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De novo mutations of SYNGAP1 (Synaptic GTPase Activating Protein) 

have been found in human patients with intellectual disability, epilepsy and 

autism. Consistent with an important role for SYNGAP1 in nervous system 

development, mice heterozygous for SYNGAP1 loss-of-function mutations exhibit 

disrupted behavior and cognition. Studies in mice have focused on the role of 

SYNGAP1 at excitatory post-synapses even though SYNGAP1 is expressed 

prior to synaptogenesis. To study the potential roles of SYNGAP1 during early 

developmental stages, we carried out a syngap1 morpholino study in zebrafish 

and found that knockdown of syngap1 causes reduced brain size, increased cell 

death in the brain and spinal cord before synaptogenesis and disrupted 

behaviors. We also found decreased GABAergic precursors in syngap1b 

morphants and increased apoptosis in the GABAergic progenitor area. These 

findings bridge the gap between embryonic mutations and later phenotypes, 

supporting the emerging view of prenatal origin in etiology of 

neurodevelopmental disorders associated with autism spectrum disorders. 
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Introduction 

Neurodevelopmental disorders, such as autism spectrum disorders (ASD), 

intellectual disability (ID) and epilepsy, are disabilities primarily associated with 

brain dysfunction (Axelrad et al., 2013). An increasing number of individuals 

affected by neurodevelopmental disorders have been reported recently. For 

example, the prevalence of ID is approximately 1% of worldwide population 

(Kupfer et al., 2013) and every social class and culture is affected (Leonard and 

Wen 2002). ASD is estimated to affect 1-2.6% of children world-wide (Kogan et 

al., 2009; Kim et al., 2011).  And about 50 million people worldwide are affected 

by epilepsy (WHO epilepsy fact sheet, 2012). As a result of the increasing 

prevalence, understanding the mechanisms behind these neurodevelopmental 

disorders has become a research priority. 

Neurodevelopmental disorders have been linked to mutations in specific 

genes and chromosomal loci (Mitchell 2011). Mounting evidence has implicated 

mutations in genes that start functioning in the early embryo (Hallmayer et al., 

2011; Goldman et al., 2009; Pinto et al., 2010; Sebat et al., 2007; Ropers 2008) 

suggesting the possibility that symptoms used to diagnose young children with 

neurodevelopmental disorders have mechanistic underpinnings that start in the 

embryo. Consistent with this idea, postmortem studies of neocortex tissues from 

autistic and neurotypical children found abnormal focal patches of cortical 

laminar cytoarchitecture and disorganization of neurons in cortices of the majority 

of autistic children. Because cortical layering is established at embryonic stages, 

these results indicate a prenatal origin of brain structural deficits associated with 



2 
 

 

autism (Stoner et al., 2014). In accordance with this idea, transcriptome analysis 

of the human pre-natal brain revealed patterned expression of many brain-

disorder-related genes, including SYNGAP1, SHANK3 and RELN, indicating that 

dysfunctions of these genes in early embryonic stages may confer a 

predisposition to neurodevelopmental disorders such as ASD, ID and epilepsy 

(Miller et al., 2014). Gene co-expression network analysis using human post-

mortem brain tissues demonstrated consistent differences in transcriptomes from 

autistic and neurotypical brains. Moreover, expressions in frontal and temporal 

cortex of autism brain were more similar than neurotypical brains suggesting 

defects of cortical patterning in autism brain (Voineagu et al., 2011). This 

evidence indicates that prenatal genetic mutations which affect embryonic brain 

development play an important role in etiology of neurodevelopmental disorders. 

SYNGAP1 de novo mutations are linked to non-syndromic 

intellectual disability (NS-ID), epilepsy and autism 

De novo mutations (found in the offspring but not in the parents) in the 

SYNGAP1 gene have been found in human patients with non-syndromic 

intellectual disability (NS-ID), ASD and epilepsy (Hamdan et al., 2011; Hamdan 

et al., 2009). NS-ID has been defined by the presence of intellectual disability as 

the sole clinical feature without presence of morphological or metabolic deficits 

(Kaufman et al., 2010). Therefore, these mutations result from a mutation in 

sperm or egg, or in the fertilized egg itself (Pagon et al., 2013). Since the de novo 

mutations found in patients are new to the genome, and none of them were 

found in control individuals, therefore they are likely to be important to the 
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etiology of that disorder. Three de novo truncating mutations in SYNGAP1 

(K138X, R579X, and L813RfsX22) were identified in 3 of 94 patients with NS-ID, 

indicating disruption of SYNGAP1 is a common cause of autosomal dominant 

NS-ID (Hamdan et al., 2009). More recently, de novo deletions 

(c.2677delC/p.Q893RfsX184 and c.321_324delGAAG/p. K108VfsX25) that 

truncate SYNGAP1 by disrupting the reading frame were identified in two 

patients with NS-ID and mild epilepsy, and a de novo splicing mutation (c.2294 + 

1G>A) which causes pre-mature stop codon was found in a patient with NS-ID 

and autism (Hamdan et al., 2011). Significantly none of these splicing or 

truncating mutations have been found in control individuals (healthy individuals 

without these disorders). This enrichment of de novo mutations in individuals with 

NS-ID provides evidence that de novo SYNGAP1 mutations are likely to be 

pathogenic, and suggests that the SYNGAP1 gene plays an important role in 

normal brain functions (Hamdan et al., 2011).  

SYNGAP1 is an abundant 140-kDa protein found at high concentrations in 

the brain excitatory postsynaptic density fractions consistent with a role for this 

protein in nervous system function. In humans, there is only one copy of the 

SYNGAP1 gene on chromosome 6, but there are two copies of syngap1 in 

zebrafish because of genome duplication. One of these copies is on 

chromosome 19 (syngap1a) and the other is on chromosome 16 (syngap1b) (Fig. 

1). 

There are several conserved domains in the SYNGAP1 protein that are 

suggestive of its functional role in neurons (Fig. 1). These domains include a 
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RasGAP (Ras GTPase-activating proteins) domain, which enhances the 

endogenous GTPase activity of Ras, via its C-terminal GAP domain; PH 

(pleckstrin homology) domain, which can bind to phospholipids and might act as 

a membrane recruitment module; C2 domain, which has been studied as a Ca2+ 

dependent phospholipid-binding molecule (Nalefski et al., 1996) in various 

signaling pathways and has been found to be essential for stimulation of Rap 

GTPases (Pena et al., 2008); C-terminal motif required for binding to PDZ (Chen 

et al., 1998) domains of postsynaptic proteins such as PSD-95 and SAP102, 

which facilitates the interaction of SYNGAP1 with NMDA receptors (Chen et al., 

1998). The de novo mutations found in SYNGAP1 of human patients all cause 

truncation of SYNGAP1 protein, resulting in loss of one functional copy of 

SYNGAP1, suggesting SYNGAP1 heterozygotes are haploinsufficient and may 

cause pathology. 

