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Abstract  

This study describes an investigation into the biological roles of selected glycine 

receptor (GlyR) subtypes in startle disease/hyperekplexia using zebrafish and 

mouse models. Firstly, I investigated the molecular basis of a novel zebrafish 

mutant dhx37nig1 with defective glycinergic transmission and designed 

morpholinos to knockdown DEAH box RNA helicase-37 and GlyR α and β 

subunits to recapitulate the phenotype. Secondly, using site-directed 

mutagenesis and molecular genetics techniques, I introduced a dominant-

negative mutation (p.R271Q) common in human startle disease into vector-

containing zebrafish GlyR α2 and GlyR α4 subunit cDNAs as an alternative 

method for targeted gene knockdown in zebrafish. Using CRISPR/Cas9 

technology, I also generated a zebrafish glra2 knockout and developed a 

diagnostic PCR to genotype mutants with a large 26 base pair deletion. The 

glra2 knockout line was used to explore the role of the GlyR α2 subtype in 

locomotion and brain and spinal motor axon morphology. Thirdly, using 

bioinformatic tools, I investigated the GlyR α4 subunit in vertebrate species, 

looking for molecular evidence to explain why this gene is a pseudogene in 

humans. This revealed that, in addition to an in-frame stop codon, the human 

GlyR α4 subunit gene contains at least two other damaging mutations (p.E59K 

and p.Y204C) that were also present in ancient humans such as Denisovans. 

Lastly, using molecular genetic techniques, I identified candidate mutations in 

the shaky mouse, a mutant with an exaggerated startle response and tremors. 

This revealed a missense mutation causing the amino acid change p.Q177K in 

extracellular loop F of the GlyR α1 subunit. This shaky mutant showed defective 

integration into synaptic GlyRs as well as decreased current amplitudes with 

significantly faster decay times. My study highlights how the use of modern 

genetics techniques and model organisms can provide new insights into the 

biology of glycinergic transmission that underlies neurological disease. 
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1. INTRODUCTION 

1.1. The glycinergic Inhibitory synapse 

Inhibitory glycine receptors (GlyRs) are ligand-gated anion channels, consisting 

of pentameric combinations of GlyR α and β subunits (Fig 1.1; Grudzinska et al 

2005; Yang et al 2012). Each GlyR subunit has an N-terminal extracellular 

domain (ECD) and four α-helical membrane-spanning domains (M1-M4). There 

are five known GlyR subtypes (containing α1, α2, α3 or α4 subunits together 

with the GlyR β subunit) that are differentially expressed in developing brain 

and adult spinal cord, hindbrain, cerebellum and retina. Mutations in GLRA1 

and GLRB, encoding the GlyR α1 and β subunits, cause startle 

disease/hyperekplexia, a neurological disorder characterised by noise- or 

touch-induced non-epileptic seizures in neonates (Shiang et al 1993, 1995; 

Rees et al 2002; James et al 2013; Chung et al 2010, 2012). The GlyR α1 and 

β subtypes have essential roles in maintaining inhibition within spinal motor 

reflex circuits. However, the biological roles of other GlyR subtypes - containing 

the α2, α3 and α4 subunits - are still under investigation.  

 

The embryonic/neonatal GlyR α2 subtype has previously been linked to roles in 

synaptogenesis (Kirsch & Betz 1998; Lévi et al 1998), cell fate and paracrine 

transmitter release (Mangin et al 2003) in the developing cortex (Flint et al 

1998) and spinal cord (Scain et al 2010), as well as retinal photoreceptor 

development (Young and Cepko 2004). The GlyR α2 subunit has recently been 

discovered to have a role in cortical interneuron migration and differentiation 

(Avila et al 2013, 2014). Mutations and deletions in the GlyR α2 subunit have 

recently been associated with the autistic spectrum disorder (ASD) in humans 

(Pilorge et al 2016). Furthermore, increased excitatory transmission in mouse 

early brain development has been discovered to lead to an imbalance of 

excitatory/inhibitory transmission, increasing susceptibility to epileptic seizures 

(Morelli et al 2016). By contrast, the GlyR α3 subunit has a key role in central 

inflammatory pain sensitisation (Harvey et al 2004b) and rhythmic breathing 

(Manzke et al 2010). The GlyR α4 subunit has been linked to neurotransmitter 

release in sympathetic neurons (Boehm et al 1997) and is found in cholinergic 

amacrine cells in mouse retina (Heinze et al 2007). This gene is thought to be a 

pseudogene in humans, due to a stop codon (p.R390X) in GLRA4 exon 9, 
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causing a protein truncation between membrane-spanning domains M3 and M4 

(Simon et al 2004). However, a similar stop codon is not found in most other 

species, including primates. In a large-scale resequencing project on intellectual 

disability (Tarpey et al 2009), many genes on the X-chromosome were found to 

contain truncating mutations, even in apparently phenotypically normal 

subjects. It is unknown whether the GlyR α4 subunit is inactive in all humans, 

and there are currently no reported phenotypes from knockout mice for this 

gene.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1 The glycinergic inhibitory synapse The predominant GlyR subtype in the adult 
spinal cord and brainstem is composed of two α1 subunits and three β subunits. These GlyRs 
are clustered on the membrane of the postsynaptic neuron by the multifunctional protein 
gephyrin, opposite presynaptic terminals that release glycine. GlyT1 is located on neighbouring 
glial cell membranes, and is responsible for transporting glycine away from the synapse. GlyT2 
is located at the presynaptic terminal and is responsible for recycling glycine back into the 
terminal to be repackaged for release. 
 

The other essential component of inhibitory glycinergic transmission is glycine 

transporters (GlyTs). These are Na+/Cl--dependent neurotransmitter 

transporters: plasma membrane glycoproteins containing 12 membrane-

spanning domains. GlyTs have dual roles in inhibitory and excitatory 

transmission, mediated by two distinct subtypes, GlyT1 and GlyT2, encoded by 
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distinct genes (SLC6A9 and SLC6A5). GlyT1 and GlyT2 share approximately 

50% sequence identity, but have differing functions, localisation and transport 

stoichiometry. GlyT1 is predominantly expressed in glial cells and functions as a 

bidirectional glycine transporter, terminating neurotransmission at inhibitory 

glycinergic synapses (Gomeza et al 2003a). By contrast, GlyT2 recycles glycine 

back into the presynaptic terminal (Gomeza et al 2003b), where it is packaged 

into vesicles by the vesicular GABA/glycine transporter VIAAT. Mutations in 

SLC6A5 encoding GlyT2 are the second most common cause of hyperekplexia 

(Rees et al 2006; Carta et al 2012; Giménez et al 2012). Although the most 

common mechanism for disrupting GlyT2 function is protein truncation, 

pathogenic mechanisms have included splice-site mutations and missense 

mutations affecting residues implicated in glycine, Na+ and Cl- binding.  
 
1.2 Defects at the glycinergic inhibitory synapse and neurological disease 

1.2.1 Startle disease 

The understanding of inhibitory synaptic transmission began using in vivo 

experiments to explore neurons within the cat spinal cord. The modulation of 

synaptic inhibition was found to occur by activation of two receptors, glycine 

receptors (GlyRs) and γ-aminobutyric acid (GABA) receptors. The discovery of 

naturally occurring animals, such as mice with startle disease-like symptoms 

allowed GlyRs to be investigated more extensively (Callister and Graham 

2010). Expression levels of GlyR subtypes have been shown to be 

developmentally regulated in the rat spinal cord. GlyR α2 expression begins 

embryonically and is absent in postnatal or adult rats. Studies have shown GlyR 

α2 to be important in the developmental regulation of neuronal migration and 

this subunit is expressed at E14 abundantly. Conversely, expression of the 

GlyR α1 subtype shows low expression early in development and is most 

abundant at P15. The GlyR α3 subunit is expressed later in the spinal cord, 

three weeks after birth but only at low levels (Malosio et al 1991).  The GlyR β 

subunit follows a similar expression pattern to GlyR α1 (Malosio et al 1991). 

Studies with primary cultures from mouse spinal cord have concurred with this 

finding with the GlyR α2 subunit being expressed only in immature neurons, 

consistent with their role discovered of late in cortical interneuron migration 

(Aguayo et al 2004; Avila et al 2014). 



 16 

Within the spinal cord, glycinergic inhibition contributes to the modulation of 

excitation underlying rhythmic behaviours. GlyR α1 and β subunits (encoded for 

by gene GLRA1 and GLRB) are expressed as heteromers at postsynaptic 

membranes within glycinergic synapses within the motor reflex arc and 

nociceptive sensory neurons in the superficial laminae of the dorsal horn in the 

spinal cord. SLC6A5, encoding GlyT2 (glycine transporter 2), a Na+/Cl--

dependent transporter are expressed at presynaptic terminals at glycinergic 

synapses (Carta et al 2012). Excitatory signals are modulated within the motor 

reflex by inhibitory interneurons, providing recurrent (Renshaw cells), reciprocal 

(Ia inhibitory neurons; IaINs) and feed forward inhibition (presynaptic) (Siembab 

et al 2010). Following a tactile or acoustic stimulus, glutamate is released from 

sensory neurons situated the dorsal root ganglia, potentiating appropriate 

receptors on the motoneuronal membrane of the motoneuron (Fig 1.2 A and B). 

As a result, depolarisation activates an action potential along the motoneuron, 

which in turn leads to release of acetylcholine at the motor end plate and 

muscle contraction. After a prolonged excitatory impulse, axon collaterals from 

the motoneuron release acetylcholine, potentiating receptors on Renshaw cells. 

Renshaw cells release glycine, potentiating glycine receptors on the 

motoneuronal membrane, thus preventing sustained excitation and muscle 

contraction. Renshaw cells are also known to inhibit Ia inhibitory interneurons 

involved in reciprocal inhibition. (Fig 1.2B; Alvarez and Fyffe 2007; Schaefer et 

al 2012). Reciprocal inhibition occurs by activation following glutamate release 

from sensory afferents. Glycine, released from inhibitory interneurons binds to 

GlyRs on the motoneuronal membrane of opposing muscle groups. Therefore, 

as one muscle contracts, inhibition allows for the relaxation of opposing 

muscles (IaINs or Renshaw cells; González-Forero and Alvarez 2005; Hultborn 

and Nielsen 2007; Kuno and Rudomin 1966) (Fig 1.2A and B). In patients with 

Hyperekplexia, mutations in GlyR α1 and β subtypes result in reciprocal and 

recurrent inhibitory dysfunction and sustained muscle contraction in response to 

a tactile or acoustic stimulus.  

 

 

 



 17 

Figure 1.2 The nerve muscle circuit. A and B: Following an acoustic or tactile stimulus, 
glutamate release (blue) from sensory afferent neurons potentiates receptors on the 
motoneuronal membrane. A subsequent action potential is fired along the motor neuron to the 
motor endplate where acetylcholine release leads to the activation of nicotinic receptors and 
muscle contraction. Inhibitory signalling maintains the balance between inhibitory and excitatory 
signalling through feedback (Renshaw cells) and reciprocal (Ia interneurons) inhibition. 
Inhibition is activated either through the release of glutamate from primary afferents or 
acetylcholine release from collateral axons emanating from motoneurons.  
 

Hyperekplexia or startle disease is recognised as a rare neurological disease in 

many specialist paediatric and neurology centres worldwide. The disorder is 

characterised by hypertonia in response to an unexpected touch, sound or sight 

in neonates. Secondary presentations can include life-threatening apnoea 

episodes and/or brain damage (Harvey et al 2008). In neonates, hyperekplexia 
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can be clinically diagnosed by tapping the nose, leading to an obvious startle 

response in affected with no response observed in unaffected neonates 

(Shahabi 2003). A normal startle response in adults is described as stiffening of 

the shoulders, blinking and freezing for a short period of time. Kirstein and 

Silfverskiold (1958) first reported hyperekplexia in a ‘family with emotionally 

precipitated drop seizures’ (Ryan et al 1992).  Although the disease was first 

considered to be inherited in an autosomal dominant fashion (Ryan et al 1992; 

Shiang et al 1993), the disease can also been inherited in an autosomal 

recessive manner (Chung et al 2010; Carta et al 2012). Treatment with 

clonazepam, a benzodiazepine acting as an allosteric potentiator at GABAA 

receptors, counteracts hypertonia and apnoea episodes. The Vigevano 

manoeuvre, a procedure involving moving the head and limbs towards the 

trunk, has been shown to be effective to terminate spasms (Vigevano 1989). 

Hyperekplexia is often misdiagnosed as epilepsy due to hypertonia-related 

artefacts on the electroencephalograph (EEG). Hyperekplexia patients, 

however, remain conscious throughout seizures, unlike epileptics (Suhren et al 

1966).  

 

1.2.2 Structure of the GlyR 

GlyRs belong to a family of Cys-loop containing pentameric ligand-gated ion 

channel (pLGIC) receptors. The Cys-loop family has a highly conserved 

disulphide bond formed by two cysteine residues forming a characteristic Cys-

loop in the extracellular N-terminus of each receptor subunit (Chang et al 2009). 

GlyRs are comprised of five subunits arranged around a central ion pore with a 

diameter of 5.2-6 Å (Bode and Lynch 2014). Each subunit comprises of four α-

helical transmembrane (TM) domains 1-4 and an extracellular domain 

predominantly consisting of a twisted β-sheet and loops. Within the twisted β-

sheet sits the ligand-binding site (Fig 1.3A, B; Miller and Smart 2010; Bode and 

Lynch 2014). The GlyR α1 subunit glycine-binding pocket is made up of 

residues F158, Y201, T203 and F206 on one subunit with the residues R65 and 

S159 from a neighbouring subunit. The residue R65 is critical to glycine binding 

as an electrostatic interaction with the glycine carboxylate is formed and R65 

interacts with the α-carboxyl and α-amino groups of glycine (Grudzinska et al 

2005). Following glycine-mediated activation of GlyRs, TM2 helices have been 

shown to undergo a counter-clockwise turn, expanding the ion pore, leading to 
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anion influx and subsequent hyperpolarisation (Fig 1.3C, D; Calimet et al 2013; 

Du et al 2015). Within the adult spinal cord, GlyR heteromers (α1β) are 

expressed at glycinergic synapses within motor reflex arcs or are involved in 

pain sensory modulation in the superficial laminae of the dorsal horn (α1β and 

α3β; Harvey et al 2004b). Remaining GlyRs are expressed extrasynaptically as 

α2β heteromers or α2 homomers in the cerebral cortex and hippocampus 

(Young-Pearce et al 2006; Avila et al 2013). Maximum GlyR ligand binding 

efficiency is achieved when three out of five ligand-binding sites are occupied 

(Beato et al 2002). A potent competitive antagonist of glycine receptors, 

strychnine, blocks the GlyR, forcing it to remain in the closed conformational 

state. Contact with strychnine results in convulsions, muscle spasms and death 

as a result of GlyR antagonism (Huang et al 2015). The antagonist binds to the 

same site as glycine, however glycine promotes the open conformational state 

thereby allowing anions to flow through the presynaptic membrane and inhibit 

excitatory impulses by sustained hyperpolarisation (Du et al 2015).  

 

Structures for some Cys-loop ion channels such as prokaryotic GLIC, ELIC 

receptors and eukaryotic GluCl, GABAA receptor, nicotinic acetylcholine 

receptor (nAChR) have been elucidated (Bocquet et al 2009; Hilf et al 2009; 

Hibbs and Gouaux 2011; Miller and Aricescu 2014; Miyazawa et al 2003; Unwin 

2005). The glutamate-gated chloride channel α subunit (GluCl) derived from 

C.elegans, shares ~44.4% sequence identity to the hGlyR α1 subunit (James et 

al 2013). Even now, the GluCl structure is a useful source to compare the 

glutamate-binding domain to the GlyR glycine-binding site. The GlyR structure 

has recently been elucidated enabling further understanding of the 

consequences of amino acid changes to GlyR function (Du et al 2015; Huang et 

al 2015). Whilst Du et al used cryo-electron microscopy techniques to uncover 

the zebrafish GlyR α1 homomer structure in glycine-bound, strychnine-bound 

and glycine/ivermectin-bound states (PDB: 3JAE, 3JAD and 3JAF), Huang et al 

investigated the structure of the strychnine-bound human GlyR α3-homomer 

using x-ray crystallography (PDB:5CFB; Huang et al 2015; Du et al 2015).  
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Figure 1.3 Molecular model of GlyR α1 homomer. A: The glycine binding site is located in 
the extracellular region of the glycine receptor, indicated by a dashed line box. GlyR subunits 
each have four transmembrane domains. In one subunit these are coloured to distinguish one 
from another. B: The glycine-binding pocket comprises of F158, Y201, T203 and F206 from one 
subunit and residues R65 and S159 from the neighbouring subunit. Glycine is indicated in a 
light blue colour. C and D: The chloride ion permeable pore is lined by TM2 domains 
(highlighted in blue), which rotate following glycine binding, opening the chloride ion pore. The 
molecular model was generated by Du et al (2015; PDB: 3JAE). 
 
1.2.3 Mutations in the GlyR α1 subunit gene and startle disease 

The most common cause of human hyperekplexia is missense, nonsense 

mutations or deletions in the gene GLRA1, encoding the GlyR α1 subunit 

located on chromosome 5q33.1 (Shiang et al 1993, 1995). On a population 

basis, recessive mutations are the most common cause of human 

hyperekplexia (Chung et al 2010). Recessive mutations in the GlyR α1 subunit 

tend to be dispersed throughout the human GlyR α1 subunit. Recessive 

mutations can be either homozygous recessive (e.g. p.R72H; Coto et al 2005) 

or compound heterozygous (e.g. p.L291P and p.D388A; Bode et al 2013), 

whereby two alleles have the same mutation or different mutations inherited on 
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the same gene. Autosomal recessive mutations tend to disrupt GlyR function 

through cell surface trafficking. Deletions have been discovered in patients with 

hyperekplexia and are typically autosomal recessive, with the unaffected allele 

often compensating for the affected allele loss. In five families of Kurdish 

decent, an identical large deletion of exons 1-7 of GLRA1 was inherited in an 

autosomal recessive manner. This represents a population-specific risk allele as 

consanguineous marriages are more common in Turkey and therefore 

inheritance of two recessive alleles is not uncommon (Becker et al 2006).  

 

A large number of autosomal dominant mutations have been reported to cause 

human hyperekplexia and are typically located in the TM2 and TM2-3 loop (Fig 

1.4). Dominant mutations are invariably missense mutations (e.g. p.R271Q), 

expressed strongly at the cell surface. As cell-surface trafficking is unaffected, 

an unaffected allele is unable to compensate for the deleterious allele. 

Autosomal dominant mutations tend to result in spontaneous activity of the 

GlyR (e.g. p.Q226E, p.V280M; Bode et al 2013), increased desensitisation (e.g.  

p.P250T, Breitinger et al (2001); Saul et al 1999; p.P230S, Bode et al 2013) 

and loss of zinc potentiation (e.g. p.W170S; Al-Futaisi et al 2012; Zhou et al 

2013). Although there are many autosomal dominant mutations associated with 

hyperekplexia, this study will focus primarily on the mutation p.R271Q. The 

p.R271Q substitution is a dominant-negative mutation which is incorporated into 

GlyRs and expressed at the cell surface, yet renders the receptor non-

functional (Rajendra et al 1994). Many R271 mutations have been reported in 

the GlyR α1 subunit, such as p.R271Q, p.R271L and p.R271X and tend to be 

autosomal dominant (Shiang et al 1993; Gregory et al 2008; Lee et al 2013). 

The R271 residue is located between the agonist binding site and the channel 

gate (Shan et al 2012). Adjacent to the R271 residue is the TM2-3 loop, integral 

for the glycine binding to channel opening mechanism. Evidence suggests that 

mutations in this loop almost certainly result in disrupted gating as all the 

mutations reported (p.R271Q/L, p.K276E/Q and p.Y279C/S) impair the human 

GlyR in a similar manner. Substitution of the R271 residue frequently interrupts 

a hydrogen bond with residue Q226 required to activate the open-channel state. 

Disturbances in the gating mechanism reduce glycine sensitivity, channel 

conductance and reduce open-channel probability resulting in a reduction of 

chloride ion influx through synaptic GlyRs. As a consequence, inhibition is 
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prevented, thus leading to increased excitatory impulses and potent muscle 

contractions (Rees et al 1994; Elmslie et al 1996; Shiang et al 1995; Bode and 

Lynch 2014).  

 

1.2.4 Mutations in GlyR β subunit gene and startle disease 

The GlyR β subunit is an obvious candidate gene for startle disease, given that 

it forms heteromeric α1β receptors and is responsible for synaptic localisation of 

GlyRs via interactions of the M3-M4 loop with gephyrin. Mutations in GLRB in 

startle disease were first reported by Rees et al (2002). Mutations had 

previously been reported in a hyperekplexia mouse model, spastic, but had not 

been associated with human hyperekplexia (Kingsmore et al 1994; Rees et al 

2002). Since the spastic mouse indicated that GLRB was potentially associated 

with hyperekplexia, Rees et al screened 22 patients with hyperekplexia for 

mutations in the GlyR β subunit. They reported compound heterozygous 

(nonsense and missense) mutations inherited to a patient with hyperekplexia. A 

splice-site mutation IvS5+5GàA in exon 5 caused the transcript to lack exon 5 

and an amino acid change, p.G920A (resulting in p.G229D) together in a 

compound heterozygote resulted in a transient hyperekplexia phenotype. The 

transient phenotype observed is likely to be due to compensation by GABAAR 

potentiation and has been observed in spastic mice (Kingsmore et al 1994). 

The mutation clearly affects receptor function with EC50 values indicating a 

marked reduction that is probably explained for by either a reduced agonist 

affinity or a defective closed channel to open channel conformation mechanism. 

The equivalent mutation on the GlyR α1 subunit was reported to lie in the cys-

loop, a structure with highly integral residues for ligand binding to channel 

opening (Rees et al 2002; Du et al 2015). A further two mutations were 

discovered by James et al (p.L285R and p.W310C) and were de novo (i.e, not 

inherited by either parent, p.L285R) and recessive (p.W310C). GlyR 9’ leucines 

line the ion pore and are integral for maintaining a closed ion state (Chang and 

Weiss 1998, 1999; James et al 2013). The mutation p.L285R was predicted to 

disturb this conserved hydrophobic girdle, leading to conductance leak 

observed in α1βL285R GlyRs (James et al 2013). The missense mutation 

p.W310C was reported to destabilise transmembrane α-helices packing in the 

GlyR leading to a reduction in cell surface expression. The inheritance of this 

mutation was somewhat confounding, as although the mutation appears to be 



 23 

recessive, both parents displayed a ‘minor startle’ indicating that this mutation 

could represent incomplete dominance (James et al 2013). Although GLRB 

mutations are less frequent than GLRA1 and SLC6A5, they are typically 

inherited in an autosomal recessive manner. One exception is a p.Y470C 

missense mutation in TM4, which has been reported in two cases (dominant 

and recessive) to be associated with hyperekplexia. The mutation is predicted 

to lead to loss of α-helical structure towards the end of the TM4 domain, which 

is likely to impact on remaining TM1-3 (Chung et al 2012). Mutations in GLRB 

have been associated with additional learning difficulties, developmental delay 

and gaze disorders (Al-Owain et al 2012; Chung et al 2012).  

Figure 1.4 Startle disease mutations found in the human GlyR α1 and β  subunit genes. A 
representation of mutations in GlyR α1 subunits known to be associated with human 
hyperekplexia. Circles are annotated on the figure indicating dominant (red circles), recessive 
(blue circles) and incomplete dominance (indicated in green). Figure has been adapted from the 
original figure published in James et al (2012).  
 

1.2.5 Mutations in the GlyT2 gene and startle disease  

Glycine transporters are members of the Na+/Cl--dependent solute carrier family 

6 (SLC6) of transporters. Glycine transporters have 12 membrane-spanning 

domains and there are two subtypes, GlyT1 and GlyT2. These transporters 

have differing roles and expression patterns. GlyT1 (encoded by SLC6A9) is 

located in glial cells, close to excitatory and inhibitory neurons and is 

responsible for terminating glycinergic transmission (Gomeza et al 2003a; Tsai 

et al 2004). GlyT1 has a stoichiometry of 2Na+/1Cl-/1 glycine with bidirectional 

transport. GlyT2 (encoded by SLC6A5) is located at glycinergic synapses with a 

stoichiometry of 3Na+/1Cl-/1 glycine with unidirectional transport (James et al 

2012). The loss of GlyT1 expression in glial cells disrupts the clearance of 
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glycine surrounding nearby NMDARs. Although GlyT1 has not been associated 

with human startle disease, SLC6A9 is a candidate gene for glycine 

encephalopathy (Gomeza et al 2003a). Mouse knockout models have shown 

that homozygous mice die within 12 hours of birth from apnoea due to 

respiration centre suppression from enhanced glycinergic neurotransmission. 

As homozygous knockout mice die within the first day of birth, heterozygous 

mice were used to investigate the modulation of GlyT1 protein loss on the 

NMDAR activity. Tsai et al discovered that NMDAR activity in hippocampal CA1 

pyramidal cells to be significantly increased (Tsai et al 2004). A previous study 

has indicated that an increased activity of a subset of NMDARs could contribute 

to schizophrenia symptoms (Coyle et al 2003), suggesting that GlyT1 inhibition 

could prove useful for treating cognitive disorders such as schizophrenia.  

 

The loss of GlyT2 prevents presynaptic glycine vesicles from refilling, 

preventing glycine from being made available at the glycinergic synapse 

(Gomeza et al 2003b). Screens of unresolved cases of startle disease (Rees et 

al 2006; Carta et al 2012) have revealed that GlyT2 mutations are a second 

major cause of startle disease. Missense, splice-site mutations and nonsense or 

frameshift mutations resulting in protein truncation are the typical mechanisms 

by which the function of GlyT2 is disrupted. Truncating nonsense or frameshift 

mutations were found in a surprising 11 out of 20 patients in a screen 

performed by Carta et al in 2012. Truncations are likely to be targeted for 

nonsense-mediated mRNA decay and are not expressed at the cell surface. 

Missense mutations were predicted to affect TM2 conformation (p.L237P and 

p.P243T), glycine (p.A275T, p.E348K), sodium (p.A275T, p.S513I) or chloride 

(S513I) ion binding. Furthermore, mutations were predicted to affect the 

extracellular loop 4 (p.F547S) and cation π interactions with the intracellular TM 

10-11 loop (p.Y656H and p.G657A) (Fig 1.5; Carta et al 2012). Genotype-

phenotype investigations have shown that phenotypes arising from mutations in 

GlyT2 in humans are not as severe when compared with mice, dogs and cattle 

(Charlier et al 2008; Gill et al 2011; Gomeza et al 2003b). Phenotypes in 

affected animals were reported to display severe muscle hypertonia, tremor, 

breathing difficulties and early mortality. Although humans with mutations in 

SLC6A5 survive and most symptoms resolve after the neonatal period (Rees et 

al 2006). Human hyperekplexia phenotypes caused by mutations in SLC6A5 
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are characterised as neonatal muscle stiffness and exaggerated startle 

response to unexpected touch or sound whilst remaining fully conscious. Over 

90% of children with mutations in SLC6A5 had recurrent neonatal apnoeic 

attacks. Patients with mutations in SLC6A5 have been found to display 

stiffness, an abnormal startle response, unprotected falls, delayed motor 

development and speech delay, neonatal apnoeas with one case of epilepsy. 

Surprisingly, patients reported to have SLC6A5 related apnoeic attacks in 

childhood did not have developmental delay or cognitive issues (Carta et al 

2012).  

 

Although most mutations found in GlyT2 have been reported to be autosomal 

recessive with biallelic loss of the transporter, some autosomal dominant 

mutations have been reported (Giménez et al 2012; Arribas-González et al 

2015). A change, p.Y705C, was discovered in eight individuals in three families 

situated in Spain and the United Kingdom. On top of classical human 

hyperekplexia, patients with p.Y705C displayed a wide variety of symptoms 

such as facial dysmorphism, abnormal respiration, intellectual disability and 

delayed motor development (Giménez et al 2012). The mutation was autosomal 

dominant and located within transmembrane region 11. The C705 residue was 

predicted to interact with the C311-C320 pair. Further findings uncovered 

p.Y705 as an integral residue for H+- and Zn2+-dependent glycine transport, 

leading to reduced cell surface expression as a result of impaired protein 

maturation through the secretory pathway (Giménez et al 2012). Recently, a 

dominant-negative mutation (p.S512R), previously found in a cohort of 

hyperekplexia patients in a screen by Rees et al (2006), was discovered to 

cause the mutant GlyT2 to form oligomers with the wild-type GlyT2 transporter 

protein leading to endoplasmic reticulum (ER) retention. GlyT2 transport from 

the ER to the golgi is mediated by coat protein complex II component Sec24D. 

Investigations into the mutant GlyT2 revealed that p.S512R displayed an 

enhanced attraction to calnexin as well as an altered interaction with Sec24D, 

resulting in ER retention. Overexpression of an ER chaperone, calnexin (CNX) 

is known to facilitate the transport of GlyT2 rescued wild-type GlyT2. Results 

suggest that mutant and wild-type GlyT2 compete for calnexin (Arribas-

González et al 2015). 
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Figure 1.5 Startle disease mutations found in the human GlyT2. A schematic representing 
mutations in GlyT2 associated with human hyperekplexia. Transmembrane domains are 
labelled TM1-12. The sodium and glycine binding is represented in TM1 and TM6 by yellow and 
blue triangles. Figure has been adapted from the original figure published in James et al (2012). 
 
1.2.6 Other genes found at glycinergic synapse and startle disease 

Although hyperekplexia is typically caused by mutations in GLRA1, GLRB and 

SLC6A5, other genes such as gephyrin (GPHN) and collybistin (ARHGEF9) 

have been implicated in the disease. Gephyrin is important for localising GlyR 

α1β heteromers to the post synaptic membrane, interacting with the GlyR β 

subunit M3-M4 loop (Meyer et al 1995). Rees et al (2003) discovered 1 in 38 

unrelated hyperekplexia affected patients had a heterozygous p.N10Y mutation 

in the N-terminus of gephyrin. However, when the mutation was analysed in 

vitro in HEK293 cells, neither the function nor the binding to the GlyR β subunit 

was affected. It is therefore not completely clear that this mutation is causative 

in this case of hyperekplexia. Gephyrin has, however been associated with the 

disease Molybdenum Cofactor Deficiency (MOCODC; OMIM #615501). In a 

Danish consanguineous family, deletions were discovered in exons 2 and 3 

resulting in a frameshift of the GPHN gene. Affected infants had muscle 

stiffness, hyperreflexia and tonic-clonic convulsions (Reiss et al 2001).  

Gephyrin is believed to be actively involved in the molybdenum cofactor 

biogenesis (Reiss et al 2011a,b). Interestingly, a gephyrin knockout mouse 

model, Gphn-/-, died within a day of birth with increased startle and rigidity (Feng 

et al 1998). Myoclonus and breathing difficulties were also observed, consistent 

with human MoCo deficiency. Gephyrin is increasingly becoming a candidate 

gene for underlying neurodevelopmental diseases such as the autistic spectrum 

disorder (ASD) and schizophrenia. In 2013, Lionel et al discovered a number of 

microdeletions in the region 14q23.3 overlapping the GPHN gene within a 
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cohort of patients with ASD or schizophrenia. Among the symptoms reported in 

the patients with ASD and deletions in gephyrin were language delay, slow 

motor development, self injury associated with light and sound hypersensitivity, 

echolalia (repetition of speech), respiratory distress, developmental delay and 

seizures. Patients with schizophrenia and deletions in gephyrin displayed 

anxiety, paranoia, preoccupation, withdrawn behaviour, delusions and severe 

lethargy (Lionel et al 2013). The down-regulation of gephyrin has been reported 

in patients with temporal lobe epilepsy, despite no reported associated 

mutations (Essrich et al 1998). Recently, a screen for microdeletions in gephyrin 

was performed by Dejanovic (2014) from 1469 patients with idiopathic 

generalised epilepsy (IGE) and 2256 population controls (Lal et al 2013; 

Dejanovic et al 2014). Two patients with IGE were identified as having 

microdeletions (126 kb and 158 kb) in the N-terminal G-domain of gephyrin. 

The first patient had febrile seizures from an early age with learning difficulties 

and later developed anxiety, vertigo and panic attacks. The second patient had 

febrile seizures, myoclonic astatic seizures and displayed delayed cognitive 

development and learning difficulties. Further investigations into the N-terminal 

G-domain revealed that mutations in this region lead to reduced synaptic 

clustering of GABAARs, which increase susceptibility to seizures (Dejanovic et 

al 2014). Further confirming the association of gephyrin variants with epilepsy, 

another study by Dejanovic et al (2015) revealed a patient with epileptic 

encephalopathy and a dominant-negative acting de novo missense mutation 

p.G375D in gephyrin. The patient had febrile seizures early in life, generalised 

tonic-clonic seizures, atypical absences, focal dyscognitive seizures and later, 

severe intellectual disability. Comparatively to previous IGE patients with 

microdeletions in gephyrin, this patient appeared to be more severely affected 

owing to the dominant-negative function of the mutant gephyrin implicating not 

only GlyR and GABAAR clustering but also MoCo synthesis (Dejanovic et al 

2015).  

 

ARHGEF9, a gene encoding collybistin is a well-known interactor of gephyrin at 

inhibitory GABAergic and glycinergic synapses. In vitro, gephyrin binds to both 

GlyR β subunits and collybistin simultaneously (Grosskreutz et al 2001). 

Collybistin is a GDP-GTP exchange factor for the GTPase Cdc42 and is 

important for the clustering of gephyrin at GABAergic synapses (Tyagarajan et 
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al 2011). There are three isoforms of collybistin (CB1, CB2 and CB3), all of 

which harbour an N-terminal src homology 3 (SH3) domain with differential C-

termini (Harvey et al 2004a). A study by Harvey et al (2004a) found that protein-

protein interactions are likely to be regulated by the SH3 domain in collybistin. A 

patient with a mutation was found to have a p.G55A change in the gene 

ARHGEF9, encoding collybistin. The patient was diagnosed with hyperekplexia, 

infantile encephalopathy, severe retardation and died at aged four years and 

four months. The mutation was found within a β-strand within the SH3 domain 

and was predicted by Harvey et al (2004a) to impact on the SH3 domain 

folding. The loss of SH3 binding lead to loss of co-localisation with gephyrin, 

impacting on GABAAR synaptic clustering and GlyR trafficking in the spinal cord 

and brainstem (Harvey et al 2004a). Despite collybistin dysfunction leading to a 

loss of synaptic clustering of inhibitory receptors, an Arhgef9 knockout mouse 

displayed specific loss of postsynaptic gephyrin and GABAAR clusters in the 

hippocampus and the basolateral amygdala, although GlyR clustering was 

unaffected (Papadopoulos et al 2007). Consistent with these data, 

chromosomal translocations, deletions and mutations within ARHGEF9 have 

been found to be associated with X-linked intellectual disability. In 2008, Marco 

et al reported a female patient with a chromosomal breakpoint within the 

ARHGEF9 gene with 10-fold loss of ARHGEF9 transcript, displaying 

hyperarousal, hyperactivity and mental retardation. The PH domain within 

collybistin is known to bind with phosphatidylinositol-3-phosphate (PI3P), a 

phosphoinositide associated with membrane trafficking and signal transduction. 

Chromosomal translocations and missense mutations (p.R338W) within 

collybistin leading to subsequent loss of the PH domain have been linked to 

mental retardation with epilepsy, anxiety and aggression and non-syndromic X-

linked intellectual disability, macrocephaly and macro-orchidism (Kalscheuer et 

al 2009; Long et al 2015). Furthermore, another case revealed a de novo 

microdeletion in ARHGEF9 in a boy with mental retardation, epilepsy,  

dysmorphic features and macrosomia (Lesca et al 2011). A recent missense 

mutation (p.R290H) within collybistin in the diffuse B-cell lymphoma homology 

domain has been discovered to lead to intellectual disability and epilepsy. 

Further findings indicated that the impairment reduced the binding affinity of 

collybistin to PI3P, leading to inhibitory synapse maturation defects 

(Papadopoulos et al 2015). Shimojima et al identified a nonsense mutation 
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(Q2X) in ARHGEF9 in a patient with severe psychomotor retardation, refractory 

seizures and right frontal polymicrogyria (Shimojima et al 2011). These data 

indicate that whilst gephyrin and collybistin act within inhibitory synapses, 

neither are now thought of as candidate genes for startle disease.  

 

1.3 Biological roles of GlyR subtypes revealed by animal models 

1.3.1 GlyR α1 subunit 

There are several animal models for the GlyR α1 subunit, displaying 

phenotypes comparable to human hyperekplexia. Mouse models of startle 

disease include the mutant lines cincinnati, spasmodic, oscillator and nmf11. 

These mouse models show recessive inheritance and are characterised by an 

exaggerated startle reflex in response to a sudden stimulus early in postnatal 

development that gives rise to a state of rigidity with tremor, muscle spasms, 

falling and an impaired righting reflex. The cincinnati mouse was discovered in 

the inbred C57BL/6J mouse colony at the University of Cincinnati. A tremor and 

impaired righting reflex is apparent at 2 weeks of age, that progressively 

worsens until death by 3 weeks after birth (Holland et al 2006). The cincinnati 

mouse phenotype is caused by a spontaneous exon 5 duplication leading to a 

frameshift and premature stop codon (p.F159X). The mutated GlyR α1 subunit 

is predicted to lack the last 271 amino acids in the C-terminus (Becker et al 

2006). The spasmodic mouse phenotype is caused by a mutation p.A52S, 

located in the N-terminus of the GlyR α1 subunit. When expressed in Xenopus 

oocytes in vitro, studies have found a reduced glycine sensitivity and current 

(Saul et al 1994; Ryan et al 1994). The mutation has since been discovered to 

shorten the receptor activation and increase the rate of glycine unbinding 

(Legendre 2001). In contrast to other Glra1 mouse models, a normal life 

expectancy is observed in spasmodic mice (Schaefer et al 2013).  

 

The oscillator mutant mouse, however, results in a lethal phenotype whereby 

the mice die within three weeks of age. Oscillator mice have fine motor tremors 

and muscle spasms with an onset of 2 weeks of age, which leads to death by 

day 23 (Buckwalter et al 1994). The oscillator phenotype is caused by a 

microdeletion dependent on a splice-site downstream of the microdeletion in 

Glra1. If the splice acceptor is used, a transcript 24 bp shorter in length is 

produced. If the splice acceptor is not used, however, this results in a premature 
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stop codon within 8 amino acids leading to a loss of the third cytoplasmic loop 

and TM4. As a consequence of the microdeletion, the protein is completely 

dysfunctional (Buckwalter et al 1994; Villmann et al 2009). Both variants are 

reported to be undetected at the cell surface, suggesting mutated proteins are 

targeted for nonsense-mediated mRNA decay (Villmann et al 2009). Graham et 

al in 2006 recorded small amplitude strychnine sensitive mIPSCs with slow 

kinetics in ot/ot mice in comparison to wild-type controls (Graham et al 2006). 

As the receptor is known to be functionally null, the recorded mIPSCs were 

likely to be due to other remaining GlyR α subunits.  

 

Lastly, the nmf11 mutant was caused by an N-ethyl-N-nitrosourea (ENU)-

induced missense mutation (p.N46K; Traka et al 2006) in Glra1. Nmf11 mice 

display a phenotype comparable to the oscillator mutant and die within 3 weeks 

of birth. GlyR α1 p.N46K subunit protein expression appeared to be unaffected 

and distribution of the GlyR α1β at the synapse was also unchanged, ruling out 

any clustering or trafficking defects (Traka et al 2006). Recently, using new 

GlyR molecular models built by Du et al and Huang et al in 2015, Wilkins et al 

discovered that the N46 amino acid resides between loops D and F, which are 

important for ligand binding (Wilkins et al 2016). The N46 residue is likely to 

interact with N61 and substitution with lysine is likely to promote agonist 

unbinding, resulting in faster deactivation of GlyRs. The fast deactivation of 

GlyR α1N46Kβ was likely to have been the cause of the phenotype displayed in 

nmf11 mutants (Wilkins et al 2016).  

 

Mouse models with mutations in Glra1 present themselves at 2 weeks of age, in 

agreement with the developmental switch from Glra2 to Glra1 expression in 

rats. In humans, hyperekplexia presents from birth, suggesting that the GLRA2 

to GLRA1 developmental switch occurs in utero (Buckwalter et al 1994). In Poll 

Hereford cattle, a startle disease-like disorder known as inherited congenital 

myoclonus (ICM) has been characterised (Pierce et al 2001). ICM is an 

autosomal recessive disease, characterised by an increased sensitivity to 

stimulation and involuntary twitching of the skeletal musculature that occurs in 

response to sensory stimuli. A nonsense mutation, p.Y24X, in exon 2 of bovine 

GLRA1 is responsible for this disorder, leading to an unreliable assembly of the 

GlyR α1 subunit into heteromeric receptors (Pierce et al 2001). Interestingly, 
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Poll Hereford cattle with ICM were discovered to have a significant increase in 

neuronal glycine uptake and an increased number of GABAA receptors in the 

brain (Gundlach et al 1988; Lummis et al 1990). Whilst the ICM mutation is 

lethal in homozygous recessive cases, similar truncating mutations in humans 

result in startle disease but if symptoms are managed correctly, a normal life 

expectancy. This suggests that humans may have better compensatory 

mechanisms for a lack of GlyR α1β subtype expression than many animals 

(Brune et al 1996).   

 

1.3.2 GlyR α2 subunit 

GlyRs containing the α2 subunit are expressed throughout embryonic 

development in the brain and spinal cord until synapse maturity when 

expression decreases, accompanied by increased expression of GlyR α1 and 

α3 subtypes (Flint et al 1998; Malosio et al 1991). GlyR α2 is found in 

homopentameric extrasynaptic receptors in vivo. Roles for this subtype have 

been suggested in the formation of the glycinergic synapse (Kirsch and Betz 

1998; Lévi et al 1998), cell fate and paracrine transmitter release (Mangin et al 

2003) in the developing cortex (Flint et al 1998) and spinal cord (Scain et al 

2010). The GlyR α2 subunit expression is also found in the adult retina, where it 

has been linked to retinal photoreceptor development (Young and Cepko 2004). 

Furthermore, a study indicated that Glra2 mice could be defective in 

inflammatory pain sensitisation (Kallenborn-Gerhardt et al 2012) – a role 

previously assigned to the GlyR α3 subunit (Harvey et al 2004b). In early 

development, due to the intracellular distribution of chloride ions, activation of 

glycinergic receptors is excitatory, leading to increased intracellular Ca2+ 

concentrations. Given these numerous suggested roles, it was surprising that 

the disruption of Glra2 in a knockout mouse model had no obvious phenotype, 

with a normal sized brain, spinal cord, retina, comparable weight to wild-type 

mice, unchanged mortality and fertility (Young-Pearse et al 2006). Furthermore, 

intracellular levels of Ca2+ were unresponsive to glycine confirming defective 

glycinergic neurotransmission in early development. GABAergic activated Ca2+ 

levels, however, were unaltered in comparison to wild-type mice (Young-Pearse 

et al 2006).   
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In 2013, contradicting Young-Pearse et al (2006), Avila et al generated a new 

Glra2 knockout line and discovered that the loss of the GlyR α2 subtype led to 

cortical interneuron migration defects in the subventricular zone (SVZ) migratory 

stream caused by changes in interneuron nuclear translocation. Cortical 

neuronal progenitors, apical progenitors (APs), differentiate into a direct route to 

form neurons or an indirect route, forming basal progenitors (BP), prior to 

forming neurons. As corticogenesis progresses, mitotic cleavage angles of APs 

become smaller, generating neurons via the direct route (Noctor et al 2004). 

Mitotic cleavage angles of APs in GlyR α2 inactivated mice embryos were much 

smaller, promoting direct neurogenesis too early in corticogenesis (Avila et al 

2014). Disrupted Glra2 therefore, leads to APs favouring a direct neurogenesis 

route, differentiating into neurons prematurely in development and leading to 

reduced tangential migration, depleted cortical interneurons, increased cortical 

thickness and moderate microcephaly (Avila et al 2013, 2014). Further 

investigations by the same group found that impaired cortical circuits, as a 

result of Glra2 loss, lead to an increased excitability network and increased 

susceptibility to epileptic seizures (Morelli et al 2016).  

 

Recently, deletions and mutations within GLRA2 have been found to be 

associated with the autistic spectrum disorder (ASD) in humans (Pilorge et al 

2016). Firstly, a 151 kb deletion was found in a boy with ASD, language delay 

and low IQ, leading to early truncation, an additional five amino acids (VRNLA*) 

and loss of TM 3 and 4 domains (Pinto et al 2010; Pilorge et al 2016). Although 

cDNA amplification indicated that the deleted GlyR α2 subunit escaped 

nonsense mediated decay, the receptor was not expressed at the cell surface. 

A de novo missense mutation (p.R153Q) was discovered in GLRA2 in a patient 

with non-syndromic autism, severe language delay and mild intellectual 

disability with generalised tonic-clonic seizures. Although GlyR α2R153Q subunit 

cell surface expression was unaffected, the mutation was predicted to interrupt 

a hydrogen bond with T238, destabilising ligand binding leading to reduced 

glycine sensitivity. Additional GLRA2 mutations found in ASD patients have 

been reported in a number of ASD and schizophrenia screenings (p.R350L, 

p.I421V, p.N136S; Piton et al 2011; Chahrour et al 2012; Tarpey et al 2009; 

Iossifov et al 2014). Whilst the mutation p.I421V was found to be tolerated, 
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mutations p.R350L and p.N136S were predicted to be damaging using multiple 

algorithms.  

 

Pilorge et al performed additional tests on the Glra2 knockout mouse strain 

(generated by Avila et al 2013) to observe behaviours related to autism. 

Cognitive, locomotory and anxiety-like behaviours remained indistinguishable 

from hemizygous (Glra2-/y) and wild-type mice. Furthermore, there were no 

differences in social behaviour or grooming. Glra2 knockout mice did, however 

display deficits in object recognition memory and impaired long-term 

potentiation in the prefrontal cortex (Pilorge et al 2016), which may be a 

consequence of cortical interneuron migration defects.  

 
1.3.3. GlyR α3 subunit 

A role for GlyRs in central inflammatory pain sensitisation (Harvey et al 2004b) 

was revealed using Glra3 knockout mice with a deletion encompassing exon 7, 

which included the pore-forming M2 domain. Novel antibodies allowed the 

localisation of the GlyR α3 subunit in the outer laminae of the spinal cord dorsal 

horn, a location associated with spinal cord pain processing. Glra3 knockout 

mice were therefore studied as animal models of inflammatory and chronic pain 

(Harvey et al 2004b; Rácz et al 2005; Hösl et al 2006; Harvey et al 2009). GlyR 

α3 knockout mice showed reduced central pain sensitisation upon intrathecal 

PGE2 injection (heat and von Frey filament stimuli) or subcutaneous injection of 

zymosan A or complete Freund's adjuvant (Harvey et al 2004b).  However, no 

differences were seen in a number of models of chronic, visceral or neuropathic 

pain (Rácz et al 2005; Hösl et al 2006; Harvey et al 2009). GlyR α3 has also 

been implicated in a defensive behavioural response to acute thermal pain - the 

tail flick reflex (TFR), which typically involves applying radiant heat to a small 

surface of the tail, provoking tail withdrawal by a brief vigorous movement. GlyR 

α3 knockout mice show increased response latency in the TFR (Xiong et al 

2011), consistent with the involvement of spinal pathways in this reflex. 

