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Serious mental illnesses are debilitating and costly, and the development of effective 

treatments is imperative.  Unfortunately, their heterogeneous and overlapping etiologies and 

symptomatologies present major obstacles to our understanding of these disorders.  Carefully 

designed animal models and test paradigms with precise cross-species valid outcomes enable 

us to investigate the mutations, network disruptions, and environmental challenges that 
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contribute to the development of neuropsychiatric symptoms and may be targeted for 

treatment.  This dissertation presents two mouse models developed to study candidate risk 

genes associated with neuropsychiatric illnesses, including major depression, bipolar disorder, 

and schizophrenia.  The studies presented herein provide insight into the development and 

potential treatments for these disorders. 

Studies of humanized DISC1-Boymaw mice focus on the effects of a rare 

translocation associated with psychiatric illnesses in a large Scottish family.  Our studies 

suggest that inhibition of protein synthesis and mitochondrial dysfunction resulting from the 

fusion of the DISC1 and Boymaw genes may contribute to the pathogenesis of illnesses in this 

family.  The DISC1-Boymaw mice exhibit hypersensitivity to ketamine, a phenotype also 

observed in patients and in the other rare variant model presented here, the Sp4 hypomorphic 

(Hyp) mice, which have reduced expression of the transcription factor Sp4.  Our investigation 

of Sp4 Hyp mice suggests that hypersensitivity to ketamine is mediated by inhibitory 

GABAergic neurons and not excitatory forebrain neurons.   

Dysfunction of GABAergic neurons may be associated with cognitive and 

motivational deficits observed in the Sp4 Hyp mice and in patients.  The cognitive deficits 

associated with psychiatric illnesses are predictive of vocational and social outcomes and 

should be prioritized in the development of treatments.  Our studies suggest that a glycine 

type-1 transporter (GlyT-1) inhibitor may remediate attention deficits—but not impairments 

to motivation nor reward learning—in these mice and potentially in patients.  It is the author’s 

hope that the findings presented in this dissertation and follow-up studies will contribute to 

the understanding and development of treatments for neuropsychiatric disorders.  



 

1 
 

INTRODUCTION 

 

According to the 2016 National Survey on Drug Use and Health, about 1 in 5 adults in 

America experienced a mental, behavioral, or emotional disorder that met DSM-IV criteria in 

the past year.  Approximately 1 in 25 adults experienced a neuropsychiatric illness that 

substantially interfered with a major life activity, such as going to school or work (Substance 

Abuse and Mental Health Services Administration 2017).  Serious mental illnesses are among 

the leading causes of disabilities worldwide (Whiteford et al. 2013) and were estimated to cost 

$2.5 trillion globally in 2010, primarily due to productivity and income losses, accounting for 

more economic costs than chronic somatic diseases such as diabetes and cancer (Ota et al. 

2014).  The economic burden of these illnesses is expected to double by 2030 (Trautmann et 

al. 2016).  Thus, it is imperative that treatments are developed to combat these disorders. 

Fortunately, the heritability of neuropsychiatric illnesses—though not neatly 

Mendelian—is evident.  For example, having a parent with the disease increases the chances 

of developing schizophrenia (~1% in the general population) six times and having a 

monozygotic twin with the disease increases the chances almost 50-fold (Tsuang 2000; 

Gottesman and Erlenmeyer-Kimling 2001).  With modern genetics techniques, such as 

genome wide association studies (GWASs), researchers can identify candidate mutations and 

disrupted networks that might contribute to the development of specific mental illnesses. 

These genetic mutations and disrupted neural circuitry, as well as environmental stresses, can 

be modeled in animals, and well-defined biological and behavioral outcomes related to those 

in patients can be measured, enabling the study of the etiologies and potential treatments of 

neuropsychiatric illnesses (Young et al. 2010; Razafsha et al. 2013).  
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Unfortunately, the categorization, or nosology, of psychiatric illnesses is currently 

undergoing somewhat of a crisis (Young et al. 2010; Kapur et al. 2012; Zachar and Kendler 

2017).  Disorders, such as major depression (MD), bipolar disorder (BD), and schizophrenia 

(SZ), are heterogeneous and there is significant symptomatic and genetic overlap between 

conditions (Craddock and Owen 2010; O’Tuathaigh and Waddington 2015).  For example, 

numerous studies have revealed overlap in genetic susceptibility for BD and SZ (Lichtenstein 

et al. 2009; Moskvina et al. 2009; Owen and Craddock 2009; Purcell et al. 2009), as well as 

other neurodevelopmental disorders, including autism (Zhang et al. 2009).  The desire to 

distinguish these conditions, however, may obscure symptomatic overlap.  For instance, the 

negative symptoms of SZ may be characterized as anhedonia in depressive patients or social 

withdrawal in patients with autism (Goldstein et al. 2002).  In light of such findings, it has 

been suggested that neurodevelopmental disorders, ranging from intellectual disability and 

autism to SZ, BD, and MD, are not distinct but lie on an etiological and symptomatic gradient 

(Craddock and Owen 2010). 

The problem of nosology, naturally, extends into the indispensable study of animal 

models of psychiatric illnesses.  Given the heterogeneity and polygenic basis of these 

disorders, a single genetic mutation will not produce a model of any disease in its entirety.  

The goal of modeling schizophrenia in its entirety, for example, has been repeatedly 

dismissed (Geyer 2008; Young et al. 2010; Razafsha et al. 2013; Wong and Josselyn 2016).  

Instead, focus has been placed on the systematic studies of endophenotypes of each disorder.  

Endophenotypes are intermediate, heritable traits—neurophysiological, biochemical, 

neuroanatomical, or cognitive, for example—found at higher rates in mutation carriers, 

regardless of diagnosis, that may contribute to the development of symptoms (Kendler and 
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Neale 2010).  The work included in this dissertation aims to use genetic and pharmacological 

tools in cell culture and in mouse models to identify and probe endophenotypes that may 

contribute to the symptomatology of neuropsychiatric illnesses.  Through this work, we hope 

to better understand the molecular and cellular mechanisms that underlie the behavioral 

symptoms of and guide potential treatments for psychiatric disorders, including SZ, BD, and 

MD. 

 

Humanized DISC1-Boymaw 

Studies in Chapters 1 and 2 of this dissertation examine the DISC1 mutation, a so-

called rare variant that contributes to psychiatric illness susceptibility (Owen 2012).  Rather 

than focusing on common mutations with small effects on disease susceptibility (common-

disease/common variant), the common-disease/rare-variant approach focuses on rare point 

mutations that have large effects on susceptibility (O’Tuathaigh and Waddington 2015).  The 

DISC1 mutation was discovered in a large Scottish family in which more than 70% of carriers 

presented with a psychiatric disorder, including SZ, BD, and MD (Millar et al. 2000b; 

Blackwood et al. 2001).  The heterogeneity of diagnoses within the family is in line with the 

notion that several disorders, as defined in the DSM, may share a common biological basis 

(Korth 2009).  The mutation is a balanced translocation, t(1;11)(q42.1;q14.3), that disrupts the 

disrupted-in-schizophrenia 1 (DISC1) gene on chromosome 1 (Millar et al. 2000a).  The 

DISC1 gene has been studied extensively and found to play critical roles in neuronal cell 

proliferation, differentiation, migration, maturation, and synaptic functions (Kamiya et al. 

2005; Ishizuka et al. 2006; Duan et al. 2007; Kvajo et al. 2008; Mao et al. 2009; Wang et al. 
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2011).  Although the role of the DISC1 gene in the pathogenesis of psychiatric illnesses 

remains unclear and its applicability to the general population has been challenged (Kuroda et 

al. 2011; Duff et al. 2013; Thomson et al. 2013; Sullivan 2013; Porteous et al. 2014), the 

mutation has provided a useful entry point to understanding the etiology of various 

neuropsychological illnesses and may be the most widely studied candidate susceptibility 

gene (Brandon and Sawa 2011). 

