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Abstract 
 

Schizophrenia and epilepsy are chronic neurological disorders. Schizophrenia 

afflicts about one percent of the population and is characterized by degeneration of 

thinking, motor and emotional processes. Epilepsy, a disorder defined by recurrent 

seizures, also affects one percent of the population. Recent epidemiological and 

genetic studies have revealed a bidirectional link between epilepsy and 

schizophrenia. While the symptoms of epilepsy and schizophrenia such as seizures, 

hallucinations and behavioral regression are widely recognized, their causes are not 

well understood. By examining the genetic overlap between the two diseases 

focusing on childhood onset schizophrenia, we hoped to better understand 

phenotypic abnormalities in both disorders. We used CRISPR/Cas technology to 

create genetic knockouts of genes (pdxdc1, kcnq3, and pcdh19) associated with 

either or both diseases in zebrafish (Danio rerio). We assessed the neural activity of 

our knockout zebrafish through phosphorylated extracellular-regulated kinase (pERK) 

brain imaging and conducted behavioral tests. Mutants exhibited phenotypes that 

included altered forebrain and hindbrain activity, and decreased PPI. Overall, we 

identified variable phenotypic abnormalities for each gene mutant that can be used to 

eventually model epilepsy and schizophrenia.  
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Introduction 

Schizophrenia and epilepsy are complex and highly debilitating disorders. 

Recently, epidemiological studies based on clinical research have established a 

bidirectional link; patients with epilepsy are 6 times more likely to develop 

schizophrenia while those with schizophrenia are 2.5-3 times more likely to develop 

epilepsy (Chang et al., 2011). By studying the mechanisms underlying the overlap 

between epilepsy and schizophrenia through genetic studies, we can anticipate and 

design better early preventions for the disorders. This section summarizes some of 

the relevant history and theories on schizophrenia and epilepsy research, and 

presents a review of epidemiological, clinical and genetic studies that have 

investigated their overlap. 

Epidemiological Overlap 

Epilepsy is a chronic neurological disorder diagnosed on the basis of seizures 

affecting approximately 1% of the population with a lifetime risk for any individual to 

develop of 1 in 26 (Cowan, Leviton, Bodensteiner, & Doherty, 1989; Hesdorffer et al., 

2011).  People with epilepsy suffer from discrimination, social stigma and the stress 

of living with a chronic unpredictable disorder that can affect day-to-day activities and 

livelihood (Quintas et al., 2012). Although epilepsy can be successfully treated in 

many cases, about a third of patients do not respond to available medical treatments 

and the treatment gap is enormous especially in middle-income and low-income 

countries because antiepileptic drugs are expensive (A. C. Meyer, Dua, Ma, Saxena, 

& Birbeck, 2010; Moshe, Perucca, Ryvlin, & Tomson, 2015). Schizophrenia is a 
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severe psychiatric disorder that afflicts approximately 1.1% of the population 

(Jablensky, 1997). The chronic course of the disease makes it a disabling disorder 

for many patients and families (Patel, Cherian, Gohil, & Atkinson, 2014). In both 

schizophrenia and epilepsy, pharmacological and non-pharmacological treatment 

options increase adaptive functions, but patients experience only partial 

improvements (Patel et al., 2014).  

The relationship between epilepsy and schizophrenia has been of interest for 

many years; Gibbs and Gibbs (1952) suggested that epilepsy and schizophrenia 

patients may have a shared defect in the medial temporal lobe, where some partial 

seizures originate. A study demonstrated that psychoses occurred in 9.25% of 1,611 

epilepsy patients compared to 1% of another disease control group (Mendez, Grau, 

Doss, & Taylor, 1993). A population based study showed that people with epilepsy 

were 58.5% more likely to have psychiatric comorbidities than the control - people 

with migraines (Selassie et al., 2014). Similarly, patients with schizophrenia have 

consistently shown to be more prone to seizures than the general population (Hyde & 

Weinberger, 1997).  

Symptomatic Overlap 

Both diseases are umbrella terms because of their complex and variable nature. 

While their symptoms, such as hallucinations and behavioral regression for 

schizophrenia and seizures for epilepsy, are widely recognized, their causes are not 

well understood. Epilepsy encompasses several distinct types of seizures; the most 

dramatic form of seizures is generalized seizure, when uncontrolled neural activity 
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spreads throughout the brain, the patient loses consciousness, and has violent 

muscle contractions. Most epileptic patients have focal seizures where abnormal 

activity begins in one part of the brain and lasts a few seconds (Scheffer et al., 2017). 

A range of causes account for the diversity of epilepsy such as perinatal and 

postinfective encephalopathy, cortical dysplasia, hippocampal sclerosis and ion 

channel defects (Guerrini, 2006). The core features of schizophrenia are positive 

symptoms (delusions and hallucinations also referred to as psychotic symptoms) and 

negative symptoms (emotional withdrawal, disorganized speech and decline in 

cognitive function) (Owen, Sawa, & Mortensen, 2016). Childhood onset 

schizophrenia (COS) has a severe, progressive course with higher incidence of 

prepsychotic developmental abnormalities than typical adult-onset form of the 

disorder (Alaghband-Rad et al., 1995). More recent understanding of schizophrenia 

depicts it as consisting of several related but separate illnesses (Patel et al., 2014). 

For example, patients with affective disorders like bipolar disorder may also exhibit a 

subset of psychotic symptoms associated with schizophrenia like hallucinations 

(Sawa & Snyder, 2002).  

Epilepsy can cause many of the symptoms typically associated with 

schizophrenia. Some forms of seizures such as complex focal seizures can produce 

dreamlike experience similar to the symptoms of schizophrenia (Stafstrom & 

Carmant, 2015). Epilepsy patients have described symptoms that clinically resemble 

schizophrenia such as delusions, auditory hallucinations and thought disorders 

(Slater, Beard, & Glithero, 1963). A different study identified negative symptoms to be 

prominent in patients with temporal lobe epilepsy (Getz et al., 2002). As in 
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schizophrenia, there is evidence that cognitive dysfunction precedes the onset of 

seizures of epilepsy (Cascella, Schretlen, & Sawa, 2009). 

