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Nystagmus is a disorder of the eye characterised by irregular, uncontrolled and 

repetitive eye movement.  It can occur as a secondary condition in a broad 

spectrum of neurological and ocular disorders or it may occur as an isolated, 

normally inherited, disorder referred to as idiopathic infantile nystagmus (IIN). 

Current understanding of ocular-motor control is limited. Similarly, the pathological 

mechanisms underlying nystagmus are poorly understood. The majority of IIN 

patients have mutations in the FERM Domain-containing 7 (FRMD7) gene, which 

was mapped in 2006.  The function of Frmd7 is unknown, however, similarity to 

other FERM domain-containing proteins such as FARP1 and FARP2 suggest its 

involvement in neuronal outgrowth by modulating the actin cytoskeleton. Current 

theories on the role of Frmd7 in IIN are contradicting partly due to the lack of 

Frmd7 murine model, the generation of “knockout-first” conditional Frmd7.tm1a mice 

by the EUCOMM/KOMP resource offered a useful tool to characterise Frmd7 

expression patterns and function. This thesis aims to characterize the function of 

Frmd7 in IIN using the Frmd7.tm1a mice as a murine model by a combination of 

molecular, histological and ocular function analysis. The Frmd7.tm1b allele was 

generated by Cre deletion of the critical exon (exon 4) in the Frmd7.tm1a allele and it 

was shown to be a more reliable model of Frmd7 knockout at the molecular level. 

The expression sites of Frmd7 were further investigated using a variety of 

immunohistochemical techniques such as antibody staining and X-gal staining, 

and it was shown that Frmd7 expression is restricted to the starburst amacrine 

cells in the murine retina. Eye tracking recordings of the Frmd7 mutant mice have 



 

 

shown a defect in the horizontal optokinetic reflex which suggests a role of Frmd7 

in modulating inhibitory signals of the starburst amacrine cells. The results of this 

thesis further characterised the role of Frmd7 in IIN using a murine model and 

established a novel and robust eye tracking technique in mice that can be used in 

a variety of future studies of nystagmus and other ocular disorders. 
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PBST  Phosphate Buffered Saline-Tween 20 
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PCR   Polymerase Chain Reaction 

PFA   Paraformaldehyde  

PSD95  Post-synaptic density marker 95 

PTB/PH  Phosphotyrosine binding or Pleckstrin-Homology (PH) domain 

qPCR Quantitative PCR 

RGCs  Retinal Ganglion Cells 

RNFL  Retinal Nerve Fibre Layer 

RPE   Retinal Epithelial layer 

RT-PCT  Reverse transcriptase PCR 

SEM   Standard Error Mean 

S-gal   ¾-cyclohexenoesculetin-b-D-galactopyranoside 

SDN   Sensory Defect Nystagmus  

SNS   Spasmus Nutans Syndrome 

FMNS  Fusion Maldevelopment Nystagmus Syndrome 

TBE   Tris/Borate/EDTA  

TBS   Tris Buffered Saline 

TBST  Tris Buffered Saline-Tween 20 

TIGM  Texas A&M Institute for Genomic Medicine 

VAChT  Vesicular Choline acetyltransferase  

VGAT  Vesicular GABA transporter 

VZ Ventricular Zone 

VOR   Vistibulo-Ocular reflex 

WISH  Wholemount in situ hybridization  

Wpc   Weeks post conception 

X-gal   5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside 
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 The perception of vision 

The sense of vision starts with a light stimulus strikes the cornea of the eye, where 

it gets focused by the lens and light is diverted towards the retina (the thin layer of 

tissue in the back of the eye). The light energy is converted into electrical energy 

by signal conductivity between the different cells in the retina. Neural signals are 

then sent to specialised centres in the brain by the optic nerve for visual 

recognition (Leigh and Zee, 2006). The visual pathway involves series of cells and 

synapses that carry visual information from the environment to the brain. After light 

energy is converted to an electrical energy, signals carried by the optic nerve are 

passed through the optic chiasm and terminate in the opposite side of the brain (-

Figure 1.1). Fibres of the optic nerve that carry the visual signals pass from the 

chiasm to the Lateral Geniculate nucleus (LGN). Visual signals then terminate in 

the visual cortex, where they are sent to the different visual centres in the brain 

(Remington, 2012). 
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Figure 1.1 Flow of visual signals in mice. 
A schematic diagram showing the pathway of visual signals from the eye to the 
brain in mice. Light signals are converted to electrical signals in the retina. signals 
are then carried through the optic nerve into the optic tract and the optic chiasm, 
where they are projected to the opposite side of the visual cortex. 
 

 Nystagmus 

 Introduction 

Nystagmus is a condition of the eye characterized by an involuntary and 

uncontrolled eye movement as a result of failure to maintain gaze stability, which 

is the ability to look steadily with concentration (Gottlob and Proudlock, 2014; 

Leigh and Zee, 2006). It can be congenital, typically occurring in the first 6 months 

of life, or acquired, which occurs later in life (Abel, 2006; Casteels et al., 1992). 

Over 40 different types of Nystagmus have been described and differ according to 

onset, pathology, and nature of the eye movement (Abel, 2006; Gottlob, 2000; 

Gottlob and Proudlock, 2014). Classical infantile nystagmus presents as 
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conjugate, horizontal oscillations of the eye, in a primary and eccentric gaze with a 

preferred head turn or ‘tilt’ (Thomas et al., 2008). Nystagmus can have a 

significant impact on vision, many patients with the condition score lower in visual 

function questionnaire studies than those with Age-related Macular Degeneration 

(AMD) (Pilling et al., 2005).  

 

Congenital nystagmus is often associated with other systemic conditions such as 

Albinism, neurological disorders such as Optic Nerve Hypoplasia or retinal 

disorders such as Achromatopsia. Associated features include decreased visual 

acuity, strabismus and astigmatism and occasionally head nodding (Gottlob and 

Proudlock, 2014; Thomas et al., 2011a; Thomas et al., 2008). Nystagmus can also 

arise independently of other related ocular or neurological conditions and the 

abnormality in eye movement is the primary defect, in which case it is called 

Idiopathic Infantile Nystagmus (IIN). This has led to speculation that the condition 

may represent a defect of the brain regions responsible for ocular motor control 

(Jacobs and Dell'Osso, 2004). IIN has a predominantly horizontal waveform, other 

waveforms of nystagmus may also present in IIN that include pendular or 

triangular waveforms. Vertical waveform nystagmus can also occur but is less 

common in INN and more often associated with underlying retinal or 

neuropathology (Gottlob, 2000). Mutation in the FERM domain-containing protein 

7 (Frmd7) gene are found to be associated with most (approximately 70 %) of INN 

cases (Tarpey et al., 2006). 

 

Nystagmus occurs in a wide variety of pathological and non-pathological situations 

(Casteels et al., 1992). For example, it occurs normally at extreme eccentric gaze, 

in which the nystagmus is called “end-point nystagmus”, or when looking at 

moving objects from moving platform like a vehicle or a train, in which the 

nystagmus is known as “optokinetic nystagmus”. In contrast, very similar eye 

movements may represent the early onset of a subsequent visual or neurological 

condition in infants (Casteels et al., 1992). Congenital nystagmus is, therefore, a 

condition of great importance for clinicians and at present, very few treatments 

exist for the majority of cases and clinical management is strongly focused on 

early diagnosis. 



Chapter 1 Introduction 

5 

 Mechanisms of nystagmus 

Pathology of many components of both the ocular motor and the afferent visual 

systems has been implicated in nystagmus in infancy (Gottlob and Proudlock, 

2014), from elements of the ocular motor system such as the neural integrator 

(Schneider et al., 2013), superior colliculus (Akman et al., 2012), saccadic system 

(Akman et al., 2005), smooth pursuit system (Dell'Osso, 2006), optokinetic system 

(Brodsky and Dell'Osso, 2014b), cerebellum lesions (Leguire et al., 2011) and 

proprioceptive input and changes in properties of the extraocular muscles (Berg et 

al., 2012; Dell'Osso and Wang, 2008). The vergence system is also known to 

cause convergence dampening in infantile nystagmus (Serra et al., 2006), as well 

as visual system abnormalities like rod and cone dysfunction (Pieh et al., 2008; 

Thomas et al., 2011b; Thomas et al., 2012) and foveal maldevelopment 

(hypoplasia) (Harris and Berry, 2006), chiasmal abnormalities that cause miswiring 

of the retinal motion detectors (Huang et al., 2011; Huber-Reggi et al., 2012; 

Traber et al., 2012) and disrupted development of the binocular motion centers 

(Brodsky and Dell'Osso, 2014a). 

 

The irregularity of eye movements in nystagmus is a result of a failure in 

maintaining gaze stability (the ability of focus steadily with concentration) (Gottlob 

and Proudlock, 2014; Leigh and Zee, 2006). When the eye holds an eccentric 

gaze position, three main mechanisms operate together to maintain gaze stability; 

the fixation movement, the vestibulo-ocular reflex and the gaze-holding system 

(Leigh and Zee, 2006). Failure of any of these control mechanisms results in a 

loss of steady fixation. The fixation movements are those times when the eyes 

essentially stop scanning about the scene, holding the central vision in place so 

that the visual system can take in detailed information about what is being looked 

at (Leigh and Zee, 2006). The vestibulo-ocular reflex involves the activation of the 

motoneurons that innervate the extraocular muscles to maintain the orientation of 

the eyes in space during head movements so that the visual image remains stable 

on the retina (Romand and Varela-Nieto, 2003). The third control mechanism for 

maintaining gaze stability is the gaze-holding system, which is maintaining fixation 

on a moving visual target on a moving platform, for binocular vision in humans, 

this involves keeping the visual axes of the eyes directed at the target. The gaze-

holding system can be subdivided into version when both eyes pan and tilt 
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together, and vergence, when both eyes pan in opposite directions to fixate nearer 

or farther targets (Leigh and Zee, 2006).  

 

Two types of abnormal fixation can result from failure to maintain gaze stability, 

nystagmus and saccadic intrusions/oscillation (Abadi, 2002). The difference 

between the two lies in the initial movement that takes the line of sight off the 

visual target. Nystagmus is a slow drift or “slow phase” followed immediately by a 

fast and shorter “fast phase”. It often occurs due to a disturbance of one of the 

three control systems that maintain gaze stability above. Saccadic 

intrusions/oscillations are fast eye movements that occur in response to a variety 

of stimuli and aim to place the target image on the retina (Abadi, 2002; Leigh and 

Zee, 2006; Sharpe and Fletcher, 1984). It is believed that the mechanisms that 

drive saccades and nystagmus “fast phase” are common. Harrison et al. and 

colleagues found that infantile nystagmus “fast phases” exhibit saccadic inhibition, 

a phenomenon only exist in normal saccades when a delay in the initiation of eye 

movement (Harrison et al., 2015). The time taken to process visual information in 

patients with infantile nystagmus was similar to that of the normal controls (Dunn 

et al., 2015). However, individuals with infantile nystagmus took longer to direct 

their gaze towards moving objects, which indicate the mechanism that drives 

nystagmus is due to a deficit in gaze stability. 

 

A recent study by Yonehara et al. and colleagues on the neuronal circuitry in 

direction selectivity of subclass of ganglion cells in the murine retina, the Direction-

Selective Ganglion Cells (DSGC’s), showed that lack of Frmd7, the gene 

associated with idiopathic nystagmus, causes a deficit in the neuronal circuit 

asymmetry of these cells, leading to loss of direction selectivity in the horizontal 

axis (Yonehara et al., 2016). Frmd7 expression was shown to be very specific to 

the starburst amacrine cells which produce acetylcholine and gamma-aminobutyric 

acid (GABA) (Kolb, 1995b). The starburst amacrine cells release asymmetric 

inhibitory signals to the DSGCs by GABA, this signal becomes symmetric upon the 

loss of Frmd7 leading to loss of horizontal optokinetic reflex, which is a reflex 

initiated by a moving stimulus on the retina that triggers the eye to move to 

stabilise the image on the retina. The optokinetic reflex works together with the 

vestibulo-ocular reflex in maintaining gaze stability when an animal moves its head 

and body (Schweigart et al., 1997). Loss of horizontal optokinetic reflex has been 

reported in idiopathic nystagmus (Gottlob and Proudlock, 2014), and could be one 
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of the main defects leading to nystagmus. Due to the complexity of the underlying 

mechanisms that drive nystagmus, this chapter will introduce nystagmus on the 

basis of its classification, prevalence, underlying causes, and treatments 

 

 

 Classification 

Nystagmus is a complex disorder and the way it has been classified in the 

literature is inconsistent due to the lack of knowledge of its aetiology, anatomical 

origin and the increasing number of clinical disorders in which it forms a part of, 

such as albinism, X-linked congenital stationary night blindness and congenital 

amaurosis (Casteels et al., 1992).  

 

Over 40 different types of nystagmus are described and classified by different 

factors such as behavior (gaze-evoked nystagmus), direction (downbeat and 

vertical nystagmus) and age of onset (early onset nystagmus) (Abel, 2006). 

Consequently, many different classifications and descriptions have arisen, each 

with a particular emphasis on a clinical feature or specific use. Among the different 

classifications of nystagmus that are described in the literature, the one described 

by Casteels et al and colleagues (Casteels et al., 1992) is the most clinically useful 

as it describes nystagmus depending on the stage of onset; early, under six 

months of age, or late, six months after birth and thereafter (Figure 1.2). The early 

onset nystagmus (EON) can be divided into three categories; sensory defect 

nystagmus (SDN), idiopathic infantile nystagmus (IIN) and neurological nystagmus 

(NN). SDN refers to a proven sensory defect found and is usually secondary to 

other obvious or subtle visual disorders such as cataracts, corneal opacities, optic 

disc atrophy and developmental disorders of the optic disc and the retina (Pearce, 

1978; Weiss and Biersdorf, 1989). IIN is sometimes called “motor nystagmus”, in 

which there is no visual or neurological impairment can be found, finally, NN is 

when the nystagmus is asymmetrical or unilateral and a neurological disease, 

such as chiasmal and optic nerve glioma, craniopharyngioma and optic nerve 

compression, is associated with nystagmus (Farmer and Hoyt, 1984). The EON 

and IIN are sometimes collectively called congenital nystagmus, however, 

distinction between the two has been previously described as separate entities in 

relation to the sensory and motor ends of the visual system (Evans, 1989; Wybar, 

1972). 
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According to the Committee for the Classification of Eye Movement Abnormalities 

and Strabismus (CEMAS), nystagmus can be divided into eight different 

categories (Figure 1.3). For example, nystagmus may be induced physiologically, 

this category includes optokinetic, vestibular and eccentric gaze nystagmus. It can 

also be present at birth or soon after, when it is referred to as Pathologic 

nystagmus, which includes Infantile Nystagmus Syndrome (INS) or Fusion 

Maldevelopment Nystagmus Syndrome (FMNS), previously known as Manifest-

Latent Nystagmus (MLN) among other nystagmus forms such as Spasmus Nutans 

Syndrome (SNS), Gaze-Holding Deficiency Nystagmus and Vision Loss 

Nystagmus. Also, nystagmus may be acquired as a result of a neurological 

disease or drug toxicity (Abadi, 2002; Leigh and Zee, 2006). 

 

Physiologically induced nystagmus is naturally induced in health during self-

rotation to hold images of the visual world steady on the retina. physiologically 

induced nystagmus occurs in two forms; optokinetic and vestibular. An optokinetic 

nystagmus is an involuntary, conjugate, jerk nystagmus occurs when the individual 

looks onto a large moving field. A vestibular nystagmus occurs in self-rotation in 

darkness, which is detected by the motion detectors (vestibular labyrinth) that 

project into the vestibular nuclei in the cerebellum (Leigh and Zee, 2006). which is 

why vestibular nystagmus can be induced by irrigating the ear with warm or cold 

water. 

 

The two main forms of pathological nystagmus, INS and FMNS, have similar 

conjugate, horizontal and jerky oscillations. Diagnosis is made to differentiate 

between the two forms depending on the nature of the slow phase. The slow 

phase in INS is a jerk accelerating slow phase, whereas in FMNS the slow phase 

is either a linear or a jerk, in this case, a decelerating slow phase (Abadi and 

Dickinson, 1986; Abadi and Scallan, 2000; Dell'Osso and Daroff, 1975; Dellosso, 

1985). FMNS is typically a binocular jerk nystagmus which is absent when both 

eyes are open, the fast phase in FMNS often beats in the direction of the viewing 

eye (Casteels et al., 1992). Very rarely, FMNS often found associated with SDN, in 

which a complex waveform of nystagmus is seen on occlusion, a blockage of the 

retinal vein (Kestenbaum, 1961). In monocular occlusion, the nystagmus gets 

worse and normally beats in the direction of the gaze. It can improve after 

adduction of the viewing eye. 
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Other classification methods can also be used to describe nystagmus according to 

its phenotype, such as the behavior and direction of nystagmus, which is broader 

and can include many classes of the condition, many of which will be discussed in 

this thesis. 
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Figure 1.2 Classification of nystagmus according to onset. 
Early onset nystagmus describes all nystagmus with an onset before 6 months of 
age, and is subdivided into three categories; sensory defect nystagmus (SDN) 
describes nystagmus with a demonstrable visual cause including latent 
nystagmus, idiopathic infantile nystagmus (IIN) describes nystagmus not 
associated with any demonstrable visual or neurological impairment and 
neurological nystagmus (NN) which describes nystagmus, not in the other two 
categories and usually associated with a neurological disease. 
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Figure 1.3 Nystagmus classification according to CEMAS system. 
A schematic diagram showing the classification of nystagmus according to the 
Classification of Eye Movement Abnormalities and Strabismus (CEMAS), created 
in 2001 by scientists, clinicians and optometrists to classify over 150 ocular 
disorders, including nystagmus which is shown above. he classification criteria 
used in CEMAS included more specific non-eponymic nomenclature to define 
each condition. 
 

1.2.3.1 Relevance of the slow phase in nystagmus 

Nystagmus by definition starts by a slow phase followed by either another slow 

phase (pendular, Figure 1.4 a) or a fast phase (jerk, Figure 1.4 b) in the opposite 

direction (Abadi, 2002). Characterizing nystagmus clinically is very complex and 

depends on the degree of conjugacy, plane or planes of oscillation, direction or 

directions of gaze and amplitude and frequency of the waveforms. Current 

classification of nystagmus relies mainly on the CEMAS classification system 

described in section 1.2.3. However, the classification by onset described by 

Casteels et al and colleagues (Casteels et al., 1992) is more relevant to the scope 

of this thesis as it highlights infantile nystagmus in a less generalised fashion than 

the CEMAS system, which uses a broader range of classification, hence it will be 

used in describing nystagmus in this chapter. 

 

Slow phase nystagmus with a pendular waveform refers to oscillation like a sine 

wave of slow movement followed by a similar slow movement in the opposite 

direction (Abadi, 2002). Pendular nystagmus is slow, smooth, more or less 

directionally symmetrical in direction, that goes back and forth, or up and down, in 

a predominantly sinusoidal fashion (Abel, 2006). When nystagmus is completely 

pendular, clinical context is crucial in determining whether the nystagmus is 

congenital or acquired. Congenital pendular nystagmus often contains small 

saccades that arrest the eye at one side of the oscillation (Dell'Osso and Daroff, 

1975) or becomes jerk nystagmus in extreme cases. The pendular form of 

nystagmus is seen in typical cases of IIN, however, pendular nystagmus with no 

quick phase can be associated with IIN, SDN and NN (Casteels et al., 1992). 

 

Slow phase nystagmus with a jerk waveform consists of slow drifts in one direction 

followed by corrective fast phases in the opposite direction (Abadi, 2002). Jerk 

nystagmus can be further subdivided according to the morphology of the slow 

phases into linear (Figure 1.4 b), accelerating (Figure 1.4 c), and decelerating 
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(Figure 1.4 d) slow phases (Abadi, 2002; Casteels et al., 1992). Accelerating slow 

phase almost always associated with Sensory Defect Nystagmus (SDN) and 

Idiopathic infantile Nystagmus (IIN), in fact, there is increasing evidence that 

accelerating slow phase nystagmus does not distinguish between SDN and IIN 

(Casteels et al., 1992). Acquired jerk nystagmus with accelerating slow phases 

caused by cerebellar lesions has also been described (Zee et al., 1980). 

Decelerating slow phase usually associated with Neurological nystagmus (NN) 

and Fusion Maldevelopment Nystagmus Syndrome (FMNS), whereas jerk 

nystagmus with slow Linear phases has been reported in SDN, IIN and NN 

(Dell'Osso and Daroff, 1975; Dell'Osso et al., 1974; Dell'Osso et al., 1993) 

 

 Distinguishing accelerating, decelerating and linear (jerk) slow phases can only be 

achieved by functional ocular techniques such as eye tracking, described in 

section 2.7.3, since it is difficult to see such sophisticated eye movements without 

the use of a tracking camera with an automated system. 
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Figure 1.4 schematic illustration of the slow phase wave forms of 
nystagmus. 

* Adapted from Abadi et al. 2002. 

The pendular waveform of nystagmus in the sinusoidal fashion seen in congenital 
nystagmus, like IIN, and acquired, like in brainstem and cerebellar disease (a). 
Jerk nystagmus with linear slow phases showing constant velocity slow phases 
followed by fast phases (b). Jerk nystagmus with accelerating slow phases often 
seen in congenital nystagmus (c). Jerk nystagmus with decelerating slow phases 
associated with latent nystagmus and gaze-evoked nystagmus (d). 
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1.2.3.2 Vertical nystagmus 

Slow phase nystagmus with both jerk and pendular waveforms explained in 

section 1.2.3.1 are all in the horizontal direction. However, nystagmus can occur in 

vertical, oblique and rotational directions (Leigh and Zee, 2006). Vertical 

nystagmus may occur as part of gaze-evoked nystagmus where the nystagmus 

direction varies with the direction of the gaze. There are two main forms of vertical 

nystagmus; upbeat and downbeat. Vertical nystagmus can be associated with 

retinal dystrophies such as rod and cone dystrophies and in some cases, patients 

show a combination of vertical and horizontal nystagmus together (Shawkat et al., 

2000) 

 

Upbeat nystagmus can be caused by lesions from the medulla to the midbrain. 

Causes of upbeat nystagmus include; Cerebellar Degeneration, Multiple Sclerosis, 

Infraction of the Medulla, Wernick’s encephalopathy, Brainstem Encephalitis, 

Bechet’s Syndrome, Meningitis and Congenital Middle Ear Disease. It is also seen 

in various other lesions of the cerebellum and midbrain (Osborne and Vivian, 

2004; Pierrot-Deseilligny et al., 2005; Zingler et al., 2005). Organophosphate 

toxicity and tobacco smoking are also a cause of upbeat nystagmus (Jay et al., 

1982; Sibony et al., 1987). 

 

Downbeat nystagmus is classically seen due to Chiari malformation (Leigh and 

Zee, 2006), with the condition almost accounts for third of downbeat nystagmus 

cases. other causes of down beating nystagmus include cerebellar degeneration, 

demyelination disease, drug toxicity and Neoplasia and in some case retinal 

disease (Casteels et al., 1992; Leigh and Zee, 2006). 

 

 

1.2.3.3 See-saw nystagmus 

See-saw nystagmus is an uncommon but highly characteristic form of nystagmus, 

it comprises intrusion and elevation of one eye and synchronous extrusion and 

depression of the other. Generally, it has a pendular waveform and is due to a 

midline extrinsic mass lesion compressing or invading the brainstem (Halmagyi et 

al., 1994; Leigh and Zee, 2006). See-saw nystagmus with a jerk waveform has 

also been reported (Halmagyi et al., 1994). See-saw nystagmus can be either 
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congenital or acquired, in which case it occurs with chiasmal mass lesions (Daroff, 

1965; Druckman et al., 1966; Zelt and Biglan, 1985). Eye tracking analysis can be 

used to reveal less obvious forms of see-saw nystagmus that might be otherwise 

difficult to diagnose. For example, a study by Dell’Osso et al. and colleagues 

showed that eye tracking analysis has revealed a sub-clinical see-saw nystagmus 

embedded in Infantile Nystagmus Syndrome (INS) patient (Dell'Osso et al., 2007). 

 

1.2.3.4 Periodic alternating nystagmus 

Periodic alternating nystagmus is a predominantly horizontal nystagmus that 

predictably oscillates in direction, amplitude and frequency. For instance, rightward 

beating nystagmus develops progressively larger amplitudes and higher 

frequencies up to a certain point, and then wanes, eventually to shorter periods of 

downbeat nystagmus or no nystagmus (Leigh and Zee, 2006). It can be acquired, 

where the nystagmus is associated with a number of conditions, many of which 

involve the cerebellum (Furman et al., 1990), or congenital (Gradstein et al., 

1997). Periodic alternating nystagmus is also common in non-congenital forms of 

nystagmus such as in Multiple Sclerosis (MS). 

 

1.2.3.5 Idiopathic infantile Nystagmus 

Idiopathic Infantile Nystagmus (IIN) is genetically heterogeneous and has been 

described as an autosomal dominant (Kerrison et al., 1996), autosomal recessive, 

and X-linked dominant (Kerrison et al., 1999).IIN has been found to be the most 

common type of nystagmus. Mutations in FERM domain-containing 7 (FRMD7) 

gene in the X-chromosome account for the majority, approximately 70%, of the X-

linked cases in IIN (Tarpey et al., 2006).  Eye movement recordings reveal that IIN 

is predominantly a horizontal jerk waveform, with a defect in the horizontal, but not 

the vertical, optokinetic reflex (OKR) in some subjects, an involuntary reflex 

initiated by a visual scene drifting on the retina, triggers the eyes to follow it and 

stabilize it, OKR works with the vestibulo-ocular reflex (VOR) in which eye 

movement stimulated by head or body motion while animals move their entire 

head in pursuit of moving object (Schweigart et al., 1997). IIN arises within the first 

6 months of life and is characterised by involuntary, periodic and predominantly 

horizontal oscillations of both eyes. It is associated with decreased visual acuity, 

strabismus, astigmatism, abnormal head posture and head nodding (Gottlob and 
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Proudlock, 2014; Thomas et al., 2008), and has a heterogeneous inheritance 

pattern, which implies the involvement of many genes. It seems that the majority of 

genes associated with IIN are X-linked, two of the five disease loci identified so far, 

are located on the X chromosome at Xp11.4 and Xq26-27, the latter is where 

eventually Frmd7 gene was located (Kerrison et al., 1999; Tarpey et al., 2006). 

Although a few loci have been identified when searching for X-linked IIN, the 

phenotyping of those loci did not fully exclude other underlying systemic and 

neurological conditions where nystagmus is not the primary defect. However, only 

mutations in Frmd7 have shown to cause true IIN, where nystagmus is the only 

and primary defect (Tarpey et al., 2006). 

 

 Prevalence of nystagmus 

Currently, the prevalence of nystagmus in the general population in Leicestershire, 

UK, is estimated to be 24 per 10,000 (95% CI) (Sarvananthan et al., 2009). The 

study used three different independent data sources to identify an individual with 

nystagmus in the community. In the 18 years of age and younger group, the 

prevalence was 16.6 per 10,000 (95% CI), with Infantile nystagmus associated 

with albinism was the most common cause. The prevalence in adult (over 18) 

group, was even higher, 26.5 per 10,000 (95% CI), with neurological nystagmus 

representing the most common cause of nystagmus. This study provided a good 

estimate of the prevalence of nystagmus in a community of less than 1 million, 

which might not be a true estimate of the entire UK population. 

 

The prevalence of idiopathic infantile nystagmus (IIN) in the UK is estimated to be 

2:10,000 (95% CI) (Sarvananthan et al., 2009). Therefore, the prevalence of 

Frmd7-related IIN is less than 2:10,000 (95% CI).  

 

Studies estimating the prevalence of nystagmus include an accurate estimate of 

the condition in small populations but that does not necessarily reflect the 

prevalence in the general population. For example, a study conducted in Olmsted 

County in the USA on individuals with any type of nystagmus under the age of 19 

from January 1976 to December 2005 (Nash et al., 2017). A total of 71 children 

were diagnosed in the 30 years period, the incident of nystagmus was 6.72 per 

100,000 (95% Confidence Interval (CI)). Of the 71 diagnosed children, the 

incidence of Idiopathic Infantile Nystagmus (IIN) represented 87.3% (62) with a 
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prevalence of 1 per 821 live births. Another study conducted in 1927 by Hemmes 

G. D. thesis in Utrecht, the Netherlands, in a small population of 220,802 army 

recruits that were excluded from service for poor vision. Originally, of the 117 men 

were diagnosed with nystagmus, 56 individuals were examined and 21 of the 

cases were IIN, giving a prevalence of 1 per 5,032. Since the incident of IIN was 

known to be less in women for unknown reasons at that time, perhaps due to X-

Chromosome inactivation, he estimated the prevalence of IIN in women to be 1 

per 10,596. As a mean value for the total population, Hammes reported the figure 

of 1 per 6,500 for the prevalence of IIN in the general population. Forssman and 

Ringner however, conducted a study in 1971 in Malmo, Sweden, of 61,680 pupils 

under the age of 12 between 1941 and 1959 (Forssman, 1971). 41 pupils were 

diagnosed with IIN with a prevalence of 1 per 1,500 (95% CI). In contrast, a study 

conducted by Stewart-Brown and Haslum in 1988 of 15,000 10-year-old children 

born in the UK in week 5-11 in 1970 found the prevalence of IIN to be 5.4-8.7 per 

10,000  births (95% CI) (Stewart-Brown and Haslum, 1988). However, a specific 

figure of IIN cases in this study was not clear. Whereas a recent study conducted 

in 2012 by Repka et al. of 4,132 children from 6 months to 71 months of age in 

Baltimore, Maryland, the USA, among a total number of 4,132, the number of 

children examined was 2,546 (62%), 41 were diagnosed with an ocular structural 

disorder of any kind, and 9 with INN, with a prevalence of 0.35% (95% CI) of the 

total population (Repka et al., 2012). 

  

 Treatments and therapies of nystagmus 

The most widely employed treatment of nystagmus is a range of surgeries on the 

extraocular muscles that have shown to help control nystagmus and improve 

visual function. The “null zone” is a position of gaze where the nystagmus is lease 

and therefore vision is best, corrective surgeries of the extraocular muscles have 

arisen in order to move an individual’s null zone to a more central position and 

thus treat anomalous head postures that might develop as a result of not reaching 

that null point. For example; the Anderson-Kestenbaum recession and resection to 

reposition the eye in the orbit, artificial divergence surgery to make use of 

convergence for distance viewing, large recession and tenotomy (cutting of a 

tendon) of all four horizontal rectus muscles and combinations of several of these 

surgeries (Abel, 2006). Another example is the Hertle-Dell’Osso procedure which 

consists of simple disinsertion and reinsertion of the four horizontal extraocular 
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muscles without recession or resection that results in a reduced intensity of 

nystagmus (Dell'Osso et al., 1999). There is still a debate in the literature on 

whether the extraocular muscles correction surgeries result in reducing the 

nystagmus intensity or broadening the null zone. Surgeries are commonly 

performed with the primary aim of correcting the head posture, benefits resulting 

from such surgeries are still not very clear. 

 

Non-surgical interventions include prism spectacles and contact lenses and vision 

therapies to improve binocular vision. A recent trial using soft contact lenses in 

infantile nystagmus syndrome (INS) patients have shown a significant 

improvement in visual acuity  (Theodorou et al., 2018). Another non-surgical 

intervention method is the treatment with drugs that help to dampen the excessive 

eye movements, which proved to be successful. However, it is believed that drug-

related reduction of nystagmus is likely to be due to sedation of the brain regions 

that control eye movement, rather than improvement in the eye oscillation itself 

(Halmagyi et al., 1980b; Straube, 2005).  

 

Among many drugs used in treating nystagmus, gabapentin and memantine are 

drugs that have shown to influence IIN in particular by reducing nystagmus 

intensity leading to improved visual acuity (McLean et al., 2007). Gabapentin and 

memantine are central nervous system inhibitors. Gabapentin increases synaptic 

connections of the inhibitory neurotransmitter Gamma-Aminobutyric Acid (GABA), 

whereas memantine inhibits the excitatory neurotransmitter glutamate by blocking 

N-methyl-D-aspartate (NMDA)-type glutamate receptors. Both GABA and 

glutamate transmissions are found in sensory and motor systems in the brain. 

Recently, a tropical eye drops (Azopt) treatment has emerged and showed 

improvement in foveation (angling the eye to focus on an object) quality in INS 

patients (Dell'osso et al., 2011). Although a number of treatments have been 

proposed, the evidence for therapeutic effects beyond straightening the head 

posture, as explained with surgical intervention above, is weak and thus patients 

with nystagmus receive no specific treatment worldwide. 
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 Experimental murine models for nystagmus 

Gene targeting in embryonic stem (ES) cells has become the principal technology 

for manipulating mouse genome, offering a wide range of accurate allele designs 

and conditional mutagenesis. Large-scale mouse knockout programs, such as the 

European Conditional Mouse Mutagenesis Program and the Knockout Mouse 

Project (EUCOMM/KOMP), are producing a permanent resource of targeted 

mutations in all protein-coding genes in mice by generating knockout cell lines. 

These cell lines can be archived and easily distributed to the scientific community 

for the purpose of generating knockout mice. 

 

Several genome-wide mutagenesis methodologies have been applied in gene 

targeting strategies in mouse, including ethyl-nitrosourea (ENU) mutagenesis. 

transposon mutagenesis and gene trapping and gene targeting mutagenesis. 

Gene trapping in mouse ES cells (Gossler et al., 1989; Skarnes et al., 1992) has 

been to the most productive for several years. However, gene trapping provides 

random insertional mutations in only half of the protein-coding genes in mouse 

(Hansen et al., 2008; Nord et al., 2006; Zambrowicz et al., 2003). Due to these 

limitations in gene trapping mutagenesis, producing a complete set of gene 

knockouts in every protein-coding gene in mice will require gene targeting in ES 

cells (Bradley et al., 1984; Robertson et al., 1986; Thomas and Capecchi, 1987). 

Gene targeting in ES cells provide accurate gene alteration in the mammalian 

genome by homologous recombination in mouse ES cells, from point mutation to 

large chromosomal rearrangements (Glaser et al., 2005; van der Weyden et al., 

2002). 

 

The EUCOMM/KOMP resource combines the expertise of 11 research institutes 

across Europe, with common goals of producing 12,000 conditional gene trap 

mutations and 8000 conditional targeted mutations in mouse ES cells. It uses a 

combination of gene targeting approaches including conditional gene trapping, 

conditional targeted gene trapping and conditional gene targeting (Skarnes et al., 

2011). The conditional gene trapping is a random approach for expressed genes 

whereas the conditional targeted trapping is for directed (targeted) expressed 

genes. The gene targeting approach used for both expressed and non-expressed 

genes, it generates a LacZ-tagged conditional alleles, meaning the coding 

sequence of the target gene is not replaced as in traditional knockout mouse 
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strains, instead the coding sequence is flanked by LoxP sites, which are 34 base-

pair DNA sequences that can be recognised and recombined by Cre recombinase 

enzyme (Hoess and Abremski, 1984; Hoess et al., 1982; Sternberg et al., 1981). 

In addition to being flanked by the LoxP sites, the coding sequence of the target 

gene is interrupted with a LacZ-tagged reporter cassette, with its own Internal 

Ribosomal Entry Sites (IRES’s), that allows initiation of translation of the LacZ 

gene by bypassing the start codon of the gene of interest, and transcriptional 

termination signal, to ensure transcription stops upon at the end of the LacZ gene 

and does not continue transcribing the target gene (Figure 1.5). The LacZ-tagged 

targeting cassette is flanked by FRT sites, which are 34 base-pair DNA sequences 

that can be recognised and recombined by Flp recombinase enzyme (Golic and 

Lindquist, 1989). The presence of the LoxP and FRT sites are the reason behind 

calling the EUCOMM/KOMP alleles as ‘knockout-first conditional allele’ since the 

coding sequence of the gene of interest is present, just like in the wild type allele, 

but the allele has the potential to become a full knockout by removing the coding 

sequence as a result of Cre recombinase activity, or reverted back to a wild type 

allele by removing the LacZ-tagged targeting cassette as a result of Flp 

recombinase activity. 
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Figure 1.5 EUCOMM'KOMP allele design strategy. 
A schematic diagram of the EUCOMM/KOMP allele design strategy showing the 
LacZ-tagged cassette (light-blue rectangles). The En2 splice acceptor sequence 
and the internal ribosomal entry sites (white and orange rectangles respectively) 
were inserted upstream of the LacZ gene. SV40 polyadenylation signal (pA) was 
inserted downstream of the LacZ gene. The neomycin selectable marker (yellow 
rectangle) was also inserted downstream of the LacZ gene for selection. The 
LacZ-tagged reporter cassette was flanked by FRT sites (green triangles), 
whereas the critical exon (grey rectangle) was flanked by LoxP sites which can be 
recognised by Flp and Cre recombinases respectively. The combination of alleles 
that can potentially result upon Flp or Cre recombinases action (conditional, 
reporter only and null alleles) are also shown. 
 

 

 Generation of Frmd7.tm1a mice 

The Frmd7.tm1a transgenic mouse line was generated as part of the 

EUCOMM/COMP resource by the Wellcome Trust Sanger Institute, Cambridge, 

UK. The allele design was based on the ‘knockout-first’ design explained in section 

1.3 and first described by Skarnes et al. (Skarnes et al., 2011). Bacterial artificial 

chromosome (BAC) vector was used to build the LacZ-tagged reporter and 

promoter-driven targeting cassette, which was inserted between exons 3 and 4 of 

the Frmd7 gene. The LacZ-tagged targeting vectors included the mouse En2 

splice acceptor and the SV-40 polyadenylation sequence to stop transcription, 
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which is proven to be highly effective in generating null alleles in mice (Mitchell et 

al., 2001; Skarnes et al., 1992). 

 

Oligonucleotides required for construction of the targeting vector were based on 

cDNA sequences in the intronic region between exons 3 and 4. To assist the 

design of the conditional allele, a computational tool was developed to identify 

oligonucleotide sequences (50-mers) suitable for recombination. The (50-mers) 

sequences were used to insert a LacZ-tagged cassette and LoxP site around the 

critical exon and to recover homologous sequences required for gene targeting. 

Each vector design is displayed on the genome browser and manually inspected 

to choose an optimal design. Valid vectors were selected for the 5’-most critical 

exon(s) that is/are common to all transcript variants and disrupts at least 50% of 

the protein coding sequence. Designs were rejected if the deleted segment 

contains highly conserved intronic regions as these elements are likely to 

represent regulatory elements and will complicate the interpretation of the mutant 

phenotype. For the Frmd7.tm1a allele exon 4 was selected as the ‘critical exon’. The 

conditional gene-targeting vectors were generated using serial, liquid BAC 

recombineering in 96-well plates strategy, and vectors were used to target 

C57/BL6 ES cells using the Gateway targeting system.  

 

Targeting vectors were introduced to the C57/BL6 ES cells by electroporation and 

cells were subjected to antibiotic resistance for selection. Successful homologous 

recombination events were tested for by Long-Range PCR, as it is proven to be 

better suited for high-throughput genotyping of ES cells than southern blotting (Lay 

et al., 1998). Multiple successful clones were microinjected to C57BL/6N agouti 

blastocysts and the blastocysts were then implanted into the womb of a foster 

female. Chimeric mice were backcrossed to C57/BL6 and germline transmission 

progeny were then backcrossed to C57/BL6N mice for at least 10 generation to 

produce congenic strains. 

 The LacZ gene as a reporter gene 

Reporter genes such as LacZ which codes for b-galactosidase and gfp that codes 

for the green fluorescent protein (GFP), have long been used as a rapid and 

convenient way of analyzing gene expression patterns in model organisms such 

as bacteria, yeast, Drosophila and mice (Ghim et al., 2010). The LacZ gene of 

Escherichia coli (E.Coli) codes for b-galactosidase enzyme, which is responsible 
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for the hydrolysis of lactose to galactose and glucose during lactose metabolism 

by E.coli when using lactose as a sugar source in the absence of glucose. b-

galactosidase can hydrolyze substrates other than lactose, including the 

chromogens o-nitrophenol b-D-galactopyranoside (OPGN), 5-bromo-4-chloro-3-

indolyl-b-D-galactopyranoside (X-gal) and ¾-cyclohexenoesculetin-b-D-

galactopyranoside (S-gal) (James et al., 1996), which produce yellow, blue and 

black precipitate respectively, as a byproduct of the chemical reaction of 

hydrolysing lactose. The LacZ gene is commonly used as a reporter gene to study 

gene expression patterns when expressed under the promoter of a gene of 

interest. The first study that used such technology was in 1983 (Lis et al., 1983), 

when the LacZ gene was fused to the hsp70 gene to study heat shock response in 

Drosophila. 

 

The ‘knockout-first conditional alleles’ produced by the EUCOMM/KOMP resource, 

like the Frmd7.tm1a allele, include a LacZ-tagged targeting cassette as part of the 

targeting strategy. This allows gene expression patterns to be studied in a specific 

manner since expression of the LacZ gene can be driven by a chosen promoter of 

a gene of interest.  
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 FERM Domain-containing 7 plasma membrane protein 
(FERM7) 

The Band 4.1 superfamily, which was identified and named from a Coomassie-

stained protein gel (Diakowski et al., 2006), is a group of proteins characterised by 

a conserved domain known as FERM domain (4.1/ezrin/radixin/moesin), which is 

conserved among the band 4.1 superfamily of proteins, and interacts with both 

plasma membrane and cytoskeleton. The number of FERM containing proteins is 

rapidly increasing, with 50 different proteins characterized into three major groups: 

(i) talins and kindlins, (ii) ERMs (ezrin/radixin/moesin), GEFs (guanine-nucleotide-

exchange factors), kinases and phosphatases, and finally (iii) myosins and KRITS 

(krev interaction trapped proteins) (Frame et al., 2010). 

The FERM domain is a cysteine-rich hydrophobic module of approximately 300 

amino acids (Figure 1.6), partial crystal structure of FERM-containing protein for 

ezrin (Smith et al., 2003), moesin (Edwards and Keep, 2001; Pearson et al., 2000) 

and radixin (Mori et al., 2007; Takai et al., 2007), these proteins have a diverse 

functional roles in cell signalling events including organisation of  the cytoskeleton 

and cell proliferation (Arpin et al., 2011; Fehon et al., 2010; McClatchey, 2003; 

McClatchey and Fehon, 2009). 