Our studies, however, found that the translocation also disrupts a gene on chromosome 

11, called Boymaw or the DISC1 fusion protein 1 (DISC1FP1) (Zhou et al. 2008).  After 

translocation, two fusion genes, DISC1-Boymaw (DB7) and Boymaw-DISC1 (BD13) may be 

generated (Zhou et al. 2010a; Eykelenboom et al. 2012).  Chapter 1 explores the effects of 

these fusion genes in vitro and in vivo using humanized DISC1-Boymaw mice carrying both 

human fusion genes.  Briefly, we found that the DB7 fusion gene inhibits intracellular NADH 

oxidoreductase activities, rRNA synthesis, and protein translation, and the humanized mice 

display phenotypes associated with SZ and MD.  Chapter 2 investigates the hypothesis that 

the DB7 fusion protein disrupts mitochondrial functioning, potentially contributing to the 

development of symptoms associated with psychiatric disorders. 

 Interestingly, our studies of the DISC1-Boymaw translocation led us to study the 

effects of the isolated Boymaw gene, the function of which remains unknown.  We found that 

the Boymaw protein alone (not fused to DISC1) localizes to mitochondria and inhibits 

metabolic activity similarly to the DB7 fusion protein.  This led us to investigate the presence 

of Boymaw in patient samples.  Indeed, in postmortem brain tissue, we found that Boymaw 

RNA expression is significantly increased in patients with major psychiatric disorders 
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compared to healthy controls (Ji et al. 2015).  This discovery suggests that overexpression of 

Boymaw may contribute to mitochondrial dysfunction in patients with psychiatric disorders, 

within and beyond the original Scottish DISC1 family. 

 

Sp4 Hypomorphic Mice 

Chapters 3 and 4 explore mutations to the Sp4 gene that, not unlike Boymaw 

overexpression, was first studied in a mouse model and found to be present in patients with 

neuropsychiatric illnesses.  Originally, mice lacking the Sp4 gene were studied as a model of 

cardiac arrhythmia and sudden death but they were found to have behavioral abnormalities 

(Nguyên-Trân et al. 2000; Zhou et al. 2005).  This observation led to the study of the role of 

Sp4, a transcription factor, in the central nervous system.  In order to study the effects of 

reduced, rather than completely absent, Sp4 expression, the Sp4 hypomorphic (Hyp) mice 

were generated.  We found that Sp4 Hyp mice displayed several behavioral phenotypes 

relevant to psychiatric disorders, including deficits in prepulse inhibition and hypersensitivity 

to ketamine (Zhou et al. 2005, 2007, 2010b).   

Our studies of Sp4 Hyp mice led to the discovery of several SNPs in the SP4 gene 

associated with MD, BD, and SZ (Zhou et al. 2009, 2010b; Tam et al. 2010; Pinacho et al. 

2011; Shi et al. 2011; Greenwood et al. 2013). The SP4 gene has been found to be 

spontaneously deleted in patients with SZ (Tam et al. 2010; Zhou et al. 2010b), SP4 protein 

levels are reduced in peripheral blood mononuclear cells in first-episode SZ patients (Fusté et 

al. 2013), and the expression of the SP4 protein is reduced in postmortem brain tissue of BD 
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patients (Pinacho et al. 2011).  These studies support the Sp4 Hyp mice as a mouse model of 

psychiatric illnesses.  

Chapter 3 investigates a particular SZ-related endophenotype, hypersensitivity to 

ketamine, which we also observed in the DISC1-Boymaw mice in Chapter 1.  Administration 

of non-competitive N-methyl-D-aspartate receptor (NMDAR) antagonists, such as ketamine, 

induces behaviors that resemble aspects of psychiatric disorders in healthy people (Krystal et 

al. 1994; Xu et al. 2015).  Furthermore, prolonged effects and the exacerbation of symptoms 

have been reported in SZ patients after the administration of ketamine (Lahti et al. 1995; 

Malhotra et al. 1997; Holcomb et al. 2005).  These findings, as well as prefrontal cognitive 

deficits in patients, have implicated impaired NMDAR neurotransmission in SZ (Lewis et al. 

2005; Kantrowitz and Javitt 2010).  In fact, decreased NMDAR1 subunit expression has been 

reported in postmortem brain tissue of SZ patients (Weickert et al. 2012), and anti-NMDAR 

encephalitis results in schizophrenia-like symptoms and/or loss of memory (Dalmau et al. 

2008; T. Iizuka et al. 2008).  Consistent with these findings, expression of NMDAR subunit 

Nmdar1 is reduced to 40-50% in the hippocampus and cortex of Sp4 Hyp mice (Zhou et al. 

2010b).  We wished to investigate the mechanism underlying NMDAR antagonist sensitivity 

in the Sp4 Hyp mice.  Cortical GABAergic inhibitory neurons have been proposed as the 

primary targets of NMDAR antagonists, so we hypothesized that ketamine sensitivity in the 

Sp4 Hyp mice is regulated by Sp4 expression in GABAergic neurons. 

The construction of the Sp4 Hyp mice allows for the restoration of Sp4 expression 

using Cre-Lox recombination (Zhou et al. 2005).  Through crosses with specific Cre-

expressing mouse lines, we found that restoration of Sp4 expression in GABAergic inhibitory, 
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but not forebrain excitatory, neurons reduced hypersensitivity to ketamine in Sp4 Hyp mice.  

These findings, consistent with the work of other groups (Belforte et al. 2010; Rompala et al. 

2013), support the hypothesis that GABAergic neurons dampen locomotor responses to 

ketamine and that Sp4 is essential for this process.  Therefore, Sp4 mutations may confer 

abnormal function of GABAergic neurons, providing a pathway that may be targeted in some 

patients with impaired GABAergic functioning.   

Dysfunction of GABAergic neurons may also contribute to the cognitive and negative 

symptoms of psychiatric disorders, which may be more clinically relevant than 

hypersensitivity to ketamine—which is associated with the positive symptoms and/or reduced 

habituation to novel environments in patients with SZ (Perry et al. 2009).  Indeed, the 

negative and cognitive symptoms of SZ are thought to form the core of the disorder (Geyer 

2008; Geyer et al. 2012) and are predictive of poor social and vocational outcomes (Green 

2006; Bowie et al. 2008; Tsang et al. 2010).  Chapter 4 aims to assess the behaviors of Sp4 

Hyp mice relevant to the negative cognitive symptoms of SZ using cross-species relevant 

paradigms (Cuthbert 2014) (Young et al. 2009; Young and Geyer 2015).   

We measured cognitive control using the 5-Choice Continuous Performance Test (5C-

CPT) (Young et al. 2009, 2013; Lustig et al. 2013), approach motivation using a probabilistic 

learning task (Bari et al. 2010; Amitai et al. 2014), and effort valuation using the progressive 

ratio breakpoint paradigm (Bensadoun et al. 2004; Young and Geyer 2010).  Patients with SZ 

exhibit deficits in all three domains in comparable tests designed for humans (Ellenbroek et 

al. 2000; Gold et al. 2008; Waltz et al. 2011; Armstrong et al. 2012; Ragland et al. 2012; 

Young et al. 2013; Wolf et al. 2014).   
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Using other mouse models, author of this dissertation has utilized these paradigms to 

investigate the contributions of striatal dopamine D1 receptors to motivation and reward- and 

punishment-associated learning and of α7 nicotinic acetylcholine receptors to nicotine 

withdrawal-induced inattention.  These studies, found in Appendices A and B, respectively, 

demonstrate how the carefully designed paradigms used in Chapter 4 enable the parsing of 

precise aspects of cognition (e.g., inattention v. response disinhibition) that can be associated 

with specific biological impairments (e.g., lack of α7 nicotinic acetylcholine receptors).   

In Chapter 4, we found that the Sp4 Hyp mice exhibited impaired attention, reduced 

motivation to work for a reward, and impaired probabilistic learning, consistent with findings 

in patients.  Based upon findings in patients, we also tested whether the Sp4 Hyp mice are 

more sensitive to distraction (flashing lights) during the 5C-CPT challenge (Demeter et al. 

2013; Lustig et al. 2013).  In fact, the Sp4 Hyp mice were impaired similarly to WT mice, 

perhaps suggesting that the overall attention deficit—and not specifically attentional control 

during distraction—should be prioritized in the development of treatments.   

