
! 1!

 

 

 

 

 

Gene therapy to improve vision in neuronal 

ceroid lipofuscinoses 
 

 

 

Sophia-Martha kleine Holthaus 

 

 
University College London  

2016 

 

 

Submission for the degree of Doctor of Philosophy 
 



! 2!

‘I, Sophia-Martha kleine Holthaus confirm that the work presented in this thesis is my 

own. Where information has been derived from other sources, I confirm that this has 

been indicated in the thesis.’ 

 

 

 

11th February 2016 

 

 

 

  



! 3!

 
 

‘Knowledge is progress’ 
 
 
 

‘Progress means change’ 
 
 
 
 
  



! 4!

Abstract  

The neuronal ceroid lipofuscinoses (NCLs) are inherited lysosomal storage disorders 

that present with severe neurodegeneration and loss of vision. A major obstacle to 

developing gene therapies for the NCLs is the challenge to efficiently deliver agents 

throughout the brain; particularly for NCL forms arising from membrane bound 

protein defects. Adeno-associated virus (AAV) mediated gene therapies have been 

used for several monogenic retinal degenerations to restore the expression of proteins 

and improve retinal morphology and function. As vision loss is a key feature in NCL, 

this thesis sought to explore the therapeutic potential of an ocular AAV-mediated 

gene therapy in the Cln6nclf mouse, a model deficient in the transmembrane protein 

Cln6. The ultimate goal of this work is to improve quality of life for patients by 

developing a therapy to preserve vision. In addition, this study may also help to 

overcome challenges associated with brain-directed treatments for NCL.  

 
To identify the cell population that needs to be therapeutically targeted, we performed 

an analysis of CLN6 expression in the eye. These data revealed that CLN6 is 

expressed in photoreceptor and bipolar cells of the retina and that the expression level 

of CLN6 is higher in bipolar cells than in photoreceptors. We also investigated the 

retinal phenotype in Cln6nclf mice to determine the time window for treatment and 

established measures assessing the effects of the treatment on the disease progression. 

Loss of photoreceptor cells and photoreceptor function occurred as early as 2 and 3 

weeks of age ultimately resulting in dramatic thinning of the outer nuclear layer. To 

test whether we can slow degeneration by gene therapy, we performed subretinal 

injections targeting photoreceptors in Cln6-deficient mice using AAV2/8.CLN6 

vectors. This work demonstrated that despite widespread transgene expression the 

treatment does not have a beneficial effect on retinal function or morphology. We 

concluded that photoreceptor treatment was not sufficient and hypothesised that 

bipolar cells need to be treated additionally to prevent vision loss in Cln6nclf mice. 

Finally, we investigated strategies to enhance the transduction efficiency of bipolar 

cells that are poorly transduced by commonly used AAVs. Injections of a recently 

engineered AAV vector, termed 7m8, showed widespread transduction of bipolar 

cells. Currently, we are assessing whether a gene supplementation therapy targeting 

bipolar cells and photoreceptors is therapeutic in Cln6-deficient mice.  
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the age of P5.5 

Figure 6.6: PKCα staining demonstrates transduction of bipolar cells in following 
intravitreal injection of wild type eyes at P5.5 

 

APPENDIX: 

Supplementary figure 9.1: Scotopic ERG recording of backcrossed F2 and F3 generation 
mice 
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1 Introduction  

1.1 Lysosomal storage diseases  
Lysosomal storage diseases (LSDs) are a diverse group of inherited metabolic 

disorders mostly arising from a deficiency of soluble lysosomal enzymes involved in 

the degradation of macromolecules. The first clinical description of LSDs dates back 

to the nineteenth century by Christian Stengel (1826) (known as juvenile neuronal 

ceroid lipofuscinoses), Warren Tay (1881) {'Tay'} and Bernard Sachs (1882) (known 

as Tay-Sachs disease) {'Sachs'}, and by Philippe Gaucher (1882) (known as Gaucher 

disease) (Gaucher 1882). However, the concept of LSDs was only introduced in 1963 

following the discovery by Hers that the lack of glucosidase, a lysosome-associated 

enzyme, caused the built up of lysosomal glycogen in Pompe disease (HERS 1963).  

The common biochemical hallmark of LSDs is the progressive accumulation of 

indigestible metabolites in the lysosome. Excessive storage of such material and the 

interruption of biochemical pathways lead to perturbation of cellular processes and 

can ultimately results in cell death, disease-specific organ failure and premature death 

(Filocamo & Morrone 2011). While the causative genetic mutations are often known, 

the reasons why the storage material is accumulating remains elusive in many LSDs 

(Ballabio & Gieselmann 2009). Clinically, many LSDs manifest with neurological 

signs including visual disturbance, seizures, cognitive and motor decline; and other 

symptoms including organomegaly, hysplenism, anaemia and dysmorphic features. 