 

  FRMD7 expression patterns 

Expression studies for the FRMD7 gene in murine and human tissues are sparse 

in the literature and include in situ hybridisation, western blotting, 

immunohistochemistry and qPCR techniques on a variety of tissues at specific 

developmental time points, as summarized in (Table 1-1). The combined data 

suggest that this gene is expressed in the retina and the brain during development 

and its temporal profile also suggests a role in neurite development.  
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Figure 1.6 Genomic organisation and structure of the murine Frmd7 protein. 
(A) Schematic representation of the Frmd7 gene showing the genomic position 
and organisation. Frmd7 contains 12 exons (grey rectangles). (B) Protein structure 
of the Frmd7 protein, the 3 lobes of the FERM domain in the N-terminal (F1, F2 
and F3, green arrows) followed by an adjacent domain (FA, red arrow). (C) A 
predicted protein structure motifs of the Frmd7 protein, sequence similarities to the 
FARP2 protein suggests an association with Rho family of GTPases (adapted 
from (Baines, 2006). (D) Predicted FERM domain of Frmd7 protein containing the 
3 lobular subdomains of F1 ubiquitin-like subdomain, F2, acetyl-CoA binding-like 
subdomain and F3, PTB/PH-like subdomain (adapted from (Moleirinho et al., 
2013). 
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Table 1-1 Summary of Frmd7 expression patterns. 
Tissue Analysis Expression pattern 

Mouse 

(embryonic/adult) 

Retinal cell type 

transcriptome 

library/Double-label 

quantitative in situ 

hybridization/ 

immunohistochemistry) 

Starburst amacrine cells 

in the retina. 

Non-human primate Immunohistochemistry  Starburst amacrine cells 

in the retina. 

Human (embryonic 

tissue). 

In situ hybridization Ventricular zone (VZ) of 

cerebral cortex at 

Carnegie Stage (CS) 

16, intermediate zone 

(IN) and cortical plate at 

CS 17-22. At 7-14 

weeks post-conception 

wpc in VZ and CP. 

Human 

(embryonic/fetal) 

In situ hybridization Outer neuroblastic and 

inner neuroblastic layers 

at CS 15, Optic stalk at 

CS 15, 16 and 19. Optic 

nerve sheath at 9 wpc. 

Central and peripheral 

neural retina at CS 16 

and 19. Developing 

spinal cord. 

Human (adult/fetal) q-PCR Kidney, liver, pancreas, 

heart and brain. 

Mouse 

(embryonic/fetal). 

In situ hybridization Similar to human 

embryonic expression. 

Also, in specific neural 

substrate areas like 

afferent and efferent 
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vestibule-ocular and 

optokinetic reflexes. 

Mouse (embryonic) Real-time PCR Low levels in lung and 

heart, higher levels in 

brain, a peak in 

embryonic day (E)18. 

Mouse (Neonatal) Western blotting Hippocampus, 

Cerebellum, Cortex, 

Olfactory bulb and Eye. 
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 Function of the FRMD7 gene 

FRMD7 gene function is not fully known. However, the close packing of the FERM 

and the FA adjacent domains in the FRMD7 protein, along with its sequence 

similarity to FERM RhoGFP and pleckstrin domain-containing protein 1 and 2 

(FARP1) and (FARP2), suggests its involvement in signal transduction between 

the plasma membrane and cytoskeletal structure in developing neurites (Baines, 

2006; Tsukita and Yonemura, 1999). Other FERM-domain containing proteins play 

role in signal transduction between the plasma membrane and actin cytoskeleton 

(Moleirinho et al., 2013). Rho-GDPases are key regulators of actin cytoskeleton 

dynamics, and there is evidence that FRMD7 is interacting with Rho-GDPase 

dissociation inhibitor alpha, a key regulator of Rho-GDPase signalling, and that 

leads to activation of Rac1, which is a key regulator of actin cytoskeleton dynamics 

(Pu et al., 2013). Another possible role of the FRMD7 gene in regulating actin 

cytoskeleton dynamics is, like FARP1 and FARP2, it recruits and activates the 

Rho family of GTPase (Rac1, Cdc42 and RhoA), and their regulators, the Rho-

guanine nucleotide exchange factors (GEF) and GTPases activating proteins 

(GAP) (Toyofuku et al., 2005; Zhuang et al., 2009), which are crucial for the 

elongation of neurites during neurogenesis (Nikolic, 2002).  

 

Recently, it was shown that FRMD7 is involved in establishing neuronal circuit 

asymmetry for retinal direction selectivity (Yonehara et al., 2016). Direction 

selectivity is a mechanism where the OKR depends on the activity of specialized 

cells in the retina called direction-selective ganglion cells (DSGCs), to conduct a 

neuronal light selectivity circuit by switching a subset of ganglion cells in the retina 

on and off in response to light moving across the retina in specific directions 

(Osterhout et al., 2015; Oyster et al., 1972; Sun et al., 2015; Yoshida et al., 2001).   

 

Betts-Henderson and Bartesaghi et al. looked at the effect of deleting FRMD7 on 

Neuro-2A cells behaviour in culture and hypothesised that the FRMD7 protein may 

promote neurite elongation via regulating signal transduction between the plasma 

membrane and actin cytoskeleton of developing neurons (Betts-Henderson et al., 

2010).  The same study also showed a reduction in the average neurite length in 

Neuro2A cell line after FRMD7 knockdown, which further suggests its involvement 

in neuronal development.  
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It is also believed that FRMD7 interacts with other proteins and this interaction 

might explain its function in Nystagmus. A study by Watkins et al. looked at the 

interaction between FRMD7 protein and the multi-domain plasma membrane 

scaffolding protein (CASK) and found that this interaction promotes FRMD7 co-

localization at the plasma membrane. They suggest that mutations in the C-

terminal of CASK (which causes mental retardation), also causes Nystagmus due 

to defect in the interactions between CASK and FRMD7. They hypothesized that 

CASK recruits FRMD7 to the plasma membrane of developing neurites to promote 

their growth in the developing neural network (Watkins et al., 2013). 

 

Several other possibilities that can explain the role of FRMD7 in idiopathic 

congenital nystagmus, for example, the optic fibres connect to a cerebral 

hemisphere at the opposite side of where they originate from, misrouting of the 

optic fibres in humans is thought to lead to spontaneous eye movement that can 

possibly explain a subtype of infantile Nystagmus (Chen et al., 2014). Also, optic 

nerve development defects seem to correlate with FRMD7 mutations in 

Nystagmus patients (Thomas et al., 2014b). Whereas in zebrafish, a correlation 

between retinal defects such as mis-projection of the optic fibres and ocular motor 

behaviours such as spontaneous eye movements were observed (Huber-Reggi et 

al., 2012). The abnormalities in retinal development in FRMD7 mutant human 

patients reported by Thomas and Croiser et al. could also be involved in 

generating spontaneous eye movements in Nystagmus. 
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 The visual pathway in humans and mice 

Visual perception involves the activity of neurons in the cerebral cortex. The most 

direct route for visual information to reach the cortex is via the “retino-geniculo-

striatal” pathway, consisting of retinal ganglion cells (RGCs), relay cells in a region 

of the brain called the dorsal lateral geniculate nucleus (dLGN) and neurons in the 

primary visual cortex (Cruz-Martin et al., 2014) (also see Figure 1.1). FRMD7 is 

expressed in the cerebral cortex (Betts-Henderson et al., 2010; Pu et al., 2011; 

Tarpey et al., 2006) and also in the retina (Thomas et al., 2014b; Yonehara et al., 

2016). In mice, several types of cells in the retina such as the DSGC’s have been 

shown to deliver direction tuned and orientation tuned signals to the visual cortex 

(Cruz-Martin et al., 2014). FRMD7 is expressed in human embryonic and fetal 

neural retina (Thomas et al., 2014b), in mice it is expressed specifically in the 

starburst amacrine cells in the retina (Yonehara et al., 2016). Starburst amacrine 

cells make connection with DSGCs, this connection is part of a complex neuronal 

circuitry in the retina, involving the DSGCs receiving excitatory inputs from the 

bipolar cells, as well as excitatory and inhibitory inputs from the starburst amacrine 

cells (Briggman et al., 2011; Lee et al., 2010; Yonehara et al., 2013). The inhibitory 

input from the starburst amacrine cells to the DSGCs is necessary for the 

direction-selective responses of the DSGCs (Fried et al., 2002; Yoshida et al., 

2001), and in coordinating the neuronal signals from the retina to the brain (Vaney 

et al., 2012) 

 

 Light signal conductivity in the retina 

The pathway of light stimulus through the retina starts with the photoreceptors, 

rods and cones, in the outer retina, stimulated by a photon of light. A circuitry of 

light conductivity is established upon stimulation of photoreceptors that transmits 

the light signal from the outer retina into the inner retina where axons of the 

ganglion cell layer leave the retina through the optic nerve into the visual centres 

in the brain (Figure 1.7). There are several types of cone photoreceptors 

depending on the structure of the visual pigments, or opsins, in the outer retina. In 

dichromatic animals (most mammals) two types of cone photoreceptors exist; 

cones sensitive to blue light and cones sensitive to red-green light. Whereas in 

trichromatic animal species, like in primates and humans, three types of cone 

photoreceptors exist; cones sensitive to a long wavelength (red) light, cones 
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sensitive to a medium wavelength (green) light and cones sensitive to a short 

wavelength (blue) light (Kolb, 1995a). 

 

Rods and cones photoreceptors connect to the ganglion cell layer via rod and 

cone bipolar cells respectively. The major difference in the circuitry of the cone 

compared to the rod photoreceptors is that cone bipolar cells make direct 

synapses with the ganglion cell dendrites, unlike rod bipolar cells who need 

intermediate cells such as the amacrine cells to make synapses with the ganglion 

cell dendrites. In the cone system, bipolar cells exist in both the outer and inner 

plexiform layers (OPL and IPL respectively) of the retina. Electron microscopy and 

3-D reconstruction of the cone bipolar cells in the inner plexiform layer of the cat 

show that these cells make direct synapses with the ganglion cell dendrites with 

glutamate as the main neurotransmitter (Kolb, 1979). These synapses occur in 

different sublaminae of the IPL, for example, cone bipolar axons terminate in 

sublamina A of the IPL make synapses to ganglion cell dendrite in that particular 

sublamina only (Nelson et al., 1978). The same applies for cone bipolar axons and 

ganglion cell dendrites in sublamina B of the IPL. 

 

Unlike cone photoreceptors, who can respond to a broad range of light 

wavelengths making them important for daytime and night vision, rods are highly 

sensitive and can respond to single photons, thus setting an absolute visual 

threshold (Kefalov, 2012; Korenbrot, 2012). Rod photoreceptors make synapses 

with the ganglion cells through distinct classes of rod bipolar cells that are 

conserved across vertebrate species (Ghosh et al., 2004; Lamb, 2013; Pahlberg 

and Sampath, 2011). In the mammalian retina, rod photoreceptors establish 

synapses with a distinct class of bipolar cells called the ON-bipolar cells (ON-BCs) 

using the excitatory neurotransmitter glutamate (Dacheux and Raviola, 1986; 

Devries and Baylor, 1993), who in turn synapse to another set of intermediate 

neurons, the amacrine cells. Light signals are conducted from rod photoreceptors 

finally reach the ganglion cells via synapses formed between the amacrine cells 

and the ganglion cells. 
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Figure 1.7 Structure of the retina. 
* Taken from (Rizzo and Rizzo, 2006). 

Structure of the human eye showing the cornea, lens and iris at the front of the 
eye and the retina and the optic nerve at the back of the eye (a). A zoomed-in 
section of the optic nerve showing the optic nerve fibres which are extending from 
the axons of the ganglion cells, the sclera, often called the white of the eye, is the 
fibrous protective layer at the back of the eye (b). A section through the retina 
showing the organisation of the different types of cells such as the photoreceptors 
(rods and cones) bipolar, amacrine and ganglion cells. (c and d). 
 

 Classification and function of the retinal amacrine cells  

Amacrine cells are interneurons that integrate and modulate signals between rod 

photoreceptors, bipolar and ganglion cells by establishing synapses between 

these cells using a combination of excitatory neurotransmitters such as glutamate, 

dopamine and acetylcholine, and inhibitory neurotransmitters such as glycine and 

gamma-aminobutyric acid (GABA) (Kolb, 1995b). 
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Due to the vast number of synapses that the amacrine cells make in the retina 

they are classified into approximately 50 different morphological subtypes. There 

are two main criteria used to classify the amacrine cells; the first classification 

criteria are according to the measurement of their dendritic field diameters (Figure 

1.8), which can be divided into narrow-field (30-150 µm), small-field (150-300 µm), 

medium field (300-500 µm) and wide-field (>500 µm) (Kolb et al., 1981). The 

second classification criteria are according to the stratification of the amacrine 

cells in the inner plexiform layer (IPL) where they can stratify into five different 

strata or sublayers (1-5) (Kolb, 1979). The first two strata, 1 and 2, are known as 

sublamina A of the IPL, whereas strata 3-5 are known as sublamina B. 

 

Amacrine cells make synapses with bipolar, including both cone and rod bipolar 

cells, and ganglion cells. The majority of cone bipolar cells make direct excitatory 

synapses with the ganglion cells by glutamate. However, inhibitory synapses, 

through the common inhibitory neurotransmitter GABA, occurs by synapses 

established by the amacrine cells, since most amacrine cells are inhibitory 

neurons. Both a small-field and narrow-field amacrine cells that make intermediate 

synapsis between axons of cone bipolar cells and dendrites of OFF-ganglion cells 

also exist (Pourcho and Goebel, 1983), synapsis mainly exist in strata 3-5 of 

sublamina B of the IPL. 

 

One subclass of amacrine cells that are associated with the rod system is called 

the “All rod “amacrine cells (Nelson, 1982). ‘All rod’ amacrine cells are narrow-filed 

that make excitatory and inhibitory synapses, via dopamine and BABA 

respectively, between axons of rod bipolar cells and dendrites of OFF-ganglion 

cells in sublamina A and B of the IPL (Famiglietti and Kolb, 1975; Kolb et al., 1991; 

Strettoi et al., 1992; Voigt and Wassle, 1987). Wide-field amacrine cells associated 

with the rod system also exist, which receive synapsis from dopaminergic 

amacrine cells (Nelson and Kolb, 1985). However, their only synaptic output is 

with the rod bipolar cells (Kolb, 1995a). Wide-field amacrine cells are also 

GABAergic in humans (Pourcho and Goebel, 1983). 

 

Amacrine cells of the cone system exist in two classes, narrow-field and small filed 

(Kolb, 1995a). Narrow-field amacrine cells, similar to “All rod” amacrine cells, their 

cell bodies lie in sublamina A of the IPL and their processes extend to sublamina 



Chapter 1 Introduction 

35 

B. They receive input from dopaminergic amacrine cells (Kolb et al., 1991). 

Dendrites of small-field amacrine cells of the cone system run through strata 3-5 of 

the sublamina B of the IPL at regular intervals making synapses with the ganglion 

cells (Kolb and Nelson, 1996). 

 

Dopaminergic amacrine cells are wide-field amacrine cells that stratify almost 

exclusively in stratum 1 of the IPL layer (Kolb et al., 1981). Their dendrites make a 

densely packed network of processes that make synapsis with other amacrine 

cells such as the “All amacrine” cells of the rod system. As well as making 

synapsis with the ganglion cells in the stratum 1 of the IPL, processes of the 

dopaminergic amacrine cells extend to the outer plexiform layer (OPL) (Dacey, 

1990; Kolb et al., 1990).  

 

GABAergic amacrine cells are mainly wide-field amacrine cells (Pourcho and 

Goebel, 1983). Their dendritic tree runs in sublamina B of the IPL layer, along the 

top of the ganglion cell layer in stratum 5. GABAergic amacrine cells’ dendrites 

make synapsis with the rod bipolar axons, also in sublamina B of the IPL. In 

addition, their fine dendrites expand to sublamina B where they receive input from 

dopaminergic amacrine cells (Kolb, 1995b). 

 

Another subset of wide-field amacrine cells known as “starburst” amacrine cells 

which release both acetylcholine and GABA (Vaney et al., 2012). The starburst 

amacrine cells are the only acetylcholine producing cells in the retina, their cell 

bodies positioned either in the ganglion cell layer or in the inner nuclear layer, 

giving to dendritic processes that stratify within the different strata of the IPL 

(Mariani and Hersh, 1988; O'Malley et al., 1992; Tauchi and Masland, 1984). As 

well as being produced by the starburst amacrine cells. GABA is released by other 

cells in the retina such as A17  cells such as A17 cells (Pourcho and Goebel, 

1983).  
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Figure 1.8 Classification of the Starburst amacrine cells. 
The starburst amacrine cells are classified according to measurement of their 
dendritic tree into four types; Narrow field, Small field, Medium field and Eide field. 
 

 

1.5.2.1 Synaptic connectivity of the starburst amacrine cells 

Starburst amacrine cells are interneurons that mediate synapsis between rod (and 

cone) bipolar cells and the ganglion cells. They are arranged as two mirror 

symmetric pairs of cells, Ach-a type have their cell bodies in the inner nuclear 

layer (INL) and their dendrites stratify in stratum 2 of sublamina A of the inner 

plexiform layer (IPL), and Ach-b, which have their cell bodies in the ganglion cell 

layer and their dendrites stratify in stratum 4 of sublamina B of the IPL (Tauchi and 

Masland, 1984; Vaney, 1985).  

 

The vastly branched dendritic tree of the starburst amacrine cells process signals 

between bipolar cells, such as cone bipolar, and to a lesser extent “All rod” bipolar, 

Ganglion cells and DSGC’s. These direction-selective signals released by the 

starburst amacrine cells to the DSGCs are inhibitory (via GABA) (Vaney et al., 

2012). These inhibitory signals are asymmetric and target a subset of DSGCs that 

are excited, or inhibited in response to light stimulus direction. 

 

Transcriptome analysis of adult retinal cell types revealed that Frmd7 expressed 

specifically in the starburst amacrine cells (Siegert et al., 2012). Also, loss of 

Frmd7 causes a deficit in ganglion cells direction selectivity due to loss of the 

asymmetric inhibitory signals from the starburst amacrine cells to the DSGCs, 

suggesting the involvement of Frmd7 in establishing direction selectivity in the 

retina (Yonehara et al., 2016). 
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1.5.2.2 Direction-Selective Ganglion Cells (DSGCs) connectivity 

DSGCs respond to the direction of motion (light) on the retina in the four cardinal 

directions (inferior, superior, temporal and nasal). There are three classes of 

DSGCs in the retina of mammals; on-off DSGCs, on DSGCs and off DSGCs 

(Sanes and Masland, 2015). The on-off DSGCs respond to both light increment 

and decrement, whereas on DSGCs respond only to light increment and off 

DSGCs respond to decrement only. 

 

DSGCs also respond not only to the direction of motion but the speed of motion 

too, it has been suggested that slow-motion-tuned DSGCs, normally ‘on’ and ‘on-

off’ DSGCs, represent input driving the optokinetic reflex (Oyster et al., 1972). 

Also, genetic abolishing of the starburst amacrine cells resulted in a deficit in 

direction selectivity in the retina (Yoshida et al., 2001). Loss of retinal direction 

selectivity is seen in Frmd7 knockout mice (Yonehara et al., 2016). in fact, 

starburst amacrine cells have shown to provide asymmetric inhibitory signals to 

the DSGCs and these inhibitory signals become symmetric upon loss of Frmd7. 

 

The asymmetric inhibitory signals from the starburst amacrine cells are directed at 

on and on-off DSGCs. The slow-motion tuned on and on-off DSGCs direct their 

axons to the nuclei of the accessory optic system (AOS) (Dhande et al., 2013; 

Yonehara et al., 2009), which consists of the medial terminal nucleus (MTN), the 

lateral terminal nucleus (LTN) and the nucleus of the optic tract (NOT)/dorsal 

terminal nucleus (DTN) complex, the main control centres of eye movement in the 

brain (Giolli et al., 2006; Simpson, 1984). Activity of the NOT/DTN complex is 

required in establishing horizontal direction selectivity (Hoffmann and Fischer, 

2001), which is lost in Frmd7 knockout mice (Yonehara et al., 2016), this explains 

the complexity of signalling events that result in a correct horizontal direction 

selectivity which starts from the on and on/off DSGCs and communicate with 

specialised centres in the brain, such as the NOT/DTN, to establish correct 

direction selectivity. 

 

 Understanding the visual system with experimental murine models 

Understanding the molecular basis of vision is a long-standing goal of 

neuroscientists. Historically, most studies on vision mechanisms were carried out 
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in mammals such as non-human primates or cats. Mammals rely on vision as the 

primary sense to evaluate their surroundings, they have large eyes, high visual 

acuity and their visual pathway, from transmission of light signals in the retina to 

the visual cortex, display many visual features of the human visual pathway (Nassi 

and Callaway, 2009). Non-human primates such as macaques, like humans, have 

a fovea and three cones photoreceptor system (trichromatic), which explains their 

high acuity trichromatic colour vision (Jacobs, 2008), and can be trained to 

perform complex psychophysiological tasks that can reveal detailed human visual 

behaviour (Britten et al., 1992). However, in the last 15 years, a growing number of 

studies used the mouse as a model organism for vision. Given all the advantages 

that mammals such as cat and macaque model give, the obvious question would 

always be why would anyone choose to study vision in the mouse? The obvious 

reason for using the mouse to study vision is the genetics. Modern genetic tools 

such as genetic manipulation of the mouse genome by gene targeting strategies 

like Cre-LoxP and Flp-FRT systems allow manipulation of certain cell types and 

pathways. The generation of transgenic pipelines such as the EUCOMM contain 

variety of knockout, knock in and insertion mutations models that enabled 

researchers to investigate numerous genetic pathways of diseases at the 

molecular level. 

 

Despite their relatively poor visual acuity, mice provide a useful model for the 

molecular interactions and organisation in the retina and the visual system. An 

advantage of using the mouse a model organism to study vision is that all the 

major retinal cell types found in primates and human are also present in the 

mouse (Masland, 2001). There are also practical reasons for using mice a model 

organism such as the availability of a wide range of transgenic mice for different 

ocular diseases, smaller overall size of the mouse nervous system allows a 

relatively easy gathering of information and imaging and finally, the short 

generation time and comparatively large litters size make mice a much more 

attractive models than cat and macaque. 

 

There are of course limitations to using the mouse as a model for vision which can 

indeed put a hurdle on the way of investigating a specific cell type or evaluating a 

certain visual behaviour or pathway, but the fact that their genome is relatively 

easy to manipulate makes such hurdles not so difficult to overcome. For example; 

the mouse retina is mainly rod-dominated, designed for vision under low light 
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(Jeon et al., 1998), and a cone system which is dichromatic, which express one or 

a combination of two photopigments, one sensitive to short (360 nm) wavelength 

of light (ultraviolet) and one sensitive to a medium (511 nm) wavelength (green), 

lacking sensitivity to long wavelength (red). However, it was possible to genetically 

insert a third wavelength cone photoreceptors sensitive to long wavelength (red) 

(Jacobs et al., 2007). Remarkably, that manipulation allowed mice to discriminate 

long-medium wavelength of light (red-green respectively). this also indicates that 

the mouse visual system is equipped to process sophisticated visual information 

and it can adapt to a different set of visual inputs. 

 

The mouse, just like any model organism used to study certain biological 

processes, has its advantages and disadvantages. Differences in visual behaviour 

between humans and mice exist, humans have a fovea, a small central pit at the 

centre of the retina that contains a large number of photoreceptors that provides a 

high sensitivity to light and therefore higher visual acuity. Mice are non-foveal and 

perhaps depend more on head movements rather than eye movement to visualise 

their environment. However, the arrangement of their visual system components, 

at the anatomical and molecular level is very comparable to humans. Although 

their visual perception might differ, the structure of mice retina and conductivity of 

light signals to the brain is very similar to humans. Arguably, mice visual thalamus 

is positioned to relay more complex information to the visual cortex, suggested by 

more subsets of retinal ganglion cells than that in the humans, twenty-two in mice 

compared to twenty in humans (Volgyi et al., 2009; Werner and Chalupa, 2004). In 

addition, mouse visual cortex has multiple tiers of higher-visual processing as 

shown by anatomical (Wang and Burkhalter, 2007) and other mapping studies to 

the visual cortex (Kalatsky and Stryker, 2003; Wagor et al., 1980). Along with the 

promise of the mouse as a model system for vision, certain precautions must be 

considered, including mouse species difference and the differences in processing 

visual behaviours between mouse and higher organisms such as humans. 

However, despite the obvious diversity in visual behaviours and acuity in the 

mouse compared to human, the similarities in cellular and molecular aspects of 

vision between the species outnumber the differences. 
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 Electroretinography (ERG) 

Electroretinography is a clinical ophthalmic diagnostic technique used by clinicians 

to monitor the function of the different cells of the retina such as rod, cone and 

ganglion cells. The electroretinogram, or ERG, provides an objective and 

quantitative measure of retinal function, it represents the electrical activity of the 

retina to a light stimulus, either partially structures (pattern) or a flash of light, 

which causes partial or complete stimulation of the retina. It uses an electrode 

placed on the cornea or adjacent to the orbit to monitor changes in the electrical 

potential of the retina upon light stimulation. ERGs allow clinicians to distinguish 

between different cell types of the retina, by careful manipulation of the light 

stimulus and therefore investigating a wide range of inherited retinal disorders and 

dystrophies that may otherwise prove clinically indistinguishable. 

 

The basic principles of ERGs are based on a conformation change in a photon of 

light that strikes the retina, this conformational change activates a biochemical 

pathway, via rhodopsin (the light sensing pigment (chromophore) in the rod 

photoreceptors), which establishes a synaptic connectivity pathway starting from 

the photoreceptors to the bipolar and amacrine cells and finally the ganglion cells, 

where electrical signals leave the retina to the visual cortex for processing (Burns 

and Baylor, 2001; Stryer, 1991; Tsang et al., 1996; Yarfitz and Hurley, 1994). 

When a photon of light strikes the retina, it causes a shift in the energy status of 

the photoreceptors, which maintain a non-neutral “resting state” by manipulating 

ions like potassium, calcium and chloride. This shift of energy status in rod 

photoreceptors causes rhodopsin to activate a G-protein transduction pathway that 

causes a change in the polarisation state of the photoreceptors, bipolar, amacrine 

and ganglion cells. The change in polarisation state establishes synaptic 

connectivity network that propagates visual information along the optic nerve into 

the visual cortex. 

 

The transduction of electrical signals across the retina produces waveforms that 

are unique to each cell type and can be measured by the ERGs. A typical ERG 

waveform is the sum result of the activity of photoreceptors and bipolar cells, the 

initial negative deflection, the A-wave, represent early signals from the rod and 

cone photoreceptors (Figure 1.9). The subsequent rise towards the positive peak, 

the B-wave, represent activity slower signals from the rod and cone bipolar cells. 
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The ascending slope from the A-wave to the peak of the B-wave typically shows 

small oscillations known as the oscillatory potentials (OPs), reveals the function of 

the amacrine cells (Belusic, 2011). Other components of the ERG waveform that 

become apparent only under certain conditions are beyond the scope of this 

thesis. 

 

Ocular conditions involving retinal abnormalities such as Pigmentary Retinopathies 

(Retinitis Pigmentosa), Cone Dystrophies, X-linked Retinoschisis and Congenital 

Stationary Night Blindness have impaired retinal function which can be detected 

by the appearance of the ERGs. Other ocular conditions with less apparent retinal 

abnormalities such as nystagmus, which is a manifestation of wide variety of 

disorders of the eye, visual pathways and the nervous system (Gottlob, 2000), 

ERG recordings help diagnosis of retinal abnormalities that are related to 

nystagmus such as Leber’s congenital amaurosis, Congenital Stationary Night 

Blindness and Achromatopsia, given first the neurological impairments must be 

eliminated (Lambert et al., 1989; Roussi et al., 2011). However, nystagmus is not 

a primary retinal disorder and hence ERG is not normally used to diagnose the 

condition. 

 

 
 

Figure 1.9 Human and murine ERG waveforms. 
* Adapted from (Belusic, 2011). 

Typical ERG waveforms of human (left) and mouse (right) elicited by a light 
stimulus. The A-wave is the initial negative deflection from the start of the light 
stimulus. The B-wave is the subsequent positive rise from the end of the A-wave 
to the peak of the response. 
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 Ocular Coherence Tomography (OCT) 

Optical coherence tomography (OCT) is a non-invasive in vivo cross-sectional 

imaging technique of the retina, it was first described in 1993 by Swanson et al. 

and colleagues (Swanson et al., 1993) as a system capable of measuring the 

different retinal layers by light reflection. It uses low-coherence interferometry to 

produce a two-dimensional image from the internal microstructure of the retina. 

OCT has longitudinal and lateral special resolutions of a few micrometres and can 

detect reflected signals of optical power as small as 10-10 (Huang et al., 1991). The 

basic principles of OCT-based on low-coherence reflectometry where the 

coherence property of a diode light, omitted from a light source, reflected from the 

retina provides time-of-flight (delay) information, which in turn can yield spatial 

information about the tissue microstructure. The delay information is then used to 

determine the longitudinal location of the reflection site. During scanning, the OCT 

performs a series of scans on s given location giving a two-dimensional map of 

light reflected off a sample (Figure 1.10). The optical sectioning capabilities of 

OCT is as powerful as that of the confocal microscopy (Davidovits and Egger, 

1971), the obvious difference is that OCT uses a continuous-wave diode low-

coherence light source (typically 830 nm wavelength) rather than ultra-short laser 

light source like in confocal microscopy. 

 

OCT is particularly useful in maintaining the high-depth resolution of tissue as it is 

limited only by the coherence length of the light signal, not by other limiting factors 

such as aperture, which can be small in other tomographic imaging techniques 

such as x-ray computed tomography, magnetic resonance imaging and ultrasound 

imaging. This ability to produce high-depth resolution is particularly important for in 

vivo imaging of deep tissue such as the retina (Huang et al., 1991). 

 

The ability to produce images revealing the architecture of the macula and the 

optic nerve made OCT routinely used in diagnosis and monitoring of neuro-

ophthalmic diseases such as Papilledema, Optic Neuritis and Neuroretinitis. 

Changes in OCT measurements also used to predict visual prognosis in ocular 

conditions such as Progressive Optic Neuropathies and in studying the course of 

particular neurological diseases such as Multiple Sclerosis and a number of other 

neuro-ophthalmic conditions (Maldonado et al., 2015). In addition, OCT analysis of 

the choroidal thickness in ocular conditions with a distinct changes in the choroid 
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such as Age-related Macular Degeneration (AMD), Central Serous 

Chorioretinopathy, Diabetic Retinopathy and inherited retinal dystrophies has been 

achieved and helped in both the diagnosis and management of the conditions 

(Adhi and Duker, 2013). 

 

OCT analysis of the optic nerve revealed features of foveal hypoplasia in patients 

with autosomal-dominant nystagmus, normally associated with aniridia or iris 

hypoplasia (Thomas et al., 2014b). Most importantly, the classification of foveal 

abnormalities by means of OCT is can be used to determine the underlying cause 

of infantile nystagmus (Lee et al., 2013). Idiopathic infantile nystagmus (IIN) 

patients usually show normal OCT scans, however, other related ocular 

abnormalities, for example,  albinism and achromatopsia, show distinct retinal 

abnormalities such as macular hypoplasia (Gottlob and Proudlock, 2014) that can 

be diagnosed by OCT. in general , IIN patients show normal OCT scans, however, 

a mild foveal hypoplasia and abnormalities in optic nerve head morphology have 

been reported in human IIN patients with Frmd7 mutations (Thomas et al., 2014a). 

 

 

 
Figure 1.10 Human and murine OCT scans. 
* Images are taken from Wasatch Photonics website. 

Representative OCT scans of human (left) and mouse (right) showing the different 
layers of the retina; the Ganglion Cell Layer (GCL), the Inner Plexiform Layer 
(IPL), the Inner Nuclear Layer (INL), the Outer Plexiform Layer (OPL), the Outer 
Nuclear Layer (ONL) and the Retinal Pigment Epithelium layer (RPE). The fovea is 
shown in the human retina (white arrow). Scale bars = 1000 µm (human), 100 µm 
(mouse). 
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 Eye tracking 

Eye tracking is a functional test of the eye movements, it provides a quantitative 

measure of real-time attention of the eye in response to a light stimulus. Eye 

movements are captured by a specialised camera, using a computer software 

which is able to interpret light reflection from the eye to the camera into waveforms 

on screen (Rayner, 1998). We are currently in the fourth era of eye tracking 

technology, the first three eras; first from 1879-1920 which is defined by the 

discovery of basic eye movement facts such as saccades using direct observation, 

the second from 1930-1958 which is characterized by more applied research 

focus, such as in psychiatry, using beam of light reflected on the eye and recorded 

on a film, and the third from 1970-1998 which is marked by advanced and 

accurate eye movement recording systems using infrared camera and computer 

technologies (Rayner, 1978). The current era of eye tracking systems is equipped 

with high-resolution camera sensitivity and advanced computer technologies 

making eye tracking very accurate and informative technique on the nature of eye 

movements. 

 

Eye trackers include two main components; a light source, usually infrared, and a 

camera. While the light source directed towards the eye, the camera measures the 

difference between the location of the pupil compared to the cornea by measuring 

the distance between infrared light reflection points out of both the pupil and the 

cornea. Recorded data then stored into files that are compatible with eye tracking 

analysis software such as EyeLink 1000, which is used in eye tracking data 

analysis in this thesis. 

 

Nystagmus is characterised by irregular, uncontrolled and repetitive eye 

movements with a distinct slow phase drifting away from the visual target, followed 

by a corresponding fast movement in the opposite direction (Leigh and Zee, 2006). 

Nystagmus can be confirmed relatively easily by direct observation of the eye 

and/or eye movement recordings using eye tracking. Unlike ERG and OCT, which 

can appear normal in nystagmus, eye tracking is a fundamental test to determine 

nystagmus type and classification as it reveals detailed information on the nature 

of eye movements.  
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The optokinetic reflex, which is found to be disturbed in idiopathic infantile 

nystagmus (IIN), can be measured using eye tracking by presenting moving 

horizontal and vertical gratings on a computer screen while recording eye 

movements. Patients with idiopathic infantile nystagmus show involuntary 

horizontal oscillations and lack the optokinetic reflex along the horizontal axis 

(Thomas et al., 2011a; Thomas et al., 2008). In contrast, no nystagmus can be 

observed along the vertical axis and the optokinetic reflex appears to be normal. 

Also, eye tracking recordings of Frmd7.tm1a mice, which lack functional Frmd7, 

have shown a lack of horizontal optokinetic reflex (Yonehara et al., 2016), whereas 

the vertical optokinetic reflex appears to be normal. A previous study by Traber et 

al and colleagues (Traber et al., 2012) have shown that albino mice can be used 

as a model for nystagmus since they show distinct eye movement waveforms 

seen in nystagmus revealed by eye tracking. A reversed optokinetic reflex when 

the nystagmus slow phase appears to become the fast phase and vice versa has 

also been reported as a feature of INN (Mangini et al., 1985; Traber et al., 2012). 

However, this reversed feature of optokinetic reflex in INN is still debatable. 

 

  



Chapter 1 Introduction 

46 

  Aims of this thesis 

The aim of this PhD thesis is to characterise the role of FRMD7 in idiopathic 

infantile nystagmus (IIN) by exploiting the first murine model for Frmd7 knockout. 

Shortly after the identification of FRMD7 as the possible cause of IIN in 2006 

(Tarpey et al., 2006), following nominations, mutant Frmd7 ES cells were 

manipulated to generate a combined ‘knockout-first’ conditional and reporter 

Frmd7 allele in mice (Frmd7.tm1a), by the CSD (CHORI/Sanger/UC Davis) 

consortium as part of the European Conditional Mouse Mutagenesis programme 

(EUCOMM) allele design strategy (Skarnes et al., 2011). This study will seek to 

identify the consequence of Frmd7 loss in the developing mouse using three main 

approaches: firstly; by generating a ‘knockout’ Frmd7 allele missing the critical 

exon (exon 4) (Frmd7.tm1b allele), and compare it to the Frmd7.tm1a allele at the 

molecular level, secondly, an immunohistochemical characterisation of the mutant 

mice via immunohistochemistry analysis of retinal sections, and thirdly, an ocular 

behaviour phenotyping investigation using electroretinograms (ERGs), Ocular 

Coherence Tomography (OCT) and eye tracking via the non-contact 

EYElink1000+ eye tracker (SR Research). The project has the potential to identify 

advantages of using such a model in designing subsequent treatment strategies 

and therapeutic targets. 

 

The following aims will be set out to test the hypothesis that “Frmd7 plays a role in 

communication of cells in the retina via the starburst amacrine cells and that loss 

pf Frmd7 results in a deficit in the horizontal OKN in mice”. 

 

1. Examining whether generation of the Frmd7.tm1b mice by Cre deletion of the 

critical exon (exon 4) in the Frmd7.tm1a mice would offer a more reliable 

model at the molecular level to study Frmd7 characterisation and 

expression. 

2. Establishing that Frmd7 is specifically expressed in the starburst amacrine 

cells in the retina, where it modulates signalling in these cells. 

3. Evaluating the effect of Frmd7 knockout on the ocular functional behaviour 

in mice. 
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2 Materials and Methods 
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 Materials 

All chemicals and reagents were obtained from Sigma-Aldrich or Thermo Fisher 

Scientific unless otherwise stated. 

 Buffers and solutions 

Buffers and solutions are summarised in Table 2-1. 

Table 2-1 Buffers and solutions. 
Solution Recipe 

Laemmli Buffer 30 g Tris base, 144 g Glycine, 
dissolved in 900 ml deionised water, 
10 g DSD added and solution made 
up to 1L with water. pH 8.3 

4 % Paraformaldehyde (PFA) 4% (w/v) PFA in Phosphate Buffered 

Saline (PBS). 

Phosphate Buffered Saline (PBS) 137mM NaCl, 4.3mM 

Na₂HPO₄.7H₂O, 2.7 mM KCl, 1.4 

mMKH₂PO₄, pH 7.3. Alternatively, 1 

PBS tablet (P4417 – 100 TAB) was 

dissolved in 200 ml deionised water. 

Tris Buffered Saline (TBS) For 1 litre of 10x solution 51g tris 

base, 90g sodium chloride, dissolved 

in 1 litre deionised water, pH 7.6. 

TBS-Tween20 (TBST) 0.1% Tween20 in TBS. 

PBS-Triton (PBST) 0.1% Triton (Sigma) in PBS. 

RIPA buffer 150 mM sodium chloride, 10% NP40, 

0.5% sodium deoxychalate, 0.1% 

SDS, 25mM Tris (pH 7.6), Protease 

inhibitor (CALBIOCHEM MIX1:100). 

Western blot running buffer For 1 Litre of 10x solution 30.3g Tris 

base, 144g Glycine, 10g SDS, pH 

8.3. 

Western blot transfer buffer For 1 litre solution 3.03g SDS, 14.4g 

glycine, 200ml methanol, dissolved in 
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1 litre of water. Also, Trans-BlotÒ 

TurboÔ Tranfer buffer (Bio-Rad 

10026938) added to methanol used. 

X-gal buffer    5 mM EGTA, 2 mM MgCl, 0.04 % NP-

40, 0.01 % deoxycholate acid in PBS, 

pH 7.9. 

X-gal fix    1% formaldehyde, 0.2% 

gluteraldehyde in X-gal buffer. 

X-gal stain    5 mM potassium hexacyanoferrate 

(III) (K3Fe), 5 mM potassium 

ferricyanide (K4Fe), 0.5 % X-gal 

substrate in X-gal buffer.  

 
 

  Genomic DNA isolation from mouse ear biopsy/embryonic 
tissues 

Tail tips (from embryos) or ear biopsy samples (from 21 days old (P21) mice) were 

used for genotyping and identification purposes. Each sample was digested in 100 

µl crude DNA lysis buffer containing 500 µg/ml Proteinase K (Roche; 115 852 

001). Samples were incubated overnight at 55˚C. To heat inactivate the 

Proteinase K samples were boiled at 95˚C for 10 minutes. 0.5 -1 µl DNA was used 

for the PCR reaction. Genomic DNA was also prepared by Adding 75ul 25mM 

NaOH / 0.2 mM EDTA per sample, then incubated in a thermocycler at 98°C for 2 

hours, the temperature then reduced to 15°C until samples ready to proceed with 

next step. Samples then hydrolysed by adding 40mM Tris HCl (pH 5.5). 0.5-1 µl 

DNA was used for the PCR reaction. 

  RNA isolation from mouse retina 

Total RNA extracted using two methods; First, retinas from adult (10-12 weeks) 

mice were dissected and immediately collected and snap frozen in liquid nitrogen 

or dry ice until proceeding with RNA extraction. Tissue was prepared for RNA 

extraction according to ambion Trizolâ  (Life Technologies, UK) standard protocol. 

Briefly, 1 ml Trizol was added to the retinae and homogenised for 20 seconds and 
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then left to dissociated for 5 minutes at room temperature. 0.2 ml UltraPureTM 

Phenol:Chloroform:Isoamyl Alcohol (Thermo Fisher Scientific; 15593031), per 1 ml 

Trizol, added for phase separation by shaking samples vigorously and incubating 

at room temperature for 2-3 minutes, before centrifuging at 12000 g for 15 minutes 

at 4°C. The clear aqueous phase that contains total RNA was carefully removed 

and 500 µl 100% isopropanol (Thermo Fisher Scientific; 401570) was added to 

precipitate total RNA by shaking the tubes briefly. After precipitation, total RNA 

washed in 70% ethanol and left to air-dry. The pellet then resuspended in RNase 

Free water.  