Expression patterns of Syngap1 have been studied in multiple organisms 

but most thoroughly in mice and rats (Chen et al., 1998; Kim 1998; Porter et al., 

2005; Petralia et al., 2005). In mouse, Syngap1 shows a much higher expression 

in the brain than other tissues as shown by a multiple-tissue northern bolt for 

Syngap1 (Chen et al., 1998). Immunoblots of rat tissues with SYNGAP1 antibody 

demonstrated a high level of Syngap1 expression in brain, with enrichment in the 

cortex, hippocampus and olfactory bulb (Kim 1998). Immunohistochemistry using 

antibodies against SYNGAP1, the NR1 subunit of NMDA receptor (to label 

excitatory synapses) and anti-glutamic acid decarboxylase (to label inhibitory 

synapses) showed that SYNGAP1 co-localizes with NMDA receptors and was 
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present at all excitatory synapses (Kim 1998). In adult mouse brain, the 

expression pattern of SYNGAP1 was shown to be further restricted to the 

anterior of adult forebrain (Porter et al., 2005). Expression of Syngap1 shows 

both distinct and overlapping patterns compared to PSD-95 from embryonic 

stages to adult: Syngap1 expression peaked during synaptogenesis while PSD-

95 expressed throughout the brain from early embryonic stages. Furthermore, 

Syngap1 showed a more spatially restricted pattern to forebrain while PSD-95, 

was also found in mid- and hindbrain (Porter et al., 2005). Immunogold labeling 

of SYNGAP1 to determine its ontogeny at glutamatergic synapses, indicated that 

Syngap1 is moderately prevalent at all ages, and increases significantly from P10 

to P35 (Petralia et al., 2005). Taken together the de novo mutation studies of 

SYNGAP1 in human and expression studies of Syngap1 in mouse/rat, we can 

speculate on the potential embryonic roles of SYNGAP1 in brain morphogenesis 

and patterning, disruption of which is causally associated with various 

neurodevelopmental disorders. 

Disrupted E/I balance - a potential mechanism of 

neurodevelopmental disorders linked to SYNGAP1 haploinsufficiency 

Establishing and maintaining an appropriate ratio of excitatory versus 

inhibitory neurotransmission is critical for normal brain functions and brain’s 

plasticity, or brain’s capacity for change (Bavelier et al., 2010). Early in 

development, E/I balance is skewed towards excitation (Wehr et al., 2003; 

Mittmann et al., 2005; Wilent et al., 2005; Higley et al., 2006). As development 

progresses, inhibitory signaling increases to match excitatory signaling, sculpting 
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critical periods which are time windows when brain is readily shaped by a 

combination of gene expression and environmental experience (Bavelier et al., 

2010). 

Disruption of E/I balance is thought to underlie several 

neurodevelopmental disorders (Yizhar et al., 2011; Gatto et al., 2010). For 

instance, autism has been suggested to result from an increased ratio of 

excitation/inhibition in nervous system (Rubenstein et al., 2003). Epilepsy, 

characterized by repeated seizures over time, has been indicated to disrupt E/I 

balance associated with GABA (A) receptor, which is a major inhibitory 

neurotransmitter receptor in the brain (Fritschy, 2008). Elevated E/I ratio 

associated with exaggerated excitatory glutamate signaling has also been 

implicated in Fragile X syndrome, a major heritable cause of intellectual disability 

and autism (Repicky et al., 2009).  

Interestingly, a reduction of GABAergic signaling (the major inhibitory 

signaling in the adult brain) has been linked to neurodevelopmental disorders in 

multiple studies (Gogolla et al., 2009; Ma et al., 2005; Collins et al., 2006; Lionel 

et al., 2013). Noncoding single nucleotide polymorphisms within GABA receptor 

subunit genes have been associated with autism patients (Ma et al., 2005; 

Collins et al., 2006). De novo mutations in GABA receptor scaffolding protein 

gephyrin have been implicated in risk for autism, schizophrenia, and seizures 

(Lionel et al., 2013). In addition, postmortem studies revealed that GABA 

signaling proteins, such as GAD 65 and GAD 67, enzymes that normally facilitate 

GABA synthesis, are reduced in autistic brain (Fatemi et al., 2002).  Down-
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regulation of GABAA receptors was also found in brains of subjects with autism 

(Fatemi et al., 2009). These findings suggest that reduction of GABAergic 

signaling, which contributes to elevated E/I balance, is a widespread 

phenomenon found in multiple neurodevelopmental disorders. 

Curiously, mutations of genes that normally sculpt and maintain E/I 

balance result in multiple, often comorbid, neurodevelopmental disorders, 

including autism, schizophrenia, intellectual disability and epilepsy (Herbert, 2011; 

Ting et al., 2012; Verpelli and Sala, 2012). SYNGAP1 haploinsufficiency, as 

mentioned above, causes intellectual disability, autism, which always comorbid 

with epilepsy (Hamdan et al., 2009; Krepischi et al., 2010; Hamdan et al., 2011; 

Klitten et al., 2011; Zollino et al., 2011; Berryer et al., 2013).  

Because of the important role of SYNGAP1 in multiple 

neurodevelopmental disorders, animal models have been utilized to gain a 

deeper understanding of SYNGAP1 function. Syngap1 heterozygous (het) mice 

that model human SYNGAP1 haploinsufficiency were created using gene-

targeting techniques (Kim et al., 2003). In a recent mouse study, Syngap1 

haploinsufficiency was shown to disrupt E/I balance and information processing 

in the mouse brain (Clement et al., 2012). Signal propagation through the medial 

perforant path (MPP) of the dentate gyrus (DG), which is the major input pathway 

into the hippocampus, was monitored by laser photolysis of caged glutamate 

paired with fast voltage sensitive dye imaging. Signals originating in the DG of 

wild type (WT) mice were attenuated as they propagated through the circuit, but 

signals originating in the DG of het mice were amplified as they spread through 
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hippocampus, indicating that Syngap1 haploinsufficiency disrupts information 

processing in the hippocampus, and also induced enhanced synaptic excitability 

(Clement et al., 2012). Thus, SYNGAP1 plays an important role in normal neural 

behavior and cognition by maintaining E/I balance in the brain. 

SYNGAP1 plays an important role in neural apoptosis 

Mice homozygous for a Syngap1 deletion die within first few days after 

birth (Knuesel et al., 2005). In order to study the function of Syngap1, the 

cre/loxP recombination system was used to create conditional knockout mouse 

mutants that could survive to post-natal stages (Knuesel et al., 2005). Syngap1 

protein in these mutants exhibits a gradual loss beginning around first postnatal 

week, and reaches maximal loss at the third postnatal week (Knuesel et al., 

2005). However, the degree to which Syngap1 is lost varies among littermates. In 

a small population, Syngap1 levels were reduced to 20%-25% of wild type and 

they died at 2-3 postnatal weeks. In a larger group, Syngap1 levels remain more 

than 40% of wild type and these survived and remained healthy (Knuesel et al., 

2005). To evaluate the consequences of Syngap1 reduction at post-natal stages, 

apoptotic cell death was quantified using an antibody to detect caspase-3 activity, 

an important degenerative enzyme activated during apoptosis (Rami et al., 2003). 

Activated caspase-3 antibody staining showed a significantly higher level of 

apoptosis in neurons of the hippocampus and cortex in these conditional 

Syngap1 mutant mice than that in wild type, indicating that apoptosis is 

enhanced by reduction of Syngap1 and suggesting that Syngap1 normally 

protects brain cells from apoptotic cell death (Knuesel et al., 2005). This study 
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may also provide an explanation for why Syngap1 homozygous deletion is lethal 

to mice during early development.  

Increased cell death also may indicate structural changes in the brain, or 

disruption of neural connectivity at early developmental stages by affecting early 

fundamental developmental processes (such as neuron proliferation, migration, 

and apoptosis), which leads to disrupted functions at later developmental stages. 

While these hypotheses are difficult to test in the mouse because of 

inaccessibility of embryonic stages, we hope to test these hypotheses in 

zebrafish (Danio rerio). 