Interestingly, the effects of tetrahydrocannabinol (THC) and 5-desoxy-THC on 

the TFR were abolished in GlyR α3 knockout mice, suggesting that cannabinoid 

potentiation of GlyR α3 (and not direct activation of G-protein-coupled CB1 and 

CB2 cannabinoid receptors) mediates cannabinoid-induced analgesia in the 

TFR. The GlyR α3 subunit also has a second major role in rhythmic breathing. 
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This was discovered when immunostaining revealed that GlyR α3 was enriched 

in an area of the brainstem known as the pre-Bötzinger complex (Manzke et al 

2010). Rhythmic activity of this respiratory network is controlled by serotonin 

receptors (5HT1ARs) that oppose PKA-mediated phosphorylation of the GlyR α3 

subunit (Manzke et al 2010). Glra3 knockout mice had an irregular respiratory 

rhythm under baseline conditions, and systemic 5HT1AR activation failed to 

remedy opioid-induced respiratory depression in these mice. This 5HT1AR-GlyR 

α3 subunit signalling pathway could offer new routes to pharmacological 

treatment of opioid-induced apnoea and other breathing disturbances caused 

by disorders of inhibitory synaptic transmission, such as hyperekplexia, 

hypoxia/ischemia and brainstem infarction (Manzke et al 2010). GlyR α2 and α3 

subunits have been shown to display high expression in the nucleus 

accumbens and amygdala, regions associated with the dopamine reward 

pathway revelant to drug abuse. Blednov et al investigated ethanol 

consumption in Glra2-/- and Glra3-/- mice, discovering that Glra2-/- mice 

displayed reduced ethanol intake, whilst Glra3-/- mice displayed an increased 

ethanol intake compared to wild-type mice (Blednov et al 2015). 

 

Investigations into the GlyR α3 subunit have revealed active roles in nociceptive 

signalling and retinal neurotransmission (Harvey et al 2004b, 2009; Haverkamp 

et al 2003; Heinze et al 2007; Majumdar et al 2007, 2009; Weiss et al 2008), 

however few studies have explored the role of this GlyR subtype within the 

auditory system. GlyR α3 is expressed within the cochlear nucleus and the 

super olivary complex (Sato et al 2000). Furthermore, Dlugaiczyk et al found 

GlyR α3 subunits to be the only GlyR subunit expressed within the adult 

cochlear (Dlugaiczyk et al 2008). The efferent olivocochlear feedback system is 

activated by a loud sound and modifies afferent signals from the cochlear to the 

auditory brainstem. The GlyR α3 subtype has been suggested to have a role in 

efferent olivocochlear neurotransmission (Buerbank et al 2011; Dlugaiczyk et al 

2008).  Recently, Dlugaiczyk et al investigated the role of GlyR α3 subunits in 

the auditory pathway using Glra3-/- knockout mice. It was discovered that whilst 

outer hair cell function had not been altered, suprathreshold activity was 

compromised before and after auditory trauma. This suggests that GlyR α3 
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subunits have a role in the sensory processing within the auditory pathway 

(Dlugaiczyk et al 2016). 

 

1.3.4. GlyR α4 subunit 

The GlyR α4 subunit is the most poorly studied of the GlyR subtypes, 

predominantly because this gene is considered to be a pseudogene in humans 

(Simon et al 2004). Glra4 expression has been difficult to detect, but was found 

by in situ hybridization and PCR assays in embryonic sympathetic neurons in 

chicken, where it has been linked to neurotransmitter release (Boehm et al 

1997; Harvey et al 2000). The GlyR α4 subunit was also found in spinal cord 

white matter, dorsal root ganglia and the male genital ridge in chicken embryos 

(Harvey et al 2000). Development of new subunit-specific antibodies also 

allowed localisation of the GlyR α4 subunit in cholinergic amacrine cells in 

mouse retina (Heinze et al 2007). There are currently no reported phenotypes 

for knockout mice or animal mutants for this gene. 

 

1.3.5. GlyR β subunit 

The GlyR β subunit is an important structural subunit for mediating interactions 

with gephyrin, the clustering molecule that is responsible for localising GlyRs to 

synaptic sites (Meyer et al 1995; Kirsch and Betz 1998; Feng et al 1998). The 

GlyR β subunit also interacts with the proteins Vacuolar Protein Sorting 35 

(Vps35) and Neurobeachin (Nbea), indicating a role in GlyR trafficking (del Pino 

et al 2011). The M2 domain of the GlyR β subunit also confers resistance to the 

effects of picrotoxinin (Pribilla et al 1992) as well as influencing the main-state 

single-channel conductance of heteromeric αβ GlyRs (Bormann et al 1993). 

Unlike GlyR α subunit transcripts, β subunit mRNAs are abundant throughout 

the nervous system, including some locations that do not contain strychnine 

binding sites or GlyR immunoreactivity (Malosio et al 1991).  

 

A single GlyR β subunit mouse mutant, spastic (spa) is known and has a 

phenotype similar to oscillator mice, with exaggerated startle, tremors and 

rigidity from around postnatal day 15 onwards. Symptoms usually arise within 

the second postnatal week, but few mice survive past the third week of age 

(Kingsmore et al 1994; Mülhardt et al 1994). Curiously, this phenotype is 
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caused by a LINE-1 retrotransposon within intron 5 of Glrb. This results in 

defective splicing of the GlyR β subunit pre-mRNAs, both reducing the levels of 

full-length transcripts and resulting in exon skipping, which causes a 

translational frameshift and premature stop codon. In 2012, Becker et al 

uncovered a single nucleotide variant (SNV) in the background of the lines 

(C57BL/6J and C3H/HeJ) from which spastic originates. This SNV disrupts the 

splicing in intron 6 of the Glrb gene in the exonic splicing enhancer sequence 

(ESE) leading to missplicing of the gene. Taken together this confirms both 

mutations ultimately cause GlyR β subunit loss of function (Becker et al 2012). 

Restoration of GlyR β subunit expression levels using a transgenic approach 

successfully rescued the spastic mouse phenotype and restored normal 

glycinergic transmission (Hartenstein et al 1996). These studies confirm that 

exaggerated startle and muscle stiffness is evident when the Glrb is disrupted, 

although whether other phenotypes (e.g. defects in rhythmic breathing caused 

by loss of α3β GlyRs) are present in these animals remains unknown.  

 

1.4 Zebrafish as a model for the study of glycinergic transmission 

Whilst much has been learnt about the biological functions of GlyRs from 

mouse knockout lines, it is now clear that these models also have several 

distinct disadvantages. Firstly, they are costly and time-consuming to generate, 

characterise and maintain. Secondly, 'rewiring' of neuronal circuits during 

development appears to allow compensatory mechanisms to mask certain 

phenotypes. Clearly, a model system is required that has a full complement of 

GlyR genes and is also amenable to rapid genetic manipulation. Since some 

key invertebrate model organisms (e.g. C. elegans, Drosophila) do not appear 

to possess functional GlyRs, my project expands on the recent characterisation 

of the GlyR gene family in zebrafish, an organism that is amenable to 

developmental and genetic analysis using N-ethyl-N-nitrosourea (ENU) 

mutagenesis, gene-traps and rapid targeted gene 'knockdown' using antisense 

morpholinos or knockouts with clustered interspaced short palindromic repeats 

(CRISPR). 

 

Zebrafish are an attractive model to study neurotransmission and defective 

motility as they are largely transparent for the beginning of their development, 

useful for live imaging for visualisation of Ca2+ transients and fluorescently-
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tagged gene expression. Zebrafish display organised neuromotor behaviour 

early in development with repetitive spontaneous coiling of the tail from 17 

hours post fertilisation (hpf), independent of stimulation. The frequency of 

spontaneous coiling increases in strength by 26 hpf. From 21 hpf, zebrafish 

embryos respond to mechanosensory stimuli by strong coiling. By 26 hpf, 

zebrafish embryos respond to mechanosensory stimulation with swimming 

episodes. Muscle contraction during swimming increases from low frequency to 

a higher frequency of 30 Hz at 36 hpf, remaining at a similar frequency into 

adulthood. Sensory input occurs via activation of either the trigeminal neurons 

(head and yolk stimulation) or through Rohon Beard neurons (tail stimulation) 

(Hirata et al 2004). Once activated, a motor rhythm is generated by 

interneurons in the hindbrain and spinal cord. Motor neurons innervate the 

neuromuscular junctions, depolarising the muscle membrane, ultimately leading 

to alternating contraction of trunk muscles initiating swimming movements.  

 

Zebrafish present additional advantages for our research since detailed 

molecular cloning studies have revealed that they possess seven different GlyR 

genes (glra1, glra2, glra3, glra4a, glra4b, glrba and glrbb; David-Watine et al 

1999; Imboden et al 2001a,b,c; Hirata et al 2005; Hirata et al 2010). This is 

most likely due to chromosome duplications early in teleost evolution. This 

phenomenon has key advantages for the study of gene function, since 

individual paired genes typically differ in terms of expression patterns and 

functional roles. For example, alleles of the zebrafish mutant bandoneon (beo) 

harbour mutations in one of the paired GlyR β subunit genes (glrbb), resulting in 

bilateral muscle contractions due to loss of reciprocal glycinergic inhibition of 

motor circuits (Hirata et al 2005) causing the larvae to have a shortened body 

with a dorsal bend phenotype. Hirata et al (2005) identified the underlying 

mutations for some, but not all beo alleles. These resulted in either missense 

(tw38f, p.L255R in TM1, mi106a, p.L275H in TM2) or nonsense (tp221, p.Y79X) 

mutations that are predicted to disrupt GlyR function. Since this study, Dr 

Victoria James identified the remaining underlying mutations in beo alleles, all 

localising to the gene glrbb (ta86d: p.Y79X, ta92: p.K343X, tm115: p.Q87X and 

tf242: p.Y79D) (Ganser et al 2013). Curiously, the other GlyR β subunit gene 

(glrba) shows a different spatial and temporal expression pattern (glrbb is 

expressed at 24 hpf, glrba is expressed from 72 hpf onwards) and is therefore 
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unable to compensate for the loss of glrbb function. This suggests that the 

duplicated GlyR β subunits form distinct GlyRs with different functional roles, 

although the precise α subunit partners of zebrafish GlyR βa and GlyR βb 

subunits are currently unknown. Based on published information, the synaptic 

GlyRs that were eliminated in beo were thought to contain either GlyR α1 or 

α4a, since the corresponding genes appeared to be expressed by hindbrain 

and spinal neurons during early development (Imboden et al 2001a,b; Hirata et 

al 2005). McDearmid and co-workers (2006) reported antisense knockdown of 

glra4a (but not glra1) reduced glycinergic synaptic transmission and disrupted 

activity of circuits underlying swimming, suggesting that early synaptic GlyRs 

could be α4βb heteromers. Mutations in genes such as glra1 have shown to 

present milder symptoms in zebrafish compared to animal models, suggesting 

possible compensatory mechanisms for which duplicated genes are candidates 

(Ganser et al 2013).  

 

Forward genetics has provided a quick and efficient means to identify genes 

with roles in the formation and function of neural circuits. Large-scale N-ethyl-N-

nitrosurea (ENU) mutagenesis screens have identified a number of zebrafish 

with defective synaptic transmission and motility in response to touch. In 1996, 

Granato et al reported 166 mutants with defective motility at 48-60 hpf. Mutants 

were separated into 14 distinct groups, with mutations estimated in at least 48 

genes. At least 30 genes were defined in 103 motility mutants with abnormal 

motility, defects in response to mechanosensory stimulation, circling behaviour 

and motor circuit deficits. Mutants were separated according to their response 

to touch: no response, normal but reduced response, vigorous but abnormal 

response or simultaneous bilateral contractions. The latter group were named 

‘accordion’ mutants after their bilateral contractions of axial muscles and 

shortened body in response to touch. A normal response to touch is displayed 

through a c-bend away from the stimulus followed by bouts of swimming 

brought about by alternating contraction of trunk muscles on one side, with 

simultaneous inhibition of trunk muscles on the other side. ‘Accordion’ mutants 

have mutations in the gene atp2a1, encoding for the sarcoplasmic reticulum 

Ca2+-ATPase (Granato et al 1996; Hirata et al 2004). Other ‘accordion’ mutants 

have mutations in cholinergic transmission, such as zeihharmonika (zim) with 

mutations in the acetylcholinesterase gene ache (Granato et al 1996; Downes 
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et al 2004); bajan (baj), which harbours a splice site mutation in the choline 

acetyltransferase gene (chat; Granato et al 1996; Wang et al 2008). The mutant 

quetschkommode (que) has a missense mutation in dihydrolipoamide 

branched-chain transacylase E2 (dbt), a gene encoding for an essential 

component of a mitochondrial enzyme (Granato et al 1996; Friedrich et al 

2012). Humans with mutations in DBT have a disorder known as, maple syrup 

urine disease (MSUD) that cause patients to have an abnormal branched chain 

amino acid metabolism resulting in dystonia, severe neurological damage, 

mental retardation and death. Que mutants have reduced amounts of the 

neurotransmitter glutamate in the brain and spinal cord (Friedrich et al 2012; 

Granato et al 1996; Hirata et al 2004). This mutant displays abnormal locomotor 

output and motility. Some ‘accordion’ mutant genes are still unknown.  

 

The shocked (sho) mutant displays reduced spontaneous coiling, abnormal 

touch response and aberrant swimming. The causative gene was identified as 

slc6a9, the gene encoding GlyT1. In response to touch, the shocked mutant 

displays a single large muscle contraction of the trunk at 48 hpf, known as the 

‘twitch once’ phenotype (Granato et al 1996; Cui et al 2005). There were three 

shocked alleles isolated in a large-scale Tübingen screen, ta229g, te301 and 

ta51e (Granato et al 1996). In response to touch at 30 hpf, te301 shocked 

mutants were motionless, yet recovered by 4-5 days post fertilisation (dpf) 

(Mongeon et al 2008). The allele ta229g was discovered to have mutation 

p.G81D in the middle of TM6 domain in GlyT1 and is shown to display a 

stronger phenotype to te301. Allele te301 is caused by the mutation p.C30Y in 

GlyT1. The stronger phenotype seen in ta229g, suggests that the p.G81 

residue is highly important to GlyT1 function. Indeed, injection of p.G81D 

GlyT1A mRNA into Xenopus oocytes indicated that GlyT1 displayed no 

significant response to exogenous glycine (Cui et al 2004, 2005). Residues 

involved in the sodium and substrate binding are located between TM1 and 

TM6. It is likely that p.G81D therefore disrupts the sodium/substrate binding that 

is unable to be rescued by a normal allele. Mutants ta229g usually die within 2 

weeks after fertilisation, however with careful feeding can survive into 

adulthood. The milder te301 mutant survives into adulthood. An ENU mutant 

similar to shocked has, however proved to be more elusive. The schlaffi (sla) 

mutant was found to map between two markers z1206 and z4999 on 
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chromosome 7 in a region harbouring the gene slc6a5 (Geisler et al 2007). The 

causative mutation for shocked has since been identified in exon 5 (p.Y273X) 

within TM3 of the slc6a5 gene encoding for GlyT2 (James (2012), unpublished 

Ph.D. thesis). 

 

1.5 The extended GlyR subunit gene families in zebrafish 

Using zebrafish as a model for glycinergic neurotransmission has allowed 

further understanding of genes involved at the glycinergic synapse. As many 

patients with hyperekplexia are negative for mutations in candidate genes such 

as GLRA1, GLRB and SLC6A5, it is important to uncover other candidate 

genes for this disorder. For this purpose, zebrafish are a highly useful model. 

Table 1.1 highlights the current findings of genes in GlyR α and β subunits and 

transporters. It is interesting to note that glra1 morphants showed transient 

erratic and spastic behaviour with rare bilateral contractions with recovery after 

48 hours post fertilisation. Injection of dominant-negative p.R271Q mRNA into 

zebrafish embryos was not reported to produce a phenotype, whilst the 

overexpression of wild-type GlyR α1 subunit mRNA has shortened the body 

axis and resulted in a cyclops phenotype, commonly associated with a 

disrupted expression of sonic hedgehog gene (shh; Ganser et al 2013). 

Morphants for glrbb show a more severe phenotype than glra1 morphants with 

an erratic, spastic phenotype with bilateral contractions persisting past 48 hpf. 

Furthermore, whilst glra1 morpholino injections lead to a reduction in synaptic 

GlyRs, glrbb morphants displayed trapping of GlyR α subunits in intracellular 

non-synaptic compartments, reduced GlyR cell-surface expression and co-

localisation with gephyrin (Ganser et al 2013). This suggests that in zebrafish 

whilst a reduction in glra1 can be rescued by other GlyR α subunits, glrbb loss 

prevents any heteromeric expression of any other GlyR α subunit with the GlyR 

βb subunit. This highlights the differences in compensatory mechanisms across 

species and allows investigation of selected GlyR subunits in zebrafish 

depicting milder phenotypes than other species.  
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Table 1.1 Known zebrafish phenotypes observed in GlyR and GlyT mutants, mRNA 
overexpression and morpholino knockdown. Phenotypes observed in GlyR and GlyT 
mutants, mRNA overexpression and morpholino knockdown indicate that selected GlyR 
subunits; α1, α3, α4a and βb are actively involved in the escape response behaviour. The GlyR 
α2 subunit, however has been shown to be important for spinal interneuronal development 
(Pilorge et al 2016). GlyT mutants and knockdown data have indicated that whilst GlyT1 is 
important for spontaneous coiling and swimming, GlyT2 is essential for bilateral contractions 
important for the touch-evoked escape response and swimming. 

Genes Protein Location Mutant mRNA/knockdown Reference 
Glycine receptor subunits
glra1 GlyR α1 Chr 14 Unknown mRNA: GlyR α1 p.R271Q dominant-

negative RNA recapitulated spastic 
behaviour. GlyR α1 wild-type RNA 
overexpression produced a 
shortened body axis with cyclops. 
Knockdown: Erratic and spastic 
behaviours. Rarely producing 
bilateral contractions. Normal 
behaviour after 48 hpf. 

Hirata et al 2005; 
Ganser et al 2013.

glra2 GlyR α2 Chr 9 Unknown Knockdown: Increased spinal motor 
axon branching. Reduced 
interneuron populations with mPSC 
recordings less active for 
glutamatergic and glycinergic 
synapses. Disruption of rhythm 
generation. 

McDearmid et al 2006; 
Hirata et al 2010; 
Pilorge et al 2016.

glra3 GlyR α3 Chr 1 Unknown Knockdown: Fewer than 20% of 
morphants displayed a dorsal bend 
in response to touch.

Hirata et al 2013; 
Imboden et al 2001b

glra4a GlyR α4a Chr 14 pCS2+-GlyR α4a R278Q 
mutant displayed transient 
spasms and a prolonged 
head retraction, recovering to 
swim away from the stimulus.   

Knockdown: Disrupted rhythm-
generating networks and reduced 
number of spinal interneurons. 
Dorsal bend in response to touch.

Imboden et al 2001a,b; 
McDearmid et al 2006; 
Hirata et al 2013; 
James (2012), 
unpublished Ph.D. 
thesis .

glra4b GlyR α4b Chr 5 Unknown Unknown Imboden et al 2001b.
glrba GlyR βa Chr1 Unknown No phenotype Hirata et al 2005.
glrbb GlyR βb Chr 14 bandoneon (beo): 

simulataneous bilateral 
muscle contraction in 
response to tactile stimuli.

Knockdown: Erratic and spastic 
behaviours with added simultaneous 
bilateral contractions and shortened 
body axis. Phenotype persisted past 
24 hpf.

Hirata et al 2005; 
Hirata et al 2010; 
Ganser et al 2013

Glycine transporters
slc6a9 GlyT1 Chr 2 shocked (sho): Embryonic 

lethal reduction of 
spontaneous coiling, twitch 
once, jumps and falls down 
in response to touch followed 
by vibration of the tip of the 
tail. Mutations found in 
p.G81D and p.C305Y. 

Knockdown: Reduction of 
spontaneous coiling and failure of 
swimming following a twitch.

Granato et al 1996, 
Odenthal et al 1996; 
Higashijima et al 2004; 
Cui et al 2005; 
Mongeon et al 2008.

slc6a5 GlyT2 Chr 7 schlaffi (sla): Embryonic 
lethal. A nonsense mutation 
in exon 5 was discovered in 
p.Y273X. Fast buzzing 
movements, jumping 
movements and 
degeneration of notochord in 
50% of embryos.

Knockdown:  'Accordion' phenotype 
with simultaneous bilateral 
contraction leading to shortened 
body without swimming. 

Higashijima et al 2004; 
Granato et al 2006; 
Odenthal et al 1996; 
James (2012), 
unpublished Ph.D. 
thesis.
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1.6 The role of helicases within glycinergic inhibitory dysfunction 

The cause of glycinergic dysfunction for many patients with hyperekplexia is 

unknown, with no obvious causative mutations found within glycine receptor or 

transporter genes. Zebrafish glycinergic mutants have allowed us to target 

some genes, understanding their expression and their role at the glycinergic 

synapse. One recent finding by Hiromi et al (2013) highlighted a gene, dhx37, 

which was found to be responsible for the splicing of selected GlyR α subunit 

and gephyrin pre-mRNAs. To this study by Hiromi et al (2013), I contributed 

some morpholino designs, which are explained in more detail within chapter 3. 

At the start of this study, we hoped that we had uncovered another gene that 

could be associated with hyperekplexia, however recent findings by Karaca et 

al (2015) have shown that mutations within the human gene DHX37 lead to 

severe microcephaly and intellectual disability. The gene dhx37 encodes the 

DEAH box helicase 37, an RNA helicase. RNA helicases have previously been 

associated with neurodegenerative disease, however little is known about their 

substrate specificity. This study by Hiromi et al (2013) was the first RNA 

helicase identified to have substrates directly associated with the pathogenesis 

of neurological disease.  

 

RNA helicases are regulators of RNA metabolism and are implicated in many 

diseases and infections. With a few exceptions, the functions of RNA helicases 

in vivo are largely unknown, since the specific substrates of most remain 

unclear. Although little is known about many RNA helicases, the RNA helicase 

senataxin (SETX) is associated with the pathogenesis of neurodegenerative 

disease. A Saccharomyces cerevisiae homologue of senataxin, Sen1p is known 

to be involved in splicing and termination of transfer RNA, small nuclear RNA 

and small nucleolar RNA. SETX has high sequence identity to another helicase 

IGHMGP2, mutated in some forms of spinal muscular atrophy with respiratory 

distress-1. Chance et al (1998) discovered a family with a p.L389S missense 

mutation in the gene SETX, causing over half of the family to have ALS4, a 

juvenile form of amyotrophic lateral sclerosis (ALS). ALS is characterised by 

muscle weakness, wasting and neurodegeneration in the spinal cord and brain. 

Furthermore, many mutations have been discovered in SETX in families with 

spinocerebellar ataxia (SCA; Moreira et al 2004; Asaka et al 2006; Fogel and 

Perlman 2006). Pontocerebellar hypoplasia is a group of neurodegenerative 
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disorders caused by mostly TSEN (tRNA-splicing endonuclease subunit) 

mutations resulting in neocortical atrophy, ventriculomegaly and microcephaly. 

TSEN54 mutations have been found to cause progressive microcephaly, 

dyskinesia/dystonia, impaired swallowing, central visual impairment and lack of 

motor control. TSEN54 is a tRNA splicing endonuclease subunit, essential for 

removing introns during transcription (Namavar et al 2011). These studies 

above highlight the importance of RNA biogenesis and maintenance in 

neurodevelopment. 

 

1.7 Aims of the thesis  

Until recently, mutations associated with startle disease were limited to genes 

encoding the GlyR α1 subunit, GlyR β subunit and GlyT2, all known to be 

expressed at glycinergic synapses. The first chapter in this thesis describes the 

characterisation of a novel zebrafish mutant that was discovered in Japan with 

defective motility caused by glycinergic dysfunction resulting in death by 7-10 

dpf. Surprisingly, the causative mutation was discovered in a gene encoding an 

RNA helicase. In chapter 3, I report on how I characterised the effect of this 

RNA helicase on glycinergic synapses, by designing morpholinos for GlyR 

subunit and RNA helicase genes for use in gene knockdown experiments. 

 

The Glra2 knockout mutant has recently highlighted an important role in 

interneuron cortical migration and neuronal progenitor homeostasis leading to 

moderate microcephaly in embryonic mice (Avila et al 2013, 2014). Until 

recently, the role of glra2 in zebrafish had not been explored. In chapter 4, I 

investigated the role of glra2 in zebrafish by observing morphological and 

locomotor phenotypes after knockdown of glra2, overexpression of in vitro 

synthesised wild-type and dominant-negative p.R275Q GlyR α2 subunits. I also 

generated a glra2 knockout line using CRISPR/Cas9 gene editing, introducing a 

large 26 bp deletion into the gene. I report preliminary characterisation of this 

glra2-/- mutant, analysing brain size and structure, spinal motor axons and 

locomotion early in development.  

 

In chapter 5, I investigated the biological role of the GlyR α4 subunit by 

exploring the mutations responsible for human GlyR α4 subunit inactivation. I 

performed phylogenetic analysis to explore whether inactivating mutations in 
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human GLRA4 were found in other species. I also conducted a mutagenesis 

study that revealed that the p.R390X change is not the only inactivating 

mutation in the human GlyR α4 subunit, and that this gene is intact and 

functional in gorillas and chimpanzees. Using analysis of ancient human DNA 

sequences, I demonstrated that GLRA4 was inactivated even in ancient 

humans. I investigated swimming behaviours in zebrafish injected with the 

dominant-negative ‘p.R271Q’ equivalent mutation in glra4a and glra4b using a 

high-speed camera, demonstrating differences in escape responses and 

distance swum compared to controls. Finally, I also explored the differences in 

chimpanzee and human startle responses using high-speed video recordings of 

responses to unexpected sound. 

 

Mouse mutants with defective glycinergic inhibition have displayed impaired 

startle responses with tremors, impaired righting reflex and usually death by 

three weeks of age. A novel startle disease-like mouse mutant, shaky was 

discovered to have a similar phenotype complete with hind limb clasping. In 

chapter 6, I investigated the causative mutation in this mouse mutant, using 

molecular techniques to amplify exons in genes involved in glycinergic 

inhibition. In addition, I aimed to predict how the resulting mutation discovered 

in the GlyR α1 subunit gene was likely to disrupt the function of the GlyR, using 

molecular modelling and functional analysis of recombinant GlyRs. 
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2. MATERIALS AND METHODS  
2.1 DNA methodology 
2.1.1 Materials 

• Accuprime Pfx DNA polymerase (12344): Invitrogen Ltd (Paisley, UK) 

• Acetic acid (A6283): Sigma-Aldrich Company Ltd (Dorset, UK) 

• Antibodies: pAbGlyRα4, mAb4a, Anti-FLAG, Anti-beta-Actin (Sigma) 

Horseradish peroxidase conjugated secondary antibody (Santa Cruz) 

• Bromophenol blue (B0126): Sigma-Aldrich Company Ltd (Dorset, UK) 

• Ethanol 96% (16368): Sigma-Aldrich Company Ltd (Dorset, UK) 

• Ethylenediaminetetraacetic acid disodium salt (EDTA) (EDS): Sigma-Aldrich 

Company Ltd (Dorset, UK) 

• FrameStar 96 black frame, white well plates (4ti-0961): 4titude, (Surrey, UK) 

• FuGene HD (04709691001): Roche Diagnostics Ltd (West Sussex, UK) 

• Gateway® LR Clonase® II Enzyme mix (1171100): Invitrogen Ltd (Paisley, 

UK) 

• GeneGnome imager (Syngene) 

• GeneRuler 1kb Plus DNA Ladder (SM1221): Thermo Fisher Scientific Inc 

(Massachusetts, USA) 

• HighScribe™ T7 High Yield RNA synthesis Kit (E2040): New England 

Biolabs (Hitchin, UK) 

• miRNeasy Mini Kit (217004): contains RNeasy mini spin columns, collection 

tubes, QIAzol lysis reagent, RNase free reagents and buffers: QIAGEN Ltd 

(Crawley, UK) 

• MiSeq Reagent Kits v2 (MS-102-2002): Illumina Inc (California, USA) 

• MiSeq System Illumina Inc (California, USA) 

• mMessage mMachine® SP6 Transcription Kit (AM1340): Ambion® by Life 

Technologies corporation (Carlsbad, California, USA) 

• mMessage mMachine® T3 Transcription Kit (AM1348): Ambion® by Life 

technologies corporation (Carlsbad, California, USA) 

• Morpholinos were ordered from GeneTools LLC (http://www.gene-tools.com/) 

(Oregon, USA) 

• NaCl (S7653) Sigma-Aldrich Company Ltd (Dorset, UK) 

• Novex® TBE-Urea 2× Sample Buffer (LC6876): Invitrogen Ltd (Paisley, UK) 
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• Novex® TBE-Urea Gels, 6%, 10 well (EC6865BOX): Invitrogen Ltd (Paisley, 

UK) 

• NuPAGE® Bis-Tris gels (cat): Invitrogen Ltd (Paisley, UK) 

• NuPAGE® LDS Sample Buffer (4×) (NP0007): Invitrogen Ltd (Paisley, UK) 

• NuPAGE® MOPS SDS Running Buffer (20×) (NP0001): Invitrogen Ltd 

(Paisley, UK) 

• NuPAGE® Sample Reducing Agent (10×)(NP0004): Invitrogen Ltd (Paisley, 

UK) 

• Optically Clear Heat Seal (1814030): BIO-RAD (Hemel Hempstead, UK)  

• Poly(A)+ RNA Human Brain CNS (636102): Takara Bio USA (Canada) 

• PolyA Tailing kit: (AM1350): Ambion® by Life Technologies corporation 

(Carlsbad, California, USA) 

• Polyvinylidene difluoride membrane (IPVH00010): Merck Millipore 

(Hertfordshire, UK) 

• Primers were ordered from Eurofins MWG Operon 

(https://www.eurofinsgenomics.eu/) (Ebersburg, Germany)  

• QIAamp DNA Mini kit (51304): contains QIAamp spin columns, buffers ATL, 

AL, AW1, AW2, AE (elution buffer), Proteinase K. QIAGEN Ltd (Crawley, UK) 

• Qiagen RNeasy Mini Kit (74106): contains RNeasy mini spin columns, 

collection tubes and buffers RLT, RW1, RDD, RPE, RNA free water: 

QIAGEN Ltd (Crawley, UK) 

• QIAquick Gel Extraction Kit (28706): contains buffers QG, PE, EB and spin 

columns: QIAGEN Ltd (Crawley, UK)  

• QuikChange II site-directed mutagenesis kit (200523): contains PfuUltra 

High-fidelity polymerase, 10× reaction buffer, DpnI restriction enzyme and 

dNTP mix: Aligent (Cheshire, UK) 

• Restriction enzymes, e.g. DpnI, EcoRI, BsaI, XbaI were purchased from New 

England Biolabs (Hitchin, UK) 

• RNA ladder (15623100): Invitrogen Ltd (Paisley, UK) 

• RNase-Free DNase Set (50) (79254): QIAGEN Ltd (Crawley, UK) 

• Sodium acetate anhydrous (S2889): Sigma-Aldrich Company Ltd (Dorset, 

UK) 

• Sucrose (S7903): Sigma-Aldrich Company Ltd (Dorset, UK) 
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• SuperScript III First-Strand Synthesis SuperMix (18080-400): contains oligo-

dT, random hexamers, 2× First Strand reaction mix (10mM MgCl2 and 1mM 

per dNTP), annealing buffer, Superscript® III/ RNase OUT™ enzyme mix: 

Invitrogen Ltd (Paisley, UK) 

• SuperSignal West Pico and Femto Chemilluminescent Substrates (Pierce) 

• SYBR™Safe™ from Invitrogen: (S33102) Invitrogen Ltd (Paisley, UK) 

• T4 DNA ligase (10481220001): Roche Diagnostics Ltd (West Sussex, UK) 

• Tween® 20 (P9416): Sigma-Aldrich Company Ltd (Dorset, UK) 

• TBS/ Tris Buffered Saline (SRE0032): Sigma-Aldrich Company Ltd (Dorset, 

UK) 

• Tris(hydroxymethyl)methylamine (Tris-base) (T1503): Sigma-Aldrich 

Company Ltd (Dorset, UK) 

• TRIzol® Reagent (15596): Ambion® by Life Technologies Corporation 

(Carlsbad, California, USA) 

• Type-It kit (206241): QIAGEN Ltd (Crawley, UK) 

• Ultrapure 25:24:1 (v/v) phenol/chloroform/Isoamyl alcohol  (PCI) mix (15593): 

Invitrogen Ltd (Paisley, UK) 

• UltraPure™Agarose powder (16500500): Invitrogen Ltd (Paisley, UK)  

• Vectors pDR274 vector https://www.addgene.org/42250/ and pT3TSn-cas9n 

https://www.addgene.org/46757/ were received from Cell and Developmental 

Biology Unit in Anatomy Building, UCL, London, UK 

• Zero Blunt® TOPO® PCR cloning kit (450245): Invitrogen Ltd (Paisley, UK) 

 
2.1.2 Preparation of genomic DNA using QIAamp DNA Mini kit 
The QIAamp DNA mini kit allows for extraction and purification of high quality 

DNA from tissue and blood. Tissue up to 25 mg was placed into a 1.5 ml 

microcentrifuge tube with 180 µl buffer ATL and 20 µl of proteinase K and 

incubated at 56°C for at least 30 min until all tissue had been lysed. 200 µl 

buffer AL was added to the sample, vortexed and incubated at 70°C for 10 min. 

200 µl ethanol was added to the sample and vortexed before applying to the 

QIAamp spin column and centrifuged for 1 min at 6,000 g. The spin column was 

washed with 500 µl buffer AW1 and centrifuged for 1 min at 6,000 g. The 

column was washed with 500 µl of buffer AW2 and centrifuged at 16,000 g for 3 

min. To remove residual buffer, the column was spun for 2 min at full speed. 

Although, 200 µl of buffer AE was recommended, a smaller volume of 20 µl 
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buffer AE was used for DNA extracted from single embryos or caudal fin. Yield 

of DNA was increased by heating an aliquot of buffer AE prior to applying to the 

spin column. The eluate was stored at -20°C.  

 
2.1.3 Total RNA extraction from tissue 
Total RNA was extracted from fresh tissue for cDNA synthesis outlined in 

section 2.1.4. 50-100 mg of tissue was placed into a 1.5 ml microcentrifuge 

tube, lysed and homogenised in 250 µl of TRIzol reagent. Following 

homogenisation, 750 µl TRIzol was added to the sample to equate a volume of 

1 ml. The sample was incubated at room temperature for 5 min. 0.2 ml 

chloroform was added and the sample was rocked for 15 sec before incubating 

at room temperature for 2 min. The sample was centrifuged at 12,000 g at 4°C 

for 15 min to separate the lower phenol chloroform and a colourless upper 

liquid. The upper phase was removed and placed into a new microcentrifuge 

tube, carefully avoiding the lower phase and interphase. 0.5 ml isopropanol was 

added to the sample and incubated at room temperature for 10 min. The 

sample was centrifuged at 12,000 g for 10 min at 4°C, collecting the RNA pellet 

at the base of the tube. The supernatant was removed and the pellet was 

washed with 1 ml 75% ethanol, inverted and centrifuged at 7,500 g for 5 min at 

4°C. The ethanol was removed and the pellet was left to air dry before 

resuspending in 100 µl RNase free water.  Extracted RNA was purified using a 

Qiagen RNeasy Mini Kit. Buffer RLT was prepared on the day of RNA 

purification. For every 1 ml of buffer RLT, 10 µl of β-mercaptoethanol was 

mixed. 350 µl of prepared buffer RLT/β-mercaptoethanol mixture and 250 µl of 

100% ethanol was added to each sample and inverted several times. The 

sample was applied to an RNeasy column and centrifuged at 8,000 g for 1 min. 

The column was washed with 700 µl buffer RW1 and centrifuged at 8,000 g for 

1 min. To ensure a yield of high quality RNA, DNase treatment was applied to 

each column using the Qiagen RNase free DNase set. 70 µl buffer RDD was 

added to a 10 µl aliquot of DNase and gently inverted. The 80 µl incubation mix 

was applied to the column and incubated for 30 min at room temperature. 

Following DNase treatment, the column was washed with 350 µl buffer RW1 

and centrifuged at 8,000 g for 1 min. 500 µl buffer RPE was added to the spin 

column and incubated at room temperature for 5 min. The spin column was 

centrifuged at 8,000 g for 1 min and flow through was discarded. 500 µl 75% 
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ethanol was applied to the spin column and centrifuged at 8,000 g for 2 min. 

The column was then left to air dry for 5 min prior to centrifuging at 8,000 g for 5 

min, removing any traces of ethanol. The column was placed in a 1.5 ml 

microcentrifuge tube and RNA was eluted by applying 10 µl RNase free H2O 

and centrifuged at 10,000 g for 1 min. RNA was stored at -80°C in aliquots.  

 
2.1.4 Preparation of first-strand cDNA  
Preparation of first-strand cDNA was performed when a plasmid construct for a 

cDNA sequence of interest was not available. cDNA was synthesised from total 

extracted RNA using SuperScript® III First Strand Synthesis Supermix. 500 ng 

RNA was placed in a 0.2 ml PCR reaction tube with 1 µl primer (50 µM Oligo dT 

or 2 µM gene specific primer, or 50 ng/µl random hexamers), 1 µl annealing 

buffer made up to a volume of 10 µl with nuclease free water. The tube was 

briefly mixed and incubated at 65°C for 5 min, allowing the primers to anneal 

before placing on ice. 10 µl 2× First Strand Reaction Mix and 2 µl 

SuperScript™III RNaseOUT™ Enzyme mix was added to each sample, mixed 

and incubated at 50°C for 50 min. Random hexamers were primed for an 

additional 10 min at 25°C, if used prior to a 50 min 50°C incubation. The 

reaction was terminated at 85°C for 5 min prior to chilling on ice. First-strand 

cDNA was stored at -20°C until needed. 

 

2.1.5 Amplification of DNA using PCR 
The polymerase chain reaction (PCR) is the amplification of a short transcript of 

DNA through thermal cycling using first-strand cDNA or genomic DNA. Forward 

and reverse primers (each 20-30 bp in length) were designed to flank a 

sequence of interest. Primers were diluted to 10 pmol/µl and designed primers 

can be found in the Appendix. PCR was performed using Accuprime™Pfx 

Supermix containing an Accuprime™Pfx DNA polymerase. 1 µl cDNA or 

genomic DNA was added to a 0.2 ml PCR reaction tube with 1 µl of each primer 

(10 pmol/µl) and 22.5 µl Accuprime™Pfx Supermix. Samples were centrifuged 

briefly to mix before they were placed into a Thermo Hybaid PCR Express 

thermal cycler at conditions outlined in table 2.1.   
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Table 2.1 The stages of a polymerase chain reaction. Temperatures and times depend on 
the polymerase enzyme, template DNA and primers. The stages were repeated for 
approximately 25-35 cycles. The probability of errors is increased with the number of cycles 
used. Therefore, cycles higher than 40 are not recommended.    
 
2.1.6 Agarose gel electrophoresis  
Gel electrophoresis is a method used to separate a mixed population of DNA 

fragments by length to estimate the size of DNA fragments. An electric field 

moves negatively charged DNA molecules through an agarose matrix, with 

shorter molecules migrating further and faster than longer ones through the 

pores of the gel. Solutions: Tris-acetate EDTA (TAE) buffer - 40 mM Tris-base, 

20 mM acetic acid, 1 mM EDTA, pH 8.0. 6× Loading buffer - 0.25% (w/v) 

bromophenol blue, 40% (w/v) sucrose in distilled water. DNA fragments were 

visualized and separated using agarose gels containing SYBR Safe DNA gel 

stain (Invitrogen). SYBR Safe provides sensitive DNA and RNA detection with 

substantially reduced mutagenicity, making it safer to use than ethidium 

bromide. 2% (w/v) agarose gels were prepared by mixing 2 g of agarose 

powder into 100 ml of 1× Tris-acetate-EDTA (TAE) buffer and microwaving to 

dissolve the agar. After cooling the solution, 5 µl of SYBR Safe DNA Gel Stain 

(Invitrogen) was added to enable visualisation of DNA fragments after 

electrophoresis. The solution was poured into a casting tray containing a 

Stage Temp Time Explanation 

Denaturation 94°C 1 min The high temperature causes the dsDNA 

to melt, disrupting the hydrogen bonds that 

bind the DNA strands together. 

Annealing 55°C-

65°C 

1 min The lower temperature allows for the 

specific hybridisation of primers to 

complementary base pairs on ssDNA. 

Annealing temperatures are adjusted for 

melting temperatures of primer pairs. 

Higher temperatures may be required to 

prevent primer-template non-specific 

binding.  

Extension  68°C-

72°C 

1 min/ 

0.5kb 

Deoxyribonucleotides (dNTPs) 

complementary to the template DNA are 

filled in by the polymerase enzyme in a 5’ 

to 3’ direction. 



 51 

sample comb and allowed to solidify at room temperature for 30 min. The gel 

was placed in the electrophoresis chamber and immersed in 1× TAE buffer and 

the comb was removed. Samples were mixed with 3 µl of 6× loading buffer and 

loaded into the wells. 1 µg of 1 kb DNA ladder (NEB) was used as a molecular 

weight marker. Samples were loaded in the wells and electrophoresed at a 

constant voltage of 100 V for 45 min. The DNA was visualised after this time 

under UV light using an Ingenius Bio-imaging system or Safe Imager 

Transilluminator (Syngene). 

  
2.1.7 DNA purification from agarose electrophoresis gels 
DNA can be purified from agarose gels after electrophoresis using the QIA 

quick gel extraction kit from Qiagen. Excised gel blocks were weighed and three 

gel volumes of QG buffer was added to the sample. The sample was incubated 

at 50°C for 10 min (until the gel fragment had been digested) and one gel 

volume of isopropanol was added to the sample, mixed before pipetting onto 

the QIAquick spin column matrix, washed with 750 µl of PE buffer before eluting 

the DNA in a final volume of 20 µl EB buffer.  

 

2.1.8 Restriction enzyme digestion 
In order to prepare PCR inserts and plasmid vectors for ligation, DNA was 

digested using specific restriction endonucleases. For PCR products, 15 µl of 

gel purified DNA was mixed with 2 µl 10 × enzyme buffer, 1 µl of each 

restriction enzyme (10 U/µl, New England Biolabs) and 2 µl H2O to a final 

volume of 20 µl. For vector DNAs, 2 µl plasmid DNA (at 0.5 µg/µl) was mixed 

with 2 µl 10 × enzyme buffer, 1 µl of each restriction enzyme (10 U/µl) and 15 µl 

H2O to a final volume of 20 µl. Mixtures were incubated at a specified 

temperature for a particular length of time depending on the enzymes, generally 

37°C for 1-2 h for most enzymes used. Restrictions enzymes for these digests 

were selected to give compatible ends for directional cloning of inserts into the 

plasmid vectors. 

 

2.1.9 Phenol/Chloroform/Isoamyl alcohol extraction 
Phenol/chloroform/Isoamyl alcohol extraction was used to inactivate and 

remove restriction enzymes and buffer components before proceeding to the 

ligation reaction. The volume of the restriction enzyme digestion was increased 
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to 100 µl with ddH2O. In a fume hood, an equal volume of Ultrapure 

Phenol/Chloroform/Isoamyl alcohol (PCI) mix (Invitrogen) was added to the 

DNA and the tube contents were mixed by tapping until an emulsion formed. 

The tube was then subjected to centrifugation at 16,000 g for 15 min. The upper 

aqueous phase was transferred to a clean 1.5 ml microcentrifuge tube 

containing 250 µl of 96% (v/v) ethanol, 10 µl 3 M sodium acetate (pH 4.8) and 1 

µl of glycogen (1 µg). The contents were mixed thoroughly and the tube was 

incubated on dry ice for 15 min. The DNA was recovered by centrifugation at 

16,000 g for 15 min and the supernatant was discarded. The pellet was washed 

with 250 µl 80% (v/v) ethanol and centrifuged at 16,000 g for 1 min. The 

supernatant was removed, the tube was subjected to a further centrifugation 

step at 16,000 g and any residual ethanol was removed. The pellet was air 

dried for 5 min at room temperature, dissolved in an appropriate volume of EB 

buffer and incubated at 37°C for 10 min with shaking. In the case of purification 

of vector DNA for subsequent ligation, the pellet was resuspended in 50 µl of 

buffer EB for a final vector concentration of 50 ng/µl. When purifying DNA 

inserts or PCR products, the pellet was resuspended in 10 µl of EB buffer. 

 

2.1.10 Ligation of purified DNA inserts into a plasmid vector 
Solutions: Ligation buffer - 66 mM Tris-HCl, 5 mM MgCl2, 1 mm dithiothreitol, 1 

mM ATP, pH 7.5. After carrying out a restriction enzyme digestion and 

Phenol/Chloroform/Isoamyl alcohol extraction on both the DNA insert and the 

plasmid vector, 7 µl DNA insert was added to 1 µl vector, 1 µl 10× ligation buffer 

and 1 µl bacteriophage T4 DNA ligase (1 U/µl, Roche) in a 1.5 ml 

microcentrifuge tube. Tubes were centrifuged briefly to mix and incubated at 

4°C overnight (Fig 2.1).  
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Figure 2.1 The stages of DNA ligation into a plasmid vector. Restriction enzymes digest the 
cDNA and the plasmid vector DNA at specific sites leaving 'sticky ends' where each end has a 
number of unpaired nucleotides. After removal of restriction enzymes by PCI extraction, the cut 
cDNA and plasmid vector sequences are joined by complementary base pairing catalysed by 
the enzyme DNA ligase. 

 
 
2.1.11 TOPO cloning 
The Zero Blunt® TOPO® PCR cloning kit was used to clone the PCR fragments 

into a vector for sequencing without use of a restriction enzyme. TOPO® kits 

use an enzyme topoisomerase I from Vaccinia virus, which functions as a 

restriction enzyme and a ligase. The enzyme specifically recognises the 

pentameric sequence 5’-CCCTT-3’ and forms a covalent bond with a phosphate 

group attached to the 3’ thymidine of the pentameric sequence, allowing the 

DNA to unwind. The topoisomerase I enzyme religates the DNA strands and is 

released from the DNA. The topoisomerase I enzyme comes covalently bound 

to the 3’ thymidine on the TOPO vector. TOPO exploits this reaction to clone 

PCR fragments into TOPO vectors. As Accuprime™Pfx polymerase leaves 

PCR fragments with blunt ends, the Zero Blunt® TOPO® PCR Cloning for 

Sequencing kit was used. A PCR was performed and DNA was extracted from 
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the gel as outlined in section 2.1.7. 4.5 µl of PCR product was placed in a 1.5 

ml microcentrifuge tube with 1 µl salt solution and 0.5 µl PCR™ Blunt II TOPO® 

vector. The reaction was incubated on ice for 30 min before it was transformed 

into Escherichia coli (E. coli) competent cells, outlined in section 2.2.4. 

