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Abstract

Dopamine D, receptor antagonism is a unifying property of all antipsychotic drugs in clinical use
for schizophrenia. While often effective at ameliorating psychosis, these drugs are largely
ineffective at treating negative and cognitive symptoms. Increasing attention is being focused on
the complex genetics of the illness and the signaling pathways implicated in its pathophysiology.
We review targeted approaches for pharmacotherapy involving the glutamatergic, GABAergic and
cholinergic pathways. We also describe a number of the major genetic findings that identify
signaling pathways representing potential targets for novel pharmacological intervention. These
include genes in the 22q11 locus, DISCL1, neuregulin/ERB4, and components of the Akt/GSK-3
pathway.

Schizophrenia, signaling and drug development

Schizophrenia is a debilitating psychiatric disorder that affects 1% of the worldwide
population. It occurs both as a sporadic and as a heritable disease, typically presenting in
adolescence or early adulthood and leads to great disability and distress. The clinical
characteristics include positive symptoms (delusions, hallucinations, and disorganized
thought, speech, and/or behavior), negative symptoms (amotivation, social withdrawal, poor
relatedness, and a reduction in affective expression) and cognitive deficits (poor working
memory and deficits in attention, processing speed and executive function). Patients with
schizophrenia also suffer disproportionately from mood symptoms and substance abuse, and
approximately 10% die from suicidel.

Schizophrenia is increasingly being understood as a neurodevelopmental disorder, with a
clear genetic risk and subtle neuropathology. Although the symptoms that establish the
diagnosis are usually not present until young adulthood, prodromal symptoms and
endophenotypic features of cognitive and social deficits can precede psychotic illness and
manifest in unaffected relatives. Treatments remain palliative and no diagnostic tests are yet
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available despite recognized trends in patients, including ventricular enlargement, reduced
medial temporal lobe volume, and increased striatal dopamine storage and release:2,

The advent of antipsychotic medications acting at dopamine (DA) D, receptors (Figure 1)
revolutionized the treatment of schizophrenia primarily by alleviating positive symptoms.
Based on these drugs’ anti-dopaminergic properties, a DA hypothesis proposed that the
positive symptoms of schizophrenia are due to an excess of DA signaling in the striatal and/
or mesolimbic areas of the brain3. In contrast, negative symptoms are thought to be related
to deficits in prefrontal cortical DA signaling, likely through D4 receptors*®. The DA D,
receptor couples to Gj;, proteins to inhibit adenylate cyclase and also to modulate voltage-
gated K* and Ca2* channels. More recently, it also has been shown to signal via an arrestin-
mediated, G-protein-independent pathway® (Figure 1). Remarkably, the mechanisms by
which D5 receptor blockers exert their therapeutic actions are unknown, and the specific
downstream effector molecule or molecules that must be targeted for therapeutic efficacy
remain to be determined.

While D, receptor antagonism is a unifying property of all antipsychotic drugs in clinical
use, these compounds have limited effectiveness against cognitive and negative symptoms.
Current research efforts, which we will review below, are focused on designing drugs that
target other neurotransmitter signaling pathways. Although it is not yet possible to integrate
these findings into a unified pathophysiological mechanism, as these pathways are better
defined, it should become increasingly possible to develop mechanistically novel and more
efficacious medications.

Glutamatergic signaling

NMDA antagonists (such as phencyclidine (PCP) or ketamine) exacerbate symptoms in
people with schizophrenia, and even a single exposure can mimic symptoms of
schizophrenia in both healthy controls and in animal models?. Although direct NMDA
agonists cannot be used clinically, allosteric enhancers such as glycine, D-serine, or D-
alanine have been used with mixed results®. The glycine transporter modulates the amount
of glycine available to the NMDA receptor and thus, when blocked, may provide a better
glycine reserve for the receptor than a direct glycinergic agonist® (Figure 2). Consistent with
this, sarcosine, a glycine transporter antagonist, may be effective as monotherapy for
positive and negative symptoms, though further work needs to be done’.