Patient studies have shown that the age of onset of psychosis corresponds 

closely with the age of onset of epilepsy (Slater & Moran, 1969). The average age of 

the first seizure and diagnosis in epileptic patients was about 4 years (Moshe et al., 

2015). In contrast, the average age of diagnosis in schizophrenia patients were 

between 16 and 25 (Gogtay, Vyas, Testa, Wood, & Pantelis, 2011). Slater and 

colleagues (1965) described a clinical picture with an average epilepsy onset of age 

11 with prevalence of hallucination. Psychotic symptoms begin very soon after the 

first epileptic seizures in less than two years in six cases (Sachdev, 1998). Childhood 

onset schizophrenia is characterized by hallucinations and cognitive impairment 

before the age of 14. Recent studies have found that psychiatric pathology could be 

a risk factor for development of epilepsy in children (Berg, Caplan, & Hesdorffer, 

2011; Hesdorffer et al., 2004; McAfee et al., 2007). Hence it may be that COS is 

misdiagnosed as epilepsy due to the atypical age of onset (Gochman, Miller, & 

Rapoport, 2011). Agreeing with this information and the complex penetrance of both 

disorders, we decided to compare COS with epilepsy linked genes. 

Shared Biological Basis 

Scientists have proposed a few theories underlying the mechanisms behind 

schizophrenia and epilepsy. Epilepsy studies have theorized that seizures are 

caused by an imbalance between excitation and inhibition in the brain, which can be 

due to circuitry alterations or from abnormal gene signaling cascades (Czapinski, 
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Blaszczyk, & Czuczwar, 2005; Treiman, 2001). Scientists have also determined 

established phenotypes that have been linked to schizophrenia which include 

disturbances of synaptic function and dysfunction in dopaminergic neurotransmission 

(Fromer et al., 2014; Owen et al., 2016).  However, there is no consensus on the 

exact mechanisms underlying either disorder. 

Epilepsy and COS have strong genetic components, though there is not a one-to-

one Mendelian mapping between the alleles and diagnosis (Steinlein, 2008). This 

complicates characterization of the genes and what biological processes they 

influence. COS genetics differs slightly from the genetics of adult onset schizophrenia 

and may have more penetrant genetic effects with recurrent copy number variants 

(CNVs) and specific genetic abnormalities (Addington & Rapoport, 2009). CNVs are 

deletions or duplications of DNA. Other studies have also implicated the importance 

of de novo mutations (DNM), new mutations not shared by relatives, and copy 

number variants (CNVs) in COS and epilepsy patients (Ahn et al., 2014; Mefford, 

2014; Walsh et al., 2008). Because of the clear genetic penetrance and correlation of 

onset age of COS and epilepsy, we focused on these types of mutations.  

The genomic revolution has impacted the study of epilepsy and schizophrenia 

allowing for the investigation of possible genetic contributions to their comorbidity. 

Several genetic changes that predispose someone to develop schizophrenia have 

also shown to increase the risk of epilepsy, such as the deletion of CYFIP1 (Nebel et 

al., 2016; Sekar et al., 2016). Some studies have argued the opposite; Gui and 

colleagues (2018) performed genetic correlation estimations and concluded that 
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there are limited shared genetic effects between schizophrenia and epilepsy 

supporting a model of shared environmental factor. In contrast, the Schier Lab has 

showed that there are multiple genes that are clearly linked to both diseases such as 

hcn1, snap91, and elfn1 (Summer B. Thyme et al., 2018). However, there are 

limitations to these studies; the genetic loci identified do not necessarily represent 

disease-causing genes, but rather indicate the presence of disease causing variation 

in nearby genetic zones. Therefore, further human genetic studies are necessary.  

There is a clear link between the genetic and neurodevelopment basis of 

schizophrenia and epilepsy. Schizophrenia is associated with the global gene 

expression disturbance in many cortical regions. Post-mortem gene expression 

studies of schizophrenia have revealed abnormalities in the prefrontal and temporal 

cortices, hippocampus and several other specific cell types (Horvath, Janka, & 

Mirnics, 2011). It also affects the expression of transcripts related to genes involved 

in multiple intracellular processes like synaptic transmission, energy metabolism and 

inhibitory neurotransmission (Hashimoto et al., 2003; Owen et al., 2016). Epilepsy 

genes have been linked to multiple ion-channel mutations and abnormalities in 

excitation and inhibition in the brain (Escayg & Goldin, 2010; Hawkins, Martin, 

Frankel, Kearney, & Escayg, 2011).  

The genes I have chosen to study with COS link in zebrafish include:  ptprga; with 

epilepsy link: pcdh19; and with both: kcnq3, ntan1 and pdxdc1 (Table 1). Overlapping 

CNVs in chromosome area 16p13.11 were identified in patients with COS and 

spanned over genes NTAN1 and PDXDC1 (Brownstein et al., 2016). Patients with 
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DNMs in PTPRG, which encodes a protein that allows nerve cells to connect as they 

form nerve networks, and KCNQ3 experienced earlier onset of relatively severe 

psychosis (Kranz et al., 2015; Wang, Liu, Zhang, Aragam, & Pan, 2011). DNMs were 

identified in PCDH19 gene of epileptic patients (Nabbout, Depienne, Chiron, & Dulac, 

2011) and in KCNQ3 gene (Steinlein, 2008). We focused on phenotyping the 

zebrafish homologues of genes pcdh19, pdxdc1, and kcnq3 and are in the process of 

developing mutant lines for genes ntan1 and ptprga.  

PDXDC1 in humans encodes for a putative decarboxylase. Children with early 

psychosis had DNA deletions in chromosome area 16p13.1, spanning PDXDC1 

(Ingason et al., 2011). Another study found that microdeletions at 16p13.1 were 

involved in epileptogenesis and identified two patients with idiopathic generalized 

epilepsy that had the deletions (de Kovel et al., 2010; Epilepsy Phenome/Genome 

Project Epi, 2015). Feldcamp and colleagues (2017) suggest that pdxdc1 may 

modulate locomotor activity and sensory responses. They also found that pdxdc1 

mRNA are strongly expressed in the hippocampus. 