Given the reduced NMDAR function in the Sp4 Hyp mice, we tested whether an 

inhibitor of the NMDAR co-agonist glycine transporter type-1 (GlyT-1), which should 

potentiate NMDAR function, could remediate the deficits observed.  Indeed, GlyT-1 

inhibition attenuated the attention deficit of the Hyp mice in the 5C-CPT.  Interestingly, 

neither the motivation nor the probabilistic learning deficit was attenuated by GlyT-1 

treatment, suggesting that the mechanisms underlying the attentional deficit and these reward-

related deficits involved distinct neural networks.  Our studies indicate that GlyT-1 inhibition 

may treat attentional deficits in patients with low Sp4 levels.     
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All together, the studies collected within this dissertation serve to illustrate the ways in 

which mouse models can be used to probe the etiology and develop treatments for 

neuropsychiatric illnesses.  Future studies investigating the overlapping endophenotypes 

between models, the influence of additional genetic and environmental insults, and responses 

to proposed treatments are warranted.   
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Abstract 

 Mitochondrial dysfunction has been implicated in the pathogenesis of psychiatric 

disorders.  In particular, disruption to the Disrupted-in-Schizophrenia 1 (DISC1) gene may 

alter mitochondrial function and transport, contributing to abnormal neuronal development 

and function in patients with depression, bipolar disorder, and schizophrenia.  We have found 

that fusion of DISC1 with Boymaw may also contribute to mitochondrial and metabolic 

dysfunction in mice carrying the human DISC1-Boymaw fusion genes and potentially in 

human carriers of the DISC1 translocation.  Although there is evidence for impaired 

mitochondrial functioning at the cellular level in our humanized mice, interactions with 

additional genetic and environmental insults may be necessary to observe behavioral and 

metabolic dysfunction on a global level.    
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Introduction 

Mitochondria serve essential functions, including energy production and calcium 

buffering, that are necessary for healthy neuronal development and communication (Nemoto 

et al. 2000; Mattson et al. 2008; Rizzuto et al. 2012; Khacho and Slack 2017).  Disturbances 

to mitochondrial function can lead to neuronal degeneration and death (Di Carlo et al. 2012).  

Therefore, it is not surprising that mitochondrial dysfunction has been implicated in the 

pathogenesis of neurological disorders, including Alzheimer’s, Parkinson’s, and Huntington’s 

diseases (Lin and Beal 2006; Carvalho et al. 2015).  More recently, mitochondrial dysfunction 

has been associated with psychiatric disorders, including major depression, bipolar disorder, 

and schizophrenia (Kung and Roberts 1999; Rezin et al. 2009; Manji et al. 2012; Flippo and 

Strack 2017). 

 For example, patients with bipolar disorder and schizophrenia have impaired ATP 

production (Deicken et al. 1995; Gardner et al. 2003; Clay et al. 2011) and Ca2+ homeostasis 

(Yoon et al. 2001; Bojarski et al. 2010; Giegling et al. 2010), both of which rely on intact 

mitochondrial functioning.  Genome-wide association studies have identified numerous 

single-nucleotide polymorphisms in mitochondrial DNA associated with major psychiatric 

disorders in the general population (Rollins et al. 2009; Hudson et al. 2014).  Furthermore, 

patients with mitochondrial disorders often present with psychiatric disorders (Fattal et al. 

2006; Inczedy-Farkas et al. 2012), and the prevalence of type 2 diabetes mellitus is increased 

in patients with severe mental illness (Holt 2006; Meetoo 2013; Vancampfort et al. 2016).  

The underlying mechanisms linking mitochondrial dysfunction and psychiatric disorders 

remain poorly understood, but recent studies on animal models of mitochondrial and 
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psychiatric disorders have begun to bridge that gap (Kasahara et al. 2006; Gong et al. 2011; 

Manji et al. 2012). 

 In particular, Disrupted-in-Schizophrenia (DISC1) has been found to play a role in 

mitochondrial function and distribution, and disruption to this gene may contribute to the 

pathogenesis of psychiatric disorders (Park and Park 2012; Norkett et al. 2016).  A balanced 

translocation in DISC1 was found to co-segregate with major psychiatric disorders across five 

generations in a Scottish family (St. Clair et al. 1990; Blackwood et al. 2001).  The high 

penetrance of the DISC1 translocation for psychiatric disorders has led to discoveries of its 

role in neuronal development, signaling, and synapse regulation (Brandon and Sawa 2011; 

Niwa et al. 2016; Tomoda et al. 2016).  

 In vivo and in vitro studies have found that DISC1 proteins localize to mitochondria 

and interact with mitochondrial proteins, including mitofilin and CHCHD6 (Park et al. 2010; 

Norkett et al. 2016; Piñero-Martos et al. 2016).  Mutations to DISC1 may increase localization 

of DISC1 to mitochondria, leading to aberrant mitochondrial trafficking and function (Ogawa 

et al. 2014; Norkett et al. 2017).  Both knockdown of DISC1 and expression of truncated 

DISC1 (amino acids 1-597) resulted in reduced NADH oxidoreductase activity and ATP 

reduction (Park et al. 2010).     

 Our previous studies found that the chromosome translocation in the Scottish DISC1 

family also disrupts another gene, Boymaw, on chromosome 11 (Zhou et al. 2008).  After 

translocation, two fusion genes (DISC1-Boymaw and Boymaw-DISC1) may be generated 

between the DISC1 and Boymaw genes (Zhou et al. 2008, 2010; Eykelenboom et al. 2012).  

We generated mice carrying the human fusion genes, DISC1-Boymaw (DB7) and Boymaw-
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DISC1 (BD13).  These mice exhibit heightened sensitivity to ketamine, as well as some 

depressive-like symptoms (Ji et al. 2014).  We and others found that the DB7 protein localizes 

to mitochondria more than wild-type DISC1 and truncated DISC1 in COS7 cells and primary 

neurons (Eykelenboom et al. 2012; Ji et al. 2014; Norkett et al. 2016).  Interestingly, we found 

that the Boymaw protein alone specifically localizes to mitochondria, and both DB7 and 

Boymaw inhibit NADH oxidoreductase activity (Ji et al. 2014, 2015).  We also found in 

postmortem samples that Boymaw RNA expression is significantly increased in the brains of 

patients with major psychiatric disorders compared to healthy controls (Ji et al. 2015).  These 

findings suggest that Boymaw and the DB7 fusion protein may contribute to mitochondrial 

dysfunction in patients with psychiatric disorders, within and beyond the original Scottish 

DISC1 family.   

  Mitochondria are vital for ATP production.  Some ATP can be produced from glucose 

via glycolysis and anaerobic respiration, producing lactate, but most of the energy derived 

from carbohydrates and fatty acids is produced via aerobic respiration, primarily through 

oxidative phosphorylation (OXPHOS).  Without an electrochemical gradient across the 

mitochondrial membrane, OXPHOS cannot occur.  Therefore, mitochondrial dysfunction can 

lead to energy shortage and a shift toward glycolysis as a means of energy production.  

Impaired glucose regulation has long been associated with schizophrenia (Cramond 1987; 

Stone et al. 2004), and this is consistent with findings that patients with bipolar disorder and 

schizophrenia have elevated CSF lactate concentrations (Dager et al. 2004; Regenold et al. 

2009).   

   In the current study, we hypothesized that ATP production would be impaired in the 

brains of heterozygous (HET) mice carrying one copy of the DB7 fusion gene.  AMP-
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activated kinase (AMPK) is an energy sensor that is activated by a high AMP/ATP ratio (i.e., 

low energy) (Hardie 2004).  AMPK activation can be measured via phosphorylation of its α 

subunit at threonine 172 (Thr172).  To approximate rates of ATP production, we measured 

AMPK phosphorylation, hypothesizing that cells expressing DB7 would have elevated 

AMPK activation relative to controls.  Because DISC1 is expressed in many adult tissues, 

including muscle, pancreas, and liver (Millar et al. 2000; Ozeki et al. 2003), we hypothesized 

that the metabolic effects of DB7 expression would be observable beyond the brain.  To 

assess global metabolic functioning, we calculated the respiratory exchange ratio (RER) of 

mice.  RER = VCO2/VO2, where VCO2 is the volume of CO2 produced and VO2 is the 

volume of O2 consumed.  When a mouse metabolizes fat for energy via beta-oxidation, it 

utilizes more O2 than CO2 produced, and its RER is close to 0.7.  When a mouse metabolizes 

carbohydrates for energy via glycolysis, its RER is 1.0.  Therefore, predicting a shift to 

glycolysis and decreased reliance on OXPHOS, we hypothesized that DISC1-Boymaw mice 

would have an elevated RER compared to wild-type littermates.  Such a finding would 

support mitochondrial dysfunction as a primary underlying cause for co-morbid metabolic 

disorders and psychiatric symptoms (Jurczyk et al. 2016).  
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Materials and methods 

DNA constructs 

Full-length DISC1 and DB7 adeno-associated virus (AAV) plasmid constructs were 

generated through PCR amplification and ligation, as previously described (Ji et al. 2014).  

