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Figure A2. Illustration of model consistency calculation. Consistency quantified the robustness of an
algorithm against the cross-dataset variability. To test this, we trained models using each subset of all
five expression datasets and then categorized these models according to the number of training sets
(nd). Different models were rendered as colored circles, categorized by nd. For vertical consistency,
(a) the similarity was determined between the models learned on nd = 2 to nd = 4 and the model
trained on nd = 5. The resulting values were then averaged for a given category, nd. For horizontal
consistency, (b) the model similarity was calculated in each category, nd, and then averaged.

Figure A3. Illustration of model stability calculation. Stability quantified the robustness
of an algorithm against sampling variability. This metric was computed by performing
100-fold-stratified-bootstrapping. In the left panel, five expression datasets are shown as colored
boxes. Using nd = 2 as an example, two out of five datasets were combined for training in each
bootstrapping sample. Thus, a series of models were obtained as illustrated as the colored circles in the
right panel. The stability was determined as the average pairwise similarity for each model, calculated
across all pairs of bootstrapping samples.

References

1. Sullivan, P.F. The psychiatric GWAS consortium: Big science comes to psychiatry. Neuron 2010, 68, 182–186.
[CrossRef] [PubMed]

2. Passos, I.C.; Mwangi, B.; Kapczinski, F. Big data analytics and machine learning: 2015 and beyond.
Lancet Psychiatry 2016, 3, 13–15. [CrossRef]

242



Int. J. Mol. Sci. 2018, 19, 3387

3. Schizophrenia Working Group of the Psychiatric Genomics Consortium. Biological insights from
108 schizophrenia-associated genetic loci. Nature 2014, 511, 421–427. [CrossRef] [PubMed]

4. Major Depressive Disorder Working Group of the Psychiatric GWAS Consortium; Ripke, S.; Wray, N.R.;
Lewis, C.M.; Hamilton, S.P.; Weissman, M.M.; Breen, G.; Byrne, E.M.; Blackwood, D.H.; Boomsma, D.I.; et al.
A mega-analysis of genome-wide association studies for major depressive disorder. Mol. Psychiatry 2013, 18,
497–511. [PubMed]

5. Wolfers, T.; Buitelaar, J.K.; Beckmann, C.F.; Franke, B.; Marquand, A.F. From estimating activation locality
to predicting disorder: A review of pattern recognition for neuroimaging-based psychiatric diagnostics.
Neurosci. Biobehav. Rev. 2015, 57, 328–349. [CrossRef] [PubMed]

6. Franke, B.; Stein, J.L.; Ripke, S.; Anttila, V.; Hibar, D.P.; van Hulzen, K.J.E.; Arias-Vasquez, A.; Smoller, J.W.;
Nichols, T.E.; Neale, M.C.; et al. Genetic influences on schizophrenia and subcortical brain volumes:
Large-scale proof of concept. Nat. Neurosci. 2016, 19, 420–431. [CrossRef] [PubMed]

7. de Wit, S.J.; Alonso, P.; Schweren, L.; Mataix-Cols, D.; Lochner, C.; Menchón, J.M.; Stein, D.J.; Fouche, J.P.;
Soriano-Mas, C.; Sato, J.R.; et al. Multicenter voxel-based morphometry mega-analysis of structural brain
scans in obsessive-compulsive disorder. Am. J. Psychiatry 2014, 171, 340–349. [CrossRef] [PubMed]

8. Jordan, M.I.; Mitchell, T.M. Machine learning: Trends, perspectives, and prospects. Science 2015, 349, 255–260.
[CrossRef] [PubMed]

9. Iniesta, R.; Stahl, D.; McGuffin, P. Machine learning, statistical learning and the future of biological research
in psychiatry. Psychol. Med. 2016, 46, 2455–2465. [CrossRef] [PubMed]

10. Vilhjalmsson, B.J.; Yang, J.; Finucane, H.K.; Gusev, A.; Lindström, S.; Ripke, S.; Genovese, G.; Loh, P.R.;
Bhatia, G.; Do, R.; et al. Modeling Linkage Disequilibrium Increases Accuracy of Polygenic Risk Scores.
Am. J. Hum. Genet. 2015, 97, 576–592. [CrossRef] [PubMed]

11. Vos, T.; Flaxman, A.D.; Naghavi, M.; Lozano, R.; Michaud, C.; Ezzati, M.; Shibuya, K.; Salomon, J.A.;
Abdalla, S.; et al. Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990-2010:
A systematic analysis for the Global Burden of Disease Study 2010. Lancet 2012, 380, 2163–2196. [CrossRef]

12. Whelan, R.; Watts, R.; Orr, C.A.; Althoff, R.R.; Artiges, E.; Banaschewski, T.; Barker, G.J.; Bokde, A.L.;
Büchel, C.; Carvalho, F.M.; et al. Neuropsychosocial profiles of current and future adolescent alcohol
misusers. Nature 2014, 512, 185–189. [CrossRef] [PubMed]

13. Xia, C.H.; Ma, Z.; Ciric, R.; Gu, S.; Betzel, R.F.; Kaczkurkin, A.N.; Calkins, M.E.; Cook, P.A.; García de la
Garza, A.; Vandekar, S.N.; et al. Linked dimensions of psychopathology and connectivity in functional brain
networks. Nat. Commun. 2018, 9, 3003. [CrossRef] [PubMed]

14. Caruana, R. Multitask Learning. In Learning to Learn; Springer: Boston, MA, USA, 1998; pp. 95–133.
15. Widmer, C.; Rätsch, G. Multitask Learning in Computational Biology. In Proceedings of the ICML Workshop

on Unsupervised and Transfer Learning, PMLR, Bellevue, WA, USA, 2 July 2012; Volume 27, pp. 207–216.
16. Li, Y.; Wang, J.; Ye, J.P.; Reddy, C.K. A Multi-Task Learning Formulation for Survival Analysis. In Proceedings

of the 22nd ACM SIGKDD International Conference on Knowledge Discovery and Data Mining,
San Francisco, CA, USA, 13–17 August 2016.

17. Yuan, H.; Paskov, I.; Paskov, H.; González, J.A.; Leslie, S.C. Multitask learning improves prediction of cancer
drug sensitivity. Sci. Rep. 2016, 6, 31619. [CrossRef] [PubMed]

18. Feriante, J. Massively Multitask Deep Learning for Drug Discovery. Master’s Thesis, University of
Wisconsin-Madison, Madison, WI, USA, 2015.

19. Xu, Q.; Pan, S.J.; Xue, H.H.; Yang, Q. Multitask Learning for Protein Subcellular Location Prediction.
IEEE/ACM Trans. Comput. Biol. Bioinform. 2011, 8, 748–759. [PubMed]

20. Zhou, J.; Liu, J.; Narayan, V.A.; Ye, J.; Alzheimer’s Disease Neuroimaging Initiative. Modeling disease
progression via multi-task learning. Neuroimage 2013, 78, 233–248. [PubMed]

21. Collobert, R.; Weston, J. A unified architecture for natural language processing: Deep neural networks with
multitask learning. In Proceedings of the 25th International Conference on Machine Learning, New York,
NY, USA, 5–9 July 2008.

22. Wu, Z.; Valentini-Botinhao, C.; Watts, O.; King, S. Deep neural networks employing Multi-Task Learning and
stacked bottleneck features for speech synthesis. In Proceedings of the 2015 IEEE International Conference
on Acoustics, Speech and Signal Processing, Brisbane, Australia, 19–24 April 2015.

243



Int. J. Mol. Sci. 2018, 19, 3387

23. Wang, X.; Zhang, C.; Zhang, Z. Boosted multi-task learning for face verification with applications to web
image and video search. In Proceedings of the 2009 IEEE International Conference on on Computer Vision
and Pattern Recognition, Miami, FL, USA, 20–25 June 2009.

24. Zhang, Z.; Luo, P.; Loy, C.C.; Tang, X. Facial Landmark Detection by Deep Multi-task Learning.
In Proceedings of the European Conference on Computer Vision, Zurich, Switzerland, 6–12 September 2014.

25. Chapelle, O.; Shivaswamy, P.; Vadrevu, P.; Weinberger, K.; Zhang, Y. Multi-task learning for boosting with
application to web search ranking. In Proceedings of the 16th ACM SIGKDD International Conference on
Knowledge Discovery and Data Mining, Washington, DC, USA, 25–28 July 2010.

26. Ahmed, A.; Aly, M.; Das, A.; Smola, J.A.; Anastasakos, T. Web-scale multi-task feature selection for behavioral
targeting. In Proceedings of the 21st ACM International Conference on Information and Knowledge
Management, Maui, HI, USA, 29 October–2 November 2012.

27. Marquand, A.F.; Brammer, M.; Williams, S.C.; Doyle, O.M. Bayesian multi-task learning for decoding
multi-subject neuroimaging data. Neuroimage 2014, 92, 298–311. [CrossRef] [PubMed]

28. Jing, W.; Zhang, Z.L.; Yan, J.W.; Li, T.Y.; Rao, D.B.; Fang, S.F.; Kim, S.; Risacher, L.S.; Saykin, J.A.; Shen, L.
Sparse Bayesian multi-task learning for predicting cognitive outcomes from neuroimaging measures
in Alzheimer’s disease. In Proceedings of the 2012 IEEE Conference on Computer Vision and Pattern
Recognition, Providence, RI, USA, 16–21 June 2012.

29. Wang, H.; Nie, F.; Huang, H.; Kim, S.; Nho, K.; Risacher, S.L.; Saykin, A.J.; Shen, L.; Alzheimer’s Disease
Neuroimaging Initiative. Identifying quantitative trait loci via group-sparse multitask regression and feature
selection: An imaging genetics study of the ADNI cohort. Bioinformatics 2012, 28, 229–237. [CrossRef]
[PubMed]

30. Lin, D.; Zhang, J.; Li, J.; He, H.; Deng, H.W.; Wang, Y.P. Integrative analysis of multiple diverse omics datasets
by sparse group multitask regression. Front. Cell Dev. Biol. 2014, 2, 62. [CrossRef] [PubMed]

31. Xu, Q.; Xue, H.; Yang, Q. Multi-platform gene-expression mining and marker gene analysis. Int. J. Data
Min. Bioinform. 2011, 5, 485–503. [CrossRef] [PubMed]

32. O′Brien, C.M. Statistical Learning with Sparsity: The Lasso and Generalizations. Int. Stat. Rev. 2016, 84,
156–157. [CrossRef]

33. Gandal, M.J.; Haney, J.R.; Parikshak, N.N.; Leppa, V.; Ramaswami, G.; Hartl, C.; Schork, A.J.; Appadurai, V.;
Buil, A.; Werge, T.M.; et al. Shared molecular neuropathology across major psychiatric disorders parallels
polygenic overlap. Science 2018, 359, 693–697. [CrossRef] [PubMed]

34. Bulik-Sullivan, B.; Finucane, H.K.; Anttila, V.; Gusev, A.; Day, F.R.; Loh, P.R.; ReproGen Consortium;
Psychiatric Genomics Consortium; Genetic Consortium for Anorexia Nervosa of the Wellcome Trust Case
Control Consortium; Duncan, L.; et al. An atlas of genetic correlations across human diseases and traits.
Nat. Genet. 2015, 47, 1236–1241. [CrossRef] [PubMed]

35. Cross-Disorder Group of the Psychiatric Genomics Consortium; Lee, S.H.; Ripke, S.; Neale, B.M.;
Faraone, S.V.; Purcell, S.M.; Perlis, R.H.; Mowry, B.J.; Thapar, A.; Goddard, M.E.; et al. Genetic relationship
between five psychiatric disorders estimated from genome-wide SNPs. Nat. Genet. 2013, 45, 984–994.
[CrossRef] [PubMed]

36. International Schizophrenia Consortium; Purcell, S.M.; Wray, N.R.; Stone, J.L.; Visscher, P.M.;
O′Donovan, M.C.; Sullivan, P.F.; Sklar, P. Common polygenic variation contributes to risk of schizophrenia
and bipolar disorder. Nature 2009, 460, 748–752. [CrossRef] [PubMed]

37. Harris, L.W.; Wayland, M.; Lan, M.; Ryan, M.; Giger, T.; Lockstone, H.; Wuethrich, I.; Mimmack, M.; Wang, L.;
Kotter, M.; et al. The cerebral microvasculature in schizophrenia: A laser capture microdissection study.
PLoS ONE 2008, 3, e3964. [CrossRef] [PubMed]

38. Chen, C.; Cheng, L.; Grennan, K.; Pibiri, F.; Zhang, C.; Badner, J.A.; Members of the Bipolar Disorder Genome
Study (BiGS) Consortium; Gershon, E.S.; Liu, C. Two gene co-expression modules differentiate psychotics
and controls. Mol. Psychiatry 2013, 18, 1308–1314. [CrossRef] [PubMed]

39. Maycox, P.R.; Kelly, F.; Taylor, A.; Bates, S.; Reid, J.; Logendra, R.; Barnes, M.R.; Larminie, C.; Jones, N.;
Lennon, M.; et al. Analysis of gene expression in two large schizophrenia cohorts identifies multiple changes
associated with nerve terminal function. Mol. Psychiatry 2009, 14, 1083–1094. [CrossRef] [PubMed]

40. Barnes, M.R.; Huxley-Jones, J.; Maycox, P.R.; Lennon, M.; Thornber, A.; Kelly, F.; Bates, S.; Taylor, A.; Reid, J.;
Jones, N.; et al. Transcription and pathway analysis of the superior temporal cortex and anterior prefrontal
cortex in schizophrenia. J. Neurosci. Res. 2011, 89, 1218–1227. [CrossRef] [PubMed]

244



Int. J. Mol. Sci. 2018, 19, 3387

41. Narayan, S.; Tang, B.; Head, S.R.; Gilmartin, T.J.; Sutcliffe, J.G.; Dean, B.; Thomas, E.A. Molecular profiles of
schizophrenia in the CNS at different stages of illness. Brain Res. 2008, 1239, 235–248. [CrossRef] [PubMed]

42. Irizarry, R.A.; Hobbs, B.; Collin, F.; Beazer-Barclay, Y.D.; Antonellis, K.J.; Scherf, U.; Speed, T.P. Exploration,
normalization, and summaries of high density oligonucleotide array probe level data. Biostatistics 2003, 4,
249–264. [CrossRef] [PubMed]

43. Leek, J.T.; Johnson, W.E.; Parker, H.S.; Jaffe, A.E.; Storey, J.D. The sva package for removing batch effects
and other unwanted variation in high-throughput experiments. Bioinformatics 2012, 28, 882–883. [CrossRef]
[PubMed]

44. Zhou, J.; Chen, J.; Ye, J. MALSAR: Multi-tAsk Learning via StructurAl Regularization; Arizona State University:
Tempe, AZ, USA, 2012.

45. Evgeniou, T.; Pontil, M. Regularized multi-task learning. In Proceedings of the Tenth ACM SIGKDD
International Conference on Knowledge Discovery and Data Mining, Seattle, WA, USA, 22–25 August 2004.

46. Tibshirani, R.J. The lasso problem and uniqueness. Electron. J. Statist. 2013, 7, 1456–1490. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

245





 International Journal of 

Molecular Sciences

Review

Childhood-Onset Schizophrenia: Insights from
Induced Pluripotent Stem Cells

Anke Hoffmann, Michael Ziller and Dietmar Spengler *

Department of Translational Research in Psychiatry, Max Planck Institute of Psychiatry, 80804 Munich, Germany;
hoffmann@psych.mpg.de (A.H.); michael_ziller@psych.mpg.de (M.Z.)
* Correspondence: spengler@psych.mpg.de; Tel.: +49-089-3062-2546

Received: 29 October 2018; Accepted: 27 November 2018; Published: 30 November 2018

Abstract: Childhood-onset schizophrenia (COS) is a rare psychiatric disorder characterized by
earlier onset, more severe course, and poorer outcome relative to adult-onset schizophrenia (AOS).
Even though, clinical, neuroimaging, and genetic studies support that COS is continuous to AOS.
Early neurodevelopmental deviations in COS are thought to be significantly mediated through
poorly understood genetic risk factors that may also predispose to long-term outcome. In this
review, we discuss findings from induced pluripotent stem cells (iPSCs) that allow the generation
of disease-relevant cell types from early brain development. Because iPSCs capture each donor’s
genotype, case/control studies can uncover molecular and cellular underpinnings of COS. Indeed,
recent studies identified alterations in neural progenitor and neuronal cell function, comprising
dendrites, synapses, electrical activity, glutamate signaling, and miRNA expression. Interestingly,
transcriptional signatures of iPSC-derived cells from patients with COS showed concordance with
postmortem brain samples from SCZ, indicating that changes in vitro may recapitulate changes from
the diseased brain. Considering this progress, we discuss also current caveats from the field of
iPSC-based disease modeling and how to proceed from basic studies to improved diagnosis and
treatment of COS.

Keywords: childhood-onset schizophrenia (COS); induced pluripotent stem cell (iPSC); copy
number variation (CNV); early neurodevelopment; neuronal differentiation; synapse; dendritic
arborization; miRNAs

1. Introduction

Schizophrenia (SCZ) is a highly heritable, devastating mental disorder with a lifetime prevalence
of ≈1% worldwide [1]. First episode psychosis typically manifest in early adulthood followed by
recurrent episodes that frequently give way to a chronic course that confers substantial mortality and
morbidity. As of yet, no cure is available and life expectancy of patients with SCZ is reduced by 15 to
30 years [2,3]. Around 4% of the patients experience early-onset schizophrenia (EOS) either during
childhood prior to the 13th birthday (i.e., COS) or during adolescence up to the age of 17 years and
carry a particular worse diagnosis [4].

Numerous hypothesis, observational, and experimental, have been put forward to explain
the etiology and pathogenesis of SCZ with no consensus established so far [5]. Among these, the
much-noticed neurodevelopmental hypothesis of SCZ posits that deviations in early brain development
predispose to later vulnerability when critical processes of normal maturation call into operation
damaged structures. Similar to other fields of early-onset disease, the study of patients with COS
showed that early SCZ is characterized by increased symptom severity and a higher genetic load. This
indicates a greater genetic salience for neurodevelopmental deviations and suggests that studying
COS can also advance insight into disease-traits that develop more subtly in an adult-onset patient
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group [6]. Early-onset of disease reduces also the contribution of confounding environmental factors
across life course and enables a less-clouded sight on the actual biology underpinning SCZ.

Due to the impossibility to isolate brain tissue from living patients, and the limitations of
postmortem studies (scarcity of tissue availability, confounding effects from treatments, aging, and
life history) patient-specific iPSCs offer a unique opportunity to study living human neuronal cells.
iPSCs capture a donor’s genotype including disease related genetic risk factors, known and unknown,
and can be differentiated in virtually any cell type including early neural cells of potential relevance
to COS. Differences in early cellular and molecular endophenotypes from case/control studies can
inform on perturbations in neurodevelopmental pathways and on potential deviations in patients
with COS. Patient-specific iPSC studies on COS are of particular interest given that early perturbations
in vitro may couple more directly to early than later pathology and thus offer a better handle on
cause–effect relationships.

Here, we will examine this hypothesis by considering the clinical picture and course of COS,
and recent insights into the genetics of AOS and COS. Against this background, we discuss how
iPSC-derived neuronal cells from early developmental stages differ between carriers of high-risk
structural variations variants for COS or patients with COS vs. healthy donors. We further ask whether
these molecular and cellular alterations do bridge to early brain development. Concluding, we address
present caveats in patient-specific disease modeling and upcoming improvements from the field.

The literature selection process for this review was conducted in the databank PubMed via
combinations of the search terms “schizophreni*”, “childhood”, “early-onset”, “induced pluripotent
stem cell*”, “genetic*”, and “psychosis” with date limits from 2007 (first report on iPSCs [7]) to
September 2018. Additional searches included scrutiny of similar articles suggested by PubMed, of
references from the identified publications, and of citatory publications identified by Google Scholar®.

2. The Neurodevelopmental Hypothesis of COS

COS is a rare disorder affecting 1 in 10,000–30,000 children [8]. Prior to the 20th century, bizarre
behavior, social withdrawal, catatonia, and/or psychosis in children were regarded as undifferentiated
conditions, labelled as “hereditary insanity”, “dementia praecox”, or “developmental idiocy” [9].
Today’s diagnostic criteria are the same as in AOS and concern multiple domains of behavior and
cognition with a prominent role of psychotic symptoms. Hallucinations, delusions, and disorganized
thinking [10,11] frequently concur with impairments in social communication, as well as in motor,
volitional, and emotional abnormalities [12]. Longitudinal studies have corroborated that diagnostic
stability is high in EOS at around 80–90% [13,14]. Outcome of patients over 40 years with EOS is
consistently worse relative to AOS [14–16] with the worst clinical and psychosocial outcomes in
COS [17]. EOS manifests greater neurodevelopmental deviance early in life, yet it is clinically and
neurobiological continuous with AOS [12,18,19].

The discovery of first-generation antipsychotics in the 1950s, known as typical antipsychotics [20],
has transformed the treatment of SCZ. Although the first atypical antipsychotic, clozapine, was
discovered in the 1960s and introduced clinically in the 1970s, most second-generation drugs, known
as atypical antipsychotics, have been developed more recently. Both generations of medication are
thought to block receptors in the brain’s dopamine pathways with atypicals acting on serotonin
receptors additionally. Recent data suggest a greater efficacy of clozapine, relative to other
antipsychotics, in COS than in AOS [21] and raise the perspective that COS could offer a unique
opportunity to learn to what degree neurodevelopmental deviations in SCZ could respond to
current pharmacotherapy.

At the macroscopic scale, early structural MRI (magnetic resonance imaging) studies by the
National Institute of Mental Health (NIMH) suggested a pattern of reduced cerebral volumes and
larger ventricles in COS consistent with findings from AOS [22]. Longitudinal follow-up studies
further showed that typically developing children undergo a small decrease in cortical gray matter
(≈2%) in the frontal and parietal regions throughout adolescence (Figure 1). By contrast, children with
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a history of COS experience exaggerated gray matter losses (≈8%) in frontal, parietal, and temporal
lobes [22]. These losses originated in the parietal lobes and spread anteriorly over time until they
leveled off in early adulthood when SCZ typically manifests [23]. This pattern fits well the hypothesis
of an exaggerated synaptic pruning during critical neurodevelopmental time windows in SCZ [23,24]
and supports that COS evolves from a vulnerable brain (Figure 1). It is also worth mentioning that
these changes were specific for COS and were not shared with other age- and gender-matched patients
with psychotic symptoms diagnosed as multidimensional impaired [25]. In addition, children with
COS display losses in global gray matter and cortical thickness in childhood that with age approach
those detected in AOS.

Figure 1. Progression of cortical gray matter loss in patients with childhood-onset schizophrenia (COS)
(n = 70) relative to age-, sex-, and scan interval-matched healthy individuals (n = 72). Brain templates
illustrate areas of significant thinning in patients with COS in a ‘front-to-back’ pattern from adolescence
to young adulthood (age 12–24 years). Side bar shows t statistic with threshold to control for multiple
comparisons. Figure 1 is reproduced from Gogtay [26] by permission of Oxford University Press,
adapted by Greenstein et al. [27] by permission of John Wiley and Sons.

Interestingly, non-affected siblings of patients with COS show equally a pattern of decreased
thickness in the frontal temporal and parietal lobes during childhood and adolescence that normalizes
in early adulthood. This indicates that genetic risk factors underpinning COS interact in a
complex manner with the environment leading to overt psychopathology or normalization of risk
phenotypes [26,28]. Beyond structural changes, functional MRI studies on patients with COS
suggest exaggerated long-range connectivity implicating greater global connectedness and efficiency.
Concomitantly, short-range connectivity is impaired in patients with COS implicating disrupted
modularity [29,30]. Similar structural deviations have been detected in neonates at high risk for SCZ
re-enforcing that COS is contiguous to SCZ [31].

These neuroimaging studies raise the question how macroscopic findings can be explained
microscopically. In the absence of neurodegenerative lesions and gliosis, histopathological studies have
scrutinized the cytoarchitecture of the cerebral cortex for changes in the size, location, distribution,
and packing density of neurons and their synaptic connections. Three putative alterations have
caught particular attention: abnormal neuronal organization (dysplasia) in lamina II (pre-alpha cells)
and lamina III of the entorhinal cortex [32], disarray of hippocampal neurons [33], and an altered
distribution of neurons in the subcortical white matter [34]. These findings seemed to implicate
impairments in neuronal migration and cytoarchitecture and were taken as strong evidence for the
neurodevelopmental hypothesis of SCZ. Disappointingly, none of these findings has been firmly
recapitulated so far. However, a bulk of histopathological studies collaborate the presence of smaller
cortical and hippocampal pyramidal neurons, decreased cortical and hippocampal synaptic markers,
and decreased dendritic spines as cardinal symptoms in AOS [35]. In light of our limited understanding
of SCZ’s neuropathology, future studies are needed to resolve the dynamic nature of the disorder.
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A one-fits-all model is unlikely to reflect the complex nature of changes in development, adult plasticity,
and aging. In fact, the diversity of postmortem cellular pathology may conform to accruing evidence
for multi-factorial genetic heritability in SCZ.

3. The Genetic Architecture of AOS and COS

Heritability for AOS is about 60% and 80% in national family [36,37] and twin studies [38,39].
Similarly, twin studies on patients with COS indicate a heritability about 88% [40]. Additionally, family
studies on patients with COS show an increased rate of schizophrenic spectrum disorders pointing to
familial transmission [41].

Genome-wide association studies (GWAS) have identified many common genetic variants (mostly
single nucleotide polymorphism, SNPs) of small effect size that explain between one-third and
one-half of the genetic variance [42]. A seminal meta-analysis on 36,989 patients with AOS and
113,075 controls discovered 128 common variant associations encompassing 108 independent loci
that met the criterion of genome-wide statistical significance (e.g., 5 × 10−8) [43]. These loci covered
multiple regions enriched in genes regulating glutamatergic, calcium, and G-protein coupled receptor
signaling, neuronal ion channels, synaptic function and plasticity, and several neurodevelopmental
regulators. A subsequent GWAS study has replicated 93 of these risk loci and identified additionally
52 new loci associated with AOS [44]. Most recently, a GWAS study for shared risk across major
psychiatric disorders (including AOS) has highlighted fetal neurodevelopment as a key mediator
of vulnerability: four genome-wide significant loci encompassed variants thought to regulate genes
expressed in radial glia cells and interneurons in the developing cortex during midgestation [45].

Despite these advances, it is important to realize that risk-associated SNPs typically map to
non-coding genomic regions equally represented by intergenic and intronic regions [46]. These SNPs
are not necessarily the causal genetic variant underlying the association nor do they identify the
causative gene(s). Future studies still have to identify those SNPs that encode a regulatory function
and contribute causally to SCZ [47].

Over the last few years, an increasing number of copy number variations (CNVs) has been shown
to increase the risk for SCZ. CNVs are typically caused by the presence of region-specific, repetitive
DNA sequences, termed low copy repeats (LCRs). Recombination between adjacent and homologous
LCRs via non-allelic homologous recombination (NAHR) results in deletions or duplications of the
DNA stretches between the repeats. These CNVs tend to recur at the same chromosomal positions
flanked by the LCRs, while other mechanism such as non-homologous end joining (NHEJ) can cause
non-recurrent CNVs that contain different breakpoints. In any case, most of these de novo mutations,
recurrent and non-recurrent, are likely to reduce fecundity and are therefore rarely transmitted [48].

With the advent of microarrays, it became feasible to interrogate the whole genomes of large
case/control cohorts for the presence of CNVs that enhance the risk for SCZ. These risk CNVs
comprise deletions at 1q21.1, 2p16.3 (contains only Neurexin 1 with a role in neurotransmission and
synaptic contact formation), 3q29, 15q11.2, 15q13.3, and 22q11.2, and duplications at 1q21.1, 7q11.23,
15q11.2-q13.1, 16p13.1, and proximal 16p11.2. A recent combined meta-analysis of 21,094 patients
with SCZ and 20,227 controls has shown in a small fraction (1.4%) of the cases genome-wide
significant association with CNVs and has confirmed the role of most previously implicated CNVs
including 1q21.1, 2p16.3, 3q29, 7q11.2, 15q13.3, distal and proximal 16p11.2 and 22q11.2 (Table 1) [49].
Furthermore, the researchers identified another eight loci that showed suggestive evidence of
association with SCZ (Table 1).
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Table 1. Significant CNV loci in patients with AOS and COS.

Chr Locus Mechanism CNV Effect OR (95% CI) COS

1 1q21.1 NAHR Loss + gain Risk 3.8 (2.1–6.9)
2 2p16.3 (NRXN1) NHEJ Loss Risk 14.4 (4.2–46.9) +
3 3q29 NAHR Loss Risk Infinite +
7 7p36.3 NAHR Loss + gain Risk 3.5 (1.3–9.0)
7 7q11.21 NAHR Loss + gain Protective 0.66 (0.52–0.84)
7 7q11.23 NAHR Gain Risk 16.1 (3.1–125.7)
8 8q22.2 NHEJ Loss Risk 14.5 (1.7–122.1)
9 9p24.3 NHEJ Loss + gain Risk 12.4 (1.6–98.1)
13 13q12.11 NAHR Gain Protective 0.36 (0.19–0.67)
15 15q11.2 NAHR Loss Risk 1.8 (1.2–2.6) +
15 15q13.3 NAHR Loss Risk 15.6 (3.7–66.5) +
16 16p11.2. proximal NAHR Gain Risk 9.4 (4.2–20.9)
16 16p11.2. distal NAHR Loss Risk 20.6 (2.6–162.2) +
22 22q11.21 NAHR Loss Risk 67.7 (9.3–492.8) +
22 22q11.21 NAHR Gain Protective 0.15 (0.04–0.52)
X Xq28 NAHR Gain Protective 0.35 (0.18–0.68)
X Xq28. distal NAHR Gain Risk 8.9 (2.0–39.9)

Abbreviations are: AOS, adult-onset schizophrenia; Chr, chromosome; CI, confidence interval; COS,
childhood-onset schizophrenia; CNV, copy number variation; NAHR, non-allelic homologous recombination;
NHEJ, non-homologous end joining; OR, odds ratio; +, present. Adapted by Springer Nature (https://www.nature.
com/nature/), Contribution of copy number variants to schizophrenia from a genome-wide study of 41,321 subjects,
Christian R. Marshall, 2017 [49].

The aggregate CNV burden was enriched for genes controlling synaptic function (OR = 1.68,
P = 2.8 × 10−11) and neurobehavior (in mice). Carrying a CNV risk allele explains only 0.85% of the
variance in SCZ liability relative to 3.4% by the 108 genome-wide significant loci [43]. However, risk
CNVs show significantly greater effects on SCZ risk (Table 1) than common SNP variants (OR < 1.3). It is
worth noting that these risk CNVs associate also with a distinct spectrum of disorders (autism spectrum
disorder (ASD), developmental delay, and congenital malformation) indicating that deviations in early
neurodevelopment are shared across these disorders [48].

An early study on CNVs on patients with AOS, COS, and ancestry-matched controls found that
15% of patient with AOS had novel structural variants compared with 5% of controls [50]. By contrast,
20% of patients with onset of SCZ before 18 years of age and 28% of patients with COS carried
one or more rare structural variants. Structural variations in patients with SCZ were enriched in
genes controlling brain development, especially those involving neuregulin and glutamate pathways.
In support of this finding, the NIMH COS study showed that 10% of the patients with COS exhibited
large chromosomal abnormalities at rates significant higher than those measured in the general
population or in patients with AOS [51]. This finding has been collaborated in a follow-up study [6]:
a total of 11.9% of patients with COS harbored at least one CNV and 26.7% had two. Among these, 4%
showed a 2.5–3 Mb deletion mapping to 22q11.2, a rate higher than that reported for AOS (0.3–1%)
or the general population (0.2%), and the highest rate reported for any clinical population to date.
Patients with COS also carried additional genomic lesions at 8q11.2, 10q22.3, 16p11.2, and 17q21.3 that
had been previously associated with intellectual disability or autism supporting the pleiotropic role of
these CNVs in early brain development.

Beyond CNVs, polygenetic risk scores derived from selected common risk variants for SCZ
predict effectively COS status: patients with COS had higher genetic risk scores for SCZ (and autism)
than their siblings suggesting that patients with COS have more salient genetic risk than do patients
with AOS [43].

Taken together, COS is a rare form of SCZ in which both common variants of small effect (SNP)
and rare variants (CNV) of large effect conspire together. Common and rare risk variants are more
frequent in patients with COS than in patients with AOS. At the same time, patients with COS share
rare variants associated with ASD. In essence, patients with COS carry a particular high risk for
SCZ that underpins earlier manifestation and a more severe course relative to AOS. Regarding the
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neurodevelopmental hypothesis of SCZ, patients with COS are therefore expected to manifest more
salient neurodevelopmental deviations than patients with AOS. With this in mind, future studies are
mandatory to link common and rare risk variants-to genes-to function in order to understand the
biology underlying COS and to develop better treatments. To approach this daunting task, iPSC-based
studies can provide an important tool to study the regulatory effects of genetic variants, candidate
genes, and the overall effect of these variants and their interconnected networks [52], known and
unknown, on cellular and molecular endophenotypes in disease-relevant human cells.

4. iPSCs Provide Unique Access to Early Neurodevelopment in AOS and COS

Human brain development starts with the differentiation of neuronal progenitor cells (NPCs)
in the third gestational week and subsists through at least late adolescence (Figure 2). Neural
tube formation, neural patterning, and NPC differentiation take place in embryonic and early fetal
periods and proceed to neuron production, migration, and differentiation in later fetal and early
postnatal periods.

Figure 2. A timeline of human development during prenatal (in postconception weeks, pcw) and
postnatal (in years) periods. The shaded horizontal bars represent the approximate timing of key
neurobiological processes and developmental milestones. The light-blue overlay marks the period
during which childhood-onset schizophrenia (COS) typically manifests. Gross anatomical features and
the relative size of the brain at different stages are illustrated at the top. Adapted by Springer Nature
(https://www.nature.com/nature/), Developmental timing and critical windows for the treatment of
psychiatric disorders, Oscar Marín, 2016 [53].

Regressive and progressive neuronal processes, remodeling of synaptic contacts and circuitries,
and myelination evolve postnatally and subsist beyond adolescence [54–56]. Cortical circuits are
refined through pruning of excitatory synapses, proliferation of inhibitory circuits, and remodeling
of pyramidal dendrites in early adulthood [57,58]. These modulatory processes serve to fine-tune
excitatory–inhibitory cortical balance and appear perturbed in patients with SCZ.

Genetic studies on AOS and COS suggest combinatorial contributions of many variants across
a host of loci, rather than one or a few penetrant single-gene mutations. These highly polygenic
states cannot be engineered into animal models, as they demand replicating large portions, if not
the entirety, of the human genome. Hence, human models are urgently needed to decode polygenic
contribution to disease initiation and manifestation. Human iPSCs retain the unique genetic signature
of the donor and provide insight into the relationship between the donor’s genotype and an in vitro
endophenotype. By now, human iPSCs are routinely generated from skin biopsies or peripheral blood
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mononuclear cells [59,60]. iPSCs can be differentiated in disease-relevant neurons and astroglia in
order to re-enact altered trajectories of brain development in a diseased individual. In distinction to
postmortem brain tissue, human iPSCs are not confounded by secondary disease processes, therapy, or
life history. Therefore, iPSC studies are particular promising for the analysis of the effects of polygenic
risk on programs underpinning cellular and molecular endophenotypes in the developing and early
postnatal brain.

Encouragingly, comprehensive RNA expression profiling of human brain tissues from early
embryonic to late adult postmortem stages has shown that neuronal cells produced from iPSCs closely
recapitulate the progression from early embryogenesis to late fetal periods in vitro and yield neuronal
cells of various stages of maturity [61–66]. Immature neurons and networks express molecules and
processes that are not operative in the adult and follow a crucial developmental sequence that is
instrumental in the formation of functional entities. While caution needs to be exercised to extrapolate
from iPSC-derived cell stages to those in adolescents and adults, they provide unique access to explore
molecular and cellular endophenotypes and cause–effect relationships in living disease-relevant cell
types from early neurodevelopmental stages from patients with COS.

