very recently, Eli Lilly and co. announced the decision to stop the phase III clinical

trials investigating LY2140023 for the treatment of patients suffering from

schizophrenia [36].

5 mGlu2 Receptor Positive Allosteric Modulators

It has been suggested that the mGlu2 and not the mGlu3 receptor mediates the

actions of the mGlu2/mGlu3 receptor agonists LY379268 (4) and LY404039 (6) in

mouse models predictive of antipsychotic activity [24]. All agonists identified so

far, however, lack mGlu2 receptor subtype selectivity and also act on the mGlu3

receptor. Moreover, agonists hold a risk of tolerance development [37]. As an

alternative to mGlu2/mGlu3 receptor agonists, mGlu2 receptor positive allosteric

modulators (PAMs) may therefore provide a promising alternative. mGlu2 receptor

1, trans-ACPD
mGlu2/3 EC50 (cAMP) = 15/10 mM 3 (LY354740), X = CH2

mGlu2/3 EC50 (cAMP) = 0.011/0.038 mM
4 (LY379268), X = O

mGlu2/3 EC50 (cAMP) = 0.003/0.005 mM
5 (LY389795), X = S

mGlu2/3 EC50 (cAMP) = 0.004/0.008 mM
6 (LY404039) X = SO2

mGlu2/3 EC50 (cAMP) = 0.023/0.048 mM

2
mGlu2/3 EC50 (cAMP) = 0.19/0.064 mM

Fig. 2 Evolution of orthosteric mGlu2/mGlu3 mixed receptor agonists

7, LY2140023

Fig. 3 Structure of the Eli Lilly’s mGlu2/mGlu3 receptor agonist 7 (LY2140023)
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PAMs act selectively on the mGlu2 receptor, and since they merely potentiate the

response to the endogenous agonist glutamate without affecting the receptor on its

own, they preserve the temporal pattern of receptor signalling, with less risk of

overactivation or desensitization/tolerance. Allosteric modulators bind to G

protein-coupled receptors (GPCR) at sites that are topographically distinct from

the orthosteric site, leading to a change in receptor conformation [38]. As a

consequence, the interactive properties of the GPCR, with orthosteric ligands as

well as the cellular host environment, can be modified in either a positive (PAM) or

negative direction (NAM). PAMs exhibit one or more of the following pharmaco-

logical properties (Fig. 4):

• Affinity modulation: the resulting conformational change increases the binding

affinity of the orthosteric ligand.

• Efficacy modulation: the allosteric effect can change intracellular responses,

thus leading to increased signalling capacity (or intrinsic efficacy) of an

orthosteric ligand.

• Agonism: the allosteric modulator can also act as a direct agonist.

In essence, PAMs provide an approach to increase mGlu2 receptor signalling,

with greater selectivity compared to agonists, by maintaining activity based on

transient and dynamic release of glutamate and without inducing overactivation or

desensitization.

LY487379 (8, Fig. 5) was identified as the first mGlu2 receptor-specific PAM

[39]. LY487379 was active in animal models predictive of anxiolytic or antipsy-

chotic activity [37, 40], thus providing preclinical proof of concept that PAMs can

mimic the effects of orthosteric agonists. Minimal efficacy at low doses as well as

short duration of action limited the use of the LY487379 series for further devel-

opment. Rodriguez et al. [41] reported on a new series of mGlu2 receptor poten-

tiators. One of these compounds, named BINA (9, Fig. 5), has been extensively

characterized as a selective and potent mGlu2 receptor PAM with long-lasting

activity in some animal models used to predict potential antipsychotic and anxio-

lytic activity [42, 43].

Fig. 4 Modes of action

of allosteric modulators.

Source: Conn et al. [38]
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Since the discovery of LY487379 and BINA and up to early 2009, a variety of

structurally diverse chemotypes were published in both patent applications and

research journals. Thus, shortly after the publication of LY487379, series such as

acetophenones [44–47], indoles [48], 1,5-pyridones [49], 1,4-pyridones [50],

isoindolones [51, 52], pyrazolones [53], thienopyrimidines [54], oxazolidinones

[55, 56], benzimidazoles [57–59] and oxazolopyrimidones [60], were reported as

novel mGlu2 receptor PAM chemotypes. For detailed background information, we

refer to the reviews by Sheffler [61], Rudd and McCauley [62], Fraley [63], Marek

[64] and Trabanco [65, 66], which cover literature and patent applications.

To date, two mGlu2 receptor PAM molecules have advanced into clinical trials.

AZD8529 from AstraZeneca (11, Fig. 6) and JNJ-40411813 (10, also known as

ADX71149, Fig. 6) from Janssen Pharmaceuticals, Inc. (Janssen) and Addex

Therapeutics (Addex). AZD8529 completed phase I [67] and advanced into phase

II clinical trial in patients with schizophrenia in June 2009 [68, 69]. On 27 January

2011, AstraZeneca announced the discontinuation of AZD8529 phase IIa POC

study in schizophrenia (http://www.astrazeneca.com/Investors/financial-informa

tion/Financial-results/2010-Financial-results). The details of the failed POC

recently disclosed showed no effect of AZD8529 (tested at a dose of 40 mg

QOD, as monotherapy), while active control (risperidone) showed good activity

( p < 0.001) on the primary outcome – change in PANSS total score from baseline

to week 4 [70].

9, BINA
EC50 (GTPgS) = 111 nM

8, LY487379 (4-MMPTS)
EC50 (FLIPR) = 270 nM

Fig. 5 First reported mGlu2 receptor PAMs

11, AZD852910, JNJ-40411813/ADX71149

Fig. 6 Structures of the Janssen/Addex and AstraZeneca clinical leads
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In an exploratory phase IIa study in schizophrenia [71], JNJ-40411813/

ADX71149 met the primary objectives of safety and tolerability. Moreover,

patients treated with antipsychotics who experience residual negative symptoms

were identified as the subgroup of patients who may potentially benefit from add-on

treatment with JNJ-40411813, although this is yet to be established in a formal

proof-of-concept study [72; http://www.addextherapeutics.com/investors/press-

releases/news-details/article/addex-reports-topline-data-from-a-successful Phase-

IIa-clinical-study-with-adx71149-in-schizophrenia/].

In addition, a second phase IIa study with JNJ-40411813 as adjunctive therapy

in patients with major depressive disorder (MDD) with significant anxiety symp-

toms was conducted [73], and top-line data was very recently announced. Overall,

JNJ-40411813 was well tolerated and treatment emergent adverse events reported

were similar to those seen in previous clinical studies. Based on a preliminary

analysis of the primary efficacy end point, the 6-Item Hamilton Anxiety Subscale,

(HAM-A6), JNJ-40411813 did not meet the criterion for efficacy signal detection

vs. placebo. Despite a lack of signal on the primary outcome measure, treatment

with JNJ-40411813 showed efficacy signals on several anxiety measures (HDRS17

anxiety somatization factor, IDS-C30 anxiety subscale) and on all depression

measures (HDRS17, HAM-D6 and IDS-C30) (http://www.addextherapeutics.

com/investors/press-releases/news-details/article/addex-reports-top-line-data-from

adx71149-phase-2a-study-in-patients-with-major-depressive-disorder/). Although

efficacy signals were evident, overall the data does not support the further devel-

opment of JNJ-40411813 in anxious depression. Further exploration of

JNJ-40411813 in other indications remains of potential interest.

In this section we describe in more detail the different chemotypes of mGlu2

receptor PAM that have been disclosed so far, which include the following sections.

5.1 N-Arylsulfonamides

Scientists at Eli Lilly pioneered the field of mGlu2 receptor PAMs in the early

2000s with the report of series of N-arylsulfonamides (Fig. 7) [39, 74]. The initial

hit LY181837 (12), identified by high-throughput screening (HTS), showed mod-

erate in vitro activity in the micromolar range. Subsequent optimization led to

analogues with remarkable improvements in potency. Some representative exam-

ples are LY487379 (8) and the 2,2,2-TEMPS (13) [75]. Mutagenesis studies have

demonstrated that 2,2,2-TEMPS binds to an allosteric site in regions IV/V of the

transmembrane domain instead of the agonist-binding pocket in the extracellular

domain of the receptor [76]. Both leads demonstrated to have behavioural effects

similar to mGlu2/mGlu3 receptor agonists proving efficacy in a wide range of

models of psychiatric disorders providing preclinical proof of concept for PAMs

[37, 40, 41, 77, 78].
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5.2 Acetophenones

Acetophenones were identified by scientists at Merck & Co., Inc. (Merck) in the

early 2000s as one of the first mGlu2 receptor PAM series with activities in the

nanomolar range. Compound 14 (Fig. 8) was the first reported mGlu2 receptor

potentiator showing moderate mGlu2 receptor potency and good selectivity against

other mGlu receptor subtypes. Furthermore, compound 14 exhibited efficacy in

rodent models with relevance for schizophrenia, attenuating ketamine-induced

norepinephrine release and ketamine-induced hyperactivity [44]. However, 14

exhibited a poor PK profile in rats (t1/2 ¼ 0.2 h; Clp ¼ 33 mL/min/kg) and was

not significantly brain penetrant (B/P ¼ <0.03). Further potency increase was

achieved with subtle modifications (15) [45]. In subsequent explorations, Merck

addressed the poor brain penetration with a series of compounds that replaced the

phenyl-tetrazolyl group by a 4-thiopyridine group (16) [47].

More recently, work by Eli Lilly has resulted in the identification of a group of

acetophenone derivatives containing an imidazole carboxamide function as potent

mGlu2 receptor potentiators with EC50 values below 150 nM in a FLIPR assay

[79]. Representative compound, 17 (THIIC) shown in Fig. 8, has an EC50 of

22.5 nM and was found to be active in vivo in models predictive for antidepressant

activity (e.g. mouse forced swim test; rat differential reinforcement of low rate 72-s

assay and the rat dominant-submissive test) and anxiolytic activity (e.g. rat stress-

induced hyperthermia and the mouse stress-induced elevation of cerebellar cyclic

guanosine monophosphate (cGMP) assay and marble-burying model) [80]. Recent

data have shown that THIIC is also able to prevent lactate-induced panic-like

response in panic-vulnerable rats with an efficacy similar to alprazolam [81].

8, LY487379 (4-MMPTS)
EC50 (FLIPR) = 270 nM

13, 2,2,2-TEMPS
EC50 (FLIPR) = 14 nM

12, LY181837
EC50 (FLIPR) = 1.5 mM

Fig. 7 Lead optimization of the N-arylsulfonamides disclosed by Eli Lilly
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5.3 Indanones

Merck also reported a family of bicyclic ketones identified through HTS [44,

82–84]. One of these compounds, identified as BINA (9, Fig. 9), has been exten-

sively characterized as a selective and potent mGlu2 receptor PAM with activity in

a number of animal models used to predict potential antipsychotic and anxiolytic

activity [37, 42, 43].

This series is structurally similar to the acetophenone series. The ketone func-

tionality present in the acetophenone series is now part of a bicyclic moiety

(indanone). Phenyl-tetrazolyl indanone (18, Fig. 9) was the first indanone described

as a selective mGlu2 receptor PAM [84]. Compound (18) is a weak mGlu2 receptor

potentiator (EC50 ¼ 600 nM) with poor rat PK properties characterized by high

plasma clearance (Clp ¼ 502 mL/min/kg) and a short half-life (t1/2 ¼ 0.3 h). Given

the analogy with previously reported acetophenones, similar approaches were

investigated to improve the potency, brain penetration and biological activity.

Those efforts converged on the identification of the thiopyridine analogue

(19, Fig. 9), which showed a large improvement on the brain-to-plasma ratio

(B/P ¼ 1.08), although the absolute brain levels were low. Compound 19 was

active in the ketamine-induced hyperactivity model, a rodent model for

schizophrenia [85].

15
EC50 (FLIPR) = 93 nM
Brain/Plasma < 0.03

14
EC50 (FLIPR) = 348 nM

Brain/Plasma < 0.03

16
EC50 (GTPmS) = 340 nM

Brain/Plasma = 1.1

17, THIIC
EC50 (FLIPR) = 22.5 nM

Fig. 8 Representative mGlu2 receptor PAM acetophenones from Merck (14–16) and

Eli Lilly (17)
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Additional improvements on PK properties were achieved with the biphenyl

carboxylic acid moiety as bioisosteric replacement of the tetrazole ring (BINA).

BINA exhibited a more favourable PK profile, with improved plasma and brain

exposures. BINA [42, 43] remains the most attractive representative in the series

and is, to date, one of the most extensively characterized mGlu2 receptor PAM

compounds that has been used to predict antipsychotic and anxiolytic-like activity

[43, 86–89].

5.4 Indoles

The indole series was developed by Merck from previous acetophenones and

indanones trying to improve the PK properties of previous chemotypes by masking

the hydroxyketone motif. Most of the structure-activity relationship (SAR) [48, 90]

was built keeping compound 14 (Fig. 8), as template. Among the different hetero-

cyclic replacements of the indanone core tried (indoles, indazoles, benzotriazoles

and benzisoxazoles), indole turned out to be the most attractive. Compound 20

(Fig. 10) was the best analogue reported with acceptable rat PK but limited central

penetration (B/P ¼ 0.16). Nevertheless, compound 20 reduced ketamine-induced

hyperactivity in rats, at the dose of 25 mg/kg s.c., suggesting potential efficacy in

schizophrenia.

18
EC50 (GTP S) = 600 nM

9, BINA
EC50 (GTP

m

gS) = 111 nM
Brain/Plasma = 0.75
Brain level = 12 mM*

*dosed 20 mg/kg ip levels at 2 h

19
EC50 (GTPgS) = 186 nM

Brain/Plasma = 1.08
Brain level = 240 nM*

*dosed 20 mg/kg ip levels at 2 h

Fig. 9 Representative mGlu2 receptor PAM indanones 9, 18 and 19 from Merck

Metabotropic Glutamate Receptor 2 Activators 113



5.5 Isoindolones

This series, structurally very similar to the indanone series, was initially disclosed

by AstraZeneca with their collaborator NPS Pharmaceuticals in 2006 [51]. Since

then, numerous patent applications around this chemotype have been published

with over 1200 examples disclosed. However, to our knowledge, no publications

reporting on the biological characterization of this indolone family are available.

In the first patent application, most of the examples show the N-benzyl substitution,
preferably substituted in the para position with groups such as CF3O, MeO or PhO.

Position C7 was explored preferentially with groups such as methyl, chloro or MeO.

The data presented suggest that lipophilicity might be beneficial for activity as the

most potent compounds contain either methyl or chloro substituents. The C5

position of the isoindolone core was extensively explored. It appears that a wide

variety of substitutions were tolerated for good potency as illustrated with com-

pounds 21–24 (Fig. 11).

Subsequent work delivered compounds 25 [52], 26 or 27 [91], with improved

properties over compounds 23, 22 and 24, respectively (Fig. 12).

Follow-up work around compounds 24 and 27 led to compounds claimed to have

favourable solubility and low capacity to block the hERG channel (Fig. 13)

[92, 93]. Some examples are compounds 28 (EC50 ¼ 48 nM) and 29 (EC50 ¼
154 nM). Relevant difference between both 28 and 29 is the relative orientation of

the oxadiazole which, seems to have an impact on hERG and aqueous solubility. In

addition, introduction of (S)-methyl substitution in the benzylic substituent at

position N2 seemed to be well tolerated for the in vitro potency (28). Additional

subtle modification within this template led to the identification of compound 11

(AZD8529), as previously mentioned, the clinical lead [71]. Interestingly, in 2011,

AstraZeneca filed a patent application claiming the preparation of polymorphs of

compound 11 [94, 95], exemplified in previous patents [96, 97].

On a continuing effort to optimize the series, AstraZeneca reported on a group

of analogues where the terminal basic group was replaced by an amide function

(31 and 32, Fig. 14) [98]. In these compounds, the nature of the amide proved to be

very important to tune potency, solubility and hERG profile. Compound 31 was the

most potent analogue exemplified from this exploration, with an EC50 of 37 nM but

also the least soluble (3.57 μM). Hydrophobic residues on the terminal amide

appeared to be optimal for in vitro activity; however, they were detrimental for

aqueous solubility. Conversely, the introduction of hydrophilic substituents, such as

20
EC50 (GTPgS) = 559 nM

Fig. 10 Representative

mGlu2 receptor PAM

indole from Merck
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the hydroxyethyl group in compound 32, proved to be beneficial for solubility;

however, primary mGlu2 receptor PAM activity was decreased.

Isoindolone SAR has been transferred to novel series of aza-isoindolones

(33, Fig. 15) [99] and cyclic hydrazide derivatives (34, Fig. 15) [100], containing

the arylsulfonamide substituent at C5 position as preferred substitution. Interest-

ingly high in vitro activity was reported for several hydrazide derivatives such as 34

with a remarkable mGlu2 receptor PAM EC50 of 24 nM.

Abbott has also reported a similar series of isoindolones with mGlu2 receptor

PAM EC50 values equal to or lower than 10 μM (Fig. 16) [101–103]. These

compounds are reported to show antagonistic activity towards 5-HT2A receptors

with IC50 of ~100 nM values in some cases. These isoindolone analogues differ

from previously described isoindolones in the substitution at position C5, where a

pyrazole fragment, as shown in compound 35 or other heterocycles such as

isoxazole (36) or pyridine (37, 38), is used as spacers between the isoindolone

core and the distal aryl ring. Interestingly and in contrast to previously reported

isoindolones, no substituents at position C7 have been exemplified.

In May 2011, Organon published novel SAR on series of isoindolones and

isoquinolones as mGlu2 receptor PAMs [104]. The main difference with previously

22
EC50 (GTPgS) = 40 nM

3

21
EC50 (GTPgS) = 20 nM

7

23
EC50 (GTPgS) = 40 nM

24
EC50 (GTPgS) = 110 nM

5

2

Fig. 11 First representative isoindolones from AstraZeneca/NPS
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reported isoindoles is an imidazolidinone or imidazolidindione substituent on the

aromatic ring at the C5 position of the isoindolone core. The disclosed compounds

are claimed to show activity in potentiating the mGlu2 receptor in a FLIPR TETRA

26
EC50 (GTPgS) = 28 nM

25
EC50 (GTPgS) < 10 mM

27
EC50 (GTPgS) = 110 nM

Fig. 12 Isoindolones from AstraZeneca/NPS with improved properties

11, AZD8529
EC50 (GTPgS) = 231 nM
Aq. Solubility = 44.9 mM

hERG IC50 = 11 mM

29
EC50 (GTPgS) = 154 nM

30
EC50 (GTPgS) = 316 nM
Aq. Solubility = 166 mM

hERG IC50 =  8.9 mM

28
EC50 (GTPgS) = 48 nM

Fig. 13 Representative isoindolones from AstraZeneca claiming favourable solubility and hERG

including the clinical compound AZD8529
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or FlexStation assay with EC50 values < 10 μM, with preferred examples

possessing EC50 values < 1 μM. Two representative compounds from this appli-

cation (39 and 40) are shown in Fig. 17.

32
EC50 (GTPgS) = 618 nM
Aq. Solubility = 54.1 mM

31
EC50 (GTPgS) = 37 nM
Aq. Solubility = 3.57 mM

Fig. 14 Representative isoindolones from AstraZeneca having terminal amide function on the

left-hand side

34
EC50 (GTPgS) = 24 nM

33
EC50 (GTPgS) = 160 nM

Fig. 15 Aza-isoindolones 33 and 34 cyclic hydrazide isoindolones from AstraZeneca

36
EC50 (GTPgS) < 10 mM

37; X = O, EC50 (FLIPR) < 0.5 mM
38 2; X = NH , EC50 (FLIPR) < 0.5 mM

35
EC50 (GTPgS) < 10 mM

Fig. 16 Representative isoindolones from Abbott
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Scientists at the Sanford-Burham Medical Research Institute have followed up

on previous work on indanones, in particular BINA (9) with the aim of improving

its potency as well as PK properties. Their exploration was focused on the incor-

poration of heteroatoms, thus leading to novel series of isoindolinones (41, Fig. 18),

tetrahydroisoquinolones (42, Fig. 18), benzisothiazolones (43, Fig. 18) and

benzoisoxazolones (44, Fig. 18) [105–107]. This approach delivered highly selec-

tive compounds for the mGlu2 receptor with significantly better PK profiles.

In particular, the benzisothiazolone 43 has been shown to possess excellent brain

penetration (B/P ¼ 4.8) and oral bioavailability (86%). Compound 43 has showed

activity in a model of intravenous cocaine self-administration in rats at an oral dose

of 40 mg/kg, providing evidence that mGlu2 receptor PAMs could be useful for the

treatment of addiction.

5.6 Isoquinolones

Isoquinolones were identified by Addex and Janssen from screening of the Addex

compound collection. Relevant SAR information for this chemical series of com-

pounds was later published [108–110]. Compounds 45 and 46 (Fig. 19) were

described as the most interesting examples.

5.7 Benzimidazoles

Benzimidazole derivatives were first disclosed in 2007 and have become one of

the most widely exemplified series of mGlu2 receptor PAMs. AstraZeneca/NPS

[111, 112], Pfizer [57, 59, 113–116] and GSK [58] have exemplified over 2000

compounds in patent applications and scientific publications. Benzimidazoles were

identified by Pfizer and GSK via an mGlu2 receptor PAM FLIPR HTS, with

compounds 47–52 being among the preferred ones (Fig. 20). Scientists at Pfizer

have reported their attempts to replace the benzimidazole core with benzothiazole,

imidazopyridine or quinoline heterocycles; however, all these replacements were

found to be detrimental for activity.

4039

Fig. 17 mGlu2 receptor PAM isoindolones from Organon
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41; X = CH2, EC50 (thallium flux) = 50 nM
42; X = CH2CH2, EC50 (thallium flux) = 300 nM
43; X = S, EC50 (thallium flux) = 170 nM
44; X = O, EC50 (thallium flux) = 310 nM

9, BINA
EC50 (thallium flux) = 380 nM*

*data from Sanford-Burham

Fig. 18 Isoindolones and analogues from Sanford-Burham Medical Research Institute

46, pEC50 (GTPgS) = 6.745, pEC50 (GTPgS) = 6.6

Fig. 19 Isoindolones from Janssen/Addex

47; X = CH, Y = CH, R = H, EC50 (FLIPR) = 24 nM
48; X = CH, Y = CH, R = CF3, EC50 (FLIPR) = 85 nM
49; X = CH, Y = N, R = CF3, EC50 (FLIPR) = 30 nM
50; X = N, Y = CH, R = CF3, EC50 (FLIPR) = 20 nM

51; R = F, EC50 (GTPgS) = 126 nM
52; R = OMe, EC50 (FLIPR) = 87 nM

53; EC50 (FLIPR) = 50 nM

2

4

Fig. 20 Benzimidazoles from Pfizer (47–50), GSK (51, 52) and AstraZeneca/NPS (53)
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The high clearance and low oral bioavailability found with the original Pfizer

lead 47 were successfully addressed by the introduction of para substituents (48) in

the distal aromatic ring as well as by the incorporation of pyridyl nitrogens (49).

Introduction of the nitrogen into the benzofused ring to yield an aza-benzimidazole

core was well tolerated for activity with many examples reported, the C4 position

being the more favourable for potency as illustrated with compound 50.

In addition, a subseries of tricyclic benzimidazoles, where a cycloalkyl ring is

fused from the imidazole nitrogen back to the benzo ring, was reported by

AstraZeneca/NPS (53). Modification of the aliphatic ring seemed to be tolerated

although in most examples this was found detrimental for activity.

More recently, scientists at GSK reported on their progress in the optimization of

their HTS hit 51. The initial exploration was focused on reducing off-target

dopaminergic activity, as compound 51 acted on the D2 receptor with an IC50 of

40 nM. SAR studies showed that replacement of the piperidine ring by piperazine

could, in some cases, reduce interaction with D2 and D3 receptors while

maintaining acceptable mGlu2 receptor PAM activity. GSK1331258 (54, Fig. 21)

and GSK1331268 (55, Fig. 21) were identified as the preferred leads. An in vivo rat

PK study with a 1 mg/kg oral dose revealed a reasonable PK profile for 54 – low

clearance (18.0 mL/min/kg), half-life of 4.1 h, B/P of 3.2 with Cmax in brain of

147 ng/g and an oral bioavailability of 58%. Compound 55 was shown to induce a

three-fold increase in mGlu2 receptor agonist (LY354740, 3) induced inhibition of

55; GSK1331268
mGlu2 PAM EC50 (GTPgS) = 126 nM

D2 pKi < 5.3

56
mGlu2 PAM EC50 (FLIPR) = 35 nM

D2 Ki = 4680 nM

54; GSK1331258
mGlu2 PAM EC 50 (FLIPR) = 79 nM

D2 pKi = 5.3

Fig. 21 Benzimidazoles from GSK (55, 55) and Pfizer (56) with reduced dopaminergic activity
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synaptic transmission in rat hippocampal slices. Similar off-target dopaminergic

activity was addressed by scientists at Pfizer by inducing conformational changes of

the terminal phenyl ring in compound 52. Thus, 56 (Fig. 21) was identified as

an advanced lead having a good balance between potency, selectivity and PK

properties. In addition, compound 56 demonstrated dose-dependent inhibition of

methamphetamine-induced hyperactivity and mescaline-induced scratching in

mice, models predictive for antipsychotic activity.

5.8 Cyclic Carbamates

AstraZeneca/NPS pioneered the exploration of a series of cyclic carbamates,

disclosing the discovery of a group of C5 phenyl N-benzyloxazolidinones, with
mGlu2 receptor PAM EC50 values < 10 μM in a GTPγS-binding assay (57 and 58,
Fig. 22) [117]. Substitution on the pendant C5 phenyl ring is limited to mainly small

lipophilic groups and halogens, with the C4
0 position being the most modified

within the provided examples. The absolute R configuration at the C5 asymmetric

centre seems to be preferred. The broad exemplified exploration of groups on the

N-benzyl substituent may suggest that activity and ADMET properties of this series

could be modulated in this region of the molecules. Consequently, a subset of

compounds with an extra phenyl substituent at position C4
00 was extensively

explored, indicating that highly lipophilic groups in this region may be beneficial

for achieving good levels of activity. An effort to include basic/solubilizing

58; EC50 (GTPgS) = 120 nM

59; EC50 (GTPgS) = 14 nM

57; EC50 (GTPgS) = 390 nM

4´´

3

5

4´

Fig. 22 Set of representative mGlu2 receptor PAM oxazolidinones from AstraZeneca/NPS

(57, 58) and AstraZeneca (59)
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residues that may address the unfavourable solubility properties of the lipophilic

biaryl group was also carried out. Compound 58, showing an EC50 value of 120 nM,

was the most potent example from this series. Later on, a subseries of spirocyclic

oxazolidinones was also reported [118]. In this case, a spirocyclic cyclohexyl group

at position C5 of the cyclic carbamate is always present. Specific data is provided

only for four compounds in the patent application, of which 59 is the most potent

example with an EC50 of 14 nM in a GTPγS functional assay.

Scientists at Pfizer have also reported the synthesis and lead optimization of a

family of potent N-benzyl 5- and 6-membered cyclic carbamates (Fig. 23)

[119]. A hit-to-lead optimization program from hit 60 (FLIPR EC50 117 nM) [55]

resulted in the identification of the 5R-methyloxazolidinone core as the optimal

scaffold (61 and 62). Suboptimal metabolic turnover of these compounds was

addressed by compounds 63 and 64 possessing a biaryl substituent on the carbamate

nitrogen. Compound 63 reduced methamphetamine-induced hyperlocomotion (pre-

dictive for antipsychotic activity) in mice at 10 mg/kg s.c. Despite these encourag-

ing results, the reduction of the high overall lipophilicity of the molecules, likely to

be responsible for the high plasma protein binding observed with this family of

compounds, remained a challenge.

Additional compounds from this cyclic carbamate series has been disclosed by

scientists at Merck in two patent applications [120, 121]. Compounds are claimed to

have FLIPR EC50 activities lower than 10 μM, with preferred examples having

activities lower than 1 μM in both FLIPR and GTPγS assays. Detailed SAR has

been reported in a subsequent publication [58] describing the optimization process

from the HTS hit 65, focusing on improving potency as well as reducing clearance.

The explorations carried out at both N and C5 positions converged on the identifi-

cation of 66, a compound with improved potency and PK. Compound 66 was found

to be active in a rat ketamine-induced hyperlocomotion model. Some relevant SAR

shows that the (R)-configuration of C5 position is crucial for activity, which was

also the case for previously described oxazolidinone series. Interestingly, substitu-

tion at the ortho position of the phenyl ring is not permitted for activity, which

suggests that co-planarity between the aryl ring and the oxazolidinone core is

beneficial for achieving good activity. This hypothesis was later validated by the

preparation of conformationally restricted compounds such as the novel

oxazolobenzimidazole chemotype that according to Merck scientists successfully

addressed the inherent limitations of the oxazolidinone core (Fig. 24).

5.9 Oxazolobenzimidazoles

A series of oxazolobenzimidazoles was disclosed by Merck researchers in 2009

[122, 123]. As previously described, compounds in this series (B) can be seen as a

conformationally restricted analogues of N-phenyloxazolidinones (A) by cycliza-

tion of the phenyl ring onto the C2 position of the oxazolidinone core. This
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cyclization locks a co-planar conformation which is suggested to be preferred for

mGlu2 receptor PAM activity (Fig. 25) [124].

From the data presented in Merck’s patent application, it can be deduced that

aryloxymethyl- or heretoaryloxymethyl-groups are largely preferred as substituents

at C2, with the absolute (S)-configuration at the C2 stereogenic centre in most cases.

Decoration at the level of the C2 pendant ring has been limited mainly to halogens,

lipophilic alkyl groups and aromatic rings, para substitution being preferred

(67, Fig. 26). An attempt to introduce some polarity and partial basicity in this

area of the molecules resulted in the preparation of a subset of pyridyl analogues

[124]. The most interesting compound, TBPCOB (68, Fig. 26), showed robust

efficacy in inhibiting PCP-induced locomotor activity, a model for schizophrenia,

in rats after oral administration at 100 mg/kg. Substitution on the benzofused

aromatic ring was explored with small groups (halogen, cyano, trifluoromethyl,

methoxy) mainly at positions C7 and C8, with the C8 cyano- substituent being the

61; R = H, EC50 (FLIPR) = 22.1 nM
62; R = Me, EC50 (FLIPR) = 5 nM

63; R = F, EC50 (FLIPR) = 30 nM
64; R = Cl, EC50 (FLIPR) = 70 nM

60; EC50 (FLIPR) = 117 nM

Fig. 23 Set of representative mGlu2 receptor PAM oxazolidinones from Pfizer

65; EC50 (FLIPR) = 450 nM 66; EC50 (FLIPR) = 82 nM

5

Fig. 24 Set of representative mGlu2 receptor PAM oxazolidinones from Merck
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most exemplified substitution pattern. A small set of oxazoloazabenzimidazoles

was also prepared, however the introduction of the additional nitrogen atom seemed

to be somewhat detrimental for the activity (69, Fig. 26).

In a third patent application, scientists at Merck exemplified different substitu-

ents at C2, aliphatic groups being extensively used for this exercise. A representa-

tive example for this patent application is compound 70 (Fig. 27), with an mGlu2

receptor PAM EC50 value of 11 nM.

5.10 Oxazolopyrimidinones

Scientists at Sanofi-Aventis have reported on oxazolopyrimidinones as a novel

mGlu2 receptor PAM chemotype. This novel scaffold can be seen as another

conformational restriction around the N-phenyloxazolidinone series (A, Fig. 28),

A B

Conformational
restriction

Fig. 25 Resemblance between N-phenyloxazolidinones A and oxazolobenzimidazoles B

68, TBPCOB
EC50 (FLIPR) = 28 nM

69, EC50 (FLIPR) = 261 nM

67, EC50 (FLIPR) = 11 nM

Fig. 26 Set of representative mGlu2 receptor PAM oxazolobenzimidazoles from Merck
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where the acceptor properties of the oxazolidinone carbonyl group are now embed-

ded into a pyrimidone amide-like function (B, Fig. 28) [125–129].

Most of the compounds described maintain the substituents and substitution

patterns previously described in the oxazolobenzimidazole series. Thus a pendant

aryloxymethyl group at position C2 of the oxazolopyrimidone core, with the

(S)-absolute configuration at the C2 asymmetric centre seeming to be largely

preferred. A short exploration with small substituents at both C5 and C6 suggests

that substitution at C5 by small lipophilic groups (methyl, ethyl, cyclopropyl,

fluoromethyl) may be beneficial in terms of in vitro activity (72, Fig. 29). Cycliza-

tion through positions C5 and C6 also seems to be tolerated in terms of activity,

with compounds such as 73 (Fig. 29) claimed to have mGlu2 receptor PAM activity

with EC50 values between 0.5 nM and 3 μM.

5.11 Pyridones

Series of pyridones were identified by Janssen/Addex after an HTS (Fig. 30) of the

Addex compound collection. Representative hits were N-alkylpyridones substituted
at either the C5 (74) or C4 (75) with an aromatic substituent [130]. Compound 76

[49], resulting from the optimization of hit 74, proved to be active in vivo in the

PCP-locomotor activity model, suggesting antipsychotic-like activity.

Longer-lasting efforts were made on the optimization of C4-substituted pyridone

(75). Exploration at the C4 position led to the identification of a diverse set of

substituents that essentially can be grouped into three main different subclasses:

(1) biarylethers (77) [50, 131], (2) pyranylarylethers (78) [50, 132] and

70, EC50 (FLIPR) = 11 nM

Fig. 27 Chemical structure of compound 70 from Merck

A B

Conformational
restriction

Fig. 28 Resemblance between N-phenyloxazolidinones A and oxazolopyrimidinones B
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(3) arylpiperidine/piperazines (JNJ-40068782, 79) [133] (Fig. 31). Extensive

in vitro and in vivo characterization has been recently reported for JNJ-40068782

[134]. For instance, JNJ-40068782 influenced rat sleep-wake organization mea-

sured using sw-EEG by decreasing REM sleep at an oral dose of 3 mg/kg. In

addition, JNJ-40068782 reversed PCP-induced hyperlocomotion in mice with an

ED50 of 5.7 mg/kg s.c.

Further progress made on the three different subclasses involved the replacement

of the cyano function at position C3 of the pyridone by alternative groups such as

small alkyls, CF3 or Cl, the latter one being the most exemplified. These SAR

studies resulted in the disclosure of compounds with overall improvements [135–

137]. Representative compounds are 80, 81 (Fig. 32) and compound JNJ-40411813/

73

72, EC50 (FLIPR) = 15 nM71

2

5

6

Fig. 29 mGlu2 receptor PAM oxazolopyrimidinones from Sanofi-Aventis

74, EC50 (GTPgS) = 6310 nM
76, EC50 (GTPgS) = 525 nM

75, EC50 (GTPgS) = 8510 nM

5

5

4

Fig. 30 mGlu2 receptor PAM pyridone initial prototypes from Janssen/Addex
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ADX71149 (10, Fig. 32), which is, as previously mentioned, to date, the most

advanced mGlu2 receptor PAM in clinical studies.

Further modifications around 78 and 81 are represented in analogues 82 and 83

(Fig. 33), where a more restricted conformation of the C4 substituent has been

explored by means of indole and benzomorpholine heterocycles [138]. In vitro data

are provided for all examples in the patent application, illustrating that substitution

of the pyridone core with an indole radical is preferred over the substitution with the

benzomorpholine group.

78, EC50 (GTPgS) = 160 nM

79, JNJ-40068782
EC50 (GTPgS) = 143 nM

77, EC50 (GTPgS) = 316 nM

Fig. 31 Representative mGlu2 receptor PAM 1,4-cyanopyridones from Janssen/Addex

81, EC50 (GTPgS) = 38 nM

10, JNJ-404111813/ADX71149
EC50 (GTPgS) = 147 nM

80, EC50 (GTPgS) = 47 nM

Fig. 32 Representative mGlu2 receptor PAM 1,4-chloropyridones from Janssen/Addex
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5.12 Imidazopyridines

Janssen/Addex have identified a class of imidazo[1,2-a]pyridine derivatives as

PAMs of mGlu2 receptor [139, 140]. This novel imidazopyridine scaffold

(B, Fig. 34) was designed via medicinal chemistry-driven SAR and computational

techniques based on 3D-shape and electrostatic similarity. The imidazopyridine

scaffold provided a similar spatial distribution of the pendent substituents as well as

comparable electrostatic surface potential around the central core compared to the

corresponding C4-substituted pyridone (A, Fig. 34).

Like in the pyridone series, R2 are preferably small substituents, with cyano and

chloro present in most reported examples. Based on R3 substitution, exemplified

compounds can be grouped into three main subfamilies: (1) aminoimidazopyridines

(84, 85, Fig. 35), (2) arylimidazopyridines (86, 87, Fig. 35) and (3) indolylimida-

zopyridines (88, Fig. 35) [141], compound 84, being one of the most potent mGlu2

receptor PAM in the series (EC50 ¼ 10 nM). Lipophilic substituents at R1 are

beneficial for activity, with aliphatic alkyl chains largely exemplified and the

trifluoroethyl being the most recurrent. This trifluoroethyl group has been reported

to provide compounds combining acceptable potency and metabolic stability.

Compound 88 has been highlighted in a recent publication [142] as one of the

most interesting ones within the series. Compound 88 has been shown to reduce

REM sleep in rats as measured with sw-EEG at an oral dose of 10 mg/kg.

5.13 Triazolopyridines

Scientists at Janssen/Addex have reported the discovery of the 1,2,4-

triazolopyridine core (Fig. 36) as a suitable replacement for the imidazopyridine

scaffold which provides improved metabolic stability to the compounds while

keeping or slightly improving the primary activity.

83, EC50 (GTPgS) = 589 nM82, EC50 (GTPgS) = 76 nM

Fig. 33 Representative mGlu2 receptor PAM indole and benzomorpholine pyridones from

Janssen/Addex
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Very potent compounds are disclosed in a patent application claiming series of

triazolopyridines containing arylpiperidine or piperazine groups at R3 [143]. Thus,

the recently published JNJ-42153605 (89, Fig. 37) [144] displays excellent mGlu2

receptor PAM activity (EC50 ¼ 17 nM) and remarkable selectivity for the mGlu2

receptor versus other mGlu receptors (>50-fold). Likewise, JNJ-42153605 is

reported to have an acceptable PK profile in rodent and non-rodent species,

combined with in vivo central activity in sw-EEG, showing suppressed REM

85, EC50 (GTPgS) = 850 nM

87, EC50 (GTPgS) = 180 nM

88, EC50 (GTPgS) = 185 nM

84, EC50 (GTPgS) = 10 nM

86, EC50 (GTPgS) = 150 nM

Fig. 35 Set of representative mGlu2 receptor PAM imidazopyridines from Janssen/Addex

BA

Conformational
restriction

Fig. 34 Rational for the discovery of the imidazopyridine series
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sleep duration after administration of an oral dose of 3 mg/kg. Elongation of the

phenylpiperidine moiety by the introduction of a methylene spacer (90, Fig. 37), as

well as changes on the geometry around the piperidine ring, was permitted for

potency (91 [145], 92 [146], 93 [147], Fig. 37).

Interestingly, this series served as template for developing potential radiolabeled

mGlu2 receptor PAM PET ligands [148]. Thus, [11C] JNJ-42491293 (94, Fig. 38)

has been reported as PET tracer for measuring mGlu2 receptor availability in

humans that may be suitable for assessment of occupancy by mGlu2 receptor

PAM drug candidates [149].

Two additional subfamilies have also been broadly explored: pyridyloxyphenyl-

triazolopyridines (95, Fig. 39) [150] and heterobicyclic-triazolopyridines (96, 97,

Fig. 39) [151].

Both subfamilies delivered very potent and selective mGlu2 receptor PAM

compounds. Interestingly, some examples in these patent applications are described

TriazolopyridineImidazopyridine

Fig. 36 Design of the triazolopyridine series

90
EC50 (GTPgS) = 17 nM

ED50 (CAR, sc) = 5 mg/kg

92, EC50 (GTPgS) = 170 nM 93, EC50 (GTPgS) = 2.5 nM

89, JNJ-42153605
EC50 (GTPgS) = 17 nM

ED50 (PCP-LMA, sc) = 5.4 mg/kg
ED50 (CAR, sc) = 2.35 mg/kg

91, EC50 (GTPgS) = 38 nM

Fig. 37 Representative mGlu2 receptor PAM triazolopyridines containing arylpiperidine-type of

substitutions from Janssen/Addex (89, 90) and Janssen (91-93)
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to be active in models predictive for antipsychotic activity. Thus, compounds 96

and 97 inhibited PCP-induced hyperlocomotion in mice after subcutaneous admin-

istration, with ED50 values of 13.2 and 10.7 mg/kg, respectively. Compounds 96

and 97 were also shown to be active in the conditioned avoidance response (CAR)

test in rats, with ED50 values of 20 mg/kg after s.c. administration for 97 and

p.o. dose for 98. Compound 98 was also mentioned to dose-dependently decrease

REM sleep (lowest active dose 10 mg/kg, p.o.) in a sw-EEG test in rats.

Finally, Bristol–Myers Squibb has very recently disclosed similar 1,2,4-

triazolopyridines having secondary amines at the C7 position leading to molecules

with nanomolar activity in a cAMP biological assay, such as compound 98

(Fig. 40) [152].

11CH3

94, [11C] JNJ-42491293 
IC50 = 9.2 nM

Fig. 38 Representative mGlu2 receptor PAM PET ligand from Janssen

95
EC50 (GTPgS) = 50 nM

ED50 (PCP-LMA, sc) = 12.3 mg/kg
ED50 (CAR, po) = 21.4 mg/kg

ED50 (Amph. inh, po) = 28.3 mg/kg

96
EC50 (GTPgS) = 11 nM

ED50 (PCP-LMA, sc) = 13.2 mg/kg
ED50 (CAR, sc) = 20 mg/kg

ED50 (Amph. inh, po) = 28.3 mg/kg

97
EC50 (GTPgS) = 79 nM

ED50 (PCP-LMA, sc) = 10.7 mg/kg
ED50 (CAR, po) = 20 mg/kg

Fig. 39 Representative mGlu2 receptor PAM aryl-substituted triazolopyridines from Janssen/

Addex
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5.14 Benzotriazoles

A family of 1,2,3-benzotriazoles was disclosed as potent mGlu2 receptor PAMs in a

series of eight patent applications from Merck published between 2010 and 2012

[153–160].

This benzotriazole series is closely related to a series of benzazole mGlu2

receptor potentiators also disclosed by Merck in 2006. In this series Br, Cl or CF3
at the C4 position and a pendant lipophilic alkyl chain from N1 are preferred groups

(Fig. 41). A large variety of diverse R3substituents is tolerated at position C5.