 
2.1.12 Site-directed mutagenesis  
Mutations were introduced into GlyR expression constructs using the 

QuikChange II site-directed mutagenesis kit (Agilent). This rapid procedure 

uses a methylated supercoiled double-stranded DNA template and two 

synthetic oligonucleotide primers harbouring the desired mutation. The two 

primers, each complementary to opposite strands of the vector, are extended 

during temperature cycling by QuikChange Lightning Enzyme. Subsequently, 

the PCR reaction is digested using the restriction enzyme DpnI, which 

recognises and cuts methylated DNA from E. coli. Since only the non-mutated 

template DNA is methylated, the new PCR products containing the desired 

mutation are resistant to digestion and can be transformed into competent E. 

coli, which re-circularises the plasmid (Fig 2.2). For each mutagenesis reaction, 

5 µl of 10× reaction buffer, 50 ng DNA template, 125 ng of each primer, 1 µl 

dNTP mix, 1.5 µl QuikSolution reagent and 1 µl Quikchange Lightning enzyme 

were added to a 0.2 ml PCR reaction tube. The reaction was made up to a total 

50 µl with ddH2O. After mixing, the tube was briefly centrifuged and placed in a 

Thermo Hybaid PCR Express thermal cycler. The PCR reaction was carried out 

using the following conditions: an initial denaturation at 95°C for 5 min followed 

by 21 cycles of denaturing at 95°C (20 sec), annealing at 65°C (10 sec) and 

extension at 68°C (2.5 min). Following the mutagenesis, PCR products were 

digested with DpnI in order to eliminate methylated template DNA and select for 

newly synthesised DNA containing the desired mutation. 1 µl DpnI (New 

England Biolabs; 20 U/µl) was added to the 50 µl mutagenesis PCR product, 

mixed thoroughly and incubated for 1 h at 37°C. Part of the DpnI digested PCR 

product (10 µl) was loaded on a 1% (w/v) agarose gel and subjected to 

electrophoresis at 90 V for 30 min. Detection of a linear DNA fragment with a 

size consistent with vector plus insert would indicate the presence of mutated 

DNA, since all non-mutated DNA was removed by digestion with DpnI. Finally, 

10 µl from each reaction were transformed into E. coli competent cells and 

miniprep DNAs were made for analysis (see section 2.2 for methods). The full 
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coding region of all constructs was sequenced to confirm the incorporation of 

the desired mutation and to ensure that no unwanted changes had been 

incorporated through PCR errors. 

 
Figure 2.2 The stages of site-directed mutagenesis. 1. Parental DNA template is denatured.  
2. Mutagenesis primers containing the desired mutation anneal to the strands of the parent DNA 
and the mutated DNA is extended. 3. Restriction enzyme DpnI digests methylated parent DNA, 
leaving the mutated DNA. 4. Mutated DNA is transformed into competent E. coli cells, repairing 
nicks in the DNA to form circular plasmids. 
 
 

2.1.13 Cloning and mutagenesis of human GlyR α4 subunit cDNAs 

Human cDNAs were amplified by polymerase chain reaction (PCR) from cDNA 

synthesised from brain poly(A)+ RNA Human Brain CNS (Takara), outlined in 

section 2.1.4. Human GlyR α4 subunit cDNAs were subsequently amplified 

from this cDNA using primers outlined in the appendix. Primers were designed 

to include a BamHI and XhoI. The PCR product was run on a 1.5% (w/v) 

agarose gel prior to gel extraction and DNA purification. The amplified GlyR α4 

subunit cDNA fragment was digested with BamHI and XhoI, ligated into the 

vector pRK5 pre-digested with BamHI and SalI prior to transforming into TOP10 

A 

G 

C 

T 

A 
T 

G 

C 
A 
T 

G 

C 

mutation site 

+ mutagenesis 
primers 

+DpnI 

Plasmid 
containing 
mutation 

Parent DNA  

1 2 

3 4 



 56 

competent cells (Invitrogen, section 2.2.4). Minipreps were performed on the 

clones and these were digested with BamHI and HindIII to confirm correct 

integration of the cDNA into the vector (section 2.2.5). Plasmids producing three 

bands of 1, 3 and 4 kb were presumed to be correctly integrated. These 

plasmids were then fully sequenced. Two clones were viable for functional 

assays, since they contained intact coding regions. Site-directed mutagenesis 

was performed on these plasmids to restore the in-frame stop codon to arginine 

(α4X390R). This was achieved using the QuikChange II site-directed mutagenesis 

kit (Agilent) detailed in section 2.1.12 using primers outlined in the Appendix.  

 
2.1.14. HEK293 cell transfection and Western blotting 

Wild-type pRK5-hGlyRα4 (truncated) and restored pRK5-hGlyRα4R390 were 

transfected into HEK293 cells, using FLAG-MARK2 as a control. HEK293 cells 

are unlikely to express endogenous human GlyR α4 subunit since they are of 

kidney origin, and therefore are a suitable system to detect transfected GlyR α4 

subunits. Cells were grown in 10 cm dishes and transfected with 4 µg of each 

plasmid, using FuGENE HD (Roche) at a 2.5:1 FuGENE to DNA ratio. 24 h 

after transfection, the cells were extracted in a buffer consisting of 20 mM Tris, 

pH 7.5, 50 mM NaCl, 1% (v/v) Triton X-100 and 1% (w/v) complete protease 

inhibitor cocktail (Roche). Lysates were centrifuged at 14,000 rpm in a bench 

top microfuge to remove insoluble material and the remaining supernatant was 

denatured by the addition of NuPage Loading Buffer and NuPage Sample 

Reducing Agent (Invitrogen), followed by heating to 99°C for 10 min. Samples 

were separated by sodium dodecylsulfate-polyacrylamide gel electrophoresis 

using 4-12% (w/v) Bis-Tris pre-cast gels (Invitrogen) and transferred to a 

polyvinylidene difluoride membrane (Millipore). Membranes were washed in 

TBS containing 0.1% (v/v) Tween® 20 (TBS-T), and blocked for 30 min by 

incubation with TBS-T containing 5% (w/v) non-fat dry milk powder. Primary 

antibody incubations were performed overnight at 4°C with gentle shaking, all 

antibodies diluted in blocking buffer to the following concentrations; pAbGlyRα4 

(1:1000), mAb4a (1:200), Anti-FLAG (Sigma; 1:1000), Anti-beta-Actin (Sigma; 

1:5000). Membranes were subsequently washed three times in TBS-T prior to 

incubation with an appropriate Horseradish Peroxidase-conjugated secondary 

antibody (Santa Cruz; 1:2000) for 1 h at room temperature. Protein bands were 
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visualised using SuperSignal West Pico or Femto Chemiluminescent Substrates 

(Pierce) and images acquired using a GeneGnome imager (Syngene). 

 
2.1.15 Genotyping of the shaky mouse with an exaggerated startle 
response 
 
Professor Carmen Villmann from the University of Würzburg, Germany 

discovered a mouse with an exaggerated startle response, similar to the 

oscillator mouse, a known mutant with defective glycinergic signalling. The 

mouse mutant originated from a C57BL6 and 129X1/SvJ hybrid cross. The 

causative mutation was localised to a 10 Mb region surrounding a known 

glycine receptor gene, Glra1 encoding for glycine receptor alpha 1. The 

mutation identified was a c.C613A mutation resulting in a p.Q177K amino acid 

change. To further confirm this mutation, Prof Villmann asked me to sequence 

all exons for known genes expressed at the glycinergic synapse, known to 

result in an exaggerated startle response in mouse mutants. All exons were 

sequenced for genes Glra1, Glrb, Slc6a5 and Slc7a10 encoding for glycine 

receptor α1 and β subunits, glycine transporter 2 and the Asc-type amino 

transporter 1, respectively. Genomic DNA from affected shaky mice and 

unaffected siblings was received from Prof Villmann. DNA was diluted to a ratio 

of 1:10 with buffer EB. Primers were designed to flank exons and are detailed in 

the appendix. Primers were diluted to 10 pMol/µl. DNA was amplified according 

to methods detailed in section 2.1.5. PCR products were run on an agarose gel 

(section 2.1.6). After electrophoresis, DNA was purified using the QIA quick gel 

extraction kit (section 2.1.7). Purified DNA was diluted to 3 ng/µl and 

sequencing was carried out by Sequencing Services, School of Life Sciences, 

University of Dundee, Scotland (section 2.2.7). DNA sequences were analysed 

using Sequencher 5.0 and aligned against known sequences from UCSC 

(http://genome.ucsc.edu/) or NCBI databases (http://www.ncbi.nlm.nih.gov/) to 

confirm presence of mutations leading to amino acid substitutions. Damaging 

mutations were identified using the SIFT (http://sift.jcvi.org/) and PolyPhen-2 

(http://genetics.bwh.harvard.edu/pph2/index.shtml) programs (section 2.1.16).  

 
2.1.16 Mutation analysis using SIFT and PolyPhen-2.  
Amino acid substitutions for the following results sections were analysed using 

two online mutation testing software. The first, SIFT (http://sift.jcvi.org) uses the 
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protein database PSI-BLAST to analyse specific residues and the degree of 

conservation found across closely related sequences. Analysis of a residue was 

performed by using the SIFT Human Protein (human) or SIFT db SNP Protein 

(non-human) tool. Within either tool, the protein Ensembl number was copied 

and pasted into the box followed by a comma and the substitution (e.g. 

ENSP00000311135, L489P). The software calculates a prediction of how 

damaging the change is to the protein and gives a score according to how 

confident it is on the prediction. The second, PolyPhen-2  

(http://genetics.bwh.harvard.edu/pph2/) analyses the consequences of an 

amino acid change by using known phylogenetic and structural information. 

Similarly to the SIFT software, the protein Ensembl or the protein sequence can 

be pasted into a toolbox within the PolyPhen-2 page. The protein sequence 

number (e.g. 489) is written in a box underneath and amino acid substitutions 

are chosen (e.g. L and P). A score is given according to how damaging the 

amino acid change is to the protein with a category of benign, possibly 

damaging or probably damaging. 

 

2.1.17 Molecular Modelling of the shaky GlyR α1Q177K mutation 

Molecular modelling was performed to further understand the consequences of 

the GlyR α1 p.Q177K substitution found in the shaky mouse. We utilised a GlyR 

α1 subunit structure derived by electron cryo-microscopy (EMDB: EMD-6345; 

PDB ID: 3JAE) (Du et al 2015; Pettersen et al 2004). We chose this model as it 

was in the glycine-bound state without ivermectin or strychnine. The 3JAE 

structure was downloaded from the PDB protein data bank 

(http://www.rcsb.org/pdb/home/home.do), the glutamine 177 residue was 

selected and substituted for a lysine using the ‘swappaa’ command in Chimera 

UCSF (https://www.cgl.ucsf.edu/chimera/). Atoms within 5 Å of Q177 were 

selected and hydrogen bonds were identified using the ‘FindHBond’ option in 

Chimera. The hydrogen bonds binding the atoms surrounding the substituted 

amino acid were compared in the wild-type and mutant forms, identifying any 

changes that could explain for the disrupted GlyR function. A suitable rotamer 

was chosen from the Dunbrack-backbone dependent rotamer library with the 

lowest clash score, highest rotamer probability and highest number of hydrogen 

bonds (Dunbrack et al 2002). Prof Maya Topf (Birkbeck) and Sony Malhotra 

also modelled the 3JAE GlyR glycine binding site using the glutamate binding 
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site in GluCl (PDB:3RHW) as a guide using MODELLER/Flex-EM (Eswar et al 

2006; Topf et al 2008). The amino acid p.Q177K substitution was made using 

the ‘swappaa’ command in chimera, a suitable Dunbrack rotamer was chosen. 

The model was altered using Flex-EM refinement (Dunbrack et al 2002) to 

optimise the fit of the GlyR structure into the EM density. 

 

2.2 Bacterial methodology 
2.2.1 Materials 

• Antibiotics: Ampicillin (11593-027): Invitrogen Ltd; Kanamycin (cat#11815-

024): Invitrogen Ltd; Kanamycin (A1493,0005) PanReac AppliChem 

(Darmstadt, Germany).  

• CaCl2 (C1016): Sigma-Aldrich, MgCl2 (M8266): Sigma-Aldrich, Glycerol 

(G5150): Sigma-Aldrich Ltd (Dorset, UK) 

• HiSpeed Plasmid Maxi kits (12663) contains Qiafilter cartridge, HiSpeed 

Maxi Tip, Qiaprecipitator, buffers P1, P2, P3, EB, QBT (equilibration buffer – 

750 mM NaCl, 50mM MOPS (pH 7.0), 15% isopropanol, 0.15% (v/v) Triton 

X-100), buffer QC (wash buffer), buffer QF (elution buffer – 1.25 M NaCl, 

50mM Tris-HCl (pH 8.5), 15% (v/v) isopropanol): Qiagen Ltd (Crawley, UK) 

• Luria-Bertani (LB) Agar (L2897) LB medium with 1.5% supplemented (w/v) 

agar: Sigma-Aldrich Ltd (Dorset, UK) 

• Luria-Bertani (LB) medium (L3022 (1% w/v peptone, 0.5% (w/v) yeast 

extract, 0.5% (w/v) NaCl): Sigma-Aldrich Ltd (Dorset, UK) 

• MiniPrep Kit (27106): Buffer P1 (resuspension buffer) - 50 mM Tris-Cl (pH 

8.0), 10 mM EDTA, 100 µg/ml RNase A. Buffer P2 (lysis buffer): 200 mM 

NaOH, 1% (w/v) SDS. Buffer P3 (neutralisation buffer): 3 M potassium 

acetate (pH 5.5). Wash Buffer - 1 M NaCl, 50 mM MOPS (pH 7.0), 15% (v/v) 

isopropanol. Elution Buffer - 10 mM Tris-HCl (pH 8.5). Qiagen Ltd (Crawley, 

UK) 

• OneShot TOP10 chemically competent E. coli cells (genotype: F- mcrA �

(mrr-hsdRMS-mcrBC) � 80lacZ � M15 �  lacX74 recA1 araD139 �

(araleu)7697 galU galK rpsL (StrR) endA1 nupG) (C4040) Invitrogen (Paisley, 

UK) 
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2.2.2 Bacterial culture 
LB medium and LB agar medium were used for routine bacteria culture. LB 

medium - 1% (w/v) peptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl. LB Agar 

medium - LB medium supplemented with 1.5% (w/v) agar. For plasmid 

selection, LB medium or agar cultures were supplemented with antibiotics at a 

final concentration of 100 µg/ml (Spectinomycin, Ampicillin or Kanamycin).  

 

2.2.3 Preparation of chemically competent Escherichia coli cells 
Solutions required: 80 mM CaCl2/50 mM MgCl2, 0.1 mM CaCl2, 50% (v/v) 

glycerol. Competent E. coli cells were prepared using a modified CaCl2 protocol 

as described by Cohen et al (1972). TOP10 bacteria (Invitrogen) were used to 

produce competent cells. Aseptic technique was used to streak TOP10 cells 

onto LB agar plates without antibiotics, which were then incubated at 37°C 

overnight. Single colonies were picked and inoculated into 3 ml LB broth and 

incubated in a shaking incubator at 37°C and 1,500 rpm overnight. The cultures 

were transferred into 500 ml conical flasks containing 200 ml pre-warmed LB 

broth and incubated in a shaking incubator at 37°C. The optical density (OD) of 

the cultures at 600 nm were measured using an Eppendorf Biophotometer after 

2 h and then regular intervals following this until the OD600 of the cultures 

reached 0.95. As soon as this OD was reached, the cultures were transferred 

into 50 ml falcon tubes that had been incubated on ice and centrifuged at 4,000 

rpm at 4°C for 5 min using a bench top centrifuge. Supernatant was poured off 

and the pellets were put on ice. Pellets were resuspended in 10 ml of 80 mM 

CaCl2/50 mM MgCl2 solution, and pooled into a single falcon tube. The cells 

were incubated on ice for 10 min before centrifuging again at 3,000 rpm at 4°C 

for 3 min. This process was repeated twice, in order to wash the cells in the 80 

mM CaCl2/50 mM MgCl2 solution a total of three times. The cells were then 

resuspended in 5.5 ml of ice-cold 0.1mM CaCl2 solution and an equal volume of 

ice-cold 50% (v/v) glycerol (Sigma G5150) was added. The cells were then 

dispensed into 550 µl aliquots in pre-chilled microcentrifuge tubes and frozen 

immediately in liquid nitrogen. Competent cells were stored at -80°C until 

required.  
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2.2.4 Transformation into competent Escherichia coli cells 
Bacteria were transformed using a protocol based on work of Mandel and Higa 

(1970) and Cohen et al (1972) who showed that bacteria treated with ice-cold 

CaCl2, then subjected to a brief heat-shock took up plasmid DNA. Vials of 

chemically competent E. coli cells were gently thawed on ice. 1-5 µl of the DNA 

to be transformed was added to 100 µl cells and incubated on ice for 30 min. 

Cells were heat shocked by placing in a water bath at 42°C for 45 sec and then 

transferred immediately to ice for 2 min. 250 µl of room temperature LB broth 

(Invitrogen) was then added and the bacteria were incubated at 37°C for 1 h in 

a shaking incubator. During this step, the cells were able to express the 

antibiotic resistance gene encoded by the plasmid. Finally, bacteria were then 

spread on LB agar plates containing spectinomycin, ampicillin or kanamycin 

using sterile technique and the plates were inverted and incubated at 37°C 

overnight. 

 
2.2.5 Small-scale preparation of plasmid DNA (minipreps)  
DNA minipreps were prepared using the Spin Miniprep kit (Qiagen). This 

method is based on the alkaline lysis of bacteria followed by the absorption of 

DNA onto a silica membrane and elution of DNA. Single colonies from the 

transformed agar plates were picked using a pipette tip and used to inoculate 2 

ml of LB medium supplemented with the appropriate antibiotic in a 15 ml falcon 

tube. After incubation of the culture at 37°C overnight with vigorous shaking, 

bacterial cells were pelleted by centrifugation at 16,000 g for 1 min. The 

supernatant was discarded and the pellet was resuspended in 400 µl pre-chilled 

lysis buffer containing lysozyme and RNase. After 3 min incubation, the lysate 

was transferred to a spin column and centrifuged at 16,000 g for 1 min. Wash 

buffer was applied to the column in order to remove any cellular debris. Two 

centrifugation steps at 16,000 g of 1 min each were performed to remove the 

residual washing buffer and dry the column. The column was placed in a fresh 

microcentrifuge tube and 50 µl of buffer EB was added to the matrix to elute the 

DNA by centrifugation at 16,000 g for 1 min. The yield was determined using a 

Nanodrop UV spectrophotometer and typically varied from 0.2 to 0.8 µg/µl. 

Miniprep DNAs were stored at -20°C. 
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2.2.6 Large-scale preparation of plasmid DNA (maxipreps) 
DNA maxipreps were prepared using the QIAGEN plasmid Maxi Kit. The DNA 

maxiprep works on the same principle as the DNA miniprep kit, using alkaline 

lysis of bacteria and application of DNA to a resin in low pH and salt conditions. 

A transformation of a selected plasmid was performed. A bacterial colony was 

inoculated into 15 ml falcon tubes containing 4 ml LB broth and the appropriate 

antibiotic. The culture was incubated in a shaking incubator at 37°C for 

approximately 8 h. The culture was transferred into a conical flask containing 

200 ml warmed LB broth with appropriate antibiotic and incubated in a shaking 

incubator overnight at 37°C. The bacterial cells were harvested by centrifuging 

for 15 min at 5,000 rpm. The supernatant was poured off and the pellet was 

resuspended in 10 ml buffer P1. 10 ml buffer P2 was added to the suspension 

and inverted six times before incubating at room temperature for 5 min. 10 ml 

chilled P3 was added to the sample and the suspension was poured into a 

Qiafilter Cartridge barrel and incubated for 10 min at room temperature. 

Meanwhile, the HighSpeed Maxi Tip was equilibrated by adding 10 ml buffer 

QBT to the column. The buffer was left to flow through the resin. After a 10 min 

incubation, the Qiafilter tip was removed and the cell lysate was filtered into the 

HighSpeed Maxi Tip, allowing the DNA to bind to the HighSpeed Maxi Tip resin. 

60 ml Buffer QC was applied to the HighSpeed Maxi Tip. The DNA was eluted 

with 15 ml QF buffer into a clean 50 ml falcon tube. 10.5 ml isopropanol was 

added to the falcon tube containing the eluate and incubated at room 

temperature for 5 min. During this 5 min incubation the Qiaprecipitator Maxi 

Module filter was attached to a 30 ml syringe. The isopropanol/DNA eluate was 

filtered through the Qiaprecipitator. The Qiaprecipitator was washed by filtering 

2 ml 70% ethanol. Once the membrane was dry, a 5 ml syringe was attached to 

the Qiaprecipitator.  0.5 ml EB was added to the column, the plunger was 

applied, eluting DNA into a 1.5 ml microcentrifuge tube. The eluate was filtered 

through the Qiaprepitator another time to maximise the DNA yield. 

 
2.2.7 DNA sequencing and analysis  
The sequencing of DNA samples was carried out by Sequencing Services, 

School of Life Sciences, University of Dundee, Scotland 

(http://www.dnaseq.co.uk/). DNA sequencing was performed using Applied 

Biosystems Big-Dye Version 3.1 chemistry on an Applied Biosystems model 
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3730 automated capillary DNA sequencer. Template vector DNA was supplied 

at a concentration of 200-300 ng in a 15 µl volume per reaction (3.2 pmol), 

whilst DNA extracted from an agarose gel was diluted to approximately 3 ng/µl. 

Sequencing primers (e.g. M13F or M13R), were either provided by the service, 

or sent at a 3.2 pmol per reaction. DNA templates and primers were diluted in 

EB. DNA sequences were analysed using the software Sequencher 5.0 

(GeneCodes Corporation, Ann Arbor, USA) by alignment with reference 

sequences downloaded from NCBI (http://www.ncbi.nlm.nih.gov/) or UCSC 

databases (http://genome.ucsc.edu/). For identification of potentially damaging 

amino acid substitutions, the bioinformatic programs SIFT (http://sift.jcvi.org/) 

and Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/index.shtml) were used.   

 
2.3 Zebrafish methodology 
2.3.1 Materials 
• 22×22 microscope coverslip (cat#:12392108) Fisher Scientific 

(Loughborough, UK) 

• Borosilicate standard wall with filament glass capillaries (cat#: 30-0021) 

Harvard Apparatus (Cambridge, UK) 

• DC-96 tank: R&D Aquatics (Columbia, USA) 

• E3 Medium 20 ml 5 M NaCl was mixed with 1M KCl, 6.6 ml of 1 M CaCl2, 6.6 

ml of 1 M MgSO4 and 2 ml of 0.05% (w/v) methylene blue in 20 litres of 

sterile H2O. E3 was adjusted to pH 7 using 10mM NaOH and stored at room 

temperature for a maximum period of 2 months.  

• Fisherbrant™ Superfrost™ Plus Microscope slides (cat#:12-550-15) Fisher 

Scientific (Loughborough, UK) 

• Glass capillaries (cat#:GC-1) Narishige (London, UK) 

• Glycerol (cat#:17904) Thermo Fisher Scientific™ (Paisley, UK) 

• IB (5ml aliquot to be made fresh): 500µl normal goat serum (NGS), 50µl 

DMSO, 4.45ml PBTr.  

• Inox alloy fine forceps #5 Dumont (Heidelberg, Germany) 

• Paraformaldehyde (cat#:158127) Sigma-Aldrich Company Ltd (Dorset, UK) 

• PBS pH 7.4 (cat#:10010031) Gibco™ Thermo Fisher Scientific™ (Paisley, 

UK) 

• PBTr: PBS with 0.5% Triton X-100 

• Phenol red solution (cat#:P0290) Sigma-Aldrich Company Ltd (Dorset, UK) 
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• Phenoxyethanol (cat#:P0950000) Sigma-Aldrich Company Ltd (Dorset, UK) 

• Picospritzer® III pressure injection system, Parker Hannifin (Hollis, USA) 

• Primary antibodies used: SV2 and tubulin ordered from Sigma-Aldrich 

Company Ltd (Dorset, UK) 

• Secondary antibodies used: IgG1 alexa 633 Goat anti mouse (cat#:A21126), 

IgG2b alexa fluoro 488 goat antimouse (y2b) (cat#:A21141) Sigma-Aldrich 

Company Ltd (Dorset, UK) 

• Silicone grease 

• Sutter P-87 micropipette puller ASI (Oregon, USA) 

• Sytox orange® nucleic acid stain (cat#:S11368) Molecular probes™ Thermo 

Fisher Scientific (Paisley, UK) 

• Tricaine methane sulfonate, MS-222 (cat#:E10521) Sigma-Aldrich Company 

Ltd (Dorset, UK) 

 

2.3.2 Fish health and husbandry 
The zebrafish handling, care and procedures were approved under Home 

Office regulations. I received my personal licence in January 2015 (I9CB2C067) 

and received training for fish care and handling (18/11/15), injections (12/11/15) 

and caudal fin clipping (10/8/15). Dr Jason Rihel kindly allowed me to raise the 

fish on his project license (70/7612). Fish were raised in fish water on a 14/10 h, 

light/ dark cycle. New lines were named after their gene followed by a letter 

specific to the institute from where it originated (designated by Zfin; 

https://wiki.zfin.org/display/general/ZFIN+Zebrafish+Nomenclature+Guidelines). 

Lines made at UCL are named by gene name followed by “u” (glra2u) indicating 

that they were generated at UCL followed by a unique number given by the 

head of the fish facility. The glra2u4007 knockout line was generated from the 

wild-type zebrafish line AB.  

 

2.3.3 Caudal fin clipping  
Fish were individually placed into a small tank containing tricaine methane-

sulfonate (MS-222) in fish water for anaesthesia.  Each fish was placed on 

sterile cellophane and the tip of the caudal fin was removed and placed into a 

PCR plate containing buffer AE for DNA extraction (section 2.1.2). The fish was 

returned to fish water in a DC-96 tank designed to house individual zebrafish 
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(R&D Aquatics) to recover. This tank allows the fish to remain on the fish facility 

water system until the genotyping had been completed.  

 
2.3.4 Design of morpholinos for gene knockdown 
Morpholinos (MOs) are short (25mer) nuclease-resistant oligonucleotides 

(GeneTools LLC) that block access of other molecules to specific RNA 

sequences. Morpholinos can either prevent cells from making a target protein 

(translation-blocking MOs) or modify the splicing of pre-mRNAs (splice-blocking 

MOs). Microinjection of MOs into zebrafish embryos (Nasevicius and Ekker 

2000; Bill et al 2009) is an established tool for studying gene function. However, 

recent findings have shown contradicting phenotypes in morpholino-injected 

zebrafish embryos compared to established knockout lines (Rossi et al 2015). 

Key controls for morpholino injections are required, since common non-specific 

effects of MOs at higher amounts (>4-10 ng per injection) include a general 

delay in development or widespread cell death (Bill et al 2009). We designed 

translation-blocking morpholinos (TMOs) for the genes encoding dhx37, glra1, 

glra2, glra3, glra4b, glrba and glrbb. Furthermore, in separate projects, splice-

blocking MOs were also designed for glra2 and glra4b. For TMOs, the start site 

and 5’ UTR were aligned and percentage matches of sequence homology were 

calculated. The splice-blocking MO designs involved aligning gene exons and 

flanking sequences with similar genes and percentage matches of equivalent 

splice junctions were calculated to reveal the targets with the lowest overall 

matches (Fig. 2.3). A BLAT search (http://genome.ucsc.edu/cgi-bin/hgBlat) was 

performed to confirm the morpholino specificity to the target gene. Morpholino 

sequences are outlined in the appendix.  
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        glra1  catctttctgtcgtttccacagCCTGGCAGCATCCCAACAAGCAGCG..GCAAGAATCAGACCTAATTTCAAAGgtaagtctatccaccaagacac 
        glra2  gacctctaacactgtatctcagGGTATCGTCAGGGAAGGATCCGGAT..GCTCGCATTCGACCAAACTTCAAAGgtaagaaactgatgaatattca 
        glra3  tctttctcttgctttttttcagTTTGGTTGCATCAAAAGAACCAGAA..GCCAGAATTAGGCCAAATTTTAAAGgtacagtagtacaaccaaccat 
        glra4a ctgctttctctatctctggcagACTGGGCTCCTGTAAAGAGGAGATA..GCTCGCATCAGACCCAACTTCAAAGgtgtgacaaaatgtaaacaaac 
        glra4b tatttttgtacatctctctcagGTGTGTGTTTAGTAAGGAGCTGAAA..GCTCGAATAAGGCCCAACTTTAAAGgtatgttttcaactctgtcctt 
 GlyR α2 Ex2MO1 TGGAGATTGTGACATAGAGTCCCAT																																																																 

 
 
 
 

       
 
 
 
glra1  catctttctgtcgtttccacagCCTGGCAGCATCCCAACAAGCAGCG..GCAAGAATCAGACCTAATTTCAAAGgtaagtctatccaccaagacac 
glra2  gacctctaacactgtatctcagGGTATCGTCAGGGAAGGATCCGGAT..GCTCGCATTCGACCAAACTTCAAAGgtaagaaactgatgaatattca 
glra3  tctttctcttgctttttttcagTTTGGTTGCATCAAAAGAACCAGAA..GCCAGAATTAGGCCAAATTTTAAAGgtacagtagtacaaccaaccat 
glra4a ctgctttctctatctctggcagACTGGGCTCCTGTAAAGAGGAGATA..GCTCGCATCAGACCCAACTTCAAAGgtgtgacaaaatgtaaacaaac 
glra4b tatttttgtacatctctctcagGTGTGTGTTTAGTAAGGAGCTGAAA..GCTCGAATAAGGCCCAACTTTAAAGgtatgttttcaactctgtcctt 

      GlyR α4b MO1 3'-CATGTAGAGAGAGTCCACACACAAA-5'                                3'-TTTCCATACAAAAGTTGAGACAGGA-5' GlyR α4bEx2MO2 
 
 
 
Figure 2.3 Splice-blocking morpholinos for GlyR α2 and GlyR α4b subunits. A: The GlyR α2 splice-blocking morpholino blocks the splice 
donor (sd) site of exon 2. B: The GlyR α4b splice-blocking morpholino blocks the splice donor (sd) and acceptor sites. Splice-blocking is predicted 
to result in exon skipping, missplicing or a retained intron, ultimately truncating the protein.  

  

Intron 2 Exon 2 Intron 3 

Intron 2 Exon 2 Intron 3 
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2.3.5 Guide RNA design  

Morpholinos, whilst quick and inexpensive have been known to deliver 

inconsistent results due to off target effects and widespread cell death (Bill et al 

2009; Rossi et al 2015). Clustered regularly interspaced short palindromic 

repeats (CRISPR) were discovered in bacteria as a mechanism to target phage 

and foreign DNA. In Streptococcus pyogenes, cas9 nuclease, CRISPR RNA 

(crRNA) and trans-activating RNA (tracrRNA) work together to introduce 

double-stranded breaks into foreign DNA. Recent research has engineered this 

mechanism to introduce damaging mutations into zebrafish generating 

knockout mutant lines. In 2013, Hwang et al generated the pDR274 vector to 

contain a custom-made guide RNA (gRNA) downstream of a T7 promoter site, 

between two downstream BsaI sites. Studies found that co-injection of gRNA 

and cas9 nuclease RNA into zebrafish embryos introduced double-stranded 

breaks within target sites. Reparation of DNA sequences left deletions in target 

sequences with the aim to disrupt gene function (Gagnon et al 2014; Hwang et 

al 2013). SNVs (single nucleotide variants) were checked upstream and 

downstream of the target site. SNVs could result in primers being unable to bind 

to complementary sequences and they may alter the result expected in the 

analysis. The gRNA was designed using ZiFit (http://zifit.partners.org/). gRNA 

designs were recorded onto an Excel spreadsheet and the gRNA with the 

optimal properties, listed below in figure 2.4, were selected (Gagnon et al 

2014). Selected gRNAs were expanded into a Word document with sequences 

300 bp upstream and downstream of the gRNA for primer design.  

 

 

 

 
 

 

 

 

 

Figure 2.4 Optimal properties suggested for gRNA design. Properties listed above increase 
the probability of efficient introduction of double stranded breaks into target DNA.  
 

 

-  The sequence should be 23 base pairs in length, 
-  The GC content percentage should be higher than 50% 
-  There should be no off target sites 
-  Cytosine is not recommended in position 3 of the gRNA 
-  Guanine is optimal in position 20, however cytosine is not 

recommended 
-  Adenosine is recommended in the middle nucleotide 
-  Cytosine as the PAM variable nucleotide (NGG) is good, however 

tyrosine in this position is not recommended 
-  Guanine is not recommended in the 4th nucleotide of the PAM site 
-  A high UCSC Giraldez score (http://www.crisprscan.org) 
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2.3.6 Preparation of gRNA and Cas9 nuclease DNA plasmid vectors  

For preparation of gRNA plasmid vectors, annealing oligos were designed in 

ZiFit (of 23 bp in length) that were fully complementary to one another such that 

annealing would generate the gRNA template. Annealing oligos are outlined in 

the appendix. The following reagents were required: 10× annealing buffer: 400 

µl 1M Tris pH8, 200 µl 1M MgCl2, 100 µl 5M NaCl, 20 µl 0.5M EDTA pH 8, 280 

µl ddH2O. BsaI restriction enzyme (NEB), Cut Smart buffer (NEB), T4 DNA 

ligase, 2× Quick ligase buffer (QLB), Kanamycin, competent cells. 1 µg of 

pDR274 vector was linearised with restriction enzyme BsaI in a 50 µl total 

reaction as outlined in section 2.1.8. The linearised pDR274 vector was run on 

a 1% agarose gel and gel extracted, as outlined in 2.1.6 and 2.1.7. The 

concentration of the purified vector was normalised to 5 ng/µl in ddH2O. gRNA 

annealing oligos were ligated to one another by adding 1 µl of each oligo (100 

µM) and 5 µl of 10× annealing buffer into a 0.2 ml PCR reaction tube. The 

reaction was made up to 50 µl with ddH2O. The reaction mixture was briefly 

spun in a microcentrifuge tube before it was placed into a Thermo Hybaid PCR 

Express thermal cycler, starting at 95°C and reducing by 1°C every 30 sec until 

4°C. Annealed oligos were ligated into the digested pDR274 vector using 

methods outlined in section 2.1.10. After an overnight incubation at 4°C, the 

ligation was transformed into E. coli, and plasmid miniprep DNA was prepared 

(section 2.2.4 and 2.2.5). Plasmids were sent off for sequencing to check for 

errors and the correct orientation of the insert. Once confirmed, maxi preps 

were prepared to obtain higher qualities of DNA plasmid vectors (section 2.2.6). 

2 µg of gRNA-pDR274 vector was linearised with DraI (section 2.1.8). The 

reaction was stopped and DNA was precipitated with 1/20th sample volume of 

0.5M EDTA, 1/10th sample volume 3 M sodium acetate and 2 sample volumes 

of 100% ethanol were added. The sample was chilled at -20°C for at least 30 

min and centrifuged at 14,000 rpm at 4°C. The DNA pellet was washed with 

70% cold ethanol, air-dried and re-suspended in 10 µl of ddH2O. The linearised 

and purified gRNA-pDR274 vector was used for RNA synthesis as outlined in 

2.3.7 using the Highscribe™ High Yield RNA synthesis kit. 

 

Maxipreps were also prepared for the pT3TS-nCas9n vector. 5 µg of pT3TS-

nCas9n vector was linearised with XbaI using methods outlined in section 2.1.8 

in a total reaction of 50 µl. The digestion was incubated at 37°C for 3 h to 
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ensure complete digestion. 5 µl linearised pT3TS-nCas9n vector was subjected 

to electrophoresis at 100 V for 30 min using uncut vector as a control. To stop 

the reaction and precipitate DNA, 1/20th sample volume of 0.5M EDTA, 1/10th 

sample volume 3M sodium acetate and 2 sample volumes of 100% ethanol 

were added to the sample. The sample was chilled at -20°C for at least 30 min 

and centrifuged at 14,000 rpm at 4°C. The DNA pellet was washed with 1 ml 

70% cold ethanol, air-dried and re-suspended in 10 µl of ddH2O. The purified 

DNA was quantified using a Nanodrop to assess the concentration. Purified and 

linearised Cas9 nuclease was used for RNA synthesis as outlined in section 

2.3.7.  

 

2.3.7 In vitro transcription and purification of RNA  

RNA was synthesised either from a linearised plasmid vector or from PCR 

product. DNA was purified using the phenol/chloroform/isoamyl alcohol 

extraction outlined in section 2.1.9 (GlyR α subunit RNAs) or ethanol 

precipitated (gRNA and Cas9 nuclease). mMessage mMachine SP6 and T3 kits 

were used for RNA synthesis of GlyR α subunit RNA and Cas9 nuclease RNA, 

respectively. The following reagents were added to a 1.5 ml microcentrifuge 

tube, 10 µl 2× NTP/CAP, 2 µl 10× Reaction Buffer, 100 ng - 1 µg linearised and 

purified template DNA and 2 µl SP6 or T3 RNA Polymerase. The volume of the 

reaction was adjusted to 20 µl with nuclease free water. The tube was 

centrifuged briefly in a bench top microcentrifuge and incubated in a Thermo 

Hybaid PCR Express thermal cycler at 37°C for 2-3 h. Following incubation, 1 µl 

Turbo DNase enzyme was added, mixed and the tube was incubated at 37°C 

for 15 min. GlyR α subunit RNAs were purified by adding 30 µl of lithium 

chloride precipitation solution (7.5 M LiCl, 50 mM EDTA) to the RNA synthesis 

reaction, followed by a centrifugation at 4°C for 15 min at maximum speed. The 

supernatant was carefully removed and the pellet was washed with 1 ml 70% 

ethanol before centrifugation. The ethanol was then removed and the RNA was 

resuspended in 25 µl RNase free water. Following Cas9 nuclease RNA 

synthesis using the mMessage mMachine T3 kit a polyA tail added to increase 

the stability of the RNA using the Ambion polyA tailing kit. 20 µl of 5× E-PAP 

buffer, 10 µl of 25mM MnCl2, 10 µl of 10mM ATP and 4 µl E-PAP enzyme were 

added to the mMessage mMachine reaction. The reaction was equated to 100 

µl with nuclease free H2O. The reaction was incubated at 37°C for 1 h in a 
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Thermo Hybaid PCR Express thermal cycler. The sample was kept on ice or 

stored at -20°C. Purification of the Cas9 nuclease RNA was performed using 

the RNeasy Mini kit (Qiagen). The sample was adjusted to 100 µl with RNase 

free H2O and 350 µl of buffer RLT was added and mixed with the sample. 250 

µl of 96-100% ethanol was added to the sample and mixed before the sample 

was applied to the RNeasy column. The column was spun at 14,000 rpm for 30 

sec before 500 µl buffer RPE was added. The column was spun for a further 30 

sec. The sample was washed with buffer RPE a second time before spinning for 

2 min at full speed to dry the column. The RNA was eluted with 35 µl of RNase 

free H2O or TE buffer. RNA was diluted to 300 ng/µl and aliquots were made to 

be stored at -80°C. One aliquot of 600 ng (Cas9 nuclease RNA) was prepared 

for running on a polyacrylamide urea gel detailed in section 2.3.8. 

 

The gRNA synthesis was performed using Highscribe™ High Yield RNA 

synthesis kit (NEB). 10 µl NTP buffer mix, 50 ng -1 µg template DNA and 2 µl 

T7 RNA polymerase were added to a 0.2 ml PCR reaction tube. The reaction 

was made up to a final volume of 30 µl with ddH2O. The reaction was incubated 

at 37°C for 4 h in a Thermo Hybaid PCR Express thermal cycler. Following 

RNA synthesis, 1 µl of TURBO DNase was added to each sample and 

incubated for 15 min at 37°C. The RNA was purified using the miRNeasy kit 

(Qiagen). 1.5 sample volume of 100% ethanol was added to the sample. The 

reaction was applied to the miRNeasy column and spun at 14,000 rpm for 30 

sec. The flow through was discarded and 700 µl buffer RWT was added to the 

column before it was spun at 14,000 rpm for 30 sec. The column was washed 

twice with 500µl buffer RPE and spun at full speed for 30 sec. To remove 

residual buffer, the column was spun at 14,000 rpm for 2 min. RNA was eluted 

with 35 µl of RNase free H2O. The RNA was kept on ice, aliquots were made 

into 200 ng/µl dilutions and stored in in aliquots at -80°C until needed. One 

aliquot of 600 ng (gRNA) was used to run on a polyacrylamide urea gel detailed 

in 2.3.8. 

 

2.3.8 Electrophoresis of RNA using Novex TBE polyacrylamide urea gels 

RNA electrophoresis was used to assess the quality and size of RNA prior to 

microinjection into zebrafish embryos. Materials required: Novex®TBE-Urea 

Gels 6% 10 well, RNA ladder, Novex® 2× TBE urea sample buffer (Invitrogen), 
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SYBR Safe DNA Gel Stain (Invitrogen), 5× Novex® TBE running buffer 

(Invitrogen), MiniCell electrophoresis tank and electrophoresis unit. A precast 

Novex® TBE-Urea gel was prepared first by placing the gel in a MiniCell, filling 

the MiniCell with 1× TBE and running the empty gel at 200 V for 30 min. 

Meanwhile, aliquots of RNA and RNA ladder were thawed. Once thawed, 2 µl of 

2× TBE-Urea sample buffer were added to each of the samples and the ladder 

and boiled for 10 min at 70°C. The samples were left on ice to cool for 2 min. 

The wells were washed with 1× TBE, removing urea and gel fragments. The 

samples were loaded into the wells and subjected to electrophoresis at 200 V 

for 30 min. The gel was removed from the plastic cassette and washed in 1× 

TBE for 15 min. The gel was stained by soaking 10 µl of SYBR Safe in 100 ml 

of 1× TBE for 30 min before examining under blue light.  

 

2.3.9 Genotyping gRNA and Cas9 nuclease RNA injected zebrafish 

Preliminary genotyping was performed using High Resolution Melt (HRM) 

analysis. HRM analysis involved an initial PCR reaction with incorporation of 

fluorescently-tagged nucleotides into the final transcript followed by transcript 

melting. Melting was achieved by gradual temperature increase from 50°C to 

95°C and the fall in fluorescence/melting of double-stranded DNA (dsDNA) was 

quantified. A melting difference was observed between wild-type and mutated 

transcripts and gave an estimation of the rate of mutagenesis. Primers were 

designed to be 18-25 bp in length, flanking the target sequence with a melting 

temperature close to 59°C and an amplicon size around 80-100 bp. HRM 

primers used are detailed in the appendix. HRM PCR was performed using 

Type-it kit (Qiagen). DNA was extracted from injected embryos outlined in 

section 2.1.2. The following reagents were added to a LightScanner 96-well 

plate; 12.5 µl Type-it Mix, 1.75 µl primer mix (diluted to 10 pmol/µl each), 1 µl 

template DNA, made up to a final volume of 25 µl with ddH2O. A drop of mineral 

oil was placed on each well before an optically clear heat seal was firmly placed 

on top of the plate. The plate was placed into a Thermo Hybaid PCR Express 

thermal cycler and run with an initial denaturation step of 95°C for 5 min, 

followed by 40 cycles of denaturation at 95°C (10 sec), annealing at 60°C (30 

sec) and elongation at 72°C (10 sec). Following the PCR, the plate was 

transferred to a LightScanner® System (Idaho Technology Inc). The 

LightScanner system gradually increases the temperature of the PCR product, 
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eventually separating dsDNA. A dye that was intercalated with the dsDNA, was 

separated from the DNA following melting, leading to a reduction in 

fluorescence. The fluorescence is monitored by the LightScanner system, 

plotted against the temperature. DNA that is homozygous or heterozygous will 

show obvious differences in melting temperatures compared to wild type 

curves. Mutated DNA melts at a much faster rate to wild-type DNA. This method 

is a fast and inexpensive method to detect mutations.   

 

Although HRM analysis is quick and inexpensive, MiSeq illumina sequencing 

gives an exact measure of the rate and nature of indels introduced by 

CRISPR/Cas9 mutagenesis. Universal tags were appended to the 5’ end of 

each MiSeq primer. The primers were designed to have melting temperatures 

close to 59°C. As appended universal tags meant that the MiSeq primers were 

very long, PCR optimisation was performed. The primers were designed to 

amplify a region of around 160-180 bp, keeping the gRNA target in the middle 

of the amplicon. Primers designed are detailed in the appendix. An initial PCR 

was performed using MiSeq primers (section 2.1.5) and DNA was extracted 

from mutated fish or embryos (section 2.1.2). Following the PCR, the PCR 

reaction was diluted to 25 ng/µl and given to Claudia Wierzbicki (CBD, UCL) 

who performed a PCR with pooled sample, amplifying from universal tags. 

Sequencing was performed using a MiSeq System (Illumina). Data was 

extracted and aligned with the reference sequence using the GSNAP tool in 

Sequencher® (https://www.genecodes.com).  

 

In the final stages, deletions inherited by the F2 generation were large enough 

(26 bp) to be quantified by performing a standard PCR assay and PCR 

products were subjected to electrophoresis using a 3% agarose gel (as outlined 

in sections 2.1.5 and 2.1.6). Two sets of primers were used (detailed in the 

appendix) to sit outside from the MiSeq amplicon to avoid contamination. The 

primers were designed to be 18-25 bp in length with melting temperatures close 

to 59°C. The wild-type and mutant amplicons were 215 and 189 bp (first set of 

primers) and 248 and 222 bp (second set of primers) in length. The genotype 

was observed on the agarose gel by a single longer band (wild-type), a double 

band (heterozygote) or a single shorter band (homozygote).  
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2.3.10 Microinjection of zebrafish in Norway and London 

Reagents required for microinjection in Norway; Equipment required for 

microinjection: E3 medium, Phenol red solution - phenol red was dissolved to 

2.5% (w/v) in nuclease free water, stored at -20°C in 1 ml aliquots for up to a 

year. Microinjection needles were made using a Sutter P-87 micropipette puller 

(settings: heat = 645, pull = 163, velocity = 145 and time = 50) by pulling glass 

capillaries (Narishige GC-1) into a long, fine needle. The end of the needle was 

broken with fine forceps to create a tip of around 2-3 µm in length. Once the tip 

had been broken, it was used immediately for injection. Microinjection set up - 

The MPPI-3 pressure injection system (ASI, Oregon, USA) with a foot pedal 

trigger was set up according to the manufacturer’s instructions. Compressed air 

of at least 20 psi was required for microinjections. Microinjections - wild-type 

TAB zebrafish were mated in a 1 litre tank by placing two females and two 

males together, separated from the embryos by a wired grid insert. The wired 

grid insert was designed to let embryos through gaps, but kept adult fish 

separated. Adult zebrafish have been known to eat their fertilised eggs and it is 

for this reason that we kept them separated. The eggs were collected into a 

petri dish containing E3 water. Deceased embryos (opaque white colour) and 

debris were removed from the petri dish and the water was refreshed with new 

E3 water. Around 2.6 µl of the RNA or morpholino mixed with phenol red 

solution was inserted into the fine needle using a capillary pipette tip prior to 

microinjection. Embryos were injected at a one-cell to two-cell stage by 

penetrating the chorion of the embryo and moving into the yolk/cytoplasmic 

division. The RNA or morpholino was then injected into the cytoplasm, filling up 

at least one tenth of the one-cell stage embryo. Some uninjected embryos were 

also spared as controls to confirm the health status of the clutch. The embryos 

were then incubated at 28.5°C in petri dishes for various periods of time (Suster 

et al 2011).  