5. Tracing Early Neurodevelopment in Patients with COS

In 2011, Brennand and coworkers firstly reported the generation of iPSC-derived neuronal
cells from patients with familial SCZ and detected significant reductions in neuronal connectivity,
neurite outgrowth, and dendrite formation in forebrain neurons from patients relative to controls [67].
This influential work has prompted an increasing number of patient-specific iPSC studies on AOS [68],
but also on bipolar disease [69]. Here, we consider iPSC-based case/control studies on carriers of
high-risk structural variations associated with COS or on patients diagnosed COS vs. healthy controls.
For clarity, experimental approaches, and key findings are summarized in a tabular format.

5.1. Role of the 22q11.2 Microdeletion as Risk Factor for AOS and COS

The 22q11.2 deletion syndrome (22q11.2.DS), also known as DiGeorge or velocardiofacial
syndrome, has an incidence of 1 in 2000–4000 live births [70]. Typical microdeletions are either 3 Mb in
size (covering about 60 known genes) or 1.5 Mb in size (covering about 35 known genes). Most of the
genes inside these regions are expressed in the brain. The severity of the disorder is unrelated to the
size of the deletions indicating that genes residing within the 1.5 Mb region are critical to the etiology of
the syndrome. Frequent physical manifestations consist of craniofacial and cardiovascular anomalies
and immunodeficiency among others symptoms. Patients with 22q11.2.DS also show cognitive and
behavioral impairments and a high risk for ASD, neurodevelopmental delay, and SCZ [48]. In fact, the
identification of rare and highly penetrant de novo structural variations at 22q11.2 in sporadic cases
of SCZ provided the first evidence for the role of rare recurrent mutations in SCZ susceptibly [71].
This structural mutation is detected in up to 1% and 4% of AOS and COS cases, respectively [6]
and up to one-third of all patients with 22q11.2.DS develop SCZ or schizoaffective disorder (SAD).
Noteworthy, there are no major clinical differences in core psychopathology, treatment response,
neurocognitive profile, and imaging anomalies between schizophrenic patients with 22q11.2.DS or
an intact chromosome 22 [72]. In fact, many patients with 22q11.2.DS show no serious intellectual
disability and congenital abnormalities can be so subtle that they appear undistinguishable from other
patients with SCZ. Consistent with these findings, intellectual ability and length of the microdeletion
do not appear to be major risk factors for SCZ associated with the 22q11.2 microdeletion.

In 2011, Pedrosa et al. [73] firstly reprogrammed fibroblasts (Table 2) from a patient with AOS
carrying a 22q11.2 microdeletion, a high risk factor for COS, and two healthy controls. Two iPSC
lines from patients with SCZ, one with adult-onset SCZ and one with COS (Table 3) were obtained
additionally from Brennand et al. [67]. iPSC quality control (Table 2) consisted of immunocytochemistry
(ICC), teratoma (Tera) and embryoid body formation (EB), and karyotype analysis (G-B, G-banding;
FISH, fluorescence in-situ hybridization).
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Table 2. iPSC generation and quality control.

Ref Source Factors Method n Authentication Karyotype Pluripotency

[73] Fibroblast OKSM RV - - G-B, F ICC, EB
[74] As in [73] OKSM RV - - G-B, F ICC, EB
[75] Fibroblast OKSM RV - - CGH ICC, Tera, EB
[76] Fibroblast OKSML Epi add - G-B, F ICC, EB
[77] As in [76] OKSML Epi add - G-B, F, micro ICC, EB
[78] As in [75] OKSM RV add - CGH, Taq ICC, Tera, EB
[79] Fibroblast OKSML Epi or Sen - G-B, F ICC, Tera
[80] Fibroblast OKSM Sen add - G-B, CGH ICC
[81] hESC (H1) na na - - na na
[82] Fibroblast OKSML Epi na CytoChip SNP CGH, SNP ICC
[83] Fibroblast OKSM Sen 2–3 PsychChip SNP G-B FACS, PCR
[84] As in [83] OKSM Sen 2–3 PsychChip SNP G-B FACS, PCR
[85] As in [83] OKSM Sen 2–3 Verif-BamID [86] G-B FACS, PCR

Abbreviations are: add, additional iPSC clones for some donors; EB, embryoid body formation combined
with ICC and/or qPCR; Epi, episomal plasmid; CGH, comparative genomic hybridization microarray; G-B,
chromosomal G-banding; FACS, fluorescence activated cell sorting; F, fluorescence in-situ hybridization; ICC,
immunocytochemistry; micro, microarray; n, numbers of independent clones per donor; na, non-applicable; OKSM,
reprogramming factors OCT4, KLF4, SOX2, MYC; OKSML, reprogramming factors plus Lin28 and p53 shRNA;
PCR, quantitative reversed transcribed polymerase chain reaction; Sen, Sendai virus; Ref, reference; RV, retroviral
transduction; SNP, single nucleotide polymorphism; Taq, Taqman copy number assay; Tera, teratoma formation.
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Neural induction involved embryoid body (EB) and neural rosette formation (an in vitro
equivalent to the neural tube) (Table 4). Subsequently, NPCs were manually dissected and
differentiated in mixed cultures of forebrain glutamatergic neurons that were able to fire action
potentials after two months in culture. Expression profiling across undifferentiated and differentiated
case/control iPSCs showed no gross differences except for the pluripotency markers OCT4 and
NANOG. These markers declined more slowly during glutamatergic differentiation of the iPSCs
derived from the patient with AOS and a 22q11.2 microdeletion relative to the other samples.

Table 4. Major differentiation methods.

Ref Neural Induction Patterning/Neural Progenitor Cells→Neural Cells

[73] EB-/rosette formation N2, WNT3A→N2, B27, BDNF, GDNF, IGF1, WNT3, cAMP
[74] SB431542 + Dorsomorphin N2, B27, bFGF→N2, B27, BDNF, GDNF
[75] EB-formation + Noggin FGF2, Shh or Wnt3a or BMP4→FGF2, EGF
[76] EB-formation + Dorsomorphin FGF2→N2, BDNF, GDNF, IGF1, WNT3, cAMP
[77] As in [76] As in [76]
[78] As in [75] As in [75]
[79] SB431542 + CHIR99204 N2, B27, Dorsomorphin, RA
[80] Rosette formation, N2, bFGF N2, BDNF
[81] Ngn2-mediated iN N2, B27, BDNF, NT3→mouse glia, Ara-C
[82] EB-/rosette formation StemCell Induction medium™→as above
[83] SB431542 + LDN-193189 N2, mTeSR™→BDNF, cAMP, AA→BrainPhys™
[84] SB431542 + LDN-193189 N2, B27-RA, FGF2

SB431542 + LDN-193189 N2, B27-RA, FGF2→B27-RA, BDNF, GDNF, cAMP, Ara-C, astrocytes, N2 B27-RA
[85] Ngn2-mediated iN BDNF, GDNF, cAMP, Ara-C, astrocytes

SB431542 + LDN-193189 N2, B27-RA, FGF2→B27-RA, BDNF, GDNF, cAMP, Ara-C, astrocytes, N2

Abbreviations are: AA, ascorbic acid; Ara-C, arabinoside C; B27, B27 supplement; BDNF, brain derived neurotrophic
factor; BMP, bone morphogenetic protein; cAMP, cyclic adenosine monophosphate; FGF2, fibroblast growth factor 2;
EB, embryoid body; GDNF, glial cell derived neurotrophic factor; N2, N2 supplement; Ngn2, neurogenin 2; RA,
retinoic acid; SHH, sonic hedgehog; Wnt, wingless.

Analysis of homogenized cultures from iPSC-based case/control studies can disguise the
detection of disease-relevant signals due to the high heterogeneity of cell types, broadly varying
maturation states, and of differences in differentiation capacity (see also Sections 5.5 and 6). In a
follow-up study, Belinsky et al. [74] sought to address this concern by combining patch recording with
single-cell PCR (polymerase chain reaction) for expression profiling of a selected panel of genes from
neurodevelopment, GABAergic and glutamatergic signaling among others. Neurons derived from
a patient with adult-onset SCZ carrying a 22q11.2 microdeletion and one control (Table 3) showed
similar active and passive electrical activities across the entire time course of neuronal differentiation.
At the same time, electrical activities were poorly synchronized due to varying maturation states.
However, once patient-derived neurons developed electrical activities, the expression of genes relevant
for GABAergic, glutamatergic, and dopaminergic specification appeared subtly deregulated relative to
the control.

The development of complex behaviors and higher cognitive functions in human involves the
development of highly specialized cell types and circuitries that may be impaired in psychiatric
disorders such as COS/AOS. Accruing evidence suggests that genomic DNA in the brain contains
characteristic somatic genetic variations relative to non-brain tissues [87]. These variations comprise
mutations, chromosomal aneuploidy, or microdeletions, and the dynamics of non-long terminal
repeat (LTR) retrotransposons. All of these variations contribute potentially to the production of
functionally diversified brain cells. Among the known retrotransposons, only long interspersed
nucleotide element-1 (L1) possesses autonomous retrotransposition activity that is required for the
insertion of new L1 copies. L1 shows retrotransposition activity in rat hippocampal NPCs [88],
human embryonic stem cells, and human fetal and adult brain [89]. Furthermore, increased L1
retrotransposition was detected in a mouse model of Rett syndrome and in Rett patients, suggesting a
role in neurodevelopmental disorders [90].

Considering these findings, Bundo et al. [75] investigated L1 activity in postmortem prefrontal
cortex from patients with AOS and iPSC-derived neurons from two patient with AOS carrying 22q11.2
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microdeletion, a known high risk factor for COS. Whole-genome sequencing showed that brain-specific
L1 insertion in patients with AOS localized preferentially to genes involved in synapse formation and
function, cell adhesion, and cytoskeleton among other processes relevant to SCZ [75]. L1 copy number
was unrelated to confounding factors (e.g., age, age of onset, and duration of illness) and emerged
from early neurodevelopmental stages, at least in the prefrontal cortex (Table 5).

Table 5. Major methods and findings on COS associated CNVs and on COS.

Ref Major Methods Major Findings on COS and Associated CNVs

[73] Microarray, WCPC Delayed decline of pluripotency markers in AOS with 22q11.2

[74] WCPC, single cell Ca2+

imaging and PCR
Dysregulation of genes relevant to GABAergic, glutamatergic, and
dopaminergic in electrical active neurons

[75] Whole genome sequencing,
postmortem brain

Increased L1 retrotransposition in postmortem brain from patients with
AOS and iPSC derived neurons from AOS patients with
22q11.2 deletion

[76] MicroRNA profiling 32 miRNAs are upregulated in neurons with 22q11.2 microdeletion,
miRNA deregulation is broadly shared across AOS, SAD, and COS

[77] Paired-end mRNA sequencing
Perturbed neuronal MAPK signaling, differentially expressed genes
from the 22q11.2 microdeletion act during critical periods
of development

[78] miRNA and mRNA arrays

Reduced neurosphere size, neural differentiation, neurite outgrowth,
cellular migration, and expression of miR-17/92 cluster and
miR-106a/b that inhibit p38a (MAPK14) expression, p38 inhibitors
improve diminished neurogenic-to-gliogenic ratio

[79] ICC/IHC, complementation
and knock-down experiments

Defects in adherens junctions and apical polarity. Displacement of
radial glia cells leads to cortical malformation during
mouse development

[80] ICC, IB Lower expression of CYFIP1 and PSD-95, altered dendritic morphology

[81] Gene editing, iNeurons,
electrophysiology

Reduced spontaneous mEPSC frequency, but not amplitude, and
decrease in evoked EPSC amplitude. Unaltered electrical properties of
human neurons, synapse numbers, and dendritic arborization

[82] Histomorphology,
electro-physiology

16p del- and 16p dup-derived NPCs show opposing differences in soma
size and arborization, reduced excitability in 16p del-derived neurons,
increased potassium current density in 16p dup-derived neurons, lower
density of excitatory synapses in 16p del- and 16p dup-derived neurons
associates with increased amplitude of mEPSCs

[83] digital miRNA profiling Downregulation of miR-9, a regulator of neurogenesis and of
radial migration

[84] IB, IHC, IP, knock-down Increased STEP61 protein expression in forebrain neurons impairs
NMDAR signaling

[85] mRNA sequencing
Transcriptional signatures of NPCs and neurons show concordance
with postmortem case/control brain samples from SCZ, BP, and ASD
after adjusting for cell type composition

Abbreviations are: AOS, Adult Onset Schizophrenia; ASD, Autism Spectrum Disorder; BP, Bipolar Disorder;
COS, Childhood Onset SCZ; IB, immunoblot; ICC, immunocytochemistry; IHC, immunohistochemistry; IP,
immunoprecipitation; mEPSC, miniature excitatory postsynaptic current; NPC, neuronal progenitor cell; WCPC,
whole cell patch clamp.

Interestingly, L1 insertion was also increased in iPSC-derived neurons containing the 22q11.2
microdeletion relative to controls supporting the role of this variation as risk factor for SCZ. Remember
that iPSC-derived cells match early embryonic to early postnatal stages and thus provide in vitro
evidence for a role of L1 retrotransposition during early neurodevelopment. In support of this
hypothesis, immune activation by poly-I:C treatment of rat dams (a translational model for the
generation of schizophrenia-like symptoms in the offspring) led to an increase of L1 copy number in
the brain. Hence, an increase in L1 insertion in response to environmental or genetic risk factors may
increase the vulnerability for SCZ by impairing synaptic and related functions in neurons, rather than
representing a primary cause of the disease.

Beyond mRNAs, the developing human brain expresses also high levels of microRNAs (miRNAs)
that regulate neural lineage and cell fate decisions, differentiation, and neuronal maturation [91,92].
miRNAs are noncoding RNAs of ~70 nucleotides in size (pri-miRNAs) that are cleaved by a nuclear
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protein complex encompassing DGCR8 and DROSHA into precursor RNAs (pre-miRNAs) [93].
Latter are further cleaved by DICER to yield single stranded ~22 nucleotide mature miRNAs that
are incorporated into the RNA induced silencing complex (RISC). Subsequently, miRNAs target
through a 6- to 8-base pair complementary ‘seed region’ one or more mRNAs with each miRNA
potentially downregulating up to hundreds of downstream targets [93]. Changes in miRNA expression
profiles have been detected in SCZ, autism, and major depressive disorder (MDD) [94]. For example,
miRNA-137 (miR-137) maps to a risk locus of SCZ [95,96] and seems to downregulate disease related
genes like TCF4 (transcription factor 4) or CACNA1C (calcium channel, voltage-dependent, L-type,
alpha-1C subunit) [97,98].

Noteworthy, DGCR8 (DiGeorge syndrome critical region gene 8) resides inside the 22q11.2
microdeletion. Reduced expression of DGCR8 slows the conversion of a subset of pri-miRNAs to
pre-miRNAs and results in a dampened production of a particular subset of mature miRNAs [99].
Additionally, the 22q11.2 region harbors MIR-185 that targets other candidate genes relevant to SCZ,
to hippocampal dendritic spine density, and to synapse function [100].

Given these premises, Zhao et al. [76] sought to analyze the miRNA profiles in living neurons
generated from patients with (i) SAD or AOS carrying the 22q11.2 microdeletion, a high risk factor
for COS, or (ii) with COS carrying an intact chromosome 22 (Table 3). MiRNA sequencing of
day 14 neurons (Table 5) from six controls (with multiple clones for two controls) and from six
patients with SAD, AOS, or COS, detected 45 differentially expressed miRNAs (13 lower in SCZ;
32 higher). Among these miRNAs, six were significantly downregulated in neurons carrying the
22q11.2 microdeletion, including four miRNAs that map to the 22q11.2 microdeletion (miR-1306-3p,
miR-1286, miR-1306-5p, and miR-185-5p), and two that did not (miR-3175 and miR-3158-3p). This result
suggests that some miRNAs are downregulated independently of DGCR8 possibly by one or more
of the transcriptional and chromatin regulators that map to this chromosomal region. In support
of this finding, 32 differentially expressed miRNAs were upregulated in the 22q11.2 microdeletion
samples, rather than downregulated. Functional pathway analysis of the differentially expressed
miRNAs showed enrichment for genes relevant to neurological and psychiatric disorders and
neurodevelopment. For example, miR-34c, a member of the miR-34 family, is predicted to target
CNTNAP1, CNTNAP2, GABRA3, RELN, FOXP2, NRXN2, and ANK3, while mi-R34a plays a role in
neural stem cell (NSC) differentiation. Moreover, many of the differentially expressed miRNAs in
iPSC-derived neurons carrying a 22q11.2 microdeletion were shared with clinical/autopsy samples
drawn from the general population of AOS and ASD indicating that the underpinning molecular
genetic networks are shared. Hence, deregulation of miRNA pathways extends well beyond the effects
specific to DGCR8 and applies broadly to patients with SAD or AOS carrying the 22q11.2 microdeletion
and to patients with COS.

Given that each miRNA potentially downregulates up to hundreds of downstream targets [93],
the researchers [76] further interrogated the mRNA expression profiles from iPSC-derived neurons
(Table 3). Gene pathway and network analysis of differentially expressed genes (DEGs, n = 42)
indicated a disruption of MAPK signaling in iPSC-derived neurons from patients with SCZ carrying
the 22q11.2 microdeletion that may lead to perturbed neuronal proliferation and differentiation.

Beyond individual genes, weighted correlation network analysis (WGCNA) permits the detection
of perturbed interactions between functionally interconnected genes that may represent only in part
significant expression changes. In this study [76], WGCNA revealed, however, only subtle changes
in 2 out of 15 gene modules identified. Accordingly, global wiring of functionally interconnected
genes was unaffected in iPSC-derived neurons from patients. To uncover genes co-expressed with the
DEGs, the researchers conducted a correlation analysis on different regions and developmental stages
from human brain (i.e., BrainSpan database). Interestingly, DEGs were highly connected only during
two developmental stages. The embryonic and the adolescent brain. Moreover, function enrichment
analysis of the co-expression networks in the embryonic and adolescence brains showed that the
embryonic cortex was enriched in genes critical to cell cycle, differentiation, and growth, while the
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adolescent cortex was enriched in genes critical to synaptic transmission and catabolism. In sum,
these results support that a subset of the 22q11.2 microdeletion DEGs fulfill distinct functions during
sensitive time-windows of brain development that become perturbed by haploinsufficiency.

The functional consequence of 22q11.2 haploinsufficiency for early neuronal and glial
development has been assessed more recently by Toyoshima et al. [78] in neurosphere assays. These
contain free-floating clusters of NSCs and provide a method to investigate iPSC-derived (Table 3) neural
precursor cells in vitro. The researchers detected significant reductions in neurosphere size, neural
differentiation efficiency, neurite outgrowth, and cellular migration in patient-derived cells. Although
both patient- and control-derived neurospheres could be efficiently differentiated into neurons and
astrocytes, the fraction of astrocytes among patient-derived differentiated cells was increased at the
expense of neurons.

At the molecular scale, miRNA profiling [78] showed reduced expression of miRNAs belonging to
the miR-17/92 cluster and miR-106a/b in patient-derived neurospheres. These miRNAs are predicted
to target MAPK14 transcripts encoding p38α, a member of the mitogen activated protein kinase family
and regulator of neurogenic-to-gliogenic transition competence. Well-fitting this prediction, p38α was
upregulated in patient-derived cells. Pharmacological inhibition of p38 in patient-derived neurospheres
partially reinstated neurogenic competence. Moreover, mRNA expression profiling showed that DEGs
between case/control neurospheres were enriched for genes relevant to cell differentiation, neuronal
development, and microRNA processing. Specifically, upregulated genes in case neurospheres were
significantly enriched for MAPK-mediated processes, neurotransmission, and signaling pathways.
Collectively, these results indicate a ‘reduced neurogenic’ and ‘elevated gliogenic’ competence during
early neurodevelopmental stages of patients with SCZ associated with a 22q11.2 microdeletion.

Taken together, different lines of evidence provide insight into the role of the 22q11.2 microdeletion
as an early risk factor for AOS and COS: iPSC-derived neuronal cells show a delayed glutamatergic
differentiation [73] and exhibit subtle deregulation of genes relevant for GABAergic, glutamatergic,
and dopaminergic specification once they acquire electrical activities [74]. The effects of the 22q11.2
microdeletion appear to be mediated through different molecular mechanisms: an increase in the
frequency of L1 insertion during early neurodevelopment through as yet unknown mechanisms may
impair synaptic function and predispose for later disease [75]. Secondly, deregulation of miRNA
pathways through DGCR8 dependent and independent pathways control genes important to SCZ
and neurodevelopment [76]. Such deregulation may disrupt MAPK signaling in iPSC-derived
neurons from patients with SCZ and 22q11.2 microdeletion and lead to perturbed neuronal
proliferation, differentiation, and increased gliogenic competence during early development [78].
Finally, deregulation of distinct coexpression gene networks at embryonic (cell cycle, differentiation,
and growth) and adolescent (synaptic transmission and catabolism) stages.

5.2. Role of the 15q11.2 Microdeletion as Risk Factor for AOS and COS

The proximal long arm of chromosome 15 (15q11.2-q13) contains several CNVs that can increase
the risk for common, severe neuropsychiatric disorders [101]. The CNVs arise from mis-paired
low copy number repeats at three breakpoints denoted BP1, BP2, and BP3. The 15q11.2 BP1-BP2
microdeletion (Burnside-Butler syndrome) encloses four protein-encoding genes (TUBGCP5, CFYIP1,
NIPA1, and NIPA2) and has a reported de novo frequency between 5–22%. On the other hand, about
35% and 51% of the carriers have inherited the microdeletion from an apparently affected or unaffected
parent, respectively [102]. Genes inside the BP1-BP2 region are biallelically expressed, whereas the
clinically related Prader-Willi/Angelman syndrome, defined by the distal breakpoint BP3 and the
proximally located breakpoints BP1 or BP2, involves the deletion of a large genomically imprinted
region between BP2-BP3.

Patients with the 15q11.2 BP1-BP2 microdeletion carry an increased risk for intellectual disability
(ID), ASD, AOS, COS, and seizure disorders and manifest mild dysmorphic features and neurocognitive
delay [102]. Discrete disabilities in learning, reading skills, and a marginally reduced intelligence
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quotient have been found among clinically affected, but also among normal individuals, with the
15q11.2 BP1-BP2 microdeletion [103]. Furthermore, this genetic variation affects brain structure in a
pattern consistent with that observed during first-episode psychosis in SCZ [103].

The 15q11.2 BP1-BP2 microdeletion has a prevalence ranging from 0.57–1.27% as inferred from
high resolution microarray analysis [102]. However, not all individuals with the deletion are clinically
affected since this region harbors genetic material showing incomplete penetrance or low penetrance
of pathogenicity along with variable expressivity. NIPA1 (non-imprinted in Prader-Willi/Angelman
syndrome 1 gene) is the best understood gene within this region and associates with autosomal
dominant hereditary spastic paraplegia. It is highly expressed in neuronal tissues and serves the
transport of Mg2+. Likewise, NIPA2 (non-imprinted in Prader–Willi/Angelman syndrome 2 gene)
regulates renal Mg2+ transport. The TUBGCP5 (tubulin gamma complex associated protein 5) gene is
required for microtubule nucleation at the centrosome and is thought to contribute to neurobehavioral
disorders such as ADHD (attention deficit hyperactivity disorder) [104]. Finally, cytoplasmatic
FMR1-interacting protein (CYFIP1), a binding partner of fragile X mental retardation protein (FMRP),
is a leading candidate inside the BP1-BP2 domain. CYFIP1 has been found to interact with Rac1
(a RHO GTPase involved in modulation of the cytoskeleton, neuronal polarization, axonal growth,
and differentiation), FMRP, and EIF4E (eukaryotic translation initiation factor 4E). In mice, complex
formation between cyfip1, FMRP, and cap protein eiF4E serves to regulate activity-dependent protein
translation in mature neurons [105]. Biochemical studies further suggest that CYFIP1 regulates
the WAVE complex that controls Arp2/3-medited actin polymerization and membrane protrusion
formation in non-neuronal cells.

15q11.2 microdeletion is one of the most frequent CNVs associated with an increased risk for
AOS and COS (Table 1) [49]. To understand why 15q11.2 CNVs are prominent risk factors for SCZ,
Yoon et al. [79] established iPSC lines from three individuals with COS carrying the microdeletion, and
from five healthy individuals without the microdeletion (Table 3).

Immunostaining of iPSC-derived neural rosettes (an in vitro pendant of the neural tube) from
COS cases displayed perturbed apical–basal polarity and disrupted adherens junctions relative to
controls. The actin cytoskeleton acts as a cytoplasmatic anchor for cadherin/catenin proteins at
adherens junctions and its proper organization is important for maintaining adherens junctions and
polarity of NPCs. Consistent with CYFIP1’s role as a regulator of the actin-modulating WAVE complex,
biochemical analysis showed a specific defect of WAVE complex stabilization in NPCs carrying the
15q11.2 microdeletion. Gain-and-loss of function experiments for CYFIP1 in NPCs carrying the
microdeletion and from control NPCs further supported this finding. In agreement with the in vitro
experiments, cyfip1 was also necessary to sustain adherens junctions and apical polarity of NSCs
in the developing mouse cortex as demonstrated by in vivo knockdown experiments. Moreover,
deficits in cyfip1 led to false placement and pattern of mitosis of radial glial progenitor cells (RGCs)
in the developing mouse cortex. This phenotype subsisted in intermediate progenitor cells (IPCs),
the direct progeny of RGCs, as well as in glutamatergic projection neurons, resulting in cortical
layer malformation.

Beyond NSC/NPC, the function of CYFP1 is known to extend to mature neurons. Recent
reports showed that cyfip1 is enriched at mouse neuronal synapses and plays an important role in
dendritic arborization as evidenced by gain-and-loss of function studies [106,107]. Given that human
postmortem studies support a role for dendritic spine structure abnormalities in the pathogenesis of
ID, ASD, and SCZ [108], haploinsufficiency of CYFIP1 could present a mechanism whereby the 15q11.2
deletion confers risk for neuropsychiatric disorders. To address this topic, Das et al. [80] created iPSCs
from a mother and her offspring, both carrying the 15q11.2 deletion, and a control with an intact
chromosome 15. The offspring, but not the mother, additionally manifested SAD.

Neural rosettes derived from quality controlled iPSCs (Table 2) were dissected, expanded as
neurospheres, subsequently kept as monolayers, and finally differentiated into neurons (Table 4).
The expression of all four genes inside the deleted region as well as of PSD95, a key marker of synapses,
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was reduced during different stages of neuronal development in the mother and offspring when
compared to the unrelated control. Moreover, at 10 weeks of differentiation qualitative analysis
of iPSC-derived neurons provided tentative evidence that dendritic morphology was altered in
15q11.2-deletion carriers relative to control. In support of this view, Dimitrion et al. [109] observed
in a follow up study that in low-density neuronal cultures the density of dendritic filopodia was
strongly increased in neurons with the microdeletion (i.e., the maternally-derived iPSC line) relative to
the control.

Collectively, these studies show that human iPSCs can serve as an entry point to investigate a
common CNV risk factor for AOS, COS, and other neuropsychiatric disorders. Results from multiple
levels of analysis also allowed prioritization of genes within the CNV and highlighted a role of
CYFIP1 as contributing factor to biological processes implicated in the neurodevelopmental origins of
these disorders. Specifically, CYFIP1 regulates apical–basal polarity and adherens junctions of NSCs,
proper positioning of NSCs and their derivatives along neurodevelopmental trajectories, and dendritic
arborization of mature neurons; all of these processes are key to AOS and COS.

5.3. Role of the 2p16.3 Microdeletion as Risk Factor for AOS and COS

AOS and COS has been associated with non-recurrent CNVs (Table 1) including those disrupting
the NRXN1 gene at 2p16.3. These deletions cluster in delineated regions and represent with variable
size and unique breakpoints. The presence of short stretches of microhomology and additional base
pair insertions at the breakpoint site [110] suggests that error-prone repair mechanisms referred to
as NHEJ bridge, modify, and fuse free DNA ends at sites of double-stranded chromosomal breaks.
In contradiction to NAHR, NHEJ does not depend on specific genomic architectural features such
as LCR.

NRXN1 encodes neurexin-1 [111], an evolutionary conserved presynaptic cell-adhesion molecule.
Humans contain three neurexin genes (NRXN1, NRXN2, and NRXN3) each of which harbors separate
promoters for longer α- and shorter β-neurexins. These isoforms bind to postsynaptic cell-adhesion
molecules such as neuroligins and LRRTMs that are also associated with ASD or SCZ.

Most NRXN1 mutations represent heterozygous CNVs that delete only NRXN1 due to the large
size of the gene, while missense and truncation mutations are less frequent [110]. While NRXN1
mutations are rare (≈0.18% of patients with SCZ [112]), they represent the most frequent-single gene
mutation in AOS and COS. NRXN1 polymorphisms have been also implicated in differential responses
to antipsychotic medication in SCZ further strengthening the link between SCZ and NRXN1 [113].
Individuals with 2p16.3 microdeletion can manifest developmental delay, especially in speech,
abnormal behaviors, and mild dysmorphic features with epilepsy [114]. However, presence of NRXN1
deletions in healthy parents and siblings indicates reduced penetrance and/or variable expressivity.

The variable clinical presentations and the observation that homozygous Nrxn1α mutations cause
only a minor phenotype in mice [115], raise the question of whether heterozygous NRXN1 mutations
alone directly impair synaptic function. To address this question under conditions that control precisely
for genetic background, Pak et al. [81] established isogenic human embryonic stem cell (ESC) lines
carrying different heterozygous conditional NRXN1 mutations and analyzed subsequently their effects
on neuronal phenotypes and activities.

Loss-of-function mutations were generated by homologous recombination and consisted either
of a conditional exon deletion that caused a frameshift and disrupted both neurexin-1α and -1β
or a conditional truncation of neurexin-1α and -1β that introduced a stop codon and resulted in
rapidly degraded protein. Both heterozygous conditional NRXN1 mutations did not alter the electrical
properties of human neurons, their synapse numbers, or dendritic arborization. Yet, they produced a
severe and selective decrease in presynaptic neurotransmitter release concomitant with a reduction in
spontaneous mEPSC (miniature excitatory postsynaptic current) frequency, but not amplitude, and a
parallel decrease in evoked EPSC amplitude. Interestingly, the decrease in EPSC amplitude was rapidly
relieved during a stimulus train indicating that this phenotype did not involve a general decline of the
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release probability, but exhibited a specific decrease in release probability for only the first stimulus.
Moreover, key features of the NRXN1 heterozygous mutant phenotype were detected in two different
types of ESC-derived human cells: induced neurons (iN) consisting of a homogenous population of
excitatory forebrain neurons, and a more heterogeneous population of neurons obtained from an NPC
intermediate (Table 4). This observation strengthens the notion that heterozygous loss of NRXN1
causes a selective impairment in synaptic transmission. A plausible explanation for this phenotype
is impairment in presynaptic Ca2+ influx during an action potential that would only initially impair
release in a high-frequency stimulus train due to the accumulation of residual Ca2+ later in the train.

Collectively, these results suggest that heterozygous NRXN1 mutations may predispose to AOS,
COS, and other neuropsychiatric disorders by impairing a highly specific synapse function.

5.4. Role of the 16p11.2 Microdeletion as Risk Factor for AOS and COS

The 16p11.2 CNV covers an ≈600 kb locus encompassing 29 annotated genes [116]. Carriers
with either the deletion (16p-del) or the duplication (16p-dup) of this region manifest psychiatric
disorders such as ASD, AOS, and COS (Table 1). Common developmental, cognitive, and behavioral
symptoms are also equally shared by both genotypes. By contrast, they associate with opposing
physical symptoms: individuals with 16p-del have normal birth weight, but develop a drastic
increase in body mass index (BMI) by age 7 such that ≈75% of adult carriers are obese. Contrariwise,
individuals with 16p-dup represent with below-normal weight at birth and an eightfold enhanced
risk of underweight in adulthood. Additionally, carriers differ in head sizes: ≈17% of the individuals
with 16p-del are macrocephalic, while ≈10% of the individuals with 16p-dup are microcephalic [116].
Neuroimaging studies on carriers suggest significant effects on gray matter volume, especially increase
in the cortical surface area in individuals with 16p-del. On the other hand, a reciprocal decrease has
been detected in individuals with 16p-dup [117]. Noteworthy, Lin et al. [118] predicted by dynamic
protein interaction analysis profound changes in the 16p11.2 protein interaction networks throughout
different stages of brain development and/or in different brain regions. Hereby, the late mid-fetal
period of cortical development was most critical for establishing the connectivity of 16p11.2 proteins
with their co-expressed partners.

To uncover cellular phenotypes due to 16p11.2 CNVs, Desphande et al. [82] generated iPSCs
from donors with a diagnosis of ASD with gain (dup) or loss (del) of 16p11.2 CNV (Table 3).
Quality control (Table 2) confirmed that 16p11.2 CNV carrier-derived iPSCs were comparable
to control iPSCs regarding pluripotency, NPC proliferation, self-renewal, and the formation of
forebrain neurons. By contrast, at three and six weeks post differentiation, 16p del-derived neurons
showed neuronal hypertrophy with increases in soma size, total dendrite length and arborization,
whereas 16p dup-derived neurons showed the opposite phenotype relative to controls, especially in
excitatory neurons.

Functionally, 16p del-derived neurons exhibited reduced excitability with greatly reduced
voltage responses and membrane resistance relative to 16p dup-derived neurons, which behaved
undistinguishably to controls. On the other hand, 16p dup-derived neurons—but neither 16p
del-derived neurons nor controls—showed an increased potassium current density at positive voltages
indicating that they may compensate for their reduced somatic size by increasing the outward
potassium current to stabilize intrinsic excitability. Finally, both 16p del- and dup-derived neurons
revealed a lower density of excitatory synapses compared with controls that associated with a
significant increase in the amplitude, but unaltered kinetic or frequency, of mEPSCs.

Collectively, reciprocal cellular phenotypes in 16p-dup/del iPSC-derived neurons may contribute
to opposing brain size difference. In this respect a gene inside 16p11.2, namely KCTD13, encoding a
nuclear protein that stimulates DNA polymerase activity at replication foci, has been shown to cause
via proliferation dose-dependent macrocephaly in zebrafish [119]. Furthermore, KCTD13 plays a
crucial role in the regulation of the KCTD13-Cul3-RhoA pathway in layer 4 of the inner cortical plate
that controls brain size and connectivity [118]. At the same time, similar reductions in synapse density
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in either 16p11.2 genotype may contribute to the similarities in human clinical outcome and represent
a major risk factor for the development of SCZ—the ‘disease of the synapse’ [120].

5.5. COS with or without CNVs

Despite the rare incidence of COS, recent studies [83–85] have taken a step forward toward the
collection of larger sample sizes from patients with COS carrying risk CNVs and from those without
known CNVs (i.e., idiopathic COS). In 2016, Topol et al. [83] reported the first COS/control study
comprising each ten individuals: Patients with COS carried different CNVs (1p33, 2p16.3 del, 3p25.3,
16p11.2, and 22q11.2) or showed no detectable anomalies (n = 4) (Table 3). These patients were recruited
from the longitudinal NIHM study (see Section 2) and showed across development reduced cortical
thickness relative to controls. With increasing age developmental trajectory normalized in parietal
regions but remained divergent in frontal and temporal regions, a pattern of loss similar to AOS [27].