Constructs were driven by a CMV promoter, tagged with HA epitopes, and followed by a 

bGH Poly(A) tail.  Constructs were confirmed with complete sequencing.  

Cell culture 

HEK 293T/17 and COS-7 cells (American Type Culture Collection [ATCC], 

Rockville, MD) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) or 

DMEM/F12 medium supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin (Life Technologies, Carlsbad, CA) at 37˚C in a 5% CO2 humidified 

incubator.  Cells were transfected with either HA-tagged full-length DISC1 or DB7 fusion 

genes with TransIT1-COS Transfection reagent and COS Boss Reagent (TransIT®-COS 

Transfection Kit, Mirus, Madison, WI).   

Mice 

Humanized DISC1-Boymaw on a 129S background were generated in-house, as 

described (Ji et al. 2014).  Male and female wild-type (WT, N=21), heterozygous (HET, 

N=22), and homozygous (HOMO, N=8) littermates were bred and tested at 3-7 months old 

(20-35 g).  Mice were group-housed (3-4 per cage) in climate-controlled animal colonies on a 

12 h light-dark cycle in facilities that are approved by the American Association for 

Accreditation of Laboratory Animal Care and meet all federal and state requirements for care 

and treatment of laboratory animals.  Food (Harlan Teklad, Madison, WI) and water were 
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available ad libitum.  All procedures were approved by the University of California San Diego 

(UCSD) Animal Care and Use Committee.  

MitoTracker  

Two days after transfection of COS7 cells with full-length DISC1 or DB7, 

MitoTracker Red CMXRos (Invitrogen, Carlsbad, CA) was added to culture medium at a 

concentration of 50 nM and incubated at 37˚C for 15 minutes.  Cells were fixed in 4% 

paraformaldehyde for 10 minutes at room temperature followed by permeabilization with 

methanol at -20˚C for 5 minutes.  Fixed cells were blocked with 2% goat serum/PBS 

containing 0.2% Triton-X100 at room temperature for 1 h, and further incubated with 1:250 

dilution of rabbit anti-HA antibody (H6908, Sigma-Aldrich, St. Louis, MO) overnight.  After 

rinsing with PBST, the cells were incubated with Alexa Fluor1488 goat anti-rabbit IgG 

(1:500, Invitrogen) for 1 h at room temperature. After washing with PBST, the cells were 

mounted with VECTASHIELD HardSet Mounting Medium containing DAPI (Vector, CA). 

Confocal images were acquired with an Olympus FluoViewTM FV1000 confocal 

microscope. 

Western blot  

Two days after transfection with full-length DISC1 or DB7, HEK293T cells were 

harvested for Western blot analysis.  Adult mouse brains were dissected and minced on ice. 

Cell pellet and brain homogenate were solubilized with sonication in PLB containing 1x 

protease inhibitor cocktail (Sigma).  Protein concentration was measured by absorbance at 

595 nm using the Bradford method (Coomassie Plus Protein Assay, Thermo Scientific, 

Rockford, IL). After electrophoresis, proteins were transferred onto PVDF membranes which 
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were subsequently blocked with 5% non-fat dry milk in TBST buffer (pH 7.5, 10 mM Tris– 

HCl, 150 mM NaCl, and 0.1% Tween 20) at room temperature for 1 h.  HA-tagged 

recombinant proteins were detected directly with a high affinity rat monoclonal anti-HA 

antibody conjugated with peroxidase (1:500, Roche, CA).  The same membrane was stripped 

and re-probed as described (Kim et al. 2012) with the following primary antibodies at 48˚C 

overnight: rabbit monoclonal anti-phospho-AMPKα antibody (1:10k; Cell Signaling, 

Danvers, MA);  rabbit monoclonal anti-AMPKα (1:10k, Cell Signaling); mouse monoclonal 

anti-b-actin (1:5000, Santa Cruz Biotechnology, CA).  After washing, the membranes were 

further incubated with horseradish peroxidase-conjugated anti-mouse IgG (1:5,000, Cell 

Signaling, MA) or anti-rabbit IgG (1:5000, Santa Cruz, CA) for 1.5 h at room temperature. 

Quantification of protein expression was conducted with Image J. 

Comprehensive Metabolic Evaluation 

The Comprehensive Lab Animal Monitoring System (CLAMS, Columbus 

Instruments, Columbus, OH) measured locomotor activity (X-axis beam breaks, “XTOT”), 

oxygen consumption (VO2), carbon dioxide production (VCO2), and food intake (“feed”).  

The respiratory exchange ratio (RER), the ratio of VCO2/VO2, is used to estimate the relative 

proportions of fat and carbohydrate utilized by each mouse.  Heat is an estimate of energy 

expenditure for each mouse, based on VCO2 and VO2.  Measurements were made every 13 

minutes for approximately 72 h.  Mice were placed in the CLAMS chambers around 14:00 h.  

After an approximately 5-hour acclimation period in the light, data were averaged for every 

12-hour period beginning in the first full dark period (D1) and ending in the final full dark 

period (D3) (See Fig. 2.3 for timeline).  CLAMS was conducted by the UCSD Animal Care 

Program (ACP) Animal Phenotyping Core. 
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Statistics 

Protein levels were tested for normal distribution using the Kolmogorov–Smirnov test 

before calculation of differences and analyzed using one-way analysis of variance (ANOVA) 

with gene (DB7 v. full-length DISC1) or genotype (WT v. HET) as a between-subjects factor.  

CLAMS data were analyzed using repeated measures with period as a within-subjects factor 

and genotype as a between-subjects factor.  Tukey post hoc analyses were conducted on all 

significant main effects and interactions.  The alpha level was set to 0.05.  All statistics were 

performed using SPSS (24.0, Chicago, IL, USA).      

 

Results  

 MitoTracker 

The MitoTracker dye emits bright red fluorescence dependent on mitochondrial 

membrane potential; a weaker signal indicating lower potential.  As reported previously 

(Eykelenboom et al. 2012), we found that cells transfected with DB7 but not with full-length 

DISC1 exhibited a reduced MitoTracker signal (Fig. 2.1), suggesting that expression of DB7 

abolishes mitochondrial membrane potential.   

AMPK phosphorylation 

We transfected cells with DB7, full-length DISC1, or a control plasmid vector and 

compared levels of phosphorylated AMPKα (p-AMPKα) at 24, 32, and 48 h after 

transfection.  There was no difference in total AMPKα protein (relative to β-actin expression) 

between transfection groups (for all time points: F<1, ns).  We found, however, that there 
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were significant group differences in p-AMPKα at 32 and 48 h after transfection, measured in 

relation to total AMPKα (Fig. 2.2A-2.2B; 32 h: F(2,9)=7.2, p<0.05; 48 h: F(2,9)=13.3, 

p<0.005) or β-actin (32 h: F(2,9)=9.3, p<0.01; 48 h: F(2,9)=67.7, p<0.001).  Post hoc 

analyses revealed that this group effect was carried by significant differences in p-AMPKα in 

cells transfected with DB7 (relative to total AMPKα cf. Controls at 32 h: t(6)=2.9, p<0.05, 48 

h: t(6)=4.2, p<0.01; relative to β-actin cf. Controls at 32 h: t(6)=3.9, p<0.01, 48 h: t(6)=9.1, 

p<0.001).  There was no difference in p-AMPKα 24 h after transfection relative to total 

AMPKα or β-actin (F<1, ns). 