A favored model to study mechanisms of human disorders – 

zebrafish (Danio rerio) 

Zebrafish (Danio rerio) is a small vertebrate tropical fish. It shares 75 – 80 %  

conservation with human genome, and around 70% of human disease genes 

(including SYNGAP1) have functional homologs in zebrafish (Langheinrich et al., 

2003; Santoriello et al., 2012), which provides solid genetic basis for zebrafish to 

model human diseases. 

Zebrafish has high fecundity and a single female can lay 200 – 300 eggs 

per week. The embryos are transparent and develop externally from the one-cell 

stage, which makes them easily to manipulate experimentally and easier to 

observe compared to the mouse, especially during embryonic stages (Santoriello 

et al., 2012). 
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In addition, stereotyped behaviors are determined early in developing 

zebrafish. A short period of alternating tail coiling appears at 17 hours post 

fertilization (hpf), response to touch starts at 21 hpf, and fish start to swim at 27 

hpf (Fig. 2). All of these behaviors that initiate at early developmental stages 

corresponding to in utero stages of mouse provide a functional assay for the 

nervous system at early developmental stages in zebrafish. The cellular 

mechanisms of these behaviors were well understood (Brustein et al., 2003; 

Lambert et al., 2012; Kohashi et al., 2008), which allows us to directly test the 

functional consequences of genetic perturbations. 
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Chapter 1: Effects of syngap1 knockdown on early embryonic structure 

and global neural circuit functions 

SYNGAP1 haploinsufficiency has been linked to multiple 

neurodevelopmental disorders including autism, intellectual disability and 

epilepsy (Hamdan et al., 2009; Krepischi et al., 2010; Hamdan et al., 2011; 

Klitten et al., 2011; Zollino et al., 2011; Berryer et al., 2013). Recently, 

postmortem studies of human brain tissues have indicated a prenatal origin in 

etiology of neurodevelopmental disorders (Stoner et al., 2014; Miller et al., 2014; 

Voineagu et al., 2011). Specifically, defects of cortical patterning, which is 

normally established during embryonic stages, have been observed in the 

cortical regions of  brains from individuals with autism (Stoner et al., 2014; 

Voineagu et al., 2011). Transcriptome analyses have revealed consistent 

changes in expression patterns of genes (including SYNGAP1) involved in 

neurodevelopmental disorders in prenatal brain of human patients (Miller et al., 

2014; Voineagu et al., 2011). Informed by SYNGAP1 haploinsufficiency and 

knockout studies in mouse, which suggest elevated E/I balance and increased 

apoptosis mechanisms (Clement et al., 2012; Knuesel et al., 2005) and human 

postmortem studies, which suggest a prenatal origin of brain disorders (Stoner et 

al., 2014; Miller et al., 2014; Voineagu et al., 2011), I used a morpholino strategy 

to knockdown syngap1 in zebrafish to create a model to study the functional 

roles of syngap1 at early embryonic developmental stages. 

In this study, we used qPCR from a developmental RNA time-course of 

zebrafish embryos and show that both syngap1a and syngap1b are expressed 
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throughout development supporting the idea that they may play important 

functional roles in the early embryo. We then designed morpholinos to knock 

down either syngap1a or syngap1b in zebrafish. Knocking down either of the two 

zebrafish syngap1a and b duplicates caused similar morphological and 

behavioral phenotypes therefore for subsequent analyses, we focused our 

studies on syngap1b. We chose syngap1b because it is the dominant isoform at 

the developmental stages we used for analysis and Syngap1b protein sequence 

has a higher identity to human SYNGAP1 protein (NCBI BLAST score 1529 for 

Syngap1b versus 1149 for Syngap1a). Knockdown of syngap1b disrupted brain 

structures and increased cell death in brain and spinal cord, which can be 

rescued by injecting human SYNGAP1 mRNA. These results highlight early 

developmental roles for syngap1 in brain morphogenesis. 

 

Materials and Methods 

Fish maintenance 

Adult wild-type and transgenic zebrafish were maintained in a recirculating 

Aquatic Habitats (Apopka, FL, USA) rack system at 28.5 ̊C on a 14:10 circadian 

light:dark cycle according to standard methods (Westerfield, 2000). Embryos and 

larvae were raised in a 28.5 ̊C incubator with the same 14:10 light:dark cycle and 

staged in hours post-fertilization (hpf). All experimental procedures in this 

dissertation were in accordance with National Institutes of Health (NIH) animal 
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care guidelines and have been approved by the University of Miami Institutional 

Animal Care and Use Committee (IACUC).   

qPCR developmental time course 

Total RNAs were extracted from a time courses of 2, 5, 8, 12, 15, 24, 36, 

48, 72, 96, and 120 hpf zebrafish embryos using TRIzol reagent (Life 

Technologies, Carlsbad, CA, USA), 3 pools of 25 embryos were used for RNA 

extraction at each time point. Extracted RNA was treated with DNAase (Life 

Technologies, Carlsbad, CA, USA) by standard protocol. RNA was then used as 

template for qPCR using qScript One-Step SYBR Green qRT-PCR kit (Quanta 

Biosciences, Gaithersburg, MD, USA) to determine the developmental 

expression level of syngap1a and b with ef1a serving as an internal control. 

Primers (Integrated DNA Technologies, Coralville, IA, USA) for each gene were 

designed using primer3 (See Table 1 for a list of these primers). Each PCR 

reaction contained: 1X One-Step SYBR Green Master Mix, 200 nM forward and 

reverse primer, 100 ng RNA template, 1X qScript One-Step RT and nuclease-

free water to a final volume of 50 µL. The cycling conditions were: 48 ̊C for 10 

min; 95 ̊C for 5 min; 40 cycles of 95 ̊C for 10s, 60 ̊C for 20s, and 72 ̊C for 45s; 

72 ̊C – 95 ̊C for 20 min; 95 ̊C for 15s. Standard curves of both copies of syngap1 

and ef1a were made by replacing RNA template with purified standard PCR 

products using the same qPCR primer sets.  Purification of PCR product was 

performed using Wizard® SV Gel and PCR Clean-Up System (Promega, 

Madison, WI, USA). Purified PCR products were quantified by NanoDrop 

(Thermo Scientific, Pittsburgh PA, USA). The absolute quantity of both syngap1 
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copies during development was calculated using methods described by Whelan 

et al (Whelan et al., 2003) and plotted using Excel (Microsoft, Redmond, WA, 

USA). 

Microinjections 

Antisense splice-modified morpholino oligonucleotides (MOs; Gene Tools, 

LLC., Philomath, OR, USA; Table 2) were designed against the common exon-

intron boundaries based upon syngap1a/b variants annotated in the Ensembl 

database. Lyophilized MOs were rehydrated in nuclease-free water as 1 mM 

stored at 4 ̊C.  To ensure full resuspension of stored MOs, stock solutions were 

heated to 65 ̊C prior to making dilutions for injections. For injections, MOs were 

diluted with nuclease-free water to 0.5 mM, and colored with a tiny tip (touch 1% 

fast green with 10 µL tip without pipetting and add to morpholino solution) of 1% 

fast green for visualization, then injected into one-cell zygotes.  To ensure that 

only successfully-injected embryos were further analyzed, a few hours after 

injection, embryos were sorted for even distribution of the green color throughout 

yolk and embryo. To find optimal dosage of MOs, I generated a dose-response 

curve by injecting a series of dosages (100 pL, 500 pL, 1 nL and 2 nL), and 

dilutions (0.5 mM, 500 pL) with highest behavioral effects and least 

morphological defects were used for morphological and behavioral analyses; 

dilution (0.5 mM, 100 pL) was used for cell death and rescue analysis. 

