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ABSTRACT 

Regulation of gene expression is required for embryogenesis and maintenance of the highly 

specialized and diverse neuron populations of the retina. Chromatin remodelling proteins control 

gene expression by modifying chromatin structure and are essential for many biological processes 

including mammalian development. The ATP-dependent chromatin remodelling protein Snf2h is 

highly expressed in the central nervous system, and pathogenic variants that cause 

neurodevelopmental abnormalities in the human population have recently been identified. This 

work aims to characterize the effects of Snf2h loss in the retina. Snf2h retinal conditional knockout 

(cKO) mice were generated using Snf2h-floxed mice and Chx10-Cre retina-specific Cre driver 

lines to ablate the Snf2h protein from the retina at embryonic day 10.5. Visual function was 

assessed via optomotor response-based testing and full-field scotopic electroretinography, and 

histological changes were examined via immunohistochemistry. Disease progression was tracked 

at one, two, three, and six months of age. Snf2h cKO mice showed a significant decline in visual 

function and exhibited retinal neuron loss compared to wildtype control littermates at all time 

points assessed. This work shows that the chromatin remodelling protein Snf2h plays an essential 

role in the structure and function of the retina.  
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CHAPTER 1. INTRODUCTION 

1.1. The retina 

The retina is the innermost neural tissue layer of the eye and extends anteriorly from the 

ora serrata, which junctions with the choroid, to the back of the eye (Ledford & Hoffman, 2005; 

Remington, 2012). Light entering the eye passes through the cornea and lens and is refracted onto 

the retina where the light signal is converted into a neural impulse through the phototransduction 

cascade (Remington, 2012). Nerve fibers exit the retina at the optic disc and transmit the electrical 

signal via the optic nerves to the brain for image processing (Figure 1.1A). 

1.1.1. Structure of the retina 

Structurally, the retina is organized into ten layers consisting of five neuron cell types 

(photoreceptor cells, bipolar cells, ganglion cells, horizontal cells, and amacrine cells) and three 

glial cell types (Müller glia, microglial cells, and astrocytes) (Remington, 2012) (Figure 1.1B). 

The outermost retinal layer is the monocellular retinal pigmented epithelium (RPE) and is derived 

embryonically from the neural ectoderm along with the rest of the retina. RPE cells contain high 

amounts of melanin granules that absorb light not absorbed by photoreceptors to prevent 

interference with image formation (The Senses, 2008), as well as peroxisomes that eliminate 

oxidative stress from free radicals (Brar, 2021; Peters & Schraermeyer, 2001; Remington, 2012). 

Microvilli extend from the apical surface of RPE cells and associate with the photoreceptor cell 

layer (Brar, 2021; Remington, 2012).  

Photoreceptors cells (PRCs) contain photopigments that absorb light and transmit the 

signal to the interneurons. Cone and rod cells make up the photoreceptor layer and their cell bodies 

are found in the outer nuclear layer (ONL). The inner and outer segments of the photoreceptors, 

which house the organelles and the photopigment containing discs of the photoreceptors, 
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respectively, are found between the ONL and the RPE. Junctions between Müller glia and 

photoreceptor cells form the external limiting membrane (ELM), which is found at the junction 

between the ONL and the inner segments of the photoreceptors (Remington, 2012). Cone nuclei 

in the ONL are a single layer thick whereas rod layer thickness is dependent on the area of the 

retina and ranges from approximately 8-10 cell layers thick (Olmsted, 1944; Remington, 2012).  

The inner nuclear layer is comprised of horizontal cells, bipolar cells, amacrine cells, and 

Müller glia. Bipolar cells, named for their morphology (Grünert, 2009), synapse at their dendrites 

with photoreceptors in the outer plexiform layer (OPL) and at their axons with ganglion cells in 

the inner plexiform layer (IPL) (Remington, 2012). Ganglion cells (GCs) are the output neurons 

of the eye and the only retinal neurons to generate action potentials and communicate directly with 

the brain (Marieb & Hoehn, 2012; The Senses, 2008). The unmyelinated axons of GCs form the 

nerve fiber layer (NFL) and converge at the optic disc.  After passing through the lamina cribrosa, 

they become myelinated and form the optic nerve (Levine, 2011; Remington, 2012). The optic 

nerve carries electrical impulses to the brain where the majority of these axons terminate at the 

lateral geniculate nucleus of the thalamus for visual processing (Olmsted, 1944; Remington, 2012; 

Selhorst et al., 1984). 

The phototransduction pathway is tightly regulated through the actions of several other 

retinal cell types. Horizontal cells (HCs) synapse with each other as well as PRCs and BCs to 

transmit signals horizontal to the retinal surface (Remington, 2012). These neurons play a role in 

contrast sensitivity through negative feedback inhibition of PRCs upon light-mediated 

hyperpolarization of cone photoreceptors (Brar, 2021). Amacrine cells (ACs) are the most diverse 

type of neurons in the retina and modulate interactions between bipolar cells and ganglion cells 

(Brar, 2021; Remington, 2012).  
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Figure 1.1. Anatomy of the eye and retina. (A) Light passes through the cornea, pupil and lens 
and is focused onto the retina. The phototransduction pathway initiates at the retina where neurons 
transform the light signal into an electrical signal. (B) The retina is comprised of neurons and glia 
cells, which are structurally organized into ten distinct layers. The retinal pigmented epithelium 
lies posterior to the photoreceptor cell layer. Retinal cell bodies reside in the three neuron layers: 
cone and rod photoreceptors are located in the outer nuclear layer (ONL), bipolar cells, amacrine 
cells, and horizontal cells are located in the inner nuclear layer (INL), and ganglion cells are located 
in the ganglion cell layer (GCL). Neuron synapses form at the outer plexiform layer (OPL) and 
inner plexiform layer (IPL). Ganglion cell axons form the nerve fiber layer (NFL) and the optic 
nerve which delivers the signal to the brain. Adapted from “Structure of the Retina”, by 
BioRender.com (2023). Retrieved from https://app.biorender.com/biorender-templates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

5 
 

The retinal structure is supported by neuroglia cells which do not transmit neural signals 

but have functions in homeostasis and metabolism of retinal neurons, as well as tissue injury and 

infection (Reichenbach & Bringmann, 2020; Remington, 2012). Microglia, the resident innate 

immune cells of the retina, are activated upon homeostatic imbalance to initiate inflammation and 

mediate the immune response (Brar, 2021; Okunuki et al., 2019). Astrocytes contribute to retinal 

vascular development and form sheaths around nerve fibers and retinal capillaries (Olmsted, 1944; 

Reichenbach & Bringmann, 2020). Müller glia cells span almost the entire retina from the 

photoreceptor layer to the inner limiting membrane, the innermost layer of the retina, where the 

end-feet processes of these cells terminate (Brar, 2021, p. 2; Reichenbach & Bringmann, 2020; 

Remington, 2012). These cells aid in maintenance the blood-retinal barrier (Reichenbach & 

Bringmann, 2020) and contribute to neuron survival through production of neurotrophic factors 

(Harada et al., 2005; Reichenbach & Bringmann, 2010; M. Wang et al., 2011). The processes of 

MG ensheath the synapses of retinal neurons and regulate their activity through neurotransmitter 

recycling (Reichenbach & Bringmann, 2020; Remington, 2012). 

 
1.1.2. Photoreceptors 

1.1.2.1. Structure of photoreceptors 

Photoreceptor cells are functionally conserved across the animal kingdom (The Senses, 

2008) and initiate the phototransduction signalling cascade in response to light. Photoreceptors are 

broadly categorized into two types depending on their structure and function: rod and cone cells. 

Rods and cones are morphologically similar and both consist of an outer segment (OS), inner 

segment (IS), cell body, and synaptic ending (Remington, 2012) (Figure 1.2).  
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Figure 1.2. Anatomy of rod and cone photoreceptors. The outer segment (OS) is comprised of 
tightly packed discs that contain light-absorbing photopigments in their plasma membrane. Rod 
OS discs are enclosed within the cell membrane; in contrast, cone OS discs are continuous with 
the cell membrane. The organelles of the inner segment (IS) synthesize protein and generate energy 
for biochemical reactions. The synaptic ending transmits the electrical signal. ELM: external 
limiting membrane, ONL: outer nuclear layer, OPL: outer plexiform layer. Created with 
BioRender.com. 
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The naming of rod and cone photoreceptors are derived from their OS cylindrical form and 

tapered shape, respectively. The OS lies proximal to the RPE and is composed of flattened 

membranous discs that are stacked on top of each other perpendicular to the long axis. The tight 

packing of hundreds of discs increases the probability of light absorption as photons transverse the 

photopigment-rich membranes (Spencer et al., 2020; The Senses, 2008). In rod cells, almost all the 

discs are internalized within the cell membrane whereas in cones, discs are continuous with the 

cell membrane (The Senses, 2008). The membrane of the discs contains photopigments which 

absorb light. To eliminate photooxidative stress, disc shedding and renewal occurs continuously 

with a complete turnover rate of approximately ten days (Kocaoglu et al., 2016). New discs are 

formed in the IS and are shuttled towards the OS tip where they are eventually phagocytosed by 

RPE cells (Young, 1971; Young & Bok, 1969). This process has been shown to follow a circadian 

rhythm with peak shedding activity occurring in the morning (LaVail, 1976). 

The photoreceptor IS is adjoined to the OS by the cilium, which is structured in a 9+0 

axoneme of nine microtubule doublets in a circular arrangement with an absence of a central tubule 

pair (Wensel et al., 2021). The IS contains the organelles and is the site of protein synthesis. The 

hyperreflective ellipsoid zone immediately continuous to the cilium is abundant in mitochondria 

that provide the ATP required to meet the high metabolic demand of photoreceptor functioning 

(Hoang et al., 2002).  

Several mechanisms govern the homeostasis and survival of photoreceptor cells including 

actions of the RPE cells (Hanna et al., 2022; Stone et al., 1999). In addition to OS disc 

phagocytosis, RPE cells transport metabolic substrates through diffusion from the choroid 

vasculature to the photoreceptor cells (The Senses, 2008). The tight junctions between RPE cells 

maintain the blood-retina barrier and selectively filter passage of nutrients and removal of waste 
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products (Naylor et al., 2019). Loss or dysfunction of RPE cells has been shown to result in rapid 

subsequent death of photoreceptors (Cideciyan et al., 2004). Additionally, photoreceptor 

autophagy is essential for mediating cell death and survival; cellular constituents targeted for 

degradation via lysosomes are recycled for cytoplasmic turnover and regeneration of cellular 

components26,27. 

1.1.2.2. Rod and cone physiology  

The physiological process by which light signals are converted into electrical signals that 

are then transmitted as nerve impulses is known as phototransduction. Rods and cones are 

photosensitive and are adapted to function at different light intensities and wavelengths based on 

their containing photopigment.  