KCNQ3 located in chromosome 8q24.22 is a voltage gated potassium channel 

gene that has been linked to epilepsy and schizophrenia. Recurrent DNMs have 

been found in KCNQ3-related disorders like benign familial neonatal epilepsy (BFNE) 

and benign infantile epilepsy (BFIE) (Miceli et al., 2015; Rauch et al., 2012; Soldovieri 

et al., 2014; Steinlein, 2008). A mutation associated with schizophrenia was identified 

in PIP5KA gene which controls the function of KCNQ2/KCNQ3 and KCNQ3/KCNQ5 

channels (Fedorenko et al., 2008). DNMs in KCNQ3 have been found in patients with 

intellectual disability, a shared phenotype in both epilepsy and schizophrenia (Rauch 
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et al., 2012).  The human genome region 8q24.22 has also been linked to bipolar 

disorder identified by genome-wide association studies for BP (Zhang et al., 2010). 

Furthermore, a genome wide association analysis showed that the region 8q24.22 

had the most significant association with influencing age of onset of schizophrenia 

(Wang et al., 2011).  

Lastly, PCDH19 is known as the “epilepsy gene” and is associated with epilepsy 

that has early onset seizures and a degree of cognitive disability (Leonardi et al., 

2014; Terracciano et al., 2016). PCDH9 expresses protocadherins, which are a 

family of calcium-dependent cell adhesion molecules that are involved in brain 

development and organization. Schaarschuch and Hertel (2018) investigated the 

expression pattern of PCDH19 in limbic structure and found strong expression in the 

amygdala, hippocampus and ventral hypothalamus.  Cortical malformations were 

identified in PCDH19 epilepsy patients and indicated that mosaic expression of 

PCDH19 leads to altered brain network activity (Pederick et al., 2016). PCDH19 and 

other PCDH variants such as PCDH15 have also been linked to schizophrenia and 

autism spectrum disorders (Breuillard et al., 2016; Ishizuka et al., 2016). 
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Table 1. List of Candidate Schizophrenia and Epilepsy Genes 
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Mapping Genes to Phenotype 

To map genes to phenotype, a combination of functional assays and gene 

knockout methods can be useful in understanding the genetic basis of complex 

diseases. In the last few years, CRISPR/Cas9 has been used with high efficiency to 

generate mutations in genes of interest (Jao, Wente, & Chen, 2013). CRISPR/Cas9 

has opened the door for high-throughput genetic screens that allows for precise 

editing of the genome. Functional assays can be used with gene knockouts to 

pinpoint molecular mechanisms shared by multiple genes.  

Zebrafish are a powerful model system to study the genetic link of the behavioral 

and developmental functions of diseases. Using zebrafish, we can create many 

genetic knockout strains in a short amount of time for phenotyping. The genetic 

homology of zebrafish to humans (approximately 70%), and their easily observable 

behavior serve as advantages in studying psychiatric disorders (Howe et al., 2013; 

Morris, 2009). Zebrafish provide a vertebrate model system (K. C. Cheng & Moore, 

1997) and the overall structure of zebrafish brain is similar to that of the mammalian 

brain; it is divided into the forebrain, midbrain and hindbrain. They have the major 

sensory systems and neurotransmitter systems such noradrenergic, cholinergic, and 

dopaminergic that mammalian brains have (Arenzana et al., 2005; Ma, 1997; Morris, 

2009). They are particularly good for phenotyping because they are transparent and 

small approximately 3-4 mm in length at 6 dpf (Parichy, Elizondo, Mills, Gordon, & 

Engeszer, 2009).  Furthermore, their transparency and size makes them ideal for 

whole-brain imaging up to two weeks post fertilization (Guo, 2004) and for large-scale 

behavioral testing. Zebrafish are also an effective model for drug screens because 
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small molecules can be added directly to the water and readily taken up by the fish 

through the gills or skin (Rihel & Schier, 2012). 

Many behavioral phenotypes found in patients with schizophrenia and epilepsy 

have also been screened for in zebrafish. In the literature, disturbances to the 

sensory gating mechanism (Braff, Geyer, & Swerdlow, 2001) have been shown to 

cause a decline in prepulse inhibition (PPI)  in schizophrenia patients compared to 

healthy participants (Moriwaki et al., 2009). PPI is a neurobiological phenomenon in 

which a weaker prestimulus inhibits a stronger startling stimulus. Genetic links for PPI 

defects among family members with schizophrenia have been suggested, making it a 

desirable assay for gene-behavior studies (Haesemeyer & Schier, 2015). Burgess 

and colleagues (2007b) showed that acoustic startle response in zebrafish were 

modulated in a manner similar to the mammalian PPI. Anomalies in habituation have 

also been linked with schizophrenia in response to a stimulus (Schmidt-Hansen, 

Killcross, & Honey, 2009). Habituation occurs as a result of frequent presentation of 

stimulus, which reduces the response to repeated stimuli. Wong and colleagues 

(Wong et al., 2010) demonstrated robust habituation response in adult zebrafish. 

Locomotor anomalies are often found in patients with schizophrenia and epilepsy 

(Powell & Geyer, 2002) and can be measured in zebrafish (Burgess & Granato, 

2007a). Using a combination of behavior and neural activity assays, paired with gene 

knockouts provide a powerful tool for high throughput phenotypic screens in 

zebrafish.  
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Most COS and epilepsy associated genes have unknown neurobiological roles.  