Consistent with our hypothesis and our in vitro transfection studies, we found that 

both HET and HOMO DISC1-Boymaw mice display significantly higher levels of p-AMPKα 

in frontal cortex than their WT littermates (Fig. 2.2C-2.2D).  We did not observe differential 

expression of total AMPKα protein (F<1, ns).  One-way ANOVA demonstrated a trend 

toward an effect of genotype (F(2,24)=3.2, p<0.06).  Based on our a priori hypothesis that p-

AMPKα would be greater in both HET and HOMO mice, we performed post hoc analysis, 

which confirmed significantly higher levels of p-AMPKα in the brains of HET (t(17)=2.8, 

p=0.03) and HOMO (t(15)=2.4, p=0.03) mice, compared to their WT littermates. 

CLAMS 

CLAMS Experiment 1: 

There was no main effect of Genotype on any measures but a main effect of 12-h 

Period on all measures and significant Period × Genotype interactions on VCO2 and RER 

(Table 2.1).  Post hoc analyses revealed significantly higher RER for HET mice during the 

second dark period (D2) and third light period (L3) (Fig. 2.4A).  Because RER fluctuates 
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during the day, we assessed light and dark periods separately.  Across light periods (L2 and 

L3, not including D1-D3), there was a significant Period × Genotype interaction (F(1,10)=7.5, 

p=0.02).  There was no effect of Period in WT mice (F(1,5)=2.1, ns) and a trend toward an 

effect of Period in HET mice (F(1,5)=5.4, p=0.07), with increased RER during L3 compared 

to L2.  Across dark periods (D1-D3, not including L2 and L3), there was a significant Period 

× Genotype interaction (F(2,20)=3.6, p<0.05) and a trend toward an effect of Genotype 

(F(1,10)=3.6, p=0.09).  When analyzed separately, there was no effect of Period in the WT 

mice (F<1, ns) but an effect of Period in the HET mice (F(2,10)=4.0, p=0.05), driven by a 

significant difference between RER in D1 versus D2 (t(5)=3.2, p=0.03).   

RER closer to 1.0 may suggest carbohydrate metabolism, rather than fat metabolism, 

for which RER is closer to 0.7.  RER can also be increased with greater activity, so post hoc 

analyses were conducted on activity to determine if increased RER was due to greater activity 

of the HET mice during D2 and L3.  In fact, HET mice were significantly less active than WT 

littermates during D3 (Fig. 2.4B).  This profile suggests a bioenergetic shift from 

mitochondrial oxidative phosphorylation to cytoplasmic glycolysis, as predicted.   

CLAMS Experiment 2 and 3:  

We hoped to replicate the findings from CLAMS Experiment 1 in a second cohort.  In 

Experiments 2 and 3, we tested female and male HET and WT DISC1-Boymaw mice at 3 mo.  

In both experiments, there was a main effect of Period but no main effect of Genotype nor 

significant Period × Genotype interaction (Table 2.2).  Despite evidence for decreasing fatty 

acid oxidation, aging mice rely increasingly on fat for energy production, lowering RER 

(Houtkooper et al. 2011).  If this was the case for WT mice, elevated RER in HET mice may 



 
 

57 
 

be more evident in aging mice.  Furthermore, since mitochondrial function deteriorates with 

age, the effects of mitochondrial dysfunction might be more profound in older mice.  Thus, 

we hypothesized that the lack of effect in the 3-mo mice may have been due to their relative 

youth compared to the mice in Experiment 1.   

CLAMS Experiments 4 and 5:  

We tested the same mice from Experiments 2 and 3 at 7 mo for Experiments 4 and 5.  

We expected results similar to those in Experiment 1 for the older mice, but again we 

observed a main effect of Period but no main effect of Genotype nor significant Period × 

Genotype interaction (Table 2.2).  

 

Discussion 

Research suggests that mitochondrial dysfunction may contribute to the development 

of psychiatric illnesses (Manji et al. 2012; Park and Park 2012).  Impaired energy metabolism 

and ATP production may contribute to sleep disturbances, as well as lack of motivation, 

concentration, and working memory, associated with these illnesses (Picard and McEwen 

2014).  The exact relationship between impaired mitochondrial and psychiatric symptoms, 

however, is not understood.  

We have studied how the DISC1-Boymaw (DB7) fusion gene, generated in the 

Scottish DISC1 family, may contribute to pathogenesis of psychiatric disorders (Ji et al. 

2014). The humanized DISC1-Boymaw mice expressing the human DB7 fusion gene 

displayed behavioral abnormalities that may be the result of mitochondrial dysfunction and 
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inhibition of protein synthesis.  In this study, we investigated whether the co-localization of 

the DB7 gene with mitochondria influences mitochondrial functioning. 

Consistent with previous findings (Eykelenboom et al. 2012),we confirmed that the 

DB7 protein (but not full-length DISC1) predominantly localizes in mitochondria and reduces 

mitochondrial membrane potential (Fig. 2.1).  Mitochondrial membrane potential is essential 

for the generation of ATP.  Loss of mitochondrial membrane potential indicates reduction of 

ATP in cells expressing the DISC1-Boymaw fusion protein.  Reduction of ATP can trigger 

activation of the AMP-activated protein kinase (AMPK) by phosphorylation at Thr 172 of its 

α subunit (p-AMPKα), a sensor of cell energy status (Hardie 2004).  AMPK coordinates 

metabolic pathways to balance nutrient supply with energy demand.  For example, AMPK 

mediates the stimulation of glucose intake and shift to glycolysis.  We can measure levels of 

p-AMPK relative to total AMPK to evaluate the relative AMP/ATP ratio in a sample.  We 

found that cells transfected with DB7 in vitro exhibited increased levels of p-AMPKα (Fig. 

2.2A-2.2B).  Similarly, p-AMPKα is significantly increased in the brains of HET and HOMO 

DISC1-Boymaw mice (Fig. 2.2C-2D). 

AMPK activity, notably in the hypothalamus, regulates whole-body metabolic 

changes—including thermogenesis and food intake (Hardie 2015; López et al. 2016). 

Therefore, elevated AMPK phosphorylation in tissue sample may indicate metabolic changes 

not limited to ATP production. Our findings in transfected cells, however, suggest that 

expression of the DB7 gene can confer a targeted disadvantage to mitochondria and metabolic 

processes on a cellular level.  Direct targeting of the ATP synthesis pathway is also supported 

reduced oxidoreductase activity (measured via MTT reduction) in the brain tissue of mice 

carrying the DB7 fusion gene (Ji et al. 2014). 
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DISC1 is expressed in tissues throughout the body (Ozeki et al. 2003; Millar et al. 

2005), and we expect that the DB7 protein is expressed in those same tissues in the DISC1-

Boymaw mice.  We suspect that, in patients and in our model, a single mutation or set of 

mutations affecting mitochondria throughout the body could lead to behavioral abnormalities, 

as well as global metabolic disorder (Clay et al. 2011; Flippo and Strack 2017).   

We utilized the Comprehensive Lab Animal Monitoring System (CLAMS) to measure 

the activity, food intake, O2 consumption, and CO2 production of a small cohort of female 

DISC1-Boymaw mice. In these mice, compared with their WT female littermates, we 

observed an increased respiratory exchange ratio (RER, Table 2.1).  RER can be used to 

estimate the source of energy production, and increased RER supports the idea of a shift to 

glycolysis, consistent with increased p-AMPKα.  Interestingly, the WT mice had relatively 

stable RER across dark periods and light periods, with lower RER during the inactive light 

periods compared to the active dark periods, consistent with previous studies (Eckel-Mahan et 

al. 2012; Wang et al. 2013).  The HET mice, on the other hand, exhibited increased RER 

during the second dark period (D2) and third light period (L3).  It is possible that the HET 

mice are less able to stabilize their RER after a stressful event, such as being transferred into 

the CLAMS environment.  Unfortunately, due to the short testing period, we are unable to 

determine if the heightened RER of the HET mice would return to a baseline similar to the 

WT mice or stabilize at a higher rate. 

We hoped to explore this in our future cohort.  However, when we repeated the 

experiment in a second, younger cohort including males and females, we were unable to 

replicate our findings.  We hypothesized that because mitochondrial functioning declines with 

age, we might see the detrimental effects of DB7 expression later in life.  Therefore, we tested 
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the same mice at 7 mo, comparable to our first cohort. Again, we were unable to replicate the 

results of Experiment 1. 