The rhodopsin photopigment of rod cells absorb optimally at 500 nm. Rods are active in 

scotopic conditions and are extremely sensitive up to a single photon (Rieke & Baylor, 1998) but 

are completely bleached at high light intensities (Cassin, 1995). Dark-adaptation under low 

lighting levels where rod function is dominant allows for object detection although hue 

discrimination is diminished (Levin et al., 2011). In contrast, cones are active in photopic 

conditions and play a role in color and motion detection due to their increased kinetic response 

(The Senses, 2008). There are three types of cones found in the human retina, which are named 

based on the optimal absorption wavelength of their photopigment: long (L) or red opsin (588 nm), 

medium (M) or green opsin (531 nm), and short (S) or blue opsin (420-nm) (Remington, 2012).  

1.1.3. Development of the mouse retina 

Upon implantation of the mouse embryo at embryonic (E) day 6.5, gastrulation of the 

blastula results in the formation of the embryonic plate consisting of the ectoderm, mesoderm, and 

endoderm primary germ layers (Rossant & Tam, 2002). Subsequent thickening of the ectoderm 
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gives rise to the neural plate, which invaginates to form the neural tube and neural crest (Gilbert, 

2000). Development of the eye begins at E8 at which time two indentations known as the optic 

pits of the neural tube in the forebrain region form (Heavner & Pevny, 2012; Smith et al., 2001). 

Expansion of the optic pits results in formation of the optic vesicles (OV), which expand until 

contact with the surface ectoderm is established at E9 to E10 (Heavner & Pevny, 2012; Pei & 

Rhodin, 1970; Remington, 2012; Smith et al., 2001) (Fig 1.3). Cells of the OV are comprised of 

retinal progenitor cells that ultimately give rise to all retinal neurons (Heavner & Pevny, 2012). 

Invagination of the OV results in the formation of a bilayered cup with the inner layer developing 

to form the neural retina and the outer layer forming the RPE (Heavner & Pevny, 2012). The optic 

stalk connects the OV and the forebrain to generate the optic stalk towards which ganglion cell 

axons eventually grow to form the optic nerve (Deiner et al., 1997; Smith et al., 2001). 

Multipotent progenitor cells possess the competency to generate various cell lineages under 

the effects of regulatory mechanisms. Differentiation of retinal progenitor cells (RPCs) of the 

retinal neuroepithelium gives rise to all retinal neuron types and Müller glia, and is dependent on 

the spatiotemporal expression patterns of specific transcription factors (TFs). Numerous studies 

have shown that dysregulation of TFs in mutant mice result in significant changes in retinal 

structure and distribution of neuronal populations (Badea & Nathans, 2011; Bramblett et al., 2004; 

Jiang et al., 2013; S. W. Wang et al., 2000). RPC differentiation occurs in a specific order that is 

highly conserved among vertebrates (Ohsawa & Kageyama, 2008; X. Zhang et al., 2011) with 

temporal overlap between cell types such that multiple neuron populations may be simultaneously 

produced (Ohsawa & Kageyama, 2008) (Figure 1.3A). The following description highlights select 

key TFs involved in RPC fate specification but should not be taken as an exhaustive list. 
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A 

 
 
B 

 
 
Figure 1.3. Development of the mouse eye and retina. (A) The optic vesicle invaginates to form 
the bilayered optic cup, which then develops to form the neural retina and retinal pigment 
epithelium (RPE). Reproduced with permission from Springer Nature from Nature, Vol 472, Robin 
R Ali, Jane C Sowden, DIY eye, Page 43, Copyright 2011. (B) Cell differentiation in the retina. 
All retinal neurons differentiate from a common pool of retinal progenitor cells (RPCs). Cell fate 
specification begins embryonically and continues postnatally.  
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Early neurogenesis requires the expression of basic helix-loop-helix (bHLH) transcription 

factors (Pennesi et al., 2006; Rossant & Tam, 2002; Yan et al., 2005), which have roles in cross-

regulation, neuronal subtype specification, and Notch signalling (X. Zhang et al., 2011). Retinal 

ganglion cells (GCs) are the first cells to be differentiated beginning at around E10.5 and require 

the transient expression of the bHLH Math5 and its downstream target Brn3b (N. L. Brown et al., 

2001; S. W. Wang et al., 2001). Up to 40 subtypes of GCs have been identified with many sharing 

initial signalling pathways prior to specification by distinct TFs (Ge et al., 2023; Rheaume et al., 

2018). GC development is followed by RPC differentiation into horizontal cells, amacrine cells, 

and cone photoreceptors. Horizontal cell and amacrine cell genesis begin at approximately the 

same time and are both controlled by the expression of Foxn4 (S. Li et al., 2004), Prox1 (Dyer et 

al., 2003), and Ptf1a (Fujitani et al., 2006); neuron type specification is determined by co-

expression of various other TFs (Inoue et al., 2002). Photoreceptor development occurs throughout 

most of retinal development. Cone photoreceptor development begins at around E12 prior to rod 

photoreceptor specification and is complete by the time of birth (Brzezinski et al., 2010). Bipolar 

cells, Müller glia, and rod photoreceptors are the last to be differentiated and continue postnatally 

(Reese, 2011). The upregulation of the TF Otx2 as proliferative RPCs exit the mitotic cell cycle is 

essential for photoreceptor development. In contrast to cone cells, rod cell development starts at 

around E13.5 and continues until postnatal (P) day 7 (Brzezinski et al., 2010). Expression of the 

TF Nrl is pivotal in rod differentiation through synergistic interactions with Nr2e3 and Crx to 

control transcription of rhodopsin (Cheng et al., 2004; Mears et al., 2001; Peng et al., 2005). In 

addition to photoreceptors, Otx2 is also expressed in bipolar cells and fate determination between 

either cell type is regulated by additional downstream factors including Chx10, Prdm1, and Vsx1. 

Upregulation of the homeobox gene Chx10 promotes bipolar cell differentiation through inhibition 
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of photoreceptor-specific gene expression (Dorval et al., 2005, 2006; Livne-bar et al., 2006), while 

transcription of Vsx1 (Chow et al., 2004) and Prdm1 (Brzezinski et al., 2013, 2010; Katoh et al., 

2010) support photoreceptor cell differentiation and inhibit bipolar cell development. 

1.1.4. Notable difference between the mouse and human retina 

The house mouse (Mus musculus) is one of the most common animal models used in the 

study of human biology due to numerous practical considerations including its small size, low cost, 

fast breeding times, and short lifespan (Vandamme, 2014). Genetically, the protein-coding regions 

of the mouse genome are 85% homologous to the human genome (Makałowski et al., 1996) and 

their amenability to genetic manipulation allows for targeted studies on specific genes and 

modeling of human diseases (Watts, 2007). Research on the mouse visual system has provided 

valuable insight on the embryonic development of the eye and the mechanisms underlying various 

retinal degenerative diseases (Chang, 2013; Fletcher et al., 2011). However, notable differences 

exist between the mouse and human retina that should be taken into consideration when 

performing experimentation.  

 The ratio of rods and cone photoreceptors in the retina is dependent on the species with 

many mammals having a greater proportion of rods (Szél et al., 1996). Both humans and mice are 

heavily rod-dominant with rods constituting approximately 95% and 97% of photoreceptors, 

respectively (Chalupa & Williams, 2008; The Senses, 2008). However, the distribution of 

photoreceptors is not constant across regions of the retina. A unique anatomical feature found in 

several species is the fovea, a posterior region of the retina that is extremely dense in cone 

photoreceptors and is specialized in high acuity central vision. Among mammals, primates are the 

only order in which the fovea is present. Mice lack a fovea and instead, cone density across the 

entire mouse retina is comparable to that of the peripheral retina of primates (Huberman & Niell, 
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2011; Jeon et al., 1998). This results in an extended visual field of uniform optical focus (Sundin, 

2005), which is evolutionarily adapted to the nocturnal prey nature of mice. 

 Additionally, mice differ from humans in the optimal absorption spectra of their 

photopigments. Mouse rod photoreceptors have a rhodopsin photopigment while cone 

photoreceptors express only two photopigments: M-opsin (508 nm) and S-opsin (360nm) (Geng 

et al., 2011; Nikonov et al., 2006). Notably, S- and M-cone photopigments are commonly co-

expressed within the same cone photoreceptor, which increases the detectable spectral sensitivity 

of these cells. M-opsin is constitutively expressed in all cone photoreceptors although levels within 

individual cells vary from the dorsal to ventral regions of the retina. In contrast, S-opsin protein 

levels remain relatively constant in individual photoreceptors but are not expressed in select cones 

of the far dorsal region (Applebury et al., 2000).  

1.2. Chromatin 

1.2.1 Chromatin structure  

Packaging of the approximately 3.2 billion base pairs (bp, haploid number) of DNA into a  

human nucleus with a 10 µm diameter necessitates an efficient and precise method of organization 

that condenses genetic material while also allowing transcription of genes (T. A. Brown, 2002; 

Sun et al., 2000). DNA compaction is primarily mediated by histone proteins, which interact with 

each other and other chromosomal proteins (Wolffe, 2012). Within the nucleus of a eukaryotic 

cell, nucleosomes form the basic structural unit and consist of 147 bp of DNA wrapped 1.65 turns 

around an octameric histone core of two subunits each of H2A, H2B, H3, and H4 (Grigoryev, 

2012). Linker histones such as histones H1 and H5 bind with DNA to stabilize and link the 

nucleosomes together (Brockers & Schneider, 2019; Fan & Roberts, 2006; Hergeth & Schneider, 

2015) to form higher order structure chromatin. Histone proteins are lysine and arginine rich and 
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their key role in processes in the nucleus is highlighted by their high degree of conservation 

(Wolffe, 2012). The basic structures of all four histone core proteins are similar. The C-terminus 

histone-fold domain consists of three alpha helices through which histone dimerization and 

histone-DNA binding can occur. The lysine-rich charged N-terminus possesses a crucial structure 

that interacts with other chromatin-regulating proteins and is often the target of posttranslational 

modifications (Wolffe, 2012). 

The degree of DNA packing within chromatin is correlated with gene expression and may 

be structurally distinguished into two types. Euchromatin constitutes the majority of the human 

genome (International Human Genome Sequencing Consortium, 2004) and is defined by its 

loosely packaged structure. Since this less condensed form of chromatin enables binding of 

regulatory factors and RNA polymerase, euchromatin is often associated with active gene 

transcription (Morrison & Thakur, 2021). In contrast, the structure of heterochromatin is more 

compact, which prevents binding of transcriptional machinery, and gene expression is therefore 

repressed. This structural state associated with gene silencing is observed in the repetitive DNA 

sequences of centromere and telomere regions (Achrem et al., 2020), as well as the inactive X 

chromosome (Barr body) of mammalian female somatic cells (Priyadharscini & Sabarinath, 2013).  

1.2.2. Chromatin remodelling 

Chromatin is not static but rather a highly dynamic structure that interchanges between 

transcriptionally active and repressed states (Wolffe, 2012). The process of altering the compaction 

states of chromatin structure allows for precise spatiotemporal regulation of gene expression and 

is known as chromatin remodelling. Regulation of DNA accessibility to transcriptional binding 

factors is primarily achieved through two processes (Manelyte et al., 2013). The first is changes in 

nucleosome conformation through post-translational covalent histone modifications such as 
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phosphorylation, ubiquitination, and methylation (Strahl & Allis, 2000; Struhl, 1998; Wolffe & 

Hayes, 1999). Acetylation of specific lysine residues in nucleosome histone tails lowers the 

protein’s positive charge and subsequently decreases their affinity to negatively charged DNA. 