 

For the second (revised) method, adult (10-12 weeks) mice were perfused with 

ice-cold 0.9% NaCl and the retina was immediately dissected and collected in ice-

cold 200 µl Trizol reagent then snap frozen in liquid nitrogen or dry ice until 

proceeding with RNA extraction. Tissue was prepared for RNA extraction 

according to ambion Trizolâ  (Life Technologies, UK) standard protocol as 

mentioned above with a few changes. Briefly, 500 µl Trizol was added to each 

sample, which was already in 200 µl Trizol, and dissociated for 2-3 minutes at 

room temperature. 100 µl 1-Bromo-3-chloropropane (Sigma-Aldrich; B9673), per 1 

ml Trizol, was added for phase separation by shaking samples vigorously for 15 

seconds and immediately centrifuging at 12000 g for 15 minutes at 4°C. The clear 

aqueous phase that contains total RNA was carefully removed and an equal 

amount of 70% ethanol (Sigma-Aldrich; 51976) added to precipitate total RNA by 

shaking samples briefly. Samples were then immediately transferred to spin 

cartridges supplied with PureLinkÒ RNA Mini kit (Thermo Fisher Scientific; 

121830A) used to collect RNA according to the manufacturer’s instructions. 

Briefly, columns were centrifuged at 12000 g at 20 °C and supernatant was 

discarded. 700 µl Buffer I was added and samples were centrifuged at 12000 g for 

15 seconds at 20 °C, and then 700 µl Buffer II was added and samples were 

centrifuged for 15 seconds at 20 °C. The Buffer II wash was repeated before 

columns were placed in waste collection tubes and centrifuged at 12000 g for 2 

minutes at 20 °C to dry columns. RNA was eluted by adding 30 µl RNase free 

water to the columns and leaving them to sit at room temperature for 2 minutes.  
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 Quality control and quantification of RNA  

Quality and quantity of RNA were measured spectrophotometrically using 

Nanodrop ND 1000 system (Nanodrop technologies, Washington, USA). Briefly, 2 

µl of purified total RNA was loaded into the nanodrop pedestal and comparison 

between UV light absorbance at 260nm and 280nm (260/280), and 230nm and 

280nm (230/260), was used to quantify total RNA using Nanodrop ND software 

(pure RNA: 260/280 ratio: 1.8 to 2.2 and 230:260 ratio: 1.3 to 1.7). 

 

  Gel electrophoresis 

PCR products were visualised and separated by gel electrophoresis using BioRad 

PowerPac Basic system (BioRad, Watford, UK) according to the manufacturer 

details. Briefly, DNA fragments from PCR and qPCR were mixed with 6x loading 

buffer (New England Biolabs; B7025S) by adding 4 µl loading dye to 20 µl PCR 

product, and then resolved in 1.5 to 2 % agarose (Thermo Fisher Scientific; 

BP1356-500) gels, which were prepared by dissolving 1.2 grams agar powder 

(Thermo Fisher Scientific; 30391049) in 60 ml Tris-Borate-EDTA (TBE) buffer 

(Thermo Fisher Scientific; BP1333-4) using a microwave for approximately 2 

minutes. Before gels set, 0.5 µg/ml GelRedÒ Nucleic Acid Stain (BIOTIUM; 41003) 

was added for UV light detection of DNA fragments. To load DNA fragments into 

the agarose gels 8 µl of DNA/loading dye mix was loaded per well and gels were 

run at 120 volts for 30-45 minutes using BioRad PowerPac™ HC High-Current 

Power Supply system (BioRad; UK). DNA fragments were visualised using the 

UVP High-Performance Ultraviolet Transilluminator Imaging System (Analytikjena; 

USA) according to the manufacturer’s instructions. Briefly, after running PCR 

products on agarose gels (as described above), gels were placed inside the 

imaging chamber and the UV light was switched on after closing the lid of the 

imaging chamber.  Pictures were captured after setting up a suitable view using 

the preview function in the Kodak MI software, which is built into the imaging 

system. Camera aperture was set between 3.5 and 4.5 and size of view was set 

according to the size of the gel. 
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  Histology techniques 

 Embryo and tissue harvesting and processing for paraffin sectioning  

Female mice were checked for vaginal plugs with the day of plug detection being 

embryo day 0.5 (E0.5) and embryos harvested at different stages thereafter. Mice 

were culled under Schedule 1 according to the Home Office regulations. Uterine 

horns were removed and embryos were dissected in ice-cold PBS, fixed in 4 % 

PFA between 30 minutes to 1 hour, depending on the stage of development, at 

4°C. Embryos were subsequently dehydrated through a graded ethanol series 

from 25% to 100% ethanol, with 1-hour incubation with each dehydration solution. 

Dehydrated embryos were cleared in a Clearene Solvent (LEICA; 3803600E) and 

embedded in 100 % paraffin wax using a Leica EG1160 Embedding Centre 

(LEICA; Germany) according to the manufacturer’s instructions. Briefly, 

dehydrated embryos were incubated with isopropanol: paraffin wax (50:50 ratio) 

for 2 hours twice. Embryos were then incubated with 100% paraffin initially for 2 

hours, then overnight. Embryos were embedded in wax by orientating them on a 

metal block and leaving the wax to air dry before taking them for sectioning. 

Sections were cut using a Leica VIP5 JR rotatory microtome and mounted on 

positively charged SuperFrost® Plus Microscope Slides (Thermo Fisher Scientific; 

10149870) following well-established protocol. Briefly, samples in paraffin blocks 

were fixed to the sample mount on the microtome. 8 µm paraffin ribbons were 

placed on a water bath set at 42°C to expand the paraffin wax. Ribbons with 

multiple sections were then collected with a microscope slides and left to air-dry 

overnight. 

 

 Tissue harvesting and processing for cryostat sectioning  

Mice were anaesthetised with 0.1% Ketamine and Xylazine by intraperitoneal 

injection (IP) then perfused with 20 ml 0.9% NaCl (Fisher Scientific; 10428420), 

then immediately with 10 ml 4% PFA (Sigma-Aldrich; 441244). Eyes were initially 

kept in cold 4% PFA for 10 to 15 minutes then dissected and cornea and lens 

removed. Dissected eyes were post-fixed in 4% PFA for further 30 minutes, then 

washed 3 times for 10 minutes in 1 x PBS.  Eyes were then cryopreserved with a 

series of 5%, 10%, 15%, 20% to 30% sucrose (Sigma-Aldrich; S85101) with at 

least 2 hours per sucrose solution, before being incubated with 30% sucrose 
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overnight. Eyes were embedded in OCT mounting medium (VWR; 361603E) using 

alcohol (Iso-Pentane, Fisher Scientific; 10468030) bath, and frozen in liquid 

nitrogen. Frozen eyes were sectioned using Leica CM 1850 cryostat microtome 

and mounted on positively charged SuperFrost® Plus Microscope Slides (see 

section 2.5.1). Briefly, frozen blocks were fixed to the sample mount on the 

cryostat and sections were cut at 16 µm thickness. Sections were then collected 

with microscope slides and stored at -20°C until proceeding with staining. 

 

 Retina dissection for wholemount immunohistochemistry  

Mice were anaesthetised with 0.1% Ketamine and Xylazine by intraperitoneal 

injection (IP) then perfused with 0.9% NaCl then 4% PFA. Eyes were immediately 

isolated and initially fixed with 4% PFA for 10 minutes then wholemount retina 

dissected and four cuts were made from the edge of the retina towards the 

midline, and then post-fixed in 4% PFA for 1 hour. Retinas were washed in PBS 

for at least 1 days at 4°C. After washing in PBS, retinas were blocked for 1 hour at 

room temperature in 5% normal donkey serum (NDS) (Sigma-Aldrich; D9663), 5% 

bovine serum albumin (BSA) (Sigma-Aldrich; G9023) and 0.5% Triton in PBS. All 

incubations were carried out at 4°C unless otherwise indicated. Anti-murine Frmd7 

(Eurogentec; 1:500) and anti-ChAT (Millipore; AB144P, 1:500) primary antibodies 

(Table 2-2) were incubated with retinas for 6 days in 5% NDS, 5% BSA in 1% 

Triton in PBS. Retinas were then washed with 1% Triton in PBS for 6 days. 

Secondary antibodies (Table 2-3) mixed with 20 µg 4′, 6-Diamidine-2′-phenylindole 

dihydrochloride stain (DAPI) (Sigma-Aldrich; D9542) and incubated with retinas for 

1 day, then washed for a further 1 day before mounting in MowiolÒ 4-88 Mounting 

Reagent (Calbiochem; 475904), prepared with 0.1% Citifluor AF4 Antifadent 

Mountant Solution (Agar scientific; AGR1327) according to standard protocol. 

Briefly, retinas were carefully placed and flattened on a glass coverslip, 60 µl 

MowiolÒ mounting solution added to a new coverslip and carefully placed on top of 

the flattened retina. Coverslips were incubated at 4°C overnight for the MowiolÒ to 

set. Retinas were imaged using SP8 Confocal microscope (LEICA, Germany). 

Images were visualised using the Leica Application Suite software (see section 

2.8.1 for details). 
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 DAB staining 

3,3’-Diaminobenzidine (DAB), used for the detection of protein of interest that is 

bound to an antibody that is conjugated with a peroxidase enzyme, which oxidises 

the DAB substrate to produce a brown by-product. This means the longer the 

reaction is allowed to proceed, the more oxidised DAB becomes, and hence, a 

stronger by-product. DAB staining was carried out using a standard staining 

protocol. Briefly, frozen sections (see section 2.5.2) were dried for 30 minutes at 

37˚C, post-fixed for 10 minutes in absolute alcohol (Thermo Fisher Scientific; 

E/6600DF/17) then washed in 0.1% TweenTM 20 (Thermo Fisher Scientific; 9005-

64-5) in PBS (PBST). Endogenous hydrogen peroxidase activity was quenched in 

0.3% Hydrogen peroxidise (Sigma-Aldrich), 10% methanol in 0.1% PBST 

according to well-established protocol. Briefly, 20 ml Methanol (Fisher Scientific; 

10141720) and 2 ml hydrogen peroxidase were added to 180 PBST and incubated 

with sections for 30 minutes at room temperature. Sections were washed 3 times 

for 10 minutes in 0.1% PBST, and then blocked in 5% normal goat serum (NGS) 

(Sigma; G9023), 5% BSA and 0.2% PBST for 1 hour at room temperature (see 

section 2.5.3). Primary antibodies (Table 2-2) were incubated overnight at 4°C in 

5% NGS, 5% BSA in 0.2% PBST. Sections were washed 3 times for 10 minutes in 

0.1% PBST then incubated with secondary antibodies (Table 2-3) in 5% NGS, 5% 

BSA in PBST were incubated for 1 hour at room temperature. Sections were then 

washed 3 times for 10 minutes in 0.1% PBST. Hydrogen peroxidase activity was 

detected by avidin/biotin detection method using the VECTASTAINÒ Elite ABC 

detection system (VECTOR Laboratories; PK6100) according to the 

manufacturer’s instructions. Briefly, 8 µl Solution A and 8 µl Solution B were added 

to 1 ml of 0.1% PBST and solution was vortexed briefly and incubated at room 

temperature for approximately 30 to 40 minutes before incubating with sections for 

45 minutes at room temperature. Sections were then washed 3 times for 10 

minutes in 0.1% PBST before subjecting to 3,3'-diaminobenzidine (DAB) substrate 

prepared with 0.3% hydrogen peroxidase for appropriate time according to well-

established protocol. Briefly, 5 ml DAB substrate added to 250 ml of 0.2 M 

Phosphate buffer, which is prepared by mixing 85.8 g Sodium Phosphate 

dissolved in 1.6 L distilled water and 12.5 g Sodium Dihydrogen Orthophosphate 

dissolved in 400 ml distilled water and adjusting the pH to 7.4. Sections were 

incubated in DAB solution between 10 seconds to 5 minutes (depending on 

primary antibodies affinity), before dehydrating through alcohol series form 70 %, 
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80 %, 90 %, 95 % to 100 % absolute alcohol (Thermo Fisher Scientific; 

E/6600DF/17). Sections were then mounted in DPX mounting solution (Sigma-

Aldrich; 06522) according to manufacturer’s instructions. Briefly, 100 µl DPX 

solution per slide was applied and covered immediately with a glass coverslip. 

Slides were left to dry at room temperature overnight. Images were photographed 

using a LEICA DFC 700T camera system fitted to a LEICA DMF5000 microscope. 

Images were visualised using the Leica Application Suite software (see section 

2.8.3 for details). 

 

 Immunofluorescence staining 

Frozen sections (see section 2.5.2) were dried for 30 minutes at a 37˚C incubator, 

post-fixed in absolute alcohol (thermos Fisher Scientific; E/6600DF/17) and then 

washed 3 times for 10 minutes in 0.1% PBST. Sections were then blocked in 5% 

NDS, 5% BSA and 0.2% PBST (see section 2.5.3) for 1 hour at room temperature. 

Primary antibodies (Table 2-2) were applied overnight at 4˚C in 5% NDS, 5% BSA 

in 0.2% PBST. Anti-FRMD7 blocking peptide (Abcam; Ab186322) was used with 

the Anti-FRMD7 Abcam antibody (Table 2-2). Slides were washed 3 times for 10 

minutes in 0.1% PBST. Protein bound to the primary antibodies were detected 

using secondary antibodies with Alexa fluorescent dye (Table 2-3) with excitation 

ideally suited to a specific wavelength in nanometer (nm) laser line used for 

excitation with immunofluorescence microscopy. For counterstaining (4', 6-

diamidino-2-phenylindole) DAPI stain was used as a nuclear stain as it binds to A-

T rich regions of the DNA and is commonly used as a counterstain in 

immunofluorescence staining. Secondary antibodies were incubated in 5% NDS, 

5% BSA in 0.2% PBST for 1 hour at room temperature in the dark. Sections were 

washed in 0.1% PBST then mounted either in Fluoroshield/DAPI medium (Abcam; 

104139), or incubated in 20 µm DAPI before mounted in Mowiol mounting solution 

(see section 2.5.3). Briefly, 20 µg 4′, 6-Diamidine-2′-phenylindole dihydrochloride 

stain (DAPI) stain was prepared by adding 20 µl of 1 mg/ml DAPI stock solution to 

1 ml 1x PBS. Sections were incubated with DAPI stain for 5 minutes at room 

temperature in the dark, then washed 3 times for 5 minutes in 0.1% PBST. 60 µl 

Mowiol mounting solution was added to each microscope slide and carefully 

covered with a glass coverslip. Slides were incubated at 4°C overnight for the 

Mowiol to set. Images were photographed using a LEICA DFC 700T camera 
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system fitted to a LEICA DMF5000 microscope. Images were visualised using the 

Leica Application Suite software (see section 2.8.2 for details). 

 

 

Table 2-2 List of primary antibodies. 

Antibody Concentration Host Supplier Order code 

Anti-Choline 

Acetyltransferase 

(ChAT) 

1:500 Goat Merch 

Millipore 

A144P 

Anti-Frmd7 1:500 Rabbit Eurogentec Custom 

made 

Anti-Frmd7 1:50-1000 Rabbit Abcam Ab129246 

Anti-Frmd7 1:150-700 Rabbit  Sigma-Aldrich HPA000886 

Anti-Frmd7 

blocking peptide 

1:50 

(peptide:antibody) 

Anti-Frnd7 

(Abcam; 

Ab129246) 

Abcam Ab186322 

Anti-

Synaptophysin 

1:500 Mouse Abcam Ab8049  

Anti-PSD95 1:500 Rabbit Cell Signalling 

Technology 

2507 

Anti-Vesicular 

Acetylcholine 

Transporter 

(VAChT) 

1:500 Sheep Abcam Ab31544 

Anti-Glutamic 

Acid 

Decarboxylase 

65/67 (GAD 

65/67) 

1:500 Rabbit Sigma-Aldrich G5163 

Anti-Vesicular 

GABA 

1:500 Rabbit  Chemicon AB5062P 
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Transporter 

(VGAT) 

 

Anti b-

galactosidase 

1:500 Rabbit Abcam Ab4781 

b-galactosidase 

polyclonal 

antibody 

1:500 Rabbit Thermo Fisher 

Scientific  

14-6773-81 

Anti-b-actin 1:25000 Mouse Sigma-Aldrich A3854 
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Table 2-3 List of secondary antibodies. 

Antibody Concentration Host/reactivity  Supplier Order code 

Donkey anti-Goat 

IgG (H+L), Alexa 

Fluor 568 

1:200 Donkey anti-

goat 

Thermo Fisher 

Scientific  

A-11057 

Donkey anti-

Sheep IgG (H+L), 

Alexa Fluor 488 

1:200 Donkey anti-

sheep 

Thermo Fisher 

Scientific 

A-11015 

Donkey anti-

Mouse IgG 

(H+L), Alexa 

Fluor 488 

1:200 Donkey anti-

mouse 

Thermo Fisher 

Scientific 

A-21202 

Goat anti-Rabbit 

IgG (H+L), Alexa 

Fluor® 488  

1:200 Goat anti-

rabbit 

Thermo Fisher 

Scientific 

A-11034 

Donkey anti-

Rabbit IgG (H+L), 

Alexa Fluor 488 

1:200 Donkey anti-

rabbit 

Thermo Fisher 

Scientific 

A-21206 

Biotinylated Goat 

anti-Rabbit IgG 

1:200 Goat anti-

rabbit 

VECTOR 

Laboratories 

BA-1000 

Biotinylated 

Horse anti-Goat 

IgG 

1:200 Horse anti-

Goat 

VECTOR 

Laboratories 

BA-9500 

 
 

 Hematoxylin and Eosin staining 

Air-dried paraffin sections (see section 2.5.1) were rehydrated using a standard 

rehydration protocol as follows; sections were incubated with Clearene Solvent 

(LEICA; 3803600E) for 10 minutes twice, then 70 % alcohol, 90 % alcohol and 100 

% absolute alcohol series (Thermo Fisher Scientific; E/6600DF/17), with 5 minutes 

incubation per alcohol series. Sections were equilibrated in Milli-Q water for 5 

minutes before being placed in Vector® Hematoxylin Gills Formula (VectorLabs; 

H-3401) for 4 minutes. Slides were gently rinsed with Milli-Q water and placed in 
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Scott’s water (2 % (w/v) MgSO4, 0.2 % (w/v) NaHCO2 in Milli-Q water) to ensure 

the right intensity of blue colour then washed with Milli-Q water for 2 minutes. 

Eosin was used as a counterstain and slides were stained for up to 1 minute 

depending on the tissue. After counterstaining, slides were immediately rinsed 

twice with 95 % ethanol and once with 100 % ethanol and left to air dry at room 

temperature overnight. Sections were then mounted in DPX mounting solution 

(Sigma-Aldrich; 06522) according to the manufacturer’s instructions. Briefly, 100 µl 

DPX solution per slide was applied and covered immediately with a glass 

coverslip. Slides were left to dry at room temperature overnight before imaging 

using a LEICA DFC 700T camera system fitted to a LEICA DMF5000 microscope. 

Images were visualised using the Leica Application Suite software. 
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 X-gal staining 

Mouse embryos were dissected in ice-cold PBS and fixed with 5-bromo-4-chloro-

3-indolyl-β-D- galactopyranoside (X-gal) fix (Table 2-1) for 30 minutes to 1 hour 

depending on the stage of development. Embryos were washed in X-gal buffer at 

room temperature before staining with X-gal stain (Table 2-1) overnight at 37˚C 

with shaking in the dark following a well-established protocol. Briefly, X-gal stain 

was prepared by adding 0.045 grams potassium hexacyanoferrate (III) (K3Fe) 

(Sigma-Aldrich; 455946), and 0.06 grams potassium ferricyanide (K4Fe) to 25 ml 

X-gal buffer. The stain was vortex briefly to ensure the potassium metals powder 

was completely dissolved, and then 250 µl X-gal substrate (Fisher Scientific; 

15520018) was added to the mix shortly before staining. X-gal stain was added to 

embryos in 24-well plate; the plate was covered with aluminium foil to ensure 

complete darkness. Plates were placed in a 37˚C incubator with the shaker set at 

60 revolutions per minute (rpm) overnight. Embryos were washed 3 times for 10 

minutes in X-gal buffer the following day and post-fixed in 4 % PFA for 1 hour at 

4˚C. Embryos were then washed 3 times for 10 minutes in 1 x PBS and 

dehydrated through a graded ethanol series starting with 50%, 70%, 90% to 100% 

absolute ethanol (Fisher Scientific; 10048291), and stored until further use. 

Selected embryos were processed for sectioning (as described in section 2.5.1). 

Briefly, Paraffin sections were de-waxed twice in a Clearene Solvent (LEICA; 

3803600E) for 10 minutes and rehydrated by a standard rehydration protocol as 

follows: 1 minute in 100% absolute alcohol (Thermo Fisher Scientific; 

E/6600DF/17), followed by 1 minute in 95%, 1 minute in 90% and 1 minute in 70% 

alcohol. Sections were then incubated with tap water for 5 minutes before staining 

with Nuclear Fast Red (Vector Laboratories; H-3403) for 40 seconds and 

immediately washed in running tap water for 5 minutes. Sections were dehydrated 

(as described in section 2.5.1) as follows: 1 minute in 70%, 1 minute in 90% and 1 

minute in 100% absolute alcohol, followed by 2 minutes in Clearene solvent twice. 

Embryonic sections were immediately mounted in DPX mounting medium as 

described in section 2.5.4).  

 

For frozen retina sections (see section 2.5.2) sections were fixed in cold X-gal fix 

for 10 minutes at 4˚C then washed 3 times for 10 minutes in X-gal buffer, before 

staining with X-gal stain (Table 2-1) at 37˚C overnight following a well-established 

protocol. Briefly, X-gal buffer was prepared by adding 0.045 grams potassium 
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hexacyanoferrate (III) (K3Fe) (Sigma-Aldrich; 455946), and 0.06 grams potassium 

ferricyanide (K4Fe) to 25 ml X-gal buffer. The stain was vortex briefly to ensure the 

potassium metals powder was completely dissolved, and then 250 µl X-gal 

substrate (Fisher Scientific; 15520018) was added to the mix shortly before 

staining. Retina sections were incubated with X-gal stain in a container which was 

covered with aluminium foil to ensure complete darkness. Sections were placed in 

a 37˚C incubator with the shaker set at 60 revolutions per minute (rpm) overnight. 

Sections were washed 3 times for 10 minutes in X-gal buffer the following day and 

post-fixed in 4 % PFA for 1 hour at 4˚C. Sections were then washed 3 times for 10 

minutes in 1 x PBS and dehydrated through a graded ethanol series starting with 

50%, 70%, 90% to 100% absolute ethanol (Fisher Scientific; 10048291), and 

cleared in a Clearene Solvant (LEICA; 3803600E) twice for 5 minutes. Sections 

were immediately mounted in DPX mounting medium as described in section 

2.5.4). Briefly, 100 µl DPX solution per slide was applied and covered immediately 

with a glass coverslip. Slides were left to dry at room temperature overnight. 

Selected slides were taken for photography (as described in section 2.8.3). 
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 Molecular biology techniques 

 Western blotting 

Western blotting was carried out using two methods; first, mouse neonatal brains 

were dissected, after animals were sacrificed using schedule 1 method of the 

Home Office humane animal sacrifice methods, and homogenised with RIPA 

buffer with CALBIOCHEM protease mix (1:100) (Table 2-1) then immediately 

frozen in dry ice. The protein content in the sample was quantified using PierceTM 

BCA Protein Assay kit (Thermo Fisher Scientific; 23227) according to the 

manufacturer’s instructions. Briefly, brains were homogenised in RIPA buffer for 

approximately 1 minute, and 10 µl of 1 in 10 dilutions of protein lysate added to 10 

µl of multiple-dilution protein standards which are aliquoted on 96-well plates. 190 

µl of BCA working reagent, which was prepared by adding a 50:1 ratio of reagents 

A and B respectively, was added per well and the plate was incubated at 37˚C for 

30 minutes. Light absorption at 590 nm of protein samples compared to those of 

the known standards were measured using Infinite F200 Pro plate reader (TECAN, 

Switzerland), and absorption values were used to calculate how much protein 

lysate volume in µl needed to make 40 ug protein using Bradford Protein Assay 

formula. Samples were denatured and run on Mini-PROTEAN TGXÔ Precast 

resolving gels (BioRad; 456-1045) according to the manufacturer’s instructions. 

Briefly, an appropriate volume of 2x Laemmli Sample Buffer (BioRad; 1610737) 

was added to the protein lysate to make 40 µg using Bradford protein assay 

formula, Samples were denatured at 95˚C for 4 minutes and then incubated for 

approximately 5 minutes at room temperature to cool down. The tank supplied with 

the Mini-PROTEANÒ tetra, 4-gel system (BioRad; 1658004), was filled with 

western blot running buffer (Table 2-1), using guides on the tank, and acrylamide 

gels were incubated with running buffer to be equilibrated. 20µl of 40 µg protein, 

unless otherwise indicated, were loaded into each well of the acrylamide gel and 

run at 120 volts for approximately 45 minutes. Gels were transferred on a 0.45 µm 

nitrocellulose membrane (BioRad; 162-0115) following a well-established protocol. 

Briefly, the nitrocellulose membrane was socked in western blot transfer buffer 

(Table 2-1), along with a few Trans-Blot TurboÔ Mini-size Transfer Stacks 

(BioRad; L002043A), for 2 minutes. The acrylamide gel was carefully removed 

from its plastic precast holders and gently placed on the nitrocellulose membrane 

and pressed with a plastic roll a few times to escape any trapped bubbles. 
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Transfer stacks were placed on either side and the whole assembly was locked 

inside the plastic holder which fits inside the plastic electrode assembly supplied 

with the Mini-PROTEANÒ tetra, 4-gel system. The transfer tank was filled with 

western blot transfer buffer using guides on the tank and proteins were transferred 

at 100 volts for approximately 90 minutes, an ice pack with magnetic stir was 

placed inside the transfer tank to prevent acrylamide gels from swelling if the 

temperature rises due to the high voltage during the transfer. After protein transfer, 

nitrocellulose membranes were briefly rinsed in deionised water (ddH2O) and 

placed in Ponceau S Solution (Sigma-Aldrich; P7170) for quick visualisation of 

proteins. Membranes were rinsed with ddH2O briefly then washed 3 times for 2 

minutes in Tris Buffered Saline (TBS) (Table 2-1), and then blocked in 5% Bovine 

Serum Albumin (BSA) (Thermo Fisher Scientific; BP1600-1) made in 0.1% Tris-

buffered Saline (TBST), or 5% skimmed milk in TBST, for 1 hour at room 

temperature with shaking. Primary antibodies (Table 2-2) were incubated 

overnight at 4˚C with shaking in 5% BSA made in 0.1% Tris TBST, or 5% skimmed 

milk in TBST. Anti-FRMD7 blocking peptide (Abcam; ab186322) was used with the 

Anti-FRMD7 Abcam antibody. Membranes were washed 3 times for 10 minutes in 

TBST and incubated with secondary antibodies (BioRad; 170-5046) for 1 hour at 

room temperature with shaking. Membranes were washed 3 times for 10 minutes 

in TBST and rinsed briefly in TBS. Proteins visualized with ClarityTM Western ECL 

substrate (BioRad; 170-5060) according to the manufacturer’s instructions. Briefly, 

2 ml of Substrate A and 2 ml of Substrate B were mixed and incubated with the 

nitrocellulose membrane for 5 minutes in darkness. Membranes were then 

exposed to chemiluminescence using the Chemi DocÔ MP Imaging System 

(BioRad; UK) and software according to the manufacturer’s instructions. Briefly, 

membranes were placed inside the imaging system the Image Lab 5.2.1 was 

launched and on the ‘Startup’ page ‘New single channel’ mode was chosen. On 

the ‘Applications’ menu, ‘Blots’ then ‘Chemi High Sensitivity’ mode was chosen 

and time of exposure was set to one exposure every 30 seconds and total time of 

exposure over 5 minutes unless otherwise indicated.  

 

For the second, and optimised, method, adult (10 to 12 weeks) mice were 

anaesthetised with 0.1% Ketamine and Xylazine by intraperitoneal injection (IP) 

and perfused with 0.9% NaCl. Brains and retinas were immediately dissected and 

snap frozen in dry ice until proceeding with protein extraction. The protein content 
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of the sample was quantified using PeirceTM BCA Protein Assay kit (Thermo Fisher 

Scientific; 23227) as described above. Briefly, tissues were homogenised in Pierce 

RIPA Buffer (Thermo Fisher Scientific; 89900), at 1:5 buffer to sample ratio, mixed 

with cOmpleteTM Mini Protease Inhibitor Cocktail (Sigma-Aldrich; 11836170001) 

according to the manufacturer’s instructions. Briefly, 1 tablet of protease cocktail 

was mixed with 10 ml RIPA buffer. Protein lysate was diluted 1 in 10 in RIPA 

buffer and 10 µl of diluted lysate was mixed with 10 µl known standards provided 

with the PierceTM BCA protein Kit in a 24 well plate. 190 µl of BCA working 

reagent, which was prepared by adding a 50:1 ratio of reagents A and B 

respectively, were added to each well and the plate was incubated at 37˚C for 30 

minutes. Light absorption at 590 nm of protein samples compared to those of the 

known standards were measured using Infinite F200 Pro plate reader (TECAN, 

Switzerland), and absorption values were used to calculate how much protein 

lysate volume in µl needed to make 40 ug protein using Bradford Protein Assay 

formula. Samples were denatured and run on Mini-PROTEAN TGXÔ Precast 

resolving gels (BioRad; 456-1045) according to the manufacturer’s instructions. 

Briefly, an appropriate volume of 2x Laemmli Sample Buffer (BioRad; 1610737) 

was added to the protein lysate to make 40 µg using Bradford Protein Assay 

formula, Samples were denatured at 95˚C for 4 minutes and then incubated for 

approximately 5 minutes at room temperature to cool down. Acrylamide gels were 

equilibrated with Laemmli Buffer (Table 2-1) for 2 minute and 20 µl of 40 µg protein 

was loaded per well and run at 120 volts for approximately 45 minutes using the 

Mini-PROTEANÒ tetra, 4-gel system (see above). The protein gel was then 

transferred on a 0.45 µm nitrocellulose membrane (BioRad; 162-0115) following a 

well-established protocol. Briefly, the nitrocellulose membrane was socked in 2x 

Laemmli buffer (Table 2-1), along with a few Trans-Blot TurboÔ Mini-size Transfer 

Stacks (BioRad; L002043A), for 2 minutes. The acrylamide gel was carefully 

removed from its plastic precast holders and gently placed on the nitrocellulose 

membrane and pressed with a plastic roll a few times to escape any trapped 

bubbles. Transfer stacks were placed on either side, and the whole assembly was 

placed in the Trans-BlotÒ Turbo Transfer system (BioRad, UK) cassette. Semi-dry 

protein transfer was carried out for 3 minutes. After protein transfer, nitrocellulose 

membranes were briefly rinsed in ddH2O and placed in Ponceau S Solution 

(Sigma-Aldrich; P7170) for quick visualisation of proteins. Membranes were rinsed 

with ddH2O briefly then washed 3 times for 2 minutes in TBS, Membrane blocked 
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for 1 hour at room temperature with shaking in 5% BSA made in 0.1% TBST. 

Primary antibodies (Table 2-2) were incubated overnight at 4˚C with shaking in 5% 

BSA made in 0.1% Tris TBST. Membranes were washed 3 times for 10 minutes in 

TBST and incubated with secondary antibodies (BioRad; 170-5046) for 1 hour at 

room temperature with shaking. Membranes were washed 3 times for 10 minutes 

in TBST and rinsed briefly in TBS. Proteins visualized with ClarityTM Western ECL 

substrate according to the manufacturer’s instructions. Briefly, 2 ml of Substrate A 

and 2 ml of Substrate B were mixed and incubated with the nitrocellulose 

membrane for 5 minutes in darkness. Membranes were then exposed to 

chemiluminescence using the Chemi DocÔ MP Imaging System and software 

according to the manufacturer’s instructions. Briefly, membranes were placed 

inside the imaging system the “Image Lab 5.2.1” software was launched and on 

the ‘Startup’ page ‘New single channel’ mode was chosen. On the ‘Applications’ 

menu, ‘Blots’ then ‘Chemi High Sensitivity’ mode was chosen and time of 

exposure was set to one exposure every 30 seconds and total time of exposure 

over 5 minutes unless otherwise indicated.  

 

 Polymerase Chain Reaction (PCR) 

Standard PCR reactions were carried out on a BioRad T100 Thermal Cycler 

(BioRad; UK). The total reaction volume of 20 µl contained 0.4 µl of each primer 

pair or trio (final concentration of 10 mM), 0.6 µl of 50 mM MgCl₂, 0.2 µl of 10mM 

dNTP mix, 2 µl of 10x Reaction Buffer and 2.5 mM, 1 µl DNA template and 0.1 µl 

of 5 U/µl Taq recombinant DNA polymerase (Thermo Fisher Scientific; 10342020). 

Thermal cycling conditions varied depending on primers used (Table 2-4). Typical 

PCR conditions used were as follows: denaturing at 95˚C for 5 minutes, 25-36 

cycles of [denaturing at 95˚C for 30 seconds, annealing at 55-68˚C for 1 minute 

and extension at 72˚C 1 minute], final elongation at 72˚C for 10 minutes then 

chilling at 4˚C until further use. 

 

 

 
Table 2-4 Primers for standard genotyping PCR and RT-PCT. 
Primer name Locus Sequence (3’-5’) Annealing 

Temp, 

time 

Cycle 

No. 
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Cre-F PBJ-2 

transgene 

CATTTGGGCCAGCTAAACAT 

 
58°C, 

30 sec 

35 

Cre-R PBJ-2 

transgene 

TAAGCAATCCCCAGAAATGC 

 
58°C, 

30 sec 

35 

Floxed PNF Frmd7.tm1a 

allele 

ATCCGGGGGTACCGCGTCG

AG 

 

60°C, 

30 sec 

35 

Floxed LR Frmd7.tm1a 

allele 

ACTGATGGCGAGCTCAGAC

C 

 

60°C, 

30 sec 

35 

Tm1b_prom_

F 

Frmd7.tm1b 

allele 

CGGTCGCTACCATTACCAG

T 

 

62°C, 

30 sec 

30 

Ex2F Frmd7 

exon2 

CGCTCTTCAACCTGAGCTG 55°C, 

60 sec 

35 

Ex3F Frmd7 

exon3 

GGAACTTCTGAAGCCCATAA 55°C, 

60 sec 

35 

Ex3R Frmd7 

exon3 

CTTGCTTCGTTATGGGCTTC 55°C, 

60 sec 

35 

Ex4R Frmd7 

exon4 

AGTTCTTCCCGAAGATGTCC 55°C, 

60 sec 

35 

Ex5R Frmd7 

exon5 

ATGTGCGACACCATTAAAGC 55°C, 

60 sec 

35 

En2R LacZ 

reporter 

casette 

AACTCAGCCTTGAGCCTCT

G 
55°C, 

60 sec 

35 

LacZF1 LacZ 

reporter 

cassette 

TTCAACATCAGCCGCTACCA

G 
55°C, 

60 sec 

35 

LacZR1 LacZ 

reporter 

cassette 

CACCACGCTCATCGATAATT

T 
55°C, 

60 sec 

35 
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LacZR2 LacZ 

reporter 

casette 

TTTCAGGTTCAGGGGGAGG

RGRG 
55°C, 

60 sec 

35 

 

 Quantitative PCR (qPCR) 

Total RNA was extracted from wild type, Frmd7.tm1a and Frmd7.tm1b retinas (see 

section 2.3) using ambion Trizol reagent (Thermo Fisher Scientific; 15596018) 

following a standard protocol. Briefly, mice were perfused with 0.9 % NaCl (Fisher 

Scientific; 10428420) then retinas were immediately dissected and snap frozen in 

liquid nitrogen or dry ice. Retinas were homogenised in Trizol reagent and phase 

separation was carried out to separate RNA from DNA and protein. Total RNA was 

then precipitated with isopropanol and was isolated by either centrifuging an 

alcohol-dried pellet or by using RNA binding columns. To form cDNA, RNA was 

reverse transcribed using random hexamers and the iScriptTM Reverse 

Transcription for RT-qPCR kit (BioRad; 1708840) according to the manufacturer’s 

instructions. Briefly, in 20 µl reaction, 500 ng total RNA was added to 4 µl iScript 

Buffer and 1 µl iScript reverse transcriptase. Typical reaction conditions for cDNA 

synthesis were as follow: priming was carried out at 25˚C for 5 minutes followed by 

reverse transcription at 46˚C for 20 minutes and finally reverse transcription 

inactivation at 95˚C for 1 minute. After cDNA synthesis, standard PCR reactions 

were carried out using the BioRad CFX96Ô Real-Time System (BioRad; UK). 

Frmd7 splice variants were determined from wild type by PCR amplification using 

the iTaqTM Universal CYBR Green Supermix (BioRad; 170-5124), using the 

following primers: ex2F, ex3R, ex3F, ex4R, ex5R, En2R, LacZR1, LacZF1 and 

LacZR2 (Table 2-4), according to the manufacturer’s instructions. Briefly, total 

reaction volume of 20 µl contained 0.6 µl of each primer pair (final concentration of 

10 mM), 10 µl of iTaqÔ Universal SYBRÒ Green Supermix, 1 µl cDNA template 

and 7.6 µl RNase free water. Absorption of fluorescent green light of different 

products was quantified using standard quantitative PCR mathematical formulae, 

and PCR products were run on 2% agarose gels by electrophoresis as described 

in section 2.4. Briefly, qPCR products were mixed with 6x loading buffer by adding 

4 µl loading dye to 20 µl PCR product, and then resolved in 2 % agarose gels, 

which were prepared by dissolving 1.2 grams agar in 60 ml Tris-Borate-EDTA 

(TBE) buffer using a microwave for approximately 2 minutes. Before gels set, 0.5 
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µg/ml GelRedÒ Nucleic Acid Stain (BIOTIUM; 41003) was added for UV light 

detection of DNA fragments. To load DNA fragments into the agarose gels, 8 µl of 

DNA/loading dye mix was loaded per well and gels were run at 120 volts for 30-45 

minutes using an electric power pack system. DNA fragments were visualised 

using the UVP High-Performance Ultraviolet Transilluminator Imaging System 

(Analytikjena; USA) according to the manufacturer’s instructions. Briefly, after 

running PCR products on agarose gels (as described above), gels were placed 

inside the imaging chamber and the UV light was switched on after closing the lid 

of the imaging chamber.  Pictures were captured after setting up a suitable view 

using the preview function in the Kodak MI software, which is built into the imaging 

system. Camera aperture was set between 3.5 and 4.5 and size of view was set 

according to the size of the gel. 

 

 Behavioural and functional techniques 

 Fixing a metal plate on mice skull 

All surgical procedures were carried out under standard surgical sterilisation 

procedures. Briefly, surgical procedures were washed thoroughly with Teknon™ 

Biocleanse Disinfectant (Fisher Scientific; 12741885), wrapped with aluminium 

foils and autoclaved overnight. Mice were anaesthetised using IsoFlo 100% 

Isoflurane Inhalation Vapour (Zoetis; Vm 42058/4169) at 2 mg/ml oxygen flow 

using Compact Anaesthesia System (Vet-Tech Solutions Ltd, UK) (Serial no. 

NO.1363). Isoflurane/oxygen flow was adjusted accordingly afterward according to 

the state of the animal awareness. Shortly after Isoflurane inhalation, a drop of 

Viscotear liquid Gel (Alcon Laboratories, UK) was gently applied to each eye at a 

regular basis (every 30 minutes) to avoid corneal drying. Animals remained on a 

constant flow of isoflurane/oxygen at 1-2 mg/ml throughout the surgery. A small 

excision of the skin between the ears was made to expose the skull, and fibrous 

and muscular tissues underneath the skin were carefully removed with sterile 

cotton buds. Longitudinal grooves across the surface of the skull were made using 

a sterile razor blade. A small metal bolt (M1.0 x 2 SLOT CHEESE MACHINE 

SCREW DIN 84 A2 Stainless Steel) (Precision Technology Supplies; A840102), 

was fixed at the skull with a drill, then an L-shaped stainless-steel plate, made 

from a sheet of stainless steel mesh with 1mm thickness, 3mm round hole and 5 
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mm pitch (Mesh Company, UK) was glued with Histoacryl Tissue Adhesive (Blue) 

(Williams Medical; D568).  Glue left to air-dry for approximately 5 minutes before 

covering the exposed skull area with Simplex Rapid Powder and liquid dental 

cement (Kemdent; ISO 20795) according to the manufacturer’s instructions. 

Briefly, a small amount of powder and liquid was mixed until the reasonable 

consistency was achieved. Animals were left to recover from surgery at a recovery 

incubator set at 28°C for 1 hour or until resuming normal feeding and drinking. Eye 

tracking normally carried out at least 24 hours after surgery by attaching the metal 

plate to a frame as follows; animals were briefly anaesthetised using 

Isoflurane/oxygen flow as described above, and animals were fixed into a metal 

frame by attaching the metal plate into a clamp. Animals were allowed to settle 

into the frame for a few 2 to 5 minutes after gaining consciousness before eye 

tracking recordings were carried out. 

 

 Electroretinogram (ERG) 

Electroretinograms were recorded using Generation II Image-Guided ERG 

attachment to the Micron IV Retinal Imaging System (Phoenix Research Labs, 

California, USA). Mice were dark adapted for 1 hour at 25°C under Home Office 

regulation procedure guidance, then anaesthetised with 0.1% Ketamine and 

Xylazine via intraperitoneal (IP) injection at a rate of 0.1 ml per 10g weight, 

immediately after anaesthetic injection, a drop of 1% Tropicamide eye drop 

solution (Bausch and Lamb Laboratories, UK) was administered on the surface of 

the eye. 2 minutes after Tropicamide administration, a drop of 2.5% Phenylephrine 

hydrochloride eye drop solution (Bausch and Lamb Laboratories, UK) was 

administered to both eyes for pupil dilation. 5 minutes after Tropicamide and 

Phenylephrine hydrochloride administration, a drop of Viscotear liquid Gel (Alcon 

Laboratories, UK) was gently applied to each eye at a regular basis (every 30 

minutes) to avoid corneal drying. Mice were then prepared for ERG recordings as 

follows; mice were placed on a freely rotating support and three electrodes were 

attached, a ground electrode attached to the base of the tail, a reference electrode 

attached subcutaneously between the ears and a gold-tipped ring corneal 

electrode, which is attached to the Micron IV camera, was in contact with the 

cornea (Figure 2.1). ERGs were recorded by stimulation for 1 minute with white 

light flash (6.8 cd-s/m2) illuminated by the LED light component of the Generation 

II image-Guided ERG System. Light was illuminated in 2 sweeps of 1 milli-second 
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(ms), with 2-minute intervals in between. Response to light stimulus from the 

recordings was converted into numbers by the Micron IV software supplied with 

the Generation II image-Guided ERG System, recordings were stored then 

analysed with Microsoft Excel and GraphPad Prism7 packages.       