 

Microinjection of zebrafish in London: Zebrafish embryos were microinjected in 

London for CRISPR experiments using a different set of equipment. Injection 

needles were prepared by pulling borosilicate standard wall with filament glass 

capillaries using a Sutter micropipette puller lent by Dr Arnaud Ruiz (settings: 

heat =583, pull=70, velocity=135 and time=200). The microinjection set up 

comprised of a Picospritzer® III pressure injection system with a foot pedal 
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trigger. The tip of the pulled capillary was broken off using fine forceps, 3-6 µl of 

the gRNA/ Cas9 RNA/phenol Red mixture was pipetted into the capillary using 

a long fine pipette tip. The amount of liquid ejected was calibrated to 1 nl in size 

using a graticule and the psi of the pressure injection system was adjusted 

accordingly. Adult fish were paired the night before microinjection and placed 

into a tank with a slotted plastic insert, designed to separate the fish from the 

eggs. A divider was placed between the two fish and removed in the morning, 

shortly before embryos were needed for injection. Once the eggs were laid, 

they were collected periodically to ensure the embryos were still of early 

development. Into one-cell stage embryos, 2 nl of the RNA or morpholino 

mixture was injected into the yolk, near to the cell. Embryos were incubated at 

28.5°C. 

 

2.3.11 Analysis of zebrafish larvae locomotion 

Videos of zebrafish larvae injected with morpholino or RNA were taken using a 

Y3 camera at 500 fps mounted onto a light microscope frame. The larvae were 

placed individually in E3 water in a small petri dish. Unbroken glass capillaries 

from the microinjection set up were used to touch the tail of larvae and touch-

evoked escape responses were recorded. Videos were cropped using ImageJ 

(https://imagej.nih.gov/ij/), ascertaining which frame the larva was touched and 

when it moved. Coordinates of the larva head were recorded at the touch frame 

and 50 frames after touch. Using ImageJ, drawing a line from the touch frame 

coordinates to the coordinates 50 frames later gave a distance (in body length) 

and direction (angle) the larva swam in. The distance and direction 

measurements were converted into X and Y coordinates using the following 

calculation: 

 
X coordinates=Distance*cosine (Angle/180*Pi) 
Y coordinates=Distance*sine (Angle/180*Pi) 
 
X and Y coordinates were imported into MatLab 2016a program to generate a 

compass plot displaying the direction and distance for mutant larvae compared 

to wild type larvae. The following code was used, plotting coordinates on a 

circular plot. The colour of the line was specified using the code ‘-r’, for example 

indicating a solid line (-) and colour specified red ‘r’. To generate a compass plot 

using X and Y coordinates, the MatLab code used was “compass(X,Y,’-r’)” .  
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2.3.12 Sleep/wake movement assay 

Zebrafish larvae at 4 dpf were placed into individual wells in a 96-well 

rectangular plate and held inside a custom-modified Zebrabox (Viewpoint Life 

Sciences). The Zebrabox tracked the movements of larvae over 2 days using 

infrared lights and illuminating with white light between the hours of 9am-11pm. 

The temperature was maintained at a temperature of 28.5°C. Larvae movement 

was measured at 15 Hz. Each larva was measured with an integration time 

(distance swum over a time interval) of 1 min. Following the sleep/wake assay, 

larvae were euthanised in tricaine, the genotype was confirmed for each larva 

and data was adjusted accordingly in MatLab to compare behaviour of mutant 

(heterozygotes and homozygotes) with wild-type larvae.  

 

2.3.13 Statistical methods for zebrafish larvae locomotion assays 

Statistical analysis for the morpholino and RNA injected larvae touch-evoked 

escape response assays (chapter 3) was performed using the Pearson’s 

correlation coefficient test followed by the correlation statistical tool in Excel. 

Pearson’s r-values were compared against a Pearson’s correlation coefficient -

critical values tables according to 1 degree of freedom.  Statistical analysis for 

the independent samples t-test and one-way analysis of variance (ANOVA) 

were performed using the statistical software package, SPSS. The independent 

samples t-test was used to compare GlyR α2 morpholino, GlyR α2 RNA, GlyR 

α4aR278Q and α4bR280Q RNA injected larvae swimming distances with controls. 

One-way ANOVA was used to assess the differences in average spontaneous 

coiling, head size and activity across genotypes in the GlyR α2-knockout line. 

Values are displayed as the means ± standard error of the mean (SEM). P-

values below 0.05 were considered statistically significant.   

 
2.3.14 Zebrafish embryonic brain dissection  

Dissection of the tissue surrounding the zebrafish brain allows antibodies to 

permeate into the brain, as well as reducing any autofluorescence from the 

eyes and skin. Firstly, larvae were euthanised in tricaine before they were fixed 

overnight in 4% sweet PFA (4% PFA with 4% sucrose in PBS pH 7.3). Larvae 

were washed in PBS several times the next day and were kept in the fridge for 

up to one week before dehydrating in methanol and storing at -20°C. Under a 

dissecting microscope, a drop of PBS was pipetted into the centre of a Sylgard 
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dish. A fixed larva was placed on the Sylgard dish and using forceps, the larva 

was pinned laterally with minute pins twice in the tail, level with the notochord. 

Once the larva was pinned, the eyes, jaw and yolk were removed. At the level 

of the auditory vesicle, the skin was teased off in a rostral direction (Fig 2.5). 

Once the larva was dissected, the pins were removed and the larva was placed 

in PBS for tail clipping, genotyping and immunohistochemistry.  
 

 
Figure 2.5 Dissection of zebrafish larvae in a Sylgard dish. Zebrafish larvae were pinned in 
two places in the tail. Eyes, jaw and yolk sac were removed. A small incision was made into the 
auditory vesicle and skin was gently pulled away in a rostral direction to uncover the brain. A: 
Zebrafish larva were pinned to the Sylgard dish prior to dissection. B: Zebrafish larva after 
dissection. Tail and spinal cord were still attached whilst the brain is exposed.  
 

2.3.15 Immunohistochemistry of zebrafish brain and spinal cord 

Immunohistochemistry was performed on the glra2u4007 knockout line generated 

using CRISPR methods. Larvae at 4 and 5 dpf were dissected so that their 

brains were exposed (2.3.13). Following brain dissection, small amounts of tail 

were removed from dissected larvae and DNA was extracted. Larvae were then 

separated according to genotype (homozygotes, heterozygotes and wild type) 

and dehydrated in methanol (1 × 5 min wash with 50% methanol in PBTr and 3 

× 5 min wash in 100% methanol) before they were placed in a freezer at -20°C 

overnight, aiding permeabilisation. Larvae fixed in this way can be stored at         

-20°C for up to 6 months. When enough larvae were dissected, genotyped and 

dehydrated, they were rehydrated (1 × 5 min 50% methanol in PBTr followed by 

3 × 5 min washes in PBTr.). A 10 min proteinase K digestion (optimal for 

dissected larvae) was performed at room temperature on a shaker to 

permeabilise the tissue. The larvae were then rinsed with three washes of PBTr 

followed by a post-fix in PFA for 20 min at room temperature. Following the 

incubation, larvae had three 5 min washes in PBTr. The larvae were then 

blocked by incubating in IB for at least 1 h at room temperature on a shaker. 

Following the incubation, IB and primary antibodies (anti-acetylated tubulin and 
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SV2) were added to the tubes containing the larvae and incubated overnight at 

4°C. Primary antibodies were removed by rinsing the larvae three times in PBT. 

The larvae were washed a further 4 × 30 min PBT washes, incubating at room 

temperature on a shaker during the 30 min intervals. The secondary antibodies 

were diluted in PBTr, added to the tubes containing the larvae before incubating 

overnight at 4°C on a shaker. The secondary antibodies used were IgG1 Alexa 

633 goat anti mouse and IgG2b Alexafluor 488 goat anti-mouse (y2b)(Sigma) in 

addition to a nuclear stain, Sytox® orange (Molecular Probes). The tubes were 

held in a petri dish wrapped in foil to block out any light. The following day, the 

larvae were rinsed three times in PBTr before they were washed 4 × 30 min in 

PBTr on the shaker at room temperature. The larvae were washed in increasing 

concentrations of glycerol in PBS (20%, 50%, 70% and 80%). The 

concentration was increased as soon as the larvae had reached the bottom of 

the tube. If the larvae were not originally near the top of the tube at the start, 

they were perturbed and turned to aid glycerol permeabilisation into the larvae 

tissue. The larvae were then ready for image processing.  

 

A 22×22 coverslip was placed on a slide. Silicone grease was smeared on both 

sides of a glass ring and placed down on the coverslip. The ring was filled 2/3 

full with heated 80% glycerol in 1% agarose. A larva was placed in the ring and 

pushed to the very bottom and adjusted to the appropriate orientation. The 

agarose was then cooled and 80% glycerol in PBS was pipetted onto the top to 

prevent trapped bubbles between the agarose and the slide. Another slide was 

placed on top of the agarose ring to seal the mount. The slide was turned over 

so that the larva is situated at the top of the prep, under the coverslip (Fig 2.6). 

Confocal imaging was performed using a Leica multiphoton microscope and 

imaged in ImageJ.  
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Figure 2.6 Diagram indicating the methods used to mount a zebrafish larva for confocal 
imaging. A glass ring was smeared with silicone grease on both sides and placed onto a 
coverslip. Agarose was filled in the glass ring chamber to 2/3 capacity and the larva was placed 
into the agarose. The larva was orientated and pushed to the bottom of the agarose. A small 
amount of 80% glycerol in PBS was put on top of the agarose and a slide was pressed down on 
the ring containing the larva, sealing the mount. The slide was turned over and left to cool on an 
ice block until the agarose had completely set.  
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3. A DEAH BOX RNA HELICASE MUTANT WITH A DEFECTIVE ESCAPE 
RESPONSE  
 

3.1 Background 

The RNA helicases are divided into superfamilies according to their structure 

and conserved motifs. Superfamily (SF) 1 and 2 are non-ring forming helicases 

with a core domain and two RecA-like domains. The remaining superfamilies, 

SF 3-6 are ring-forming helicases with a core domain and one RecA-like 

domain. SF1 and 2 nucleases share high sequence identity, leading to similar 

structures and folds. They are involved in most DNA/RNA processes, most 

commonly unwinding DNA or RNA duplexes. SF1 and 2 helicases have been 

further divided into subfamilies, UvrD/Rep, Pif1-like and Upf1-like (SF1) and 

DEAD-box, DEAH/RHA and Ski2-like (SF2) (Raney et al 2013; Byrd and Raney 

2012; Singleton et al 2007; Fairman-Williams et al 2010). Despite these 

classifications of helicases according to structural similarity and functional 

differences, little is known about their functional roles.  

 

The focus of this study is a DEAH-box RNA helicase, which is a member of the 

SF2 helicase family. DEAH (Asp-Glu-Ala-His) box polypeptide 37 (dhx37) is a 

DEAD box protein. DEAD box proteins are necessary for cellular processes, 

such as the modification of RNA secondary structure. A yeast homologue of 

dhx37, the DEAH-box protein Dhr1p regulates ribosomal RNA (rRNA) synthesis 

and is associated with the preribosomal complex (Colley et al 2000; Grandi et al 

2002). Recent discoveries using whole-exome sequencing in 128 mainly 

consanguineous families with neurogenetic disorders have highlighted the 

importance of DHX37 in neuronal development. Rare variant analysis, 

highlighted two families with mutations in DHX37. The first family (BAB4019) 

had a proband with the mutation p.R487H with autosomal recessive 

inheritance, presenting with severe microcephaly, syndromic developmental 

delay, cortical atrophy and seizures. The second family (BAB4434) had a 

proband with the mutation p.N419K inherited in an autosomal recessive 

manner, presenting with severe microcephaly, polymicrogyria (fused folds of the 

brain) and dysgenesis of the corpus callosum (Karaca et al 2015).  
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The DHX37 protein contains a DEAD box domain, a conserved helicase C-

terminal domain (Helicase C), a helicase associated domain (HA2) and an 

oligonucleotide/oligosaccharide-binding fold domain (OB NTP binding). The 

p.R487H mutation in the first family was located between the conserved DEAD 

box domain and helicase C-terminal domain. The p.N419K mutation, however 

in the second family was located in the DEAD box domain. The DEAD box is 

known to play an important role in RNA metabolism such as pre-mRNA splicing 

and translation initiation and is highly conserved throughout DEAD-box proteins 

(Karaca et al 2015). Both mutations clearly disrupt the function of DHX37, 

preventing the protein from performing important tasks within RNA metabolism 

leading to pronounced neurodevelopmental malformations and intellectual 

disability. However, the biological function and substrate specificity of the 

vertebrate homologue dhx37 were unclear. In our investigation, we have 

discovered Dhx37 has a role in substrate-specific splicing of mRNAs encoding 

components of glycinergic synapses in zebrafish.  

 

Zebrafish are a useful model for the study of motor circuits in vivo as motility 

and behaviour differences can be observed within 48 hpf. The first zebrafish 

muscle contractions occur as early as 18 hours after fertilisation (Felsenfeld et 

al 1990). At 24 hpf, a zebrafish embryo twists its body, flexing its tail around its 

trunk in a movement known as spontaneous coiling. At 48 hpf, a zebrafish 

larvae displays a fast escape response to tactile stimulation comprising a c-

bend away from the stimulus, followed by bouts of swimming (Hirata et al 2013). 

Zebrafish with defective glycinergic inhibition display reduced spontaneous 

coiling or an abnormal escape response in the form of bilateral muscle 

contractions and an inability to swim away from the stimulus. In 1996, Granato 

et al performed a large mutagenesis screen of mutant zebrafish with defective 

motility at 48-60 hpf. The mutants were grouped according to their responses to 

touch; no response, normal but reduced response, vigorous but abnormal 

response, or simultaneous, bilateral contractions. Mutants in the latter group 

were named ‘accordion’ mutants for their bilateral contractions resulting in a 

shortened body (Granato et al 1996). Normal swimming occurs by reciprocal 

inhibition between alternate sides of the spinal cord. Loss of reciprocal inhibition 

causes motor neurons to activate simultaneously on both sides of the spinal 

cord leading to bilateral muscle contraction and dorsal flexure of the body. The 
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bandoneon (beo) mutant has mutations in glrbb, encoding the GlyR βb subunit. 

Beo mutants show bilateral muscle contractions in response to touch (Hirata et 

al 2005). Zebrafish larvae treated with strychnine (a GlyR antagonist), display a 

similar response to touch with slow swimming at low concentrations and no 

swimming at higher concentrations (Hirata et al 2013). This shows that 

exploring causative genes for zebrafish mutants with defective escape 

behaviours to tactile stimuli reveals genes that are important for neuronal 

excitability and synaptic transmission. 

 

A novel zebrafish mutant (Nig1, National Institute of Genetics-1) had a 

neuromotor phenotype characterised by an abnormal dorsal bend at the 

beginning of tactile-evoked escape swimming. This response was similar to 

what had previously been observed in the bandoneon mutant and experiments 

were set out to reveal the causative gene. Within this study, I designed 

morpholinos to target the causative gene and selected GlyR subunits to 

recapitulate the mutant tactile-evoked response. I also cloned GlyR cDNAs that 

were used in experiments aimed at recovering the Nig1 mutant. The focus of 

this study will first introduce what collaborators revealed in this analysis, which 

have been published in the Journal of Neuroscience (Hirata et al 2013). 

Following this introduction, I will discuss my study aims before detailing 

morpholino designs, results of behavioural assays and statistical analysis.  

 

At 2 dpf, zebrafish larvae trunk muscles are activated on one side, causing a 

lateral turn within milliseconds of touch. Swimming is evoked by activation of 

trunk muscles on one side with subsequent inhibition on the other side, 

alternating so that the tail propels the larvae forwards (Hirata et al 2005). Wild-

type larvae perform a lateral c-bend followed by swimming (level 1, Fig 3.1A). 

Glycine receptors (GlyRs) are responsible for inhibition in the spinal cord and 

brainstem, ultimately preventing uncontrolled muscle contraction. Strychnine 

binds to the same agonist-binding pocket, distorting the receptor into a closed 

state conformation, precluding glycine binding and chloride ion flux. Loss of 

inhibition leads to increased excitatory neurotransmission and prolonged 

muscle contraction. Nig1 mutants displayed abnormal touch-evoked responses 

and died by 10 days post fertilisation. Touch-evoked responses were recorded 

and grouped into three categories; level 1, a normal c-bend followed by 
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swimming; level 2, a dorsal bend with subsequent swimming and level 3, a 

dorsal bend without swimming. The majority (92%, 44/48) of Nig1 mutants 

displayed level two responses, complete with a dorsal bend followed by 

swimming (Fig 3.1B). The remainder (8%, 4/48) displayed level 3 responses 

with a dorsal bend in response to a touch-evoked response without subsequent 

swimming (Fig 3.1C). As this mutant was similar to the bandoneon mutant 

observed previously, application of strychnine was used as a control to 

compare against the behaviour seen in Nig1 mutants. Bath application of 

strychnine to wild-type zebrafish larvae induced level 2 (21%, 17/81) and level 3 

(38%, 31/81) responses at 30 µM concentrations. At a higher dose (70 µM), 

strychnine induced mostly level 3 responses (88%, 57/65). Strychnine 

application to Nig1 mutants resulted in level 2 responders becoming severely 

compromised in motor skills, confirming that glycinergic inhibition was indeed 

defective within this mutant (level 3: 78%).  
 

 

Figure 3.1 Touch-evoked responses in wild-type controls and Nig1 mutant larvae at 2 dpf. 
A: In wild-type larvae touch evokes a c-bend followed by a lateral turn and swimming. B: Most 
Nig1 mutants displayed a dorsal bend followed by swimming (level 2). C: Some Nig1 mutants 
displayed a dorsal bend without subsequent swimming (level 3). Single frames were extracted 
from high-speed videos from Hiromi Hirata. 
 

 

 

A WT 

B Mild Nig1 

C Severe Nig1 
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Spontaneous miniature glycinergic current measurements in wild-type and 

mutant confirmed glycinergic dysfunction. Miniature glycinergic currents were 

significantly lower in mutants compared to wild-type (Nig1: 0.08 ± 0.05 Hz, wild-

type: 0.39 ± 0.17 Hz, p<0.01; Fig 3.2A and B). Immunolabelling of mutant spinal 

sections with GlyR α, acetyl tubulin and gephyrin further confirmed glycinergic 

dysfunction with mutants sections showing a lower expression of GlyR α 

subunit clusters (Fig 3.2E and F). Immunolabeling with acetyl tubulin and 

gephyrin was comparable between wild-type and mutant zebrafish spinal 

sections (Fig 3.2C and D). Western blots using whole embryo protein extracts 

also confirmed GlyR α subunit protein loss, using acetyl tubulin and gephyrin as 

controls. Whilst western blots for acetyl tubulin and gephyrin were unchanged 

gephyrin (1.06 ± 0.21, n=6; acetyl tubulin, 1.10 ± 0.14), GlyR α subunit protein 

was significantly reduced in mutants compared to controls (Fig 3.2G; 0.37 ± 

0.15, p<0.01). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2 Defective glycinergic inhibition discovered in Nig1 mutants. A: Spontaneous 
glycinergic synaptic currents blocking Na+ channel, AMPA, NMDA, GABAA and nACh receptors. 
B: Spontaneous glycinergic currents were reduced in Nig1 mutants in comparison to wild-type 
controls. C and D: Labeling gephyrin and acetyl-tubulin in a wild-type lateral section of spinal 
cord in wild-type and Nig1 mutants. E and F: GlyR α and acetyl-tubulin labeling in wild-type and 
Nig1 mutant spinal cord sections. G: Western blot for gephyrin, acetyl-tubulin and GlyR α 
subunit protein in whole-embryo protein extracts indicated that GlyR α subunit protein was 
reduced in mutants. Experiments conducted by Hiromi Hirata.  
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Glycine transporter 1 (GlyT1) blockade is known to enhance glycinergic 

inhibition through precluding glycine recycling, allowing glycine to remain in the 

synaptic cleft longer and potentiate glycine receptors. Consistent with previous 

findings, some Nig1 mutants were able to respond without the dorsal bend after 

touch following application of sarcosine (NFPS; a GlyT1 inhibitor) into larvae 

ventricles (17%, 3/18). A proportion of NFPS-injected mutants, however 

became immobile (28%, 5/16).  

 

Genetic mapping of the Nig1 line using microsatellite marker mapping and DNA 

sequencing found a mutation within an RNA helicase dhx37, which resulted in 

the amino acid change p.L489P. It was surprising that defects in an RNA 

helicase could lead to glycinergic inhibitory dysfunction. As RNA helicases are 

known to be involved in mRNA processing, qPCRs, Northern blots and RT-

PCRs were performed on selected GlyR transcripts. qPCR indicated that GlyR 

α1, α3, α4a, βa and gephyrin b transcripts were reduced in mutants compared 

to wild-type (Fig 3.3A). Northern blotting further confirmed mRNA levels for 

these genes were also reduced in mutants compared to wild-type (Fig 3.3B). 

Results indicated that whilst mRNA levels were reduced in mutants for selected 

GlyR α subunits and gephyrin b transcripts, rRNA biogenesis remained 

unchanged. Splicing was investigated using RT-PCR for only GlyR α4a and 

gephyrin as the intron lengths for GlyR α1 and α3 were too long. Unspliced 

transcripts were detected for GlyR α4a and gephyrin in Nig1 mutants (Fig 3.3C). 

An RNA immunoprecipitation assay was used to confirm the link between GlyR 

subunits and Dhx37. GlyR α subunit cDNAs with 5’- and 3’-UTR were co-

transfected into HEK293 cells with a FLAG-tagged Dhx37 expression vector. 

HEK293 cell extracts were immunoprecipitated and an RT-PCR was performed 

to identify transcripts. Using anti-FLAG and control IgG as controls, co-

immunoprecipitates were found to contain GlyR α1, α3 and α4a transcripts (Fig 

3.3D). This assay clearly indicated that Dhx37 displayed substrate specificity to 

selected GlyR α subunits.  
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Figure 3.3 Expression assay of selected key genes at the glycinergic synapse. A: qPCR 
results indicated that expression levels of GlyR α1, α3, α4a, βa and gephyrin b transcripts were 
reduced in dhx37nig1 mutants. B: Northern blotting confirmed mRNA levels were reduced for 
GlyR α1, α3, α4a and gephyrin b, whereas actin b1 was unchanged in dhx37nig1 mutants. C: 
RT-PCR for GlyR α4a and gephyrin b spliced and unspliced transcripts. Arrows indicate 
unspliced transcripts present in dhx37nig1 mutants. D: HEK293 cells were co-transfected with 
GlyR cDNA and a FLAG-Dhx37 expression vector. Immunoprecipitation using anti-FLAG and 
subsequent RT-PCR indicated that whilst Dhx37 co-immunoprecipitated with GlyR α1, α3 and 
α4a subunits, it did not however associate with the GlyR α2 subunit. Arrows indicate subunits 
that co-immunoprecipitated with Dhx37. Data from Hiromi Hirata. 
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3.2 Study aims  

To further investigate this novel mutant with an abnormal dorsal bend in 

response to a tactile stimulus, I designed some morpholinos to target Dhx37 for 

functional knockdown, rescue experiments and recapitulation of the Nig1 

mutant touch-evoked response. Furthermore, I designed morpholinos to target 

GlyR subunits so that combinations of these subunits could be co-injected and 

confirm which subunits were responsible for the dorsal bend behaviour. This 

experiment was designed to confirm that the loss of selected GlyR subunits as 

a result of the p.L489P mutation within dhx37 could lead to a similar phenotype.  

 

The aims of this study were: 

- To analyse the L489 residue and the consequence of the p.L489P amino 

acid change. 

- To design morpholinos targeting Dhx37 and GlyR subunits for 

recapitulation of the Nig1 mutant phenotype.  

- To analyse the correlation between Dhx37, GlyR subunit morpholino 

injected larvae and RNA rescue using statistical tests.  
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3.3 Conservation of the L489 residue and morpholino knockdown 

To investigate the conserved nature of the L489 residue within Dhx37, the 

equivalent proteins were aligned for human, rat, mouse, zebrafish, Drosophila, 

C.elegans and S. cerevisiae using Uniprot. Analysis revealed that the L489 

residue mutated within the dhx37nig1 mutant was highly conserved throughout 

species, suggesting its importance in the structure and function of the RNA 

helicase (Fig 3.4). The p.L489P amino acid change was discovered to lie 

between the DEAD box and helicase C-terminal domain. Amino acid 

substitution predictions using SIFT and PolyPhen-2 indicated that the p.L289P 

substitution was damaging and probably damaging, respectively.  

Figure 3.4 The location of the p.L489P amino acid change in the protein sequence and 
the alignment of homologous Dhx37 proteins across species. The p.L489P amino acid 
change in Dhx37 is situated between the conserved DEAD box and helicase C-terminal domain. 
The amino acid residue L498 is highly conserved throughout species reflecting its importance in 
the Dhx37 structure.  
 
 
To investigate whether the phenotype was caused by the Dhx37 p.L489P 

mutation, we made in vitro transcribed RNA for wild-type Dhx37 and the Dhx37 

p.L489P mutant. RNA was injected into early-stage dhx37nig1 heterozygote 

incrossed embryos. 29% of the control RNA and 27% of Dhx37 p.L489P RNA 

injected embryos showed the abnormal escape response. The majority of wild-

type Dhx37 RNA injected larvae however displayed a normal escape behaviour 

(94%). I designed two specific antisense morpholinos to knockdown Dhx37. 

The first morpholino (MO1) was a translation-blocking morpholino and was 

designed to prevent translation initiation and protein synthesis. Translation 

initiation occurs by the initiation complex recognising the 5’ cap at the beginning 

of mRNA, followed by scanning of the 5’ leader sequence, upstream of the start 
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‘AUG’ site. Once the ‘AUG’ site has been found, ribosome assembly occurs and 

translation begins. Antisense morpholino oligos bind to the translation initiation 

start site and are believed to prevent initiation by blocking access to the start 

site, preventing ribosomal assembly (Summerton et al 1999; Draper et al 2001; 

Eisen and Smith 2008). The second morpholino (MO2) was designed to bind to  

complementary nucleotides on the splice donor site of exon 9. Antisense 

morpholino oligos bind to a splice site, blocking access of splicing machinery to 

the pre-mRNA resulting in exon skipping (most common) or intron retention 

(Draper et al 2001; Morcos 2007). Splice-blocking morpholinos have the 

advantage that splicing is easily observed from reverse transcription PCR from 

cDNA and observing the shifted band on an agarose gel. Verifying translation-

blocking morpholinos can be more tedious using Western blotting techniques 

with antibodies to observe a protein loss from whole-embryo extracts. Following 

the design of the morpholinos, the UCSC BLAT tool 

(https://genome.ucsc.edu/cgi-bin/hgBlat?command=start) was used to check 

the morpholinos and ensure there were no off-target sites that may confound 

phenotypes observed in morphants (Fig 3.5). 
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Figure 3.5 Translation-blocking and splice-blocking morpholino designs for dhx37. 
Morpholinos were designed for dhx37 to block translation and disrupt splicing in exon 9. A 
translation-blocking morpholino blocks translation by complementary binding to the start ‘ATG’ 
site, preventing protein from being expressed. The start site is highlighted in turquoise. A splice-
blocking morpholino was designed to bind complementary to the splice donor site across the 
intron-exon boundary of exon 9 and intron 9. Splice-blocking morpholinos are predicted to lead 
to exon skipping or intron retention.  
 
 

Wild-type larvae injected with either Dhx37 MO1 or MO2 displayed abnormal 

touch-evoked escape responses (Dhx37 MO1 = 82% (71/87); Dhx37 MO2 = 

91% (84/92)). Rescue of Dhx37 MO injected embryos was achieved by co-

injection with wild-type Dhx37 RNA. Rescue was unsuccessful however when 

Dhx37 MO was co-injected with either mutated Dhx37L489P or Dhx37D372A RNA 

(changing an important amino acid in the conserved DEAH motif; Fig 3.6). 
These RNA rescue and knockdown experiments strongly suggested that the 

p.L489P mutation is indeed responsible for the abnormal dorsal bend during a 

touch-evoked response. 
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Figure 3.6 Rescue of Dhx37-MO injected embryos by co-injection of Dhx37 RNA. Dhx37 
MO injection into early-stage wild-type embryos leads to level 1, 2 and 3 phenotypes in 
response to touch. Dhx37 MO co-injected with in vitro synthesised Dhx37 WT RNA restored a 
normal touch response. Co-injection of Dhx37 MO with either in vitro synthesised p.D372A or 
p.L489P RNA could not restore normal behaviour. Data from Prof Hirata.  
 
 
3.4 Analysis of Dhx37 morpholino injected larvae and rescue with wild-

type and mutant RNA data.  

To verify our results from the data received from the injection of Dhx37 

morpholino and rescue with wild-type and mutant RNA, I performed statistical 

tests. The statistical test was carried out using a Pearson’s correlation 

coefficient and checked using the correlation function in excel. Table 3.1 

indicates the r-values retrieved from original data giving an idea of the 

correlation across the array. Values close to 1.0 indicate a positive correlation, 

whereas figures closer to -1.0 indicate a negative correlation. Statistically 

significant Pearson’s r-values are indicated in blue. Original data from the touch 

response experiments can be found in the appendix. Results from the statistical 
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analysis confirmed that whilst the control morpholino had a strong correlation 

with Dhx37 morpholino co-injected with wild-type RNA, there appeared to be a 

negative correlation with control morpholino injected and Dhx37 morpholino co-

injected with mutant RNA (p.L489P and p.D372A). Furthermore, there was a 

positive correlation between Dhx37 morpholino injection and co-injection of 

Dhx37 morpholino with either mutated RNA, confirming that p.L489P is likely 

responsible for the abnormal touch-evoked response behaviour observed in 

Nig1 mutants (Table 3.1).  

 
Table 3.1 Pearson’s correlation coefficient between wild-type larvae responses injected 
with Dhx37 morpholino and rescue with wild-type and mutant Dhx37 RNA. P-values 
(indicated in blue) represent a two-tailed Pearson’s correlation coefficient with 1 degree of 
freedom, ns=not significant.  
 

3.5 Designing morpholinos for GlyR α and β subunits for targeted 

knockdown 

Translation blocking morpholinos were designed for the GlyR α and β subunits 

(glra1, glra2, glra3, glra4a, glra4b, glrba and glrbb) for targeted knockdown in 

zebrafish. Figure 3.7 shows an example of the translation-blocking morpholino 

targeting glra1. Intron and exon boundaries were aligned for all start sites for all 

GlyR α subunits and GlyR β subunits. As all GlyR α subunits and β subunits 

display similar identity to one another, it was important to align the sequences 

by highlighting matching nucleotides. In the example below, target nucleotides 

were highlighted, with matching nucleotides highlighted in grey (Fig 3.7). 

Translation-blocking morpholinos bind to complementary nucleotides on the 

start site and the sequence downstream. The total number of matches were 

added and inserted into a table (table 3.2) to assess whether the target sites 

were specific enough to each subunit. The morpholinos were then checked by 

running in UCSC BLAT (https://genome.ucsc.edu/cgi-

bin/hgBlat?command=start) to confirm there were no off target sites.  
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p<0.01 

p<0.05 

p<0.05 

p<0.02 

ns 

ns 

ns 

ns 

ns 

ns ns 

ns 

ns 

ns 

ns 



	 92 

 
 
Figure 3.7 Translation-blocking morpholino designs for GlyR α  subunit genes. The 
translation-blocking morpholino for all GlyR α subunits (glra1, glra2, glra3, glra4a, and glra4b) 
with complementary binding to the start ‘ATG’ sites. Above shows an example of the morpholino 
design for glra1. The start site is highlighted in blue. As GlyR α subunits have similar sequence 
identity, they were aligned against one another to check the percentage match of the TMOs to 
other closely related genes. 
 

 
Table 3.2 Total number of matching nucleotides for each GlyR α  subunit morpholino 
against each gene. A score lower than 13 was considered a good score for ensuring target 
specificity. Morpholinos were checked further using the UCSC BLAT tool.  
 
The translation-blocking morpholinos designed for the GlyR α subunits were the 

following:  
GlyR α1 TMO:  5’-ACAAATAAATCCCGAGTGCGAACAT-3’ 
GlyR α2 TMO:  5’-GGAGTTTGACCGAAGGGCGAGTCAT-3’ 
GlyR α3 TMO:  5’-CAGAGCGCAGTCTTTTCCGAGTCAT-3’ 
GlyR α4a TMO: 5’-AAAATCCTTATGACCTGAGGGAGCAT-3’ 
GlyR α4b TMO: 5’-CGATCCTCCAGATCACAGAAAACAT-3’ 
 

glra1 glra2 glra3 glra4a glra4b 

Glra1 MO1 25/25 8/25 6/25 12/25 8/25 

Glra2 MO1 8/25 25/25 9/25 8/25 8/25 

Glra3 MO1 6/25 9/25 25/25 8/25 7/25 

Glra4a MO1 12/25 8/25 8/25 25/25 14/25 

Glra4b MO1 8/25 8/25 7/25 14/25 25/25 

glra1	

TBMO1 
Exon 1 

Ex 1 Ex 2 Ex3 

Translation blocked 

wild-type TBMO1 

Ex 1 Ex 2 Ex3 

Ex 1 Ex 2 Ex3 

glra1  tccaacctgacacaATGTTCGCACTCGGGATTTATTTGT 
glra2  gctctggcggaggaATGACTCGCCCTTCGGTCAAACTCC 
glra3  aatccagtcttgagATGACTCGGAAAAGACTGCGCTCTG 
glra4a gactgaacaagagaATGCTCCCTCAGGTCATAAGGATTT 
glra4b tgaacagtgaaaggATGTTTTCTGTGATCTGGAGGATCC 
      GlyR α1 MO1 3'-TACAAGCGTGAGCCCTAAATAAACA-5' 

Ex1 Ex2 Ex3 

Ex1 Ex2 Ex3 
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The same method was used to design the morpholinos against glrba and glrbb. 

Exons for both GlyR β subunit genes were aligned against one another. 

Although the sequence identity was very similar across GlyR β subunit genes, 

we discovered that the exon 2 splice donor site had the least similar sequence 

identity. Hence, we designed splice-blocking morpholinos that were predicted to 

result in exon skipping or intron retention (Fig 3.8). Morpholinos were designed 

and checked for target specificity using the UCSC BLAT tool.  

 
Figure 3.8 Splice-blocking morpholino designs for GlyR β subunit genes. GlyR β subunit 
exons were aligned against one another and matching nucleotides were highlighted. A splice-
blocking morpholino was designed to target the exon 2 splice donor site in GlyR βa and βb 
subunit pre-mRNAs. Splice blocking is predicted to result in either exon skipping or intron 
retention. The match score against each GlyR β subunit was considered good enough to avoid 
targeting the wrong GlyR β subunit leading to confounding results.  
 
The morpholino sequences designed for the GlyR β subunits were as followed: 
 

GlyR βa MO (splicing): 5’-GTGCTGACTTACGAGGGACAGATGA-3’ 
GlyR βb MO (splicing): 5’-AAATGCACTTACGAAGGACAGTAA-3’ 
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glrba AGGGCAAGCAAGTCATCTGTCCCTCgtaagtcagcaccgcacactcgcatac  
glrbb AAGGAAAACAAGTTTACTGTCCTTCgtaagtgcatttattgaaccatatgtg 
               3'-AGTAGACAGGGAGCATTCAGTCGTG-5' GlyR βa MO1 
 
glrba AGGGCAAGCAAGTCATCTGTCCCTCgtaagtcagcaccgcacactcgcatac  
glrbb AAGGAAAACAAGTTTACTGTCCTTCgtaagtgcatttattgaaccatatgtg 
                3'-AATGACAGGAAGCATTCACGTAAA-5' GlyR βb MO1 

GlyR βa MO1 15/25 match with glrbb  
GlyR βb MO1 14/24 match with glrba  
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3.6 Recapitulation of dhx37nig1 mutant behaviour using morpholino 

knockdown and restoration of normal touch response by overexpression 

of GlyR α subunits 

As selected gene transcripts for GlyR α subunits and gephyrin b were reduced 

in dhx37nig1 mutants, knockdown and RNA injection assays were performed to 

ascertain which transcripts were responsible for the neuromotor deficit observed 

in dhx37nig1 mutants. The splice blocking morpholino (MO2), designed to cause 

missplicing in exon 9 of dhx37 was co-injected with in vitro transcribed GlyR α 

subunits or gephyrin RNA. Injection of the morpholino alone, induced defective 

escape behaviour with the majority of larvae displaying level 2 behaviour with a 

dorsal bend followed by subsequent swimming. Co-injection of Dhx37 MO with 

GlyR α1, α3 and α4a RNA increased normal behaviour, although not 

completely (α1: 51%, α3: 56%, α4a: 51%). Co-injection with GlyR α1, α3 and 

α4a RNAs also restored some normal behaviour (56%). Conversely, co-

injection of Dhx37 MO with either GlyR α2 or α4b failed to restore any normal 

behaviour. Furthermore, gephyrin a or b RNA co-injection with Dhx37 MO also 

failed to restore a normal touch-evoked response. These results suggested that 

GlyR α1, α3 and α4a subunit loss is the cause for the abnormal touch-evoked 

escape response (Fig 3.9A). To further investigate the GlyR α subunits 

responsible for the dorsal bend phenotype observed in dhx37nig1 mutants, I 

designed translation-blocking morpholinos to target GlyR α1, α3, α4a, βa and 

βb subunits. Single injections of either GlyR α1 or α3 morpholinos caused a 

small ratio of level 2 responses to be displayed (α1: 9%, α3: 15%). A single 

injection of GlyR α4a MO caused a greater number of mild, level 2, responses 

(71%) compared to GlyR α1 or α3 MO injections. Knockdown of multiple 

subunits resulted in an additive effect with α1+α3 and α1+α4a combinations 

displaying a higher percentage of level 2 touch evoked responses (30.2% and 

82% respectively). Injection of both GlyR α3+α4a morpholinos resulted in both 

level 2 and level 3 touch-evoked responses (level 2 and 3, 88%). When all three 

GlyR α subunit (α1+α3+α4a) MOs were injected, larvae displayed severely 

impaired escape behaviour with a dorsal bend followed by the inability to swim 

(level 3: 76%). Morpholino injections targeting the GlyR β subunits displayed 

normal behaviour in GlyR βa MO injected larvae with a severely impaired touch-
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evoked response observed in GlyR βb MO injected larvae (level 3: 85%, Fig 

3.9B). 

Figure 3.9 Genotype distribution displaying touch-evoked response behaviour after 
injection of morpholino and GlyR α  subunit RNA. A: Dhx37 MO was co-injected with GlyR α 
subunit RNA. Injection of GlyR α1, α3 and/or α4a subunit RNAs increased normal touch-evoked 
responses. B: Morpholino injections of selected GlyR α and β subunits. Co-injection of GlyR 
α1+4a or GlyRα3+α4a significantly increased level 2 touch-evoked behaviour. Injection of 
α1+α3+α4a MOs caused 76% of larvae to display level 3 touch-evoked behaviour. Whilst GlyR 
βa MO produced normal escape behaviours, GlyR βb was comparable to GlyR α1+α3+α4a MO 
co-injections with 85% of larvae displaying severe level 3 responses. Data from Hiromi Hirata.  
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3.7 Analysis of Dhx37 morpholino, GlyR RNA rescue and GlyR morpholino 

injected larvae data.  

Data from the morpholino injected and RNA rescue experiments detailed in 

section 3.6 were analysed using a Pearson’s correlation coefficient. Table 3.3 

displays Pearson’s r-values with statistical results indicated in blue. A high r-

value indicates a strong correlation, whilst a low value indicates a weak 

correlation. Values calculated using the Pearson’s correlation coefficient test 

were checked using the correlation function in excel. Table 3.3A displays 

Pearson’s r-values and statistical results analysing the relationship between 

Dhx37 morpholino and GlyR RNA injected larvae responses. This analysis 

indicates that Dhx37 morpholino injected larvae and Dhx37 morpholino co-

injected with either GlyR α2 and α4b wild-type RNA had strong correlation. This 

would indicate that similar touch evoked responses were observed in larvae 

injected with either Dhx37 morpholino alone or Dhx37 morpholino with either 

GlyR α2 or α4b. This would further confirm that GlyR α2 and α4b RNA failed to 

rescue the abnormal touch-evoked response. Co-injection of Dhx37 morpholino 

with either GlyR α1, α3 or α4a had a negative correlation compared to injection 

of Dhx37 morpholino alone; indicating that some rescue was achieved. Table 

3.3B displays the Pearson’s r-values from the wild-type larvae injected with 

GlyR subunit morpholinos alone and in combination. Results indicated that the 

control morpholino injected larvae showed a strong correlation with GlyR α1, 

α3, GlyR α1+α3 and βa morpholino injected. However, GlyR α4a, GlyR 

α1+α4a, GlyR α3+α4a, GlyR α1+α3+α4a and GlyR βb morpholino injected had 

an adverse correlation with control morpholino injected larvae. This indicates 

that although the majority of GlyR α1 or α3 injected larvae do not respond 

differently to controls, the inclusion of GlyR α4a does cause a negative 

correlation. Furthermore, results obtained from larvae co-injected with GlyR 

α1+α3+α4a morpholino appear to have a strong correlation with GlyR βb 

injected larvae, further confirming that the touch-evoked responses are similar. 

This is not surprising, as knockdown of GlyR α1, α3 and α4a would prevent 

GlyR βb heteromers from being formed.  
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Table 3.3 Analysis of the correlation between Dhx37 morpholino injected larvae and GlyR RNA rescue and GlyR α  and β  subunit morpholino targeted 
knockdown. A: Pearson’s r-values calculated from results obtained in figure 3.9A, depicting the correlation between the responses observed in zebrafish larvae 
when a Dhx37 morpholino was co-injected with wild-type GlyR α subunit RNA. B: Pearson’s r-values calculated from data from figure 3.9B, indicating correlations in 
zebrafish larvae touch-evoked responses following GlyR α and β subunit morpholino injections. P-values represent a two-tailed Pearson’s correlation coefficient test 
with 1 degree of freedom, ns = not significant.  
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3.8 Discussion 

The dhx37nig1 mutant displayed a dorsal bend at the beginning of a touch-

evoked escape response. Experiments performed by Professor Hiromi Hirata 

revealed that the dhx37nig1 mutant had an amino acid change p.L489P in the 

gene dhx37, encoding for a DEAH box RNA polypeptide. This substitution was 

located in a conserved region of the Dhx37 protein, located between the DEAD 

box and helicase C-terminal domain. To confirm the dhx37 gene was 

responsible for the abnormal touch-evoked dorsal bend in zebrafish, I designed 

morpholinos targeting Dhx37 and GlyR subunits for targeted knockdown and 

rescue experiments. The missense mutation was confirmed to cause the dorsal 

bend phenotype by Dhx37 MO co-injection with either in vitro transcribed 

Dhx37L489P or Dhx37D372A RNA (mutation located in the DEAD box domain) 

failing to rescue the dorsal bend. Co-injection of Dhx37 MO with in vitro 

transcribed Dhx37 RNA however restored a normal touch-evoked escape 

response. Analysis of the correlation using Pearson’s correlation coefficient 

revealed that whilst control morpholino and Dhx37 morpholino co-injected with 

wild type RNA appeared to have a strong correlation, the control morpholino 

and Dhx37 morpholino injected either alone or with mutated Dhx37 RNA 

(Dhx37L489P and Dhx37D372A) did not. Furthermore, the Dhx37 morpholino 

injected alone and Dhx37 morpholino co-injected with mutated Dhx37 RNA did 

have a strong correlation. These results confirmed that whilst the Dhx37 

morpholino injected with wild-type Dhx37 RNA rescued the behaviour as a 

result of the Dhx37 morpholino, the mutated RNA did not. This further confirms 

that Dhx37L489P RNA is damaging to the protein and is likely to be responsible 

for the dorsal bend behaviour.  

 

When the Dhx37 morpholino was co-injected with selected in vitro transcribed 

GlyR α subunit RNAs, some normal behaviour was restored. When Dhx37 MO 

was injected with wild-type Dhx37 RNA, 90% (28/31) of larvae displayed a 

normal touch- evoked escape response. Co-injection of GlyR α1+α3+α4a RNA 

with Dhx37 morpholino showed incomplete motor recovery, with 56% of larvae 

displaying normal responses. As 44% of the injected larvae still had motor 

deficits, this would suggest that Dhx37 has other unknown targets important for 

the touch-evoked response. Gephyrin a or b RNA, when co-injected with a 

Dhx37 morpholino failed to restore the abnormal escape response. Gephyrin is 
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important for the clustering of GlyRs at the postsynaptic membrane. Ogino et al 

(2011) discovered that knockdown of either gephyrin a or b isoforms alone did 

not result in an impaired touch-evoked escape response behaviour. Knockdown 

of both isoforms, however, show impaired GlyR clustering and an abnormal 

touch-evoked escape response with simultaneous contractions of bilateral trunk 

muscles (Ogino et al 2011). This would suggest that although Dhx37L489P 

results in missplicing of gephyrin b pre-mRNA, compensation is achieved 

through gephyrin a. This would also indicate that pre-mRNA splicing of gephyrin 

is under the control of a different RNA helicase.  

 

GlyR subunit knockdown highlighted the importance of selected GlyR subunits 

in the touch-evoked response. GlyR α4a has shown to be the major GlyR α 

subunit in the escape response, at least at this point in development. GlyR α1 

and GlyR α3 also contribute to the touch-evoked response, albeit less so than 

the GlyR α4a subunit. Analysis of the correlation depicted GlyR α1 and α3 

morpholino injected data showing a high correlation with the control morpholino 

and GlyR βa, likely because of the low numbers of level 2 responses received in 

the results. GlyR α1 knockdown in zebrafish had previously shown erratic and 

spastic behaviours with recovery after 48 hpf (Ganser et al 2013). Results 

suggest that the GlyR α3 subunit has a more important role in the touch-evoked 

response than GlyR α1, suggesting that the GlyR α3 or α4a  subunits 

compensate for the GlyR α1 subunit, explaining for the recovery observed in 

GlyR α1 knockdown after 48 hpf. Indeed the Pearson’s r-values indicated that 

the GlyR α3+α4a showed slightly more negative correlations with control, single 

injections of GlyR α1 and GlyR α3 morpholinos compared to GlyR α1+α4a. 