5.15 (Aza)benzimidazolones

More recently, Merck published a series of patent applications detailing series of

benzimidazolone and aza-benzimidazolone derivatives as mGlu2 receptor PAMs

(Fig. 42). As in similar chemotypes published by Merck (e.g. 1,2,3-benzotriazoles),

substituents at N1 are lipophilic groups with the tert-butylmethyl group largely

preferred and most of the structural diversity coming from the exploration of

substituents at the C5 position. Some representative examples of C5 substitutions

are 3-substituted piperidines (99) [161, 162], aryl- or heteroaryl groups, which in

most examples are additionally substituted at the meta position by a methylene-

spaced cyclic amine (100) [163–165].

1,3-Dihydro-2,1,3-benzothiadiazole-2,2-dioxides have also been reported

suitable scaffolds for attaching the preferred decorations identified in the previous

(aza)benzimidazolones(101, Fig. 42) [166]. Preferred examples in the

corresponding patent applications were very potent in both FLIPR and GTPγS.

98, EC50 (cAMP) = 1 nM

Fig. 40 Representative

mGlu2 receptor PAM

triazolopyridines

substituted at C7 with

aminoalkyl radicals from

Bristol–Myers Squibb

4

5

1

Fig. 41 General formula of

mGlu2 receptor PAM

benzotriazoles from Merck
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6 Summary

Current antipsychotic therapies are largely efficacious for positive symptoms of

schizophrenia; however, compounds with improved efficacy for negative symp-

toms and cognitive dysfunction associated with the disease are awaited. High rates

of weight gain and metabolic syndrome associated with the atypical antipsychotics

highlight the need for treatments with improved safety and tolerability profiles. The

first decade of the twenty-first century has seen a significant discovery and early

development effort around modulation of the mGlu2 receptor, in the hope of

identifying safer and more effective antipsychotics. The first generation of mGlu2

receptor activators were conformationally constrained analogues of glutamate

acting as agonists at both mGlu2 and mGlu3 receptors. These orthosteric mGlu2/

mGlu3 receptor agonists have produced some very encouraging results that served

to accumulate evidence to support potential utility of the target for the treatment of

schizophrenia and other CNS disorders. Targeting the mGlu2 receptor with a PAM

may offer advantages over orthosteric ligands such as improved selectivity,

increased chemical tractability and better tolerability. Thus, the emerging field of

positive allosteric modulation of mGlu2 receptor offers a very selective avenue for

therapeutic intervention in neurological and psychiatric disorders. A huge effort in

medicinal chemistry throughout the pharmaceutical industry has resulted in the

identification of multiple structurally distinct mGlu2 receptor PAM chemotypes.

Some analogues have served to provide preclinical proof of concept that PAMs can

mimic the effects of orthosteric agonists. Disappointedly, clinical proof-of-concept

100; X = N, EC50 (FLIPR) = 8 nM

101; X = N, EC50 (FLIPR) = 0.5 nM

99; EC50 (FLIPR) = 191 nM

Fig. 42 mGlu2 receptor PAM (aza)-benzimidazolones and benzothiadiazole-2,2-dioxides from

Merck
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studies conducted with LY2140023, the prodrug of an orthosteric mixed mGlu2/

mGlu3 agonist and AZD8529, an mGlu2 receptor PAM, failed to show conclusive

evidence of efficacy in patients with schizophrenia, although the compounds were

well tolerated. In an exploratory phase IIa study in schizophrenia, JNJ-40411813,

however, met the primary objectives of safety and tolerability, and patients with

residual negative symptoms were identified as the subgroup of patients that may

serve best from add-on treatment with an mGlu2 PAM; future proof-of-concept

studies are awaited to confirm these findings.

All in all, the question for the right patient population that may be benefit from

treatment with an mGlu2 modulator is still open.

Further studies will likely contribute to the fundamental understanding of the

pharmacology of mGlu2 selective receptor activation and, more importantly, to

assess the potential of the mGlu2 receptor as a viable target for the treatment of

CNS diseases.
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Abstract mGlu5 receptors have been implicated in the pathophysiology of schizo-

phrenia and cognitive dysfunction, and activation of these receptors has been

proposed as a potential therapeutic strategy for treating these diseases. This chapter

describes the recent progress in the discovery and development of mGlu5 positive

allosteric modulators (PAMs) as a novel therapeutic approach which does not

involve a direct interaction with dopamine receptors. This new class of molecules

is structurally very diverse and includes several drug-like chemical series. The

pharmacological activity shown by these molecules in preclinical studies confirms

their therapeutic potential in all domains of schizophrenia, including positive and

negative symptoms and cognitive abnormalities. These data support the develop-

ment of mGlu5 PAMs as novel antipsychotic drugs that resonate with the

glutamatergic hypofunction hypothesis of schizophrenia. The fine tuning of the

functional activity and the clarification of biased signaling pathways in different

chemical series may provide clues to achieve efficacy and a good safety profile for

novel pharmacotherapies.
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1 Introduction

Schizophrenia is a complex, chronic, and debilitating psychiatric illness which

affects around 1% of the world’s population. Its symptoms have been clustered

into three domains, termed positive, negative, and cognitive. Positive symptoms,

also termed psychosis, include hallucinations, delusions, suspiciousness, and
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paranoia, reflecting features that are absent in the general population. Negative

symptoms include blunted affect, anhedonia, apathy, social withdrawal, and pau-

city of speech, reflecting features that are reduced in comparison to those seen in

healthy individuals. The cognitive abnormalities include deficits in attention, exec-

utive function, learning, and short- and long-term memory.

Since the fortuitous discovery of antipsychotic properties of chlorpromazine, the

pharmacological management of schizophrenia has been based on antagonists or

partial agonists of dopamine D2 receptor. This approach gave rise to “The dopa-

mine hypothesis of schizophrenia.” According to this hypothesis, symptoms of

schizophrenia are mediated by dysregulated dopaminergic neurotransmission,

including increased activity in the mesolimbic pathway and reduced activity in

the mesocortical pathway. While this hypothesis offers a conceptual framework for

positive symptoms of schizophrenia, it leaves the negative symptoms and cognitive

abnormalities largely unexplained. Indeed, although current pharmacological inter-

vention offers relieve from positive symptoms in most patients, improvements in

negative and cognitive symptoms are largely absent, despite the fact that these

symptoms are recognized as core features of schizophrenia. In fact, negative

symptoms and cognitive abnormalities precede the onset of psychosis and remain

the key predictors of functional disability and poor quality of life of schizophrenic

patients. Also, it needs to be indicated that many schizophrenia patients do not

respond to current treatments, while those that show certain improvements have to

suffer from a range of adverse side effects, including sedation, weight gain,

metabolic abnormalities, sexual dysfunction, and motor disturbances. Thus, there

is urgent need for development of novel “antischizophrenia” medication that can

offer relief in all three domains of the disease, fewer, less-severe side effects, and

improved quality of life.

Even though the underlying pathophysiology of schizophrenia is still unknown,

accumulating evidence from psychopharmacological, postmortem, and genetic

linkage studies implicates glutamatergic neurotransmission in etiology and patho-

physiology of schizophrenia. “The glutamatergic hypothesis of schizophrenia”

suggests that reduced activation of the NMDA subtype of ionotropic glutamate

receptors results in compensatory increase in glutamate release and neurotoxicity in

the cortical areas as well as dysregulation of glutamate-dopamine interaction,

offering a conceptual framework for all domains of the disease. According to this

hypothesis, increases in activity at the NMDA receptor can offer therapeutic benefit

to schizophrenic patients. Since glutamate is the key excitatory neurotransmitter in

the mammalian brain and the NMDA receptor is ubiquitously expressed in nearly

all subtypes of neurons mediating fast excitatory neurotransmission, a direct phar-

macological manipulation of this receptor can produce a profound disruption in

brain function and severe side effects. Therefore, search for alternative targets that

can potentiate activity of the NMDA receptor indirectly and thus offer an alterna-

tive approach in novel treatment of schizophrenia has been underway. Within the

recent years, the metabotropic glutamate receptor 5 (mGlu5), a closely associated

signaling partner of the NMDA receptor, emerged as a promising target for the

treatment of schizophrenia.
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2 Biology and Molecular Pharmacology of Metabotropic

Glutamate (mGlu) Receptor 5

2.1 Structure and Functions

The metabotropic glutamate (mGlu) receptors are G protein-coupled receptors that

share a common structural feature of seven transmembrane (7TM) spanning

domains, with an extracellular N-terminus and intracellular C-terminus. mGlu

receptors are members of the family C G protein-coupled receptors and possess a

large extracellular domain (�560 amino acids) in the amino-terminal portion of the

receptor containing the endogenous glutamate agonist binding site [1]. The extra-

cellular domain consists of two lobes termed the Venus flytrap (VFT) with the

glutamate binding site residing between the two lobes. The VFT is linked to the

7TM via a cysteine-rich region. The large extracellular binding domain of family

C GPCRs is distinguished from other GPCR families, specifically family A

rhodopsin-like GPCRs, where in comparison, the agonist binding sites are associ-

ated within the seven transmembrane region or within the extracellular loops

connect the transmembrane spanning α-helices.
Eight subtypes of the metabotropic glutamate receptors, mGlu1–mGlu8, have

been identified by molecular cloning [2, 3]. mGlu receptor subtypes are classified

into three subgroups on the basis of their preferred coupling to intracellular signaling

pathways, pharmacological profile, and overall sequence homology. Group I mGlu

receptors, mGlu1 and mGlu5, couple to Gq/G11 G proteins. Activation results in

phospholipase C-mediated signaling and production of inositol 1,4,5-triphosphate

via inositol phosphate hydrolysis and calcium release from intracellular stores.

Activation of protein kinase C (PKC) and downstream effectors including

mitogen-activated protein kinase (MAPK), extracellular-signal-regulated kinases

(ERK), and cAMP response element-binding protein (CREB) has been reported to

be associated with mGlu5 activation [4].

2.2 Distribution

The mGlu5 receptor is primarily localized to postsynaptic terminals with moderate

to high levels of expression found in the cerebral cortex, hippocampus, striatum,

lateral septum, and spinal nucleus of the trigeminal nerve [5]. mGlu5 receptors are

also expressed on nonneuronal cells including astrocytes, microglia, and oligoden-

drocytes [6]. Within the cortex, mGlu5 is abundantly expressed postsynaptically on

pyramidal cells and interneurons [7].

In comparison, Group II (mGlu2 and mGlu3) and Group III (mGlu4, 6, 7, and 8)

couple to Gi/o G proteins. Activation of Group II and III mGlu receptors results in a

decrease in intracellular cAMP levels through inhibition of adenylyl cyclase
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activity. Group II and III mGlu receptors are primarily localized to presynaptic

terminals and can act as autoreceptors to inhibit activity on glutamate release [8].

There are two splice variants of mGlu5 which produce different translated forms

of the receptor: mGlu5a and mGlu5b. mGlu5a is the predominant form during early

postnatal period and is thought to play a role in development. In comparison,

mGlu5b contains an additional 32-amino-acid segment in the C-terminal cytoplas-

mic tail and is the predominant form found in the adult [5].

2.3 NMDA Receptor Interaction

mGlu5 and NMDA receptors are co-localized in a number of brain regions

including the hippocampus, striatum, and cortex [9]. mGlu5 receptors are

physically coupled to synaptic scaffolding proteins, PSD-95, Shank, and Homer

and biochemically coupled to the NMDA receptor via protein kinase C [10].

Activation of mGlu5 receptors, by either orthosteric agonists or positive allosteric

modulators (PAMs; or potentiators), has been shown to potentiate NMDA receptor

signaling [11, 12]. Studies in primary neuronal cultures measuring NMDA-

mediated calcium influx and in hippocampal slice preparations measuring enhance-

ment of NMDA-receptor-dependent long-term potentiation have provided evidence

for a functional interaction of mGlu5 and NMDA receptors [13, 14]. The mGlu5-

mediated increase of NMDA receptor activity produces an enhancement in synaptic

plasticity, learning and memory, and cognition.

2.4 Rationale for Allosteric Modulators

Due to the high degree of homology in the orthosteric site of mGlu receptors, the

availability of subtype selective ligands is limited. Orthosteric agonists for mGluR5,

(S)-3,5-dihydroxyphenylglycine (DHPG), and quisqualate (L)-(+)-α-amino-3,5-

dioxo-1,2,4-oxadiazolidine-2-propanoic acid) are amino acid analogs derived

from glutamate and exhibit selectivity for Group I over Group II and III mGlu

receptors; however they are nonselective between mGlu5 and mGlu1 receptors.

CHPG (2-chloro-5-hydroxyphenylglycine) was reported to be selective for mGlu5
over mGlu1; however it has relatively weak potency and efficacy which limits its

utility; moreover a recent report demonstrated that it is not selective and activates

both mGlu1 and mGlu5 [15].

An alternative approach to achieve subtype selective ligands for mGlu receptors

is to develop allosteric modulators (AMs) which bind to a site topographically

distinct from the orthosteric site. This strategy assumes that allosteric sites are less

conserved between subtypes within a receptor family and therefore increases the

likelihood of achieving subtype selectivity. This approach has proven highly

successful for mGlu receptors as allosteric modulators have been described for
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nearly all mGlu subtypes [16, 17]. Positive allosteric modulators enhance the

affinity and/or responsiveness of the orthosteric agonist. Negative allosteric mod-

ulators (NAMs) decrease the affinity and/or the responsiveness of the orthosteric

agonist. Neutral allosteric ligands, previously termed silent allosteric modulators

or SAMs, bind to the receptor but have no effect on affinity or efficacy of the

orthosteric ligand. Ago-potentiators (ago-PAMs) have intrinsic activity alone to

directly activate the receptor in addition to their activity to potentiate the orthosteric

agonist. Pure PAMs have no intrinsic activity alone and function to increase the

sensitivity of the receptor for the endogenous agonist by shifting the concentration

response curve of the orthosteric agonist to the left. The potency of PAMs is

reported as EC50 values measured in the presence of a subthreshold concentration

of the orthosteric agonist, usually an EC20, and a fold shift of the agonist dose–

response curve (glutamate shift) when measured in the presence of increasing PAM

concentrations. Negative allosteric modulators, NAMs, act as antagonists and shift

the potency of endogenous agonist to the right. The allosteric modulator activities

are dependent on the presence of agonist and would be expected to be pharmaco-

logically silent in the absence of agonist. Allosteric modulators have the advantage

over orthosteric agonists in their selective ability to exhibit temporal and spatial

control of receptor activity. Since glutamate is released in a temporal and spatial

manner, the activity of PAMs would be realized only during the normal physio-

logical process. Another benefit of allosteric modulators is that receptors are not

subject to desensitization with chronic exposure as observed with orthosteric

agonists [18].

2.5 mGlu5 Allosteric Modulator Activity

Small modifications within a compound series have been reported to dramatically

affect the pharmacology profile of mGlu5 allosteric modulators, a result termed

“molecular switching.” This has led to the discovery of modulators with similar

structures exhibiting either PAM or NAM activities. For example, Sharma

et al. reported methyl substitutions of an mGlu5 partial antagonist that led to the

discovery of either a full antagonist (3-methyl group substitution) or PAM

(2-methyl group substitution) [19]. This phenomenon has been observed in multiple

mGlu5 allosteric ligand series as well as with other mGlu receptors, and detailed

information will be provided in Sect. 3.

Allosteric modulators can be characterized by determining their effects on

orthosteric agonist affinity and efficacy. The interaction between the orthosteric

and allosteric site is reciprocal, so that the ligand in one site modulates the ligand in

the other site to the same extent and in the same way. These effects can be

quantified using an operational model of allosterism through the determination of

an affinity cooperativity factor α and efficacy cooperativity factor β for a particular
ligand, GPCR, and signaling pathway [17]. A positive cooperativity factor is >1, a

negative cooperativity factor is <1 but greater than 0, and a neutral cooperativity
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factor¼ 1. Bradley et al. evaluated the effects of the orthosteric agonist quisqualate

on the affinity and efficacy of several mGlu5 PAMs in rat astroglia. Quisqualate

increased affinity for DFB 1, CDPBB 4, and ADX47273 13 at the mGlu5 NAM

MPEP 21 binding site, with α¼ 1.5, 11, and 3.2, respectively, but it did not increase

the affinity of CPPHA 2 for this site. Analysis of data from potentiation of

quisqualate-induced [3H]inositol phosphate accumulation in rat astrocytes gave

β¼ 1.4, 2.3, and 9.4 for DFB 1, CDPBB 4, and ADX47273 13, respectively.

Thus CDPBB 4 achieved positive modulation of mGlu5 primarily through effects

on orthosteric agonist affinity, and ADX47273 13 achieved its effects primarily

through efficacy modulation [20]. Gregory et al. characterized eight PAMs and two

ago-PAMs in terms of their effects on glutamate affinity and efficacy on expressed

rat mGlu5 receptors. In this study PAM affinities were unchanged in the presence of

glutamate, which would correspond to α¼ 1. The PAMs exerted their effects on

glutamate-mediated calcium mobilization through efficacy modulation, with β
values >1.

An interesting observation was that the value of β depended on the expression

level of mGlu5 for some PAMs. Higher values of β at high receptor expression

levels (compared to low levels) reached statistical significance for two PAMs

(VU0405398 40, VU0405386 42), while other PAMs had similar values of β
at low and high receptor levels (e.g., CPPHA 2, CDPBB 4, VU29 5, VU0092273

35, VU0360172 37, VU0415051 41, VU0357121 60, VU0364289 72) (vide

supra) [21].

2.6 mGlu5-Biased Signaling

Activation of GPCRs can differentially couple to different signaling pathways and

ultimately functional responses. This observation is referred to as biased signaling or

functional selectivity and was first defined for GPCR receptor activation through

orthosteric ligands [22, 23]. Recently, mGlu5 allosteric modulators have been

reported to show preferences for signaling pathways. In astrocytes, DFB showed

similar activity to potentiate glutamate-mediated calcium increase and ERK1/2

phosphorylation. In comparison, CPPHA exhibited a different pharmacological

profile than DFB where inhibition of ERK1/2 phosphorylation was observed with

high concentrations of agonists and a calcium response similar to DFB

[24]. Recently, NCFP 3, (N-(4-chloro-2-((4-fluoro-1,3-dioxoisindolin-2-yl)methyl)

phenyl)picolinamide) [25], a structural analog of CPPHA 2, was reported to display

a similar profile as CPPHA in potentiating mGlu5-mediated responses to glutamate

in recombinant and native cell preparations and in the DHPG-mediated potentiation

of STN neuron depolarization in brain slices. However, unlike other mGlu5 PAMs,

NCFP 3 did not potentiate DHPG-induced LTD in hippocampal Schaffer collateral-

CA1 synapse in the hippocampus [26]. These findings support the hypothesis that

mGlu5 PAMs may induce differential responses as a result of bias signaling and

could have different physiological outcomes.
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Furthermore, evidence has supported CPPHA 2 and NCFP 3 binding to

non-MPEP allosteric sites on mGlu5. Since these mGlu5 PAMs display bias signal-

ing and have been suggested to bind to different allosteric sites in comparison with

other mGlu5 PAMs, it has been postulated that the response observed may be site

specific. If this is true, this raises the possibility of targeting one allosteric site over

another on mGlu5 to achieve a specific response through a desired pathway.

3 Overview of the Discovery of mGlu5 Positive Allosteric

Modulators

The first allosteric potentiators of mGlu receptors were mGlu1 PAMs in 1998. Then

in 2003 the first mGlu5 PAM, DFB 1, was identified. Since that time, many

chemotypes of mGlu5 PAMs with better drug likeness have been disclosed. Recent

reviews have discussed the historical and main series within the mGlu5 PAM field

[27, 28]. The present article focuses on the structural characteristics of the different

classes of mGlu5 PAMs and which mainly include:

DFB and CPPHA

Diphenyl pyrazoles

N-Acyl 3-piperidinyl oxadiazole and related templates

Alkynes and related isosters

N-Aryl piperazine
N-Aryl glycine sulfonamide and pyridyloxybenzyl isoindoline

3.1 DFB and CPPHA

DFB (1, Fig. 1) was the first mGlu5 PAM discovered (EC50¼ 2.7 μM, Fig. 2),

and close analogs showed a continuum of functional activity; the replacement

of the fluorine substituents by methoxy groups switched the activity to NAM

(3,30-dimethoxybenzaldazine, DOMeB), but replacement of fluorine by chlorine

produced the SAM DCB (3,30-dichlorobenzaldazine). These molecules were com-

petitive with the common mGlu5 NAM MPEP binding site [27, 28 and references

therein].

CPPHA (2, Fig. 1) was discovered by the Merck team and characterized.

CPPHA (EC50¼ 370 nM) interacted with a separate allosteric site than DFB; a

potent and efficacious analog, NCFP (3, Fig. 1) (EC50¼ 214 nM), has also been

described. CPPHA and NCFP do not compete with MPEP and activate different

signaling pathways of functional responses, a phenomenon referred as biased

signaling (see Sect. 2.6) [26].
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3.2 Diphenyl Pyrazoles

CDPPB (3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide, Fig. 2) 4 was the

third mGlu5 PAM discovered after DFB 1 and CPPHA 2. It had improved potency,

drug likeness, and brain permeability. The series was identified following the

design of a fragment library based on the picolinoyl amide moiety of CPPHA

2 [29]. This modulator has demonstrated high selectivity, and it has shown potent

activity in vitro (EC50¼ 27 nM in human CHO mGlu5 transfected cells), with 7.7

fold glutamate potentiation shift (glutamate shift). Studies demonstrated its com-

petition with the MPEP binding site ([3H]methoxyPEPy Ki¼ 2.6 μM). Its prefer-

ential brain distribution turned this compound into a very interesting tool. It has

shown in vivo activity in various rodent models, in particular a dose-dependent

reversal of amphetamine-induced locomotor activity at 1, 3, and 10 mg/kg SC and

in the reversal of the amphetamine-induced disruption of PPI model at 10 and

30 mg/kg SC [30]. The exploration of the SAR in the series led to the identification

of potent MPEP-competitive binders such as compound VU29 (5, Fig. 2) [31, 32],

with [3H]methoxyPEPy Ki¼ 250 nM. It also showed an improved functional

activity in vitro in rat astrocytes (EC50¼ 10 nM) compared to CDPPB

(EC50¼ 77 nM). The effect of aromatic substitution was explored further by

analogy with the alkyne class of mGlu5 NAMs [33]. Highly lipophilic CDPPB

derivatives with high MPEP binding affinity such as (6, Fig. 2) were disclosed ([3H]

MPEP Ki¼ 23 nM; rmGlu5 EC50¼ 2,430 nM (68%)). These new biphenyl deriv-

atives showed partial functional activity.

A functional switch has been observed in this series when the phenyl substituent

was moved from the 1,3 position (PAM) to the 1,4 position (NAM) on the pyrazole
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ring. When the diphenyl pyrazole moiety of 6was replaced by the 2-methylpyridine

MPEP moiety, the combined compound became a potent mGlu5 NAM [31].

CDPPB 4 has been evaluated in numerous animal models for effects on learning

and memory processes [34], cognitive disorders induced by MK801 [35], and

negative symptoms of schizophrenia, through enhancing NMDA receptor function

[36, 37]. The results reinforce interest in mGlu5 PAMs as a new target to address

unmet therapeutic needs in schizophrenia.

Taisho Pharmaceuticals further explored the CDPPB series, as disclosed in a

patent application [38], where pyrazole is replaced by imidazole. Compound 7 was

described as a subnanomolar compound active on the rat mGlu5 CHO clone

(EC50¼ 0.62 nM; Fig. 3). The diphenyl-5-membered heteroaryl core can be con-

sidered as a privileged structure in mGlu5 ligands.

In 2013 Boehringer Ingelheim scientists published new classes of potent PAM

compounds which kept a similar core on the left-hand side (Fig. 3) such as bis-

phenyl-substituted 1H-imidazol-2-yl 8 (hmGlu5 EC50¼ 43 nM), (1,2,4)triazol-1-yl

9 (hmGlu5 EC50¼ 24 nM), or 3,5-diphenyl-substituted pyrazol-1-yl 10 (hmGlu5
EC50¼ 4 nM) [39–44]. The CDPPB carboxamido linker was replaced by a

ketomethylene linker, which allowed the right-hand side (RHS) to be an heteroaryl

piperazine. In a variation of the inventions, an heteroaryl RHS such as a methyl

oxadiazolyl residue 11 (hmGlu5 EC50¼ 2 nM) can be fused to the piperazinyl ring

system or the like and maintain PAM activity for 12 (hmGlu5 EC50¼ 28 nM). We

can notice that these new molecules are slightly less lipophilic (clogP ~4.0) than the

classical CDPPB derivatives. These patent applications do not report any in vivo

activity.
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3.3 N-Acyl-3-Piperidinyl Oxadiazole

Addex researchers reported the discovery and profiling of ADX47273 (13, Fig. 4), a

potent and systemically active mGlu5 PAM [45]. This compound has been the

prototype for several chemical variations, leading to the subsequent discovery of

various active analogs. The basic structure-activity relationships were described by

Engers et al. [46]. They confirmed the enantioselective activity in the series and

identified a functional switch in pharmacology. ADX47273 was a moderately

potent mGlu5 PAM (hmGlu5 EC50¼ 170 nM) and showed a high glutamate shift

(10–13 times) [45]. Addex Therapeutics filed several patent applications around the

scaffold, illustrating the large scope of the series by varying the core oxadiazole

ring. The oxadiazole can be replaced by various 5-membered heteroaryl ring like

triazole and tetrazole, or even a carbamate group [27].

Another observation in this highly chemically tractable series was that discrete

structural features led to opposite functional activity. The work performed by

Gedeon Richter scientists detailed the chemical variations of the piperidinyl ring

system and the RHS amido groups which contribute to NAM activity [47]. Potent

NAMs usually combine a 2-piperidinyl or a 2-pyrrrolidinyl core acylated by a small

cycloalkyl or 5-membered heteroaryl ring. Lamb et al. presented a structural

exploration of SAR focused mainly on cycloalkylamido derivatives in the

3-piperidinyl, 2-piperidinyl, and 2-pyrrolidinyl series [48]. The results are in

good agreement with the previous study. They disclosed a continuum in this series,

including finding an ago-PAM and partial antagonist [49]. Similarly to ADX47273,

the selected molecules 14, 15, 16, and 17 (Fig. 4) showed in vitro potency for mGlu5
receptor (human mGlu5 EC50¼ 92, 201, 17, and 125 nM, respectively, with gluta-

mate shift¼ 14, 13, 5.5, and 23) and in vivo efficacy in attenuation of

amphetamine-induced locomotor activity in rats. Most of the compounds in this

series are moderate binders of the MPEP binding site (Ki ~1–3 μM range) and may

overlap with the MPEP binding site [50].

The introduction of an angular methyl on the piperidine ring in 5PAM523 15

contributed to an improved plasma clearance compared to the unsubstituted

piperidino analogs. The tricyclic ring compound 5PAM916 16, where the angular
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methyl of 5PAM523 is constrained with the 4-fluorobenzamide, is 12 times more

potent than 15 and showed a longer half-life (12.3 h and 5 h, respectively, in rats)

and good brain penetration (0.1 and 0.045 CSF/plasma value in rats, respectively).

We can notice that the 4-chloro-pyrrole is a good bioisosteric replacement of the

4-fluorophenyl group in 14. The caprolactam 5PAM413 17 showed a very efficient

glutamate shift (23 fold).

A related oxadiazolyl-butyrolactam series (18, Fig. 5) was discovered at

Lundbeck (Fig. 6); 18 included a 3-chlorophenyl group on the LHS. This privileged

fragment is found in numerous mGlu5 NAMs in the MPEP and similar series

[47]. However, 18 is a potent mGlu5 PAM (hmGlu5 EC50¼ 10.7 nM) which

showed partial efficacy (55%) [51]. This pyrrolidinone series was widely explored,

and the SAR revealed that a subtle pattern of substitution on the RHS with simple

substituents (F, CH3, Cl) could switch the PAM activity to NAM. Molecules in this

series suffer from poor solubility, which has limited their development. An attempt

to improve the physiochemical properties of 18 consisted of replacing the
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pyrrolidinone ring by an azetidine ring and extruding the carbonyl group. This

optimization resulted in the azetidinyl oxadiazole series illustrated by 19 (Fig. 5), a

potent (hmGlu5 EC50¼ 72 nM) and brain penetrant compound with improved

solubility and lipophilicity (clogP¼ 2.1, LLE¼ 5.1) [52].

The triazolo tetrahydropyridine derivative LSN2814617 (20, Fig. 5) is a potent

and selective mGlu5 PAM (hmGlu5 EC50¼ 52 nM). Compared to ADX47273 13

and CDPPB 4, it showed excellent receptor occupancy at 10 mg/kg (62%) com-

pared to 5% and 6%, respectively, for CDPPB and ADX47273 administered at

100 mg/kg. This molecule shows a robust dose-dependent increase in wakefulness

in rat at 3 mg/kg PO [53].

A comparative in vivo study of structurally distinct mGlu5 PAMs derived from

ADX47273 (PAMs 15, 16, and 17) was performed by Merck and revealed a

potential mechanism-based neurotoxicity [50]. Orthosteric mGlu5 agonists have

previously been reported to produce seizures in rodents [54, 55], and the potential

for similar adverse events occurring through allosteric modulation of mGlu5 has

only been recently evaluated as the result of the availability of mGlu5 PAMs with

properties suitable for in vivo studies. Parmentier-Batteur et al. observed convul-

sions and neuronal death in the auditory cortex and hippocampus after dosing

mGlu5 PAM 15, 16, and 17 in rats [50]. All three mGlu5 PAMs were devoid of

intrinsic agonist activity. These regions are associated with high mGlu5 receptor

expression. The association of mGluR PAM mechanism-based neurotoxicity was

further established in studies with mGlu5 KO and wild-type mice. mGlu5 wild-type

mice treated with 15 showed physical signs and a similar pattern of neuronal loss

observed in rats. In contrast, dosing in mGlu5 KO mice lacked any physical signs

and no neuronal loss was observed by histological staining. These results confirmed

mGlu5 involvement in the neurotoxicity observed with 15. It is important to note

that the three mGlu5 PAMs evaluated in the in vivo toxicology studies exhibited

different therapeutic windows and the results suggest that mGlu5 PAMs with lower

cooperatively (smaller glutamate shifts) may have improved safety margins.

3.4 Alkynes

Allosteric modulators of mGlu5 were first identified in 1999 by scientists at Sibia

Neurosciences using high-throughput screening [HTS] to measure effects on intra-

cellular calcium levels in cells expressing human mGlu5 [56]. These compounds

displayed noncompetitive inhibition of glutamate-mediated increases in calcium

levels and thus were negative allosteric modulators or NAMs. Further studies led to

the discovery of MPEP 21 and MTEP 22 (Fig. 6), mGlu5 NAMs with an unusual

alkyne structure that have since been used extensively in in vitro and in vivo studies

[57, 58]. Two mGlu5 NAM radioligands were synthesized to facilitate receptor

binding and characterization, [3H]-methoxymethyl-MTEP and [3H]-methoxyPEPy

[59]. Since the discovery of alkynylpyridine mGlu5 NAMs, a range of pharmaco-

logical effects have been observed for related structures binding at or near the
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MPEP site. This series has also produced PAMs as well as “neutral” SAMs such as

5MPEP 23. By themselves SAMs have no effect on glutamate receptor activation,

but they do block the effects of NAMs and PAMs [60].

The first PAM within the alkyne series was MRX3573 24, discovered at Merz

Pharmaceuticals (Fig. 6) [61]. While constructing a pharmacophore model to screen

for novel mGlu1 NAMs, Merz scientists reasoned that the model might also identify

allosteric modulators of mGlu5, since the two receptors have a high degree of

structural similarity in the transmembrane region where allosteric ligands bind

[62]. Using the pharmacophore model, a small library was purchased and screened

for both mGlu1 and mGlu5 activity. Follow-up of an initial weak mGlu1 NAM

screening hit led to selective, potent mGlu1 NAMs and the mGlu5 PAM 24 (rmGlu5
EC50¼ 34 nM, glutamate shift¼ 2). However, small structural changes to 24 were

sufficient to switch the pharmacology from positive to negative modulation.

Replacing phenyl with 2-pyridyl produced the weak NAM 25 (rmGlu5
IC50¼ 60 μM), wherein the 2-pyridyl group acted as a molecular switch for

NAM activity. A hydrogen bond acceptor, such as the carbonyl group in

MRX3573 24 or a hydroxyl group in the same position, was important for PAM

activity. NAMs were produced following complete reduction to the tetrahydro-

quinoline or introduction of a gem-dimethyl group adjacent to the carbonyl (26,

rmGlu5 IC50¼ 23 nM).

In the process of identifying NAMs acting as partial antagonists of mGlu5 based

on MPEP, researchers at the Vanderbilt Center for Neuroscience Drug Discovery

(VCNDD) found that adding a methyl group to the partial antagonist 27 (rmGlu5
IC50¼ 480 nM) produced weak PAM 28 (rmGlu5 EC50¼ 3.3 μM, Glumax¼ 99%,

glutamate shift¼ 4.2) [63]. Small substituents such as a methyl group at the

4 position of the phenyl group proved to be a molecular switch for PAM activity.

However, moving the methyl group from the 4 to the 3 position gave a full

antagonist (29, rmGlu5 IC50¼ 7 nM). Further SAR studies to optimize PAM

activity were unable to exploit the 4-methyl molecular switch, instead showing

flat SAR. In this instance, changes to the pyrimidine group led to the potent

2-aminomethylpyrimidine PAM 30 (MPPA) (rmGlu5 EC50¼ 14 nM, glutamate

shift¼ 15) [19]. Activity was not observed in the absence of glutamate, indicating

30 did not possess intrinsic agonist activity. In rats, 30 reversed amphetamine-

induced hyperlocomotion at a dose of 30 mg/kg IP. This compound was insensitive

to the 3-methyl molecular switch identified earlier, instead maintaining robust PAM

activity for 31 (rmGlu5 EC50¼ 21 nM, glutamate shift¼ 5.9).

A modest mGlu5 PAMwas identified at Lundbeck in a HTS campaign utilizing a

functional calcium flux assay (hmGlu5 EC50¼ 0.97 μM, Glumax¼ 73%) [64]. Not-

ing the similarity of 24 and MPEP 21, these investigators postulated that one of the

aminal nitrogens of 32 (Fig. 7) might serve as a hydrogen bond acceptor mapping to

the carbonyl molecular switch group of 24. Replacing the aminal with an amide

group indeed preserved PAM activity and increased potency 37-fold for

cyclopentyl amide 33 (hmGlu5 EC50¼ 30 nM, glutamate shift¼ 5.5 at 1 μM).

Compound 33 displaced [3H]MPEP with a hmGlu5 Ki¼ 1.8 μM, consistent with

binding to the MPEP binding site on the receptor. Compound 33 was orally
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bioavailable in rats and mice, with elimination half-lives of 1 and 4 h and brain/

plasma ratios of 0.5 and 0.3, respectively, in these species. Later studies by the same

group found that slight changes in structure could change the mode of pharmacol-

ogy from positive to either negative or silent modulation. For example, substituting

2-pyridyl for phenyl gave 34, a moderately active NAM (hmGlu5 IC50¼ 227 nM),

consistent with the switch in pharmacology observed between 24 and 25 [65].

A similar series of compounds was concurrently discovered in a functional

screen at VCNDD, designed to identify mGlu5 agonists, antagonists, and potenti-

ators in a single assay (Fig. 7) [66]. A screening hit, 35 (VU0092273; rmGlu5
EC50¼ 10 nM, Glumax¼ 72%), was further optimized to 37 (rmGlu5 EC50¼16 nM,

Glumax¼ 87%), wherein a modestly basic pyridine was incorporated with little loss

of potency, in order to facilitate salt formation and formulation for in vivo studies.

Nicotinamide 37 (VU0360172) showed competitive binding with [3H]

methoxyPEPy, with rat Ki¼ 195 nM. Compound 37 had rat plasma free

fraction¼ 1.1%, and a 10 mg/kg oral dose in rats gave plasma Cmax¼ 21 μM at

1 h, and brain Cmax¼ 2 μM. Compound 37 significantly reduced amphetamine-

induced hyperlocomotion in rats at oral doses of 56.6 and 100 mg/kg, formulated in

20% hydroxypropyl β-cyclodextrin.
As some mGlu5 PAMs had direct agonist activity (i.e., were ago-PAMs), the

question arose whether agonist activity contributed to efficacy in animal models of

Fig. 7 Alkyne mGlu5 PAM series: aminal and amido series
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schizophrenia. Investigation into the agonist properties of PAMs led researchers at

VCNDD to discover that the level of mGlu5 receptor expression, while having little

effect on PAM activity, could influence agonist behavior in cell culture. This study

found that 35 and 37 behaved as ago-PAMs at high receptor expression levels but as

pure PAMs at low expression levels and in native systems (35, rmGlu5 PAM

EC50¼ 35 nM, agonist EC50¼ 1.3 μM; 37, rmGlu5 PAM EC50¼ 13 nM, agonist

EC50¼ 220 nM) [67]. In addition, 36 was found to be a pure PAM regardless of the

level of receptor expression (rmGlu5 EC50¼ 126 nM). Unlike the orthosteric

agonist DHPG, none of the compounds by themselves induced LTD at the hippo-

campal Schaffer collateral CA1 synapse, but all potentiated the effects of DHPG.

All three compounds decreased amphetamine-induced locomotor hyperactivity in

rats. This led to the conclusion that the physiological and behavioral responses to an

ago-PAM and a pure PAM were similar, with the caveat that agonist activity might

still be differentiated in other behavioral models.

Continued optimization led to the discovery of ago-PAM 43 (Fig. 7), which had

agonist activity in both high and low receptor expression systems and in native

tissues (rmGlu5 PAM EC50¼ 2 nM, Glumax¼ 88%, glutamate shift¼ 6.6; agonist

EC50¼ 171 nM, Glumax¼ 65%) [68]. 43 was selective for mGlu5 vs other mGlu

subtypes. Evidence that agonist activity was mediated through the allosteric binding

site included displacement of [3H]methoxyPEPy (rmGlu5 Ki¼ 11.8 nM), right

shifting of the 43 dose–response curve with no change in the maximum response

by the allosteric SAM 5MPEP but not by an orthosteric antagonist, and agonist

activity on the F585I but not A809V rmGlu5 mutant receptor (vide infra). Com-

pound 43 had effects similar to the orthosteric agonist DHPG in vitro and in vivo. It

triggered Ca2+ mobilization in rat cortical astrocytes and induced significant LTD at

the SC-CA1 synapse in rat hippocampus. It also caused robust epileptiform activity

in rat hippocampus area CA3 and dose-dependent seizures in rats from 0.1 to

10 mg/kg IP, as monitored by behavioral response and (at the highest dose) cortical

surface electrode EEG. In the EEG study, the unbound brain levels of 43 were 1.3

times the rat agonist EC50 and 146 times the rat PAMEC50 ([brain]unbound¼ 220 nM

at 10 mg/kg IP). The epileptiform and seizure activities were blocked by the

allosteric antagonist MTEP, supporting the involvement of mGlu5. In contrast, the

pure PAM 36 had no in vitro effects in rat hippocampal slices and in vivo caused no

behavioral or EEG response in rats, despite unbound brain levels 8.7 times the PAM

EC50 ([brain]unbound¼ 1,107 nM at 56.6 mg/kg IP). Given that it is well established

that orthosteric mGlu5 agonists can induce seizures, it was concluded that mGlu5
allosteric agonists (or more precisely, ago-PAMs) can induce seizure activity and

that it is possible for a pure mGlu5 PAM to avoid these adverse effects [54, 55].

Other studies at VCNDD highlighted the importance of monitoring the mGlu5
activity and brain penetration of metabolites. While demonstrating efficacy for

ago-PAM 38 in the amphetamine-induced rat hyperlocomotion assay, marked

adverse effects including seizures were noted [69]. It was discovered that the

primary oxidative metabolite 44 was also an ago-PAM (38: rmGlu5 PAM

EC50¼ 4 nM, Glumax¼ 100%, glutamate shift¼ 9, agonist EC50¼ 31 nM,

Glumax¼ 49%; 44: rmGlu5 PAM EC50¼ 17 nM, Glumax¼ 94%, glutamate
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shift¼ 8.2, agonist EC50¼ 400 nM, Glumax¼ 78%). Significant brain penetration

was observed for the metabolite 44. Both parent and metabolite were selective for

mGlu5 over other mGlu subtypes. While both 38 and 44 demonstrated agonist

properties in rat hippocampal slices, the adverse effects appeared to be mediated

through mGlu5 primarily by the metabolite 44, as coadministration of either MPEP

or the pan-P450 inactivator 1-aminobenzotriazole (ABT) with 38 blocked its

effects. The ABT-treated rats showed a substantial decrease in 44 Cmax in both

plasma (11-fold) and brain (13-fold), while brain exposure to 38 did not change

very much relative to ABT-untreated rats. Finally, direct administration of 44 to

rats produced the same set of behavioral adverse effects. Given that small changes

in structure can have significant effects on both mGlu5 pharmacology, this study

illustrated the importance of characterizing the activity of metabolites.

As mentioned above, intrinsic agonist activity (ago-PAMs) and/or high gluta-

mate cooperativity (glutamate shift) have been implicated in the neurotoxicity of

some PAMs [50, 68]. Therefore the research effort at VCNDD sought to obtain a

compound in this series that lacked agonist activity and had low glutamate fold-

shift associated with PAM activity. After extensive SAR studies, the picolinamide

45 (VU430644, Fig. 7), which has a 3-methyl-substituted oxetane as the eastern

amide group, was found to fulfill both criteria (rmGlu5 EC50¼ 9.3 nM,

Glumax¼ 45%, glutamate shift¼ 2.8) [70]. No agonist activity was observed in

the low expression cell line as well as in two native systems. The glutamate shift

was a modest 2.8 fold. In this series, a 2-pyridyl group as the western aryl

substituent was found to abrogate agonist activity in many ago-PAMs. Most

interestingly, incorporating a 2-pyridyl group into a pure PAM like 45 converted

it to an antagonist (46, rmGlu5 IC50¼ 731 nM, Glumin¼ 16.7%), similar to SAR

observed at Merz for 24 and at Lundbeck for 33 [61, 65]. Compound 45 was

selective for mGlu5 compared to mGlu1–4 and 6–8 and did not show off-target

activity in a panel of 68 GPCRs, ion channels, and transporters. In vitro studies

predicted low hepatic clearance in rat and human (1.6 and 0.2 mL/min/kg, respec-

tively). The free fraction in human and rat plasma was 3.5% and 3.6%, and the free

fraction in rat brain homogenate was 1.6%. Compound 45 inhibited CYP1A2

(IC50¼ 5.3 μM) but had no other CYP liability. A single high-dose administered

IP was reported to reverse amphetamine-induced hyperlocomotion in rats, although

no details were provided [70, 71]. Preliminary stability studies in acidic media

showed hydrolytic ring opening of the oxetane ring which might complicate oral

dosing [71].