 

 

 

Figure 2.1 Phoenix Generation II Image-Giuded ERG system. 
Selected pictures of the Phoenix Generation II ERG system showing how the 
mouse was placed on a rotatory platform (top two pictures), and how electrodes 
were attached for ERG recordings (bottom two pictures). 
 

 Eye tracking 

Eye tracking was performed using EyeLink1000 eye tracking system (SR 

Research Ltd, UK). The Eyelink1000 system works by illuminating infra-red (IR) 

light into the eye at a constant rate of 1000 Hz and reflection of IR light was 

recorded with an IR camera supplied with the EyeLink 1000 eye tracker. Visual 

stimulation, controlled by software written in Experiment Builder software (SR 

Research Ltd, UK), was presented on two computer monitors place in a ‘V’ 

position in front of the mouse for binocular stimulation (Figure 2.2). A metal plate 

was fixed to the mouse skull to minimise head movements by attachment of the 

metal plate to a frame (as described in section 2.7.1). Briefly, animals were 

anaesthetised using constant Isoflurane/oxygen flow and the skull was exposed by 
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making a small excision between the ears. A metal was then glued into the skull 

and the remaining exposed area was covered with a dental cement. For motion 

stimulation, black and white gratings with medium-wide bars were moved at 5.3 

degree per second. One degree corresponds to 31 µm retinal distance in mice 

(Remtulla and Hallett, 1985). 

 

Control wild type, Frmd7.tm1a and Frmd7.tm1b mice (n=4 per group) were subjected 

to black and white grating in the following order: horizontal left, horizontal right, 

vertical left and vertical right with 1 minute per stimulus direction and 2-minute rest 

intervals between stimuli. Recordings were repeated depending on initial response 

to the motion stimuli in the first attempt of recording. The optokinetic reflex was 

quantified using RStudio software, for each stimulus direction the number, 

duration, start time and finish time and number of OKNs recorded were quantified 

and compared to that of the control mice to determine whether or not an 

optokinetic reflex was present. 

 

 

 

Figure 2.2 EyeLink 1000 Eye tracking system. 
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A picture of the eye tracking recording apparatus including the two computer 
monitors placed in a ‘V’ shape, in the middle of the two monitors, the frame where 
the hard plate attached to mouse skull is attached. The EyeLink1000 camera is 
shown at the bottom right of the picture. 
 
 

 Ocular Coherence Tomography (OCT) 

Tomograms from individual mice eyes were acquired using Envisu R2200 VHR 

SDOIS Mouse Imaging System (Bioptigen, USA). Mice were anaesthetised as 

described in section 2.7.2. Briefly, mice were anaesthetised with 0.1% Ketamine 

and Xylazine via intraperitoneal (IP) injection and shortly after, a drop of 1% 

Tropicamide eye drop solution was administered on the surface of the eye. 2 

minutes after Tropicamide administration, a drop of 2.5% Phenylephrine 

hydrochloride eye drop solution was administered to both eyes for pupil dilation. 5 

minutes after Tropicamide and Phenylephrine hydrochloride administration, a drop 

of Viscotear liquid Gel was gently applied to each eye at a regular basis to avoid 

corneal drying. Mice placed in a holding rotator so a single spot of light is shined 

into the centre of the eye (Figure 2.3). images were centred around the optic nerve 

and 1.4 mm scans were taken through 50 degrees, these comprised 100 B-scans, 

and each B-scan consisted of 1000 A-scans. Retinal images were then segmented 

using InVivoVue 2.4 Diver automated analysis software using 5x5 grid 

segmentation across the retina, each point of the grid segmented to the following 

layers: Inner Retinal Nerve Fiber Layer (RNFL), outer RNFL, outer Inner Plexiform 

Layer (IPL), outer Inner Nuclear Layer (INL), outer Outer Plexiform Layer (OPL), 

outer Outer Nuclear Layer (ONL), Inner Inner Segment Ellipsoid (IS), Outer ISE 

(OS), end tips (EPTRS) and Retinal Pigment Epithelial layer (RPE). The thickness 

of layers in Frmd7.tm1a and Frmd7.tm1b mice were compared to those of the wild 

type controls using Microsoft Excel and Prism7 software packages.  
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Figure 2.3 Envisu R2200 VHR SDOIS Mouse Imaging System for Optical 
Coherence Tomography (OCT). 

Selected picture of the Envisu R2200 OCT system showing how the mouse was 
placed on a rotatory platform and how the eye was orientated for imaging. 
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 Microscopy techniques 

 Confocal Microscopy 

Immunohistochemistry signals in wholemount retinas (section 2.5.3) were 

analysed using SP8 Confocal microscope (LEICA, Germany). Signals were 

assessed from 1024x1024 pixel z-stack images at 0.5 µm z steps taken with 63x 

glycerol or 40x oil immersion lens. Images were processed using Fiji software, for 

quantification of fluorescence intensity profile images were converted to 8-bit type 

then intensity threshold was measured in black and white. Values for the intensity 

of Frmd7.tm1a and Frmd7.tm1b mice were compared to those of the wild type controls 

using Microsoft Excel and Prism7 software packages. 

 

 Fluorescence microscopy 

Immunohistochemistry signals in retinal frozen sections (section 2.5.2) were 

analysed using LEICA DM4B fluorescent microscope (LEICA, Germany) equipped 

with LEICA DFC 700T camera. Fluorescent images were taken after setting the 

appropriate values for exposure and gain of the fluorescent light using a control 

sample stained only with the secondary antibodies. Images were taken using 

Lieca LAS X software and the required analysis was carried out by using Fiji 

software. For example; ChAT-positive cells were counted manually using Fiji 

software by dividing the number of cells in both the Ganglion Cell Layer (GCL) and 

Inner Nuclear Layer (INL) by the length of the corresponding layer. For quantifying 

the Intensity of fluorescence in anti-ChAT labelled starburst amacrine cells and 

their processes, and the different synaptic markers, images were converted to 8-

bit type then intensity threshold was measured in black and white. Values for the 

intensity of Frmd7.tm1a and Frmd7.tm1b mice were compared to those of the wild 

type controls using Microsoft Excel and Prism7 software packages. 

 

 Light microscopy 

Immunohistochemistry signals of DAB-stained sections (section 2.5.4) and X-gal 

stained sections (section 2.5.7) were analysed using the OLYMPUS BX51 

microscope equipped with ‘.Slide’ OLYMPUS Soft Imaging Solutions GmbH 

camera (OLYMPUS, Japan). The microscope system was equilibrated by running 
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the “Equilibration Function” first. Images were then taken by scanning a slide then 

specifying a section to be pictured. The OLYMPUS BX51 microscope works by 

taking multiple high-resolution pictures per area specified so the number of areas 

pictured was set up manually depending on the size and image quality required.  

Slides were scanned and imaged with either 40x or 63x oil immersion lens, images 

were then analysed with Fiji and Photoshop software packages.  
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3 Generation of Frmd7.tm1b allele from Frmd7.tm1a 
reporter and conditional allele 
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 Introduction 

The International Knockout Mouse Consortium (IKMC) is an international project 

that aims to generate mutations for almost every protein-coding gene in the mouse 

genome in a cooperative and concerted worldwide effort (Bradley et al, 2012; 

Skarnes et al, 2011). The European Conditional Mouse Mutagenesis Program 

(EUCOMM), Knockout Mouse Project (KOMP), North American Conditional Mouse 

Mutagenesis Project (NorCOMM), and the Texas A&M Institute for Genomic 

Medicine (TIGM) were the founding programs of the IKMC. Among a number of 

mutagenesis strategies followed in the EUCOMM/KOMP resource, there is an 

allele design known as “knockout-first”, from which a conditional and/or a reporter 

allele can be established following exposure to a site-specific recombinase 

(Bradley et al., 2012a; Skarnes et al., 2011) 

 

Embryonic Stem (ES) cells represent an excellent model to study development. 

ES cells harbouring a conditional allele have proven to be a very useful tool in 

studying gene function in stem cell self-renewal, embryonic development and 

differentiation (Haupt et al., 2007). The site-specific recombinase Cre has been 

used to introduce genetic alteration in a variety of ways by site-specific 

recombination of previously integrated LoxP sites, which is a sequence of 34 base 

pairs that can be recognised by Cre recombinase and any sequence flanked by 

two LoxP sites can be recombined. This phenomenon can be used in a variety of 

ways such as deleting a sequence of a gene or a promoter (knockout) or 

introducing a sequence of DNA, for example, enhancers (knock in) (Haupt et al., 

2007). Therefore, it was feasible to generate the Frmd7 reporter/conditional mouse 

strain using the EUCOMM/KOMP resource by microinjection of targeted ES cells 

into blastocysts to generate germline chimera. Chimeric males carrying the Frmd7 

EUCOMM/KOMP targeted allele were purchased from the Sanger institute (UK), 

backcrossed to C57Bl6/J mice and pups carrying the Frmd7 EUCOMM/KOMP 

targeted allele were used to establish a homozygous colony of Frmd7.tm1a mice. 

Mice were maintained and bred by the Biomedical Research Facility in the Medical 

Faculty at the University Hospital Southampton staff. 

 

The critical exon (exon 4) in the Frmd7.tm1a mice has been flanked by two LoxP 

sites, which can be recognised by Cre recombinase enzyme and sequences 

between the LoxP sites are recombined. Hence crossing the Frmd7.tm1a mice to 
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Cre expressing mice would result in deletion of exon 4 and generation of 

Frmd7.tm1b reporter allele. Total RNA of the Frmd7.tm1b allele should in theory 

results in a truncated transcript containing exons 1 to 3 fused to the EUCOMM 

LacZ-fussed targeting cassette. The aims of this chapter were to generate an 

Frmd7.tm1b recombined strain using Cre recombinase activity and examine the 

difference between the Frmd7.tm1a and Frmd7.tm1b mRNA transcripts upon the 

deletion of the critical exon (exon 4). 
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 Methods  

 Animals 

All animals were bred and sacrificed in accordance with the Home Office laws on 

research using animals set out in the Animals Scientific Procedures Act 1986 

(ASPA). The sample size of each study presented in this chapter (number of 

animals, n=) was between 3 to 5 animals in order to calculate statistical 

significance of data. The sample size of each study presented in this chapter 

(number of animal, n=) was between 3 to 5 animals in order to calculate statistical 

significance of data. ES cells containing the Frmd7.tm1a targeted allele generated 

by the European Mouse Mutagenesis Programme and the Knockout Mouse 

Project (EUCOMM/KOMP) resource were targeted in the Sanger Institute, UK. 

The targeting vector contains an internal ribosomal entry site (IRES)-derived LacZ 

reporter gene which was flanked by two FRT site-specific recombination sites. 

Also, two LoxP sites integrated either side of exon 4, the critical exon, in the 

Frmd7.tm1a targeted allele. The IRES allows for translation initiation in the middle of 

a messenger RNA (mRNA) sequence without the need for a start codon (Pelletier 

and Sonenberg, 1988). The LacZ reporter gene in the Frmd7 EUCOMM/KOMP 

targeting cassette is flanked by two FRT sites, which can be recognised by the 

FLP recombinase enzyme (FLP), and the segment between the FRT sites can 

potentially be excised by the actions of FLP recombinase. Additionally, the Frmd7 

conditional allele can also generate a Frmd7 null allele (Frmd7.tm1b) by Cre 

recombination.  

 

The PBJ-2, Cre Tg+/- mice were originally generated by Schwenk et al. and 

colleagues at the Institute of Genetics, University of Cologne, Germany, and then 

acquired and rederived by Dr Bhav Sheth, University of Southampton. The PBJ-2 

Cre (PBJ-2, Cre Tg+/-) carries a DNA fragment containing the Cre recombinase 

expressed under the transcriptional control of human cytomegalovirus promoter 

(Schwenk et al., 1995), which was injected into pronuclei of fertilized eggs to 

generate chimeric mice carry the Cre transgene. The transgene had been 

modified by adding a nuclear localisation signal (Gu et al., 2013) and the human 

growth hormone gene (hGH) providing splicing and polyadenylation signals 

(Chaffin et al., 1990). The transgene was expressed in the oocytes of the female 

parent and thus Cre recombinase was expressed in the whole embryo (Hayashi et 
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al., 2003). Male mice hemizygous for the Frmd7.tm1a allele were crossed to females 

homozygous for the Cre transgene (Cre Tg+/+) by staff at the Biomedical Research 

Facility, The University of Southampton, for a minimum of two generations.  

 

 Polymerase chain reaction (PCR) 

Ear biopsies from Frmd7.tm1a, Frmd7.tm1b and wild type littermate mice were 

digested and PCR genotyped as described in section 2.6.2.  

 

 Quantitative reverse transcriptase (RT-PCR) 

Total RNA was isolated from Frmd7.tm1a, Frmd7.tm1b and wild type littermate retinas 

as described in section 2.3. cDNA was reverse transcribed from total RNA and 

quantitative reverse transcriptase PCR (RT-PCR) analysis were carried out as 

described in section 2.6.3.  
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 Results 

 PCR confirmation of the presence of Frmd7 EUCOMM/KOMP targeting 

cassette in the Frmd7.tm1a mice 

In order to confirm the presence of the Frmd7 EUCOMM/KOMP targeting cassette 

in the Frmd7.tm1a mice that were generated by the EUCOMM/KOMP resource (see 

Appendix I, sections 8.1 and 8.2), crude DNA was extracted from ear biopsies and 

the presence of the targeting cassette was successfully detected by genotyping 

PCR (Figure 3.1). This confirms the colony established, as expected, was truly an 

Frmd7.tm1a mouse strain. The Frmd7 EUCOMM/KOMP targeting vector contains a 

LacZ and neomycin resistance selection cassette upstream of the Frmd7 critical 

exon, the LacZ gene and the neomycin selection cassette are flanked by two FRT 

sites. Two LoxP sites lie either side of the Frmd7 critical exon (exon 4) (Figure 3.1 
A).  The Frmd7.tm1a targeted allele was detected by a set of primers that amplified 

outside the LoxP sites flanking the Frmd7 critical exon (Floxed PNF and Floxed 

LR, Figure 3.1 B).  
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Figure 3.1 Schematic diagram showing the Frmd7.tm1a targeted allele by PCR 

verification. 
(A) The Frmd7.tm1a EUCOMM/KOMP targeted allele contains a LacZ reporter gene 
(blue boxes) and neomycin resistance selection cassette (yellow boxes) upstream 
of the Frmd7 critical exon (grey boxes) on the 5’ targeting arm (grey). (B) PCR 
genotyping of a progeny from hemizygous Frmd7.tm1a male offspring (n=5). The 
primers (black arrows) amplified ~850 bp product, representing the Frmd7.tm1a 

targeted allele.  
 
 
 

 Generating Frmd7.tm1b mice from Frmd7.tm1a mice via Cre 

recombination strategy 

In order to generate the Frmd7.tm1b mice from the Frmd7.tm1a by exploiting the 

actions of Cre recombinase to delete the critical exon (exon 4) as explained in 

section 3.2.1, Frmd7.tm1 mice were crossed to a Cre expressing mice following a 

carefully planned breeding strategy (see Appendix II, section 8.3). In order to 

confirm the presence of the Frmd7.tm1b allele, crude DNA was extracted from ear 

biopsies and the presence of the deleted allele was confirmed by genotyping PCR 

(Figure 3.2). As mentioned previously, the Frmd7.tm1a construct contains a LacZ 

and neomycin resistance selection cassette upstream of the Frmd7 critical exon 
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(exon 4), which is also flanked by two LoxP sites (Figure 3.2 A). The Frmd7.tm1b 

targeted allele was detected by a set of primers that amplified within the LacZ 

reporter gene and the LoxP site in the in the 3’ intronic region of the Frmd7 critical 

exon (Tm1b_prom_F and Floxed LR, Figure 3.2 B). 
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Figure 3.2 Schematic diagram showing the Frmd7.tm1b targeted allele by PCR 

verification. 
(A) The Frmd7.tm1a EUCOMM/KOMP targeted allele contains a LacZ reporter 
sequence (blue boxes) and neomycin resistance selection cassette (yellow boxes) 
upstream of the Frmd7 critical exon (grey boxes) on the 5’ targeting arm (grey). (B) 
PCR genotyping of a progeny from homozygous Frmd7tm1b female offspring. The 
primers (black arrows) amplified ~380 bp product, representing the Frmd7.tm1b 

deletion allele.  
 
 
 

 Identification of Frmd7 variants in wild type, Frmd7.tm1a and Frmd7.tm1b 

mice via reverse transcriptase PCR (RT-PCR) 

The lack of a good quality total RNA possibly led to the presence of unexpected 

bands pattern as was seen in Appendix I, Figure 8.4. In order to examine the 

variability of mRNA transcript in Frmd7.tm1a and Frmd7.tm1b mice in comparison to 

that of the wild type after optimisation of the RNA extraction protocol (see section 

2.3), total RNA extracted from wild type, Frmd7.tm1a and Frmd7.tm1b retinas was 

reverse transcribed and cDNA was amplified with RT-PCR using primer 

combinations to amplify across different exons (Figure 3.3 A). RT-PCR analysis 

suggests, as expected, that the Frmd7.tm1b mice provides a more robust knockout 

model for Frmd7 than Frmd7.tm1a mice. 
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The P1 primers combination amplifies across exons 2 and 3 and an RT-PCR 

product is expected in the wild type, Frmd7.tm1a and Frmd7.tm1b transcripts, which 

was seen when the RT-PCR products were visualised on an agarose gel (Figure 

3.3 B). P2 amplifies across exons 3 and 4. Exon 4 is the critical exon which was 

deleted in the Frmd7.tm1b mice (see section 3.3.2). the results show no RT-PCR 

product in the Frmd7.tm1b transcript due to the deletion of exon 4, where the 

reverse primer amplifies. This agrees with the expected result that deletion of the 

critical exon (exon 4) would result in a more reliable Frmd7 knockout model than 

the Frmd7.tm1a mice, where the presence of (low levels of) wild type transcript has 

been reported (Yonehara et al., 2016). Different size RT-PCR products were 

expected for P3 and P4 depending on whether the mRNA transcript is full like in 

the wild type mice, or truncated as expected in the Frmd7.tm1a and Frmd7.tm1b mice. 

the results show multiple RT-PCR bands when amplifying with both primer 

combinations (P3 and P4) for all groups, suggesting a low quality of total RNA that 

might attract non-specific binding of the primers.   

 

Primer combinations P5, P6 and P7 amplifies across the En2 and LacZ-driven 

targeting cassette as shown in Figure 3.3 A. Different size product was seen in 

both Frmd7.tm1a and Frmd7.tm1b transcripts than the one seen in the wild type when 

amplifying with P5. However, a product can still be seen in the wild type transcript 

where it shouldn’t, suggesting non-specific binding of the primers. However, RT-

PCR products were only seen in the Frmd7.tm1a and Frmd7.tm1b transcripts when 

amplifying with P7 (Figure 3.3 B), no product seen in the wild type transcript. This 

agrees with the expected result since the En2 and LacZ-driven targeting cassette 

only present in the Frmd7.tm1a and Frmd7.tm1b transcripts. 
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Figure 3.3 Schematic diagram showing the different Frmd7 mRNA transcript 
variants in wild type, Frmd7.tm1a and Frmd7.tm1b mice. 

(A) Schematic representation of the predicted mRNAs in wild type, Frmd7.tm1a and 
Frmd7.tm1b mice (n=3 each), with primer combinations (P1-P7) amplifying across 
the mRNA transcript. Numbers represents corresponding exons (1-12), En2 and 
IRES-LacZ are part of the LacZ-tagged targeting cassette used to generate the 
Frmd7.tm1a allele. (B) Agarose gel electrophoresis of RT-PCR products in wild type, 
Frmd7.tm1a and Frmd7.tm1b male mice with predicted band sizes with the different 
combination of primers used in RT-PCR. (C) Relative mRNA expression levels for 
wild type, Frmd7.tm1a, Frmd7.tm1b and wild type male mice with different 
combination of primers (P1-P7). Error bars = +SEM, significance of p values 
calculated using a non-parametric t-test. 
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 Discussion 

The Frmd7.tm1a targeted allele is the first reporter and conditional allele for the 

Frmd7 gene. Expression sites of the human and murine Frmd7 gene have been 

described in various reports in the literature and a combination of in vivo and in 

vitro functional studies have been previously reported (Betts-Henderson et al., 

2010; Pu et al., 2013; Tarpey et al., 2006; Thomas et al., 2014b; Watkins et al., 

2013; Yonehara et al., 2016). The methods used to characterise Frmd7 

expression sites were limited to analysis such as immunohistochemistry using 

antibodies against the Frmd7 protein and wholemount in situ hybridization (WISH) 

using mRNA probes. Current expression analysis of Frmd7 are contradicting for 

various reasons such as the lack of a reliable antibody against the murine Frmd7 

protein, whereas the sensitivity of mRNA probes used for WISH can be low. One 

of the aims of this thesis is to generate a reliable Frmd7 knockout mouse to further 

characterise Frmd7 expression patterns and function, hence the objective of this 

chapter was to generate Frmd7.tm1b mice by Cre recombinase activity to delete the 

critical exon (exon 4) in the Frmd7.tm1a mice and examine the validity of this allele 

as a reliable knockout model of Frmd7 at the molecular level. This is an important 

step to ensure the reliability of such a model for future characterisation studies. 

 

As detailed in Chapter 1, the presence of LoxP sites flanking the critical exon 

(exon 4) in the Frmd7.tm1a mice, as part of the EUCOMM/KOMP vector design, 

enables the generation of Frmd7 null allele (Frmd7.tm1b). The results of this chapter 

confirmed the generation of the Frmd7.tm1b allele by deleting exon 4 in the 

Frmd7.tm1a allele using the action of Cre recombinase (Figure 3.2) following a 

breeding strategy (as shown in Appendix I Figure 8.3). Careful planning of the 

breeding strategy needed since both EUCOMM/KOMP Frmd7 and PBJ-2 Cre 

transgenes were in the X-chromosome (Schwenk et al., 1995; Tarpey et al., 2006). 

Deleting exon 4 is expected to result in a non-function truncated protein according 

to the EUCOMM/KOMP “knockout first” targeting strategy since exon 4 was 

selected by genome browsers predictions that result in a disrupted protein product 

(Skarnes et al., 2011). 

 

The results of this chapter also show a comparison between the level of mRNA 

expressed in wild type, Frmd7.tm1a and Frmd7.tm1b mice (Figure 3.3 and also 

Appendix I, Figure 8.4), which provided an indication of the amount of predicted 



Chapter 3 Generation of Frmd7.tm1b allele from Frmd7.tm1a reporter and conditional allele 

90 

mRNA transcript levels produced in the Frmd7.tm1a and Frmd7.tm1b mice compared 

to the wild type. Amplifying cDNA from the different transcripts using the 

combination of primers used in the RT-PCR suggest that the Frmd7.tm1b model is a 

more reliable model of Frmd7 knockout than the Frmd7.tm1a at the transcript level. 

The Frmd7.tm1a allele has been reported to contain (low levels) of wild type 

transcript due to alternative splicing of the Frmd7 gene (Yonehara et al., 2016). 

Three possible combinations of transcript in the Frmd7.tm1a allele. First, a wild type 

transcript. Second, a truncated transcript that includes exons 1 to 3 and fused to 

the En2 and IRES-LacZ gene in the transgene, which results in a non-functional 

protein. And third, a transcript that includes exons 1-3 and exon 5, missing the 

LacZ-tagged reporter cassette and exon 4, which is also predicted to produce a 

non-functional protein. 

 

Total RNA levels between wild type, Frmd7.tm1a and Frmd7.tm1b mice, as expected, 

were comparable when amplifying across exons 2 and 3 (P1) (Figure 3.3 A and 

Appendix I Figure 8.4 A). When amplifying across exons 3 and 4 (P2), a product 

(~ 230bp) is expected in the wild type and, to a less extent, in the Frmd7.tm1a 

transcript (Figure 3.3 B and Appendix I Figure 8.4 B). The presence of (low levels 

of) wild type transcript in the Frmd7.tm1a mice can be explained by the primers in P2 

were recognising a sequence, perhaps in 3’ region of the Frmd7 EUCOMM/COMP 

targeting cassette and amplifying it. Total RNA from Frmd7.tm1a mice contained 

approximately 10% wild type and 90% truncated transcript, which contains exons 

1 to 3 and fused to the En2 and IRES-LacZ (Figure 3.3 C). This was slightly 

different than the 28% wild type to 72% truncated transcript ratio previously 

reported in the Frmd7.tm1a transcript (Yonehara et al., 2016), suggesting variable 

rate of the alternative splice variant production. Total RNA was extracted from 

three different animals per group, perhaps increasing the number of animals per 

experiment might result in a different rate of the alternative splice variant 

production. No RT-PCR product was expected when amplifying cDNA from 

Frmd7.tm1b mice due to the deletion of the critical exon (exon 4), where the reverse 

primer is amplifying. This was not the case in Appendix I Figure 8.4 B, where a 

band similar in size to that of the wild type (123 bp) was present in the Frmd7.tm1b 

transcript. This is likely to be due to the quality of the total RNA extracted. This 

was proved when the total RNA extraction method was optimised by using RNA 

capture columns (see section 2.3), as the 123bp band had disappeared (Figure 
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3.3 B) and the Frmd7.tm1b transcript, as expected, show no product. This can be 

explained by the deletion of exon 4 where the reverse primer of P2 amplifies.   

 

P3 and P4 primer combinations amplify across exons 3 and 5 and exons 2 and 5 

respectively. Exon 4 is expected to be completely deleted in Frmd7.tm1b transcript. 

In addition, both Frmd7.tm1a and Frmd7.tm1b transcripts are expected to be 

truncated, with only exons 1 to 3 fused to the Frmd7 EUCOMM/COMP targeting 

cassette due to the stop codon introduced at the end of the targeting cassette. 

Both P3 and P4 RT-PCR show a higher relative mRNA expression in the wild type 

mice than that of both Frmd7.tm1a and Frmd7.tm1b (Figure 3.3 C and Appendix I 

Figure 8.4 C), although the predicted RT-PCR products (184bp for P3 and 284bp 

for P4) were not clearly seen. This can be due to low total RNA purity as a result of 

Trizol contamination. A noticeable improvement in the RT-PCR product was seen 

after optimising the total RNA extraction method, with a lower relative mRNA 

expression in Frmd7.tm1a and Frmd7.tm1b mice than that of the wild type in both P3 

and P4 was seen (Figure 3.3 C). This agrees with the expected result since, as 

mentioned previously, transcript from Frmd7.tm1a and Frmd7.tm1b mice predicted to 

be truncated, containing exons 1, 2 and 3 fused to the Frmd7 EUCOMM/COMP 

targeting cassette without exon 5 where the reverse primer for P3 and P4 

amplifies. RT-PCR products of the wild type transcript show the predicted bands 

(Figure 3.3 B), whereas the products of Frmd7.tm1a and Frmd7.tm1b transcripts were 

expected to be smaller than those of the wild type, however, the opposite was 

observed, both products were bigger than the wild type. This can be due to 

unspecific binding of primers to the 3’ region of the Frmd7 EUCOMM/COMP 

targeting cassette. 

 

P5 primer combination amplifies across exon 3 and the start of the Frmd7 

EUCOMM/KOMP targeting cassette, whereas P7 amplifies within the LacZ 

reporter gene in the targeting cassette. Only Frmd7.tm1a and Frmd7.tm1b transcripts 

show a product when amplifying with P7 primer combination (Figure 3.3 B and 

Appendix I Figure 8.4 B), the band appears in the wild type transcript when 

amplifying with P5 primer could be a PCR artefact, the level of relative mRNA for 

the exact same sample confirms that (Figure 3.3 C and Appendix I Figure 8.4 C).  
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 In conclusion, the objective of this chapter was to examine the feasibility of 

generating Frmd7.tm1b allele from Frmd7.tm1a allele and the results in this chapter 

showed this objective was successfully achieved. Differences at the mRNA 

transcript level exist between Frmd7.tm1a and Frmd7.tm1b alleles which must be 

appreciated. This is because Frmd7.tm1b allele is missing the critical exon (exon 4), 

and based on selected construct designs chosen by genome browsers that cause 

disruption of at least 50% of the protein structure (Skarnes et al., 2011), the 

Frmd7.tm1b mice would therefore represent a pure Frmd7 knockout mouse model 

that can be a reliable model for subsequent gene expression and characterisation 

studies of Frmd7. 
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4 Immunohistochemical characterisation of the 
Frmd7 gene 
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 Introduction 

FERM domain containing 7 (FRMD7) protein contains a conserved N terminal 

domain with type 4.1 (four point one) ezrin, radixin and moesin (FERM) and a 

middle domain called ‘adjacent’ domain, followed by a unique C terminal domain 

that shows little homology to any other protein (Tarpey et al., 2006). The structure 

and organization of the FERM domain determine the interaction of FRMD7 protein 

with the cell membrane and is believed to dictate its function in modulating actin 

cytoskeleton dynamics (Pu et al., 2013; Smith et al., 2003; Watkins et al., 2013). 

FRMD7 gene expression patterns are restricted mainly to the brain in human and 

to the starburst amacrine cells in the murine retina (Tarpey et al., 2006; Yonehara 

et al., 2016). However, several other sites of expression have been reported in the 

literature, for example, in situ hybridization analysis revealed that FRMD7 mRNA 

is spatially and temporally regulated in the human brain, in particular, the 

ventricular, intermediate and cortical plate of the cerebral cortex (Betts-Henderson 

et al., 2010). Similar mRNA expression sites have been detected in the mouse 

embryonic tissues, in addition, Frmd7 mRNA expression in the murine 

hippocampus, cerebellum, cortex, olfactory bulb and the eye has been reported 

(Betts-Henderson et al., 2010; Pu et al., 2011; Tarpey et al., 2006). Another report 

by Thomas et al. and colleagues showed that FRMD7 mRNA is seen in the 

developing neural retina of human embryonic tissues (Thomas et al., 2014b). 

Although reports of FRMD7 expression in the liver, kidney, pancreas, heart and 

brain of fetal and adult human embryonic tissue have been made, expression in 

brain and neural retina found to be more consistent, for example; sites of FRMD7 

mRNA expression were found in specific neural substrate areas, such as the 

afferent and efferent arms of the vestibule-ocular and optokinetic reflex, areas of 

the brain known to control eye movement (Thomas et al., 2011a). 

 

Current methods for determining sites of Frmd7 expression such as whole embryo 

in situ hybridisation (WISH) or sectioning and staining tissue for histology. A much 

simpler and easier system would be to exploit the LacZ system (Kothary et al., 

1989). The LacZ gene encodes for b-galactosidase, an enzyme that breaks down 

X-gal (5-bromo-4-chloro-indolyl-β-D-galactopyranoside) resulting in a blue by-

product. In this case, by placing LacZ downstream of the Frmd7 promoter, the blue 

colour formation would indicate sites of Frmd7 expression. 
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 At the start of this PhD project, no known reporter or conditional allele for Frmd7 

has been generated and analysed previously. However, midway through the 

project Yonehara et al. and colleagues published a detailed Frmd7 expression 

analysis using the Frmd7.tm1a mouse model (Yonehara et al., 2016), which was 

generated as a part of the EUCOMM/KOMP resource. The aim of this chapter was 

to further investigate Frmd7 expression sites using the same EUCOMM/KOMP 

Frmd7 targeted allele, using X-gal staining and immunohistochemistry as tools to 

validate current existing data on Frmd7 expression patterns. As mentioned above, 

current in vivo tools to study FRMD7 expression patterns are limited to WISH 

studies of human embryonic post-mortem tissue and immunohistochemistry 

analysis using anti-murine Frmd7 antibody generated by Yonehara et al. One of 

the benefits of having the Frmd7 reporter and conditional mice is that expression 

patterns can be studied by different methods, for example; X-gal staining as well 

as antibody staining. Also, using such a model, functional studies like 

electrophysiology and other ocular functional assays, like eye tracking, Ocular 

coherence Tomography and Eye tracking can also be performed to further 

investigate Frmd7 function. 

 

In summary, a combination of molecular biology techniques such as western 

blotting, as well as immunohistochemistry analysis using antibodies against the 

human and mouse proteins, FRMD7 and Frmd7 respectively, will be used to 

further characterise Frmd7 protein expression patterns in Frmd7.tm1a and 

Frmd7.tm1b mice. In addition, Frmd7 expression patterns will be studied using X-gal 

staining as an alternative method to antibody staining, to further investigate the 

advantages of using the Frmd7.tm1a mouse model as a reporter model for Frmd7 

expression. 
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 Methods 

 Animals 

The Frmd7.tm1a and Frmd7.tm1b mice (described in section 3.2.1) and C57/BL6 wild 

type mice (Harwell, UK) were bred and sacrificed in accordance with the Home 

Office laws on research using animals set out in the Animals Scientific Procedures 

Act 1986 (ASPA). The sample size of each study presented in this chapter 

(number of animals, n=) was between 3 to 5 animals in order to calculate statistical 

significance of data. 

 

 Western blotting 

Protein lysate was made from brains and retinas of Frmd7.tm1a, Frmd7.tm1b and 

C57/BL6 neonatal (P3) and adult (10 weeks) mice after animals were 

anaesthetised and perfused with 0.9% NaCl. Western blots were then carried out 

as described in section 2.6.1. 

 

 Immunohistochemistry  

Immunohistochemistry was performed using frozen retinal sections (see section 

2.5.2) from neonatal (P8-9) and adult mice after animals were anaesthetised and 

perfuse fixed with 0.9% NaCl+ 4% PFA. Three different immunohistochemistry 

methods were used; immunofluorescence staining, DAB staining and X-gal 

staining. 

 

4.2.3.1 Immunofluorescence 

Wholemount retina and frozen retinal sections (see sections 2.5.3 and 2.5.2 

respectively) were stained for immunofluorescent staining with a combination of 

antibodies (see section 2.5.5). 

 

4.2.3.2 DAB staining 

Frozen retinal sections (see section) stained for DAB staining with antibodies 

against the human and murine Frmd7 and b-galactosidase proteins as described 

in section 2.5.4. 
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4.2.3.3 X-gal staining 

Wholemount mouse embryos at different developmental stages were dissected 

and processed for paraffin embedding (see section 2.5.1) and were stained for X-

gal staining as described in section 2.5.7. 
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 Results 

 Evaluation of Frmd7 protein levels using Frmd7 conditional and 

reporter mice. 

In order to examine Frmd7 protein levels in the Frmd7.tm1a mice, protein 

abundance in a protein lysate from brains and retinas of mice at different 

developmental stages was assessed by western blotting. 

 

4.3.1.1 Validating western blotting methodology  

In order to assess western blotting method reliability including checking solutions 

and incubation conditions, such as time, temperature and antibodies 

concentration, a protein lysate was isolated and quantified from C57/BL6 wild type 

brains from three main regions: cerebellum, cortex and basal forebrain. 

Expression of Frmd7 protein had previously been reported in neonatal mouse 

brain tissue (Betts-Henderson et al., 2010). Lysates were denatured and western 

blots were developed using mouse polyclonal antibodies against b-actin (Figure 

4.1), which is conjugated to Keyhole Limped Hemocyanin (KLH) as a protein 

carrier. All other conditions of western blotting were followed as described in 

section 2.6.1. Western blots showed the expected protein band of 42 KD which 

indicates b-actin expression in wild type brain samples. This suggests that the 

blotting method was reliable and robust. 
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Figure 4.1 Examining reliability of western blotting methodology. 
Western blot analysis of neonatal (P3) C57/BL6 male wild type brain tissues 
isolated from cerebellum (n=2), cortex (n=2) and basal forebrain (n=1). Western 
blot developed against b-actin using polyclonal antibodies made in mouse 
(1:25000) and conjugated to KLH. Expected band size is 42 KD. All gels run in the 
same experimental conditions (see section 2.6.1). The nitrocellulose membrane 
was exposed for chemiluminescence for 240 seconds. 
 

 

4.3.1.2 Evaluation of Frmd7 protein levels in wild type C57/BL6 mice by 
western blotting using anti-human FRMD7 antibody 

Prior to generation of Frmd7.tm1b mice by Cre excision of the critical exon (exon 4) 

in the Frmd7.tm1a allele (described in Chapter 3), the abundance of Frmd7 protein 

in Frmd7.tm1a mice was compared to that of the wild type mice. 

 

The predicted size of the Frmd7 protein is 82 KD (Ensembl gene ID: 

ENSMUSG00000036131). In order to examine Frmd7 protein levels in wild type 

C57/BL6 wild type mice, western blot analysis was carried out with commercially 

available polyclonal antibodies against the human FRMD7 protein (Abcam; Ab 

129246) (Figure 4.2). The results show no clear indication of mouse Frmd7 protein 

levels in C57/BL6 wild type mice. Different protein concentrations ranging from 20 

µg to 100 µg showed multiple protein bands when blotted on a nitrocellulose 

membrane. The presence of multiple bands in the blot suggests non-specific 

binding of the anti-human FRMD7 antibodies to the brain tissue from wild type 

mice. Different optimisation steps were performed to examine the reliability of the 

anti-human FRMD7 antibodies, the Abcam antibody described in this section and 

another commercially available antibody produced by Sigma-Aldrich, however, no 
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clear clear Frmd7 protein expression in murine tissue was seen (see Appendix II 

sections 8.6 to 8.6.4). 

 

 

 

Figure 4.2 Western blot analysis of Frmd7 protein level in C57Bl6 wild type 
mice. 

Western blot analysis of a protein lysate extracted from neonatal (P3) C57Bl6 
male wild type brains (n=3). Protein lysate blotted with anti-Frmd7 antibodies 
raised against human FRMD7 (Abcam; Ab 129246. 1:400). Panels show different 
protein concentration loaded, ranging from 20-100 µg. The expected band is 82 
KD. Antibodies against b-actin used as a control. All gels run in the same 
experimental conditions (see section 2.6.1). The nitrocellulose membrane was 
exposed for chemiluminescence for 240 seconds. 
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4.3.1.3 Evaluation of Frmd7 protein levels in Frmd7.tm1a, Frmd7.tm1b and wild 
type mice using antibodies against the murine Frmd7 protein. 

As mentioned previously, the only commercially available antibodies against 

FRMD7 were raised against the human protein (see Appendix II section 8.6). 

However, Yonehara et al. and colleagues developed an antibody against a 16-

amino acid C-terminal domain of the murine Frmd7 protein (Yonehara et al., 

2016). Expression patterns of Frmd7 were studied in more details using that 

antibody and showed that it was not only restricted to neonatal stages of 

development, expression was also maintained throughout adulthood. Hence, in 

order to examine Frmd7 protein levels in adult Frmd7.tm1a and wild type mice, a 

protein lysate of brains and retinas was blotted with an antibody raised against the 

same 16-amino acid C-terminal domain of the murine Frmd7 (Figure 4.3). 

Unfortunately, the published antibody was not commercially available and had to 

be ordered to be raised by the same manufacturer (Eurogentec, Belgium). The 

result shows no clear indication of Frmd7 expression in the mouse brain or retina. 

This suggests this particular antibody is not specific enough to detect Frmd7 

protein levels by western blotting, and perhaps more optimisation steps were 

needed (see Appendix II sections 8.6.5 and 8.6.6). 
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Figure 4.3 Examining Frmd7 protein levels in Frmd7.tm1a and wild type mice 
using antibodies against mouse Frmd7. 

Western blot analysis of a protein lysate extracted from adult (10 weeks) brains 
and retinas of Frmd7.tm1a and wild type littermate males (n=3). Lysate plotted with 
antibodies against the murine Frmd7 (Custom raised, see section 2.6.1). The 
expected 82 KD Frmd7 protein band cannot be clearly seen. All gels run in the 
same experimental conditions (see section 2.6.1). The nitrocellulose membrane 
exposed to chemiluminescence for 60 seconds 
 

 

4.3.1.4 Evaluation of Frmd7 protein levels in Frmd7.tm1a mice using 

antibodies against b-galactosidase protein. 

The LacZ gene codes for the b-galactosidase protein and it is driven by the Frmd7 

promoter in the Frmd7.tm1a mice. In order to have an insight into the levels of 

Frmd7 protein in wild type mice, a protein lysate from Frmd7.tm1a and wild type 

mice was blotted with antibodies against the b-galactosidase protein (Figure 4.4). 

The expected band size of the b-galactosidase protein is 116 KD. The results 
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show multiple bands on western blot, which suggests non-specific binding of the 

antibody to proteins other than b-galactosidase. Further optimisation steps were 

performed such as resolving bigger size proteins further as described in Appendix 

II section 8.6.6. 

 

 

 

Figure 4.4 Examining b-galactosidase protein levels in Frmd7.tm1a mice. 
Western blotting analysis of a protein lysate extracted from adult (10 weeks) brains 
and retinas of Frmd7.tm1a and wild type littermate males (n=3). The lysate blotted 
with antibodies against the bacterial b-galactosidase protein (Abcam; Ab4781, 
1:500). The expected band size of the b-galactosidase protein is 116 KD. The 
proteins were resolved on 12% acrylamide gel, all gels run in the same 
experimental conditions (see section 2.6.1). The nitrocellulose membrane exposed 
for chemiluminescence for 60 seconds. 
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 A time course study of the Frmd7 promoter-driven LacZ expression in 

the developing mouse 

A time course study of Frmd7-driven LacZ expression was performed on 

Frmd7.tm1a embryos at different developmental stages. 

 

4.3.2.1 Frmd7 promoter-driven LacZ expression during different stage of the 
mouse embryonic development 

As mentioned previously, functional β-galactosidase would indicate sites of Frmd7 

expression since LacZ expression was driven by the Frmd7 promoter. In order to 

evaluate whole embryo detection of functional β-galactosidase (encoded by LacZ) 

by X-gal staining, Frmd7.tm1a embryos were collected at embryonic day 11.5 

(E11.5) and stained with X-gal (Figure 4.5). Blue precipitant indicates LacZ 

expression, Nuclear Fast Red was used as a nuclear counterstain. The results 

show LacZ expression in the optic stalk precursor. Frmd7 expression at E11.5 of 

mouse embryonic development has not previously been reported in the literature. 