Furthermore, co-injection of α3+α4a MOs showed more severe phenotypes 

(level 3, dorsal bend without swimming) compared to α1+α4a combinations. 

When the GlyR α4 subunit was included in the morpholino injections, a negative 

correlation was observed against the control and GlyR βa morpholino 

concurrent with assumptions that GlyR α4a is the major glycine receptor 

subunit involved in the touch evoked response in zebrafish. The combination of 

α1+α3+α4a MO injection resulted in 76% of larvae with the severe level 3 

response. These results suggest that when either subunit is knocked down, 

remaining GlyR α subunits compensate for the loss.  
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Knockdown of the GlyR β subunits have shown GlyR βa to be redundant for the 

normal touch-evoked escape response behaviour. This is consistent with gene 

expression data, confirming GlyR βa subunit expression is very low in early 

development until 3 dpf (Hirata et al 2005). GlyR βb, however is essential for 

touch-evoked response with 85% of larvae displaying severe level 3 responses. 

GlyR βb knockdown shows similar behaviours to the knockdown of GlyR 

α1+α3+α4a subunits, which is unsurprising, as GlyR βb loss would prevent the 

clustering of heteromeric combinations of GlyR α1β, α3β and α4aβ at the 

glycinergic synapse. Furthermore, a strong correlation was observed between 

GlyR α1+α3+α4a morpholino injected with GlyR βb. This further confirms that 

all three GlyR α subunits (α1, α3 and α4a) are important for the touch-evoked 

escape response. The vast majority of dhx37nig1 mutants (92%, 44/48) gave 

level 2 responses, with dorsal bend and swimming in response to touch. The 

remainder 8% (4/48) gave a level 3 response with a dorsal bend without 

swimming in response to touch. The differences in behaviour in these mutants 

for the same mutation highlighted that mis-splicing of GlyR α subunits may be 

uneven, with increased mis-splicing perhaps resulting in the more severe 

phenotypes.  

 

In this study, the substitution p.L489P in Dhx37 causes the RNA helicase to 

mis-splice multiple transcripts involved in glycinergic neurotransmission, most 

notably GlyR α1, α3 and α4a, which are essential for a normal touch-evoked 

escape response in zebrafish. For this reason, Hirata et al (2013) proposed that 

DHX37 was a candidate gene for startle disease in humans. However, more 

recent findings have found DHX37 missense mutations in humans cause 

severe microcephaly, developmental delay, cortical atrophy, seizures and 

polymicrogyria in humans. Could missplicing of GlyR mRNAs in humans cause 

severe developmental malformations? GLRA1 is known to cause startle 

disease/hyperekplexia but is unlikely to result in microcephaly (Ryan et al 1992; 

Shiang et al 1993). GLRA4 is known to be a pseudogene in humans, so 

missplicing of this subunit is unlikely to lead to disease. GlyRs containing the α3 

subunit are associated with defects in inflammatory pain sensitisation and 

rhythmic breathing in knockout mice and there have been no reports of GLRA3 
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being directly associated with microcephaly. However, there are several cases 

whereby deletions within the chromosomal location of GLRA3 on chromosome 

4q result in severe microcephaly and intellectual disability (Thapa et al 2014). 

Glra2 knockout mice do have moderate microcephaly (Avila et al 2014) and 

GLRA2 mutations in humans have been recently linked to autism (Pilorge et al 

2016). Certainly, it is possible that with the loss of GlyR α4 in humans, the 

specificity of DHX37 is different between species – or that missplicing of other 

synaptic components, such as gephyrin contribute to the clinical phenotype in 

humans. In light of these new findings, we have revisited the zebrafish dhx37nig1 

phenotype and found that this line does indeed show developmental retardation 

and mild microcephaly after 4 dpf (data not shown). 

 

Taken together, this study highlights the importance of Dhx37 in the touch-

evoked escape response behaviours in zebrafish. This is the first identification 

of pathologically relevant substrates for an RNA helicase. Mutations in DHX37 

in humans have been reported to cause severe neurodevelopmental 

malformations, suggesting that missplicing of GlyR α1, α3, gephyrin or other as 

yet unknown substrates of DHX37 play an important role in neuronal 

development. This study highlights the importance of RNA helicases in health 

and disease and paves the way for the discovery of other RNA helicases that 

regulate inhibitory and excitatory synaptic transmission. 
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4. GENERATION AND CHARACTERISATION OF A ZEBRAFISH 

KNOCKOUT FOR THE GLYR α2 SUBUNIT 

 

4.1 Background  

Mammalian cerebral cortex development requires many classes of neurons to 

migrate and form into six highly organised layers. Cerebral cortex progenitors 

give rise to two types of neurons - excitatory glutamatergic projection neurons 

(pyramidal cells) and inhibitory GABAergic interneurons. Interneurons arise 

from the medial and caudal ganglionic eminences (MGE and CGE), travelling in 

migratory streams located in the marginal zone (MZ), subplate (SP) and 

subventricular zone (SVZ) to the cortical wall (Anderson et al 1997; Avila et al 

2013). Interneurons make up as much as 15% of cortical neurons, fine tuning 

excitatory neuronal transmission in local networks (Seybold et al 2012). 

Guidance cues in migratory streams modulate the cytoskeleton, allowing for 

dynamic cell shape changes necessary for neuronal migration. Interneurons are 

known to be important for establishing the first brain circuits for sufficient cortical 

circuitry. Projection neurons arise from the dorsal telencephalon and migrate to 

the cortical plate by radial migration, extending axonal projections into cortical 

and subcortical layers (Avila et al 2013; 2014).  

 

Projection neurons are generated from apical progenitors (APs- expressing 

Pax6 and Sox2) from the ventricular zone, which either divide symmetrically to 

self-renew and generate neurons (direct neurogenesis) or asymmetrically to 

generate basal progenitors (BPs) expressing Tbr-2 (indirect neurogenesis). 

Basal progenitors later differentiate into neurons, acting as transient amplifying 

cells, populating all layers of the cortex (Avila et al 2013, 2014; Morelli et al 

2016). The majority of projection neurons are produced by indirect 

neurogenesis. Neurotransmitters play an important role in providing guidance 

cues along migratory streams, allowing immature cortical neurons to migrate to 

their final destination (Heng et al 2007; Avila et al 2013). Evidence suggests 

that neurotransmitters GABA and glutamate are highly important for controlling 

neural progenitor proliferation. In early brain development, GABAA and GABAc 

receptor activation excites immature neurons due to an inverted Cl- gradient 

(high intracellular, low extracellular Cl- concentration). Activation of GABAARs 

lead to membrane depolarisation and subsequent voltage gated Ca2+ channel 
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(VGCC) opening and transient Ca2+ ion influx. GABAA receptors promote the 

migration of interneurons but prevent migration when interneurons have 

reached their final position (Bortone and Polleux 2009; Van den Eynden et al 

2009).  

 

Cortical migration defects have been associated with neurological disease such 

as epilepsy, schizophrenia and autism (Lee et al 1997; Lewis and Levitt 2002; 

Pilorge et al 2016; Morelli et al 2016). Although GABA plays an integral role in 

cortical neuronal migration, loss of the enzyme that produces GABA (glutamate 

decarboxylase 67) in mice (Gad-1), did not lead to significant cortical 

malformations. This was surprising, although it suggested compensatory 

mechanisms exist for neuronal migration, for which the neurotransmitter glycine 

is a strong candidate (Avila et al 2014). GlyRs are thus key candidates for 

involvement in cortical neuronal migration, as they have many substrates that 

are highly abundant in the developing brain, including glycine, taurine, D-serine 

and β-alanine (Avila et al 2013). GlyR α1 and α3 subtypes form heteromers 

with GlyR β subunits expressed at glycinergic synapses in the spinal cord and 

brainstem. These GlyR subtypes contribute to motor control, rhythmic breathing 

and inflammatory pain (Legendre 2001; Harvey et al 2004; Manzke et al 2010). 

The embryonically expressed GlyR α2 subunit has previously been associated 

with synaptogenesis (Kirsch & Betz 1998; Lévi et al 1998), cell fate and 

paracrine transmitter release (Mangin et al 2003) in the developing cortex (Flint 

et al 1998) and spinal cord (Scain et al 2010), as well as retinal photoreceptor 

development (Young and Cepko 2004).  

 

Increasing evidence has shown that GlyRs containing the α2 subunit have a 

role in the development of cortical neurons in the embryonic brain. GlyR α2 

subunits are expressed extrasynaptically as homomers and heteromers 

throughout the embryonic brain, with expression levels reducing into adulthood. 

GlyR α2 subunits were found to be expressed in cortical interneurons as 

homomers. This was apparent as GlyR α2 homomers have 30-50 times more 

sensitivity to picrotoxinin compared to other GlyR αβ heteromers (Lynch et al 

1995; Wang et al 2007). Blocking GlyRs by bath application of strychnine, a 

GlyR antagonist reduced interneuron migration by 15% in cultured brain slices 

at E15.5. The antagonist had no effect, however on older brain slices of E17.5, 
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suggesting that GlyRs are not actively involved in interneuron migration from 

E17.5. Knockdown of Glra2 by electroporation of an shRNA into MGE explants 

also reduced interneuron migration in the dorsal and ventral telencephalon 

across the corticostriatal boundary and entry to the cortical wall. Nucleokinesis, 

a movement whereby the nucleus is translocated towards the centrosome of a 

cell was reduced in interneurons during tangential migration following bath 

application of strychnine to MGE explants (Avila et al 2013).  

 

A mouse knockout (Glra2tm1.1Lngu), engineered to have a deletion in exon 7 

encompassing the membrane-spanning domains M1-M3 concurred with MGE 

explant experiments, showing a reduction in migration velocity and 

nucleokinesis frequency (Avila et al 2013). GlyR activation was discovered to 

modulate actomyosin contractility at the rear of the nucleus, propelling the 

nucleus towards the leading edge of the interneuron during migration. Moderate 

microcephaly was revealed early in development in these Glra2 KO mice, 

caused by cerebral cortical wall thickening and striatal area shrinking. Brain size 

recovered to a normal size, however by adulthood (Avila et al 2014; Morelli et al 

2016). Apical progenitors (AP) and basal progenitor (BP) populations were 

reduced in Glra2 KO mice as a result of an AP disruption of mitotic cleavage 

angles. Mitotic cleavage angle disruption was discovered to lead to early direct 

neurogenesis. The depletion of BPs and accelerated differentiation of APs into 

neurons lead to an overall depletion of cortical interneurons, particularly in the 

upper and deep cortical layer, ultimately leading to microcephaly in Glra2 KO 

mice (Avila et al 2013, 2014; Morelli et al 2016).  

 

Recently, mutations in human GLRA2 have been linked to the autistic spectrum 

disorder (ASD), a neurological disorder characterised by social communication 

and interaction impairment with repetitive behaviours and limited interests. As 

part of an ASD screen, a boy with autism, low level IQ and language delay was 

discovered to have a microdeletion in GLRA2 (Pinto et al 2010). The 151 kb 

deletion spanned exon 8 and 9 of GLRA2 with predicted loss of TM3 and TM4 

domains. Analysis of cDNA from the patient suggested that the transcript was 

truncated and escaped nonsense-mediated mRNA decay. Pilorge et al 

discovered a patient with a de novo missense mutation resulting in an arginine 

to glutamine amino acid change (p.R153Q). This patient had severe language 
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delay, intellectual disability with generalised tonic-clonic seizures presenting in 

late teens. The mutation was reported to reduce cell-surface expression and 

glycine sensitivity as a result of disrupting hydrogen bonds surrounding the 

ligand-binding domain (Pilorge et al 2016). A female patient with ASD was 

reported in a screen in 2010 with a missense mutation p.R350L, predicted to be 

damaging in GLRA2. Results indicated that GLRA2 was not associated with a 

phenotype in females with ASD (Pinto et al 2010; Pilorge et al 2016).  

 

Given the involvement of the GlyR α2 subunit in ASD, Pilorge et al performed a 

battery of tests investigating autistic traits in Glra2 KO mice (previously 

generated by Avila et al (2013)), such as locomotor activity, anxiety, social 

behaviours, learning and memory abilities. Glra2 KO mice had short and long-

term memory impairments in novel object recognition tasks, but otherwise 

proved to be indistinguishable from wild-type littermates. Long-term potentiation 

to the prefrontal cortex in Glra2 KO mice indicated impaired synaptic plasticity, 

suggesting that Glra2 is important for synaptic plasticity in the prefrontal cortex. 

Defects in the prefrontal cortex have previously been associated with autism 

(Koshino et al 2008; Sahyoun et al 2010; Stoner et al 2014). It is, however, 

unclear whether changes in cortical network maturation as a result of GLRA2 

dysfunction are associated with ASD. A recent study (Morelli et al 2016) 

highlighted that Glra2 loss leads to an absence of projection neurons and 

interneurons in cortical layer V resulting in overexcitability of cortical networks. 

Furthermore, layer V projection neurons were found to have impaired dendrite 

and spine morphologies. In addition, fast-spiking interneurons were shown to 

have increased dendritic length and branching. Loss of Glra2 also leads to 

enhanced excitatory synaptic activity in Glra2 KO mice which may result in an 

increased susceptibility to epilepsy. Glra2 KO mice displayed an increased 

susceptibility to seizure behaviours after pentylenetrazol (PTZ) treatment 

compared to controls (Morelli et al 2016). A zebrafish morpholino model of 

Glra2 dysfunction has also been generated, which has suggested 

hyperbranching in spinal motor axons (Pilorge et al 2016), indicating that GlyR 

α2-containing receptors may modulate spinal motor axon branching. 
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4.2 Study aims 

To further investigate the potential biological roles of the GlyR α2 subtype, I 

have performed a number of experiments investigating this subunit in zebrafish. 

So far, only morpholino knockdown experiments have been reported in 

zebrafish, looking solely at spinal motor axon branching. I aimed to investigate 

the role of this subunit in brain development and locomotor behaviour in 

zebrafish. The aims of this study were:  

- To perform phylogenetic analysis of GlyR α2 subunit proteins across 

species. 

- To observe the touch-evoked escape response behaviour in zebrafish 

larvae after Glra2 knockdown by morpholino, overexpression of in vitro 

synthesised wild-type GlyR α2 RNA or dominant-negative GlyR α2R275Q 

RNA. 

- To generate a permanent glra2 knockout line in zebrafish using 

CRISPR/Cas9 technology.   

- To explore locomotor differences in homozygous (glra2-/-) and 

heterozygous (glra2+/-) embryos compared to wild-type controls.  

- To investigate differences in brain morphology and spinal motor axons in 

homozygous glra2-/- zebrafish larvae compared to wild-type controls by 

performing immunohistochemistry.  

 

4.3 Phylogenetic analysis of GlyR α2 subunit proteins 

In zebrafish, four GlyR α subunits (αZ1, αZ2, αZ3 and αZ4) and two β subunits 

genes (βa and βb encoded by glrba and glrbb, respectively) were initially 

reported (David-Watine et al 1999; Imboden et al 2001a,b,c; Hirata et al 2005). 

Phylogenetic analysis suggested that αZ1, αZ3 and αZ4 showed high 

sequence similarity to the mammalian GlyR α1, α3 and α4 subunits, 

respectively (Imboden et al 2001a), and were referred to as zebrafish GlyR α1, 

GlyR α3, and GlyR α4. A sequence reported as αZ2 was originally thought to 

encode a GlyR α2 subunit (Imboden et al 2001b), but Imboden and colleagues 

subsequently reclassified this protein as a second α4 subunit based on a more 

detailed phylogenetic analysis (Imboden et al 2001a). Using the zebrafish 

genome assembly, Hirata et al (2010) identified a novel zebrafish GlyR α 



 107 

subunit gene on chromosome 9 that encodes GlyR α2 based on phylogenetic 

and sequence analysis. 

 

I confirmed this analysis by aligning the zebrafish GlyR α2 subunit with mouse 

and human GlyR α2 subunits. Using the human sequence as a reference, 

corresponding amino acids were aligned, recording substitutions, gaps and 

insertions. These alignments highlight the divergence of the N-terminal signal 

peptide and the intracellular loop between transmembrane domains M3 and 

M4. The zebrafish GlyR α2 subunit sequence was noticeably different in these 

regions, with multiple substitutions and gaps in the N-terminal signal peptide 

with further substitutions, insertion and gaps in the M3-M4 loop. Interestingly, 

the mouse GlyR α2 subunit protein was remarkably similar to the human 

protein, differing in only seven amino acid changes (figure 4.1). Although exon 

3a and 3b are typically alternatively spliced in the mouse, rat and human GlyR 

α2 transcripts genome analysis suggests that zebrafish glra2 does not show 

alternative splicing of exon 3 (Hirata et al 2010). The second residue in M2 

(also called the 2’ residue) is typically glycine in GlyR α1/α4 and alanine in GlyR 

α2/α3 subunits. This residue influences the conductance of GlyR channels 

(Bormann et al 1993) and picrotoxin/picrotin blockade (Wang et al 2007; Yang 

et al 2007). The zebrafish GlyR α2 subunit encoded by the gene on 

chromosome 9 has an alanine residue at the 2’ position, whereas both 

zebrafish GlyR α4a and α4b subunits harbour a glycine residue at this position. 
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Figure 4.1 GlyR α2 subunit protein sequence comparison between human, mouse and 
zebrafish. Sequence alignments confirmed GlyR α2 transmembrane domains were highly 
conserved throughout species. (‘*’ Fully conserved, ‘:’ conservation between groups of similar 
properties, ‘.’ conservation between groups of weakly similar properties). The 2’ residue, an 
alanine in the GlyR α2 subunit has been shown to influence GlyR conductance and 
picrotoxin/pictrotin blockade (indicated in bold).  

 
4.4 Exploring the role of GlyR α2 in zebrafish using antisense morpholinos 

and overexpression approaches 

To investigate the function of the GlyR α2 subunit in zebrafish, I conducted an 

analysis of the glra2 gene structure and all intron-exon boundaries to identify 

potential sites for splice-blocking morpholinos (SMOs). The aim of this analysis 

was to avoid cross-reactivity of SMOs to other GlyR subunit transcripts. This 

analysis revealed that the splice donor site on glra2 exon 2 had the lowest 

sequence similarity to other GlyR genes. Subsequent knockdown was predicted 

to result in exon skipping, missplicing, or intron retention, ultimately leading to 

truncation of the GlyR α2 subunit (Fig 4.2).  

 

HUMAN     MNRQLVNILTALFAFFLETNHFRTAFCKDHDSRSGKQPSQTLSPSDFLDKLMGRTSGYDA 60 
MOUSE     MYRQLVNILTALFAFFLGTNHFREAFCKDHDSRSGKHPSQTLSPSDFLDKLMGRTSGYDA 60 
ZEBRAFISH MTRPSVKLLTTLLACLMEMLNFRVSSGKDPDLL---SSSSSMSPSDFLDKLMGRTSGYDA 57 
          * *  *::**:*:* ::   .** :  ** *       *.::****************** 
 
HUMAN     RIRPNFKGPPVNVTCNIFINSFGSVTETTMDYRVNIFLRQQWNDSRLAYSEYPDDSLDLD 120 
MOUSE     RIRPNFKGPPVNVTCNIFINSFGSVTETTMDYRVNIFLRQQWNDSRLAYSEYPDDSLDLD 120 
ZEBRAFISH RIRPNFKGPPVNVTCNIFINSFGSVTETTMDYRVNIFLRQKWNDPRLAYSEYPDSSLDLD 117 
          ****************************************:*** *********.***** 
 
HUMAN     PSMLDSIWKPDLFFANEKGANFHDVTTDNKLLRISKNGKVLYSIRLTLTLSCPMDLKNFP 180 
MOUSE     PSMLDSIWKPDLFFANEKGANFHDVTTDNKLLRISKNGKVLYSIRLTLTLSCPMDLKNFP 180 
ZEBRAFISH PSMLDSIWKPDLFFANEKGANFHDVTTDNKLLRIFKDGTVLYSIRLTLILSCPMDLKNFP 177 
          ********************************** *:*.********* *********** 
 
HUMAN     MDVQTCTMQLESFGYTMNDLIFEWLSDGPVQVAEGLTLPQFILKEEKELGYCTKHYNTGK 240 
MOUSE     MDVQTCTMQLESFGYTMNDLIFEWLSDGPVQVAEGLTLPQFILKEEKELGYCTKHYNTGK 240 
ZEBRAFISH MDVQTCTMQLESFGYTMNDLIFEWLDKGPVQVADGLTLPQFLIRDEKDLGYCTKHYNTGK 237 
          *************************..******:*******::::**:************ 
                 TM1                 2’ residue       TM2 
HUMAN     FTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVALGITTVLTMTTQ 300 
MOUSE     FTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVALGITTVLTMTTQ 300 
ZEBRAFISH FTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVALGITTVLTMTTQ 297 
          ************************************************************ 
      TM3 
HUMAN     SSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFLRLRRRQKRQNK 360 
MOUSE     SSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFLRLRRRQKRQNK 360 
ZEBRAFISH SSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAGVNFVSRQQKEFLRLKRRQRRTQK 357 
          ************************************.*******:******:***:* :* 
 
HUMAN     EEDVTRESRFNFSGYGMGHCLQVKDGTAVKATPANPLPQPP--KDGDAIKKKFVDRAKRI 418 
MOUSE     EEDVTRESRFNFSGYGMGHCLQMKDGTAVKATPANPLPQPP--KDADAIKKKFVDRAKRI 418 
ZEBRAFISH EEDL-QDGRLHFSSYNTTTCV--KDGAVVKNTQVNQIQQPSILKNTETNRKKFVDRAKRI 414 
          ***: ::.*:.**.*    *:  ***:.** * .* : **   *: :: :********** 
          TM4 
HUMAN     DTISRAAFPLAFLIFNIFYWITYKIIRHEDVHKK 452 
MOUSE     DTISRAAFPLAFLIFNIFYWITYKIIRHEDVHKK 452 
ZEBRAFISH DTISRAAFPLAFLIFNVFYWITYKIIRHESARKD 448 
          ****************:************..:*. 
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Figure 4.2 Splice-blocking morpholino design for the GlyR α2 subunit. Morpholinos were 
designed by aligning all exons for glra2 against remaining GlyR α subunits. Percentage 
matches were calculated for each exon. The morpholino targeting the GlyR α2 subunit exon 2 
splice-donor site was identified as the site sharing the least sequence similarity with remaining 
GlyR α subunits. The GlyR α2 subunit morpholino was checked in UCSC BLAT tool to ensure 
target specificity.  
 

The GlyR α2 SMO was injected into HuC-GFP embryos, expressing EGFP in 

neurons of the brain. Morphological differences were monitored and compared 

with non-injected HuC-GFP embryo controls. Two images of each larva were 

taken, first under blue fluorescent light to observe GFP expressing neurons in 

the brain and second, under white light, to observe the positioning of the larva. 

The GFP brains were then superimposed onto corresponding images. Injections 

of GlyR α2 SMO at 0.5 mM concentration led to obvious microcephaly and 

pulmonary oedema (Fig 4.3B, indicated by a red arrow). Higher doses (1 mM 

SMO) led to an underdeveloped embryo with severe microcephaly (Fig 4.3C). 

This suggested that zebrafish GlyR α2 subunit knockdown could give a 

phenotype reminiscent of that seen in mouse studies (Avila et al 2014) in early 

brain development with Glra2 mouse knockouts displaying moderate 

microcephaly.  
 

glra2	

SMO1 
Exon 2 

Ex 1 Ex 2 Ex 3 

Ex 8 Ex 9 Ex 10 Ex 8 Ex 9 Ex 10 

wild-type SMO1 

Ex 8 Ex 9 Ex 10 

Ex 8 Ex 10 

Ex 8 Ex 9 Ex 10 

exon skipping      or      intron retention 
Ex 8 Ex 9 

Ex 1 Ex 2 Ex 3 Ex 1 Ex 2 Ex 3 

Ex 1 Ex 2 Ex 3 Ex 1 Ex 2 Ex 3 

Ex 1 Ex 3 Ex 1 Ex 3 Ex 2 

glra1  ttttttaatgcacccatctttctgtcgtttccacagCCTGGCAGCATCCCAACAAGCAGCG 
glra2  ttgggtttgtatctgacctctaacactgtatctcagGGTATCGTCAGGGAAGGATCCGGAT 
glra3  catctctctcactctctttctcttgctttttttcagTTTGGTTGCATCAAAAGAACCAGAA 
glra4a atatcccttcctctctgctttctctatctctggcagACTGGGCTCCTGTAAAGAGGAGATA 
glra4b attttgcatttgcttatttttgtacatctctctcagGTGTGTGTTTAGTAAGGAGCTGAAA 
          glra2Ex2MO1 TGGAGATTGTGACATAGAGTCCCAT																																																																	 
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Figure 4.3 Microinjection of a GlyR α2 subunit splice-blocking MO into HuC-GFP 
transgenic embryos. HuC GFP embryos, expressing GFP in neurons only in the brain were 
injected with a morpholino targeting exon 2 of glra2. Images were taken under blue 
fluorescence before equivalent pictures were taken under white light.  GFP expressing brains 
were superimposed onto corresponding images. A: Uninjected HuC-GFP larva at 2 dpf. B: A 
lower dose of 0.5 mM GlyR α2 morpholino was injected into HuC-GFP embryos. Obvious 
abnormalities were observed, with microcephaly and pulmonary oedema (indicated by a red 
arrow). C: A higher dose of GlyR α2 morpholino (1.0 mM) was injected into HuC-GFP embryos. 
The embryo was underdeveloped with severe microcephaly.  
 
The touch-evoked escape response in zebrafish larvae has often been 

compromised in knockdown experiments for related GlyR subunits, with 

knockdown of GlyR α1, α3, α4a or βb often leading to a dorsal bend, accordion-

like behaviour and/or inability to swim effectively from a touch stimulus. I chose 

to investigate the touch-evoked escape response in larvae at 2 dpf injected with 

either a low dose of GlyR α2 morpholino (0.05 mM), overexpression of in vitro 

transcribed wild-type GlyR α2 RNA (160 ng/µl) or GlyR α2R275Q, a dominant-

negative mutant (160 ng/µl). The p.R275Q change is equivalent to the p.R271Q 

mutation found in human GlyR α1 subunit that is a common cause of human 

hyperekplexia. This mutant is predicted to traffick correctly and incorporate into 

GlyRs but lead to disruption of the allosteric pathway linking glycine binding to 

channel opening. Zebrafish embryos were injected at one-cell stage and raised 

until they were 2 dpf. Touch-evoked escape responses were recorded using a 

high-speed camera at 500 fps. The coordinates for each larva head before and 

50 frames after touch were recorded and converted into a MatLab compass plot 

(Fig 4.4). Each line represented an individual larva demonstrating the distance 

in body length and angle swam after touch. 30% (3/10) of GlyR α2 SMO-

injected larvae gave no response to touch (Fig 4.4B). The remaining larvae 

injected with the GlyR α2 SMO, wild-type GlyR α2 or GlyR α2R275Q RNAs 

appeared to swim slightly further after touch than controls. However, this result 

was not statistically significantly different (Fig 4.4E; GlyR α2 MO; 1.71 ± 0.39 

body lengths n=10; vs control; 1.39 ± 0.19 body lengths n=10; not significant. 

GlyR α2 wild-type RNA; 0.808 ± 0.21 body lengths n=10; vs control; 0.67 ± 0.06 

A B C WT 0.5 mM 1.0 mM 
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body lengths; n=6; not significant. GlyR α2R275Q RNA; 2.24 ± 0.18 body lengths; 

n=11; vs control; 2.04 ± 0.22; n=10; not significant).   

 

 

Figure 4.4 Compass plots indicating larvae swimming distance and direction after touch. 
A: A schematic indicating the distance and direction (angle) displacement swum by the larvae 
following a touch stimulus. B: Control (blue) and morpholino injected (red) C: Control (blue) and 
wild-type GlyR α2 (red), D: Control (blue) and GlyR α2R275Q (red). E: Column chart depicting 
distance reached after touch. Error bars indicate mean distance ± standard error of the mean 
(SEM). Statistical analysis with an independent samples t-test indicated no statistical 
significance in distance swam in GlyR α2 MO, GlyR α2 wild-type RNA or GlyR α2R275Q RNA 
injected larvae compared to controls. (GlyR α2 MO vs control; t(13.2)=-0.733, p=0.476. GlyR α2 
wild-type RNA vs control; t(10)=-0.64, p=0.54. GlyR α2R275Q vs control; t(18.1)=-0.71, p=0.49.  
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4.5 Generation of the glra2 CRISPR knockout in zebrafish 

As morpholinos are known to have off-target effects and often deviate from 

knockout phenotypes and behaviours (Bill et al 2009; Rossi et al 2015), I 

investigated the function of the glra2 gene in zebrafish by generating a glra2 

knockout using CRISPR/Cas9 technology. CRISPR (clustered randomly 

interspaced short palindromic repeats) is a recent genome-editing technology 

allowing for efficient editing of target sequences in the genome. CRISPR/Cas 

systems have been used to modify more than 40 species to date. This system, 

unlike other genome-editing technologies, is relatively simple, efficient and 

cheap. In 2012, Jinek et al reported targeted DNA cleavage by tracrRNA (trans-

activating RNA) and crRNA (CRISPR-RNA)-cas9 nuclease complexes. The 

crRNA is a short sequence upstream of a protospacer adjacent motif (PAM) 

site. PAM sites are found in all DNA and comprise of a 5’-NGG-3’ sequence. 

The ‘N’ standing for any nucleotide followed by two guanine nucleotides. Jinek 

et al discovered that a single guide RNA (sgRNA or gRNA) could replace the 

tracrRNA:crRNA complex and function as a guide for Cas9. This gRNA 

comprised the crRNA, that could be adapted to any sequence, fused to the 3’ 

tail of tracrRNA. Inclusion of the 3’ tracrRNA tail increased Cas9 cutting 

efficiency (Jinek et al 2012; Haeussler and Concordet 2016). Figure 4.5 depicts 

the gRNA/Cas9 nuclease complex introducing double-stranded breaks into the 

genome and reparation of the strand by non-homologous end joining (NHEJ). 

Depending on the size of the deletion, disruption of the reading frame can lead 

to a premature stop codon and disruption of protein function. The glra2 gRNA 

was designed using the online program ZiFit (http://zifit.partners.org), which 

scans gene sequences for PAM sites and suitable gRNAs. gRNA properties are 

constantly being optimised to deliver the best possible efficiency for genome 

editing. Gagnon et al (2014) discovered a number of properties, that increased 

the working efficiency of the CRISPR/Cas9 system for genome editing. To 

generate a knockout zebrafish model for glra2, I designed a gRNA to be 

complementary to a short sequence in exon 4, just upstream of a PAM site. 

Exon 4 was upstream of the membrane-spanning domains (TM1-4) and 

therefore, a deletion disrupting the reading frame was predicted to prevent 

formation of a functional GlyR α2 subunit. The chosen gRNA had a GC content 

of 53% and a UCSC score of 486 with no reported off-target sites as assessed 

by a UCSC track designed by the CRISPRscan tool (www.crisprscan.org).  
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Figure 4.5 Cas9 nuclease introduces double-stranded breaks into target sequences. A 
gRNA sequence was designed to sequester the Cas9 nuclease to exon 4 in glra2 and introduce 
double-stranded breaks upstream of the PAM site (bold, red). Double-stranded breaks trigger 
the non-homologous end joining repair pathway.  
 

To be compatible with the pDR274 vector, the gRNA sequence had to start with 

a 5’-GG-3’. If the gRNA sequence only had one guanine at the 5’ end, another 

was added prior to the design of the annealing oligos. Annealing oligos were 

designed using the online tool ZiFit (http://zifit.partners.org/). Under support 

tools for “CRISPR/Cas: Design oligos for making RNAs”, the guide RNA target 

sequence was copied into the text box and oligos compatible with the promoter 

site T7 were generated. These oligo designs were ordered and annealed 

together to form the gRNA (Fig 4.6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  TGCTGCAGTGCTGTCTGTTGTTTGAGGACTCCTAGAAG          TCcatactggcaaacaagtacttcctagaatgtgacccaaat 
        ACGACGTCACGACAGACAACAAACTCCTGAGGATCTTC          AGgtatgaccgtttgttcatgaaggatcttacactgggttta  DS 

BREAK 

GTTTAAAAGTGCTGCAGTGCTGTCTGTTGTTTGAGGACTCCTAGAAGTCcatactggcaaacaagtacttcctagaatgtgacccaaat 
CAAATTTTCACGACGTCACGACAGACAACAAACTCCTGAGGATCTTCAGgtatgaccgtttgttcatgaaggatcttacactgggttta 

Cas9 Nuclease 

GTTGTTTGAGGACT!
CAACAAACTCCTG!AGG

!

CC!

CTTGGCAAGACATGTCGTAG!

PAM sequence Guide RNA 

Matched sequence 

repair 



 114 

Figure 4.6 Cloning annealed oligos for gRNA targeting glra2 exon 4 into the pDR274 
vector. The pDR274 vector was first cut with the restriction enzyme BsaI. Oligos were annealed 
and cloned into the pDR274 vector downstream of a T7 promoter.  
 

The annealing oligos were designed to be compatible with the pDR274 cloning 

vector, which was linearised with BsaI followed by ligation to the gRNA. This 

vector was generated by Hwang et al comprising of a T7 promoter, upstream of 

the gRNA insertion site with a gRNA scaffold at the 3’ end. The gRNA scaffold 

is comprised of the 3’ tail of tracrRNA sequence enabling Cas9-mediated 
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cleavage of target DNA (Hwang et al 2013). The expected size of the uncut 

pDR274 plasmid was 2.1 kb. In order to synthesise RNA, pDR274-gRNA and 

pT3TS-nCas9n plasmids were linearised with DraI and XbaI, respectively. 

These restriction sites are 3’ of gRNA and Cas9 nuclease sequences, allowing 

in vitro transcription of RNAs without transcription of the remaining vector. The 

gRNA and Cas9 nuclease RNAs were synthesised in vitro, boiled in Novex 

TBE-urea sample buffer at 70°C and subjected to electrophoresis in Novex 

TBE-urea polyacrylamide denaturing gels. Visualisation of the bands showed 

the gRNA and Cas9 nuclease RNA to be high yield for microinjection, showing 

clear and strong bands (Fig 4.7).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.7 Quality control of gRNA and Cas9 nuclease RNA using electrophoresis. The 
gRNA and Cas9 nuclease RNA showed clear and strong bands. The RNA was then used for 
microinjection into zebrafish embryos. Electrophoresis indicated that the gRNA had a double 
band. The gRNA was predicted to be 116 bp in length. It is likely that the second band may be 
due to secondary structure. The Cas9 nuclease RNA is shown as a singular band and has a 
predicted length of 4.5 kb.   
 
Embryos were co-injected with glra2 exon4 gRNA and Cas9 nuclease RNA at 

the optimised concentrations of 600 ng/µl and 300 ng/µl, respectively. Injected 

embryos were raised until 1 dpf and genomic DNA was extracted from a pooled 

sample of 10 embryos from each clutch to confirm successful CRISPR/Cas9-

mediated events. Prior to HRM analysis, primer pairs were tested by PCR on 

standard genomic DNA and the resulting products were run on an agarose gel. 

HRM analysis indicates the presence of mutated PCR products that melt at a 

lower temperature than wild-type DNA(Fig 4.8).  

gRNA 

Cas9 

100 
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2000 

bp 
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Figure 4.8 HRM analysis from gRNA and Cas9 nuclease injected embryos. Each well 
contained PCR products amplified using genomic DNA extracted from a single embryo. Shifted 
melting curves were obtained by slowly increasing the temperature and monitoring the drop in 
fluorescence following DNA melting. Mutant DNA melts at a lower temperature from wild-type 
controls and is observed as a melting curve that is shifted to the left compared to wild-type 
DNA. Multiple species of mutant DNAs can be observed depending on the size/type of deletion.  
 

Although HRM analysis gives a rapid indication of the presence of deletions in a 

PCR product, it cannot give an overview of the number of different mutations 

introduced into the founder generation. This was detected using Illumina MiSeq 

next-generation sequencing (NGS) and manually counting the number of reads 

for each deletion. NGS data was analysed using Sequencher 5.4 (GeneCodes) 

with GSNAP and Tablet (Fig 4.9, 4.10).  The MiSeq amplicon size was at 267 

bp and this was confirmed by running a small amount of the PCR on a gel to 

confirm a PCR product had been produced before sequencing (Fig 4.9A). A 

large variety of mutations were inherited into the founder generation. Deletions 

ranged from 3 bp in length to 30 bp (Fig 4.9B). Deletions were categorised into 

frameshifts (out-of-frame, i.e. not divisible by three) or in-frame categories. 

Frameshift-causing deletions more often than not result in an premature stop 

codon resulting in truncation of the protein. Early truncation of the protein often 

results in a completely dysfunctional protein or loss of functional expression as 

a result of nonsense mediated mRNA decay (Barrangou et al 2015). Nonsense 

mediated mRNA decay (NMD) occurs in eukaryotic organisms as a quality 

control system detecting and degrading defective, truncated mRNAs. NMD is 

triggered by ribosomes following a premature termination of translation 

(Wittkopp et al 2009).  I aimed to increase my chances for producing an F1 
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generation with a frameshift deletion by selecting founder fish with a higher 

percentage of large, out of frame deletions.  

 
 
Figure 4.9 Illumina MiSeq Next-Gen sequencing analysis. A: The MiSeq PCR product was 
267 bp in length, including the universal tags. These tags were used for a PCR of pooled 
samples prior to Illumina MiSeq Sequencing. B: A table to show the variety of deletions 
introduced into one founder fish. Deletions were categorised according to their effect on the 
reading frame. The founder fish with the highest percentage of large, out-of-frame deletions 
were raised.  
 
Illumina MiSeq Next-Gen sequencing was analysed using Sequencher, aligning 

to the reference using GSNAP and Tablet. All sequence reads aligned to the 

sequence gave an indication of the overall percentage of deletions inherited. 

Deletions introduced were indicated in blue against grey unchanged residues. 

Figure 4.10 shows a screenshot taken of one founder fish. Reads for each 

deletion were individually counted and a percentage was calculated from the 

total number of reads per fish. An overall idea of the number of deletions 

introduced could be made quickly (Fig 4.10A), however magnification, allowed 

further identification of individual deleted nucleotides (Fig 4.10B).  
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Figure 4.10 Illumina MiSeq analysis using Sequencher and Tablet. A: Screenshot of the 
sequencing platform using Sequencher with GSNAP and Tablet. In red, an overview of the 
deletions and substitutions were detailed. In blue, individual reads were counted manually for 
each mutation. B: A zoomed in view depicting the deletions in blue, aligned to the reference 
sequence.  
 

Selected founder fish were outcrossed to a wild-type strain, AB to give rise to 

the F1 generation. To get an idea of which clutch had inherited deletions, DNA 

was extracted from 10% of individual embryos from each clutch and sequenced 

for mutations in exon 4 of glra2. Two clutches were selected, which had 

inherited a large 26 bp deletion that was predicted to disrupt the GlyR α2 

subunit open reading frame, leading to an early truncation of the protein 

upstream of the transmembrane domains, destroying GlyR function. As the 

deletion was large enough to be observed on an agarose gel, two sets of 

genotyping primers were designed to sit outside the MiSeq amplicon to avoid 

contamination. Primer 1, for example (orange arrow; Fig 4.11A,B) was placed 

upstream of the MiSeq forward primer, whilst primer 2 was placed upstream of 

A

B
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the MiSeq reverse primer. Primer pair 3 and 4 were placed in a similar way 

(blue arrow; Fig 4.11A,C). This prevented the MiSeq amplicon (yellow arrows) 

from being accidently amplified and allowed for accurate detection of the 

genotype. The two primer pairs (Primers 1&2; Primers 3&4) were used in 

parallel as controls for accurate genotyping. Furthermore, negative (no DNA) 

and positive (wild-type DNA) PCR controls were made in parallel for each 

primer pair. The F1 generation was genotyped, raising only heterozygotes 

(glra2+/-) with the 26 bp deletion. Heterozygous (glra2+/-) fish were incrossed 

and the offspring were genotyped. The mutation was inherited in a typical 

recessive manner with a ratio of 1:2:1 (wild type: heterozygous: homozygous). 

Genotypes were displayed as a single heavier band (wild-type fish, glra2+/+), a 

double band (heterozygous, glra2+/-) or a single lighter band (homozygous, 

glra2-/-) (Fig 4.11D).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 4.11 PCR genotyping of the F1 and F2 generation of the glra2 knockout line. A: 
Genotyping primers flank the 26 bp deletion, whilst sitting outside of the MiSeq primers to avoid 
contamination from amplification of the MiSeq amplicon. Red indicates the location of the 
deletion. B: Primer 1 and 2 pairs aligned to the sequence (deletion indicated in red). C: Primer 3 
and 4 pairs aligned to the sequence (deletion indicated in red). D: Electrophoresis of PCR 
products indicates a heavier single band of approximately 215 bp in length (glra2+/+), a double 
band (glra2+/-) of approximately 215 bp and 189 bp in length or a single lighter band (glra2-/-) of 
approximately 189 bp in length.  

Exon 4 Deletion 
Intron 

Primer 4 MiSeq reverse 
Primer 2 

Primer 3 
Primer1 

MiSeq Forward 

 
TACAGCGAGTATCCGGACTCGTCTCTGGATCTGGACCCGTCCATGCTGGACTCCATCTGGAAGCCTGACC  
TGTTCTTCGCCAACGAGAAAGGAGCAAATTTTCACGACGTCACGACAGACAACAAACTCCTGAGGATCTT 
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The 26 bp deletion was predicted to lead to the deletion of nine codons 

normally translating to amino acids “KDGTVLYSI”. The deletion began in the 

third nucleotide of one codon (TTC>TTA; Phe), shifting the reading frame and 

was predicted to result in premature stop codon immediately after the cut (Fig 

4.12A). This stop codon is predicted to result in a premature truncation of the 

GlyR α2 subunit upstream of the four membrane spanning domains (Fig 4.12B).  

 
Figure 4.12 Consequences predicted for the 26 bp deletion in exon 4 of glra2. A: Location 
of the deletion within the exon 4. The wild-type exon and the 26 bp deleted exon with original 
and predicted amino acid changes leading to an early stop codon. A PAM site is highlighted in 
red (AGG). B: A schematic to show the location of the deletion with respect to membrane 
spanning domains M1-M4.  
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4.6 Preliminary analysis of the zebrafish glra2 knockout line 

To take the first steps to phenotypically characterise the zebrafish glra2 

knockout mutant, I investigated differences in locomotion, focusing on 

spontaneous coiling and average activity in homozygotes (glra2-/-), 

heterozygotes (glra2+/-) and wild-type (glra2+/+) larvae. Secondly, I investigated 

differences in head size at 24 and 48 hpf and brain size and morphology in 

embryos at 4 dpf using a light microscope and whole-mount 

immunohistochemistry, respectively. Furthermore, as previous knockdown of 

the GlyR α2 subunit in zebrafish had indicated spinal motor axonal branching 

defects (Pilorge et al 2016), I used immunohistochemistry to explore any 

obvious differences in a homozygote larva compared to a wild-type control.  

 
4.6.1 Spontaneous coiling and head size comparison in early development 

Zebrafish GlyR α subunits (α1, α3 and α4a) are known to have significant roles 

in locomotion such as the touch-evoked escape response and in some cases 

spontaneous coiling (Hirata et al 2010). Furthermore, an imbalance of 

inhibitory/excitatory synaptic activity could disrupt muscle contractions. 

Spontaneous coiling is a movement described as a flexing motion of the tail 

around the trunk. Spontaneous coiling occurs by reciprocal inhibition and 

contraction of alternate lateral trunk muscles (Fig 4.13; Upper panel). This 

experiment was conducted blind, counting the number of spontaneous coils at 

24 hpf before the genotype was known. Embryos from a clutch of mixed 

genotypes from a heterozygous glra2+/- incross were placed into a 96-well plate. 

At 24 hpf, the number of spontaneous coils were counted for each embryo for 3 

min. Data was then segregated according to the genotype of the embryo. One-

way analysis of variance (ANOVA) was used to compare spontaneous coiling 

across the three genotypes (glra2-/-, glra2+/- and glra2+/+). The analysis showed 

that spontaneous coiling did not differ significantly across genotypes. (Fig 4.13- 

Lower panel; glra2-/-; 47.1 ± 2.85 coils; n=18; glra2+/- ; 4.5 ± 4.14 coils; n=27; 

glra2+/+; 43.3 ± 5.25 coils; n= 22; not significant). Tables with statistical analysis 

can be found within the appendix.   
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Figure 4.13 Average spontaneous coiling in 3 min at 24 hpf. Upper panel: Stills taken from a 
video of a wild type larvae at 24 hpf showing typical coiling behaviour, characteristic by 
movement of the tail around the trunk. Lower panel: Average spontaneous coiling for 3 min at 
24 hpf. Column chart depicts the mean coils made in 3 min with error bars indicating mean ± 
SEM. A one-way ANOVA was used to compare spontaneous coiling across the three 
genotypes. The analysis was found to be not significant, F(2,64) = 0.162, p= 0.85. 
 

Images of the head were taken of individual embryos at 24 and 48 hpf using a 

Leica microscope with a 10X lens. Embryos were separated into a 96-well plate, 

labeled accordingly and genotyped. The data were segregated according to the 

genotype of the embryo. Figure 4.14 shows a wild-type (glra2+/+) embryo (Fig 

4.14A,B) and a homozygote (glra2-/-) at 24 hpf and 48 hpf (Fig 4.14C,D). 

Measurements were made in pixels using Image J from the top of the head to 

the yolk sac (Fig 4.14E). Average head size at 24 hpf appeared to vary 

considerably across genotypes. However, at 48 hpf homozygote (glra2-/-) 

embryos appeared to have slightly larger head sizes than wild-type siblings (Fig 

4.14F, G). A one-way ANOVA was used to assess differences for average head 

size at 24 and 48 hpf across the three genotypes (glra2-/-, glra2+/- and glra2+/+). 