Other glutamatergic targets are also active areas of research (Figure 2). Agonism of the
metabotropic glutamate receptor (mGIuR) was shown to reverse PCP’s effects on locomotor
activity, stereotyped movements and extracellular glutamate levels in the rat®. Because of
these and other findings®, including reversal of some ketamine effects in humans20,
mGIuR2/3 agonists suitable for clinical use were developed and, in a preliminary study,
found to improve both positive and negative symptomsL. However, these findings have not
been replicated.

Other mGluRs are also increasingly the focus of research, including 5 and 8. MGIUR5 may
play a role in the regulation of the NMDA receptor, particularly in the forebrain. Rats with a
knockout of mGIuR5 show deficits in prepulse inhibition (PPI; a process that correlates with
sustained attention and is a common endophenotype of schizophrenia), similar to those
caused by PCP12, Similarly, rats pretreated with MPEP (a selective mGIuR5 antagonist)
show more significant cognitive deficits and increased hyperlocomotor behavior compared
to rats administered PCP alonel3. Subtype-specific allosteric modulators of mGIuRs are
being developed and studied preclinically13,
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A mGIuRS5 specific positive allosteric modulator, CDPPB, was tested /7 vivoin rats and
found to block amphetamine-induced locomotor activityl4. ADX47273, another mGIuR5
modulator, has also shown initial promise in rodents and may ultimately be studied in
humans®®. Biphenyl-indanone A (BINA), an mGIuR2 allosteric modulator, inhibits PCP-
induced locomotion in rats but does not alter amphetamine-induced locomotion?.

GABAergic signaling

Postmortem and imaging studies of people with schizophrenia have identified abnormalities
in GABA neurotransmission that are associated with poor cognitive functioning. GABAA
receptors play an important role in mediating activity in the dorsolateral prefrontal cortex
(DLPFC), which is critical for working memoryl’. GABA production is controlled by the
enzyme GADG67 (67 kD isoform of the glutamic acid decarboxylase), the expression of
which is decreased in parvalbumin (PV) expressing neurons, leading to lower levels of
GABA in the DLPFC18 (Figure 2). Decreased GABA contributes to impaired
synchronization of pyramidal cells and is thus theorized to be related to deficits in working
memory!®. To remedy this deficiency, MK-0777, an allosteric modulator of the GABAA a.2
receptor, was developed with the aim of increasing GABA transmission from chandelier
neurons, leading to enhanced neuronal synchronization across the DLPFC®. Focusing on
this a2 GABA subunit may more specifically target the PVV+ neurons and decrease the risk
for further disruption of synchronization and potentially worsening cognition, such as can
occur with conventional benzodiazepines. In an initial double-blind, placebo-controlled trial
of MK-0777, schizophrenia patients on stable doses of antipsychotic medications improved
in three working memory tasks, although the study was underpowered for statistical
significance??; additional studies are ongoing, with at least one larger study failing to
replicate these results?!. Baclofen, a GABAg agonist, has also been shown to reverse PCP
effects on PPI in rats in a dose-dependent fashion22.

Cholinergic signaling

The cholinergic system has also gained attention as a potential target for treating negative
and cognitive symptoms because cholinergic neurons innervate anatomical structures
implicated in schizophrenia and participate in processes that are altered in patients such as
attention, working memory, and motivated behaviors?3. Relevant cholinergic nuclei are
found in the (1) nucleus basalis of Meynert and medial septum, which innervate the
prefrontal cortex and hippocampus, respectively, (2) laterodorsal tegmental area, which
innervates the ventral tegmental area, and (3) cholinergic interneurons in the nucleus
accumbens (Figure 3). Curiously, about 80% of individuals with schizophrenia smoke, in
contrast to a substantially smaller fraction of the general population, and this has been
interpreted to reflect a potential self-medication mechanism to ameliorate deficits in sensory
filtering and cognitive processes?4. Studies in animal models and postmortem tissue, as well
as recent clinical studies suggest a direct role for the alpha7 nicotinic (a7) and muscarinic
M1 receptor subtypes in the production of these symptoms22:26, although a role for other
nicotinic (a4p2) and muscarinic (M4 and M5) receptors has not been ruled out (Figure 3).