The weaker nucleosome-DNA interactions results in a less compact structure of DNA and allows 

for recruitment of effector proteins to chromatin (Struhl, 1998). The second is through a shift in 

position or removal of nucleosomes from DNA by chromatin remodellers to reveal the underlying 

sequence and allow binding of transcriptional factors (Becker & Workman, 2013; Gutiérrez et al., 

2007). Chromatin remodellers are dependent on ATP and generally perform one of three 

processes: nucleosome assembly, modification of nucleosomes through exchange of histone 

variants, and alterations in chromatin accessibility (Clapier et al., 2017). There are several 

proposed theories on the mechanisms of action underlying catalysis of nucleosome mobilization 

by chromatin remodelling complexes (Clapier et al., 2017). The two strands of DNA are wrapped 

around nucleosomes in different lengths and unwinding results in a 10 bp difference. The twist 

diffusion theory suggests that if the DNA is bound to a core histone protein at a specific region, 

DNA unwinding from the nucleosome by an action of a remodelling complex creates torsion that 

could result in DNA sliding. An alternate theory suggests that the bulge created by superhelical 

stress may mechanically dislocate DNA from the nucleosome surface (Flaus & Owen-Hughes, 

2001). 

The essential function of chromatin remodelling proteins has been demonstrated in many 

physiological processes including mammalian development, DNA replication, and epigenetic 

inheritance. Chromatin remodelling continues to be an extensively studied area of research due to 

the numerous diseases arising from the dysfunction of chromatin remodellers. Mutations in 

chromatin remodelling genes may lead to dysregulation of a spectrum of other genes that manifest 
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in physiological symptoms including neurodegeneration and cancer (Hendrich & Bickmore, 

2001). Chromatin remodelling proteins and their associated diseases are extensively documented 

in existing literary reviews (Cho et al., 2004; Huang et al., 2003; Mirabella et al., 2016). Select 

notable diseases resulting from dysfunction of chromatin remodelling complexes include ATRX 

syndrome resulting from mutations in the ATRX gene (Gibbons et al., 2008; Wu et al., 2022), and 

CHARGE syndrome caused by mutations in the CHD7 gene (Vissers et al., 2004). 

1.2.3. ISWI family of chromatin remodellers 

In humans, there are at least 53 different chromatin remodellers categorized into four 

families based on the catalytic subunit of the complex: CHD, INO80, SWI/SNF, and ISWI. The 

diversity of chromatin remodellers allows for a broad range of specialized activities via 

nucleosome repositioning, which is in part dependent on binding preferences to DNA (Rippe et 

al., 2007).  

The imitation switch (ISWI) enzyme was first discovered for its role in Drosophila 

development from purification studies of embryo extracts (Tsukiyama et al., 1995; Tsukiyama & 

Wu, 1995). ISWI is evolutionarily conserved and homologous proteins have since been identified 

in other species such as yeast, mice, and humans (Yadon & Tsukiyama, 2011). The structure of 

the ISWI protein has been elucidated by imaging techniques including a combination of mass 

spectrometry, X-ray crystallography, small X-ray scattering, and computational modelling (Grüne 

et al., 2003; Harrer et al., 2018). The catalytic core of ISWI proteins is composed of several 

domains with specialized activities. The N-terminus forms the ATPase domain and is involved in 

DNA interactions. The ISWI C-terminus (ISWI-C) is composed of 12 a-helices that form the 

HAND-SANT-SLIDE (HSS) domains. These domains are structurally rigid due to tight packing 

of helices and move in relation to each other (Grüne et al., 2003). The ISWI-C binds to DNA 
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proximal to nucleosomes, then releases binding and undergoes an ATP-catalyzed conformational 

change before then binding to the histone H4 in the nucleosome core (Harrer et al., 2018; Klinker 

et al., 2014). This conformational shift of ISWI plays a role in regulating separation so that 

nucleosome spacing is consistent independent of nucleosome density (Hota et al., 2013; Lieleg et 

al., 2015). The HAND domain is named for its four helices arranged in a conformation resembling 

a hand and is connected to the SANT domain, which has an overall negative charge and appears 

to be involved in histone tail interaction but not DNA binding (Boyer et al., 2002). In contrast, the 

SLIDE domain possesses a overall positive charge and is essential for DNA binding (Grüne et al., 

2003). It further functions in nucleosome recognition by interacting directly with histone H4 tails 

at a R17H18R18 amino acid sequence (D. F. V. Corona & Tamkun, 2004; Grüne et al., 2003). 

ISWI proteins are involved in a variety of roles that include both repressing and activating 

DNA transcription (Mellor, 2006).. In addition to the control of gene expression, ISWI complexes 

have also been shown to play a role in DNA replication through the recruitment of transcription 

factors (Mellor, 2006). During replication, ISWI remodellers utilize histone H3-H4 tetramers and 

H2A-H2B dimers recruited by histone chaperones to form the nucleosome octamer as well as 

evenly space nucleosomes apart to form the nucleosome array (Clapier et al., 2017). 

1.2.4. Snf2h and Snf2l 

The two mammalian ISWI homologues Snf2h (Smarca5) and Snf2l (Smarca1) share 86% 

peptide sequence identity (Aihara et al., 1998) and function as the ATPase catalytic domain in 

multiple chromatin remodelling complexes involved in processes such as transcriptional 

regulation, maintenance of chromatin structure, development, cell differentiation, and DNA 

replication and repair (Yadon & Tsukiyama, 2011) (Figure 1.4). The enzymatic units Snf2h and 
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Snf2l can function independently or can complex with other protein subunits, which confer the 

complexes with differing properties and functions (Manelyte et al., 2013). 

Snfh2 and Snf2l mRNA temporal expression patterns were examined in embryonic and 

adult mice. Whole embryonic analysis of E9.5-15.5 mice showed transcripts of both genes at all 

timepoints; Snf2h expression decreased slightly over this period whereas Snf2l expression 

increased. Further localization experiments using RNA in situ hybridization were conducted to 

examine tissue-specific expression patterns. Both genes were found to be expressed throughout 

the embryo during this developmental phase. However, Snf2h was expressed at much higher levels 

in the brain which then decreased postnatally while Snf2l levels increased. In adult mice, Snf2h 

expression was detected in all tissues examined (cortex, cerebellum, heart, lung, spleen, kidney, 

skeletal muscle, uterus, ovary, placenta, testes) with expression levels peaking in the testes. Snf2l 

expression in adult mice was mainly detected in the brain (cortex and cerebellum) and reproductive 

organs (ovaries, uterus, testes and placenta) (Lazzaro & Picketts, 2001). 

Complete knockout of Snf2h in mice is embryonic lethal, which demonstrates its essential 

in embryonic development (Stopka & Skoultchi, 2003). A double heterozygous cross of Snf2h+/- 

lines showed that Snf2h knockout (KO) embryos were observed in E3.5 litters at Mendelian ratios 

and the size of the decidua was normal at E5.5. However, Snf2h KO embryos were absent at E7.5 

and approximately a quarter of uterine horn nodules were empty. E3.5 blastocysts isolated from 

Snf2h KO mouse lines and cultured ex vivo were initially viable and showed normal inner cell 

mass and trophectoderm morphology. At 12 h, all blastocysts adhered to the culture dish and were 

rapidly proliferating. However, the cell cycle of Snf2h KO blastocysts began to arrest at 2 days 

post culture and shortly after, underwent apoptosis at days 3 to 6. This suggests that Snf2h is 

required for embryonic development by promoting cell proliferation and survival. Ablation of 
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Snf2h results in embryos that die post implantation and subsequently undergo fetal resorption 

(Stopka & Skoultchi, 2003). In contrast, Snf2l KO mice are viable but exhibit delayed neurogenesis 

(Yip et al., 2012). Snf2lf/f mice crossed with GATA1-Cre mice, which express Cre recombinase 

activity ubiquitously beginning at E10.5, were born at Mendelian ratios with no difference in body 

weight between genotypes. Snf2l KO mice performed on par with WT mice in behavioral tests and 

an increased brain size was the only noted phenotype. This was hypothesized to be due to Snf2l’s 

role in neuronal differentiation as dysregulation may have led to loss of proliferation control during 

development. Overall, these results appear to be consistent with Snf2h and Snf2l expression 

patterns during brain development, in which Snf2h is predominantly expressed in progenitor cells, 

while Snf2l is predominantly involved in neuron terminal differentiation (Yip et al., 2012).  

Recently, pathogenic variants of SMARCA5  were identified in the human population. Nine 

different SMARCA5 heterozygous variants were found across 10 families by exome sequencing; 

these included one splice-altering variant, one in-frame deletion, and seven missense variants. 

Eight of these mutations were de novo including the in-frame deletion, which was present in two 

individuals with no family relation, and one missense variant which was also identified in the 

individual’s mother and maternal grandmother. Bioinformatics algorithm software predicted all 

missense variants to be deleterious; this was confirmed in one individual by Sanger sequencing of 

fibroblasts which revealed a 52 amino acid in-frame deletion in the helicase ATP-binding domain. 

Other variants were mapped at or proximal to the ATPase domain, helicase C-terminal, or HSS 

domain (D. Li et al., 2021). Notably, all variants were mapped to protein locations that were 

predicted to be non viable upon mutation.  
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Figure 1.4. Mammalian ISWI complexes and their physiological functions. Snf2h and Snf2l 
act as the ATPase catalytic domains of ISWI complexes. Reprinted from Cell, Vol 144, Adam N. 
Yadon, Toshio Tsukiyama, SnapShot: Chromatin Remodeling: ISWI, Page 453, Copyright 2011, 
with permission from Elsevier. 
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1.3. Vision testing 

Vision testing is performed to examine the physiological health of the eye and its ability to 

perceive light from the visible spectrum (Casper & Cioffi, 2019; de-Wit & Wagemans, 2012). This 

is important not only for direct studies of the visual system but also for animal research where a 

vision phenotype may be expected. Many commonly employed rodent behavioral tests are in part 

dependent on visual ability and failure to consider the animals’ baseline visual performance may 

lead to inaccurate conclusions (Leinonen & Tanila, 2018). Screening of 1000 strains at The 

Jackson Laboratory (JAX) found that 204 strains carried mutations in one of three genes (Pde6b, 

Crb1, and Gnat2) implicated with retinal diseases (Chang et al., 2013).    

Numerous tests have been developed for laboratory use to assess components of the visual 

system including behavior-based tests, electrophysiological tests and anatomical examination. 

Factors to consider when selecting a method of assessment include cost, reproducibility between 

animals, time requirement in order to facilitate testing of large numbers of animals, and ability of 

the test to provide quantitative results (Pinto & Enroth-Cugell, 2000). Employing a combination 

of these tests is an effective method for evaluating the relative contribution of different retinal cell 

types and components of the visual system in causing visual dysfunction (Chalupa & Williams, 

2008). 