We can investigate their role in abnormal brain development by examining their 

function in brain activity and behavior. My goal is to identify behavioral and biological 

phenotypes in epilepsy and COS that are linked to our chosen genes. I aim to shed 

light in the biological pathways and mechanisms involved in COS and epilepsy. Our 

findings can pave the way for identifying suitable treatments and pharmacological 

targets that can be translated back to genetically at-risk patient populations with the 

aim of preventing disease. We hypothesize that zebrafish models for a subset of 

genes associated with schizophrenia and epilepsy will display phenotypes identifiable 

by high-throughput phenotyping methods. 
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Materials and Methods 

Mutant Generation and Breeding Lines 

To better understand the biological mechanisms and the underlying effects of our 

chosen genes, we generated mutant lines of those genes, and assessed their neural 

and behavioral phenotypes (Figure 1). All protocols and procedures involving 

zebrafish were approved by the Harvard University/Faculty of Arts & Sciences 

Standing Committee on the Use of Animals in Research and Teaching (IACUC; 

Protocol #25-08). CRISPR/Cas9 system was used to disrupt the function of the target 

genes. Five mutant lines, pcdh19, pdxdc1, kcnq3, ptprga, and ntan1, were generated 

using this technology. The Poduri Lab generated the pcdh19 knockout fish. We are 

still in the process of developing mutant strains for genes, ptprga, and ntan1. Mutants 

were generated by simultaneous injection of one to four gRNAs, made as previously 

described (S. B. Thyme, Akhmetova, Montague, Valen, & Schier, 2016), and 

approximately 0.5 nl 50 μM Cas9 protein into EK embryos.. The resulting adult fish 

were screened for germline mutations and the adults with mutagenic deletions or 

insertions were crossed to EK zebrafish (Lister, Robertson, Lepage, Johnson, & 

Raible, 1999). The offspring were screened for homozygous or heterozygous 

mutations and mated to each other to generate homozygous mutants for further 

experimentation. All larvae at each stage were genotyped to generate mutant lines 

and confirm mutations. Zebrafish were raised at 28.5˚C on a 14/10 hour light/dark 

cycle.  
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DNA Preparation  

Adult Fish were immersed in 0.02% MS-222 (tricaine) until gill movement was 

slowed. A small amount of tissue was clipped from the end of the tail and placed in 

96-well PCR plates. Fins were placed in 100 mM NaOH for DNA lysis. The lysis 

solution was heated to 95°C and then cooled to 4°C. 10mM of 1M Tris was added to 

neutralize the basic solution. DNA samples were stored at -20°C. 

Sequencing  

Forward and reverse primers were designed manually. PCR reaction was performed 

in a 96-well plate. PCR cycling conditions were optimized as follows: 95 °C for 5 

minutes and 30 cycles of 10 seconds at 95 °C, 25 seconds at 55 °C, 30 seconds at 

72 °C, ending with 95 °C for 30 seconds and cooled to 15 °C. Agarose gel 

electrophoresis was used to confirm our PCR product by size analysis. DNA from 

PCR products with deletions were extracted using PCR purification and sent for 

sequencing (Illumina) to confirm mutations and mutant DNA size.  
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Figure 1. Mutant generation and phenotypic assays on zebrafish  
Mutant lines were generated using CRISPR/cas9 genome editing. 
Zebrafish were bred to the F1 stage to achieve germline mutations and 
then in-crossed to produce homozygous deletions in the F2 generation. 
The F2 generation larvae were analyzed to identify relevant behavioral and 
neural phenotypes for epilepsy and schizophrenia.  
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Brain Activity 

In order to localize neural circuits involved in behavior, phospho-ERK (pERK) staining 

and analysis was used to build and assess brain activity maps as previously 

described (Randlett et al., 2015). Neuronal depolarization leads to an influx of 

calcium ions which activate Ras, which in turn activates multiple downstream targets 

in the mitogen-activated protein kinase / extracellular signal regulated kinase 

(MAPK/ERK) pathway like ERK 1/2 (Cullen and Lockyer, 2002). pERK imaging 

measures neuronal activity by comparing the ratio of phosphorylated ERK 1/2 to total 

ERK (tERK) between homozygous and heterozygous knockout strains (Randlett et 

al., 2015). Larvae fish used for assays were grown in petri dishes with fish water at 

pH 7.0 containing methylene blue and debris was removed before 4 dpf. Assays 

were conducted with between 48 and 96 larvae (Table 2). For experiments, fish were 

compared to siblings from the same clutch, grown at density 0.5 fish/ml, and 

distributed randomly for treatment groups. Larvae were fed paramecia in the morning 

of 5 dpf. 

Fixing Fish 

Larvae fish were fixed at 6 dpf in 4% PFA in PBS + 0.25% Triton (PBT), O/N 

at 4 ℃. Since the pERK indicator is very fast, fish were fixed quickly within 10 

seconds with minimal handling and as consistently as possible across different 

treatment groups. To do so, a sieve made out of 15 ml falcon tube was used, 

with the pointed end cut off and a mesh attached onto the end. Using a funnel, 
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the fish were dumped into the sieve tube and immediately dropped into the 10 

mL of 4% PFA. The fish were fixed overnight within the sieves.  

 Immunohistochemistry 

Fish were stained using standard immunohistochemistry procedures. Fish 

were rinsed briefly with PBT. Once PFA was rinsed away, the fish were 

bleached to remove pigmentation using 1% hydrogen peroxide (H2O2)/ 3% 

KOH diluted with water (H2O). Fish were then transferred to a 70℃ water bath 

for 15 minutes, washed 3x with PBT, permeabilized in 0.05% Trypsin-EDTA 

on ice for 45 minutes, and washed 3x in PBT again. Later, the fish were 

blocked for one hour in 2% Normal Goat Serum, 1% BSA, 1% DMSO in PBT, 

and then incubated in primary and secondary antibodies overnight in PBT + 

1% BSA + 1% DMSO. The pERK antibody (Cell Signaling, 4370) and tERK 

antibody (Cell Signaling, 4696) were used in 1:500. Secondary antibodies 

conjugated with alexa-fluorophores (Life Technologies) were diluted 1:500. 

 Confocal Imaging 

Imaging of stained tissue were performed using an upright confocal 

microscope (Zeiss LSM 880) using a 20X/1.0 NA objective. Fish were 

mounted dorsal-up in 2% low melting agarose and imaged. To capture the 

entire fish, two imaging tiles were acquired and stitched together. All fish from 

the same gene and clutch were mounted together on a single imaging dish to 

ensure each run had near-identical imaging conditions.    
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Figure 2. Whole-brain activity maps of significant pERK signals. 
To create a map, 13-30 confocal image stacks of fish are stacked per 
treatment group. pERK levels are calculated at each voxel to determine 
areas with higher pERK levels. Green corresponds to significantly higher 
activity levels, and magenta corresponds to lower activity levels. Figure 
was taken from Randlett et al. (2015). Treatment are stimulus induced 
changes.  	