Alpha? receptors

In patients with schizophrenia, a reduction in a7 nicotinic receptor levels in the prefrontal
cortex and hippocampus has been reported, with no significant change in the number of a7-
positive neurons. In rodents, reduction in hippocampal a.7 levels or activation correlates
with deficits in PPI. In addition, an autosomal dominant polymorphism of the a.7 gene
(15q14) has been linked to PP deficits in humans24:25,
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Activation of a7 by AZD0328 has been shown to enhance cortical DA release and improve
learning and attention processes in rodents?’. In clinical studies, a7 agonists have been
assessed for effects on cognitive symptoms. In a three-arm crossover-designed study,
DMXB-A (a partial agonist selective for a7 and an a4f2 antagonist) showed improvement
in negative symptoms28. Improvements in working memory and attention were observed at
the end of the first arm, but these were obscured by a potential practice effect at the end of
the study. Recently, varenicline (a partial agonist for a4f2 and a full agonist for a7) was
evaluated in a small open-label study?°. Although mood-associated side effects have been
reported3%-32, varenicline treatment demonstrated a significant improvement in verbal but
not spatial memory, and a decrease in smoking.

M1 muscarinic receptors

Reduced levels of M1 receptors have been observed in cortical areas of schizophrenia
patients, with a profound reduction in M1 levels in the DLPFC in a subpopulation of
patients (75% reduction in 25% of the patients). In addition, studies in M1 knockout mice
have shown deficits in working memory-related tasks but normal hippocampal-related
memory33. These results suggest that impairment of cortical M1 signaling induces cortical
dysfunction or information exchange deficits between cortex and hippocampus that could
lead to the working memory deficits observed in schizophrenia. In a small pilot study,
xanomeline (a M1/M4 agonist and M5 antagonist) produced a significant improvement in
cognitive function, especially in verbal memory and working memory3*; positive and
negative symptoms also improved. Altogether, evidence tends to suggest that improvements
in working memory are related to M1 activation in cortical areas, especially in the DLPFC,
although the antipsychotic effects of xanomeline could be associated with activation of M1
or M4 receptors in striatal neurons or inhibition of M5 receptors in dopaminergic projections
of the ventral tegmental area. Furthermore, since xanomeline also binds to certain serotonin
receptors as well as the dopamine D3 receptor3, its mechanism of action is difficult to
ascertain.

Genetics and animal models

Schizophrenia, like other common diseases, is multifactorial in nature with contributions
from multiple susceptibility genes in conjunction with epigenetic, stochastic, and
environmental factors36, Numerous family, twin and adoption studies have shown that
genetic factors play a major role in the development of schizophrenia — a monozygotic twin
of a person diagnosed with schizophrenia has ~50% likelihood to develop the disorder, as
opposed to the ~1% prevalence in the general population3’. Support for a gene-environment
interaction comes from epidemiological data focusing on the pre-/perinatal period and
adolescence. Maternal factors that increase risk include prenatal infections and
malnutrition38. Perinatal hypoxia appears to be a key component for the association of
preterm birth and obstetric complications with increased risk39-40. Cannabis exposure, urban
living, and stress during adolescence, a period of ongoing brain development in humans,
also increase the risk of schizophrenia.

A number of meta-analyses have examined the results of over 1000 genetic association
studies attempting to link candidate genes to schizophrenia®142, The elucidation of genetic
mechanisms has been challenging: both common allelic variants, or single nucleotide
polymorphisms (SNPs), even when replicated, cause only a slight increase in disease risk
(Odds Ratios generally <1.5). Recent genome wide association studies have led to the
identification of several rare copy number variations (CNVs), which are more highly
penetrant and appear more strongly associated with psychiatric disease*3. The genetic
architecture underlying disease susceptibility is characterized by both the frequency and
penetrance of risk alleles. The common disease-common allele hypothesis emphasizes the

Trends Pharmacol Sci. Author manuscript; available in PMC 2013 April 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Karam et al.