However, in situ hybridization studies of human embryonic and fetal stages 

revealed FRMD7 expression in the developing optic stalk and optic disk (Thomas 

et al., 2014a). 

 

LacZ expression at E13.5 (Figure 4.6) can be seen in choroid plexus, which is a 

plexus of cells that produces the cerebrospinal fluid in the ventricles of the brain 

(Rizzo and Rizzo, 2006). Frmd7 expression sites in the mouse embryo at this 

stage had previously been reported in the eye, hippocampus, cortex and 

cerebellum, but not choroid plexus of the brain (Betts-Henderson et al., 2010).  

 
Paraffin sections of Frmd7.tm1a embryos at E14.5 stained with X-gal stain (Figure 

4.7) showed expression pattern similar to the E13.5 stage embryos.  LacZ 

expression can be seen in the choroid plexus extending into lumen of the fourth 

ventricle. No LacZ expression is detected in the eye, hippocampus, cortex and 

cerebellum as reported by Betts-Henderson et al (Betts-Henderson et al., 2010). 

 

The same expression patterns were also seen with the X-gal stained paraffin 

section of E15.5 Frmd7.tm1a embryos (Figure 4.8), LacZ expression can be seen in 

the choroid plexus. Expression in the E15.5 was extended to the ependymal 
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diverticulum of the fourth ventricle, a thin epithelial lining of the ventricle system of 

the brain. No LacZ expression detected in the eye. hippocampus, cortex or 

cerebellum as reported by Betts-Henderson et al (Betts-Henderson et al., 2010). 

 

β-galactosidase activity in the E16.5 Frmd7.tm1a embryos (Figure 4.9) was seen in 

the choroid plexus, which was consistent with E13.5, E14.5 and E15.5 stages. 

LacZ expression was also seen in the ependymal diverticulum of the fourth 

ventricle, with no expression noticed in the eye, hippocampus, cortex and 

cerebellum as reported by Betts-Henderson et al (Betts-Henderson et al., 2010). 

 

Finally, at E18.5 (Figure 4.10) LacZ expression was seen in the lining of the 

ependymal diverticulum of the fourth ventricle of the brain, as in the E15.5 and 

E16.5 stages. However, new expression sites can be seen in the E18.5 embryos 

such as in the Olfactory bulb as reported by Betts-Henderson et al (Betts-

Henderson et al., 2010). A peak in Frmd7 mRNA transcript abundance was also 

reported at E18.5 (Self et al., 2010). LacZ expression was also seen in the 

meninges of the brain and very weak expression was seen in the anterior part of 

the early lens of the eye, both sites had not been previously reported. 
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Figure 4.5 LacZ expression under the Frmd7 promoter at E11.5. 
E11.5 Frmd7tm1a homozygous (hemizygous for males) embryos with different 
lateral sections at the sagittal plane (A1, B1, C1, D1 and E1 respectively).  
Magnification increases for each lateral stage (A2-A5, B2-B5, C2-C5, D2-D5 and 
E2-E5). LacZ expression (blue) was detectable in the lumen of the optic stalk. 
Nuclear Fast Red was used as a nuclear counterstain. (n=3). Scale bars = 1 mm, 
500 µm, 200 µm, 100 µm and 50 µm as indicated. 
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Figure 4.6 LacZ expression under the Frmd7 promoter at E13.5. 
E13.5 Frmd7tm1a homozygous (hemizygous for male) embryos with different lateral 
sections at the sagittal plane (A1, B1 and C1 respectively).  Magnification 
increases for each lateral stage (A2, B2-B5, C2-C5). LacZ expression (blue) was 
detectable in the lumen of the fourth ventricle of the brain. Nuclear Fast Red was 
used as a nuclear counterstain. (n=3). Scale bars = 2 mm, 1 mm, 500 µm, 200 µm, 
100 µm and 50 µm as indicated. 
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Figure 4.7 LacZ expression under the Frmd7 promoter at E14.5. 
E14.5 Frmd7tm1a homozygous (hemizygous for male) embryos with different lateral 
sections at the sagittal plane (A1, B1, C1 and D1 respectively).  Magnification 
increases for each lateral stage (A2-A3, B2, C2, D2-D3, and E2). LacZ expression 
(blue) was detectable in the choroid plexus extending into the lumen of the fourth 
ventricle of the brain. Nuclear Fast Red was used as a nuclear counterstain. (n=3). 
Scale bars = 2 mm, 200 µm and 50 µm as indicated. 
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Figure 4.8 LacZ expression under the Frmd7 promoter at E15.5. 
E15.5 Frmd7tm1a homozygous (hemizygous for male) embryos with different lateral 
sections at the sagittal plane (A1, B1, C1 D1 and E1 respectively).  Magnification 
increases for each lateral stage (A2, B2, C2, D2 and E2 respectively). LacZ 
expression sites (blue) were similar to those seen in E14.5 embryos but extending 
to the roof of ependymal diverticulum of the fourth ventricle of the brain. Nuclear 
Fast Red was used as a nuclear counterstain. (n=3). Scale bars = 2 mm, 500 µm 
and 200 µm as indicated. 
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Figure 4.9 LacZ expression under the Frmd7 promoter at E16.5. 
E16.5 Frmd7tm1a homozygous (hemizygous for male) embryo heads with different 
lateral sections at the sagittal plane (A1, B1, C1 and D1 respectively).  
Magnification increases for each lateral stage (A2, B2, C2 and D2 respectively). 
LacZ expression (blue) was similar to the E15.5 embryos, which is the roof of 
ependymal diverticulum of the fourth ventricle of the brain. Nuclear Fast Red was 
used as a nuclear counterstain. (n=3). Scale bars = 1 mm, 500 µm, 200 µm and 
100 µm as indicated. 
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Figure 4.10 LacZ expression under the Frmd7 promoter at E18.5. 
E18.5 Frmd7tm1a homozygous (hemizygous for male) embryo heads with different 
lateral sections at the sagittal plane (A1, B1, C1, D1 and E1 respectively). 
Magnification increases for each lateral stage (A2-A3, B2-B3, C2-C3 and D2-5 
respectively). D2i and D2ii are different segments of the same section of the retina 
with the same magnification, D2iii is a magnified section of D2i. D5i is a magnified 
section of D5. LacZ expression (blue) was seen in the meninges and roof of the 
fourth ventricle of the brain. Nuclear Fast Red was used as a nuclear counterstain. 
(n=3). Scale bars = 2 mm, 1 mm, 200 µm, 100 µm and 50 µm as indicated. 
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4.3.2.2 Frmd7 promoter driven LacZ expression at postnatal day 9 (P9) in 

Frmd7.tm1a retina 

Frmd7 expression at postnatal stages was reported in the starburst amacrine cells 

of the retina of Frmd7.tm1a mice by immunohistochemistry with antibodies against 

the murine Frmd7 and b-galactosidase proteins (Yonehara et al., 2016). 

Optimisation of the X-gal staining protocol (see Appendix II section 8.7.1) and the 

comparison between paraffin-embedded and frozen sectioning (see Appendix II 

section 8.7.2) showed a better staining with frozen sections. In order to validate 

previously reported Frmd7 expression sites in the retina using X-gal staining as an 

alternative method to antibody staining, frozen retinal sections of postnatal day 9 

(P9) Frmd7.tm1a and wild type littermate mice (Figure 4.11) were subjected to X-gal 

staining. The results show LacZ expression in the starburst amacrine cells of 

Frmd7.tm1a retina, which was not seen in the wild type. This confirms previously 

reported Frmd7 expression sites with different detection method.  
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Figure 4.11 Frmd7-driven LacZ expression in Frmd7.tm1a mice at P9. 
Frozen retinal sections of P9 Frmd7.tm1a hemizygous males (A) and wild type 
littermates (B) (n=3) with different lateral sections of the sagittal plane 
(Magnification = 63x, scale bar = 100 µm for all images). The eyes were dissected 
and cornea and lens were removed leaving the back of the eye with the retina (i), 
with zoomed in areas (ii, iii, and iv respectively). The different layers of the retina 
are labelled starting from the inner to the outer retina as follows: the GCL 
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(Ganglion Cell layer), the IPL (Inner Plexiform Layer), the INL (Inner Nuclear 
Layer), the Outer Plexiform layer (OPL), the ONL (Outer Nuclear Layer) and the 
Retinal Pigment Epithelium (RPE). LacZ expression can be seen in the GCL and 
INL (arrows) as previously reported (Yonehara et al., 2016).  
 

 

4.3.2.3 Frmd7 promoter driven LacZ expression at adult stages 

The Frmd7 expression in the starburst amacrine cells is first seen at early 

postnatal stages and its expression is continued throughout development until 

adult stages (Yonehara et al., 2016). As explained in section 4.3.2.2, Frmd7 

expression was reported in the retina of Frmd7.tm1a mice by immunohistochemistry, 

specifically in the GCL and INL layers where the starburst amacrine cells bodies 

exist. In order to validate previously reported Frmd7 expression in the retina at 

later stages of development using different detection method, X-gal staining, 

cryoprotected (frozen) retinal sections of adult Frmd7.tm1a and wild type littermate 

mice (Figure 4.12) were subjected to X-gal staining. The results show LacZ 

expression in the Frmd7.tm1a retina, which was not seen in the wild type. This 

confirms previously reported Frmd7 expression sites using X-gal staining as a 

detection method.  
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Figure 4.12 Frmd7-driven LacZ expression in adult Frmd7.tm1a mice.  
Frozen retinal sections of adult (10 weeks) Frmd7.tm1a hemizygous males (A) and 
wild type littermates (B) (n=3) with different lateral sections of the sagittal plane 
(Magnification = 63x, scale bar = 100 µm for all images). The cornea and the lens 
were dissected leaving the back of the eye with the retina (i), with zoomed in areas 
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(ii, iii, and iv respectively). The different layers of the retina are labelled starting 
from the inner to the outer retina as follows: the GCL (Ganglion Cell layer), the IPL 
(Inner Plexiform Layer), the INL (Inner Nuclear Layer), the Outer Plexiform layer 
(OPL), the ONL (Outer Nuclear Layer) and the Retinal Pigment Epithelium (RPE). 
LacZ expression can be seen in the GCL and INL (arrows) as previously reported 
(Yonehara et al., 2016).  
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 Evaluating the expression of Frmd7 protein in the murine retina using 

anti-human FRMD7 antibodies 

Expression patterns of Frmd7 protein in the mouse retina were examined using 

commercially available antibodies raised against the human FRMD7 protein as 

well as custom-made antibodies raised against the murine protein. 

 

4.3.3.1 Comparison of Frmd7 protein expression in wild type and Frmd7.tm1a 
mice 

Recent evidence on Frmd7 expression in the human and murine retina suggest 

different roles of Frmd7 in modulating signals between neurones  (Thomas et al., 

2014b; Yonehara et al., 2016), and provide compelling evidence and leading 

speculations linking Frmd7 in signal transduction from the retina to the brain, and 

this could be the key role of Frmd7 in idiopathic infantile nystagmus (IIN).  

 

In order to examine Frmd7 protein expression patterns in the murine retina, frozen 

retinal sections of Frmd7.tm1a mice and wild type littermates (Figure 4.13 and 

Figure 4.14 respectively) were subjected to immunofluorescence with two primary 

anti-FRMD7 polyclonal antibodies raised against the human FRMD7 protein from 

two different manufacturers, Abcam and Sigma-Aldrich. These antibodies were 

previously proved to be unsuitable for western blotting (see Appendix II section 

8.6). The results show a green fluorescent signal (FITC) in different layers of the 

retina of the Frmd7.tm1a mice, which was used as a mark for Frmd7 protein binding 

to the anti-human FRMD7 primary antibodies from Sigma-Aldrich (Figure 4.13 (a-

f)) and Abcam (Figure 4.13 (g-l)). Similar expression patterns were seen in the wild 

type retina subjected to immunofluorescence with the same anti-FRMD7 primary 

antibodies from Sigma (Figure 4.14 (a-f)) and Abcam (Figure 4.14 (g-l)). FITC 

staining was seen in the Ganglion Cell Layer (GCL), the Inner Plexiform (IP) and 

the Outer Plexiform layer (OPL).  The red signal in the confocal images represents 

counterstaining. The result did not show similar expression sites of Frmd7 proteins 

in the starburst amacrine cells in the GCL and INL of the mouse retina (Yonehara 

et al., 2016). Further optimisation of the anti-human FRMD7 antibodies such as 

using a blocking peptide (see Appendix II section 8.8) and staining control tissues 

such as murine spleen (see Appendix II section 8.8.1) did not improve the affinity 

of the antibodies.   



Chapter 4 Immunohistochemical characterisation of the Frmd7 gene 

118 

 
 
Figure 4.13 Frmd7 protein expression in Frmd7.tm1a mouse retina. 
Frozen sections from adult male Frmd7.tm1a retina (n=3) were subjected to 
immunofluorescence staining (a-j), stained with two anti-FRMD7 antibodies; from 
Sigma-Aldrich (a-f) and Abcam (g-i). Sections stained with a secondary antibody 
only (anti-rabbit IgG 488 made in Donkey) used as controls. The green (FITC) 
signal represents Frmd7 expression, which is shown in the Ganglion cell layer 
(GCL), the inner and outer plexiform layers (IPL and OPL respectively). (4', 6-
diamidino-2-phenylindole) (DAPI) in red represents a nuclear counterstaining, 
which is shown in the Inner and Outer Nuclear layers of the retina (INL and ONL 
respectively). Scale bar = 100 µm. 
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Figure 4.14 Frmd7 protein expression in wild type mouse retina. 
Frozen sections from adult male wild type (Frmd7.tm1a littermates) retina (n=3) 
were subjected to immunofluorescence staining (a-j), stained with two anti-FRMD7 
antibodies; from Sigma-Aldrich (a-f) and Abcam (g-i). Sections stained with a 
secondary antibody only (anti-rabbit IgG 488 made in Donkey) used as controls. 
The green (FITC) signal represents Frmd7 expression, which is shown in the 
Ganglion cell layer (GCL), the inner and outer plexiform layers (IPL and OPL 
respectively). (4', 6-diamidino-2-phenylindole) (DAPI) in red represents a nuclear 
counterstain, which is shown in the inner and the outer nuclear layers of the retina 
(INL and ONL respectively). Scale bar = 100 µm.  
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 Examining expression of Frmd7 protein using a newly-identified 

antibodies against the murine Frmd7 protein 

At the start of this PhD project, there were only two commercially available anti-

Frmd7 antibodies raised against the human FRMD7 protein, which were described 

in section 4.3.3.1. As mentioned previously, in 2016 a new anti-Frmd7 antibody 

raised against the murine protein had emerged (Yonehara et al., 2016). An aliquot 

of that antibody was kindly supplied by Professor Botond Roska of the Friedrich 

Miescher Institute, Basel, Switzerland. Also, an antibody was raised against the 

same peptide was ordered since the published antibody was not commercially 

available. In order to compare the affinity of both the published antibody and the 

custom-made one, frozen sections from adult C57/BL6 the were subjected to 

immunofluorescence and stained with both anti-murine Frmd7 antibodies (Figure 

4.15). The results show immunofluorescence signal (FITC) in multiple layers of the 

murine retina, the Ganglion Cell Layer (GCL), the Inner Plexiform Layer (IPL) and 

the outer plexiform layer (OPL). The result disagrees with the previously reported 

sites of Frmd7 protein expression in the murine retina (Yonehara et al., 2016), 

which showed that the expression was specific to the starburst amacrine cells in 

the Ganglion Cell Layer (GCL) and the Inner Nuclear Layer (INL). This suggests 

an unspecific binding of the antibodies, which could possibly be due to 

unfavourable conditions for the immunofluorescence staining method (see 

Appendix II sections 8.9 for optimisation). There is also a possibility that the non-

specificity of the antibodies was due to unsuitable staining method, DAB staining 

was also used to test this possibility (see Appendix II section 8.10 for details) 
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Figure 4.15 Comparison between published and custom made anti-Frmd7 
antibodies. 
Frozen sections from adult male C57/BL6 wild type mouse retina (n=3) were 
subjected to immunofluorescence staining with two anti-Frmd7 antibodies raised 
against the murine Frmd7 protein, the published antibodies (Yonehara et al., 2016) 
(a), and custom-made antibodies raised against the same peptide of the published 
antibodies (b). Sections stained with a secondary antibody only (anti-rabbit IgG 
488 made in Donkey) used as controls. The green (FITC) channel represents 
Frmd7 protein expression, which is showing in the Ganglion Cell Layer (GCL), 
Inner Plexiform Layer (IPL) and Outer Plexiform Layer (OPL). (4', 6-diamidino-2-
phenylindole) (DAPI) in the blue channel represents a nuclear counterstaining 
which is showing in the GCL, the Inner Nuclear Layer (INL) and the Outer Nuclear 
Layer (ONL) of the retina. Scale bar = 100 µm.  
 
 

 Examining Frmd7-driven b-galactosidase expression in Frmd7.tm1b 

retina by immunofluorescence 

The Frmd7 EUCOMM/KOMP targeting cassette used to generate the Frmd7.tm1a 

mice, as described in Chapter 3, contains LacZ gene with its own Internal 

Ribosomal Entry Site (IRESs) that favours the expression of the LacZ gene upon 

receiving an activation signal from the Frmd7 promoter, as a result, expression of 

b-galactosidase proteins, the product of LacZ gene, is an indication of the level of 

Frmd7 protein expression in tissues. Also, at this stage of the project, the 

generation of Frmd7.tm1b mice from Frmd7.tm1a had completed, and qPCR analysis 

of transcripts from both strains had shown that the Frmd7.tm1b transcript, unlike 

Frmd7.tm1a transcript, did not include a trace of wild type mRNA (see section 3.3.3). 
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Hence, Frmd7.tm1b mice had been used for the majority of the Frmd7 protein 

expression analysis from this stage onwards. 

 

Since the detection of Frmd7 protein expression using antibodies raised against 

the human FRMD7 (see section 4.3.3) and the murine proteins (see section 4.3.4) 

has proved to be difficult, it was necessary to exploit the presence of the LacZ 

reporter gene in the Frmd7.tm1a mice to examine Frmd7 protein expression. In 

order to examine the expression of b-galactosidase proteins in the Frmd7.tm1a 

retina, frozen retinal sections were subjected to immunofluorescence with anti-b-

galactosidase antibodies at different concentrations (Figure 4.16). The results 

show a fluorescent signal (FITC) of anti-b-galactosidase binding in multiple layer of 

the murine retina; the Inner Plexiform Layer (IPL) and the Retinal Pigment 

Epithelium (RPE), which is known to be auto fluorescent. LacZ expression is 

expected at the sites of Frmd7 expression, in the starburst amacrine cells in the 

Ganglion Cell Layer (GCL) and the Inner Nuclear Layer (INL) (Yonehara et al., 

2016), which was not seen in the stained retinas. This suggests the anti-b-

galactosidase antibody is binding non-specifically to proteins other that b-

galactosidase, it also suggests that perhaps this antibody is not suited for 

immunofluorescence staining. 
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Figure 4.16 b-galactosidase protein expression in Frmd7.tm1b retina. 
Frozen section from adult (10 weeks) male Frmd7.tm1b retinas (n=3) (a, c and d) 
and wild type littermate (n=3) (b), were exposed to immunofluorescence with an 
anti-b-galactosidase antibody. Sections were stained with a secondary antibody 
only (anti-rabbit IgG 488 made in donkey) used as negative controls (a). Sections 
from wild type litter mates stained with 1:200 anti-b-galactosidase antibody were 
used as positive controls (b). Sections from Frmd7.tm1a retinas stained with 1:200 
(c) and 1:400 anti-b-galactosidase antibody. The green (FITC) channel represents 
b-galactosidase expression, which is showing predominantly in the Inner plexiform 
layer (IPL), (4', 6-diamidino-2-phenylindole) (DAPI) in the blue channel represents 
a nuclear counterstaining which is showing in the GCL, the Inner Nuclear Layer 
(INL) and the Outer Nuclear Layer (ONL) of the retina. Scale bar = 100 µm. 
 

 
4.3.5.1 Evaluation of anti-b-galactosidase antibodies staining in Frmd7.tm1b 

retina by DAB 

When staining with 3,3’-Diaminobenzidine (DAB), a protein of interest is detected 

with an antibody that is conjugated with a peroxidase enzyme, which oxidises the 

DAB substrate to produce a brown by-product. This means the longer the reaction 

is allowed to proceed, the more oxidised DAB becomes, and hence, a stronger by-

product. Staining with DAB substrate allows a more quantitative and sensitive 

method to detect proteins than immunofluorescence, where the amount of 
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fluorescence is restricted to one fluorophore binds one fluorescently tagged 

secondary antibody molecule, which limits the amount of fluorescence, and hence, 

the signal. Frozen sections of mouse retina were optimized for DAB staining with a 

variety of antibodies to further characterise Frmd7 protein expression. 

 

 
 Examining b-galactosidase expression in Frmd7.tm1b mice by DAB in 
comparison to immunofluorescence 

As shown in section 4.3.5, fluorescence staining of Frmd7.tm1b retina with an anti-b-

galactosidase antibody showed staining at multiple layers suggesting non-

specificity of the antibodies to their target. In addition, changing the concentration 

of anti-b-galactosidase antibodies did not improve the sensitivity to b-

galactosidase by immunofluorescence. In order to highlight the difference in 

antibodies affinity using different staining methods, immunofluorescence against 

DAB, frozen sections from adult Frmd7.tm1b mice were stained with the anti-b-

galactosidase antibody and subjected to immunofluorescence and DAB staining 

(Figure 4.17 A). also, in order to identify the right concentration of the anti-b-

galactosidase antibody needed to achieve maximum affinity to b-galactosidase, 

antibodies were titrated at different concentrations (Figure 4.17 B). The results 

show that the anti-b-galactosidase antibody at 1:100 concentration had achieved a 

maximum affinity to b-galactosidase. DAB staining was seen in the Ganglion Cell 

Layer (GCL) and the Inner Nuclear Layer (INL). This agrees with the expected 

result on sites of Frmd7 promoter-driven LacZ expression in the retina (Yonehara 

et al., 2016). Further optimisations of the conditions of DAB staining by changing 

the concentration and time of antibodies incubation and the time of DAB substrate 

development, did not show improvement in signal (See Appendix II sections 

8.11.1 and 8.11.2 for details). 
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Figure 4.17 b-galactosidase expression in adult Frmd7.tm1b retina. 
Frozen sections from adult male Frmd7.tm1b retina (n=3) were subjected to 
Fluorescence and DAB staining with anti-b-galactosidase antibody, red arrows 
indicate b-galactosidase expression in the Ganglion Cell Layer (GCL) and the 
Inner Nuclear Layer (INL). (4', 6-diamidino-2-phenylindole) (DAPI) in the blue 
channel was used as a nuclear counterstain for immunofluorescence staining (A). 
The anti-b-galactosidase antibody concentration was titrated from 1:100 (d - f) to 
1:400 (g - i) with different magnifications of the same image shown. b-
galactosidase expression (red arrows) is shown in the Ganglion Cell Layer (GCL) 
and the Inner Nuclear Layer (INL). Scale bar = 100 µm unless otherwise indicated. 
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4.3.5.2 Examining the colocalization of Frmd7 and ChAT proteins in the 
adult wild type murine retina by immunofluorescence 

Frmd7 expression has been reported to be restricted to the starburst amacrine 

cells in the mouse retina (Yonehara et al., 2016). Starburst amacrine cells can be 

stained using antibodies against choline acetyltransferase (ChAT). In order to 

examine the specificity of the anti-Frmd7 antibody to the starburst amacrine cells 

in the murine retina, frozen retinal sections from C57/BL6 adult mice were 

subjected to immunofluorescence with murine anti-Frmd7 and goat anti-ChAT 

antibodies (Figure 4.18). The results show the starburst amacrine cell bodies (red) 

distributed in the Ganglion Cell Layer (GCL) and the Inner Nuclear Layer (INL), 

with their processes extending to the inner plexiform Layer (IPL). Frmd7 protein 

expression (FITC) was broader and not as specific as the ChAT protein 

expression, hence, colocalization between Frmd7 and ChAT proteins was not 

clearly evident. This disagrees with the expected result that the Frmd7 and ChAT 

proteins were expected to colocalise. Difficulty to observe the colocalisation 

between Frmd7 and ChAT proteins could also be due to the difficulty to detect 

Frmd7 protein using antibodies against the human or the murine proteins (see 

sections 4.3.3 and 4.3.4). 
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Figure 4.18 Colocalization of Frmd7 and ChAT proteins by 

immunofluorescence. 
Frozen sections from male C57/BL6 adult retina (n=3) subjected to 
immunofluorescence with the anti-Frmd7 antibody (FITC) raised against the 
murine Frmd7 protein, and an anti-choline acetyltransferase (ChAT) antibody 
(red). Overlay of green and red channels is also shown (c). ChAT expressing cells 
are shown in the Ganglion Cell Layer (GCL) and the Inner Nuclear Layer (INL). 
Scale bar = 100 µm. 
 

 
4.3.5.3 Examining colocalisation of b-galactosidase and ChAT proteins in 

Frmd7.tm1a retina by a combined X-gal and DAB staining approach 

Immunofluorescence staining of wild type murine retina with anti-Frmd7 and anti-

ChAT antibodies showed clear ChAT-positive cells in the mouse retina but no 

evidence of colocalization between Frmd7 and ChAT proteins were seen (see 

section 4.3.5.2). As previously explained in Chapter 3, a reporter LacZ gene was 

part of the targeting cassette used to generate Frmd7.tm1a mice (and Frmd7.tm1b). In 

order to examine the colocalisation between Frmd7 promoter-driven LacZ 

expression and ChAT proteins, frozen sections from adult Frmd7.tm1b mice were 

stained for X-gal then exposed to DAB staining with the anti-ChAT antibody 

(Figure 4.19). The results show clear association between ChAT-positive cells 

(brown) and LacZ positive cells (blue). This agrees with the expected result that 

Frmd7 positive cells, in this case seen by X-gal staining, are colocalising with 

ChAT-positive cells. 
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Figure 4.19 Colocalisation of Frmd7 promoter-driven LacZ expression and 
ChAT proteins in Frmd7.tm1b retina. 

Frozen sections from adult Frmd7.tm1b retina (n=3) subjected to X-gal staining first 
then to DAB staining with an anti-Choline acetyltransferase ChAT antibody (A and 
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B). Sections from C57/BL6 retinas subjected to X-gal staining then to DAB staining 
with the anti-ChAT antibody were used as negative controls (C). Red arrows 
indicate colocalization between LacZ staining (blue), which is driven by the Frmd7 
promoter, and ChAT proteins in the Ganglion Cell Layer (GCL) and the Inner 
Nuclear Layer (INL). Scale bar = 100 µm unless otherwise indicated. 
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 Comparison between the colocalisation of Frmd7 and ChAT 
proteins in adult Frmd7.tm1a, Frmd7.tm1b and wild type wholemount 
mouse retina  

The presence of in-frame stop codon at the end of Frmd7 EUCOMM/KOMP 

targeting cassette in the Frmd7.tm1a mice, as explained in Chapter 3, is expected to 

produce a truncated protein. However, the presence of (low levels of) wild type 

transcript in the Frmd7.tm1a mice has also been reported (Yonehara et al., 2016). 

Noticeable colocalisation signals between Frmd7 and ChAT proteins were 

observed when staining Frmd7.tm1b and wild type wholemount retinas with anti-

Frmd7 and anti-ChAT antibodies (see appendix II section 8.12.2). In order to 

examine whether the low levels of wild type proteins in the Frmd7.tm1a mice were 

enough to result in a colocalisation signal between the Frmd7 and ChAT proteins 

in comparison to the Frmd7.tm1b mice, wholemount adult retinas from wild type 

littermates (Figure 4.20 A), Frmd7.tm1a (Figure 4.20 B), and Frmd7.tm1b mice (Figure 

4.20 C) were subjected to immunofluorescence with anti-Frmd7 and anti-ChAT 

antibodies and imaged by confocal microscopy. The results show that the 

colocalisation signal between the Frmd7 and ChAT proteins seen in the wild type 

retina was not present in both the Frmd7.tm1a as well as the Frmd7.tm1b retinas. This 

agrees with the expected result that the abundance of (low levels) of wild type 

proteins in the Frmd7.tm1a mice was not enough to be detected by the anti-murine 

Frmd7 antibody. FITC staining, which represents Frmd7 staining, can also be seen 

in the Outer Plexiform Layer (OPL) staining specifically to in neurites, this pattern 

of staining has not been previously reported and it is likely to be as a result of non-

specific binding of the anti-murine Frmd7 antibody. However, no colocalisation 

with ChAT can be seen in this layer as ChAT positive cells only present in the 

Inner Nuclear Layer (INL) and the Ganglion Cell Layer (GCL). 
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A    C57/BL6 retina 

 
 
B    Frmd7.tm1a retina 
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C    Frmd7.tm1b retina 

 
 

Figure 4.20 Immunofluorescence staining of adult Frmd7.tm1a, Frmd7.tm1b and 
wild type wholemount retinas. 

Confocal images of wholemount retinas of wild type littermates (n=3) (A), 
Frmd7.tm1a (n=3) (B) and Frmd7.tm1b (n=3) (C), were subjected to 
immunofluorescence staining with the anti-Frmd7 antibody raised against the 
murine Frmd7 protein (FITC) and an anti-Choline acetyltransferase (ChAT) 
antibody (red) and shown in top view. Side views are shown on the bottom and 
right-hand sides. White arrows indicate Frmd7 and ChAT proteins colocalisation. 
(4', 6-diamidino-2-phenylindole) (DAPI) (blue) was used as a counterstain. Scale 
bar = 100 µm unless otherwise indicated. 
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 Characterising the role of Frmd7 in synaptic connectivity in the mouse 

retina 

Lack of Frmd7 leads to a deficit of direction selectivity in mice retinas as a result of 

the loss of asymmetric inhibition of Direction-selective Ganglion Cells (DSGC’s) by 

the starburst amacrine cells, the cells that express Frmd7 (Yonehara et al., 2016). 

Experiments show no evident differences in these cells upon loss of Frmd7. 

However, no evidence if the synapses between the starburst amacrine cells and 

DSGC’s are affected. In order to examine the synaptic integrity of the starburst 

amacrine cells upon deletion of Frmd7, frozen retinal section from Frmd7.tm1b and 

wild type littermate mice were subjected to immunofluorescence staining with 

different synaptic markers; Choline Acetyltransferase (ChAT) (Figure 4.21 A), 

Synaptophysin (Figure 4.21 B), Post-Synaptic Density 95 (PSD95) (Figure 4.21 

C), Vesicular Choline Acetyltransferase (VAChT) (Figure 4.21 D), Glutamic Acid 

Decarboxylase (GAD 65/67) (Figure 4.21 E) and Vesicular GABA Transferase 

(VGAT) (Figure 4.21 F). The results show that the levels of synaptic markers in the 

ChAT-expressing starburst amacrine cells appear to be the same in both the 

Frmd7.tm1b and wild type mice. The density (number of cells) of ChAT expressing 

cells and the intensity (the strength of a signal) of their processes in the wild type 

retina are similar to those of the Frmd7.tm1b. Also, the intensity of the presynaptic 

and postsynaptic markers, Synaptophysin and PDS95 (FITC) respectively, was 

normal. In addition, the density of gamma-Aminobutyric acid (GABA), which is also 

expressed by the starburst amacrine cells, was also normal. This contradicts the 

expected result that a change in levels of the different synaptic markers was 

expected to be seen upon Frmd7 knockout. 
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Figure 4.21 Density of synaptic markers in the mouse retina. 
Frozen retinal sections from adult male wild type littermate (n=5) (a-c) and 
Frmd7.tm1b transgenic mice (n=5) (d-f) were subjected to immunofluorescence 
staining against different synaptic markers. Choline Acetyltransferase (ChAT, red) 
(A), Synaptophysin (Abcam; Ab8049, 1:500, FITC) (B), Post-Synaptic Density 
(PSD96) (FITC) (C), Vesicular Acetylcholine Transporter (VChAT) (FITC) (D), 
Glutamic Acid Decarboxylate (GAD 65/67) (FITC) (E), and Vesicular GABA 
Transferase (VGAT) (FITC) (F). Sections stained with a secondary antibody only 
(anti-goat IgG 568 made in Donkey) used as controls. (4', 6-diamidino-2-
phenylindole) (DAPI) (blue) was used as a nuclear counterstain. Percentage 
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relative quantification of each marker is also shown. Scale bar = 100 µm, error 
bars = +SEM. Significance of p values calculated using a non-parametric t-test. 
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 Evaluation of the density of the starburst amacrine cells in mice with 

direction selectivity defect 

Starburst amacrine cells provide an asymmetric negative feedback to the 

Direction-selective Ganglion Cells (DSGC’s), that negative feedback is shown to 

be symmetric in Frmd7.tm1a mice, which causes DSGC’s to lose their direction 

selectivity. In order to examine whether underdevelopment of the starburst 

amacrine cells is the reason for losing direction selectivity in mice harbouring the 

same defect in direction selectivity as the Frmd7.tm1a mice, frozen retinal sections 

from adult C57BL6 and Calb mice, which are albinos and have direction selectivity 

defect, were subjected to immunofluorescence staining with an anti-Choline 

Acetyltransferase (ChAT) antibody and the density of ChAT expressing cells were 

assessed (Figure 4.22). The results show no difference in the density (number of 

cells) of ChAT expressing cells (red) between the C57/BL6 and the Calb mice. 

This suggests that neither the density nor the morphology of starburst amacrine 

cells were affected in mice with a direction selectivity defect.  

 

 

 

Figure 4.22 Quantification of starburst amacrine cells in C57/BL6 and Calb 
retina. 

Frozen sections from adult male C57/BL6 (A-C) and Calb (D-F) retina (n=5) 
subjected to immunofluorescence with an anti-Choline Acetyltransferase (ChAT) 
antibody (red). DAPI (blue was used as a nuclear counterstain. The density of 
ChAT-positive cells in the Ganglion Cell layer (GCL) and Inner Nuclear Layer (INL) 
for each strain is also shown. Sections stained with a secondary antibody only 
(anti-goat IgG 568 made in Donkey) used as controls. (4', 6-diamidino-2-
phenylindole) (DAPI) (blue) was used as a nuclear counterstain. Scale bar = 100 
µm, error bars = +SEM. The significance of p values calculated using a non-
parametric t-test.  
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 Discussion 

The Frmd7.tm1a allele is the first reporter and conditional knockout allele of Frmd7, 

with the insertion of the LacZ reporter cassette upstream the critical exon providing 

a tool to study sites of Frmd7 gene expression. The breakdown of X-gal substrate 

by  b-galactosidase, which is encoded by the LacZ gene, to produce a blue by-

product was exploited to investigate sites of Frmd7 gene expression. Furthermore, 

the use of X-gal staining as a tool to study Frmd7 expression patterns provided a 

validating method to assess current expression analysis methods, which are 

produced by traditional immunohistochemistry staining techniques using either 

anti-human and anti-murine Frmd7 antibodies or mRNA probes to bind to the 

FRMD7 protein or mRNA transcripts respectively. The Frmd7.tm1a allele provides a 

tool to look at the expression of Frmd7 without relying solely on the affinity of 

antibodies or the sensitivity of mRNA probes. The LacZ gene is expressed under 

the control of Frmd7 promoter and it will be expressed in sites where Frmd7 is 

expressed, detection of LacZ expression will not require a reliable antibody or 

sensitive mRNA probe, the X-gal staining method is quick, easy and depends on a 

chemical reaction, the LacZ gene product is robust and easy to visualize due to 

the blue by-product of the chemical reaction to break down the X-gal substrate.  

 

Examining the validity of the Frmd7.tm1a allele as a knockout allele using western 

blotting proved to be very challenging. Antibodies raised against the human and 

murine Frmd7 proteins did not show strong specificity to detect the murine protein. 

Optimisation of the different antibodies were necessary to ensure the best 

conditions for antibodies binding such as examining the protein expression in wild 

type against Frmd7 knockout tissues (Appendix II Figure 8.5), direct comparison 

between the anti-human FRMD7 antibodies (both from Abcam and Sigma-Aldrich) 

(Figure 4.2, also see Appendix II  Figure 8.6), and blocking the anti-human 

FRMD7 (Sigma) with a blocking peptide and evaluating the exposure time to 

chemiluminescence substrate (See Appendix II Figure 8.7 to Figure 8.10 for 

details), all of which had failed to detect the expected 82 KD band of the Frmd7 

protein. Using an antibody raised against the murine protein did not offer much 

difference in specificity than the anti-human antibodies (Figure 4.3). blotting 

protein lysate against the b-galactosidase protein (Figure 4.4), the product of the 

LacZ gene which is present on the Frmd7.tm1A mice, did not show much promise 
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either. Both the anti-murine Frmd7 antibody and the anti-b-galactosidase 

antibodies were optimised to ensure the best conditions for antibodies binding 

(See Appendix II Figure 8.11 and Figure 8.12 for details). Failure to detect the 

murine Frmd7 protein with both the anti-human and anti-murine Frmd7 antibodies 

can be explained by the non-specific binding of the antibodies. the sequence 

similarity of 66% between the human and the murine proteins can also explain the 

failure to of the anti-human FRMD7 antibodies to detect the murine protein. This 

was proven when detecting the expected 82 KD band when blotting protein lysate 

from human liver hepatocellular carcinoma cells (HepG2) and blocking the anti-

human FRMD7 antibody with a blocking peptide, which resulted in the 

disappearance of the band, proving the above possibility (see Appendix II section 

Figure 8.8). The anti-human FRMD7 from Sigma-Aldrich antibody has shown to 

detect the murine Frmd7 protein in cortex, cerebellum and hippocampus (Betts-

Henderson et al., 2010), no other study has shown a similar result, including the 

work in this thesis, which proves that the antibody is not particularly reliable for 

western blotting.  

 

The anti-murine Frmd7 antibody has been used in studying Frmd7 protein 

expression in the Frmd7.tm1a mice and has shown specific expression of the in the 

starburst amacrine cells in the retina (Yonehara et al., 2016). However, expression 

analysis was performed using immunohistochemistry, not western blotting, which 

might explain why the antibody is not reliable for western blotting. Using an 

antibody against the -b-galactosidase protein, which is expressed under the Frmd7 

promoter might solve the non-specificity problem with the anti-murine Frmd7 

antibody, unfortunately, that did not solve the problem since the blot showed 

multiple bands, suggesting non-specific binding even though two different anti-b-

galactosidase antibodies used. Another possibility might explain the failure of the 

anti-murine Frmd7 antibody to detect the murine protein in both the brain and the 

retina is the low levels of expression in these tissues. The starburst amacrine cells 

represent only a small percentage of the total cells in the retina. The X-gal staining 

analysis of the Frmd7.tm1a retina presented in this chapter have shown the low 

levels of expression of Frmd7 (Figure 4.11 and Figure 4.12). Detecting such low 

levels of expression by western blotting requires a high affinity antibody after all 

and this particular antibody seems to lack that high affinity. In summary, studying 
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Frmd7 expression patterns using the Frmd7.tm1a mice using western blotting does 

not seem to be realistic given the low levels of Frmd7 expression in these mice. 

 

Gene expression analysis of Frmd7 at early embryonic development presented in 

this chapter did not exactly recapitulate the expression sites previously reported in 

the literature (Betts-Henderson et al., 2010). However, new expression sites of 

Frmd7 were seen such as the precursor of the optic stalk and the choroid plexus 

of the brain between E11.5 and E18.5 of mouse embryonic development (Figure 

4.5 to Figure 4.10). Although, one previous study in human embryonic and fetal 

tissues revealed FRMD7 expression in the developing optic stalk and optic disk at 

9 weeks post conception stage (Thomas et al., 2014a). This early expression of 

Frmd7 in the optic stalk suggests a role of Frmd7 in the development of early 

structures of the neural retina such as the closure of the choroid fissure, which 

occurs between E10.5 and E12.5 (Fuhrmann, 2010; Lamb et al., 2007; Lamba et 

al., 2008). In addition, some previously reported expression sites of Frmd7 were 

successfully recapitulated such as the Olfactory bulb (Betts-Henderson et al., 

2010). in addition, newly identified expression sites were seen at E18.5 such as 

the meninges of the brain and the edge of the cornea. These newly identified sites 

of expression might suggest the involvement of Frmd7 in early processes of brain 

development that has never been explored previously. FRMD7 expression 

analysis throughout embryonic development included immunohistochemistry data 

in human embryonic and foetal stages (Betts-Henderson et al., 2010; Pu et al., 

2011; Tarpey et al., 2006). Previous expression analysis of murine embryonic 

retina showed no obvious expression of Frmd7 throughout embryonic 

development (Yonehara et al., 2016). However, expression analysis was 

performed using wholemount in situ hybridization, which depends on the sensitivity 

of mRNA probes, unlike the X-gal staining work shown in this chapter, which was 

driven by Frmd7-driven LacZ expression, which provides a more robust and 

reliable detection method. Although, the results of this chapter confirmed the first 

noticeable expression of Frmd7 reported by Yonehara et al. at early neonatal and 

adult retinas (Figure 4.11 and Figure 4.12). However, gene expression studies 

using X-gal staining have their own pros and cons such as attracting non-specific 

or background staining. The pH of the X-gal buffer used to prepare the X-gal 

substrate prior to staining is crucial. The optimal pH for X-gal staining is 8.3, low 

pH of the X-gal buffer which can result from storing the buffer at room 

temperature, can attract non-specific staining possibly due to the presence of 
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murine b-galactosidase gene orthologues that show enzymatic activity in 

preference to low pH, unlike the bacterial b-galactosidase encoded by the 

Escherichia Coli LacZ gene, which show optimal enzymatic activity at higher pH. 

For example, the Drosophila Melanogaster DmelGal gene, an orthologue of 

Escherichia Coli LacZ gene that encodes b-galactosidase, show enzymatic activity 

in preference to low pH (Tomizawa et al., 2016).  After validating the reliability of 

the X-gal staining protocol (see Appendix II Figure 8.13 and Figure 8.14 for 

details), it was evident that the X-gal staining seen in this chapter is reliable and 

robust, and it achieved one of the objectives of this thesis by using X-gal staining 

as an alternative method to antibody staining for studying expression sites of 

Frmd7. In fact, the presence of the LacZ gene in the Frmd7.tm1a mice can be 

further exploited to study Frmd7 expression, for example, a recent report provided 

an alternative β-Galactosidase detection method when X-gal failed to detect 

staining in embryos from LacZ-based transgenic mouse strains (Sundararajan et 

al., 2012),  The use of Salmon-gal in combination with tetrazolium salts provided 

more sensitive and fast reaction than β-Galactosidase assay in mouse embryos. 