Quality controlled COS/control iPSCs (Table 2) were differentiated via dual-SMAD inhibition
into NPCs (Table 4), expanded, and harvested for miRNA profiling (Table 5). As noted before
(Section 5.1), miRNAs play a pivotal role in the developing human brain [91,92] and altered miRNA
expression profiles have been consistently detected in psychiatric disorders [94]. In parallel, the
researchers conducted miRNA expression profiling also on previous AOS/control samples [61].
Among 800 miRNAs detected by digital expression profiling (Nanostring), miR-9, a regulator of
neurogenesis in NSCs [121], was the most abundant and the most downregulated miRNA in NPCs
from patients with either AOS or COS. Thereby, lower miR-9 levels in patient-derived NPCs relative
to those from controls were largely driven by a subset of cases, which is not unexpected given the
heterogeneity of a complex disorder like SCZ. Functionally, miR-9 enhanced radial migration as
evidenced by gain-and-loss of function experiments in iPSC-derived NPCs.

Analysis of the AOS/control cohort, for which mRNA expression profiles from both iPSC-derived
NPCs and neuronal cells were already available [61], suggested that known miR-9 target genes were
significantly enriched (n = 84) among DEGs (56% upregulated, 44% downregulated). In this context
it is interesting to note that previous SCZ GWAS gene-set enrichment analysis [43] has detected an
enrichment on predicted miR-9 targets among SCZ-associated genes [122]. Together, these findings
indicate that genetic variants in both miR-9 and its targets confer increased risk of SCZ.

Moving beyond miRNA profiling, the same case/control cohorts were also investigated for
the expression of the brain-specific tyrosine phosphatase STEP (striatal-enriched protein tyrosine
phosphatase) [84]. This membrane associated kinase is an important regulator of synaptic function:
it counteracts synaptic strengthening by enhancing N-methyl-D-aspartate glutamate receptor (NMDAR)
internalization through phosphorylation of the GluN2B subunit and inactivation of the extracellular
signal-regulated kinase 1/2 and Fyn. Previous studies suggested that STEP61 is higher expressed in
postmortem anterior cingulate cortex and dorsolateral prefrontal cortex of patients with AOS, as well
as in mice treated with the psychomimetic phencyclidine or the NMDAR antagonist MK-801 [123].

In a separate approach, the researchers [84] had originally found enhanced expression of STEP61

in the cortices of Nrg1+/− (Neuregulin 1) and brain-specific ErbB2/4 knockout mice. Nrg1 signaling
is a critical mediator of synaptic function and plasticity in glutamatergic signaling [124]. Therefore,
Nrg1+/− knockout mice are deemed a valued translation model of SCZ.

In support of these findings, STEP61 protein expression was also increased relative to controls in
mixed or merely pure glutamatergic forebrain cultures generated from AOS- or COS-derived iPSCs.
Similar to miR-9 expression, differences in STEP61 protein expression were driven by a subset of
patients with AOS (three out of four) or patients with COS (four out of nine) collaborating previous
evidence for genetic heterogeneity in either cohort [83]. Notably, knock-down or pharmacological
inhibition of STEP prevented the loss of NMDARs in iPSC-derived neurons from patients with AOS or
mice brain and normalized behavior in Nrg1+/− mice.

Collectively, findings from transgenic mice models and patient-specific iPSCs support perturbed
glutamate signaling in AOS and COS, and thus attest to the glutamate hypothesis of SCZ [125].
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In a most recent study [85], an enlarged collection of COS/control iPSCs (Tables 2 and 3) was
differentiated into NPCs and forebrain neurons to carry out mRNA sequencing (RNA-seq). A rigorous
bioinformatic strategy was applied to adjust for technical variation and batch effects, spurious samples
and samples that showed aberrant X-inactivation or contamination. Despite these precautions,
the researcher observed large heterogeneity in cell type composition (CTC) between NPCs and neurons,
even from the same individual. This indicates that differences in differentiation capacity led to unique
neural compositions in each sample. Computational deconvolution analysis of CTC helped sharpening
the distinction between NPCs and neurons; however, substantial heterogeneity remained, partly due to
neural crest and mesenchymal contaminants. In fact, variation due to cell type heterogeneity surpassed
variation due to donor effects and represented an important source of intra-donor expression variation
that could hamper the analysis of inter-donor variation (i.e., case/control differences).

Owing these limitations, differential expression analysis of NPCs and neurons generated from
COS- and control-derived iPSCs identified only few genes: one gene (ENSG00000230847; Occludin
pseudogene) with FDR < 10% and one gene (FZD6, Frizzled Class Receptor 6) with FDR < 30% were
both shared by NPCs and neurons. An additional three genes (GTF2H2B, General Transcription
Factor IIH Subunit 2; ELTD1, EGF, latrophilin and seven transmembrane domain containing 1;
ENSG00000236725, pseudogene RP11-154P18.1) with a FDR < 30% were specific to NPCs. Conversely,
another three genes (QPCT, Glutaminyl-peptide cyclotransferase; CBX2, Chromobox homolog 2,
drosophila Polycomb class; INTS4P1, integrator complex subunit 4 pseudogene 1) with a FDR < 30%
were specific to neurons. Although plausible candidates in COS pathology such as FZD6, QPCT, and
CBX2 were differentially expressed, no coherent set of biological pathways could be identified.

Moving beyond iPSCs, Hoffman et al. [85] therefore analyzed the concordance between gene
expression in iPSCs-derived cells from patients with COS and differential expression results from
post-mortem brain case/control studies from five psychiatric diseases: Alcoholism, MDD, BP, SCZ,
and ASD. High concordance was observed for SCZ (higher in neurons vs. NPCs), BP, and ASD.
By contrast, concordance was low for alcoholism and MDD. This outcome supports the specificity of
gene expression data from iPSC-derived cells from patients with COS and agrees with current insight
on cross-disorder genetic liability of psychiatric disorders [95,126].

Collectively, iPSC-based case/control studies on patients with COS have provided further insight
into potential neurodevelopmental deviations. Reduced miR-9 expression in a subset of samples
points to impaired radial migration of NPCs during early steps of development. In support of this
view, increased STEP61 protein expression in NPCs from patients with COS suggests perturbed
glutamate signaling. Neuronal migration in the cortex is controlled by the paracrine action of the
classical neurotransmitters glutamate and GABA (γ-aminobutyric acid) [127]. Glutamate controls
radial migration of pyramidal neurons by acting primarily on NMDA receptors and regulates tangential
migration of inhibitory interneurons by activating non-NMDA and NMDA receptors. In general,
intra-donor and inter-donor differences in differentiation capacity of iPSCs can obscure detection
of disease-relevant signals in case/control studies. However, subtle though statistically significant
concordance between both NPCs and neurons generated from iPSCs derived from patients with COS
and two recent SCZ post-mortem cohorts supports that in vitro findings can recapitulate processes
from the diseased brain, at least in part.

6. Future Perspectives and Challenges

The possibility to generate patient-specific iPSCs has provided unique opportunities for the
investigation of living disease-relevant cells from patients with COS and associated genetic risk
factors. iPSC-based studies on CNVs associated with AOS and COS has helped to advance our
insight in the biological underpinnings of these variations: CNVs enhance L1 retrotransposition to
synaptic genes during early neurodevelopment [75] and perturb miRNA expression [76,78] thus
contributing to impaired mitogenic signaling [77,78]. Furthermore, CNVs disrupt the formation of
adherens junctions and apical polarity in early NPCs, especially RGCs, with long term effects on
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cortical organization [79]. The effects of CNVs on NPCs and neuronal cells are manifold; they reach
from more subtle alterations in the expression of synaptic markers and dendritic morphology [80] to
overt differences in NPC soma size, arborization, and excitatory synapses [82]. These morphological
changes concur with distinct and selected changes in electrical activity such as reduced frequency [81]
or increased amplitude of mEPCs [82]. In addition, more recent case/control studies on patients with
COS have highlighted perturbed miRNA expression potentially affecting neurogenesis, radial glia
migration [83], and glutamate signaling [84]. Importantly, transcriptional signatures of iPSC-derived
NPCs and neurons from patients with COS show concordance with postmortem case/control samples
from SCZ, but also with genetically related BP and ASD, and indicate that changes observed in vitro
may reflect changes from the diseased brain. Unsurprisingly, there is no one-fits-all cellular or
molecular phenotype emerging from these studies. While this is likely owed genetic heterogeneity
in COS, it also raises questions as to the different differentiation protocols applied in current iPSC
studies, especially, as to cellular heterogeneity that may obscure detection and reproducibility of
disease-specific signals within and across COS/control studies. Therefore, we discuss next current
caveats and further steps to be taken to improve the generation and design of patient-specific iPSC
studies for COS and beyond.

6.1. High Resolution Karyotypes

Random mutations can arise along the reprogramming process and/or during in vitro culture
at any time. Nowadays, non-integrating, so-called ‘foot-print free’, reprogramming techniques
(i.e., Sendai virus, episomal, and mRNA transfection) (Table 2) are the method of choice to guard
against random integration into the host genome. However, these techniques are not perfect: SNP array
systems with an average genomic resolution of 43 KB (as opposed to 5 MB by traditional G-banding)
showed the highest aneuploidy for retroviral (13.5%) and episomal (11.5%) derived iPSCs [128].
In-between aneuploidy was detected for lentiviral (4.5%) and Sendai virus (4.6%) derived iPSCs, and
lowest aneuploidy for RNA (2.3%) derived iPSCs. Furthermore, whole exome sequencing suggests that
clonal fibroblasts and iPSCs derived from the same fibroblast carry a similar number of mutations [129].
Accordingly, more than 90% of the mutations preexist randomly in small subsets of the parental
unselected fibroblast population. Common genetic variations underpin molecular heterogeneity in
iPSCs [130–135] and any genetic variation arising during reprogramming or in vitro culture can have
potentially the same effect. Only recently, studies on COS (Table 2) have sought for donor-matched
digital (e.g., SNP-based) karyotype maps to assess chromosomal anomalies, including copy number
alterations [133], more precisely.

Digital karyotyping, but also mRNA-sequencing [85], can inform additionally on familial
relationships and the proper assignment of iPSC lines and should be implemented in future iPSC
studies on a routine basis.

6.2. Cellular Heterogeneity

Randomly distributed differences in genotype, expression profiles, and epigenetic state of
individual iPSC lines [136] are known to influence the (neural) differentiation capacity of human
embryonic stem cells and iPSCs from healthy donors [137–140]. Predictably, such variations will
confound our ability to identify those related to disease status in a case/control design. Recent
iPSC studies have therefore aimed to clarify to what degree variance across donors explains
expression variation: Carcamo-Orrive [132] observed that ≈50% of genome wide expression
variability in undifferentiated iPSCs (317 iPSCs from 101 healthy individuals) is explained by genetic
variation across individuals. They also identified Polycomb targets to contribute significantly to the
non-genetic variability seen within and across individuals [141]. By means of genome-wide profiling,
Kilpinen et al. [133] determined that 5–46% of the variation (variation median ≈6) in different iPSC
phenotypes (711 iPSCs from 301 healthy individuals), including differentiation capacity and cellular
morphology, arise from differences between individuals. Relatedly, Schwartzentruber et al. [142]
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observed that sample-to-sample (n = 123) variability in gene expression in iPSC derived sensory
neurons from healthy donors clearly surpassed the one from in vivo dorsal root ganglia. Thereby,
levels of variation for donor and reprogramming (23.2% in aggregate) were close to those from
neuron differentiation batch (24.7%) reflecting varying mixtures of cell types across differentiation.
Lastly, in a genetically heterogeneous and small cohort of patients with COS, Hoffman et al. [85]
measured a smaller donor effect (2.2%) in iPSC-derived neurons that were obtained either by directed
differentiation (dual-SMAD inhibition), known to give rise to various neuronal cell types, or by induced
differentiation (Ngn2 overexpression), leading to mostly excitatory forebrain neurons (Table 4).

Recent advancements can help improving analysis of cellular heterogeneity in future case/control
studies: induced neurons (iN) [143–146], generated by lentivirus-mediated overexpression of selected
neuronal transcription factors, offer the benefit of less heterogeneous cell populations that may
allow to detect more subtle albeit highly significant effects (e.g., [81]). Although iNs are more
homogeneous with respect to cell type, they continue to display variable maturity as detected by
single cell sequencing [143]. As an alternative to FACS-sorting, reporter gene assays can serve to select
highly differentiated neurons with increased functionality for electrophysiology or transcriptional
profiling [143]. Right now, large scale analysis of case/control samples by single cell sequencing
appears still cost-prohibitive to most laboratories. In this situation, dissecting transcriptomic
signatures of neuronal differentiation and maturation by improved computational skills (i.e., cellular
deconvolution) may offer a more feasible alternative [62].

Implementation of these measures can help to substantially reduce or resolve cellular
heterogeneity for improved detection of disease-specific signals. However, such improvements do not
necessarily help to distinguish truly disease associated changes in (endo-) phenotypes from random line
and culture artifacts. Testing of multiple cell clones per donor and of different differentiation protocols
for the generation of the same or different cell types is strongly recommended, once preliminary results
are obtained in case/control studies. Along the same line, postmortem analysis of case/control brain
samples, despite known inherent limitations, is an important approach to collaborate iPSC-based
findings [85]. Ideally, postmortem brain samples are not processed as bulk tissue, but as single cells,
particularly for transcriptomics, to avoid anew pitfalls from cellular heterogeneity [147]. While still a
matter of ongoing debate, these strategic guidelines can enhance the quality of iPSC studies on COS
we should look for in the future.

6.3. Polygenic Disorders and the Environment

The presence of rare, highly penetrant genetic variants that associate with distinct cellular and
molecular defects is a hallmark of Mendelian disorders. On the other hand, the basis of polygenic
disorders such as COS is still less understood with numerous (non-) coding variants of small effect
size converging jointly with rare variants of large effect size on highly complex phenotypes of varying
expressivity. Despite this challenge, present iPSC studies on CNVs associated with AOS and COS have
provided valuable information on cellular and molecular phenotypes (Table 5) of potential relevance to
early neurodevelopment. Yet, given the small number of donors, for both cases and controls [148], we
have to ask to what degree these observations can be generalized or specify only a subset of patients.
In fact, iPSC-studies on patients with COS suggested considerable heterogeneity between phenotypes
in vitro such miRNA expression [83] and glutamate signaling [84].

Although genetically-informed selection for patients with SCZ is thought to benefit detection
of disease relevant signals in heterogeneous cell samples, or even to reduce cellular heterogeneity
during differentiation, the size of cohorts needed to reach this goal is still a matter of uncertainty [148].
Schwartzentruber et al. [142] have provided provisional insight on this issue: they identified thousands
of quantitative trait loci regulating gene expression, chromatin accessibility, and RNA splicing during
neuronal differentiation in a large iPSC-derived cell sample (n = 123). In light of this finding, iPSCs
from 20–80 donors appear sufficient to detect the effect of common regulatory variants of moderate
to large effect sizes. Remember, that effect sizes of certain CNVs associated with SCZ are among the
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strongest known so far for this disorder suggesting that cohort sizes needed for genetically-stratified
patients with COS are probably in the lower range of this estimate.

SCZ is a highly heritable (see Section 3); however, environmental risk factors are likewise
important to SCZ pathogenesis. Insight into the mechanisms mediating the interaction of risk genes
with environmental risk factors remains an important endeavor to attain a more comprehensive
picture of this disease. Since the effects of environmental factors on specific disease-relevant cell-types
cannot assessed in living patients, iPSC-based studies may provide a tractable model for this purpose.
According to the neurodevelopmental hypothesis of SCZ, early deviations may stay latent until called
into operation through maturational processes. In analogy, many SCZ-associated processes may be
hidden in simple monolayer iPSC-derived NPC/neuron cultures and may be only detected through
activity-dependent processes arising from neuronal-activity or transcriptional activation in response to
stimuli mimicking environmental exposures. For example, exposure of iPSC-derived neurons to Δ9
tetrahydrocannabinol (THC, a major compound of cannabis), either acutely or chronically, dampened
the neuronal transcription response following depolarization and was associated with significant
synaptic, mitochondrial, and glutamate signaling alterations [149]. While the final verdict about the
causal nature of the cannabis–psychosis association is still out [150], we may attain nevertheless a
better understanding of its potential cellular and molecular underpinnings from iPSC-based studies.

6.4. Organoids—From Structure to Function?

As of yet, current differentiation protocols applied to iPSC-based case/control studies on COS do
not recreate the three-dimensional organization of the human brain and well-known structure-function
relationships [151]. Remember, MRI studies on patients with COS implicated greater global
connectedness concomitant to impaired short-range connectivity and disrupted modularity [29,30];
a pattern barely portrayed in 2D-culture.

Recent advances on the generation of region-specific brain organoids is anticipated to address this
challenge, at least in part [152,153]. In this approach, pluripotent cells are used to reproduce in vitro
key aspects of human brain development and function within three-dimensional structures termed
‘brain organoids’. As the name suggests, ‘brain organoid’ is not the same as a ‘brain’, but represents a
reductionist cellular system that recapitulates some aspects of the cellular composition and activity of
the brain, and that in its generation follows at least some of the steps of early human embryonic brain
development. Although today’s brain organoids can give rise to active neurons and functional circuits,
they do not match the anatomical organization or connectivity of the living brain [152,153]. At the same
time, organoid-to-organoid variability in architecture and cell-type composition imposes as yet a severe
hurdle on case/control studies. In a nutshell, brain organoids are presently barley suited as first-line
screening tool in iPSC-based case/control studies, but may allow deepening insight into findings from
well-defined monolayer cultures in a model closer to neurodevelopment in vivo. As an alternative
approach to organoids, transplantation of iPSC-derived neuronal cells into embryonic or adult mice
may help to recapitulate the physiology of SCZ more closely than 2D culture, and ideally highlight
associated behavioral phenotypes. In support of this view, iPSC-derived cortical neurons from patients
with Down syndrome showed increased synaptic stability and reduced oscillation relative to controls
when transplanted in the adult mouse cortex [154].

All in all, COS remains a major challenge with earlier onset, more severe course, and poorer
outcome relative to AOS. The need for an improved understanding of the cellular and molecular
underpinnings of COS pathology persists despite recent progress on genetics, neuroimaging, and
therapy. The transformative discovery of iPSCs [7] has paved the way for new translational strategies to
trace early neurodevelopment deviations of COS in vitro. iPSC-based studies on patients with COS do
not recreate the complex cellular and spatio-temporal phenotypes from the perinatal and adult brain,
nor do they mimic early or late clinical symptoms of patients with COS in a dish. However, they create
new opportunities to deliver actionable knowledge, i.e., genetic findings whose biological implications
can be used to improve diagnosis, to develop rationale therapies, and craft mechanistic approaches to
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primary prevention. For example, iPSC-based disease modeling has led to drug repurposing [155] in
amyotrophic lateral sclerosis (ALS): Hyperexcitability of iPSC-derived motor neurons from patients
with ALS could be reversed by retigabine resulting in better survival of ALS motor neurons. Previously
approved by the Federal Drug Administration FDA for the treatment of epilepsy, retigabine is now
in clinical trial in ALS, encouraging the effort to use iPSC-derived models for development of new
therapies, including drug screening, drug repurposing, and tailored treatments [156] for patients with
COS. Beyond present progress, generation of iPSC-derived living neurons from patients with COS will
not only transform our mindscape of this disease, but can also help to improve the lives of patients
and their families.
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Abstract: Adverse experiences and chronic stress are well-known risk factors for the development
of major depression, and an impaired stress response regulation is frequently observed in acute
depression. Impaired glucocorticoid receptor (GR) signalling plays an important role in these
alterations, and a restoration of GR signalling appears to be a prerequisite of successful antidepressant
treatment. Variants in genes of the stress response regulation contribute to the vulnerability to
depression in traumatized subjects. Consistent findings point to an important role of FKBP5, the gene
expressing FK506-binding protein 51 (FKBP51), which is a strong inhibitor of the GR, and thus, an
important regulator of the stress response. We investigated the role of FKBP5 and FKB51 expression
with respect to stress response regulation and antidepressant treatment outcome in depressed patients.
This study included 297 inpatients, who participated in the Munich Antidepressant Response
Signature (MARS) project and were treated for acute depression. In this open-label study, patients
received antidepressant treatment according to the attending doctor’s choice. In addition to the FKBP5
genotype, changes in blood FKBP51 expression during antidepressant treatment were analyzed using
RT-PCR and ZeptoMARKTM reverse phase protein microarray (RPPM). Stress response regulation
was evaluated in a subgroup of patients using the combined dexamethasone (dex)/corticotropin
releasing hormone (CRH) test. As expected, increased FKBP51 expression was associated with an
impaired stress response regulation at baseline and after six weeks was accompanied by an elevated
cortisol response to the combined dex/CRH test. Further, we demonstrated an active involvement of
FKBP51 in antidepressant treatment outcome. While patients responding to antidepressant treatment
had a pronounced reduction of FKBP5 gene and FKBP51 protein expression, increasing expression
levels were observed in nonresponders. This effect was moderated by the genotype of the FKBP5
single nucleotide polymorphism (SNP) rs1360780, with carriers of the minor allele showing the
most pronounced association. Our findings demonstrate that FKBP5 and, specifically, its expression
product FKBP51 are important modulators of antidepressant treatment outcome, pointing to a new,
promising target for future antidepressant drug development.

Keywords: depression; antidepressant treatment; HPA axis; gene expression; FKBP5; FKBP51

1. Introduction

Depression is a very serious and highly prevalent mental disorder. Epidemiological studies
suggest an average annual prevalence rate of 5–6% across different cultures, which increases to
10–15% over a lifetime [1]. Depression is also a highly recurrent disorder with more than half of
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first-episode patients experiencing a second episode or more [2]. It is a highly disabling disorder,
ranking third among all causes of time spent living in disability, with only low-back pain and headache
disorders causing longer periods of disability [3]. As depression is a multifactorial disorder, genetic and
environmental factors also contribute substantially to depression risk and outcome development [4].
Indeed, twin and family studies suggest a 35–40% contribution of genetic factors to disease liability,
while the remaining risk variance is best explained by individual environmental events and biographic
circumstances [4,5]. Specifically, early adverse life experience has been frequently identified as an
important environmental risk factor for adult depression [6,7], and severe and/or long-lasting stressors
can trigger new disease episodes in vulnerable individuals [6,8].

In fact, acute depression is frequently accompanied by a disturbed stress response regulation,
which is indicated, for instance, by elevated endocrine responses to pharmacological challenges of the
hypothalamus–pituitary–adrenocortical (HPA) axis, the major stress regulation system [9]. Putatively,
the most sensitive challenge test of the HPA axis is the combined dexamethasone (dex)/corticotropin
releasing hormone (CRH) test, which evaluates plasma cortisol responses to stimulation with 100 μg
CRH under the suppressive effects of 1.5 mg dex [9,10]. This test sensitively detects impaired HPA axis
regulation in acute depression, which improves during successful antidepressant treatment. Restored
HPA axis regulation after successful treatment as indicated by a normalized cortisol response to
the combined dex/CRH test is associated with sustained remission [11,12], while the recurrence
of an impaired HPA axis regulation predicts increased relapse risk in remitted patients [13,14].
The glucocorticoid receptor (GR) complex plays a critical role in HPA axis regulation [9,15] as impaired
GR signalling results in an attenuated negative-feedback inhibition of the HPA axis, finally leading to
chronically elevated glucocorticoid levels.

The GR function is modulated by chaperone proteins forming a molecular complex that is
required for proper ligand binding and receptor activation, as well as transcriptional regulation of
the GR target genes [16,17]. The heat-shock protein HSP90 and its cochaperones play a key role in
determining the sensitivity of the GR. While HSP90 is essential for GR steroid binding, the cochaperone
FK506-binding protein 51 (FKBP51), coded by the FKBP5 gene, exhibits inhibitory effects by reducing
the binding affinity of the GR [18,19]. Genetic variations in the FKBP5 gene were shown to be associated
with the regulation of the HPA axis, with increased depression recurrence and rapid antidepressant
treatment response [20,21]. The same genetic variations increased the risk for adult depression [22,23]
and for post-traumatic stress disorder [22,24] in individuals reporting early exposure to an adverse
environment. These findings suggest the involvement of FKBP5 gene variants in depression risk and
antidepressant treatment outcome; however, the role of FKBP5 gene expression is yet to be elucidated.
Cattaneo and colleagues [25] reported a 11% reduction in leukocyte FKBP5 RNA expression in patients
with major depression (N = 74), who responded to eight weeks of antidepressant treatment (citalopram
or nortriptyline), while no change was observed in treatment non-responders. These findings were
independent of the type of antidepressant used in this study—the selective serotonin reuptake inhibitor
(SSRI), citalopram, or the noradrenergic tricyclic antidepressant (TCA), nortriptyline. A recent study
did not find changes in leukocyte FKBP5 RNA expression in female patients with major depression
(N = 30), who were treated for eight weeks with the SSRI, sertraline, or with the selective serotonin
noradrenalin reuptake inhibitor (SNRI), venlafaxine [26].

Both studies investigating FKBP5 gene expression on antidepressant treatment outcome were
conducted with relatively small patient samples and did not consider FKBP5 genotypes previously
identified as associated with antidepressant treatment outcome [27]. Therefore, we intended to
investigate the effects of change in FKBP5 gene expression on antidepressant treatment outcome in a
large sample of depressed inpatients participating in the Munich Antidepressant Response Signature
(MARS) study. In addition, we evaluated the association between FKBP5 gene expression and impaired
HPA axis regulation assessed with the combined dex/CRH test. Finally, we analyzed the moderating
effects of rs1360780, a single nucleotide polymorphism (SNP) located in intron 2 of the FKBP5 gene, for
which the most consistent findings on depression risk and antidepressant treatment outcome have
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been reported [21]. Given the presumed role of restored GR signalling in successful antidepressant
treatment in combination with the inhibitory function of FKBP51 on GR sensitivity, we hypothesized (1)
that increasing FKBP5 gene expression is associated with more pronounced dysregulation of the HPA
axis and (2) that successful antidepressant treatment is accompanied by a reduced FKBP5 expression in
peripheral blood cells. We further postulated (3) that this effect should be moderated by the rs1360780
genotype previously identified as relevant for antidepressant treatment outcome in depression.

2. Results

This analysis included 297 participants of from the Munich Antidepressant Response Signature
(MARS) project. MARS is a naturalistic open-label longitudinal treatment study with inpatients
suffering from a depressive episode. Patients with a moderate to severe depressive episode were
recruited from the hospital of the Max Planck Institute of Psychiatry and collaborating hospitals of
Southern Bavaria and Switzerland. Antidepressant treatment outcome was monitored weekly for
at least six weeks using the 21-items version of the Hamilton Depression Rating Scale (HAMD-21).
Treatment was selected according to the attending doctor’s choice and optimized according to symptom
profile, plasma medication levels, and side effects. Mean HAMD-21 depression severity on admission
to the hospital (baseline) was 26.1 (SD = 6.0), which decreased to 11.4 (SD = 7.9) after six weeks. Of the
total participants, 173 patients (58%) responded to antidepressant treatment as indicated by a reduction
of the HAMD-21 score of at least 50%, while the remaining 124 patients were classified as treatment
non-responders (ΔHAMD-21 < 50%).

Table 1 presents the demographic and baseline characteristics of treatment responders and
nonresponders. No significant group differences were observed (p > 0.08).

Table 1. Demographic and baseline characteristics of responders and non-responders to six weeks of
antidepressant treatment.

Characteristics
Responders

N = 173
Nonresponders

N = 124
p

Female sex (%) 77 (44.5%) 63 (50.8%) 0.284
Mean age (SD) 48.8 (14.0) 47.0 (13.4) 0.270
Diagnosis 1 (%) 0.121

F31 22 (12.7%) 7 (5.6%)
F32 36 (20.8%) 30 (24.2 %)
F33 115 (66.5%) 87 (70.2%)

HAMD-21 2 (SD) 26.5 (6.63) 25.5 (5.07) 0.156
FKBP5 RNA 2 (SD) 1.83 (0.88) 1.75 (0.65) 0.404

FKBP51 2,3 (SD) 0.035 (0.07) 0.031 (0.06) 0.080
1 Diagnosis according to ICD10, 2 at baseline, 3 available only in a subgroup of N = 39 patients: 23 responders,
16 non-responders.

Blood samples were collected at baseline and after six weeks. RNA and DNA were extracted
from whole-blood samples to evaluate the relative change (percentage from baseline) in FKBP5 gene
expression after six weeks of antidepressant treatment and to analyze the moderating effects of
the intronic FKBP5 variant rs1360780, respectively. In a subgroup of 39 patients (23 responders,
16 non-responders), the relative change in FKBP51 protein levels in blood mononuclear cells
was additionally analyzed. FKBP51 protein levels tended to be higher in responders without
reaching statistical significance (p = 0.080). In a further subgroup of 93 patients (56 responders,
37 non-responders), HPA axis regulation was evaluated at baseline and after six weeks using the
combined dex/CRH test. No significant differences in demographic and clinical characteristics between
responders and non-responders were found for both subgroups (p > 0.175, p > 0.272, respectively).

Given the inhibitory effects of FKBP51 on GR sensitivity, we assumed a positive correlation
between FKBP5 RNA expression and cortisol response to the combined dex/CRH test indicating an
impaired stress response regulation with increasing FKBP5 expression. Indeed, we observed significant
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correlations between FKBP5 RNA levels and the overall cortisol response to the combined dex/CRH
test at baseline (r = 0.214, p = 0.044) and after six weeks (r = 0.225, p = 0.032); albeit, the size of the effects
was small. At the descriptive level, responders to six weeks of antidepressant treatment showed a 52%
reduction SD= 145 of the cortisol response to the second combined dex/CRH, while non-responders
reached a reduction of only 32% (SD = 115). Given the large variance within the group, this difference
did not reach statistical significance (F1,89 = 0.53, p = 0.468).

We observed reduced FKBP5 gene expression after six weeks in antidepressant treatment
responders, while nonresponders presented with increased expression levels (F1,281 = 5.71, p = 0.018,
f = 0.14). In all patients, RNA expression change was significant with a small to medium effect size.
The subgroup analysis on change in FKBP51 protein levels revealed the same outcome pattern and
was significant (F1,35 = 4.64, p = 0.038, f = 0.36) approaching the border of a large effect (f = 0.40 [28])
(see Figure 1).

Figure 1. Change (% from baseline) in FKBP5 gene expression for RNA and protein after six weeks of
antidepressant treatment in responders and non-responders. Means ± standard errors of the mean
(SEM) are presented.

It was found that while 47.8% of the patients carried the minor T allele of the intronic FKBP5
variant rs1360780, 52.2% were noncarriers. In agreement with our expectations, patients carrying
the T allele tended to show better treatment response with the strongest effect observed after four
weeks (odds ratio (OR) = 1.56), which, however, failed to reach statistical significance (p = 0.066).
This borderline effect was not observed after six weeks (OR = 1.31, p = 0.275). To investigate the
moderating effect of this genotype, we reanalyzed the response data separately for T allele carriers
and noncarriers. The results are presented in Figure 2. Patients of both genotype groups showed
the expected effect pattern of reduced FKBP5 RNA expression in treatment responders. However,
the effect was statistically significant only in patients carrying the minor T allele (F1,122 = 5.74,
p = 0.018), presenting with a distinctly larger effect size (f = 0.22) than in the overall analysis (f = 0.14).
In noncarriers, the effect pattern was less pronounced (f = 0.13), without reaching statistical significance
(F1,134 = 2.38, p = 0.125).
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Figure 2. Change (% from baseline) in FKBP5 gene expression at the RNA level after six weeks of
antidepressant treatment in responders and non-responders for patients carrying the minor T allele of
rs1360780 and for noncarriers. Means ± SEM are presented.

3. Discussion

While previous findings quite consistently suggested the involvement of FKBP5 gene variants
in depression risk and antidepressant treatment outcome, the role of FKBP5 gene expression was
less clear. Two previous clinical studies [25,26] investigating the association between FKBP5 RNA
expression and antidepressant treatment outcome showed conflicting results. These studies focused on
RNA expression and did not analyze FKBP51 protein levels or the effects of FKBP5 expression on HPA
axis regulation. The genotype of the patients was also not considered. In addition, both studies were
conducted with small sample sizes (N = 74/N = 30), and were restricted to specified treatments, which
might reduce the generalizability of the findings. To address these limitations, we analyzed FKBP5
gene expression changes in a large sample of depressed inpatients participating in the MARS study.
The open character of the MARS study, which assured optimal treatment for all study participants in
combination with liberal inclusion and exclusion criteria, resulted in a high participation rate with
only about 15% of invited patients excluded or having refused participation. So it can be assumed that
the study sample provided a good representation of patients hospitalized for depression treatment.
In addition, we investigated the association between FKBP5 gene expression and impaired HPA axis
regulation in the combined dex/CRH test. Finally, we evaluated the moderating effects of rs1360780, a
SNP located in intron 2 of the FKBP5 gene, for which the most consistent findings on depression risk
and antidepressant treatment outcome have been reported [21].

First, we could show that FKBP5 expression correlated with the overall cortisol response to the
combined dex/CRH test, although the effect size of the associations was rather small. This is in
agreement with previous findings, suggesting that peripheral FKBP5 RNA expression is induced by
elevated glucocorticoid levels in patients with affective and anxiety disorders [20], which could also
be confirmed in a human lymphoblastoid cell line model [29]. Contrary to previous findings, we
did not find a reduced cortisol response to the combined dex/CRH test associated with response to
antidepressant treatment. This could be related to the design of our study. In this study we investigated
concomitant changes between HPA axis regulation, FKBP5 gene expression, and antidepressant
treatment outcome, while previous studies on the role of the combined dex/CRH test documented that
a normalized HPA axis regulation precedes antidepressant treatment outcome by several weeks [12]
and predicts future medium-term disease development [14]. Second, response to six weeks of
antidepressant treatment was associated with a reduced FKBP5 expression. The effect size was small
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to medium for the change in RNA expression, but bordered on a large effect for the change in protein
levels. These findings confirm the results of a previous study reporting reduced peripheral FKBP5
RNA expression in patients responding to eight weeks of citalopram or nortriptyline treatment [25].
A more recent study did not find changes in FKBP5 RNA expression in patients treated for eight
weeks with sertraline or venlafaxine [26]. However, this study was performed in a very small sample
(N = 30) and restricted to female patients potentially limiting its power for documenting the general
effects of FKBP5 RNA expression on treatment outcome. In this regard, it is interesting to note that
we observed the more substantial effect size for FKBP51 protein levels, which almost bordered on
a large effect. This finding supports the biological relevance of the FKBP51 protein as the more
proximal marker. Third, after stratifying patients into carriers and noncarriers of the minor allele of
rs1360780, the FKBP5 variant with, thus far, the most consistent findings in depression, the effects were
distinctly more pronounced in carriers, while noncarriers showed a similar trend, albeit statistically
not significant. It is interesting to note that patients carrying the minor allele also tended to show better
treatment response after four weeks of treatment. This borderline effect, however, disappeared after
six weeks. It is assumed that the rs1360780 risk variant, despite being intronic, might be associated
with an increased glucocorticoid-related induction of FKBP5 RNA expression [30], presumably, as a
result of environmentally triggered changes in DNA demethylation of cytosine-phosphate-guanine
(CpG) dinucleotide rich regions in intron 7 of the FKBP5 gene [31]. Such allele-dependent epigenetic
differences in the FKBP5 gene could have contributed to the observed differences in FKBP5 expression
changes in rs1360780 risk-variant carriers and noncarriers.

The observed association between reduced FKBP5 expression and antidepressant treatment
response might be indirectly explained by an improved stress response regulation due to diminished
inhibitory influences on GR sensitivity leading to a restored HPA axis regulation. However, improved
HPA axis regulation evaluated with the combined dex/CRH test was not associated with concomitant
antidepressant treatment response in our study suggesting that other, more direct pathways may be
involved in the observed association between FKBP5 gene expression and antidepressant treatment
outcome. Indeed, preclinical studies using animal models, cell lines, and human specimens suggested
the involvement of several pathways relevant for antidepressant action that are modulated by FKBP51.
These pathways include the glycogen synthase kinase-3 (GSK-3) beta pathway [32], autophagy [33], and
the modulation of enzymes of the epigenetic machinery [34]. While these findings suggest the potential
of a direct causal link between altered FKBP51 and antidepressant action, the exact mechanisms are
yet to be elucidated [35]. Nevertheless, FKBP51 inhibitors are currently in development as potential
new antidepressant drugs, with early promising findings indicating the anxiolytic and potentially
antidepressant effects of such compounds [36,37].