 Z-Brain Maps 

Analysis was performed on Odyssey Cluster using Matlab code from (Randlett 

et al., 2015). Neuronal activity was quantified by comparing the ratio of 

phosphorylated ERK 1/2 to total ERK (tERK) between homozygous and 

heterozygous knockout strains. The significance threshold was set based on a 

false discovery rate (FDR) where 0.005% of control pixels would be called as 

significant. Quantified activity was overlaid on top of a zebrafish brain anatomy 

map (Figure 2) to determine the brain region with activity.  
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Behavior Experiments 

Behavior experiments were conducted on the same cycle and at the same 

temperature as brain activity experiments. Larvae fish used for assays were grown in 

petri dishes with fish water at pH 7.0 containing methylene blue and debris was 

removed before 4 dpf. Assays were conducted with between 35 and 65 larvae (Table 

2). Fish were transferred to 96-well squares plates (E&K Scientific) on the afternoon 

of 4 dpf. Plates were filled with fish water containing methylene blue, transferred onto 

a bucket of ice to decrease locomotion, and sealed with optical adhesive films 

(Applied Biosystems). The larval fish were monitored at 30 frames-per-second (fps) 

with 1088 x 660-pixel resolution using a Grasshopper3 camera (Point Grey). To 

monitor responses, the camera captured one-second long movies at 285 fps for a 

period of 48 hours.  

Genes were assessed for altered locomotion, sleep patterns, PPI, arousal 

threshold, and habituation to stimuli. Heat response was also assessed; at 6 dpf, 

larvae were subjected to 39°C for one hour. During the 48 hours, we examined the 

following: 

i. Altered swimming behavior during multiple sleep-wake cycles. 

ii. Responses to multiple modes of startle (tap, dark/light flashes), during both 

wake and sleep conditions. A minimum of twenty separate events was collated for 

each type of response. 

iii. Arousal threshold and habituation to taps and dark flashes, a non-

associative form of learning. Long-term habituation to dark flashes was conducted in 

four blocks separated by one hour each with 6 dpf larvae. 
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Table 2. Number of controls and mutants for each experiment. 
The mutants are the homozygous mutant zebrafish. The controls are the 
heterozygous zebrafish. Labelled in the table as (number of homozygous 
mutants)/ (number of fish in control group) for imaging and behavior 
experiments separately.  

iv. Defects in pre-pulse inhibition by testing whether mutants show altered 

suppression of responses to strong taps preceded by a weaker pre-stimulus tap, 

tested at 5 dpf. Three hours of pre-pulse responses randomly interspersed with 

control single weak and strong taps is collected, with each event separated by 30 

seconds to minimize habituation. 

v. Altered response to a heat stressor, as schizophrenia patients exhibit 

abnormal thermoregulation (Shiloh, Weizman, Stryjer, Kahan, & Waitman, 2009). 6 

dpf larvae are subjected to 39°C, shifting from the preferred 28°C for one hour. 

Behavior Analysis 
 

All high-speed movies of fish were processed to determine fish locations and 

changes in pixels in every frame. We quantified the number of movements, 

characteristics of movements, including speed and length, and proximity of the larvae 

to the wall of the dish. Phenotypes were considered significant if p-values of 3 or 

more individual tests had a p-value less than 0.05.  
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Tap Response Tests 
 

We assessed the effect of different tap strengths on brain activity. EK Fish 

were grown to 6 dpf with the same conditions as the brain activity assay. At 6dpf, 

three groups of fish were transferred to round plates (E&K Scientific). Before stimuli 

was introduced, fish were kept in an incubator for 30 minutes to stabilize activity. 

After 30 minutes, one group was exposed to a very strong tap, one group was 

exposed to a weak tap, and one group was exposed to no tap. Tap strengths for 

weak and strong taps were determined based on the larvae response rate. The 

strong tap was set as high as possible, with almost 100% of the fish responding. The 

weak tap was set so that less than 10% of the larvae responded. Fish were 

immediately fixed (30 seconds post-tap exposure) and pERK imaging/analysis was 

conducted. 

Drug Assay 
 

EK Fish from the same clutch were grown to 4 dpf with same conditions as the 

behavior assay. Fish were transferred to 96-well square 0.7 mL plates (E&K 

Scientific) on the afternoon of 4 dpf. The treatment group plates were filled with 0.05 

mL of 0.3 mM perampanel diluted in DMSO, and 0.65 mL of fish water. The control 

group plates were filled with 0.05 mL of DMSO and 0.65 mL of fish water (Rihel & 

Schier, 2012). Response to the drug, perampanel, was monitored and analyzed 

using the same protocol as the behavior assay.    
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Results 
 

To assess the phenotypes of our genes of interest, we created knockouts of 

the genes. We used Cas9 and gRNAs to achieve truncations in the target genes, 

pdxdc1, pcdh19, ntan1, ptprga and kcnq3 (Figure 3). Our primers were designed to 

amplify a 758-basepair (bp) region in kcnq3 wild type zebrafish, and a 413 bp region 

in pdxdc1 wild type fish (Figure 3). Once mutations were introduced using Cas9 

mutagenesis, we screened fish for mutations using gel electrophoresis (Figure 3). We 

confirmed deletions the size of 473 bp in the kcnq3 gene (Figure 4a), and the size of 