Page 5

importance of relatively common alleles, each of small effect, acting together to increase
disease risk. Conversely, the common disease-rare allele hypothesis emphasizes the impact
of individually rare yet highly penetrant alleles. These models are not mutually exclusive
and there may be interaction between common and rare alleles at the functional level*3.

The wealth of genetic information points to multiple disease pathways, similar to findings in
other complex polygenic disorders such as inflammatory bowel disease, diabetes, and
hypertension. However, the same alleles have been associated with disparate
neuropsychiatric disorders (schizophrenia, bipolar and unipolar depression, mental
retardation, seizures, autism), making it difficult to develop a comprehensive mechanistic
framework based on current genetic data. Furthermore, the nonspecificity of the genetic
findings also makes it difficult to design a pharmacological intervention that will treat all the
symptoms of schizophrenia and makes it more likely that novel therapies inspired by genetic
findings will target symptoms that might be shared by a number of psychiatric disorders,
e.g., cognitive dysfunction. Consistent with this notion, genetic research has led to the
development of a number of animal models of cognitive endophenotypes of psychiatric
disease?4~46. Below we describe a number of the major genetic findings that implicate
signaling pathways representing potential targets for the development of novel
pharmacological agents.

220911 Deletion Syndrome & Schizophrenia Candidate Genes

The 22911 Deletion Syndrome (22911DS) (Figure 4) is a congenital malformation
syndrome caused by 22q11.2 microdeletions, which occurs in one of every 6000 births*. It
has been estimated that ~25-30% of all children with 22q11.2 microdeletions go on to
develop schizophrenia®8. Conversely, 22q11.2 microdeletions account for up to 1-2% of
non-familial (sporadic) cases of schizophrenia®®-°0. To date, the bidirectional association for
this CNV has not been demonstrated for any other chromosomal locus or schizophrenia
candidate gene. Knock-out mice with a deletion of the region that corresponds with the
22q11.2 locus have decreased density of dendritic spines and glutamatergic synapses,
impaired dendritic growth®1, as well as impaired connectivity between the hippocampus and
prefrontal cortex2.

Proline dehydrogenase (PRODH), located at the 22g11.2 locus, has been implicated in the
development of schizophrenia in patients with 22q11 DS®34, Several subsequent studies
have provided additional evidence that PRODH may play a role in the pathogenesis of
schizophrenia in other patient populations®. There are at least two mechanisms by which
decreased activity of PRODH can disturb neuronal function and affect disease susceptibility.
First, L-proline itself may function as a direct modulator of glutamatergic transmission in
the brain®6:57. Second, several lines of independent research have also implicated PRODH in
the initiation of apoptosis®82? as proline oxidation supports the generation of reactive
oxygen species by donating reducing potential to an electron transport chain. Prodh-
deficient mice present with regional alterations of GABA, glutamate, and dopamine in the
brain accompanied by deficits in sensorimotor gating®’. Furthermore, measurements of
serum and brain L-proline levels revealed an increase in mice homozygous for this mutation.
These elevated proline levels are comparable to those observed in some individuals with the
22011 microdeletion and in certain carriers of PRODH rare variants.

ZDHHCS8, another schizophrenia candidate gene located at the 2211 locus, encodes a
putative palmitoyl-transferase (PAT)®0:61, Protein palmitoylation involves the reversible
post-translational attachment of the 16-carbon saturated fatty acid palmitate to specific
cysteine residues and is critical for membrane targeting®2:63, In addition to patients with
22¢11.2 microdeletions, several other patient populations with schizophrenia were found to
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harbor a genetic variant of ZDHHC&*. Mukai et al. demonstrated that re-introduction of
enzymatically active ZDHHCS protein to the 22g11 mouse model prevents the dendritic
defects caused by the deletion®1. Zahhc&-deficient mice also have similar alterations in
hippocampal neurons, as well as both cognitive and behavioral deficits. ZDHHCS can
palmitoylate postsynaptic density-95 (PSD95), an adaptor molecule known to modulate the
number of dendritic spines®?, and possibly dendritic branches®.