The analysis indicated that head size at 24 and 48 hpf did not differ significantly 

across genotypes (Head size at 24 hpf; glra2-/-; 302 ± 13.3 pixels; n=18; glra2+/-; 

295.7 ± 7.8 pixels; n=27; glra2+/+; 306.1 ± 8.6 pixels; n=22. Head size at 48 hpf; 

glra2-/-; 499 ± 9.67 pixels; n=18; glra2+/-; 485.4 ± 9.26 pixels; n=27; glra2+/+; 473 

± 10.02 pixels; n=22).  
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Figure 4.14 Head size of wild-type (glra2+/+), homozygote (glra2-/-) and heterozygote 
(glra2+/-) knockout embryos at 24 and 48 hpf. A: Wild-type (glra2+/+) at 24 hpf. B: Wild-type 
(glra2+/+) at 48 hpf C: Homozygote (glra2-/-) at 24 hpf D: Homozygote (glra2-/-) at 48 hpf. E: 
Figure displaying how the measurement of the head was made in ImageJ, measuring from the 
top of the head to the yolk sac. F: Average head size at 24 hpf in wild-type (glra2+/+), 
heterozygote (glra2+/-) and homozygote embryos (glra2-/-). G: Average head size at 48 hpf in 
wild-type (glra2+/+), heterozygote (glra2+/-) and homozygote embryos (glra2-/-). Error bars 
indicate the mean ± SEM. A one-way ANOVA was used to compare average head size at 24 
and 48 hpf across the three genotypes. The analysis was found to be not significant, (Head size 
at 24 hpf; F(2, 64) =0.324, p= 0.721. Head size at 48 hpf; F(2, 64) = 1.583, p= 0.213). 
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4.6.2 Immunohistochemistry and confocal imaging of whole-mount brain 

and spinal neurons in glra2 knockout larvae 

As Glra2 KO mice showed moderate microcephaly (Avila et al 2013), I 

performed whole-mount immunohistochemistry on homozygote glra2-/- larvae at 

4 dpf, comparing brain morphology and size to wild-type siblings. Larvae from a 

heterozygous glra2+/- incross were dissected, removing the skull and tissue 

surrounding the brain. Larvae were then genotyped from a small clipping of the 

tail and fixed. Immunohistochemistry was performed using antibodies, acetyl-

tubulin and SV2 to label axonal tracts and neuropil, respectively. Preliminary 

findings indicated that glra2-/- larvae brains were comparable in size to wild-type 

brains with the diencephalon appearing slightly smaller in size in glra2-/- 

knockout (Fig 4.15C,D) compared to wild-type larvae (Fig 4.15A,B). 

 
Figure 4.15 Comparison of brain morphology in wild-type (glra2+/+) and homozygote 
(glra2-/-) larvae at 4 dpf. Larvae at 4 dpf were dissected, genotyped and immunohistochemistry 
was performed, labelling axonal tracts (acetyl-tubulin; green) and neuropil (SV2; magenta). A: 
Dorsal view, wild-type (glra2+/+) B: Lateral view, wild-type (glra2+/+).  C: Dorsal view, 
homozygote (glra2-/-). D: Lateral view, homozygote (glra2-/-).  
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It was initially surprising that there were no apparent differences in the dorsal 

and lateral views in glra2-/- larvae compared to glra2+/+ controls, particularly as 

the Glra2 KO mouse (generated by Avila et al 2013) had moderate 

microcephaly. One reason for this may have been that the zebrafish brain is 

known to develop in a different way to the mammalian brain in early 

development. The telencephala of teleost and ray-finned fish are known to fold 

outwardly in a process known as eversion. This leads to the development of the 

proliferative zone and ventricular surface in the brain to be situated on the 

dorsal side. The folding of the mammalian telencephalon however undergoes 

evagination, a process leading to the proliferative zone to be orientated in an 

inward direction towards the ventricle (Fig 4.16).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.16 The folding of the telencephalon in teleostean and mammalian development. 
The neural tube gives rise to the telencephalon. In zebrafish, the telencephalon folds outwardly 
(eversion), whereas the telencephalon folds inwardly in mammals (evagination). 
 

Comparative studies of teleost and mammal brain have been faced with 

difficulties when it came to the uncovering a distinct homologous cortex. 

Molecular markers, pax6 and reelin, known for being expressed in the 

mammalian cortex, are not expressed in homologous cortex regions within the 

zebrafish. A study by Mueller et al (2011), suggested that the homologous 

mammalian (iso-) cortex is the dorsal pallium. This could explain why we did not 

see obvious differences in the glra2-/- larvae as the equivalent structure to the 

mouse appears to be hidden beneath the medial pallium and therefore may be 

more difficult to distinguish differences in size (Fig 4.17).  
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Figure 4.17 The teleost dorsal pallium is homologous to the mammalian cortex. Following 
eversion, proliferative zones and ventricle surfaces in the teleost are situated on the dorsal side. 
Mammalian evagination, however leads to proliferative zones facing inwardly towards the 
ventricle. Mueller et al have suggested that the dorsal pallium equates to the mammalian (iso-) 
cortex (Mueller et al 2011, 2012). Teleost brain: DP, Dorsal pallium; EN, entopenduncular 
nucleus; LP, Lateral pallium; MP, medial pallium; NT, nucleus taeniae; VP, Ventral pallium; Vd, 
dorsal nucleus of the ventral telencephalon; Vv, ventral nucleus of the ventral telencephalon. 
Mammalian brain: BLA. Basolateral amygdala; CP, caudate putamen; Ctx, Cortex; GP, globus 
pallidus; Hip, Hippocampus; pirCtx, pirocortex; Sep, Septum; V,  (Mueller et al, 2011). 
 
 
To investigate differences in the dorsal pallium, confocal images were taken of 

homozygote (glra2-/- ) and wild-type glra2+/+ larvae brains at 4 dpf. Larvae were 

stained with acetyl-tubulin and sytox orange to label axonal tracts and nucleic 

acids respectively. Confocal images were taken on a coronal plane to give a 

clear view of the dorsal pallium. Initial findings indicated that the dorsal pallium 

(labeled DP; Fig 4.18) in the homozygote (glra2-/-) larva appeared slightly 

smaller than the wild-type (glra2+/+) control at 4 dpf. Further investigations, 

however, will be required to form a clear statistical comparison.  
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Figure 4.18 Comparison of the dorsal pallium in wild-type (glra2+/+ ) and homozygote 
(glra2-/-) larvae at 4 dpf. A: A schematic adapted from Wullimann et al (1996) to indicate that 
confocal images were taken on a coronal plane through the telencephalon. CCe, Corpus 
cerebelli; DP, dorsal pallium. MO, medulla oblongata; OB, Olfactory bulb; TeO, Tectum optum; 
Tel, telencephalon (Wullimann et al 1996). B: Coronal view of the telencephalon in a wild-type 
(glra2+/+) larva at 4 dpf. C: Coronal view of the telencephalon in a homozygote (glra2-/-) larva at 
4 dpf. Acetyl tubulin is labeled in green, sytox orange is labeled in purple.  
 
 
Injection of a GlyR α2 morpholino into zebrafish had previously lead to obvious 

hyperbranching of spinal motor axons (Pilorge et al 2016). To compare spinal 

motor axons in homozygotes (glra2-/-) against wild-type siblings, 

immunohistochemistry was used to label axonal tracts with acetyl-tubulin. Initial 

findings indicated that homozygote (glra2-/-) spinal motor axons may show some 

differences in branching and growth compared to wild-type siblings (Fig 

4.19A,B). Sample sizes were, however too few to make an informed, statistical 

comparison. 
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Figure 4.19 Comparison of spinal motor axons in wild-type (glra2+/+) and homozygote 
(glra2-/-) larvae. Immunohistochemistry was performed on larvae at 4 dpf, labeling axonal tracts 
(acetyl tubulin; green). A: wild-type (glra2+/+) larva spinal motor axons. B: glra2-/- larva spinal 
motor axons.   
 

4.6.3 Analysis of differences in average activity using a sleep/wake assay  
As spinal motor axonal branching had been disrupted in morphants in a 

previous study (Pilorge et al 2016), investigations were made into the behaviour 

of homozygote (glra2-/-), heterozygote (glra2+/-) and wild-type (glra2+/+) siblings. 

Collaborating with Marcus Ghosh and Dr Jason Rihel, a custom designed 

ZebraBox was used to record the behaviour of larvae from 4 to 7 dpf. Progeny 

from a heterozygous (glra2+/-) incross were placed into a 96-well plate, placed 

into a chamber illuminated from the bottom by infrared light between 9 am and 

11 pm with water temperature maintained at 28°C. Software designed to track 

zebrafish larvae was linked to the video camera. Once zebrafish swim bladders 

are fully inflated they undergo circadian rhythm behaviour entrained by a 

light:dark cycle. During dark periods, zebrafish display largely inactive 

behaviour with the occasional active bout occurring (Rihel et al 2010). The 

differences observed in average activity were not obviously different from wild-

type siblings. Homozygote (glra2-/-) larvae appeared to be slightly more active 

during the day compared to wild-type siblings, however this was most likely due 

to developmental delay. A one-way ANOVA was used to assess variance for 

average activity at 4-6 dpf across the three genotypes (glra2-/-, glra2+/- and 

glra2+/+). The analysis indicated that average activity was not significantly 

different on either day across genotypes (Fig20; Day 4 average activity; glra2-/-; 

0.35 ± 0.11 sec/min; n=27; glra2+/-; 0.3 ± 0.07 sec/min; n=41; glra2+/+; 0.19 ± 

A B 
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0.03 sec/min; n=22. Day 5 average activity; glra2-/-; 1.3 ± 0.19 sec/min; n=27; 

glra2+/-; 0.9 ± 0.145 sec/min; n=41; glra2+/+; 0.81 ± 0.17 sec/min; n=22. Day 6 

average activity; glra2-/-; 2.61 ± 0.25 sec/min; n=27; glra2+/-; 2.19 ± 0.23 

sec/min; n=41; glra2+/+; 2.13 ± 0.3 sec/min; n=22).  

 
Figure 4.20 Spontaneous activity in wild-type (glra2+/+), heterozygote (glra2+/-) and 
homozygote (glra2-/-) larvae during the day and night. Average spontaneous activity was 
measured every 10 minutes in homozygotes (glra2-/-), heterozygotes (glra2+/-) and wild-type 
(glra2+/+) larvae at 4-7 dpf using a customised ZebraBox sleep/wake assay. One-way analysis 
of variance (ANOVA) was used to assess differences in average activity during the day from 4 
to 6 dpf across genotypes. The analysis was found to be not significant, (Day 4 average activity; 
F(2, 87) =0.865, p= 0.425. Day 5 average activity; F(2, 87) = 2.116, p= 0.127. Day 6 average 
activity; F(2, 87) =0.927, p= 0.399). 
 
4.7 Discussion  

Recent studies have highlighted the importance of the GlyR α2 subunit in 

neurogenesis in the modulation of nucleokinesis in interneurons and apical 

progenitor mitosis (Avila et al 2013, 2014). This has revealed reduced numbers 

of interneurons and projection neurons in deep and upper cortical layers. 

Furthermore, the loss of GlyRs containing the α2 subunit has been shown to 

lead to obvious spinal motor axonal hyperbranching in zebrafish (knockdown) 

and in layer V neurons in Glra2 KO mice (Avila et al 2013, 2014; Morelli et al 

2016; Pilorge et al 2016). Evidence has shown that the loss of GlyR α2 subunit 

leads to an imbalance of inhibitory/excitatory transmission, leading to increased 

excitability (Morelli et al 2016). An inhibitory/excitatory imbalance has been 

suggested to drive overconnectivity associated with epilepsy and ASD (Buckley 
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and Holmes 2016). 30% of ASD patients are known to have epilepsy, 

accounting for an overlap that could be due to an inhibitory/excitatory imbalance 

(Lai et al 2014). ASD patients with deletions or mutations in GLRA2 have low IQ 

and language delay with intellectual disability and generalised tonic-clonic 

seizures. Interestingly, a female with ASD had a predicted damaging mutation 

(p.R350L) in GLRA2 (Piton et al 2011). There were no reported seizures in this 

female patient concurrent with X-linked genes being syndromic only in the 

hemizygous state.  

 

Although recent highlights have indicated the importance of the GlyR α2 subunit 

in mice and humans in neuronal development, few investigations had been 

made in the zebrafish. This study has highlighted that morpholino knockdown of 

zebrafish GlyR α2 showed a dose-dependent increase in microcephaly and 

pulmonary oedema. This finding concurred with moderate microcephaly 

observed in Glra2 KO mice (Avila et al 2013, 2014). However, preliminary 

investigations in CRISPR/Cas9 generated homozygote (glra2-/-) zebrafish 

larvae revealed no substantial difference in head size when compared to wild-

type siblings at 24 and 48 hpf. The head size may not be a true measure of 

brain size, and crossing the new glra2 knockout line with a HuC-GFP transgenic 

line could provide a more accurate determination of brain size. 

Immunohistochemistry analyses at 4 dpf also revealed no clear differences in 

brain size or morphology in the dorsal and lateral views. After further 

investigation, however, coronal slices of the larva brains at 4 dpf indicated that 

the dorsal pallium, a structure homologous to the mammalian cortex, appeared 

to be slightly smaller in homozygote (glra2-/-) compared to wild-type controls. 

Further investigations are required however, to make a clear statistical 

comparison. It has been reported that whilst Glra2 KO mice have moderate 

microcephaly early in development, they are indistinguishable from wild-type 

(glra2+/+) by adulthood (Pilorge et al 2016; Morelli et al 2016). It is possible that 

4 dpf may be too late in neuronal development to show clear differences in the 

size of the dorsal pallium.  

 

Spinal motor axons in homozygous (glra2-/-) larvae showed some differences in 

morphology when compared with a wild-type control. However, larger sample 

sizes are required to make an informed statistical comparison. Previous glra2 
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knockdown experiments in zebrafish indicated hyperbranching of spinal motor 

axon distal ends (Pilorge et al 2016). It is perhaps unsurprising that the 

CRISPR/Cas9-generated glra2 knockout mutant phenotypes differ to 

morphants, since several recent studies have reported more severe phenotypes 

in morphants than knockouts (Rossi et al 2015; Kok et al 2015). For example, 

Rossi et al explored the knockdown and knockout phenotypes for egfl7, 

encoding an endothelial extracellular matrix gene. Severe vascular defects 

were observed in egfl7 morphants with mild, if any, phenotypes in egfl7 mutants 

(Rossi et al 2015). It is important to note that whilst morpholinos knockdown and 

prevent protein translation, gene knockouts have never expressed that gene 

and therefore may have adapted compensatory mechanisms for the gene loss, 

leading to a milder phenotype.  

 

Locomotion analyses indicated that whilst 30% of GlyR α2 subunit morphants 

did not move in response to touch, the remaining did not appear to differ in 

behaviour to wild-type controls (Fig 4.4). No differences in locomotion were 

observed in GlyR α2 subunit morpholino-injected larvae nor overexpression of 

either wild-type GlyR α2 or dominant-negative GlyR α2R275Q RNA compared to 

controls. This concurred with the Glra2 KO mouse displaying normal locomotion 

in a novel cage, open field and motor coordination on a rotarod (Pilorge et al 

2016). Locomotion analyses on homozygous glra2-/- and heterozygous glra2+/- 

larvae included spontaneous coiling at 24 hpf and a sleep/wake assay at 4-7 

dpf (Fig 4.13 And 4.20). The number of spontaneous coils made in 3 min by 

heterozygote (glra2+/-) and homozygote (glra2-/-) larvae were comparable with 

wild-type fish. Furthermore, sleep/wake assays at 4-7 dpf indicated that there 

was no statistically significant difference in average activity across genotypes, 

despite some likely developmental delay in homozygote (glra2-/-) larvae 

compared to wild-type controls. In summary, gene knockdown, over-expression 

of dominant-negative mutants and gene knockout data indicated that the GlyR 

α2 subunit appeared to have no significant role in locomotion.  

 

In conclusion, my results indicated that whilst glra2 loss does not appear to 

affect locomotion, it is clear that this receptor subtype is likely to be important 

for spinal motor axon development. Whether glra2 loss leads to microcephaly in 

zebrafish is unclear. Whilst morphants have pronounced microcephaly and 
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pulmonary oedema, glra2-/- mutants do not have obvious differences in head 

size compared to wild-type siblings. The glra2 knockout line has been sent to 

our collaborator Professor Hiromi Hirata at the Aoyama Gakuin University in 

Japan for complete analysis of the phenotype. 
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5. MOLECULAR AND PHYLOGENETIC ANALYSIS OF GLYR α4 SUBUNIT 

PROTEINS IN HUMANS AND OTHER SPECIES 
 

5.1 Background 

In most vertebrate genomes, there are four genes encoding GlyR α subunits 

and one encoding the β subunit. Early in teleost evolution whole-genome 

duplication (Hurley et al 2007) gave rise to two additional GlyR subunit genes 

(glra4b and glrbb) accounting for a total of seven GlyR subtypes meaning that 

model organisms such as zebrafish have a total of seven GlyR subunit genes 

(Hirata et al 2010). GlyR subunit genes display distinctive spatial and temporal 

expression patterns throughout development. We know that GlyR α1β and α3β 

heteromers are expressed in the spinal cord and brainstem and are central to 

motor control, rhythmic breathing and inflammatory pain (Harvey et al 2004; 

Betz and Laube 2006). The GlyR α2 subtype has an integral role in cortical 

development, regulating apical progenitor mitosis, interneuron migration and 

underpins cortical circuitry in mice (Avila et al 2013, 2014; Morelli et al 2016). 

However, the GlyR α4 subtype is the most poorly studied subunit, largely 

because the human gene (GLRA4) is considered to be a pseudogene (Simon et 

al 2004) due to the presence of an in-frame stop codon (p.R390X) in exon 9, 

truncating the GlyR subunit between membrane-spanning domains M3 and M4. 

A pseudogene is defined as a gene relic that has no biological function and has 

been lost as a result of an environmental or genetic change (Xu et al 2016).  

 

However, in many vertebrates Glra4 is correctly transcribed, translated and 

GlyR α4 subunits can be functional. For example, in situ hybridisation and PCR 

assays in embryonic chicken parasympathetic neurons have linked GlyRs 

containing the α4 subunit to neurotransmitter release with gene expression 

localised to the spinal cord white matter, dorsal root ganglia and the male 

genital ridge in chicken embryos (Boehm et al 1997; Harvey et al 2000). The 

GlyR α4 subunit was also shown to be functional in mice with GlyR α4 subunit 

cDNA transfection into Xenopus laevis oocytes and HEK293 cells resulting in 

cell surface expression and strychnine sensitivity comparable to the rat GlyR α1 

subunit (Harvey et al 2000). Using newly developed antibodies targeting the 
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GlyR α subtypes in mice, GlyR α4 was localised to cholinergic amacrine cells in 

the mouse retina (Heinze et al 2007).  

 

Despite these advances, little is known about the biological function of GlyR α4. 

There are no reported animal knockouts for this gene. Although two knockout 

mice lines have been generated (Glra4tm1a(KOMP)Wtsi and Glra4tm1e(KOMP)Wtsi), no 

phenotypes have yet been reported. A mouse model for the Pelizaeus-

Merzbacher Disease (PMD) was engineered to have a duplication of genes 

surrounding Glra4 (Tcel3, Tceal1, BC065397, Plp1 and Morf4L2). Although the 

mice displayed gait abnormalities, GlyR α4 subunit mRNA levels were 

comparable to wild-type controls indicating that the phenotype observed was 

not associated with Glra4 (Clark et al 2013). In zebrafish, each GlyR α4 subtype 

has been shown to have a different expression pattern. The gene, glra4a, 

encoding the GlyR α4a subunit is an orthologue of the mammalian and avian 

α4, sharing 80% of protein sequence identity with the mouse GlyR α4 subunit 

(Harvey et al 2000; Imboden et al 2001c). Zebrafish in situ hybridisation (ISH) 

studies revealed GlyR α4a expression localised to the rhombencephalic lip, the 

rhombencephalic region of the midbrain-hindbrain boundary, somites and the 

telencephalon at 24 hpf (Imboden et al 2001c). Expression of glra4a was later 

additionally observed in the spinal cord by 48 hpf and in the telencephalon and 

dicephalon by adulthood (Imboden et al 2001b; Thisse et al 2004). Figure 5.1 

depicts the expression pattern of glra4a observed by zebrafish embryos (Thisse 

et al 2004). 

 

 

 

 

 

 

 

 
Figure 5.1 Expression pattern of glra4a in zebrafish. In situ hybridisation experiment by 
Thisse et al revealed glra4a expression to be localised to the hindbrain, myotome, 
telencephalon and spinal cord at 42-60 hpf (Thisse et al 2004).   
 

A B 
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Zebrafish glra4a knockdown was initially reported to show a reduction of spinal 

interneurons (McDearmid et al 2006). The other GlyR α4 subunit, α4b shares 

71% sequence identity with zebrafish GlyR α4a. This subunit has a very 

restricted pattern of expression in the ganglionic cell layer and inner nuclear 

layers of the retina (Imboden et al 2001c; Hensley et al 2011). glra4a and 

glra4b are located on two different linkage groups (LG5 and LG22), further 

confirming the whole-genome duplication hypotheses in early teleost evolution 

(Imboden et al 2001c; Woods et al 2000). Figure 5.2 depicts the expression 

pattern observed for glra4b (Hensley et al 2011).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Expression pattern of glra4b in zebrafish. In situ experiments by Hensley et al 
revealed glra4b expression patterns in the retina at 52 hpf (Hensley et al 2011).  
 

Given that the GlyR α4 subunit gene is intact, fully spliced and has been 

suggested to show distinct expression patterns in many vertebrates, it is 

unclear why this gene has been lost in humans. We therefore sought to 

investigate the evolution and function of this gene using bioinformatics, 

molecular biology and gene knockdown approaches.    

 

5.2 Study aims 

The human GlyR α4 subunit gene is thought to be a pseudogene, due to the 

presence of an in frame stop codon (p.R390X) in exon 9 truncating the receptor 

between membrane spanning domains M3 and M4. However there could be 

read-through or RNA editing mechanisms that operate in vivo, restoring a 

functional GlyR α4 subunit. There is also evidence that some genes on the X-

chromosome are non-functional in some individuals but intact in others (Tarpey 

et al 2009). We also do not know if humans are the only vertebrates to have lost 

GLRA4. The aims of this study were: 

A B 
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- To perform phylogenetic analysis of GlyR α4 orthologues in vertebrate 

species and predict damaging mutations present in the human GlyR α4 

subunit compared to the functional mouse GlyR α4 subunit. 

- To clone human GlyR α4 subunit cDNAs into the mammalian expression 

vector pRK5 for functional expression studies. 

- To restore the human GlyR α4 stop codon to an arginine residue by site-

directed mutagenesis to see if the GlyR α4X390R mutation was sufficient 

to restore function. 

- To examine zebrafish phenotypes observed following glra4a or glra4b 

expression of dominant-negative mutants.  

- To compare the startle responses to an unexpected loud sound in 

humans and chimps.  

 

5.3 Phylogenetic analysis of GlyR α4 subunit proteins 

The human GlyR α4 subunit was aligned with equivalent proteins from primates 

and other vertebrates using the Uniprot align tool (http://www.uniprot.org/align/) 

with sequences from UCSC and NCBI (https://genome.ucsc.edu; 

http://www.ncbi.nlm.nih.gov/guide/proteins/). Using the human GlyR α4 subunit 

sequence as a reference, gaps and insertions in the alignment were recorded. 

Two alignments are shown in Figures 5.3 and 5.4 (page 139 and 140) – an 

alignment of the human GlyR α4 subunit protein sequence to different ape 

species, including chimpanzee, orangutan, gorilla, baboon, macaque, 

marmoset and bushbaby (Fig 5.3, page 139) and the human GlyR α4 subunit 

protein sequence to rodent species, mouse and rat (Fig 5.4, page 140). In 

general, these alignments indicated that GlyR α4 subunit sequences showed 

the most divergence in the N-terminal signal peptide and the intracellular loop 

between transmembrane domains M3 and M4. Some minor gaps or insertions 

were observed in some regions, particularly in the signal peptide region (e.g. 

marmoset). Outside the variable signal peptide and M3-M4 loops, key 

differences between the human GlyR α4 subunit and orthologues from ape 

species included:  
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- Extracellular domain: p.S55G, p.I57V, p.K59E, p.L145P, p.K170N, p.C204Y. 

Note that p.S55 and p.C204 were also found in chimpanzee, orangutan and 

gorilla sequences. 

 - Transmembrane domains: p.I311V in M3.  

- The X390 stop codon is not present in ape species, where either an arginine 

or glutamine was found. 

Outside the variable signal peptide and M3-M4 loops, key differences between 

the human GlyR α4 subunit and rat/mouse sequences include:  

- Extracellular domain: p.E3D, p.T8L or p.T8P, p.S55G, p.I57V, p.K59E, 

p.S80A, p.L145P, p.K170N, p.V174M, p.C204Y. 

 - Transmembrane domains: p.I311V in M3.  

- The X390 stop codon was not present in either mouse or rat, where an 

arginine was found. 

 

This analysis revealed that as well as the X390 stop codon, the human GlyR α4 

subunit contained several other key amino acid changes that could be 

potentially damaging to GlyR function. I assessed potentially damaging effects 

by placing individual human substitutions in the mature mouse GlyR α4 subunit 

by conducting bioinformatic analysis using the software packages, SIFT and 

Polyphen-2. SIFT prediction is based on the degree of conservation of amino 

acid residues in sequence alignments derived from closely related sequences, 

collected through PSI-BLAST (Kumar et al 2009). PolyPhen-2 (Polymorphism 

Phenotyping v2) is a tool that predicts possible impact of an amino acid 

substitution on the structure and function of a given protein using 

“straightforward physical and comparative considerations” (Adzhubei et al 

2013). The mouse GlyR α4 subunit was a starting point, since this subunit was 

known to be functional in electrophysiological assays (Harvey et al 2000). 

Whilst most substitutions were tolerated/benign, p.E59K and p.R421W were 

predicted to be not tolerated by SIFT, and p.E59K, p.P145L, p.Y204C, p.V311I 

and p.R421W were predicted to be possibly or probably damaging by 

PolyPhen-2. The p.E59K substitution resulted in a change from a negatively 

charged residue (E, glutamate) to a positively-charged residue (K, lysine). 

p.R421W resulted in a change from a positively-charged residue (R, arginine) to 

a large aromatic residue (W, tryptophan). However, it is noteworthy that most of 

the amino acids that were predicted to be damaging by SIFT and Polyphen-2 
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(K59, L145, I311, W421) were unique to the human GlyR α4 subunit (Figures 

5.3 and 5.4). The exception was C204, which introduced an additional reactive 

cysteine into the ECD. GlyRs typically have five cysteine residues in the ECD, 

four of which form disulphide bonds that are important for cell-surface 

expression and ECD folding (Vogel et al 2009). In the GlyR α1 subunit, these 

form a signature disulphide loop (Cys138-Cys152) that is also found in nAChRs, 

5HT3Rs and GABAARs. In addition, a second GlyR-specific disulphide bond is 

formed (Cys198-Cys209), leaving one cysteine (Cys41) unpaired (Vogel et al 

2009). The equivalent residues in the human GlyR α4 subunit are Cys144-

Cys158, Cys205-Cys216 and Cys47. However, the extra cysteine found (Cys204) 

found in human, chimp, orangutan and gorilla GlyR α4 subunits could interfere 

with correct disulphide bond formation. 

  

Table 5.1 Prediction of potentially damaging changes in the human GlyR α4 subunit 
compared to the mouse GlyR α4 subunit. Individual amino acid substitutions were made in 
the mouse GlyR α4 subunit (Figure 5.4) and potentially damaging effects were assessed using 
SIFT (http://sift.jcvi.org/) and Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/). 
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Figure 5.3 Comparison of the human GlyR α4 subunit with orthologues from primates 
using the Uniprot align tool. The positions of the N-terminal signal peptide and 
transmembrane domains are indicated by blue arrows. Red residues indicate amino acid 
changes, insertions or deletions. Labelled residues indicate differences in human GlyR α4 
subunit compared to primates. Blue residues indicate cysteine residue substitution p.C204Y 
present in human, chimp, orangutan and gorilla protein sequences.  
 
 

 

Human     MTTLVPATLSFLLLWTLPGQVLLRVALAKEEVKSGTKGSQPMSPSDFLDKLMGRTSGYDA 60 
Chimp     MTTLVPATLSFLLLWTLPGQVLLRVALAKEEVKSGTKGSQPMSPSDFLDKLMGRTSGYDA 60 
Orangutan MTTLVPATLSFLLLWTLPGQVLLRVALAKEEVKSGTKGSQPMSPSDFLDKLMGRTSGYDA 60 
Gorilla   MTTLVPETLSFLLLWTLPGQVLLRVALAKEEVKSGTKGSQPMSPSDFLDKLMGRTSGYDA 60 
Baboon    MTTLVPATLSFLLLWTLPGQVLLRVALAKEEVKSGTKGSQSMSPSDFLDKLMGRTSGYDA 60 
Macaque   MTTLVPATLSFLLLWTLPGQVLLRVALAKEEVKSGTKESQSMSPSDFLDKLMGRTSGYDA 60 
Marmoset  MTT-----LSFLLLWTLPGQVLLRVALAKEEVKSGTKGSQPMSPSDFLDKLMGRTSGYDA 55 
Bushbaby  MTTFAPATLSFLFLWTLTGQVLLREALAKEEVKYEAKGSQPMSPSDFLDKLMGRTSGYDA 60 
          ***     ****:**** ****** ********  :* ** ******************* 
 
Human     RIRPNFKGPPVNVTCNIFINSFSSITKTTMDYRVNVFLRQQWNDPRLSYREYPDDSLDLD 120 
Chimp     RIRPNFKGPPVNVTCNIFINSFSSVTETTMDYRVNVFLRQQWNDPRLSYREYPDDSLDLD 120 
Orangutan RIRPNFKGPPVNVTCNIFINSFSSVTETTMDYRVNVFLRQQWNDPRLSYREYPDDSLDLD 120 
Gorilla   RIRPNFKGPPVNVTCNIFINSFSSVTETTMDYRVNVFLRQQWNDPRLSYREYPDDSLDLD 120 
Baboon    RIRPNFKGPPVNVTCNIFINSFGSVTETTMDYRVNVFLRQQWNDPRLSYREYPDDSLDLD 120 
Macaque   RIRPNFKGPPVNVTCNIFINSFGSVTETTMDYRVNVFLRQQWNDPRLSYREYPDDSLDLD 120 
Marmoset  RIRPNFKGPPVNVTCNIFINSFGSVTETTMDYRVNVFLRQQWNDPRLSYQEYPDNSLDLD 115 
Bushbaby  RIRPNFKGPPVNVTCNIFINSFGSVTETTMDYRVNVFLRQQWNDPRLAYREYPDDSLDLD 120 
          **********************.*:*:********************:*:****:***** 
 
Human     PSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIRLTLILSCLMDLKNFP 180 
Chimp     PSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIRLTLILSCPMDLKNFP 180 
Orangutan PSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIRLTLILSCPMDLKNFP 180 
Gorilla   PSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIRLTLILSCPMDLKNFP 180 
Baboon    PSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIRLTLILSCPMDLKNFP 180 
Macaque   PSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIRLTLILSCPMDLKNFP 180 
Marmoset  PSMLDSIWKPDLFFANEKGASFHEVTTDNKLLRIFKNGNVLYSIRLTLVLSCPMDLKNFP 175 
Bushbaby  PSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIRLTLILSCPMDLKNFP 180 
          ********************.***************************:*** ******* 
 
Human     MDIQTCTMQLESFGYTMKDLVFEWLEDAPAVQVAEGLTLPQFILRDEKDLGCCTKHYNTG 240 
Chimp     MDIQTCTMQLESFGYTMNDLVFEWLEDAPAVQVAEGLTLPQFILRDEKDLGCCTKHYNTG 240 
Orangutan MDIQTCAMQLESFGYTMNDLVFEWLEDAPAVQVAEGLTLPQFILRDEKDLGCCTKHYNTG 240 
Gorilla   MDIQTCTMQLESFGYTMNDLVFEWLEDAPAVQVAEGLTLPQFILRDEKDLGCCTKHYNTG 240 
Baboon    MDIQTCTMQLESFGYTMNDLVFEWLEDAPAVQVAEGLTLPQFILRDEKDLGYCTKHYNTG 240 
Macaque   MDIQTCTMQLESFGYTMNDLVFEWLEDAPAVQVAEGLTLPQFILRDEKDLGYCTKYYNTG 240 
Marmoset  MDIQTCTMQLESFGYTMNDLVFEWLEDAPAVQVAEGLTLPQFILRDEKDLGYCTKHYNTG 235 
Bushbaby  MDIQTCTMQLESFGYTMNDLVFEWLEDAPAVQVAEGLTLPQFILRDEKDLGYCTKHYNTG 240 
          ******:**********:********************************* ***:**** 
 
Human     KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 300 
Chimp     KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 300 
Orangutan KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 300 
Gorilla   KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 300 
Baboon    KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 300 
Macaque   KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 300 
Marmoset  KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 295 
Bushbaby  KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 300 
          ************************************************************ 
 
Human     QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAINFVSRQHKEFIRLRR-RQRRQ 359 
Chimp     QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRR-RQRRQ 359 
Orangutan QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRRRRQRRQ 360 
Gorilla   QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRR-RQRRQ 359 
Baboon    QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRR-RQRRQ 359 
Macaque   QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRR-RQRRQ 359 

Human     QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAINFVSRQHKEFIRLRR-RQRRQ 359 
Chimp     QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRR-RQRRQ 359 
Orangutan QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRRRRQRRQ 360 
Gorilla   QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRR-RQRRQ 359 
Baboon    QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRR-RQRRQ 359 
Macaque   QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRR-RQRRQ 359 
Marmoset  QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRR-RQRRQ 354 
Bushbaby  QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFIRLRR-RQRRQ 359 
          **************************************:*************** ***** 
 
Human     RLEEDIIQESRFYFRGYGLGHCLQARDGGPMEGSGIYSPQPPAPLLREGETTRKLYVD*A 419 
Chimp     RLEEDIIQESRFYFRGYGLGHCLQARDGGPMEGSGIYSPQPPAPLLREGETTRKLYMDRA 419 
Orangutan RMEEDIIQESRFYFRGYGLGHCLQARDGGPMEGSGIYSPQPPAPLLREGETTRKLYVDQA 420 
Gorilla   RLEEDIIQESRFYFRGYGLGHCLQARDGGPMEGSGIYSPQPPAPLLREGETMRKLYVDRA 419 
Baboon    RMEEDIIQESRFYFHGYGLGHCLQARDGGPMEGSGIYSPQPPAPLLREGETMRKLYVDRA 419 
Macaque   RMEEDIIQESRFYFHGYGLGHCLQARDGGPMEGSGIYSPQPPAPLLREGETMRKLYVDRA 419 
Marmoset  RMEEDIIQESRFYFRGYGLGHCLQARDGGPMEGSGIYSPQPPAPLLREGETMRKLYVDRA 414 
Bushbaby  RMEEDIIRESRFYFRGYGLGHCLQARDGVPMEGSGMYNPQPPAPLLREGETMRKPYVDQA 419 
          *:*****:******:************* ******:*.************* ** *:*   
 
Human     KRIDTISRAVFPFTFLIFNIFYWVVYKVLWSEDIHQAL 457 
Chimp     KRIDTISRAVFPFTFLIFNIFYWVVYKVLRSEDIHQAL 457 
Orangutan KRIDTISRAVFPFTFLIFNIFYWVVYKVLRSEDIHQAL 458 
Gorilla   KRIDTISRAVFPFTFLIFNIFYWVVYKVLRSEDIHQAL 457 
Baboon    KRIDTISRAVFPFTFLIFNIFYWVVYKVLRSEDIHQAL 457 
Macaque   KRIDTISRAVFPFTFLIFNIFYWVVYKVLRSEDIHQAL 457 
Marmoset  KRIDTISRAVFPFTFLIFNIFYWVVYKVVRSEDIHQA- 451 
Bushbaby  KRIDTISRAVFPFTFLIFNIFYWVVYKVLRSEDIHQAL 457 
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Figure 5.4 Comparison of the human GlyR α4 subunit with rat and mouse GlyR α4 
subunits using the Uniprot align tool. The positions of the N-terminal signal peptide and 
transmembrane domains are indicated by blue arrows. Red residues indicate amino acid 
changes, insertions or deletions. Labelled residues indicate amino acid changes in the human 
GlyR α4 subunit compared to mouse and rat. Blue residues indicate cysteine residue 
substitution p.C204Y present in human but absent in mouse and rat. 
 
 
5.4 Cloning of human GlyR α4 subunit cDNAs into the pRK5 expression 

vector 

Using first-strand cDNA synthesised from human hippocampus and whole-brain 

mRNA (Clontech) and PCR primers in exons 1 and 9 of GLRA4, I amplified the 

full-length human GlyR α4 subunit cDNA by PCR using proofreading Pfx DNA 

polymerase. The expected PCR product size was 1384 bp and a product 

approximating this size was observed in both cases. Both fragments were 

excised from the agarose gel, purified using a QIAQuick Gel Extraction Kit and 

cloned into the expression vector pRK5. The PCR fragment was digested with 

BamHI and XhoI and the vector with BamHI and SalI. These sticky-ended 

fragments were subsequently ligated using T4 DNA ligase and transformed into 

E. coli competent cells. DNA minipreps were made from small bacterial cultures 

and DNA digested with BamHI and HindIII to confirm complete integration. 

Restriction digests were analysed by gel electrophoresis with insert containing 

Human MTTLVPATLSFLLLWTLPGQVLLRVALAKEEVKSGTKGSQPMSPSDFLDKLMGRTSGYDA 60 
Mouse MTTLVPASL-FLLLWTLPGKVLLSVALAKEDVKSGLKGSQPMSPSDFLDKLMGRTSGYDA 59 
Rat   MTTLVPASL-FLLLWTLPGKVLLSVALAKEDVKSGPKGSQPMSPSDFLDKLMGRTSGYDA 59 
 
Human RIRPNFKGPPVNVTCNIFINSFSSITKTTMDYRVNVFLRQQWNDPRLSYREYPDDSLDLD 120 
Mouse RIRPNFKGPPVNVTCNIFINSFGSVTETTMDYRVNVFLRQQWNDPRLAYREYPDDSLDLD 119 
Rat   RIRPNFKGPPVNVTCNIFINSFGSVTETTMDYRVNVFLRQQWNDPRLAYREYPDDSLDLD 119 
 
Human PSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIRLTLILSCLMDLKNFP 180 
Mouse PSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIRLTLILSCPMDLKNFP 179 
Rat   PSMLDSIWKPDLFFANEKGANFHEVTTDNKLLRIFKNGNVLYSIRLTLILSCPMDLKNFP 179 
 
Human MDIQTCTMQLESFGYTMKDLVFEWLEDAPAVQVAEGLTLPQFILRDEKDLGCCTKHYNTG 240 
Mouse MDIQTCTMQLESFGYTMNDLMFEWLEDAPAVQVAEGLTLPQFILRDEKDLGYCTKHYNTG 239 
Rat   MDIQTCTMQLESFGYTMNDLMFEWLEDAPAVQVAEGLTLPQFILRDEKDLGYCTKHYNTG 239 
 
Human KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 300 
Mouse KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 299 
Rat   KFTCIEVKFHLERQMGYYLIQMYIPSLLIVILSWVSFWINMDAAPARVGLGITTVLTMTT 299 
 
Human QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAINFVSRQHKEFIRLRRRQRRQR 360 
Mouse QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFMRLRRRQRRQR 359 
Rat   QSSGSRASLPKVSYVKAIDIWMAVCLLFVFAALLEYAAVNFVSRQHKEFMRLRRKQRRRH 359 
 
Human LEEDIIQESRFYFRGYGLGHCLQARDGGPMEGSGIYSPQPPAPLLREGETTRKLYVD*AK 420 
Mouse MEEDIIRESRFYFRGYGLGHCLQARDGGPMEGSSIYSPQPPTPLLKEGETMRKLYVDRAK 419 
Rat   MEEDIIREGRFYFRGYGLGHCLQARDGGPMEGSSIYSPQPPTTLLKEGETMRKVYVDRAK 419 
 
Human RIDTISRAVFPFTFLIFNIFYWVVYKVLWSEDIHQALZ 458 
Mouse RIDTISRAVFPFTFLVFNIFYWVVYKVLRSEDIHQALZ 457 
Rat   RIDTISRAVFPFTFLVFNIFYWVVYKVLRSEDIHQALZ 457 
                                             

Signal peptide 

T-21S 
-20 

Q-9K R-5S E3D T7L 
T7P 

S55G 
I57V 

K59E S80A 

L145P 

K170N V173M C204Y 

TM1 TM2 

TM3 I311V I322M 

G366S A374T T383M *390R 
R378K 

W421R I408V TM4 



 141 

clones producing bands of ~1.4 kb (insert) and ~4.7 kb (pRK5 vector). Plasmids 

containing human GlyR α4 subunit cDNAs were fully sequenced using primers 

pRK5 forward and reverse and analysed using Sequencher 4.10 (Gene Codes 

Corporation). Sanger DNA sequencing was performed by DNA Sequencing & 

Services (MRCPPU, College of Life Sciences, University of Dundee, Scotland). 

All sequenced GlyR α4 subunit cDNAs had the in-frame stop codon (X390) and 

a valine at position 57 (V57). V57 is found in both rodent and ape GlyR α4 

subunits. Several other cDNA clones had the change p.W421R, suggesting that 

this could be a common polymorphism in human GLRA4. This change has 

been considered a 3’ UTR variant and does not appear to be found in other 

GlyR α4 subunit proteins from closely related species. Clones B1 and B3 were 

found viable for functional assays since they had intact coding regions with no 

further errors. The remaining cDNA clones had additional PCR or splicing errors 

rendering them useless for function assays. 

 

5.5 Restoration of human GlyR α4 subunit R390 by site-directed 

mutagenesis 

Clones B1 and B3 were subjected to site-directed mutagenesis (Quikchange, 

Agilent) to restore the in-frame stop codon to an arginine. In this method, a pair 

of complementary mutagenic primers (Figure 5.5A) are used to amplify the 

entire vector plus cDNA in a PCR reaction using a high-fidelity non-strand-

displacing DNA polymerase such as Pfu DNA polymerase. The template DNA is 

then eliminated by enzymatic digestion with DpnI, which is specific for 

methylated DNA. Since DNA produced from most E. coli strains is methylated, 

the template plasmid is digested, while the mutated plasmid, which is generated 

in vitro and is therefore unmethylated, is left undigested and can be recovered 

by transformation into E. coli, which repairs the linear PCR product into a 

circular plasmid. The resulting clones were again sequenced to confirm that the 

p.X390R mutation had been introduced (Figure 5.5B).  
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Figure 5.5 Restoration of the human GlyR α4 subunit cDNA using site-directed 
mutagenesis. A: Design of complementary mutagenic primers for restoring R390 by 
mutagenesis and sequencing chromatograms for normal human GlyR α4 subunit. B: Restored 
GlyR α4R390 visualised using CLC Main Workbench 6. An arrow indicates the restoration of 
arginine, replacing the original stop codon. 
 
5.6. Expression of human GlyR α4 subunit cDNAs in HEK293 cells 

Wild-type pRK5-hGlyRα4X390 (truncated) and restored pRK5-hGlyRα4R390 were 

transfected into HEK293 cells, using anti-actin as a loading control. The aim of 

these western blots was to ascertain whether the truncated and restored GlyR 

α4 subunits were translated into protein. The primary antibodies used were 

pAbGlyRα4 and mAb4a with anti-actin for the loading control. mAb4a 

recognises all known GlyR α subunits and via an extracellular epitope upstream 

of the in-frame stop codon (Pfeiffer et al 1984). This antibody is therefore 

predicted to stain both the truncated and restored GlyR α4 subunit. By contrast, 

the pAbGlyRα4 antibody is designed to target the C-terminus of the GlyR α4 

subunit (Heinze et al 2007), i.e. an epitope downstream of the in-frame stop 

codon R390 and is therefore only predicted to recognise the restored GlyR 

α4R390 subunit. The results shown in figure 5.6 reveal that both the truncated 

and restored hGlyR α4 subunits are made into protein and recognised by 

mAb4a. As expected, the truncated subunit has a lower molecular weight than 

the intact GlyR α4R390 subunit and the truncated variant was not recognised by 

pAbGlyRα4. However, the restored GlyR α4R390 subunit was recognised by this 

antibody, confirming that the translation of the entire coding region had been 

restored by site-directed mutagenesis. Professor Trevor Smart kindly tested the 

 
   G  E  T  T  R  K  L  Y  V  D  *  A  K  R  I  D  T  I  S  R  A  
             5'-ggaaactctacgtggacagagccaagagaattgac-3' X290R1 
   
GGAGAAACCACGCGGAAACTCTACGTGGACTGAGCCAAGAGAATTGACACCATCTCCCGGGCT  
             3'-cctttgagatgcacctgtctcggttctcttaactg-5' X290R2 

Δ

A
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GlyR α4R390 subunit (UCL, Neuroscience, Physiology and Pharmacology) for 

functional expression using patch-clamp electrophysiology. Unfortunately GlyR 

α4R390 subunit failed to elicit glycine-gated currents in transfected HEK293 cells, 

suggesting other substitutions in the human GlyR α4 subunit may have 

impacted on cell surface trafficking and receptor function.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. Western blot analysis of the human GlyR α4 subunit X390 and R390 variants. 
The pan-GlyR antibody mAb4a clearly recognises both variants. The expected molecular 
weights of the mature (i.e. signal peptide cleaved off) GlyR α4 polypeptides are α4X390: 44.7 
kDa versus α4R390  - 49.6 kDa using the compute pI/Mw tool at http://web.expasy.org. However, 
note that this does not take into account any additional N-terminal glycosylation or 
phosphorylation of GlyRs that may occur in cellular expression. By contrast, the C-terminal 
pAbGlyRα4 antibody recognises only the restored hGlyR α4R390 protein. Marker sizes are in 
kDa and anti-actin staining confirms that equivalent amounts of protein lysates were loaded in 
each lane of the gel. 
 
 
5.7 Functional restoration of the human GlyR α4 subunit 
 
For further investigations into the functional loss of the human GlyR α4 subunit, 

we shipped the human restored GlyR α4X390R construct to Professor Joe Lynch 

at Queensland Brain Institute, Australia. Prof Lynch performed a YFP assay 

transfecting restored hGlyR α4R390 cDNAs into HEK-AD293 cells. We also 

artificially synthesised gorilla and chimp GlyR α4 cDNAs and cloned these into 

pRK5 as a comparison. Although gorilla and chimp GlyR α4 subunits were 

sensitive to glycine, full-length restored and truncated wild-type human GlyR α4 
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subunits were not (Fig 5.7A). This concurred with the previous assay performed 

by Prof Trevor Smart, indicating that other substitutions were responsible for the 

human GlyR α4 subunit loss of function. Using residue changes identified 

previously (table 5.1, Fig 5.7B), substitutions were introduced into the mouse 

GlyR α4 subunit construct one at a time and transfected into HEK-AD293 cells 

to test their impact on the GlyR α4 subunit function. 