Researchers at Lilly reported a compound in the same series, 47 (LSN2463359,

Fig. 7), that also was free of intrinsic agonist activity and had a low glutamate fold-

shift. Similar levels of potentiation were observed for 47 in cell culture with

expressed human mGlu5 and in rat primary cortical neurons (hmGlu5
EC50¼ 33 nM, Glumax¼ 65%) (rmGlu5 EC50¼ 24 nM, Emax¼ 64%, agonist

shift¼ 1.9) [53]. In rat brain membranes, 47 displaced 95% [3H]-MPEP binding

with Ki¼ 377 nM. No activity was observed on mGlu1–4, mGlu8, or GABAB

receptors, and less than 50% activity at 10 μM was observed in binding studies

with 25 other CNS targets. Direct target engagement was assessed by receptor
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occupancy (RO) studies with 47 and unlabeled methoxyPEPy using LCMS detec-

tion. Oral dosing of 47 to rats 1 hour prior to methoxyPEPy dosing (IV) elicited

dose-dependent RO with ED50¼ 6.9 mg/kg and 87% maximum occupancy. Based

on an unbound brain fraction of 0.063, the total brain concentration (1,582 nM) at

the ED50 dose yielded an unbound brain concentration of 99 nM, which is within

4-fold of the in vitro Ki determination. Compound 47 had little to no effect on drug-

induced locomotor hyperactivity in rats. Oral doses of 47 up to 10 mg/kg in

amphetamine-treated rats and up to 30 mg/kg in PCP or SDZ220, 581 treated

rats, were ineffective in attenuating hyperactivity. From separate in vivo studies,

the unbound brain levels 80 min post-dose can be estimated as 125 nM at 10 mg/kg

and 257 nM at 30 mg/kg, both values higher than the in vitro EC50 but less than the

Ki [53, 72]. In the absence of additional data, this leaves open the question of

whether a higher dose would have worked in this assay. Compound 47 up to

10 mg/kg did not much affect baseline performance in the delayed-matching-to-

position (DMTP) test. However, 47 was found to improve performance in the

variable interval 30 s task and the DMTP task in rats treated with the competitive

NMDA receptor antagonist SDZ 220,581, albeit with a U-shaped dose–response

curve in the 1–10 mg/kg dose range. As well, 47 attenuated deficits in cognitive

flexibility in the neurodevelopmental MAM model of schizophrenia, but not in the

acute PCP model [73]. It was also found that 2.5, 5, and 10 mg/kg doses signifi-

cantly increased wakefulness in rats, as determined by EEG monitoring. The

clinical significance of these results is much anticipated.

Conformational constraints were used to confine the rotation of the eastern

secondary amide in many of the above series. Synthesis of a constrained analog

from the global energy minimum conformation of 33 gave 48 (Fig. 8), leading to a

3-fold increase in potency (hmGlu5 EC50¼ 5.9 nM, Glumax¼ 109%) [65]. Similar

to SAR for 33 and in the series mentioned above, changing the western phenyl

group to 2-pyridyl engendered a pharmacology switch to a functional NAM. The

isoindolone 50, with a western 3-fluorophenyl group and without an N-substituent,

retained good activity. Unlike its des-fluoro analog, 50 did not have agonist activity
(rat EC50¼ 66 nM, Glumax¼ 71%) [74]. Efficacy switching was observed with

small structural changes in this series.

Scientists at AstraZeneca made changes to the eastern bicyclic heterocycle to

obtain azabenzimidazole 51 (hmGlu5 EC50¼ 17.4 nM) and aza-oxazine 52

(hmGlu5 EC50¼ 30.2 nM), both of which maintained reasonable potency

[75]. Although 51 had better solubility at pH 7.4 and improved log P compared to

52 (42 μM and 3.1 vs 4 μM and 4.5), 52 proved more amenable to alkyne

replacement (Sect. 3.5).

Fused thiazoles were also optimized by Lundbeck to obtain potent PAMs. A

potent early lead 53 (LuAF11205, hmGlu5 EC50¼ 6.1 nM, Glumax¼ 167%, Fig. 8)

showed efficacy in the novel object recognition (NOR) assay as well as in the

phencyclidine disrupted NOR assay in rats [76]. However, in vitro metabolism of

53 produced a significant amount of glutathione adducts. To reduce nucleophilic

reactivity and maintain potency, a strategy was adopted that included introducing a

cyclic constraint and repositioning the carbonyl group. The fused N-methyl lactam
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thiazole 54 (Lu AF32105) maintained excellent potency (hmGlu5 EC50¼ 2.4 nM,

Glumax¼ 180%) and was selective vs other mGlu receptors but still showed signif-

icant reactivity with glutathione in human microsomes. Removing (55) or

relocating the amide carbonyl so that it was exocyclic (56) reduced glutathione

adduct formation. Compound 55 had good potency (hmGlu5 EC50¼ 34 nM,

Glumax¼ 110%) and improved solubility relative to 54. Compound 56 was slightly

more potent (hmGlu5 EC50¼ 18 nM, Glumax¼ 89%) but had poor solubility. The

intrinsic clearance was significantly lower for 56 compared to 54 and 55 (Fig. 8).

Efficacy switching from PAM to NAM was observed with small structural changes

within the fused thiazole series.

A patent application from Roche [77], broadly claimed mGlu5 positive allosteric

modulators with a glutamate shift less than 3 (at 10 μM), in order to ensure high

tolerability and safety. Previously disclosed specific examples included compounds

with a low glutamate shift such as 57 (EC50¼ 13 nM, Glumax¼ 33%, glutamate

shift hmGlu5¼ 1.75, glutamate shift rmGlu5¼ 1.44) and, for comparison, com-

pounds with higher glutamate shift like 58 (EC50¼ 10 nM, Glumax¼ 80%, hmGlu5
glutamate shift¼ 9.73, rmGlu5 glutamate shift¼ 7.67). Using 17 examples, it was

disclosed that compounds with glutamate shifts less than 3 were well tolerated

when dosed to rats (e.g., 57 at 100 mg/kg, route not specified), but compounds with

higher glutamate shifts caused seizures (e.g., 58 at 3 mg/kg). An interesting in vivo

test for mGlu5 PAMs in rats was described as correlating well with results from

pharmacological models with known relevance to schizophrenia, such as the

amphetamine-induced hyperlocomotion assay. Based on the well-studied body-

temperature-lowering effects of mGlu5 NAMs in rats, mGlu5 PAMs were found

Fig. 8 New generation of alkyne mGlu5 PAM series

Activation of the mGlu5 Receptor for the Treatment of. . . 161



to increase body temperature in a dose-dependent manner. In this assay 57 had

MED¼ 0.3 mg/kg and 58MED¼ 0.1 mg/kg (dosed by an injection route), so while

57 and 58 had similar activity in the body temperature assay, 57 was much better

tolerated at higher doses. In a following Roche patent application [78], the Michael-

addition-type reactivity of the molecules was evaluated in the presence of 5 mM

glutathione, and the potentially chemically reactive drugs were flagged. The

alkynyl pyrimidine derivative 59 (Fig. 8) while showing a potent activity PAM

(EC50¼ 9.1 nM) did not show a flag in the disclosed glutathione addition assay.

3.5 Alkyne Replacements

Replacement of the alkyne group in the aforementioned PAM series was also

investigated, and indeed other two-atom linkers produced active compounds.

These included amides as in VU0357121 60 (EC50¼ 33 nM, Glumax¼ 92%, glu-

tamate shift¼ 2.6; Fig. 9) [79]. Initially 60 did not appear to bind to the MPEP site

as it failed to displace [3H]-methoxyPEPy, similar to earlier observations with

CPPHA. However unlike CPPHA, 60 was susceptible to mutations in rat mGlu5
that affected MPEP and VU29 binding. Since 60 did not behave like CPPHA in

several other studies, it appeared 60 might be binding at a third distinct allosteric

site on mGlu5. Subsequently it was discovered that 60 was able to partially displace

(~35%) [3H]-methoxyPEPy binding at 30 μM [80]. Selectivity was observed for 60

relative to known mGlu receptors. Poor solubility and metabolic stability prevented

60 from being evaluated in vivo [81]. The series in general was characterized by

shallow SAR and so far has not yielded a NAM. Compound 61 (VU0365396)

however was found to be a SAM.

Methylene-oxy replacements for the alkyne are seen in compounds 62–64

(Fig. 9) and were reported by AstraZeneca and VCNDD/Janssen

Pharmaceutical team.

Oxazine 62 (an analog of alkyne 52) had good potency but high log P and modest

solubility (hmGlu5 EC50¼ 50.1 nM, logP¼ 3.5) [75]. Compound 63 (VU404251)

had sufficient potency (rmGlu5 EC50¼ 7.2 nM, Glumax¼ 83%, glutamate shift¼ 8.2),

selectivity vs other mGlu subtypes, and pharmacokinetics to allow in vivo efficacy

studies [72]. At 100 mg/kg PO, 63 reversed amphetamine-induced hyperlocomotion

in rats. Evidence supported 63 binding at the MPEP site, as it fully displaced

[3H]-methoxyPEPy with a rmGlu5 Ki¼ 153 nM [82]. Compound 64 was a weak

PAM in terms of EC50 but had a moderate 4.4 glutamate shift at 10 μM (hmGlu5
EC50¼ 1,195 nM, Glumax¼ 89%, glutamate shift¼ 4.4; rmGlu5 EC50¼ 3,408 nM,

Glumax¼ 62%). For 64, mGlu 1–4 and 6–8 had EC50> 10 μM, but given the

micromolar potency vs mGlu5, selectivity was not well established. Surprisingly, 64

was active in the rat amphetamine-induced hyperlocomotion assay at 10 to 100 mg/kg

PO. In separate pharmacokinetic studies, 10 mg/kg 64 gave brain Cmax¼ 522 nM,

well below the rat EC50 value. These series are typically partial PAMs as shown in

several patent applications from VCNDD. In particular compound 65 had

pEC50¼ 7.59 (EC50¼ 26 nM), Glumax¼ 61% on hmGlu5 cloned HEK cells; this
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molecule reversed hyperlocomotor activity induced by amphetamine (1 mg/kg SC) in

rats at the dose of 10 mg/kg PO (32% reversal of effect) [83]. It should be noted that

the piperazinone ring can be expanded to a [1,4]diazepinone while keeping PAM

activity. Extrusion of the carbonyl led to 66 (hmGlu5 pEC50¼ 6.78 (EC50¼ 166 nM)

Glumax¼ 68%); this molecule demonstrated 44% reversal at 30 mg/kg PO in the

amphetamine test [84]. Compound 67 shows a glutamate shift enantioselectivity.

While being very similar in terms of potency and efficacy, the S isomer 67 (hmGlu5
pEC50¼ 6.63 (EC50¼ 234 nM) Glumax¼ 55%) had a shift of 3.9 (10 μM), while the

R isomer (hmGlu5 pEC50¼ 6.42 (EC50¼ 380 nM) Glumax¼ 65%) had a shift of 10.4

(10 μM) [85]. Another class of derivatives like 68 has been described in a patent

application [86]; 68was still a partial PAM (hmGlu5 pEC50¼ 6.26 (EC50¼ 550 nM),

Glumax¼ 65%) and was active in the amphetamine hyperlocomotion rat model at

10 mg/kg PO. A parent compound, 5-(4-fluorobenzyl)-2-((3-fluorophenoxy)methyl)-

4,5,6,7-tetrahydropyrazolo[1,5-α]pyrazine 69 (VU0448187), has been shown to spe-

cifically activate the midazolam hydroxylase activity of CYP3A4 [87] leading to the

occurrence of potential drug-drug interaction. This compound is moderately potent

(hmGlu5 EC50¼ 1,900 nM).

3.6 N-Aryl Piperazines

Related N-aryl piperazine mGlu5 PAMs were independently discovered by

AstraZeneca, GSK, and VCNDD (Fig. 10). Compound 70 (CPPZ) resulted from
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SAR studies of substituted acetamide 4-aryl piperazine and piperidine HTS leads. It

had moderate PAM activity (human EC50¼ 550 nM), with similar potency

observed for the related 4-aryl piperidine analog [88]. On human mGlu5, the

maximum glutamate response in the presence of 70 was 80% that of glutamate

alone, and no agonist activity was observed. Compound 70 had no detectable

activity on mGlu 1–4 and 6–8 up to 25 μM.

In rat primary cortical neurons, 70 potentiated the response to 3,5-DHPG by 2.6-

fold at 3 μM and increased the maximal response by 24% [89]. In radioligand

binding studies, 70 completely displaced [3H]MPEP with a Ki of 2.37 μM, consis-

tent with binding at the MPEP site. Pharmacokinetic studies in rats showed high

plasma clearance (55 mL/min/kg), moderate volume of distribution (4.8 L/kg), 41%

oral bioavailability, and a 7.3-hour terminal half-life. Pharmacokinetic properties

trended similarly in dogs (t1/2¼ 2.9 h, F¼ 37%). Plasma protein binding was

highest in dog and lowest in human plasma (21% and 47% free, respectively). A

high brain/plasma ratio in rats (4.6) reflected excellent in vitro permeability and

lack of P-gp-mediated efflux. LTP induction in rat hippocampal slices was poten-

tiated 17% following a subthreshold stimulus train in the presence of 70 (100 nM).

MK-801-induced hyperlocomotion in mice was significantly reduced with

10 μmol/kg SC (the minimum effective dose) and 30 μmol/kg SC of 70. The

estimated unbound concentrations in brain were 300 and 900 nM, indicating that

brain levels above one half of the EC50 were required for activity. The same

pharmacodynamic conclusion was reached in a rat conditioned avoidance response

(CAR) test, where 70 showed a dose-dependent decrease in avoidance responding

at estimated unbound brain levels between 330 and 650 nM.

A similar compound, N-aryl piperazine 71, was disclosed in a patent application
from GSK [90]. Published information about 71 is restricted to the patent applica-

tion, which reported that the human mGlu5 PAM pEC50 was greater than 6.0

(EC50< 1 μM).

The N-aryl piperazine 72 (VU0364289) was derived from a structurally related

mGlu5 NAM.While exploring the SAR of piperazine adamantyl amide mGlu5 NAM

HTS lead 73 (IC50¼ 0.99 μM, 3.75% Glumax), it was discovered that a benzyloxy

acetamide analog was a weak PAM and that benzyloxy acetamide was a molecular

switch in this series. This discovery was pursued further to obtain PAM 72 (initial
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Fig. 10 Chemical structures of N-aryl piperazine mGlu5 modulators
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rmGlu5 EC50¼ 1.6 μM) [91, 92]. Extensive studies at VCNDD compared 72–74

(Fig. 10), a compound originally disclosed in an AstraZeneca patent application

[93]. Functional rat mGlu5 activity was determined in a Ca2+ mobilization assay for

72 and 74 (EC50¼ 450, 120 nM; Glumax¼ 100%, glutamate shift¼ 7.3, 17.2 fold at

30 μM, respectively) [94]. Partial agonism of mGlu5 was observed at 100 μM (72)

and 30 μM (74), and effects on potentiation of other mGlu receptors were not

detected up to 10 μM. Evaluation of progressive glutamate fold-shift data using an

operational model of allosterism showed that both 72 and 74 exerted their effects

mainly by efficacy modulation (β¼ 7.9, 13.8, respectively) rather than glutamate

affinity modulation (KB¼ 6.6, 4.8 μM). Binding to the MPEP site was supported by

several studies: [3H]-methoxyPEPy competition binding results (72 Ki¼ 15 μM, 74

Ki¼ 8 μM), effects of 5MPEP on concentration response curves, and the impact of

point mutations A809V and F585I on potentiation (decrease and no effect, respec-

tively) [21, 94]. Potentiation of glutamate-induced pERK1/2 and analysis of the fold-

shift data using an operational model of allosterism revealed higher affinity estimates

for 72 and 74 (KB¼ 513, 135 nM) and lower cooperativity (β¼ 1.4,1.3) compared to

effects on calcium mobilization. Of note, both 72 and 74 (3 μM) acted as agonists to

induce phosphorylation of ERK1/2 with greater efficacy than glutamate.

Pharmacokinetic studies demonstrated that micromolar plasma levels could be

achieved in rats with 10 mg/kg IP doses of 72 and 74 (Cmax¼ 3.8, 3.0 μM,

Tmax¼ 0.15 h). Concentration-time plots from time course studies showed that 74

maintained higher brain and plasma levels through 6 hours (�270 nM) compared to

72 (~30 nM at 3 h). Both 72 and 74 had good brain/plasma ratios (1.09, 1.26) and

free fraction (0.10, 0.04).

In rats, 72 and 74 dose-dependently reversed amphetamine-induced

hyperlocomotion, at minimum effective doses of 56.6 and 30 mg/kg IP. Activity

was also observed in the NR1KD transgenic mouse model of NMDAR

hypofunction, where 74 (30 and 56.6 mg/kg IP) reversed hyperlocomotion. In this

same mouse model, 74 had no effect at 10 mg/kg IP on cognitive performance

(y-maze test) or social interactions. In another cognition test, 74 was active in

contextual fear conditioning at a dose much lower than those required to reverse

hyperlocomotion (0.56 mg/kg IP). However 74 did not reverse apomorphine-

induced disruption of prepulse inhibition of the acoustic startle reflex even at

30–100 mg/kg IP. In rat sleep-wake architecture studies, acute oral doses of 74 at

30 and 100 mg/kg primarily increased passive wakefulness. Monoamine release in

the rat prefrontal cortex (PFC) was dose dependent; at 10 mg/kg PO norepinephrine

increased 200% over control, while at 30 and 100 mg/kg PO, there was a 300–500%

increase in norepinephrine, dopamine, and serotonin levels.

3.7 Miscellaneous

The N-aryl glycine sulfonamide 75 (VU400100, Fig. 11) is an mGlu5 PAM that

does not appear to bind to the MPEP site, based on radioligand studies with
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[3H]-methoxyPEPy (Ki> 30 μM) [79, 95]. It had modest activity on rat and human

receptors (rmGlu5 EC50¼ 398 nM, Glumax¼ 61%, hmGlu5 EC50¼ 4.5 μM,

Glumax¼ 70%). Extensive first-pass hepatic metabolism occurred after oral dosing

in rats. Better exposure was obtained with IP or SC administration, which allowed a

determination that 75 was brain penetrant (brain/plasma AUC ratio¼ 0.4). Like

CPPHA, SAR studies with 75 showed steep SAR, and no molecular switches have

been identified to date. Low-energy shape-based alignment of 75 with other mGlu5
modulators showed a preferred fit for CPPHA 2 relative to MPEP-based modula-

tors; however data was not presented to support the implication that 75 was binding

at the CPPHA site.

3.8 Radiolabelled Agents

A radioligand analog of the mGlu5 antagonist, MPEP, [3H]-methoxyPEPy ([3H]-3-

methoxy-5-(pyridine-2-ylethynyl)pyridine), has provided a valuable tool for

mapping mGlu5 allosteric binding sites. The ability of mGlu5 PAMs with diverse

structures to compete for binding of [3H]-methoxyPEPy has been used to

determine whether multiple allosteric sites exist on mGlu5. The mGlu5 PAMs

DFB 1, CDPPB 4, ADX47273 13, VU29 5, and Lundbeck alkyne 33 competed

with [3H]-methoxyPEPy binding. VU0357121 60 shares a functional interaction

with the MPEP site [79]. In contrast, CPPHA 2 and VU400100 75 did not displace

[3H]-methoxyPEPy binding [96]. VU400100 75 is structurally unrelated to CPPHA

2, and there is no published data regarding its interaction with that site, so its

binding site is currently unknown. Overall, these studies have resulted in clustering

mGluR5 PAMs as binding to MPEP and non-MPEP sites.

A dedicated effort at AstraZeneca sought suitable mGlu5 PAM ligands for

radiolabelling and imaging studies and identified 76 (PBPyl) as a good candidate

(Fig. 11). In a FLIPR assay, it had similar activity on human recombinant mGlu5
(EC50¼ 87 nM, Glumax¼ 89%) and rat cortical neurons (EC50¼ 81 nM,

Emax¼ 42%), so that activity in the overexpressing human cell line might translate

to a native preparation [97]. It should be noticed that only mGlu2 showed selectivity

for PBPyl (EC50¼ 430 nM). A single tritium was introduced to 76 in one step

using Ir-catalyzed tritium hydrogen exchange with Crabtree™ catalyst, to give

[3H]-PBPyl. In recombinant hmGlu5 membranes, [3H]-PBPyl demonstrated satu-

rable binding and Kd¼ 18.6 nM, Bmax¼ 8,634 fmol/mg. Reference mGlu5 NAM
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and PAM compounds displaced [3H]-PBPyl in a concentration-dependent manner:

MPEP Ki¼ 1.42 nM, VU29 5 Ki¼ 144 nM, and ADX47273 13 Ki¼ 5,800 nM.

PBPyl had reasonable brain penetration (brain/plasma ratio¼ 0.35). However low

solubility, high lipophilicity (clogP¼ 4.26), large volume of distribution, and high

plasma protein binding (99.4%) made it unsuitable for in vivo studies. As the first

mGlu5 PAM radiolabel, it will prove useful for in vitro studies.

4 Mutagenesis Studies and Mapping of mGlu5 Allosteric

Sites

Table 1 summarizes the functional SAR and putative binding sites of the various

classes of mGlu5 PAMs presented in this article. The functional PAM/NAM

continuum means that there are chemical variations in the same series leading to

molecules with opposite functional activity. The mapping of allosteric sites on

mGlu5 has been pursued through mutagenesis studies of amino acid residues to

determine whether mGlu5 PAMs bind to the same or different sites than the

allosteric antagonist, MPEP 21. Previously, amino acid residues within TM3,

TM5, TM6, and TM7 were identified to contribute to the MPEP antagonist alloste-

ric site. Specifically, amino acid residues Ala-810 in TM7, and Pro-655 and Ser-658

in TM3, were identified as essential residues in human mGlu5 to support

methoxyPEPy binding [62]. Of the equivalent residues in rat mGlu5, it was found

that Ala-809 and Pro-654 were important for MPEP binding and activity, but not

Ser-657. The residues Thr-780, Trp-784, Phe-787, and Tyr-791 in TM6, Leu-743 in

TM5, and Tyr-658 in TM3 were also found to be important for MPEP binding and

activity [63]. The structurally unrelated NAM fenobam was found to depend on the

same rat mGlu5 residues as MPEP and methoxyPEPy, with the exception of

Leu-743 in TM3 (no effect on binding) and Arg-647 in TM3 (important for binding)

[98]. Thus these NAMs share some of the same binding site. A different study

identified two additional mutations in human mGlu5 that significantly decreased

MPEP activity, Ser-809 in TM7 and Ile-651 in TM3 [99].

Site-directed mutagenesis of these amino acid was subsequently explored to

determine if they were also essential for mGlu5 PAM activity. Mutations in the rat

receptor that disrupted the increase in functional response to DFB 1 were observed

for Ser-657, Thr-780, and Met-801. Interestingly, an increase in DFB potentiation

of quisqualate EC50 and Emax occurred with mutations at Leu-743 and Trp-784,

while Phe-787 substituted with Ala caused DFB to become a weak partial antag-

onist. Except for Met-801 in TM7, which has not been much studied, all of these

residues were found to affect one or more NAMs above, indicating overlap in the

binding site with DFB 1 [100]. In other studies, substitution of Ala-810 with valine

in human mGlu5 resulted in a significant reduction on the functional potency of

PAMs CDPPB 4, VU29 5, ADX47273 13, and Lundbeck alkyne 33, but had no

effect on the functional potency of CPPHA 2 [Jacobson, unpublished results].
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A small decrease in potency was observed for DFB 1 with substitution of

Ala-810 with valine. A decrease in functional potency was also observed with

substitution of Pro-655 with serine for ADX47273 13, Lundbeck alkyne 33, and

MPEP 21; however, no effect on the functional potency of CDPPB 4, VU29 5, DFB

1, and CPPHA 2 was observed [Jacobson, unpublished results].

These results suggested that the binding sites for ADX47273 13, Lundbeck

alkyne 33, and MPEP 21 on mGlu5 might be in common, whereas CDPPB 4,

Table 1 Properties of mGlu5 PAM ligands

Compound

Name, chemical

class

PAM/

NAM

continuum

MPEP site

competitive References

DFB, 1

Benzaldazine

Yes Yes [101]

CPPHA, 2

Dioxoisoindolinyl-

methylphenyl

benzamide

No No [96, 102]

CDPPB, 4

Diphenyl pyrazole

Yes Partial overlap [41]

ADX47273, 13

Piperidinyl

oxadiazole

Yes Partial overlap [49]

Lundbeck cpd, 33

Diarylalkyne

Yes Yes [65]

VU0357121, 60

Diacrylamide

PAM/

SAM

Partial overlap [79]

VU404251, 63

Diarylether

unknown Yes [82]

CPPZ, 70

N-aryl piperazine
Yes Yes [88]

VU400100, 75

N-arylglycine
sulfonamide

No No (unknown for

CPPHA)

[96]

PBPyl, 76

Pyridyloxybenzyl

isoindolinone

Unknown Yes [97]
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VU54, and DFB 1 may have some overlap with the MPEP binding site. In contrast,

the functional activity of CPPHA 2 was not affected by the amino acid substitutions

suggesting that CPPHAmay not require the same amino acid contacts as MPEP and

might bind to another non-MPEP site [101]. This is consistent with results where

modification of a residue in TM1, F585 to isoleucine, led to loss of CPPHA 2 and

NCFP 3 potentiation of mGlu5 [26, 102].

Studies on a group of PAMs structurally related to 33 expand on the results

above. Picolinamides VU0403602 38, VU0405398 40, and VU0405386 42 had

about 10-fold higher affinity for mGlu5 than their nicotinamide analogs

VU0360172 37, VU0367173 39, and VU0415051 41 (Fig. 7). These six mGlu5
PAMs were tested on mutant rat mGlu5 receptors to assess the effect of various

point mutations on affinity and cooperativity, using an operational model of

allosterism [80]. Affinity for all six compounds was significantly impacted by

mutations at three conserved residues (Tyr-658, Thr-780, Ser-808) and two

nonconserved residues (Pro-654, Ala-809), so that these amino acids were deemed

critical for PAM affinity within this series. Point mutations that altered

cooperativity, sometimes drastically, were also identified. Mutation of Tyr-658 to

valine switched picolinamide VU0405398 40 from a PAM to a weak NAM, while

the other five compounds lost all potentiation. Mutation of Thr-780 to alanine in

TM6 converted nicotinamide VU0415051 41 to a weak NAM and led to loss of

potentiation for the other two nicotinamides, VU0360172 37 and VU0367173 39,

without significantly affecting the picolinamides. The largest effect was seen for

Ser-808 substituted with alanine in TM7, which converted VU0405398 40 from a

weak PAM to a full NAM, and VU0405386 42 from a PAM to a SAM.

In the absence of structural information, it is difficult to conclude with certainty

that mGluR5 PAMs bind at distinct or overlapping sites, or whether they interact

indirectly through an allosteric mechanism. Since a crystal structure of the trans-

membrane region of a family C GPCR has yet to be determined, modeling studies

of ligands with the receptor have relied on the generation of homology models of

mGlu5. Differences in construction and ligand modeling have produced a number

of homology models of NAM and PAM binding [62, 80, 98–100, 103, 104].

A homology model for the human mGlu5 receptor was generated using a

combination of published sequence alignments [62, 98, 102] and the rhodopsin

crystal structure, 1L9H. Ten models were built with MOE (molecular operating

environment) using default values, and the final model was minimized using Merck

molecular force field 94. Ligands were docked using FLOG (flexible ligand ori-

ented on grid), and essential points of contact were derived from point mutation

data to orient the ligands in the transmembrane domains. The potential overlap of

binding sites for MPEP and the mGlu5 PAMs, ADX47273 13, CDPPB 4, and

Lundbeck 33 is illustrated in the homology model shown in Fig. 12. The docking

results shown were guided by the change in functional potencies resulting from the

point mutagenesis. The model supports Lundbeck 33 sharing the most overlap with

the MPEP binding site. ADX47273 13 was found to partially overlap with

MPEP with positioning in the interface of TM3, TM6, and TM7. In comparison,

CDPPB partially overlaps with the MPEP binding site. However, the ligand is
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positioned further from the Pro-655 in comparison with MPEP and the other PAMs

modeled.

A model proposing a common allosteric binding site on mGlu5 shared by PAMs

of diverse scaffolds is further supported by a recent report by researchers at

VCNDD and Monash University [104]. Using the rat mGlu5 as a template, the

effect of site-directed mutagenesis of residues previously identified as affinity

determinants of mGlu5 PAMS and NAMs (P654, Y658, T780, W784, S808, and

A809) was assessed with diverse scaffolds. Similar to the model developed for the

human mGlu5, a common allosteric binding site with the long axis of the scaffolds

positioned parallel to TM3 and TM7 was postulated. The contribution of W784

in TM6 of rat mGlu5 (human W785, Fig. 12) is a key determinant of NAM

cooperativity and is responsible for the molecular switch of NAM to PAM activity

for two NAM scaffolds, VU366248 and VU366249.

5 mGlu5 PAMs as a Novel Treatment for Schizophrenia: In

Vivo Validation

There is growing in vivo evidence supporting the notion that positive allosteric

modulators of the mGlu5 receptor can offer therapeutic benefit in treatment of

patients with schizophrenia. Thus far, the preclinical research efforts have been

focused on evaluation of efficacy of mGlu5 PAMs in rodent models of positive

symptoms and cognitive abnormalities of schizophrenia, while those linked to

negative symptoms of the disease received less attention.

Amphetamine-induced hyperactivity in rodents has been traditionally used as

one of the first screening assays for evaluation of antipsychotic-like efficacy of

TM1
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TM2

TM2

TM3
TM3

TM4
TM4

TM5TM5

A810V A810V

P655SP655S

TM6
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TM7
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Fig. 12 A hmGlu5 receptor homology model with binding poses for PAMs (a) CDPPB 4 (cyan),
ADX47273 13 (purple), Lundbeck 33 (gray) and (b) MPEP 21 (NAM). Amino acid residues

Ala-810 Pro-655 and Trp-785 side chains shown
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novel compounds. The hyperactivity is believed to be mediated by mesolimbic

dopamine pathway and is sensitive to typical and atypical antipsychotic drugs

[105]. A wide range of mGlu5 PAMs with distinct chemical scaffolds, CDPPB 4,

ADX47273 13, 5PAM523 15, VU0360172 37, VU0364289 66, and DPFE 68,

caused robust reductions in amphetamine-induced hyperactivity in rodents [4, 50,

66, 89, 94, 96, 106], consistent with a potential role for mGlu5 PAMs in treatment of

positive symptoms of schizophrenia. Evaluation of mGlu5 PAMs in other pharma-

cological models of psychosis involving indirect (amphetamine) or direct (apomor-

phine) dopamine agonists revealed similar results. For example, ADX47273 13

reduced apomorphine-induced hyperactivity as well as apomorphine-induced

climbing in mice [4], revealing a profile that is also seen in mice treated with an

atypical antipsychotic drug clozapine [107]. The effect of ADX47273 in the

climbing assay appeared to be mGlu5 receptor specific, as its antagonists, MPEP

and MTEP, markedly attenuated the effect of ADX47273 [4]. The effects of mGlu5
PAMs in models involving behaviors stimulated by dopamine agonists could, in

part, be mediated by the reduction of dopamine neurotransmission, as ADX47273

reduced extracellular concentrations of dopamine in the nucleus accumbens, the

projection target of the mesolimbic dopamine pathway, in awake, freely moving

rats [108]. It is important to note that ADX47273 had only minimal effects on

apomorphine-induced stereotypy, believed to be mediated by nigrostriatal dopa-

mine pathway and did not alter concentrations of dopamine in the striatum of freely

moving rats [4]. Such selective reduction in mesolimbic relative to nigrostriatal

dopamine has been also observed in animals treated with antipsychotic drugs [107].

In another standard screening model for antipsychotic efficacy, the conditioned

avoidance response (CAR) test in the rat [109], ADX47273, dose-dependently

decreased avoidance responding, without increasing the number of no-response

trials [4]. Similar effects have been seen in animals treated with typical and atypical

antipsychotic drugs [109]. As seen in apomorphine-induced climbing assay, the

effect of ADX47273 in the CAR was significantly attenuated by pretreatment of

animals with mGlu5 antagonists MPEP or MTEP confirming the target specificity

of the effect [4].

Further, in a model relevant to the sensory-motor deficits observed in schizo-

phrenic patients, ADX47273 reversed amphetamine-induced disruption of the

prepulse inhibition (PPI) of the acoustic startle test in the rat [89]. In accord with

these findings, CDPPB and an mGlu5 receptor agonist CHPG reversed

amphetamine-induced disruption of PPI in rats [30, 109]. These effects were

specific to the PPI deficit, as the compound did not impact the baseline PPI

performance in drug-naı̈ve animals. The effects of mGlu5 activators in models

involving pharmacological disruption of PPI are well aligned with the evidence

that mGlu5 knock-out mice exhibit consistent deficits in PPI in comparison to their

wild-type controls [109, 110].

As there is a close association between the mGlu5 and NMDA receptors,

evaluation of mGlu5 PAMs in a set of pharmacological models of psychosis

involving behavioral responses induced by NMDA receptor antagonists is particu-

larly important. ADX47273 reduced PCP-induced hyperactivity in mice [4] and
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ketamine-induced hyperactivity in rats [14], providing additional evidence

supporting its antipsychotic-like profile. Also, a genetic model of NMDA receptor

hypofunction, DPFE 68 reduced locomotor hyperactivity exhibited by NR1KD

mice [111]. These animals have approximately 90% reduction in functional

NMDA receptors in limbic and forebrain regions and exhibit a series of behavioral

alterations believed to be relevant to symptoms of schizophrenia [111].

While the majority of studies involving evaluation of mGlu5 PAMs in models of

positive symptoms of schizophrenia showed a clear efficacy of these compounds,

few reported lack of efficacy or only marginal activity. For example, [112] was

unable to detect efficacy of ADX47273 in PCP-induced hyperactivity in the rat.

Also, in the amphetamine-induced hyperactivity test in the rat, Gilmour et al. [53]

detected only negligible activity of CDPPB 4 and ADX47273 13 and recently

characterized mGlu5 PAMs, LSN2814617 20, and LSN2463359 47. Currently,

the reasons of this discrepancy are not understood, but one can speculate that the

choice of the pharmacological agent used, the experimental variables (e.g., the

strain of rats used), or aspects of pharmacological characteristics of various groups

of PAMs (e.g., affinity vs cooperativity in the PAM/glutamate interaction [94]) may

have an impact on the behavioral outcome.

There is a growing body of evidence suggesting that mGlu5 PAMs show

pro-cognitive effects in drug-naı̈ve, intact animals as well as in models of impaired

cognitive functioning, together supporting the notion that in addition to positive

symptoms, mGlu5 PAMs can improve cognitive functioning in patients with

schizophrenia. For example, in the novel object recognition (NOR) test performed

in drug-naı̈ve rats, ADX47273 dose-dependently reduced natural forgetting,

improving recall following a 48-h delay [4]. Previously, it has been reported that

activation of Group I mGlu receptors in the perirhinal cortex is necessary for the

acquisition, but not consolidation or retrieval of object recognition memory

[113]. ADX47273 13 also reduced natural forgetting assessed in the NOR test in

mice [114]. In the five-choice serial reaction time (5-CSRT) test performed in drug-

naive rats, ADX47273 reduced premature responding, indicative of inhibition of

impulsivity, albeit without improving percentage of correct responding. The

5-CSRT test in the rat is believed to represent a preclinical analog of the continuous

performance test, a widely used cognitive test for evaluation of impulsivity and

attention in humans [115]. The ability of ADX47273 to reduce premature

responding in rats suggests that allosteric activation of mGlu5 may reduce impul-

sivity observed in schizophrenic patients [116].

In a model of cognitive functioning, involving assessment of hippocampus-

dependent learning task in drug-naı̈ve animals, the contextual fear conditioning

test in mice [117], DPFE 68 enhanced acquisition of conditioning [94]. Interest-

ingly, DPFE also increased concentration of monoamines and serotonin in the

prefrontal cortex of freely moving rats [94], consistent with previously reported

profile of an atypical antipsychotic drug, risperidone [118, 119]. In another

hippocampus-dependent spatial learning task performed in drug-naı̈ve animals,

the Morris water maze (MWM) test in rats, ADX47273 and CDPPB 4 reduced
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the number of days required to reach the acquisition criteria, indicative of cognitive

enhancement [120].

Signs of perseveration and lack of cognitive flexibility have been commonly

described in schizophrenia patients. Several studies provided evidence that mGlu5
PAMs can improve cognitive flexibility in these patients. For example, in the

MWM test in drug-naı̈ve mice, ADX47273 administered before the reversal train-

ing decreased the latency to learn the position of the platform, indicative of the

enhancement of cognitive flexibility [121]. These results are well aligned with those

indicating that mGlu5 KO mice show impairment in reversal learning in the MWM

test [122]. Also, in a model of pharmacologically disrupted cognitive flexibility, the

set-shifting test disrupted by MK-801 in the rat, CDPPB 4, improved cognitive

flexibility [123]. Also, in another study, mGlu5 PAMs reversed NMDA-induced

deficit in the set-shifting test in the rat [35]. The set-shifting test in the rat is believed

to represent a preclinical analog of the Wisconsin card sorting test, a widely used

cognitive test for evaluation of cognitive flexibility in humans. It has been shown

that schizophrenia patients exhibit marked deficits in the performance of the

Wisconsin card sorting test. Thus, improvement of cognitive flexibility in drug-

naı̈ve animals together with reversal of the pharmacologically induced deficit in

cognitive flexibility following treatment of mGlu5 PAMs suggests that these com-

pounds have a potential in reversing deficits in cognitive flexibility exhibited by

schizophrenia patients.

While ADX47273, CDPPB 4, and DPFE 68 have shown pro-cognitive effects in

several tests across number of laboratories, effects of newly characterized PAMs,

LSN2814617 20, and LSN2463359 47 provided conflicting results. On the one

hand, in a neurodevelopmental model of schizophrenia based on the disruption of

neurogenesis on gestational day 17 with MAM (methyl azoxy methanol E17 model;

[124, 125]), LSN246339 20 selectively attenuated reversal learning deficits

[73]. On another hand, LSN246339 failed to attenuate reversal learning deficit

induced by PCP [73]. The lack of effect in the latter test might be related to the

pharmacological mechanism of learning deficit, as LSN246339 attenuated reversal

learning deficit associated with the competitive NMDA antagonist SDZ 220,581

[73]. In fact, in this experiment LSN246339 reduced perseverative deficits and

reduced the number of regressive errors [73]. Previously, it has been shown that

lesions in the orbitofrontal cortex and infralimbic cortex in the rat results in

impairment in reversal learning in the form of increased perseverative and “new

learning” errors, respectively [126]. It can be hypothesized that activation of mGlu5
receptors located in these regions with a PAM can eliminate cognitive deficits in

learning and cognitive flexibility observed in schizophrenia patients.

There is indirect, electrophysiological evidence supporting the role of mGlu5
PAMs in cognition. For example, mGlu5 receptor activation has been found to

facilitate NMDA currents [127], long-term potentiation (LTP) [120, 128, 129] and

long-term depression (LTD ) [120, 130, 131]. The LTP and LTD are thought to play

an important role in learning and memory [132, 133]. In accord with these findings,

mGlu5 KO mice showed deficits in NMDA currents, NMDA-mediated synaptic

plasticity and learning [134, 135]. Also, an mGlu5 PAM, CPPHA increased
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phosphorylation of ERK and CREB in hippocampal slices [136], two signaling

molecules that are believed to play an important role in learning and memory. A

follow-up study showed increases in phosphorylation of ERK and CREB in the

hippocampus and prefrontal cortex following treatment with ADX47273 13 [4].

There is accumulating evidence suggesting that mGlu5 PAMs can elicit signif-

icant changes in sleep/wake architecture, which may further augment pro-cognitive

effects of these compounds. Specifically, DPFE increased wakefulness in the rat

[94]. Increases in wakefulness and light sleep have been reported in rats treated with

CDPPB [50]. Also, the novel mGlu5 PAMs, LSN2463359 47 and LSN2814617 20,

that showed only marginal effects in models of positive symptoms of schizophre-

nia, showed robust increases in wakefulness in the rat [53].

So far there has been only one study which evaluated effects of mGlu5 PAMs in

animal models of negative symptoms. According to [37] acute administration of

CDPPB eliminated deficit in sucrose consumption caused in rats by MK-801, in a

manner similar to that seen with acute D-serine or subchronic clozapine, but not

subchronic haloperidol. MK-801-induced reduction in sucrose consumption in the

rat is believed to mimic features of anhedonia (reduced experience of pleasure),

which is one of the core component of negative symptoms of schizophrenia [137,

138]. This is the first evidence that activation of mGlu5 with a PAM can offer

therapeutic benefit in treatment of negative symptoms as well as positive symptoms

and cognitive abnormalities in patients with schizophrenia.

6 Conclusion

In the time since this first report of the discovery of a mGlu5 positive allosteric

modulator a decade ago, our understanding of the medicinal chemistry and phar-

macology of mGlu5 PAMs has been advanced through the significant contributions

of academic and pharmaceutical research groups. Several structural series have

emerged from these efforts, many with demonstration of robust in vivo efficacy in

rodent models of schizophrenia symptomatology. The availability of diverse ana-

logs has provided valuable probes to facilitate studies to explore questions of

whether these analogs share binding sites and/or overlap with the binding site for

the mGlu5 NAM, MPEP. The discoveries of new mGlu5 PAMs have enabled

studies to address the potential for selective activation of signaling pathways and

biased ligands have been identified. Characterization of mGlu5 PAM activity in

native preparations has revealed that PAMs may have differences in functional

activity in CNS circuits. Recently, the relationship between positive allosteric

modulation of mGlu5 receptors and neurotoxicity has been reported with structural

diverse mGlu5 PAMs. These results have led some to question whether mGlu5
PAMs are a viable therapeutic path and if safe treatments could be developed.