To demonstrate gene specificity of phenotypes, the longest isoform of 

human SYNGAP1 mRNA was transcribed using SP6 mMESSAGE Mmachine 
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RNA transcription Kit (Life technologies, Carlsbad, CA, USA). For rescue 

experiments, a total amount of 100-200 pg mRNA was injected into one-cell 

stage embryos, following with MOs injection (0.5 mM, 100 pL). 

RT-PCR and sequencing to validate MO knockdown 

RNA was harvested from 24 hpf embryos and larvae using TRIzol 

followed by DNAse treatment according to standard protocols (Life Technologies, 

Carlsbad, CA, USA). For cDNA synthesis, 1 μg of RNA was reverse transcribed 

using the SuperScript III™ First-Strand Synthesis System (Life Technologies). 

cDNA was then used as template for  PCR to test for mis-splicing events induced 

by the MOs. Primers (Integrated DNA Technologies, Coralville, IA, USA) for each 

gene were designed using primer3. See Table 2 for a list of these primers.  Each 

PCR reaction contained: 1X GoTAQ hot start green master mix (Promega, 

Madison, WI), 2 μM forward and reverse primer, 50-60 ng of cDNA template and 

DNASE/RNASE free H2O to a final volume of 10 μL. The cycling conditions were: 

95 ̊C for 2 min; 32 cycles of 95 ̊C for 30s, 55 ̊C for 30s, 72 ̊C for 1 min; 72 ̊C for 5 

min and 4 ̊C for storage. PCR products were run on a 1% agarose gel and 

checked for banding patterns and relative band intensities (Fig. 3). Bands were 

gel-purified, and re-amplified for sequencing to determine how splicing was 

impacted by MO injections.  

Morphological and behavioral analysis 

For morphological comparison, images were captured on an Olympus D71 

advanced micro-imager mounted on a Wild dissecting microscope. To analyze 



16 
 

 

morpholino induced behavioral phenotypes, high-speed videos were taken using 

a Fastcam 1024PCI (Photron USA Inc., San Diego, CA, USA).  This camera was 

either mounted on a dissecting scope or, for FLOTE analysis, mounted with a 

Fujinon lens in a customized behavioral chamber. Parameters were as follows: 

shutter speed of 1/1000 (Advance Illumination; Rochester VT; Backlight LED 

Illuminator), 512 x 512 resolution, a frame rate of 250 f/s to assess swimming 

qualitatively and 1000 f/s to assess swimming kinematics. Three touch-evoked 

behaviors, elicited using a tungsten or fishing line probe, were recorded per 

individual. After capturing videos, Flote (Burgess and Granato, 2007) was used 

to quantitate changes in axis curvature over time and swimming velocity. The 

fishing line was used to elicit behaviors for Flote analysis to decrease the 

possibility of disrupting the tracking software. 

Acridine orange staining 

To analyze cell death in early zebrafish embryos, 28-30 hpf control 

embryos and syngap1b morphants were dechorionated and placed in 5 µg/ml of 

acridine orange (Sigma-Aldrich, St. Louis, MO, USA) for 30 minutes at 28.5 ̊C. 

After staining, stained embryos were rinsed three times with system water. Then 

control embryos and morphants were anesthetized with 0.02% MS222 and 

mounted with 3% methylcellulose (Sigma-Aldrich, St. Louis, MO, USA). Images 

were captured on a Leica SP5 confocal microscope (Leica Microsystems, 

Wetzlar, Germany). Cell death was quantified with Fiji software: briefly, threshold 

of images was auto adjusted using “intermodes, B&W” mode; Midbrain, hindbrain 
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and spinal cord areas were selected manually and percentage of staining areas 

were measured automatically. 

 

Results 

Developmental expression pattern of syngap1 in zebrafish 

To determine the developmental expression patterns of sygap1a and 

syngap1b, I harvested RNA from eleven developmental stages ranging from 2 to 

120 hpf and used gene-specific primers for one-step qPCR to determine 

developmental expression levels (Fig. 4). syngap1a transcript is expressed in 

cleavage-stage embryos, shows a significant level of maternally-derived mRNA, 

decreasing as the embryo gastrulates, and then increasing with embryo 

segmentation as early-born neurons exit the cell cycle and start to differentiate 

(Myers et al., 1986).  syngap1b transcript levels are not dynamic during 

gastrulation but after 12 hpf show a similar expression profile to syngap1a.  

Based on these results, both transcripts are expressed in the early embryo. 

However, syngap1b is the dominant transcript expressed before 36 hpf, and 

syngap1a is the dominant transcript expressed after 36 hpf (Table 3; Fig. 4), 

indicating syngap1b functions primarily before hatching period while syngap1a 

functions majorly after hatching period. Expression levels are shown in Table 3, 

student t-test was performed between expression levels of both genes at each 

developmental stage (from 2 hpf to 120 hpf), and significance was shown in 

asterisks in Fig. 4. 
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Syngap1 morpholino-injected larvae (morphants) exhibit either 

unproductive swims with seizure-like behavior, or mortality 

Syngap1a or syngap1b morpholino-injected animals exhibit behavioral 

phenotypes that include unproductive swims (typified with longer swim episode 

and decreased velocity; 68% of syngap1a morphants and 82% of syngap1b 

morphants) and in a subset of animals, seizure-like behavior (18%) (N=131 fish, 

Fig. 5), suggesting both copies function in the same neural circuit. In the normal 

swim response, each episode lasts for an average of 500 milliseconds, in 

contrast, each episode of seizure-like behaviors persists for several seconds, 

and is typified by a lack of coordinated movements (Fig. 5). Unproductive 

swimming also manifested as significantly decreased swimming velocity in 

syngap1a/b morphants compared with controls (Fig.5; N=8, p<0.001), indicating 

a less powerful swimming stroke and decreased motor capacity in syngap1a/b 

morphants. Behaviors were captured by high-speed cameras and are analyzed 

using FLOTE software (Burgess et al., 2007). Seizure-like behaviors are good 

indications of too much excitation in nervous system, which causes 

uncoordinated movements of fish. 

Syngap1b morphants exhibit absence of midbrain and hindbrain 

structure 

In syngap1b morphants, the overall cross-sectional area of brain is smaller 

compared to control morpholino injected embryos (controls), brain ventricle is 

enlarged, midbrain-hindbrain boundary (the gap between posterior boundary of 
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midbrain and anterior boundary of hindbrain) is more compact, and hindbrain (the 

anterior boundary of hindbrain to the position of the first segment) is more 

condensed, and does not extend toward spinal cord as much as controls do. As 

a result, the spinal-hindbrain boundary is more rostral in syngap1b morphants 

(Fig. 6). 

Syngap1b morphants exhibit increased cell death in brain and spinal 

cord 

To test for elevated cell death in morphants, I used acridine orange 

staining on both control embryos and morphants at 28-30 hpf. Staining areas 

were quantified for both control and syngap1b morphants by calculating the 

percentage of area in a z-projection of confocal images stained with acridine 

orange. In the midbrain, syngap1b morphants exhibited 5.5% area labeled with 

acridine orange (N=10 fish; SD=3.36) compared to 0.4% (N=10 fish, SD=0.29) in 

controls. In the hindbrain, syngap1b morphants exhibited 7.0% area labeled with 

acridine orange (N=10 fish; SD=2.61) compared to 0.5% (N=10 fish, SD=0.46) in 

controls. In the spinal cord, syngap1b morphants exhibited 30.0% area labeled 

with acridine orange (N=10 fish, SD= 14.76) compared to 2.0% in controls (N=10 

fish, SD=1.26). There is an obvious increase in cell death in midbrain, hindbrain 

and spinal cord of syngap1 morphants compared to control fish at 28-30 hpf (Fig. 