The present study has several strengths, but also some limitations. The strengths of the study
are the sample size, which is larger than in previous studies, as well as the additional integration
of protein data, genetic data, and a test on HPA axis regulation. There are also several limitations
to be mentioned. First, depressed patients with different diagnoses (major depression, recurrent
depression, or bipolar depression) were included in this study. However, the distribution of the
diagnostic categories did not differ significantly between responders and non-responders (see Table 1).
In addition, we repeated all analyses by including the type of diagnosis as additional covariates.
The additional diagnostic covariates did not show any significant effects, and all findings could be
replicated with similar effect sizes (see Supplementary Table S1). Second, due to the open study
characteristic, patients received a variety of antidepressant drugs. Antidepressant treatment was
carefully selected considering the current symptom profile of the individual patient, previous treatment
history, and the plasma medication levels, with the aim of achieving the best possible antidepressant
treatment. While the heterogeneity of the treatment might be a statistical limitation, it is also a strength
with respect to the generalizability of the observed findings. In addition, previous studies using the
combined dex/CRH test reported homogenous effects of effective antidepressant treatments on HPA
axis regulation [11], which presumably can also be expected for FKBP51. Furthermore, we compared
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the applied classes of antidepressant drug treatment (selective serotonin reuptake inhibitors, tricyclic
antidepressants, selective serotonin noradrenalin reuptake inhibitors, noradrenergic and specific
serotonergic antidepressants, and other antidepressants) between responders and non-responders at
baseline and at six weeks and did not find significant differences (see Supplementary Table S2). Third,
FKBP5 gene expression was analyzed using peripheral blood samples, which might not sufficiently
reflect FKBP5 expression in the pituitary or the brain. While variations in the gene expression pattern
between different specimens or tissues cannot be ruled out, there is evidence that glucocorticoid
exposure regulates FKBP51 expression via changes in DNA methylation in blood cells and in the brain
in a very similar manner [38]. This suggests that peripheral FKBP5 expression could be a proxy for
expression changes in the brain.

4. Materials and Methods

4.1. Sample Description and Study Protocol

We recruited 297 patients suffering from a moderate to a severe depressive episode, who
participated in the MARS project, for this study. MARS is a naturalistic open-label longitudinal
study conducted at the hospital of the Max Planck Institute of Psychiatry and collaborating hospitals
in Southern Bavaria and Switzerland to identify predictors for antidepressant drug response and
to identify subgroups of depressed patients with common pathology benefitting from personalized
treatment [39]. Patients were included during the first week after admission, and antidepressant
treatment outcome was evaluated on a weekly basis with the HAMD-21. Only patients with a baseline
HAMD-21 score of 14 or higher were included, setting the lower threshold at a moderate depression
severity [40,41], while most patients were suffering from severe depression as indicated by an average
HAMD-21 baseline score of 26.1 (SD = 6.0). Further exclusion criteria were depressive symptoms
secondary to other medical or neurological disorders; presence of manic, hypomanic, or mixed affective
symptoms; alcohol dependence or illicit drug abuse; and somatic treatments potentially affecting
depression symptoms or HPA axis regulation (e.g., steroid medication). Treatment was selected
according to the attending doctor’s choice and optimized according to symptom profile, plasma
medication levels, and side effects. Diagnosis according to the World Health Organization International
Classification of Diseases, 10th revision (ICD10) [42], was obtained from trained psychiatrists at the end
of the hospitalization considering patients reports, reports from relatives, and disease development.

At study inclusion (baseline) and after six weeks, morning fasting blood samples were collected
for DNA extraction (S-Monovette, Sarstedt AG & Co., KG, Nümbrecht, Germany) and RNA extraction
(PAXgene tubes; QUIAGEN GmbH, Hilden, Germany). In a subgroup of patients (N = 39), additional
morning fasting serum samples (S-Monovette, Sarstedt AG & Co., KG, Nümbrecht, Germany) were
collected at both time points—baseline and after six weeks—with mononuclear cells immediately
isolated (ACCUSPIN System Histopaque-1077; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
for protein analysis. In another subgroup of 93 patients, a combined dex/CRH test was performed
at baseline and after six weeks (the day after blood sample collection). All patients provided oral
and written consent prior to study inclusion after all study details were explained. Ethical approval
was provided by the permanent ethics committee of the Medical Faculty at the Ludwig–Maximilian
University Munich, Germany (approval code: 318/00, 21/03/2001).

4.2. Laboratory Analysis

DNA was extracted using the Gentra PureGene extraction kit (QUIAGEN GmbH, Hilden,
Germany) and genotyping was performed as part of a series of larger genotyping projects using
Illumina Beadchip technology (Illumina Inc., San Diego, CA, USA). Rs1360780 was selected as the
representative variant for the FKBP5 risk genotype (minor allele frequency: 0.28; test for deviation
from Hardy–Weinberg equilibrium: p = 0.667). RNA was isolated and purified with RNeasy kits
(QUIAGEN GmbH, Hilden, Germany); expression analysis was performed with real-time polymerase
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chain reaction (RT-PCR) method using a TaqMan gene expression assay (Applied Biosystems
Deutschland GmbH, Darmstadt, Germany). FKBP5 RNA quantification was calculated against the
activity of four housekeeping genes (beta-glucuronidase, hypoxanthine–guanine phosphoribosyltransferase 1,
phospholipase A2, and TATA-box binding protein) using the delta cycle threshold (CT) method [43] for each
housekeeping gene. Resulting deltas were then averaged across the four housekeeping genes showing
excellent concordance for both time points (average intraclass correlation: r = 0.937). A ZeptoMARKTM

reverse phase protein microarray (RPPM) platform (Zeptosens AG, Witteswil, Switzerland) was used
for FKBP51 protein profiling following the manufacturer’s standard protocol [44] with array readout
and quantification performed using the analysis software ZeptoVIEW 3.0 (Zeptosen AG).

The combined dex/CRH test was conducted as previously described [14]. Briefly, 1.5 mg dex
was administered orally at 11 p.m. the evening before CRH stimulation. Blood samples were drawn
the next day at 3:00, 3:30, 3:45, 4:00, and 4:15 p.m. while the subjects remained supine throughout the
test. Within 30 s, after the collection of the first sample, 100 μg human CRH was injected. The cortisol
response to the dex/CRH test was assessed by the total area under the curve (AUC) using the trapezoid
rule across plasma cortisol concentrations of all sampling points. Plasma cortisol was determined by
radioimmunoassay (ICN Biomedicals, Carson, CA, USA; detection limit 0.3 ng/mL).

Plasma medication levels were analyzed using liquid chromatography followed by mass
spectrometry at the clinical laboratory of the Max Planck Institute of Psychiatry. Depending on
the type of medication, metabolites of the active compound were also assessed to obtain a complete
picture of the relevant drug concentrations. This information was available to the attending doctor to
assist in finding the optimal drug dosage for the individual patient.

4.3. Statistical Analyses

Patients were classified as treatment responders and non-responders depending on the observed
percent change in the HAMD-21 total score between baseline and six weeks with score improvements
of 50% or more defined as response. Changes in FKBP5 RNA expression and FKBP51 protein levels
were also calculated as percent changes from baseline. RNA and protein values deviated from a
normal distribution (Kolmogorov–Smirnov goodness-of-fit test, p < 0.01). To reduce skewness, scores
were log-transformed to base 10 for the statistical analysis. Differences between responders and
non-responders were evaluated by means of chi-square (categorical data) and t tests (continuous data)
for demographic and clinical variables. Change in HAMD-21 scores over time, as well as baseline
and change scores for the cortisol response to the dex/CRH test for FKBP5 RNA expression and for
FKBP51 protein levels were evaluated with analyses of covariance, controlling for the effects of sex
and age as potential confounding variables. Cohen f scores [28] were calculated as effect-size measures.
Associations between FKBP5 RNA expression and the cortisol response to the combined dex/CRH test
were expressed with partial correlation coefficients, which were controlled for the effects of sex and
age. The level of statistical significance was set to p = 0.05. Means, standard deviations, or standard
errors of uncorrected/ untransformed values are reported in the tables and figures. All analyses were
performed with PASW Statistics 18 (IBM, Armonk, NY, USA).

5. Conclusions

We were able to demonstrate that successful antidepressant treatment outcome in depressed
patients is accompanied by a reduction in FKBP5 gene and FKBP51protein expression, particularly in
those patients, who are carrying the risk allele of the FKBP5 variant rs1360780. These findings further
suggest an important role for FKBP5 and FKBP51 in antidepressant treatment outcome and point to
a new, promising target for future antidepressant drug development. However, further studies are
warranted to fully understand the mechanism behind the observed effects.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/3/
485/s1.
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Abstract: Polypharmacology is nowadays considered an increasingly crucial aspect in discovering
new drugs as a number of original single-target drugs have been performing far behind expectations
during the last ten years. In this scenario, multi-target drugs are a promising approach against
polygenic diseases with complex pathomechanisms such as schizophrenia. Indeed, second generation
or atypical antipsychotics target a number of aminergic G protein-coupled receptors (GPCRs)
simultaneously. Novel strategies in drug design and discovery against schizophrenia focus on
targets beyond the dopaminergic hypothesis of the disease and even beyond the monoamine
GPCRs. In particular these approaches concern proteins involved in glutamatergic and cholinergic
neurotransmission, challenging the concept of antipsychotic activity without dopamine D2 receptor
involvement. Potentially interesting compounds include ligands interacting with glycine modulatory
binding pocket on N-methyl-D-aspartate (NMDA) receptors, positive allosteric modulators of
α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, positive allosteric
modulators of metabotropic glutamatergic receptors, agonists and positive allosteric modulators of
α7 nicotinic receptors, as well as muscarinic receptor agonists. In this review we discuss classical and
novel drug targets for schizophrenia, cover benefits and limitations of current strategies to design
multi-target drugs and show examples of multi-target ligands as antipsychotics, including marketed
drugs, substances in clinical trials, and other investigational compounds.

Keywords: antipsychotics; drug design; multi-target drugs; polypharmacology; schizophrenia

1. Introduction

Schizophrenia is a severe mental illness, affecting up to 1% of the population, with major public
health implications. The causes of schizophrenia might be genetic or environmental or both but
the complex pathomechanism of this disease is not sufficiently understood. The clinical picture of
schizophrenia involves three groups of symptoms, i.e., positive, such as hallucinations, delusions and
other thought disorders, negative, including social withdrawal, apathy and anhedonia, and cognitive
deficits like memory and learning impairments or attention deficiencies [1]. It is generally agreed that
the symptoms of schizophrenia result from disturbances in neurotransmission involving a significant
number of receptors and enzymes, mainly within the dopaminergic, glutamatergic, serotoninergic,
and adrenergic systems. In this regard, the dopaminergic hypothesis is still the main concept of the
disease and all marketed antipsychotics target dopamine D2 receptor. The dopaminergic hypothesis of
schizophrenia evolved from the simple idea of excessive dopamine through the hypothesis combining
prefrontal hypodopaminergia and striatal hyperdopaminergia and then to the current aberrant salience
hypothesis [2]. However, novel findings in the field of neuroscience link schizophrenia with factors
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beyond the dopaminergic hypothesis and emphasize in particular the role of glutamatergic system in
the development of the disease [3].

In order to treat efficiently complex neuropsychiatric diseases such as schizophrenia it is necessary
to go beyond the “magic bullet” concept. This approach in drug discovery was based on the assumption
that single-target drugs are safer as they have fewer side effects due to their selectivity. It turned
out, however, that this is only true for single-gene diseases and the number of original single-target
drugs were performing far behind expectations in the last ten years. Thus, “one-drug-one-target”
paradigm has been gradually replaced by the concept of multi-target drugs (MTDs), sometimes termed
“magic shotgun”. From the historical perspective, MTDs, in contrast to clean single-target drugs,
were sometimes referred to as dirty or promiscuous drugs. In the case of diseases with complex
pathomechanisms, such as neuropsychiatric diseases or cancer, single-targets medications have been
demonstrated to a great extent a failure. Most potent antipsychotics, in particular second generation
or atypical antipsychotics, target simultaneously a number of aminergic G protein-coupled receptors
(GPCRs). Clozapine, which is used to treat drug-resistant schizophrenia, has nanomolar affinity to
several aminergic GPCRs.

In this scenario drug design and discovery today has moved from the molecular and cellular
level to the systems-biology-oriented level [4] to reflect subtle events occurring on the biological
networks which lead to the disease [5]. Network pharmacology involves important aspects such as
connectivity, redundancy and pleiotropy of biological networks [6] which clearly shows that most
drug interact with more than one target. MTDs have a number of advantages over single-target drugs,
including improved efficacy due to synergistic or additive effects, better distribution in the target tissue,
accelerated therapeutic efficacy in terms of clinical onset and achievement of full effect, predictable
pharmacokinetic profile and fewer drug-drug interactions, lower risk of toxicity, improved patient
compliance and tolerance and lower risk of target-based drug resistance due to modulation of a few
targets [7]. However, it is not easy to design potent MTDs and problems arise starting from a proper
target selection through affinity balancing to avoiding affinity to related off-targets.

In this review we present classical and novel drug targets for the treatment of schizophrenia,
discuss benefits and limitations of MTDs and their design, as well as present multi-target antipsychotics
including marketed compounds, compounds in clinical studies, and other investigational compounds.
The literature search for this review was mainly based on searching PubMed database with the
search terms: schizophrenia, schizophrenia drug targets, antipsychotics, multi-target antipsychotics,
multi-target ligands, multi-target drugs with the focus on the references from the last five years, in
particular regarding novel investigational compounds.

2. Drug Targets for the Treatment of Schizophrenia

2.1. Dopamine and Serotonin Receptors

Most of currently available antipsychotic drugs (excluding third generation drugs) act by blocking
dopamine receptors in central nervous system, as seen in Table 1. This is the classical way to
treat schizophrenia. The original dopamine hypothesis of schizophrenia was proposed by Carlsson
(awarded a Nobel Prize in 2000) on the basis of indirect pharmacological evidence in humans and
experimental animals. In humans, amphetamine causes the release of dopamine in the brain and can
produce a behavioral syndrome that resembles an acute schizophrenic episode. Hallucinations are also
a side effect of levodopa and dopamine agonists used in Parkinson’s disease. In animals, dopamine
release causes a specific pattern of stereotyped behavior that is reminiscent of the repetitive behaviors
sometimes observed in patients suffering from schizophrenia. Potent D2 receptor agonists, such as
bromocriptine, lead to similar effects in animals, and these drugs, like amphetamine, aggravate the
symptoms of schizophrenic patients. Moreover, dopamine antagonists and drugs blocking neuronal
dopamine storage (e.g., reserpine) are effective in controlling the positive symptoms of schizophrenia
and in preventing amphetamine-induced behavioral changes [8].
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It is now thought that positive symptoms are the result of overactivity in the mesolimbic
dopaminergic pathway (the neuronal projection from the ventral tegmental area (VTA) to the nucleus
accumbens, amygdala and hippocampus) activating D2 receptors, whereas negative symptoms may
result from a lowered activity in the mesocortical dopaminergic pathway (the projection from the VTA
to areas of the prefrontal cortex) where D1 receptors predominate. Other dopaminergic pathways in
the central nervous system (i.e., nigrostriatal and tuberoinfundibular) seem to function normally in
schizophrenia. Thus, in terms of treatment it would be desirable to inhibit dopaminergic transmission
in the limbic system but enhance this transmission in the area of prefrontal cortex [9].

Table 1. Potential clinical benefits and side effects related to the mechanisms of action of
antipsychotics [10–12].

Mechanism of Action Clinical Efficacy Possible Side Effects

D2 antagonism ↓Positive symptoms

Extrapyramidal symptoms (EPS)
↓Negative symptoms
↑Cognitive symptoms

↑Drowsiness

D2 partial agonism
↓Positive symptoms
↓Negative symptoms
↓Cognitive symptoms

Little or no EPS
Behavioral activation

D3 antagonism
↑Endocrine dysfunction

↑Weight gain
↑Sexual dysfunction

5-HT2A antagonism ↓Negative symptoms ↓EPS
↓Hyperprolactinemia

5-HT1A partial agonism

↓Negative symptoms
↓Cognitive symptoms
↓Anxiety symptoms

↓Depressive symptoms

↓EPS
↓Hyperprolactinemia

5-HT2C antagonism ↑Weight gain
↑Appetite

M1 antagonism ↓EPS

↑Anticholinergic symptoms,
e.g., dry mouth, constipation, tachycardia

↑Drowsiness
↑Cognitive impairment

M1 agonism ↓Psychotic symptoms
↓Cognitive symptoms

M3 antagonism
↑Type 2 diabetes mellitus

↑Hyperglycemic hyperosmolar syndrome
↑Diabetic ketoacidosis

H1 antagonism
↑Weight gain
↑Drowsiness
↑Hypotension

α1-antagonism

↑Dizziness
↑Drowsiness
↑Tachycardia

↓Blood pressure
↑Orthostatic hypotension

α2-antagonism ↓Depressive symptoms

↑Anxiety
↑Tachycardia

↑Tremor
↑Dilated pupils

↑Sweating

β-antagonism
↑Orthostatic hypotension

↑Sedation
↑Sexual dysfunction

Glutamate modulation

↓Positive symptoms
↓Negative symptoms
↓Cognitive symptoms
↓Illness progression

Legend: ↓ Decreasing ↑ Increasing.

293



Int. J. Mol. Sci. 2018, 19, 3105

Besides antagonism to the dopamine D2 receptor, majority of antipsychotic drugs, especially
those classified as second generation antipsychotics also block a wide range of other receptors, such
as other dopamine receptors (D1, D3 or D4), serotonin (especially 5-HT2A and 5-HT2C), histamine
(especially H1) and α1-adrenergic. Interaction of antipsychotics with those receptors is associated
mainly with occurrence of side effects, such as sedation and drowsiness (H1 receptors), weight gain
(H1 and 5-HT2C), sexual dysfunction (5-HT2), or orthostatic hypotension (α1-adrenergic receptors).
On the other hand, there are also hypotheses that antagonism to serotonin 5-HT2A receptor may have
beneficial effects when it comes to occurrence of extrapyramidal side effects, as well as to reducing
negative and cognitive symptoms of schizophrenia. Basis of schizophrenia is still poorly understood
and there are several hypotheses, which involve different neurotransmitters and receptors and try to
explain their role in the pathogenesis of the disorder [12].

The serotonin hypothesis of schizophrenia is based on the studies of interactions between the
hallucinogenic drug, LSD, and serotonin. Observations of the antipsychotic effects of drugs which
are serotonin and dopamine antagonists (e.g., risperidone, clozapine) have resulted in the increased
interest in serotonin receptors as a possible target for drugs used in the treatment of schizophrenia.

There are evidences that the efficacy and tolerability of the atypical antipsychotic drugs, such as
clozapine, olanzapine, quetiapine, risperidone, and ziprasidone in the treatment of schizophrenia may
result, in part, from their interaction with various serotonin receptors, in particular 5-HT2A and 5-HT1A

receptors, what is the reason of growing interest in the role, which serotonin plays in the mechanism of
action of antipsychotics. The antagonism to 5-HT2A receptors, which is relatively potent, is connected
with weaker antagonistic properties to dopamine D2 receptors and is the only common pharmacologic
feature of atypical antipsychotic drugs. The subtypes of serotonin 5-HT receptors, that are involved
in the pharmacological action of second generation antipsychotics, such as clozapine, or that may
potentially serve as targets for better tolerated and more effective new antipsychotic agents, include:
5-HT1A, 5-HT2A, 5-HT2C, 5-HT3, 5-HT6, and 5-HT7 receptors [13].

The distribution of serotonin 5-HT2A receptor in the central nervous system is wide, but the
highest concentrations occur in the cortex. 5-HT2A as well as 5-HT1A receptors are located on the
neurons that play significant role in schizophrenia. Those are cortical and hippocampal pyramidal
glutamatergic neurons and γ-aminobutyric acid (GABA) interneurons. Serotonin 5-HT2A receptors
localized on GABAergic interneurons stimulate the release of γ-aminobutyric acid and in that
way play an important role in the regulation of the neuronal inhibition. 5-HT2A receptors are
distributed also in the substantia nigra and ventral tegmentum from which arise the nigrostriatal and
mesocorticolimbic dopaminergic neurons. 5-HT2A receptors modulate the activity of dopaminergic
neurons. Antipsychotics that act by blocking serotonin 5-HT2A receptor (e.g., clozapine, risperidone)
lead to the increased release of dopamine in the striatum by decreasing the inhibitory effect of serotonin,
what manifests clinically in reducing extrapyramidal effects. It is also suggested that combined effects
of antagonism at dopamine D2 and serotonin 5-HT2A receptors in the mesolimbic circuit counteract the
excessive dopamine transmission, which leads to occurrence of positive symptoms of schizophrenia.
Moreover, improvement of the negative symptoms is associated with antagonism at 5-HT2A receptor,
due to enhanced release of both dopamine and glutamate in the mesocortical pathway [9,13].

The behavioral evidence of interactions between serotonin 5-HT2A receptor and dopamine rests on
the effect of 5-HT2A receptor antagonists on locomotor activity stimulated by amphetamine. Namely,
giving low doses of amphetamine to rodents results in producing in them locomotor hyperactivity,
which is mediated by the release of dopamine from the dopaminergic neurons in the mesolimbic
circuit. This amphetamine stimulated hyperactivity is observed to be inhibited by first and second
generation antipsychotic drugs and is thought to be an effect of antagonism to dopamine D2 receptor,
which all of those drugs share as a mechanism of action. However, some observations proved that
compounds, such as amperozide, which are antagonists selective to serotonin 5-HT2A receptor and
do not exhibit any affinity for dopamine D2 receptor, also lead to lowering of hyperactivity in mice
stimulated by administration of amphetamine [14]. These results support the concept that compounds
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that are antagonists to 5-HT2A receptor may improve behavioral states associated with excessive
activity of dopaminergic neurons and may serve as effective antipsychotic medications.

Typical antipsychotic drugs, beside blocking dopamine D2 receptors in the mesolimbic circuit,
act also antagonistic to D2 receptors localized in the nigrostriatal pathway, what is thought to result
in occurrence of extrapyramidal side effects. Low doses of amphetamine administered to rodents
lead to producing exploratory locomotor activity, whereas high doses of amphetamine causes the
occurrence of repetitive, stereotyped behaviors, which are similar to those produced by the direct
agonist of dopamine D2 receptor, apomorphine. Those stereotyped behaviors are inhibited by first
generation antipsychotics, what suggests that their antagonist properties are the cause of producing
extrapyramidal side effects. Contrarily, amperozide and other antagonists of the serotonin 5-HT2A

receptor do not reduce repetitive behaviors induced by apomorphine or high doses of amphetamine.
These findings suggest that antipsychotic drugs which are antagonists to 5-HT2A receptor do not
cause extrapyramidal side effects, in contrast to first generation drugs, which are devoid of activity to
serotonin receptors.

The majority of clinical studies of serotonin 5-HT2A receptor antagonists have been carried
out using ritanserin, the compound that exhibits antagonist properties to both 5-HT2A and 5-HT2C

receptors. Its effectiveness has been studied in monotherapy, as well as an adjunct to existing treatment
with antipsychotics. The studies have led to conclusions that ritanserin improves in particular
negative symptoms of schizophrenia, which were poorly ameliorated in case of treatment with typical
antipsychotic drugs [15].

To sum up, due to ability of antagonists of serotonin 5-HT2A receptor to interfere with elevated
activity of dopamine, the antagonism of this receptor is believed to contribute to improvement of both
positive and negative symptoms of schizophrenia and to causing less extrapyramidal side effects than
older antipsychotics [16].

The 5-HT1A receptor is the subtype of serotonin receptors that is probably the best characterized
in terms of functioning. It plays a significant role in modulating the activity of monoaminergic, inter
alia dopaminergic, neurons. The functioning of 5-HT1A receptor may be described as antagonistic to
the serotonin 5-HT2A receptor, when it comes to both presynaptic and postsynaptic its localization.
Activation of serotonin 5-HT1A inhibitory autoreceptors located in the cells of raphe nucleus leads
to inhibition of those neurons. In contrast, 5-HT2A receptors while activated in general cause the
activation of serotonergic neurons by several mechanisms, which include a direct or indirect inhibition
of GABAergic inhibitory interneurons, and a direct mechanism of excitation of other neurons, inter
alia glutamatergic neurons. Both postsynaptical 5-HT1A and 5-HT2A receptors are located in the cortex
on the pyramidal neurons. Activation of this 5-HT1A receptor results in neuronal inhibition through
activation of potassium current, what leads to hyperpolarization. Contrary, 5-HT2A receptor while
activated, facilitates neuronal output in the mechanism of activation of phospholipase C. Serotonin
5-HT1A receptors are suggested to be localized also presynaptically on GABA neurons terminals and
pre- or postsynaptically on the GABAergic interneurons in the dentate gyrus in the hippocampus.
Basing on the opposition between those two serotonin receptors, it is thought that agents acting as
5-HT1A receptor agonists are able to modulate dopaminergic transmission in the central nervous
system in a similar way to antagonists to serotonin 5-HT2A receptor. Agonists to 5-HT1A receptor
may both induce the dopamine release in the prefrontal cortex and potentiate the inhibiting effect on
dopamine release of dopamine D2 receptor antagonists [17].

In the brains of patients suffering from chronic schizophrenia, the density of serotonin 5-HT1A

receptors is increased, what suggests a close correlation between pathogenesis of the disease and
serotonin 5-HT1A receptors. These receptors are now considered as preferable target to treat
schizophrenia, since there are evidences that stimulation of serotonin 5-HT1A receptors may contribute
to decreasing of extrapyramidal side effects induced by antipsychotics [18] and ameliorating affective
disorders such as depression or anxiety [19]. Moreover, blockade of 5-HT1A receptors may result in
improvement of cognitive symptoms of schizophrenia [20].
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It has been proved in different studies that agents which are selective agonists of serotonin 5-HT1A

receptor, such as tandospirone or buspirone, reduced extrapyramidal side effects (e.g., bradykinesia,
catalepsy) induced by antipsychotics from first generation [21]. Agonists of 5-HT1A receptor are
thought to reduce extrapyramidal side effects induced by neuroleptics in the way of stimulating
serotonin 5-HT1A receptors localized postsynaptically, since the inactivation of serotonergic neurons
by p-chlorophenylalanine had no impact on the actions of 5-HT1A receptor agonists, when it comes to
alleviating extrapyramidal side effects [22].

Reducing cognitive symptoms of schizophrenia is another significant role of serotonin 5-HT1A

receptors. Cognitive dysfunction belongs to those symptoms of schizophrenia, whose treating with
currently available drugs is still not very effective. Some of recently carried clinical studies have proved
that the partial agonist properties of tandospirone regarding 5-HT1A receptor relevantly improved the
deficits in cognition in schizophrenic patients. Studies carried on animals also showed that 5-HT1A

receptor antagonists improved the cognitive deficits induced by antagonists to mACh receptor, such
as scopolamine, or antagonists of N-methyl-D-aspartate (NMDA) receptor [23]. Although further
studies are required, there are findings which suggest that serotonin 5-HT1A receptor antagonists may
contribute to managing schizophrenia on account of ameliorating cognitive impairments [24].

Many compounds that bind to serotonin 5-HT2A receptors also exhibit an affinity to the
structurally related serotonin 5-HT2C receptor. There are evidences that support the idea
of an antipsychotic potential for antagonists of 5-HT2C receptor. One of them concerns
meta-chlorophenylpiperazine (mCPP), which act as an agonist of serotonin 5-HT2C receptor [25].
The main action of mCPP in humans may be described as a selective activation of serotonin 5-HT2C

receptors [26]. mCPP causes the worsening of positive symptoms in schizophrenic patients but
pretreatment with mesulergine, which is an antagonist to 5-HT2 receptor, results in decreased level of
psychotic episodes, induced by the drug [27]. It is suspected that 5-HT2C receptor antagonists inhibit
dopaminergic activity in mesolimbic and nigrostriatal pathways and thus contribute to reducing
symptoms of schizophrenia and alleviating extrapyramidal side effects. Nonetheless, the role of this
subtype of serotonin receptor in the pathogenesis of schizophrenia is still poorly understood and
requires further studies [28].

Although dopamine and serotonin receptors are classical drug targets for the treatment of
schizophrenia, novel drugs acting through these receptors can be developed based on novel signaling
mechanisms typical for the family of GPCRs. These include allosteric modulators [29], biased
ligands [30], compounds acting on receptor dimers, oligomers and mosaics [31–34] and last but
not least intentionally promiscuous multi-target ligands [35].

2.2. Adrenergic and Histaminergic Receptors

Noradrenaline has a key role in the pathomechanism of schizophrenia although the specific
role of α adrenergic receptors has been not well elucidated yet [36]. It has been hypothesized that
interactions of atypical antipsychotics with α-adrenergic receptors contributes to their atypicality [37].
It was shown that antagonism at α1 adrenergic receptors is beneficial to treat positive symptoms,
in particular in acute schizophrenia while antagonism at α2 adrenergic receptor, characteristic for
clozapine and to some extent risperidone might be important to relieve negative symptoms and
cognitive impairments [37]. Blockade of α adrenergic receptors may have a stabilizing effect on the
dopaminergic neurotransmission in schizophrenia. In contrast, it was also reported that activation
of α2A adrenergic receptors in prefrontal cortex may improve cognitive functions [38]. Moreover,
adjunctive α2 adrenergic receptors antagonism increases the antipsychotic activity of risperidone and
promotes cortical dopaminergic and glutamatergic, NMDA receptor-mediated neurotransmission [39].
It was also shown that blockade of α2C adrenergic receptors alone or in combination with dopamine
D2 receptor blockade could be also beneficial in schizophrenia [38].

The histamine H1 receptor is a classical off-target for antipsychotics as its blockade causes sedation
and may be involved in weight gain. Although weight gain and metabolic disorders can also be
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attributed to blockade of adrenergic or cholinergic receptors, antagonism of histamine H1 receptors is
described as a key reason for second generation antipsychotics-induced obesity [40]. In contrast, the
histamine H3 receptor is an emerging target for novel antipsychotics [41] as selective antagonists or
inverse agonists of this histamine receptor subtype are efficient in treatment cognitive deficiencies in
schizophrenia [42].

2.3. Muscarinic and Nicotinic Receptors

Muscarinic receptors have a pivotal role in modulating synaptic plasticity in the prefrontal cortex
and stimulation of these receptors results in long-term depression at the hippocampo-prefrontal
cortex synapse [43]. A growing body of evidence indicates central role of disturbances in cholinergic
neurotransmission in schizophrenia [44]. Postmortem studies indicate a reduced number of cholinergic
interneurons in the ventral striatum in schizophrenia patients [45]. Furthermore, neuroimaging
studies indicated that muscarinic receptors availability was significantly less in schizophrenia
patients and positive symptoms of schizophrenia are negatively correlated with muscarinic receptors
availability [46]. It should be emphasized that muscarinic receptor antagonists worsen cognitive
and negative symptoms in schizophrenia patients and xanomeline, a muscarinic receptor agonist,
ameliorates all symptoms in schizophrenia patients and corresponding animal models [43]. Based on
these and other findings muscarinic hypothesis of schizophrenia has been suggested [47].

Involvement of nicotinic cholinergic receptors in the pathomechanism of schizophrenia can
explain why schizophrenia patients are often heavy smokers [48,49]. It is assumed that smoking
relieves particularly negative symptoms of schizophrenia. More and more evidence indicates that
activation of α7 nicotinic receptors [50] by agonists or positive allosteric modulators can be a promising
strategy for the treatment of schizophrenia [51,52].

2.4. Metabotropic and Ionotropic Glutamatergic Receptors

Glutamate is one of the main excitatory neurotransmitters in the mammalian central nervous
system [53]. Glutamatergic pathways linking to the cortex, the limbic system, and the thalamus
regions are crucial in schizophrenia [54,55]. Abnormalities in the glutamatergic neurotransmission may
influence synaptic plasticity and cortical microcircuitry, particularly NMDA receptor functioning [56].
NMDA receptors are ligand-gated ion channels, and are pivotal for excitatory neurotransmission,
excitotoxicity and plasticity [57,58].

Glutamatergic hypothesis of schizophrenia is based on the observation that antagonists
of N-methyl-D-aspartate (NMDA) receptors, such as phencyclidine or ketamine produce
schizophrenia-like positive, negative, and cognitive symptoms in animal models and healthy
individuals [59,60]. Glutamatergic hypothesis of schizophrenia is mainly a concept of
hypofunction of NMDA receptors in this disease, however other ionotropic glutamate receptors
(α-amino-3-hydroxy-5-methyl-4-isoazolepropionic acid, AMPA and kainate receptors) as well as
metabotropic glutamate receptors are also involved.

In therapeutic trials compounds which promote NMDA receptor signaling were found relieve
certain symptoms in patients with schizophrenia [61]. Moreover, in postmortem studies abnormalities
in glutamatergic receptor density and subunit composition in the prefrontal cortex, thalamus, and
temporal lobe were reported [62–64], and these are brain parts with altered stimulation during cognitive
actions performed by schizophrenia patients [65]. NMDA receptor hypofunction may result in
morphological and structural brain changes leading to the onset of psychosis [66,67]. It was suggested
that levels of glutamate decrease with age in healthy people, but it was not found if they are influenced
in case of chronic schizophrenia [68].

Antipsychotics may interfere with glutamatergic neurotransmission by influencing the release of
glutamate, by modulation glutamatergic receptors, or by changing the density or subunit composition
of glutamatergic receptors [55]. It was shown that antipsychotics blocking dopamine D2 receptor
increase the phosphorylation of the NR1 subunit of the NMDA receptor, thus promote its activation and
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consequent gene expression [69]. In this regard dopamine–glutamate interactions occur intraneuronally
and intrasynaptically. There are also findings that certain second generation antipsychotics act on
NMDA receptors in a distinct way than the first generation antipsychotics [70].

Abnormalities in glutamatergic neurotransmission constitute a possible drug target for
schizophrenia, in particular for the treatment of cognitive impairment and negative symptoms [54,55].
Reports about hypoactivity of NMDA receptors in schizophrenia led to clinical trials with ligands
stimulating this receptor [55]. Classical NMDA receptor agonists are not considered here due to
excitotoxicity and neuron damage resulting from excessive NMDA receptor stimulation. In this
regard, the glycine modulatory binding pocket on the NMDA receptor might be an attractive drug
target [71]. Next, positive allosteric modulators of AMPA receptors [72,73] as well as orthosteric
ligands and modulators of metabotropic glutamatergic receptors [74], in particular ligands acting on
mGluR2/3 receptors [75] might be considered promising potential medications against schizophrenia
in agreement with the glutamatergic hypothesis of this disease.

2.5. Other Drug Targets in Schizophrenia

There are also potential drug targets for the treatment of schizophrenia beyond transmembrane
receptors. Most important enzymes with implications in schizophrenia include the serine/threonine
kinase glycogen synthase kinase-3 (GSK-3) involved in cognitive-related processes such
as neurogenesis, synaptic plasticity and neural cell survival [76], cyclic nucleotide (cNT)
phosphodiestereases (PDEs)-intracellular enzymes which governs the activity of key second
messenger signaling pathways in the brain [77] and acetylcholinesterase for treatment of cognitive
impairments [78].

3. Multi-Target Compounds: Strategies of Design, Benefits, and Limitations

As has already been mentioned, during last twenty years most efforts in drug design and
discovery followed the paradigm “one disease, one gene, one molecular target, one drug”. However,
novel findings in the field of systems biology and discoveries of molecular complexity of illnesses
considerably moved current drug discovery efforts towards multi-target drugs [79,80]. Such
compounds are able to exert numerous pharmacological actions and have emerged as magic shotguns
in the treatment of multifactorial diseases in contrast to classical magic bullet approach [81].