Based on the recent findings, the safety margin for mGlu5 PAMs might be narrow;

however the challenge remains to identify and develop mGlu5 PAMs devoid of

intrinsic agonist activity with low to moderate glutamate shifts while maintaining
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in vivo activity in animal models predictive of therapeutic efficacy. Optimizing

PAMs with high affinity would also aid in the discovery of radiolabelled mGlu5
PAMs for in vitro and in vivo studies. With the availability of robust and predictive

assays to characterize the in vitro pharmacological profile of mGlu5 PAMs, and a

better understanding of desired properties to translate into in vivo models to define

PK/PD correlations, it is highly likely that mGlu5 PAMs will be discovered and

advanced into development of a new non-dopaminergic approach for the treatment

of schizophrenia.
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57. Gasparini F, Lingenhöhl K, Stoehr N et al (1999) 2-Methyl-6-(phenylethynyl)pyridine

(MPEP), a potent selective and systemically active mGlu5 receptor antagonist. Neurophar-

macology 38:1493–1503

58. Cosford ND, Tehrani L, Roppe J et al (2003) 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]-pyri-

dine: a potent and highly selective metabotropic glutamate receptor subtype 5 receptor

antagonist with anxiolytic activity. J Med Chem 46:204–206

59. Cosford ND, Roppe J, Tehrani L et al (2003) [3H]-methoxymethyl-MTEP and

[3H]-methoxy-PEPy: potent and selective radioligands for the metabotropic glutamate

subtype 5 (mGlu5) receptor. Bioorg Med Chem Lett 13:351–354

60. Rodriguez AL, Nong Y, Sekaran NK et al (2005) A close structural analog of 2-methyl-6-

(phenylethynyl)pyridine acts as a neutral allosteric site ligand on metabotropic receptor

subtype 5 and blocks the effects of multiple allosteric modulators. Mol Pharmacol

68:1793–1802

61. Vanejevs M, Jatzke C, Renner S et al (2008) Positive and negative modulation of group I

metabotropic glutamate receptors. J Med Chem 51:634–647
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Muscarinic Acetylcholine Receptor

Activators

Takaaki Sumiyoshi and Takeshi Enomoto

Abstract Modulation of muscarinic acetylcholine receptors (mAChRs) is one of

the most attractive therapeutic strategies for the treatment of schizophrenia. Pilot

clinical studies of the M1/M4 mAChR-preferring agonist xanomeline as well as

animal studies using M1–M5 mAChR knockout mice suggest that selective activa-

tion of M1 and/or M4 mAChRs is a key concept in the treatment of psychosis and

cognitive deficits in patients with schizophrenia. However, over the past two

decades, clinical development of mAChR agonists has not been successful mainly

due to these agents’ narrow safety margin caused by the lack of true subtype

selectivity. However, recent advances in medicinal chemistry might enable

researchers to overcome the hurdles that earlier mAChR agonists failed to pass.

Here, we describe recent advances in the development of subtype-selective mAChR

activators for treatment of schizophrenia.

Keywords Allosteric agonists, M1 muscarinic acetylcholine receptor, M4 musca-
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1 Introduction

Schizophrenia is a heterogeneous disease with a diverse symptomatology that

includes three major types of symptoms: (1) positive symptoms (e.g., hallucinations,

delusions, and excitement), (2) negative symptoms (e.g., flattened affect, apathy, and

social withdrawal), and (3) cognitive deficits (e.g., deficit in working memory,

executive function, attentional processing, and memory) [1, 2]. Dopamine D2 recep-

tor antagonists are currently used to treat schizophrenia, particularly its positive

symptoms. However, there is an ongoing need for alternative approaches, consider-

ing the dose limitation imposed on D2 receptor antagonists due to their extrapyra-

midal side effects (EPS) [3] and the increasing number of non-responders to D2

receptor antagonists [4]. Another disadvantage of current D2 antagonists is their poor

efficacy on schizophrenia negative symptoms and cognitive dysfunction [5, 6].

The muscarinic hypothesis of schizophrenia postulates that disturbance in the

muscarinic acetylcholine (ACh) system plays a crucial role in the pathophysiology

of schizophrenia [7]. Multiple lines of evidence from neuroimaging, postmortem,

and preclinical and clinical pharmacology studies support this hypothesis. In fact,

the clinical trial of xanomeline, the M1/M4 muscarinic ACh receptors (mAChRs)-

preferring agonist, in patients with schizophrenia provides the proof of concept that

activation of M1/M4 mAChRs is effective for the positive, negative, and cognitive

symptoms of schizophrenia [8]. In addition, recent findings from behavioral studies

using M1 or M4 mAChR-deficit mice revealed that activation of the M1 mAChR

might be effective mainly for certain types of cognitive deficits, whereas stimula-

tion of the M4 mAChR may provide benefits for psychosis associated with schizo-

phrenia [9]. In this article, we summarize the medicinal chemistry of mAChRs

activators as new candidates for treatment of schizophrenia symptoms.

2 Involvement of mAChRs in Schizophrenia

Many important physiological actions of ACh are mediated by mAChRs. The

mAChRs are members of the rhodopsin-like G-protein-coupled receptors

(GPCRs) and have five mAChR subtypes (M1–M5) [10–13]. The M1, M3, and M5

mAChRs couple to Gq/11 proteins, whereas the M2 and M4 mAChRs couple to Gi/o

proteins. Each mAChRs subtype shows a different pattern of distribution. The M1,

M4, and M5 mAChRs are predominantly distributed in the central nervous system

(CNS), whereas the M2 and M3 mAChRs are distributed in both the CNS and

peripheral systems [9, 12].

A neuroimaging study has shown that subjects with schizophrenia exhibit

abnormalities of brain mAChRs [14]. Single-photon emission computed tomography

using a nonselective muscarinic ligand [123I]-iodoquinuclidinyl benzilate ([123I]-I-

QNB) revealed lower mAChRs availability in the cortex and basal ganglia of

unmediated subjects with schizophrenia than in those of healthy subjects. More

importantly, the severity of positive symptoms in these patients negatively correlated

with mAChRs availability.
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Information on schizophrenia-associated alterations in each mAChR subtype

comes from postmortem studies [7]. Binding levels of [3H]-pirenzepine, a M1 and

M4 mAChRs-preferring ligand, are reduced in the prefrontal cortex and hippo-

campus of patients with schizophrenia [15–17]. Expression levels of mRNA for M1

and M4 mAChRs are also decreased in the prefrontal cortex and hippocampus of

these patients, respectively [16, 18]. However, no alterations in mRNA expression

levels for M2 and M3 mAChRs are detected in the prefrontal cortex of patients with

schizophrenia [19]. Interestingly, a recent study has shown that the schizophrenia

cohort can be divided into two distinct populations based on cortical [3H]-

pirenzepine binding density [20]. The first subpopulation of patients with schizo-

phrenia (26% of all subjects) show marked reduction of cortical [3H]-pirenzepine

binging and were accordingly termed by Scarr and colleagues “muscarinic

receptor-deficit schizophrenia.” On the other hand, there is no difference in [3H]-

pirenzepine binding between the second subgroup of patients and control subjects.

Since mAChRs-deficit in this subgroup was found in postmortem studies, it remains

to be investigated how mAChRs-deficiency, particularly dysfunction of M1 and M4

subtypes, contributes to schizophrenia psychotic and cognitive symptoms, and what

would be the outcome of appropriate treatment.

3 Phenotypes of M1, M4, or M5 mAChR-Deficient Mice

Studies with M1–M5 mAChRs knockout mice have provided important information

on the potential roles of individual mAChR subtypes in the pathophysiology of

schizophrenia [9]. It is well known that nonselective mAChR antagonists, such as

scoplomanine, impair a wide range of cognitive functions [21]. However, M1

mAChR knockout mice have been found to exhibit no impairment of learning and

memory in the Morris water maze and contextual fear conditioning tests

[22, 23]. Interestingly, M1 mAChR-deficient mice showed working memory deficit

in thewin-shift task, which requires interaction between the cortex and hippocampus

[23]. Mice lacking the M1 mAChR exhibit increased perseverative response in the

five-choice serial reaction time task compared to wild-typemice [24]. Since working

memory deficit and perseverative response are also observed in patients with

schizophrenia [25, 26], it is believed that certain types of schizophrenia-associated

cognitive deficit might arise from M1 mAChR deficiency. Two distinct lines of M1

mAChR knockout mice exhibit locomotor hyperactivity associated with enhanced

dopamine transmission in the striatum [22, 27]. In addition, amphetamine-induced

locomotor hyperactivity is enhanced in M1 mAChR knockout mice compared to

wild-type mice [27]. These findings suggest that M1 mAChR dysfunction contri-

butes to not only cognitive deficit but also psychosis in schizophrenia.

Mice lacking the M4 mAChR also exhibit locomotor hyperactivity

[28, 29]. Tzavara and colleagues have reported that the M4 mAChR acts as an

autoreceptor in midbrain cholinergic afferents and that M4 mAChR-deficiency

elevates basal ACh transmission in the midbrain [30]. In their hypothesis, loss of

M4 mAChR control would lead to hyperexcitability of midbrain dopamine neurons.
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M4 mAChR-deficient mice actually show increased basal dopamine level in the

nucleus accumbens in microdialysis experiments. In addition, dopamine response

to amphetamine or the N-methyl-D-aspartate (NMDA) receptor antagonist phency-

clidine is also elevated in the nucleus accumbens of M4 mAChR knockout mice.

These findings suggest that dysfunction in M4 mAChR contributes to the psychosis

associated with schizophrenia. As mice lacking the M4 mAChR also exhibit

abnormal social behavior reminiscent of the negative symptoms of schizophrenia

[29], it is worth assessing whether M4 mAChR deficiency is involved in schizo-

phrenia negative symptoms. Only a few studies have investigated cognition in M4

mAChR knockout mice [29, 31]. These studies showed that M4 mAChR-deficit

does not affect learning and memory in the passive avoidance and Morris water

maze tests [29, 31]. As schizophrenics show multiple affected cognitive domains,

the cognitive profile of M4 mAChR-deficient mice need to be re-investigated using

comprehensive rodent cognitive batteries [32].

In this review, we focus on M1 and M4 mAChRs, which are considered to be the

most important mAChR targets for treatment for schizophrenia. However, it is

worth to mention the phenotype of M5 mAChR knockout mice. M5 mAChR is the

only mAChR subtype that is localized in the cell bodies of dopaminergic neurons in

the midbrain [12, 33]. Recent studies with M5 mAChR knockout mice show that

activation of M5 mAChRs in the ventral tegmental area enhances the dopamine

release in the nucleus accumbens [33]. Wang and colleagues have shown that

amphetamine-induced locomotor hyperactivity is decreased in M5 mAChR-

deficient mice compared to wild-type mice [34]. Furthermore, M5 mAChR-

deficient mice, like antipsychotics-treated animals, show the enhancement of latent

inhibition compared to wild-type mice [34, 35]. These results indicate that deletion

of M5 mAChRs leads to reduction of dopaminergic transmission in the nucleus

accumbens, and the blockade of M5 mAChR might be effective on the psychosis in

schizophrenia.

In summary, studies ofM1 andM4mAChRsmutant mice indicate that dysfunction

of the M1 mAChR would contribute to schizophrenia cognitive impairment and

psychosis, whereas deficit in M4 mAChR function would contribute mainly to

psychosis. Thus, activation ofM1 andM4mAChRs would be an attractive therapeutic

strategy for schizophrenia-associated psychosis and cognitive impairment.

4 Preclinical and Clinical Studies of Classical mAChRs

Activators

Over the past two decades, considerable efforts have been focused on developing

M1 and/or M4 mAChR-preferring agonists, especially for treatment of Alzheimer’s

disease (AD) [36, 37]. However, no M1 and/or M4 mAChR agonist has been

approved for this disorder, probably due to these activators’ low safety profiles

and/or marginal cognitive efficacy. Among the developed mAChRs agonists,

xanomeline exhibited the most promising efficacy in a large scale of placebo-

controlled double-blind clinical study (Fig. 1) [38]. Xanomeline improved
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cognition and behavioral symptoms in patients with Alzheimer disease, although it

dose-dependently induced gastrointestinal adverse effects. The low selectivity of

this agent for M1 and M4 mAChRs versus M2 and M3 mAChRs might have

hampered its further development.

One of the most important findings with xanomeline is that it improved positive,

negative, and cognitive symptoms in patients with schizophrenia [8, 39]. This

provides the proof of concept that activation of M1/M4 mAChR could be beneficial

in the treatment of schizophrenia. Interestingly, patients who took part in the study

of xanomeline for schizophrenia were mainly those who had exhibited either poor

response or worsening symptoms under treatment with D2 receptor antagonists.

Therefore, activation of M1 and M4 mAChRs might be an attractive approach for

patients resistant to current D2 receptor antagonists. However, it should be noted

that the study of xanomeline for schizophrenia was a pilot clinical study with only

20 patients. Therefore, the efficacy of xanomeline or other M1/M4 mAChR agonists

for schizophrenia remains to be investigated in large-scale clinical studies.

While information on the clinical efficacy of M1/M4 mAChR agonists remains

limited, many preclinical studies have been published in this field. Consistent with

its clinical antipsychotic efficacy, xanomeline has been shown to have robust

antipsychotic-like efficacy in several rodent behavioral tasks. Xanomeline inhibits

conditioned avoidance response, apomorphine-induced climbing and prepulse inhi-

bition (PPI) deficit, and amphetamine-induced locomotor hyperactivity in rats or
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mice [40–42]. The beneficial antipsychotic-like effects were also observed with

other mAChR agonists, such as sabcomeline, milameline, and talsaclidine

[38]. Although xanomeline acts not only on mAChRs but also on other

off-targets, including the serotonergic receptors [43, 44], the findings that several

different mAChR agonists also show antipsychotic-like efficacy indicate that

xanomeline’s antipsychotic-like effects arise from activation of mAChRs. Further-

more, several studies in M1 or M4 mAChR knockout mice provide clear evidence of

the roles of individual mAChR subtypes in the antipsychotic-like efficacy of

xanomeline. Woolley and colleagues have shown that the effects of xanomeline

on amphetamine-induced locomotor hyperactivity are abolished in M4 mAChR

knockout mice, but are only marginally attenuated in M1 mAChR knockout mice

[45]. Dencker and colleagues have also found that xanomeline exerts no

antipsychotic-like effects in mice lacking the M4 mAChR in D1 dopamine

receptor-expressing cells [46]. Taken together, these findings indicate that

antipsychotic-like efficacy of xanomeline might be predominantly mediated via

the M4 mAChR. This assumption may be supported by a recent paper showing that

the potency of [5R-(exo)]-6-[4-butylthio-1,2,5-thiadiazol-3-yl]-1-azabicyclo-
[3.2.1]-octane (BuTAC), another mAChR agonist, in the conditioned avoidance

test is right-shifted in M4 mAChR knockout mice [47].

It has been hypothesized that dysfunctions in the prefrontal cortex are involved

in the pathophysiology of schizophrenia and that the efficacy of atypical anti-

psychotics on this disorder negative and cognitive symptoms might be attributed

to their ability to increase dopamine and ACh efflux in the prefrontal cortex [48]. In

a rat microdialysis study, xanomeline potently increased extracellular dopamine

level in the prefrontal cortex [49]. In addition, it is reported that xanomeline and

sabcomeline increase not only dopamine efflux, but also ACh efflux in the rat

prefrontal cortex and that both agents potentiate risperidone-induced dopamine or

ACh efflux [48]. It is therefore believed that the effects of mAChR agonists in the

prefrontal cortex are relevant to treatment of schizophrenia negative and cognitive

symptoms as monotherapy or adjunctive therapy with atypical antipsychotics.

The efficacy of mAChR agonists for cognitive impairment has been well investi-

gated in rodents and primates [21, 37]. Although beyond the scope of this review,

mAChR agonists, including xanomeline, have been shown to be effective in a

number of studies using normal, cholinergic-manipulated, transgenic, or aged

animals. However, most of these models reflect normal cognition or cognitive

deficit associated with AD rather than schizophrenia. It is therefore necessary to

evaluate the efficacy of mAChR agonists in animal models of schizophrenia, such

as glutamatergic-manipulated animals or neurodevelopmental models [32, 50,

51]. Another consideration is that patients with schizophrenia exhibit cognitive

impairment in multiple domains of cognition, including attention, working mem-

ory, reasoning, and problem solving. Recently, preclinical batteries of behavioral

tasks have been developed to investigate effects of putative cognitive enhancers on

distinct domains of cognitive functions [32, 52, 53]. Therefore, it is important to

identify the cognition domains responsive to M1 and M4 mAChRs activation using

validated behavioral tasks and animal models of schizophrenia.
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5 Medicinal Chemistry of Selective mAChR Activators

The purpose of early drug discovery studies is to identify centrally active, potent

orthosteric mAChR agonists. For that, two well-known scaffolds, dihydropyridines

and quinuclidines (Fig. 1), are used. The clinical trials of arecoline, alvameline,

sabcomeline, and xanomeline for the treatment of AD were all discontinued mainly

due to the dose-limiting adverse effects attributed to these agents activation of the

peripheral M2 and/or M3 mAChR [36–38, 43, 54, 55]. In fact, we have shown in a

calcium mobilization assay that xanomeline and sabcomeline, both of which were

in clinical development for treatment of schizophrenia, exhibited the subtype

nonselective activation of mAChRs in Chinese hamster ovary cell expressing

human M1–M5 mAChRs [56].

In order to overcome mAChR agonists’ lack of selectivity and avoid cholinergic

side effects, medicinal chemists have turned their attention to new scaffolds.

Although this strategy led to the discovery of M1 mAChR-selective agonists and

positive allosteric modulators (PAMs), the fact that xanomeline was found to

improve all three symptoms of schizophrenia turned medicinal chemists’ attentions

to find selective M4 mAChR activators and dual M1 and M4 mAChRs activators. In

this review, we summarize recent reports describing M1 mAChR allosteric agonists,

M1 mAChR PAMs, M4 mAChR PAMs, and M1 and M4 mAChRs-dual agonists.

5.1 M1 mAChR Agonists

It is believed that activation of M1 mAChR in the forebrain potentiates NMDA

receptor currents, which might play important role in the treatment of schizophrenia

based on this disorder glutamatergic hypothesis [57, 58]. In fact, M1 mAChR is

co-localized with the NR1 subunit of NMDA receptors in CA1 pyramidal cells in

the hippocampus and other cortical regions [58]. In addition, N-desmethylclozapine

(NDMC, Fig. 2), which is a major metabolite of clozapine, was found to have

allosteric M1 mAChR agonistic activity that potentiates NMDA receptor currents in

CA1 pyramidal cells in the hippocampus [59–61]. However, the clinical develop-

ment was discontinued because this agent showed poor efficacy for psychosis as

measured by the Positive and Negative Syndrome Scale (PANSS) [62].

Development of selective M1 mAChR agonists [63] started with discovery of

the M1 mAChR allosteric agonist AC-42 [64] (Fig. 3). AC-42 shows the high

selectivity for the M1 mAChR (hM1 pEC50 ¼ 6.54 in a functional assay) over

other subtypes through binding to the allosteric site of this receptor. However,

AC-42 is not an ideal tool compound because it has potent binding affinity to the

dopamine D2 and serotonin 5-HT2B receptors [43]. AC-260584 (hM1 EC50 ¼ 41 nM),

an analogue of AC-42, shows cognitive enhancement and antipsychotic-like

effects in rodents [65]. However, AC-260584 also has the binding affinity for

several non-muscarinic off-targets including dopamine D2, adrenergic α1A, and
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serotonergic 5-HT2B receptors [43, 66]. 77-LH-28-1, another AC-42 analogue, was

found to weakly activate the M3 mAChR (hM1 pEC50 ¼ 8.1 � 0.3, hM2 pEC50

< 5, hM3 pEC50 ¼ 5.6 � 0.2, hM4 pEC50 < 5, hM5 pEC50 < 5 in calciummobili-

zation assays) because its binding site overlaps with the orthosteric site [43, 67,

68]. Lu AE51090, another analogue of AC-42, showed high selectivity for the M1

mAChR [hM1 EC50 ¼ 61 nM, intrinsic activity (IA) ¼ 83%] over other subtypes

(hM2–5 < 10% activation at 10 μM in calcium mobilization assays) with moderate

brain exposure (brain/plasma ratio ¼ 0.20) and low bioavailability (BA) in rats

(4%, 2 mg/kg, po) [69].

Another scaffold for affinity toward the allosteric site of M1 mAChR was

suggested following discovery of the M1 mAChR agonist [1-(10-(2-tolyl)-1,
40-bipedidin-4-yl)-1H-benzo[d]imidazol-2-(3H )-one] (TBPB, M1 EC50 ¼ 289 nM,

Fig. 4) [70]. Point mutation in the ACh orthosteric binding site of M1 mAChR

produced no change in TBPB agonistic activity. However, TBPB is also known to

bind to not only an allosteric site but also the orthosteric site of M1 mAChR,

because TBPB inhibited, in a concentration-dependent manner, the binding of

[3H]N-methylscopolamine from M1 mAChR [71]. In addition, TBPB has low
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binding affinity for dopamine D2 receptors (Ki ¼ 1.4 μM) [70]. In the search for

more selective M1 mAChR agonists, GSK researchers found compound 1 as a

highly selective M1 mAChR agonist (M1 pEC50 ¼ 8.1, M2 pEC50 ¼ 6.2, M3

pEC50 ¼ 5.6, M4 pEC50 ¼ 6.3, and M5 pEC50 ¼ 6.1) [72]. Modification of

phenoxypropyl moiety of virtual screening hit compound 2 led to potentiate M1

mAChR agonistic activity, increase subtype selectivity, and decrease affinity to

off-targets. Compound 1 showed high BA (49%) and brain penetrating ability

(brain/blood ¼ 0.6) in rats. In rodents, compound 1 increased cell firing in the

CA1 region of the hippocampus (1 mg/kg, iv) and reversed scopolamine-induced

learning impairment in the passive avoidance test in a dose-dependent manner

(1–10 mg/kg, po) [72]. As far as we know, GSK1034702 [73], an isomer of

compound 1, is the first allosteric M1 mAChR agonist to enter clinical development.

GSK1034702 showed signs of cognitive improvement in healthy smokers using the

nicotinic abstinence model of cognitive dysfunction, although this model might not

be the best for cognitive deficits in schizophrenia [74].

To improve the modest brain penetration of compound 1, Johnson and

co-workers replaced the benzimidazolone scaffold by an oxindole and a

benzoxazolinone (Fig. 5) [75]. The obtained compound 3 showed selective M1

mAChR agonistic activity over M2–5 mAChRs (M1 pEC50 ¼ 8.0, M2 pEC50 ¼ 5.6,

M3 pEC50 ¼ 5.4, M4 pEC50 ¼ 6.1, and M5 pEC50 ¼ 6.0 in calcium mobilization

assays) and high brain penetration (Cfree, brain ¼ 261 nM, Cfree, blood ¼ 265 nM)

[75]. Compound 3 (1 mg/kg) reversed temporal-induced memory deficits in the rat

novel object recognition test.

GSK researchers have disclosed another scaffold for selective allosteric M1

mAChR agonists identified through HTS of their libraries (Fig. 6). HTS picked

up compounds originally designed for the M3 mAChR antagonist program as initial
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hit compounds with biphenyl amide structure. Potencies of the optimized com-

pounds 4 and 5 increased to pEC50 ¼ 9.1 and 8.0 in calcium mobilization assays,

respectively [76]. These compounds showed subtype selectivity against M2–5

mAChRs (compound 4: M2 pEC50 ¼ 6.7, M3 pEC50 ¼ 7.4, M4 pEC50 ¼ 6.8,

M5 pEC50 ¼ 6.3 and compound 5: M2 pEC50 ¼ 5.6, M3 pEC50 ¼ 5.3, M4 pEC50

¼ 5.5, M5 pEC50 ¼ 5.2 in calcium mobilization assays) and possessed good oral

bioavailability in rats. In addition, compound 4 exhibits no affinity for other

off-targets in a CEREP panel. Brain blood ratios of compounds 4 and 5 were 0.9

and 0.3 in rats, respectively.

The researchers at Vanderbilt University disclosed the compounds with

N-carbethoxy piperidine scaffold (Fig. 7). The HTS campaign through 65,000

compounds picked up VU0177548 and VU0207811. Modification of aryl moiety

led to identify VU0184670 and VU0357017. VU0357017 is the recently proposed

allosteric M1 mAChR agonists (M1 EC50 ¼ 198 nM, IA ¼ 81% in a calcium

mobilization assay) [77]. VU0357017 could penetrate the brain (brain/plasma

ratio ¼ 4:1) and was able to reverse scopolamine-induced disruption of contextual

fear conditioning response in rats. This series of M1 mAChR allosteric agonists,

such as VU0184670 and VU0357017, is reported to bind to the third extracellular

loop of M1 mAChRs which is different from other M1 mAChR allosteric agonists

such as AC-42, 77-LH-28-1, and TBPB. Introduction of central piperidine ring led

to VU0364572 (M1 EC50 ¼ 110 nM, IA ¼ 71%) [78].

Replacement of the N-carbethoxy piperidine of VU0364572 by a tropane ring

afforded compound VU0409066 as a potent M1 mAChR agonist (Fig. 8, hM1

EC50 ¼ 59 nM in a calcium mobilization assay) [79]. VU0415371 with its exo
tropane scaffold (hM1 EC50 ¼ 110 nM) was more potent than VU0413144 having
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the endo tropane (hM1 EC50 ¼ 970 nM). Moving the bicyclic bridge of tropane led

to more potent compounds, i.e. VU0420385 (hM1 EC50 ¼ 92 nM) and VU

0447360 (hM1 EC50 ¼ 47 nM).

5.2 M1 mAChR Positive Allosteric Modulators

Positive allosteric modulators (PAMs) are generally believed to be useful strategy

for high selective activation of receptors [80]. Attempts to identify high selective

M1 mAChR agonists were not successful because of high conservation of the

orthosteric binding site of mAChRs. To overcome this hurdle, drug discovery of

M1 mAChR PAMs have attracted attentions of many researchers [63]. Reported

PAMs showed greater subtype selectivity which has not observed with traditional

mAChR agonists.

Lazareno and co-workers reported the natural product brucine as the first

generation M1 mAChR PAM (Fig. 9) [81]. Although PAM activity was weak

(<2-fold enhancement of ACh activity), the discovery of brucine has led to drug

discovery researches for selective activation of M1 mAChR with PAM compounds.

Merck researchers identified benzylquinolone carboxylic acid (BQCA) as a M1

mAChR PAM through a HTS campaign (Fig. 10) [82]. BQCA selectively potenti-

ated M1 mAChR (M1 inflection point ¼ 845 nM in a calcium mobilization assay)

and showed no potentiation, agonism, or antagonism for other mAChRs [82,

83]. Although potency of BQCA for M1 mAChRs (EC50 ¼ 267 nM in the calcium

mobilization assay) and its brain permeability are low in rats, BQCA (15 and 20 mg/

kg, ip) reversed scopolamine-induced learning impairments in the mice contextual

fear conditioning test. Modification of themethoxyphenyl to a biaryl led to increased

potency (compound 6, M1 inflection point ¼ 61 nM), but has poor CNS exposure

[84]. Further modification of the biaryl moiety led to compound 7with high potency

(M1 inflection point ¼ 171 nM) and good free fraction in the presence of rat and

human serum [85]. Although compound 7 showed limited brain exposure, it

reversed scopolamine-induced memory impairment in the mouse contextual fear

conditioning test at low plasma levels relative to the previously reported quinolone

carboxylic acids. Kuduk and co-workers reported SAR study following replacement

of the phenyl ring by a heterocyclic ring in the quinolone moiety [86]. The reported

compound 8 had a modestly potentiated affinity for M1 mAChR (M1 inflection

point ¼ 0.52 μM) and exhibited good pharmacokinetics (PK) profile (BA: 33%).
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To find a less lipophilic linker, the biaryl moiety was replaced by a naphthyl moiety,

giving compound 9, which showed potentiated affinity for M1 mAChR (M1 inflec-

tion point ¼ 69 nM) with good PK profile (BA: 33%) [87].

Kuduk and co-workers also reported replacement of the quinolone by a

quinolizidinone (Fig. 11). Their efforts to find an alternative scaffold to increase

CNS exposure led to compound 10 as a potent M1 mAChR PAM (M1 inflection

point ¼ 0.52 μM) with improved bioavailability (23%) and brain penetration in rats

(CSF/Uplasma ¼ 0.42) [88]. Replacement of the piperadine by a cyano inserted

piperidine afforded the potent compound 11 [89]. Compound 11 increased the

potency for M1 mAChR (M1 inflection point ¼ 135 nM) and exhibited a good PK

profile in rats (BA: 68%, CSF/Uplasma ¼ 0.3). Compound 11 had no activities for

any of the other 140 tested targets even at 30 μM. To overcome carboxylic acid

moiety limited brain exposure, Kuduk and co-workers examined amide formation at

the carboxylic acid moiety [90]. The identified compound 12 exhibited decreased

protein binding, but good PK profile.When evaluated in vivo, compound 10 (30 mg/

kg, ip), compound 11 (10 and 30 mg/kg, ip), and compound 12 (10 and 30mg/kg, ip)

reversed scopolamine-induced memory impairment in the mouse contextual mem-

ory fear conditioning test [88–90]. Another quinolone scaffold was disclosed by the

researchers at Takeda [91]. Discovered compound 13 (Fig. 11) showed M1 mAChR

PAM activity (M1 inflection point ¼ 55 nM) and brain exposure (Kp ¼ 0.33).

Further modification of fused ring led to compounds 14 (M1 inflection point ¼ 121

nM) and 15 (M1 inflection point ¼ 23 nM) with methoxynaphthalene scaffold

(Fig. 11) [92]. Compounds 14 (B/P: 0.21, CSF/Uplasma ¼ 0.9) and 15 (B/P: 0.2,

CSF/Uplasma ¼ 0.38) showed brain penetration.
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Other attempts to modify the core ring were summarized in Fig. 12 and the

review [93]. As far as we know, the strategies for modification that core ring was

replaced by quinolone [94] and that tetrahydroquinoline [95] and formation of

tri-cyclic rings [96–104] were disclosed by patent applications. Among them,

compound 16 (Fig. 13) with naphthyl lactam scaffold showed M1 PAM activity

(M1 inflection point ¼ 15 nM) and CNS exposure (CSF/Uplasma ¼ 0.51)

[105]. Administration of compound 16 significantly reversed scopolamine-induced

deficit in the mouse contextual memory fear conditioning test (1 mg/kg, ip).

Another tricyclic scaffold was disclosed by the researchers at Asceneuron. They

discovered M1 mAChR PAMs with tetraaza-cyclopenta[a]indenyl scaffold

[106]. Although chemical structure was not disclosed, researchers at Asceneuron

reported the development of ASN-51 and its analog [107]. Interesting point of their

presentation is that Y179 inM1mAChR protein is an essential structural determinant

of the M1PAM mechanism of action [107]. Recently other scaffolds have been

reported by researchers at Vanderbilt University (Fig. 14). Lindsley and

co-workers reported VU0119498 [108] as an M1, M3, and M5 mAChRs PAM with

indoline-2,3-dione. Replacement of Br by an aryl led to VU0366369 as a selective

M1mAChR PAM [109]. Replacement of isatin by oxindole decreased potency (hM1

EC50 ¼ 2.4 μM). HTS campaign also picked up compound 17 with indole scaffold.

As a result of further modifications, Wood and co-workers reported VU0405652

(hM1 EC50 ¼ 1.38 μM) [110] and VU0456940 (hM1 EC50 ¼ 310 nM) [111] as

potent M1 mAChR PAMs with 3-sulfonyl indole scaffold. Isoindoline-1-one com-

pounds were disclosed as another chemotype in the patent application [112].
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5.3 M1 and M4 mAChRs Agonists

The M1 and M4 mAChR-preferring xanomeline improve the three major symptoms

of schizophrenia in a pilot clinical trial. Since activation of M1 and M4 mAChRs

might contribute to different aspect of therapeutic efficacy for schizophrenia [113],

we believed that development of M1 and M4 mAChR-dual agonists represents the

most promising strategy for treatment of a wide range of symptoms in schizophrenia.

However, identification of highly selective M1 and M4 mAChR agonists is
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challenging, because of the high sequence homology and conservation of the

orthosteric ACh binding site among mAChR subtypes.

In our drug discovery program for selective M1 and M4 mAChRs agonists, we

found 8-azaquinolone as a promising orally active candidate [114]. First, we

screened our chemical library and found compound 18 as hit compound. Based on

information in Vertex pharmaceuticals [115] and Banyu [116] patent applications,

we hypothesized the pharmacophore of allosteric M4 mAChR agonists (Fig. 15).

To satisfy the pharmacophore of allosteric M4 mAChR agonists (Fig. 16), we

introduced N-carbethoxy piperidine moiety to our hit compound 18. As expected,

the prepared compound 19 showed relatively stronger agonistic activity for M1 and
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M4 mAChRs. However, compound 19 still showed the activation of M3 mAChR.

As a result of further modification, we found that introduction of a nitrogen atom to

the benzene ring decreased M3 mAChR agonistic activity. Further optimization of

substituents of the nitrogen atom afforded the selective M1 and M4 mAChRs

agonist 20. In a calcium-mobilization assay, compound 20 showed potent activation

of M1 (91% at 1 μM) and M4 mAChRs (134% at 1 μM) with weak or negligible

activation of M2 (27% at 10 μM), M3, (3% at 10 μM) and M5 mAChRs (3% at

10 μM). In addition, compound 20 exhibited weak human ether-a-go-go related

gene (hERG) inhibition (IC50 ¼ 2.9 μM). These encouraging results led us to

investigate the antipsychotic-like efficacy of compound 20. Oral administration of

compound 20 reversed methamphetamine-induced locomotor hyperactivity in rats

(ED50 ¼ 0.21 mg/kg). Further, radioligand binding assays revealed that compound

20, even at 8 μM, only weakly inhibited the binding of [3H]-spiperone to human

dopamine D2 receptor (23%).

We also disclosed N-substituted oxindole derivatives as M1 and M4 mAChRs

partial agonists (Fig. 17) [56]. In our HTS screening for M4 mAChR agonists,

oxindole compound 21 was identified as a hit compound. To increase M4 mAChR

agonistic activity, we replaced the dimethyl olefin unit by the N-carbethoxy piper-

idine, a pharmacophore of M4 mAChR agonists. Further modification of ring size of

amine linker afforded compound 22 with good selectivity for M1 and M4 over M2,

M3, and M5 mAChRs. Replacement of piperidine of compound 22 by bulky amine

ring led to the identification of compound 23 as a selective M1 and M4 mAChRs

partial agonist.

In our calcium mobilization assay, compound 23 selectively activated M1

(EC50 ¼ 12 nM, IA ¼ 60%) and M4 mAChRs (EC50 ¼ 29 nM, IA ¼ 42%) and
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showed very weak or negligible activation of M2, M3, and M5 even at 30 μM.

Compound 23 at 3 μM showed no binding inhibition against dopamine D2 receptor

and other 67 off-targets (except for sigma receptors) in a panel assay including a

broad range of G-protein coupled receptors, ion channels, enzymes, and trans-

porters. In addition, compound 23 showed good CNS penetration (brain/blood

ratio ¼ 2.0) in a rat pharmacokinetic study and produced the antipsychotic-like

efficacy in the several rodent behavioral tasks. Subcutaneous administration of

compound 23 (1, 3, and 10 mg/kg) significantly reversed methamphetamine-

induced locomotor hyperactivity in rats. Apomorphine-induced climbing behavior

and PPI deficit were also improved by treatment with compound 23. Moreover,

compound 23 at a sub-effective dose (0.6 mg/kg, sc) enhanced the efficacy of

risperidone (0.6 mg/kg, po) in methamphetamine-induced locomotor hyperactivity

test in rats. On the other hand, compound 23, given alone, (10 and 30 mg/kg, sc)

did not induce catalepsy and did not worsen risperidone (10 mg/kg)-induced

catalepsy in rats. These results indicate that compound 23, used alone or combi-

nation with antipsychotics, has a good potential in the treatment of schizophrenia.

The high selectivity of compound 23 for M1 and M4 mAChRs helped avoid

salivation in mice. Unlike xanomeline (1 and 3 mg/kg, sc), administration of

compound 23 (1.5 and 6 mg/kg, sc) did not increase mean blood pressure in

telemetered cynomolgus monkeys. Furthermore, compound 23 (1.5 and 6 mg/kg,

sc) did not induce vomiting and drowsiness, although these side effects were

observed with xanomeline (1 and 3 mg/kg, sc) in monkeys. Taken together, these

findings support compound 23 as a promising candidate for monotherapy or

adjunctive therapy of schizophrenia.

N

O N
NCO2Et

21

N

O
NMe

Me N

O N
NCO2Et

22

23

Fig. 17 M1 and M4 mAChRs agonists with N-substituted oxindole scaffold

Muscarinic Acetylcholine Receptor Activators 201



5.4 M4 mAChR Positive Allosteric Modulators

The first generation M4 mAChR PAMs LY2033298 and VU010010 were reported

by researchers at Vanderbilt University [117] and Eli Lilly [118] (Fig. 18). Chan

and co-workers described LY2033298 as a potent M4 mAChR PAM. Further

pharmacological studies showed that LY2033298 enhances both the binding affin-

ity and efficacy of ACh at the M4 mAChR. This finding indicates that subtype

selectivity, which can potentially limit side effects, can be attained via an allosteric

mechanism. Shirey and co-workers identified VU010010 as another M4 mAChR

PAM. VU010010 left-shifted the concentration-response curve of ACh for M4

mAChRs, but showed no effects for the other mAChR subtypes. However,

VU010010 showed poor efficacy in vivo because of its physicochemical properties

such as poor solubility, P-glycoprotein efflux, and high logP value. Screening

for M4 mAChR PAM and optimization of the amine moiety of VU010010 led to

the discovery of VU0152099 (rat M4 EC50 ¼ 0.40 μM) and VU0152100 (rat M4

EC50 ¼ 0.38 μM) with improved logP values [119]. Pharmacokinetic studies of

these two compounds revealed that VU0152100 ability to penetrate the CNS is

better than that of VU0152099. In a rat model, VU0152100 (56.6 mg/kg, ip)

reversed amphetamine-induced locomotor hyperactivity without causing sedation.

Both VU0152099 and VU0152100 have recently been modified to produce

ML173 (hM4 EC50 ¼ 0.5 μM) [120], VU0448088 [121] and compound 24 (M4

EC50 ¼ 0.10 μM) [122].

Hopkins and co-workers discovered VU0232776 as another M4 mAChR PAM

with the benzothiazole scaffold (Fig. 19) [123]. Further optimization of this com-

pound led to the identification of VU0409524. Evaluation of VU0409524 showed

high selectivity, but modest activation of human M4 mAChR (EC50 ¼ 1.3 μM),

good in vivo PK properties in rats, and excellent brain exposure (brain/

plasma ¼ 0.85).

5.5 M5 mAChR Antagonists and Negative Allosteric
Modulators

M5 mAChR is localized in the cell bodies of dopaminergic neurons in the ventral

tegmental area, and activation of M5 mAChR leads to enhancement of dopamine

release in the nucleus accumbens, as described above [12, 33, 34]. In addition,

Grant and El-Fakahany have reported that xanomeline acts as a M5 mAChR partial

agonist and antagonizes a mAChR full agonist carbacol-induced phosphoinositide

hydrolysis in CHO cells expressing human M5 mAChR [124]. Therefore, M5

mAChR antagonists or negative allosteric modulators (NAM) might be an attrac-

tive approach for the treatment of psychosis in schizophrenia. Zheng and colleagues

have recently reported M5 mAChR antagonist 25 (Fig. 20, hM1 Ki ¼ 25.3 μM, hM2

Ki > 100 μM, hM3 Ki > 100 μM, hM4 Ki > 100 μM, hM5 Ki ¼ 2.24 μM)
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[125]. Gently and colleagues have discovered the first M5 mAChR negative allo-

steric modulator (NAM) ML375 (Fig. 20, hM5 IC50 ¼ 300 nM, hM1–M4 IC50

> 30 μM in calcium mobilization assays) [126]. ML375 shows high oral bioavail-

ability (80%) and CNS penetration in rats. However, ML375 displays slightly

weaker potency for rat M5 mACh (IC50 ¼ 790 nM) compared to human M5

mACh and might not be suitable for in vivo experiments in rodents. Further

works are necessary for demonstration of the proof of concept of M5 mAChR

negative regulators because in vivo efficacy of these compounds has been still

unclear.

6 Perspective

As summarized above, recent advances in pharmacological andmedicinal chemistry

research support the muscarinic approach as one of the most promising strategies in

drug discovery for schizophrenia treatment. The search for potent activators of M1

and/or M4 mAChRs has led to the discovery of new scaffolds with true subtype

selectivity. However, no selective mAChR activator has so far succeeded in clinical

development. This is probably because a balance between subtype selectivity (M1

and/or M4 mAChR), efficacy, potency of mAChR activation, and pharmacokinetic

profile could not be achieved. Therefore, it is important to develop new compounds

or scaffolds that can lead to druggable candidates. Recently, the concept of “bitopic

agonist” is reported as a new strategy to accomplish both high potency and good

selectivity [127, 128]. This strategy can be applied to the discovery of highly

selective and potent M1 and M4 mAChR agonists. In addition, recent developments

allowing stabilization of GPCR proteins by point mutation [129] as well as crystal-

lization ofM2 andM3mAChRs [130, 131] have been found to be very useful tools for

rational drug design. In fact, Heptares therapeutics identifiedHTL9936 as a selective

M1 mAChR agonist, using a structure-based drug design that makes use of point

mutation technology. They have recently initiated a clinical study for the develop-

ment of this compound [132]. It is expected that future studies would yield selective

and druggable M1 and/or M4 mAChR activators good enough to be used as novel

treatment for schizophrenia.
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Nicotinic Acetylcholine Receptor Modulators

Anatoly Mazurov and Daniel Yohannes

Abstract Nicotine and its pharmacology have long been associated with schizo-

phrenia and its epidemiology and treatment. Schizophrenics use nicotine in its

major delivery form of cigarettes at a significantly higher incidence than the general

population (80–90% vs. 25–30% of the general population) and even than those

diagnosed with other psychiatric diseases. Various studies have demonstrated that

cigarette smoking transiently restores cognitive and sensory deficits in patients with

schizophrenia/schizoaffective disorders. Conversely, smoking cessation appears to

exacerbate the symptoms of the disease. A disturbance of nicotinic receptor expres-

sion, affecting the α7 and α4β2 subunits, in various cerebral areas has been revealed
in postmortem binding studies. Genetic linkage studies have also demonstrated that

the α7 subunit is involved in the pathology of schizophrenia. Much of the drug

discovery and development efforts in the nAChR field have focused on α7 and α4β2
nAChR subtypes. These include studies using nicotine and varenicline (the

smoking cessation drug marketed as Chantix or Champix) as well as numerous

other small-molecule therapeutics targeting these receptor subtypes. While some

early studies included α4β2 modulators, the large majority of drug development of

nAChR ligands for schizophrenia have been α7 agonists and partial agonists. Such

therapeutics are in late-stage development and may constitute a breakthrough for

the treatment of schizophrenia with safe and effective medicines.
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1 Introduction

Numerous international studies show a strong association between schizophrenia and

the use of tobacco products (smoking) [1]. The fact that nicotine from smoking can

result in cognition enhancement in people has been known for several decades [2].