5 bp in pcdh19 (Figure 4c). There was a 23 bp insertion at pdxdc1 resulting in the 

knockout of the gene as intended (Figure 4b). For ntan1 and ptprga, we found bands 

with 50-100 base pair deletions compared to wildtype DNA, and are in the process of 

sequencing to confirm the mutations (Figure 3c, d). 
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Figure 3.  Confirmation of DNA amplification and mutations 
Electrophoresis of mutant and wildtype DNA fragments. a) pdxdc1 gene bands; the first lane 
is the heterozygous band, the second lane is the homozygous mutant band (26 bp), and the 
third lane is the wildtype band (758 bp). b) kcnq3 gene bands; lane 1 is wild type band, lane 2 
is the wild type band (413 bp) and lane 3 is the homozygous mutant band (435 bp). c) Mutant 
(lane 1) and wildtype (lane 2) bands for ntan1 gene. d) Mutant (lane 1) and wildtype (lane 2) 
bands ptprga gene.	
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Figure 4. Confirming mutations at target Cas9 sites. 
Blue and green highlighted regions are the cas binding sites. Sequences on the bottom belong 
to the mutant and sequences on the top belong to the wildtype zebrafish. a) kcnq3 wild type 
gene sequence alignment with the mutant sequence. b) pdxdc1 wild-type gene sequence 
aligned with its mutant. Insertion sequence (TGATTCGAGGGGCTGCTGAAG) is indicated by 
red highlight. C) pcdh19 wild-type gene sequence aligned with its mutant sequence. Deletion is 
where the “#” symbols are located. Pcdh19 line was generated by the Poduri lab. 	
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Measuring Brain Activity using pERK imaging 

In order to determine the functions of the mutated genes, we measured the 

brain activity in all mutant lines and control groups. We used pERK imaging, a 

technique to report integrated neuronal activity based on antibody staining, to assess 

whole brain activity in the mutant lines (Randlett et al., 2015). The extracellular signal 

related kinase (ERK) is phosphorylated (pERK) as a consequence of calcium 

signaling in active neurons. The phenotypic assays compared homozygous mutants 

to heterozygous and/or wild-type siblings. Our goal was to identify common altered 

activity regions or phenotypes in the mutant lines to identify shared biological 

mechanisms between epilepsy and schizophrenia. 

Brain activity in pdxdc1 mutants 

We measured whether there were abnormalities in brain activity to assess the 

role of pdxdc1 gene. We found decreased activity in the forebrain pallium 

homologous to the mammalian hippocampus (R. K. Cheng, Jesuthasan, & Penney, 

2014) when comparing homozygous mutants with heterozygous and wildtype fish 

(Figure 4a). We observed decreased activity on both sides of the brain with some 

symmetry suggesting that this may be a real phenotype. Based on previous studies 

looking at human data such as postmortem brain analyses of gene expression and 

other animal studies, forebrain changes have been linked to schizophrenia (Filippi, 

Mueller, & Driever, 2014). We also found dispersed increase in activity in the 

hindbrain (Figure 4b). However, the signals were very weak and lacking in symmetry 

across the right and left sides of the brain. There was increased activity around the 
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tectum stratum periventricular in the midbrain, which is a part of the optic tectum 

(Figure 4c). We concluded that there was no phenotype in the midbrain because the 

signals were delocalized and not symmetrical.  
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Figure 5. Brain activity in pdxdc1 mutants 
Brain regions with activity are outlined. The green and purple pixels represent brain 
activity. a) Decreased activity in the pallium of forebrain region (red) depicted by two 
separate adjacent slices in the brain. b) Dispersed activity increases in the hindbrain 
(cyan). c) Delocalized activity signals in the midbrain tectum (purple). 
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Brain activity in kcnq3 mutants 

We screened kcnq3 mutants for neural activity. We observed weak, dispersed 

increased activity in the hindbrain. (Figure 6a). We also found weak increased activity 

in kcnq3 mutants at the Vglut2 sites known to be glutamatergic in both the 

hypothalamus (Figure 6e) and the hindbrain (Figure 6c). We detected decreased 

activity in GAD1b enriched areas in the cerebellum (Figure 6d) as well as increased 

activity in other GABAergic areas in the hindbrain (Figure 6b). We found no 

significant phenotypic signals in the midbrain (Figure 6f). Hindbrain activity may be 

significant as we observed similar activity in pdxdc1 mutants. 
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Figure 6. Brain activity in kcnq3 mutant.  
a) Mutants with hindbrain (cyan) signals. b) Mutants with Gad1b stripe (orange) 
signals in the hindbrain. c) Mutants with signals at Vglut2 (pink) site in the 
hindbrain. d) Mutants with signals at GABAergic cluster (pink) in the midbrain. 
e) Mutants with signals in the Vglut2 site in the hypothalamus (light purple).  
f) Mutants with signals in the midbrain region (white).	
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Figure 7. Brain activity in pcdh19 mutants. 
a) Mutants with brain activity phenotypes in the hindbrain (cyan). b) Mutants 
with brain activity phenotypes in midbrain tectum stratum (purple).  
c) Mutants with rostral hypothalamus brain activity phenotype (orange).	

Brain activity in pcdh19 mutants 
 

We observed significantly increased neuronal activity in the hindbrain of 

pcdh19 mutants (Figure 4a). Pcdh19 mutants also exhibited increased activity at the 

midbrain tectum stratum, which is a part of the optic tectum (Figure 4b). In addition, 

pcdh19 mutants had symmetrical and increased activity in the rostral hypothalamus 

(Figure 7c).  
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Behavioral phenotypes in pdxdc1 mutants 

To assess behavioral evidence of abnormal activity relevant to schizophrenia 

and epilepsy we conducted high throughput behavioral screenings of zebrafish 

models. We identified four distinct phenotypes in the pdxdc1 homozygous mutants. 

We found that mutants had decreased tap habituation in two independent trials 

(Figure 8a). The cumulative change in pixels (movement that passes significant 

threshold parameters) is shown for both trials. We observed increased response to 

dark flashes (Figure 8b). We also found that there was increased movement 

throughout the day (Figure 8c) and decreased PPI (Figure 8d).  