1.3.1. Optomotor response-based testing 

The optomotor response (OMR) is an innate head tracking behavior evoked in response to 

the visual perception of a moving stimulus in order to maintain the focus of a formed image on the 

retina. This stabilization response prevents dissociation of the vestibular system by visual cues 

during locomotion (Cullen, 2016; Kretschmer et al., 2015). A normal OMR is comprised of an 

initial slow tracking phase where the head tracks a moving object followed by a rapid return to its 
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initial position in the opposing direction (Kretschmer et al., 2017). Related to the OMR is the 

optokinetic response (OKR) which functions in a similar manner but refers to compensatory eye 

movements while the head is stationary. These reflexes are conserved among both invertebrates 

and vertebrates (van der Zouwen & Ryczko, 2020) and emerge during different stages of 

development depending on the species (Veselov et al., 1998, 1998). In humans, significant 

developments in communication between the eye muscles and the cerebellum occur after two 

months of age (Goodkin, 1980) and the OKR response is acquired within the first six months of 

infancy (Dobson & Teller, 1978). In rodents, development of this behavior varies depending on 

the strain and is observed in wildtype C57BL/6 mice at P15 once the eyes have opened. Visual 

performance increases until P24 after which there is no discernable change throughout adulthood 

(Prusky et al., 2004).  

An optomotor response-based test is commonly used in laboratory research to determine 

visual acuity (VA), a measure of the ability of the eyes to precisely resolve details. VA assessment 

is a frequently employed standard for monitoring progression of vision loss and treatment 

outcomes (Kiser et al., 2005) and relies on coordinated function between the optical and neural 

systems (de-Wit & Wagemans, 2012). As such, abnormal VA values may be indicative of vision  
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Figure 1.5. Optomotor response test setup and variations in stimuli testing parameters. (A) 
A mouse is placed on the platform of the Striatech OptoDrum system. Variables that may be 
changed include (B) spatial frequency and (C) contrast.  
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problems caused by refractive error, retina health, optic nerve transmission of signals, and visual 

processing in the brain.  

Setup of the OMR testing system is achieved by placing the test subject on a raised platform 

and surrounding it laterally with a display of a vertical striped pattern that rotates horizontally 

(Figure 1.5). The pattern may be displayed through the use of a mechanical drum or electronical 

monitors, such as the Striatech Optodrum system used in this thesis (Benkner et al., 2013). A 

camera situated above the test subject captures its head movement in response to the stimulus and 

the results are evaluated by the experimenter or an automated software. Parameters which can be 

tested include stimulus rotation direction, rotation speed, contrast, and stripe colors (Abdeljalil et 

al., 2005). In cases where bilateral symmetry of eyes is expected, rotation direction may be 

alternated in order to test eyes simultaneously and to prevent motion habituation (Barnatan et al., 

2019; Brandt et al., 1974). To assess the VA, the spatial frequency, inversely proportional to 

thickness of the stripes, is progressively increased until the no response is observed. For mice, 

studies have shown that the OMR is optimally elicited at 100% contrast and a rotation speed of 12 

o/sec.    

 OMR-based tests boast several advantages including the lack of anesthesia or animal 

training required prior to data collection as it relies on an innate behavioral reflex. Furthermore, 

advances in technology have resulted in the development of machine head tracking software and 

automated scoring of trials to eliminate experimenter bias (Benkner et al., 2013). This non-invasive 

method of assessment is ideal for longitudinal studies and may act as a first-line screening of 

function deficits in the visual system. 
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1.3.2. Electroretinography 

 The electroretinogram (ERG) is another in vivo test frequently used as a measure of visual 

performance and is an assessment of the electrophysiological response of cell types in the retina. 

There are several types of ERG tests that quantitatively measure different components of the 

phototransduction pathway. The multifocal ERG displays a hexagonal flickering stimulus that 

detects focal damage to the inner retina (Hood, 2000) while the pattern ERG presents a 

checkerboard pattern that assesses ganglion cell activity and is primarily used in studies of optic 

nerve disorders (Asanad & Karanjia, 2023b). The full-field ERG (ffERG) is a measure of overall 

retina function and is the technique used in this research project (Asanad & Karanjia, 2023a).  

 In the ffERG, mice are dark-adapted and the iris is dilated topically. Electrodes positioned 

on the surface of the cornea present a light stimulus and record the response of the electrical 

potential generated by retinal neurons (Figure 1.6A). The resulting waveform is displayed as a 

function of amplitude (µV) over latency (ms) and is comprised of several components. The initial 

a-wave is measured from the pre-stimulus baseline to the negative a-wave trough and reflects 

photoreceptor cell function (Figure 1.6B). In the absence of light, photoreceptors remain in a 

depolarized state. The cell membrane is permeable to Na+ through cGMP-gated channels and the 

neurotransmitter glutamate is continuously released. Light activation stimulates a signalling 

cascade that depletes cGMP and prevents permeability of Na+, thereby resulting in the 

hyperpolarization of the photoreceptors that is detected as the a-wave (Remington, 2012). This is 

followed by the b-wave, measured from the trough of the a-wave to the peak of the b-wave, and is 

an assessment of bipolar cell and Müller glia activity (Figure 1.6B). Bipolar cells may be 

categorized as ON or OFF cells depending on the lighting conditions that trigger a depolarized 

state. ON cells depolarize with an increase in light intensity while OFF cells depolarize with a 
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decrease in light intensity (Nelson & Connaughton, 1995). When mice are in the dark-adapted 

state, glutamate released from photoreceptors binds to the ionotropic receptors of OFF bipolar 

cells, which maintain a depolarized state of the bipolar cells as they also release glutamate. Upon 

light-induced hyperpolarization of photoreceptors, the glutamate-gated ion channels of the bipolar 

cell membrane close and the bipolar cells hyperpolarize giving rise to the b-wave (Remington, 

2012). Additionally, wavelets of the oscillatory potentials (OPs) overlap the ascending b-wave and 

may be graphically separated and quantified (Figure 1.6C). OPs reflect amacrine cell activity, 

which modulate the phototransduction signal (Asanad & Karanjia, 2023a; Creel, 2019). Changes 

in any aspect of the various components of the waveform can be used to identify specific cell 

defects in the visual pathway. 
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Figure 1.6. Electroretinography test setup and resulting waveforms. (A) A wildtype mouse is 
anaesthetized and electrodes are positioned on the surface of its corneas to elicit a stimulus and 
record the results using the Diagnosys Celeris system. (B,C) The normal waveform of a wildtype 
mouse consists of an initial negative deflection (a-wave) followed by a positive deflection (b-
wave) during which multiple oscillatory potential (OP) waveforms are also observed.  
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1.4. Snf2h cKO mouse model  

Since the chromatin remodelling protein Snf2h is expressed ubiquitously in tissues of the 

mouse embryo and is essential during neurodevelopment, complete knockout of the Snf2h gene is 

embryonic lethal at the peri-implantation stage (Stopka & Skoultchi, 2003). To examine the role 

of Snf2h in the visual system and its effects in maintaining visual function and retinal neurogenesis, 

a retina-specific conditional knockout mouse model was employed.  

The Cre-Lox recombination system is a genetic editing tool used for site specific 

recombination to implement nucleotide changes at targeted loci of DNA (Figure 1.7). Cre 

recombinase is a 38 kDa enzyme that recognizes the loxP sequence and catalyzes a recombination 

reaction. The loxP site is a 34 bp sequence consisting of an 8 bp central spacer sequence flanked 

by two 13 bp palindromic sequences. The spacer sequence confers orientation to the loxP sequence 

and to allow for DNA modifications such as insertions, deletions, inversions, and translocations 

(Nagy, 2000). Snf2h retinal cKO mice were generated using the cross of two mouse lines. Mice 

with LoxP sequences flanking exon 5 of the Snf2h gene were bred with mice expressing Cre 

recombinase under the Chx10 promoter using methods previously described (Alvarez-Saavedra et 

al., 2014). Snf2h exon 5 transcribes the ATPase catalytic domain and its deletion results in 

complete loss of function (D. F. V. Corona & Tamkun, 2004; Kokavec et al., 2010). Cre expression 

begins at E10.5 and is localized in progenitor cells of the retina shortly after the start of cell 

differentiation (details in methods section 2.1). 
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Figure 1.7. Cre-lox recombination mechanism of action. Cre recombinase recognizes and 
excises the region flanked by LoxP sequences, which consist of a spacer sequence (pink) flanked 
by two palindromic sequences (black). 
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1.5. Rationale, aims, and hypothesis 

Mutations in chromatin remodelling genes have been identified in various human diseases. 

Neurodevelopmental and vision abnormalities were observed in individuals with pathogenic 

variants of the chromatin remodelling protein Snf2h. Characterizing the morphological and 

functional changes of a Snf2h retinal conditional knockout (cKO) mouse model will provide 

insights into the role of Snf2h in the visual system. We hypothesize that Snf2h loss leads to retinal 

neuron loss and impaired visual function.  
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CHAPTER 2. MATERIALS AND METHODS 

2.1. Animals 

All animal experimental procedures were performed with prior approval from the 

University of Ottawa Animal Care and Veterinary Service (ACVS). Mice were housed in standard 

12-hour light/dark conditions and were fed ad libitum on a diet of standard 2018 Tekland Global 

18% protein diet and water.  

Since Snf2h germline knockout mice are embryonic lethal, a retina-specific conditional 

knockout (cKO) mouse model was generated using Snf2h floxed and Chx10-Cre mouse lines. 

Using methods previously described (Alvarez-Saavedra et al., 2014), LoxP sites were introduced 

to flank exon 5 of the Snf2h gene, which encodes the ATP-binding catalytic domain for chromatin 

remodelling. Deletion of this domain results in complete loss of Snf2h function (D. F. Corona et 

al., 1999; Kokavec et al., 2010). The retina-specific transgenic Chx10-Cre mouse line was 

generated as previously described (Rowan & Cepko, 2004). Two successive generations of 

breedings were required to generate Snf2h cKO mice. Homozygous Chx10-Cre+/+ mice were 

crossed with heterozygous Snf2h+/- mice to obtain Chx10-Cre+/- ; Snf2h+/- mice. The Chx10-Cre+/- 

; Snf2h+/- mice were subsequently crossed with homozygous Snf2hf/f mice, which resulted in four 

possible genotypes (Table 1).  

The Cre recombinase expressed in the Chx10-Cre mouse line is fused to enhanced green 

fluorescent protein (EGFP). Furthermore, Chx10-Cre+/+ mice were crossed with Ai14+/+ mice to 

examine functionality of Cre recombinase. Ai14+/+ mice encode the red fluorescent protein 

tdTomato at the Gt(ROSA)26Sor locus, which is expressed upon Cre-mediated removal of a STOP 

cassette flanked by loxP sites (Madisen et al., 2010). Therefore, direct fluorescence imaging of 

Chx10+/-; Ai14+/- retinas is used to investigate both the location of Cre expression by examining 
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GFP expression and ensure the functionality of Cre-mediated recombination by examining 

tdTomato expression. 

  

Table 2.1. Mouse genotypes and abbreviations 

Genotype Genotype (abbreviation) 

Chx10-Cre-/- ; Snf2h+/f Wildtype (WT) 

Chx10-Cre+/- ; Snf2h+/f Snf2h retinal conditional heterozygote (Snf2h cond. het.) 

Chx10-Cre-/- ; Snf2h-/f Snf2h constitutive heterozygote (Snf2h const. het.) 