COMT, which encodes for catechol-O-methyltransferase, is also located in the 22911
locus®6, COMT metabolizes catecholamines, including dopamine, and variation in COMT
activity may have effects specific to the prefrontal cortex. The contribution of COMT to the
development of schizophrenia is not clear. Both high and low activity of this enzyme might
contribute to schizophrenia susceptibility, depending on the genetic context#8, Furthermore,
COMT appears to have a functionally complex allelic architecture with certain alleles
(\VVal158Met) affecting the stability of the protein while other alleles determine the level of
expression®’.

Transcriptional profiling and pharmacological manipulations revealed a transcriptional and
behavioral interaction between PRODH and COMT that may modulate the risk and/or the
expression of the 22q11-associated psychiatric phenotypes®6. COMT upregulation has been
hypothesized to be one of the mechanisms that compensates for the enhanced dopaminergic
signaling induced by PRODH deficiency in the frontal cortex. Therefore, individuals with
schizophrenia who have a 22q11.2 deletion may be at a particular disadvantage because they
are hemizygous for both these genes and perhaps unable to compensate for the cortical
dopaminergic dysregulation induced by PRODH deficiency.

Neuregulin/ERB4

More than 80 SNPS within the NRG1/ErbB4 receptor/ligand pair (Figure 5) have been
associated with schizophrenia®3. Although this association has been negative in some
studies, there are multiple reports of NRG1 association with endophenotypes in patients:
decreased PP168 | reduced white matter integrity6%70, hypofrontality, age of onset of
psychosis, and premorbid 1Q"1. The gene produces multiple isoforms through alternate
promoters and splicing’2.The majority of schizophrenia-associated genetic polymorphisms
in NRG1 are found in the 5 region’3, possibly leading to alterations of NRG1 protein
expression and/or function.

NRGL1 plays a role in numerous processes implicated in schizophrenia, including
myelination, glial cell development, migration of radial glial cells during cortical
development, neuronal plasticity via NMDA receptor function, development of GABAergic
interneurons, and dopamine and serotonin receptor and monoamine transporter expression’2.
Recent work has highlighted the modulating role of NRG1 in dendritic spine formation’#
and maintenance of electrophysiological gamma oscillations, which are critical for
information processing in the hippocampus’®.

Complete disruption of ArgZ through traditional knockout approaches is lethal. Animals
with heterozygous disruption of NrgZ or of ErbB4 receptor function are hyperactive and
show PPI deficits’®, altered social behavior and anxiety””, memory deficits, reduced
inhibitory interneurons and increased ventricular volume, all consistent with
schizophrenia’. Interestingly, NRG1 has been shown to increase the expression of a.7
nicotinic receptors in ventral hippocampal projections and interneurons, and the expression
of a7 receptors is reduced in type 111 NRG1 deficient animals’8. Recent findings support the
idea that altered NRG1-mediated signaling changes the nicotinic receptor profile in
presynaptic inputs, leading to deficits in PPI by altering glutamatergic transmission from
ventral hippocampus to nucleus accumbens. Additionally, the Nrg1/ErbB signaling pathway
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connects to an extensive array of partners, many of which may be suitable future drug
targets, such as PI3 kinases, the PTPRZ1-RPTPp phosphatase, the BACE secretase and
more distantly, the DISC1 pathway’%-€0 (Figure 5).

Disrupted in schizophrenia (DISCL1) (Figure 6) is a gene locus originally identified in a
Scottish family, many of whom carried a balanced translocation between chromosomes 1
and 1181, Of 37 individuals with this translocation, 29 had a psychiatric diagnosis including
schizophrenia (7), bipolar disorder (1), and recurrent major depression (10). Linkage and
association studies have also supported a role for the DISC1 locus in schizophrenia®2.
Recent studies have shown abnormalities in the expression of D/SCI splice variants in
schizophrenia®3, whereas postmortem findings of DISC1 expression have been limited and
preliminary, showing no clear patterns of alteration®2.