7).  
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Both disrupted brain structure and increased cell death in morphants 

could be rescued by human SYNGAP1 mRNA 

Since both abnormal brain morphology and cell death are common off-

target effects caused by morpholino and si-RNA knockdown technology (Robu et 

al., 2007), I used human SYNGAP1 mRNA to attempt to rescue these 

phenotypes and thus test whether phenotypes were gene-specific. Importantly, 

both disrupted brain structure and increased cell death in syngap1 morphants 

could be rescued by human SYNGAP1 mRNA (Fig. 7): compared with syngap1 

morphants, staining areas of rescued fish were down to 3.3% (N=10 fish, 

SD=2.41), 2.7% (N=10 fish, SD=2.46) and 9.2% (N=10 fish, SD=5.09) for 

midbrain, hindbrain and spinal cord respectively. This result indicates that both 

abnormal brain structures and increased cell death in morphants are specifically 

caused by reduction of syngap1 expression.  

 

Discussion 

In this study, we successfully knocked down zebrafish syngap1b transcript 

by using morpholino knockdown strategy, which we utilized as a tool to perform 

functional study of syngap1 (Fig. 3). Similar to previous mouse Syngap1 

heterozygous model (Clement et al., 2012), zebrafish syngap1 morphants also 

exhibit abnormal behavior such as seizure-like behavior (Fig. 5). In addition, 

seizure-like behaviors are good indications of excessive excitation in nervous 
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system, which is another similarity to Syngap1 heterozygous mouse model 

(Clement et al., 2012).  

Our qPCR study indicates that both syngap1 transcripts are expressed in 

the early embryo. Expression of syngap1 hasn’t been characterized in early 

embryonic stages, and this will be the first study to reach the early stages. 

Additionally, more evidence has shown that duplicates of genes in zebrafish are 

due to complementary loss of subfunctions (Lynch et al., 1999), such as 

engrailed genes in zebrafish: one is expressed in the pectoral appendage bud, 

while the other is expressed in hindbrain/spinal cord (Force et al. 1999); likewise, 

similar patterns exist in two Notch duplicates (Westin and Lardelli 1997) and two 

Pax6 duplicates (Normes et al. 1998). However, syngap1 duplicates in zebrafish 

suggest minimal sub functionalization since knockdown of either gene produces 

phenotypes.  

Knockdown of syngap1b disrupts brain structures of zebrafish, suggesting 

a critical functional role of syngap1 in zebrafish brain morphogenesis (Fig. 6). 

Underlying the structural defects, acridine orange staining shows that reduction 

of syngap1b increases cell death in zebrafish brain and spinal cord (Fig. 7). Cell 

death can be rescued by co-injecting human SYNGAP1 mRNA, indicating 

disrupted brain structures and behaviors in morphants are specifically caused by 

reduction of syngap1 in zebrafish (Fig. 7).Our findings in zebrafish are consistent 

with mouse study in which increased neuronal apoptosis was observed in the 

hippocampus, cerebellum and cortex of Syngap1 knockout mice by the first 

postnatal day (Knuesel et al., 2005). Combined with our finding in this study, 
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which focuses on earlier embryonic stages, we can conclude that increased 

neuronal death in the brain is a common endophenotype specifically caused by 

reduction of Syngap1 protein at early embryonic stages. Elevated neuronal death 

could also be a potential mechanism that explains disruption of brain structures 

and abnormal behaviors in later development. Therefore, we speculate that 

syngap1 plays important roles in brain morphogenesis and behaviors by 

regulating neuronal apoptosis. 

Data in this chapter validates the effectiveness of the zebrafish syngap1 

heterozygous model. In previous mouse Syngap1 heterozygous model, it has 

been demonstrated that premature glutamatergic synapses shifted E/I balance 

toward aberrant excitation (Clement et al., 2012). Elevated E/I balance was again 

shown as an important phenomenon in neurodevelopmental disorders 

associated with syngap1 haploinsufficiency in zebrafish model since these 

models also exhibited seizure-like activity. Additionally, increased neuronal death 

caused by Syngap1 reduction has been demonstrated as a common 

endophenotype throughout early embryonic development. What’s more, elevated 

E/I balance due to reduction of GABAergic signaling has been proposed as a 

potential mechanism of neurodevelopmental disorders such as ASD, 

schizophrenia, and seizures in multiple studies (Gogolla et al., 2009; Ma et al., 

2005; Collins et al., 2006; Lionel et al., 2013). Our unpublished data has shown 

dramatic delays in the differentiation of both GABAergic and glutamatergic 

neurons in the mid and hindbrain (Robert Kozol). In order to explore the potential 

cellular mechanisms of abnormal functions caused by Syngap1 
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haploinsufficiency, I have decided to utilize the dlx6a-1.4kbdlx5a/dlx6a:GFP 

transgenic zebrafish line, in which GABA precursors are labeled by GFP (Yu et 

al., 2011), to preform further studies. 
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Chapter 2: Effects of syngap1 knockdown on early proliferation, migration 

and apoptosis of GABAergic neuron precursors 

Increased E/I balance due to reduction of GABAergic signaling has been 

proposed as a potential mechanism of neurodevelopmental disorders such as 

ASD, schizophrenia, and seizures in multiple studies (Gogolla et al., 2009; Ma et 

al., 2005; Collins et al., 2006; Lionel et al., 2013). Based on our findings of 

morphological and behavioral changes in zebrafish syngap1 morphants, I 

hypothesized that GABAergic signaling is reduced in syngap1 morphants  as a 

result of early disruption of  GABAergic neuronal precursors: there would be 

fewer GABAergic neurons in morphants which could result from fewer cell 

divisions, failure of GABAergic neuron precursors to migrate properly, or 

increased cell death in GABAergic neuronal precursors. To test this hypothesis, I 

used dlx6a-1.4kbdlx5a/dlx6a:GFP transgenic zebrafish line, in which regulatory 

sequences for the Dlx5a and Dlx6a transcription factors drive the expression of 

GFP,  to visualize these GABA precursors (Yu et al., 2011). 

In dlx6a-1.4kbdlx5a/dlx6a:GFP transgenic line, telencephalic interneurons 

migrate from the ventral to the dorsal telencephalon, an event  which is 

conserved in all vertebrates (Marin et al., 2001; Metin et al., 2006) and can be 

visualized during zebrafish forebrain development (Mione el al., 2008) (Fig. 8). 

Therefore, in this chapter I use the dlx6a-1.4kbdlx5a/dlx6a:GFP transgenic line 

as a powerful platform to study proliferation, migration and apoptosis of 

GABAergic precursors.
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Materials and methods 

Analysis of GABA precursor cell numbers 

GFP positive controls and syngap1b morphants were sorted for 

fluorescence and dechorionated around 21 hpf. Prior to fixation, larvae were 

anesthetized on ice for 30 minutes. The water was then replaced with 4% 

paraformaldehyde (PFA) diluted from 16% stock (Pierce Protein Biology 

Products, Rockford, IL, USA) in 1 X phosphate buffer solution (PBS).  Sorted fish 

were fixed with 4% PFA at room temperature for 1h at 22 hpf, 24 hpf and 28 hpf. 