The age of onset varies depending on the disease type, with many LSDs presenting 

during childhood (Boustany 2013). Originally, lysosomal diseases were classified 

based on the nature of the accumulating substrates as in sphingolipidoses, 

mucopolysaccharidoses and oligosaccharidoses (Platt & Walkley 2004). This 

classification scheme, however, was challenged when more than one compound was 

found to be stored intralysosomally, a not uncommon feature for some LSDs 

(Walkley 2004; Walkley & Vanier 2009). The classic scheme contained disorders 

caused by defects in lysosomal soluble enzyme, however, over time this scheme has 

expanded and now also includes disorders caused by defects in lysosomal 

transmembrane proteins and non-lysosomal proteins (Ruivo et al. 2009; Dierks et al. 

2009). To date, LSDs encompass more than 60 diseases with a combined prevalence 

of up 1 in 5,000 live births as described in Australia (Poupetova et al. 2010). 
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1.1.1 Neuronal Ceroid Lipofuscinoses  

One group of LSDs that does not fall into the category of classic lysosomal disorders 

are the neuronal ceroid lipofuscinoses (NCLs), commonly referred to as Batten 

disease. The NCLs are autosomal recessive inherited diseases with progressive 

neurodegeneration characterized by lysosomal inclusions of autofluorescent storage 

material in neuronal and non-neuronal tissue. Similar to classic LSDs, NCL patients 

manifest with mental retardation, motor deterioration, visual impairment, seizures and 

early death due to severe cell loss in the central nervous system (CNS) (Jalanko & 

Braulke 2009; Mole et al. 2005). The nature of the accumulated storage material, 

however, is not directly related to the defective gene as seen in other LSDs. In NCL 

these are lipofuscin-like lipopigments whose protein component mainly consists of 

subunit c of mitochondrial ATP synthase or spingolipid activating proteins (saposins) 

that appear as characteristic structures in electron microscopy (EM) (Seehafer & 

Pearce 2006; Anderson et al. 2013). Traditionally and until recently, the disease was 

divided into six subtypes: congenital, infantile, late infantile, variant late infantile, 

juvenile and rarely occurring adult NCL. This classification of patients takes multiple 

factors into account including age of onset, order and progression of clinical signs, 

ultrastructure of storage material and affected gene (Mole et al. 2005). Since onset 

and progression of the disease can vary substantially, in most cases diagnosis requires 

genetic testing and knowledge of the underlying mutation. A new gene-based 

nomenclature was therefore introduced that takes into account first the gene afflicted 

second the age of disease onset and then other clinical features (Williams & Mole 

2012; Kousi et al. 2011; Schulz et al. 2013). For instance, juvenile NCL is now 

referred to as CLN3 disease, classic juvenile (see table 1.1).  
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Gene MIM ♯ Eponym Disease Former 
abbreviated name 

PPT1/CLN1 256730 Haltia-Santavuori CLN1 disease, classic infantile 
CLN1 disease, late infantile 
CLN1 disease, juvenile 
CLN1 disease, adult  

INCL 
 
JNCL/GROD 

TPP1/CLN2 204500 Jansky-Bielschowsky CLN2 disease, classic late infantile 
CLN2, disease, juvenile 
CLN2 disease, infantile 

LINCL 

CLN3 204200 Spielmeyer-Sjoegren CLN3 disease, classic juvenile 
CLN3 disease, protracted 
CLN3 disease, infantile 

JNCL 

CLN5 256731 Finnish variant late 
infantile 

CLN5 disease, late infantile variant 
CLN5 disease, juvenile 
CLN5 disease, adult 
CLN5 disease, infantile 

vLINCL 

CLN6 601780 Lake-Cavanagh early 
juvenile variant or 
Indian variant late 
infantile 

CLN6 disease, late infantile variant 
CLN6 disease, adult or Kufs type A 

vLINCL 
Kufs type A 

MFSD8/ 
CLN7 

610951 Turkish variant late 
infantile 

CLN7 disease, late infantile variant 
CLN7 disease, juvenile 

vINCL 

CLN8 600143 Variant late infantile 
and Northern 
epilepsy/EPMR 

CLN8 disease, late infantile variant 
CLN8 disease, EPMR 

vLINCL 
EPMR 

CTSD/ 
CLN10 

610127 Congenital  CLN10 disease, congenital 
CLN10 disease, juvenile 

CNCL 

? 609055 Juvenile variant CLN9 disease, juvenile variant vJNCL 
? 204300 Kufs (type A or type 