3.1. Design of Multi-Target Compounds

Classical approaches to design multi-target ligands involve three different ways of combination
of two pharmacophores, leading to a cleavable conjugate where two pharmacophores are connected
by a linker (a modern form of combination therapy), a compound with overlapping pharmacophores
or a highly integrated multi-target drug, as seen in Figure 1 [5]. Multi-target drugs, in particular those
obtained by pharmacophore integration strategy are referred to as “master key compounds” [82,83].
Thus, MTDs are designed broadly as hybrid or conjugated drugs or as chimeric drugs from two or
more pharmacophores/drugs having specific pharmacological activities [84].

Morphy and Rankovic [85] described two approaches for designing multi-target drugs:
knowledge-based strategies and screening strategies. Knowledge-based techniques are based on
available biological data from old drugs or other bioactive compounds, from either literature or
proprietary company sources. Other methods include the screening of either diverse or focused
compound libraries. Classical diversity based screening is the high-throughput screening (HTS) of
large and differentiated compound collections versus one protein, and hits found are then triaged
on the basis of activity at the other protein. In focused screening, compounds known to have robust
activity at one protein are screened for activity at the other one. Even if only moderate activity is found
for the second protein, it can supply a useful baseline for increasing that activity by incorporating
structural elements from more potent selective ligands for this target [85].
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Figure 1. Strategies to design multi-target ligands. (A) linking of pharmacophores; (B) overlapping of
pharmacophores; (C) integration of pharmacophores.

Modern in silico approaches can be also used to design multi-target ligands and can be classified
into ligand-based and structure-based strategies [4]. Ligand-based target fishing strategies rely
either on similarity-based screening or machine learning methods [4]. Moreover, ligand-based
pharmacophores can be used. The advantage of this approach is independence from available structural
information on the protein. These methods involve 2D or 3D similarity searches. Polyphramacological
profiling of the compounds may also be based on three-dimensional structure-activity relationship
(3D-QSAR) techniques [7]. Structure-based methods involve molecular docking (e.g., docking-based
virtual screening [86] and inverse docking) or structure-based pharmacophores. The advantage of
structure-based approaches in comparison to ligand-based approaches is that they do not rely on
available activity data [4].

The main principle in designing multi-target compounds is the achievement of superior
therapeutic efficacy and safety by targeting multiple players in pathogenic cascade simultaneously [4].

3.2. Advantages and Disadvantages of Multi-Target Ligands

Multifunctional ligands are particularly interesting as their molecules have common parts
responsible for activity, and their structure is formed as a result use of pharmacophore fragments.
Receiving such hybrid compounds allows not only to improve their activity, but also to positively
affect pharmacokinetic parameters, similar to those shown by drugs used in therapy [81].

The main advantages of multi-target-drugs compared to single-target drugs and combination
therapy include: (i) reflecting the complex pathomechanism of the disease and better therapeutic
efficacy and (ii) better therapeutic safety avoidance of different bioavailabilities, pharmacokinetics,
and metabolism of a combination regimen and avoidance of drug–drug interactions [87]. Multi-target
mode of action is beneficial to combat drug resistance and development of tolerance and can be also
a base of drug repurposing. The disadvantage of MTDs is the difficulty in designing compounds
with balanced activity to multiple targets, sometimes resulting in a need to compromise activity at
some targets. Moreover, compounds obtained in particular by pharmacophore linkage are often not
drug-like due to high molecular mass.

4. Multi-Target Compounds to Treat Schizophrenia

4.1. Marketed Drugs—Second and Third Generation Antipsychotics

The second generation antipsychotics, which are nowadays the treatment of choice in cases
of schizophrenia and also bipolar disorder, are essentially multi-target compounds. It should be
emphasized, however, that many first generation antipsychotics have a complex pharmacological
profile, including haloperidol, fluphenazine and even chlorpromazine, as seen in Table 2 [88].
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Clozapine (1), Figure 2, is a classic example of a “dirty” drug which can be still considered a
“gold standard” atypical antipsychotic due to absence of extrapyramidal syndrome (EPS), superiority
in treatment of drug resistant schizophrenia and reducing suicidality [88]. Clozapine exerts severe
side effects, in particular potentially life-threatening agranulocytosis, but also weight gain, diabetes,
and seizures [89]. Both the effectiveness and side effects of clozapine result from its complex
pharmacological profile, involving high affinity to many serotonin, dopamine, muscarinic, adrenergic,
and other aminergic receptors, as seen in Figure 3 [90].

 

Figure 2. Examples of marketed multi-target second generation antipsychotics [1].

Figure 3. Pharmacological profiles of commonly used second generation antipsychotics, elaborated on
the basis of [90] with modifications.

Some problems with side-effects of clozapine were solved with the introduction of another second
generation antipsychotic, olanzapine (2), Figure 2. Olanzapine does not cause agranulocytosis but still
has metabolic side effects leading to possible weight gain [91] which can be associated with histamine
H1 receptor signaling [92] and/or the −759C/T and −697G/C polymorphisms of the 5-HT2C receptor
gene [93]. Importantly, the side-effect profile of olanzapine can be considered beneficial, with a low
incidence of EPS and little increase in prolactin during acute-phase trials [94]. Multi-receptor binding
profile of olanzapine [95] involves a nanomolar affinity for dopaminergic, serotonergic, α1 adrenergic,
and muscarinic receptors, as seen in Figure 3. Olanzapine is also used to treat bipolar disorder.
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Similarly, quetiapine (3), Figure 2, belongs to atypical antipsychotics, which, besides schizophrenia,
are applied to treat bipolar disorder and major depressive disorder. Quetiapine is dopamine D1,
dopamine D2 and serotonin 5-HT2 receptor ligand, as seen in Figure 3. Antagonism to α1 adrenergic
and histamine H1 receptor results in side effects like sedation and orthostatic hypotension. Moreover,
there are reports about quetiapine misuse and abuse which can be linked with its high affinity for the
H1 receptor, as antihistamines agents cause rewarding action, compare Figure 3 [96].

Risperidone (4), Figure 2 was marketed as the first “non-clozapine” atypical antipsychotic and it is
also used to treat the acute manic phase of bipolar disorder. Risperidone is a benzisoxazole derivative
with nanomolar affinity for serotonin (5-HT2A and 5-HT7) and dopamine D2 receptors (its affinity for
D3 and D4 receptors is three times lower), Figure 3 with a 5-HT2A/D2 affinity ratio of about 20 [11]. It
also has a strong affinity for adrenergic (α1 and α2) receptors, and some affinity for histamine (H1)
receptors [11]. Pharmacological effect of risperidone is mainly a consequence of antagonism at D2 and
5-HT2A receptors, as seen in Figure 3. Its multi-receptor profile resembles this of olanzapine, however
risperidone causes sedation less frequent and orthostatic hypotension more often than olanzapine.
There are also reports that this drug can increase the level of prolactin and cause arrhythmia.

Molindone (5), seen in Figure 2 is a dihydroindolone neuroleptic with dopamine D2, D3 and D5

receptor antagonist activity and affects mainly dopaminergic neurotransmission in the CNS as seen
in Figure 3. It is the second generation antipsychotic with atypical pharmacological profile. Its side
effects rarely involve sedation and autonomic side effects but more often extrapyramidal side effects
(more frequently than other new antipsychotics, although still less frequently than classical drugs). The
application of molindone, in contrast to other atypical antipsychotics, does not usually lead to weight
gain. Some patients with poor tolerance or response to other drugs can benefit from the treatment with
molindone [97].

An example of modern second generation multi-target drug is ziprasidone (6), as shown in
Figure 2. This antipsychotic is an optimized hybrid of dopamine receptor ligand (D2 receptor agonist)
and a lipophilic serotonin receptor ligand in which the D2 agonist activity is transformed to D2 receptor
antagonist activity. It also exhibits desirable D2/5-HT2 ratio of 11 comparable to clozapine, as seen
in Figure 3, and has lesser propensity of orthostatic hypotension. Moreover, ziprasidone has been
reported not to cause significant weight gain and even to enable some weight loss in obese patients [98].

Some new second generation antipsychotics involve iloperidone (7), asenapine (8) and lurasidone
(9), shown in Figure 4, however they have not gained popularity in clinical practice yet. Their
pharmacological profiles are presented in Figure 5 [90]. From those three drugs lurasidone seems to be
most important. Lurasidone has high antagonist activity at serotonin 5-HT2A and 5-HT7 receptors and
weaker antagonism at dopamine D2 receptor [99]. It has also partial agonist activity at serotonin 5-HT1A

receptor, considerable affinity to adrenergic α2A and weaker affinity to muscarinic receptors [99].
Lurasidone is used for treatment of schizophrenia acute bipolar depression. It has low probability of
side effects typical for second generation antipsychotics, but higher risk of akathisia in comparison to
other atypicals [99].

 

Figure 4. New second generation antipsychotics.
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Figure 5. Pharmacological profiles of some new second generation antipsychotics, elaborated on the
basis of [90] with modifications.

Third generation antipsychotics include aripiprazole (10), brexpiprazole (11) and cariprazine (12),
as seen in Figure 6. The mechanism of action of these drugs is still mainly linked to the dopaminergic
neurotransmission, shown in Figure 7, however, not to dopamine receptor antagonism but to partial
or biased agonism (functional selectivity) [100,101]. Due to partial agonism properties aripiprazole is
termed as “dopamine stabilizer” [102–104]. Aripiprazole was one of the first functionally selective
D2 receptor ligands identified that may stabilize the dopaminergic signaling through D2 receptor.
Although aripiprazole was first described as a partial D2 receptor agonist, it was later demonstrated
that aripiprazole could behave as a full agonist, a partial agonist, or an antagonist at D2 receptor
depending upon the signaling readout and cell type interrogated [105]. Aripiprazole is a partial agonist
for inhibition of cyclic adenosine monophosphate (cAMP) accumulation through the D2 receptor (i.e.,
Gα signaling) [106–108]. In contrast, it has also been reported that aripiprazole is an antagonist in
GTPγS binding assays with the D2 receptor [107,109]. It was also revealed that aripiprazole failed
to activate outward potassium currents following activation of the D2 receptor in MES-23.5 cells,
indirectly suggesting that it was inactive or possibly an antagonist for Gβγ signaling through the D2

receptor [107]. Aripiprazole was also reported to be either an antagonist [110] or a partial agonist [111]
for β-arrestin-2 recruitment.

 

Figure 6. The third generation antipsychotics [1].
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Figure 7. Pharmacological profiles of the third generation antipsychotics, elaborated on the basis of [90]
with modifications.

Aripiprazole is also a partial agonist of 5-HT1A and 5-HT2A receptors (much weaker in the latter
case) which results in functional antagonism at these receptors, as seen in Figure 7 [90]. In contrast to
classical atypical drugs, aripiprazole has higher affinity for dopamine D2 receptor than for serotonin
5-HT2A receptor. Clinical application of aripiprazole includes also bipolar disorder, major depression,
obsessive-compulsive disorder, and autism. Aripiprazole is characterized by efficacy similar to that of
both typical and atypical antipsychotic drugs (except olanzapine and amisulpride) [112]. Aripiprazole
resulted in considerably lower weight gain and lower changes in glucose and cholesterol levels in
comparison to clozapine, risperidone, and olanzapine [112]. Moreover, aripiprazole led to weaker
EPS, less use of antiparkinsonian drugs, and akathisia, in comparison to typical antipsychotic drugs
and risperidone [112]. Furthermore, aripiprazole is characterized by better tolerability compared to
other antipsychotics [113]. Adverse effects of aripiprazole may include agitation, insomnia, anxiety,
headache, constipation or nausea [103].

Brexpiprazole was approved by FDA in 2015 and is a partial agonist of dopamine D2, D3 and
serotonin 5-HT1A receptors, as well as antagonist of 5-HT2A, 5-HT2B and 5-HT7 receptors, as seen in
Figure 7 [114]. Its pharmacological properties are close to those of aripiprazole. In comparison to
aripiprazole, brexpiprazole is more potent at 5-HT1A receptors and has less intrinsic activity at D2

receptors [115]. Brexpiprazole is applied for treatment of schizophrenia and as an adjunct in major
depressive disorder. The adverse effects of this drug invole akathisisa, weight gain, infections of upper
respiratory tract, somnolence, headache, and nasopharyngitis.

Approval of both cariprazine and brexpiprazole was in 2015. Cariprazine is a new antipsychotic
displaying unique pharmacodynamic and pharmacokinetic properties [116]. As aripiprazole and
brexpiprazole, cariprazine is the dopamine D2, D3 and serotonin 5-HT1A receptors partial agonist,
as seen in Figure 7. However, its affinity for dopamine D3 receptor is approximately ten times
higher than for D2 receptors. It is metabolized to two equipotent metabolites, desmethyl cariprazine
and didesmethyl cariprazine, of which didesmethyl cariprazine has a half-life of 1 to 3 weeks [116].
Available reports indicate that cariprazine is efficient in management of cognitive and negative
symptoms of schizophrenia. It also seems to have antimanic properties and it has a potential to treat
bipolar depression [117]. However, currently it is not possible to evaluate antipsychotic potential of
cariprazine in comparison to other antipsychotics. Cariprazine may be associated with adverse effects
such as sedation, akathisia, weight gain, nausea, constipation, anxiety, dizziness [117].

The problem with the third generation antipsychotics is that they deteriorate the patient’s
condition in some patients suffering from schizophrenia. Thus, multi-target second generation
antipsychotics are nowadays a gold standard in the schizophrenia treatment, although some patients
respond better to the first generation treatment.
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4.2. Other Multi-Target Compounds for the Treatment of Schizophrenia

Although recently implemented antipsychotics (e.g., cariprazine and brexpiprazole) are the third
generation drugs, attempts are still made to design new multi-target ligands, which can be developed
into second generation antipsychotics or better third generation drugs. These efforts will be presented
in this chapter.

4.2.1. Modifications of Marketed Drugs

In recent years, a number of research groups studied halogenated arylpiperazines as a privileged
scaffold active in CNS resulting in antipsychotics such as aripiprazole, trazodone and cariprazine [118].
The multimodal receptor profile of aripiprazole (5-HT1A, 5-HT2A, 5-HT7, D2 and D3 receptors), as well
as its functional profile as a partial agonist of D2 and 5-HT1A receptors and antagonist of 5-HT2A and
5-HT7 sites, makes it a good starting point to design compounds with antipsychotic, antidepressant,
and anxiolytic activity [119]. Expanding the concept of mixed serotonin/dopamine receptor agonists as
novel antipsychotics, Butini et al. designed a series of aripiprazole analogs that combined high affinity
for 5-HT1A and 5-HT2A receptors, low affinity for D2 receptors and high affinity for D3 receptors.
The structures of the compounds were based mainly on the 2,3-dichlorophenylpiperazine core
structure, which was functionalized with isoquinoline-amide and quinolone- and isoquinoline-ether
moieties, e.g., compound (13), compared in Figure 8. The study revealed that the optimal
serotonin/dopamine receptor affinity balance was characterized by compounds with isoquinoline or
benzofurane rings as heteroatomic systems [120]. As a continuation of their studies they developed a
series bishetero(homo)arylpiperazines as novel and potent multifunctional ligands characterized by
high affinity to D3, 5-HT1A and low occupancy at D2 and 5-HT2C receptors [121].

 

Figure 8. Novel potential multi-target antipsychotics derived from aripiprazole structure. Q: quinolone
or isoquinoline.

In 2013 Zajdel et al. developed a series of new quinoline- and isoquinoline-sulfonamide
analogs of aripiprazole to explore the effect of the replacement of the ether/amide moiety
with sulfonamide, as well as the localization of a sulfonamide group in the azine moiety,
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(14–16), see in Figure 8. In this study, two specific compounds displayed 5-HT1A agonistic,
D2 partial agonistic and 5-HT2A/5-HT7 antagonistic activity, thus resulting in significant
antidepressant activity in mice models of depression [119]. Furthermore, the 4-isoquinolinyl analog
(N-(4-(4-(2,3-dichlorophenyl)piperazin-1-yl)butyl)isoquinoline-4-sulfonamide) not only exhibited
a similar receptor binding and functional profile but also displayed significant antipsychotic
activity in MK-801-induced hyperlocomotor activity in mice [119]. These results supported
the study previously conducted by Zajdel and coworkers in 2012, which reported on
quinoline- and isoquinoline-sulfonamide derivatives of long-chain arylpiperazines with 3- or
4-chloro-phenylpiperazine moieties as potential antidepressant, anxiolytic and antipsychotic
agents [122].

Partyka et al. inspired by previous findings on a group of N-alkylated azinesulfonamides,
synthesized a series of 15 azinesulfonamides of phenylpiperazine derivatives, based on
4-(4-{2-[4-(4-chlorophenyl)-piperazin-1-yl]-ethyl}-piperidine-1-sulfonyl)-isoquinoline with semi-rigid
alkylene spacer (17), as seen in Figure 8, and evaluated them as multimodal dopamine/serotonin
receptor ligands. The study allowed to identify compound 5-({4-(2-[4-(2,3-dichlorophenyl)
piperazin-1-yl]ethyl)piperidin-1-yl}sulfonyl)quinolone which behaved as mixed D2/5-HT1A/5-HT7

receptor antagonist. Preliminary pharmacological in vivo evaluation showed that compound was
active in MK-801-evoked hyperactivity test in mice, and produced antidepressant-like activity in
a mouse model of depression. Further studies in the area of CNS agents with multiple mode
of action might confirmed its broad-based efficacy in the treatment of comorbid symptoms of
schizophrenia/depression/anxiety [123].

In 2007 the atypical antipsychotic bifeprunox [1-(2-oxo-benzoxazolin-7-yl)-4-(3-biphenyl)
methylpiperazine], with dual D2 and 5-HT1A partial agonist activity, was filed for regulatory approval
with the Food and Drug Administration (FDA), however the application was rejected owing to the
weakness of evidence submitted and the death of a patient involved in the clinical trials. Nevertheless,
through various molecular modification studies, it was established that the phenylpiperazine moiety
is responsible for its antiserotonergic and antidopaminergic activity of this compound [120]. Based
on these findings and the anti-inflammatory, nitric oxide synthase inhibitory activity, antidiabetic
and antifungicidal activity of biphenyl compounds, a hybrid structure comprising a biphenyl and
arylpiperazine moiety with an acetyl linker was designed [124]. In this study Bhosale et al. focused
on combining the beneficial effects of the biphenyl moiety of bifeprunox with the methylpiperazine
moiety of the aripiprazole. The newly designed hybrid antipsychotic scaffold (18) is presented in
Figure 9.

 
Figure 9. Design of multi-target hybrid compound based on aripiprazole and bifeprunox scaffold.
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4.2.2. Other Multi-Target Compounds with Potential Application for the Treatment of Schizophrenia

It has been reported that the adjunctive usage of a neuroleptic together with selective serotonin
reuptake inhibitor (SSRI), e.g., fluvoxamine, fluoxetine or citalopram is beneficial for the treatment
of negative symptoms of schizophrenia without increasing EPS [125]. In this regard van Hes et al.
elaborated SLV310, seen in Figure 10, (19), as a novel, potential antipsychotic displaying the interesting
combination of potent dopamine D2 receptor antagonism and serotonin reuptake receptor inhibition
in one molecule which can be useful in treatment a broad range of symptoms in schizophrenia [126].
Subsequently the same research group obtained a series of compounds displaying D2 receptor
antagonism as well as SSRI properties by connecting the aryl piperazine of a neuroleptic with the
indole moiety of a SSRI through alkyl chain in order to obtain promising antipsychotic agents, seen
in Figure 10, (20). Optimization of length of the alkyl linker chain, substitution pattern of the indole
moiety and bicyclic heteroaryl part has led to the maximally potent compound. Further, the molecular
modelling studies have shown that the bifunctional activity of compound can be explained by its
ability to adopt two different conformations fitting either D2 receptor or SR pharmacophore without
the disadvantages of potential pharmacokinetic interactions [127].

 

Figure 10. Dopamine D2 receptor antagonists with selective serotonin reuptake inhibitor (SSRI) activity.

Li et al. reported synthesis and structure-activity relationships of a series of tetracyclic
butyrophenones that display high affinities to serotonin 5-HT2A and dopamine D2 receptors [128]. In
particular, ITI-007 (4-((6bR,10aS)-3-methyl-2,3,6b,9,10,10a-hexahydro-1H,7H-pyrido[3′,4′:4,5]pyrrolo
quinoxalin-8-yl)-1-(4-fluorophenyl)-butan-1-one 4-methylbenzenesulfonate), seen in Figure 11, (21),
was found to be a potent 5-HT2A receptor antagonist, postsynaptic D2 receptor antagonist and inhibitor
of serotonin transporter [128].

 
Figure 11. ITI-007, a potent 5-HT2A receptor antagonist, postsynaptic D2 receptor antagonist and
inhibitor of serotonin transporter.
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In the latest study, Zajdel et al. [129] designed, synthesized and characterized a new
series of azinesulfonamides of alicyclic amine derivatives with arylpiperazine/piperidine scaffold.
Structure-activity studies of this compound series disclosed that the (isoquinolin-4-ylsulfonyl)-
(S)-pyrrolidinyl fragment and the 1,2-benzothiazol-3-yl- and benzothiophen-4-yl-piperazine fragments
were beneficial for affinity to 5-HT1A, 5-HT2A, 5-HT6, 5-HT7, D2 and D3 receptors. Furthermore,
binding of these compounds with 5-HT6 receptor depended on the stereochemistry of the alicyclic
amine. Within this compound series, (S)-4-((2-(2-(4-(benzo[b]thiophen-4-yl)piperazin-1-yl)ethyl)
pyrrolidin-1-yl) sulfonyl) isoquinoline, seen in Figure 12, (22), was identified as a potential novel
antipsychotic. This compound is also characterized by blockade to SERT. Because it reverses
PCP-induced hyperactivity and avoidance behavior in the CAR test, (22) it can be used to treat
positive symptoms of schizophrenia. Next, its ability to reverse the social interaction deficit in a
ketamine model and memory impairment in phencyclidine (PCP)- and ketamine-disrupted conditions
reveals that that drug can improve the negative symptoms and has procognitive activity. Importantly,
this compound did not have cardiac toxicity and tendency of inducing catalepsy [129].

 
Figure 12. Multi-target ligand of aminergic G protein-coupled receptors (GPCRs) with SERT
inhibitory properties.

In order to obtain novel antipsychotics Menegatti et al. designed and synthesized a series of
N-phenylpiperazine derivatives [130]. A few compounds, i.e., 1-[1-(4-chlorophenyl)-1H-pyrazol-4-
ylmethyl]-4-phenyl-piperazine (LASSBio-579, 23, Figure 13), 1-phenyl-4-(1-phenyl-1H-[1,2,3]triazol-4-
ylmethyl)-piperazine (LASSBio-580) and 1-[1-(4-chlorophenyl)-1H-[1,2,3]triazol-4-ylmethyl]-4-phenyl-
piperazine (LASSBio-581) were selected based on potential antipsychotic activity. It was found that
LASSBio-579 is the most promising of the three compounds, thanks to its affinity to both dopamine
and serotonin receptors, in particular agonist activity at 5-HT1A receptor [131]. Thus, this multi-target
compound was active in animal models of psychosis and reversed the catalepsy induced by WAY
100,635, Furthermore, co-administration of sub-effective doses of LASSBio-579 with sub-effective
doses of clozapine or haloperidol prevented apomorphine-induced climbing without induction of
catalepsy [131].
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Figure 13. Potential multi-target (dopamine and serotonin receptor ligands) antipsychotics.

In 2013, another team synthesized and made a pharmacological evaluation of the antipsychotic
homologues of the lead compound LASSBio-579. The applied homologation approach turned
out to be appropriate for increasing the affinity of these compounds to the 5-HT2A receptors,
with no significant changes in the affinity for the D2, D4 and 5-HT1A receptors. In this context,
(1-(4-(1-(4-chlorophenyl)-1H-pyrazol-4-yl) butyl)-4-phenylpiperazine) (LASSBio-1635, 24), Figure 13
was the most promising derivative with a ten-fold higher affinity for the 5-HT2A receptor than its parent
compound. Moreover, LASSBio-1635 displayed beneficial antagonistic efficacy at the 5-HT2A receptors.
Next, LASSBio-1635 has also a 4-fold higher affinity for α2 adrenergic receptors in comparison to
LASSBio-579 and the favorable antagonistic efficacy. This multi-target ligand fully prevented the
apomorphine-induced climbing in mice and prevented the ketamine-induced hyperlocomotion at
doses with no effect on the mice locomotor activity [132].

In order to search for potential multi-target antipsychotics, Kaczor et al. [86] performed
structure-based virtual screening using a D2 receptor homology model in complex with olanzapine
or chlorprothixene. As a result of a screen they selected 21 compounds, which were subjected to
experimental validation. From 21 compounds tested, they found ten D2 ligands (47.6% success rate,
among them D2 receptor antagonists as expected) possessing additional affinity to other receptors
tested, in particular to 5-HT1A (partial agonists) and 5-HT2A receptors (antagonists). The affinity of
the compounds ranged from 58 nM to about 24 μM. Similarity and fragmental analysis indicated a
significant structural novelty of the identified compounds. The best compound (D2AAK1, 25) has
affinity of 58 nM to D2 receptor and nanomolar or low micromolar affinity to D1, D3, 5-HT1A and
5-HT2A receptors. D2AAK1 is an antagonist at D2 receptor and 5-HT2A receptor and a partial agonist
at 5-HT1A receptor which is favorable for antipsychotic activity [131]. They found one D2 receptor
antagonist (D2AAK2, 26) that did not have a protonatable nitrogen atom which is a key structural
element of the classical D2 pharmacophore model necessary to interact with the conserved Asp(3.32).
This compound exhibited over 20-fold binding selectivity for the D2 receptor compared to the D3

receptor. The four best compounds (D2AAK1–D2AAK4, 25–28, Figure 14) were subjected to in vivo
evaluation. In particular compound D2AAK1 decreased amphetamine-induced hyperactivity (when
compared to the amphetamine-treated group), measured as spontaneous locomotor activity in mice.
In addition, in a passive avoidance test this compound improved memory consolidation after acute
treatment in mice. Elevated plus maze tests indicated that D2AAK1 compound induced anxiogenic
activity 30 min after acute treatment and anxiolytic activity 60 min after administration [133].
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Figure 14. Multi-target compounds obtained in structure-based virtual screening.

AVN-101 (29, Figure 12) is another multi-target drug candidate that has an advantageous target
fingerprint of activities with prevalent affinity to serotonin receptors, mainly 5-HT7, 5-HT6, 5-HT2A,
and 5-HT2C, as well as to adrenergic α2B, α2A, and α2C and histamine H1 and H2 receptors. The
AVN-101 exhibits positive effects in the animal models of both impaired and innate cognition. It also
exhibited significant anxiolytic and anti-depressant capabilities [134].

2-[4-(6-fluorobenzisoxazol-3-yl)piperidinyl]methyl-1,2,3,4-tetrahydro-carbazol-4-one (QF2004B),
a conformationally constrained butyrophenone analog (30, Figure 15) has a multi-receptor profile with
affinities similar to those of clozapine for serotonin (5-HT2A, 5-HT1A, and 5-HT2C), dopamine (D1, D2,
D3 and D4), alpha-adrenergic (α1, α2), muscarinic (M1, M2) and histamine H1 receptors. In addition,
QF2004B mirrored the antipsychotic activity and atypical profile of clozapine in a broad battery of
in vivo tests including locomotor activity, apomorphine-induced stereotypies, catalepsy, apomorphine-
and DOI (2,5-dimethoxy-4-iodoamphetamine)-induced prepulse inhibition (PPI) tests. These results
point to QF2004B as a new lead compound with a relevant multi-receptor interaction profile for the
discovery and development of new antipsychotics [135].

 
Figure 15. Multi-target ligands of aminergic GPCRs as potential antipsychotics.

Searching for potential multi-target antipsychotics, Huang et al. [136] obtained a series of
compounds bearing benzoxazole-piperidine (piperazine) scaffold with considerable dopamine D2 and
serotonin 5-HT1A and 5-HT2A receptor binding affinities. The best compound (31, Figure 16) had high
affinity to D2, 5-HT1A and 5-HT2A receptors, but low affinities foroff-targets (the 5-HT2C and histamine
H1 receptors and human ether-a-go-go-related gene (hERG) channels). This compound diminished
apomorphine-induced climbing and DOI-induced head twitching without observable catalepsy, even
at the highest dose tested making it a promising candidate for multi-target antipsychotic treatment.
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Figure 16. Multi-target ligands of aminergic GPCRs as potential antipsychotics with low affinity
to off-targets.

Chen et al. [137] obtained potential antipsychotic coumarin derivatives, having potent dopamine
D2, D3, and serotonin 5-HT1A and 5-HT2A receptor affinities. The best compound, seen in 32, Figure 16,
also possesses low affinity for 5-HT2C and H1 receptors and hERG channels. In behavioral studies this
compound inhibited apomorphine-induced climbing behavior, MK-801-induced hyperactivity, and the
conditioned avoidance response without observable catalepsy. Further, fewer preclinical side effects
were observed for (32) in comparison to risperidone in assays that measured prolactin secretion and
weight gain.

Another group synthesized a series of benzisothiazolylpiperazine derivatives combining potent
dopamine D2 and D3, and serotonin 5-HT1A and 5-HT2A receptor affinities [138]. The best compound,
as seen in (33), Figure 17, had significant affinity for D2, D3, 5-HT1A, and 5-HT2A receptors,
accompanied by a 20-fold selectivity for the D3 versus D2 subtype, and a low affinity for muscarinic M1

and for hERG channels. In animal studies this compound blocked the locomotor-stimulating effects of
phencyclidine, inhibited conditioned avoidance response, and improved the cognitive impairment in
the novel object recognition tests in rats [138].

 
Figure 17. Potential multi-target antipsychotics with low probability of adverse effects.

In a recent study Xiamuxi et al. [139] reported a series of tetrahydropyridopyrimidinone
derivatives, possessing potent dopamine D2, serotonin 5-HT1A and 5-HT2A receptors affinities. The
most promising compound, seen in (34), Figure 17, displayed high affinity to D2, 5-HT1A, and
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5-HT2A receptors, with low affinity to α1A, 5-HT2C, H1 receptors and hERG channels. In animal
models, this compound diminished phencyclidine-induced hyperactivity with a high threshold for
catalepsy induction.

In another new study Yang et al. [140] designed a series of benzamides, with potent dopamine
D2, serotonin 5-HT1A and 5-HT2A receptor affinity. Two best compounds, seen in (35) and (36),
Figure 18, were not only potent D2, 5-HT1A, and 5-HT2A receptor ligands, but they were weak binders
of 5-HT2C, H1 receptors and hERG channels. In behavioral studies these compounds decreased
phencyclidine-induced hyperactivity with a high threshold for catalepsy induction.

 
Figure 18. Benzamides as potential multi-target antipsychotics with low probability of side effects.

5. Conclusions and Perspectives

The growing pace of life promotes mental disorders. Pharmacotherapy for schizophrenia is
nowadays very effective, in particular regarding treating positive symptoms of the disease, but at
the same time there is a tremendous, unmet clinical need for the therapy of negative and cognitive
symptoms, as well as for the management of drug resistant schizophrenia. Over the last half century,
there has been only limited progress in the innovating mechanisms of action and the developing
novel therapeutic agents for the treatment of schizophrenia. However, the breadth of potential
goals and tested compounds clearly shows interest and importance in the pursuit of innovative
drug development. A multi-target approach to drug design and discovery is now a hot topic in
medicinal chemistry, in particular for the treatment of complex diseases such as schizophrenia. It
should be emphasized that regarding management of schizophrenia, nothing more effective than
multi-target treatment has been proposed. Involvement of nicotinic and glutamatergic targets in
modern multi-target drugs can be beneficial for the treatment of negative symptoms and cognitive
impairment. Another potential strategy is exploration novel signaling mechanisms concerning in
particular GPCRs, such as allosteric modulation, biased signaling (functional selectivity), and receptor
oligomerization. However, this approach will also be more promising when it involves multiple targets.
In summary, as current multi-target antipsychotics are mainly orthosteric ligands of aminergic GPCRs
with SSRI or SERT inhibitory activity in some cases, there is a huge unexplored area to include other
receptors and enzymes as drug targets and to explore the wealth of signaling mechanism beyond the
ternary complex model of GPCRs.
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Abbreviations

3D QSAR Three-dimensional structure-activity relationship
AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
cAMP Cyclic adenosine monophosphate
CAR Conditioned avoidance response
CNS Central nervous system
cNT PDEs Cyclic nucleotide phosphodiestereases
EPS Extrapyramidal symptoms
FDA Food and Drug Administration
GABA γ-Aminobutyric acid
GPCRs G protein-coupled receptors
GSK-3 Glycogen synthase kinase-3
GTP Guanosine-5′-triphosphate
LSD Lysergic acid diethylamide
MTDs Multi-target drugs
NMDA N-methyl-D-aspartate
PCP Phencyclidine
SSRI Selective serotonin reuptake inhibitor
VTA Ventral tegmental area
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Abstract: Studies indicate the heritable nature of affective temperament, which shows personality
traits predisposing to the development of mental disorders. Dopaminergic gene polymorphisms
such as DRD4, COMTVal158Met, and DAT1 have been linked to affective disorders in obesity. Due to
possible correlation between the aforementioned polymorphisms and the affective temperament,
the aim of our research was to investigate this connection in an obese population. The study enrolled
245 obese patients (178 females; 67 males). The affective temperament was assessed using the
Temperament Evaluation of Memphis, Pisa, Paris, and San Diego autoquestionnaire (TEMPS-A).
Genetic polymorphisms of DAT1, COMTVal158Met and DRD4 were collected from peripheral blood
sample and determined using a polymerase chain reaction (PCR). Only in COMT polymorphisms,
the cyclothymic and irritable dimensions were significantly associated with Met/Val carriers (p = 0.04;
p = 0.01). Another interesting finding was the correlation between the affective temperament and
age in men and women. We assume that dopamine transmission in heterozygotes of COMT may
determine the role of the affective temperament in obese persons. Dopaminergic transmission
modulated by COMT may be responsible for a greater temperament expression in obese individuals.
To our knowledge, this is the first study describing the role of affective temperament in the obese
population, but more research is needed in this regard.

Keywords: dopaminergic gene polymorphisms; affective temperament; obesity

1. Introduction

Previous research devoted to eating disorders, mainly related to anorexia and bulimia, indicated
the possibility of specific personality traits related to both the predisposition to the disease and those
affecting the course and clinical picture of the disease [1]. The psychological aspects of predisposition to
obesity are mostly: disorders of the self-regulation mechanism, beliefs and expectations of the individual,
personality traits, difficulties in coping with stress and experienced emotions [2]. Recent psychiatric
studies suggest that there is a link between obesity and mood disorders. The association between
obesity and depression occurred in childhood. Previous research indicated that the symptoms of
eating disorders are common and that patients with bipolar disorder are more obese than the control
group [3–5]. The results indicate that the symptoms of eating disorders are common and that patients
with bipolar disorder are more obese than the control group [6,7]. Along with the broadening of
the limits of diagnostic criteria for bipolar disorder (BD) over the last years, research has pointed to
the high prevalence of less severe forms of BDs, in particular hypomania, among obese patients [8].
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Dopamine might be a factor linking obesity with mood disorders, especially given that maladaptive
changes in dopaminergic transmission have been observed in obesity and [9–11].

Yokum et al. (2015) tested the multilocus genetic composite risk score—a proxy for dopaminergic
signaling—and future changes in BMI values. The results of their study revealed that DRD4,
COMTVal158Met and DAT1 polymorphisms, putatively associated with a greater DA signaling
capacity, were linked to greater increases in the BMI; hence the future weight gain [12].