 
Figure 5.7 YFP assay testing glycine sensitivity in HEK-AD293 cells expressing restored 
human GlyR α4 p.X390R compared to gorilla and chimp orthologues. A: A glycine dose 
response curve for human truncated and restored, gorilla and chimp GlyR α4 subunits. 
Fluorescence change is plotted against glycine concentration. Data represents an average from 
three experiments with three wells each containing more than 200 cells per well. B: Model of a 
GlyR α1 homomer (PDB: 3JAE) depicting the equivalent potentially damaging mutations found 
in the human GlyR α4 subunit protein sequence compared to the functional mouse protein 
sequence. Experiments in Figure A were performed by Prof Lynch. 
 
 
In these experiments, it was found that p.E59K completely precluded receptor 

functional expression. Furthermore, the p.Y204C and p.R421W substitutions 

resulted in reduced fluorescence suggesting a reduction in the rate of chloride 

influx. Considering p.E59K was shown to be the most damaging change, 

precluding functional expression, the substitution p.K59E was restored into the 

human GlyR α4 subunit alone and together with p.C204Y and p.W421R. 

Restoration of p.K59E alone could not restore functional expression, however 

function could be restored when p.K59E was incorporated with p.C204Y (Fig 

5.8A).  
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As a previous truncation in the GlyR α1 subunit (p.E375X) in the TM3-TM4 loop 

had previously shown to integrate into functional receptors with wild-type GlyR 

α1 subunits (Bode et al 2013), truncated human GlyR α4 subunits with p.K59E 

and p.C204Y restored residues were cotransfected with α1 and β subunits. 

Results indicated that α4K59E/C204Y receptors were functional only when 

expressed with wild-type GlyR α1 subunits (Fig 5.8B).  In summary, patch-

clamp electrophysiology data from this study indicated that GLRA4 in humans is 

indeed a pseudogene and the combined effect of p.E59K and p.Y204C 

substitutions with p.R390X completely abolishes human GlyR α4 subunit 

function. Transfection of α4K59E/C204Y/X390R cDNA gave glycine sensitivities 

comparable to mouse α4 and human α1 subunits (Fig 5.8B). It is important to 

note, however that although p.K59E, p.C204Y and p.X390R residue restoration 

can generate a functional human GlyR α4 subunit, this subunit does not exist in 

nature.  

 
Figure 5.8 Structure-function assays to investigate restored combinations of human 
GlyR α4 subunit using whole-cell patch-clamp electrophysiology. A: Glycine dose-
response traces for full-length restored and truncated hGlyR α4. Glycine concentrations in 
micromolar are indicated above each bar. B: Normalised glycine dose-response curve for 
human wild-type GlyR α1 subunit, mouse GlyR α4 subunit, restored human GlyR α4 subunit 
with p.K59E, p.C204Y and p.X390R and truncated human GlyR α4 subunit with p.K59E and 
p.C204Y substitutions. Glycine concentrations are indicated in micromolar. Experiments 
performed by Prof Joe Lynch.  
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5.8 Molecular modelling of the GlyR α4E59K mutation 
 
To investigate the consequence of the p.E59K mutation to the GlyR structure, I 

investigated the substitution using a zebrafish GlyR α1 homomer model 

recently developed by Du et al (2015; PDB: 3JAE). I decided not to investigate 

the p.C204Y mutation as it had been observed in the chimp and gorilla protein 

sequence, which were both functional. The residue E59 is located on the β1-2 

loop and is closely associated with the c-loop, important for glycine binding. The 

β1-2 loop has an important role in the glycine binding to channel opening 

pathway. Glutamate is a negatively charged polar amino acid, therefore 

introduction of a positively charged lysine is likely to repel amino acids on the c-

loop and thus could impact on glycine binding, decreasing glycine sensitivity 

and lead to a reduced chloride ion influx (Fig 5.9).  

 
Figure 5.9 Predicted consequences of p.E59K to the GlyR protein structure using a 
molecular model of the zebrafish GlyR α1 homomer. The residue E59 is located in the β1- 
β2 loop and is closely associated with the c-loop known for its integral role in glycine binding 
(PDB: 3JAE; Du et al 2015). 
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5.9 Ancestral loss of GLRA4 in humans 

To investigate how far back in human history the human GlyR α4 subunit has 

been dysfunctional, Denisova nucleotide sequences were extracted from UCSC 

high-coverage sequence reads. Reads were aligned against human GLRA4 

exons including those containing the p.E59K, p.Y204C, p.R390X and p.R421W 

amino acid changes. Denisovans are an extinct species from Homo genus 

believed to be genetically distinct from neanderthals and humans, dating back 

50,000 years. DNA from these ancient humans was discovered in the Denisova 

Cave in Siberia (Reich et al 2010). Results indicated that damaging residues 

K59, C204 and X390 were all present in the Denisova protein sequence with 

matching codons AAG, TGT and TGA respectively. Interestingly, the nucleotide 

change causing the amino acid change p.R421W (TGG) was only present in 

two denisova sequence reads (underlined; Fig 5.10), whilst remaining reads 

depicted an arginine in this position (CGG). This indicates that the p.R421W 

change occurred later in Homo genus than the former mutations. Taken 

together, results indicate that GLRA4 could have been a pseudogene for as 

many as 50,000 years (Fig 5.10).   

Figure 5.10 Nucleotide alignment of damaging mutations for GlyR α4 in humans and 
Denisova. Human nucleotide sequence is indicated in dark blue with amino acid changes 
marked in red. Denisova reads are indicated in black font. Nucleotide sequences were 
downloaded from the UCSC genome database. Results indicate that whilst amino acid changes 
p.E59K, p.Y204C and p.R390X existed in Denisova DNA, the p.R421W only appeared in one 
read of Denisova DNA (red, bold). This suggests that this change may be a polymorphism in 
both Denisova and modern humans.   
 
5.10 Screening of UAS:glra4aR278Q transgenic zebrafish 

In early teleost evolution, whole-genome duplication gave rise to two copies of 

GlyR α4 subunit (glra4a and glra4b). To investigate the role of glra4a, we 

generated the plasmid pT2S-UAS:glra4aR278Q to stably express the GlyR α4a 

subunit ‘p.R271Q’ mutant (α4aR278Q) under the control of a GAL4 upstream 

activating sequence (UAS). The equivalent mutation in the human GlyR α1 

 S  I  T  K  T  T  M  
TCCATCACCAAGACCACAATG 
TCCGTCACCAATACCACAATG 
   ATCACCAAGACCACAATG 
TCCGTCACCAAGACCACAATG 
TCCGTCACCAAGACCACAATG 
TCCGTCACCAAGACCACAATG 
TCCGTCACCAAGACCACAATG 
TCCATCACCAAGACCACAATG 
TCCATCACCAAGACCACAATG 
TCCGTCACCAAGACCACAATG 
TCCGTCACCAAGACCACAATG 
TCCGTCACCAAGACCACAATG 
TCCATCACCAAGACCACAATG 
TCCGTCACCAAGACCACAATG 
TCCGTCACCAAGACCACAATG 
TCCGTCACCAAGACCACAATG 
TCCATCACCAAGACCACAATG 

 D  E  K  D  L  G  C  C  T  K 
GATGAGAAGGATCTAGGCTGTTGTACCAAG 
                    TT 
GAT                 TTGTACCAAG 
                    TTGTACCAAG 
GATGAGAAGGATCT      TTGTACCAAG 
GATGAGAAGGATCTAGG   TTGTACCAAG 
GATGAGAAGGATCTAGGCTGTTGTACCAAG 
GATGAGAAGGATCTAGGCTGTTGTACCAAG 
GATGAGAAGGATCTAGGCTGTTGTACCAAG 
GATGAGAAGGATCTAGGCTGTTGTACCAAG 
GATGAGAAGGATCTAGGCTGTTGTACCAAG 
   GAGAAGGATCTAGGCTG  GTACCAAG 
   GAGAAGGATCTAGCCTG    ACCAAG 
   GAGAAGGATCTAGGCTG     CCAAG 
    AGAAGGATCTAGGCTG 
       AGGATCTAGGCTG 

 V  D STOP 
GTGGACTGA 
GTGGACTGAGCCAAGAGAATTG 
GTGGACTGAGCCAAGAGAATTG 
GTGGACTGAGCCAAGAGAATTG 
GTGGACTGAGCCAAGAGAATTG 
GTGGACTGAGCCAAGAGAATTG 
GTGGACTGAGCCAAGAGAATTG 
GTGGACTGAGCCAAGAGAATTG 
GTGGACTGAGCCAAGAGAATTG 
GTGGACTGAGCCAAGAGAATTG 
GTGGACTGAGCCAAGAGAATTG 
 

 Y  K  V  L  W  S  E  D  I  H 
TATAAAGTGCTATGGTCAGAAGATATCCAC 
    AAGTGCTACGGTCAGAAGATATCCAC 
    AAGTGCTACGGTCAGAAGATATCCAC 
TATAAAGTGCTACGGTCAGAAGATATCCAC 
    AAGTGCTACGGTCAGAAGATATCCAC 
TATAAAGTGCTACGGTCAGAAGATATCCAC 
TATAAAGTGCTACGGTCAGAAGATATCCAC 
TATAAAGTGCTACGGTCAGAAGATATCCAC 
TATAAAGTGCTATGGTCAGAAGATATCCAC 
TATAAAGTGCTACGGTCAGAAGATATCCAC 
TATAAAGTGCTATGGTCAGAAGATATCCAC 
TATAAAGTGCTACGGTCAGAAGATATCCAC 
TATAAAGTGCTACGGTCAGAAGATATCCAC 
TATAAAGTGCTACGGTCAGAAGATATCCAC 
TATAAAGTGCTACGGTCAGAAGATATCCAC 
 

E59K C204Y X390R W421R 
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subunit (p.R271Q) is a common cause of human hyperekplexia. The rationale 

here is that this mutation does not affect cell-surface trafficking of GlyRs, but 

once incorporated into a heteromeric α1β receptor, disrupts function by 

uncoupling ligand-binding from channel gating. This occurs even in the 

presence of wild-type GlyR subunits, which is an important consideration, since 

zebrafish embryos will express endogenous GlyR α subunits. GAL4/UAS is a 

conditional binary gene expression system, in which the yeast transcriptional 

activator GAL4 binds the UAS target recognition sequence only in the cells in 

which GAL4 protein is present (Brand and Perrimon 1993). By placing the 

GAL4 cDNA under the control of specific promoters in the genome or artificial 

constructs, it is therefore possible to induce expression of any gene of choice 

placed downstream of UAS. To identify founder (injected) fish carrying the 

UAS:glra4aR278Q transgene, fish were crossed with wild-type TAB fish and 

embryos were collected. The embryos were allowed to develop for up to two 

days before they were digested with lysis buffer containing proteinase K to 

make a crude DNA preparation for PCR screening. Lysed embryos were used 

for PCR amplification using primers designed to amplify exon 8 of glra4a and 

UAS forward to confirm integration of the α4aR278Q mutation (positive predicted 

bands were 1.2 kb in size; Figure 5.11). I recovered around twenty fish (both 

male and female) that were positive for the integration of this construct. A PCR 

using primers targeting exons in wnt5a was used in parallel as a positive 

control.  

 

 

 

 

 

 

 

 

 
 
Figure 5.11 PCR screening of UAS:glra4aR278Q founder fish. Single founder fish were mated 
with wild-type TAB fish and DNA was extracted from their progeny (20-50 embryos each). A 
PCR was performed using primers targetting exon 8 to monitor the presence/absence of the 
UAS:glra4aR278Q transgene, whilst wnt5a was used as a positive control. All lysates except for 
4M and 8M were positive for wnt5a, Females 1 and 3 and males 1, 3, 7 and 10 are positive for 
the UAS:glra4aR278Q transgene.  
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PCR-positive founder fish were mated to the maternal GAL4 line 

SAGFF73A:UASloxP-mRFP-loxP-GFP (Asakawa et al 2008) to generate 

progeny in which GAL4 drives expression of UAS:glra4aR278Q ubiquitously in 

most neurons. SAGFF73A: UAS:glra4aR278Q double transgenic F1 embryos 

displayed an abnormal startle response to a tactile stimulus characterised by 

bilateral stiffening of the rostral trunk preventing a normal c-bend and slow 

swimming away from the stimulus (Fig 5.12). Some of these embryos also 

showed abnormalities in their circulatory system, due to pulmonary oedema. 
 
 

 
Figure 5.12 Stills of touch-evoked response in SAGFF73A:UAS:glra4aR278Q double 
transgenic larvae. Stills are taken from video recordings. Top panel shows a control larvae 
response to touch with a characteristic c-bend followed by swimming. The 
SAGFF73A:UAS:glra4aR278Q larvae however have an obvious dorsal bend and difficulty 
swimming away from the stimulus. Videos were recorded by Dr Suster. 
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5.11 Site-directed mutagenesis of the zebrafish GlyR α4 subunit cDNAs                                                                                                                                    

Little was known about the roles of the GlyR α4 subtypes, except that the GlyR 

α4b subunit was expressed in the retina (Imboden et al 2001c; Hensley et al 

2011). We decided to investigate the GlyR α4 subunits by using site-directed 

mutagenesis on cloned cDNA copies of GlyR α4a and α4b subunits and 

injected in vitro synthesised RNA into early-stage zebrafish embryos. Prior to 

my project, Dr Max Suster performed site-directed mutagenesis on the GlyR 

α4a cDNA construct and introduced the equivalent p.R271Q mutation 

(α4aR278Q). RNA was synthesised from cDNA and injected into one-cell stage 

zebrafish embryos at 250 ng/µl. Videos were recorded using a high-speed 

camera at 500 fps. A larvae was placed into a glass dish with E3 buffer and 

touched on the yolk sac with a metal pointer. I analysed the videos, by 

recording the coordinates of the larvae head before and 50 frames after touch 

and plotting coordinates onto a compass plot using MatLab (Fig 5.13B). A wild-

type touch-evoked escape response is displayed in the form of an initial c-bend 

followed by subsequent swimming. Disrupted glycinergic inhibition often results 

in a dorsal bend with affected swimming. The distances swum after 50 frames 

in wild-type (blue) and GlyR α4aR278Q RNA (red) injected larvae at 52-56 hpf 

were obviously different and larvae displayed a dorsal bend and swimming 

difficulties, concurring with previous behavioural analyses in the 

UAS:glra4aR278Q line. Average swimming differences after 50 frames were 

significantly different in GlyR α4aR278Q RNA injected compared to wild-type 

controls (controls= 1.52 ± 0.08 body lengths; n=16; GlyR α4aR278Q RNA = 0.51 

± 0.05 body lengths; n=17; Fig 5.13E). An independent samples t-test indicated 

that GlyR α4aR278Q RNA injected larvae swam significantly different distances 

compared to wild-type controls. The zebrafish genome has an additional GlyR 

α4 subunit, encoded for by glra4b. Little is known about this GlyR subtype 

except that it is expressed in the retina (Imboden et al 2001c; Hensley et al 

2011). As the GlyR α4a subtype has been shown to have an important role in 

the touch-evoked escape response, I wanted to investigate the role of GlyR α4b 

by injecting a dominant-negative GlyR α4bR280Q RNA. Although expression was 

observed previously in the retina, I wanted to rule out any involvement of the 

GlyR α4b subunit in the touch-evoked response. For this aspect of the project, I 

utilised zebrafish GlyR α4b subunit cDNA cloned into the pCR8GW vector by Dr 
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Max Suster. DNA sequencing confirmed coding regions were intact. I 

introduced the mutation equivalent to p.R271Q (α4bR280Q) into this construct by 

site-directed mutagenesis. The site-directed mutagenesis of the pCR8GW-

GlyRα4b plasmid was confirmed as successful by DNA sequencing (Fig 5.13A). 

I cloned the cDNAs into the pCS2DEST destination vector, synthesised in vitro 

transcribed RNA for GlyR α4bR280Q and injected 160 ng/µl RNA into one cell 

stage zebrafish embryos. Larvae were raised until 48 hpf. Touch-evoked 

responses were recorded using a Y3 high-speed video camera attached to a 

light microscope set up at 500 fps. A single larva was placed into a dish 

containing E3 buffer and an unbroken glass capillary needle from the injection 

set up was used to tap the tip of the tail. Coordinates of the larva head before 

touch and 50 frames after touch were recorded and plotted onto a compass plot 

(Fig 5.13B, D). The GlyR α4bR280Q RNA injected larvae had responses 

comparable to uninjected wild-type siblings with similar averages distances 

swum after 50 frames (controls= 2.02 ± 0.21 body lengths; n=10; GlyR α4bR280Q 

RNA= 1.98 ± 0.19 body lengths; n=11; Fig 5.13E) An independent samples t-

test indicated that GlyR α4bR280Q RNA injected larvae were not significantly 

different when compared to wild-type controls. Considering glra4b expression is 

localised to the retina, I also took still images from my videos to compare eye 

size in wild-type fish against larvae injected with dominant-negative GlyR 

α4bR280Q RNA. There were no obvious differences between wild-type and GlyR 

α4bR280Q larvae (Fig 5.14). 
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Figure 5.13 Site-directed mutagenesis and functional analysis of zebrafish GlyR α4a and 
α4b subunit cDNAs. A: Sequencing chromatograms showing successful site-directed 
mutagenesis for the ‘p.R271Q’ mutant α4bR280Q. The arginine (codon AGA) has been replaced 
by a glutamate (CAA). Sequences visualised using CLC Main Workbench 6. B: Coordinates at 
the start of a video and 50 frames after touch were recorded and plotted onto a compass plot in 
MatLab. A schematic is shown, indicating the distance swum and angle (direction) of uninjected 
controls versus GlyR α4aR278Q and GlyR α4bR280Q larvae. C and D: Compass plot depicting the 
coordinates of wild-type controls (blue) and GlyR α4aR278Q or GlyR α4bR280Q RNA injected (red) 
larvae. Each line represents one larva. E: A column chart indicating the average distance swum 
by wild-type controls, GlyR α4aR278Q and GlyR α4bR280Q injected larvae. Error bars indicate 
mean ± SEM. Independent samples t-test was significant for GlyR α4a R278Q  but not GlyR α4b 

R280Q  (GlyR α4a R278Q RNA vs control; t(10.6)= 26.8, p=0.000; GlyR α4b R278Q RNA vs control; 
t(18.5) = 0.18, p=0.861. Data for GlyR α4aR278Q RNA injected larvae was extracted from videos 
taken by Dr Max Suster. Data for GlyR α4bR280Q RNA injected larvae was extracted from my 
own videos.  
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Figure 5.14 Eye comparison in GlyR α4bR280Q RNA injected larvae compared to wild-type 
controls. A: Stills from touch-evoked response videos. Dorsal views (upper panel) are 
accompanied by lateral views (bottom panel). B: Close up photos of GlyR α4bR280Q RNA 
injected larvae at 51 hpf compared to a wild-type control. 
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5.12 A comparison of chimp and human startle-evoked responses 

Experiments in zebrafish have provided a clear link between the loss of GlyRs 

containing the α4 subunit and startle responses. Given that chimp and gorilla 

GlyR α4 subunits were functional, but the human GlyR α4 was not, we decided 

to compare the startle responses in humans and chimpanzees. Together with 

Dr Max Suster and Jarle Brattespe, I analysed the startle responses recorded 

from a number of student volunteers at the University of Bergen and chimps in 

Kristiansand zoo, Norway, using a Y3 high-speed camera at 1000 fps.  

 

Ethical approval was sought for the human experiments, however the regional 

ethics committee (regional etisk komite) did not find that our experiments 

needed their approval. For the human recordings, the students were unaware of 

the balloon that was placed behind them to the left (relative to the student; Fig 

5.15, indicated by a red star). A trigger mechanism was designed to remotely 

pop a balloon, under the control of an individual in a separate room. The 

student was asked to watch the computer screen and was recorded during their 

startle response. All procedures for the chimp recordings were approved by the 

Norwegian Animal Research Authority (dyr, Forsøksdyrutvalget). A balloon was 

placed in front of the chimp to the right (relative to the chimp; Fig 5.16, indicated 

by a red star). The chimp was paying no attention to the balloon. A trigger 

mechanism, designed to pop the balloon remotely was set up and the balloon 

was popped after the chimp had settled into its enclosure. Despite being closely 

related, the recordings revealed that humans have stark differences in their 

startle response when compared to chimps. Whilst humans freeze, stiffen their 

shoulders and blink suddenly in response to an unexpected, loud sound (Fig 

5.15), Chimps respond by covering their head within milliseconds of the sound 

(Fig 5.16). Furthermore, it is clear that there is no directional movement in the 

human recordings compared to the sudden movement away from the stimulus 

seen in the chimps.  
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Figure 5.15 Startle responses in volunteers revealed a stiffening of the shoulders and 
sudden blinking to a loud unexpected stimulus. A balloon was popped behind volunteers 
and responses were recorded with a highspeed camera at 1000 fps. Single images were 
obtained from videos recorded by Dr Max Suster and Jarle Brattespe. The positioning of the 
balloon is indicated by a red star.  
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Figure 5.16 Startle responses in chimps revealed a covering of the head with hands, 
followed by movement away from the stimulus. A balloon was popped behind the enclosure 
and responses were recorded with a highspeed camera at 1000 fps. Single images were 
obtained from videos recorded by Dr Max Suster and Jarle Brattespe. A red star indicates the 
positioning of the balloon. 
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We tracked human and chimp head movements in videos following the startle 

response to an unexpected noise using MatLab. Head displacement was 

calculated and plotted against time. The results concur with the video 

observations, indicating that humans barely move their head following a 

stimulus (Fig 5.17A), whilst chimps move away from the stimulus (Fig 5.17B).  
 

 
Figure 5.17 Head displacement in humans and chimps following a unexpected startle. A: 
Head displacement in humans. B: Head displacement in chimps. Time (ms) is plotted against 
head displacement in millimetres. Figures were generated in MatLab by Dr Max Suster from 
video recordings.  
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5.13 Discussion 

Phylogenetic analysis of GlyR α4 subunit sequences in humans compared with 

the orthologous protein in vertebrates revealed several key differences. The 

most divergent regions were the N-terminal signal peptide and the large 

intracellular loop between the M3-M4. In some species, such as the marmoset, 

gaps were observed in the N-terminal signal peptide, although these may be 

due to misannotations of the sequence in the database source available. Few 

differences were observed in the transmembrane regions M1-M3, consistent 

with their important roles in ion channel formation (M2) and transmembrane 

packing (M1-M3). It is interesting that humans are the only species with the 

p.R390X change, suggesting that the GlyR α4 subunit could be functional in all 

vertebrates other than humans. To find out if the p.R390X change disrupted 

GlyR α4 subunit function, I amplified the human GlyR α4 subunit cDNA from 

first-strand cDNA. This proved that GLRA4 is actually expressed in human brain 

and the exons are correctly spliced. I then cloned the human GlyR α4 subunit 

cDNA (α4X390) into the mammalian expression vector pRK5 and restored the 

stop codon to an arginine residue (α4X390R) using site-directed mutagenesis. I 

found that both truncated and restored GlyR α4 were correctly transcribed and 

translated into HEK293 cells transfected with the corresponding expression 

constructs using Western blotting. However, the restored human GlyR α4 

subunit was not functional in whole-cell patch-clamp electrophysiology assays, 

suggesting that other changes specific to the human GlyR α4 subunit might 

also be damaging.  

 

Professor Joe Lynch kindly performed additional functional assays using the 

restored GlyR α4X390R construct, which was transfected into HEK-AD293 cells 

and a YFP assay was performed comparing against gorilla and chimp GlyR α4 

orthologues. The results indicated that whilst chimp and gorilla GlyR α4 

subunits were functional and sensitive to glycine, the human orthologue was 

not. This concurred with our previous data. The substitutions that were 

predicted to be damaging mutations by bioinformatic analysis using SIFT and 

PolyPhen-2 were restored in the human GlyR α4X390R construct and 

functionality was assayed using patch-clamp electrophysiology. Results 

indicated that to restore complete function of the human GlyR α4X390R subunit, 
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the residue changes p.K59E and p.C204Y also had to be introduced. Molecular 

modelling of the p.E59K mutation using the zebrafish GlyR α1 homomer 

generated by Du et al (2015; PDB: 3JAE) indicated that introduction of a 

positively-charged lysine in place of a negatively-charged glutamate was likely 

to repel the c-loop. As several residues situated within the c-loop play an 

integral role in glycine binding, agonist affinity was likely to be affected. The 

p.Y204C change was not investigated using molecular modelling as the 

p.Y204C change was discovered in functional gorilla and chimp GlyR α4 

subunit proteins and therefore its pathogenicity was uncertain. Phylogenetic 

analysis of the human GlyR α4 subunit amino acid sequence, focusing on the 

damaging residues K59, C204 and X390, showed that these residues were also 

present in the extinct Homo genus Denisova. These results indicate that the 

GlyR α4 gene could have been a pseudogene in Homo genus species for as 

many as 50,000 years (Reich et al 2010).  

 

Other vertebrate species such as mouse and zebrafish have orthologues of the 

GlyR α4 subunit - mouse Glra4 showed distinct expression in the retina, whilst 

zebrafish glra4a is expressed in the spinal cord and telencephalon (Heinze et al 

2007; Imboden et al 2001c). Previous glra4a knockdown and dominant-

negative GlyR α4aR278Q RNA injections in zebrafish had shown a disrupted 

touch-evoked response in zebrafish with head retraction and slow swimming. 

The transgenic line generated by Max Suster, UAS:glra4aR278Q was mated to a 

GAL4 expressing line with double transgenic F1s depicting an obvious dorsal 

bend and difficulties swimming in response to touch. Although I tried to record 

touch-evoked response videos of my own for the UAS:glra4aR278Q line, I had 

difficulties obtaining enough embryos from GAL4 x UAS:glra4aR278Q matings. 

Embryos obtained were too few in number and of poor health. Injection of the 

dominant-negative RNA encoding GlyR α4bR280Q, however displayed no 

difference in touch-evoked response. This was not surprising, as glra4b had 

been previously reported to be expressed in the retina (Imboden et al 2001c; 

Hensley et al 2011). Investigations into eye size in RNA injected larvae 

compared to wild-type controls revealed no obvious differences. This is 

consistent with previous reports where no obvious differences in eye size nor 

morphology were observed after GlyR α4b morpholino injection into zebrafish 

embryos (Hirata et al 2010). This does not however rule out any changes in 
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neural circuitry in the retina that may be altered as a result of dominant-negative 

GlyR α4bR280Q RNA overexpression.  

 

Given differences in startle responses in zebrafish GlyR α4a knockdown and   

GlyR α4aR278Q injections, we investigated whether chimps (who have functional 

GlyR α4) show differences in startle responses compared to humans (who lack 

GlyR α4). This experiment had been previously been performed by the 

Anthropoid Experiment Station of Yale University on an infant and young chimp, 

who had been brought up in exactly the same environment. An air gun was fired 

behind the heads of the human infant and chimps and resulted in the child 

freezing and crying compared to the chimp who ran away to the nearest safe 

place (Kellogg and Kellogg 1933). We decided to investigate the startle 

responses in humans compared to chimps by popping balloons behind the 

heads of volunteer students and chimps in a zoo in Norway. Results concurred 

with previous studies with an obvious difference in head movement in chimps 

compared to humans and escape from the stimulus. Whether this difference in 

startle response is due to the loss of the GLRA4 subunit in humans is unknown.  

 

In my view, future experiments in this field should focus on mouse knockouts for 

Glra4. It would be highly interesting to look at this model in terms of startle 

response behaviours and retinal development. As glra4a knockdown has also 

been reported to lead to a reduction in spinal interneurons in zebrafish 

(McDearmid et al 2006), it would also be interesting to observe spinal 

interneuron development in the spinal cord and retina of Glra4 knockout mice 

and investigate whether vision is also compromised. 
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6. SHAKY, A NOVEL MOUSE MUTANT WITH AN EXAGGERATED 
STARTLE RESPONSE  
 

6.1 Background 

GlyR α1β heteromers mediate postsynaptic inhibition in the spinal cord and 

brainstem, maintaining motor control and providing a negative feedback 

mechanism for excitatory transmission. Mutations in GLRA1, encoding the GlyR 

α1 subunit are a major cause of human startle disease/hyperekplexia (Shiang 

et al 1993, 1995; Chung et al 2010). Hyperekplexia is a rare neurological 

disorder characterised by an exaggerated startle response to unexpected touch 

or sound, neonatal hypertonia and apnoea episodes (Davies et al 2010). As 

well as defects in agonist binding, channel gating, and cell-surface trafficking, a 

recent study has found that some GlyR α1-hyperekplexia mutations affect the 

cycling of subunits in ER golgi compartments suggesting that further complex 

mechanisms can underlie the pathology of human startle disease (Schaefer et 

al 2015). Expression of Glra1 is restricted to the spinal cord, brainstem and 

retina in the adult rat (Malosio et al 1991). In situ hybridisation experiments in 

the mouse have revealed similar expression patterns. Glra1 is expressed at low 

levels early in development with increased expression in adulthood. Figures 

taken from the Allen Brain Atlas (http://www.brain-map.org) support these 

findings. At P6, Glra1 expression is low in the hindbrain but increases by P28 

and P56 (Fig 6.1).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 In situ hybridisation assays show Glra1 expression to be localised to the 
hindbrain of a developing mouse. Sagittal sections of mouse brain at A: P6, B: P28 and C: 
P56 (Allen Brain Atlas).  
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There are many mouse models for hyperekplexia with mutations in the 

orthologous gene, Glra1. These mouse models usually display recessive 

inheritance and include cincinnati, spasmodic, oscillator and nmf11. The 

cincinnati mouse phenotype is caused by an exon 5 duplication leading to an 

early truncation of the GlyR α1 subunit (Holland et al 2006). The spasmodic 

mouse has a substitution (p.A52S) in the N-terminus of the GlyR α1 subunit, 

resulting in a shortened activation and increased rate of glycine unbinding, 

resulting in an apparent increase in the EC50 for activation by glycine (GlyRα1 

EC50= 0.029±0.004mM; GlyRα1A52S EC50=0.175±0.04mM; Ryan et al 1994). 

Oscillator mice have a microdeletion in exon 8 at the end of transmembrane 

domain M3 in Glra1 leading to truncated proteins lacking the fourth membrane-

spanning domain (TM4; Ryan et al 1994). Both proteins were non-functional in 

vitro (Buckwalter et al 1994; Villmann et al 2009; Schaefer et al 2013).  

 
Figure 6.2 Still images taken from a video of the oscillator mouse model. An exaggerated 
startle response to an unexpected loud sound is apparent with stiffness, tremors and an 
impaired righting reflex. Video from Carmen Villmann (University of Würzburg).  
 

The nmf11 mouse mutant phenotype is caused by a p.N46K substitution 

between loops D and F in the extracellular domain, a region important for ligand 

binding. The N46 residue was predicted to interact with N61, on loop D of the 

same subunit, close to the residue R65 known for an integral role in glycine 

binding. Substitution p.N46K was predicted to interrupt this interaction and 

promote early unbinding of glycine, leading to a reduced chloride ion influx 

(Traka et al 2006; Miller and Smart 2010; Du et al 2015; Huang et al 2015; 

Wilkins et al 2016). These mouse models typically display an exaggerated 

startle, rigidity with tremors, muscle spasms, hindlimb clasping, and falling with 

an impaired righting reflex (Fig 6.2). Symptoms usually have an onset of two 

weeks after birth, in line with the developmental switch from Glra2 to Glra1 gene 

expression observed in the rat (Malosio et al 1991). All GlyR α1 subunit mouse 

models usually die around 3 weeks after birth apart from spasmodic (Schaefer 

ot-/- 0 s 5 s 14 s 23 s 
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et al 2013) which is only a partial loss of function. These mice phenotypes 

mimic poisoning in humans by strychnine, a competitive GlyR antagonist 

(Buckwalter et al 1994).  
 
Recent findings elucidating the molecular structure of the GlyR have allowed us 

to understand molecular and pharmacological consequences of human startle 

disease and mouse mutations. Previous studies have used a molecular model 

based on the Caenorhabditis elegans glutamate-gated Cl- channel α subunit 

(PDB: 3RHW), which shares approximately 44.4% sequence identity with the 

human GlyR α1 subunit (James et al 2013). New GlyR subunit models 

generated by Du et al (2015) and Huang et al (2015) have been elucidated by 

electron cryo-microscopy and x-ray crystallography, respectively (Du et al 2015; 

Huang et al 2015). Du et al developed models in the strychnine-bound and 

glycine-bound conformations, giving predictions according to the movement of 

GlyR subunit domains following ligand binding to channel opening. The models 

proposed by Du et al (2015)	 and Huang et al (2015) were recently used to 

highlight the mechanism behind the pathogenicity of the p.N46K mutation in the 

nmf11 mouse mutant (Wilkins et al 2016). Uncovering the functional 

consequences of mutations in GlyRs allows us to further understand the 

pathogenic mechanisms involved in diseases affecting GlyRs.  

 

6.2 Study aims  

A novel spontaneous mouse mutant shaky was recently discovered in a hybrid 

background of C57BL6 and 129X1/SvJ. This mouse mutant displayed 

behaviour similar to oscillator, with an exaggerated startle response to 

unexpected touch or sound, tremors, muscle spasms, stiffness, twitchy tail and 

poor motor control. Hindlimb clasping was apparent in shaky mice when picked 

up by their tails and an abnormal gait and skidding of hindlimbs was observed 

during tremor episodes. To investigate the cause of this phenotype, the aims of 

this study were: 

- To document behavioural differences in shaky mice compared to wild-

type littermates. 

- To investigate the causative gene and mutation by sequencing genes 

involved in glycinergic transmission: Glra1, Glrb, Slc6a5 and Slc7a10. 
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- To introduce the mutation by site-directed mutagenesis into the pRK5-

hGlyRα1 mammalian expression vector and transfect this into HEK293 

cells for functional assays. 

- To identify the consequence of the shaky mutation to the GlyR structure 

and function using molecular modelling. 

 

6.3. Behavioural characterisation of the mouse mutant shaky 

The shaky (shy) mouse was discovered in a hybrid background of C57BL6 and 

129X1/SvJ. Approximately 25% of the litter had a severe neuromotor defect 

with an onset two weeks after birth. Affected mice had tremors, twitchy tails, 

muscle spasms, stiffness and poor motor control. When lifted by their tails, 

shaky homozygotes displayed obvious limb-clasping behaviour compared to 

wild-type controls (Fig 6.3). Mice hindlimbs were painted and placed onto a 

sheet of paper in a 30 cm tunnel. Shaky mice had shorter-spaced footsteps in 

comparison to wild-type mice at P14. At P22, shaky homozygotes had an 

abnormal gait with skidding of the hindlimbs during tremor episodes (Fig 6.3). 

Shaky homozygotes were comparable in behaviour to the known 

hyperekplexia-like mouse mutant oscillator.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3 Limb clasping behaviour and gait comparisons between shaky homozygotes 
and controls. Upper panel: Behaviour at P14 when lifted by the tail. Control mice show relaxed 
hindlimbs. Mice were painted on their hindlimbs and placed on a sheet of paper in a 30 cm 
tunnel. Control mice show evenly spaced footsteps at ages P14 and P22. Lower panel: Shaky 
mice display obvious hindlimb and forelimb clasping at P14 when lifted by their tails. Footprints 
display an abnormal skidding of the hindlimbs in Shaky homozygotes. Images from Prof 
Villmann. 
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During tremor episodes, homozygotes retained a stiff, hunched posture and 

often ended up walking on the tips of their toes before falling over. Their righting 

reflex was impaired with a 9-fold increase in righting time. All shaky 

homozygotes usually died between weeks 3-6 (Fig 6.4). Shaky mice were 

smaller in size with a noticeable decline in body weight after P28. The cause of 

death was likely to have been due to apnoea, however exhaustion, dehydration 

and starvation could not be excluded. Shaky heterozygotes, however had a 

normal life expectancy comparable to wild-type mice.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.4 Survival curves for wild-type, heterozygote and homozygote shaky mouse 
mutants. Homozygote shaky mice died between weeks 3-6. Heterozygote survival was 
comparable with wild-type littermates. Data received from Prof Carmen Villmann.  
 

6.4 Sequencing candidate genes to uncover the causative shaky mutation 

SNP analysis of 16 shaky mice indicated that a large region of homozygosity 

was found within a 10 Mb region on chromosome 11. The obvious candidate 

gene within this region was Glra1, encoding the GlyR α1 subunit since mutants 

for the GlyR α1 subunit (cincinnati, spasmodic, oscillator and nmf11) display 

comparable neuromotor impairments. Sequencing of all Glra1 exons revealed 

two substitutions. The first, in exon 3, was a c.T198C (p.N38N) change, which 

was identified as a synonymous change also present in the hybrid 

C57BL6/129SvJ background. The second was a missense change in exon 6, 

c.C613A (p.Q177K)(Fig 6.5). I also performed PCRs and sequenced all exons 

for other genes known to be associated with disrupted glycinergic signalling in 

mice - Glrb, Slc6a5 and Slc7a10. I identified changes in Glrb - a synonymous 

SNV c.A555G (p.L163L, variant name rs13477223); Slc6a5 - a heterozygous 
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SNV causing a missense change c.A109G (p.T37A, variant name rs31048165) 

and Slc7a10 - a non-synonymous SNV missense change c.A50G (p.H17R, 

variant name rs256404541). Further investigation into the Glrb c.A555G 

mutation found that this SNV was previously identified in the 129 background 

and also had no influence on mRNA splicing (Becker et al 2012; variant name: 

rs13477223). All variants were tested for pathogenicity using the software 

packages SIFT and PolyPhen-2. All variants, apart from c.C613A, p.Q177K 

amino acid change in the GlyR α1 subunit, were predicted to be tolerated (table 

6.1).  

 

 
Table 6.1 Predicted pathogenicity in variants found in shaky mice for genes Glra1, Glrb, 
Slc6a5 and Slc7a10. Pathogenicity was predicted using SIFT 
(http://sift.jcvi.org/www/SIFT_BLink_submit.html) and PolyPhen-2 
(http://genetics.bwh.harvard.edu/pph2/index.shtml) web servers. The GlyR α1 subunit p.Q177K 
change was predicted by SIFT to be damaging or by PolyPhen-2 to be probably damaging. 
PolyPhen-2 predicted low confidence for this prediction. Confidence scores are calculated 
based on specificity, model sensitivity and the rate of false discovery (Adzhubei et al 2013). 
PolyPhen confidence scores are built on human-derived data and therefore may not be entirely 
accurate to predicting species other than human. All remaining changes were predicted with 
high confidence by both programs.  
 
 
 
 
 
 
 
 
 
 

Gene Exon Type Nucleotide 
change

Protein 
change SIFT score PolyPhen-2 Overal 

Prediction SNP name 

Glra1 3 Missense c.T198C p.N38N Tolerated (1.00) - Tolerated

Glra1 6 Missense c.C613A p.Q177K Damaging (0.00)
Probably 
Damaging 
(0.99)

Pathogenic 

Glrb 5 Missense c.A555G p.L163L Tolerated (1.00) -
Tolerated rs13477223 

(Becker et al 
2012)

Slc6a5 2 Missense c.A109G p.T37A Tolerated (0.83) Benign (0.00) Tolerated rs31048165
Slc7a10 1 Missense c.A50G p.H17R Tolerated (0.52) Benign (0.00) Tolerated rs256404541
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Figure 6.5 Sequencing of Glra1 in shaky mice revealed variants c.T198C and c.C613A in 
exons 3 and 6, respectively. A: Location of the c.T198C and c.C613A changes in Glra1. B and 
D: PCR product for Glra1 exon 3 and 6. C and E: Sequencing chromatograms for c.T198C and 
c.C613A. The mutation c.T198C was identified as a synonymous mutation present in the 
background of C57BL6/129SvJ hybrids. The c.C613A mutation was a non-synonymous change 
resulting in a p.Q177K substitution. 
 

Analysis of the c.C613A, p.Q177K variant identified that the mutation disrupted 

the putative exonic splicing enhancer (ESE) site for a splice factor SFRS1 with 

a score of 2.23 (http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi). Splicing 

disturbances as a result of a LINE1 element insertion and ESE inactivation in 

the GlyR β subunit gene have been discovered to underlie the spastic mouse 

pathology (Becker et al 2012). However, no aberrant splicing products for GlyR 

α1 were found. The c.C613A mutation also resulted in a change of amino acid 

from a glutamine to a lysine at position 177. The residue Q177 is located in the 

extracellular domain, upstream of transmembrane domain 1 (TM1). The 

glutamine residue is highly conserved throughout species, suggesting high 

importance of this residue to GlyR structure and function (Fig 6.6).  
 
 

Glra1 

c.C613A 
ex6 

B 

c.T198C 
ex3 

GGAGCTGTGAAGGTGGCAGA 
GGAGCTGTGCAGGTGGCAGA wt 

mut CCTCCTGTGAACGTAAGTTGC  129/SvJ 
C57BL6 CCTCCTGTGAATGTAAGTTGC  

B C D E exon 3 exon 6 
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Figure 6.6 Mouse GlyR α1 subunit protein sequence indicating the p.Q177K substitution. 
Blue boxes highlight transmembrane domains. Lower panel: An alignment of amino acids 
surrounding the Q177 residue in mouse with other species. The residue is highly conserved 
throughout species. The p.Q177K residue is indicated in red. 
 

To confirm that the shaky phenotype was caused by disrupted glycinergic 

signalling, heterozygous shaky mice were bred to heterozygous oscillator (ot) or 

spasmodic (spd) mice. Glra1sh/ot displayed severe motor deficits from two weeks 

of age, a lower body weight and death by four weeks. Glra1spd/sh mice displayed 

mild neuromotor deficits in response to unexpected touch or sound with life 

expectancy comparable with Glra1spd/spd. This test for allelism confirmed that 

shaky, oscillator and spasmodic mice originate from mutations in the same 

gene – Glra1. The inheritance of a partially functional spasmodic allele enabled 

compensation, allowing survival. However, the shaky/oscillator cross indicated 

that both shaky and oscillator alleles result in total loss of function and therefore 

cannot sustain life. A benzodiazepine, clonazepam, that is often used to treat 

hyperekplexia compensates for GlyR loss by potentiation of inhibitory 

GABAergic transmission. Initial motor analysis using a rotarod indicated that 

Glra1sh/sh mice performed very poorly due to their loss of motor control (time on 

rotarod: Glra1sh/sh 15±3 s; Glra1+/+ 288±5 s, unpaired students t-test: p=6.935E-

MYSFNTLRFYLWETIVFFSLAASKEAEAARSAPKPMSPSDFLDKLMGRTS 50 

GYDARIRPNFKGPPVNVSCNIFINSFGSIAETTMDYRVNIFLRQQWNDPR 100 

LAYNEYPDDSLDLDPSMLDSIWKPDLFFANEKGAHFHEITTDNKLLRISR 150 

NGNVLYSIRITLTLACPMDLKNFPMDVQTCIMQLESFGYTMNDLIFEWQE 200 

QGAVQVADGLTLPQFILKEEKDLRYCTKHYNTGKFTCIEARFHLERQMGY 250 

YLIQMYIPSLLIVILSWISFWINMDAAPARVGLGITTVLTMTTQSSGSRA 300       

SLPKVSYVKAIDIWMAVCLLFVFSALLEYAAVNFVSRQHKELLRFRRKRR 350 

HHKSPMLNLFQDDEGGEGRFNFSAYGMGPACLQAKDGISVKGANNNNTTN 400 

PPPAPSKSPEEMRKLFIQRAKKIDKISRIGFPMAFLIFNMFYWIIYKIVR 450 

REDVHNK                                            457 

TM1 TM2 

TM3 

TM4 

Q177K 

 
Mouse     LIFEWQEQGAVQVADGLTLPQFILKEEKDLRY 
Rat       LIFEWQEQGAVQVADGLTLPQFILKEEKDLRY 
Rabbit    LIFEWQEQGAVQVADGLTLPQFILKEEKDLRY 
Human     LIFEWQEQGAVQVADGLTLPQFILKEEKDLRY 
Chimp     LIFEWQEQGAVQVADGLTLPQFILKEEKDLRY 
Macaque   LIFEWQEQGAVQVADGLTLPQFILKEEKDLRY 
Orangutan LIFEWQEQGAVQVADGLTLPQFILKEEKDLRY 
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27). Giving a different benzodiazepine - diazepam - to Glra1sh/sh mice significantly 

improved motor control more than 3-fold on the rotarod, further confirming that 

glycinergic dysfunction underlies the pathology of the shaky phenotype (before 

treatment: t=9±2.4 s, after treatment: t=34±7 s, n=10, unpaired student t-test: 

p=0.00102; Fig 6.7) and these mice spent significantly less time on their backs 

and sides. Glra1sh/sh mice became more active after diazepam treatment and 

behaviours such as resting, grooming, rearing and time spent eating was 

improved. Comparatively, wild-type mice were less active after treatment with 

the drug probably owing to the sedative nature of diazepam.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 Column charts indicating time spent on rotarod. A: Time spent on rotarod for 
Glra1sh/sh compared to controls (p=6.935E-27, unpaired students t-test). B: Time spent by shaky 
mouse on rotarod for Glra1sh/sh before and after diazepam treatment. Treatment following 
diazepam was statistically significant compared to before treatment (p=0.00102, unpaired 
students t-test). Data from Prof Carmen Villmann. 
 

6.5 Site-directed mutagenesis of GlyR α1 p.Q177K  

To investigate the functional consequences of the GlyR α1Q177K substitution, I 

introduced the c.C613A mutation into the mammalian expression construct 

pRK5-hGlyRα1 (made previously by Robert J Harvey in our research group) 

using QuikChange mutagenesis. Methylated template DNA was degraded with 

DpnI leaving the unmethylated mutated transcript. The mutated transcript was 

purified and transformed into competent E. coli cells. A few colonies were 

selected, mini preps were performed and DNA was extracted for sequencing. 
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Sequencing confirmed the equivalent c.C613A mutation had been successfully 

introduced into the construct (Fig 6.8). Initial whole-cell patch-clamp data did not 

reveal any obvious differences between homomeric GlyR α1Q177K and wild-type 

GlyR α1 expressing HEK293 cells. 

 

 

 

 

 

 

 

 

 

 
Figure 6.8 Successful site-directed mutagenesis observed from gel product and 
sequencing result. A: Successful mutagenesis of the GlyR α1Q177K is observed on the gel after 
DpnI digestion B and C: Sequencing results confirmed mutagenesis was successful, introducing 
an adenine in place of a cytosine.  
 

However, further analysis of heteromeric α1β GlyRs by Prof Joe Lynch 

(University of Queensland, Australia) revealed that although maximal current 

amplitudes upon application of glycine (1 mM) were unchanged, the decay time 

constants were significantly decreased in mutated GlyR α1Q177Kβ receptors. 

This indicated that ion channel closure occurred more quickly compared to α1β 

wild-type channels (α1Q177Kβ τ=0.88±0.19s, α1β τ=1.9±0.14s, *P<0.05, t-test).  