 

Behavioral phenotypes in kcnq3 mutants 

 We did identical behavioral tests on the kcnq3 mutants, in which we identified 

two phenotypes. The homozygous mutants had increased frequency of movement in 

the morning and decreased frequency of movement at night (Figure 9a, 9b). They 

also had increased frequency of movement during a one-second-long tap (Figure 9c).  
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Figure 8. Behavioral phenotypes in pdxdc1 mutants.  
Movement traces showing mean ± s.e.m. and with p-values a) pdxdc1 -/- mutants 
compared to +/- sibling controls with increased habituation. b) Mutants with altered dark 
flash responses. c) Mutants with differences in frequency of movements. d) Mutants with 
prepulse inhibition (strong tap after the weak) phenotypes.	
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Figure 9. Behavioral phenotypes in kcnq3 mutants 
P-values shown for each graph.  a) Mutants with differences in frequency of 
movements during the day. b) Mutants with differences in frequency of 
movements during the night.	c) Mutants with differences in frequency of 
movements during taps.	
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Brain Activity in PPI 
 

To localize the potential brain regions that may be associated with tap and PPI 

response, we exposed zebrafish from the same clutch to varying tap strengths. We 

performed pERK imaging to identify neural activity. We found broad increased activity 

in zebrafish exposed to strong tap when compared to those exposed to PPI (Figure 

10a). We observed a very weak signal showing a slight increase in activity for 

zebrafish exposed to weak tap compared to PPI (Figure 10b). Zebrafish exposed to 

weak tap had increased activity in the rostral hypothalamus when comparing 

zebrafish that received no tap (Figure 10c).  
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Figure 10: Brain activity in response to taps 
 a) pERK imaging comparing EK fish response to strong tap (n=25) with response to 
PPI (n=25) b) pERK imaging comparing EK fish response to weak tap (n=25) with 
response to PPI (n=25) c) pERK imaging comparing EK fish response to weak tap 
(n=25) with response to no tap (n=25). “n” represents the number of fish in each 
experimental group.  
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Behavioral Response to Perampanel  
 
 We tested an anti-epileptic drug’s, perampanel, effect on zebrafish, to evaluate 

the possibility of zebrafish as a model for future drug screenings. Perampanel is a 

drug that blocks glutamate receptors in the brain known as AMPA receptors. We 

found that zebrafish exposed to perampanel spent less time in the center of the well, 

and had decreased velocity when compared to the control group (Figure 11a, b).  

 

Figure 11. Response to Perampanel 
EK fish were exposed to 0.3 mM dose of perampanel and behavior 
response was observed. a) Comparing time spent in center of well of 
drug treated zebrafish (n=46) and control groups (n=46) b) Comparing 
velocity of drug treated zebrafish (n=46) and control groups (n=46) 
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Discussion 
 

In the past few years, we have witnessed an increasing understanding of the 

genetic risk associated with schizophrenia and epilepsy (Rees, 2010; Sekar et al., 

2016). Furthermore, recent research has suggested a shared role between the two 

disorders (Scharfman et al., 2018). However, the underlying causes and 

pathogenesis remains unknown. Our research aimed to understand the phenotypes 

of our chosen genes to identify brain activity or behavioral abnormalities associated 

with either disorder for deeper study. This study identified previously unknown 

phenotypes associated with pdxdc1, kcnq3, and pcdh19 mutants.  

Comparison of Brain Activity Phenotypes 

Research into epilepsy and schizophrenia have pointed to widespread and 

variable involvement of many different brain areas and circuits. We demonstrated 

that there was variable brain activity in different regions of the brain of different gene 

knockouts.  These results can be interpreted in a number of ways and need to be 

further studied. Recently, Thyme and colleagues from the Schier Lab assessed the 

phenotypes of 132 zebrafish mutants associated with schizophrenia that used pERK 

imaging and found that many of the mutants exhibited overlapping brain activity 

signals (paper in review (S. B. Thyme et al., 2018)). When we compared our findings 

to their results, we found that some of the mutant phenotypes we identified 

overlapped with their mutants. For example, our pdxdc1 mutants demonstrated 

decreased activity in the forebrain (Figure 5a). Correspondingly, Thyme and 
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colleagues (2018) found a cluster of mutants with altered activity in the pallium region 

of the forebrain composed of genes such as znf536, clcn3, and cacna1. 

Furthermore, we observed broad activity changes in the hindbrain for all three 

of our mutant lines. Congruent to our findings, the data (made available at 

stackjoint.com by (Thyme et al., 2018)) showed increased hindbrain activity from 

three mutants for elfn1, a gene involved in glutamate receptor recruitment,  hcn1, a 

potassium channel, and snap91, a synaptic vesicle biogenesis protein (Figure 12). All 

three mutants have been implicated in epilepsy (Koo et al., 2015; Nava et al., 2014; 

Tomioka et al., 2014). We showed that there was strong increased activity in the 

hindbrain of pcdh19 mutants (Figure 7a), and weak but broad activity increase in the 

pdxdc1 and kcnq3 mutant hindbrains (Figure 5b, 6a). Hindbrain activity may play an 

important role in the pathogenesis of seizures and may have a shared role in both 

epilepsy and schizophrenia. To further assess our three mutant lines’ role in seizure 

pathogenesis and to confirm our results, particularly for kcnq3 and pdxdc1 which had 

weak signals, we can repeat our experiments and we can also use drugs that 

enhance or suppress phenotypes such as seizure susceptibility.  
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Figure 12. Mutants with altered hindbrain activity 
Increased neuronal activity (green) in the hindbrain (cyan) of the elfn1 (n=25), 
snap91 (n=23) and hcn1 (n=23) mutants compared to the heterozygous 
larvae (elfn1: n=29, snap91: n=21, hcn1: n= 24). Data from Thyme et al. 
(2018) retrieved from stackjoint.com	
	
	

 

 

 

 
 

Drug assays provide a useful tool to further uncover more phenotypes in 

mutants, such as kcnq3, which have ambiguous phenotypes. We can use drugs to 

suppress or enhance phenotypes such as increasing seizure susceptibility or 

stopping seizures altogether (Pytka et al., 2017; White, 1997). For example, we can 

increase seizure susceptibility in mutants and see if they have more exaggerated 

seizures compared to wildtype, or induce seizures and identify areas of the brain with 

exaggerated activity. We tested this using an anti-seizure drug, perampanel, on 

wildtype fish, and found significant differences in behavior compared to wildtype. 
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Comparison of Behavioral Phenotypes 
 
 To extend mutant analysis beyond brain activity, we performed behavioral 

profiling. Similar to the brain activity assay, we demonstrated that there were variable 

behavioral phenotypes of different gene knockouts. For example, we observed 

altered tap habituation and decreased PPI in pdxdc1 mutants (Figure 8d). Reduced 

PPI is a classic hallmark of schizophrenia (Geyer, Krebs-Thomson, Braff, & 

Swerdlow, 2001). Similar to PPI, habituation, the normal learning process by which 

organisms decrease response to repeated stimuli, is also reduced in schizophrenia 

patients (Williams, Blackford, Luksik, Gauthier, & Heckers, 2013). In kcnq3 mutants 

we saw altered locomotive activity throughout the day and night (Figure 9).  One of 

the main symptoms in epilepsy patients is impaired locomotion following seizures 

(Guerrini, 2006). Our behavior results complement our brain activity findings; kcnq3 

mutants had altered activity in the hindbrain (Figure 6a), known to contain the 

networks that control locomotion (Marques-Carneiro et al., 2014). 