There are several potential reasons why we did not observe increased RER in the 

second cohort.  Of course, it is possible that differences between WT and HET groups in the 

first cohort occurred by chance or were unrelated to genotype.  In fact, it was surprising that 

we observed a phenotype in the first cohort at all.  In our studies, published and unpublished, 

the humanized DISC1-Boymaw mice have exhibited relatively mild phenotypes.  Given the 

incomplete penetrance and variable manifestation of the mutation in humans, we cannot 

necessarily expect a strong phenotype in our mouse model.  In fact, mouse models of severe 

mitochondrial dysfunction, such as Ndufs4 knockout mice that model Leigh syndrome, can 

develop normally, compensating for loss of function with other proteins (Kruse et al. 2008; 

Quintana et al. 2010; Farrar et al. 2013).  Even xenomitochondrial cybrids—carrying 

mitochondria from evolutionarily divergent species—do not display obvious phenotypic 

abnormalities due to compensatory mechanisms (Cannon et al. 2011; Dunn et al. 2012). 

It is possible that multiple genes are necessary to cause problems on an observable 

scale.  For example, in the Scottish DISC1 family, DISC1 haploinsufficiency—which inhibits 

mitochondrial trafficking—may interact with the DISC1-Boymaw fusion gene to exacerbate 

mitochondrial dysfunction (Atkin et al. 2011; Ogawa et al. 2014; Norkett et al. 2017).  This 

could explain the failure to find DISC1 alone as a risk gene for psychiatric illnesses in the 

general population (Huang et al. 2010; The Network and Pathway Analysis Subgroup of the 

Psychiatric Genomics Consortium 2015; Tomoda et al. 2016).  Future studies incorporating 

compounded mitochondrial mutations in DISC1-Boymaw mice may reveal the impact of 

DISC1-Boymaw expression on mitochondrial function and behavior. 
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The notion that the genetic environment influences susceptibility to a particular 

mutation reminds us that an individual’s physical environment and experiences can also 

greatly affect outcome.  Our cohorts of mice were born at different times and despite our 

greatest efforts may have experienced different stressors before CLAMS testing.  Notably, the 

second cohort experienced CLAMS testing at 3 mo, and the exposure to the testing procedure 

in their relative youth may have affected retesting at 7 mo.  Ideally, the experiment would 

have been re-run in a third cohort that, like the first, only experienced CLAMS testing at 7 

mo. 

As has been observed in the xenomitochondrial cybrids, the lack of observable 

phenotype in our animal model does not invalidate the effects at the cellular level that still 

may contribute to the development of psychiatric illnesses in humans.  It is still of interest to 

investigate the effects of DB7 on mitochondrial more closely. 

Future studies will be necessary to determine exactly how DB7 aggregates and affects 

mitochondrial function.  For example, we wish to determine which mitochondrial 

oxidoreductases are inhibited by DB7.  It will be crucial to determine DB7 interaction 

partners to investigate whether the effects of DB7 can be prevented or treated.  We have 

proposed two mechanisms by which the DB7 gene may contribute to the development of 

psychiatric illnesses.  

First, we proposed that the AMPK-mTOR pathway may link impaired mitochondrial 

function to inhibition of protein translation activity (Ji et al. 2014).  The AMPK-mTOR 

pathway has been implicated in the pathogenesis of neurological disorders, including autism 

spectrum and cognitive disorders (Ehninger et al. 2009; Ehninger and Silva 2011).  The 
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AMPK-mTOR pathway is a critical regulator of protein translation.  An optimal level of 

protein synthesis is necessary for neural plasticity (Bhakar et al. 2012), and the excess or 

deficiency of protein translation may harm brain development and function.  Overactive 

AMPK activity may lead to inhibited protein translation, which could impair neural plasticity 

and contribute to the pathogenesis of major psychiatric disorders.  Although DB7 is only 

present in the Scottish family, overexpression of Boymaw in the general population of patients 

with schizophrenia seems to affect protein translation in the same way (Ji et al. 2015).  

Therefore, studies on the AMPK-mTOR pathway in the DISC1-Boymaw mice may be 

applicable to the general population of psychiatric patients, and targeting the pathway (with 

L-Leucine, for example) may have therapeutic effects. 

In addition to the developmental effects of reduced protein translation, impaired ATP 

production might directly target specific, vulnerable neuronal populations.  We hypothesize 

that mitochondrial dysfunction in energetically-demanding neurons might cause behavioral 

abnormalities.  For example, fast-spiking, parvalbumin-expressing (PV+) cortical GABAergic 

interneurons may consume more ATP than other neurons because of their high-frequency 

firing (Hasenstaub et al. 2010).  If so, cortical PV+ interneurons may be particularly 

vulnerable to DB7-induced mitochondrial dysfunction.  These abnormalities could be 

particularly relevant to the pathogenesis of schizophrenia and other major psychiatric 

disorders in which impaired cortical GABAergic interneurons are consistently observed 

(Benes and Berretta 2001; Hashimoto et al. 2003; Costa et al. 2003; Curley and Lewis 2012).  

Electrophysiological and imaging experiments will be crucial to identifying which neuron 

populations and circuits are particularly vulnerable to the DB7 protein. 
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Although we were unable to replicate our findings of global metabolic impairments in 

DISC1-Boymaw mice, we have confirmed that expression of the DB7 gene impairs 

mitochondrial function at the cellular level.  This impaired mitochondrial function may 

contribute to the development of psychiatric symptoms in the DISC1 family, as well as in the 

general population.  Additional genetic and environmental insults may be necessary for the 

development of more profound metabolic dysfunction observed in patients with psychiatric 

illnesses.    
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Figure 2.1:  DB7 expression reduces mitochondrial membrane potential.  MitoTracker 
(“MitoT,” red) was used to illuminate mitochondrial membrane potential in live COS7 cells 
transfected with either full-length DISC1 (DISC1-FL) or DISC1-Boymaw (DB7) in green.  
Cells expressing DB7, but not DISC1-FL, displayed remarkable reduction of mitochondrial 
membrane potential.  Nuclei were stained with DAPI (blue).   
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Figure 2.2:  DISC1-Boymaw expression increases AMPKα phosphorylation.  (A) Human 
HEK293 cells were transfected with the control plasmid vector (C), DISC1-FL, or DB7.  
Phosphorylated AMPKα (p-AMPKα) was assessed 24, 32, and 48 h after transfection. 
Western blot revealed increased p-AMPKα antibody in cells transfected with the DB7 gene, 
but not DISC1-FL or control plasmids.  (B) Relative p-AMPKα was quantified against the 
total amount of AMPKα protein.  There was significantly more relative p-AMPKα in cells 
transfected with DB7 at 32 and 48 h.  (C) Both HET and HOMO DISC1-Boymaw mice had 
higher levels of p-AMPKα in frontal cortex.  (D) There was significantly more relative p-
AMPKα in the frontal cortex of HET and HOMO mice, compared with WT littermates.  
*p<0.05 
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Figure 2.3:  Timeline for CLAMS Experiments 1-5.  Light periods (L1-4) began at 7:00 h, 
and dark periods (D1-3) began at 19:00 h.  Data were analyzed only for full 12-h periods: D1, 
L2, D2, L3, and D3.  
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Figure 2.4:  CLAMS analysis revealed altered respiratory exchange ratio (RER, A) and 
activity patterns (B) in 7-mo female HET DISC1-Boymaw mice. Post hoc analyses revealed 
significantly higher RER for HET mice during D2 and L3 and lower activity during D2.  
*p<0.05   
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Table 2.1:  CLAMS results for 7-mo female DISC1 HET mice and WT littermates.  Bolded 
indicates significant effects and interactions.  Post hoc analyses were performed to assess 
differences between genotypes during isolated dark (D) and light (L) periods according to a 
priori hypotheses or Period × Genotype interactions.  
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Chapter 2, Mitochondrial Dysfunction in Humanized DISC1-Boymaw Mice, is being 

prepared for submission and will include Drs. Baohu Ji, Mark A. Geyer, and Xianjin Zhou, as 

co-authors.  This work was supported by the Veterans Affairs VISN 22 Mental Illness 

Research, Education, and Clinical Center and NIH grants R01-MH073991, R21-MH086075, 

and F31-MH109218.  The authors thank the UCSD ACP Animal Phenotyping Core, Dr. 