EC50 values were increased for α1Q177Kβ receptors compared to wild-type α1β 

(α1Q177Kβ=241±29 µM, α1β=40±6 µM). Furthermore, current amplitudes were 

significantly lower (100 µM glycine) in α1Q177Kβ GlyRs compared to wild-type 

expressing α1β subunits (α1Q177Kβ = 1.13±0.3 nA; α1β = 4.7±0.3 nA, 

**P<0.001, t-test; Fig 6.9).  
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Figure 6.9 Decay time constants and EC50 values for GlyR α1Q177Kβ  compared to wild-type 
GlyR α1β . A: Left – Decay-time constants. GlyR α1Q177Kβ decay-time constants were 
significantly decreased compared to wild type (*P<0.05). Right - Scaled overlay of current 
traces. B: EC50 values indicating ligand-binding efficacy in α1Q177Kβ and α1β heteromers. GlyR 
α1Q177Kβ EC50 values are higher than wild-type controls. GlyR α1Q177Kβ is represented in red, 
α1β in black. Experiments performed by Prof Joe Lynch.  
 

6.6 Identifying the consequence of the p.Q177K mutation to the GlyR 

using molecular modelling 

To further understand the reason for reduced agonist binding and decay times, I 

modelled the p.Q177K mutation on the human GlyR α1β pentameric complex 

based on the structure of the C. elegans GluCl α subunit (PDB: 3RHW) as 

previously described (James et al 2013). The p.Q177K substitution was 

modelled on the hGlyR α1β model with the swappaa command in Chimera 

(Pettersen et al 2004) using the Dunbrack backbone-dependent rotamer library 

(Dunbrack 2002), taking into account the lowest clash score, highest number of 

hydrogen bonds and highest rotamer probability. Results of the substitution 

indicated that Q177 was located on the outer surface of the receptor located on 

loop F (β8-9) and formed a hydrogen bond with the residue N42 on the β1 

sheet. In this model, substitution with a lysine abolishes this hydrogen bond, 

which could ultimately lead to a local destabilisation of the β-barrel (Fig 6.10).  
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Figure 6.10 Molecular model investigating the effects of the p.Q177K substitution to the 
human GlyR α1β  heteromer based on the GluCl α  subunit model. A: A side view of the 
GlyR α1β heteromer indicating the location of the Q177 and K177 residues. B: A view from the 
top of the receptor. The K177 residue is indicated at the top right. C: The wild-type residue 
Q177 forms a hydrogen bond with N42. D: The mutant Q177 residue was predicted to abolish 
this bond, which may destabilise the β-barrel. (PDB: 3RHW; James et al 2013) 
 
However, subsequent to this initial molecular modelling analysis, new models 

were released for the structure of homomeric zebrafish GlyR α1 using cryo-

electron microscopy in the glycine-bound, strychnine-bound and 

glycine/ivermectin-bound states (PDB: 3JAE, 3JAF, 3JAD; Du et al 2015). I 

used the 3JAE model as it depicted the GlyR in the glycine-bound form. As the 

glycine agonist is so small in size, the glycine density was not discernible in this 

model. Contrasting to the human GlyR α1β heteromer previously modelled, no 

hydrogen bonds were predicted to form between the Q177 or K177 residues 

and nearby atoms. This result confounded us, as we knew the substitution 

resulted in reduced ligand binding and decay time constants. We therefore, 

sought advice from Professor Maya Topf (Birkbeck) and Sony Malhotra 

(University of Cambridge) whom had a good deal of experience with molecular 

models to see if we could understand the underlying reason for the shaky 

pathology. Looking at the EM density map of the zebrafish GlyR α1 model 
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(PDB: 3JAE), we refined the model using flexible fitting by Flex-EM after 

noticing that the structure did not precisely fit within the EM map. This resulted 

in a key agonist binding residue R65 moving towards Q177 and forming a 

hydrogen bond. As previously mentioned, it is known that the R65 residue is an 

integral part of the glycine-binding pocket (Du et al 2015). Substitutions of the 

R65 residue are well known to render the glycine receptor non-function (Chung 

et al 2010). As the model was missing the glycine residue, Maya and Sony 

superimposed the zebrafish GlyR α1 model onto the human GlyR α1β model 

(James et al 2013). This model had the glycine included into the glycine-binding 

pocket with the location of the ligand based on the position of glutamate in the 

GluCl α subunit structure. The glycine-binding pocket comprises residues R65 

and S159 from one subunit with neighbouring residues F158, Y201, T203 and 

F206 on the adjacent subunit. The residue R65 is integral for ligand binding and 

interacts with the glycine α-carboxyl and α-amino group. Taken together, these 

results indicated that R65 not only interacts electrostatically through a 

guanidium group with the glycine carboxylate group but also forms a hydrogen 

bond with the Q177 residue side chain. The p.Q177K substitution eradicates 

the hydrogen bond between R65 and Q177 and is predicted to distort the R65 

side chain as a result of an additional positive charge from the substitution with 

lysine. This is likely to result in a destabilisation of the glycine-binding pocket, 

which in turn reduces glycine sensitivity and leads to premature channel closure 

(Fig 6.11).  

 

Figure 6.11 Molecular modelling of the glycine-binding pocket in the zebrafish GlyR α1 
subunit homomer. A: The glycine binding pocket indicating R65 and S159 residues from one 
subunit and residues F158, F206, T203 and Y201 from the adjacent subunit bind to glycine 
indicated in magenta. B: Q177 binding to R65, integral for ligand binding. C: The p.Q177K 
substitution. Molecular model generated from a structure derived by Du et al (2015; 3JAE).  
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6.7 Discussion 

In humans, mutations in GLRA1, encoding the GlyR α1 subunit, cause a rare 

neurological disorder known as hyperekplexia or startle disease. This is 

characterised by exaggerated startle responses to unexpected acoustic or 

tactile stimuli followed by unprotected falls. Similarly, mouse models with 

mutations in Glra1 result in a neuromotor phenotype with exaggerated startle 

and episodes of tremor, rigidity, abnormal gait and an impaired righting reflex. 

These mouse models allow us to investigate the consequence of selected 

mutations in GlyR α1, allowing further understanding of GlyR ligand binding and 

gating mechanisms.  

 

We found that a novel mouse mutant shaky displayed a neuromotor phenotype 

from two weeks of age complete with an exaggerated startle response, tremors, 

muscle spasms, rigidity and stiff posture. Homozygosity mapping and candidate 

gene DNA sequencing pinpointed the causative mutation to be located in Glra1 

exon 6, a c.C613A change resulting in a p.Q177K substitution. This residue was 

highly conserved throughout species indicative of its importance to the structure 

and function of the GlyR. Backcrossing shaky heterozygotes to other known 

Glra1 mouse mutants oscillator and spasmodic heterozygotes led to the same 

neuromotor defects being observed, indicating further that the origin of 

phenotype stems from the same gene.  Furthermore, although the Glra1sh/ot had 

a similar life span to Glra1sh/sh, Glra1spd/sh did not, indicating that the spasmodic 

allele was able to compensate for the shaky allele. An increase in motor control, 

grooming, rearing and time spent eating was observed in Glra1sh/sh mice treated 

with the benzodiazepine, diazepam further indicating that the shaky phenotype 

was caused by disturbed glycinergic signalling. Furthermore, decay time 

constants and EC50 values for α1Q177Kβ and α1β indicated that channel closure 

occurred more quickly combined with a reduced affinity for glycine.  

 

Interestingly, another Glra1 mouse mutant, nmf11 was also recently found to 

have enhanced decay constants indicative of early channel closure. This was 

predicted to be accounted for by the mutation p.N46K leading to early agonist 

unbinding (Wilkins et al 2016). New molecular models generated by Du et al 

allowed further accurate predictions for the p.Q177K substitution. Q177 located 

on loop F (β8-9) was initially thought to hydrogen bond with N42 in the old 
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model but after a more sophisticated analysis, we discovered that Q177 

hydrogen bonds with residue R65, a glycine-binding residue. R65 forms two 

hydrogen bonds with glycine and substitution of the p.Q177K residue is likely to 

disrupt the stability of the R65 and, indirectly, the glycine-binding site. 

Furthermore, introduction of a lysine, a positively charged molecule, is likely to 

repel R65, further distorting the location of the arginine in the glycine-binding 

pocket. Loop F is a flexible region located in the extracellular domain between 

adjacent subunits. Previous in vitro studies in other CLRs have indicated that 

loop F has a role in ligand binding (Thompson et al 2006; Padgett and Lummis 

2008; Hibbs et al 2009; Du et al 2015). The importance of loop F had been 

indicated in previous studies for γ2-GABAA, 5HT3A and nAChR subunits 

(Padgett and Lummis 2008; Nys et al 2013). The role of loop F was relatively 

unknown in GlyRs, largely due to the low electron density seen in previous 

structural studies (Brejc et al 2001; Hansen et al 2005). The glycine binding to 

channel opening pathway has been recently investigated in more detail using 

new molecular models (Du et al 2015). Following glycine binding, the β1-2 and 

cys-loop couple to the transmembrane domain M2 through the M2-3 loop and 

as a consequence loop F (β8-9) moves. The cys-loop then interacts with 

β10/pre-M1. The lower half of M2 is connected to M1 through loop F via the 

pre-M1 loop (Du et al 2015). Du et al have concluded that not only is loop F 

integral for allowing M2 to bind to M1 through the pre-M1 loop but it also has a 

number of interactions with loop C and ‘indirectly’, the binding pocket. Our study 

demonstrates that loop F does in fact directly participate with the binding pocket 

and is therefore integral to GlyR structure and function. It is not known whether 

the consequence of this mutation only affects channel opening through a 

reduction in agonist binding or if it also implicates the channel gating 

mechanism via the M2-M1 interaction through the pre-M1 loop. Furthermore, 

channel closure usually occurs through the displacement of loop F (β8-9) 

leading to the rotation of pre-M1, asserting M2 towards the pore. In addition to 

reduced ligand affinity, the p.Q177K substitution could destabilise loop F, 

leading to early displacement and early channel closure.   

 

This shaky mouse mutant is the first in vivo model highlighting the importance of 

loop F for GlyR function. This and a recent study by Wilkins et al into the nmf11 

mouse mutant has further highlighted the value of these new GlyR models, 
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allowing an accurate understanding of mutation consequences to GlyR 

structure and function (Du et al 2015; Huang et al 2015). This study not only 

highlights the importance of loop F in agonist binding, channel gating and 

synaptic localisation but also reveals a novel potential pathomechanism – 

slower decay time constants – that should also now be routinely examined for 

human startle disease missense mutations in GlyR α1 or GlyR β subunits.  
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7. GENERAL DISCUSSION 

 

7.1 A DEAH RNA helicase mutant with a defective escape response 

RNA helicases are important regulators of RNA metabolism with clear roles in 

pre-mRNA splicing, rearrangement of structured RNAs and modification of 

RNPs, however most RNA helicase functions in vivo and substrate specificities 

are largely unknown. Several RNA helicases have been associated with 

neurological disease and infections, such as senataxin with neurodegeneration 

in amyotrophic lateral sclerosis and spinocerebellar ataxia and TSEN54 

mutations with microcephaly, impaired swallowing, visual impairment and loss 

of motor control (Chance et al 1998; Moreira et al 2004; Asaka et al 2006; Fogel 

and Perlman 2006; Namavar et al 2011). In Chapter 3, I described a novel 

zebrafish mutant with an impaired touch-evoked escape response similar to a 

known mutant, bandoneon that had defective glycinergic transmission. The 

majority of nig1 (National Institute of Genetics 1) mutants displayed a dorsal 

bend in response to touch followed by swimming with a minority responding 

with the dorsal bend followed by no swimming. This mutant was discovered to 

have a mutation in the gene dhx37, encoding DEAH box polypeptide 37 (dhx37) 

an RNA helicase, leading to an amino acid change p.L489P. Prior to this study, 

the function of this gene was unknown. Using gene knockdown, we found that 

dhx37 is involved in pre-mRNA splicing of selected GlyR subunit mRNAs (GlyR 

α1, α3 and α4a) that have roles in the spinal motor control in zebrafish.  It was, 

therefore, perhaps not surprising that a mutation in dhx37 caused a motor 

phenotype. Initially, we considered that DHX37 was a candidate gene for 

individuals with startle disease that do not have mutations in GlyR or GlyT2 

genes. However, since our initial study (Hirata et al 2013), a recent paper has 

highlighted that mutations in human DHX37 cause microcephaly, intellectual 

disability and a delay in speech acquisition. One family in particular was 

reported to have the mutation p.R487H, just two amino acids away from the 

p.L489P mutation found in dhx37nig1 mutants. On further investigation, we found 

that dhx37nig1 mutants also display developmental retardation and mild 

microcephaly after 4 dpf. As dhx37 was found to be involved in the splicing of 

GlyR α1, α3 and α4a and gephyrin a pre-mRNAs, it is likely that defective GlyR 

and/or GABAAR clustering may contribute to the severe microcephaly and 

intellectual disability seen in human patients with mutations in DHX37. 
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Immunohistochemistry analysis in dhx37nig1 mutants clearly indicates that a loss 

of GlyR clustering is apparent, further confirming this hypothesis. This study has 

highlighted the importance of RNA helicases in the development of neuronal 

circuits and motor control. DHX37 is the first RNA helicase associated with 

pathologically relevant substrates associated with neurological disease. Key 

substrates for dhx37 have been identified in zebrafish, including GlyRs and 

gephyrin, which could allow further understanding of the severe microcephaly 

and intellectual disability displayed in humans with DHX37 mutations. 

 

7.2 Generation and characterisation of a zebrafish knockout for the GlyR 

α2 subunit 

The GlyR α2 subunit has for a number of years been known to be expressed in 

the embryonic and postnatal brain and spinal cord, with suggested roles in 

synaptogenesis (Kirsch and Betz 1998; Lévi et al 1998), cell fate and paracrine 

transmitter release (Mangin et al 2003; Scain et al 2010), cortical (Flint et al 

1998) and retinal photoreceptor development. The GlyR α2 subunit is 

expressed extrasynaptically as α2 homomers or α2β heteromers in the 

embryonic brain. Avila et al (2013) recently generated a Glra2 knockout mouse 

that showed moderate microcephaly in early development (Avila et al 2014). 

The GlyR α2 subunit was found to be important for interneuron migration and 

apical progenitor mitosis (Avila et al 2014), ultimately leading to a reduced 

number of cortical neurons accounting for the microcephaly. Furthermore, 

recent findings have revealed that glycinergic inhibitory loss early in 

development leads to an increased excitability later in development that could 

be associated with epilepsy (Morelli et al 2016). Pilorge et al (2016) also found 

mutations in GLRA2 in patients with autistic spectrum disorder (ASD). ASD 

patients with mutations in GLRA2 displayed low level IQ, language delay and 

generalised tonic-clonic seizures.  

 

Pilorge et al performed glra2 knockdown experiments in zebrafish, focussing on 

spinal motor axons where obvious hyperbranching was observed (Pilorge et al 

2016). I decided to investigate the role of the GlyR α2 subunit in zebrafish by 

phylogenetic analysis, gene knockdown, mRNA overexpression and generation 

of a glra2 knockout. Phylogenetic analysis of the zebrafish GlyR α2 subunit 

revealed a largely similar sequence to human and mouse GlyR α2 subunits, 
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with distinct differences observed in the signal peptide and the intracellular loop 

between M3 and M4. GlyR α2 knockdown experiments revealed acute 

microcephaly and pulmonary oedema, worsening with an increased dose of 

morpholino. Locomotion analysis of zebrafish larvae at 48 hpf revealed that 

neither GlyR α2 MO (0.05 M), GlyR α2 wild-type RNA overexpression nor 

dominant-negative GlyR α2R275Q RNA had a noticeable impact on the touch-

evoked responses or swimming distance reached. Morpholino knockdown has 

been met with some scepticism as morpholinos act similarly to a drug, with high 

doses of morpholino presenting off-target effects, lethality and often misleading 

phenotypes. The generation of a knockout allows complete disruption of a 

single gene, and is a much more accurate means to understand gene function. 

Furthermore, the generation of a knockout creates a stable transgenic line 

allowing for crossing with other zebrafish lines, such as those expressing 

fluorescently-tagged neuronal markers.  

 

I generated a zebrafish glra2 knockout line using CRISPR. My preliminary 

analysis of the glra2 knockout line included measuring the head size at 24 and 

48 hpf and analysing differences in brain size and morphology at 4 dpf using 

immunohistochemistry. Although no clear differences were observed in the 

head size, nor brain size, confocal images focussed on the coronal plane 

indicated that the dorsal pallium, a structure thought to be homologous to the 

mammalian cortex (Mueller et al 2012) appeared to be slightly smaller with 

possible axonal hyperbranching. More experiments are required, however to 

make an informed comparison. Focussing on differences in locomotion, I 

discovered that there were no clear differences in the number of spontaneous 

coils made within 3 minutes across genotypes, indicating that loss of glra2 has 

no effect on locomotion early in development. This data is concurrent with the 

Glra2 KO mice which was discovered to be indistinguishable from wild-type in 

locomotor activity (Pilorge et al 2016). Furthermore, although spinal motor 

axons in homozygotes (glra2-/-) appeared to show some differences when 

compared with a wild-type control, sample sizes were too few to make an 

informed statistical comparison.  

 

As the mouse Glra2 knockout displays moderate microcephaly early in 

development, it was surprising that there were no obvious differences in head 
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size in homozygote (glra2-/-) larvae compared to wild-type controls at 24 and 48 

hpf. However, measurements were made of the head and not of the brain. The 

zebrafish embryonic brain is highly difficult to see or dissect, owing to the 

transparent nature of the embryo until 2 dpf. In future work, I would recommend 

crossing the glra2-/- line with lines expressing GFP in various regions (e.g. 

HuC:GFP) so that brain size can be more carefully quantified. 

 

7.3 Molecular and phylogenetic analysis of GlyR α4 subunit proteins in 

humans and other species  

GLRA4, the gene encoding for the GlyR α4 subunit is a mysterious gene. 

Previously this gene had been considered to be a pseudogene in humans - a 

relic of a gene that now has no biological function usually due to an 

environmental or genetic change (Xu et al 2016). Studies into the GlyR α4 

subunit in other vertebrates have revealed Glra4 expression in cholinergic 

amacrine cells in the retina, spinal cord, dorsal white matter in the mouse and 

the male genital ridge in chicken embryos (Heinze et al 2007; Boehm et al 

1997; Harvey et al 2000). Studies in zebrafish have shown glra4a and glra4b 

expression is restricted to the spinal cord, telencephalon (glra4a) and the retina 

(glra4b) (Imboden et al 2001c). GLRA4 was presumed to a pseudogene based 

on the presence of an in-frame stop codon (X390), resulting in an early 

truncation of the GlyR α4 subunit in the intracellular loop between 

transmembrane domains M3 and M4. I cloned the first full-length cDNAs for 

human GlyR α4 and restored the stop codon to an arginine residue. However, 

this was insufficient to restore GlyR α4 function. Based on sequence alignments 

and bioinformatics analysis, I suggested that other damaging substitutions 

might have accumulated in human GlyR α4. Collaborative electrophysiology 

studies with Prof Joe Lynch revealed that residue changes p.K59E, p.C204Y 

and p.X390R had to be made for functional expression of the human GlyR α4. 

In particular, a glutamate (E) change to a lysine (K) resulted in a change from 

negative to positive charge near the cys-loop of the GlyR. Interestingly, we were 

able to demonstrate that chimpanzee and gorilla GlyR α4 subunits were 

functional, despite also carrying the p.Y204C change.  
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Although there are no reported animal knockouts for GlyR α4, based on 

expression patterns, we hypothesised functional roles in the retina and motor 

circuits of the spinal cord. In zebrafish, injection of dominant-negative GlyR 

α4aR278Q RNA and the UAS:glra4aR278Q mutant displayed an obvious dorsal 

bend in response to touch, characteristic of disrupted glycinergic inhibition. By 

contrast, I was able to demonstrate that injection of the dominant-negative GlyR 

α4bR280Q RNA had no effect on either the touch-evoked escape responses nor 

eye size. Since this evidence suggested that GlyR α4 is functional in apes and 

zebrafish where it is involved in startle-evoked escape responses, we 

conducted a comparison of human and chimp startle responses. This 

highlighted key behavioural differences between humans and chimps. Although 

we cannot be certain that these differences are solely caused by the lack of the 

GlyR α4 subunit, it could be that loss of GLRA4 in humans is related to a 

modified response to startling stimuli, that could have evolutionary advantages. 

Certainly, my analysis of ancient human DNA suggests that GLRA4 function 

was lost in humans at least 50,000 years ago. 

 

7.4 Shaky, a novel mouse mutant with an exaggerated startle response 

Our study on the novel mouse mutant shaky and a similar study by Wilkins et al 

(2016) examining the nmf11 mouse mutant, have highlighted the advantages of 

mouse models for understanding how missense mutations affect the structure 

and function of GlyRs. The shaky mouse mutant shows an exaggerated startle 

response, limb clasping, poor gait and tremor episodes. I found that the 

causative mutation was an autosomal recessively inherited mutation leading to 

the substitution p.Q177K, located in the GlyR α1 subunit extracellular domain. 

GlyRs expressing the GlyR α1Q177K subunit were discovered to have reduced 

agonist binding with reduced chloride conductance owing to premature ion 

channel closure. The amino acid substitution was located on loop F of the GlyR, 

known to have an important role in the agonist binding to channel opening 

pathway. Previous studies in other CLRs have highlighted the importance of 

this loop F in this pathway, however this is the first in vivo model with a mutation 

in this domain of a GlyR (Thompson et al 2006; Padgett and Lummis 2008; 

Hibbs et al 2009; Du et al 2015). Our study has highlighted the importance of 

Q177 interactions with R65, a highly important residue in the glycine-binding 

pocket. The p.Q177K substitution disrupted a hydrogen bond between R65 and 
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Q177, leading to disrupted channel gating, reduced agonist binding and a 

reduction in synaptic localisation. The amalgamation of these consequences 

lead to a severe neuromotor phenotype observed in shaky mouse mutants, 

resulting in death by 3 weeks owing to the inability to compensate for the loss of 

the GlyR α1 subunit. Loop F could provide new and valuable mechanisms for 

targeting channelopathies to alter the opening or closing of selected cys-loop 

ion channels.  

 

7.5 Future prospects  

Based on the results I have presented in my thesis, future experiments will 

include reviving the dhx37nig1 line from frozen sperm to further investigate the 

microcephaly and intellectual disability that were found in zebrafish and 

humans. It is interesting that dhx37nig1 mutants display microcephaly following 

day 4, presumably following the glra2 to glra1 developmental switch. Further 

investigations into the brain size in glra2 knockout zebrafish are also warranted. 

Whether or not the change from embryonic glra2 to adult GlyR subunits is the 

cause of glra2 microcephaly could be investigated. The developmental switch 

from embryonic glra2 to adult glra1 in zebrafish has not formally been 

investigated. Further investigations into the glra2 knockout line could include 

generating a double transgenic fish by mating the glra2 knockout with an 

HuC:GFP line, for example and then eventually incrossing heterozygote glra2+/-

HuC:GFP fish. This method, although time consuming, would allow clear 

expression of a fluorescent protein in the knockout fish throughout 

development, allowing for obvious differences in brain size and morphology to 

be observed in live larvae. Immunohistochemistry analysis is limited by the 

success and permeability of the antibody into the zebrafish larvae. 

Investigations could be made to examine the ratio of inhibitory to excitatory 

neurons in the spinal cord and brain. Given the increased excitability observed 

in Glra2 knockout mice, this could indicate an imbalance in zebrafish as a result 

of GlyR α2 subunit loss.  

 

Unlike Glra2, there are no reported animal models for Glra4. Although, the 

Wellcome Trust Sanger Institute has generated targeted ES cells for Glra4 

knockout mice, it has not yet reported a phenotype nor has anyone investigated 

them. Further experiments could include investigating these mutants to see if 
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they have any differences in startle, escape responses or perhaps sight, given 

that Glra4 is known to be functional and expressed in cholinergic amacrine cells 

(Heinze et al 2007).  

 

Finally, functional impairments or trafficking defects of inhibitory glycine 

receptors (GlyR) have been linked to human hyperekplexia/startle disease and 

autistic spectrum disorders. As part of a large collaborative study, I helped to 

identify novel pathomechanisms responsible for a lethal startle phenotype in a 

new spontaneous mouse mutant shaky, caused by a missense mutation 

p.Q177K, localised to the extracellular loop F of the GlyR α1 subunit. This 

mutant showed defective synaptic integration into GlyRs as well as a 

compensatory increase in expression levels. The remaining portion of synaptic 

GlyRs exhibited decreased current amplitudes with significantly faster decay 

times. This study not only highlights the importance of loop F in agonist binding, 

channel gating and synaptic localisation but also reveals a novel potential 

pathomechanism – slower decay time constants – that should also now be 

routinely examined for human startle disease missense mutations affecting 

GlyR α1 or GlyR β subunit genes. 
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APPENDIX  

 

Morpholino Sequence (in a 5’ to 3’ direction) 

Dhx37 MO1 5’-TGTTTCTTTCTCAATCTGCCCATGG-3’ 

Dhx37 MO2 5’-ATCAAGTGTTTTACCTTGTTGCGGA-3’ 

GlyR α1 MO 5’-ACAAATAAATCCCGAGTGCGAACAT-3’ 

GlyR α2 MO 5’-GGAGTTTGACCGAAGGGCGAGTCAT-3’ 

GlyR α3 MO 5’-CAGAGCGCAGTCTTTTCCGAGTCAT-3’ 

GlyR α4a MO 5’-AAATCCTTATGACCTGAGGGAGCAT-3’ 

GlyR α4b MO 5’-CGATCCTCCAGATCACAGAAAACAT-3’ 

GlyR βa MO 5’-GTGCTGACTTACGAGGGACAGATGA-3’ 

GlyR βb MO 5’-AAATGCACTTACGAAGGACAGTAA-3’ 

Control MO 5’-CCTCTTACCTCAGTTACAATTTATA-3’ 

 
Appendix Table 1 – Morpholino sequences for targeted knockdown of Dhx37 and GlyR α and 
β subunits in zebrafish. 
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Appendix Table 2 – Splice-blocking morpholino sequence for targeted knockdown of GlyR α2 
subunit in zebrafish. 
 

 
Appendix Table 3 – Primers for amplification of glra2, inclusive of SP6 promoter and ApaI sites 
for in vitro transcription.  
 

 
Appendix Table 4 – Site-directed mutagenesis primers for introduction of the p.R275Q amino 
acid change into the GlyR α2 subunit.  
 

 

 

 

 

 

 

 

 

  

Morpholino Sequence  

GlyR α2 SMO 5’-TGGAGATTGTGACATAGAGTCCCAT-3’ 

Primer Sequence  

SP6-glra2fwd 5’-GATTTAGGTGACACTATAGAATACGCCACCATGAC 
TCGCCCTTCGGTCAAACTCC-3’ 

pCS2-Sv40-

ApaI Rev 5’-GATATCGGGCCCGCGAATTAAAAAACCTCCCACAC-3’ 

Primer Sequence  

glra2 

p.R275Q1 
5’-CAGAGCTCTGGGTCACAGGCATCACTGCCAAAGG-3’ 

glra2 

p.R275Q2 
5’-CCTTTGGCAGTGATGCCTGTGACCCAGAGCTCTG-3’ 
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Appendix Table 5 – Primer sets for generation of annealing, melt-curve, MiSeq and genotyping 
for generation and detection of CRISPR mediated deletions in exon 4 of glra2.  
 

 

 

 

 

 

 

 

 

 

 

 

gRNA annealing 

primers 
Sequence  

glra2 Ex4 Forward 5’-TAGGGAACCGTTCTGTACAGCATC-3’ 
 

glra2 Ex4 Reverse 5’-AAACGATGCTGTACAGAACGGTTC-3’ 

  

Melt-curve primers Sequence  

glra2 Ex4 Forward  5’-ACGACAGACAACAAACTCCTG-3’ 

glra2 Ex4 Reverse 5’-AATGTAAACCCAGTGTAAGATCC-3’ 

  

MiSeq Primers  Sequence (universal tag in bold) 

glra2 Ex4 Forward 5’- CGTCGGCAGCGTCAGATGTGTATAAGAGAC 
AGGGAAGCCTGACCTGTTCTTC-3’ 

glra2 Ex4  Reverse 
5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGA 

CAGAACATCCCCTGAGTAATGGAGA-3’ 

  

Genotyping Primers Sequence 

glra2 set 1 Ex4 Forward 5’-ATCTGGACCCGTCCATGCTG-3’ 

glra2 set 1 Ex4 Reverse 5’-GAAGCAGTGCAGGCATTCTCAA-3’ 

glra2 set 2 Ex4 Forward 5’-TGACCTGTTCTTCGCCAACG-3’ 

glra2 set 2 Ex4 Reverse 5’-CGCTCAAACCTGCCGGAACT-3’ 
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Appendix Table 6 – Primers for amplification of glra4b, inclusive of SP6 promoter and ApaI 
sites for in vitro transcription.  
 

 

 
Appendix Table 7 – Site-directed mutagenesis primers for introduction of the p.R280Q amino 
acid change into the GlyR α4b subunit.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Sequence  

SP6-glra4b 

Fwd 
5'-GATTTAGGTGACACTATAGAATACGCCACCATGTTTTC 
TGTGATCTGGAGGATC-3' 

pCS2-Sv40-

ApaI Rev 5’-GATATCGGGCCCGCGAATTAAAAAACCTCCCACAC-3’ 

Primer Sequence  

glra4b 

p.R280Q1 
5’-GACCACACAGAGCTCAGGTTCTCAAGCATCACTGCC-3’ 

glra4b 

p.R280Q2 
5’-GGCAGTGATGCTTGAGAACCTGAGCTCTGTGTGGTC-3’ 
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Appendix Table 8 – Site-directed mutagenesis primers for introduction of the p.Q177K amino 
acid change into the GlyR α1 subunit.  
 

 

 
Appendix Table 9 – Sequencing primers used for amplification and DNA sequencing of exons 
from gene Glra1 in Shaky mice.   
 

 

 

 

 

Primer Sequence  

GLRA1 

p.Q177K 
5’-GACCACACAGAGCTCAGGTTCTCAAGCATCACTGCC-3’ 

GLRA1 

p.Q177K 
5’-GGCAGTGATGCTTGAGAACCTGAGCTCTGTGTGGTC-3’ 

Primer Sequence  

Glra1 Ex1 5’-CCCCTTAAACATCTGGATTATTATCCC-3’ 
5’-TGCACCATAAGGATAGTGGTCA-3’ 

Glra1 Ex2 
5’-CAGGTCATGAAGAAGAGCCACCA-3’ 

5’-GGGAGAGTGTTTCCTGCGAATC-3’ 

Glra1 Ex3 
5’-GGCAGAGATGCTAAATGCAAG-3’ 

5’-AGAGACACCTGCTGTGGAAAC-3’ 

Glra1 Ex4 
5’-ATAAGTATAGGGTCCTCTGAGAGTTGGT-3’ 

5’-CTAGGATTCCCTGGCCTCGTC-3’ 

Glra1 Ex5 
5’-GAGGCACAGACTCCCTGATTATAG-3’ 

5’-AAAGGAAGCCTGGCTCCTTAAA-3’ 

Glra1 Ex6 
5’-GCCTCCAATCCTAAGTGTAACGC-3’ 

5’-GTGGCTGGATGACCCAGGAGA-3’ 

Glra1 Ex7 
5’-AGCCAAGCTGACACTAACATT-3’ 

5’-CTCCGTTCTGGGATACAGTATT-3’ 

Glra1 Ex8 
5’-CCAGGCAACATTTCAGGAAACC-3’ 

5’-TTCTGCTTCTGCCCCACCATC-3’ 

Glra1 Ex9 
5’-GTGCCCAGCCCTTGTCTTATT-3’ 

5’-GTGTGCTCTTCCTTTCTCCCT-3’ 
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Appendix Table 10 – Sequencing primers used for amplification and DNA sequencing of exons 
from gene Glrb in Shaky mice.   
 

 

 

 

 

 

 

 

 

 

 

Primer Sequence  

Glrb Ex0 5’-CGCTGGGGTCCTGCGATGATGCCCT-3’ 
5’-CCCGCCGCAGTGCGCAGACCCGAAG-3’ 

Glrb Ex1 
5’-TTGAGATACGATTGCCCGTTGGGT-3’ 

5’-AAACAGTGCTGTAGGTGGGCATTT-3’ 

Glrb Ex2 
5’-TTTGTCTTAAGGGAGCCAAGC-3’ 

5’-CCTTTTGCACATTAGAAACAGTAT-3’ 

Glrb Ex3 
5’-ACAGCAATTGTGAGCATGTTA-3’ 

5’-GTCTTGATGGTTTACACTGTCC-3’ 

Glrb Ex4 
5’-GATGCTATCACTCAGTCATGTGG-3’ 

5’-CGTACATCGCTGAGATCCACT-3’ 

Glrb Ex5 
5’-TGTGAGCATGAGGTACCCTGT-3’ 

5’-GCCAACTACAATGGAAAGCTC-3’ 

Glrb Ex6 
5’-CCAAAAATTAGGCCACTGTGA-3’ 

5’-TGACAGGCTCTTACCAAGAGAA-3’ 

Glrb Ex7 
5’-TGCAGTTTTACTTTCTGAAATCGTC-3’ 

5’-TTCAGGATAGGATGCTCAACCA-3’ 

Glrb Ex8 
5’-CCTTAAAGACACTTAAGGTTTGCT-3’ 

5’-AACGGCAGAAAGGGCATTCGG-3’ 

Glrb Ex9 
5’-CTGGTTGGTTAATCAGTTGACTA-3’ 

5’-GCAATTATGAATTGCATTGGTCAC-3’ 
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Appendix Table 11 – Sequencing primers used for amplification and DNA sequencing of exons 
from gene Slc6a5 in Shaky mice.   

Primer Sequence  

Slc6a5 Ex1 5’-CCAAACCTAGATCAGTAGAGGATT-3’ 
5’-CCACTTCCACCTTTCTTTAGAGAATA-3’ 

Slc6a5 Ex2 
5’-TTGTTTGTTTGTTTTGCACGAACT-3’ 

5’-CCAACCCGTTTCAACATCAGCATA-3’ 

Slc6a5 Ex3 
5’-TACCTGGGTCTGCTATCCGACAA-3’ 

5’-GCAGGCGGAAAGAGCTGAAAAG-3’ 

Slc6a5 Ex4 
5’-CCTGCTCATGTCTCCTGACTCTT-3’ 

5’-GGAGGCAACGAGGAGACTGGA-3’ 

Slc6a5 Ex5 
5’-TGGGATGATACCAACACAGGC-3’ 

5’-CATCTATTGAATGAACCACAGACAGCTAA-3’ 

Slc6a5 Ex6 
5’-TTCTCTCAACGTTCCTGGTCC-3’ 

5’-CCATCTTCTGGGCTTGCTTACA-3’ 

Slc6a5 Ex7 
5’-TCCCTCCCTTTCTCCTTCTTCCA-3’ 

5’-AGAGGTCAGACAAAGCCAAGTT-3’ 

Slc6a5 Ex8 
5’-ATGCTGCTCACCTGCCTCTCTA-3’ 

5’-TTGCTTCCAGTCTGCTATAAACAGAGTAAT-3’ 

Slc6a5 Ex9 
5’-GGCTGGACACTCTTAGTGACC-3’ 

5’-CAGCCTCTGGATTGGATGTCT-3’ 

Slc6a5 Ex10 
5’-CTTTCTACTCACAGAGCTCACCTA-3’ 

5’-CTTGTGAGGTAAGCCAGGAAC-3’ 

Slc6a5 Ex11 
5’-AAACCGTTCAGGATCTCAGTG-3’ 

5’-AAGTAGAGTCTTTGAAGGGTTTGT-3’ 

Slc6a5 Ex12 
5’-ACACACAACACTTTGGAGAGG-3’ 

5’-TCTGGTCATGCAAAGAGGACT-3’ 

Slc6a5 Ex13 
5’-GGTCCTATTTGATGGTGGCTGTTT-3’ 

5’-CATGGCAACAGGCAGAGTGTC-3’ 

Slc6a5 Ex14 
5’-CTGTACCTCACACATGGCCTC-3’ 

5’-GGTAAAGCACTGACATGCAGGA-3’ 

Slc6a5 Ex15 
5’-CGTGCGTGTTGAATGAGTGA-3’ 

5’-GGGGAAAGGAGCCAATAGAAT-3’ 

Slc6a5 Ex16 
5’-GGAGGAAGGCGAGTTCATATTGTAACTA-3’ 

5’-GTGAACCGAAGTGTGGGGAGA-3’ 
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Appendix Table 12 – Sequencing primers used for amplification and DNA sequencing of exons 
from gene Slc7a10 in Shaky mice.   
 

 

 

 

 

 

 

Primer Sequence  

Slc7a10 Ex1 
5’-CTCCTGTCTCCCCTGACTAGG-3’ 

5’-TCTTCGTGAGGGAGGAACATA-3’ 

Slc7a10 Ex2 5’-TCACGGAAGTATCCTCCTCCT-3’ 
5’-CCCCTCACTCCATAGCAGAG-3’ 

Slc7a10 Ex3 
5’-CTTGGAGGCTGGTCCTCAT-3’ 

5’-AGTGGACCGAGAATATCATGG-3’ 

Slc7a10 Ex4&5 
5’-GCTCCTAGCTGCTGTCACTTG-3’ 

5’-TCACAGCAGATCTGTGACGAC-3’ 

Slc7a10 Ex6&7 
5’-CCTGGACAGATGAGACTCCAA-3’ 

5’-GCAAGACATCTGCCTTGTCTC-3’ 

Slc7a10 Ex8&9 
5’-GGCAGAGGTCAATGTGACAG-3’ 

5’-GCTCAACTTGGATGAAGATGG-3’ 

Slc7a10 Ex10 
5’-GTCAACCCAGGAATTGCTCTCCAGT-3’ 

5’-TTGAGGAAAGTCATTGGGTCCTGCG-3’ 

Slc7a10 Ex11 
5’-CCAAGGGAGGTATCTGGAGTT-3’ 

5’-AAACACAACCCCCTTCTCAAT-3’ 
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Appendix Table 13 – Original data for dhx37 and GlyR subunit morpholino, RNA injected and control touch-evoked response assays. Level 1; normal response to 
touch characterised by a c-bend followed by swimming; Level 2; abnormal response with dorsal bend followed by swimming; Level 3; abnormal response with dorsal 
bend without subsequent swimming.  
 

 

Data from Figure 3.6
Level 1
Number

Level 2
Number

Level 3
Number

Total
Number

Level 1
[%]

Level 2
[%]

Level 3
[%]

Total
[%]

WT + MO Control 44 0 0 44 100.00 0.00 0.00 100
WT + MO1 (ATG) 16 66 5 87 18.39 75.86 5.75 100
WT + MO2 (Splicing) 8 74 10 92 8.70 80.43 10.87 100
WT + MO2 + RNA Dhx37 (WT) 47 4 0 51 92.16 7.84 0.00 100
WT + MO2 + RNA Dhx37 (L489P) 4 46 7 57 7.02 80.70 12.28 100
WT + MO2 + RNA Dhx37 (D372A) 3 35 5 43 6.98 81.40 11.63 100

Data from figure 3.9A
Level 1
Number

Level 2
Number

Level 3
Number

Total
Number

Level 1
[%]

Level 2
[%]

Level 3
[%]

Total
[%]

WT + MO2 8 74 10 92 8.70 80.43 10.87 100
WT + MO2 + RNA GlyR a1 39 38 0 77 50.65 49.35 0.00 100
WT + MO2 + RNA GlyR a2 10 60 5 75 13.33 80.00 6.67 100
WT + MO2 + RNA GlyR a3 34 26 1 61 55.74 42.62 1.64 100
WT + MO2 + RNA GlyR a4a 35 33 1 69 50.72 47.83 1.45 100
WT + MO2 + RNA GlyR a4b 5 55 6 66 7.58 83.33 9.09 100
WT + MO2 + RNA a1+a3+a4a 18 14 0 32 56.25 43.75 0.00 100

Data from figure 3.9B
Level 1
Number

Level 2
Number

Level 3
Number

Total
Number

Level 1
[%]

Level 2
[%]

Level 3
[%]

Total
[%]

WT + MO Control 44 0 0 44 100.00 0.00 0.00 100
WT + MO GlyR a1 53 5 0 58 91.38 8.62 0.00 100
WT + MO GlyR a3 72 13 0 85 84.71 15.29 0.00 100
WT + MO GlyR a4a 28 69 0 97 28.87 71.13 0.00 100
WT + MO GlyR a1+a3 37 16 0 53 69.81 30.19 0.00 100
WT + MO GlyR a1+a4a 18 81 0 99 18.18 81.82 0.00 100
WT + MO GlyR a3+a4a 11 80 3 94 11.70 85.11 3.19 100
WT + MO GlyR a1+a3+a4a 4 17 75 96 4.17 17.71 78.13 100
WT + MO GlyR ba 71 0 0 71 100.00 0.00 0.00 100
WT + MO GlyR bb 3 7 72 82 3.66 8.54 87.80 100
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Appendix Table 14 – One-way ANOVA statistical analysis for assessing average activity from 4 to 6 dpf in homozygote glra2 knockouts (glra2-/-), heterozygote 
(glra2+/-) and wild-type (glra2+/+).  

One	way-	ANOVA;	Day	4	average	activity 95%	confidence	interval	for	mean
N Mean Std.Deviation Std.	Error Lower	bound	 Upper	bound Minimum Maximum

wild-type 22 0.1884 0.12522 0.0267 0.1329 0.2439 0.02 0.48
heterozygote 41 0.2986 0.4337 0.06773 0.1617 0.4355 0.01 2.37
homozygote 27 0.3468 0.55561 0.10693 0.127 0.5666 0.02 2.8
Total 90 0.2861 0.42658 0.04497 0.1968 0.3755 0.01 2.8

Sum	of	Squares df Mean	Square F Sig.
Between	Groups 0.316 2 0.158 0.865 0.425
Within	Groups 15.879 87 0.183
Total 16.195 89

One	way-	ANOVA;	Day	5	average	activity 95%	confidence	interval	for	mean
N Mean Std.Deviation Std.	Error Lower	bound	 Upper	bound Minimum Maximum

wild-type 22 0.8136 0.77395 0.16501 0.4705 1.1568 0.09 2.76
heterozygote 41 0.8965 0.92584 0.14459 0.6042 1.1887 0.02 3.52
homozygote 27 1.2953 1.0052 0.19345 0.8977 1.693 0.06 3.15
Total 90 0.9959 0.9785 0.09785 0.8014 1.1903 0.02 3.52

Sum	of	Squares df Mean	Square F Sig.
Between	Groups 3.557 2 1.778 2.116 0.127
Within	Groups 73.137 87 0.841
Total 76.694 89

One	way-	ANOVA;	Day	6	average	activity 95%	confidence	interval	for	mean
N Mean Std.Deviation Std.	Error Lower	bound	 Upper	bound Minimum Maximum

wild-type 22 2.1343 1.40976 0.30056 1.5092 2.7593 0.27 5.15
heterozygote 41 2.1905 1.4663 0.229 1.7277 2.6534 0.05 5.31
homozygote 27 2.6094 1.31423 0.25292 2.0896 3.1293 0.13 5.25
Total 90 2.3025 1.40754 0.1437 2.0077 2.5973 0.05 5.31

Sum	of	Squares df Mean	Square F Sig.
Between	Groups 3.68 2 1.84 0.927 0.399
Within	Groups 172.644 87 1.984
Total 176.325 89
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LIST OF ABBREVIATIONS 
 
AChR  Acetylcholine receptor 
AD  Autosomal dominant 
Amp  Ampicillin 
AR  Autosomal recessive 
ARHGEF9 Cdc42 guanine nucleotide exchange factor 9 gene 
ASD    Autistic spectrum disorder 
atp2a1 Sarcoplasmic reticulum Ca2+-ATPase gene 
baj  bajan zebrafish mutant  
beo  Bandoneon zebrafish mutant 
chat  choline acetyl transferase gene 
BLAT  Basic Local Alignment Tool 
CH  Compound heterozygosity 
CNS  Central nervous system 
CRISPR Clustered randomly interspaced short palindromic repeats  
dbt  dihydrolipoamide branched-chain transacylase E2 gene 
dpf  Days post fertilisation 
dNTPs Deoxyribonucleotides 
DHX37 DEAH box helicase 37 gene 
DNA  Deoxyribonucleic acid 
EB  Elution buffer 
ECD  Extracellular domain 
EDTA  Ethylenediaminetetraacetic acid 
EGFP  Enhanced green fluorescent protein 
EL  Extracellular loop 
ENU  Ethylnitrosourea 
ESE  Exonic splicing enhancer site 
GABA  γ-aminobutyric acid 
GABAAR γ-aminobutyric acid receptor 
GAT  GABA transporter 
GFP  Green fluorescent protein 
GLRA1 Glycine receptor α1 subunit gene 
GLRA2 Glycine receptor α2 subunit gene 
GLRA3  Glycine receptor α3 subunit gene 
GLRA4  Glycine receptor α4 subunit gene 
GLRB  Glycine receptor β subunit gene 
GluCl  Glutamate-gated chloride channel 
GlyR  Glycine receptor 
GlyT  Glycine transporter 
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GPHN  Gephyrin gene 
HEK293 Human Embryonic Kidney 293 
HET  Heterozygous 
HOM  Homozygous 
hpf  Hours post fertilisation 
ICM  Inherited congenital myoclonus 
IRES  Internal ribosome entry site 
LB  Luria-Bertani 
KO  Knockout  
MO  Morpholino 
MoCo  Molybdenum cofactor 
MOCODC Molybdenum cofactor deficiency 
nAChR  Nicotinic acetylcholine receptor 
NCBI  National Centre for Biotechnology Information 
nig1  nig1 zebrafish mutant 
NMDAR N-methyl-D-aspartate receptor 
nmf11  nmf11 mouse mutant 
OMIM  Online Mendelian Inheritance in Man 
ot  Oscillator mouse mutant 
PAM  protospacer adjacent motif 
PCR  Polymerase chain reaction 
PDB  Protein database 
PSD  Postsynaptic density 
pLGIC  Pentameric ligand-gated ion channel 
que  quetschkommode zebrafish mutant 
RNA  Ribonucleic acid 
RT-PCR Reverse transcription polymerase chain reaction 
SA  Splice acceptor 
SCA  spinocerebellar ataxia (SCA) 
SDS  Sodium dodecyl sulphate 
sho  shocked zebrafish mutant 
sla  schlaffi zebrafish mutant 
shy  Shaky mouse mutant 
SLC6A5 Solute carrier family 6 member 5 gene 
SLC6A9   Solute carrier family 6 member 9 gene 
SMO  Splice-site morpholino 
SNVs  Single nucleotide variants 
spa  Spastic mouse mutant 
spd  Spasmodic mouse mutant 
TAE  Tris-acetate EDTA 
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Tris-EDTA Tris(hydroxymethyl)methylamine-ethylendiamine-tetraacetic acid 
TM  Transmembrane domain 
TMO  Translation-blocking morpholino 
UAS  Upstream activating sequence 
UCSC  University of California Santa Cruz  
VIAAT  Vesicular inhibitory amino acid transporter 
YFP  Yellow fluorescent protein 
WT  wild-type 
zim  zeihharmonika zebrafish mutant 
 
 