Samples were washed three times with 1 X PBS, deyolked and mounted in 1 X 

PBS on coverslips for imaging. Single-cell resolution images were captured on a 

confocal microscope Leica SP5 (Leica Microsystems, Wetzlar, Germany) with 20 

X objective, 2 µm Z-step and 1024 X 1024 resolution. Image analysis was 

performed using Fiji software: neurons were color coded in depth using Z code 

stack plugin, and counted with ITCN plugin, both from Fiji official website. 

Neurons were counted manually to double check the accuracy 

Cell apoptosis analysis 

For analysis of apoptosis, both control and morpholino-injected embryos 

were fixed with 4% PFA (Pierce Protein Biology Products, Rockford, IL, USA) at 

22 hpf, 24 hpf and 28 hpf at room temperature for 1h. Wash with PBS-0.5% 

Tween-20 (PBST) for 5 minutes (min) three times, treated with acetone (VWR, 

Radnor, PA, USA) for 7 min at -20 ᵒC, two washes with PBST-1% DMSO (VWR, 
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Radnor, PA, USA) (PBST-DMSO) for 15 min. Embryos were blocked for 1h with 

5% donkey serum (Sigma, St. Louis, MO, USA), 1% BSA (Sigma, St. Louis, MO, 

USA) in PBST-DMSO at room temperature. Embryos were incubated with anti-

active caspase 3 antibody (1:500; Abcam, Cambridge, MA, USA) overnight at 4 

ᵒC. Embryos were washed twice with PBST-DMSO for 10 min each. Embryos 

were incubated in secondary antibody goat-anti-rabbit 568 antibody (1:1000; Life 

technologies, Grand Island, NY, USA) for 2h at room temperature. Embryos were 

washed twice with PBST-DMSO for 10 min each. Embryos were then mounted 

on coverslips and imaged. Image analysis was performed using Fiji software: 

neurons under apoptosis were quantified with ITCN plugin and apoptotic neurons 

were counted manually to double check the accuracy. 

 

Results 

GABAergic neuron precursors are reduced in syngap1b zebrafish 

morphants 

The number of GABAergic neuron precursors in the brain was quantified, 

and a significant decrease of GABA precursors was observed at 22, 24 and 28 

hpf. The reason we decided to focus on these three stages is that robust GFP 

expression was first observed in the telencephalon starting at 1 dpf as previously 

reported (Yu et al., 2011), and we expected to see mitosis of these progenitors at 

a stage earlier than 24 hpf. The reason to end at 28 hpf is because 28 hpf is the 

stage we studied for cell death and rescue, and it turns out to be an informative 
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stage. In order to quantify cell numbers as accurately as possible, confocal stack 

images were first color coded with depth, cells at three different depths were 

counted separately and then added up for analysis. The average number of 

GABA precursors at 22 hpf is: 314 in controls (N=8 fish, SD=54.8) and 198 in 

syngap1b morphants (N=8 fish, SD=38.4; p<0.001); at 24 hpf is: 322 in controls 

(N=8 fish, SD=95.1) and 238 in syngap1b morphants (N=8 fish, SD=81.5; 

p<0.05); at 28 hpf is: 371 in controls (N=8 fish, SD=85.3) and 208 in syngap1b 

morphants (N=8 fish, SD=22.0; p<0.0001). 

Apoptosis is increased in the areas of GABAergic neuron precursors 

in syngap1b zebrafish morphants 

To investigate the potential mechanism of reduction of GABAergic neuron 

precursors, I did active caspase-3 antibody staining on both controls and 

syngap1b morphants at 22, 24 and 28 hpf, and determined the number of 

neurons undergoing apoptosis in GABAergic neuron precursor area (Fig. 

10).The number of neurons undergoing apoptosis in the GABAergic neuron 

precursor area (the minimal rectangular area which covers all GABA precursor 

neurons) is 10at 22 hpf  (N=4 fish, SD=3.4) in controls and 46 (N=4 fish, SD=8.8; 

p<0.001) in syngap1b morphants; at 24 hpf, it is 7 (N=4 fish, SD=5.1) in controls 

and 43 (N=4 fish, SD=7.2; p<0.0001) in syngap1b morphants; and at 28 hpf, it is 

5 (N=4 fish, SD=2.5) in controls and 43 (N=4 fish, SD=17.5; p<0.001) in 

syngap1b morphants.  
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Discussion 

In this chapter, we partially tested our hypothesis that GABAergic 

signaling is reduced in syngap1 morphants as a result of early disruption of 

GABAergic neuronal precursors: we found a reduction of GABA precursors in 

syngap1 morphants at 22, 24 and 28 hpf; increased apoptosis in GABA 

precursor area may be responsible for this reduction.  

The amplification patterns of GABA progenitors have changed from 22 hpf 

to 28 hpf: two GFP clusters of GABAergic precursor neurons were observed at 

22 hpf, divided into four clusters at 24 hpf and started to merge as 2 larger 

clusters at 28 hpf (Fig. 10). Amplification pattern in Syngap1b morphants at 22 

hpf looks very similar to amplification pattern in controls at 24 hpf (Fig. 10 A & B), 

indicating a precocious amplification pattern of GABA precursors in syngap1b 

morphants. This reminds us of the premature development of dendritic spine 

synapses in the Syngap1 haploinsufficiency mouse model (Clement et al., 2012), 

suggesting precocity of GABA precursor amplification may be another phenotype 

caused by reduction of syngap1.  

I also did anti-phospho-histone H3 (Ser10) staining on both controls and 

syngap1b morphants at 22, 24 and 28 hpf, however, I didn’t see any overlap 

between staining and GFP, indicating that these GABA progenitors were divided 

at stages earlier than 22 hpf. This is consistent with a previous study that dlx5 

and dlx6 are predominantly restricted to postmitotic, differentiating neurons in 

subventricular and mantle zones (Liu et al., 1997; Panganiban et al., 2002). 
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Since anti-phospho-histone H3 (Ser10) staining is troublesome for young 

embryos prior to 20 hpf, EdU staining would be a promising alternative to study 

proliferation of these GABA precursors. Since anti-capase-3 staining barely 

showed any overlap between GFP and staining, we would suspect apoptosis of 

these GABA precursors occur much at stages prior to 22 hpf, therefore EdU 

staining would also provide information on time points of birth and death of these 

GABA precursors. Further studies are needed to investigate cellular processes 

such as cell proliferation and cell migration. Then a more comprehensive 

explanation could be given as a potential mechanism of E/I imbalance. 
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Discussion 

In this study, we successfully generated a zebrafish syngap1 

heterozygous model using morpholino knockdown strategy, and for the first time, 

we show that the syngap1 gene plays functional roles at embryonic stages.  This 

embryonic perspective complements previous mouse Syngap1 haploinsufficiency 

and Syngap1 knockout studies, which focused on postnatal developmental 

stages (Clement et al., 2012; Clement et al., 2013; Knuesel et al., 2005). Our 

findings support the emerging view that largely comes from post-mortem studies 

of human brain tissue of a prenatal origin in etiology of neurodevelopmental 

disorders associated with ASD (Stoner et al., 2014; Miller et al., 2014; Voineagu 

et al., 2013). The initiative to study the functional roles of syngap1 was motivated 

by increasing human patient data associated with SYNGAP1 haploinsufficiency 

(Hamdan et al., 2009; Krepischi et al., 2010; Hamdan et al., 2011; Klitten et al., 

2011; Zollino et al., 2011; Berryer et al., 2013). The behavioral similarities 

(seizures) among human patients, mouse and zebrafish syngap1 

haploinsufficiency models indicate a conserved role of syngap1 among three 

organisms. Our qPCR data suggests syngap1 functions in early embryonic 

stages, plus the advantages of zebrafish to study embryonic stages. These 

motivate us to further investigate the functional roles of syngap1 in zebrafish. 