Alterations or suppression of DISC1 in cell cultures and in mice cause impaired neurite
outgrowth, abnormal neuronal migration, and abnormal pyramidal neuronal orientation and
development of the cerebral cortex, similar to the observed pathology of schizophrenia®?.
The product of DISC1 also interacts with NUDEL, important in the transport of
microtubules and cellular migration, microtubule-associated proteins and the dynein motor
protein complex, and promotes microtubule organization in the cell®4-86 (Figure 6).
Additionally, findings that the DISC1 protein localizes to the synapse, as well as the
potential importance of DISC1 for neurite development, suggest a significant role for DISC1
at the synapse8’. Finally, alterations of DISC1 in mice produce deficits in working
memory?88,

These data on DISC1 suggest the possibility that a microtubule-stabilizing and synapse-
reinforcing agent might be beneficial in schizophrenia. One such agent is NAP, an eight
amino acid neuroprotective peptide8? that can cross the cell membrane, bind to glial tubulin,
and promote microtubule reorganization®0. NAP also increases synaptogenesis in both
hippocampal and cortical regions and promotes neurite outgrowth in cells from rat
hippocampal regions®1. NAP may affect synaptic plasticity by promoting synaptic
reconnections after injury in the mature brain®l. Most importantly, cognitive/memory
enhancing effects after NAP administration have been observed in animal models of
cholinotoxicity, Apo-E deficiency, Alzheimer’s disease, and middle age8:92. Therefore, the
targeted treatment of neurocognition in individuals with schizophrenia with a microtubule-
stabilizing agent such as NAP may be possible.

Akt1/GSK-3

Akt is a protein kinase involved in a variety of cellular functions including metabolism, cell
stress, and cell-cycle regulation. Akt also plays a role in regulating neuronal cell size,
survival and possibly synaptic plasticity?3-95, While three isoforms of Akt have been
identified (Akt1, Akt2 and Akt3)%, Akt1 has been the primary focus in almost all studies
examining roles for Akt in schizophrenia. Aktl haplotypes cosegregate with schizophrenia,
suggesting that the AK 72 gene may be a schizophrenia susceptibility gene®’. Similarly,
genetic studies demonstrated association of AK7 gene polymorphisms with schizophrenia
in diverse populations:99, In lymphocytes derived from people with schizophrenia, there
was a 68% reduction in Akt1 levels relative to control subjects®’. Additionally, in brain,
relative to control subjects, reductions in Aktl were also found in the hippocampus and
frontal cortex using post-mortem brain samples from those with schizophrenia®’.

Phosphatidylinositol 3-kinase (PI3K) promotes Akt recruitment to the plasma membrane,
where it is activated through sequential phosphorylation®4190 (Figure 1). Consistent with the
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relevance of this pathway for schizophrenia, polymorphisms in the promoter region for PI3K
gene, PI3KC3, have been found to increase risk for schizophrenial®1102 Once active, Akt
phosphorylates numerous molecules including glycogen synthase kinase-3 (GSK-3)103, a
protein that is also regulated by DISC1194, Besides mediating glucose metabolism, GSK-3
may also function to regulate synaptic plasticity192. Whereas Akt is activated by
phosphorylation, GSK-3 is inactivated when phosphorylated by Akt103. Consistent with
reduced Aktl, levels of the phosphorylated GSK-3 isoform, GSK-3, were shown to be
diminished in the frontal cortex of people with schizophrenia®’. Moreover, Akt is
inactivated by the PP2A phosphatase in an arrestin-dependent complex promoted by D,
receptor activation, thereby increasing GSK-3 activityl96. By blocking DA D receptor
activation, antipsychotic medications would be expected to enhance Akt activity, and this
has been postulated to be part of their mechanism of therapeutic efficacy107.