According to the regulatory theory, the temperament is the basic, relatively permanent character
traits that manifests in the formal specifics of behavior. These features are already present in
early childhood and are common to humans and animals. Being originally determined by innate
physiological mechanisms, temperament may change under the influence of puberty, aging and certain
environmental factors. In their work, Serafini et al. (2015) showed that unpleasant events, inter alia:
sexual abuse, physical abuse, child maltreatment or domestic violence, were associated with greater
depression and suicidality in adolescents. It is worth noting that the type of events, as well as the
frequency and the timing of maltreatment, may influence the risk of psychiatric disorders, including
suicidal behavior, due to the disruption in the brain development connected to cognitive, social or
emotional functioning [13].

According to Arnold Buss and Robert Plomin (1984), temperament is a set of inherited personality
traits that are revealed in early childhood. The temperament understood in this way is the basis
for shaping and developing personality [14]. According to the assumptions of modern psychiatry,
temperament is considered a personality aspect that takes into account the constant behavior of the
individual, predicts mood changes and is strongly genetically conditioned [15–17].

An important researcher in the field of psychiatry, Emil Kraepelin, believed that a depressive
temperament, and a manic, irritable and cyclothymic temperament is not only represented by affective
predispositions, but also by subclinical variations of manic and depressive disorders. Akiskal et al.
distinguished four types of affective temperament: depressive, manic, irritable and cyclothymic. In later
studies, manic temperament was changed to hyperthymic temperament, and anxiety temperament
was added [18–20]. The conceptualization of these five types of temperament has led to the creation
of a TEMPS psychometric tool (Temperament Evaluation of Memphis, Pisa, Paris and San Diego).
In studies utilizing this tool, obese patients showed significantly higher results in cyclothymic, irritable
and anxious temperaments compared to the control group [21]. Assuming that the cyclothymic
temperament is part of the mild spectrum of BD, these results are consistent with previous studies
suggesting a higher incidence of bipolar symptoms in people with obesity [8].

The relationship between temperamental traits in Cloninger’s concept (Temperament and
Character Inventory—TCI) and gene polymorphism for the serotonergic and dopaminergic systems
was also found. Research is still under way to determine the role of genes in the regulation and
emergence of bipolarity and affective temperament [22]. So far, in obesity, this type of research is
scarce. Our previous study showed a significant contribution of the SERT gene in the regulation of
temperament in the obese population [23].

There are few studies in the literature describing the connection between polymorphisms of
the dopaminergic system genes with personality traits, character or temperament. Thus, the aim
of this project is to determine the possible role of dopaminergic pathways in the regulation of the
affective temperament in the obese population. In order to accomplish our objects, we formulated the
following hypotheses:

1. Individuals with higher BMI values will have greater scores in cyclothymic, anxious and
irritable temperaments, which are associated with the predisposition to psychiatric comorbidities.

2. A lower dopaminergic transmission modulated by the following gene polymorphisms:
COMTVal158Met, DRD4 and DAT1, will be associated with a higher BMI and more pronounced
cyclothymic, anxious and irritable dimensions.
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2. Results

Basic demographic data and TEMPS-A dimensions in a group of women and men are shown in
Table 1. There were significant differences only in terms of more depressed and irritable dimensions in
the group of men.

Table 1. Age, body mass index (BMI) and results on the TEMPS-A scale in study participants. Data are
presented as medians, and 25th and 75th quartiles.

Female Male
P Cohen’s d

(n = 178) (n = 67)

Age 41 42
0.11 0.24(36.0–47.0) (34.0–48.5)

BMI
40.7 41.4

0.8 0.03(36.3–47.0) (35.2–48.5)

TEMPS_D
0.38 0.43

0.04 0.36(0.28–0.52) (0.24–0.43)

TEMPS_C
0.36 0.47

0.09 0.29(0.24–0.52) (0.23–0.62)

TEMPS_H
0.52 0.52

0.53 0.1(0.35–0.62) (0.38–0.64)

TEMPS_I
0.14 0.23

0.001 0.42(0.05–0.28) (0.09–0.33)

TEMPS_A
0.33 0.35

0.12 0.18(0.24–0.55) (0.17–0.51)

BMI, body mass index; TEMPS_D—depressive subscale of TEMPS-A; TEMPS_C—cyclothymic subscale of TEMPS-A;
hyperthymic subscale of TEMPS-A; TEMPS_I—irritable subscale of TEMPS-A; TEMPS_A—anxious subscale of
TEMPS-A. Significance of differences between sexes was determined by the Mann—Whitney U test. Size effect was
measured by Cohen’s d method.

Table 2 shows the analysis of associations between the temperamental dimensions (according to
TEMPS-A) and both the age and BMI. Our results revealed, that in the group of women, a greater age
significantly correlated with more expressed dimensions of depression and anxiety. Regarding the BMI,
we observed its positive correlation with a greater expression of the hyperthymic temperament and
a smaller cyclothymia. On the other hand, in the group of men, there was a negative correlation between
age and cyclothymia. In this group, the dimensions of cyclothymia and irritability were significantly
more pronounced, as the BMI values increased. A partial Kendall’s regression in the group of women
showed the significance of the relationship between the age and depressive temperament, the age and
anxiety temperament as well as between the BMI and cyclothymic temperament. On the other hand,
in the group of men, the significance was confirmed for the BMI and cyclothymic temperament.

When analyzing the correlations of the studied COMT gene polymorphisms in the subgroups
of both sexes (Table 3), no significant relationships were found. Thus, we performed an ANOVA for
the entire group, and then conducted a post hoc analysis only for significant results for the ANOVA,
which revealed a significantly greater expression of cyclothymia in the heterozygote subgroup.
Similarly, the irritability was more pronounced in the heterozygous group.

A multiple testing procedure was then performed to confirm the validity of the relevant results.
After applying the Bonferroni correction, it was confirmed that the still results for the COMT gene
alleles and TEMPS-A cyclothymic (p = 0.01) and irritable (p = 0.01) dimensions are considered to
be significant.

According to Table 4, the analyses carried out for the DAT1 polymorphism did not show any
significant relationships of temperament dimensions according to TEMPS-A.
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Table 3. COMT polymorphisms and TEMPS results in study group.

All Group

(n = 245)

G/G G/A A/A p
(n = 64) (n = 120) (n = 61)

BMI
40.9 42,5 42,4

0.52(36.7–44.3) (36.5–49.0) (37.0–48.1)

TEMPS_D
0.36 0.42 0.38

0.36(0.28–0.42) (0.28–0.52) (0.28–0.43)

TEMPS_C 0.04

Post-hoc
0.28 0.47 0.38 G/G vs G/A p = 0.014

(0.16–0.47) (0.24–0.64) (0.23–0.52) G/A vs A/A ns
G/Avs AA na

TEMPS_H
0.57 0.47 0.57

0.07(0.50–0.67) (0.28–0.61) (0.38–0.57)

TEMPS_I 0.01

Post-hoc
0.09 0.26 0.09 G/G vs G/A p = 0.01

(0.04–0.16) (0.09–0.33) (0.05–0.24) G/A vs A/A ns
G/Avs AA ns

TEMPS_A
0,32 0,35 0.32

0.52(0.20–0.52) (0.22–0.59) (0.24–0.52)

BMI, body mass index; TEMPS_D—depressive subscale of TEMPS-A; TEMPS_C—cyclothymic subscale of TEMPS-A;
TEMPS_H—hyperthymic subscale of TEMPS-A; TEMPS_I—irritable subscale of TEMPS-A; TEMPS_A—anxious
subscale of TEMPS-A. Significance of differences between subgroups was determined by the Kruskal-Wallis ANOVA.
Post-hoc analysis was conducted with Fisher’s NIR test.

Table 4. DAT polymorphisms and TEMPS-A scale results in study group.

All Group

(n =245)

L/L L/S S/S p
(n = 117) (n = 103) (n = 25)

BMI
41.2 41.6 40.7

0.9(36.2–48.9) (35.8–48.5) (39.9–46.8)

TEMPS_D
0.42 0.38 0.38

0.71(0.28–0.52) (0.28–0.47) (0.28–0.47)

TEMPS_C
0.38 0.38 0.33

0.86(0.24–0.62) (0.23–0.57) (0.29–0.48)

TEMPS_H
0.52 0.52 0.57

0.87(0.36–0.61) (0.38–0.62) (0.38–0.62)

TEMPS_I
0.19 0.14 0.09

0.23(0.07–0.33) (0.05–0.28) (0.04–0.29)

TEMPS_A
0.32 0.33 0.44

0.41(0.21–0.52) (0.24–0.52) (0.28–0.59)

BMI, body mass index; TEMPS_D—depressive subscale of TEMPS-A; TEMPS_C—cyclothymic subscale of TEMPS-A;
TEMPS_H—hyperthymic subscale of TEMPS-A; TEMPS_I—irritable subscale of TEMPS-A; TEMPS_A—anxious
subscale of TEMPS-A. Significance of differences between subgroups was determined by the Kruskal-Wallis ANOVA.

Due to a small group of DRD4 L/L carriers, we combined groups of individuals with L/L and L/S
together, tagged them as L-carriers, and performed proper calculations. Nevertheless, as shown in
Table 5, the obtained results regarding the analysis of the dependencies for DRD4 polymorphisms did
not show any significant associations, in the examined group of obese subjects.
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Table 5. DRD4 polymorphisms and TEMPS-A results in subgroups of women and men.

All Group

(n = 245)

L/L; L/S S/S 114 p
(n = 84) (n = 161)

BMI
42.9 41.8

0.21(38.5–49.0) (37.2–47.1)

TEMPS_D
0.4 0.33

0.25(0.28–0.47) (0.28–0.47)

TEMPS_C
0.38 0.47

0.64(0.24–0.61) (0.23–0.57)

TEMPS_H
0.47 0.19

0.15(0.35–0.59) (0.05–0.28)

TEMPS_I
0.16 0.19

0.27(0.05–0.33) (0.20–0.55)

TEMPS_A
0.32 0.35

0.75(0.24–0.47) (0.20–0.54)

BMI, body mass index; TEMPS_D—depressive subscale of TEMPS-A; TEMPS_C—cyclothymic subscale of TEMPS-A;
TEMPS_H—hyperthymic subscale of TEMPS-A; TEMPS_I—irritable subscale of TEMPS-A; TEMPS_A—anxious
subscale of TEMPS-A. Significance of differences between subgroups was determined by the Kruskal-Wallis ANOVA.

After making calculations of one-dimensional analyses on TEMPS-A (Table 6), we confirmed the
significant interaction effect for the gender and following temperaments: depressive, cyclothymic and
irritable; for the BMI and anxious temperament; and for COMT Val158Met and both the cyclothymic
and irritable temperament. However, we did not observe any significance for the age and other
examined polymorphisms (Table 6).

Table 6. Analyses of unidimensional interaction effects for TEMPS-A temperaments subscales.

TEMPS-D TEMPS-C TEMPS-H TEMPS-I TEMPS-A

SS F p SS F p SS F p SS F p SS F p

Gender 0.15 5.3 0.02 0.23 4.6 0.03 0.01 0.36 0.54 0.18 6.1 0.01 0.04 0.94 0.33

Age 2.08 1.38 0.06 2.07 0.68 0.94 2.07 1.01 0.46 1.89 1.19 0.20 3.03 1.17 0.22

BMI 0.11 0.78 0.65 0.35 4.7 0.11 0.06 0.20 0.96 0.37 4.9 0.10 0.24 17.1 0.01

DAT1 0.02 0.38 0.68 0.22 0.22 0.79 0.007 0.1 0.90 0.09 1.53 0.21 0.05 0.52 0.59

COMT 0.07 1.49 0.22 0.32 3.2 0.04 0.22 2.9 0.05 0.20 3.4 0.03 0.10 1.07 0.34

DRD4 0.02 0.49 0.61 0.04 0.39 0.67 0.07 1.08 0.34 0.07 1.36 0.35 0.01 0.11 0.89

One-dimensional analysis of significance (ANOVA) F-test based on SS.

The Wald statistic in the logistic regression model indicated the coefficient of gender to be a
significant predictor of the TEMPS-D results, and the COMT polymorphism to be a significant predictor
of the TEMPS-H and TEMPS-I results (Table 7). These test results for COMT in predicting TEMPS-C
and TEMPS-D, and for DAT1 in predicting TEMPS-I, remained in the trend.
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Table 7. Logistic regression model coefficients on TEMPS-A temperaments subscales.

TEMPS-D

B S.E. Wald df p 95%C.I. 95%C.I.

Lower Upper

Gender 0.164 0.057 8.05 1 0.004 0.278 0.05

Age 0.003 0.004 0.69 1 0.4 0.011 −0.004

BMI 0.00008 0.006 0.01 1 0.89 0.013 −0.11

DAT1 0.036 0.06 0.37 2 0.82 0.157 −0.085

COMT −0.126 0.07 5.7 2 0.057 0.018 −0.272

DRD4 −0.100 0.196 0.27 2 0.86 0.284 −0.485

TEMPS-C

B S.E. Wald df p 95%C.I. 95%C.I.

Lower Upper

Gender −0.13 0.066 3.95 1 0.04 −0.001 −0.262

Age −0.0007 0.005 0.01 1 0.9 0.01 −0.012

BMI 0.008 0.008 1.09 1 0.29 0.296 −0.007

DAT1 −0.045 0.08 0.3 2 0.85 0.12 −0.21

COMT −0.177 0.111 2.99 2 0.055 0.04 −0.39

DRD4 0.137 0.168 0.83 2 0.65 0.366 0.117

TEMPS-H

B S.E. Wald df p 95%C.I. 95%C.I.

Lower Upper

Gender −0.07 0.05 2.33 1 0.12 0.021 −0.175

Age 0.0008 0.003 0.05 1 0.81 0.008 −0.006

BMI 0.002 0.006 0.2 1 0.64 0.014 −0.009

DAT1 −0.019 0.06 0.27 2 0.87 0.098 −0.137

COMT 0.12 0.06 6.05 2 0.04 0.241 −0.002

DRD4 −0.07 0.18 2.45 2 0.29 0.282 −0.239

TEMPS-I

B S.E. Wald df p 95%C.I. 95%C.I.

Lower Upper

Gender 0.032 0.094 0.11 1 0.73 0.217 −0.152

Age 0.003 0.008 0.17 1 0.67 0.021 −0.013

BMI 0.005 0.014 0.13 1 0.71 0.033 −0.023

DAT1 0.299 0.143 5.44 2 0.065 0.58 0.019

COMT −0.35 0.211 5.92 2 0.04 0.074 −0.756

DRD4 0.322 0.207 3.13 2 0.2 −0.084 0.12

TEMPS-A

B S.E. Wald df p 95%C.I. 95%C.I.

Lower Upper

Gender 0.085 0.078 1.18 1 0.27 0.238 −0.068

Age 0.005 0.005 0.8 1 0.37 0.016 −0.005

BMI −0.008 0.008 0.95 1 0.32 0.008 −0.026

DAT1 −0.08 0.086 1.05 2 0.59 0.349 0.088

COMT −0.219 0.1 4.2 2 0.12 0.04 −0.009

DRD4 −0.11 0.257 0.21 2 0.89 0.386 −0.623

BMI, body mass index; TEMPS_D—depressive subscale of TEMPS-A; TEMPS_C—cyclothymic subscale of TEMPS-A;
TEMPS_H—hyperthymic subscale of TEMPS-A; TEMPS_I—irritable subscale of TEMPS-A; TEMPS_A—anxious
subscale of TEMPS-A.
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3. Discussion

To date, many studies point to the connection between obesity and mood disorders, such as
depression or BD [24–28]. Oniszczenko et al. (2015) suggest that personality traits expressed
by temperament may constitute specific risk factors for the development of obesity. Those traits
might determine behaviors which hinder weight loss or cause excess eating. Moreover, mentioned
temperaments may also contribute to the proneness to mood disorders associated with obesity [29].

Therefore, research on a neurobiological basis of affective temperament could convey essential
details of how dopaminergic gene polymorphisms add to the pathogenesis of mood disorders in
the obese population; it may, in particular, explain that changes in dopamine transmission may be a
causative and a common factor in the development of obesity, as well as of affective diseases [30–32].

In this study, we analyzed affective temperament dimensions in an obese population using the
TEMPS-A autoquestionnaire. Subsequently, we scrutinized correlations of affective temperament and
dopaminergic gene polymorphisms which are involved in obesity and mood disorders. Those genes are
comprised of COMT Val158Met, DAT1 and DRD4. To our knowledge, this is the first study analyzing
the affective temperament in the context of dopaminergic genes in an obese population.

Tables 1 and 2 show significant differences of affective temperament dimensions in both sexes.
According to Table 1, men scored higher than women for the depressed and irritable temperament.
The logistic regression model (Table 7) shows significant results for gender and TEMPS-D, but not
for the irritable dimension. In our previous study, evaluating the affective temperament in an obese
Polish population in the context of the serotonin transporter gene polymorphism (5-HTTLPR), we also
observed a higher expression of the irritable temperament in men [23]. Studies show significant
differences between temperament dimensions in patients suffering from BDs in comparison to
healthy ones. Individuals with BD show greater scores in depressive, cyclothymic, irritable and
anxious dimensions [33]. It has been shown that, among bipolar patients, cyclothymic and irritable
temperaments may be connected with impulsivity [34]. The French study of Bénard et al. (2017)
exhibits a stronger association between impulsivity and obesity in men than in women, suggesting the
role of gender in weight status and eating behaviors [35]. Such results are interesting in the context of
the proneness to affective disorders in this population, with a differentiation between both sexes.

The literature also shows that females may be more susceptible to depression than men [36].
This may stem from many factors, including sociocultural, psychosocial, or behavioral factors.
Considering the molecular basis which connects gender, depression and obesity, the difference in
sex hormones may affect a response to stressors and modulate immune responses, resulting in
higher inflammation, eventually leading to depressive disorders [37–39]. Sex hormones affect the
immune system by exerting pro-, or anti-inflammatory effects. This includes stimulating the immune
cell activation, or an increased expression of cytokines which participate in the immune responses.
Great evidence points to the link between elevated pro-inflammatory cytokines and depression.
The data indicate that the immune system may contribute to depression pathogenesis in different ways
due to sex differences. During puberty, a crucial period for depression development, the estradiol
levels increase. Also, the interplay between sex hormones and the immune system may be seen in peri-
and post-partum depression, where the level of estrogen is also augmented [40]. Androgens take part
in the suppression of immune responses, but it has been shown that a greater activation of the immune
system in males with a reduced testosterone concentration may contribute to mood disorders [41].
Even though the literature shows mixed results in this field, Byrne et al. (2015) conclude that the
female sex may be the factor influencing immune responses and depression [38,42]. More research
focusing on differences of affective temperament in both sexes would bring interesting data regarding
the genetic and molecular basis of morbidity for mood disorders in men and women.

Affective temperament is considered a stable construct associated with genetic transmission and
could serve as a phenotype to detect genes responsible for a susceptibility to affective disorders [18,43,44].
Surprisingly, we have observed the correlations between temperament dimensions and age in both men
and women. A positive correlation between a depressive and anxious temperament and age may ensue
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from changes of a person’s experience during their lifetime. The study of Caserta et al. (2011) showed no
connections between depression and the immune system in young girls, although in older girls higher
depression measures were associated with increased NK cells cytotoxicity [42]. It has been shown
that a positive demeanor, i.e., extraversion, agreeableness, or being optimistic, may affect the immune
system, by for example lowering the IL-6 response to the stress factors [45,46]. On the other hand,
pessimism contributed to augmented markers of inflammation, like IL-6 and the C reactive protein [47].
We assume, that similar associations might be responsible for our results regarding TEMPS-A, and that
sex and age might constitute potential modifiers of affective temperament dimensions. Furthermore,
more research should be conducted in relation to the association between anxiety and depressive
disorders, in the context of hypothalamic-pituitary-adrenal (HPA) axis dysregulation [48,49].

Epigenetics is a novel field describing alterations in gene functioning without changes within the
genome sequence. It provides potential mechanisms explaining the adverse effects of environmental
factors on modulatory mechanisms of gene expression, which may exert long-term effects and be
putatively heritable [50,51]. Recent studies connect epigenetic changes with numerous diseases
including cancer, while laying emphasis on their crucial role in the pathopsychology, by explaining
the association between depressive and anxiety disorders, and adverse life events, or the impact of
stress in childhood [52–56]. Additionally, in some studies, it has been corroborated that epigenetic
changes may exert dysregulations in the HPA axis, by affecting its regulatory genes, thus contributing
to stress-related disorders. The upregulation of the cortocotropin-releasing hormone expression or
altered transcription of the glucocorticoid receptor in the brain regions may stem from stress-induced
epigenetic modifications, and thus be responsible for HPA-axis dysfunction [57,58].

Therefore, we assume that epigenetics might be a putative link connecting received TEMPS-A
results and age. Due to the scarce literature regarding this topic, we encourage more research engaged
in psychoneuroimmunology or the influence of environmental factors on the affective temperament.
Epigenetics constitutes a challenging field which may convey essential data explaining discrepancies
in affective temperament investigations.

In the current study, an increased BMI positively correlated with a greater expression of
hyperthymic temperament in women and a greater cyclothymic and irritable dimension in men.
We can refer to our findings from our previous study. Temperament results between morbid obese
(BMI > 40) and obese individuals (BMI≤ 40) showed that morbidly obese scored greater in hyperthymic
and cyclothymic dimensions [23]. In the study of Amann et al. (2009), patients with morbid obesity
displayed higher scores in cyclothymic, irritable and anxious dimensions, which is partially consistent
with our results [21]. Considering that studies show associations between the cyclothymic, irritable
and hyperthymic temperament, and BD, the abovementioned data imply a heightened risk of this
disease with a weight gain in obese patients [59–62]. In this study, the cyclothymic temperament in
women showed a negative correlation with the BMI and with the age in males, which is inconsistent
with findings in the literature [63]. We presume that the heterogeneity of the results may stem from the
lack of the control group. It is possible that, when comparing with non-obese individuals, the study
group could exhibit a more expressed cyclothymic dimension of the affective temperament.

The association between COMT Val158Met and mood disorders has been pointed out in the
literature [64–66]. However, many researchers still show some concerns about the exact mechanism by
which dopamine transmission, determined by COMT, contributes to the origin of affective disorders [67].
Some authors propose that the polymorphisms may influence the HPA axis reactivity and thus,
by causing a dysregulation of the inflammation processes, may be involved in the pathogenesis of
mood disorders and obesity in a reciprocal manner [68–70]. The literature also shows an association
between COMT polymorphisms and personality traits in patients suffering from BD [71–73].

Some publications exhibit connections between Met alleles and vulnerability to stress and anxiety,
and thus depression [65,74]. However, Massat et al. (2011) showed that the Val allele was more common
in individuals with an early stage of depression [75]. The study performed on larger population showed
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mixed results: The Met allele occurred less frequently among men with depression in comparison to
the control group [76].

During the analysis of the connection between affective temperament and dopaminergic gene
polymorphisms, we have only observed the association between COMTVal158Met polymorphisms.
Considering the affective temperament, COMT heterozygotes showed significant results only in irritable
and cyclothymic dimensions. Using a logistic regression model (Table 7), we also received significant
results concerning the irritable temperament and COMT polymorphism. Both temperaments were
overrepresented in patients with bipolar disorders [59]. The irritable temperament has been linked
with anxiety and agitation and found more often in persons with bipolar disorder, in comparison to
healthy controls or patients with a major depressive disorder [62,77].

Previous studies on the COMT relationship with the dimensions of the temperament in Cloninger’s
concept were focused mainly on the novelty seeking dimension. These studies gave different results,
the majority of which focused on the polymorphism rs4680 [78–80]. Golimbet et al. (2007) provided
evidence that the COMT Met allele (which contributes to the reduction of enzyme activity and ultimately
leads to an increase in dopamine levels) was associated with a greater severity of temperamental trait
novelty seeking in women [78]. The repetition of this result was done by Tsai and co-workers (2004) on
young Chinese women [81]. However, the association of the rs4680 polymorphism of the COMT gene
with the novelty seeking dimension of temperament has not been confirmed. Searching in other studies
conducted on the Caucasian population and the Japanese population [79,80]. In a study conducted on
the Chinese population on drug addicts, the COMT gene polymorphism was shown to be related to
the temperamental characteristics of novelty seeking and the tendency to addiction [82]. A decreased
pre-dopaminergic activity and low control, associated with specific COMT genotypes, may increase
impulsivity, which is a component of novelty seeking. Research by Kang and co-workers (2010) on
the dimensions of character showed that the Val158Met COMT polymorphism may be related to a
susceptibility to boredom and the need for strong sensations in women [83].

The TEMPS-A validation study showed a positive correlation between both the cyclothymic and
irritable temperament and the higher novelty seeking scores; hence, our findings are consistent with
the results of the abovementioned studies [84], in particular in relation to the fact that Cloninger’s
novelty seeking, as well as Akiskal’s cylothymic and irritable dimension, are involved in affective
disorders [85]. In their work, Parneix et al. (2014) found that patients with irritability related to major
depressive episodes were characterized with atypical features like weight gain and showed greater
novelty seeking. The authors suggested that such findings are indicative of a greater vulnerability
to BD [86]. In another study, impulsivity seen in the bipolar spectrum was also described in the
context of obesity and food addiction [87]. Thus, the affective temperament seems to be related to
a susceptibility to mood disorders in obese individuals, and its evaluation might provide useful
information considering treatment approaches.

Unfortunately, due to the observational design of our study and the lack of a control group, it is
difficult to explain the molecular basis of the interplay between the dopaminergic transmission modulated
by COMT and the affective temperament. We speculate that obese individuals, in comparison to healthy
persons, show a disturbed dopamine transmission, and that dopaminergic signaling in heterozygotes
gives rise to more pronounced affective temperament dimensions. This may constitute the link between
COMT polymorphisms and affective disorders in the obese population. Moreover, individual changes in
the dopaminergic transmission might bias the obtained results and influence the temperament expression
or exert differences in one’s behavior [88,89]. We propose that future researches of affective temperament
should utilize neuroimaging, along with neurogenetic studies, and compare the obtained results with a
control group. This measure might elucidate what kind of dopaminergic transmission, determined by
COMT, is responsible for the pathogenesis of mood disorders in the obese population.

In Tables 4 and 5, we did not observe any statistically significant associations between the affective
temperament and polymorphisms of DAT1 nor DRD4.
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The literature shows mixed results about the connection between the abovementioned
polymorphism and temperament analyzed with various scales. According to Cloninger’s theory,
the dimension of temperament novelty seeking is, according to this concept, related to the DRD4
gene. Previous studies on the association of the VNTR polymorphism in the DRD4 gene suggested
association with the dimension of novelty seeking of temperament [90]. However, further studies did
not detect a similar relationship, but showed a correlation of the polymorphism (-521 C/T) of the DRD4
gene with impulsivity and novelty seeking. Other researchers have found a connection between the
VNTR polymorphism and two mood temperaments: cyclothymic and irritable; however, this study
was performed on a healthy volunteer of the Asian population, and therefore it may be difficult to
compare the results to our group [87].

Regarding the DAT1 gene, some studies indicate that the VNTR 3’UTR polymorphism of the
DAT1 gene is associated with novelty seeking; however, other researchers have not obtained similar
results [91–93]. The research also indicates the interaction of DAT1 gene polymorphisms, DRD4 and
neuroticism [94]. The literature shows little findings describing affective temperament measured with
TEMPS-Am, and DRDR4 or DAT1 polymorphisms, and more studies are needed in this field.

In Table 6, the effect interaction was observed for the anxious dimension and BMI. However, by using
a logistic regression we have not obtained significant results for the BMI and any temperament dimension.
In the study of Amann et al. (2009), obese patients scored significantly higher in the anxious dimension,
as well as for the irritable and cyclothymic factors [21]. Therefore, we assume that persons characterized
by an anxious temperament might be at greater risk of further weight gain. Even though we did not
find any associations between this dimension and the dopaminergic genes, it could be that an anxious
temperament is related to the serotonergic transmission. It could be, in particular, that it has been linked to
moderate novelty seeking and greater harm avoidance—which is connected to this type of signaling [95].
Amann et al. (2009) displayed an association between the S allele of the 5HTTLPRI polymorphism in
the serotonin transporter gene and greater scores in the following TEMPS dimensions: cyclothymic,
irritable and anxious [21]. Gonda et al. (2006) also obtained similar results in the group of women,
which indicates the relationship between an affective temperament and the serotonergic transmission [96].
Additionally, in our previous study regarding the 5HTTLPR polymorphism, subjects homozygous to the S
allele exhibited higher scores in anxious and depressive dimensions in comparison to L allele carriers.
Such results indicate a stronger connection between the affective temperament measured by TEMPS-A
and the serotonergic transmission, instead of dopaminergic signaling in the obese population [23].

In this study we analyzed only one neurotransmitter signaling. We must take into consideration that
many factors influence behavior, including other gene polymorphisms or the complex neurotransmitter
interactions in different brain areas [96–101]. For instance, functional brain imaging revealed an
additive effect of COMT Met158 and 5-HTTLPR S alleles on the response of the amygdale, hippocampal
and limbic cortical areas to unpleasant stimuli, suggesting that persons with those alleles may show a
lowered resilience against an anxiety mood [101]. An interesting study of Ro et al. (2018) indicates
the differences in the expression of glucagon-like peptide 1 and 2 receptors (GLP-!R, GLP-2R) in
patients suffering from mood disorders in comparison to healthy controls, with a greater susceptibility
connected to higher BMI values. Both GLP-1R and GLP-2R are implicated in neuroprotection and the
antidepressant effect [102]. Moreover, it has been found that a lower expression of the leptin receptor
in the hippocampus and hypothalamus may have a significant impact on obesity and comorbid
depression. Researchers found that obese individuals or those exposed to chronic unpredictable mild
stress showed a diminished expression of the leptin receptor [103]. Nonetheless, mood disorders are
complex in their nature and constitute a hard challenge for clinicians in their practice. Due to the
growing problem of obesity, there is a need for creating more effective preventing programs that tackle
the occurrence of affective disorders in this population. Hence, more studies focusing on the molecular
basis of the pathogenesis and interplay between both disorders could bring a better understanding,
which is essential for predicting the course and nature of the diseases.
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4. Materials and Methods

4.1. Participants

The study was conducted on a population of 245 Caucasian people, who were diagnosed with
primary obesity. Secondary causes of obesity were excluded in the Clinic of Endocrinology and
Diabetology at the Collegium Medicum of the Nicolaus Copernicus in Bydgoszcz on the basis of
a subjective and objective medical assessment, as well as on the basis of performed hormonal and
metabolic tests. Significant physical diseases, addiction, substance abuse (e.g., cannabis misuse)
or psychiatric and neurological illnesses were the excluding factors for participation in the study.
All patients, after being given detailed information on the purpose and nature of the study, expressed
written and informed consent of their participation. The study obtained the consent of the bioethical
commission at the Nicolaus Copernicus University (No 533/ 2008, 15 Dec 2008).

4.2. Clinical Assessments and Measures

Building on the assessed anthropometric factors, the diagnosis of obesity was established.
As a factor reflecting the amount of body fat, the BMI index was adopted. It was calculated as the ratio
of weight (kg) to square of height (m).

4.3. Psychological Assessment

For the psychological assessment, we utilized the Temperament Evaluation of Memphis, Pisa,
Paris and San Diego Autoquestionnaire (TEMPS-A) to perform an analysis of the dimensions of the
affective temperament.

4.4. Genotyping

Genomic DNA was obtained from peripheral blood (5 mL) using the method developed by
Lahiri and Schnabel (1993) [104]. The blood was collected on the EDTA medium and mixed, before
being frozen in liquid nitrogen and stored at −80 ◦C prior to extraction. The polymorphisms of
the DAT1, COMT and DRD4 genes were determined using the polymerase chain reaction (PCR).
The following primers were used: DAT1 forward, 5′-TGTGGTGTAGGGAACGGCCTGAG-3′; DAT1 reverse,
5′-CTTCCTGGAGGTCACGGCTCAAGG-3′; forward, 5′-AGCTCCAAGCGCGCTCACAG-3′; COMT
reverse, 5′-CAAAGTGCGCATGCCCTCCC-3′; DRD4 forward: 5′-GCGACTACGTGGTCTACTCG-3′; and
DRD4 rewers: 5′-AGGACCCTCATGGCC TTGC-3′. The PCR products were then separated by agarose gel
electrophoresis using O’RangeRuler™ 50 bp DNA Ladder (Fermentas) as a length marker (Figures 1–3).

Figure 1. Photo of the digested COMT PCR products. The results are labeled by genotype: Met/Met
(A/A), 96 bp only; Val/Met (A/G) 114 and 96 bp; and Val/Val (G/G), 114 bp only.
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Figure 2. Photo of digested DAT1 PCR products. The results are labeled by genotype: 10/10 (L/L) 483
bp only; 10/9 (L/S) 483 and 443 bp; and 9/9 (S/S) 443 bp only.

Figure 3. Photo of digested DRD4 PCR products. Representative photo of separated DRD4 PCR
products depending on the genotype: LL—only 619 bp band (7R); S/S 379 bd (2R) or/and 427 bp (3R)
or/and 523 bp (5R) band; L/S – 379 bd (2R) or 427 bp (3R) or 523 bp (5R) and 619 bp (7R) bands.

4.5. Statistical Analysis

Using the Shapiro-Wilk test, it was determined that the test group does not meet the normal
distribution criteria. The statistical significance of the differences between the two groups was calculated
using the Mann–Whitney U test, and for comparisons with three or more groups, the Kruskal–Wallis
analysis of variance (ANOVA) was applied. The NIR Fisher test was used for post hoc analyses.
Correlations between two quantitative variables were examined using the Spearman rank correlation
test. To control for the effect of age and BMI, which both exhibit significant simple correlations with the
dimensions of temperament, we analyzed the data with a partial Kendall regression (partial Kendall’s
Tau), the nonparametric technique that controls for one confounding [105].

An analysis of covariance (ANCOVA) was performed to examine the interaction effects. An effect
size was determined using Cohen’s d. The gathered data were analysed by means of StatSoft, Inc.
(2017) using Statistica, version 13.0 software and the computer program “Utility Programs for Analysis
of Genetic Linkage” (Copyright © 1988 J. Tot) was utilized to test for the goodness of fit to the
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Hardy–Weinberg equilibrium. The distributions of all three analyzed genotypes were against the
Hardy–Weinberg equilibrium.

Bonferroni corrections were used as multiple testing procedures. A logistic regression of data
was performed to predict logit on TEMPS-A temperaments subscales (The Wald statistic in Logistic
regression model).

5. Conclusions

To our knowledge, this is the first study analyzing the affective temperament in an obese
population in the context of dopaminergic genes polymorphisms, including COMT Val158Met, DRD4,
and DAT1. The results of our study indicate the connection between the irritable and cyclothymic
dimensions in COMT heterozygotes only. We presume that the dopaminergic transmission modulated
by these COMT gene polymorphisms may entail a significant expression of cyclothymic and irritable
temperaments. This is a very interesting finding, giving rise to more sophisticated research in the
future, utilizing neuroimaging studies.

6. Limitations

The main limitation of our study is the lack of a control group in order to gain more reliable
results. Second, for the proper evaluation of the connection between the affective temperament and
gene polymorphisms, our study group should be larger.
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Abstract: General cognitive (intelligence) function is substantially heritable, and is a major
determinant of economic and health-related life outcomes. Cognitive impairments and intelligence
decline are core features of schizophrenia which are evident before the onset of the illness. Genetic
overlaps between cognitive impairments and the vulnerability for the illness have been suggested.
Here, we review the literature on recent large-scale genome-wide association studies (GWASs) of
general cognitive function and correlations between cognitive function and genetic susceptibility
to schizophrenia. In the last decade, large-scale GWASs (n > 30,000) of general cognitive function
and schizophrenia have demonstrated that substantial proportions of the heritability of the cognitive
function and schizophrenia are explained by a polygenic component consisting of many common
genetic variants with small effects. To date, GWASs have identified more than 100 loci linked to
general cognitive function and 108 loci linked to schizophrenia. These genetic variants are mostly
intronic or intergenic. Genes identified around these genetic variants are densely expressed in brain
tissues. Schizophrenia-related genetic risks are consistently correlated with lower general cognitive
function (rg = −0.20) and higher educational attainment (rg = 0.08). Cognitive functions are associated
with many of the socioeconomic and health-related outcomes. Current treatment strategies largely fail
to improve cognitive impairments of schizophrenia. Therefore, further study is needed to understand
the molecular mechanisms underlying both cognition and schizophrenia.