Seizure-like behaviors are convincing indications of disrupted E/I balance 

in the nervous system, and seem to be a common phenotypes caused by 

SYNGAP1 haploinsufficiency from multiple models: In human patients with 
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SYNGAP1 de novo mutations, epilepsy is commonly comorbid with autism and 

intellectual disability (Berryer et al., 2013; Hamdan et al., 2011). In mouse 

Syngap1 haploinsufficiency model, mutant mice exhibit seizure behavior and 

elevated synaptic E/I balance has been detected (Clement et al., 2012). Because 

of the E/I imbalance studies and previous GABA signaling studies (Gogolla et al., 

2009; Ma et al., 2005; Collins et al., 2006; Lionel et al., 2013), we are motivated 

to investigate the cellular mechanism underlying E/I imbalance. We found that a 

significant reduction of GABAergic neuronal precursors at 22 – 28 hpf, which can 

be a potential mechanism that causes elevated E/I balance. We also found an 

increased apoptosis in the area of GABAergic neuronal precursors, which may 

be an explanation to the reduction of GABA precursors. We suspect that E/I 

imbalance could possibly be caused by a multitude of cellular processes in 

addition to apoptosis, such as disrupted proliferation, disrupted migration, which 

needs further investigation. 

Disruption of midbrain and hindbrain structures in syngap1 zebrafish 

morphants was another common phenotype caused by reduction of Syngap1 

expression. In addition, rescuable cell death indicates that syngap1 knockdown 

specifically causes increased neuron apoptosis in midbrain and hindbrain, which 

is a consistent phenotype as discovered in the Syngap1 knockout mouse model 

(Knuesel et al., 2005). The midbrain-hindbrain boundary (MHB), where the 

isthmic organizer is located, is a conserved signaling center in the brain among 

vertebrates.  Signals, such as FGF8 and WNT1, emanating from the MHB act to 

establish neural identities within the brain (Rhinn et al., 2001; Raible et al., 2004; 
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Dworkin et al., 2013). When this signaling is disrupted, one of the common 

phenotypes is apoptosis.  Apoptosis is one of the signatures of failure to maintain 

MHB: ectopic cell death has been detected in several mouse mutant lines, 

including Fgf8 knockout mutant, Wnt1 -/- and En1-/- mutants; ectopic cell death is 

the major cause of deletion of midbrain and cerebellum brain structures (Chi et 

al., 2003; Dworkin et al., 2012; Sgado et al., 2006; Alavian et al., 2009). In 

addition, loss of Grhl2b in mouse causes increased apoptosis in MHB, which can 

be rescued by Eng2a, which is a direct target gene of grhl2b in the MHB 

(Dworkin et al., 2012). Previous studies have also demonstrated that Eng2a is 

critical for cell survival (Sgado et al., 2006; Alavian et al., 2009). Interestingly, 

Grhl2b acts with Fgf8 in MHB patterning and morphogenesis (Dworkin et al., 

2012), indicating that Grhl2b functions within Fgf8 signaling pathway. Therefore, 

the similarity between phenotypes of syngap1 zebrafish morphants and mouse 

mutants discussed above shows that both syngap1 in zebrafish and fgf8 

signaling pathway in mouse play critical roles in MHB maintenance and 

morphogenesis. What’s more, FGF signaling can lead to the initiation of 

Ras/ERK pathway (Dorey and Amaya, 2010), and syngap1 can inactivate Ras 

protein by its RasGAP domain. This similarity between fgf8 and syngap1 

motivates us to consider the possibility that syngap1 and fgf8 may work together 

in a signaling pathway important for brain morphogenesis, which would be an 

interesting direction for future research.  

The zebrafish model we created using morpholino knockdown turns out to 

be very effective and informative in terms of studying embryonic cellular, 
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molecular and morphologic processes. However, one common problem of 

morpholino strategy is the effect of morpholinos lasts only the first few days of 

development (up to 5 days) (Bill et al., 2009), making it unstable to study gene 

functions at later developmental stages, which would correspond to long-term 

phenotypes of neurodevelopmental disorders caused by prenatal dysfunction. 

Therefore, in future studies, it will be critical to establish a stable syngap1 

zebrafish mutants. Several promising genome editing technologies have been 

developed to successfully create stable mutants in zebrafish over the past few 

years, such as Zinc finger nuclease (ZFN), TAL-effector-nucleases (TALENs) 

and Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-

associated system (CRISPR-Cas) (Foley et al., 2009; Grunwald et al., 2013; 

Chang et al., 2013; Hwang et al. 2013).  Stable mutants will allow us to 

investigate roles of candidate disease genes such as SYNGAP1 throughout 

neural circuit development and it will bridge the current gap between early 

development and the phenotypes that are used to diagnose neurodevelopmental 

disorders.
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Figure 1. Illustration of conserved functional domains of SYNGAP1 in human and 
zebrafish (courtesy of Robert Kozol). In human, there is one copy of SYNGAP1 gene 
on chromosome 6. In zebrafish, there are two copies of syngap1 due to genome 
duplication: one of these copies is on chromosome 16, syngap1b; the other is on 
chromosome 19, syngap1a. Functional domains of SYNGAP1 are conserved 
between human and zebrafish, both include pleckstrin homology (PH) domain; C2 
domain; Ras GTPase-activating proteins (RasGAP) domain; and coiled coil (CC) 
domain. 

Figure 2. The chronological sequence of the appearance of stereotyped motor 
behaviors during zebrafish development. Images emphasize key motor 
behaviors before and after hatching (∼52 hpf) of zebrafish (Adapted from 
Brustein et al., 2003).  
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Figure 3. Zebrafish syngap1 morpholino design and validation. (A-C) RT-PCR 
validation of morpholino knockdown. (A) Injection of syngap1a MO reduced the 
level of wild type syngap1a expression and produced three larger syngap1a MO-
specific bands due to intron retention. (B) Injection of syngap1b MO reduced the 
level of wild type syngap1b expression and produced a partial exon deleted band 
due to exon skipping. (C) Neither injection of syngap1a or syngap1b MO reduced 
the level of wild type ef1a (internal control) expression. (D) Illustration of position 
of designed morpholinos for both syngap1a and syngap1b genes.  Only seven of 
the Syngap1 exons are depicted. The syngap1a MO targets the exon 5/intron 5 
splice-junction of the syngap1a gene. The syngap1b MO targets the intron 
3/exon 4 splice-junction of the syngap1b gene. Based upon sequencing 
morphant-specific bands, both syngap1a and syngap1b MOs would be predicted 
to truncate the corresponding syngap1 protein in the plekstrin homology domain. 
Black blocks indicate exons while straight lines indicate introns; Arrows represent 
positions of diagnostic primers. 
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Figure 4. Developmental expression pattern of syngap1 in zebrafish. Combined 
developmental expression patterns of syngap1a and syngap1b from 2 hpf to 120 
hpf; Y axis stands for gene expression level, represented by log scale of gene copy 
number. Gene copy number was calculated based on the standard curve method 
with absolute copy number determined by weight of initial template and size of PCR 
product. Error bar is standard deviation. Asterisks indicate there is a significant 
difference in expression level between syngap1a and syngap1b at that stage. 
Statistical significance: * p<0.05, ** p<0.01. 
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Figure 5. Knocking down syngap1 disrupts swim responses in three day-old 
larvae (courtesy of Robert Kozol). (A) Angle of curvature is plotted versus time 
for representative swim responses. All plots are to the same scale with 
horizontal lines for reference. Morphants show a longer swimming episode 
which is typified by a lack of coordinated movements. (B) Quantification of 
swimming episode velocity. Morphants exhibit a significantly slower swimming 
response than controls. Statistical significance: *** p<0.001, **** p<0.0001. 