Conclusion

Our current criteria for the diagnosis of schizophrenia evolved to group patients with shared
symptoms and course of illness. The general effectiveness of D, receptor antagonists in
ameliorating psychosis suggested the possibility of a common pathobiology. However,
current antipsychotics have multiple side effects with the potential to induce profound
morbidity and are ineffective in treating cognitive deficits and negative symptoms. The
complex genetics of the syndrome we call schizophrenia suggests a much greater
heterogeneity of its etiology and pathophysiology. To date clinical trials of nondopaminergic
therapies have met with at best limited success, and the challenge of developing new drugs
with efficacy in schizophrenia is daunting. As we enter the era of personalized medicine, in
which treatments may be more selectively matched to specific patient subtypes, developing
novel agents directed at pathophysiologic or etiologic targets will be necessary. Grouping
patients based on genetics, neurochemical, structural and functional imaging,
electrophysiologic assessment and other methods of identifying endophenotypic features
may increase the power of clinical trials to validate novel targeted treatments. For example,
comparing treatment response to a7 nicotinic receptor drugs based on NRG1 genotype, or
response to drugs that work through glutamatergic or GABAergic mechanisms based on
impaired Gamma oscillations, may lead to more effective treatments of specific deficits in
distinct patient populations.

Cognitive symptoms are most predictive of outcome in schizophrenia, and any therapeutic
advance in this area would be of great importance. New drugs might replace dopaminergic
drugs altogether or might be used as adjunctive agents to improve cognitive and/or negative
symptoms. There are immense challenges in developing newer more effective medications,
especially since the targets haven’t been elucidated fully, nor have efforts in evaluating these
targets been exhausted. Yet, there are signs of hope. The recent identification of novel
subtype-selective allosteric modulators of acetylcholine receptors, for example, provides an
opportunity for the first time to evaluate cholinergic therapies in a way not contaminated by
lack of selectivity and off target effects. Given the high cost and level of risk in developing
drugs with new mechanisms of action, it will be important to test them in rigorous and
innovative trials that will yield clear and reliable results.
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Figure 1. Dopamine Doreceptor antagonism as a unifying property of all antipsychotic drugsin
clinical use

Current antipsychotic medications are thought to alleviate symptoms by blocking dopamine
(DA) D, receptor (D,R) activation and blunting dopaminergic signaling. Binding of DA to
D4R results in G-protein dependent and G-protein-independent signaling. The DA D,R
couples to Gj,, G-proteins to inhibit adenylate cyclase and also to modulate voltage-gated
K* and Ca2* channels. DA binding also inhibits Akt activity in a G-protein-independent
manner by recruitment of the scaffolding protein p-arrestin-2, which in turn recruits Akt and
the phosphatase, PP2A. PP2A dephosphorylates Akt, leading to its inactivation and
enhanced activity of the downstream kinase GSK-3.

Trends Pharmacol Sci. Author manuscript; available in PMC 2013 April 25.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Karam et al.

Page 15
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Figure 2. Glutamaergic and GABAergic Signaling

GABA receptors mediate activity in the dorsolateral prefrontal cortex (DLPFC), which plays
an important role in working memory. GABA production is controlled by glutamate
decarboxylase GAD67, the expression of which is decreased in patients with schizophrenia.
Altered expression patterns of GABA transporter (GAT1) and the GABAA, receptor alpha 2
subunit (GABAaa2) have also been observed, and a2-positive allosteric modulators are
being explored for therapeutic benefits. Decreased GABA contributes to worsening of the
synchronization of pyramidal cells, which is thought to contribute to deficits in working
memory. Deficits in glutamatergic signaling have also been implicated in schizophrenia.
Blocking the glycine transporter (GlyT) can increase the amount of the allosteric potentiator
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glycine that is available to the NMDA receptor (NR1/2) and enhance NMDA
neurotransmission, as can D-serine, and D-cycloserine. A type Il (2/3) mGIuR agonist has
shown initial promise in decreasing both positive and negative symptoms, although this has
not been replicated. Positive allosteric modulators of mGIuR5 have shown promise in
animal models. Adapted with permission from Lewis and Moghaddam, Archives of
Neurology 63, 1372-1376, copyright © 2006 American Medical Association. All rights
reserved.
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Figure 3. Cholinergic Signaling