There are two important considerations to be made on the association between

schizophrenia and smoking. On one hand, as in the general population, smoking can

bring harmful consequences to those schizophrenic patients who smoke, including

increased rates of mortality and cardiovascular disease [3, 4], lower therapeutic

efficacy of treatments currently available, and greater financial burden for the

society [5, 6]. However, the neurobiological consequences of nicotine intake

through smoking in schizophrenics suggest potential new therapeutic development

avenues to treat the disease. Investigation of nAChR’s role in schizophrenia was

originated largely by epidemiologic reports showing an increased rate of smoking

among schizophrenics compared with the general population and suggesting an

attempt at self-medication with nicotine [7]. The development and application of

medicines based on the pharmacology of nicotinic acetylcholine receptors is

important not only to reduce and eliminate smoking in schizophrenic patients but

also to address the symptoms and perhaps causes of the disease.

In healthy volunteers, behaviors and processes related to attention and working

memory are mainly responsive to improvement by nicotine [8]. Given the adverse

events related to the use of nicotine itself (dizziness, nausea/emesis, locomotor

effects, seizures, etc.) [9], improvement of cognitive function through modulation

of nicotinic receptors requires therapeutics that selectively target the appropriate
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nicotinic receptor subtypes while at the same time not interacting with the receptor

subtypes responsible for the adverse events. Drugs based on nAChR pharmacology

include nicotine and varenicline, as well as numerous experimental agents which

are in clinical trials or in preclinical evaluation. These agents agonize both the α4β2
and α7 nAChRs, which are distributed throughout the brain, whereas the adverse

effects of nicotine and nonselective nicotinics are mediated by the α3β4 nAChR

subtype, which is primarily expressed in the autonomic ganglia [10]. Thus, both

agents are suboptimal therapeutics for the treatment of schizophrenia.

Symptoms associated with schizophrenia are divided into three categories:

(1) positive (hallucinations, delusions, thought disorder), (2) negative (anhedonia,

poverty of speech, lack of motivation), and (3) cognitive (attention, memory,

executive function). Current antipsychotic medications for the treatment of schizo-

phrenia address the positive symptoms of schizophrenia well, but many patients

with negative symptoms and disturbances of memory and attention do not achieve

full functional recovery [11]. Research conducted over the past decade supports the

potential of the α7 nAChR as a therapeutic target for cognitive deficits and negative

symptoms of schizophrenia [12]. The α7 nicotinic acetylcholine receptor

(nAChR α7) has been genetically linked with schizophrenia, and its expression is

reduced in the hippocampi of schizophrenic patients. Agents targeting nAChR

α7-mediated signaling have shown broad efficacy in animal cognition models.

This chapter will start with a review of our understanding of the neuropatho-

physiology of nicotine in schizophrenia and will then walk the reader through

current new therapeutics being developed based on the pharmacology of nicotinic

receptors.

2 Epidemiology of Nicotine Use in Schizophrenia

Each year more than 440,000 people in the United States die of illness related to

smoking, and close to half a billion dollars in health-related economic losses is

directly attributable to smoking [13, 14]. Over the past three decades, cigarette

smoking has been the single largest source of preventable morbidity and mortality

in the United States, and the global mortality rate of smoking (5 million/year) is

increasing [15]. On average, smokers die 10 years earlier than those who have never

smoked, and smoking cessation unmistakably reduces morbidity and mortality.

Although cigarette smoking from early adult life triples age-specific mortality

rates at middle age (43% vs. 15%), ceasing smoking at age 50 cuts the risk in

half, and cessation at age 40 virtually eliminates the elevated risk [16]. Almost 45%

of all cigarettes sold in the United States are sold to people with mental illness:

those with major mental illness are more likely than those without psychiatric

illness to be heavy smokers [17].

Mentally ill patients with schizophrenia smoke more than those with a diagnosis

other than schizophrenia (85% vs. 67%, respectively) [18]. Indeed, smoking is very

common among individuals with schizophrenia [19]. Between 72% and 90% of
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schizophrenic patients smoke cigarettes compared with 24% of the general popu-

lation [20]. Patients with schizophrenia smoke many more cigarettes on average per

day [21], and these patients have higher serum levels of cotinine (the primary

metabolite of nicotine) [22], extract more nicotine per cigarette than smokers

without psychiatric illness [23], and often spend one third of their weekly income

on cigarettes [24]. Mortality from diseases related to smoking, such as cardiovas-

cular and pulmonary diseases, is two-fold to six-fold higher in patients with

schizophrenia than in age-matched nonpsychiatric controls [25].

Many factors contribute to the increased smoking rate in those diagnosed with

schizophrenia. Perhaps the simplest explanation might be the use of smoking as a

“behavioral filler” to alleviate boredom during chronic hospitalization. While this

explanation may account for the maintenance of smoking behavior to some extent,

institutionalization may not be as strong a primary contributing factor to the high

prevalence rates of smoking as previously thought. High rates of smoking are not

limited to inpatients or the chronically ill schizophrenic; elevated rates of smoking

are found consistently among both inpatients and outpatients with schizophrenia.

Other factors thought to cause the increase in smoking among schizophrenics

include the positive effects of nicotine on cognition and neurotransmitter systems

involved in schizophrenia, nicotine’s mitigation of the side effects of antipsychotic

and neuroleptic medicines, increased nicotine withdrawal symptoms in patients

with schizophrenia, and social factors such as lower income and educational

attainment [26–29]. Finally, symptoms of schizophrenia include auditory halluci-

nations, paranoia, delusions, and disorganized thinking, and these symptoms are

understood to be caused by the inability of the brains of schizophrenics to focus

on, sort, and differentiate the array of stimuli that exist around us [30]. Thus, the

effects of cigarette smoking and nicotine are understood to help schizophrenics

address some of their symptoms through the known selective attentional effects

of nicotine [31].

3 Clinical Studies of Nicotine and NRTs

Nicotine (1, Fig. 1) and varenicline (2, Fig. 2) remain the only marketed therapeu-

tics with a mechanism which primarily invokes nicotinic acetylcholine receptor

(nAChR) pharmacology. Nicotine has been used in the marketplace predominantly

as nicotine replacement therapy (NRT) for the treatment of nicotine addiction. Prior

to the introduction of varenicline to the market, NRTs were also established to have

efficacy in helping schizophrenic smokers stay tobacco-free. Extrapolating beyond

smoking cessation, nicotine replacement pharmacotherapy approaches have

recently been clinically pursued for the treatment of many of the symptoms of

schizophrenia that receive benefit from cigarette smoking. For example, NRT may

reduce agitation in schizophrenia, and a recent study confirmed that smokers

admitted to a psychiatric emergency service with a diagnosis of schizophrenia

showed significantly lower agitation scores at 4 and 24 h when randomized to

nicotine replacement patches compared with placebo [32]. Several studies have
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also shown broader benefits of NRT in patients with schizophrenia. NRT gums have

been shown to improve performance on attentional tasks [33]. A high-dose version

of the nicotine patch has shown to improve impulse response on attentional tasks

with respect to control in nonsmokers with schizophrenia [34], and it has also

shown to normalize working memory performance in schizophrenics [35].

Given the very common comorbidity of nicotine dependence and schizophrenia,

and the great difficulty associated with ceasing smoking behavior and maintaining

avoidance of nicotine-seeking behavior in schizophrenics, the potential for the

utility of novel NRT delivery systems like e-cigarettes to provide symptomatic

relief for schizophrenic patients appears attractive. The appeal for the e-cigarette

stems in part from drawbacks with currently approved smoking cessation medica-

tions. Bupropion has side effects which may exacerbate psychosis and preclude its

use by those susceptible to seizures and those who take monoamine oxidase

inhibitors. And varenicline has been associated with aggressive behavior and

suicidal ideation. As a result, recent studies have evaluated the use of e-cigarettes

to replace cigarette consumption and address the adverse symptoms of schizophre-

nia and have shown that the use of e-cigarette substantially decreased cigarette

consumption without causing significant side effects in chronic schizophrenic

patients who smoke and do not intend to quit [36]. This was accomplished without

serious adverse impact on the symptoms of schizophrenia as assessed by SAPS and

SANS symptoms scales.

4 α4β2 nAChR Pharmacotherapy for Schizophrenia

4.1 α4β2 nAChRs: Function and Regulation
in Schizophrenia

The nicotinic acetylcholine receptor system has been strongly implicated in the

pathophysiology of schizophrenia. The expression and function of high-affinity

α4β2 and low-affinity (relative to nicotine) α7 nAChRs are known to be

downregulated in the hippocampus and other regions of the brains of schizophrenic

Fig. 1 Structure of nicotine

Fig. 2 Structure of

varenicline (Chantix®,

Champix®)
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patients independent of whether they smoke or not [37]. Some rationale for reduced

expression of α7 receptors in schizophrenia can be taken from polymorphisms in

the promoter regions of the α7 nAChR gene that are known to result in reduced

transcription of those receptors [38].

Also, it is known that repeated nicotine administration to animals increases the

expression of high-affinity nAChRs in the brain [39, 40]. Given the heavy use of

tobacco in the schizophrenic population, and that nicotine is a major component of

tobacco smoke, it has long been believed that the use of cigarettes by schizo-

phrenics is an attempt to correct that cholinergic neurotransmitter deficit at nico-

tinic receptors. Because an upregulation of α4β2 receptors has been observed due to
nicotine intake, the positive effects of nicotine known in patients with schizophre-

nia may be partly due to a compensation for a decrease in α4β2 nicotinic acetyl-

choline receptors. This correction has been described as “self-medication” with

cigarettes, because the nicotine in tobacco (as a result of the restoration of nicotinic

receptor density that accompanies smoking) helps address negative symptoms and,

even more so, cognitive deficits as well as neurophysiological abnormalities asso-

ciated with schizophrenia [41].

High-affinity nicotinic receptors in the brain are genetically controlled mainly by

CHRNA4 and CHRNB2 genes coding for the α4 and β2 subunits, respectively [42].
In addition to the decrease in receptor density in high-affinity nAChRs in schizo-

phrenia, it has also been proposed that the nACh α4 receptor subunit function is

specifically lost in schizophrenics, which may in turn account for the differential

pattern of gene expression and brain activation found in those patients [43].

In addition to the aforementioned decrease of high- and low-affinity nAChR

subtypes in the hippocampus and other brain regions, a postmortem comparison of

brains from schizophrenic versus nonpsychiatric patients reveals a GABAergic

neuropathology. Accumulating evidence suggests a critical role for altered DNA

methylation processes on GABAergic neurons in the pathogenesis of schizophrenia

and related psychiatric disorders. The overexpression of DNA methyltransferase 1

(DNMT1) in telencephalic GABAergic neurons has been shown to be responsible

for the epigenetic hypermethylation of specific GABAergic gene promoters, includ-

ing GAD67 [44, 45]. Nicotine and varenicline have been reported to decrease

cortical DNMT1 mRNA by 30–40% and increase expression of GAD67 mRNA

and protein in hippocampal (but not striatal) GABAergic neurons [46]. Given the

history of tobacco (nicotine) use among schizophrenics and the abovementioned

effects of nicotine and varenicline, the use of α4β2 nicotinic receptor agonists was

posited to have therapeutic effects in schizophrenics (the vast majority of whom are

smokers) as a pharmacological strategy to reduce the hypermethylation of

GABAergic promoter [47]. These effects of nicotine are blocked by mecamylamine

but not by hexamethonium. The data above support the notion that agonists active

at central α4β2 nAChRs may represent an effective pharmacological mechanism to

correct the epigenetic GABAergic neuropathology present in schizophrenic

patients.
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4.2 α4β2 nAChR Agonists and Partial Agonists
for Schizophrenia

The use of nicotine for the treatment of cognitive deficits associated with schizo-

phrenia is limited by its aversive effects manifested at high doses and tachyphylaxis

upon prolonged treatment. Therefore, given the role of nicotine in the epidemiology

of schizophrenia, there has been and remains ample opportunity to develop nAChR

therapies that retain the benefits of nicotine in that population while providing

improved toxicity and tolerability profiles. The first of a new generation of neuronal

nicotinic acetylcholine receptor FDA-approved therapeutics emerged from Pfizer in

2006, and it was called varenicline (2, Champix®, Chantix®, Fig. 2).

Varenicline, the only approved smoking cessation treatment (aside from nico-

tine) with a primarily nAChR mechanism, can be effective in the general smoking

population, but it was unclear until recently whether or not it would worsen

symptoms in smoking schizophrenic patients who attempt to quit smoking.

A review published last year evaluating the question suggested that varenicline

treatment is not associated with worsening of psychiatric symptoms for most

patients with schizophrenia or schizoaffective disorders who are well monitored

[48]. Further, varenicline has been found to be a safe and effective therapy for

smoking cessation in individuals with schizophrenia/schizoaffective disorder [49].

The study compared smokers (all with diagnosed but clinically stable schizophre-

nia/schizoaffective disorder) who were randomized into either a placebo or

varenicline-treated group and found that, at the end of the 12-week treatment

period, 19% of participants receiving varenicline had a significantly higher absti-

nence rate from smoking compared to 4.7% in the placebo-controlled group.

The effectiveness in smoking cessation and the reasonable tolerability of

varenicline [50–52], combined with its α7 full agonist properties, have led to the

question of whether the drug may have a dual utility for treating nicotine dependence

in schizophrenic patients and acting as a cognitive rectifier in that population. It has

been shown that varenicline reverses nicotine withdrawal-induced cognitive deficits

in an animal model, suggesting that varenicline may be effective in treating nicotine

withdrawal-associated deficits in learning and memory [53]. A subsequent study in

humans provided clinical evidence that varenicline can improve working memory-

related brain function following nicotine abstinence (particularly at high levels of task

difficulty) with associated enhancements in cognitive performance among highly

dependent smokers [54]. In a randomized, double-blind, placebo-controlled 8-week

trial with 120 outpatients with chronic schizophrenia (60 smokers and 60 non-

smokers), one recent study found beneficial effects of adjunctive varenicline treatment

with antipsychotics for some cognitive impairments in subjects with schizophrenia

[55]. Another recently published double-blind trial found that varenicline significantly

reduced P50 sensory gating deficits in nonsmokers and reduced startle reactivity and

improved executive function regardless of smoking status [56]. Thus, varenicline may

bring a therapeutic benefit on core schizophrenia-related symptoms while addressing

this population’s high rate of nicotine dependence.
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The majority of nAChR agonists and partial agonists acting at the orthosteric

binding site (where nicotine interacts with its receptor) which are being clinically

studied are those acting at the α7 nAChRs, and they will be reviewed in a later section
in this chapter. However, given nicotine and varenicline’s lead in the marketplace,

there have been a few other α4β2 ligands with potential for advancement in the

treatment of schizophrenia and other cognitive deficits that deserve a quick review.

Compounds activating α4β2 nAChRs have shown beneficial effects on attention,
in line with the observation that these receptors are reported to play a role in

attention and memory. Altinicline (3, SIB-1765F, SIB-1508Y, Fig. 3), an α4β2
nAChR-selective agonist [57], was shown to significantly improve attentional

performance in rats [58]. Sazetidine-A (4), a selective α4β2 nAChR desensitizing

agent and partial agonist, originally developed for the treatment of nicotine addic-

tion [59], was found (when administered acutely) to significantly improve attention

by reversing impairments caused by the muscarinic cholinergic antagonist scopol-

amine and the NMDA glutamate antagonist dizocilpine [60]. Administration of the

α4β2 nAChR agonist ABT-418 (5) resulted in enhanced attention in the 5-CSRTT

behavioral model in unperturbed rats [61]. In septal-lesioned rats, ABT-089 admin-

istered acutely was associated with marginal improvement in performance on a

water maze test of spatial discrimination [62]. However, there was greater improve-

ment, with 45% error reduction on the last training day, when ABT-089 (6) was

given continuously by subcutaneous osmotic pumps at a minimum effective dose of

1.3 μmol/kg/day [63]. Short-term administration of ABT-089 in monkeys modestly

improved a delayed memory task in young adult monkeys, with greater improve-

ments in aged monkeys. Similarly, improvements in accuracy in a delayed recall

task in both aged and younger adult monkeys after administration of ABT-418 have

been reported [64]. Two small PoC clinical studies have demonstrated improvement

in attention after administration of the α4β2-selective agonists ABT-089 and ABT-
418 in adults with attention deficit disorder [65, 66]. This was followed up by a more

robust randomized, double-blind, placebo-controlled, crossover study of ABT-418

with 236 patients, where the compound demonstrated significant improvement on

the primary outcome compared with placebo, as well as in several secondary

outcome measures [67]. AZD1446 (7, TC-6683) is a highly selective agonist of

central α4β2 and α2β2 neuronal nicotinic receptors [68]. The compound, which is in

phase II, has been shown to improve cognition in multiple animal models and has

demonstrated potential for treatment of cognitive disorders, including Alzheimer’s

disease (AD) and schizophrenia. Consistent with the above clinical results for ABT-

089 and ABT-418, repeated administration of the α4β2-selective agonist AZD3480
(8, TC-1734) both preclinically [69] and clinically improved attention in healthy

adults compared with placebo [70]. In line with the aggregate preclinical and

clinical evidence, it has further been proposed that selective α4β2 receptor agonists
should have superior pro-attentional efficacy compared with nicotine [71].

Thus, based on the above body of evidence, it is clear that agonists acting at α4β2
nAChRs have potential to alleviate attentional and working memory deficits seen in

schizophrenia. In what appears to be the only example of an α4β2-selective nAChR
agonist (not nicotine or varenicline) investigated in schizophrenic subjects,

AZD3480 was assessed for effects on cognitive function in 440 patients with
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schizophrenia who were taking a single atypical antipsychotic medication and who

were active smokers. Disappointingly, while it was well tolerated in the population

studied, it displayed little improvement relative to placebo in the primary endpoint,

which was a change in cognitive function from baseline to week 12 as measured by

IntegNeuro computerized test battery of cognitive function scores [72].

Several clinical studies are in progress which evaluate the pro-cognitive effects of

α4β2 nAChR agonists in indications other than schizophrenia. However, with the

exception of the AZD3480 study mentioned above, relatively few other studies

have evaluated compounds acting solely on the α4β2 nAChR subtype in animal

models of schizophrenia or in schizophrenic patients. The above body of evidence

suggests that additional studies are warranted which extend the evaluation of α4β2
nAChR-selective compounds in animal models of schizophrenia and patients with

schizophrenia. Such compounds additionally need to be evaluated in smokers with

schizophrenia. Therapeutics for schizophrenia targeting the α4β2 nAChR receptor,

however, have the added challenge of having to displace nicotine, present in smoking

schizophrenics, from the α4β2 nAChR for which nicotine itself has a high affinity.

4.3 α4β2 nAChR-Positive Allosteric Modulators
for Schizophrenia

As an alternative to activation of a receptor with an exogenous orthosteric agonist,

positive allosteric modulators (PAMs) enhance receptor function elicited by the endog-

enous ligand without directly activating or desensitizing the target receptor [73].

Fig. 3 Structures of α4β2-selective nAChR agonists and partial agonists
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Because PAMs typically enhance acetylcholine agonist responses without activating

receptors, synaptic currents remain linked to endogenous neurotransmitter release. As

such, PAMs represent an attractive alternative pharmacological treatment approach.

An α4β2 nAChR-selective PAM, which activates those receptors only in the

presence of ACh, might find application in the treatment of various diseases of

cognitive impairment such as Alzheimer’s disease or cognitive dysfunction in

schizophrenia (CDS). However, while several chemical classes of allosteric modu-

lators that are selective for α7 nicotinic receptors have been characterized (discussed
in the following section), selective potentiators for the most widely expressed α4β2
nicotinic receptor subtype are fewer in number and less advanced, likely due to the

difficulty in discriminating α4β2 from other heteromeric nAChR subtypes to pro-

duce selective potentiation of responses. We will limit our discussion in this section

below to potentiators which are claimed to be selective for α4β2 nAChRs.

Desformylflustrabromine (9, dFBr, Fig. 4) is a tryptamine derivative which was

first isolated as an active metabolite of the marine bryozoan Flustra foliacea,
commonly found in the North Sea [74, 75]. It was identified as selective potentiator

of α4β2 receptors (vs. α7 and α3β4) by using two-electrode voltage clamp whole-

cell recordings [76]. In addition, dFBr was reported to activate desensitized recep-

tors [77]. Several deconstructed analogs of dFBr have been synthesized and simi-

larly possess a potentiating effect on α4β2 receptors [78]. NS9283 (10) has also

been described as a PAM acting at α4β2 receptors [79]. NS9283 was further shown,
via electrophysiological techniques, to increase agonist-evoked response amplitude

particularly of low-sensitivity (α4)3(β2)2 nACh receptors without similar effects at

high-sensitivity (α4)2(β2)3 or α3-containing nAChRs [80].

PAMs acting at α4β2 receptors that have demonstrated in vivo outcomes in

cognitive enhancement or negative/positive symptoms of schizophrenia are limited

to NS9283. NS9283 has demonstrated cognition improvement in models of AD and

ADHD. In rodent models of short-term episodic memory (social recognition model)

and long-term special memory (Morris water maze), as well as in sustained

attention model (5-choice serial reaction time), NS9283 has demonstrated cognition

enhancement superior to nicotine. Particularly relevant to schizophrenia, NS9283

had desirable effects on sensory information processing, as shown by reversal of

PCP-disrupted prepulse inhibition [81]. The P300 (P3) event-related potential

(ERP) is a neurophysiological signal believed to reflect cognitive processing of

salient cues and is thus used as a measure of attention and working memory.

Pharmacological modulation of the rat P3-like ERP in cortical and subcortical

regions by NS9283 has been demonstrated [82]. Data from the phase II clinical

trials of ABT-894 suggested that higher doses might have increased efficacy in

ADHD. Alternatively combining ABT-894 and an α4β2 PAM (NS9283, in this

case) allowed tonic stimulation as well as upregulation of endogenous signaling

with limited side effects liability [83]. NS9283 appears to be the only α4β2 nAChR-
selective PAM disclosed with in vivo data supporting its potential in schizophrenia.

PAMs selective for α4β2 have yet to be clinically tested.
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5 α7 nAChR Pharmacotherapy for Schizophrenia

5.1 α7 nAChRs: Function and Regulation in Schizophrenia

The α7 nAChR subtype is a well-characterized member of the ligand-gated ion

channel superfamily [84]. In neurons, α7 protein subunits assemble as a pentameric

complex. The human α7 subunit is approximately 50 kD in size and composed of

502 amino acids, including a 22 amino acid N-terminal signal peptide. The mole-

cule can be subdivided into an N-terminal domain and a transmembrane domain.

The extracellular N-terminal domain (approximately 200 amino acids) forms ten β
strands and is involved in forming the ligand-binding domain. The transmembrane

domain is composed of four alpha helices that cross the lipid bilayer and form the

ion channel. The subunits interact at multiple sites. In the extracellular domain, the

positive face of one subunit interacts with the negative face of an adjacent subunit

to form the ligand-binding pocket [85]. The binding of ligands at the junctions

between subunits initiates conformational changes of the receptor that lead to

opening of an ion-conducting channel across the plasma membrane. Although

nAChRs were originally described as sodium channels, the α7 homopentameric

complex is also highly permeable to calcium [86]. The α7 receptor complex is

known to desensitize and become inactive (<100 ms) after interaction with two

molecules of agonists [87]. Although rapid desensitization has been a challenge for

studying the α7 nAChR involvement in CNS function, it is a sophisticated system

that has evolved to control cholinergic signaling, shape synaptic plasticity, and

possibly prevent excitotoxic cell death mediated through calcium signaling [88].

However, the kinetics of activation/desensitization of α7 pentameric receptor

complex in vivo and its consequence in the modulation of sensory gating and

numerous other α7-mediated processes remain to be elucidated. Therefore, identi-

fication of molecules with optimal kinetics of the receptor interaction (activation,

recovery rates from inactivation) might be crucial for the selection of clinical trial

candidate.

The mRNA encoding the α7 subunit is found throughout the brain, with partic-

ularly high levels in the hippocampus and cortex and very low expression in the

thalamus. Approximately 50% of the cells in the ventral tegmental area and

substantia nigra also express α7 mRNA [89]. The α7 nAChR modulates key

neurotransmitters, including glutamate, γ-aminobutyric acid (GABA), and

dopamine (DA). The α7 nAChR is found on midbrain DA cell bodies of the ventral

Fig. 4 Structures of α4β2
positive allosteric

modulators
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tegmental area (VTA) and SNc (pars compacta of substantia nigra); on presynaptic

DA terminal regions in the striatum, nucleus accumbens, and frontal cortex; on

glutamate and GABA neurons that project onto DA somatodendritic regions

and DA terminals and serotonin neurons that synapse onto DA cell bodies and

terminals; and on thalamic and hippocampal neurons that relay signals from the

striatum and frontal cortex [90–92]. These systems contribute to either modulation

of DA release or regulation of DA effects throughout the brain. Pharmacological

activation of α7 nAChRs increases the firing rates of midbrain VTA DA neurons

resulting in elevated DA release in the frontal cortex and improvements in cognitive

tasks [93, 94]. It was hypothesized that the firing of DA cells is under hierarchal

control by nAChRs so that activation of α4β2 nAChRs brings cells from a resting to

an excited state, whereas activation of α7 nAChRs fine-tunes the release of DA

once the cells have been turned on [95].

α7 nAChRs are involved in glutamatergic pathways as well. NMDA receptors

are expressed on GABAergic neurons of the reticular thalamic nucleus [96] as are

α7 nAChRs, and their blockade leads to inhibition of reticular thalamic neurons

with a reduction in the release of GABA on thalamocortical cells. Thus, activation

of α7 nAChRs may compensate for a lack of NMDA receptor function by increas-

ing GABA release on thalamocortical cells [97]. The α7 nAChR is also extensively

expressed on glutamatergic neurons that modulate DA neuronal output [98].

Nicotine-induced DA release is attenuated by blocking NMDA receptors and

α7 nAChRs indicating that α7 nAChRs have similar effect as NMDA receptors

in modulating DA release in the striatum. The α7 nAChR modulation of

glutamate release may also be involved in the precognitive activity of nicotine by

influencing glutamate output in the cerebral cortex [99]. A reduction in

glutamatergic-induced tonic DA release and accompanying loss of autoreceptor

stimulation could drive pathological potentiation of DA cell burst firing in response

to phasic DA release [100].

Activation of α7 nAChRs may also increase long-term potentiation in hippo-

campal cells that are associated with enhanced cognitive function [101]. α7
nAChRs on GABAergic interneurons of the hippocampus modulate inhibitory

synaptic transmission and impaired function of these interneurons. In part because

of decreased α7 nAChR expression, they may contribute into the manifestation of

negative and cognitive symptoms of schizophrenia [102]. Application of selective

α7 nAChR agonist to rat hippocampal slices increased activation of GABA inhib-

itory neurons and corrected amphetamine-induced sensory gating deficits in rats.

α7 nAChRs are involved in various mechanistic pathways associated with the

etiology and symptomatology of schizophrenia. Postmortem samples of brain tissue

from schizophrenic patients show a significant decrease in the density of α7
nAChRs in hippocampus and cortex [103, 104]. Sensory inhibition deficits and

familial schizophrenia have been linked to the 15q13-q14 region on chromosome

15. The gene for α7 nAChR (CHRNA7) is located in this region, and polymor-

phisms in the promoter region of the gene have been identified [105].

Investigation into the functional consequences of α7 nAChR modulation using

animal models has provided additional support for their therapeutic potential in the
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treatment of schizophrenia. In DBA/2 mice, a naturally occurring reduction in α7
nAChR is observed along with deficits in sensorimotor gating, which has made this

an appropriate schizophrenia-like model for studying the effects of potential α7
nAChR therapies [106]. α7 nAChR agonists normalize the sensory gating deficits in

DBA/2 mice, an effect that is blocked with the α7 nAChR antagonist, α-BTX, but
not with the nonselective nAChR antagonist mecamylamine [107].

Most schizophrenic patients exhibit cognitive impairment, including attention

disorders and deficits in executive function [108]. Cognitive dysfunction in schizo-

phrenia (CDS) affects multiple domains (e.g., attention, problem solving, learning/

memory), is a major predictor of functional outcome, and continues to be a large

unmet medical need [109]. In the early part of the 2000s, the National Institute of

Mental Health initiative, Measurement and Treatment Research to Improve Cog-

nition in Schizophrenia (MATRICS), was designed as a multi-sector collaboration

between the government, industry and academia to enable the discovery and

development of new treatments for CDS. In particular, the goals of the MATRICS

initiative were to establish (1) how to measure cognition in schizophrenia, (2)

promising pharmacological approaches, (3) clinical trial design for putative treat-

ments, and (4) regulatory approval for new drugs. From the MATRICS initiative,

three primary drug mechanisms of interest were identified: cholinergic, dopami-

nergic, and glutamatergic. Recent consensus meetings (the MATRICS/TURNS

initiative) have identified cognitive dysfunction in schizophrenia as a core feature

of the illness that contributes significantly to the lack of functionality of patients

[110]. In the absence of a therapy to treat cognitive deficits in schizophrenia, the

MATRICS initiative endorsed the α7 nAChR as a primary therapeutic target

relevant to CDS.

The first α7 nAChR agonists were discovered among extensively explored

5-HT3 receptor (5-HT3R) ligands [111]. Previously reported potent α7 nAChR

agonists [112] lacked selectivity versus 5-HT3R [113, 114], and antagonist activity

at 5-HT3R often translated into agonism at α7 nAChR. The crossover in affinity

might be explained by common pharmacophoric elements for both 5-HT3R and α7
nAChR: a basic amine (protonated at physiological pH) provides for a cation-π
interaction; a hydrogen bond acceptor, e.g., a carbonyl group, forms a hydrogen

bond; and aromatic moieties participate in π–π interactions [115, 116]. The 5-HT3R

and nAChRs are both part of the Cys-loop superfamily of ligand-gated ion chan-

nels. Further, there is significant sequence homology between 5-HT3R and α7
nAChR in the ligand recognition domain [117]. In view of reported side effects,

i.e., constipation, asymptomatic electrocardiogram changes, and arrhythmias, asso-

ciated with 5-HT3R antagonists [118–121], efforts of research groups were focused

on the design of ligands specifically interacting with only the α7 nAChR receptor to

maximize the therapeutic effect and minimize the adverse effects. Over the past ten

years, drug discovery efforts significantly expanded the quantity and quality of

selective α7 nAChR ligands. Those have been summarized in several reviews

[122–124]. Below are highlighted the most advanced and characterized α7
nAChR orthosteric and allosteric α7 nAChR modulators.
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5.2 α7 nAChR Agonists for Schizophrenia

The conformationally restricted carbamate AR-R17779 (11) [125, 126] (Fig. 5) was

the first agonist with selective affinity for α7 nAChRs described in the literature:

α7 Ki¼ 92 nM ([125I]α-bungarotoxin binding assay), EC50¼ 21 μM, and

Emax¼ 96% at the rat α7 nAChR subtype in oocytes; Ki¼ 420 nM ([3H]MLA

radioligand binding assay), EC50¼ 420 nM, and Emax¼ 93% in human

recombinant nAChR subunit combinations expressed in GH4 cells [127]. Despite

a less than desirable pharmacokinetic profile and insufficient efficacy, AR-R17779

served as an invaluable tool for the in vivo assessment of α7 nAChR function,

validating a link between its activation and a variety of biological effects.

AR-R17779 has been shown to enhance learning and memory function in rats in

a radial arm maze model [128] and social recognition test [129] but has failed to

improve performance in a model of attention [58] and had no effect on auditory

gating [130] using a prepulse inhibition of the acoustic startle response (relevant to

sensory deficits in schizophrenic patients [131].

A derivative of AR-R17779 called W-56203 (12) enhanced cognition in auditory

sensory gating and reversed the scopolamine-induced impairment of cognitive per-

formance in an eight-arm radial maze task in rat models [132]. Given its moderate

pharmacokinetic profile, W-56203 was reported as a promising drug candidate for

the treatment of cognitive impairment associated with neurological disorders. Since

this compound significantly increased levels of extracellular dopamine in the medial

prefrontal cortex, it was proposed that dopaminergic hypofunction in the prefrontal

cortex is responsible for functional abnormalities in schizophrenia.

AZD0328 (13) was designed to circumvent the poor pharmacokinetic profile of

AR-R17779 by replacement of the hydrogen bond acceptor carbonyl moiety with a

pyridine nitrogen [133]. 3-Pyridyloxyquinuclidines are known as 5HT3R antago-

nists [134], and possessing a rigid quinuclidinyl pyridyl ether structure, AZD0328

maintained 5HT3R antagonism. AZD0328 improved novel object recognition in

mice over an incredibly broad range of doses (0.00178–1.78 mg/kg) and working

memory (spatial delayed response performance) in rhesus monkeys [135]. The

behavioral effects were blocked by pharmacological antagonism of α7 nAChR

function or genetic deletion of the gene encoding the α7 subunit, demonstrating

that these actions of AZD0328 are most likely mediated through α7 nAChRs.

Interaction with α7 nAChRs by AZD0328 selectively elevates midbrain dopami-

nergic neuronal activity, causing an enhancement of cortical dopamine levels; these

neurochemical changes might underlie the positive behavioral responses observed

in the animal models [136].

Quinuclidine amides are well-explored ligands for nAChR and 5HT3 receptors.

The α7 nAChR, unlike the 5HT3R, appears to stereospecifically prefer (R)-3-

aminoquinuclidine aromatic amides for binding. PNU-282987 (14) was identified

as a potent selective agonist for α7 nAChRs with low affinity to 5HT3R and

demonstrated in vivo efficacy in animal models associated with cognitive dysfunc-

tion in schizophrenia [137]. However, the PNU-282987 was not further developed
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because of significant hERG potassium channel inhibition (11% and 57% at 2 and

20 μM, respectively). Fused heterocyclic analogs preserve α7 nAChR functional

potency, providing prospects for improvement of the safety profile. Furopyridine

PHA-543613 (15) [138] demonstrated efficacy in the reversal of an amphetamine-

induced P50 gating deficit and improved performance in a novel object recognition

test. The benzodioxane PHA-568487 (16) [139] was highly efficacious at 1 mg/kg in

the reversal of an amphetamine-induced P50 gating deficit. Both phase I clinical

candidates PHA-543613 and PHA-568487 were discontinued because of cardiovas-

cular findings of non-sustained ventricular tachycardia. Modification of PHA-543613

by replacement of (3R)-1-azabicyclo[2.2.2]-octane with (3R,5R)-1-azabicyclo

[3.2.1]octane resulted in PHA-709829 [140]. PHA-709829 (17) is two-fold

more potent than PHA-543613 in an amphetamine-induced gating model (MEDs

are 0.1 and 0.24 mg/kg, respectively), and it is efficacious over a range of doses

(0.1–1.0 mg/kg). In the cardiovascular safety study on dogs, the “no observable

adverse effect level” for PHA-709829 was established at a dose of 40 mg/kg

(Cmax¼ 22 μM), which is five-fold higher than for PHA-543613 (Cmax¼ 3.8 μM).

Taken together, the efficacy and safety data represent a ten-fold improvement in

Fig. 5 Structures of α7 nAChR agonists – part 1
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cardiovascular therapeutic index for PHA-709829 compared to PHA-543613.

Additionally, it was shown that PHA-709829 remains efficacious after chronic

administration.

RG3487 (18) [141] (acquired by Roche from Memory Pharmaceuticals and

formerly known as MEM3454) displayed high affinity at rat α7 nAChRs with a

Ki of 10 nM, as demonstrated by binding to [3H]MLA-labeled sites in rat brain

membrane preparation. Assessment of affinity at 5-HT3Rs revealed a slight binding

preference for this target, with a Ki of 2 nM. The intrinsic activity profile of RG3487

(EC50¼ 0.4 μM, Emax¼ 67%) was determined by whole-cell patch-clamp record-

ings using a cell line stably expressing the monkey wild-type α7 nAChR. RG3487

displayed minimal affinities/efficacies at other nicotinic receptors (α4β2, α3β, and
α1β1δγ) and showed selectivity against other neurotransmitter and hormone recep-

tor sites in CEREP profiling. Studies using in vitro rat hippocampal CA1 slices

demonstrated that RG3487 (1–10 μM) enhanced 40 Hz long-term potentiation,

which was significantly blocked by MLA, thereby demonstrating nicotinic α7
receptor specificity [142]. RG3487 binds potently to the human α7 nAChR

(Ki¼ 6 nM), in which it acts as a partial agonist (63–69% of acetylcholine) as

assessed by whole-cell patch-clamp recordings in both oocytes and QM7 cell lines,

respectively [143]. RG3487 also activates human α7 nAChRs with EC50 of 0.8 μM
(oocytes) and 7.7 μM (QM7 cells). RG3487 additionally exhibits antagonist prop-

erties at the 5-HT3R, IC50¼ 2.8 nM (oocytes) and 32.7 nM (N1E-115 cells).

Pro-cognitive effects of RG3487 were demonstrated in behavioral models

representing multiple cognitive domains (e.g., episodic, spatial reference, and

working memories) [144] with a MED of 1.0 mg/kg p.o. (low-nanomolar range at

brain and plasma concentrations) in a novel object recognition test and in models

predictive of cognitive and sensory gating restoration in schizophrenia [145] with a

MED of 0.03 mg/kg i.p. in a PPI test and phencyclidine-induced impairment of

young and aged rats. RG3487 showed a significant dose effect on percent hit

accuracy performance in rats without any significant alteration on percent correct

rejection performance [146]. In a time-dependent test, RG3487 significantly

increased the percent hit accuracy performance when animals were injected

60 min before the start of an attentional task. Administration of galantamine (an

acetylcholinesterase inhibitor/α7 nAChR allosteric-positive modulator) failed to

significantly increase percent hit accuracy performance, and increasing the dose of

galantamine produced a decrease in percent correct rejection performance. In 2007,

Memory Pharmaceuticals reported positive results from a phase IIa trial of 20

individuals for the treatment of Alzheimer’s disease, but RG3487 did not reverse

cognitive impairment in schizophrenics using the MATRICS scale [147].

A compound with the abbreviation ABBF (19) was developed by Bayer

Healthcare [148] and showed equal affinity to α7 nAChRs in rat brain membranes

(Ki¼ 62 nM) and to recombinant human 5-HT3Rs (Ki¼ 60 nM). ABBF was a

potent agonist at the recombinant rat and human α7 nAChR expressed in Xenopus
oocytes (EC50 of 3 and 5.5 μM, respectively), but it did not show agonist activity at

other nAChR subtypes. ABBF acted as an antagonist of the 5-HT3R and α3β4,
α4β2, and muscle nAChRs (at higher concentrations). ABBF can improve perfor-

mance in several learning and memory tests in both rats and mice without
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producing nicotine-like discriminative stimulus effects. This compound also

improved social recognition memory in rats (0.3–1 mg/kg p.o.), and this effect

was blocked by intracerebroventricular administration of MLA at 10 μg, indicating
that it is mediated by α7 nAChR agonism. In addition, ABBF improved working

memory of aged rats in a water maze repeated acquisition paradigm (1 mg/kg p.o.)

and object recognition memory in mice (0.3–1 mg/kg p.o.).

In November of 2004, EnVivo Pharmaceuticals licensed from Bayer Healthcare

the exclusive rights to its α7 agonist program and identified EVP-6124 (20) as a

clinical candidate [149]. EVP-6124 was evaluated in vitro and in vivo [150]. In

binding (Ki¼ 9.98 nM in rat brain homogenates) and functional experiments

(EC50¼ 0.16 μM, partial agonist at human α7 nAChRs expressed in Xenopus
oocytes), EVP-6124 showed selectivity for α7 nAChRs and did not activate or

inhibit heteromeric α4β2 nAChRs, although it is a potent 5HT3R antagonist. EVP-

6124 had good brain penetration and an adequate exposure time. EVP-6124

(0.3 mg/kg p.o.) significantly restored memory function in scopolamine-treated

rats (0.1 mg/kg i.p.) in an object recognition task (ORT). Although donepezil at

0.1 mg/kg p.o. or EVP-6124 at 0.03 mg/kg p.o. did not improve memory in this

task, coadministration of these sub-efficacious doses fully restored memory. In a

natural forgetting test, an ORT with a 24-h retention time, EVP-6124 improved

memory at 0.3 mg/kg p.o. This improvement was blocked by the selective α7
nAChR antagonist methyllycaconitine (0.3 mg/kg i.p. or 10 μg i.c.v.). In

co-application experiments of EVP-6124 with acetylcholine, sustained exposure

to the EVP compound in functional investigations in oocytes caused desensitization

at concentrations greater than 3 nM, while lower concentrations (0.3–1 nM) caused

an increase in the acetylcholine-evoked response. These actions were interpreted as

representing a co-agonist activity of EVP-6124 with acetylcholine on α7 nAChRs.

The concentrations of the EVP compound that resulted in physiological potentia-

tion were consistent with the free drug concentrations in brain that improved

memory performance in the ORT. These data suggest that the selective partial

agonist EVP-6124 improves memory performance by potentiating the acetylcho-

line response of α7 nAChRs.

Highly potent and selective α7 nAChR agonist TC-5619 (21) [151] (Fig. 6) binds

to the α7 nAChR both in rat hippocampal membranes and in a HEK293 cell line co-

expressing human α7 and RIC3 cDNAs with a Ki of 1 nM. In a broad receptor

selectivity battery (NovaScreen), TC-5619 showed positive interactions in a

nonselective opioid receptor assay (58% inhibition) and at the sodium site 2 (79%

inhibition). Dose–response assessments of these interactions showed that the Ki

values for the opioid site and for the sodium site 2 were both 13 μM, providing a

greater than 1,000-fold separation from the binding affinity at the α7 nAChR.

Binding of TC-5619 (10 μM) to the 5HT3R displayed 59% inhibition of radioligand

binding at the mouse receptor and 25% inhibition at the human receptor. An

investigation of functional activation at the human 5HT3R suggested minimal to

no activation; a maximal response of 15% was obtained at 100 μM. At human α7
nAChRs transiently expressed in Xenopus oocytes, TC-5619 displayed an EC50 of

33 nM and an Emax of 100% relative to ACh. Compound TC-5619 demonstrated
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statistically significant enhancement of short-term working memory in the novel

object recognition paradigm (MED¼ 0.3 mg/kg p.o.), and these effects on memory

were seen up to 18 h following oral administration, suggesting a positive effect on

long-term memory consolidation as well. TC-5619 also reversed apomorphine-

induced prepulse inhibition (MED 0.3 mg/kg p.o.) in both mice and rats, which

may suggest a benefit against the positive symptoms associated with schizophrenia.