Chx10-Cre+/- ; Snf2h-/f Snf2h retinal conditional knockout (Snf2h cKO) 

 

2.2. Genotyping  

Ear clipping biopsies were obtained from mice and genomic DNA was extracted from 

samples by lysis in 75 µL of 25 nM NaOH, 0.2 mM EDTA for 1 h at 95 oC followed by subsequent 

neutralization with 40 mM Tris-HCl, pH 8.0 using the Hot Sodium Hydroxide and Tris 

(HotSHOT) protocol as previously described (Truett et al., 2000). Genomic DNA was amplified 

by PCR reaction using Snf2h and Cre primers (Table 2.2) in a thermocycler (Eppendorf 

Mastercycler Pro S 6325). 

Each Snf2h and Chx10-Cre genotyping reaction consisted of 2.5 µL of 10X PCR buffer 

(200 mM Tris-HCl, 500 mM KCl, pH 8.4), 2.5 µL of 2.5 mM dNTP, 0.75 µL of 50 mM MgCl2, 

0.25 µL of Taq polymerase, 0.5 µL of 10 µM of each primer, and 1.5 µL of extracted DNA 

(variable concentration) in dH2O for a total volume of 25 µL. Snf2h PCR amplification cycles 

were as follows: initial denaturation for 4 min at 94 oC, followed by 35 cycles each consisting of 

denaturation for 30 s at 94 oC, annealing at 30 s for 58 oC, extension for 1 min at 72 oC, and a final 
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extension of 10 min at 72 oC. Chx10-Cre PCR amplification cycles were as follows: initial 

denaturation for 2 min at 95 oC, followed by 35 cycles each consisting of denaturation for 20 s at 

95 oC, annealing at 20 s for 60 oC, extension for 30 s at 72 oC, and a final extension of 5 min at 72 

oC. 

Agarose gel electrophoresis was performed by loading a mixture of PCR products and gel 

loading dye on a gel consisting of 1.67 % agarose and 0.15 ng/mL ethidium. The gel was run at 

100 µV in 1X TAE buffer (40 mM Tris base, 29 mM acetic acid, 1 mM EDTA disodium salt 

dihydrate) and visualized on a UV Transilluminator. The Snf2h wildtype and knockout alleles 

resulted in band lengths of 188 and 486 bp respectively (Fig. 2.1). The Chx10-Cre allele resulted 

in a single band, whereas the absence of a band indicated a wildtype allele. 

 

Table 2.2. PCR genotyping primer sequences  

Primer Sequence (5’ - 3’) 

Snf2h forward GATTTCTGATAGGGTTAGAAGC 

Snf2h wildtype reverse TGTAAGGCAAGGGAGAACTG 

Snf2h knockout reverse CCTCCTATCCCCTACATATTACCCTAGCC 

Cre forward ATGCTTCTGTCCGTTTGCCG 

Cre reverse CCTGTTTTGCACGTTCACCG 
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Figure 2.1. Snf2h allele primer binding locations and expected band length results. Figure 
not to size. 
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2.3. Optomotor response-based testing  

Visual acuity was examined by optomotor response testing using the Striatech OptoDrum 

system and software. Setup of the OptoDrum consists of a 54 x 54 x 30 cm rectangular prism with 

mirrors composing the floor and ceiling and four 23.8-inch LCD monitor on the lateral faces of 

the system. Mice at one, two, three, and six months of age were placed individually in the centre 

of the OptoDrum system on a 9 cm diameter circular white platform elevated at 14.5 cm. A vertical 

black and white striped pattern was rotated horizontally on the screens to trigger the innate 

optomotor response of the mouse. The threshold of spatial frequency was determined by varying 

the spatial frequency (cycles/degree) at a fixed maximum contrast of 99.72 % and optimal rotation 

speed of 12 o/sec (Abdeljalil et al., 2005). Stimulus rotation direction was alternated clockwise-

counterclockwise. A camera (Matrix Vision Bluefox IGC200w, 752 x 480 pixel resolution, F1.6 

focal length) fixed centrally at the ceiling directly above the mouse recorded its response and the 

OptoDrum software objectively analyzed its behavior by corresponding the angular velocity of the 

mouse’s head rotation to the track quality in response to the stimulus. The mouse was determined 

to have passed a trial if the spatial frequency displayed triggered the optomotor response and to 

have failed if insufficient head movement was evoked. Tracking was automatically halted by the 

software when excessive body movement of the mouse was detected and manually paused by the 

experimenter when grooming behavior was observed. The threshold of spatial frequency was 

determined when a mouse had passed a trial once and failed an increased spatial frequency twice. 

Experimentation was conducted in technical triplicates for each mouse and the values were 

averaged to determine the visual acuity. 
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2.4 Electroretinography 

Electroretinography testing was performed using the Celeris system (Diagnosys) and 

Espion software (Diagnosys). Mice at one, two, three, and six months of age were dark-adapted 

overnight and experimentation was conducted in a dark room under 660 nm red light. Mice were 

anaesthetized by intraperitoneal injection of a mixture of 1 mg/kg medetomidine and 50 mg/kg 

ketamine. The pupils were dilated by topical administration of 2.5% w/v phenylephrine 

hydrochloride (Mydfrin) and 1% w/v tropicamide (Mydriacyl) eye drops. The topical analgesic 

0.5% proparacaine hydrochloride (Alcaine) was applied to the corneal surface of each eye and 

eyes were hydrated with 0.3 % hypromellose lubricant eye gel (Systane). Ag/AgCl contact-lens 

type electrodes were positioned on the surface of both corneas to present the stimulus and record 

the retinal signals from both eyes. Mice were presented with full-field white single-flash stimuli 

at five increasing light intensities of 0.01, 0.1, 1.0, 4.0, and 10.0 cd·s/m2. Upon completion of ERG 

assessment, mice were hydrated with a subcutaneous injection of approximately 1 mL of saline 

and the anaesthetic was reversed by intraperitoneal injection of 0.5 mg/kg atipamezole. Mice were 

kept on a 37 oC heating pad throughout experimentation and recovery to maintain body 

temperature.  

The a-wave peak amplitude was measured relative to the baseline. The b-wave amplitude 

was measured from the base of the a-wave trough to the maximum positive deflection between 40 

and 80 ms post-stimulus. For each light intensity, ERG waveforms were recorded in technical 

triplicates and the values were averaged to determine the peak amplitudes for each eye; 

subsequently, the values between both eyes were averaged to calculate a single biological replicate 

for each mouse. 
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2.5. Histology 

2.5.1. Retinal whole mount 

Mice aged P0 were euthanized by rapid decapitation and eyes were removed from the head. 

The cornea, lens and retinal pigmented epithelial layer was removed in PBS to isolate the retina. 

The whole retina was placed on a slide and imaged by fluorescence microscopy to examine EGFP 

and tdTomato expression at excitation wavelengths of 488 nm and 555 nm, respectively.  

2.5.1. Retinal tissue collection for immunohistochemistry 

Embryonic and P0 aged mice were euthanized by rapid decapitation and the entire head 

containing intact eyes were fixed in 4% paraformaldehyde for 16 h at 4 oC. Mice aged P14 and 

older were euthanized by intraperitoneal injection of sodium pentobarbital at 120mg/kg and 

manually perfused by transcardiac injection of approximately 10 mL of 4 % paraformaldehyde in 

PBS, pH 7.4. Mice were decapitated and the corneas and lens were removed from the eyes. The 

eyecups retained within the surrounding head tissue were fixed in 4 % paraformaldehyde for 30 

min at room temperature.  

Following fixation, tissues of mice at all ages were washed twice with 1X PBS on a shaker 

at room temperature for 1 hour each time. The head tissues were immersed in 30% sucrose in PBS 

overnight and subsequently incubated with a 1:1 solution of 30% sucrose in PBS and OCT 

overnight. Head tissues were frozen on dry ice in a 1:1 solution of 30% sucrose in PBS and OCT 

and stored at -80 oC until sectioning. The tissues were sectioned at 12 µm thickness along the 

sagittal plane using a cryostat (Leica CM1860) set at -22 oC and mounted on Superfrost slides 

(Fisher Scientific). Slides were dried at room temperature for one hour then stored at -80 oC. 
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2.5.2. Immunohistochemistry  
 

Slides used for retinal immunohistochemistry were thawed at room temperature for 30 min 

then fixed in 70 % ethanol for 5 min on a shaker. Slides were washed with 1X PBS three times for 

10 min each time on a shaker then blocked for 1 h with a solution of 10% normal donkey serum 

(NDS), 0.1% Triton X-100 in TBLS (1M Tris pH 7.4, 145 mM NaCl, 1% BSA, 62mM L-lysine, 

0.1% sodium azide). The blocking solution was removed and slides were incubated with solutions 

containing primary antibodies (Table 2.3) in 10% NDS, 0.1% Triton X-100 in TBLS overnight at 

4 oC in a humidified chamber. The slides were rinsed with 1X PBS three times for 10 min each 

time on a shaker and were incubated with solutions containing fluorophore-conjugated secondary 

antibodies in 0.1 % Triton X-100 in TBLS in the dark for 2 h at room temperature. The slides were 

washed with 1X PBS three times for 10 min each time on a shaker and incubated in the dark in a 

solution of 5 µg/ml DAPI in PBS for 20 minutes on a shaker. The slides were rinsed with 1X PBS 

three times for 10 min each time on a shaker and coverslips were applied along with Fluorescent 

Mounting Medium (DAKO, Ref# S3023).  

Secondary antibodies used were donkey anti-mouse IgG conjugated to Alexa Fluor 488 

(Invitrogen, Ref# A21202),  donkey anti-mouse IgG conjugated to Alexa Fluor 594 (Invitrogen, 

Ref# A21203), donkey anti-rabbit IgG conjugated to Alexa Fluor 488 (Invitrogen, Ref# A21206), 

donkey anti-rabbit IgG conjugated to Alexa Fluor 594 (Invitrogen, Ref# A21207), donkey anti-

goat IgG conjugated to Alexa Fluor 488 (Invitrogen, Ref# SA5-10086), and donkey anti-goat IgG 

conjugated to Alexa Fluor 594 (Invitrogen, Ref# SA5-10088), each at a concentration of 1:1000. 
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2.5.3. Microscopy and histological analysis 
 

All fluorescent images were taken using the Zeiss Axio Imager M2 epifluorescence 

microscope and AxioVision camera. Excitation wavelengths were at 365 nm for DAPI, 470 nm 

for AlexaFluor 488, and 590 nm for AlexaFluor 594. Image analysis was performed using the 

Adobe Photoshop CC 2018 software. Retinal neuron populations were quantified by manually 

counting fluorescently labelled cells from a 400 µm linear area of central retina for all cell types 

except for DAPI labelled cells in the outer nuclear layer, which were quantified from a 100 µm 

linear area of central retina. Cell counts were quantified for both the right and left eyes of two 

adjacent sections, and the value of the four sections averaged to represent one biological replicate. 

The number of rod photoreceptor cells were determined by the difference between DAPI stained 

cells and cone-Arrestin stained cells in the outer nuclear layer.  