Keywords: schizophrenia; general cognitive function; intelligence; GWAS; genetic correlation

1. Introduction

Cognitive functions play important roles in mental and physical well-beings. This is supported
by observations that people with higher intelligence tend to have greater educational attainment, more
professional jobs, higher incomes, and increased longevity [1,2]. Accordingly, impairments of cognitive
functions result in social and occupational dysfunction which leads to poor life outcomes [3–8].
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Cognitive disturbances are a core feature of schizophrenia—a psychiatric disorder with clinical
and genetic heterogeneity [9,10]. Compared with healthy individuals, patients with schizophrenia
demonstrate about a 1–2 standard deviation decline in performance on tests of several cognitive
domains, including working, verbal and visual memories, processing speed, attention, social
cognition, and intelligence [11–17]. Although the disorder is generally characterized by positive
(e.g., hallucinations and delusions) and negative (blunted affect and withdrawal) symptoms,
cognitive impairments should also be considered as an independent clinical dimension [18,19].
These impairments exist before the onset of illness and are worsened around it [20–22]. It has been
suggested that cognitive deficits of schizophrenia may be resistant to treatment with antipsychotic
drugs [23–26]. This indicates a need for clarifications of the mechanisms underlying these conditions.

Schizophrenia has a strong genetic basis with an estimated heritability of approximately 80% [27].
Cognitive functions such as general intelligence also have a genetic component (h2 = 0.33–0.85) [28–32].
Despite the difference in heritability for intelligence between childhood (h2 = 0.45) and adulthood
(h2 = 0.80), there is a high correlation between IQ levels in childhood and those in adulthood
(rg = 0.89) [33]. Relatives or twin siblings of patients with schizophrenia have also displayed
impaired cognitive function to a lesser extent [9,34]. These findings suggest the contribution of
genetic components to cognitive impairments in schizophrenia.

Genome-wide association studies (GWASs) that examine millions of genetic variants are a
powerful tool to identify common variants responsible for susceptibility to common and complex
diseases. The largest GWAS to date is the Psychiatric Genomics Consortium (PGC) using 36,989 patients
with schizophrenia and 113,075 controls, which has identified 108 loci including genes and genetic
variants related to schizophrenia [35]. Several consortia, such as the Cognitive Genomics Consortium
(COGENT), Heart and Aging Research in Genomic Epidemiology Consortium (CHARGE), and UK
Biobank (UKB), have performed GWASs to identify genetic loci related to cognitive function [36–43].
GWASs with fewer than 20,000 subjects did not find any significant loci [36,44–46]. These GWAS
consortia used diverse assessment tools to represent targeted cognitive constructs in various samples,
e.g., general cognitive function (g), Intelligence Quotient (IQ), fluid intelligence, etc., which could have
been subject to phenotypic heterogeneity. By contrast, GWASs using samples from nearly 300,000
individuals successfully detected more than 100 genome-wide significant loci related to cognitive
function [42,43]. In addition, part of the genetic correlation in the genetic effects identical between
cognitive function and schizophrenia has been identified [38–42]. Therefore, cognitive functions
have been proposed as an intermediate phenotype or biotype [9,15,47,48] to explain the mechanisms
involved in the pathogenesis of schizophrenia.

In this article, we review the literature on recent large-scale GWASs of general cognitive function
and genetic correlations between cognitive function and schizophrenia.

2. General Cognitive Function (g)

A number of tests have been used to measure various domains of cognitive functions. It is
difficult to perform GWASs of cognitive functions uniformly because these cognitive tests vary among
study cohorts. Twin and family studies show strong genetic correlations across diverse cognitive
domains [49]. Under this circumstance, general cognitive function (g) is defined as a latent trait
underlying shared variance across multiple subdomains of cognition [36,37,39,44,45]. To extract g,
principal component analysis (PCA) is required on at least one cognitive measure across at least three
domains, e.g., logical memory for verbal declarative memory, digit span for working memory, and
digit symbol coding for processing speed. In other words, the first unrotated principal component
of several distinct neuropsychological tests is obtained from the PCA. For example, an average of
eight neuropsychological tests across COGENT cohorts were selected: digit span, digit symbol coding,
verbal memory for words, visual memory, semantic fluency, word reading, verbal memory for stories,
phonemic fluency, vocabulary, and the trail-making test [39]. The first principal component obtained
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accounted for approximately 40% of the variance in overall test performance. The g factors extracted
from different cognitive tests were strongly correlated (>0.98) [50], supporting the universality of g.

Several cognitive GWASs have been performed using the g approach [15,36,37,39,44,45]. GWASs
with fewer than 20,000 subjects did not find any genome-wide significant variants [15,36,44,45], while
the GWASs with 35,298 [39] and 53,949 [37] subjects successfully identified two (RP4-665J23.1 on 1p22.2
and CENPO on 2p23.3) and three (MIR2113 on 6q16.1, AKAP6/NPAS3 on 14q12 and TOMM40/APOE
on 19q13.32) genome-wide significant loci, respectively (Table 1). However, neither these loci, nor the
reproducibility of the findings, were consistent across studies.

3. Fluid Intelligence

Fluid-type intelligence requires swift thinking, relies relatively little on prior knowledge, and is
often measured by unfamiliar and sometimes abstract materials [44]. By contrast, crystallized-type
intelligence is typically assessed using tests such as those for acquired knowledge and vocabulary [44].
The discrepancy between fluid and crystallized intelligence becomes particularly noticeable in late
adulthood—the age-related decline of fluid intelligence comes earlier and more rapidly [51,52].

To assess crystallized intelligence, either the National Adult Reading Test or the WAIS vocabulary
subtest is used. Fluid intelligence, which may be equivalent to g, is assessed using PCA of data
from several cognitive tests, such as logical memory, verbal fluency, auditory verbal learning tests
(AVLT), and subtests from the Wechsler Adult Intelligence Scale (WAIS)-III [44]. Fluid intelligence is
also measured by the verbal–numerical reasoning (VNR) test [42]. This test uses 13 multiple-choice
questions—six verbal and seven numerical—which are presented on a touchscreen computer in either
an assessment center or a web-based format at home [38,40]. Scores are obtained from the number
of questions answered correctly in two minutes. With this method, the GWAS in UKB (n = 36,035)
detected three genome-wide significant loci, including several genes, e.g., CYP2D6 and NAGA at
22q13.2, FUT8 at 14q23.3 and PDE1C at 7p14.3 [38].

Because performance on the VNR is correlated with g [40,53], the level of power in recent GWASs
has been increased through combinations of g and fluid intelligence [40–43]. The total sample sizes
in these studies were approximately 80,000–300,000 (Table 1). For example, one of the recent GWASs
with 269,867 subjects identified 205 genome-wide significant loci [43]. This GWAS also identified
some overlapping loci (2p23.3, 6q16.1, 7p14.3, 14q12, 19q13.32, and 22q13.2) consistent with previous
reports [37–39], although these loci did not fully include lead genetic variants. The sample size in
GWASs is positively correlated with the number of genome-wide associated loci detected (Figure 1,
r2 = 0.92, p = 1.18 × 10−5). Several of these loci overlapped with those associated with schizophrenia,
such as 1p21, 1p34, 2q24, 2q33, 3p21, 3q22, 4q24, 5q21, 6p22, 7q22, 8q24, 11q25, 12q24, 14q12, 14q32,
16q22, and 22q13 [35,41,43].
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Figure 1. Relationship between sample sizes in GWASs of general cognitive function and genome-wide
associated loci detected in each GWAS. Circles represent GWASs.

4. Educational Attainment

Educational attainment, represented by the number of years of education, is strongly influenced
by genetic and environmental factors [54,55]. At least 20% of the variation among individuals is
accounted for by genetic factors [54]. GWASs of educational attainment in 111,114 and 293,723
European individuals identified 14 genome-wide significant loci associated with the attainment of
a college or university degree [38] and 74 loci associated with the number of years of schooling
completed [55], respectively. Individuals with a higher level of intelligence tend to stay in school
longer and attain higher qualifications than those with a lower level of intelligence. In addition, general
cognitive ability (fluid intelligence) is correlated with educational attainment (rg > 0.70) [38–41,43].
Therefore, educational attainment is useful as a proxy phenotype for general cognitive function in
GWAS analyses. In fact, several loci, such as 1p31.1, 2q11.2, 3p21.31, 6q16.1, and 13q21.1, in a GWAS of
educational attainment overlapped with those of general cognitive function.

5. Genes and Functions Related to General Cognitive Function

The genetic variants related to general cognitive function were mostly intronic or intergenic.
The genes identified around these genetic variants were densely expressed in the brain [42,56],
specifically striatal medium spiny neurons and hippocampal pyramidal CA1 neurons [43]. Common
gene functions linked to general cognitive function were determined in gene-set analyses in some
GWASs [40,42,43]. These functions include neurogenesis, regulation of nervous system development,
neuronal differentiation, and regulation of cell development. Functions such as neuron projection
and regulation of synaptic structure/activity were also associated with general cognitive function. As
pathways related to these functions have been implicated in the pathophysiology for general cognitive
function, these findings suggest that brain-expressed genes contribute to general cognitive function
via neurodevelopmental processes in specific brain cells.

Smeland et al. (2017) extensively investigated shared genetic loci of the GWAS by conditional
false discovery rate analysis and identified 21 genomic loci jointly influencing cognitive functions and
vulnerability to schizophrenia [56]. Of the 21 loci, 18 showed a negative correlation between risk of
schizophrenia and cognitive performance. The locus most strongly shared was detected on 22q13.2
that contains TCF20, CYP2D6, and NAGA. In addition, this locus was shown to have quantitative trait
locus (eQTL). NAGA encodes lysosomal enzymes that modify glycoconjugates, and CYP2D6 encodes
cytochrome P450 enzymes that metabolize a broad range of drugs [56]. Other loci, including KCNJ3,
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GNL3 and STRC, were also identified as eQTLs. Although these genes shared by two phenotypes are
not localized in specific pathways, they may provide potential drug targets for improving cognitive
impairments in patients with schizophrenia.

6. Polygenic Risk Score Analysis and Genetic Correlation between General Cognitive Function
and Schizophrenia

Polygenic overlaps between alleles of general cognitive function and schizophrenia risk have
been examined [36,57]. On the basis of the polygenic risk scores (PRS) derived from GWASs, a set of
alleles associated with lower general cognitive function predicted an increased risk of vulnerability
to schizophrenia. Conversely, polygenic alleles associated with schizophrenia-related risks predicted
lower cognitive functions—particularly general cognitive function, performance IQ, attention, and
working memory [36,57–63]. Thus, greater PRS related to risks for schizophrenia were associated with
a greater decline in IQ after childhood in the general population [58]. So far, most studies on cognitive
functions have used general population [36,57,58,60–63], and have not been specific to patients with
schizophrenia [59,64].

Linkage disequilibrium score regression (LDSC) analysis estimates genetic variant correlations
(rg) from GWASs and is a powerful tool for investigating genetic architectures of common traits and
diseases [65]. Studies using this method have consistently reported negative correlation between general
cognitive function and schizophrenia-related risks, with rg of approximately −0.2 (Figure 2) [39–43].
Specifically, higher educational attainment is associated with lower schizophrenia risk [66], whereas
lower educational attainment predicts worse premorbid function and poorer outcomes [66]. These
correlations would be reasonable in view of positive correlations between educational attainment
and general cognitive function (Figure 3). However, recent studies found a positive correlation
between educational attainment and schizophrenia (Figure 2) [55,67]. This discrepancy may be
explained by at least two disease subtypes, i.e., patients with high intelligence, and those with
cognitive impairments [68].

Figure 2. Genetic correlations (rg) of educational attainment or general cognitive function with
schizophrenia. Error bars indicate the SE of rg. *** p < 0.001.
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Figure 3. Genetic correlations (rg) between general cognitive function and several phenotypes. Error
bars indicate the SE of rg. * p < 0.05, ** p < 0.01, *** p < 0.001.
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7. Genetic Correlations between General Cognitive Function and Socioeconomic and
Health-Related Outcomes

Cognitive function has been shown to be correlated with socioeconomic and health-related
outcomes as well as neuropsychiatric disorders, as evidenced by LDSC analysis (Figure 3) [39–43].
Educational attainments provide the most robust correlations among other phenotypes. Specifically,
better cognitive function was associated with a lower risk of several neuropsychiatric disorders,
including schizophrenia, major depressive disorder, bipolar disorder, attention-deficit hyperactivity
disorder, anxiety disorder, and Alzheimer’s disease. By contrast, a higher risk of autism spectrum
disorder was related to better cognitive function. As individuals around adolescence were included
in correlational analyses (Table 1), the timing of cognitive assessment, i.e., before or after onset of the
illness, may have obscured the results from these analyses.

Better cognitive function was associated with lower levels of neuroticism, depressive symptoms,
and insomnia (Figure 3). Physical factors contributing were smaller waist-to-hip ratio and waist
circumference, smaller volume of putamen, fewer numbers of cigarettes per day, less likelihood of
having ever smoked, and lower body mass index in adulthood. Other factors affecting cognition
included fewer children, higher levels of openness, age of onset of smoking and smoking cessation,
larger intracranial volume, larger head circumference in infancy, height, birth length and weight,
higher age of first birth, and greater longevity. These findings indicate that general cognitive function
is related to socioeconomic and health-related outcomes in addition to neuropsychiatric disorders.

8. Intelligence Decline in Schizophrenia

Intelligence decline is conceptualized as intra-individual difference in intellectual performance
between different time points [18,47,48,69]. Thus, it may be calculated by subtracting estimated
premorbid IQ, as measured by the Adult Reading Test, and the present IQ, as measured by the WAIS.
For the purpose of brief assessment, we have recently developed the WAIS-Short Form consisting of
the Similarities and Symbol Search subtests [70]. Because clinical trials targeting cognitive impairment
of schizophrenia have mostly yielded negative results, we suggest that patients without intelligence
decline be excluded from participation. To date, no large-scale GWAS for intelligence decline in
patients with schizophrenia has been performed, and further studies are needed.

The degree of intelligence decline in patients with schizophrenia is typically classified into three
intellectual levels [18,23,47,69,71–77]:

(a) Deteriorated group: patients with a difference of 10 points or more between premorbid IQ and
present IQ;

(b) Preserved group: patients with a difference of less than 10 points between premorbid IQ and
present IQ (premorbid IQ above 90);

(c) Compromised group: patients with a difference of less than 10 points between premorbid IQ and
present IQ (premorbid IQ below 90).

The compromised IQ subgroup includes patients who have intellectual disability. Although
cognitive impairments are a core feature of schizophrenia, approximately 30% of patients are classified
into the preserved IQ subgroup [47].

So far, GWAS, PRS, or LDSC analysis has not been performed based on the above classification
(deteriorated, preserved, and compromised IQ) in patients with schizophrenia. As the current
diagnostic criteria for schizophrenia is independent of cognitive traits and genetic architectures,
GWASs based on intelligence decline subgroups may reveal novel genetic variants specific to cognitive
impairments. Caution is needed in interpreting data from IQ measures, as they are subject to
non-specific consequences of schizophrenia, effects of medication, and cognitive decline preceding the
onset of illness. Additionally, IQ scores by themselves cannot describe specific cognitive domains that
are relatively more affected than others in individual patients.
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9. Conclusions

In this paper, we reviewed the literature of recent large-scale GWASs targeting general cognitive
function, a phenotype that captures shared variations in performance on tests of several cognitive
domains. Studies on polygenic correlations between cognitive function and schizophrenia were also
addressed. In the last decade, large-scale GWASs have identified more than 100 loci linked to general
cognitive function and schizophrenia. Genetic variants identified are mostly intronic or intergenic, and
genes around them are densely expressed in brain tissues. Substantial proportions of the heritability
of these phenotypes are explained by polygenic architectures consisting of many genetic variants
with small effects. General cognitive function has been reported to be genetically correlated with
socioeconomic and health-related outcomes, as well as neuropsychiatric disorders. In particular, lower
general cognitive function has been consistently correlated with schizophrenia risks. Current treatment
strategies largely fail to improve cognitive impairments of schizophrenia. In order to progress, further
study is needed to understand the shared pathogenesis for general cognitive function in relation to
the illness.
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Abstract: The serotonin 4 receptor, 5-HT4R, represents one of seven different serotonin receptor
families and is implicated in a variety of physiological functions and their pathophysiological
variants, such as mood and depression or anxiety, food intake and obesity or anorexia, or memory and
memory loss in Alzheimer’s disease. Its central nervous system expression pattern in the forebrain,
in particular in caudate putamen, the hippocampus and to lesser extent in the cortex, predispose it
for a role in executive function and reward-related actions. In rodents, regional overexpression or
knockdown in the prefrontal cortex or the nucleus accumbens of 5-HT4R was shown to impact mood
and depression-like phenotypes, food intake and hypophagia; however, whether expression changes
are causally involved in the etiology of such disorders is not clear. In this context, more data are
emerging, especially based on PET technology and the use of ligand tracers that demonstrate altered
5-HT4R expression in brain disorders in humans, confirming data stemming from post-mortem tissue
and preclinical animal models. In this review, we would like to present the current knowledge of
5-HT4R expression in brain regions relevant to mood/depression, reward and executive function
with a focus on 5-HT4R expression changes in brain disorders or caused by drug treatment, at both
the transcript and protein levels.

Keywords: serotonin; 5-HT 4 receptor; 5-HT4R; depression; mood disorder; expression; Alzheimer’s
disease; cognition; Parkinson’s disease

1. Introduction

5-HT receptors are composed of 7 families (5-HT1–7 receptors), comprising 14 structurally and
pharmacologically distinct 5-HT receptor subtypes [1]. All receptors are G-protein-coupled, with the
exception of the 5-HT3R that belongs to the superfamily of ligand-gated ion channels. Members of all
7 receptor families are expressed in the brain: 5-HT1 receptors are Gαi/0-coupled and two receptors
of this family, 5-HT1aR and 5-HT1bR, have an important function as somatodendritic autoreceptors
expressed on neurons of the raphe nuclei that produce 5-HT, but they are also expressed as postsynaptic
heteroreceptors in several brain areas [2]. The three members of the Gαq/11-coupled 5-HT2R family
have well defined roles in the periphery such as in the vascular system and muscle contraction;
however, their function in the brain is not well understood A potential link between a 5-HT2CR
allele and vulnerability to affective disorders has been reported, and a number of antipsychotics
have inverse agonist activity at 5-HT2C receptors [3]. 5-HT2CR KO mice are highly obese and
suffer from epilepsies [4]. 5-HT2aR mediates the hallucinatory and psychotic action of psychedelic
drugs such as LSD or psylocibin [5]. Human brain Gαi/o-coupled 5-HT5R expression is localized
to the cerebral cortex, hippocampus, cerebellum, and a role in mood and major depression was
postulated, using pharmacological tools and knockout mice [6]. 5-HT6Rs are postsynaptic Gαs-coupled
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receptors strongly expressed in the striatum, nucleus accumbens and cortex, and moderately in
the hippocampus, amygdala, and hypothalamus. They control among others central cholinergic
function [6]. The Gαs-coupled 5HT7R is mainly expressed in the limbic system, and a potential role
in sleep, circadian rhythmic activity and mood has been suggested [6]. Among all 5-HT receptors,
the type 3 receptor is the only ligand-gated ion channel receptor triggering rapid depolarization via
the opening of non-selective cation channels. 5-HT3R expression in the forebrain is low, but higher
levels are present in the hippocampus and amygdala [6].

5-HT4R was initially identified in cultured mouse colliculi cells and guinea pig brain using a
functional cAMP stimulation assay [7]. In 1995, its cloning was reported [8]. Two different splicing
variants, a short one, found in the striatum and a long one in the whole brain [8] were initially
described, while others found the short form also present more universally in the brain [9].

Expression in the brain is greatest in the basal ganglia, the hippocampal formation and the cortex,
as shown in human and rat brain [10,11]. 5-HT4R is also widely distributed in the body. Outside the
CNS, it is found along the gastrointestinal tract (esophagus, ileum and colon) [12]. It is also present in
the bladder, the heart and the adrenal glands. 5-HT4 receptors are well known for their peripheral
effects on the gastrointestinal tract, and are targets in the treatment of dyspepsia, gastroesophageal
reflux disease, gastroparesis or irritable bowel syndrome [13,14]. Serotonin affects heart contractility
through 5-HT4R which is expressed in the human and pig atrium and ventricle, while, interestingly,
in the rat it is only expressed in the atrium [15]. 5-HT4R activation leads to the contraction of heart
but also to tachycardia and arrhythmia [15]. The cardiac contractile effects of 5-HT4R are restricted to
human and pig atria and are absent from a large number of laboratory animals, such as rat, guinea pig,
rabbit and frog [16]. 5-HT4R was also shown to be overexpressed in the cortex of the adrenal gland of
a subtype of Cushing syndrome patients, a condition caused by cortisone hyper-production [17].

Compared to other serotonin receptors, the gene encoding 5-HT4R (htr4) is large and its
architecture is complicated, with 38 exons spaced over 700 kb [18]. As a G-protein coupled receptor,
5-HT4R signals through both G protein-dependent and G protein-independent pathways. The major G
protein engaged by 5-HT4R signaling is Gαs, leading to the activation of the cAMP/PKA pathway [19].
The G-protein independent non-canonical pathway activates Src and ERK kinases, leading to pERK1/2
phosphorylation [20].

5-HT4R KO mice develop normally, with no differences in body weight, metabolism, social
behavior, or sleep pattern [21]. However, when stressed they exhibit reduced hypophagia [21] and
re-expression of 5-HT4R in the medial prefrontal cortex rescues this phenotype [22]. In mice, 5-HT4R
was also shown to link appetite and feeding to addiction-related behaviors since 5-HT4R activation
in the nucleus accumbens provokes anorexia and hyperactivity, concurrently upregulating a gene
induced by cocaine and amphetamine (CART) while knockdown thereof inhibits MDMA-induced
hyperactivity [23].

One of the earliest functions attributed to 5-HT4R in rodents is its excitatory effect on acetylcholine
release in the frontal cortex and the hippocampus [24,25] which was linked to its role in enhancing
memory and cognition [26–29]. For example, a two-week treatment with 5-HT4R partial agonist
RS67333 improved memory in the object recognition test in mice [30]. Olfactory associative learning
was enhanced by another partial agonist (SL65.0155) in rats [31]. Other paradigms assessing social
memory, autoshaping and spatial and place learning, showed a memory enhancing effect of 5-HT4R
stimulation [29,32,33]. Conversely, receptor antagonists induced a consistent deficit in (olfactory)
associative memory formation [34,35], and weakened passive avoidance memory [36]. Paralleling
these behavioral changes are structural plasticity effects of potentiated learning-induced dendritic
spine growth in the hippocampus in mice, an effect which is abolished by 5-HT4R inhibition [37].

5-HT4 receptors have also been found to modulate GABA and dopamine release [18,26].
Serotonin depolarizes globus pallidus neurons, increases their firing rate and alters GABA release
in a 5-HT4R-dependent manner involving pre- and postsynaptic mechanisms [38]. In guinea pig,
the 5-HT4R agonist BIMU-8 increased GABA release from hippocampus indirectly via cholinergic
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muscarinic receptors [39]. 5-HT4 receptors exert excitatory control on DA release in the striatum,
while a receptor antagonist blocks this effect [40]. In freely moving rats, the 5-HT4 antagonist
GR125487 significantly reduced the nigrostriatal haloperidol-induced but not basal DA outflow
without affecting the mesoaccumbal DA release, indicating that 5-HT4R exerts facilitatory control
under activated conditions [41]. This finding is also important in the context of Parkinson’s disease
where the substantia nigra is selectively vulnerable to degeneration compared to the VTA, leading to
a depletion in striatal dopamine. In a rat model of PD, the 5-HT4R agonist prucalopride selectively
enhanced L-DOPA-stimulated DA release in the rat SNr and the PFC but not in the hippocampus or
the striatum [42].

5-HT4R also impacts global serotonergic tone. 5-HT4R KO mice have diminished tissue levels
of 5-HT and its main metabolite, 5-HIAA, increased serotonin transporter (SERT) at the protein and
transcript levels, as well as decreased 5-HT1AR binding sites [43]. 5-HT4R is a component of a feedback
loop projecting from the PFC to the dorsal raphe nuclei (DRN). More specifically, in mice, systemic
5-HT4R stimulation or overexpression of 5-HT4R in the mPFC increased the firing rate of DRN neurons,
thus creating a positive feedback PFC-DRN loop involving 5-HT4R activation in cortical projections
neurons, glutamate release in the DRN and enhanced DRN firing [44–46].

5-HT4R is a major candidate in mediating antidepressant drug action. As early as 1997, a role
of 5-HT4R in anxiety-like behavior was described in rats [47]. More recently, this topic has received
more interest, possibly due to the need to identify novel, fast acting antidepressant drugs. Indeed,
it was described in rodents that subchronic (3 days) treatment with 5-HT4R agonist yields behavioral
as well as biochemical responses in the hippocampus (CREB phosphorylation, neurogenesis) that are
comparable to responses to treatment with SSRIs over 3 weeks [48], possibly through its action in the
above mentioned PFC-DRN feedback loop [44–46].

These findings clearly indicate that 5-HT4R is a major regulator of the homeostasis of several
neurotransmitter systems, implying a role in brain disorders such as Alzheimer’s, Huntington’s,
Parkinson’s diseases or Major Depressive Disorder. Our review aims at summarizing the current knowledge
of 5-HT4R expression in the brain. We also want to present knowledge on cell-type specific expression,
which has not yet been studied extensively, partly due to the lack of immunohistochemistry-competent
antibodies as well as resolution limits of binding experiments in brain slices with radioactive antagonists.

2. Promoter Studies and Transcript Variants

Surprisingly little is known about the transcriptional regulation of the htr4 gene across tissues.
The human 5-HT4 receptor gene is located on chromosome 5 (5q31–q33) and contains five exons
and eight alternatively spliced cassettes that code for the internal and C-terminal splice variants [16].
Human htr4 mRNA is transcribed from a very complex gene encompassing 38 exons spanning over
700 kb [18], and multiple C-terminal isoforms are expressed in specific tissues in the CNS. To date,
it is not known how 5-HT4 receptor expression is regulated in the brain, and so far we have only
partial knowledge about the promoter, derived from human atrial tissue and placenta [16,49]. In the
heart, the major transcription start site of the htr4 gene is located at −3185 bp upstream of the first
start codon [16]. In placenta, the 5′-UTR is even longer, spanning over 5100 bp upstream from
the translation start site [49]. The different 5′-UTRs upstream of the translation initiation codon are
interesting since they may hold an additional key to understand region and cell-type specific regulation
of protein expression.

The human promoter lacks TATA and CAAT canonical motifs, but contains several transcription
factors binding sites. Transient transfection assays with human 5-HT4 receptor promoter-luciferase
constructs identified an approx. 1.2 kb fragment of 5′-non-transcribed sequence as promoter in human
cell lines but not monkey COS-7 cells [16] indicating that there is a tissue-specific expression of yet
unknown transcription factors. We found in mouse brain that there is a region-specific negative
transcriptional regulation of htr4 exerted by the kinase CK2. Examination of conditional mouse
knockouts of CK2 in the hippocampus, striatum and the cortex indicated an upregulation of 5-HT4R
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mRNA selectively in the cortex [46]. Furthermore, in luciferase assays, using a 4 kb element upstream
of the mouse gene fused to luciferase cDNA, expression was promoted when CK2 was inhibited or
knocked down in human HeLa cells but not in Hek293 or monkey COS-7 cells, again underlining the
importance of tissue-specific transcription factors.

Instead of the TATA box, Maillet et al. described the presence of a sequence in the human gene
(TTCACTTT) that can function as a core promoter sequence similarly to the TATA box [16]. For other
species, no promoter studies were performed.

There are differential transcription initiation sites in different tissues such as human heart and
placenta while for the brain no such data are yet available. While the transcription initiation start site
does not affect the protein-coding region, it may alter the transcription efficiency and the expression
pattern of 5-HT4R. It is hypothesized that such a long 5′-UTR reduces RNA translation and leads to
low levels of expressed transcripts by causing premature initiation at a wrong ATG and preventing the
ribosome from reaching the correct start codon [16].

Taken together, in particular in the human brain, there is a lack of data about the 5′-UTR,
the promoter and the transcription factors that are active at the promoter for htr4.

3. SNPs in Non-Coding Regions

In addition to the 5′-UTRs, isoforms can also vary in the 3′-UTR. These 3′-UTRs are targets for
post-transcriptional regulation by non-coding RNAs such as miRNAs. Within the 3′-UTR of the
5-HT4R (b) and (i) isoforms from the GI tract from humans with irritable bowel syndrome (IBS),
a single nucleotide polymorphism, termed 5-HT4R (b_2) was found to be predominantly present
in a subtype of IBS patients. This isoform lacks two of the three miRNA binding sites for miR-16
family/miR-103/107 and, compared to the full length 5-HT4R (b) isoform, its expression yielded
higher 5-HT4R protein levels. It was further shown that miR-16 and miR-103 are responsible for the
downregulation of the transcript in vitro which is impaired in the 5-HT4R (b_2) mutant [50].

Another miRNA, Let-7a, was also postulated to have the potential to regulate 5-HT4R [51].
Several genome wide association studies (GWAS) and meta-analyses have associated twelve

intronic SNPs in the non-coding region of human htr4 with pulmonary function [52,53]. The same SNPs
have been associated with the clinical phenotypes of airflow obstruction and COPD and asthma [53,54].
A SNP in a non-coding region could affect transcriptional regulation or generate a splicing signal.
In this context, the pulmonary function of 5-HT4R KO mice was found to exhibit higher baseline lung
resistance, confirming a role of 5-HT4R in airway diseases [55]. No mechanistic studies have yet been
performed to understand the impact of the described SNP on transcription and splicing.

4. Isoforms and Alternative Splicing

In contrast to promoter-dependent transcriptional initiation sites which will still yield the same
transcript but alter expression levels, splicing affects the protein sequence.

Since the first publication in 1995 which described a short and a long isoform, several other
isoforms were discovered: There are at least 11 human 5-HT4 receptor splice variants (a–i,n) [18,56–59].
All splice variants differ at the C-terminus with the exception of 5-HT4R (h) which is an internal splice
variant with an insert in the 2nd extracellular loop [60], (Figure 1) and the (n) isoform which lacks the
C-terminal exon [61].

Human 5-HT4 receptor isoforms (a–i and n) are highly expressed in the central
nervous system [18,56,61]. Isoform (b) is the most abundant form in the CNS and periphery, and is
expressed in the caudate nucleus, putamen, amygdala, pituitary gland, and small intestine. Isoform (a)
is highly expressed in the amygdala, hippocampus, nucleus accumbens, and caudate nucleus and at
lower levels in the small intestine, the atrium, and pituitary gland. Isoform (c) is highly expressed in
the pituitary gland and small intestine and to a lesser degree in the caudate nucleus, hippocampus,
and putamen. Isoform (d) is not present in the CNS but is found in the small intestine [18,61,62].
Isoform (g) seems to be highly expressed in the hypothalamus and cortex [63]. The (n) variant, which
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lacks the alternatively spliced C-terminal exon, is abundantly expressed in human peripheral tissues
and brain regions involved in mood disorders (frontal cortex, hippocampus) [61].

Mice are currently thought to have five [64] and rats four isoforms, with the fourth, (c1) isoform
expressed in the gastrointestinal tract [59,63]. In rat brain, no significant difference in expression between
the long and short variants has been found by ISH [65]. The C-terminal sequences will determine the
baseline activity (with the shorter isoforms being more active) or the ability to recruit binding partners
such as β-arrestins and GRKs, sorting nexins or the NHERF PDZ adaptor protein [19,66,67] This will
affect internalization kinetics which are different between isoforms [68]. Finally, isoforms can differ in
their G protein coupling, since the 5-HT4R (b) isoform can couple via Gαi as well as Gαs [69].

To date, no specific isoform has been linked to a brain disorder; however, an interaction cannot be
excluded since such studies have not been performed and would be very challenging. Most human
studies using PET technology or radioactive labeling are based on ligands which cannot distinguish
between isoforms. Quantitative RT-PCR was used to detect different isoforms and their expression
in the rodent brain; however, no studies in disease models have employed this approach. The fact
that mice or rats do not express the same isoforms than humans suggests that fine tuning of 5-HT4R
signaling through a differential expression of longer or short, more active versus less active isoforms,
may occur in different species.

Figure 1. Alignment of C-termini of isoforms found in human tissue: green: leucine 358, the last
amino acid common to all variants. For the c isoform, a short and a long one were described. Yellow:
S/T cluster necessary for b-arrestin dependent receptor endocytosis.

5. Post-Translational Regulation

5.1. Phosphorylation

The amount of membrane-localized and active GPCR is a result of the ratio between receptor
endocytosis and recycling. Endocytosis is initiated through (S/T) phosphorylation of GPCRs in their
intracellular domains by G protein-coupled receptor kinases (GRKs) and second messenger kinases
such as PKA or PKC [70]. Binding of arrestins to GRK-phosphorylated receptors results in receptor
desensitization [71] and internalization [72–76].

Fourteen phosphosites in the 3rd intracellular loop and in the C-terminal tail of 5-HT4R that was
heterologously expressed in retinal rod cells of the mouse were identified [77]; however, the identity of
the kinases has not been determined. Neither has it been tested whether the phosphorylation of these
sites is activity dependent.

In Hek293 cells, it was shown that GRK2 phosphorylates and desensitizes 5-HT4R resulting in
downregulation of the cAMP/PKA pathway, while GRK5-mediated 5-HT4R phosphorylation resulted
in reduced inhibition of ERK phosphorylation [19,78].

5.2. Palmitoylation

Palmitoylation is a lipid modification in which a cysteine SH group undergoes esterification with a
palmitoyl group, generating an anchor to the lipid bilayer of the plasma membrane. This modification
is readily reversible and, similar to phosphorylation/dephosphorylation, allows for rapid regulation
of protein function, affecting GCPR endocytosis, phosphorylation, desensitization and ultimately
cellular signaling. Biochemical studies in insect (Sf9) and mammalian cells (Cos7) showed that several
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5-HT receptors (5-HT1aR, 5-HT1bR, 5-HT4R and 5-HT7R) are palmitoylated in their C-terminal tails.
The mouse 5-HT4R (a) variant is palmitoylated at 3 highly conserved cysteine sites and at a C-terminal
cysteine that is variant-specific. Palmitoylation near or close to protein-protein interaction motifs
will affect the binding properties of the receptor, impact on constitutive activity or internalization
via β-arrestin-2 [79,80].

5.3. Glycosylation

Only one study describes two putative N–linked glycosylation sites that conform to the consensus
sequence N–X–S/T (X being any amino acid but proline) for glycosylation. These are located on the
extracellular side of 5-HT4R, one at the N-terminus and one in the 2nd extracellular loop [77].

What is clearly missing in our understanding of all described post-translational modifications
are data generated from physiologically expressed 5-HT4R such as in mouse brain, a comparison
between brain regions and an analysis in response to drug treatment or of brain disease models. Finally,
the functionality of each of these modifications should be addressed, in particular on their effect on
protein stability and receptor homeostasis.

6. Basal Expression

6.1. Transcript Level

5-HT4R transcript expression in rodents mainly stems from in situ hybridization (ISH]
experiments: In rat brain slices, ISH probes showed strong expression in the basal ganglia (caudate
putamen, ventral striatum], olfactory tubercle, medial habenula and hippocampal formation while
none was detected in globus pallidus and substantia nigra [65]. Similarly, human postmortem brains
showed highest levels of 5-HT4 receptor mRNA in caudate nucleus, putamen, nucleus accumbens,
and the hippocampal formation but none in globus pallidus and substantia nigra [10].