The effect of TC-5619 in the social withdrawal model in mice suggests that the

compound also has the potential to target negative symptoms of the disease. Taken

together, these findings indicate that TC-5619 may have potential to impact all of

the primary domains of schizophrenia, positive symptoms, negative symptoms, and

cognitive dysfunction. Another unique feature of this compound is that its effects

appear to be additive or possibly synergistic with those of antipsychotics,

further supporting the therapeutic potential of α7 nAChR-selective compounds

not only as monotherapy but also together with existing drugs [152]. The transgenic

Fig. 6 Structures of α7 nAChR agonists – part 2
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th(tk-)/th(tk-) mouse model expresses dopaminergic dysfunction similar to that in

schizophrenia and reflects many of the developmental, anatomical, and biochemical

aspects of the disease. Although clozapine or 0.1 mg/kg of TC-5619 separately had

no effect on investigation time, treatment with the TC compound and clozapine

together increased the investigation time of a female stimulus mice in control

and homozygous transgenic th(tk-)/th(tk-)mice; also, treatment with TC-5619

(0.1 mg/kg) and clozapine together increased the investigation time of a male

stimulus animal in th(tk-)/th(tk-) but not in control mice.

SSR180711 (22) [153–156] displayed high affinity for rat and human α7
nAChRs (Ki of 22 and 14 nM, respectively). In functional studies performed with

human α7 nAChRs expressed in Xenopus oocytes or GH4C1 cells with ACh as

normalizing reference, the compound showed partial agonist effects (intrinsic

activity 51% and 36%, EC50 of 4.4 and 0.9 μM, respectively). In rat-cultured

hippocampal neurons, SSR180711 induced large GABA-mediated inhibitory post-

synaptic currents and small α-Bgt-sensitive currents through the activation of

presynaptic and somatodendritic α7 nAChRs, respectively. In mouse hippocampal

slices, the compound increased the amplitude of both glutamatergic (EPSCs) and

GABAergic (IPSCs) postsynaptic currents evoked in CA1 pyramidal cells. In rat

and mouse hippocampal slices, 0.3 μM of SSR180711 increased long-term poten-

tiation (LTP) in the CA1 field. Null mutation of the α7 nAChR gene totally

abolished SSR180711-induced modulation of EPSCs, IPSCs, and LTP in mice.

The SSR compound produced a dose- and time-dependent increase in the expres-

sion of Arc mRNA in the prefrontal cortex and the ventral orbital cortex. The

protein Arc encoded by the effector immediate-early gene arc or arg3.1 has been

shown to be strongly implicated in long-term memory function. Thus, α7 nAChR

activates a subset of neurons in the rat prefrontal cortex and this activation likely is

important for the attentional effects of this new class of drugs [157]. SSR180711

enhanced episodic memory in the object recognition task in rats and mice and

reversed MK-801-induced deficits in retention of episodic memory in rats. It

reversed selective attention impaired by neonatal phencyclidine (PCP) treatment

and restored MK-801- or PCP-induced memory deficits in the Morris or linear

maze. In neurochemical and electrophysiological correlates of antipsychotic drug

action, SSR180711 increased extracellular levels of dopamine in the prefrontal

cortex and enhanced spontaneous firing of retrosplenial cortex neurons in rats.

SSR180711was proposed to be beneficial not only for the treatment of cognitive

symptoms in schizophrenia but also for the positive symptoms as demonstrated in

pharmacological and neurodevelopmental latent inhibition models of schizophre-

nia; the antidepressant-like properties of the SSR compound are of added interest,

considering the high prevalence of depressive symptoms in schizophrenic patients.

However, in 2007, Sanofi-Aventis suspended the development of SSR180711 for

the treatment of mild Alzheimer’s disease because of an insufficient expected

benefit/risk ratio (http://clinicaltrials.gov/ct2/show/NCT00602680).

JN403 (23) was evaluated by Novartis in a number of in vitro systems of

different species, at recombinant receptors using radioligand binding, signal trans-

duction, and electrophysiological studies [158]. When using [125I]α-Bgt as a
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radioligand, JN403 has high affinity for human recombinant α7 nAChR (pKD¼ 6.7,

KD¼ 200 nM). Functionally, JN403 is a partial and potent agonist at human α7
nAChR. The compound stimulates calcium influx in GH3cells recombinantly

expressing the human nAChR with a pEC50 of 7.0 (EC50 100 nM) and an Emax of

85% (compared to the full agonist epibatidine). In Xenopus oocytes expressing

human α7 nAChR, JN403 induces inward currents with a pEC50 of 5.7 (EC50¼ 2 μM)

and an Emax of 55%. In functional ion-flux assays, JN403 shows a 200-fold

selectivity over other nAChRs like α3β4 or α4β2 as well as 5HT3Rs. Similarly,

JN403 showed low binding activity at a wide panel of neurotransmitter receptors.

JN403 enhances learning and memory performance in the social recognition test in

mice, reverses the auditory gating deficit in anesthetized and awake DBA/2 mice,

and is effective in animal models of persistent inflammatory and neuropathic

pain [159].

CP-810123 (24) was discovered by bioisosteric replacement of quinuclidine aryl

carbamate with a benzoxazole ring followed by optimization of the heteroaromatic

ring [160]. CP-810123 is a partial α7 nAChR agonist (Ki¼ 10.8 nM,

EC50¼ 244 nM, Emax¼ 46%) and 5HT3R antagonist (Ki¼ 269 nM, IC50¼ 5 nM).

The authors postulated that the risk associated with 5HT3R antagonism was min-

imal, since clinical studies suggest that the 5HT3R antagonist ondansetron is well

tolerated in patients with schizophrenia [161]. On the basis of evaluation of in vitro

potency and selectivity profiles at α7 nAChR, 5HT3R, hERG, and genetic toxicity,

CP-810123 was selected for evaluation in in vivo efficacy models. It demonstrated

efficacy in an amphetamine-induced P50 gating deficit model and improved per-

formance in the novel object recognition test. CP-810123 was introduced by Pfizer

as a third-generation α7 nAChR agonist for the treatment of cognitive deficits

associated with schizophrenia [162]; to date, there has been no report of its clinical

advancement.

An elegant approach that converted an α4β2 nAChR agonist into a selective α7
nAChR agonist was demonstrated by Abbott’s scientists in the case of A-582941

(25) [163]. While a π-cation interaction has been established as an essential

pharmacophore for binding to both α4β2 and α7 nAChRs, the α7 binding site is

more lipophilic and presents a less negative electrostatic surface than that for the

α4β2 receptor. A-582941 exhibited high-affinity binding and partial agonism at α7
nAChRs. Similar affinities were observed in rat brain membranes (Ki¼ 10.8 nM)

and in membranes from human frontal cortex (Ki¼ 17 nM), indicating that cross-

species differences appear to be minimal for this α7 ligand. A-582941 also

displaced the α7-selective antagonist [3H]methyllycaconitine from rat brain mem-

branes with a Ki of 88 nM. It was screened for activity across a panel of 78 receptor

targets including G-protein-coupled receptors, ligand- and voltage-gated ion chan-

nels, and neurotransmitter uptake sites. Significant affinity was observed only at the

5HT3R (Ki¼ 150 nM), representing approximately 15-fold selectivity for the

human α7 nAChR relative to the 5HT3R. Metabolic conversion of A-582941 by

liver microsomes or hepatocytes in vitro was highly species dependent, with the

rate of turnover fastest in dog, intermediate in rodent and monkey, and slowest in

human. A-582941 exhibits acceptable pharmacokinetic behavior in rodents, dog,
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and monkey. In mouse and rat, the compound is efficiently absorbed following oral

administration, as evidenced by the very high oral bioavailability (100% and 90%,

respectively). The much lower bioavailability (22%) in dog is in accord with a

much higher rate of metabolism in this species and likely reflects a larger contri-

bution of first-pass metabolism. Consistent with its lipophilic character, A-582941

is characterized by very large volumes of distribution (4–11 L/kg) and correspond-

ingly high clearance values. A-582941 was evaluated across a battery of behavioral

assays in rodent and nonhuman primate models that assess cognitive performance:

social recognition in rats, delayed matching-to-sample (DMTS) test in primates,

inhibitory avoidance (one trial) in mice, sensory gating in rats and DBA2 mice, and

five-trial passive avoidance in spontaneously hypertensive rat (SHR) pups. These

studies demonstrate that A-582941 exhibits broad-spectrum efficacy across various

domains of cognition including working memory, short-term recognition memory,

long-term memory consolidation, and pre-attentional sensory gating. With respect

to cognitive domains, A-582941 appears to be especially effective in tasks that

involve learning and memory (monkey DMTS at long delay, rat social recognition,

and mouse inhibitory avoidance). The pro-cognitive effects of A-582941 in these

models were manifested at similar plasma exposures, approximately 3–6 ng/mL

(10–20 nM) across several models and species. These plasma levels correspond

closely to the binding affinity for A-582941 at the α7 nAChR and are approximately

200-fold lower than the EC50 for ion channel opening in vitro, indicating that

signaling can occur at agonist concentrations well below those required for a

macroscopic current in oocytes, measured as the synchronous opening of many

channels elicited by rapid application of agonist. It was suggested that low concen-

trations of agonist can elicit a small but sustained current by stimulating the opening

of a small percentage of the α7 nAChR. Individual receptors may be stimulated,

desensitized, and recovered with normal dynamics, while the size of the pool of

open channels remains relatively stable at any one time. Secondary pharmacody-

namic and tolerability profiles of A-582941 were assessed in a battery of assays of

cardiovascular, gastrointestinal, and CNS function. In animal experiments,

A-582941 was well tolerated at exposures greater than those required for efficacy

in cognition models. In rats, single oral dosages of 400 mg/kg (1,400 μmol/kg)

induced clinical signs indicating CNS activity, such as tremor and spasms. A dose

of 800 mg/kg p.o. was lethal within 10 min. To explore the potential of A-582941 to

promote tumor growth, the compound was applied to shaved skin patches on the

backs of SENCAR (sensitive to carcinogens) mice every 2 days for a period of

2 weeks. A-582941 produced only a mild irritation of the skin, with no histologic

evidence of epidermal hyperplasia or increased proliferation of basal keratinocytes

as assessed by immunohistochemical detection of bromodeoxyuridine reagent.

Comprehensive detailed characterization of A-582941 in combination with its

broad-spectrum efficacy, favorable tolerability, and relatively low potential for

toxicity has made it a valuable tool compound for evaluation of the α7 nAChR

platform and as a candidate for potential drug development.

Clinical drug candidate ABT-107 (26) [164, 165] was introduced to address the

potential issues that are likely to be encountered in the clinical development of an α7
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nAChR agonist for the treatment of Alzheimer’s disease. Those issues may include

drug–drug interactions in patients already receiving other AD therapeutics, dosing

constraints defined by pharmacokinetic–pharmacodynamic limitations, and adverse

events, in particular nicotine-like abuse liability. ABT-107 displayed high-affinity

binding to α7 nAChRs [rat or human cortex, [3H](1S,4S)-2,2-dimethyl-5-(6-

phenylpyridazin-3-yl)-5-aza-2-azoniabicyclo[2.2.1]heptane (A-585539) Ki¼ 0.2-

0.6 nM, or [3H]MLA, 7 nM] that was at least 100-fold selective versus non-α7
nAChRs and other receptors. Functionally, ABT-107 did not evoke detectible

currents in Xenopus oocytes expressing human or nonhuman α3β4, chimeric (α6/
α3)β4, or 5-HT3A receptors and weak or negligible Ca2+ responses in human

neuroblastoma IMR-32 cells (α3* function) and human α4β2 and α4β4 nAChRs

expressed in human embryonic kidney 293 cells. ABT-107 potently evoked human

and rat α7 nAChR current responses in oocytes (EC50 of 50–90 nM total charge,

�80% normalized to acetylcholine) and enhanced spontaneous inhibitory postsyn-

aptic current activity in dentate gyrus granule cells. Both effects were augmented by

the positive allosteric modulator 4-[5-(4-chlorophenyl)-2-methyl-3-propionylpyrrol-

1-yl]benzenesulfonamide (A-867744). In rat hippocampus, ABT-107 evoked α7-
like currents in rat hippocampus, which were inhibited by the α7 antagonist MLA.

ABT-107 was also effective in protecting rat cortical cultures against glutamate-

induced toxicity. During in vivo experiments, the ABT compound improved cogni-

tion in monkey delayed matching to sample, rat social recognition, and mouse two-

trial inhibitory avoidance and continued to improve cognitive performance at times

when exposure levels continued to decline. Rats concurrently infused with ABT-107

and donepezil at steady-state levels consistent with clinical exposure showed

improved short-term recognition memory. Compared with nicotine, ABT-107 did

not produce behavioral sensitization in rats or exhibit psychomotor stimulant activ-

ity in mice. Repeated (3 days) daily dosing of ABT-107 increased extracellular

cortical acetylcholine in rats, whereas acute administration increased cortical extra-

cellular signal-regulated kinase and cAMP response element-binding protein phos-

phorylation in mice, neurochemical and biochemical events relevant to cognitive

function. ABT-107 increased cortical phosphorylation of the inhibitory residue

(Ser9) of glycogen synthase kinase-3, a primary tau kinase associated with

Alzheimer’s disease pathology. In addition, continuous infusion of the ABT com-

pound in tau/amyloid precursor protein transgenic AD mice reduced spinal tau

hyperphosphorylation. ABT-107 exhibited a preclinical efficacy profile that

included (1) PD-PK discordance consistent with prolonged biochemical signaling

germane to synaptic plasticity and enhanced cognition, (2) maintenance of efficacy

with concurrent use of an AChEI, and (3) lack of nicotine-like abuse liability and

CNS stimulatory activity. These findings show that targeting α7 nAChRs may have

potential utility for the treatment of cognitive disorders. In clinical trials, ABT-107

was well tolerated over the tested single (1–100 mg) and multiple (2–15 mg once

daily for 7 days) dose range; however, it exhibited nonlinear pharmacokinetics in

humans [166], and its development was discontinued in 2009.

AQW051 (27), a compound similar in structure to ABT-107, was advanced into

the clinic not long ago for the treatment of cognitive impairment associated with
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schizophrenia. Its structure and preclinical data were recently disclosed for the first

time at an American Chemical Society conference [167]. AQW051 demonstrates

high affinity for nAChR α7 (Ki¼ 27� 0.9 nM in an [125I]α-bungarotoxin binding

assay) and acts as a potent agonist at the receptor (pEC50¼ 7.41� 0.09 nM in a

calcium flux assay; Emax¼ 73� 4.1%). No stimulation of α4β2, α3β4, and α1β1γδ
nicotinic subtypes and the 5-HT3 receptor was seen up to a concentration of

100 μM. The 4-methyl group was credited with removing 5HT3 activity in the

compound. AQW051 was found to have good drug disposition in mice, with a free

fraction of 13–19%, a half-life (T1/2 ) of ~0.8 h, and rapid permeation into the blood–

brain barrier (brain/plasma ratios of 10 to 80 at 0.08 to 7 h in mice). It significantly

improves memory function in rodent cognition paradigms, e.g., in the mouse object

recognition test (0.03–0.3 mg/kg) and rat Morris water maze (3 mg/kg), and MLA

treatment reversed the cognitive improvements. Thus, AQW051 appears to possess

the requisite preclinical rationale as a therapeutic agent for cognition indications.

SEN12333/WAY-317538 (28) was evaluated in in vivo efficacy models based

on its generally good in vitro profile (α7 nAChR Ki¼ 260 nM, EC50¼ 1.65 μM),

ease of synthesis, and selectivity on a related panel of nicotinic (α1*,α3*,α4β2) and
highly homologous 5HT3ARs [168]. When the compound was tested at 10 μM in a

panel of �70 binding sites including all major classes of neurotransmitter, growth

factor, and peptide receptors, no significant activity was observed except at the

histamine H3 receptor, where binding was observed leading to receptor antagonism.

In vivo, SEN12333 improved performance in rodent behavioral assays of cognitive

function and perceptual processing, producing enhancement of normal memory

performance. The ability to attenuate pharmacologically induced deficits via either

the glutamatergic or cholinergic system was demonstrated as well. Treatment with

SEN12333 (3 mg/kg i.p.) minimized spontaneous decay of episodic memory in a

novel object recognition task in rats; the compound was able to reverse both a

scopolamine and MK-801-induced deficit in the pharmacological models for these

recognition memory tests [169].

Further improvement of both potency and selectivity of SEN12333 resulted in

SEN34625/WYE-103914 (29) [170]. This compound demonstrated good α3*/α7
selectivity (7.3) and in vitro potency (α7 nAChR Ki¼ 44 nM, EC50¼ 0.49 μM)

although relatively low hERG IC50¼ 1.3 μM.

SEN34625 displayed efficacy in assays of cognitive function and perceptual

processing, showing an ability to attenuate pharmacologically induced deficits via

the glutamatergic system. It reversed MK-801-induced deficits in both the novel

object recognition and prepulse inhibition models with a minimum efficacious dose

of 3 mg/kg in spite of the relatively moderate brain to plasma ratio 0.3. Unlike

SEN12333, for which the efficacy was observed after i.p. administration, the

activity of SEN34625 was observed in both models after oral administration.

Tropisetron (30), the 5HT3R antagonist (Ki¼ 5.3 nM), which is available in

Europe for the treatment of emesis, is a potent and selective partial agonist

(Ki¼ 6.9 nM, EC50¼ 1.3 μM, Emax¼ 36%) for the α7 nAChR [171]. Its

unremarkable safety profile can be interpreted as demonstrating the safety of both

5HT3R antagonist and α7 nAChR partial agonist mechanistic approaches. The
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discovery that tropisetron is also a potent partial agonist for α7 nAChRs gives cause
for the reexamination of both clinical and preclinical findings with this compound,

particularly when it displayed pharmacological effects different from other 5HT3R

antagonists. It was reported that the 5HT3R antagonists tropisetron and ondansetron

had qualitatively different results in learning and memory paradigms in rats [172];

tropisetron, but not the selective 5-HT3R antagonist ondansetron, attenuated PCP-

induced cognitive deficits in mice, and this effect of tropisetron was blocked by

coadministration of the selective α7 nAChR antagonist MLA [173]. By the use of

[11C]CHIBA-1001 and PET imaging techniques, it was found that tropisetron, but

not ondansetron, after a single oral administration (5, 10, or 20 mg), binds to α7
nAChRs in the intact human brain in a dose-dependent manner. All of these results

substantiated a clinical trial of tropisetron in patients with cognitive deficits in

schizophrenia [174]. The compound (10 mg/day for 8 weeks), but not placebo,

significantly improved auditory sensory gating P50 deficits in patients with schizo-

phrenia and had a significant impact on the sustained visual attention in

nonsmoking patients. Overall, the clinical study suggests that tropisetron might

be a potential therapeutic drug for cognitive deficits in schizophrenia.

Over the past decade and beyond, a considerable number of α7 agonists have

been preclinically evaluated within a variety of different companies (Table 1).

These numbers in part reflect the influence of the Measurement and Treatment

Research to Improve Cognition in Schizophrenia (MATRICS) initiative and the

genetic validation established for the α7 receptor in schizophrenia [175]. Some of

these compounds have attendant activity at 5HT3 receptors. Many of these com-

pounds possessed sufficiently strong preclinical rationale that has propelled them

into the clinic for evaluation in indications of cognitive impairment, including

schizophrenia and Alzheimer’s disease. A discussion of the outcomes of the

compounds that advanced into human testing is presented in Sect. 6 of this chapter.

5.3 α7 nAChR-Positive Allosteric Modulators
for Schizophrenia

There are differences in the pharmacological profiles of positive allosteric modula-

tors of the α7 nAChRs versus orthosteric modulators [176]. Type I PAMs increase

the apparent peak amplitude agonist-evoked responses with minor effects on current

desensitization/deactivation. For type II PAMs, peak current is dramatically

increased and there is a significant prolongation of the current decay, suggesting

attenuated desensitization/deactivation. The ramification on safety profiles of

chronic treatment with agonists (orthosteric modulators) affecting α7 nAChRs is

not yet clear; the benefit of this approach may be suboptimal because of the unknown

long-term impact of sustained activation and desensitization of the nAChRs. In this

context, allosteric modulation of the α7 nAChR was introduced as a novel thera-

peutic principle for treating cognitive dysfunction associated with various forms of
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dementia and schizophrenia without the potential downside of sustained orthosteric

agonism of nicotinic receptors. However, according to recent studies [177], repeated

administration of α7 nAChR orthosteric agonists leads to significantly increased

[125I]Bgt binding, not only in the prefrontal regions as seen with acute treatment but

also in the parietal cortex and hippocampus. Such upregulation observed with

orthosteric agonists of the α7 nAChRs does not occur with PAMs, several of

which are being evaluated preclinically for further advancement (Fig. 7).

PNU-120596 (31) increased peak agonist-evoked currents mediated by human

wild-type receptors expressed in Xenopus oocytes and in rat hippocampal neurons

[178]. It also demonstrated a pronounced prolongation of the evoked response in the

continued presence of agonist. PNU-120596 produced no detectable change in

currents mediated by α4β2, α3β4, and α9α10 nAChRs. PNU-120596 increased

the channel mean open time of α7 nAChRs but had no effect on ion selectivity

and relatively little, if any, effect on unitary conductance. Subsequent application of

PNU-120596 on desensitized receptors in the continued presence of nicotine

resulted in a reactivation of the agonist-bound receptor. Co-treatment of neurons

with both PNU-120596 and the selective α7 nAChR antagonist MLA (10 nM)

abolished the ACh-evoked current, indicating that the PNU compound was acting at

α7-containing nAChRs. When applied to acute hippocampal slices, PNU-120596

Fig. 7 Structures of α7-positive allosteric modulators
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increased the frequency of ACh-evoked GABAergic postsynaptic currents mea-

sured in pyramidal neurons; this effect was suppressed by tetrodotoxin, suggesting

that PNU-120596 modulated the function of α7 nAChRs located on the

somatodendritic membrane of hippocampal interneurons. Systemic administration

of the PNU compound to rats improved the auditory gating deficit caused by

amphetamine. Consistent with its classification as a type II PAM, PNU-120596

affects desensitization and prolongs excitatory synaptic events that could have

excitotoxic consequences. PNU-120596 was reported to be neurotoxic in an in

vitro model, although in vivo toxicity studies have not been reported for the

compound.

PHA-758454 (32) is an optimized analog of PNU-120596 with enhanced

potency and improved physical and ADME properties [179]. In the presence of

Ach, PHA-758454 enhanced evoked calcium currents in rat hippocampus. In a rat

model of impaired sensory gating, PHA-758454 reversed amphetamine-induced

disruption of hippocampal auditory gating at 0.1 and 0.3 mg/kg.

NS1738 (33) [180], a type I PAM, increased the peak amplitude of ACh-evoked

currents at all concentrations with only marginal effects on the desensitization

kinetics of α7 nAChRs. Mechanistically, NS1738 modulates the activity of the α7
nAChR by facilitating the energetic coupling between agonist binding and ion

channel gating, thereby increasing the receptor open probability at all ACh con-

centrations. However, this enhanced efficiency of the binding-gating coupling is

dissociated from the energetics of the desensitization process, which proceeds with

nearly unaltered kinetics. NS1738 (10 and 30 mg/kg) improved performance to the

same extent as (�)-nicotine in the social recognition test, a model of short-term

memory, and it reversed the cognitive impairment induced by (�)-scopolamine of

acquisition of a water maze learning task (at 30 mg/kg), a model of long-term

spatial memory.

“Compound 7v” (34) (as it is described in its disclosure) was developed on the

hypothesis that the GABAA and α7 nAChR exhibit sufficient homology to allow the

discovery of compounds that simultaneously modulate both receptors [181].

Structure–activity relationship studies resulted in the identification of compound

7v as a potent and efficacious type I PAM with maximum modulation of a nicotine

EC50 response of 1,200% and EC50¼ 0.18 μM. Compound 7v crossed the blood–

brain barrier when dosed intraperitoneally in mice and was active in reversing the

effect of scopolamine in the novel object recognition paradigm with a minimum

effective i.p. dose of 1.0 mg/kg (2.7 μmol/kg). This effect was blocked by the

selective α7 nAChR antagonist MLA. The compound is a potent allosteric modu-

lator of α7 nAChRs that may have therapeutic value in restoring impaired sensory

gating and cognitive deficits in schizophrenia.

The 5-HT2B/C receptor antagonist SB-206553 (35) [182] was identified as a

PAM of α7 nAChRs [183] in a randomized screening effort and was further

confirmed and characterized using different functional assays of α7 nAChR acti-

vation, both in a recombinant cell line and natively expressed receptors in hippo-

campal slices. SB-206553 produced an eight-fold potentiation of the evoked

calcium signal in the presence of an EC20 concentration of nicotine and a
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corresponding EC50 of 1.5 μM for potentiation of EC20 nicotine responses in

GH4C1 cells expressing the α7 receptor. SB-206553 was devoid of direct α7
receptor agonist activity and selective against other nicotinic receptors. Native

nicotinic receptors in CA1 stratum radiatum interneurons of rat hippocampal slices

were activated by ACh (200 μM), an effect that was entirely blocked by the α7-
selective antagonist MLA. SB-206553 does not share the profound prolongation of

desensitization kinetics with PNU-120596 and is closer to a type I PAM. In

behavioral assays, SB-206553 reversed MK-801-disrupted prepulse inhibition,

indicating that other α7 nAChR PAMs may be active in a model of sensorimotor

gating relevant to schizophrenia pathology. Subsequently, it was demonstrated that

the reversal of MK-801-disrupted prepulse inhibition by SB-206553 was attenuated

by MLA. This supports the notion that the in vivo pharmacological activity of SB-

206553 is driven by its α7 PAM profile and not its 5-HT2B/C receptor antagonism

profile.

A-867744 (36), in oocytes expressing α7 nAChR, potentiated ACh-evoked

currents with an EC50 of 1 μM [184]. In the presence of A-867744, ACh concen-

tration responses were potentiated by increases in potency, Hill slope, and maximal

efficacy. The compound, as type II PAM, not only enhances the ACh-evoked

currents but also slows the desensitization profile of agonist responses [185].

When examined in rat hippocampus CA1 stratum radiatum interneurons or dentate

gyrus granule cells, A-867744 (10 μM) increased ACh-evoked α7 currents and

recovery from inhibition/desensitization and enhanced spontaneous inhibitory post-

synaptic current activity. A-867744 did not displace the binding of [3H]MLA to rat

cortex α7* nAChRs but displaced the binding of the agonist A-582941 in rat cortex,
with a Ki of 23 nM. A-867744 neither increased agonist-evoked responses nor

displaced the binding of A-582941 in an α7/5-HT3 chimera, suggesting an inter-

action distinct from the α7 N-terminus or M2-M3 loop. In a panel of receptor

binding assays for >70 diverse neurotransmitter receptor and ion channel sites

(CEREP Inc.), no significant interaction at any of the targets (>50% displacement

of test ligand) was observed at the screening concentration of 10 μM. Since

A-867744 demonstrated acceptable animal pharmacokinetics and safety profiles,

it was tested in vivo in the DBA/2 mouse. In a paired auditory stimulus paradigm,

A-867744 (0.1–10.0 μmol/kg i.p.) improved sensory gating deficits, reducing

the ratio of the response to test stimulus relative to the preceding response to

conditioning stimulus (T/C ratio).

ABT-779, a type II PAM whose structure has not yet been disclosed [186],

potentiated peak current amplitude and attenuated desensitization responses to ACh

at human and rat α7 nAChRs with potencies (EC50 values: 80–200 nM) highest

among known α7 PAMs. At much higher concentrations (�3 μM), ABT-779 alone

directly evoked MLA-sensitive weakly desensitizing current. In a cell line endog-

enously expressing human α7 nAChRs (IMR-32), ABT-779 activated Ca2+ flux

responses in the presence of an exogenously added agonist (EC50¼ 80 nM) but with

about a four-fold weaker maximum efficacy than modulators A-867744 and PNU-

120596. ABT-779 also directly evoked Ca2+ signals at �3 μM. No potentiation of

agonist-evoked responses mediated by α4β2, α3β4* (IMR-32 cell line), 5-HT3A,
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and chimeric human α7-5-HT3A receptors was observed with ABT-779; instead

weak inhibition of Ca2+ flux, membrane potential imaging, and current responses

were observed (IC50> 450 nM) or no effect (5-HT3A). ABT-779 (10 μM) showed a

clean profile in the CEREP radioligand binding panel across various receptors, ion

channels, and transporters, showing no inhibition greater than 80% across all targets

tested. ABT-779 (10 μM) also did not show inhibition of human acetylcholinester-

ase activity. In rat brain hippocampal slices (CA1 region), current responses evoked

by choline were amplified in the presence of ABT-779; these responses were

inhibited by MLA. In vivo administration of ABT-779 enhanced ACh release

from prefrontal cortex and hippocampus in a dose-dependent manner, with signif-

icant effects observed at doses of 0.1 and 1 μmol/kg. These studies demonstrate that

ABT-779 can modulate native α7 nAChRs controlling synaptic activity and impor-

tant for cognitive processes. The structure of ABT-779 has not yet been published.

JNJ-39393406 (37) [187] is a positive allosteric modulator at the nicotinic

α7 receptor that is now a research tool available in the National Center for

Advancing Translational Sciences (NCATS) program at the NIH (http://www.

ncats.nih.gov/research/reengineering/rescue-repurpose/therapeutic-uses/directory.

html. Accessed 23 Apr 2014). From the NCATS site for compound 37 (http://www.

ncats.nih.gov/files/JNJ-39393406.pdf. Accessed 23 Apr 2013): “In vitro, it

potentiates a 100 μM choline-induced rise in intracellular Ca2+ mediated by

human α7 channels expressed in GH4C1 cells, with an EC50 of 660 nM

(fluorimetric measurements). The concentration response curves of choline,

acetylcholine and nicotine are shifted to the left (10, 10, and 20-fold) and upwards

(20, 17, and 17-fold), indicating that JNJ-39393406 increases both the potency and

efficacy of these agonists. The compound is selective for the α7 receptor and does

not act on α4β2, α3β4 or 5-HT3A channels, and does not interact with a panel of 62

receptors and enzymes. JNJ-39393406 has shown bell-shaped dose–response

activity in two out-sourced animal models: the auditory evoked potential (AEP)

in DBA2 mice (0.63–5 mg/kg s.c., lower and higher doses were inactive), a model

for sensory gating and the attentional set-shifting in rat (1.2 and 5 mg/kg s.c., partial

effect at 0.3 mg/kg, not tested at doses higher than 5 mg/kg).

In phase 1 clinical trials of JNJ-39393406, no significant safety signals were

observed with good oral bioavailability when dosed orally as a nanosuspension.

Exposure in plasma and CSF well exceeded levels applied in preclinical testing. In

a multicenter, double-blind, placebo-controlled, randomized, four way cross-over

proof-of-mechanism study, JNJ-39393406 was tested in 39 regularly smoking male

patients with schizophrenia in a set of electrophysiology measures. No indication

was found that JNJ-3939406 has the potential to reverse basic deficits of informa-

tion processing in schizophrenia (sensory P50 gating) or have a significant effect on

other tested electrophysiological markers (MMN, P300 and quantitative resting

EEG). Sensitivity analyses including severity of disease, baseline P50 gating,

medication and gene variants of the CHRNA7 gene did not reveal any subgroups

with consistent significant effects. CSF levels of the compound were measured in

a separate trial and considered adequate. As mentioned above this study was

only testing regularly smoking male patients with stable schizophrenia. Other
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populations or detailed cognitive measures were not tested.” As a result of its

inefficacy in schizophrenic patients, compound 37 has been discontinued in the

clinic.

Perhaps the most advanced α7 PAM still being actively pursued in the clinic may

be AVL-3288 (38) [188]. AVL-3288 (a type I PAM) is readily brain penetrable and

possesses a chemical structure that most medicinal chemists would say is not the

most druggable. Nevertheless, AVL-3288 improves cognitive behavior in animal

models [189] and is currently in human phase I trials for cognitive dysfunction in

schizophrenia. It has been advanced through the aid of a grant awarded by the

National Institute of Mental Health (NIMH) to support studies through to proof-of-

concept phase II.

6 Clinical Proof-of-Concept (PoC) Studies of α7 Agonists

Given the favorable preclinical findings of multiple α7 agonists, including

enhanced cognitive function and antipsychotic effects, and positive safety profile

in phase I clinical trials, several α7 nAChR agonists were advanced into phase II

clinical trials for schizophrenia.

Administration of the α7 nAChR partial agonist (and the α4β2 nAChR antago-

nist) GTS-21 to nonsmoking schizophrenic patients significantly improved cogni-

tive performance in the Repeatable Battery for Assessment of Neuropsychological

Status (RBANS) test, and it normalized the P50 auditory-evoked potential [190].

However, GTS-21 did not reverse cognitive impairments in schizophrenic patients

using the MATRICS scale in a small crossover design study [191].

A multiple ascending dose (MAD) study of the very potent AZD0328 established

a maximum tolerated dose of 1 mg for patients in the intended indication (http://

www.ncats.nih.gov/files/AZD0328.pdf. Accessed 12 Dec 2013). In a 14-day phase

IIa clinical trial, a dose-related incidence of nausea was apparent; however, in the

likely optimal dose range, the incidence was approximately 5%. In that same phase

IIa clinical trial, which was conducted in patients with schizophrenia who were

concurrently taking an additional antipsychotic drug, no statistically significant

improvement in cognition or other secondary endpoints was observed. Since

AZD0328 was unlikely to meet AstraZeneca’s target product profile, further its

development was discontinued in 2008 (http://www.astrazenecaclinicaltrials.com/

other-drug-products/discontinued-products/AZD0328/. Accessed 10 Jan 2009).

Although RG3487, the α7 nAChR partial agonist and the 5HT3R antagonist,

exhibited significant effects on episodic and working memory scales in patients

with mild-to-moderate Alzheimer’s disease, it failed to demonstrate cognitive

improvement in schizophrenic patients in a 215 patient double-blind, placebo-

controlled adjunctive to antipsychotics study (including smokers) [192].

Another α7 nAChR partial agonist and 5HT3R antagonist, EVP-6124, showed a

clinically meaningful and statistically significant impact on patients’ overall cog-

nition – the trial’s prespecified primary endpoint – when taken in combination with

second-generation antipsychotics and as measured by the full CogState overall
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cognitive index, or “OCI” ( p¼ 0.05 for all patients treated with EVP-6124 vs.

placebo) This positive effect on the OCI was supported by a strong positive trend

for improved cognition on the MCCB of cognition tests, which were conducted on

all US patients in the trial. Additionally, EVP-6124 demonstrated positive effects in

key secondary endpoints: improvement in clinical function (as assessed by the

Schizophrenia Cognition Rating Scale) and reduction of the negative symptoms

of schizophrenia (as measured by the Negative Symptom Scale of the Positive and

Negative Symptoms Scale). In a separate clinical study, EVP-6124 did not delay

cardiac repolarization in healthy subjects at supra-therapeutic exposures. EVP-6124

was well tolerated in 52 subjects of study, when administered as a 2-day regimen

(8 mg (day 1) and 80 mg (day 2)) in cranberry juice [193]. In February 2013,

EnVivo Pharmaceuticals announced the initiation of its phase III clinical trial

program for EVP-6124. This program includes two 26-week multinational trials

which are designed to enroll approximately 700 patients each and evaluate the

safety and efficacy of two doses of once-daily treatment with EVP-6124 as a pro-

cognitive treatment compared to placebo when added to chronic, stable, atypical

antipsychotic therapy in people with schizophrenia. The primary endpoints of the

trials include effect on cognitive function as measured by the Measurement and

Treatment Research to Improve Cognition in Schizophrenia (MATRICS™) Con-

sensus Cognitive Battery (MCCB™) overall cognitive index and effect on clinical

function as measured by the interview-based Schizophrenia Cognition Rating

Scale (SCoRS). Secondary endpoints of the trial include the clinical efficacy of

the two doses of EVP-6124 as measured by negative subscale of the Positive

and Negative Syndrome Scale (PANSS), Clinical Global Impression – Severity

(CGI-S), Clinical Global Impression – Change Scale (CGI-C), and quality of life,

using the EuroQoL-5D™ (EQ-5D) [194]. EnVivo continues to pursue the devel-

opment of EVP-6124 in phase III clinical trials, maintaining the focus on improving

cognition in schizophrenia [195].

The selective α7 nAChR agonist TC-5619, lacking in 5HT3R interaction, was

announced to have positive results for both negative symptoms and cognition in a

12-week exploratory phase IIa trial [196]. That trial was conducted to test the

effects of TC-5619 on cognitive dysfunction and negative symptoms in subjects

with schizophrenia. In the United States and India, 185 outpatients (18–60 years,

male 69%, 46% tobacco users) with schizophrenia treated with quetiapine or

risperidone monotherapy were randomized to 12 weeks of placebo (n¼ 91) or

TC-5619 (n¼ 94; orally once daily 1 mg day 1 to week 4, 5 mg week 4 to 8, and

25 mg week 8 to 12). The primary efficacy outcome measure was the Groton Maze

Learning Task (executive function) of the CogState Schizophrenia Battery (CSB).

Secondary outcome measures included CSB composite score; Scale for Assessment

of Negative Symptoms (SANS); Clinical Global Impression – Global Improvement

(CGI-I); CGI – Severity (CGI-S); and Subject Global Impression – Cognition.

GMLT statistically favored TC-5619 (P¼ 0.036) in this exploratory trial. SANS

also statistically favored TC-5619 (P¼ 0.030). No other secondary outcome mea-

sure demonstrated a drug effect in the total population; there was a statistically

significant drug effect on working memory in tobacco users. The results were
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typically stronger in favor of TC-5619 in tobacco users and occasionally better in

the United States than in India. TC-5619 was generally well tolerated with no

clinically noteworthy safety findings.

TC-5619 is currently completing a phase IIb study that is evaluating the clinical

drug candidate as a treatment for negative symptoms and cognitive dysfunction in

schizophrenia at sites in the United States and Eastern Europe (http://www.

targacept.com/therapeutic-pipeline/TC-5619.cfm). This trial is a double-blind,

placebo-controlled, parallel group study in schizophrenic patients with stable

psychosis taking a fixed dose of an atypical antipsychotic. Following a four-week

screening period, patients receive either one of two doses of TC-5619 (5 mg or

50 mg) or placebo, randomized in a 2:1:1 ratio (placebo: TC-5619 5 mg: TC-5619

50 mg). The primary outcome measure is change from baseline on the Scale for

Assessment of Negative Symptoms (SANS). Key secondary outcome measures

include the composite score on the CogState Schizophrenia Battery and the

University of California, San Diego, Performance-Based Skills Assessment

brief version.

At the time of the completion of this review, top-line results were released from

the abovementioned phase IIb clinical trial of TC-5619 as an augmentation therapy

for the treatment of negative symptoms of schizophrenia [197]. TC-5619 did not

meet the primary outcome measure, change from baseline on the SANS after 24

weeks versus placebo in that trial. In addition, TC-5619 did not demonstrate

improvement on the key secondary measures of cognitive function. TC-5619

exhibited a benign safety and tolerability profile in the study. The future of this

α7 agonist is unclear at this time.

In November of 2009, Abbott initiated a phase I trial to assess the safety,

tolerability, and pharmacokinetics of the α7 nAChR agonist, ABT-126, in stable

subjects with schizophrenia. This study investigated how ABT-126 is absorbed,

distributed, metabolized, and eliminated by the body in stable schizophrenic vol-

unteers receiving treatment with an atypical antipsychotic. Information regarding

the results of this trial is scarce. However, following the successful completion of

the phase I trials in January 2010 and a phase II trial in 2011, Abbott initiated a

phase II study of ABT-126 for CIAS (adjunctive to background antipsychotics)

with an estimated 430 patients enrolled (http://clinicaltrials.gov/ct2/show/

NCT01655680?term¼ABT-126&rank¼3 ). Although MATRICS is the primary

outcome measure, CANTAB for cognitive assessment and scales to assess positive

and negative symptoms in schizophrenia were included. In August 2013, it was

announced at the Alzheimer’s Association International Conference that ABT-126

demonstrated cognitive benefits similar to those seen with donepezil in a phase II

trial of patients with mild-to-moderate Alzheimer’s disease (http://www.

internalmedicinenews.com/index.php?id¼2049&type¼98&tx_ttnews[tt_news]¼
215191&cHash¼da03e20e36). ABT-126 had an adequate safety profile in subjects

with mild-to-moderate Alzheimer’s dementia. High-dose ABT-126 improved

ADAS-Cog scores comparable to donepezil, and the ADAS-Cog improvement

correlated significantly with ABT-126 plasma exposure.

Finally, AQW-051 is an orally active α7 nAChR agonist in clinical trials for the

cognitive deficits in schizophrenia (as well as for Alzheimer’s and Parkinson’s
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diseases). Early clinical studies showed that AQW051 is safe and well tolerated in

young and elderly healthy volunteers. Its pharmacokinetic properties make it

suitable for once-daily oral administration, and a study to evaluate the effects of

once-daily doses of AQW-051 on cognition (147 patients) in stable schizophrenic

patients started recruiting patients in September of 2012 [198]. A previous 57-

patient clinical trial on cognitive function in patients with chronic stable schizo-

phrenia was completed in September of 2011 [199]. Very little news flow has

emerged this compound in recent years.

The initial successful clinical proof-of-concept trials of EVP-6124 and TC-5619

has generated optimism that α7 nAChR agonists might achieve their potential as

promising adjunctive treatment paradigms to improve cognitive impairments and

negative symptoms in schizophrenia. The highly successful phase IIb results for

EVP-6124 further underscored the hope placed in the α7 mechanism to treat

schizophrenia (as well as AD), and this hope is reflected in the entry of new α7-
based therapies, including SKL-15508 and the α7 PAM AVL-3288 (Fig. 8). How-

ever, that optimism is tempered by the dearth of clinical success for α7 agonists in

the treatment of cognition impairment, including the earlier failed trials of GTS-21,

AZD0328, and RG3487, and recently underscored by the unsuccessful phase IIb

outcome for TC-5619 reported at the end of 2013 (Table 2). The industry waits, not

without some anxiety, for the results of the phase II clinical trials of AQW-051

(Novartis) and ABT-126 (AbbVie), as well as the phase III studies on EVP-6124

(Forum Pharmaceuticals).