Chuck Heyser for help with data analysis and Marilyn Hardee for conducting the CLAMS 

experiment. The dissertation author was the primary investigator and author of this paper. 
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Chapter 3, in full, is a reprint of the material as it appears in Higa KK, Ji B, Buell MR, 

Risbrough VB, Powell SB, Young JW, Geyer MA, Zhou X.  Restoration of Sp4 in forebrain 

GABAergic neurons rescues hypersensitivity to ketamine in Sp4 hypomorphic mice. 

International Journal of Neuropsychopharmacology. 2015 Jun 2;18(11):pyv063.  The 

dissertation author conducted animal experimentation and data analyses and assisted with 

manuscript preparation. 
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Chapter 4, in full, is a reprint of the material as it appears in Young JW, Kamenski 

ME, Higa KK, Light GA, Geyer MA, Zhou X. GlyT-1 inhibition attenuates attentional but 

not learning or motivation deficits of the Sp4 hypomorphic mouse model relevant to 

psychiatric disorders.  Neuropsychopharmacology.  2015 Nov;40(12):2715-26.  The 

dissertation author assisted with experimentation and data analyses and gave input during 

manuscript preparation. 
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DISCUSSION 

 

This dissertation investigated two mouse lines modeling mutations to candidate risk 

genes, DISC1/Boymaw and Sp4, which have been associated with the development of 

multiple mental illnesses, including major depression (MD), bipolar disorder (BD), and 

schizophrenia (SZ).  The heterogeneous diagnostic outcomes associated with these candidate 

genes in patients reflect the complex nature of psychiatric illnesses: a single mutation may 

lead to the development of multiple illnesses with a wide range of symptoms.  Within a single 

illness, like BD for example, outcomes vary depending on a patient’s physical and genetic 

environment.  In animal models, too, behavioral outcomes are difficult to predict.  

A major challenge in the development and behavioral analysis of animal models is that 

researchers must select both the manipulations and the measures by which to define and 

validate the model.  Even across mouse models of DISC1 mutations (modeling simple 

disruption to the DISC1 gene, not fusion with Boymaw studied here), no consistent behavioral 

phenotypes have been found (O’Tuathaigh and Waddington 2015; Wong and Josselyn 2016).  

The presence or absence of anxiety- and depressive-like phenotypes varies across models, for 

example.  These inconsistencies across models may be due to differences in the genetic 

manipulation, extent of dysfunction, functional diversity of this gene, or environmental 

effects.  Even so, much can be gained from determining the disrupted brain circuitry and 

associated behavioral changes within each model.  Consideration of multiple models can also 

lead to the discovery of shared behavioral endophenotypes that may share a common 

underlying mechanism. 
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Phenotypic convergence across models  

After characterizing mutant DISC1-Boymaw and Sp4 hypomorphic mice in a wide 

battery of tests, we observed convergence on a behavioral phenotype relevant to 

schizophrenia: hypersensitivity to ketamine in the behavioral pattern monitor.  Furthermore, 

DISC1-Boymaw and Sp4 Hyp mice exhibited low expression of the NMDA receptor subunit 

1 (NMDAR1) and GABA-synthesizing enzyme glutamic acid decarboxylase 67 (GAD67), 

which is also observed in patients with schizophrenia.  Although the defining mutations for 

these models are seemingly unrelated, and the mice do not share a complete phenotypic 

profile, the overlap in these phenotypes may inform us of the shared mechanisms that underlie 

the development of related symptoms in patients with psychiatric illnesses affected by a 

variety of genetic, epigenetic, and environmental insults. 

In Chapter 3, we showed that dysfunction of GABAergic neurons is necessary to 

produce ketamine hypersensitivity in Sp4 Hyp mice.  This finding is consistent with the 

suggestion that ketamine acts primarily on GABAergic NMDARs (Homayoun and 

Moghaddam 2007).  Although several GABAergic neurons may be affected by the lack of 

Sp4, PV+ interneurons are the most abundant cortical interneuron type and may be 

particularly susceptible to genetic, epigenetic, and environmental insults related to SZ (Jiang 

et al. 2013).  Furthermore, gamma oscillations—the generation of which relies on NMDARs 

in PV+ interneurons (Gonzalez-Burgos and Lewis 2012; Nakazawa et al. 2012; Carlén et al. 

2012)—are abnormal in patients with SZ (Uhlhaas and Singer 2010), as well as our Sp4 Hyp 
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mice (Ji et al. 2013).  Therefore, we hypothesize that NMDAR function in PV+ interneurons is 

likely disrupted in the Sp4 Hyp mice, contributing to their hypersensitivity to ketamine.   

It has been suggested that fast-spiking PV+ cortical GABAergic interneurons consume 

more ATP than other types of neurons because of their high frequency firing (Hasenstaub et 

al. 2010).  Therefore, PV+ interneurons may be particularly vulnerable to reduced ATP 

production in the DISC1-Boymaw mice due to DB7 aggregation in mitochondria.  Thus, we 

hypothesize that PV+ interneuron dysfunction is responsible for ketamine hypersensitivity 

observed in the DISC1-Boymaw mice, as well.  Because the majority of cortical PV+ neurons 

lose their synaptic NMDAR component by adulthood (Wang and Gao 2009, 2010; Rotaru et 

al. 2011), the role of NMDAR dysfunction in PV+ neurons has been challenged.  Deficits to 

PV+ neurons during development, however, may have long-lasting effects on cortical 

synchronization and inhibitory/excitatory balance that remain evident in adulthood 

(Nakazawa et al. 2012, 2017).   

Interestingly, PV expression is not reduced in either mouse line.  PV is a calcium 

(Ca2+) buffer that regulates Ca2+-dependent GABA release, so reduction in PV expression 

may be a consequence of low GABA release (Nakazawa et al. 2012; Berridge 2014).  

Therefore, although we did not observe low PV expression in naïve mice, stressful 

environmental conditions and/or normal aging might eventually lead to decreased PV 

expression in these mice.  Therefore, unaltered PV expression in either mouse model is not 

inconsistent with findings that PV expression (but not PV+ interneuron density) is decreased 

in patients (Lewis et al. 2012).  
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Of course, we cannot rule out subtle structural alterations in GABAergic neurons, as 

well as compensatory changes in PV+ and other interneuron types to maintain a stable 

excitation/inhibition balance during development.  These developmental changes may result 

in the acute effects of ketamine.  Future studies will require greater temporal and regional 

restoration of Sp4 expression in more specific GABAergic populations to further elucidate the 

ketamine hypersensitivity phenotype.  It is possible that the phenotypic overlap does not 

reside primarily in PV+ interneurons but in other interneuron types.  Furthermore, decreased 

Ca2+ signaling via PV, NMDAR, and/or mitochondrial dysfunction, may play a greater role 

than discussed here (Berridge 2014).  We do not have reason to expect that the Sp4 Hyp mice 

will exhibit a mitochondrial deficit like that observed in the DISC1-Boymaw mice, but the 

metabolic profile of the Sp4 Hyp mice is worth investigation and a deficit would support 

mitochondrial deficits as a primary cause of SZ in some patient populations. 

Thus, although the overlapping phenotypes between DISC1-Boymaw and Sp4 Hyp 

mice have not been investigated within this dissertation, the results presented here point 

toward a potentially fruitful line of investigation that is worth pursuing in these and other 

mouse models.   

 

Cognitive deficits in schizophrenia 

While the studies described above focus on ketamine sensitivity, continued 

investigation of GABAergic interneuron dysfunction in the context of cognition is also 

important.  Although much emphasis has been placed on treating the positive symptoms of 

schizophrenia, the recent prioritization of the negative and cognitive symptoms of the disease 
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is now widely accepted.  Efforts such as the Measurement and Treatment Research to 

Improve Cognition in Schizophrenia (MATRICS) program developed by the National 

Institute of Mental Health (NIMH) aim to clarify the specific domains of cognition that are 

impaired in schizophrenia (Marder and Fenton 2004; Marder 2006).  These investigations will 

benefit greatly from the use of cross-species valid tasks that can assess comparable processes 

in patients and in rodents (Young and Geyer 2015).  Examples of cross-species valid 

paradigms used to assess mouse cognition in 5-choice operant chambers can be found in 

Appendices A and B, written primarily by the author of this dissertation. 