2.6. Statistical analysis  

Statistical analysis was performed using GraphPad Prism 8.0.1 using two-wave ANOVA 

and Bonferroni post-hoc analysis to compare between mice of different genotypes and ages. All 

data is presented as mean ± standard error of the mean. Significance is defined as a p-value of 

<0.05 and asterisks represent significant values as follows: *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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CHAPTER 3: RESULTS  

Snf2h was knocked out conditionally in the mouse retina using Snf2h floxed and Chx10-

Cre transgenic lines. Using the Chx10 reporter, Cre expression begins at E10.5 and is localized in 

progenitor cells of the retina shortly after the start of cell differentiation. Snf2h protein expression 

levels were examined in retina whole mounts by fluorescence imaging and quantified by Western 

blot. In vivo functional testing and histological analysis were performed on Snf2h cKO mice to 

determine the extent of visual dysfunction and changes in retinal pathology. Mice were examined 

from embryonic stages to adulthood to track disease progression over time.    

3.1. Cre recombinase expression is mosaic in the mouse retina 

To assess the expression levels of Cre recombinase in the Chx10-Cre line, Chx10-Cre+/+ 

mice were breed with Ai14+/+ mice to generate double heterozygotes. In Chx10-Cre positive mice, 

Cre recombinase fused with enhanced green fluorescent protein (EGFP) is expressed under the 

Chx10 promoter. Ai14 mice encode the fluorescent protein tdTomato downstream of a STOP 

cassette flanked by LoxP sites, which is removed by the action of Cre recombination. Fluorescence 

imaging of EGFP and tdTomato of whole Chx10-Cre+/-; Ai14+/- P0 retinas were used to examine 

both the Cre expression pattern and to ensure its functionality. Cre recombinase showed mosaic 

expression even within pups of the same litter (Figure 3.1). EGFP expression corresponded with 

tdTomato expression indicating functional Cre recombinase expression wherever expressed.  
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Figure 3.1. Fluorescence imaging of Chx10-Cre+/-; Ai14+/- P0 retinas. Cre-EGFP in Chx10-Cre 
positive mice is expressed under the Chx10 promoter (green). Cre recombinase excises the STOP 
cassette upstream of tdTomato (red) in Ai14 positive mice. (A) One mouse shows complete Cre 
recombinase expression throughout the entire retina. (B) Another mouse shows mosaicism of Cre 
expression with an area lacking fluorescence indicated by the white arrow. Turquoise arrowhead 
indicates RPE cells.  
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3.2. Snf2h cKO mice show a decline in visual acuity as measured by optomotor response 
testing 
 

Snf2h loss in the retina has the potential to cause visual deficits in mice. Visual function of 

Snf2h cKO mice and their control wildtype and heterozygous littermates were assessed by a 

succession of in vivo tests designed to examine various components of the visual pathway. Testing 

began in juvenile mice at one month of age shortly after their eyes had opened (around P12) and 

continued for adult mice until six months of age to examine age-related effects of Snf2h loss on 

visual performance. To determine visual acuity, an optomotor response-based assay was utilized 

to assess the ability of mice to precisely resolve small details. For all genotypes, the OMR was 

evoked at lower spatial frequencies, which demonstrated a detectable level of visual function in 

the Snf2h cKO mice (Figure 3.2A). The spatial frequency was progressively increased until mice 

failed to respond to the stimulus and this was determined as the threshold of observable spatial 

frequency (Figure 3.2B).  

Retinal Snf2h deletion was shown to compromise visual performance in mice at all ages 

assessed. Compared to wildtype mice, Snf2h cKO mice displayed a significant decrease in VA at 

all timepoints assessed with a 9.6% reduction at one month (WT: 0.460±0.006 cyc/deg, cKO: 

0.416±0.006, p<0.0001), 10.2% reduction at two months (WT: 0.454±0.005 cyc/deg, cKO: 

0.408±0.006 cyc/deg, p<0.0001), 9.9% reduction at three months (WT: 0.450±0.007 cyc/deg, 

cKO: 0.405±0.007 cyc/deg, p<0.0001), and 15.5% reduction at six (WT: 0.413±0.010, cKO: 

0.349±0.022 cyc/deg, p<0.0001) months of age (Figure 3.3). The Snf2h gene is haplosufficient for 

visual acuity as no significant difference was observed between wildtype and heterozygous 

genotypes. Sex-disaggregated data showed minor differences in p-value at various timepoints; 

however, there was no significant difference between female and male mice of the same genotype 

for each timepoint. Overall, these results indicate that Snf2h is required for visual acuity from 
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juvenile to mature mice. Embryonic knockout of Snf2h in the retina results in early pathological 

changes that persist throughout adulthood. 
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Figure 3.2. Optomotor response of mouse. The mouse responds to the stimulus displayed at the 
spatial frequency shown until the observable threshold is reached. (A) The optomotor response of 
a Snf2h cKO mouse is triggered and it turns its head in the direction of the rotating strips displayed 
at the spatial frequency shown. (B) An increased spatial frequency does not evoke a response from 
the mouse. 
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Figure 3.3. Visual acuity as measured by optomotor response-based testing of Snf2h cKO is 
significantly decreased compared to WT and heterozygous mice at all timepoints. Individual 
and average values are shown for (A) all mice, (B) female mice, (C) and male mice. (A-C) No 
significant difference was observed between Snf2h heterozygous mice and WT littermates. N 
values represent biological replicates. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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3.3. Snf2h cKO mice show a decline in the electroretinogram response 

The next series of in vivo testing was conducted to examine retinal cell-type specific 

responses in the phototransduction pathway. Dark-adapted electroretinography (ERG) was 

performed and the waveform response consisted of three components: 1) the initial a-wave 

negative deflection, which is a function of photoreceptor cell activity, 2) followed by the b-wave, 

which measures bipolar cell and Müller glia activity and 3) oscillatory potentials (OPs) descending 

the b-wave, which measure amacrine cell activity. The full-field white stimulus was tested at five 

light intensities: 0.01, 0.1, 1.0, 4.0, and 10.0 cd·s/m2. An increase in light intensity generally 

corresponded to an increase in a-wave and b-wave peak amplitudes for all genotypes at lower light 

intensities. However, increases in both peak amplitudes plateaued for light intensities greater than 

1.0 cd·s/m2 with either a minimal increase or a decline in peak amplitudes at 4.0, and 10.0 cd·s/m2 

light intensity (Figure 3.4). Due to the maximal a-wave and b-wave peak amplitudes response at 

1.0 cd·s/m2 stimulus intensity, results presented in this thesis thereafter are at this light intensity. 

Representative waveforms are shown in Figure 3.5. 

When a-wave and b-wave peak amplitudes were graphed as a function of age, an analysis 

of recordings showed that retinal Snf2h deletion resulted in a significant decline in the retinal 

electrophysiological response in mice at all ages assessed. At a 1.0 cd·s/m2 light intensity, Snf2h 

cKO mice displayed a significant decrease in a-wave peak amplitudes compared to WT mice at all 

timepoints assessed with a 60% reduction at one month (WT: 377±8 μV, cKO: 149±15 μV, 

p<0.0001), 58% reduction at two months (WT: 306±9 μV, cKO: 129±11 μV, p<0.0001), 62% 

reduction at three months (WT: 292±10 μV, cKO: 112±14 μV, p<0.0001), and 63% reduction at 

six (WT: 276±8 μV, cKO: 103±26 μV, p<0.0001) months of age (Figure 3.6). Similarly, b-wave 

peak amplitudes of Snf2h KO mice at a 1.0 cd·s/m2 light intensity significantly declined compared 
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to WT mice with a 63% reduction at one month (WT: 680±21 μV, cKO: 255±24 μV, p<0.0001), 

61% reduction at two months (WT: 533±17 μV, cKO: 205±18 μV, p<0.0001), 68% reduction at 

three months (WT: 513±18 μV, cKO: 163±22 μV, p<0.0001), and 70% reduction at six (WT: 

450±14 μV, cKO: 137±39 μV, p<0.0001) months of age (Figure 3.7). For both the a-wave and b-

wave peak amplitudes, the Snf2h gene is haplosufficient for the ERG response as no significant 

differences were observed between wildtype and heterozygous genotypes. Sex-disaggregated data 

showed differences in p-value at various timepoints; however, there was no significant difference 

between female and male mice of the same genotype for each timepoint.  
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Figure 3.4. A-wave and b-wave amplitudes at various light intensities for Snf2h cKO mice 
and littermates. All asterisks represent significant difference between indicated genotype and WT 
mice. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 3.5. Representative ERG waveforms at an optimized stimulus intensity of 1.0 cd·s/m2 
for individual mice of each genotype at 1 month of age. Average a-wave and b-wave peak 
amplitudes are indicated for (A) WT, (B) Snf2h conditional heterozygous, (C) Snf2h constitutive 
heterozygous and (D) Snf2h cKO mice. 
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Figure 3.6. A-wave peak amplitudes of Snf2h cKO mice are significantly decreased 
compared to WT and heterozygous mice at all timepoints at 1.0 cd·s/m2 light intensity. (A) 
Individual and average values are shown for (A) all mice, (B) female mice, (C) and male mice. 
(A-C) No significant difference was observed in Snf2h heterozygous mice compared to WT 
littermates. N values represent biological replicates. *p<0.05, **p<0.01, ****p<0.0001. 
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Figure 3.7. B-wave peak amplitudes of Snf2h cKO mice are significantly decreased compared 
to WT and heterozygous mice at all timepoints at 1.0 cd·s/m2 light intensity. (A) Individual 
and average values are shown for (A) all mice, (B) female mice, (C) and male mice. (A-C) No 
significant difference was observed in Snf2h heterozygous mice compared to WT littermates. N 
values represent biological replicates. *p<0.05, **p<0.01, ****p<0.0001. 
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When OP amplitudes were graphed as a function of age, analysis of recordings showed 

that retinal Snf2h deletion resulted in a decline in the retinal electrophysiological response in mice 

at all ages assessed and at virtually all intensities of light (Figure 3.8).  Representative waveforms 

are shown in Figure 3.9. At a 1.0 cd·s/m2 light intensity, Snf2h cKO mice displayed a significant 

decrease in [OP1; OP2; OP3] compared to wildtype mice at all timepoints assessed with a [47 %, 

p<0.0001; 53 %, p<0.0001; 49 %, p<0.0001] reduction at one month, [44 %, p<0.0001; 48 %, 

p<0.0001; 47 %, p<0.001] reduction at two months, [48 %, p<0.0001; 49 %, p<0.0001; 42%, 

p<0.01] reduction at three months, and [50 %, p<0.01; 56 %, p<0.0001; 53 %, p<0.0001]  reduction 

at six months of age (Figure 3.10). 

For the OP peak amplitudes, the Snf2h gene is haplosufficient for the ERG response as no 

significant differences were observed between WT and heterozygous genotypes. Sex-

disaggregated data showed minor differences in p-value at various timepoints; however, there was 

no significant difference between female and male mice of the same genotype for each timepoint.  