7 Perspective

Given the relatively modest benefit and better tolerability (relative to neurological

side effects) of current antipsychotic medicines, there is still an urgent need for

improved therapeutics to treat schizophrenic patients. Considering the relatively

poor predictive validity of the currently available animal models, and inefficiency

Alpharmagen
AVL-32883

SK Bio
SKL155083

Phase I Phase II Phase III Marketed

Abbvie
ABT-1263

Novar�s
AQW-0513,5

En Vivo
EVP-61241,3,4

1  Alzheimer’s
2  ADHD
3  Schizophrenia/CDS
4  Nico�ne Addic�on
5  Parkinson’s Disease

Fig. 8 α7-based therapeutics in development for CNS disorders, including schizophrenia or CDS.

AVL-3288, unlike the other products, is an α7 PAM
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of the drug discovery process, it is difficult to predict which of the current phar-

macological approaches will ultimately translate to good medicines available for

treating schizophrenic patients [200]. It is possible that some of the problems of

translation of the animal models for CIAS may relate to whether or not the animal

models used to justify progression of compounds into the clinic employ cognition-

impaired animals versus cognition-normal animals; presumably, cognition-

impaired animal models more closely mimic the human condition than non-

impaired animal models and are thus more translationally relevant.

Studies to date, nevertheless, do support a role of nAChRs in the treatment of

cognitive impairment associated with schizophrenia. These patients have not

responded fully to treatment with antipsychotics. Nicotine replacement therapies

and varenicline (Chantix®/Champix®) have leveraged the epidemiology of nicotine

“self-medication” as first-generation nAChR medicines that are sometimes used to

treat schizophrenia. Preclinical studies of positive allosteric modulators (PAMs) of

the nAChRs have not yet resulted in a meaningful clinical response to those

experimental drugs, but the first of this type of nicotinic cholinergic pharmacology

is just now being tested in the clinic. However, as a result of almost a decade of

research since varenicline entered the market, several clinical studies of orthosteric

nAChR ligands (in particular of α7-selective agonists) were being conducted at the

time of the writing of this chapter (Fig. 8).

Indeed, a recent article reported that the α7 nAChR is one of the pharmaceutical

targets with the most number of compounds in clinical development [201]. These

multiple clinical trials will hopefully result in a breakthrough effective and well-

tolerated neuronal nicotinic receptor therapeutic that will improve cognitive func-

tion in subjects suffering from schizophrenia. The development of medicines for

schizophrenia has been difficult, and already two companies with pipeline products

for this indication late in 2013 are no longer advancing their α7 products in the

clinic (Targacept and BMS). However, we have reason to be optimistic that a safe

Table 2 Status of selected clinical stage of α7 agonists

Compound Indication Development stage

EVP-6124 Cognitive impairment associated with schizophrenia Phase 3

EVP-6124 Alzheimer’s disease Phase 3

ABT-126 Cognitive deficits in schizophrenia Phase 2

AQW051 Cognitive impairment associated with schizophrenia status uncertaina

GTS21 Cognitive impairment associated with schizophrenia Status uncertaina

ABT-126 Alzheimer’s disease Discontinued

BMS-933043 Cognitive deficits in schizophrenia Discontinued

TC-5619 Negative symptoms in schizophrenia Discontinued

AZD0328 Schizophrenia Discontinued

TC-5619 Negative symptoms in schizophrenia Discontinued

RG3487 Alzheimer’s disease Discontinued

RG3487 Cognitive impairment associated with schizophrenia Discontinued

SSR180711 Alzheimer’s disease Discontinued
aThis compound has been in phase II trials without progression to phase III trials

248 A. Mazurov and D. Yohannes



and effective treatment for schizophrenic patients can emerge from the ample

pipeline of α7 nicotinic cholinergic drug candidates being evaluated in the clinic,

particularly of the compounds in late-stage clinical trials by at least three different

companies (EnVivo, AbbVie, Novartis), most of which will read out in 2014 or

early 2015. And opportunities for even more improved nAChR therapeutics for

schizophrenia will come with the maturation of PAM therapeutics.
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The Use of PDE10A and PDE9 Inhibitors

for Treating Schizophrenia

Jamison B. Tuttle and Bethany L. Kormos

Abstract Schizophrenia (Scz) is a chronic and debilitating neurological disorder

that afflicts approximately 1% of the general population with an increased inci-

dence within families. Signs of this disorder typically appear between the ages of

16–30 although rare cases of childhood (<13) onset exist. Diagnosis of scz requires

symptoms that persist for a duration of 1 month over a 6-month time period. The

broad spectrum of symptoms are typically split into three categories: positive,

negative, and cognitive. Implicit within these categories is the difficulty for

stand-alone treatment methods, suggesting a combination of pharmacological and

psychological treatment strategies is needed to manage this disease. Furthermore,

while current pharmaceuticals are moderately effective at managing positive symp-

toms, the severe side effects lower patient compliance. Additionally, drugs used to

treat negative and cognitive symptoms only have modest benefits, at best. Due to

these limitations, there is a clear need for novel pharmaceuticals that modulate

dysfunctional neurological pathways in scz patients. As such, both academic and

pharmaceutical researchers are focused on identifying enzymes that can attenuate

neurological signaling in disease-relevant brain regions. Specifically, this chapter

will provide an in-depth review of current drug discovery efforts focused on

inhibiting phosphodiesterase 10 and 9 (PDE10A, PDE9A, respectively).
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LTP Long-term potentiation

mRNA Messenger ribonucleic acid

NHP Nonhuman primate

nM Nanomolar

NMDA N-methyl-D-aspartate

nNOS Neuronal nitric oxide synthase

NO Nitric oxide

NOR Novel object recognition

NOS Nitric oxide synthase

NR Not reported

NT Neurotensin

ORD Object retrieval detour

PDE Phosphodiesterase

PET Positron emission tomography

PK Pharmacokinetic

PKA Protein kinase A

PKG Protein kinase G

PO Per os

PPI Pre-pulse inhibition

QD Quaque die (once a day)

SAR Structure–activity relationship

scz Schizophrenia

sGC Soluble guanylate cyclase

SNpr Substantia Nigra pars reticulata

THP Tetrahydropyran

THPP-1 Tetrahydropyridopyrimidine

VDW Van der Waals

VTA Ventral tegmented area

1 Introduction

Schizophrenia (scz) is a chronic neurological disorder that afflicts 1% of the general

population worldwide, the symptoms of which typically appear in early adulthood.

While ancient historical accounts exist, the disease was first defined by Dr. Emile

Kraepelin in 1887 as dementia praecox and then schizophrenia in 1908 byDr. Eugene

Bleuler, both of whom are considered the “fathers” of this disorder [1]. In fact,

the basis for current psychiatric diagnostics derived from DSM-IV [2] for this

heterogeneous disorder is rooted in their early observations. The disease has been

divided into five behavioral categories that are paranoid, disorganized, catatonic,

undifferentiated, and residual. Within each of these subtypes exists a myriad of

symptomswhich have been simplified into three representatative categories: positive,
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negative, and cognitive. One, positive symptoms include a range of psychoses such as

hallucinations, delusions, thought disorders, and movement disorders. Two, negative

symptoms include symptoms such as alogia, anhedonia, and affective flattening.

Three, cognitive deficits, which lead to poor executive functioning, working

memory issues, and focus problems. These disparate symptoms illustrate the implicit

challenges associated with finding a remedy for this disease.

Historically, highly invasive techniques were used to treat patients and, only

recently, have evolved to include pharmaceuticals. Prior to the 1970s, patients were

committed to long-term hospitalizations and underwent severe procedures that

included hydrotherapy, insulin-induced comas, frontal lobotomies, and electroshock

therapy [1]. Although some of these techniques are still utilized, the benchmark

introduction of the first pharmaceutical intervention, clozapine, in the 1950s had a

major impact. It helped to manage positive symptoms, mainly hallucinations and

delusions, leading to widespread dehospitalization, and provided an in-road for the

scientific community to discover neurological mechanisms underpinning scz [3, 4].

Further research into clozapine’s mechanism of action has shown aberrant dopamine

signaling in brain regions associated with scz and provided the foundation for the

widely recognized dopamine hypothesis of scz. Moreover, investigation into this

circuitry has led to the development of additional neuroleptics, termed atypical or

second generation antipsychotics, and clinical trials continue to assess the efficacy of

novel compounds that attenuate dopaminergic circuitry for treating scz [5].

Despite the efficacy of marketed antipsychotics for treating positive symptoms,

there remains a considerable socioeconomic impact associated with this disease

whereby estimates of indirect and direct costs in the USA are $62 billion/year [6].

This is largely attributed to marketed drugs having undesirable side effects and lack of

efficacy for negative and cognitive symptoms leading to low compliance. As such,

significant research efforts continue to focus on developing drugs that (1) treat positive

symptomswhileminimizing undesired side effects, (2) treat negative symptoms, and/or

(3) treat cognitive deficits associated with this disorder [7]. Towards these ends, one

enzyme family that has been the focus of recent research efforts is the phosphodieste-

rases (PDEs), specifically PDE10A and PDE9A. Due to the unique expression of

PDE10A in brain regions associated with scz and PDE9A having the lowest measured

Km for cyclic guanosine monophosphate (cGMP), which is reported to be decreased in

the cerebral spinal fluid (CSF) of scz patients, these phosphodiesterases have been

highly studied and are the focus of this review. The goal of this chapter is to provide a

brief introduction to these PDEs, correlate their mechanism of action with potential

disorders found in scz, review the patent and clinical landscapes, then conclude with

the future potential of these PDE inhibitors as treatments for this disease.

2 Introduction to Phosphodiesterases

Phosphodiesterases are zinc- and magnesium-dependent hydrolases that consist of

11 families encoded by 21 genes. These enzymes are widely distributed throughout

the body and play a central role in cellular function by metabolizing cyclic
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guanosine monophosphate (cGMP) and cyclic adenosine monophosphate (cAMP)

to their inactive forms, 50 guanosine monophosphate (50 GMP) and 50 adenosine
monophosphate (50 AMP), respectively (Fig. 1) [8, 9].

The cyclic nucleotides, cGMP/cAMP, act as “secondary messengers” and have a

central role in cellular signaling cascades that are initiated by non-cell penetrant

molecules such as hormones and neurotransmitters. In a typical signaling event,

extracellular molecules activate G-protein coupled receptors (GPCRs) which sub-

sequently induce adenylate cyclase (AC) or guanylate cyclase (GC), enzymes that

utilize adenosine triphosphate (ATP), to biosynthesize cAMP/cGMP. These nucle-

otides, in turn, propagate signaling cascades by activating protein kinase A (PKA)

and protein kinase G (PKG) which then phosphorylate a number of downstream

substrates that include ion channels and transcription factors. These go on to

regulate a broad range of physiological functions that include cell cycle, differen-

tiation, synaptic plasticity, and inflammatory responses (Fig. 2) [10].

Fig. 1 Structure and hydrolysis product of cAMP/cGMP regulated by phosphodiesterases

Fig. 2 Cyclic nucleotide signaling cascade and catalytic cycle
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Due to their importance in key cellular processes, the local tissue distribution

and cellular concentrations of cGMP/cAMP are strictly regulated by cyclases and,

conversely, by PDEs which hydrolyze these nucleotides to their inactive 50AMP/

50GMP forms (Fig. 2). Interestingly, recent studies found cyclic nucleotides are

highly compartmentalized within cells allowing for highly controlled temporal and

spatial signaling events [11]. This local regulation is dependent on A-kinase

anchoring protein (AKAP) mediated scaffolding of PDEs, which acts to abolish

secondary signaling, and PKA, which propagates this secondary signaling [12]. It is

believed that PDEs play the key role in maintaining this balance and several

techniques have been developed to study this phenomenon [13–15].

Phosphodisterases are classified according to their cyclic nucleotide specificity.

For instance, PDEs 4, 7, and 8 hydrolyze cAMPwhereas PDEs 5, 6, and 9 hydrolyze

cGMP. The remaining PDEs, 1, 2, 3, 10, and 11 are cAMP and cGMP dual

hydrolases. In addition to this nucleotide substrate classification, PDEs are further

divided into two additional categories, genes transcribing the enzyme and splice

variants, that broaden the PDE family to 60 unique isoforms. This additional

complexity at the transcription level is due to the control of structurally complex

coding sequences by multiple promotors that, coupled with the aforementioned

alternate splicing, suggests well over 100 unique transcripts may be expressed

throughout the body [16]. Of all tissues, the brain has the highest abundance and

variety of PDEs of any other organ [17]. As such, this has led to a garnering interest

in the role PDEs play in neurological function whereby several family members

have been targeted for treating brain disorders and/or enhancing cognition [18].

3 PDE10A

Phophodiesterase 10A is a dual cAMP/cGMP hydrolase independently discovered

in 1999 by three research groups and is unique amongst the other phosphodiesterase

family members in its localization [19–22]. It is highly expressed as a single

isoform and only found in medium spiny neurons which comprise 90–95% of the

corpus striatum. Brain protein levels of PDE10A are similarly restricted to the

putamen and caudate nucleus regions of the striatum across several mammalian

species that include mouse, rat, dog, cynomolgus macaque, and humans [23], which

is consistent with reported mRNA levels [17]. This brain region, which is a

component of the basal ganglia system, is believed to play a role in executive

function, response to external stimuli, and cognition. Because PDE10A is highly

expressed in this region which governs behaviors that are impaired in several

neurological diorders, a large body of research has been devoted to understanding

the role PDE10A plays in striatal function. This is especially relevant to this topic as

abnormal neurological signaling within this brain region is one of the key tenets of

the aforementioned dopamine hypothesis of scz and shown to have region-specific

activation for patients displaying positive and negative behaviors [24]. This

circuitry and the role PDE10A has in its function is discussed in Sect. 3.4.
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3.1 PDE10A Splice Variants

In humans, PDE10A is expressed as two splice variants, PDE10A1 and PDE10A2

[25, 26]. Phosphodiesterase 10A1 contains 779 amino acids while PDE10A2 has an

additional ten amino acids situated on the N-terminus (Fig. 3).

Whereas A1 is cytosolic, the additional residues of A2 contain regulatory amino

acids that allow for intracellular trafficking between the cytosol and cell membrane

[27]. Specifically, Cys-11 and Thr-16 are palmitoylated or phosphorylated, respec-

tively, depending on intracellular levels of cAMP. When local cAMP levels are

low, A2 is palmitoylated on Cys-11, causing association with transport vesicles that

traffic the enzyme to neuronal cell membranes. Conversely, when cytosolic cAMP

levels are high, PKA is activated and PDE10A2 is phosphorylated on Thr-16 which

prevents palimitoylation, restricts the enzyme to the cytosol then leads to the

reduction of local cAMP levels. This process, along with AKAP-mediated scaf-

folding, helps finely tune the propagation of neuronal signaling by regulating active

and inactive pools of cyclic nucleotides.

3.2 GAF Domains

Phosphodiesterase 10A contains two tandem regions known as cGMP phosphodi-

esterases, Anabaena adenylyl cyclases, and Escherichia coli Fh1A (GAF) domains

termed GAF-A and GAF-B. These domains are present in all living organisms and

allosterically regulate enzymatic activity by small molecule or protein–protein

interactions. The PDE10A GAF domain crystal structures have been solved and

are well characterized [28, 29]. The regulatory role these domains have on PDE10A

function remains controversial but is proposed to be dependent on cAMP and not

cGMP. An early account utilizing a PDE10A GAF domain/cyanobacterial adenylyl

cylase chimera to assess allosteric regulatory effects found cAMP increased

PDE10A catalytic activity nine-fold over control (EC50¼ 19.8 μM) [30]. In contrast

to these studies, experiments using a PDE10A GAFB domain binding assay found

that, although cAMP bound with a Kd of 48 nM, there was no stimulation of

l

ll
l
l

l

Fig. 3 Schematic depicting the key differences between human PDE10A1 and PDE10A2
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catalytic activity [31]. Recently, new data suggests a more complicated role of

cAMP in PDE10A function. It was found to stimulate PDE10A catalytic activity by

threefold but, interestingly, at high [cAMP], cGMP turnover is inhibited. Con-

versely, at low [cAMP] there is a 25% increase in cGMP turnover [32]. These

studies do not address phosphorylation or palmitoylation effects on PDE10A

catalytic activity which are needed to best understand in vivo enzyme kinetics.

3.3 Catalytic Domain

There are many published X-ray crystal structures of the PDE10A catalytic domain

that provide insight into substrate binding modes. For this section, the X-ray crystal

structure of human PDE10A (PDB ID: 2OUP) [33] is used to highlight binding site

residues and regions that are important for substrate binding to this enzyme and

PDEs in general (Fig. 4a): (1) Gln-726, the invariant glutamine residue found in all

PDEs, forms hydrogen bond (HB) interactions with the adenine or guanine ring,

(2) Phe-729 and Ile-692 form the hydrophobic clamp (P clamp), stabilizing the flat,

aromatic adenine or guanine ring through hydrophobic interactions, and (3) two

divalent metals in the metal binding pocket (M pocket), Zn2+ and Mg2+, coordinate

the phosphate group for hydrolysis. The pocket containing the P clamp and the

Fig. 4 PDE10A catalytic domain and binding site (a) X-ray crystal structure of human PDE10A

(PDB ID: 2OUP) with binding site surface and key residues highlighted (gray). Inset: close-up of

PDE10A binding site (b) Schematic of the binding site and location of pockets in PDE10A,

PDE9A, and common to most PDEs, and location of the PDE10A-specific pocket
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invariant glutamine is referred to as the Q pocket, which contains two subpockets,

Q1 and Q2, as defined by Card et al. [34]. A third pocket called the solvent pocket

(S pocket) involves the residues at the entrance to the binding pocket. These features

and pockets, highlighted in Fig. 4b, are common amongst the catalytic domains of

most PDEs [34]. The PDE10A pocket, also highlighted in Fig. 4b, is a unique pocket

that is accessible to PDE10A inhibitors. It is hypothesized that this pocket is only

found in PDE10A due to a unique Gly at position 725 [35]. The endogenous

substrates, cAMP and cGMP, do not interact with the residues in this pocket.

3.4 PDE10A in Schizophrenia

3.4.1 Circuitry

In order to understand the importance of PDE10A for treating scz, it is important to

review the striatal circuitry where the enzyme is expressed. The striatum occupies a

central role in signal attenuation throughout the basal ganglia circuitry that is

involved in cognition, emotional processes, and motor responses. Several recent

review articles detail the intricacies of this brain region [36–40]. It has been hypoth-

esized that two main circuits signal from the striatum: (1) the striatopallidal/indirect

pathway and (2) the striatonigral/direct pathway. The striatopallidal pathway acts to

filter out irrelevant background information. The striatonigral pathway acts to atten-

uate the strength of inputs encoding behaviors that are adaptive for a desired response.

It is generally believed that these two pathways are antagonistic, although recent

research found there may be synergy with respect to controlling movement [41].

From a circuitry perspective, the direct and indirect pathways in the basal

ganglia are hypothesized to function independently and are dependent on dopami-

nergic signaling [42]. Evidence for this was discovered using D2 antagonists in a

2-deoxy-D-glucose (DG) autoradiography study [43]. In the event, a D2 antagonist,

haloperidol (indirect pathway antagonism), demonstrated a dose-dependent

uptake of 2-DG in the lateral habenula (indirect pathway) but no effect in the

globus pallidus (direct pathway). Also, D1 agonists (direct pathway activation),

CY 208–243 and D-amphetamine, increased Fos-like immunoreactivity in basal

ganglia regions regulated by striatalnigral (direct pathway) outputs. In the same

study, D2 antagonists, haloperidol and clozapine, elevated Fos-like immunoreac-

tivity in circuits associated with the striatopallidal (indirect) pathway [44].

Evidence for PDE10A having a regulatory role in the striatonigral direct pathway

signaling was demonstrated using papaverine 5 for an ex vivo patch clamp study. The

results of this study show PDE10A inhibition enhances D1 receptor agonist-evoked

GABAergic currents in the Substantia Nigra pars reticulata (SNpr), a region involved

with the striatal nigral (direct) pathway. Importantly, mild AC stimulation is necessary

because basal levels of AC activity are low in these tissue preparations [45].

Contradictory evidence for these pathways functioning independently was

shown by measuring cerebral glucose uptake after intrastriatal injection of D1

agonists and D2 antagonists. In the study, glucose uptake was decreased in nuclei
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found in both the direct and indirect pathways for both treatments [46]. Based on

these results, it is clear more experimentation is needed to develop an understanding

of how dopaminergic inputs affect synaptic transmission in these pathways.

Phosphodiesterase 10 inhibition may provide a unique opportunity to understand

how these pathways function clinically. Because both D1- and D2-dependent neurons

require cAMP/cGMP messaging to propagate neurochemical inputs, PDE10A inhibi-

tors provide a novel opportunity to test the dual activation of these pathways; the

proposed effect has been discussed [9]. Evidence for this was found using a PDE10A

inhibitor,MP-10 6, in a fluorodeoxyglucose positron emission tomography (FDG-PET)

study in mice [47]. At a minimally effective dose this inhibitor showed region-specific

increases of 2-DG uptake in the globus pallidus (GP) and the lateral habenula (LH).

Both pathways influence the basal ganglia circuitry where the GP (direct pathway) is

involved with motor control [48] and the LH (indirect pathway) is involved in

processing reward stimuli, avoidance learning, pain and stress [49]. This circuitry has

been proposed to be involved with scz pathophysiology [50]. Interestingly, whereas

2-DGuptake in the LH correlatedwith a 100%D2 receptor occupancy by haloperidol, a

similar effect was observed for 6, also known as Pfizer clinical candidate PF-02545920,

at 10–40% occupancy. This suggests PDE10A inhibitors, including compounds 5–7,

may be more effective at influencing this circuitry than D2 antagonists (Fig. 5).

3.4.2 Biochemical and Behavioral Effects of Tool Compounds

This section reviews the biochemical and behavioral effects of two PDE10A

selective tool compounds, MP-10 6 and THPP-1 8, that show inhibiting PDE10A

effectively improves preclinical models of schizophrenic symptoms. Whereas a

brief introdution to MP-10 has been discussed in light of an FDG-PET, further

details about the mechanism of action is discussed below.

MP-10

The discovery of MP-10, 6, was reported by Pfizer in 2009 [35] and is the most

widely profiled of all PDE10A inhibitors. Pharmacologically, this compound is

highly potent and selective with respect to PDEs and CEREP panel. The X-ray
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Fig. 5 Examples of PDE10A inhibitors used to assess striatal function
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crystal structure of 6 bound to rat PDE10A (PDB ID: 3HR1) highlights key

interactions (Fig. 6) [35]. This structure reveals that 6 does not make a HB interac-

tion with the conserved glutamine, Gln-716 (residue numbering for the rat PDE10A

construct is slightly different from the human PDE10A construct), unlike most PDE

inhibitors. In addition, 6 does not have the planar, aromatic ring system that typically

interacts with the P clamp (Phe-719 and Ile-682). Rather, the phenyl ring of 6makes

an amino-π interaction with Gln-716 and an edge-to-face interaction with Phe-686.

The pyrazole and pyridyl nitrogens form HB interactions with water molecules that

are involved in HB networks with the protein. The selectivity of 6 over other PDEs is

likely due to interactions of the quinoline group with the PDE10A pocket and a HB

interaction with Tyr-683 (Fig. 6).

In preclinical pharmacokinetic experiments, 6 is 30% orally bioavailable in rats and

68–100% in dogswith low tomoderate clearance (Fig. 7). Importantly, 6 has good brain

exposurewith a brain to plasma ratio of 0.86making it a candidate formeasuring central

effects. Indeed, this was demonstrated in the striatum where 6 caused a dose-dependent

increase of proteins involved in neurological function using 0.1–5mg/kgMP-10 inmale

CF mice dosed intraperitoneally (IP). The upregulated proteins include cGMP, CREB

S133 phosphorylation, DARPP32 phospho-T34, phosphoGluR1, and small, but signifi-

cant, increases in total GluR2/3 and phospho NR2B 1472 [51]. Importantly, these

effects were not observed in 6 treated PDE10A knock-out (KO) mice, strongly

suggesting PDE10A plays a direct role in the regulation of these biochemical events.

The effect of PDE10A inhibition was assessed for transcription effects. Several

neurotrophic mRNA transcripts that include neurotensin (NT), a regulator of dopamine

pathways; cFOS, a marker for neuronal activation; enkaphalin, an indirect pathway

marker; and substance P, a direct pathway marker were increased after inhibiting

PDE10A at a 3 mg/kg, i.p. dose. [52]. Of relevance to this outcome, marketed D2

antagonists produce a similar increase of immediate early genes, cFOS and NT [44].

An MP-10-related PDE10A inhibitor, TP-10 7, was utilized for in vivo electro-

physiology experiments in freely moving rats. In these studies, PDE10A inhibition

led to an increased responsiveness of medium spinal neurons to corticalstriatal

input [53]. Additionally, the data indicates that striatopallidal MSNs are more

responsive to depolarizing currents, suggesting a larger effect on the direct basal

ganglia pathway. Electrophysiology experiments using MP-10 suggest PDE10A

Fig. 6 X-ray crystal

structure of 6 (cyan) bound
to PDE10A (PDB ID:

3HR1). Key residues and

binding site pocket are

highlighted (gray) and HB

interactions are depicted

by blue dashed lines
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inhibition attenuates dopaminergic neuron firing in the ventral tegmented area

(VTA), a brain region associated with emotions and reward, following a high

dose of D-amphetamine [54]. A caveat to these results is that there was no inhibition

at a low dose of D-amphetamine suggesting a D1-regulated feedback control may be

required for the effect seen with PDE10A inhibition.

These biochemical effects provided the impetus to broadly assess the impact 6 has

in models predictive of antipsychotic activity and extrapyramidal side effects (EPS).

In the case of antipsychotic activity, 6was shown to attenuate anN-methyl-D-aspartate

(NMDA) receptor antagonist,MK-801, induced deficits in a pre-pulse inhibition study

(PPI) at 3 and 10 mg/kg doses but had no effect on startle response in this assay. In

terms of negative symptoms, this inhibitor improved sociality in a rodent social

approach/social avoidance model in the 0.1 and 0.3 mg/kg groups. Interestingly,

preclinical cognition models provided mixed results. Inhibitor 6 reversed

MK-801-induced deficits in social odor recognition model at 3 mg/kg po but not in

a novel object recognition model at any dose. This lack of efficacy in the NOR model

may be compound specific as other PDE10A inhibitors have shown positive effects.

In terms of locomotor effects, 6 produced a minimal effect in a mouse catalepsy

model with the peak cataleptogenic potential observed at 47% at the 3 mg/kg i.p.

dose 90 min after dosing. In an apomorphine-induced climbing model that mea-

sures EPS liability MP-10 decreased induced climbing with an ID50 of 0.375 mg/kg

i.p. and induced stereotypy with an ID50 of 25 mg/kg. Both the catalepsy and

climbing model results suggest that 6 behaves like an atypical antipsychotic with

minimal EPS effects. Inhibitor 6 decreased avoidance in the conditioned avoidance

response assay which is proposed to be predictive of antipsychotic activity with an

ID50 of 1.07� 0.167 mg/kg i.p. [55]. Additionally, PDE10A inhibition led to

reversal of MK-801-induced immobility in a forced swim test model, proposed

to mimic negative symptoms in scz, using mice at 1 mg/kg po [56]. Interestingly,

a recent report showed 6 induced significant akathisia-like behavior in nhp at 3 mg/

kg but not 1 mg/kg (Fig. 7) [57]. Derivative 7 was subjected to a similar battery of

tests and demonstrated a nearly exact outcome in these assays compared to 6 [58].
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Fig. 7 MP-10 structure, biochemical and behavior effects
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THPP-1

Tetrahydropyridopyrimidine (THPP-1) 8 is a potent and selective PDE10A inhib-

itor having a favorable selectivity profile against other PDEs (Fig. 8) [59]. It has an

excellent pharmacokinetic (PK) profile with low clearance <8 mL/min and oral

bioavailability >31% across preclinical species. Inhibitor 8 showed a dose-

dependent increase in rat CSF suggesting it is brain penetrant and, therefore,

suitable for use in measuring central effects and behavioral tasks. Following oral

administration, 8 demonstrated a dose-dependent increase of cAMP, cGMP, pGlur1

S845 and, to a lesser but significant extent, phospho extracellular receptor kinase

(ERK) and phospho CREB in rat striatal tissue. These latter two enzymes play a

role in signaling pathways that modulate glutamate and dopamine signaling in the

striatum [60–62]. These protein changes were not observed in other brain regions,

which is consistent with the expression pattern of PDE10A.

Having demonstrated excellent neuropharmacokinetics and increases of proteins

involved in synaptic plasticity, 8 was utilized for behavioral tasks in both rodents

and nonhuman primates. In rats, 8 attenuated MK-801-induced locomotion in both

acute and, importantly, 14-day subchronic dosing at 3 mg/kg po. This suggests that

PDE10A inhibition will not diminish in efficacy due to toleration. Similar to 6,

inhibitor 8 decreased avoidance response at 1 and 3 mg/kg po. In the novel object

recognition (NOR) cognition task, a 1 mg/kg po administration of 8 significantly

improved the ability of a rat to identify new items after 48 h post initial dose. An

additional cognition experiment was reported for nonhuman primates (NHP) where

8 improved difficult task success and reversed ketamine-induced deficits in an object

retrieval detour (ORD) task at 10 mg/kg. This is the only report of PDE10A

inhibition improving cognition in nonhuman primates (Fig. 8).

3.5 PET Ligands

The use of positron emission tomography (PET) to detect radioactive decay from

isotopically labelled compounds has become an integral tool for neuroscientists.

This noninvasive technique allows for the observation of drug action in the brain,
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Fig. 8 THPP-1 structure, biochemical and behavior effects
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helps to validate target engagement, and informs future development decisions.

Because PDE10A inhibition has shown promise for treating scz, several efforts for

developing radioactive PET ligands have been reported (Fig. 9).

The first PET tracer was [11C]-papaverine 9 [63]. Consistent with earlier reports,

this radioligand exclusively labelled the striatum in ex vivo rat brain slices. While

in vivo studies showed 9 did initially accumulate in PDE10A-rich regions of the

brain in rat and nonhuman primates, rapid clearance and modest potency prevents

this compound from being a useful PET tracer in the clinic due to a rapid decrease

in signal.

The high potency/selectivity and favorable in vivo profile of 6 renders this

compound an attractive candidate for PET studies. As such, radioligands that

incorporate 18F and 11C radioisotopes have been profiled in vivo. In one account,

JNJ41510417 10was measured for tissue distribution and latency times in mice and

rats [64]. It was found to bind specifically and reversibly to PDE10A in the striatum

as shown in wild-type and KO animals. However, two issues were reported. One, its

relatively slow kinetics necessitate prohibitively longer acquisition times in the

clinic and, two, the presence of a brain-penetrant radiometabolite may complicate

the quantifying of PDE10A in the striatum. An alternative radioligand was prepared

as [11C]MP-10, compound 11. This ligand had a similar striatal distribution as that

reported for 10 in both nonhuman primate and rodent brains [65]. Unfortunately, a

time-dependent accumulation of radioactivity was observed in both the striatum

and cerebellum that was attributed to a brain-penetrant metabolite. As before, the

presence of this metabolite complicated accurate quantifying of PDE10A receptor

engagement.

An improved radioligand, [18F]-JNJ42259152 12, has recently been reported

[66]. A thorough preclinical evaluation indicated this tracer binds specifically to
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PDE10A and has a good latency period. Despite the presence of a brain-penetrant

metabolite, the researchers utilized a reference tissue model to quantify the binding

potential for this radioligand. Having found an accurate quantifying method, 12was

utilized as the first PDE10A radioligand in the clinic to measure biodistribution and

dosimetry [67]. The results show 12 is safe and well tolerated with good striatal

uptake and good washout. Interestingly, in contrast to reports of PDE10A mRNA

expression in the testes and spermatozoa [20, 68], no radioactivity was measured in

this region. These results are consistent with an immunohistochemical experiment

that did not find PDE10A protein in the testes [23]. This is one of the two advanced

PDE10A radioligands and these promising initial results warrant further clinical

analysis for use in disease characterization and PDE10A binding kinetics in the

brain (Fig. 9).

Recently, PET data using two Merck chemotypes, MNI-654 13 and MNI-659 14

were reported. In nonhuman primates both tracers displayed good signal in the

putamen and GP and were blocked from binding to this region by MP-10 in a dose-

dependent manner. Receptor occupancy for MNI-659 was 85% at 1.8 mg/kg; these

data were not reported for MNI-654. Subsequently these compounds were

progressed into the clinic with healthy volunteers. In the event, MNI-654 showed

variability after repeat dosing. In contrast, MNI-659 showed consistent signal and is

currently being used to assess PDE10A expression levels in Huntington’s disease

patient populations [69–71].

One last disclosure was reported from Immanova using IMA106 and IMA107,

structures unknown, along with MP-10 as a comparator in a PET study using

baboon and pigs. In both species these compounds localized to brain regions

consistent with high levels of PDE10A expression and their specificity for this

receptor was demonstrated by competition with an unidentified inhibitor. Addi-

tional information regarding use of these PET ligands for future studies were not

discussed [72].

3.6 Competitive Landscape

Due to the compelling biological dataset that correlates PDE10A inhibition with

positive benefits in psychiatric and neurodegenerative disorders there has been

broad interest in developing small molecule treatments. This section provides a

general survey of the reported patentscape. Exemplars were chosen based on

potency and to give a general sense of the diverse range of chemotypes developed

to inhibit PDE10A. In the cases where potency data were unavailable, a represen-

tative example was chosen. In this crowded field, many patents have been filed that

cover a broad spectrum of chemical matter, and the authors refer the reader to the

original patents to build a deeper understanding of SAR and key structural interac-

tions. Additional off-target potency data has been incorporated when reported.
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3.6.1 AbbVie/Abbot

AbbVie reported on a series of 6–6 fused heterocyclic cores that include

phthalazinone and isoquinolone derivatives 15 and 16 [73, 74]. No potency data

was provided in these patents (Fig. 10). Abbott published a recent patent of which

indolinone 17 was identified as a representative chemotype [75]. No potency data

was provided in this patent.

3.6.2 Allergan

Allergan has filed two patents [76, 77], one of which is a selection invention for

retinal diseases containing the MP-10 chemotype 6. Another example contains an

isoquinolinone isostere of the papaverine core as shown in 18. Both compounds are

highly potent derivatives that bind to PDE10A with IC50< 1 nM and extend the use

of PDE10A inhibitors to retinal diseases (Fig. 11).

3.6.3 Altana Pharma AG

Altana has filed two patents claiming a range of substitution patterns around a

pyrrolodihydroisoquinoline core 19 and 20 [78, 79]. In their first patent, their matter

is utilized to treat cancer that, while outside of the scope of this review, represents

another opportunity for PDE10A inhibitors (Fig. 12).

3.6.4 Amgen/Memory

Amgen/Memory have reported on a range of different chemotypes having nM to

sub nM binding potencies to PDE10A [80–83]. Early chemotypes were focused on

papaverine type analogs substituted with a variety of disubstituted pyridines, two

potent examples bearing 2-amino groups such as compounds 21 and 22. Finally,

cyclobutanes and azetidines, such as 23 and 24, were reported in a series of more

recent patents demonstrating the successful use of phenyl bioisosteres to improve

the ligand efficiency (Fig. 13).
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Fig. 10 Representative chemotypes disclosed by AbbVie/Abbott
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3.6.5 Astellas

Astellas has filed a single patent on a regioisomer related to 6 [84]. In this case,

the ether linker is repositioned from the phenyl and quinazoline to between the

pyrazole and phenyl as shown by 25. This alternative configuration has

sub-nanomolar potency (Fig. 14).

3.6.6 Bayer

Bayer has filed several patents on PDE10A inhibitors for neurological disorders,

cancer [85–88], and diabetes [89]. For central nervous system (CNS) disorders,
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Fig. 11 Representative chemotypes disclosed by Allergan
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Fig. 12 Representative chemotypes disclosed by Altana
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Fig. 13 Representative chemotypes disclosed by Amgen/Memory
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the chemotypes are largely based on imidazotriazine cores, such as 26 and 27, with

small changes being introduced in the 2-position [90, 91]. Potency data was not

reported for this series of compounds (Fig. 15).

3.6.7 Biotie/Wyeth/Elbion

A collaboration betweenWyeth/ Biotie and, by extension, Elbion, produced a range

of fused heterocyclic tricycles that included fused imidazo[1,5-A]-pyrazines, 28,

pyrido[3,2-E]pyrazines 29, and imidazotriazine, 30 [92–94]. In general, these are

single digit nM binders to PDE10A and were reported to have good PDE2 selec-

tivity in the case of 30 (Fig. 16).

3.6.8 Bristol Myers Squibb

BMS has reported on compounds bearing a triazolopyrazine bicycle connected

to fused, 31, and unfused, 32, bicyclic cores that bind strongly to PDE10A (Fig. 17)

[95, 96].

3.6.9 EnVivo Pharmaceuticals

EnVivo has developed novel chemotypes for their inhibitors; two chemotypes are

shown below [97, 98]. Their patents cover hydrazone linkers, such as 33 and

biphenyl ethers derivatives exemplified by 34. No potency data was reported in

these patents (Fig. 18).
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3.6.10 Evotec LTD

Evotec has reported on a fused pyrazolopyridine core 35 bearing a conserved

substituted pyrazole as PDE10A inhibitors [99]. This is a potent series of com-

pounds where the exemplar IC50¼ 7 nM (Fig. 19).

3.6.11 Glenmark

Glenmark has filed three recent patents that describe two related chemotypes

bearing heterocycles linked to aryl ether cores, such as amide 36 and acrylamide

37, and heterocyclic cores, such as pyrollidinone 38 shown below [100–102].

Potency data was not provided (Fig. 20).
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Fig. 16 Representative chemotypes disclosed by Biotie/Wyeth/Elbion
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3.6.12 Helmholtz-Zentrum Dresden/University of Leipzig

This patent describes the use of novel papaverine analogs as PDE10A inhibitors,

exemplified by 39 [103]. Potency data was not reported (Fig. 21).

3.6.13 Hoffman-LaRoche

Hoffman-LaRoche has published many patents in this arena that report inhibitors

which bind to PDE10A with sub-nanomolar potencies, a few recent examples are

shown below [104–106]. These include amide substituted amino pyridines 40,

diamide substituted N-alkyl pyrazoles, exemplified by 41, and triazolopyrimidines,

42, as potent PDE10A inhibitors (Fig. 22).
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3.6.14 Janssen Pharmaceuticals

Janssen filed three recent patents around imidazo[1,2-b]pyridazine derivatives 43

and imidazo[1,2-a]pyrazine analogs 44, the exemplified compound of which was

covered as a single compound [107–109]. In addition to these, Janssen has filed two

additional patents on the previously discussed PET ligands (Fig. 23) [110, 111].

3.6.15 Kyorin Pharmaceuticals

Kyorin has developed pyrazolopyridine-4-yl pyridazinone derivatives, exemplified

by 45, as PDE10A inhibitors [112]. No potency data was reported in this patent

(Fig. 24).

3.6.16 Kyowa, Hakko, Kogyo

In this patent, biaryl substituted quinolines, exemplified by 46, are reported to

inhibit PDE10A [113]. Potency data was unavailable (Fig. 25).

3.6.17 Lundbeck

Lundbeck has reported several chemotypes as PDE10A inhibitors (Fig. 26). Several

cases describe closely related phenotypes exemplified by aryl substituted
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imidazoles or triazoles are connected to fused heterobicycles via small aliphatic linker,

such as compounds 47 and 48, and are potent nanomolar inhibitors [114, 115]. In a

recent series of filings tricyclic heterocycles such as 49 were reported having single

digit nanomolar binding affinities to PDE10A [116].

3.6.18 Merck

Merck has been active in this field and has published on a diverse set of chemotypes

(Fig. 27). In several embodiments, disubstituted cyclopropyl linkers bearing fused

heterocycles such as 50 bind to PDE10A with IC50< 1 nM [117]. Recent embodi-

ments describe a number of potent compounds containing a range of heterocyclic

functionality as shown by compounds 51 and 52 [118, 119]. A patent covering their

aforementioned PET ligand has also been filed (Fig. 32) [120].
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3.6.19 Mitsubishi Tanabe Pharma

Mitsubishi Tanabe has discovered a number of aminopyrimidine containing

PDE10A inhibitors such as 53 as are highly potent, subnanomolar inhibitors of

the enzyme [121]. In one recent patent trisubstituted heterocyclic cores such as

fused imidazopyridazines 54 were disclosed [122]. These compounds are highly

potent, subnanomolar inhibitors of the enzyme (Fig. 28).

3.6.20 Mochida Pharmaceutical Co Ltd

Mochida has reported alkene linked heterocycles, exemplified by 55 and 56, as

PDE10A inhibitors but does not provide potency values (Fig. 29) [123, 124].

3.6.21 Omeros Corporation

Omeros has reported on two distinct chemotypes. The first is disclosed in a series of

three patents and describe a range of heteroaryl, 57, and aryl 58 substitutions on a

hydrazone linker [125, 126]. Potency data for the exemplars were not reported

(Fig. 30).
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3.6.22 Pfizer

Pfizer has published several patents detailing compounds for use as PDE10A

inhibitors (Fig. 31). One series, exemplified by 59, was based on the papaverine

pharmacophore bearing substituted heterocycles such as pyrrolidines and piperi-

dines [127]. A second series of patents describe the use of disubstituted pyrazole

phenyl ethers, such as 6, and cyclized versions, such as 60, as inhibitors [128, 129].

One exemplified compound 6 is the aforementioned clinical candidate, MP-10.

3.6.23 Schering Corporation

Prior to the merger with Merck, Schering released two patents [130, 131]. One

embodiment covers a number of substituted triazolopyridines 61 and pyrazoloqui-

nazoline 62 derivatives. Additional heterocylic fused papaverine analogs, exemplified
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by 63, were discovered in a joint Schering/Organon collaboration [132]. Potency

values were not reported (Fig. 32).

3.6.24 Taisho Pharmaceutical Co.

Taisho has described pyrazolylpyridone derivatives, such as 64, but does not

include potency data in their patent (Fig. 33) [133].

3.6.25 Takeda Pharmaceutical Co. Ltd.

Takeda has filed several patents around three primary chemotypes (Fig. 34). One

series of patents share a common pyridazinone pyrazole bicycle substituted with a

variety of aryl, heteroaryl, and alkyl substituents exemplified by 65 [134] . While

potency data was typically unavailable, compound 65 was reported to be a very

potent and selective PDE10A inhibitor. Additionally, several patents claim the use

of heteroaryl substituted phenyl ethers, exemplified by 66 PDE10A inhibitors [135].