However, this approach is out of the scope of this thesis. 

 

As mentioned previously, FRMD7 Gene expression sites in human and mouse 

tissue have been reported (Betts-Henderson et al., 2010; Pu et al., 2011; Tarpey 

et al., 2006; Thomas et al., 2014b; Watkins et al., 2013; Yonehara et al., 2016). 

Previous reports on FRMD7 protein expression included immunohistochemistry 

data using commercially available human polyclonal anti-FRMD7 antibodies raised 

against the human FRMD7 protein by biotechnology companies like Sigma-Aldrich 

and Abcam (used for western blotting in this chapter). The majority of reports were 

on human embryonic or mouse tissue, but none of these reports studied 

expression of FRMD7 in the retina, by the time this PhD study started, one report 

showed expression of FRMD7 in human embryonic neural retina with in situ 

hybridization experiment (Thomas et al., 2014b). The immunofluorescence 

staining results in this chapter using the anti-human FRMD7 antibodies showed 

sporadic and non-specific binding (Figure 4.13 and Figure 4.14), Further 

optimisation of the antibodies to ensure the best conditions for antibodies binding 

such as using a blocking peptide (Appendix II Figure 8.15) did not solve the non-

specific binding pattern of the antibody. Staining control tissues not known to 

express Frmd7 such as the spleen (Appendix II Figure 8.16) and human post 
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mortem tissues (Appendix II Figure 8.17) suggested that the anti-human FRMD7 

antibodies are not specific to the murine protein, despite sporadic staining was 

seen in the spleen which could be explained by the known autofluorescence of the 

spleen or perhaps Frmd7 protein expression in the spleen is a new finding. If this 

is true, it is difficult to speculate a function of Frmd7 in the spleen given how little is 

known about its true function. The expression patterns of FRMD7 in the human 

post mortem retina (Appendix II Figure 8.17) suggests a higher affinity of the 

antibody to the human protein rather than the murine protein, this possibility is not 

surprising given the 66% sequence similarity between the human and the murine 

proteins. 

 

The emergence of anti-murine Frmd7 antibody by Yonehara et al. (Yonehara et 

al., 2016) shed a new light on the expression sites of the Frmd7 protein in the 

retina. That report was published midway through this PhD project, prior to that 

stage, and based on the immunofluorescence staining using the anti-human 

FRMD7 antibodies, it was difficult to speculate whether the non-specific staining 

was due to the non-specificity of the antibodies, or that Frmd7 protein is highly 

expressed in all retinal layers and it is a major regulator of eye development, which 

is not known about Frmd7. Immunofluorescent staining using the anti-murine 

Frmd7 antibodies (both the published and the custom-made) did not recapitulate 

the expression pattern expected to be seen in the starburst amacrine cells (Figure 

4.15), despite a numerous optimisation steps to ensure the best conditions for the 

antibody’s binding (see Appendix II Figure 8.18 and Figure 8.19). The non-specific 

binding pattern shown in the immunofluorescence could be explained by the non-

specificity of the anti-murine antibody. Another possible reason for the non-specific 

binding pattern is the weak expression of Frmd7 in the retina restricted only to the 

starburst amacrine cells in the retina, as shown in the X-gal staining results in this 

chapter (Figure 4.11 and Figure 4.12). However, it was expected to see little or no 

staining in this case, hence, the possibility of non-specificity of the anti-murine 

antibody is more realistic. 

 

The low number of the Frmd7-expressing starburst amacrine cells means 

detecting Frmd7 protein levels with immunofluorescence staining might be difficult. 

DAB would provide a solution to this problem since the staining signal can be 

amplified with longer DAB substrate development. However, DAB staining with the 
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anti-murine Frmd7 antibody sowed a high level of background staining, despite a 

numerous optimisation steps of the staining method (Appendix II Figure 8.20 and 

Figure 8.21). However, when staining mice retina with anti-b-galactosidase 

antibody instead of anti-Frmd7 antibodies using DAB, expected sites of Frmd7 

protein expression in the starburst amacrine cells were successfully recapitulated 

(Figure 4.17). Initial attempts to recapitulate Frmd7 protein expression in the retina 

with immunofluorescence had failed (Figure 4.16), and optimisation of the staining 

signal was needed, which is what DAB offers.  

 

Current data on Frmd7 expression in the murine retina shows that Frmd7 is 

specifically expressed in the starburst amacrine cells in the retina where it is 

hypothesised to modulate the inhibitory signals released to the DSGCs (Yonehara 

et al., 2016). The results of this chapter support this theory since colocalisation 

between Frmd7 and ChAT proteins was seen by combining DAB staining with X-

gal staining (Figure 4.19). After initial attempts with immunofluorescence staining 

had failed (Figure 4.18). This approach was made possible by the existence of the 

LacZ gene in the Frmd7.tm1b mice, one of the advantages that these mice offer in 

characterising the function of Frmd7 protein. In addition, the combined DAB and X-

gal staining approach revealed a more detailed pattern of colocalisation between 

the Frmd7 an ChAT protein showing that the colocalisation is in a specific 

compartment of the cell, in the cytoplasm, something that the fluorescent staining 

reported in Yonehara et al did not show due to the sporadic nature of 

immunofluorescent staining at times. Specially with antibody that are not very 

specific, such as the anti-murine Frmd7 antibody.  However, colocalisation 

between the Frmd7 and ChAT proteins by immunofluorescence was successfully 

achieved by staining wholemount retina instead of frozen sections, and by imaging 

using confocal microscopy rather than conventional immunofluorescence (Figure 

4.20). Wholemount tissue undergo less processing and fixation steps than frozen 

tissue, and confocal microscopy is ideal for coloclaisation analysis when two 

fluorescent dyes are used to stain each protein since each dye is illuminated by a 

different laser light, rather than illumination with only one laser light and creation of 

false colours to visualise staining as it is done in conventional fluorescent 

microscopy. After all, the Frmd7 expression analysis results presented in this 

chapter helped achieving the aim of further characterising the function Frmd7 
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using a murine model by confirming existing theories in the literature and drawing 

further speculations about the function of Frmd7. 

 

So far, the Frmd7.tm1a and Frmd7.tm1b mice were proved to be useful in 

characterising Frmd7 function by offering tools to study gene (and protein) 

expression patterns. However, the model can potentially offer a tool to further 

characterise the function of Frmd7 gene since it offers a knockout model Frmd7. 

For example, although the morphology and extension of processes of the starburst 

amacrine cells have shown to be normal in the Frmd7.tm1a mice (Yonehara et al., 

2016), the nature of the synapses of these cells with the DSGCs has not been yet 

explored. One theory might explain the disruption in the inhibitory signals released 

by the starburst amacrine cells and the DSGCs is that the synapses of these cells 

somehow affected upon the loss of Frmd7. The results of this chapter confirm that 

the density of the starburst amacrine cell was normal in the Frmd7.tm1b in 

comparison to the wild type mice (Figure 4.21). However, the intensity of synaptic 

markers responsible for the synthesis and release of neurotransmitters such as 

Acetylcholine and GABA was normal, so as the intensity of synaptic vesicle 

markers, suggesting the neurotransmitters are synthesised at a normal rate and 

they are transported to the synaptic vesicle, and that Frmd7 might be involved in 

modulating inhibitory signal released by the starburst amacrine cells but not in 

modulating synthesis and the release of neurotransmitters.  

 

Since the results of this chapter suggest that the synapses of the starburst 

amacrine cells were unaffected in the Frmd7.tm1a, however, the optokinetic reflex in 

these mice is disrupted in the horizontal axis (Yonehara et al., 2016). It is not 

known whether the starburst amacrine cells, through which Frmd7 exerts its effect, 

are actually normal in mice with the same optokinetic reflex deficit as in the 

Frmd7.tm1a mice. The work in this chapter showed that the density of the starburst 

amacrine cells in mice with horizontal optokinetic reflex deficit (the Calb mice) was 

normal (Figure 4.22). This result might not be directly connected to the loss of 

Frmd7, however, Frmd7.tm1a mice showed a defect in the optokinetic reflex along 

the horizontal axis, and this defect is a prominent phenomenon in nystagmus 

related conditions such as albinism. This raises the possibility that a 

developmental defect in the starburst amacrine cells might be the underlying 

mechanism behind such a defect. Reaching such a hypothesis would not be 
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possible without the use of a model such as the Frmd7.tm1b model, which highlights 

another advantage of the model.  

 

In conclusion, the aim of this chapter was to show that the Frmd7.tm1a and 

Frmd7.tm1b mouse models are useful tools to characterise Frmd7 expression and 

function. Using a variety of molecular biology and histology techniques, it was 

feasible to utilise the reporter LacZ gene to study sites of Frmd7 protein 

expression patterns. There are limitations with certain techniques such as western 

blotting, which failed to show meaningful result due to the absence of a reliable 

antibody optimised for that purpose. Nonetheless, the Frmd7.tm1a and Frmd7.tm1b 

mouse models offered useful tools to study expression patterns of Frmd7 in mice 

by X-gal and antibody staining. The results of this chapter confirmed Frmd7 

expression in the starburst amacrine cells in the murine retina, further confirmed 

the colocalisation between the Frmd7 and Chat proteins in the starburst amacrine 

cells. Also, the abundance of the synaptic markers in the starburst amacrine cells 

was normal, so as the density of these cells in the retina of Frmd7.tm1a, Frmd7.tm1b 

nice and in the retina mice with a similar optokinetic reflex deficit as the Frmd7 

mutants. 
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 Introduction 

Nystagmus is a condition of the eye characterised by an involuntary, repetitive and 

irregular eye movement as a result of failure to maintain gaze stability, which is the 

ability to look steadily with concentration (Abel, 2006; Gottlob and Proudlock, 

2014; Leigh and Zee, 2006).  As explained in section 1.2.2, in humans, there are 

three main control mechanisms to maintain gaze stability; the fixation movement, 

the vestibulo-ocular reflex and the gaze stability system (Leigh and Zee, 2006). 

Gaze fixation is a slow movement (microsaccades) that help the eye to align to the 

visual target to avoid perceptual fading, saccades are defined as rapid movements 

of the eye between fixation points. The vestibulo-ocular reflex is a reflex initiated to 

stabilise a moving object on the retina by moving the head. The gaze-holding 

system aims to maintain fixation on a moving visual target on the retina (Leigh and 

Zee, 2006). Eye movement can be assessed by eye tracking, which is a functional 

technique used to provide objective and quantitative evidence of an individual’s 

vison (Duchowski, 2002), by recording the movement of the eye in response to a 

stimulus subjected on the retina using a specialised infrared camera to record 

resulting eye movement. Data obtained from eye tracking can be used to assess 

and diagnose conditions with gaze-stability deficits like nystagmus. 

 

The optokinetic reflex (OKR), or sometime called the optokinetic nystagmus 

(OKN), is a visually guided behaviour that relies on the activity of specialised cells 

in the retina called the Direction Selective Ganglion Cells (DSGC’s) (Osterhout et 

al., 2015; Oyster et al., 1972; Sun et al., 2015; Yoshida et al., 2001), which are 

neurones that respond selectively to the direction of visual motion as follow, 

vigorously to motion in the preferred direction where the light source is coming 

from, and only weakly in response to the opposite, or null, direction (Borst and 

Euler, 2011). The OKN is initiated by a moving visual scene drifting on the retina, 

which triggers the eye to follow, thus stabilising the object on the retina. The OKN 

works together with the vestibulo-ocular reflex to stabilize gaze and prevent 

slipping of moving objects on the retina (retinal slip) (Schweigart et al., 1997). OKN 

stabilises objects moving at low speeds whereas the vestibulo-ocular reflex 

stabilises objects moving at high speeds.  

 

OKN is disrupted in Idiopathic Infantile Nystagmus (IIN), with individuals with 

FRMD7 mutations show deficit in the OKN along the horizontal axis (Thomas et 
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al., 2011a; Thomas et al., 2008). In contrast, the OKN along the vertical axis is 

unaffected. Frmd7.tm1a mice, like in humans show defects in horizontal OKN and 

thus Frmd7 has been shown to be required to establishing horizontal OKN 

(Yonehara et al., 2016). 

 

In addition to Eye tracking, other ocular electrophysiological and imaging 

techniques like Electroretinogram (ERG) and Ocular Coherence Tomography 

(OCT) are useful tools to assess visual properties of the retina in a wide variety of 

visual disorders including nystagmus. ERG is an electrophysiological method that 

measures the electrical responses of different cells in the retina such as 

photoreceptors (rods and cones), Horizontal and Ganglion cells as the electrical 

potential of the different cells of the retina changes in response to a short-lived 

beam of light stimulus (Belusic, 2011; Bounds, 1953). A typical ERG wave 

contains four different waves; the A-wave, the B-wave, the C-wave and the D-

wave (see section 1.5.4). The A-wave, sometimes called the “late receptor” 

potential generally reflect physiological health of the photoreceptor in the outer 

retina, whereas the B-wave reflects physiological health of ON bipolar and 

amacrine cells in the inner retina (Miller and Dowling, 1970). The rising phase of 

the B-wave, which is known as the “oscillatory potential”, is believed to reflect 

activity of the amacrine cells. Two other wave forms can form in response to 

longer light illumination, the C-wave, which originates in the pigment epithelium, 

and the D-wave, which reflects activity of the OFF bipolar cells (Miller and 

Dowling, 1970). Photoreceptors, rods and cones, communicate with bipolar and 

amacrine cells, which in turn communicate with the ganglion cells whose axons 

exits the retina through the optic nerve (Belusic, 2011). This communication 

between the different cells in the retina is conducted by and an electric 

phototransduction starting from a photon of light strikes rhodopsin, which is formed 

by a chromophore bound to opsin in rod cells, this photon strike triggers a 

biochemical pathway resulting in hyperpolarization of bipolar and amacrine cells, 

causing a transmission of neurotransmitters in synapses that these cells make 

with the ganglion cells. Human subjects with IIN show normal ERG recordings 

(Gottlob and Proudlock, 2014; Thomas et al., 1993), however, inhibitory signals 

from the starburst amacrine cells in the murine retina were found to be disrupted in 

the Frmd7.tm1a mice (Yonehara et al., 2016). It would be interesting to examine the 

“oscillatory potential” of the B-wave in order to evaluate the electrical activity of the 

starburst amacrine cells in the Frmd7 mutant mice.  
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OCT however is a non-invasive imaging method that uses low-coherence 

interferometry to produce two-dimensional in vivo imaging of retina (Huang et al., 

1991; Jiao et al., 2018), allowing high resolution visualisation of retinal layers in 

vivo. 

 

Eye tracking, ERG and OCT are used in both human and animal models to 

investigate mechanisms of visual function in disease, the aim of this chapter was 

to characterize the visual properties of the Frmd7.tm1a and Frmd7.tm1b mice in 

comparison to the wild type mice using OCT and ERG. Also, one of the objectives 

of the chapter was to establish a novel Eye tracking method using the 

EyeLink1000 Eye tracker to evaluate horizontal OKN deficit in Frmd7.tm1a mice and 

compare it to the Frmd7.tm1b mice. 

 

 

 

  



Chapter 5 Ocular phenotyping of Frmd7.tm1a and Frmd7.tm1b mice 

150 

 Methods 

 Animals  

The Frmd7.tm1a and Frmd7.tm1b mice (described in section 3.2.1) and C57/BL6 wild 

type mice (Harwell, UK) were bred and sacrificed in accordance with the Home 

Office laws on research using animals set out in the Animals Scientific Procedures 

Act 1986 (ASPA). The sample size of each study presented in this chapter 

(number of animals, n=) was 4 animals in order to calculate statistical significance 

of data. 

 

 Electroretinography 

Electroretinograms (ERGs) were recoded from adult (10 weeks) Frmd7.tm1a, 

Frmd7.tm1b and wild type littermate mice after mice were dark adapted for 1 hour. 

Mice were then anaesthetised before proceeding with ERG recordings (see 

section 2.7.2). 

 

 Ocular Coherence Tomography 

Ocular Coherence Tomography (OCT) scans of adult (10 weeks) Frmd7.tm1a, 

Frmd7.tm1b and wild type littermate mice were taken immediately after ERG 

recordings while animals were still under general anaesthesia (see section 2.7.4). 

 

 Eye tracking 

Metal plates were surgically attached to the skulls of adult (10 weeks) Frmd7.tm1a, 

Frmd7.tm1b and wild type littermate mice (see section 2.7.1) 24 hours after ERG 

recordings and OCT scans were taken. The animals were left to recover from 

surgery for 24 hours before eye tracking recordings were taken (see section 

2.7.3). 
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 Results  

 Examining the electrical activity in the retina of Frmd7.tm1a, Frmd7.tm1b 

and wild type mice 

ERG analysis on a murine model of Frmd7 knockout has never been performed 

previously. In order to assess the electrical activity of retinas from Frmd7.tm1a, 

Frmd7.tm1b mice in comparison to wild type mice, adult mice from each group were 

dark adapted for 1 hour and ERGs were immediately recoded afterwards (Figure 

5.1).  The results show similar average amplitudes of the A-wave (the initial 

negative deflection) and the B-wave (the subsequent rise towards the positive 

peak), which were initiated by a short pulse of 1 milli-second light pulse. The 

average times of the A-wave and B-wave (T(A) and T(B) respectively) are also 

shown. There was no significant change in the A-wave, B-wave, T(A), T(B) and 

the average ERG per group recordings. This is consistent with the expected result 

since, as detailed in section 5.1, IIN individuals with Frmd7 mutations show no 

obvious ERG patterns (Gottlob and Proudlock, 2014; Thomas et al., 1993), and 

suggests that the Frmd7.tm1a and Frmd7.tm1b mice are capitulating ocular 

behavioural properties of idiopathic nystagmus with Frmd7 mutations. 

 

 Characterising the thickness of the different layers of the retina of 

Frmd7.tm1a, Frmd7.tm1b and wild type mice 

Characterising changes to the thickness of the retina is a routine examination to 

determine changes to the retina as a result of conditions with ocular defects. In 

order to determine the thickness of the retinal layers of Frmd7.tm1a and Frmd7.tm1b 

mice in comparison to the wild type, OCT scans from each group were taken 

immediately after ERG recordings took place (Figure 5.2 B, C and D). The results 

show no significant changes in the thickness of the different layers of the retina of 

Frmd7.tm1a and Frmd7.tm1b mice compared to those of the wild type. Statistical 

analysis of the thickness of the retinal layers in each group reveals no significant 

change in the thickness of the layers measured (Figure 5.2 E). This agrees with 

the expected result since IIN individuals with Frmd7 mutations show no changes in 

the thickness of the layers of the retina. This result is consistent with the 

assumption that retinal thickness is unaffected by Frmd7 in the murine retina as 

observed in humans with FRMD7 mutations for extra-foveal retinal regions, which 
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suggests that the Frmd7.tm1a and Frmd7.tm1b mice are showing similar ocular 

properties in the retina to individuals with idiopathic nystagmus.  
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Figure 5.1 Electroretinogram (ERG) analysis of Frmd7.tm1a, Frmd7.tm1b and 
wild type mice.  

Statistical analysis of ERGs of wild type, Frmd7.tm1a and Frmd7.tm1b mice showing a 
typical murine ERG wave with the A-wave, B-wave indicating the duration and 
direction of each wave (A). A representative figure of the average ERG waves of 
adult (10 weeks) Frmd7.tm1a and Frmd7.tm1b and wild type littermate mice (n=4 per 
group) (B). Bar charts representing no significant statistical change in A-wave per 
mouse group (p=0.728, p=0.308 and p=0.185 respectively), B-wave (p=0.234, 
p=0.691 and p=0.443 respectively), T(A) (p=0.161, p=0.709 and p=0.563 
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respectively) and T(B) (p=0.551, p=0.632 and p=0.413 respectively). Error bars 
=+SEM. Significance of p values calculated using a non-parametric t-test. 
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Figure 5.2 Ocular Coherence Tomography (OCT) analysis of Frmd7.tm1a, 
Frmd7.tm1b and wild type mice. 

Schematic representation of the different layers of the retina showing the 
boundaries used to measure each layer (A). OCT scans of oculus dextrus (OD) 
and oculus sinister (OS) in full views (top) and side views (bottom) of wild type 
littermate (B) Frmd7.tm1a (C) and Frmd7.tm1b (D) adult (10 weeks) male mice (n=4). 
Statistical analysis of the different layers of the retina for each group showing no 
significant difference in the thickness of each layer Inner Retinal Nerve Fiber Layer 
(RNFL, p=0.3565), outer RNFL (GCLIPL, p=0.159), outer Inner Plexiform Layer 
(IPL, p=0.1842), outer Inner Nuclear Layer (INL, p=0.2072), outer Outer Plexiform 
Layer (OPL, p=0.9572), outer Outer Nuclear Layer (ONL, p=0.4677), Inner Inner 
Segment Ellipsoid (IS, p=0.8919), Outer ISE (OS, p=0.6968), end tips (EPTRS, 
p=0.8012) and Retinal Pigment Epithelial layer (RPE, p=0.1247). Error bars = 
+SEM. Significance of p values calculated using a non-parametric t-test. 
 

 

 Eye tracking analysis of Frmd7.tm1a, Frmd7.tm1b and wild type mice 

Eye tracking recordings of Frmd7.tm1a mice revealed OKN defect in the horizontal 

axis (Yonehara et al., 2016), the Frmd7.tm1b mice, which were generated from the 

Frmd7.tm1a mice in Chapter 3 provide a more robust model of Frmd7 knockout. The 

deletion of the critical exon (exon 4) results in a truncated transcript, unlike 

transcripts from the Frmd7.tm1a mice, which contain (low levels of) of wild type 

transcript due to alternative splicing. It remains unknown whether the eye tracking 

recordings are similar in these two models. In order to evaluate the nature of eye 

movements in Frmd7.tm1a, Frmd7.tm1b and wild type mice, eye tracking using 

EyeLink 1000 eye tracking system was performed on head-fixed mice (Figure 5.3). 

The challenge with obtaining accurate eye tracking recordings in rodents are the 

sudden head movements that cause the infrared camera to lose tracking (catching 

infrared light reflected off the eye). Hence, metal plates were attached surgically to 

mice heads to minimize head movements (see section 2.7.1). Reliable traces were 

chosen from several trials of 1-minute recording sessions to acquire the best 

traces for analysis (see section 2.7.3). Individual OKNs were identified according 

to criteria such as the presence of a steady slow phase followed immediately by a 

sharp fast phase with a duration of less than or equals to one second. The results 

show horizontal optokinetic reflex (OKN) abnormality in the Frmd7.tm1a and 

Frmd7.tm1b mice, the horizontal OKN in wild type mice was normal. the normal 

OKN trace was decided on the basis that there were at least two slow phases 

followed by sharp fast phases in the opposite direction with a duration of less than 

1 second each. This is consistent with the expected result since abnormality in 
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horizontal OKN of Frmd7.tm1a mice was reported previously (Yonehara et al., 2016) 

and is seen in human subjects with idiopathic nystagmus with FRMD7 mutations. 

Horizontal OKN of Frmd7.tm1b mice was similar to that of the Frmd7.tm1a mice.  
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Figure 5.3 Horizontal optokinetic reflex analysis of Frmd7.tm1a, Frmd7.tm1b and 
wild type mice. 

Eye tracking recordings of wild type (left), Frmd7.tm1a (middle) and Frmd7.tm1b (right) 
in response to motion stimulus to the temporal (top) and nasal (bottom) directions 
on the retina. Black bars represent motion stimulus direction, bars were moving at 
5.3 degree per second. Bar charts on the right represent quantification of the 
number of horizontal optokinetic reflexes (OKN) counted for each group, Eye 
tracking recordings on the horizontal left direction were as follows; for wild type 
mice (n=5), 8 recordings (6 had shown OKN), Frmd7.tm1a mice (n=5), 9 recordings 
(none had shown OKN), Frmd7.tm1b mice (n=5), 6 recordings (none had shown 
OKN). For eye tracking recordings on the horizontal right direction; wild type mice, 
8 recordings (5 had shown OKN), Frmd7.tm1a mice, 8 recordings (none had shown 
OKN), Frmd7.tm1b mice, 7 recordings (only 1 had shown OKN). 
  



Chapter 5 Ocular phenotyping of Frmd7.tm1a and Frmd7.tm1b mice 

162 

 Discussion 

Functional methods that provide insights on the nature of eye movements like Eye 

tracking are useful tools to reveal abnormalities in wide range of visual disorders 

such as Idiopathic Infantile Nystagmus (IIN). Electroretinography (ERG) is an 

electrophysiological method that assess the electrical potential of the different cells 

of the retina in response to light stimulus, whereas Ocular Coherence Tomography 

(OCT) is a non-invasive in vitro imaging method that uses low coherence 

interferometry to produce high-resolution two-dimensional images of the retina. 

Together, eye tracking, ERG and OCT can potentially provide a detailed and 

comprehensive mapping of dysfunctional areas the retina of Frmd7.tm1a and 

Frmd7.tm1b mice in comparison to the wild type. 

 

The ERG recordings shown in this chapter suggest normal phototransduction 

across the different cells of the retina of Frmd7.tm1a, Frmd7.tm1b and wild type mice 

(Figure 5.1 B and C). T(A) and T(B) represents the time between the onset of the 

light illumination and the peak of the A-wave and B-wave respectively, the 

similarity in averages of T(A) and T(B) suggests no abnormality in the time that the 

photoreceptors take to respond to light stimulus. After all, normal ERG recordings 

of the Frmd7.tm1a and Frmd7.tm1b mice was not a surprising result since, as detailed 

previously, abnormalities in ERG recordings are not normally seen in human 

subjects with IIN (Gottlob and Proudlock, 2014; Thomas et al., 1993). However, 

abnormalities in the signalling of the starburst amacrine cells have been previously 

reported (Yonehara et al., 2016). Although a slightly lower “oscillatory potential” 

was noticed in both the Frmd7.tm1a and Frmd7.tm1b mice in comparison to the wild 

type mice, but that decrease was not statistically significant, suggesting normal 

photoconductivity response of the starburst amacrine cells in the absence of 

Frmd7. This finding is novel and helps directing the investigation of the function of 

Frmd7 in modulating the inhibitory signals released by the starburst amacrine cells 

towards different direction other than the initial response of these cells to light. 

 

Gross differences in morphology of the different layers of the retina have not been 

reported in the literature. In general, OCT scans of human subjects with INN show 

normal OCT scans (Gottlob and Proudlock, 2014; Thomas et al., 1993) However, 

one study on a cohort of IIN patients with FRMD7 mutations revealed 

abnormalities in the optic nerve head morphology, along with a significantly 
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decreased optic disk area and nerve fibre layer thickness (Thomas et al., 2014a), 

suggesting abnormalities in the development the different retinal layers are 

associated with FRMD7 mutations in humans and these abnormalities could be an 

important aetiological factors in the development of nystagmus. When measuring 

different cross-sectional areas of the different layers of the Frmd7.tm1a and 

Frmd7.tm1b retinas in comparison to the wild type retina, no abnormalities in the 

thickness of the different layers were observed (Figure 5.2 E). Also, no obvious 

abnormalities in the gross morphology of the optic nerve and the retinal nerve fibre 

layers was noticed in the mutant mice compared to the wild type when analysing 

top view and side views of the OCT scans (Figure 5.2 B, C and D). Given that the 

abnormalities in the retinal development reported by Thomas et al. above is 

related to FRMD7 loss, lack of obvious abnormalities in the OCT scans of mice 

suggest that Frmd7 might affect retinal development in different mechanisms to 

those in mice, and that INN in human and mice perhaps develop differently. As 

detailed in chapter 1, mice retina, unlike human retina, lack a fovea (see section 

1.5.3). The central vision in humans is much more detailed and sophisticated than 

in mice due to the presence of the fovea. The analysis of OCT scans of the INN 

cohort presented in Thomas et al. was based on the development of the foveal pit, 

an area of high visual acuity which is lacking in mice, Hence, given the difference 

in vision perception between human and mice, it is not surprising that the 

development of ocular conditions such as nystagmus might be different too. Also, 

it is possible that abnormalities in the optic nerve head morphology and the 

thickness of the retinal fibre layer in INN human subjects perhaps not directly 

related to FRMD7 mutations. Making such an assumption is perhaps premature 

given the limited knowledge about the role of FRMD7 in the aetiology of 

nystagmus, which requires more detailed analysis on the morphology of the retinal 

layers currently lacking in the literature. 

 

In contrast to the ERG and OCT results, eye tracking recordings performed on wild 

type control, Frmd7.tm1a and Frmd7.tm1b mice revealed a deficit in the OKN in the 

horizontal axis (Figure 5.3). The deficit in the horizontal OKN seen in the 

Frmd7.tm1b mice has not been reported previously as this allele is novel and it 

highlights the similarity to the Frmd7.tm1a mice at the functional level. The presence 

of (low levels of) wild type transcript in the Frmd7.tm1a transcript reported by 

Yonehara et al. (Yonehara et al., 2016) raises the question whether that low level 

of wild type protein in those mice will result in a difference in the OKN when 
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compared to the Frmd7.tm1b mice, who lack that low level of wild type protein. 

However, the result was expected since the Frmd7.tm1b mice, like the Frmd7.tm1a, 

lack Frmd7, which is believed to be necessary to establish optokinetic reflex in the 

horizontal axis. 

 

In addition to characterising eye movements in Frmd7.tm1a, Frmd7.tm1b mice, one of 

the objectives of this body of work was to establish eye tracking methodology to be 

used for examining eye movement in mice. To characterise a model for idiopathic 

nystagmus, like the Frmd7.tm1a, and Frmd7.tm1b model, with a characteristic 

optokinetic reflex deficit, it is necessary to use a functional method that can assess 

the nature of the optokinetic reflex. The optokinetic reflex can be assessed when a 

subject, in this case a mouse, is presented with a moving stimulus drifting at 

different direction to the retina, and the eye movements in response to the moving 

stimuli are recorded using a specialised camera. Establishing such a sophisticated 

functional technique proved to be more challenging than it was originally thought, 

for instance; for the camera to acquire accurate recordings, mice heads had to be 

fixed into a metal frame to restrict sudden movements of the head and the eyes 

which makes it difficult for the camera to catch the reflection of the infrared light. 

Robust techniques for surgical head stabilisation and eye tracking are not in 

common use in rodents and a variety of techniques have been used such as 

video-oculography and magnetic eye tracking (Kretschmer et al., 2017; Payne and 

Raymond, 2017), where eye tracking was performed without head restraint which 

resulted in a various degree of accuracy in measuring eye movements. In order to 

gain the most accurate data, a high-resolution infrared tracker (rather than video 

recording systems) and head fixation using a surgical technique for head fixation 

commonly used for brain research have been employed. On the technical side of 

the technique, the EyeLink 1000 tracking system is designed for human eye. The 

infrared camera had to be adjusted to be able to recognise reflections from mice 

eyes. Also, eye tracking is normally performed in humans, which can be instructed 

to look at multiple points on a screen with known distances from each other so that 

the camera can be calibrated, this was not possible with mice and the parameters 

used to define OKN responses had be defined as a sharp and quick “fast phase” 

followed by a slower “slow phase” that occurred within 1 second or less. Other 

technical difficulties had to be overcome including building a metal frame that can 

be adjusted to fix the metal plate but can also be adjusted to the height of the 

camera. Horizontal and vertical gratings had to be presented to mice using a 
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computer screen which was then switched to two v-shaped screens for binocular 

stimulation. The deficit in the optokinetic reflex in the horizontal axis that was 

reported in the Frmd7.tm1a mice by Yonehara et.al (Yonehara et al., 2016), was 

successfully replicated using the in-house optimised eye tracking technique, which 

suggest the technique was reliable.  

 

The optokinetic reflex in response to vertical grating was normal in Frmd7.tm1a in 

comparison to the wild type mice (Yonehara et al., 2016). Eye tracking recordings 

in response to vertical grating were not always successfully seen and despite 

numerous optimisation steps, such as changing the speed and ‘degree per 

second” frequency of the presented grating, it was not always possible to obtain a 

reliable recordings and analysis of vertical optokinetic reflex was excluded.  

 

In contrast to IIN human subjects with FRMD7 mutations, both Frmd7.tm1a and 

Frmd7.tm1b mice did not show spontaneous horizontal oscillations (nystagmus), this 

can be due to at least two reasons. First, inhibitory interactions between control 

centres of the optokinetic reflex in the brain and centres that control 

microsaccades have been previously reported (Otero-Millan et al., 2011). In 

humans it is possible that when the optokinetic reflex is lost, inhibition of the 

microsaccades is decreased and horizontal microsaccades become larger in 

amplitude resulting in horizontal nystagmus. Since microsaccades have not been 

reported in mice previously, the absence of these kind of rapid eye movements 

might explain the lack of spontaneous nystagmus in mice. The second reason 

might be that the lack of horizontal optokinetic reflex is not caused by the same 

mechanism as nystagmus. Patients with Achromatopsia show normal optokinetic 

reflex despite the presence of horizontal oscillations in eye movements (horizontal 

nystagmus) (Yee et al., 1981), which shows that the mechanisms that drive 

nystagmus and the optokinetic reflex can possibly be different. If this is true, it is 

possibly that a defect in the inhibitory signalling of the starburst amacrine cells 

leads to loss of the horizontal optokinetic reflex, and that independently, this loss 

of optokinetic reflex is accompanied by a disfunction in the fovea, which is lacking 

in mice, or a disfunction of other parts of brain circuitry causes nystagmus. 

 

 

In conclusion, the aim of this chapter was to characterise the visual properties of 

Frmd7.tm1a and Frmd7.tm1b mice using well-established electrophysiological and in 
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vitro retinal imaging techniques and to ensure that a second visual developmental 

disorder was not present in the Frmd7 mutant mice. The results support previous 

work by other showing a specific horizontal OKN deficit in these mice but no 

evidence of a broader structural retinal disorder. The work has also achieved the 

development of a robust technique of eye tracking in mice which will be used in a 

variety of future studies of nystagmus and other ocular disorders.
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6 General Discussion 

  



Chapter 6 General discussion 

168 

 General discussion and conclusion 

The main aim of this thesis is to characterise the role of Frmd7 in idiopathic 

infantile nystagmus (IIN) using a mutant Frmd7 mouse strain as a model for the 

disease. The experiments designed in this study were set to achieve two main 

goals; an ocular phenotyping study of wild type and Frmd7 mutant mice and 

immunohistochemical characterisation study to investigate sites of Frmd7 

expression and function. To achieve these goals, a combination of histology and 

molecular biology techniques, as well as ocular functional techniques were applied 

using Frmd7 mutant mice. Existing theories in the literature were challenged, 

including the role of Frmd7 in signal transduction in the retina. Potential 

advantages of using the Frmd7.tm1a and the Frmd7.tm1b mice to characterize Frmd7 

function were investigated as well as potential limitations of the model. 

 

Although the Frmd7.tm1a mouse model has already been used in characterising 

possible roles of Frmd7 in IIN (Yonehara et al., 2016), the potential uses of the 

model as a reporter allele of Frmd7 expression has not been fully explored. The 

results of this thesis confirmed that it was feasible to study sites of Frmd7 

expression by utilising the reporter LacZ gene as a more reliable and alternative 

method to antibody staining. New sites of Frmd7 expression during embryonic 

development were identified such as the precursor of the optic tract and the 

choroid plexus that have not been reported previously in the literature, which might 

suggest the involvement of Frmd7 in early development of the neural retina and 

establishment of early neurological communications between the eye and brain.  

 

Also, different versions of the Frmd7 EUCOMM/KOMP targeted allele (Bradley et 

al., 2012b; Skarnes et al., 2011) have not been previously investigated such as the 

Frmd7.tm1b allele, which was generated by exploiting the actions of Cre 

recombinase on the LoxP sites flanking the critical exon (exon 4) in the Frmd7.tm1a 

mice as detailed in Chapter 1. In theory, studying the function of Frmd7 in IIN 

requires a reliable knockout model at the molecular level. The work in chapter 3 

demonstrates that the Frmd7.tm1b is a more reliable model of Frmd7 at the mRNA 

transcript level, since it lacked the (low levels) of wild type transcript reported in 

the Frmd7.tm1a mice (Yonehara et al., 2016). However, that did not translate into an 

effect in the functional level of Frmd7 since eye tracking analysis showed that the 

deficit in the horizontal OKN in both alleles was similar. This was a novel finding 



Chapter 6 General discussion 

169 

and it sheds a light on whether a complete knockout of Frmd7, represented by the 

Frmd7.tm1b allele, would result in a more severe deficit in the horizontal OKN 

already reported in the Frmd7.tm1a mice. The question that still needs to be 

answered is whether the disfunction of the starburst amacrine cells that potentially 

led to a deficit in the optokinetic reflex seen in the Frmd7.tm1a and Frmd7.tm1b mice 

can be linked to the lack of horizontal optokinetic reflex in human subjects with 

FRMD7 mutations (Thomas et al., 2011a; Thomas et al., 2008). Several pieces of 

evidence can explain this interpretation such as the neuronal pathways controlling 

the optokinetic reflex are conserved across mammals. The ON DSGCs that are 

horizontally selective, and are activated by the NOT/DNT signals, have been 

recorded by NOT/DNT of primate brains. Also, Choline Acetyltransferase (ChAT), 

which is an amacrine cell marker, shows a similar expression patterns in non-

human primate and mice retina, where the cell bodies of the starburst amacrine 

cells lie in the inner nuclear layer and the ganglion cell layer and two mosaics of 

starburst cells processes extend into the strata of the inner plexiform layer 

(Rodieck and Marshak, 1992; Yonehara et al., 2016). In addition, Frmd7 mRNA 

expression was detected in the same layers in the non-human retina (Yonehara et 

al., 2016). This indicates that in primates FRMD7 is expressed in cells that are 

morphologically and genetically similar to the starburst amacrine cells in mice. 

Since FRMD7 is expressed in the starburst amacrine cells of non-human primates, 

mice and human, also, both human subjects with IIN and the Frmd7.tm1a mice 

show normal spontaneous horizontal eye movements (Yonehara et al., 2016), 

which indicates the motor system controlling horizontal eye movements is 

functional. These findings contribute to the hypothesis that loss of horizontal 

optokinetic reflex is, at least partly, due to the loss of Frmd7 function in the 

starburst amacrine cells. It is also important to mention that FRMD7 mRNA was 

detected in brain regions associated with the vestibulo-ocular reflex (Tarpey et al., 

2006; Thomas et al., 2011a). However, human optokinetic reflex was assessed on 

head-fixed subjects and disfunction of the vestibular system is unlikely to fully 

explain the defect in the optokinetic reflex seen in IIN. 

 

In addition, despite the difference in the mRNA transcripts between the Frmd7.tm1a 

and Frmd7.tm1b alleles which suggested that the Frmd7.tm1b allele represents a 

more reliable knockout model of Frmd7, however, there was no difference in the 

electrical activity of the retina of both alleles, represented by the ERG recordings, 

nor the gross morphology of the different retinal layers, represents by the OCT 
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scans, when compared to the wild type retina. This too was a novel finding and it 

agrees with existing assumptions that mice with Frmd7 mutations should show 

normal ERG recordings and OCT scans, as in the case for human IIN subjects 

with Frmd7 mutations (Gottlob and Proudlock, 2014; Thomas et al., 1993). 

Although abnormalities in the optic nerve head morphology and the thickness of 

the optic stalk and optic disk, as well as thinning of the retinal nerve fibre layer 

thickness were observed in IIN human subjects with FRMD7 mutations (Thomas 

et al., 2014a), such abnormalities are not necessarily expected to be found in mice 

given OCT analysis in humans are based on measurements of the foveal pit which 

mice do not have.  

 

As detailed in Chapter 1, the FERM domain-containing proteins, such as the 

Frmd7 protein, play a crucial rule in modulating actin cytoskeleton dynamics 

(Moleirinho et al., 2013; Pu et al., 2013). The majority of mutations in X-linked IIN 

have been found in the FERM and the FA adjacent domains, the role of FRMD7 in 

IIN is not yet understood, however, the involvement of the FERM domain and the 

FA adjacent domain in regulating the plasma membrane and actin cytoskeleton 

dynamics is believed to be the mechanism behind FRMD7 regulation of the 

developing neural system. Loss of FRMD7 can cause a defect in neuronal 

outgrowth through interactions with Rho GDPase inhibitory regulators such as 

Rho-GDI, which are key components of the actin cytoskeleton dynamics (Pu et al., 

2013; Watkins et al., 2013). The FERM domain itself is known to be upstream 

regulator of Rho proteins, interacting with Rho GDPase inhibitory regulators such 

as Rho-GDI and stimulatory regulators such as DbI (Takahashi et al., 1998; 

Takahashi et al., 1997). Similar to other FERM domain containing proteins, such 

as FERM RhoGEF and pleckstrin domain-containing protein 1 and 2 (FARP1 and 

FARP2 respectively) the presence of the ezrin/radixin/moesin proteins, which are 

known to regulate cell adhesion and morphogenesis, in the FRMD7 protein 

supports current theories on its association with the plasma membrane of 

neurones, which might act as a guidance mechanism for their growth (Baines, 

2006; Chishti et al., 1998; Tsukita and Yonemura, 1999). FARP1 is known to 

regulate dendritic growth of spinal motor neurons, whereas FARP2 has been 

shown to modulate the length and degree of branching of neurites in the 

developing cortical neurons (Kubo et al., 2002; Toyofuku et al., 2005). Both 

FARP1 and FARP2 act as Guanine Nucleotide Exchange factors (GEFs) that 

regulate RhoGDPases, which are key modulators of the actin cytoskeletal 
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dynamics in neurons. The upregulation of human FRMD7 upon retinoic acid (RA) 

induced differentiation of mouse neuroblastoma NURO2A cells supports the 

theory on its involvement in guiding neurones, this was supported by knockout of 

FRMD7 during neuronal differentiation resulted in altered neurites development 

(Betts-Henderson et al., 2010). More specifically, it has been proposed that 

FRMD7 is required specifically for neurite elongation during neuronal 

differentiation through its association with the plasma membrane of the neurites. 