In Chapter 4, we assessed cognition in the Sp4 Hyp mice and observed impaired 

attention, reduced motivation, and impaired probabilistic learning, consistent with patient 

profiles.  We found that a glycine transporter 1 (GlyT-1) inhibitor, which should increase 

NDMAR function, remediated the attention deficits but not impairments to motivation nor 

reward learning in these mice.  This was surprising given that low glycine levels in plasma 

and cerebrospinal fluid have been associated with negative symptoms of SZ and glycine 

treatment has been shown to lower negative symptom ratings (Javitt et al. 1994; Heresco-

Levy et al. 1999; Javitt 2012).  However, these results indicate that the attention deficits are 

not due to motivation or learning deficits.  It is possible that chronic, rather than acute, 

treatment with glycine or GlyT-1 inhibitors may be necessary, and alternative targets should 

also be studied.  Nevertheless, these studies illustrate the potential use of the Sp4 Hyp mice 

for preclinical evaluation of treatments for the cognitive deficits associated with SZ and other 

psychiatric illnesses.  Expanding such tests to additional models, such as the DISC1-Boymaw 

mice, would aid in the prediction of clinical efficacy or perhaps indicate which 

subpopulations of patients could be best treated.  
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Challenges and limitations 

For some genetic mouse models, such as the α7 nicotinic acetylcholine receptor 

knock-out (α7 nAChR KO) mice presented in Appendix B, compensatory changes for the 

mutation during development may present a confounding factor.  For example, based on our 

studies of the α7 nAChR KO mice alone, we cannot conclude with certainty that the lack of 

nicotine withdrawal-induced inattention in these mice is due specifically to the lack of α7 

nAChRs or to other chemical and anatomical changes resulting from development without α7 

nAChRs.  In the DISC1-Boymaw and Sp4 models, however, our hope is that the 

developmental changes associated with each mutation are conserved from mice to humans 

and may be informative as to which circuits are disrupted during development and, in a 

patient’s adulthood, might be targeted for treatment.   

It is inevitable, however, that some compensatory mechanisms—and even the deficits 

that are compensated for—will differ across species, leading to unexpected and potentially 

uninformative outcomes.  Because, as stated above, the investigators have chosen the 

manipulation and must decide on relevant outcomes, it is impossible to know if an observed 

phenotype (or lack thereof) is due to the desired manipulation, developmental changes, or 

unidentified environmental factors.  Therefore, studies on consistent findings across distinct 

models—such as those which may link impaired GABAergic functioning and ketamine 

hypersensitivity in DISC1-Boymaw and Sp4 Hyp mice, described above—may be particularly 

informative and compelling. 
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Future directions 

 The experiments in Chapter 3 illustrate the ability to restore Sp4 expression in Sp4 

Hyp mice using Cre-mediated recombination.  We were unable to rescue the prepulse-

inhibition (PPI) deficit in Sp4 Hyp mice regardless of restoration of Sp4 expression in 

forebrain excitatory neurons or GABAergic interneurons, although PPI was rescued when Sp4 

expression was restored in the whole animal (Zhou et al. 2005).  Since PPI deficits are robust 

and consistent with sensorimotor gating deficits in SZ patients, it would be worthwhile to 

pinpoint the neuronal population in which Sp4 restoration could rescue the PPI deficit.  As 

discussed above, it will also be important to restore Sp4 with greater temporal, regional, and 

cell-type specificity to clarify to role of GABAergic neurons in controlling the locomotor 

response to ketamine.  Considering the association of the GABAergic neuron dysfunction 

with cognitive impairment, similar studies should be performed to determine the role of 

GABAergic neurons in the cognitive deficits in Sp4 Hyp mice observed in Chapter 4.  

 The DISC1-Boymaw mice are also equipped with the potential to express the full 

human DISC1 (hDISC1) gene using Cre recombination.  A criticism of the DISC1-Boymaw 

mouse on the 129S background is that 129S mice have a naturally occurring Disc1 mutation 

(Koike et al. 2006; Clapcote and Roder 2006; Juan et al. 2014).  Therefore, the DISC1-

Boymaw mice have a gain-of-function mutation.  Because we aimed to study the outcomes of 

the gained fusion DB7 and BD13 genes, we were less concerned with Disc1 

haploinsufficiency and modeling the genotype of the Scottish family exactly.  Had we 

conducted our studies in a different strain with a functional mouse Disc1, in fact, it would 

have been difficult to parse the effects from the gain of DB7 and BD13 versus the loss of 
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Disc1.  We hoped to address the issue of background strain in Chapter 1 by testing DISC1-

Boymaw mice on a mixed 129S/C57 background.  Importantly, the 129S/C57 F1 generation 

also exhibited heightened sensitivity to ketamine.  Given the possibility of hDISC1 

expression, however, future studies should compare mice expressing two copies of hDISC1 

(comparable to healthy human subjects) with mice expressing one copy of hDISC1 and one 

copy of the DISC1-Boymaw fusion genes (mimicking human carriers of the DISC1 mutation).   

 The experiments highlighted in this dissertation focused primarily on the behavioral 

outcomes in the DISC1-Boymaw and Sp4 Hyp mice.  Therefore, the effects of the respective 

mutations on neuronal function are lacking, and electrophysiological characterization and 

functional imaging of the neurons affected by DISC1-Boymaw and Sp4 Hyp mice are critical.  

For example, we do not know if the mitochondrial deficits proposed in Chapter 2 indeed alter 

neuronal function, so electrophysiological and imaging experiments would be essential before 

we can make any conclusions regarding the effects of mitochondrial deficits on behavior.  In 

addition to these and pharmacological experiments on mouse behavior, the search for targets 

for treatments would be aided by the investigation of the interaction partners of Sp4 and 

Boymaw and the downstream effects of the mutations.  A closer look into the behavior of DB7 

within mitochondrial would also be informative.  

It is evident that there are complex genetic interactions that increase the risk of 

developing psychiatric illnesses (Purcell et al. 2009; Rudd et al. 2014; Power et al. 2015).  

Developmental and dynamic environmental influences can also greatly affect neuronal 

functioning and behavioral outcomes (van Os et al. 2010; Brown 2011; Meyer-Lindenberg 

and Tost 2012; Kannan et al. 2013).  Both the Boymaw-DISC1 and Sp4 Hyp models would 
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be useful for multiple-hit hypotheses testing gene × gene and gene × environment 

interactions.  We have proposed, for example, that the AMPK-mTOR protein synthesis 

pathway is disrupted in DISC1-Boymaw mice.  This pathway may also be disrupted by sleep 

deprivation, leading to cognitive dysfunction and other behavioral abnormalities (Gessa et al. 

1995; McDermott et al. 2003; Banks and Dinges 2007).  Therefore, DISC1-Boymaw mice 

may be particularly vulnerable to the effects of sleep deprivation, which has been shown to 

result in deficits in fear conditioning associated with psychiatric disorders (Holt et al. 2009; 

Maren et al. 2013).  Measuring contextual fear conditioning in the DISC1-Boymaw mice 

following sleep deprivation could demonstrate one way in which environmental and genetic 

factors converge to exacerbate symptoms.  

Multiple-hit studies could also be used to address the lack of robust behavioral and 

metabolic phenotypes in the DISC1-Boymaw mice.  Studies on mice with much greater 

mitochondrial deficits—including mice with mitochondria from evolutionarily divergent 

species—do not consistently reveal obvious phenotypic abnormalities unless triggered by 

stress or infection (Cannon et al. 2011; Dunn et al. 2012).  Therefore, additional 

developmental perturbations via genetic mutation or environmental stresses may be necessary 

to better understand the contribution of the DISC1-Boymaw genes to the development of 

psychiatric disorders.  Such investigations may help to explain the range of diagnoses 

observed in the Scottish DISC1 family.    

The studies presented in this dissertation illustrate just some of the ways mouse 

models can be used in the study of psychiatric disorders.  The possibilities for future 

experiments using the DISC1-Boymaw and Sp4 Hyp mice are endless.  The author of this 
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dissertation hopes that the studies presented here and to follow using these mice will be 

informative for ongoing efforts to better understand and develop treatments for 

neuropsychiatric disorders.  
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