Figure 6. Reduced size of midbrain and hindbrain in syngap1b morphants at 28 
hpf. Abbreviations in this figure: Hindbrain (HB), Midbrain (MB), Spinal Cord 
(SC). Midbrain and hindbrain boundary (MHB) is the gap between posterior 
boundary of midbrain and anterior boundary of hindbrain. Size of hindbrain is 
measured from the anterior boundary of hindbrain to the position of the first 
segment.  
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Figure 7. Rescuable cell death in the brain and spinal cord of zebrafish 
syngap1b morphants. (A) Acridine orange staining on controls, syngap1b 
morphants and rescued embryos at 28 hpf. (B) Quantification of AO stained 
area in midbrain, hindbrain and spinal cord. Data was analyzed using a one-way 
ANOVA with a post-hoc means comparison and bonferroni correction. Asterisks 
indicate significance values for means comparison, *  p<0.016, **  p<0.001, ***  
p<0.0001 (Table 4, Table 5).  Scale bars: 100 µm. 
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Figure 8. GFP reporter gene expression patterns in the dlx6a-1.4kbdlx5a/dlx6a:GFP live 
embryos. (A-B) robust GFP expression is first found in the telencephalon starting at 1 dpf. (C-
H) GFP expression in the ventral diencephalon (prethalamus and hypothalamus) appears at 
∼2 dpf and becomes more apparent after 3 dpf. Arrows: scattered populations of GFP-positive 
cells are also clearly identified in the midbrain tectum. (A, C, E, and G): lateral views, anterior 
to the left, dorsal up; (B): dorsal views, anterior down; (D): ventral views, anterior to the left; (F 
and H): dorsal views, anterior to the left. Scale bars: 50 µm (A and B) and 100 µm (C–H). 
Abbreviations: hb, hindbrain; pTh, prethalamus; hy: hypothalamus; tec, tectum; tel, 
telencephalon. (Adapted from Yu et al., 2011). 
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Figure 9. Reduction of GABAergic neuron precursors in zebrafish syngap1b 
morphants at 22, 24, and 28 hpf. (A-C) Color-coded images of GABAergic neuron 
precursors in zebrafish syngap1b morphants at 22, 24, and 28 hpf. Dorsal view, 
anterior to the left. GABA precursors were color coded in depth, color code scale 
from surface to deeper into the tissue is: orange – yellow – green – blue – purple – 
magenta - pink – red. (D) Quantification of number of GABA precursors in both 
controls and syngap1b morphants at 22, 24 and 28 hpf. Statistical significance: * 
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Scale bars: 50 µm.  
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Figure 10. Increased apoptosis in GABAergic neuron precursors areas in 
zebrafish syngap1b morphants at 22, 24, and 28 hpf. (A-C) Images of GABAergic 
neuron precursors (Green) and caspase-3 antibody staining (Red) in zebrafish 
syngap1b morphants at 22, 24, and 28 hpf. Dorsal view, anterior to the left. (D) 
Quantification of number of apoptosis cells in both controls and syngap1b 
morphants at 22, 24 and 28 hpf. Statistical significance: * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001. White rectangel represents GABA precursor area. Scale 
bars: 50 µm. 
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Tables 

Table 1. Lists of primers used for qPCR. 

Gene Oligonucleotide (5’ - 3’) 

syngap1a 
CGAACCCTCACGCTCATC 

AACTCATTCATGAAGCCCAGA 

syngap1b 
GACGACAGATCTCCATGCAC 
GAGGAGTGGCGAGAGATGAA 

ef1a 
CTGGAGGCCAGCTCAAACAT 

ATCAAGAAGAGTAGTACCGCTAGCA 
 

Table 2. Sequences of antisense splice-site targeted morpholino 
oligonucleotides and diagnostic PCR primers. 

Gene Chr. Target Sequence Ensembl 

syngap1a 19 ex5/in5 AGCACCTCGAAGCAGTACTCCTGGC ENSDARP: 
00000087800ex3 TACACAGCCATTTCGACAGC 

ex6 GCTGCAGATTCTCGATCCAT 

syngap1b 16 in3/ex4 TCCTGTGAGGGAGCAATAACAGCAT ENSDARP: 
00000087797

ex2 CATGGAGATCCCACCCACT 

ex5 TTGGGTTTGACAGCTCTCTG 
 

Table 3. Absolute quantification of syngap1a, syngap1b and ef1a from 2 hpf to 
120 hpf. 

Stages 
Gene copy 
number of 
syngap1a 

Standard 
Deviation 

Gene copy 
number of 
syngap1b 

Standard 
Deviation 

Gene copy 
number of 

ef1a 

Standard 
Deviation 

2 hpf 6572.409 1812.32 9820.222 4570.183 185794.3 39234.13 
5 hpf 3283.672 1266.593 14291.12 5774.832 642602.3 282030.1 
8 hpf 1794.983 497.4747 14591.39 5931.473 2237701 1150946 
12 hpf 5542.143 1172.891 20494.54 11064.2 2928261 590756.2 
15 hpf 10175.46 1667.123 29813.24 9787.704 3685538 665749.2 
24 hpf 18807.27 2369.808 40859.73 9670.574 3273872 1047815 
36 hpf 55098.19 25830.29 37847.58 16982.21 3211841 592074.6 
48 hpf 244344.1 9013.557 86360.76 46990.72 2271972 448164.3 
72 hpf 558013.6 37701.47 169737.8 72359.89 1838938 741791 
96 hpf 1064893 688072.7 442224.2 133176.7 2056015 730095 

120 hpf 1764645 434147.2 426676.8 65677.99 2531975 451818.4 
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Table 4. Statistical results for syngap1b morphants cell death - ANOVA. 

Source df 
Sum of 

Squares
Mean 

Square 
F Sig. (p<)

Midbrain 

Between 
Subjects 

2 131.5 65.8 11.5 0.0003 

Within Subjects 27 154.7 5.7   

Total 29 286.2    

Hindbrain 

Between 
Subjects 

2 220.8 110.4 25.3 0.0001 

Within Subjects 27 117.7 4.4   

Total 29 338.5    

Spinal 
Chord 

Between 
Subjects 

2 4254 2127 26.0 0.0001 

Within Subjects 27 2208 81.8   

Total 29 6462    

 
 

Table 5. Paired t-test for syngap1b morphants cell death. 
 

 Midbrain Hindbrain Spinal Cord 

CoMO vs syngap1b MO p<0.0001 p<0.0001 p<0.0001 

syngap1b MO vs 

MO + SYNGAP1 mRNA 
n.s. p<0.0001 p<0.0001 

CoMO vs 

MO + SYNGAP1 mRNA 
p<0.016 n.s. n.s. 
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