 

In addition, recent evidence demonstrated the involvement of Frmd7 in 

establishing circuit inhibitory inputs from the starburst amacrine cells to the 

DSGCs in the murine retina. Loss of Frmd7 resulted in disruption in that inhibitory 

circuit and that led to a deficit in the optokinetic reflex (OKN) of the Frmd7.tm1a mice 

(Yonehara et al., 2016). It has been proposed that Frmd7 modulate actin 

cytoskeleton dynamics in the starburst amacrine cells by interaction with RhoGEF 

signalling proteins (Pu et al., 2013; Yonehara et al., 2016). The first symmetric 

connections between the starburst amacrine cells and both ON-OFF and ON 

DSGCs are made early during early neonatal development in mice, by P6, these 

symmetric connections are then reorganised to asymmetric connections before 

eye opening (Wei et al., 2011; Yonehara et al., 2011). Frmd7 is believed to be 

necessary to establish these early connections and its loss might result in 

disruption to the distribution of the inhibitory signals. 

 

A possible theory for the role of Frmd7 in the starburst amacrine cells is that it 

regulates their synapses by modulating the actin cytoskeleton and upon knockout 

of Frmd7 the starburst amacrine cells do not synapse properly, which might 

explain the disruption of the inhibitory signals from the starburst amacrine cells to 

the DSGCs. Connections between the starburst amacrine cells and the ganglion 

cells can either be excitatory, which are mediated by acetylcholine, or inhibitory 

connections mediated by GABA (Vaney et al., 2012). Yonehara et al. found that 

the inhibitory connections between the starburst amacrine cells and ganglion cells 

that are horizontally direction-selective are defective. Normally these inhibitory 

signals are asymmetric and upon the loss of Frmd7 they become symmetric 

(Yonehara et al., 2016). Circuitry of ganglion cells that are vertically direction-

selective are not affected. The DSGCs also receive excitatory signals via the 

glutamatergic bipolar cells as well as the cholinergic starburst amacrine cells, 

whereas the GABAergic inhibitory signals come from the starburst amacrine cells 
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alone (Vaney et al., 2012). The glutamatergic and cholinergic excitatory inputs are 

not direction selective (Lee et al., 2010; Yonehara et al., 2013), whereas the 

GABAergic inputs are spatially asymmetric (Vaney et al., 2012). The inputs from 

the  Nasally and temporally pointed processes of the starburst amacrine cells 

seem to be very selective in matching with the correct temporal and nasal directed 

DSGCs (Fried et al., 2002; Yoshida et al., 2001), It is likely that nasally and 

temporally pointed processes of the starburst amacrine cells contain distinct 

molecules that can recognise horizontally orientated ON-OFF and ON DSGCs and 

that enable them from making the correct choice of cells to make connections with. 

This means that there must be a sorting machinery in the starburst amacrine cells 

processes that can sort the direction of signals that these cells send. It is well 

documented that the retina has nasal and temporal gradient molecules such as 

ephrins and the bone morphogenesis proteins (BMPs) (Sakuta et al., 2006). It is 

likely that Frmd7 is contributing to the establishment of this selective connectivity. 

This was proven when the selectivity of inhibitory signals was changed from 

asymmetric to symmetric upon the loss of Frmd7. Yonehara et al. suggest that 

Frmd7 is not a marker of nasal and temporal selectivity of the starburst amacrine 

cells, it is more likely that it forms part of the molecular machinery that is either 

sensing or selecting the inhibitory signals between the starburst amacrine cells 

and the DSGSs. 

 

The obvious question that needs to be answered to explain this disruption is 

whether the defect in the starburst amacrine cells circuitry alone is affected by 

Frmd7 knockout or there is perhaps another underlying defect in the synapses of 

these cells. It is not clear whether the rate of synthesis of neurotransmitters such 

as Acetylcholine and gamma-Aminobutyric acid (GABA), both of which are 

released by the starburst amacrine cells, is normal. However, upon examining the 

levels of different synaptic markers such as choline acetyltransferase (ChAT) and 

the glutamic acid decarboxylase (GAD65-67), the enzymes responsible for the 

synthesis of acetylcholine and GABA respectively, revealed no significant change 

in the intensity of these markers in the starburst amacrine cells of the Frmd7.tm1b 

and wild type mice. This is contrary to the residing theory that under synthesis of 

GABA is the reason behind the disruption of inhibitory signals from the starburst 

amacrine cells to the DSGCs. Another theory behind that disruption is whether the 

neurotransmitters are synthesised normally but perhaps they are not transported 

and released at the synaptic vesicle. The results of this thesis do not support this 
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theory as the intensity of general presynaptic, postsynaptic and synaptic vesicular 

markers appears to be normal. More importantly, the density of the starburst 

amacrine cells did not decline upon the loss of Frmd7. As mentioned previously, It 

has been proposed that the inhibitory synapses are released by the starburst 

amacrine cells to the DSGCs asymmetrically across the retina, and upon the loss 

of Frmd7 those asymmetric inhibitory signals become symmetric, suggesting 

Frmd7 involved in directing the inhibitory signals in the retina. The normal levels of 

GABA in the Frmd7.tm1b mice compared to the wild type supports this theory and 

suggests a role of Frmd7 in modulating the direction of the inhibitory synapses in 

the retina. Whether this modulation occurs by interaction with Rho GEF proteins or 

other proteins it remains to be explored. 

 

The lack of the horizontal optokinetic reflex in the Frmd7.tm1a and Frmd7.tm1b mice 

demonstrated in this thesis, and by others (Yonehara et al., 2016), is likely to be 

as a result of lack of horizontal direction selectivity in the retina of the mutant mice. 

This conclusion is supported by the fact that abolishing the starburst amacrine 

cells resulted in loss of direction selectivity in mice (Yoshida et al., 2001). The 

gene expression analysis results in this thesis showed that Frmd7 is selectively 

expressed in the starburst amacrine cells in the retina and the Frmd7 mutant mice 

have a deficit in the horizontal optokinetic reflex. The genetic manipulation of the 

starburst amacrine cells by Yoshida et al. above was performed in the retina alone 

without affecting circuitry in the brain. However, Yonehara et al. detected Frmd7 

mRNA expression in the motor nuclei of the vestibular system which are 

responsible for eye movements (Yonehara et al., 2016). Also, activity in the 

NOT/DTN, where horizontal direction-selective inputs of the retina are processed, 

has been shown to be required in establishing horizontal optokinetic reflex in cats 

(Hoffmann and Fischer, 2001). Although eye tracking recordings presented in 

Chapter 5 were performed on head fixed mice to rule out involvement of the 

vestibular system, however, based on the evidence above, the involvement of 

motor nuclei of the vestibular system cannot be ruled out in explaining the 

optokinetic reflex deficit seen in the Frmd7.tm1a and Frmd7.tm1b mice. 

It is possible that under development of the starburst amacrine cells is a common 

cause of OKN deficit.  The density of the starburst amacrine cells in the ganglion 

cell layer and the inner nuclear layer of the Frmd7 mutant mice was shown to be 

similar to the wild type mice, so as the extension of their process in the inner 

plexiform layer (Yonehara et al., 2016). The work in this thesis has confirmed that 
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finding, in addition, it also demonstrated that deficit in OKN is not necessarily a 

result of under development of the starburst amacrine cells since mice with an 

OKN defect (Calb mice), other than Frmd7 mutants, have a normal density of 

starburst amacrine cells. 

 

Currently, there is a lack of consensus in the literature on mechanisms that drive 

infantile nystagmus including IIN. A number of reports suggest an abnormal 

pathology of afferent visual pathway such as miswiring of the retinal ganglion cells 

at the optic chiasm as the reason behind the oscillation in eye movements (Huang 

et al., 2011; Huber-Reggi et al., 2012; Traber et al., 2012). Neuronal misdirection 

of the ganglion cells axons in the optic chiasm can facilitate the development of 

infantile nystagmus in patients with Albinism and Achiasma (absence of the 

chiasm), however, patients with infantile nystagmus have normal hemispheric 

evoked potentials indicating that chiasmal misdirection is not necessarily the 

reason behind the spontaneous oscillation of the eye in nystagmus (Apkarian and 

Shallo-Hoffmann, 1991; Guo et al., 1989). Other theories on the mechanisms of 

nystagmus are focusing on brain centres that control eye movement. Disrupted 

development of binocular cortical motion centres results in an uncontrolled 

expression of the optokinetic reflex system which has been proposed as a 

mechanism that drives infantile nystagmus (Brodsky and Dell'Osso, 2014a). 

Humans developed a cortical foveal pursuit system that stabilises images on the 

retina when pursing a moving object, which in turn drives the optokinetic pathways 

that are driven by the NOT/DNT parts of the Accessory Optic System (AOS) 

system (Brodsky, 2012; Brodsky and Tusa, 2004). Abnormalities in the 

development of the subcortical optokinetic system in infants, which is normally 

operative in the first two months of life, facilitate the development of spontaneous 

oscillations in the eye that are normally associated with infantile nystagmus. 

Lateral-eyed afoveate animals such as mice use the subcortical AOS to generate 

accurate visual signals in response to optokinetic inputs, unlike humans who a 

much sophisticated cortical foveate pursuit system, which represents an additional 

level of complexity when making direct comparison between mechanisms of 

nystagmus in humans and mice. 

 

It has been proposed that the cortical pursuit system that is responsible for 

generating the optokinetic responses is intact in infantile nystagmus, and the 

apparent reverse in the optokinetic response that has been shown in some reports 
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(Halmagyi et al., 1980a), is a result of a shift in the null zone (the point of gaze 

where nystagmus is the least) brought about by horizontally moving optokinetic 

targets rather than a defect in the optokinetic system (Brodsky and Dell'Osso, 

2014a). Infantile nystagmus patients are believed to generate the correct 

optokinetic responses during each foveation period and that these responses are 

driven by the normally functioning cortical pursuit system (Dell'Osso et al., 1992). 

The reversed optokinetic reflex in infantile nystagmus can be explained by a 

rightward moving optokinetic target would stimulate right gaze and generate right-

beating nystagmus. The shift to the right in gaze position is equal to a shift in 

position of the null zone to the left resulting in a revered optokinetic nystagmus 

(Leigh and Zee, 2006). The hypothesis of reversed optokinetic reflex in nystagmus 

does not offer explanation of the mechanism, it is rather a consequence of a mis-

regulated circuitry in the optokinetic system. 

 

One particular mechanism of infantile nystagmus that takes different approach is 

the pathological changes in the extraocular muscle structure or in motor and 

sensory innervations as the primary generator of nystagmus (Berg et al., 2012). 

Histological sections of extraocular muscles specimens from infantile nystagmus 

patients show increased number of centrally nucleated myofibers than those of the 

wild type controls. Also, the mean myelinated nerve density, nerve fibre density 

and neuromuscular junction density were significantly decreased in infantile 

nystagmus patients. The degree of heterogeneity in myofiber size is greater in 

patients with infantile nystagmus than those of the wild type controls. However, the 

myofiber cross-sectional area did not change after nystagmus. Mammalian 

extraocular muscles undergo continuous remodelling with a typical pattern of 

peripheral nucleation of myofibers (McLoon et al., 2004; McLoon and Wirtschafter, 

2003). Peripheral nucleation however is normally related with muscle disease and 

muscle injury and regeneration (Grounds and McGeachie, 1990; Pisani et al., 

2008). This hypoinnervated pathology of the extraocular muscles in nystagmus 

patients suggests that a deficit in the motor innervation might result in a potential 

loss in motor control of eye movement in nystagmus. Hypoinnervation might result 

in the inability of the brain to compensate for the insufficiently functional 

extraocular muscles and that the muscles become inadaptable for normal 

exquisite control over eye movements. FRMD7 expression has not been reported 

in the extraocular muscle and it is unlikely to be directly related to abnormal 

pathology of the muscles. Also, Frmd7.tm1a and Frmd7.tm1b mice did not show 



Chapter 6 General discussion 

176 

typical horizontal oscillation (nystagmus), although a deficit in the horizontal 

optokinetic reflex was observed perhaps as a consequence of mis-regulated 

starburst amacrine cells (Yonehara et al., 2016). This suggest the abnormal 

pathology of the extraocular muscles seen in humans might not be the primary 

generator of nystagmus or the mechanisms of nystagmus might be different in 

humans and mice. 

 

The work of this thesis confirms the role of Frmd7 expression in the starburst 

amacrine cells reported by others (Siegert et al., 2012; Yonehara et al., 2016), it 

also supports the theory of disrupted inhibitory signals from the starburst amacrine 

cells to the DSGCs, however, this disruption is not related to the levels of GABA 

synthesis or release. This finding is useful in directing future work towards other 

mechanisms of Frmd7 in IIN, such as modulating actin cytoskeleton dynamics in 

these cells via RhoGEF signalling proteins as suggested by others (Pu et al., 

2013; Watkins et al., 2013; Yonehara et al., 2016). The expression patterns of 

Frmd7 were also explored in this thesis using a combination of histological 

techniques and showed possible new sites of expression that have not been 

reported previously. The ocular behaviour of the Frmd7 mutant mice was also 

explored confirming a deficit in the horizontal OKN as a possible consequence of 

Frmd7 loss. Finally, a novel technique of high-resolution eye tracking in mice was 

developed which will provide a robust method for future studies including 

evaluation of potential therapeutics. 

 

 

In conclusion, the experiments in this thesis confirm the hypothesis that Frmd7 

plays a role in communication of cells in the retina via the starburst amacrine cells 

and that loss of Frmd7 results in a deficit in the horizontal OKN in mice. This study 

therefore links the horizontal OKN deficit to IIN using a murine model with Frmd7 

knockout. 

 

Below is a summary of the results obtained for each of the aims outlined in the 

introduction: 

 

1. This study confirms that it was feasible to generate Fmrd7.tm1b allele from 

Frmd7.tm1 allele by the Cre recombination technology, and that the 
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Frmd7.tm1b allele is a more reliable knockout model than the Frmd7.tm1a 

allele at the molecular level. 

2. It was possible to explore sites of Frmd7 expression using both the 

Frmd7.tm1a and Frmd7.tm1b mice using antibodies raised against the murine 

Frmd7 protein not the human protein. However, staining using X-gal 

staining proved to be a more reliable and alternative method to antibody 

staining. 

3. The Frmd7.tm1b mice are functionally similar to the Frmd7.tm1a when 

examining the ocular behaviour using ERG, OCT and eye tracking.  

 

 Future directions 

The disruption of inhibitory signals from the starburst amacrine cells to the DSGCs 

that has been shown to drive the OKN deficit in the Frmd7.tm1a mice (Yonehara et 

al., 2016), which was confirmed by the work in this thesis, led to speculations that 

Frmd7 modulates the release of the inhibitory signals in the starburst amacrine 

cells by interacting with RhoGEF proteins, a theory which has been supported 

previously in the literature (Pu et al., 2013). In order to further characterise the role 

of Frmd7 in modulating the actin cytoskeleton in the starburst amacrine cells, a cell 

culture model is needed. Isolation of the murine starburst amacrine cells by 

immuo-panning has been reported previously (Kunzevitzky et al., 2010). Immune-

panning of the starburst amacrine cells of C57/BL6 retinas has already started 

(See Appendix III Figure 8.26). Further optimisation steps were needed for 

successful culturing of the primary cell line but unfortunately due to time 

constraints this work has not been completed by the end of this PhD project. The 

Frmd7.tm1a and Frmd7.tm1b mice represent an in vivo model of Frmd7 knockout, 

isolating a primary cell culture of the starburst amacrine cells from these mice will 

provide an in vivo model of Frmd7 knockout, which can provide a powerful tool to 

study the dynamics of the actin cytoskeleton in the presence and absence of 

Frmd7, for example, the actin cytoskeleton dynamics can be examined by looking 

at the morphology of the starburst amacrine cells of the Frmd7 mutant mice 

compared to the wild type mice using traditional anti-actin antibodies, such as anti-

pan actin primary antibodies and fluorescent phalloidins dyes, to visualize any 

obvious abnormalities in the actin cytoskeleton. The RhoGEF signalling proteins 

Rac1, RhoA and Cdc42 are key regulators of the actin cytoskeleton  (Nobes and 
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Hall, 1995; Ridley and Hall, 1992), these RhoGDPases exist in an active and 

inactive states depending on their phosphorylation state (Nikolic, 2002). The 

activation state of RhoGEF signalling proteins in the amacrine cells isolated from 

wild type, Frmd7.tm1a and Frmd7.tm1b retinas can be evaluated by transfecting the 

cells with constructs of active and inactive states of Rho/GEFs. This will help 

dissect the molecular pathway(s) of Frmd7 and its precise mechanism in RhoGEF 

signalling, and how this mechanism can be related to the role of Frmd7 in the 

interactions between the starburst amacrine cells and the DSGCs in the Frmd7.tm1a 

mice. Also, it would be interesting to examine the association of Frmd7 with 

membrane-associated proteins, such as the hyaluronan receptor CD44, in the 

starburst amacrine cells to further characterise Frmd7 function in modulating the 

actin cytoskeleton. The hyaluronan CD44 receptors are known to regulate cell 

adhesion and morphogenesis through interactions with ezrin/radixin/moesin 

proteins in the FERM domain (Mangeat et al., 1999). 

 

As indicated above, the availability of the Frmd7.tm1a and Frmd7.tm1b mice in 

combination with the starburst amacrine cell culture will provide in vivo and in vitro 

tools to study the mechanisms of Frmd7 in IIN. It will be possible to test the 

viability of using in vitro and in vivo approaches to replace Frmd7 by building a 

construct of Frmd7 for gene therapy for example, or sub-retinal injection of a 

recombinant Frmd7 protein in Frmd7.tm1a and Frmd7.tm1b mice. The establishment 

of a specific time point during early development when Frmd7 is required would be 

necessary before attempting a gene therapy approach. Potential future plans with 

different investigation strategies are summarised in Figure 6.1. 

 

Since a reliable eye tracking technique to characterise the nature of eye 

movements in rodents was established as part of this PhD project, it would be 

interesting to assess the optokinetic reflex in the Frmd7.tm1a and Frmd7.tm1b mice 

after depletion of the starburst amacrine cells in these mice with toxins such as 

Sarporin, which has been shown to deplete the starburst amacrine cells in rodents 

by direct conjugation to ChAT antibodies followed by intraocular injections to the 

rodents eyes (Gunhan et al., 2002). Previous work has shown that depletion of the 

starburst amacrine cells in the murine retina disrupted the direction selectivity and 

the optokinetic reflex (Yoshida et al., 2001). Depletion of the starburst amacrine 

cells in the Frmd7.tm1a, Frmd7.tm1b and wild type mice would answer important 

questions on the role of Frmd7 in modulating the direction of the inhibitory signals 
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released by these cells. Evaluation of the optokinetic reflex before and after the 

depletion of the starburst amacrine cells would assess whether or not the deficit in 

the horizontal optokinetic reflex in these mice is a direct cause of Frmd7 loss, a 

question which has not been asked previously. 
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Figure 6.1 Summary of future experiments plan. 
The generation of Frmd7.tm1a and Frmd7.tm1b mice along with the primary cell 
culture of amacrine cells will provide an in vivo and in vitro tool to study 
mechanisms of Frmd7 in IIN.  
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Appendix I - Animals 

 Generating Frmd7 reporter/conditional allele using targeting 
via ESC technology  

The Frmd7.tm1 allele generated as part of the EUCOMM/KOMP resource, as 

described in section 3.2.1, is the first reporter and conditional knockout allele of 

Frmd7 gene. Additionally, the Frmd7 conditional allele can also generate a Frmd7 

null allele by Cre recombination (Figure 8.1). Although the generation of this 

mouse strain was done by the Sanger institute, it was necessary to introduce the 

allele design strategy and include it in this thesis because it shaped the detection 

and maintenance methodology of the Frmd7.tm1a mice which were used to 

generate the Frmd7.tm1b mice.  

 

 

 

 
 
Figure 8.1 Targeting strategy for generating Frmd7 conditional allele using 

the EUCOMM/KOMP vector. 
The targeting vector with the LacZ trapping cassette (light blue box) and a 
promoter-driven neomycin resistance cassette (neo, yellow box) flanked by two 
LoxP sites (brown triangles), was inserted upstream of the Frmd7 critical exon 
(grey box). The LacZ reporter cassette and the neomycin selection cassette were 
flanked by two FRT sites (green triangles). FLP recombinase excised the region 
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between the FRT sites to generate a Frmd7 conditional allele. Cre recombinase 
excised the entire region between the LoxP sites resulting in a Frmd7 null allele.  
 

 Breading strategy of Frmd7.tm1a mice 

In order to maintain homozygous mice for the Frmd7.tm1a allele from heterozygous 

mice purchased from the Sanger institute, a carefully planned breeding strategy 

had to be followed since the Frmd7 is in the X chromosome and male mice only 

carry one copy of the gene. First, chimeric female mice generated from the Frmd7 

EUCOMM/KOMP targeted cells were crossed to wild type C57/BL6 male mice 

referred to as “Frmd7.+” (F0 backcross, Figure 8.2). Germline heterozygous female 

offspring (F1 and F2 backcross, Figure 8.2) caring the Frmd7.tm1a allele were 

backcrossed to C57/BL6 male mice for a minimum of two generations to establish 

a heterozygous Frmd7.tm1a mouse strain (hemizygous for males as the Frmd7 

gene is in the X chromosome). Frmd7.tm1a heterozygous female and hemizygous 

male offspring were intercrossed (F0 intercross, Figure 8.2). Heterozygous 

littermates were intercrossed for a minimum of two generations to establish a 

homozygous (hemizygous for males) Frmd7.tm1a mouse strain (F1 and F2, Figure 

8.2). Total time taken for the generation of the Frmd7.tm1a homozygous strain was 

36 weeks. 
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Figure 8.2 Schematic diagram for the generation of Frmd7.tm1a homozygous. 
Frmd7+/tm1a heterozygous female mice were backcrossed to C57Bl/6 wild type 

male mice for two generations (F1 (n=5) and F2 (n=4)). Offspring was expected to 
inherit different combinations of alleles from each parent. Two Frmd7.tm1a 
homozygous offspring (hemizygous for the males since Frmd7 gene is in the X-
chromosome) were intercrossed for two generations (F1 and F2, n=4 both). 
Homozygous progeny was then expanded. 
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 Breading strategy of the generation of Frmd7.tm1b mice from 
Frmd7.tm1a mice by Cre recombination 

In order to generate the Frmd7.tm1b excised allele, Frmd7.tm1a male mice were 

crossed to female mice homozygous for the PBJ-2 Cre transgene (PBJ-2, Cre 

Tg+/-) described in section 3.2.1 (F0 outcross, Figure 8.3). Offspring were expected 

to inherit different allele combination from each parent. Since the Frmd7 allele is in 

the X chromosome, and only the male parent is a carrier, only the female offspring 

will inherit the Frmd7.tm1b excised allele, not the male offspring. To generate 

Frmd7.tm1b male offspring, selected female offspring mice heterozygous for both 

the Frmd7.tm1b and the Cre Tg+/- (Frmd7.Tg+/-) were crossed to male mice 

hemizygous for the Frmd7.tm1a for a minimum of two generations (F1 and F2 

backcross, Figure 8.3). The resulting offspring are expected to inherit different 

allele combinations from each parent, of which, male and female offspring mice 

that are heterozygous for Frmd7.tm1b allele and did not inherit the Cre Tg+/ 

transgene were intercrossed to establish a homozygous (hemizygous for males 

since the Frmd7 allele is in the X chromosome) Frmd7.tm1b mouse strain (F1 and 

F2 intercross, Figure 8.3). The total time taken for the generation of the 

homozygous strain was approximately 36 weeks. Also, total time taken to rederive 

the PBJ-2 Cre mice by Dr. Bhav Sheth at the Biomedical Research Facility, The 

University of Southampton, is approximately 12 weeks. 
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Figure 8.3 Schematic diagram for the generation of Frmd7.tm1b 

homozygous mice. 
Frmd7.tm1a hemizygous male mice were outcrossed to C57Bl/6 wild type female 
mice carrying the PBJ-2 Cre transgene Cre.Tg+/+ for two generations (F1 (n=5) 
and F2 (n=6)). Mice offspring were expected to inherit different combinations of 
alleles from each parent. Female mice heterozygous for both Frmd7.+/tm1b (after 
Cre recombinase excision of the Frmd7.tm1a allele) and the PBJ-2 Cre transgene 
Cre.Tg+/- were backcrossed to hemizygous Frmd7.tm1a mice for two generations. 
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Frmd7.tm1b homozygous offspring (hemizygous for the males since Frmd7 gene is 
in the X-chromosome) were intercrossed for two generations (F1 (n=4) and F2 
(n=2)). Homozygous progeny was then expanded. 
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Appendix II – Immunohistochemistry optimisation 

 Identification of Frmd7 variants in wild type, Frmd7.tm1a and 
Frmd7.tm1b mice via reverse transcriptase PCR (RT-PCR) 

In order to examine the variability of mRNA transcript in Frmd7.tm1a and Frmd7.tm1b 

mice in comparison to that of the wild type, total RNA extracted from wild type, 

Frmd7.tm1a and Frmd7.tm1b retinas was reverse transcribed and cDNA was 

amplified with RT-PCR using primer combinations to amplify across different 

exons (Figure 8.4). Total RNA was isolated using a standard Trizol reagent as 

described in section 2.3. the results show unexpected RT-PCR band pattern that 

could be explained by low quality pure total RNA due to Trizol contamination. 

When amplifying across exons 3 and 4, there was a product seen in the Frmd7.tm1b 

transcript, which was not expected since exon 4 was deleted in this transcript 

(Figure 8.4 B). When amplifying across exons 3 and 5 and exons 2 and 5 (P3 and 

P4 respectively), different size RT-PCR products were expected depending on 

whether the mRNA transcript is full like in the wild type mice, or truncated as 

expected in the Frmd7.tm1a and Frmd7.tm1b mice. Also, approximately 25% of 

Frmd7.tm1a have been reported to contain a splice variant transcript that include 

exons 1 to 3 and fused to exon 5 (Yonehara et al., 2016). The results show 

multiple bands in both primer combinations (P3 and P4) for all groups suggesting 

a low quality of total RNA that might attract non-specific binding of the primers. 

When amplifying across the LacZ-tagged targeting cassette (P5 and P7) only a 

product in the Frmd7.tm1a and Frmd7.tm1b transcripts were expected. The results 

show a band in the wild type transcript when amplifying with P5, which again 

suggests the low quality of total RNA might attract non-specific binding of the 

primers. Amplifying with P7 only showed a product in the Frmd7.tm1a and Frmd7.tm1b 

transcripts as expected, not in the wild type. 
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Figure 8.4 Schematic diagram showing the different Frmd7 mRNA transcript 
variants in wild type, Frmd7.tm1a and Frmd7.tm1b mice using a 
standard protocol. 
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Schematic representation of the predicted mRNAs in wild type, Frmd7.tm1a and 
Frmd7.tm1b male mice (n=3 each), with primer continuations (P1-P7) amplifying 
across the mRNA transcript. Numbers represents corresponding exons (1-12), 
En2 and IRES-LacZ are part of the LacZ-tagged targeting cassette used to 
generate the Frmd7.tm1a allele (A). Agarose gel electrophoresis of RT-PCR 
products in wild type, Frmd7.tm1a and Frmd7.tm1b mice with predicted band sizes 
with the different combination of primers used in RT-PCR. (C) Relative mRNA 
expression levels for wild type, Frmd7.tm1a, Frmd7.tm1b male mice with different 
combination of primers (P1-P7) (B). Error bars = +SEM, significance of p values 
calculated using a non-parametric t-test. 
 
 

 

 Evaluation of Frmd7 protein levels in Frmd7.tm1a mice in 
comparison to the wild type by western blotting using human 
anti-FRMD7 antibodies  

In order to examine Frmd7 protein levels in Frmd7.tm1a mice in comparison to that 

of wild type littermates, a protein lysate was extracted from neonatal brains of 

Frmd7.tm1 mice and wild type littermates and western blot analysis was carried out 

with polyclonal antibodies against the human FRMD7 protein (Figure 8.5). This 

commercially available antibody against the human FRMD7 protein (Sigma; 

HPA000886), which was different from the anti-FRMD7 antibody described in 

section 4.3.1.2, failed to show clear indication of Frmd7 protein levels in both 

Frmd7.tm1a and wild type mice and the expected 82 KD band cannot be clearly 

seen. Protein lysate blotted on a nitrocellulose membrane showed multiple protein 

bands, which suggest non-specific binding of the anti-human Frmd7 antibody to 

the brain tissue from both Frmd7.tm1a and wild type mice. 
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Figure 8.5 Examining Frmd7 protein levels in Frmd7.tm1a mice in 
comparison to wild type. 

Western blot analysis of a protein lysate extracted from brains of neonatal (P3) 
Frmd7.tm1a and wild type littermate males (n=3). Panels show 40 µg protein loaded 
and blotted with anti-Frmd7 antibodies against the human FRMD7 protein (Sigma-
Aldrich; HPA000886. 1:250). The expected band size is 82 KD. Antibodies against 
b-actin used as a control. All gels run in the same experimental conditions (see 
section 2.6.1). The nitrocellulose membrane was exposed for chemiluminescence 
for 240 seconds. 
 

 

 

 



Appendix II 

207 

 Western blot evaluation of the use of two anti-FRMD7 
antibodies raised against the human FRDM7 protein for use 
with murine Frmd7 protein 

In order to examine the affinity of two commercially available antibodies against 

the human FRMD7 protein, western blot analysis was performed by blotting a 

protein lysate extracted from neonatal brains of Frmd7.tm1a mice and wild type 

littermates with the two commercially available antibodies against the human 

FRMD7 protein (described in sections 4.3.1.2 and Appendix II section 8.5) side by 

side (Figure 8.6). Western blots show multiple protein bands pattern with the 

expected 82 KD band cannot be clearly seen, which suggests non-specific binding 

of the antibodies to multiple proteins. This agrees with the expected result since 

both antibodies were raised against the human FRMD7 protein and due to the 

66% homology difference between the human and murine proteins non-specific 

binding of the human antibodies to the murine protein is likely to happen. 

 

 

Figure 8.6 Direct comparison of Frmd7 protein levels in mice using 
commercially available antibodies. 

Western blot analysis of a protein lysate extracted from neonatal (P3) brains of 
Frmd7.tm1a and wild type littermate males (n=3). Panels show 40 µg protein blotted 
with antibodies against the human FRMD7 protein (Abcam; Ab 129246. 1:400) 
(first and second panels from left), and another commercially available antibodies 
against the human FRMD7 protein (Sigma-Aldrich; HPA000886. 1:250) (third and 
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fourth panels). The expected band is 82 KD. All gels run in the same experimental 
conditions (see section 2.6.1). The nitrocellulose membrane was exposed for 
chemiluminescence for 180 seconds. 
 

 Interrogation of two FRMD7 antibodies raised against the human 

FRMD7 protein as a tool for examining expression of murine Frmd7 

protein 

In order to examine the effect of changing chemiluminescence exposure time on 

the western blot signal when blotting a protein lysate extracted from neonatal 

brains of Frmd7.tm1a mice and wild type littermates with anti-human FRMD7 

antibodies (shown in Appendix II Figure 8.6) with the exposure time to 

chemiluminescence was increased from 1 minute to 10 minutes (Figure 8.7). The 

expected band size of the murine Frmd7 protein is 82 KD. The results show no 

clear difference between the time points. This suggests the 3 minutes exposure 

time used in Appendix II section 8.6 was sufficient to visualise bound proteins to 

the nitrocellulose membrane. 

 

 

 

 
 

Figure 8.7 Chemiluminescence exposure time difference for western blotting 
of Frmd7 protein. 

Western blot analysis of a protein lysate extracted from neonatal (P3) brains of 
Frmd7.tm1a and wild type littermate males (n=3). Panels show protein lysate blotted 
with two commercially available antibodies against the human FRMD7 protein, 
with different chemiluminescence exposure times, 1 minute, 3 minutes, 6 minutes 
and 10 minutes (left to right panels). The expected Frmd7 protein size is 82 KD. All 
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gels run in the same experimental conditions (see section 2.6.1). Nitrocellulose 
membrane exposed to chemiluminescence for 180 seconds. 
 

 Validating Frmd7 antibodies using HepG2 cell extract as a positive 

control. 

The commercially available antibody used in section 4.3.1.2 was optimised using a 

protein lysate extracted from liver hepatocellular carcinoma cells (HepG2) by the 

manufacturers (Abcam, UK). An expected protein band of 82 KD was shown with 

western blotting when a protein lysate from a HepG2 cell line was blotted with the 

anti-human FRMD7 antibody from Abcam. In order to validate the reliability of the 

anti-human FRMD7 antibody, a protein lysate extracted from neonatal brains of 

Frmd7.tm1a mice and wild type littermates and from HepG2 cell line was blotted 

with anti-human FRMD7 antibodies (Abcam) (Figure 8.8). The results show the 

expected 82 KD band in the HepG2 lysate, but not in the Frmd7.tm1a or the wild 

type lysate. This suggests the anti-human FRMD7 antibodies show more affinity to 

the human protein extracted from the HepG2 cell line. 
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Figure 8.8 validating anti-Frmd7 antibodies using HepG2 cell lysate as a 
control. 

Western blot analysis of protein a lysate extracted from neonatal (P3) brains of 
Frmd7.tm1a and wild type littermate males (n=3), and a lysate extracted from liver 
hepatocellular carcinoma cells (HepG2). Panels show protein lysate blotted with 
antibodies against the human FRMD7 protein (Abcam; Ab 129246. 1:400). All gels 
run in the same experimental conditions (see section 2.6.1). Expected product of 
~82 KD appears in the HepG2 panel (red rectangle). The nitrocellulose membrane 
exposed for chemiluminescence for 120 seconds. 
  



Appendix II 

211 

 Ablation of Frmd7 antibodies with specifically bound blocking peptide. 

A blocking peptide bind specifically to the target antibody and block antibody 

binding. A blocking peptide developed against the anti-human FRMD7 antibody 

raised by Abcam (Abcam; Ab186322) was used to block antibody binding when 

protein lysate extracted from brains of Frmd7.tm1a mice and wild type littermates 

was blotted with the anti-human FRMD7 antibody described in section 4.3.1.2 and 

its blocking peptide (Abcam; Ab 129246), in parallel with anti-FRMD7 antibodies  

(Figure 8.9), in order to examine the affinity of the anti FRMD7 antibody, which 

was raised against the human FRMD7 protein, to the mouse Frmd7 protein, with a 

protein lysate extracted from HepG2 cell line was used as a control. The results 

show the expected FRMD7 band (82 KD) in the HepG2 lysate, this band 

disappeared when the antibody was blocked with a blocking peptide. This 

suggests the blocking peptide is recognising the anti-human FRMD7 antibody and 

that the antibody is specific to the human FRMD7 protein in the HepG2 cell lysate, 

not to the murine Frmd7 in the Frmd7.tm1a and wild type brain lysate of mice. 
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Figure 8.9 Assessing affinity of Frmd7 antibodies by blocking peptide 
against ani-FRMD7 antibodies. 

Western blot analysis of protein lysate extracted from neonatal (P3) brains of 
Frmd7.tm1a and wild type littermate males (n=3) and HepG2 cells, and blotted with 
antibodies against human FRMD7 (Abcam; Ab 129246. 1:400), (three panels from 
left to right), and a blocking peptide specifically developed against these particular 
antibodies (Abcam; Ab186322, 1:10 peptide to antibody ratio) (panels 3 and 4). All 
gels run in the same experimental conditions (see section 2.6.1). Expected 
product of ~82 KD appears in the HepG2 panel (red rectangle). The nitrocellulose 
membrane was exposed for chemiluminescence for 120 seconds. 
 

 

 Examining chemiluminescence detection sensitivity method for 

western blotting 

The expected 82 KD band was seen when a protein lysate of a commercially 

available liver hepatocellular carcinoma (HepG2) cell line was blotted with anti-

human FRMD7 antibodies. That band disappeared when a blocking peptide was 

used to block the antibodies (see section 8.6.3). In order to validate 
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chemiluminescence sensitivity of the western blots, the abundance of Frmd7 

protein in Frmd7.tm1a mice was compared to that of the wild type mice by western 

blotting. A protein lysate extracted from neonatal brains of Frmd7.tm1a mice and 

wild type littermates was blotted with an the anti-human FRMD7 antibody from 

Abcam and its blocking peptide (Figure 8.10). A protein lysate extracted from 

HepG2 cell line was used as a positive control. HRP-conjugated anti-rabbit 

secondary antibodies were used to detect binding of the primary antibodies, and 

two enhanced chemiluminescent (ECL) substrates sensitive to the secondary 

antibody used for digital detection of chemiluminescence signal, BioRad ClarityÔ 

Western ECL substrate and SuperSignalÔ West Pico Plus ECL substrate. Another 

blot, which was incubated with anti-FRMD7 blocking peptide, was detected with 

SuperSignalÔ West Pico Plus ECL substrate (last three panels in Figure 8.10). 

The results show the sensitivity of western blots to chemiluminescence using the 

BioRad ClarityÔ Western ECL substrate, which was used in Appendix II sections 

8.6.2 and 8.6.3, is higher than the SuperSignalÔ West Pico Plus ECL substrate, 

the expected 82 KD band can be seen in (red rectangles in Figure 8.10). This 

suggests the method used to test the sensitivity level of western blots to 

chemiluminescence was reliable. 
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Figure 8.10 Sensitivity of western blots to different chemiluminescence 
substrates. 

Western blot analysis of a protein lysate extracted from neonatal brains of 
Frmd7.tm1a and wild type littermate males (n=3), and a protein extract from HepG2 
cells. Protein lysate blotted with antibodies against human anti-FRMD7 (Abcam; 
Ab 129246. 1:100) (first three panels from left to right). All gels run in the same 
experimental conditions (see section 2.6.1). Blots were subjected to two different 
enhance chemiluminescence substrates (ECL), BioRad Clarity ECL substrate 
(BioRad; 170-5060) (first three panels from left to right), and Thermo Fisher Pico 
substrate (Thermo Fisher Scientific; 34080) (panels 4, 5 and 6). Samples were 
also blotted with a blocking peptide against human FRMD7 antibodies, and blots 
subjected to chemiluminescence with the Thermo Fisher Pico substrate (panels 7, 
8 and 9). The expected product of ~82 KD appears in the HepG2 panel (red 
rectangle). The nitrocellulose membrane was exposed for chemiluminescence for 
180 seconds. 

 Examining the effect of reducing the concentration of the anti-murine 

Frmd7 antibodies on protein levels in Frmd7.tm1a and wild type mice 

The anti-murine Frmd7 antibody concentration used in section 4.3.1.3 was 1 in 

500, in order to exclude the possibility that the multiple bands pattern in the blot 
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was not due to the high concentration of antibodies. A protein lysate extracted 

from brains of Frmd7.tm1a mice and wild type littermates was blotted with the anti-

murine Frmd7 antibody at 1 in 1000 concentration (Figure 8.11). The results show 

no clear indication of Frmd7 protein levels in mouse brain or retina, the expected 

82 KD band cannot be clearly seen. This suggests that the Frmd7 antibody raised 

against the mouse Frmd7 is does not show enough specificity to detect Frmd7 

protein levels by western blotting. 

 

 

 
 

Figure 8.11 Effect of lowering concentration of Frmd7 antibodies on protein 
levels in Frmd7.tm1a and wild type mice. 

Western blot analysis of a protein lysate extracted from adult (10 weeks) brains 
and retinas of Frmd7.tm1a and wild type littermate males (n=3). The lysate plotted 
with antibodies against murine Frmd7 at a lower concentration (1:1000) than the 
blot shown in Figure 4.3. The expected band size of the Frmd7 protein is 82 KD. 
All gels run in the same experimental conditions (see section 2.6.1). The 
nitrocellulose membrane exposed for chemiluminescence for 60 seconds. 
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 Effect of resolving proteins on lower percentages acrylamide protein 

gels on the abundance of both Frmd7 and b-galactosidase protein 

levels in Frmd7.tm1a and wild type mice 

The western blots with different antibodies raised against the human FRMD7 such 

as the antibody raised by Abcam (see section 4.3.1.2), and against the murine 

protein (see section 4.3.1.3), and when blotting with the anti-b-galactosidase 

antibody (section 4.3.1.4), all showed multiple bands pattern. It can be hard to 

visualise bigger size proteins such as the 82 KD for the murine Frdm7 and the 116 

KD for the bacterial b-galactosidase proteins, using a 12% acrylamide protein gel 

as the bigger size proteins get stacked at the top of the gel. In order to visualise 

bigger size proteins by chemiluminescence, proteins were run on 6% acrylamide 

protein gel (BioRad; 4568049). A protein lysate extracted from brains of Frmd7.tm1a 

mice and wild type littermates was blotted with antibodies against the murine 

Frmd7 and b-galactosidase (Figure 8.12). The anti-b-galactosidase antibody used 

in this blot (Thermo Fisher Scientific; 14-6773-81), was different from the antibody 

used in section 4.3.1.4. The results show multiple protein bands in the western blot 

despite resolving bigger size proteins further. Which suggests that the anti-murine 

Frmd7 and anti-b-galactosidase antibody does not show a strong enough 

specificity to detect Frmd7 protein levels by western blotting. 
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Figure 8.12 Resolving murine Frmd7 and b-galactosidase proteins on lower 
percentage acrylamide protein gel. 

Western blot analysis of a protein lysate extracted from adult (10 weeks brains and 
retinas of Frmd7.tm1a and wild type littermate males (n=3). Proteins were resolved 
on 6% acrylamide protein gel; all other experimental conditions were the same 
(see section 2.6.1). The expected band of the murine Frmd7 protein is 82 KD and 
bacterial b-galactosidase protein is 116 KD. The lysate blotted with antibodies 
against the murine Frmd7 (Custom raised, 1:500, four panels on the left), and b-
galactosidase antibodies (Thermo Fisher Scientific; 14-6773-81, 1:500, four panels 
on the right). The nitrocellulose membrane was exposed for chemiluminescence 
for 180 seconds. 
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 Optimization of X-gal staining protocol 

The reliability of X-gal staining depends on various factors, for example; conditions 

of staining such as the duration of incubation, temperature and buffer pH. It also 

depends on the processing of the tissue such as paraffin-embedded or 

cryopreserved tissues.  