Because PPI and tap response are common zebrafish behavioral tests, we 

performed pERK imaging post-tap and PPI exposure to further investigate their role 

in the brain and to uncover more brain activity phenotypes. When we compared 

zebrafish exposed to a weak tap to no tap, we found increased localized activity in 

the rostral hypothalamus. Our results suggest that the tap circuits may be localized in 

the rostral hypothalamus and should be further investigated.  
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Genetic Compensation and Increased PPI in pdxdc1 mutants  
 

Recently, a study demonstrated that pdxdc1 knockdown in mice increases PPI 

(Feldcamp et al., 2017). Contrarily, our results show that a pdxdc1 knockout led to a 

decrease in PPI (Figure 8d). Our findings reveal phenotypic difference between a 

knockdown (antisense-treated animals, etc.) and knockout (mutants) study and pave 

way for further discussion. A knockout is a genetic perturbation that aims to ablate 

gene function; whereas, a knockdown is a perturbation at the DNA, RNA, or protein 

level that reduces the amount of functional RNA or protein. A study in zebrafish egfl7 

mutant reported that they observed genetic compensation in egfl7 knockouts, but not 

knockdowns. Genetic compensation refers to the ability of a living organism to use 

buffering systems to ensure similar developmental outcomes despite genetic 

differences and variation (El-Brolosy & Stainier, 2017). This compensation can occur 

when the loss of one gene is compensated by overlapping functions and expression 

patterns of another gene, it could also arise through tightly regulated cellular 

networks or metabolic function (El-Brolosy & Stainier, 2017). Pdxdc1 may be involved 

in regulating PPI, but how it regulates PPI remains unclear; compensation 

mechanisms may be responsible for the differing outcomes. 

Although we observed altered brain and behavior activity in kcnq3 and 

pdxdc1, they were weak signals. If behavior and brain activity do not repeat it may be 

that there is no phenotype. There are multiple reasons (biological or technical) for 

why behavior and neural activity experiments do not repeat. Differences in 

experimental and patient mutation type may influence differences in phenotype. For 
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example, no truncating mutation has been reported in KCNQ3 (Maljevic et al., 2016). 

In line with this finding, a knockout mouse model was viable, and the lack 

of KCNQ3 did not produce a specific phenotype; in contrast, homozygous knockin 

mice carrying a KCNQ3 BFNS-causing mutation developed spontaneous seizures 

(Singh et al., 2008). Genetic compensation is another reason why knockouts might 

not have strong phenotypes; genetic robustness could be making up for the loss of 

the gene.  

However, our signals suggest a strong phenotype, because all genes have 

increased hindbrain signal even though some were weak signals. Many factors such 

as time of day, randomness of seizure occurrence or variability in seizure strength, 

could account for variation in pERK signals. For instance, weak signals may 

correspond to weak seizure activity or different times in the day may increase or 

decrease the probability of seizure occurrence.  To account for this, we could 

potentially do pERK analysis at different times of the day when there are behavioral 

phenotypes in kcnq3.  

Is there a shared biological basis between epilepsy and schizophrenia? 

Although epidemiological studies have shown a bi-directional link between 

epilepsy and schizophrenia, and genetic studies have found shared mutations in 

some genes, scientists have proposed that there may not be a link at all. The 

epidemiological correlation could be a result of the misdiagnosis of some patients; a 

case-study of epileptic patients showed that they may experience non-convulsive 

seizures that can be mistaken as primary psychiatric illnesses (Mirsattari, Gofton, & 
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Chong, 2011). Our study did not identify any shared phenotypes between the three 

genes, but because of the scale of genes we studied we cannot conclude that there 

is no shared phenotype. However, there are overlapping results with previous 

phenotypic studies such as increased hindbrain activity and decreased forebrain 

activity (Thyme et al., 2018).  

Future Directions 
 
 Immediate next steps include confirming behavioral and brain activity 

phenotypes we identified in the initial runs by repeating the behavior and imaging 

assays. Furthermore, we are in the process of generating mutant lines for ptprga and 

ntan1 in which we will conduct pERK imaging and behavioral analysis to screen for 

phenotypes. Ntan1 and pdxdc1 belong to the same chromosomal location and so 

would be interesting to compare the phenotypes of the two genes.  

The behaviors we screened for were not directly related to epileptic seizures. 

The Poduri Lab has developed an algorithm to classify seizure swim patterns in larval 

zebrafish and a novel non-invasive seizure recording protocol in zebrafish (M. Meyer 

et al., 2016). Using this technology, we plan to screen for seizure phenotypes in our 

genes. To confirm evidence for behavioral seizures, we will use electrophysiology to 

screen for excessive spike and burst frequency associated with seizures (M. Meyer 

et al., 2016)  

Once we establish confirmed phenotypes with the second run of phenotypic 

experiments, we plan to perform drug tests to identify medications that reduce or 

eliminate abnormal schizophrenia and epilepsy related phenotypes in our mutant 
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lines. Genes that displayed abnormal pERK signaling can act as a model for 

screening antiepileptic and antipsychotic drugs serving as an initial preclinical drug 

test for these conditions. Similar to our drug behavior assay with perampanel (Figure 

11), we hope to conduct tests with other anti-psychotic and anti-epileptic drugs. To 

confirm behavioral responses to drugs, we can perform pERK imaging and 

electrophysiology to see if abnormal brain activity is alleviated.  Our study sets the 

stage for investigating molecular pathways underlying the observed phenotypes and 

performing drug screens that suppress mutant phenotypes.   
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