A brain-wide comprehensive appraisal of cell-specific expression is still warranted; however,
some evidence has been published: Dual-label in situ hybridization for 5-HT4R and neuronal markers
suggests expression in basal forebrain GABAergic parvalbumin synthesizing and glutamatergic cells
and in glutamatergic pyramidal neurons in the medial prefrontal cortex and hippocampus of rat and
guinea pig (CA1, CA3) [62,81]. 5-HT4R mRNA is present in 60% of rat PFC pyramidal neurons of the
frontal cortex as assessed by single cell mRNA/cDNA profiling [82,83].

In rat hippocampal slices, the 5-HT4R agonist, cisapride, leads to increased hippocampal pyramidal
cell activity and serotonin release, indirectly indicating that 5-HT4R is expressed in these cells [84].

6.2. Protein Level

Our knowledge on 5-HT4R protein expression stems to a large degree from radioactive ligand
binding studies which for the most part has mirrored results of ISH studies. Indeed, a large number of
radioligands exist that are specific to 5-HT4R.

High densities of [3H]-GR 113808 or [125I]-SB 207710 binding sites are present in the ventral
and dorsal striatum, substantia nigra, globus pallidus and ventral pallidum, interpeduncular nucleus,
islands of Calleja, and olfactory tubercle in guinea pig, mouse and rat brain, lower densities are found
in the hippocampus, septal region, neocortex, amygdala and colliculi as well as habenular and several
thalamic and hypothalamic nuclei [65,85–87]. [125I]-SB 207710 binding in the caudate putamen shows
a rostrocaudal and mediolateral increasing gradient of receptor densities, paralleling that observed for
mRNA localization [65].

Kainic acid injection into the caudate-putamen of rats to destroy GABAergic striatal projection
neurons resulted in a dramatic decrease of radioactive ligand binding, suggesting that 5-HT4R is
expressed in these neurons [11]. Similarly, 6-OHDA-lesion of dopaminergic neurons did not lead to a
reduction in radioactive ligand binding but only to increased binding in the caudate putamen and
globus pallidus. This allows the conclusion that 5-HT4R expression does not occur in DA neurons
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of the SN [11]. These studies were confirmed by comparing ISH and radioligand labeling data:
The presence of mRNA in the rat caudate putamen and its absence in substantia nigra pars compacta
and the globus pallidus suggests again that receptors found in binding studies in the caudate putamen
and globus pallidus are synthesized by striatonigral and striatopallidal cells [62]. Comparison of
mRNA distribution with receptor distribution as visualized with [125I]-SB 207710 further indicates that
5-HT4 receptors are localized somatodendritically (e.g., in caudate putamen) and on axon terminals
(e.g., in substantia nigra and globus pallidus) [65,88].

Transgenic Bac-GFP mice where GFP is expressed under the 5-HT4R promoter are enabling
a highly detailed look at protein expression in individual cells and confirm moderate to strong
expression in the olfactory bulb, cerebral cortex, subicular cortex, hippocampus, striatum, globus
pallidus, midbrain, pons medulla, cerebellum and weak expression in the piriform cortex, basal
forebrain and the thalamus (Gensat Founder AU103). Dual immunohistochemical analysis showed
expression of GFP in GABAergic spiny projection neurons but not in striatal interneurons [89]. Another
transgenic mouse line where the β-galactosidase gene was knocked-in at the htr4 gene locus shows
LacZ localization in mature but not immature granule cells as suggested by staining with the neural
marker, NeuN, and calbindin (mature granule cell marker) [90]. Another study confirmed that 5-HT4

receptors are expressed in efferent GABAergic neurons of the nucleus accumbens projecting to the
lateral hypothalamus [23].

Species-specific differences of 5-HT4R protein expression were found between mouse/rat and
guinea pig in the globus pallidus, substantia nigra and interpeduncular nucleus [87].

Using [3H]-prucalopride and [3H]-GR116712 or [125I]-SB 207710 in binding studies of human
post-mortem brain slices, the highest densities were found in the basal ganglia (caudate nucleus,
putamen, nucleus accumbens, globus pallidus, substantia nigra). Moderate to low densities were
detected in the hippocampal formation and in the cortical mantle [10]. Additionally, using the
labeled antagonist GR 113808, expression in the human amygdala was reported [91]. In the neocortex,
the binding showed a distinct lamination pattern with high levels in superficial layers and a band
displaying lower levels in deep cortical layers [92]. Membrane binding studies with [3H]-GR 113808
resulted in highest binding in the human caudate nucleus, followed by substantial densities in the
lenticular nucleus, the substantia nigra, the hippocampus and frontal cortex, whereas no binding could
be detected in the cerebellum [82]

The expression data from all species studied are summarized in Table 1.

7. Changes in Expression in Brain Disorders and Changes Induced by Drug Treatment

In the healthy population there is a baseline difference of 5-HT4R protein expression between
sexes. Women show lower 5-HT4R binding (by 13%) in the limbic system and the difference was
most pronounced in the amygdala, which is highly involved in the processing and memorizing
of emotions [93].

Studies using [3H]-GR 113808 in the rat have revealed that during development, prenatal
expression is low, with the exception of the brainstem, indicating that 5-HT4R is largely dispensable in
development. Interestingly, the synchronous appearance of 5-HT4 receptors and cholinergic markers
validates the notion of 5-HT4R-mediated control over acetylcholine release [94].

With age, 5-HT4R expression goes down as older humans present lower 5-HT4R binding [93].
Table 2 assembles data on expression changes in disease or that are pharmacologically induced.

361



Int. J. Mol. Sci. 2018, 19, 3581

T
a

b
le

1
.

C
om

pi
la

ti
on

of
st

ud
ie

s
of

ex
pr

es
si

on
of

th
e

5-
H

T4
re

ce
pt

or
in

hu
m

an
,m

ou
se

an
d

ra
tb

ra
in

in
th

e
ba

sa
l/

he
al

th
y

st
at

e.

sp
e
ci

e
s

T
is

su
e

C
e
ll

T
y

p
e

T
ra

n
sc

ri
p

t/
P

ro
te

in
M

e
th

o
d

R
e
fe

re
n

ce

hu
m

an

ca
ud

at
e

nu
cl

eu
s,

pu
ta

m
en

,n
uc

le
us

ac
cu

m
be

ns
,

gl
ob

us
pa

lli
du

s,
su

bs
ta

nt
ia

ni
gr

a.
Le

ss
er

de
ns

it
ie

s
in

hi
pp

oc
am

pu
s

an
d

co
rt

ex
pr

ot
ei

n
[3

H
]-

R
11

67
12

an
d

[3
H

]-
pr

uc
la

pr
id

e
bi

nd
in

g
Bo

na
ve

nt
ur

e
et

al
.,

20
00

,[
10

]

ca
ud

at
e

nu
cl

eu
s,

pu
ta

m
en

,n
uc

le
us

ac
cu

m
be

ns
,

an
d

in
th

e
hi

pp
oc

am
pa

lf
or

m
at

io
n

bu
tn

ot
in

gl
ob

us
pa

lli
du

s
an

d
su

bs
ta

nt
ia

ni
gr

a
m

R
N

A
in

si
tu

hy
br

id
iz

at
io

n
Bo

na
ve

nt
ur

e
et

al
.,

20
00

,[
10

]

ca
ud

at
e

nu
cl

eu
s,

pu
ta

m
en

,n
uc

le
us

ac
cu

m
be

ns
,

gl
ob

us
pa

lli
du

s,
su

bs
ta

nt
ia

ni
gr

a,
hi

pp
oc

am
pu

s
(C

A
1,

su
bi

cu
lu

m
),

ne
oc

or
te

x
pr

ot
ei

n
[1

25
I-

]S
B

20
77

1
bi

nd
in

g
V

ar
na

s
et

al
.,

20
03

,[
92

],

hu
m

an
,c

al
f,

gu
in

ea
pi

g

ca
ud

at
e

nu
cl

eu
s,

le
nt

ic
ul

ar
nu

cl
eu

s,
su

bs
ta

nt
ia

ni
gr

a,
hi

pp
oc

am
pu

s,
fr

on
ta

lc
or

te
x

pr
ot

ei
n

[3
H

]-
G

R
11

38
08

bi
nd

in
g

to
m

em
br

an
e

pr
ep

ar
at

io
ns

D
om

en
ec

h
et

al
.,

19
94

,[
82

]

ca
ud

at
e

nu
cl

eu
s,

la
te

ra
lp

al
lid

um
,p

ut
am

en
,

m
ed

ia
lp

al
lid

um
,t

em
po

ra
lc

or
te

x,
hi

pp
oc

am
pu

s,
am

yg
da

la
,f

ro
nt

al
co

rt
ex

,c
er

eb
el

la
r

co
rt

ex
pr

ot
ei

n
[3

H
]-

G
R

11
38

08
bi

nd
in

g
R

ey
no

ld
s

et
al

.,
19

95
,[

95
]

ra
t

is
la

nd
s

of
C

al
le

ja
,o

lf
ac

to
ry

tu
be

rc
le

,v
en

tr
al

pa
lli

du
m

,f
un

du
s

st
ri

at
i,

am
yg

da
la

,h
ab

en
ul

a
an

d
se

pt
o-

hi
pp

oc
am

pa
ls

ys
te

m
.s

tr
ia

tu
m

,
su

bs
ta

nt
ia

ni
gr

a
(l

at
er

al
is

),
in

te
rp

ed
un

cu
la

r
nu

cl
eu

s,
su

pe
ri

or
co

lli
cu

lu
s

pr
ot

ei
n

[3
H

]-
G

R
11

38
08

bi
nd

in
g

W
ae

be
r

et
al

.,
19

96
,[

94
]

ca
ud

at
e

pu
ta

m
en

,v
en

tr
al

st
ri

at
um

,m
ed

ia
l

ha
be

nu
la

an
d

hi
pp

oc
am

pu
s

m
R

N
A

in
si

tu
hy

br
id

iz
at

io
n

V
ila

ró
et

al
.,

19
96

,[
65

]

pr
ef

ro
nt

al
co

rt
ex

60
%

of
pr

ya
m

id
al

gl
ut

am
at

er
gi

c
ne

ur
on

s
m

R
N

A
,p

ro
te

in
in

di
re

ct
th

ro
ug

h
st

im
ul

at
io

n
Fe

ng
et

al
.,

20
01

,[
80

]

ba
sa

lf
or

eb
ra

in
,h

ip
po

ca
m

pu
s,

co
rt

ex
G

A
BA

er
gi

c,
gl

ut
am

at
er

gi
c

an
d

pa
rv

al
bu

m
in

-c
on

ta
in

in
g

ne
ur

on
s,

hi
pp

oc
am

pa
l

an
d

co
rt

ic
al

gl
ut

am
at

er
gi

c
ne

ur
on

s
m

R
N

A
in

si
tu

hy
br

id
iz

at
io

n
Pe

na
s-

C
az

or
la

et
al

.,
20

15
,[

78
]

ra
t,

gu
in

ea
pi

g

st
ri

at
um

,g
lo

bu
s

pa
lli

da
us

,h
ip

po
ca

m
pu

s,
su

bs
ta

nt
ia

ni
gr

a,
ol

fa
ct

or
y

tu
be

rc
le

pr
ot

ei
n

[3
H

]-
G

R
11

38
08

bi
nd

in
g

G
ro

ss
m

an
et

al
.,

19
93

,[
82

]

st
ri

at
um

,h
ip

po
ca

m
pu

s

st
ri

at
al

G
A

BA
er

gi
c

pr
oj

ec
ti

on
ne

ur
on

s,
pr

oj
ec

ti
on

fr
om

de
nt

at
e

gr
an

ul
e

ce
lls

to
fie

ld
C

A
3,

ha
be

nu
lo

-i
nt

er
pe

du
nc

ul
ar

pa
th

w
ay

,
so

m
at

od
en

dr
it

ic
al

ly
an

d
ax

on
al

ly

m
R

N
A

,p
ro

te
in

[1
25

I]
-S

B
20

77
10

bi
nd

in
g,

in
si

tu
hy

br
id

iz
at

io
n

V
ila

ro
et

al
.,

20
05

,[
62

]

m
ou

se

st
ri

at
um

G
A

BA
er

gi
c

pr
oj

ec
ti

on
ne

ur
on

s
bu

tn
ot

do
pa

m
in

er
gi

c
ne

ur
on

s
pr

ot
ei

n
K

ai
ni

c
ac

id
le

si
on

s
an

d
[3

H
]-

G
R

11
38

08
bi

nd
in

g
C

om
pa

n
et

al
.,

19
96

,[
11

]

st
ri

at
um

G
A

BA
er

gi
c

pr
oj

ec
ti

on
ne

ur
on

s
pr

ot
ei

n
im

m
un

oh
is

to
ch

em
is

tr
y

Eg
el

an
d

et
al

.,
20

11
,[

89
]

de
nt

at
e

gy
ru

s
m

at
ur

e
gr

an
ul

e
ce

lls
pr

ot
ei

n
La

cZ
-I

R
st

ai
ni

ng
Im

ot
o

et
al

.,
20

15
,[

90
]

362



Int. J. Mol. Sci. 2018, 19, 3581

T
a

b
le

2
.

C
om

pi
la

ti
on

of
st

ud
ie

s
of

ex
pr

es
si

on
of

th
e

5-
H

T4
re

ce
pt

or
in

hu
m

an
,m

ou
se

an
d

ra
tb

ra
in

in
th

e
di

se
as

e
st

at
e,

in
di

se
as

e
m

od
el

s
or

af
te

r
dr

ug
tr

ea
tm

en
t.

S
p

e
ci

e
s

T
is

su
e

C
o

n
d

it
io

n
/T

re
a

tm
e

n
t

D
ir

e
ct

io
n

o
f

C
h

a
n

g
e

T
ra

n
sc

ri
p

t/
P

ro
te

in
M

e
th

o
d

R
e

fe
re

n
ce

hu
m

an

fr
on

ta
lc

or
te

x,
ca

ud
at

e
nu

cl
eu

s
su

ic
id

e
vi

ct
im

s
up

pr
ot

ei
n

an
ta

go
ni

st
bi

nd
in

g
R

os
el

et
al

.,
20

04
,[

96
]

as
so

ci
at

io
n

w
it

h
bi

po
la

r
di

so
rd

er
SN

Ps
se

qu
en

ci
ng

of
PC

R
pr

od
uc

ts
O

ht
su

ki
et

al
.,2

00
2,

[9
7]

hi
pp

oc
am

pu
s,

fr
on

ta
lc

or
te

x
A

lz
he

im
er

’s
di

se
as

e
do

w
n

pr
ot

ei
n

[3
H

]-
G

R
11

38
08

bi
nd

in
g

R
ey

no
ld

s
et

al
.,1

99
5,

[9
5]

pu
ta

m
en

H
un

ti
ng

to
n’

s
di

se
as

e
do

w
n

pr
ot

ei
n

[3
H

]-
G

R
11

38
08

bi
nd

in
g

R
ey

no
ld

s
et

al
.,

19
95

,
[9

5]

hi
pp

oc
am

pu
s

co
gn

it
io

n,
ep

is
od

ic
m

em
or

y,
re

ca
ll

ne
ga

ti
ve

co
rr

el
at

io
n

pr
ot

ei
n

PE
T,

[1
1C

]-
SB

20
71

45
H

aa
hr

et
al

.,
20

13
,[

98
]

nu
cl

eu
s

ac
cu

m
be

ns
,v

en
tr

al
pa

lli
du

m
,

or
bi

to
fr

on
ta

lc
or

te
x,

hi
pp

oc
am

pu
s

bo
dy

m
as

s
in

de
x,

ob
es

it
y

po
si

ti
ve

co
rr

el
at

io
n

pr
ot

ei
n

PE
T,

[1
1C

]-
SB

20
71

45
H

aa
hr

et
al

.,
20

12
,[

99
]

ra
t

st
ri

at
um

,s
ub

th
al

am
ic

nu
cl

eu
s,

hi
pp

oc
am

pu
s

le
si

on
of

se
ro

to
ne

rg
ic

nu
cl

ei
up

in
ro

st
ra

ld
or

sa
l,

ve
nt

ra
l

st
ri

at
um

,s
ub

st
an

ti
a

ni
gr

a,
hi

pp
oc

am
pu

s
pr

ot
ei

n
[3

H
]-

G
R

11
38

08
bi

nd
in

g
C

om
pa

n
et

al
.,

19
96

,
[1

1]

st
ri

at
um

(c
au

da
te

pu
ta

m
en

,g
lo

bu
s

pa
lli

du
s

le
si

on
of

D
A

ne
ur

on
s

up
pr

ot
ei

n
[3

H
]-

G
R

11
38

08
bi

nd
in

g
C

om
pa

n
et

al
.,

19
96

,
[1

1]

hi
pp

oc
am

pu
s,

la
te

ra
lg

lo
bu

s
pa

lli
du

s
Fl

in
de

rs
se

ns
it

iv
e

lin
e

(d
ep

re
ss

io
n

m
od

el
)

do
w

n
pr

ot
ei

n
[3

H
]-

SB
20

71
45

bi
nd

in
g

Li
ch

te
ta

l.,
20

09
,[

10
0]

hi
pp

oc
am

pu
s,

hy
po

th
al

am
us

,c
au

da
te

pu
ta

m
en

,
nu

cl
eu

s
ac

cu
m

be
ns

,G
lo

bu
s

pa
lli

du
s

21
da

ys
pa

ro
xe

ti
ne

(S
SR

I)
do

w
n

af
te

r
SS

R
I

pr
ot

ei
n

[3
H

]-
SB

20
71

45
bi

nd
in

g
Li

ch
te

ta
l.,

20
09

,[
10

0]

hi
pp

oc
am

pu
s,

hy
po

th
al

am
us

4
da

ys
of

5-
H

T
de

pl
et

io
n

up
af

te
r

5-
H

T
de

pl
et

io
n

pr
ot

ei
n

[3
H

]-
SB

20
71

45
bi

nd
in

g
Li

ch
te

ta
l.,

20
09

,[
10

0]

hi
pp

oc
am

pu
s

(C
A

1)
,s

tr
ia

tu
m

21
da

ys
of

flu
ox

et
in

e
(S

SR
I)

do
w

n
[3

H
]-

G
R

11
38

08
bi

nd
in

g
V

id
al

et
al

.,
20

09
,[

10
1]

15
re

gi
on

s
in

cl
.h

ip
po

ca
m

pu
s

le
ar

ni
ng

:a
ut

os
ha

pi
ng

te
st

fo
r

fo
od

re
tr

ie
va

l
up

re
gu

la
te

d
in

m
os

tr
eg

io
ns

pr
ot

ei
n

[3
H

]-
G

R
11

38
08

bi
nd

in
g

M
an

ue
l-

A
po

lin
ar

et
al

.,
20

05
,[

10
2]

ca
ud

at
e

pu
ta

m
en

,n
uc

le
us

ac
cu

m
be

ns
ra

tm
od

el
s

of
ob

es
it

y
up

pr
ot

ei
n

[3
H

]S
B2

07
14

5
bi

nd
in

g
R

at
ne

r
et

al
.,

20
12

,[
10

3]

hi
pp

oc
am

pu
s

m
at

er
na

ld
ep

ri
va

ti
on

,u
np

re
di

ct
ab

le
st

re
ss

do
w

n
m

R
N

A
,p

ro
te

in
qP

C
R

an
d

W
es

te
rn

bo
tt

in
g

Ba
ie

ta
l.,

20
14

,[
51

]

m
ou

se

st
ri

at
um

6-
O

H
D

A
le

si
on

m
od

el
of

Pa
rk

in
so

n’
s

di
se

as
e

do
w

n
in

D
2

M
SN

s
m

R
N

A
A

ff
ym

et
ri

x
G

en
eC

hi
p

m
ic

ro
ar

ra
y

H
ei

m
an

et
al

.,
20

14
,

[1
04

]

ve
nt

ra
lh

ip
po

ca
m

pu
s

bu
lb

ec
to

m
y

up
in

ve
nt

ra
lh

ip
po

ca
m

pu
s,

do
w

n
in

ol
fa

ct
or

y
tu

be
rc

le
s

pr
ot

ei
n

[3
H

]-
SB

20
71

45
bi

nd
in

g
Li

ch
te

ta
l.,

20
10

,[
97

]

ca
ud

al
pu

ta
m

en
G

R
(+

/
−)

m
ic

e
up

pr
ot

ei
n

[3
H

]-
SB

20
71

45
bi

nd
in

g
Li

ch
te

ta
l.,

20
10

,[
97

]

m
id

br
ai

n
ra

ph
e

nu
cl

ei
an

d
V

TA
so

ci
al

de
fe

at
up

af
te

r
de

fe
at

m
R

N
A

R
N

A
se

q
K

ud
ry

av
ts

ev
a

et
al

.,
20

17
,[

10
5]

pr
ef

ro
nt

al
co

rt
ex

re
st

ra
in

ts
tr

es
s

up
af

te
r

re
st

ra
in

t
m

R
N

A
qP

C
R

Je
an

et
al

.,
20

17
,[

22
]

363



Int. J. Mol. Sci. 2018, 19, 3581

7.1. Depression and Anxiety

The understanding of the roles that 5-HT4 receptors play in mood disorders mainly comes from
preclinical studies. Several rodent models of depression and anxiety, such as bulbectomy, glucocorticoid
receptor heterozygous mice, social defeat stress or exposure to prenatal stress, all indicated changes
in 5-HT4R expression: In mice, the experience of social defeat led to 5-HT4R mRNA up-regulation
in the midbrain raphe nuclei and the VTA, as determined by RNA seq [105]. Similarly, restraint
stress induced hypophagia and increased 5-HT4R mRNA levels in the medial prefrontal cortex [22].
In contrast, maternal stress led to a reduction of all mouse 5-HT4R variants on the mRNA level
as assessed by qPCR, with the strongest difference observed for the (b) variant, while chemically
induced 5-HT depletion in the embryo only affected the expression of the (b) variant in the embryonic
telencephalon [106].

After bulbectomy, 5-HT4R protein binding was increased in the rat ventral hippocampus and
olfactory tubercles but unchanged in the dorsal hippocampus, frontal and caudal caudate putamen.
5-HT transporter (SERT) binding was unchanged in the hippocampus and caudate putamen and
slightly down in lateral septum and globus pallidus [97]. GR(+/−) mice had increased 5-HT4R binding
in the caudal caudate putamen and the olfactory tubercles, decreased SERT binding in the frontal
caudate putamen but no changes for 5-HT4R and SERT in the hippocampus [97]. In contrast, in the
Flinders Sensitive Line, a rat model of depression, 5-HT4R binding was decreased in the dorsal and
ventral hippocampus [100].

A 3-week long treatment regimen with the SSRI fluoxetine decreased the density of 5-HT4 receptor
binding in the CA1 field of hippocampus as well as in several areas of the striatum in rats [101].
In contrast, 5-HT4R in layer 5 of the cerebral cortex was shown to be selectively upregulated after
fluoxetine treatment in p11-GFP bacTRAP mice [107]. Interestingly, when 5-HT4R expression was
quantified by qPCR on whole cortical lysate no difference in response to fluoxetine treatment was
detected, while a 16-fold upregulation in the deep cortical layers was found after TRAP purification.
This study clearly demonstrates that methods of purification and enrichment are necessary to achieve
a resolution that is sufficient to characterize the dynamics of 5-HT4R expression. Given that chronic
fluoxetine in mice lead to a specific upregulation in layer 5 of the cortex [107], it is clear that
research into expression changes needs to be approached with techniques achieving high resolution
since global expression changes might be counterweighed by cell-type and subregion-specific
compensatory changes.

Data generated in humans with [11C]-SB 207145 brain PET imaging suggest that 5-HT4R is
involved in the neurobiological mechanism underlying familial risk for depression, and that lower
striatal but not cortical 5-HT4 receptor binding is associated with an increased risk for developing
major depressive disorder [108]. However, in the caudate nucleus, the relationship between 5-HT4R
and suicide risk was inverse: Postmortem studies found increased 5-HT4 receptor binding in the
caudate nucleus and frontal cortex of depressed suicide victims [96]. Polymorphisms of the htr4 gene
were found to correlate with major depression and/or bipolar disorders [109].

A PET study showed a global reduction in cerebral 5-HT4R binding in healthy volunteers after
a 3 week treatment with fluoxetine [110], pointing towards an inverse correlation of global 5-HT4R
binding and synaptic serotonin levels, or an activity-induced downregulation response.

In summary, there is strong evidence regarding the involvement of 5-HT4R in the etiology and
expression of depression; however, different preclinical models of depression and anxiety and binding
studies in humans show different responses in 5-HT4R expression in different brain regions that need
to be further addressed.

7.2. Food Intake and Obesity

High levels of 5-HT4R are observed in obese humans [99] and in overfed rats in the caudate
putamen and the nucleus accumbens shell [103]. Injection of 5-HT4R agonist into the nucleus
accumbens reduces the drive to eat while injection of 5-HT4R antagonist or knockdown in the
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nucleus accumbens induces hyperphagia in fed mice [111]. These data suggest that changes in 5-HT4R
expression may play a role in eating disorders. Indeed, PET studies showed a correlation between the
body mass index and 5-HT4R protein in the nucleus accumbens, ventral pallidum, the orbitofrontal
cortex and hippocampus [99]. Furthermore, the density of 5-HT4 receptors was found to be decreased
in the temporal cortex of Alzheimer’s disease patients who also suffer from hyperphagia [112].

7.3. Memory and Alzheimer’s Disease

A role for 5-HT4R in Alzheimer’s disease has been described: The receptor was linked to APP
processing and β-amyloid generation in rodent models of Alzheimer’s disease. Chronic administration
of 5-HT4R agonists reduced β-amyloid pathology through the promotion of non-amyloidogenic
cleavage of the precursor of Aβ and the consequent promotion of the neurotrophic protein, sAPPα,
thereby alleviating AD pathology as well as reducing plaque load [113,114]. In a transgenic Alzheimer’s
mouse model, stimulation of 5-HT4R exerted pro-cognitive effects, which resulted in enhanced learning
through increasing acetylcholine levels [24,113,115,116]. This body of work is largely based on the
use of 5-HT4R pharmacological tools and shows that 5-HT4R stimulation enhanced performance
on memory tasks in rodents while receptor antagonists induced worsening of the performance on
these tasks.

During memory consolidation in a food retrieval learning paradigm, 5-HT4 radioligand binding
showed an upregulation in olfactory lobule, caudate putamen, fundus striatum, hippocampus (CA2)
and several cortical regions of young adult animals. In contrast, some but not all tested regions of older
rats (hippocampal CA2 and CA3 areas, and frontal, parietal, and temporal cortex) expressed reduced
5-HT4 receptor density [102] pointing towards age-dependent regulation of 5-HT4R expression.

In humans, PET studies with [11C]-SB207145 as tracer and an episodic memory verbal learning
test, resulted in an unexpected negative correlation of 5-HT4R and memory function in healthy
young volunteers. Thus, in humans, unlike what was hypothesized based on rodent studies, fewer
hippocampal 5-HT4Rs are representative of a better episodic memory function [98]. In newly diagnosed
Alzheimer’s disease patients, 5-HT4R binding was positively correlated to β-amyloid burden and
negatively to cognitive performance (MMSE score) suggesting that cerebral 5-HT4R is upregulated
during preclinical stage, possibly as compensatory effect to decreased levels of interstitial 5-HT [117].

No preclinical studies exist to date that show changes in 5-HT4R expression in mouse models
of Alzheimer’s disease. In humans, [3H]-GR 113808 labeling of post mortem brain tissue showed
decreased 5-HT4-receptor expression in the hippocampus and prefrontal cortex in patients with
Alzheimer’s disease [95]. However, another study contradicts these findings revealing no changes in
5-HT4R density in Alzheimer’s disease in frontal and temporal cortices [118].

Thus, to corroborate the relation between 5-HT4R expression and memory function in humans,
in healthy and disease states, further studies are warranted.

7.4. Schizophrenia

Limited evidence indicates that 5-HT4R polymorphisms could predispose to schizophrenia [119]
and attention deficit hyperactivity disorder (ADHD) [120].

7.5. Parkinson’s Disease

Expression of 5-HT4R was found to be altered in rodent models of PD. Depletion of dopamine
neurons by 6-OHDA leads to increased 5-HT4R receptor binding in the caudal caudate-putamen and
globus pallidus (+93%) [11]. In contrast, in 6-OHDA lesioned mice, 5-HT4R mRNA was reduced (4-fold)
while L-DOPA treatment doubled the 5-HT4R expression in the D2-SPNs. In D1-SPNs, changes only
occurred after L-DOPA treatment (2-fold) [104]. For technical reasons in this study, no comparison of the
total expression levels in D1- and D2-SPNs could be made. However, these findings are very interesting
since they suggest a potential role for 5-HT4R in L-DOPA induced dyskinesia. In post-mortem studies
of PD subjects, 5-HT4R binding in putamen and substantia nigra was found to be unaltered [91].
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The small number of patients (N = 6), and the non-discrimination of medication, treatment duration
and disease severity does, in our opinion, not allow a conclusive statement.

Future work involving spatially restricted deletions of 5-HT4 receptors or local administration
of pharmacological ligands is necessary to more precisely determine the cellular and circuit-based
mechanisms by which 5-HT4 receptors influence behavior.

8. Other Proteins Affecting 5-HT4R Signaling

8.1. SERT (5-HTT)

It is not surprising that genetic alteration of the serotonin transporter gene (5-HTT) has
implications in mood disorders: For example, mice overexpressing SERT (OE) or with SERT
depletion (KO) present anxiolytic-like or more anxious behaviors, respectively, when compared
to WT littermates [121,122]. At the molecular level, in the homozygous SERT KO mice, the activity of
the 5-HT1A autoreceptor is decreased [123,124] while 5-HT2A receptor function is enhanced [125–127].
Protein levels of 5-HT4R are altered in the SERT KO and SERT OE mice. Precisely, autoradiography
studies with [3H]-SB 207145 radioligand show increased 5-HT4 receptor binding in the SERT OE mice
in all brain regions but the amygdala. Inversely, in the SERT KO mice, 5-HT4R binding is decreased in
all regions studied. This is consistent with studies providing evidence that chronic treatment with SSRIs
in healthy individuals decreased 5-HT4R binding as seen in PET imaging [110]. Studies in rodents
replicate this result of decreased 5-HT4R-dependent activation of adenylate cyclase and reduced
electrophysiological activity in the hippocampus [128]. In a similar fashion, mice overexpressing
5-HT4R in the mPFC exhibit stress-induced hypophagia and a corresponding 5-HT4R-dependent
downregulation of SERT and 5-HT1A transcripts. Oppositely, siRNA mediated knockdown of 5-HT4R
in the mPFC induces hyperphagia [22].

These studies are important because they highlight that altered 5-HT concentration is most likely
responsible for changes in 5-HT4R receptor binding as a compensatory mechanism; they also highlight
the bi-directionality of this process, since exogenous alterations in 5-HT4R levels induce changes in
5-HT availability, negatively regulating the expression of SERT as well as serotonin receptors.

8.2. Adaptor Protein p11

S100 calcium effector protein p11 (S100A10), a depression marker protein, has been identified
in a yeast-based screening system as a binding partner to 5-HT4R, with greater affinity to 5-HT4R
than to other serotonin receptors, such as 5-HT1B and 5-HT1D receptors [129]. p11 co-localizes with
5-HT4R in brain regions that play an important role in major depressive disorder like cingulate cortex,
hippocampus, amygdala and striatum as seen by in situ hybridization and immunohistochemistry
using the transgenic bac-GFP mice where GFP is expressed under the 5-HT4R promoter. p11 KO
mice show reduced 5-HT4R protein in radioligand binding assays, are behaviorally less sensitive
to antidepressant treatment and do not respond to 5-HT4R agonist. As binding partner of 5-HT4R
and adaptor protein for many other GPCRs, p11 recruits 5-HT4R to the site of its action, the plasma
membrane [129].

8.3. CK2

CK2 is a constitutively active and ubiquitously expressed kinase. Recently, CK2 has been identified
as a negative regulator of the 5-HT4R [46]. Knockdown or inhibition of CK2 in vitro elevates 5-HT4R
receptor-dependent cAMP generation and increases receptor localization at the plasma membrane in
monkey COS7 cells. Interestingly, in the mouse brain, mRNA upregulation of the 5-HT4R is specific to
the PFC. Virally-mediated focal knockdown of CK2 or overexpression of 5-HT4R in the mPFC generates
an anti-depressed and anxiolytic-like phenotype that is similar to the phenotypes observed with CK2
knockout in the forebrain driven by Emx1-Cre or Drd1a-Cre. In addition, such conditional CK2 KO
mice are more responsive to antidepressant drugs and 5-HT4R agonist (RS 67333) treatment [46].
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8.4. Testosterone

Several studies describe the relationship between sex hormones and serotonin in mood-related
disorders. The prevalence of major depressive disorder is 1.7 times higher in women than in men [130].
Several studies correlate depressive episodes with hormonal changes especially in the menstrual cycle
in women although the exact mechanism by which this happens is not clear [130]. In men, it has been
found that plasma testosterone negatively correlates with brain 5-HT4R binding in humans throughout
the brain [131]. Higher levels of testosterone lead to increased serotonergic signaling but whether
testosterone directly regulates levels through steroid hormone receptors co-localized with 5-HT4R
or by an indirect mechanism (e.g., increased of serotonergic tonus through other targets) to decrease
expression of 5-HT4R needs to be further examined.

8.5. Nav1.7

Nav1.7 is a voltage-gated sodium channel required for nociceptive neuronal activation. While
humans lacking Nav1.7 and genetic KO mice show absence of pain, a pharmacological antagonist of
this channel failed to decrease pain sensitivity, indicating that receptor signaling mediated activation of
nociceptive neurons might not be the only mechanism involved in pain alleviation. For example, loss
of Nav1.7 coincides with upregulation of met-enkephalin, an endogenous opioid peptide in sensory
neurons, increasing opioid activity and anti-nociceptive signaling. In addition, Nav 1.7 KO mice
present reduced levels of 5-HT4R in dorsal root ganglia [132]. Both effects, i.e., changes in enkephalin
and 5-HT4R expression and signaling, take place in peripheral nociceptive neurons and together
contribute to the analgesic effect [133].

9. Conclusions

It is clear that changes in 5-HT4R expression correlate with several disease states. In order to
clarify whether these changes are also causative or involved in the etiology of disease, the expression
needs to be assessed on a cellular level in preclinical models. While 5-HT4R overexpression in rodents,
for example, through virus injection, is truly helpful in delineating the role of 5-HT4R in certain brain
regions and cell types, these experiments have the disadvantage of introducing the gene under an
exogenous promoter thus leading to non-physiological levels of expression and lacking the opportunity
to study transcriptional regulation. Thus, it is preferable to study transgenic mice in which a labeled
version of the receptor is expressed under its endogenous promoter such as the transgenic mouse
line where the β-galactosidase gene is knocked in at the htr4 gene locus [90], enabling unambiguous
cell identification or cell-type specific purifications and quantification methods. Human PET or post
mortem studies are important to verify hypotheses but may not allow the resolution needed.

Another aspect that has to be taken into consideration is the fact that splicing variants differ
between species. The factors responsible for these differences are unknown but may be important in
understanding human pathologies. To bridge this knowledge gap, it would be interesting to generate,
through streamlining the gene architecture by engineering/deleting of splicing sites, mice which
expressing specific (human) variants only and to determine whether this will affect 5-HT4R-dependent
phenotypes (e.g., electrophysiological properties, neurotransmitter release, receptor homeostasis,
behavior and biochemical signaling cascades). Once this has been established, we will be in a better
position to develop more suitable 5-HT4R mouse models to study human disease.
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