 

 

 Comparison between different X-gal staining protocols using paraffin 

processed tissue 

Embryonic tissue stained in sections 4.3.2 were stained using an in-house 

optimized X-gal staining protocol. In order to validate the reliability of the protocol 

to other established X-gal staining protocols, section from paraffin-embedded 

kidneys of adult C57/BL6 and Ksp 1.3/Cre transgenic mice, which express b-

galactosidase in the epithelium of the kidney, liver and gut (Shao et al., 2002), 

were subjected to X-gal staining following two different X-gal staining protocols; an 

in-house optimised protocol and a staining protocol supplied by a colleague, Dr 

Bhav Sheth, The University of Southampton (Figure 8.13). The results show 

accumulation of blue precipitate, which indicates b-galactosidase activity, on the 

peripheral of the tissue in both the C57/BL6 and the Ksp 1.3/Cre kidneys. In 

comparison, using the in-house optimized staining protocol, accumulation of blue 

precipitate in the C57/BL6 kidneys was less visible. However, penetration of the X-

gal stain was restricted to the peripheral of the tissue in the Ksp 1.3/Cre kidneys, 

where b-galactosidase activity expected to be more visible. This suggests the in-

house X-gal staining protocol is more reliable than other optimised protocols, but 

the penetration of staining seems to be restricted to the peripheral in adult tissue. 
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Figure 8.13 Comparison between different X-gal staining protocols of 
paraffin sections. 

Sections from paraffin-embedded kidneys of adult C57/BL6 (a-h) and Ksp 1.3/Cre 
(i-p) mice (n=3) subjected to X-gal staining. Two different staining protocols used: 
a staining protocol optimised by a colleague, Dr Bhav Sheth, University of 
Southampton, which was referred to as “Alternative protocol’ ((a-d) for C57Bl6 
sections and (i-l) for Ksp 1.3/Cre sections), and an in-house optimised protocol 
referred to as “Standard protocol” ((e-h) for C57/BL6 sections and (m-p) for Ksp 
1.3/Cre sections). The presence of b-galactosidase activity was shown in blue. 
Nuclear Fast Red was used as a nuclear counterstain. Scale bars range between 
200 – 1000 µm as indicated.  
 
 

 Examining X-gal staining of Cryopreserved tissue 

Since the penetration of X-gal staining proved to be a limiting factor in paraffin-

embedded tissue in section 8.7.1, staining sections from cryoprotected/OCT 

embedded tissue seemed to be an obvious option. In order to evaluate penetration 

of X-gal stain into tissues, frozen sections from Ksp 1.3/Cre transgenic, where b-

galactosidase is endogenously expressed in the epithelium of kidney, liver and gut 

(see Figure 8.13), and C57/BL6 mice were subjected to X-gal staining using two 

different X-gal staining protocols; an in-house optimised protocol and a staining 

protocol supplied by a colleague, Dr Bhav Sheth, University of Southampton 

(Figure 8.14). The results show a clear penetration of the X-gal staining into the 

kidney and liver section of the Ksp 1.3/Cre mice using the in-house optimized 

staining protocol. No b-galactosidase activity was seen in the C57/BL6 frozen 

sections, which suggests the X-gal staining seen in the Ksp 1.3/Cre sections is the 

result of true b-galactosidase activity. X-gal staining of tissue using Dr. Sheths’ 

protocol did not achieve the same intensity of b-galactosidase activity as in the in-

house optimized protocol, which provided further reassurance that to continue with 

the in-house optimised X-gal staining protocol.  
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Figure 8.14 comparison between different X-gal staining protocols of frozen 

sections. 
Frozen sections of kidneys and livers of Ksp 1.3/Cre and C57/BL6 mice subjected 
to X-gal staining using two different staining protocols: an in-house optimised 
staining protocol referred to as “Standard protocol” (a-h), and a staining protocol 
optimised by a colleague, Dr. Bhav Sheth, The University of Southampton, which 
was referred to as “Alternative protocol’ (i-l). Sections stained with “Standard 
protocol” were from adult Kidneys ((a and b) for Ksp 1.3/Cre male mice and (c and 
d) for C57/BL6 male mice) and liver ((e and f) for Ksp 1.3/Cre male mice and (g 
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and h).  for C57/BL6 male mice) (n=3). Sections stained with “Alternative protocol” 
were from Kidney ((i and j) for Ksp 1.3/Cre mice and (k and l) for C57/BL6 mice). 
The presence of b-galactosidase activity was shown in blue. Nuclear Fast Red 
was used as a nuclear counterstain. Scale bars range between 200 – 2000 µm as 
indicated.  
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 Expression of Frmd7 protein in the murine retina upon 
blocking with FRMD7 blocking peptide 

Synthetic peptide used to raise the human anti-FRMD7 primary antibodies from 

Abcam (blocking peptide) was used to stain adult C57/BL6 wild type retina in order 

to evaluate the true binding of the human anti-Frmd7 antibody raised by Abcam 

(Figure 8.15). The blocking peptides should specifically bind to their target 

antibodies making them unavailable for binding the secondary antibodies, this was 

used as a control measure to assess the validity of the immunofluorescence signal 

when staining with the anti-FRMD7 antibody. The anti-human FRMD7 primary 

antibody (Abcam) was incubated with the blocking peptides at different 

concentrations of blocking peptide to antibody ratios, 10 to 1 blocking 

peptide/antibody ratio (Figure 8.15 (e-h)), 50 to 1 blocking peptide/antibody ration 

(Figure 8.15 (j-l)) and 100 to 1 blocking peptide/antibody ratio (Figure 8.15 (m-p)). 

The results show green fluorescent signal (FITC), which indicates Frmd7 protein 

binding, in the Ganglion Cell Layer (GCL), the Inner Plexiform Layer (IPL) and the 

Outer Plexiform Layer (OPL) of the murine retina. The signal with the 10 to 1 

blocking peptide/antibody ratio was similar to that of the unblocked antibodies. 

When blocking with 50 to 1 blocking peptide/antibody ratio the fluorescence signal 

was remarkably reduced but can still be seen, same with the 100 to 1 blocking 

peptide/antibody ratio staining. This suggests the blocking peptides were binding 

to their target antibodies, but the antibodies were binding non-specifically to 

proteins other than Frmd7.  
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Figure 8.15 Anti-human FRMD7 blocking peptide titration. 
Frozen sections from adult male C57/BL6 wild type retina (n=3) were subjected to 
immunofluorescence staining with anti-FRMD7 antibody (Abcam) (a-d), and anti-
FRMD7 antibody with its blocking peptide with 10-folds blocking peptides/antibody 
difference (e-h), 50 folds peptide/antibody difference (i-l) and 100-folds 
peptide/antibody difference (m-p). Sections stained with a secondary antibody only 
(anti-rabbit IgG 488 made in Donkey) used as controls. The green (FITC) channel 
in the confocal images represents Frmd7 expression, which is shown in the 
Ganglion Cell Layer (GCL), the Inner Plexiform Layer (IPL) and the Outer 
Plexiform Layer (OPL). (4', 6-diamidino-2-phenylindole) (DAPI) in red was used as 
a nuclear counterstain which is shown in the Inner and Outer Nuclear layers of the 
retina (INL and ONL respectively). Scale bar = 100 µm. 
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 Examining the expression of Frmd7 protein in the murine spleen using 

human anti-FRMD7 antibodies  

The results shown in Figure 4.13 and Figure 4.14 were difficult to interpret since 

antibodies binding seem to be non-specific. Even after blocking the anti-FRMD7 

antibody raised by Abcam (Appendix II Figure 8.9) FITC signal can still be seen, 

which indicates Frmd7 expression, however, with a noticeable decreased intensity. 

In order to further examine the specificity of the anti-FRMD7 it was necessary to 

stain a tissue where FRMD7 is not likely to be expressed, and hence, a detection 

of fluorescent signal would indicate a non-specific binding of the antibodies to 

proteins other than FRMD7.  Frozen sections from adult C57/BL6 wild type 

spleens were subjected to immunofluorescence staining with the anti-human 

FRMD7 antibody raised by Abcam (Figure 8.16). The results show noticeable 

sporadic green immunofluorescence signal (FITC), which indicates that the anti-

FRMD7 antibodies are binding non-specifically to proteins other than Frmd7. 

Frmd7 expression sites in the spleen have not been previously reported. 
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Figure 8.16 Frmd7 protein expression in wild type murine spleen. 
Representative confocal images of frozen sections from adult male C57/BL6 wild 
type spleen (n=1) which were subjected to immunofluorescence staining with 
human anti-FRMD7 antibodies (Sigma) (a-c). Sections stained with a secondary 
antibody only (anti-rabbit IgG 488 made in Donkey) used as controls. The green 
fluorescence signal (FITC) represent Frmd7 expression. The red (4', 6-diamidino-
2-phenylindole) (DAPI) signal represents a nuclear counterstaining. Scale bar = 
100 µm. 
 

 Examining FRMD7 expression in human retina 

FRMD7 expression sites in the human embryonic neural retina have previously 

been reported (Thomas et al., 2014b). Analysis of transcriptional map of adult 

retinal cell types in mice revealed enrichment of Frmd7 transcripts in the starburst 

amacrine cells (Siegert et al., 2012), Furthermore, these data were validated with 

fluorescent in situ hybridization experiments in mice and non-human primates and 

showed Frmd7 expression is specific to the starburst amacrine cells in the retina 

(Yonehara et al., 2016).  

 

Immunofluorescence staining of murine retina with anti-human FRMD7 antibodies 

showed non-specific binding pattern (Figure 4.13 and Figure 4.14). In order to 

explore the expression sites of FRMD7 protein in the human retina, frozen 

sections from human post-mortem retina were subjected to immunofluorescence 

staining using anti-human FRMD7 antibodies from Abcam (Figure 8.17). The 

results show weak FRMD7 expression (FITC) in the Inner Nuclear Layer (INL). 

Expression was also seen in the Inner Plexiform Layer (IPL). Frmd7 expression 

sites in the human retina have not been previously reported. 
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Figure 8.17 Frmd7 protein expression in the human retina. 
Frozen sections from adult male human post-mortem retina (n=1) were subjected 
to immunofluorescence staining with the human anti-FRMD7 antibodies from 
Sigma-Aldrich (a-h). Sections stained with a secondary antibody only (anti-rabbit 
IgG 488 made in Donkey) used as controls. Green fluorescence signal (FITC) 
represents Frmd7 protein expression, which is showing in the Inner Plexiform 
Layer (IPL) and the Outer Plexiform Layer (OPL) of the retina. (4', 6-diamidino-2-
phenylindole) (DAPI) in blue represents a nuclear counterstaining, which is shown 
in the Inner and Outer Nuclear Layers (INL and ONL respectively). Scale bar = 
1000 µm. 
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 Optimisation of the newly-identified murine anti-Frmd7 
antibodies by immunofluorescence  

Immunofluorescence staining of mouse retinal frozen sections was optimised for 

the anti-Frmd7 antibodies which were raised against 16 amino acid C-terminal 

peptides of the murine Frmd7 protein published by Yonehara et al and colleagues 

(Yonehara et al., 2016). The antibody was a polyclonal affinity purified raised in 

rabbit by Eurognetec, Belgium. Due to the antibody not being commercially 

available, it had to be ordered and raised by the same manufacturer. 

  

 Titration of murine anti-Frmd7 antibodies in wild type mouse retina at 

postnatal day 8 (P8) 

Frmd7 expression was reported to be at peak during early postnatal 

developmental stages in both human and mice (Betts-Henderson et al., 2010; 

Tarpey et al., 2006; Yonehara et al., 2016). In order to validate the sites of Frmd7 

protein expression in the murine retina at early postnatal stages of development, 

frozen retinal sections from C57/BL6 wild type mice at postnatal day 8 (P8) was 

subjected to immunofluorescence with anti-murine Frmd7 antibodies at different 

concentrations (Figure 8.18). The results show a decreasing immunofluorescence 

signal of Frmd7 protein expression (FITC) as the ani-Frmd7 antibodies were 

diluted. However, the sites of Frmd7 protein expression, which was shown in the 

Ganglion Cell Layer (GCL), the Inner Plexiform Layer (IPL) and the Outer 

Plexiform Layer (OPL), were not similar to the expected, and previously reported, 

expression sites in the starburst amacrine cells in the GCL and the Inner Nuclear 

Layer (INL) (Yonehara et al., 2016). This suggests changing the antibodies 

concentration was not the main determinant of the antibodies specificity and does 

not explain the non-specific binding of the antibodies. 
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Figure 8.18 Frmd7 protein expression in wild type mouse retina at P8. 
Frozen sections from C57/BL6 wild type mouse retina (n=3) at P8 were subjected 
to immunofluorescence staining with an anti-Frmd7 antibody raised against the 
murine Frmd7 protein (a-o). Sections stained with a secondary antibody only (anti-
rabbit IgG 488 made in Donkey) used as controls (a-c). The concentration of the 
anti-Frmd7 primary antibody was increased from 1:50 (d-f), to 1:100 (g-i), then to 
1:200 (j-l), and finally to 1:500 (m-o). The green (FITC) channel represents Frmd7 
expression, which is showing in the Ganglion Cell Layer (GCL), the Inner 
Plexiform Layer (IPL) and the Outer Plexiform Layer (OPL), (4', 6-diamidino-2-
phenylindole) (DAPI) in the blue channel represents a nuclear counterstaining 
which is showing in the GCL, the Inner Nuclear Layer (INL) and the Outer Nuclear 
Layer (ONL) of the retina. Scale bar = 100 µm. 



Appendix II 

230 

 Titration of murine anti-Frmd7 antibodies in adult wild type mouse 

retina 

In addition to the peak in Frmd7 expression peak during early postnatal 

developmental stages in both human and mice (Betts-Henderson et al., 2010; 

Tarpey et al., 2006; Yonehara et al., 2016), Frmd7 expression was sustained 

during adulthood in the starburst amacrine cells of the mouse retina (Yonehara et 

al., 2016). In order to validate the sites of Frmd7 protein expression in the mouse 

retina at adult stages of development, frozen retinal sections from adult C57/BL6 

was subjected to immunofluorescence with anti-murine Frmd7 antibodies at 

different concentrations (Figure 8.19). The results show a decreasing 

immunofluorescence signal (FITC), which indicates Frmd7 protein expression, as 

the ani-Frmd7 antibodies were diluted. However, sites of Frmd7 expression, which 

was shown in the Ganglion Cell Layer (GCL), the Inner Plexiform Layer (IPL) and 

the Outer Plexiform Layer (OPL), were not similar to the expected, and previously 

reported, expression sites in the starburst amacrine cells in the GCL and the Inner 

Nuclear Layer (INL) (Yonehara et al., 2016). The results suggest changing the 

antibody concentration was not the main determinant of the antibody’s specificity 

and does not explain the non-specific binding pattern. 
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Figure 8.19 Frmd7 protein expression in adult wild type retina. 
Frozen sections from adult C57/BL6 wild type mouse retina (n=3) were subjected 
to immunofluorescence staining with an anti-Frmd7 antibody raised against the 
murine Frmd7 protein (a-o). Sections stained with a secondary antibody only (anti-
rabbit IgG 488 made in Donkey) used as controls (a-c). The concentration of the 
anti-Frmd7 primary antibody was increased from 1:50 (d-f), to 1:100 (g-i), then to 
1:200 (j-l), and finally to 1:500 (m-o). The green (FITC) channel represents Frmd7 
protein expression, which is showing in the Ganglion Cell Layer (GCL), the Inner 
Plexiform Layer (IPL) and the Outer Plexiform Layer (OPL), (4', 6-diamidino-2-
phenylindole) (DAPI) in the blue channel represents a nuclear counterstaining 
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which is showing in the GCL, the Inner Nuclear Layer (INL) and the Outer Nuclear 
Layer (ONL) of the retina. Scale bar = 100 µm. 
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 Optimisation of the newly identified murine anti-Frmd7 
antibodies by DAB  

Staining using DAB provides a more sensitive method to detect protein expression 

since the longer the DAB substrate is allowed to develop, the more the DAB 

substrate is oxidised, and hence, the more the by-product (staining) (see section 

2.5.4 for details). 

 

 

 Titration of murine anti-Frmd7 antibodies in wild type mouse retina at 

postnatal day 8 (P8) 

As mentioned previously, Frmd7 expression in the mouse retina peaks at early 

postnatal developmental stages (Yonehara et al., 2016). Immunofluorescence 

staining of wild type retina with the anti-murine Frmd7 antibody in section   showed 

non-specific binding of the antibody in different layers of the retina, hence, further 

optimisation steps were needed. In order to validate the anti-murine Frmd7 

antibody specificity in the retina at early postnatal stages of development by DAB 

staining, frozen sections from C57/BL6 wild type retina at postnatal day 8 (P8) 

were subjected to DAB staining with anti-murine Frmd7 antibody at different 

concentrations (Figure 8.20). The results show a decreased intensity of the DAB 

signal as the concentration of the anti-Frmd7 antibody was decreased. This 

agrees with the expected outcome as decreasing the antibodies concentration 

provides fewer antibodies to bind to their target protein. However, Frmd7 

expression has been reported in the starburst amacrine cells in the Ganglion Cell 

Layer (GCL) and the Inner Nuclear Layer (INL) (Yonehara et al., 2016), not in the 

Inner Plexiform Layer (IPL) and the Outer Plexiform Layer (OPL). This suggests 

that neither changing the antibody detection method from immunofluorescence to 

DAB staining nor changing the antibody concentration can explain the non-specific 

binding pattern of the anti-murine Frmd7 antibody. 
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Figure 8.20 Anti-Frmd7 antibodies titration by DAB staining. 
Frozen sections from male C57/BL6 retinas (n=3) at P8 were exposed to DAB 
staining with anti-Frmd7 antibodies raised against the murine protein and imaged 
at 10x magnification (a-d) and 20x magnification (e-h). Sections stained with a 
secondary antibody only (anti-rabbit IgG made in goat) used as negative controls 
(a and e). The anti-Frmd7 antibodies concentration was increased from 1:100 (b 
and f), to 1:500 (c and g) and 1:1000 (d and h). scale bar = 100 µm. 
 

 Examining the effect of changing the time of DAB substrate 

development on Frmd7 protein expression in the mouse retina 

detected with the murine anti-Frmd7 antibodies 

DAB staining of C57/BL6 wild type retina with different concentrations of the anti-

murine Frmd7 antibody, described in section 8.10.1, did not improve the specificity 

of the antibody. In order to determine the appropriate time of DAB substrate 

development that results in more specific binding of the antibodies, frozen sections 

from wild type C57/BL6 retina at postnatal day 8 (P8) were subjected to DAB 

staining with anti-murine Frmd7 antibody and the time of DAB reagent 

development was decreased gradually from 1 min to 5 seconds (Figure 8.21). The 

results show that decreasing the time of DAB substrate development to 5 seconds 

had no effect on reducing the background of the DAB oxidation signal, which was 

similar after 1 minute. This disagrees with the expected result as reducing the time 

of DAB substrate development should result in a less noisy background. Which 

suggests that the anti-Frmd7 antibody is possibly binding non-specifically to 

proteins other than Frmd7 proteins. 
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Figure 8.21 Effect of decreasing DAB substrate development time on 

immunofluorescence signal. 
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Frozen sections from male C57BL6 retinas (n=3) at P8 were exposed to DAB 
staining with anti-murine Frmd7 antibody (1:100) (a-n). Imaged shown at 10x 
magnification (a-g) and 20x (h-n). Sections stained with a secondary antibody only 
(anti-rabbit IgG made in goat) used as negative controls (a and h). The sensitivity 
of DAB reagent exposure was developed at a decreasing time points starting with 
1 minute (b, c and I, j), 30 seconds (d, e and k, l) and 5 seconds (f, g and m, n). 
scale bar = 100 µm. 
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 Further optimisation of the anti-b-galactosidase antibodies 

by DAB using different incubation conditions 

Further optimisations of the anti-b-galactosidase antibody (used in section 

4.3.5.1.1) were performed by DAB staining to ensure the best conditions for 

antibodies binding. 

 
 

 Examining the effect of changing the time of DAB substrate 

development on b-galactosidase expression in Frmd7.tm1b retina at P8 

b-galactosidase staining in Frmd7.tm1b frozen retinal section at postnatal day 8 (P8) 

was seen at a concentration of 1:100 of the anti-b-galactosidase antibody (see 

Figure 4.17). In order to determine the appropriate time of DAB substrate 

development that results in more specific binding of the antibody, frozen sections 

of Frmd7.tm1b retina at P8 were subjected to DAB staining with an anti-b-

galactosidase antibody and the time of DAB substrate development was increased 

gradually from 1 to 15 minutes (Figure 8.22). The results show b-galactosidase 

expression in the starburst amacrine cells in the Ganglion Cell Layer (GCL) and 

the Inner Nuclear Layer (INL) after 1 minute of DAB substrate development. 

Increasing the time of DAB substrate development to 5 and 15 minutes did not 

improve the affinity of the antibody, instead it produced more background staining. 

This agrees with the expected result that 1-minute DAB substrate development 

should be sufficient to achieve the best affinity of the anti-b-galactosidase antibody 

by DAB staining, and increasing the time of DAB substrate development will 

produce more background staining. This suggests that the anti-b-galactosidase 

antibody binds specifically to its target at a concentration of 1:100 with 1-minute 

DAB substrate development. 
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Figure 8.22 Titration of DAB reagent development time on expression of b-
galactosidase protein in the retina. 

Frozen sections from male Frmd7.tm1b P8 retinas (n=3) were exposed to DAB 
staining with an anti-b-galactosidase antibody (Abcam; Ab4781, 1:100) (a-h). 
Images were shown at 20x magnification (a-d) and 40x (e-h). Sections stained 
with a secondary antibody only (anti-rabbit IgG made in goat) used as negative 
controls (a and e). The sensitivity of DAB reagent exposure was developed at 
different time points starting with 1 minute (b and f), 5 minutes (c and g) and 15 
minutes (d and h). scale bar = 100 µm. 
 

 Examining the effect of changing the time of DAB reagent 

development and the duration of antibodies incubation on b-

galactosidase expression in Frmd7.tm1b adult retina 

Staining of Frmd7-expressing starburst amacrine cells in Frmd7.tm1b frozen retinal 

section was seen at early postnatal stages of development (P8) (Appendix II 

section 8.11.1), as well as in adult retina (section 4.3.5.1.1). In order to determine 

whether a longer incubation with the anti-b-galactosidase antibody from 24 hours 

to 72 hours with the previously tested time points of DAB substrate development 

(shown in Appendix II section 8.11.1) would improve the antibody’s affinity, frozen 

section from adult Frmd7.tm1b retina were subjected to DAB staining with the anti-b-

galactosidase antibody for 24 and 72 hours (Figure 4.21). The results show b-

galactosidase expression in the Ganglion Cell Layer (GCL) and the Inner Nuclear 

Layer (INL) after 24 hours incubation after 1 minute of the DAB substrate 

development. Staining was also seen less obviously at 15 minutes DAB substrate 

development after 24 hours antibody incubation. Neither increasing the incubation 
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time to 27 hours nor increasing the DAB substrate development resulted in a more 

specific staining, instead it accumulated more no-specific background staining. 

This agrees with previous result (obtained from section 4.3.5.1.1) that the best 

staining conditions for the anti-b-galactosidase antibody are 1:100 antibody 

concentration and 24 hours incubation with 1-minute DAB substrate development. 

This suggests that incubating the anti-b-galactosidase antibody for 24 hours at 

1:100 concentration with 1-min DAB substrate development is sufficient to detect 

b-galactosidase activity in the Frmd7.tm1b murine retina. 

 

 

 
 

Figure 8.23 Titration of anti-b-galactosidase antibodies by DAB staining. 
Frozen sections from male Frmd7.tm1b adult retinas (n=3) were exposed to DAB 
staining with an anti-b-galactosidase antibody (Abcam; Ab4781, 1:100) (a-h). 
Sections were incubated with primary antibodies for 24 hours (a-h) and 72 hours 
(e-h). Sections stained with a secondary antibody only (anti-rabbit IgG made in 
goat) used as negative controls (a and e). The sensitivity of DAB reagent exposure 
was developed at different time points starting with 1 minute (b and f), 5 minutes (c 
and g) and 15 minutes (d and h). scale bar = 100 µm, (n = 3). 
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 Optimisation of immunofluorescence staining with murine 
anti-Frmd7 antibodies using wholemount retina  

Immunofluorescence staining imaged by conventional immunofluorescence 

microscopy is two dimensional and fluorescent channels are illuminated by the 

same laser source, which makes imaging for colocalisation of two fluorescent 

channels not reliable. Confocal microscopy illuminates different lasers for each 

fluorescent channel, and colocalization between different fluorescent channels will 

be more visible. 

 

 Comparison between different immunofluorescence staining 

protocols of wholemount retina in C57/BL6 mice at P5 and P8 

Immunofluorescent staining of wholemount mouse retina at early postnatal stages 

of development showed Frmd7 expression was localised to the cell body and 

processes of the starburst amacrine cells (Yonehara et al., 2016). In order to 

validate published staining protocol of wholemount mouse retina in comparison 

with an in-house optimised staining protocol, wholemount retinas of C57/BL6 mice 

at postnatal days 5 and 8, (P5 and P8 respectively), were subjected to 

immunofluorescence with anti-murine Frmd7 (custom-made) and anti-ChAT 

antibodies using two staining protocols; a protocol used by Yonehara et al 

(Yonehara et al., 2016) referred to as “Published” and an in-house optimised 

staining protocol referred to as “Standard”. The colocalisation between Frmd7 and 

ChAT proteins were examined by confocal microscopy (Figure 8.24). The results 

show no clear difference in the immunofluorescence signal between the two 

protocol. However, no staining was seen in the processes of the Frmd7 positive 

cells (FITC). This disagrees with the expected, and published, result, which 

suggests either the conditions of the staining protocols or the processing of the 

wholemount retinas were not optimal. 
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Figure 8.24 Validating immunofluorescence staining protocols for 
wholemount mouse retina staining. 

Confocal images of male C57/BL6 wholemount retina at different developmental 
stages (n=3), P5 (A and B) and P8 (C and D) in top view, side views are shown on 
the bottom and right-hand sides. Retinas were subjected to immunofluorescence 
with the anti-Frmd7 antibody (1:100, FITC) raised against the murine Frmd7 
protein, (4', 6-diamidino-2-phenylindole) (DAPI), red) was used as a nuclear 
counterstain. Two staining protocol were compared, an in-house optimised 
protocol referred to as “standard” and a published protocol (Yonehara et al., 2016), 
which was referred to as “published”. Scale bar = 20 µm. 
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 Colocalisation of Frmd7 and ChAT proteins in adult Frmd7.tm1b and 

wild type wholemount murine retina  

Expression of Frmd7 in the mouse retina starts at early postnatal stages of 

development and maintained, to a steady expression levels, during adulthood 

(Yonehara et al., 2016). Expression of Frmd7 was also restricted to the starburst 

amacrine cells in the retina, which express Choline acetyltransferase (ChAT). In 

order to validate previously published results showing colocalisation between 

Frmd7 and ChAT proteins, adult C57/BL6 wholemount retinas were subjected to 

immunofluorescence with anti-murine Frmd7 and anti-ChAT antibodies and the 

colocalisation between Frmd7 and ChAT proteins were examined by confocal 

microscopy (Figure 8.25 A). The results show Frmd7 and ChAT proteins colocalise 

in the ChAT expressing starburst amacrine cells, which agrees with the expected 

and previously published results. To confirm the colocalisation between Frmd7 

and ChAT proteins seen was true, frozen retinal sections from adult Frmd7.tm1b 

mice and wild type littermates were subjected to immunofluorescence with the 

same anti-murine Frmd7 and anti-ChAT antibodies and colocalisation between 

Frmd7 and ChAT proteins were examined by confocal microscopy (Figure 8.25 B). 

The results show the colocalisation signals between Frmd7 and ChAT proteins in 

the C57/BL6 retina was not clearly present in the Frmd7.tm1a retina. This agrees 

with the expected result that no colocalization between Frmd7 and ChAT proteins 

should be present in the Frmd7.tm1b mice. 
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Figure 8.25 Wholemount retina immunofluorescence staining of Frmd7-

expressing starburst amacrine cells. 
Confocal images of adult C57/BL6 wild type wholemount retina (n=3) subjected to 
immunofluorescence staining with the anti-Frmd7 antibody raised against the 
murine Frmd7 protein (1:100, FITC) and an anti-Choline acetyltransferase (ChAT) 
antibody (Merch Millipore; A144P, 1:500, red) shown in a top view. Side views are 
shown on the bottom and right-hand sides (A). Side views of confocal images of 
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adult C57/BL6 and Frmd7.tm1b retinas subjected to immunofluorescence with anti-
Frmd7 (FITC) and anti-ChAT antibodies (red) (B). (4', 6-diamidino-2-phenylindole) 
(DAPI) (blue) was used as a nuclear counterstain. White arrows indicate Frmd7 
and ChAT proteins colocalisation. Scale bar = 20, 50 and 100 µm. 
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Appendix III – Immuno-panning optimisation 

  Starburst amacrine cells immune-panning 

Immuno-panning of the starburst amacrine cells was carried out as described in 

(Kunzevitzky et al., 2010). Briefly, the process consists of two days in total, “Day 1” 

for coating the panning dishes with a combination of primary and secondary 

antibodies and “Day 2” for isolation and dissociation of C57/BL6 retinas and 

panning of the amacrine cells (Figure 8.26). During “Day 1”, Dish 1 and Dish 2 

were coated with 60 µl affinity purified Goat anti-Rabbit IgG (H & L) (Thermo 

Fisher Sientific; A11034) secondary antibody in 20 ml Tris HCL (50 mM, pH 9.5). 

Dish 3 and Dish 5 were coated with 30 µl Goat anti-mouse IgM secondary 

antibody in 12 ml Tris HCL (50 mM, pH 9.5). Dish 4 was coated with 10 ml ox7 

secondary antibody which was kindly supplied by Dr Neolia Kunzevitzky from 

Stanford University, San Diego, the USA. The dishes were then coated with 350 µl 

poly D-lysine for 30 minutes then washed twice in distilled water. The dishes were 

then coated with 350 µl laminin and incubated at 4°C overnight. The preparation of 

the panning dishes was finished at the start of “Day 2” as follows; Dish 1 and Dish 

2 were left in room temperature for approximately 3 hours, during which 

dissections of retinas took place. Dish 3 and Dish 4 were washed three times in 

Dulbecco’s Phosphate-Buffered Saline (DPBS) then 50 µl CD90 (T11D7e) primary 

antibody and incubated at room temperature for at least 3 hours. Papain 

dissociation System (see stock solutions below) was used to dissociate the 

dissected retinas according to the manufacturer’s instructions. Briefly, five panning 

tubes were prepared; “10-pappain” with 10 ml DPBS and 5 µl NaOH (1 M) added 

to it, “10-papain filter” which was left empty, “9-Lo” with 9 ml DPS added to it, “Lo-

Mo” which was left empty and “5-Hi” with 5 ml DPBS added to it. After retinas 

dissections, 165 units of papain was prepared in 1 ml DPBS and incubated in 

37°C water bath to reconstitute. 100 µl of 0.4% DNase stock was added to the “10 

papain” tube and 100 µl added to the “9-Lo” and mixed. The content of the “10 

papain” tube (with the DNase) was filtered through 22 µm filter and added to the 

“10 papain filter” tube. The dissected retinas were transferred to 50 ml Falcon 

tubes and 5 ml of the content of the “10 papain” tube with the DNase were added 

and the Falcon tube was incubated in 37°C water bath for 30 minutes with 

agitation every 15 minutes to ensure proper digestion of the retinas. During 
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digestion, the “Lo ovo” solution was prepared by adding 1 ml of 10x “Hi ovo” 

solution (see stock solutions preparations below) to the “5-Hi” tube and 6 µl NaOH 

to adjust the pH, then 1 ml of 10x Lo ovo (see stock solutions preparations below) 

was added to the “9-Lo” tube and 6 ml of that were transferred into the “Lo-Mo” 

tube and 80 µl rabbit anti-mouse macrophage sera were added to the “Lo-Mo” 

tube. at the end of the papain digestion, the papain solutions were aspirated and 

the digested tissues were rinsed in 4 ml “Lo-ovo”, cells were rinsed gently and 

allowed to settle for 30 seconds the next step. The tissues were then dissociated 

with 2 ml “Lo-Mo” three times by gently pipetting up and down, the debris was 

allowed to settle to the bottom of the tube for 2 minutes and the top supernatant 

was transferred to the “9-Lo empty” tube, possible cell clumps were prevented by 

pipetting the solution up and down 2 to 3 times. Dissociation with “Lo-Mo” was 

repeated again and the “9-Lo empty” tube was incubated at room temperature for 

10 minutes to allow antibodies to bind to the cells then centrifuged at 80 g for 10 

minutes at 25°C. The supernatant was aspirated and the cell pellet was 

resuspended in 1 ml of “Hi-ovo” solution twice and cells centrifuged at 80 g for 10 

minutes at 25°C, after that 14 ml papain buffer was added to make the total 15 ml. 

Panning starts by rinsing Dish 1 three times in DPBS then the cell suspension was 

added to it and incubated at room temperature for 20 minutes with agitation every 

10 minutes. The cell suspension then transferred to each of Dish 2, Dish 3, Dish 4 

and finally to Dish 5 after rinsing the dishes three times in DPBS first then 

incubating the cell suspension for 45 minutes at room temperature with agitation 

every 15 minutes. Trypsin then used to release the cells from Dish 5 using a 

standard protocol. Briefly, Dish 5 was rinsed six times with DPBS and collected in 

a 15 mm petri dish, Dish 5 then rinsed for further two times to ensure all cells have 

been rinsed off the dish. Trypsin solution prepared previously (see stock solutions 

below) and added to the 15 mm petri dish and incubated at 37°C for 4 minutes 

then the trypsin was deactivated by adding 5 ml FCS prepared previously (see 

stock solutions below) twice. The cell suspension was transferred into 50 ml 

Flacon tube and centrifuged at 80 g for 15 minutes at 25°C and then plated with 

NB-Sato culture media prepared previously (see stock solutions below). 
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Figure 8.26 Immuno-panning of the starburst amacrine cells in the murine 
retina. 

Representative pictures of cultured cells in the corresponding panning dishes 
right). The panning dishes with their corresponding primary and secondary 
antibodies are indicated in the schematic diagrams (left). Scale bar = 100 µm. 
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STOCK SOLUTIONS: 

Note on filtering: The quality of the syringe plastic also matters as plastic 

stabilizers can bleach out and cause toxicity, especially when using serum-free 

medium. Falcon plastic tubes were used whenever possible and Monoject 

syringes.  Most syringe brands are probably ok, except Becton-Dickinson, which 

should be avoided. 

 
Lo Ovomucoid (10X); 40 mls 
To 40 mls DPBS, add 600 mg BSA (Sigma A8806).  Mix well.  

Add 600 mg Trypsin inhibitor (Roche # 109878) and mix to dissolve.  

Adjust pH to 7.4; requires the addition of approx. 500 µl of 1N NaOH. 

When completely dissolved, filter through 0.22 µm Millipore Millex-GP filter, or a 

Millipore SteriFlip.  

Make 1.0 ml aliquots and store at -20oC. 

 

Hi Ovomucoid (6X); 20  mls 
To 20 mls DPBS add 1200 mg BSA (Sigma A8806). (OR: make 40mls, but use 2 

tubes) 

Add 1200 mg Trypsin inhibitor and mix to dissolve.   

It is okay to leave at 4oC overnight to allow everything to go into solution.  

Adjust pH to 7.4; requires the addition of about 900 µl of 1N NaOH. If necessary, 

add NaOH until solution no longer too acidic.  

When completely dissolved, filter through 0.22 µm Millipore Millex-GP filter, or a 

Millipore SteriFlip.  

Make 1.0 ml aliquots and store at -20oC. 

Note:  Equal amounts of Hi and Lo Ovo are needed, it is not a good idea to make 

more than 20 mls of Hi Ovo in a single tube. 

 
DNAse (0.4%; 12,400units/ml) 
Add EBSS (Ca, Mg free) to DNAse (Sigma D-4527) bottle according to calculation: 

multiply units/mg X #mg in the bottle, divide by 12,400. This gives the number of 

mL EBSS to add to the bottle 

Keep on ice.  Filter sterilize, and make 200 ul aliquots. 
Store in -80 freezer. 
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Sato (100X) 
Add the following to 40 ml Neurobasal medium:   Final conc. in medium 

400 mg transferrin (Sigma T-1147)     100 µg/ml 
400 mg BSA (Sigma A-4161)      100 µg/ml 

10 µl progesterone (Sigma P8783) 

 (from stock: 2.5 mg /100 µl EtOH)    60 ng/ml (0.2 µM) 

64 mg putrescine (Sigma P7505)     16 µg/ml 

400 µl sodium selenite (Sigma S5261) 

 (4.0 mg/100 µl 0.1N NaOH, plus 10 ml NB)   40 ng/ml 

*Do not reuse progesterone and Na selenite stocks; make fresh each time. 

 

Mix well and filter through 0.22 µm filter.  

Make 200 µl aliquots; store -20oC. 

 
T3 (100X) 
Dissolve 3.2 mg triiodo-thyronine (Sigma T6397) in 400 µl 0.1 N NaOH. 

Add 15 µl to 30 ml DPBS. 

Filter 0.22 µm filter, DISCARDING the first 10 ml. 

Make 200 µl aliquots; store at -20oC. 

 

4% BSA (20X) 
Dissolve 2 g BSA (Sigma A4161) in 50 ml DPBS. 

Dissolve at 37˚C.  Adjust pH to 7.4 (with approx. 200 µl 1N NaOH).   

Filter sequentially through 0.45 µm and 0.22 µm filters.  

Make 1.0 ml aliquots; store at -20oC. 

 

Insulin (0.5 mg/ml; 100X) 
To 20 ml sterile water add: 

10 mg insulin (Sigma I-6634) (in -30oC) 

100 ul 1.0 N HCl.  Mix well.  

Filter through 0.22 µm filter. 

Store at 4oC for 4 to 6 weeks.  

 

NAC (5 mg/ml; 1000X) 
Dissolve 50 mg N-acetyl cysteine (Sigma A8199) in 10 ml NB (will be yellowish). 

Make 20 µl aliquots; store at -20oC. 
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Poly D-Lysine (PDL) (100X) 
Add 5 ml water to a 5 mg bottle of PDL (Sigma P6407). 

Filter through 0.22 um filter. 

Make 200 µl aliquots; store at -20oC. 

 
Forskolin (5 mM; 1000X) 
Add 4.8 ml DMSO to a 10 mg bottle (2.1 mg/ml). it can be left in the fridge for 

future use.  

Make 50 ul aliquots; store -20oC.   

 

50 mM Tris HCl, pH 9.5  
Dissolve 121 g Trizma base into 1 L dH2O; pH to 9.5 with HCl for 1M stock. 

Add 50mL 1M stock to 950 mL ddH2O; store at 4oC. 

 

Trypsin, 2.5 % (for removing the RGCs from the CD90 panning plates)  

Dissolve 100mg Trypsin (Sigma T4665) at a concentration of 30,000 Units/ml, in 

43.3ml EBSS.  Filter through 0.22 µm filter.  

Make 200 µl aliquots.  Store at -80oC. 

Note: Trypsin may lose activity even at -80oC, both the aliquots and the stock, so 

buying stock material one bottle at a time is more suitable.  

 

Final preparation of culture media  
a)  Finish preparing culture wells:   

• Aspirate out laminin and add NB-Sato Growth media 
• 2 ml for each 6-well plate well 
• 500 µl for each 24-well plate well 
• 150 µl for each 96-well plate well. 

• Put plates in incubator to equilibrate.  
 

b)  Make 30% FCS  
• 14 ml D-PBS plus 6 ml FCS (must be heat inactivated serum; can store 1 

serum tube at 4oC) 
• Filter through 0.22 µm filter 
• Can store unused 30% FCS at 4oC 

 
c) Prepare NB-Sato culture medium: 

NB Sato 
To each 20 ml Neurobasal (DMEM for oligos, half DMEM for neuron-glial 

co-culture) add: 
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 200 ul 100X Pen/Strep (P/S, Gibco) 

 200 ul 100X insulin (5ug/mL stock) 

 200 ul 100mM sodium pyruvate (Gibco) 

 200 ul 100X Sato stock 

 200 ul 100X T3 

 200 ul 100X L-glutamine (Gibco, 1mM final)  

 20 ul 1000X NAC 

 400 ul 50X B27 (Gibco 17504-044) 

Filter solution thru rinsed 0.22 µm filter (Millex-GV). 

Store 4oC; good for up to one week. 

To be added just prior to use: 
(each 1000X) 

 20 ul BDNF (50 µg/ml) 

 20 ul CNTF (10 µg/ml) 

 20 ul Forskolin (5 µM) 

Optional: 20 uL bFGF (10ug/ml) for low-density culture 

Thawed aliquots can be stored at 4oC for up to three days. 

This complete media is called Growth Media. 
 

d)  During the final 5 minutes of Thy1+ panning, prepare the trypsin solution: 
• To 4 ml pre-equilibrated EBSS add 50 µl 2.5% trypsin (from -80oC; Sigma 

T4665). Note: if yields start to decrease although the number of cells stuck to 
CD90 plate looked good, that might suggest a fresh trypsin solution is needed. 

 

OTHER REAGENTS: 
Nitex filter, 3-20/14 from Tetko, Inc, now SEFAR.  Cut into 3 inch squares, wrap in 

small packets of foil, and autoclave.  

Papain, from Worthington Biochemicals, # LK003153. 

DPBS (Dulbecco’s Phosphate Buffered Saline), NB (Neurobasal), and EBSS 

(Earle’s Buffered Salt Solution) from Gibco-BRL.  

Monoject syringes from Applied Sciences.   

#11 scalpel blades from Fisher.  All other tools from Roboz or Fine Science 

Tools.   

Rabbit anti-Mouse Macrophage antibody - Accurate Chemical, AIA31240.  

Make 80 µl aliquots and store in a non-frost free freezer.  

CD90 MOUSE ANTI MOUSE, SEROTEC #MCA02R  
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