(A) Expression profile of nicotinic and muscarinic receptors within structures associated
with schizophrenia (squares) and areas projecting to these structures. Green: excitatory
receptors; Red: inhibitory receptor; MS: medial septum; NBM: nucleus basalis of meynert;
MT: mesopontine tegmentum; SN substantia nigra pars compacta; VTA: ventral tegmental
area. Although it has been very difficult to target specific muscarinic receptors with drugs,
the recent identification of highly specific allosteric modulators of multiple receptor
subtypes will make it possible to explore targeted pharmacotherapies. (B) Intracellular
signaling associated with nicotinic receptor alpha 7 (nAChR a7) and the G-protein-coupled
muscarinic receptor M1. nAChR a7 has high permeability for Ca* ions and channel
opening promotes Ca%* influx from the extracellular milieu and subsequent activation of
Ca?*-associated signals. M1 signal is mediated by the Gg/11-PLC pathway, which includes
activation of PKC and Ca2*-associated signaling. a.7 agonists have shown potential promise
in treating negative and cognitive symptoms, but rapid receptor desensitization makes this a
difficult target.
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Figure 4. The 22911 locus

This 1.5 megabase region is flanked by low-copy repeat sequences (light blue boxes)
making it prone to nonhomologous recombination. Approximately 30% of all individuals
with 22g11.3 microdeletions develop symptoms of schizophrenia. Three schizophrenia
candidate genes in this region are highlighted in bold font: proline dehydrogenase, PRODH,
catechol-O-methyltransferase, COMT, and a palmitoyl-transferase, ZDHHC8. PRODH-P
and DGRC6-like are pseudogenes. Adapted with permission from Dr. Alexander Arguello
and Dr. Joseph Gogos, Department of Physiology and Cellular Biophysics, Columbia
University, New York, NY.
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Figure 5. Neuregulin (NRG1) I soforms and ErbB (EGF receptor tyrosine kinase) signaling
pathways

More than 80 SNPs within the Erb4/NRG1 receptor/ligand pair have been associated with
schizophrenia. All NRG1 isoforms signal through an EGF domain, either through paracrine,
juxtacrine, or autocrine mechanisms. ErbB2, ErbB3, and ErbB4 form dimers and
heterodimers, which signal through multiple pathways. Classical signals are transduced
through the Grb2 and Shc adaptor molecules and the RafF-MEK-ERK, or JUN kinase
cascade to activate transcription factors such as GABP, SRF, and c-jun. Also activated are
the PI3K, AKT, mTOR pathway. Brain-specific receptor-type proteintyrosine phosphatase,
RPTP-beta, modulates ErbB4 signals through an interaction with MAGI proteins.
Additionally, ErbB4 colocalizes with PSD95 and may modulate NMDA, AMPA, and
metabotropic glutamate receptor function. The non-cannonical ErbB signals are transmitted
by a cleaved ErbB intracellular domain (EICD), which translocates to the nucleus and
interacts with nuclear transcription factors. Three ErbB signaling pathways overlap with the
disrupted in Schizophrenia 1, DISC1, interactome, namely, AKT-mTOR, EICD, and PSD95
mediated signals.
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Figure 6. Disrupted in Schizophrenial (DI SC1)

Disrupted in schizophrenia (DISCL1) is a gene locus originally identified in a Scottish family,
many of whom carried a balanced translocation between chromosomes 1 and 11 and who
had a high frequency of psychiatric disorders, including schizophrenia, bipolar disorder, and
recurrent major depression. Linkage and association studies have also supported a role for
the DISC1 locus in schizophrenia. DISC1 associates with important cellular components,
including the centrosome, microtubules, terminals and neurite growth cones, enabling it to
play a role in various cellular functions, such as neuronal migration and axonal elongation,
as well as microtubule transport and organization. Note that DISC1 can also inhibit GSK-3
activity, and thus potentially overlaps with dopaminergic signaling and NRG1/ERB4
signaling. Adapted with permission from Macmillan Publishers Ltd: Molecular Psychiatry
(Chubb et al. [2008] Mol. Psych. 13, 36—64), copyright 2008.
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