Taken together, these results show that Snf2h expression is required for the ERG response 

of juvenile and adult mice. Knockout of Snf2h in the developing retina resulted in decreased a-

wave, b-wave, and oscillatory potential amplitudes, which indicate photoreceptor cell (a-wave), 

bipolar cell and Müller glia (b-wave), and amacrine cell (OP) dysfunction..  
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Figure 3.8. OP amplitudes at various light intensities for Snf2h cKO mice and littermates. 
Data shown is at (A-C) 1 month, (D-F) 2 months, (G-I) 3 months, (J-L) and 6 months of age. All 
asterisks represent significant difference between indicated genotype and WT mice. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 3.9. Representative OP waveforms at an optimized stimulus intensity of 1.0 cd·s/m2 
for individual mice of each genotype at 1 month of age. OP1, OP2, and OP3 mean amplitudes 
are indicated for (A) WT, (B) Snf2h conditional heterozygous, (C) Snf2h constitutive heterozygous 
and (D) Snf2h cKO mice. 
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Figure 3.10. OP peak amplitudes at of Snf2h cKO mice is significantly decreased compared 
to WT and heterozygous mice at all timepoints at 1.0 cd·s/m2 light intensity. (A) Individual 
and average values are shown for (A, D, G, J) all mice, (B, E, H, K) female mice, (C, F, I, L) and 
male mice. N values represent biological replicates. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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3.4. Loss of retinal Snf2h results in decreased retinal cells  

WT and Snf2h cKO embryonic (E13.5, E15.5, E17.5) and postnatal (P0, P14, 1 month, 2 

months, 3 months, 6 months) retinal tissues were stained to examine Snf2h protein expression 

(Figure 3.11). The earliest embryonic time point assessed, E13.5, was chosen to examine Snf2h 

expression shortly after the onset of Cre expression at E10.5. Subsequent embryonic and early 

postnatal timepoints examined Snf2h expression throughout retinal development. In both WT and 

Snf2h cKO mice, intense Snf2h staining was initially observed at E13.5 and E15.5 but decreased 

towards P0. Snf2h expression was detected throughout the retina and in the ONL, INL, and GCL 

cell body layers once retinal structure had formed in mice aged P14 and older. A trend towards 

reduction in the number of Snf2h+ cells was observed in the Snf2h cKO mice compared to the WT 

mice.  

Upon complete retinal cell differentiation, cell-type specific antibody staining was 

performed against the five neuron types and Müller glia in retinal tissues at one, two, three, and 

six months of age (Figure 3.12). Since no significant differences were observed between Snf2h 

retinal conditional heterozygotes and Snf2h constitutive heterozygotes at any time point for the 

functional vision tests, only WT, Snf2h constitutive heterozygote, and Snf2h cKO mice were 

examined for this experiment. Fluorophore-labelled cells were quantified by manual cell counting 

and the results showed a significant decrease in almost all cell types with the exception of bipolar 

cells. Snf2h cKO mice showed a significant decrease in cone photoreceptor cells compared to 

wildtype mice at all timepoints assessed with a 50 % (p<0.0001), 54 % (p<0.0001), 62 % 

(p<0.0001), and 70 % (p<0.0001) reduction at one month, two months, three months, and six 

months of age, respectively (Figure 3.13A). Snf2h cKO mice showed a significant decrease in rod 

photoreceptor cells compared to wildtype mice at all timepoints assessed with a 59 % (p<0.0001), 
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58 % (p<0.0001), 64 % (p<0.0001), and 76 % (p<0.0001) reduction at one month, two months, 

three months, and six months of age, respectively (Figure 3.13B). Snf2h cKO mice showed an 

equal or decreased number of bipolar cells compared to wildtype mice with a  27% (p<0.05), 0 % 

(n.s), 22 % (n.s), and 21 % (n.s.) reduction at one month, two months, three months, and six months 

of age, respectively (Figure 3.13C). Snf2h cKO mice showed a significant decrease in horizontal 

cells compared to wildtype mice at all timepoints assessed with a 32 % (p<0.01), 35 % (p<0.01), 

33 % (p<0.05), and 33 % (p<0.05) reduction at one month, two months, three months, and six 

months of age, respectively (Figure 3.13D). Snf2h cKO mice showed a significant decrease in 

amacrine cells compared to wildtype mice at all timepoints assessed with a 36 % (p<0.001), 29 % 

(p<0.01), 32 % (p<0.01), and 56 % (p<0.0001) reduction at one month, two months, three months, 

and six months of age, respectively (Figure 3.13E). Snf2h cKO mice showed a significant decrease 

in ganglion cells compared to wildtype mice at all timepoints assessed with a 29 % (p<0.01), 25 

% (p<0.01), 25 % (p<0.05), and 21 % (p<0.05) reduction at one month, two months, three months, 

and six months of age, respectively (Figure 3.13F). Snf2h cKO mice showed a decrease in Müller 

glia compared to wildtype mice at all timepoints assessed with a 19 % (n.s.), 22 % (p<0.05), 32 % 

(p<0.001), and 45 % (p<0.0001) reduction at one month, two months, three months, and six months 

of age, respectively (Figure 3.13G). 

Furthermore, thickness of the retina ONL and INL were measured (Figure 3.14). Snf2h 

cKO mice showed a decrease in ONL thickness compared to wildtype mice at all timepoints 

assessed with a  58 % (p<0.0001), 58 % (p<0.0001), 61 % (p<0.0001), and 78 % (p<0.0001) 

reduction at one month, two months, three months, and six months of age, respectively (Figure 

3.14A). Snf2h cKO mice showed a decrease in INL thickness compared to wildtype mice at all 

timepoints assessed with a  35 % (p<0.0001), 29 % (p<0.0001), 38 % (p<0.0001), and 54 % 
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(p<0.0001) reduction at one month, two months, three months, and six months of age, respectively 

(Figure 3.14B). The observed significant decreases in the thickness of both layers in the Snf2h 

cKO mice compared to WT and Snf2h constitutive littermates correlate to the decrease in cell 

numbers in the retinal cell populations found in these layers.   
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Figure 3.11. Snf2h expression in the retina of representative WT and Snf2h cKO mice. Snf2h 
cKO mice were additionally stained against GFP to track expression of the Cre construct. Mouse 
retinal tissues at (A) E13.5, (B) E15.7, (C) E17.5, (D) P0 (E) P14, (F) 1 month, (G) 2 months, (H) 
3 months, and (I) 6 months of age. GCL: Ganglion cell layer, INL: inner nuclear layer, ONL: outer 
nuclear layer. Scale bar, 50 µm. 
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Figure 3.12. Cell type specific staining in the retina of WT and Snf2h cKO mice at 2 months 
of age. Cell-type specific antibodies used were (A) Tfap2a (amacrine cells) and cone arrestin (cone 
photoreceptors) (B) RBPMS (ganglion cells) and Otx2 (bipolar cells), (C) Tfap2a (amacrine cells) 
and Sox2 (Müller glia) and (D) Calbindin (horizontal cells). GCL: Ganglion cell layer, INL: inner 
nuclear layer, ONL: outer nuclear layer. Scale bar, 50 µm. 
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Figure 3.13. Cell counts in the retina of WT, constitutive heterozygote, and Snf2h cKO mice. 
Cells were stained with fluorophore-conjugated antibodies against specific cell types and manually 
counted from a central area of the retina. The number of retinal cells were quantified for (A) cone 
photoreceptors, (B) rod photoreceptors, (C) bipolar cells, (D) horizontal cells, (E) amacrine cells, 
(F) ganglion cells, and (G) Müller glia. (A-G) Significant decrease in cell numbers were observed 
in for all cell types with the exception of bipolar cells. N values represent biological replicates. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 3.14. (A) ONL and (B) INL thickness is decreased in Snf2h cKO mice compared to 
WT and Snf2h constitutive heterozygous littermates at various ages. N values represent 
biological replicates. ONL: outer nuclear layer, INL: inner nuclear layer. ****p<0.0001. 
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CHAPTER 4. DISCUSSION 
 

The purpose of this research project was to examine the role of the Snf2h chromatin 

remodelling protein in the visual system. Chromatin remodelling proteins are essential for many 

cellular processes including embryonic development and gene regulation, and mutations in 

chromatin remodelling genes have been implicated in many diseases. As an ATPase catalytic 

subunit of the ISWI family of chromatin remodellers, Snf2h interacts with a variety of other protein 

subunits to form complexes with numerous biological properties and functions. Unsurprisingly, 

mutations in the Snf2h gene have been linked to neurodevelopmental delays and vision 

abnormalities in the human population. In mice, Snf2h has been extensively studied in the brain 

using knockout models. However, studies on the role of Snf2h in the visual system remain 

relatively limited currently. A histological study on Snf2h retinal cKO mice showed a reduced 

thickness of the ONL compared to control mice (Kuzelova et al., 2023). Our research seeks to 

further explore the visual deficits and to quantify retinal cell-type specific changes associated with 

Snf2h loss. Elucidating the mechanisms underlying chromatin remodellers is essential in 

understanding their disease pathogenesis and provides insights into retinal diseases linked to gene 

dysregulation. 

A Snf2h retinal cKO mouse model was generated using the Cre-Lox recombination system 

by breeding a Snf2h floxed mouse line with a Chx10-Cre retina-specific Cre driver line, which had 

an onset of Cre expression at E10.5 to knockout Snf2h in retinal progenitor cells. The phenotype 

of this mouse model was characterized by assessing visual function and examining histological 

changes in the retina. Disease progression was tracked from embryonic development to adulthood. 

Snf2h cKO mice exhibited loss in retinal neurons which corresponded with visual deficits in visual 
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acuity and electroretinograms. Significant histological and functional changes were observed at all 

time points assessed (one, two, three, and six months of age). 

4.1. Mosaic Cre expression in the retina and implications in subsequent experiments 

Fluorescence imaging of Cre-EGFP in whole retinas of Chx10-Cre+/-; Ai14+/- P0 mice 

showed that the Cre recombinase expression pattern was mosaic. Since Cre recombinase is 

required to excise the floxed catalytic domain of Snf2h, retinal cells devoid of Cre are unaffected 

and functional Snf2h is expressed normally. Mice within the same litter exhibited varying levels 

of Cre expression with some mice showing complete Cre-EGFP expression throughout the retina 

while others displayed patchy areas of the retina absent of Cre. The mosaic expression pattern of 

Cre recombinase in the retina under the Chx10-Cre promotor has been previously documented in 

the literature (Rowan & Cepko, 2004). Consequently, incomplete knockout of Snf2h may have 

contributed to variability in functional and histological experiments among Snf2h cKO biological 

replicates.  

4.2. Visual dysfunction is observed in Snf2h cKO mice 
 
Functional vision testing is a component of a complete eye examination and is performed 

to assess the ability of the subject to visually perceive the surrounding environment (Bennett et al., 

2019). Detection of visual impairment can then lead to identification of appropriate 

accommodations and assistive technologies to improve visual function.  

Visual acuity measures the resolving ability of the eye and is a commonly assessed 

parameter in many vision tests that is used as a first line screening of visual function (Bennett et 

al., 2019). VA testing is highly advantageous owing to its low cost, rapid testing time, and 

sensitivity in detecting abnormalities of the visual system (Levenson & Kozarsky, 1990). 

Furthermore, the accuracy of select home testing methods have shown to be as reliable as the 
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Snellen chart commonly used in the clinic (Samanta et al., 2023), which make this a convenient 

method for self screening of visual dysfunction that overcomes common barriers to eye care such 

as financial and accessibility limitations (Chheda et al., 2019).  