Finally, one recent embodiment describes the use of biarylether indolinones for

inhibiting PDE10A, 67 is one such example [136].

PDE10A IC50 = NR

F

N

NH

O N

N
N

H
N

N
N
NH

NHO

N

Me

Me

OMe

PDE10A IC50 = NR
61 62

MeO

N
Me

N

N

Me

MeO

PDE10A = NR
63

Fig. 32 Representative chemotypes disclosed by Schering

HN

N
N

O N O

OMe

PDE10A IC50 = NR
64

Fig. 33 Representative chemotype disclosed by Taisho

The Use of PDE10A and PDE9 Inhibitors for Treating Schizophrenia 279



3.7 Clinical Trials

Several PDE10A inhibitors have progressed to the clinic and are mostly at the

Phase I stage with two candidates actively recruiting for Phase II [137]. In general,

most trials utilize low (<20 mg) doses of drug candidates suggesting these are

potent compounds having good central exposures. To date, no data has been

published from completed trials, although in a recent poster, Pfizer reported no

differentiation over control in a clinical study using 6 [138]. One interesting

hypothesis that has emerged from this failed clinical trial postulates there may be

an undesired balancing out of both direct and indirect pathway signaling in the basal

ganglia. This co-stimulation may interfere with the desired antipsychotic effects

attributed to indirect pathway activation [139]. Indeed, this lack of efficacy has

spurned a series of recent activity aimed at explaining the gaps and issues with

PDE10A biology [140, 141].

Several studies are currently recruiting patients to assess safety, tolerability, and

effect of PDE10A inhibitors in stable scz patients and as an adjunct with current

standard of care. Recently, Omeros reported results from a Phase 2a trial in which

scz patients receiving standard of care treatment were dosed with their candidate at

a concentration that exceeded a 66% PDE10A receptor occupancy without EPS

which is a first for the field. In light of these results, Omeros is recruiting for a Phase

2 trial using OMS824 to treat psychiatrically stable scz patients [142]. Also,

ongoing PET studies are in the recruitment phase indicating companies are seeking

to develop a deeper understanding of PDE10A engagement in the brain and

inhibitor binding kinetics (Table 1). In recent news, PDE10A inhibitors are being

utilized in Huntington’s disease trials.
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4 PDE9A

Phosphodiesterase 9A is a high-affinity, cGMP-specific PDE, as demonstrated by its

relative difference in Km for cGMP (0.07–0.17 μM) compared to cAMP (230 μM)

[143, 144]. It has one of the highest substrate affinities of all the known PDEs, which

suggests that it may be functional at cGMP concentrations lower than that of any

other isozyme [144]. Patients with scz have been shown to have decreased levels of

cGMP in the CSF compared to healthy controls [145, 146]. This observation, along

with preclinical research implicating cGMP signaling pathways in cognitive

processing (vide infra), suggests that PDE9A inhibition could be a therapeutic

strategy for the treatment of cognitive deficits associated with scz.

4.1 Splice Variants and Localization

Human PDE9A is encoded by a single gene for which over 20 splice variants have

been identified [147, 148]. Only two of the splice variants have been expressed and

characterized: PDE9A1, which was found to be localized in the nucleus, and

PDE9A6 (originally called PDE9A5), which was reported to be cytosolic [149].

Contrary to most other PDEs, little is known about the regulation of PDE9A and no

regulatory sequences have been identified on the N-terminal domain [150].

Phosphodiesterase 9A mRNA is widely expressed throughout the body with the

highest transcript levels found in kidney, brain, spleen, gastrointestinal, and pros-

tate tissues [17, 143, 144, 147–149, 151]. In mammalian brains, PDE9A mRNA is

expressed in multiple regions, including the hippocampus, striatum, cerebellum,

amygdala, cortex, olfactory bulb, thalamus, and hypothalamus [17, 152–156].

Mainly expressed in neurons, high levels of PDE9A mRNA have been found in

hippocampal granule and pyramidal cells and cerebellar Purkinje cells. Several of

these brain regions, including the hippocampus, cerebellum, amygdala and cortex,

are known to be relevant for cognition and memory [157–162]. As such, PDE9A is

a promising target to test the hypothesis that cognitive deficits in scz can be treated

by elevating cGMP in these brain regions through its inhibition.

4.2 Catalytic Domain

Several X-ray crystal structures of inhibitors bound to the catalytic domain of PDE9A

have been published, providing insight into substrate and inhibitor bindingmodes and

isozyme selectivity profiles [163–168]. A mechanism for cGMP hydrolysis was

proposed based on PDE9A X-ray crystal structures obtained by a freeze trapping

technique [163]. The X-ray crystal structure of PDE9Awith cGMP (PDB ID: 3DYL)

reveals: (1) the flat, aromatic guanine ring is stabilized between Phe-456 and
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Leu-420, which form the P clamp, (2) HB interactions between the guanine ring and

the invariant glutamine residue, Gln-453, and (3) interactions between the phosphate

group and the divalent metals in the M pocket (Fig. 35).

In general, the small molecule inhibitors that have been co-crystallized with

PDE9A have common structural motifs, suggesting there are key interactions

necessary for PDE9A binding. The X-ray crystal structure of 68 with PDE9A

(Fig. 36) [169] is used to highlight the characteristics of the binding pocket and

these key inhibitor interactions (PDB ID: 3JSI). The bicyclic pyrazolopyrimidinone

core is sandwiched between the P clamp residues, which form favorable hydropho-

bic interactions to hold the inhibitor in position. The pyrimidinone motif in the

bicyclic core of 68 forms two HBs to the invariant Gln-453. Phosphodiesterase 9A

Fig. 35 X-ray crystal structure of cGMP (pink) bound to human PDE9A (PDB ID: 3DYL). Key

residues and binding site pocket are highlighted (gray) and HB interactions are depicted by blue
dashed lines

N
5

6
N
7

4

N 1
N 2

3
O

68
PDE9A IC50 = 2.1 nM

H

Fig. 36 X-ray crystal structure of 68 (orange) bound to human PDE9A (PDB ID: 3SJI). Key

residues and binding site pocket are highlighted (gray) and HB interactions are depicted by blue
dashed lines
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mutagenesis studies have validated the importance of the Gln-453 residue, demon-

strating that mutation to Ala caused ~500-fold loss in potency of BAY 73-6691 69

[164] and mutation to Glu caused the Km for cGMP to increase ~25-fold [165].

The cyclopentyl group of 68 is in the M pocket and forms hydrophobic interactions

with the protein rather than interacting with the metal ions or the tightly bound

water molecules surrounding them. Finally, the benzyl group fills the Q2 subpocket;

some substituents off of this position also extend into the S pocket in PDE9A

inhibitors. Strategies that have been used to gain PDE9A selectivity focus on filling

the hydrophobic Q2 subpocket and interactions with the unconserved Tyr-424 and

Phe-441 residues in the S pocket. An analysis of PDE9A inhibitors suggested that

PDE9A is much more specific for the chemotypes that it binds compared to PDE2

and PDE10A and that PDE9A inhibitors are significantly more polar than those of

PDE2 and PDE10A [170].

4.3 PDE9A in Schizophrenia

4.3.1 Circuitry

It is believed that the secondmessenger cGMPplays amajor role in synaptic plasticity

through the NO/sGC/cGMP/PKG signaling cascade in the hippocampus, cerebellum,

amygdala, and other brain regions involved with cognition [159, 160, 162]. The

balance between cGMP synthesis by GC and degradation by PDEs determines its

intracellular concentration levels. Regulation of cGMP in the brain and the role of

cGMP in neuronal signaling have been thoroughly reviewed by Kleppisch and Feil

[160]. Briefly, Ca2+ influx mediated by NMDA receptors on postsynaptic neurons

activates neuronal nitric oxide synthase (nNOS) leading to the production of nitric

oxide (NO). This induces cGMP synthesis through activation of NO-dependent

soluble GC (sGC) that, in turn, activates signaling cascades including (1) activation

of PKG to initiate the cGMP/PKG/CREB pathway, which is thought to influence the

synthesis of proteins that are important for LTP and memory consolidation [171],

and (2) activation of cyclic nucleotide-gated ion channels which attenuate synaptic

plasticity [159].

There is a substantial amount of evidence supporting the role of cGMP in cognitive

processing through this pathway. For example, nNOS KO mice demonstrated

impaired cognitive performance [172], hippocampal slices from doubly mutant

(nNOS�/endothelial NOS (eNOS)�) mice had reduced LTP [173], and eNOS KO

mice exhibited a deficiency in LTP [174]. In addition, there is evidence that NO levels

increase with LTP-inducing electrophysiological stimulation [175], while NOS

inhibitors impair hippocampal LTP [171, 176] and cognition [177]. The importance

of GC in LTP was shown by NO-GC KO mice, in which LTP was abolished [178],

and by GC inhibitors, which were shown to impair LTP [171, 179–182]. Intrahip-

pocampal infusion of cGMP analogs into the rat brain demonstrated this nucleotide is

involved in the early stages of memory consolidation [183–186], and injection of

cGMP or cGMP analogs into cultured neurons or brain slices enhanced LTP
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[179, 180]. These studies suggest that increased levels of cGMP enhance LTP and

contribute to improved synaptic plasticity, which is hypothesized to have a positive

effect on cognition.

4.3.2 Biochemical and Behavioral Effects of Tool Compounds

Cyclic GMP-specific PDE inhibitors are important tools to test the hypothesis that

increasing cGMP levels can improve cognition through enhancing LTP and synaptic

plasticity. Indeed, a number of preclinical studies have demonstrated that inhibiting

cGMP-specific PDEs leads to positive cognitive effects, especially in information

processing, attention, memory, and executive functioning [162, 187–194]. To date,

there are only a handful of brain-penetrant, selective PDE9A inhibitors reported in

the literature that have been used to probe the effects of PDE9A inhibition.

BAY 73-6691

Bayer was the first company to characterize and publish a potent, selective PDE9A

inhibitor, BAY 73-6691 69 (Fig. 37) [195], which has been widely profiled in

biochemical assays and behavioral models. Wunder et al. showed that 69 inhibits

human PDE9A activity in vitro with an IC50¼ 55 nM and has good selectivity over

other PDEs, with weak activity against PDE1C and PDE11A (1,400 and 2,600 nM,

respectively). Compound 69 was shown to be cell penetrant and potentiated cGMP

levels in a PDE9A reporter cell line under sGC stimulated conditions. It was also

shown to increase cGMP levels in rodent hippocampus and amygdala [196], as well

as increase basal synaptic transmission and enhance early and late LTP in rat

hippocampal slices [197, 198].

Compound 69 has also been used to build an understanding of the effects of

PDE9A inhibition on learning, memory, and cognition through its use in rodent

behavioral models (Table 2) [197]. It was shown to improve memory consolidation

in rodent models of cognition, including social recognition tasks and novel object

recognition tasks in unimpaired rodents. 69 also reversed MK-801-induced short-

term memory deficits in the T-maze alternation task and attenuated scopolamine-

induced retention deficits in a passive avoidance task.

An X-ray crystal structure of 69 (PDB ID: 3K3E) bound to PDE9A reveals the

expected binding mode [164], with the pyrazolopyrimidinone core forming two

HN

N N
N

O

Cl

F3C

69, BAY 73-6691
PDE9A IC50 = 55 nM

PDE1C IC50 = 1.4 uM
PDE2A IC50 > 4 uM
PDE3B IC50 > 4 uM
PDE5A IC50 > 4 uM
PDE7B IC50 > 4 uM
PDE8A IC50 > 4 uM
PDE10A IC50 > 4 uM
PDE11A IC50 = 2.6 uM

Fig. 37 BAY 73-6691

structure and potency data
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HBs with Gln-453 and sandwiched between the P clamp residues, the ortho-Cl
phenyl forming hydrophobic interactions in the M pocket, and the 3,3,3-trifluoro-2-

methylpropyl substituent occupying Q2 (Fig. 38). A rationale for the difference in

potency between the two enantiomers is proposed based on the interactions made

in the Q2 pocket by the CF3 in the case of 69 (IC50¼ 22 nM) and the methyl group

in the case of its enantiomer (IC50¼ 88 nM) (PDB ID: 3K3H).

PF-04447943 and Related Tools

Pfizer has published several papers describing the discovery of the PDE9A clinical

candidate, PF-04447943, 70 (IC50¼ 8.3 nM) [167], related PDE9A inhibitors,

PF-04181366 71 (IC50¼ 1.8 nM) [169] and PF-04449613 72 (IC50¼ 14 nM)

[166, 200], and preclinical PDE9A candidate 73 (IC50¼ 32.4 nM) [166] (Fig. 39).

Fig. 38 X-ray crystal structure of 69 (pink) bound to human PDE9A (PDB ID: 3K3E). Key

residues and binding site pocket are highlighted (gray) and HB interactions are depicted by blue
dashed lines
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Fig. 39 PF-04447943, PF-04181366, PF-04449613 and preclinical candidate 73 structures and

potency data
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Inhibition of PDE9A with these selective tools was shown to produce a dose-

dependent increase of cGMP in the CSF, striatum, hippocampus, cortex and/or

cerebellum in rodents, NHPs, and humans [167, 169, 199, 200, 202, 203]. Consistent

with these results, PDE9A KO mice were reported to have elevated levels of cGMP

in the same brain regions and CSF, while no changes in cAMP were observed

[202]. Compound 70 was also shown to enhance early LTP as well as increase

neurite outgrowth and synapse formation in cultured hippocampal neurons [199].

These inhibitors have also been used in rodent behavioral models to build an

understanding of the effects of PDE9A inhibition on learning, memory, and cogni-

tion (Table 2). Compound 70 was shown to improve cognitive performance in

rodent models of cognition, including the mouse Y-maze spatial recognition and

mouse social recognition tasks, and attenuated a scopolamine-induced deficit in a

rat novel object recognition task [199, 200] and a rat conditioned avoidance

attention task [201]. In addition, 70 and 72 have shown efficacy in a number of

rodent models dependent on hippocampal cholinergic function and sensory gating,

including reversal of ketamine-induced working memory disruption, scopolamine-

induced spatial memory disruptions, amphetamine-induced deficits in auditory

gating and mescaline-induced scratching, and potentiation of improvements in

sensorimotor gating induced by risperidone [200].

Compound 70 was reported to have aligned in vitro ADME properties and an

excellent lipophilic binding efficiency (LipE) of 9.58 [167]. Its brain/plasma ratio

ranges from 0.59 to 0.88 in rats and mice, respectively. The free brain/free plasma

ratio was reported to be 0.32 and 0.52 for rats and mice, respectively, and the free

CSF/free plasma ratio was 0.19 in rat. This disequilibrium suggested some brain

impairment for compound 70, which was determined to be rodent-specific. Its

bioavailability ranged from 73% to 91% in rats and dogs, respectively. Compound

71 was reported to have a brain/plasma ratio of 1.4 in rat with free drug exposure

equal to the CSF exposure [169]. Striatal cGMP was shown to increase 145% in

mice with a 3.2 mg/kg dose of 71 and a 215% elevation occurred at 10 mg/kg.

Physiological effects were seen at ~5x the PDE9A IC50. Compound 73 has a brain/

plasma ratio of 1.4 and free brain/free plasma and free CSF/free plasma ratios of

1.4, indicating no brain impairment [166]. It has an oral bioavailability of 63% in rat

and 71% in dog and was predicted to be 80% bioavailable in human.

X-ray crystal structures of 70 (PDB ID: 4E90, Fig. 40) and 73 (PDB ID: 4G2L)

bound to PDE9A reveal the expected binding modes [166, 167], with the pyrazolo-

pyrimidinone core sandwiched between the P clamp residues and forming two HBs

with Gln-453. The N1 4-tetrahydropyran (4-THP) substituent interacts with resi-

dues in the M pocket and the C6 substituent accesses the Q2 and S pockets with the

pyrrolidine methyl and the pyrimidine, respectively. The basic amine appears to

form a water-mediated (70) or direct (73) HB interaction with Tyr-424 and the

pyrimidine ring forms a π-stacking interaction with Phe-441 and an edge-to-face

interaction with Phe-456. These interactions and an increase in the polarity of the

N1 substituent were hypothesized to improve selectivity for PDE9A over other

PDEs, especially PDE1C, which has a more lipophilic Phe residue at the PDE9A

Tyr-424 position.
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Together, studies with these tool compounds have built a strong case linking

PDE9A inhibition and the subsequent increase in cGMP to improvements in

memory, sensory, auditory gating, and cognitive processes known to be dysfunc-

tional in scz [204–212].

4.4 Competitive Landscape

As described herein, there is strong evidence that increasing cGMP levels through

the use of potent, selective, brain-penetrant PDE9A inhibitors may be an effective

mechanism to treat cognitive deficits associated with scz. Several companies have

reported PDE9A inhibitors with these attributes. The first PDE9A inhibitors were

patented by Pfizer in 2003 for the treatment of metabolic diseases. Since then,

approximately nine other companies have patented chemical matter for both CNS

and non-CNS indications. Highlighted in this section is the patented PDE9A

chemical matter that is focused on treating CNS disorders, implying the compounds

described are intended to be brain penetrant. Patents are listed in chronological

order by company. Exemplars were chosen based on potency and SAR, and

selectivity data is also reported when available.

4.4.1 Bayer

In a series of five patents [213–217], Bayer claimed 69 and a number of related

compounds containing a pyrazolopyrimidinone core or variations thereof. The

compounds are claimed to improve cognitive processes, demonstrated by the

Fig. 40 X-ray crystal

structure of 70 (green)
bound to human PDE9A

(PDB ID: 4E90). Key

residues and binding site

pocket are highlighted

(gray) and HB interactions

are depicted by blue
dashed lines
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increase of cGMP levels in a neuronal cell line, an increase in LTP in rodent

hippocampal slices, and activity in a rodent social recognition model. All of the

compounds in these patents would be expected to bind to PDE9A in a similar

manner to 69 (Fig. 38).

The first patent, DE10238722 A1, exemplifies two compounds, 74 and 75

(Fig. 41). These compounds show the importance of filling the M pocket with the

N1 substituent, as the change from the cyclopentyl group (74, IC50¼ 5 nM) to a

3-pentyl group (75, IC50¼ 110 nM) has a large impact on potency. The subsequent

patents maintain the pyrazolopyrimidinone core and vary the N1 and C6 substitu-

ents. The reported data suggest that alkyl, carbon-linked cycloalkyl, and benzyl

substituents are tolerated at the C6 position (74–79). A 2-tetrahydrofuranyl group in

the Q2 region causes a loss in potency (76, IC50¼ 86 nM), while a HB donor is

tolerated (79, IC50¼ 12 nM) in that region. It is demonstrated that the carbonyl in

the core can be substituted by a thioketone (77, IC50¼ 30 nM) without a large effect

on potency. As for the N1 substituent, aryl groups are tolerated in addition to alkyl

and cycloalkyl substituents (78–79). Nearly all of the aryl groups at the N1 position

are substituted with a small substituent at the ortho position, which would cause the
ring to be orthogonal to the plane of the core and improve van der Waals (VDW)

interactions in the M pocket.

In addition to the patents described above, Bayer has published two patents

describing cyanopyrimidinones claimed for improving concentration, learning

capacity, memory capacity, and other cognitive functions [218, 219]. These com-

pounds also increased cGMP levels in a neuronal cell line, increased LTP in rodent

hippocampal slices, and improved outcomes in a rodent social recognition model.

The compounds in these patents maintain a pyrimidin-4-one core with a nitrile group
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N N
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O

PDE9A IC50 = 12 nM

HO

79

HN

N N
N

O
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PDE9A IC50 = 5 nM PDE9A IC50 = 110 nM
PDE1C IC50 = 720 nM

74 75

Fig. 41 Representative pyrazolopyrimidinones disclosed by Bayer
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at position 5 (80–81, Fig. 42) and would be expected to bind to PDE9A in a similar

manner to 69 with the cyano group pointing toward the metal binding pocket. The

compounds in WO04113306 A1 maintain carbon-linked cycloalkyl and branched

alkane chains at the C2 position, which likely access the Q2 region, while the

majority of the C6 substituents are N-linked ortho-substituted aryl groups, which

likely interact with residues in the M pocket (80). As with the pyrazolopyri-

midinones, the ortho substituent would cause the aryl ring to turn orthogonal to

the plane of the core, improving VDW interactions with residues in the M pocket. In

theWO05068436 A1 patent, the C6 substituents are primarily N-linked alkyl groups

or cycloalkanes or cyclic amines, while substituted benzyl, biaryl benzyl or carbon-

linked thiophene substituents are exemplified at the C2 position (81). The aromatic

C2 substituent may interact with Phe-441 to provide some selectivity over other

PDEs.

4.4.2 Pfizer

Pfizer has published two patents to date claiming chemical matter for the inhibition

of PDE9A. Analogs 70 and 71 are exemplified in the WO08139293 A1 patent

[220], which claims PDE9A inhibitors for the treatment of neurodegenerative and

cognitive disorders. This patent exemplifies mainly cyclopentyl and 4-THP at the

N1 position, along with other aliphatic, cycloalkyl, and aryl groups. The data

suggests that substitution of a 4-THP group (82, IC50¼ 0.9 nM) for cyclopentyl

(71, IC50¼ 1.8 nM) at the N1 position maintains or improves PDE9A potency, and

again shows the importance of filling the M pocket to drive potency through VDW

interactions (Fig. 43). A methyl-, ethyl-, cyclopropyl or CF3-substituted pyrrolidine

is maintained at the C6 position for the compounds in this patent. A chain of varying

length attaches a substituent to the pyrrolidine nitrogen. As this substituent was

hypothesized to be important for selectivity due to π-stacking and HB interactions

with the protein, most of the exemplified compounds contain an aryl at this position,

though alkyl and cycloalkyl groups are also exemplified. The data suggests that the

PDE1C IC50 > 4 uM
PDE2A IC50 > 4 uM
PDE3B IC50 > 4 uM
PDE4B IC50 > 4 uM
PDE5A IC50 = 1.4 uM
PDE7B IC50 > 4 uM
PDE8A IC50 > 4 uM
PDE10A IC50 > 4 uM
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PDE9A IC50 = 5 nMPDE9A IC50 = 52 nM
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80 81

Fig. 42 Representative cyanopyrimidinones disclosed by Bayer
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larger ethyl substituent on the pyrrolidine in place of a methyl can maintain potency

and likely fills the Q2 subpocket.

Compounds 72 and 73 are exemplified in the WO10084438 A1 patent [221],

which also claims PDE9A inhibitors for the treatment of neurodegenerative and

cognitive disorders. Most exemplars contain cyclopentyl and 4-THP at the N1

position, as well as isopropyl and cyclobutyl. A 4-THP at the N1 position maintains

or improves potency compared to a cyclopentyl group in this series of compounds.

The C6 substituents are primarily exemplified as CH2-linked azetidines or

pyrrolidines, where the linker has a methyl or ethyl group oriented toward the Q2

subpocket. The basic nitrogen of the azetidines and pyrrolidines are oriented to

interact with Tyr-424. An aryl substituent either directly attached or ether-linked to

the azetidine or pyrrolidine is found in most of the exemplified compounds, which

is oriented to interact with Phe-441 and/or Phe-456 to obtain selectivity over other

PDEs, evident in the X-ray crystal structures of 73 and 83 (PDB IDs: 4G2L and

4G2J) [166].

4.4.3 Boehringer Ingelheim

Boehringer Ingelheim has published six patents to date claiming PDE9A inhibitors

for the treatment of CNS disorders including improvement of perception, concen-

tration, learning and/or memory [222, 223], and Alzheimer’s disease [224, 225]

and/or scz [226, 227]. All of the PDE9A inhibitors exemplified in these patents

contain a pyrazolopyrimidinone core, and would be expected to adopt the same

bindingmode as described for the other compounds containing this core. The patents

WO09068617 A1 [222], WO09121919 A1 [224], and WO10026214 A1 [223]

exemplify compounds with broad N1 substituents that occupy the M pocket, includ-

ing ortho-substituted aryl groups and substituted cycloalkyl and heterocycloalkyl

groups. The C6 position is also broadly substituted with substituted benzyl sub-

stituents, alkyl and CH2-linked cycloalkyl groups, which interact with the Q2 and S

pockets, likely providing some selectivity over other PDEs. The data presented in

these patents is not very specific, with only percent inhibition of PDE9A at 10 μM
and ranges of PDE9A IC50 potency data provided (84–86, Fig. 44).

PDE9A IC50 = 0.903 nM

HN

N N
N

O

N

N

N

O

82

HN

N N
N

O

PDE9A IC50 = 10.5 nM

83

N

O

Fig. 43 Representative chemotypes disclosed by Pfizer
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The final three patents from Boehringer Ingelheim, WO11018495 A1 [225],

WO12020022 A1 [226], and WO12110441 A1 [227], substitute a cycloalkyl group

for the linker at the C6 substituent. The C6 substituent most often contains a

cyclobutyl linker, though cyclopropyl, cyclopentyl, and cyclohexyl linkers are

also exemplified. The cycloalkyl group is usually substituted with another group,

often an amide (87), or a heterocycle (88–89) (Fig. 45). The cyclobutyl linker likely

fills the Q2 subpocket while orienting the attached aryl group for interactions with

the residues in the S pocket that are important for selectivity, enabling a π-stacking
interaction with Phe-441 and a HB interaction with Tyr-424. The N1 substituents

exemplified in these patents include 4-THP, 4,4-difluorocyclohexyl, ortho-
substituted aryl groups, cycloalkyl and alkyl groups which occupy the M pocket.

4.4.4 Sun Yat-Sen University

Sun Yat-Sen University published a patent claiming PDE9A inhibitors in

CN102260266 A [228] which contain the pyrazolopyrimidinone core. The majority

of exemplified compounds have ortho-Cl phenyl at N1. The importance of the ortho
phenyl substituent is evident based on the >300-fold gain in PDE9A potency

reported for 90 (IC50¼ 42 nM) compared to 91 (IC50¼ 13,301 nM), though the

improvement in potency can vary depending on the C6 substituent [168]. The

exemplified compounds contain a substituted aryl or benzyl group attached to the

C6 position through an amine (90–92, Fig. 46). In the X-ray crystal structure of 90

bound to PDE9A, the C6 substituent interacts with residues in the Q2 and S pockets

(PDB ID: 4GH6) [168]. The amide oxygen forms a HB interaction with Tyr-424,

which may confer PDE9A selectivity for this series of compounds over other PDEs.

The para-methoxy phenyl group is not optimally oriented to form a π-stacking
interaction with Phe-441, but was rather designed to occupy a region in the S

pocket [168].
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4.4.5 EnVivo Pharmaceuticals

EnVivo published two patents that claim PDE9A inhibitors for CNS or

neurodegeneration disorders [229, 230]. The compounds claimed in WO12040230

A1 and WO13142269 A1 are differentiated from compounds described in previous

patents due to an imidazotriazinone core in place of a pyrazolopyrimidinone core

(93–94, Fig. 47). Based on structural similarity and the SAR and selectivity data

provided in the patents, it is likely that the imidazotriazinones have a similar PDE9A

binding mode to the pyrazolopyrimidinones. The compounds exemplified in these

patents all contain a 4-methyl or 4-heterocycloalkyl pyrrolidine at the C2 position,

which would interact with residues in the Q2 pocket. The pyrrolidine is further

N-substituted with benzyl, aryl, or heterocycloalkyl groups, which interact with

residues in the Q2 and S pockets. The aryl groups would be positioned to interact

with Tyr-424 and Phe-441 to provide selectivity for PDE9A over other PDEs. The

C7 position in the exemplified compounds is substituted with heterocycloalkyl,

cycloalkyl, and ortho-substituted phenyl groups, including 4-THP, 4,4-difluorocy-

clohexane and ortho-methyl phenyl, which interact with residues in the M pocket.

4.4.6 Eisai

Eisai filed a patent claiming a series of PDE9A inhibitors for improvement of

learning and memory to treat cognitive dysfunction in Alzheimer’s disease [231]
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demonstrated by PDE9A inhibition and an increase in cGMP in rodent CSF and

hippocampus. The compounds claimed in WO13051639 A1 are differentiated from

other PDE9A compounds by a tricyclic pyrazoloquinolinone core (95–98, Fig. 48).

Based on structural similarity and the SAR data provided in the patents, it is likely

that the pyrazoloquinolinones have a similar PDE9A binding mode to the pyrazolo-

pyrimidinones and imidazotriazinones. The N1 substituent is most often a heterocy-

cloalkyl group in the exemplified compounds, which would interact with residues in

the M pocket. The change in N1 from a 4-THP (95, IC50¼ 4.77 nM) to a

3-tetrahydrofuranyl (3-THF) (96, IC50¼ 8.71 nM) group does not greatly affect

PDE9A potency, though the larger THP group may fill the M pocket better for

slightly improved potency. The exemplified compounds are substituted at C7 by a

substituted pyridyl group, which may interact with Phe-441 for selectivity over

other PDEs. The substitution pattern on the pyridyl ring affects potency (97,

IC50¼ 3.36 nM vs. 98, IC50¼ 10.1 nM), likely due to optimal VDW interactions

in the Q2 and S pockets.

4.4.7 Lundbeck

Lundbeck filed two patents claiming PDE9A inhibitors for the treatment of neuro-

degenerative and psychiatric disorders [232, 233]. In the first patent, WO13053690

A1, a series of compounds containing an imidazopyrazinone core are claimed as

PDE9A inhibitors (99–100, Fig. 49). Based on structural similarity and the SAR
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data in the patent, it is likely that the imidazopyrazinone compounds have a similar

PDE9A binding mode to the pyrazolopyrimidinones. The C3 substituent is most

often a substituted phenyl, cycloalkyl, or heterocycloalkyl group in the exemplified

compounds, which would interact with residues in the M pocket. The C6 position is

broadly claimed by substituted heterocycloalkyl groups that are attached either

directly or through a carbon linker, which would be positioned to interact with

residues in the Q2 and S pockets for potency and selectivity.

The second patent, WO13110768 A1, claims PDE9A inhibitors that contain an

imidazotriazinone core (101–102, Fig. 49). The C7 substituent is claimed as a

substituted aryl, cycloalkyl, or heterocycloalkyl group. It is most often 4-THP in

the exemplified compounds, interacting with residues in the M pocket. The C2

position is claimed broadly as a substituted heterocycloalkyl group that is attached

either directly or through a carbon linker. Most of the exemplified compounds

contain either a CH2-linked azetidine (101) or a pyrrolidine (102) at C2, which are

typically further substituted with aromatic groups that likely interact with residues

in the Q2 and S pockets for potency and selectivity.

4.5 Clinical Trials

Compound 70 is the only PDE9A inhibitor taken into clinical trials to date.

It increased cGMP levels in the CSF of healthy human volunteers [203], demon-

strating inhibition of PDE9A expressed in the CNS. In Phase I studies, it was found

to be well tolerated with high exposure and a half-life that ranges between 19 and

31 h [234]. A 40 mg dose elevated CSF cGMP by 300%. However, in a randomized

12-week Phase II clinical trial of patients with mild to moderate Alzheimer’s

disease, 70 did not improve cognition and behavior over placebo [235]. Additional

data generated with 70 may provide a rationale for why it did not meet the Phase II

primary endpoint as well as provide alternative ways to test the hypothesis that

PDE9A inhibition can improve cognition, such as testing a lower dose [199–201],

performing a longer duration trial, or using a different patient population

[200]. There have been no reports of utilizing PDE9A inhibitors for treating scz.
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5 Summary, Outlook, Conclusions

The strength of PDE10A and PDE9A neurobiology positions these as high-value

drug targets. Phosphodiesterase 10 is solely expressed in the striatum; a brain region

hypothesized to be impaired in scz, and which plays a central role in attenuating

synaptic plasticity by regulating the cellular concentrations of the signaling nucle-

otides, cGMP and cAMP. In pre-clinical settings, potent/selective and brain-

penetrant compounds have shown positive pharmacokinetic/pharmacodynamic

effects in vivo. In addition, PDE10A inhibitors have been effective at improving

behavior in a number of preclinical animal models used to assess positive, negative,

and cognitive symptoms of scz. As such, several have been progressed into the

clinic as monotherapies and, recently, as adjuncts to marketed anti-psychotics.

Currently, no positive clinical data has been reported. Because of this, the outcome

of the PET studies will be critical to provide deeper insights into the target

occupancy in the brain and inform future dose selections which should improve

the probability of having a positive clinical effect. While outside the scope of this

review, recently clinical trials utilizing PDE10A inhibitors for Huntington’s disease

have been initiated.

In addition, the evidence presented herein suggests that PDE9A inhibition by a

safe, selective, brain-penetrant inhibitor should elevate cGMP levels in brain regions

that are important for cognition, which may be an effective treatment for cognitive

deficits associatedwith schizophrenia. That said, some key gaps need to be addressed

to obtain a more complete understanding of PDE9A function in vivo and its link to

scz. Only two of more than 20 human PDE9A splice variants have been studied

extensively [149]. A full characterization of all of the PDE9A splice variants and their

localization in different brain regions, especially hippocampus, cerebellum, amyg-

dala and cortex, is needed for a more complete picture of their neurological effects.

In addition, a better understanding of cGMP-specific PDE localization in the brain is

required to understand compensatory effects that these PDEs may have upon inhibi-

tion of PDE9A. It is also important to gain a better understanding of how age and

different disease states affect both human and rodent central PDE9A expression.

These data will help to inform patient population selection criteria as well as

understand translation of clinical results to animal models and vice versa. Indeed,

several preliminary studies have been reported that address these gaps. Phosphodi-

esterase 9A inhibition by 69 demonstrated an increase in basal synaptic transmission

and enhanced LTP better in older rats compared to younger rats [197]. This is likely

due to age-related decreases in cGMP levels [159, 236] rather than changes in

PDE9A expression levels, which have been shown to change during developmental

stages [154], but do not significantly differ between young and old rats [237]. Addi-

tionally, expression of PDE9A in post-mortem brain tissue of patients with

Alzheimer’s disease shows the same distribution as in healthy brain tissues of

comparable age [156]. It would be useful to understand the expression of PDE9A

in the brains of schizophrenic patients by performing a similar study or through the

development of a PET ligand. Though more work needs to be done to understand the
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role of PDE9A in scz, the evidence from preclinical in vivo cognitionmodels coupled

with the low level of cGMP in patients with this disease strongly suggests this

hypothesis should continue to be tested in the clinic.
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DO, de Mello CF (1996) GMP reverses the facilitatory effect of glutamate on inhibitory

avoidance task in rats. NeuroReport 7(13):2078–2080

187. Blokland A, Schreiber R, Prickaerts J (2006) Improving memory: a role for phosphodiester-

ases. Curr Pharm Des 12(20):2511–2523. doi:10.2174/138161206777698855

188. Menniti FS, Faraci WS, Schmidt CJ (2006) Phosphodiesterases in the CNS: targets for drug

development. Nat Rev Drug Discov 5(8):660–670. doi:10.1038/nrd2058

189. Halene TB, Siegel SJ (2007) PDE inhibitors in psychiatry-future options for dementia,

depression and schizophrenia? Drug Discov Today 12(19&20):870–878. doi:10.1016/j.

drudis.2007.07.023

190. Reneerkens OAH, Rutten K, Steinbusch HWM, Blokland A, Prickaerts J (2009) Selective

phosphodiesterase inhibitors: a promising target for cognition enhancement. Psychopharma-

cology (Berlin, Ger) 202(1–3):419–443. doi:10.1007/s00213-008-1273-x

191. Bales K, Plath N, Svenstrup N, Menniti F (2010) Phosphodiesterase inhibition to target the

synaptic dysfunction in Alzheimer’s disease. In: Dominguez C (ed) Neurodegenerative

diseases, vol 6. Topics in Medicinal Chemistry. Springer, Berlin Heidelberg, pp 57–90.

doi:10.1007/7355_2010_8

192. Schmidt CJ (2010) Phosphodiesterase inhibitors as potential cognition enhancing agents.

Curr Top Med Chem (Sharjah, UAE) 10(2):222–230. doi:10.2174/156802610790411009

The Use of PDE10A and PDE9 Inhibitors for Treating Schizophrenia 313

http://dx.doi.org/10.2174/138161206777698855
http://dx.doi.org/10.1038/nrd2058
http://dx.doi.org/10.1016/j.drudis.2007.07.023
http://dx.doi.org/10.1016/j.drudis.2007.07.023
http://dx.doi.org/10.1007/s00213-008-1273-x
http://dx.doi.org/10.2174/156802610790411009


193. Xu Y, Zhang H-T, O’Donnell JM (2011) Phosphodiesterases in the central nervous system:

implications in mood and cognitive disorders. Handb Exp Pharmacol 204:447–485. doi:10.

1007/978-3-642-17969-3_19

194. Rodefer JS, Saland SK, Eckrich SJ (2012) Selective phosphodiesterase inhibitors improve

performance on the ED/ID cognitive task in rats. Neuropharmacology 62(3):1182–1190.

doi:10.1016/j.neuropharm.2011.08.008

195. Wunder F, Tersteegen A, Rebmann A, Erb C, Fahrig T, Hendrix M (2005) Characterization

of the first potent and selective PDE9 inhibitor using a cGMP reporter cell line. Mol

Pharmacol 68(6):1775–1781. doi:10.1124/mol.105.017608

196. Liddie S, Anderson Karen L, Paz A, Itzhak Y (2012) The effect of phosphodiesterase

inhibitors on the extinction of cocaine-induced conditioned place preference in mice.

J Psychopharmacol 26(10):1375–1382

197. van der Staay FJ, Rutten K, Baerfacker L, DeVry J, Erb C, Heckroth H, Karthaus D,

Tersteegen A, van Kampen M, Blokland A, Prickaerts J, Reymann KG, Schroeder UH,

Hendrix M (2008) The novel selective PDE9 inhibitor BAY 73-6691 improves learning

and memory in rodents. Neuropharmacology 55(5):908–918. doi:10.1016/j.neuropharm.

2008.07.005

198. Kroker KS, Rast G, Giovannini R, Marti A, Dorner-Ciossek C, Rosenbrock H (2012)

Inhibition of acetylcholinesterase and phosphodiesterase-9A has differential effects on hip-

pocampal early and late LTP. Neuropharmacology 62(5–6):1964–1974. doi:10.1016/j.

neuropharm.2011.12.021

199. Hutson PH, Finger EN, Magliaro BC, Smith SM, Converso A, Sanderson PE, Mullins D,

Hyde LA, Eschle BK, Turnbull Z, Sloan H, Guzzi M, Zhang X, Wang A, Rindgen D,

Mazzola R, Vivian JA, Eddins D, Uslaner JM, Bednar R, Gambone C, Le-Mair W, Marino

MJ, Sachs N, Xu G, Parmentier-Batteur S (2011) The selective phosphodiesterase 9 (PDE9)

inhibitor PF-04447943 (6-[(3S,4S)-4-methyl-1-(pyrimidin-2-ylmethyl)pyrrolidin-3-yl]-1-

(tetrahydro-2H-pyran-4-yl)-1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-one) enhances syn-

aptic plasticity and cognitive function in rodents. Neuropharmacology 61(4):665–676.

doi:10.1016/j.neuropharm.2011.05.009

200. Kleiman RJ, Chapin DS, Christoffersen C, Freeman J, Fonseca KR, Geoghegan KF,

Grimwood S, Guanowsky V, Hajos M, Harms JF, Helal CJ, Hoffmann WE, Kocan GP,

Majchrzak MJ, McGinnis D, McLean S, Menniti FS, Nelson F, Roof R, Schmidt AW,

Seymour PA, Stephenson DT, Tingley FD, Vanase-Frawley M, Verhoest PR, Schmidt CJ

(2012) Phosphodiesterase 9A regulates central cGMP and modulates responses to cholinergic

and monoaminergic perturbation in vivo. J Pharmacol Exp Ther 341(2):396–409. doi:10.

1124/jpet.111.191353

201. Vardigan JD, Converso A, Hutson PH, Uslaner JM (2011) The Selective Phosphodiesterase

9 (PDE9) Inhibitor PF-04447943 Attenuates a Scopolamine-Induced Deficit in a Novel

Rodent Attention Task. J Neurogenet 25(4):120–126. doi:10.3109/01677063.2011.630494

202. Schmidt CJ, Harms JF, Tingley FD, Schmidt K, AdamowiczWO, Romegialli A, Kleiman RJ,

Barry CJ, Coskran TM, O’Neill SM, Stephenson DT, Menniti FS (2009) PDE9A-mediated

regulation of cGMP: developing a biomarker for a novel therapy for Alzheimer’s disease.

Alzheimers Dement 5(4):P331

203. Nicholas T, Evans R, Styren S, Qiu R, Wang EQ, Nelson F, Le V, Grimwood S,

Christoffersen C, Banerjee S, Corrigan B, Kocan G, Geoghegan K, Carrieri C, Raha N,

Verhoest P, Soares H (2009) PF-04447943, a novel PDE9A inhibitor, increases cGMP levels

in cerebrospinal fluid: translation from non-clinical species to healthy human volunteers.

Alzheimers Dement 5(4):P330–P331

204. Aleman A, Hijman R, de Haan EHF, Kahn RS (1999) Memory Impairment in Schizophrenia:

A Meta-Analysis. Am J Psych 156(9):1358–1366

205. Brown C, Cromwell RL, Filion D, Dunn W, Tollefson N (2002) Sensory processing in

schizophrenia: missing and avoiding information. Schizophr Res 55(1–2):187–195. doi:10.

1016/S0920-9964(01)00255-9

314 J.B. Tuttle and B.L. Kormos

http://dx.doi.org/10.1124/mol.105.017608
http://dx.doi.org/10.1016/j.neuropharm.2008.07.005
http://dx.doi.org/10.1016/j.neuropharm.2008.07.005
http://dx.doi.org/10.1016/j.neuropharm.2011.12.021
http://dx.doi.org/10.1016/j.neuropharm.2011.12.021
http://dx.doi.org/10.1016/j.neuropharm.2011.05.009
http://dx.doi.org/10.1124/jpet.111.191353
http://dx.doi.org/10.1124/jpet.111.191353
http://dx.doi.org/10.3109/01677063.2011.630494


206. Javitt DC (2009) Sensory processing in schizophrenia: neither simple nor intact. Schizophr

Bull 35(6):1059–1064

207. Siegel C, Waldo M, Mizner G, Adler LE, Freedman R (1984) Deficits in sensory gating in

schizophrenic patients and their relatives: evidence obtained with auditory evoked responses.

Arch Gen Psychiatr 41(6):607–612. doi:10.1001/archpsyc.1984.01790170081009

208. Patterson JV, Hetrick WP, Boutros NN, Jin Y, Sandman C, Stern H, Potkin S, Bunney WE

(2008) P50 sensory gating ratios in schizophrenics and controls: a review and data analysis.

Psychiatr Res 158(2):226–247
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