VA was measured in the Snf2h cKO mice to assess their overall visual performance using 

the OMR-based test. This long-established method of visual testing for laboratory use is sensitive, 

reliable and non-invasive, which allows for repeated testing in longitudinal studies. Since testing 

relies on the innate OMR head tracking behavior of the mouse, minimal to no training is required 

for both the test subject and the evaluator (Shi et al., 2018). The Striatech OptoDrum software used 

in this study automatically tracks and scores mice to minimize evaluator bias (Benkner et al., 

2013). WT and Snf2h cKO mice were tested shortly after eyes were open with the earliest time 

point at one month of age and subsequently followed up to six months of age. The VA values of 

WT mice are consistent with observations in previous literature which range from 0.4 cyc/deg 

(Xiao et al., 2019) to 0.53 cyc/deg (Cha et al., 2022) for mice at six weeks of age. VA for Snf2h 

cKO mice have not previously been tested in existing literature as a novel mouse model was 

employed in this study. Snf2h cKO mice exhibited a significant decrease in VA compared to WT 

mice at all timepoints, which suggests Snf2h expression is essential for development of the visual 

system. Notably, the range of individual biological replicates for Snf2h cKO mice were greater 

than WT mice at all timepoints. This variability could be a consequence of the mosaicism observed 

in Chx10-Cre expression which led to variable levels of Snf2h expression in mice. VA 

measurements rely on multiple components of the visual pathway functioning in conjunction and 

a decrease in value could arise from defects in any of these components including refractive error, 

retinal degeneration, and neurotransmitter deficiency in the brain. As such, additional vision 
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testing was performed to determine the possible contribution of specific retinal cell types in this 

decline in visual ability.  

Since Snf2h ablation is localized to the retina during embryonic development and a 

significant decrease in VA was observed, dysfunction in retinal neurons was expected.  

Electroretinography was performed to measure the electrophysiological response of select retinal 

cell types. Significant decrease in average a-wave peak amplitudes for WT and Snf2h mice were 

observed with a 60% reduction at one month, 58% reduction at two months, 62% reduction at three 

months , and 63% reduction at six months of age. Similarly, b-wave peak amplitudes of Snf2h KO 

mice significantly declined compared to wildtype mice with a 63% reduction at one month, 61% 

reduction at two months, 68% reduction at three months, and 70% reduction at six months of age. 

Reductions were similar for both a-wave (58-63%) and b-wave (61-70%). While the b-wave is a 

measure of bipolar cell and Müller glia function, the elicitation of this positive deflection response 

is in part dependent on photoreceptor cell function which synapse and transmit the 

phototransduction cascade to the bipolar cells (Perlman, 1983; Salmon, 2019). The specific 

contributions of bipolar cells and Müller glia to the dampened b-wave response in the current Snf2h 

cKO mice used in this research project are unknown and could, in the future, be explored in a 

mouse model that ablates Snf2h in only photoreceptor cells, bipolar cells, or Müller glia. As with 

the OMR tests, variability was observed among biological replicates of the Snf2h cKO genotype 

with some mice displaying equivalent a-wave and-b-wave peak amplitudes to WT mice. Since 

some degree of visual function was detected in the Snf2h cKO mice using both of these tests, this 

suggests incomplete retinal cell loss and that the remaining cells are able to transmit the light 

signal. One study showed that despite the cell loss observed in a retinal degeneration model, 

surviving cells exhibited a normal molecular profile (Jones et al., 2003). Similarly, it is likely that 
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a subset of cells of each neuron population in the Snf2h cKO mice have normal function as the 

OMR and ERG response would not otherwise have been able to be evoked. 

4.3. Snf2h loss results in changes to retinal structure 

 IHC experiments showed Snf2h protein expression throughout the retina during the critical 

embryonic development phase of cell fate specification. It was hypothesized that loss of Snf2h 

would inhibit retinal progenitor cell differentiation and result in structural changes to the retina. 

Fluorescence imaging of Snf2h cKO retinal tissues stained with cell-type specific antibodies 

showed significant loss of Müller glia and all retinal neurons except for bipolar cells. The greatest 

loss was observed in photoreceptor cells with at least half of these neurons missing at all ages 

assessed. Compared to WT mice, Snf2h cKO mouse retinas had 50%, 54%, 62%, and 70% less 

cone photoreceptors on average at one, two, three, and six months of ages, respectively. Due to 

difficulties with staining only rod photoreceptors, these cells were quantified by subtracting the 

number of cone photoreceptors from the total number of DAPI positive cells in the ONL. Snf2h 

cKO mice had 59%, 58%, 64%, and 76% less rod photoreceptors on average than WT mice 

average at one, two, three, and six months of ages, respectively. These results correlate with the 

dysfunction observed in VA and ERG a-wave peak amplitudes and demonstrate the essential 

function of Snf2h in photoreceptor development during retinal embryogenesis. Assessment of the 

b-wave was used to examine bipolar cell and Müller glia function. Since the b-wave relies in part 

on the function of photoreceptor cells and dysfunction was shown in these cells by the decreased 

a-wave, the subsequent dampened b-wave response was unsurprising. The Müller glia cell 

population was shown to be decreased in retinal histology. Interestingly, bipolar cell counts 

decreased in the Snf2h cKO mice compared to WT littermates at one month of age but not at later 

timepoints. Various studies have debated whether structural or functional changes are detected 
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first in retinal degenerative diseases. One study on glaucoma suggested that functional changes 

may precede observable structural changes as dead cells may still reside in their normal location. 

These cells lack function but contribute to the appearance of a normal structure (Gardiner et al., 

2020). This may explain why no bipolar cell loss was observed despite the dysfunctional ERG 

response. RNA-seq experiments on bipolar cells may provide more information on transcriptomic 

changes. 

Studies have shown that neural plasticity occurs in retinal degenerative diseases (Jones & 

Marc, 2005; Marc et al., 2003; Pfeiffer et al., 2020). Following photoreceptor cell death, drastic 

structural changes in the retina occur, which include deafferentation, relocation of other neuronal 

types to anomalous locations, and invasion of the RPE into the neural retina (Jones & Marc, 2005). 

Although this plasticity is generally considered a negative consequence of degenerative diseases 

due to the disruption in retinal structure and function, cellular changes that promote cell survival 

have also been identified. Single cell transcriptomic changes arising from modification of the 

epigenetic and chromatin structure were observed to occur in a Spata7 knockout mouse model of 

retinal degeneration. Remaining cells initiated a stress response that enabled their prolonged 

survival (Dharmat et al., 2019). Retinal neurons have also been shown to display resilience to 

physical injury by expressing neuroprotective genes (Tran et al., 2019). Overall, the elastic nature 

of the retina signifies it could be amenable to conditioning stimuli which protect against injury and 

degeneration (Gidday, 2018). Exploring transcriptomic changes and conditions which prevent and 

rescue cell loss in Snf2h cKO may be a topic of future research.  

4.4. Comparison between the role of Snf2h in the retina and the brain 

The essential role of Snf2h in the brain has been documented in existing literature, which 

links Snf2h loss to neurodevelopment. Snf2hf/f mice crossed with the PCP2-Cre driver line 
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produced Snf2h cKO mice that aged into adulthood and behaved normally (Alvarez-Saavedra et 

al., 2014). Pcp2 expression is restricted to Purkinje cells and examination of its mRNA levels by 

Northern blot are first detected at P1 (X.-M. Zhang et al., 2004). However, Snf2h cKO mice 

generated by breeding Snf2hf/f mice with a Nestin-Cre+/- driver line exhibited motor defects and 

had significantly smaller brains and decreased body weights (Alvarez-Saavedra et al., 2014). Cre 

is expressed in neural progenitors beginning at approximately E11 and continues early postnatally 

in these mice (Alvarez-Saavedra et al., 2014; Giusti et al., 2014). When a running wheel was added 

to the cage of these mice at the time of weaning at approximately P21-23, the severity of the disease 

phenotype of the Snf2h cKO mice was significantly reduced and these mice improved in motor 

function and had a longer lifespan. Voluntary exercise was shown to increase myelination of 

cerebella neurons, which induced a neuroprotective effect that resulted in enhanced neuronal 

function in the Snf2h cKO mice(Alvarez-Saavedra et al., 2016). 

To investigate the role of Snf2h in the retina, the Chx10-Cre+/- ; Snf2h-/f (Snf2h retinal cKO) 

mouse model was generated by Dr. Pamela Lagali, who conducted preliminary histological 

experiments that showed that cell loss resulted from retinal cell death rather than defects in retinal 

progenitor cell proliferation. Voluntary exercise was also shown to ameliorate the disease 

phenotype and resulted in a less dampened ERG response compared to Snf2h cKO mice without a 

cage running wheel. In contrast to the brain, neurons within the retina are unmyelinated. 

Myelination is found only in ganglion cells after the axons exit the retina through the lamina 

cribrosa (Salmon, 2019), which suggests that changes to the retina structure and function resulting 

from loss of Snf2h occur via a distinct mechanism than the one in the brain. 

The changes in cell morphology observed in this study may be compared with a recent 

publication that examines the role of Snf2h in proliferation and maintenance of retinal cells using 
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a different Cre driver line than the one used in this thesis. The authors ablated Snf2h in the retina 

by crossing Snf2hf/f mice with mRx-Cre mice (Kuzelova et al., 2023). In contrast to the Chx10-Cre 

driver line which begins Cre expression at approximately E10.5,  mRx-Cre expression begins at 

E9.0 in retinal progenitor cells (Klimova et al., 2013). Snf2hf/f; mRx-Cre mice displayed 

significantly decreased ONL and overall retinal thickness. Snf2h expression was diminished across 

the retina throughout all cell types, although all retinal neuron populations were still able to be 

generated early postnatally. These histological findings align with those in this thesis. However, 

in vivo vision testing in Snf2h cKO mice has not previously been examined and thus, this thesis 

provides valuable information on the functional deficits resulting from Snf2h retinal loss. 

4.5. Future directions 
 

This study focused on the visual function tests and histological analysis. Further insights 

on the mechanisms underlying the reduction of retinal neurons in Snf2h cKO mouse could be 

elucidated by examining embryonic tissues during the time course of retinal development. Cre 

expression under the Chx10 promoter begins at approximately E10.5 and as such, cell proliferation 

and death assays beginning at E10.5 to P14 once retinal cell development is complete could 

provide insights and confirm whether retinal cell loss is a result of cell death or deficits in 

progenitor cell differentiation in Snf2h cKO mice. Furthermore, molecular analysis including 

CUT&RUN and RNA-Seq could be performed to examine Snf2h binding targets and changes in 

the transcriptome throughout embryonic development and in juvenile and adult mice. This may 

lead to the identification of pathways through which Snf2h complexes regulate gene expression. 

Ultimately, elucidating the mechanisms underlying control of gene expression in the eye is an 

essential first step that furthers existing knowledge of the role of chromatin remodeller protein 
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dysfunction in eye diseases and has the potential to lead to the development of therapeutics that 

prevent and mitigate the effects of vision loss in patients. 
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