B) 
Adult NCL disease or Kufs 
(autosomal recessive) 

ANCL 

? 162350 Parry Adult NCL disease or Kufs 
(autosomal dominant) 

ANCL 

 
Table 1.1: Summary of new and former nomenclature of NCL (Kousi et al. 2011)) 
Abbreviations: CNCL = congenital neuronal ceroid lipofuscinosis, INCL = infantile NCL, 
LINCL = late infantile NCL, vLINCL = variant late infantile NCL, JNCL = juvenile NCL, 
ANCL = adult NCL, EPMR = progressive epilepsy with mental retardation.  
 

NCLs are a rare group of disorders with a reported combined incidence of 1 in 

100,000 worldwide and up to 1 in 12,500 in some regions of Northern Europe and the 

United States (Jalanko & Braulke 2009). NCL is a genetically heterogeneous group 

including at least 14 genes and over 400 mutations (www.ucl.ac.uk/ncl/mutation) 

(Kousi et al. 2011; Warrier et al. 2013). Five NCL genes encode soluble lysosomal 

enzymes and proteins (PPT1, TPP1, CLN5, CTSD, CTSF) and five encode 

transmembrane proteins localized in the lysosome and pre-lysosomal processing 

(CLN3, CLN7, CLN12), in the endoplasmic reticulum (ER) (CLN6, CLN8) and ER-

Golgi intermediate compartment (ERGIC) (CLN8), and possibly the Golgi apparatus 

(CLN3). The genes DNAJC5, progranulin and KCTD7 express the soluble proteins 

CLN4, CLN11 and CLN14 with less well-defined subcellular localization (Kollmann 

et al. 2013; Getty & Pearce 2011). In addition, the gene CLN9 has been postulated but 

the gene has not been identified yet (Schulz et al. 2006; Schulz et al. 2004) (table 1.2).  
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Of note, different mutations in the same gene can lead to varied forms of the disease, 

e.g. mutations in CLN6 can lead to late-infantile or adult onset of NCL disease (table 

1.1). Generally, mutations in NCL genes are distributed worldwide. However, some 

mutations appear to be more frequent than others in certain population most likely due 

to a genetic founder effect that is well documented in some cases (Kousi et al. 2011; 

Mole et al. 2005). In Europe the forms with the highest prevalence are CLN3 disease, 

classic juvenile, and CLN2 disease, late infantile. In the USA the most common form 

is CLN3 disease, classic juvenile (Williams RE: Appendix 1: NCL incidence and 

prevalence data. In The Neuronal Ceroid Lipofuscinoses (Batten Disease). 2nd 

edition. Edited by Mole SE, Williams RE, Goebel HH. Oxford: Oxford University 

Press; 2011::361-363). 

 

1.1.2 Transmembrane protein deficiencies of NCL  

Although the mutated gene determines the nomenclature of the different forms of 

NCL, the disease can also be classified based on the solubility of the affected protein. 

Mutations can either occur in genes that encode for soluble, lysosomal enzymes and 

proteins or mutations can occur in genes encoding for transmembrane proteins. 

Unlike defects in soluble enzymes, the development of treatments for forms of NCL 

arising from transmembrane protein defects is not aided by the phenomenon of 

lysosomal cross-correction (see 1.4). Consequently, it is more challenging to develop 

therapies for defects in transmembrane proteins and currently patients can only be 

provided with palliative care. To address this gap, this thesis focuses on forms of 

NCL caused by transmembrane protein defects and will not discuss defects in soluble, 

lysosomal enzymes in detail.  

 

1.1.2.1 CLN3 disease, classic juvenile and the gene CLN3 
CLN3 disease with juvenile onset was one of the first forms of NCL to be described 

and identified as an LSD. The affected gene, CLN3, was isolated in 1995 and is 

located on chromosome 16 (Consortium 1995). It encodes a 438-amino acid 

transmembrane protein that harbours six membrane-spanning segments with 

cytoplasmic N- and C-termini and an amphipathic helix in one of the lumenal loops 

(Ezaki et al. 2003; Mao et al. 2003; Nugent et al. 2008; Kollmann et al. 2013). 

Resolving the expression pattern and intracellular localization of the gene was 
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hampered by its low endogenous expression level and the lack of suitable antibodies. 

However, several studies point towards a ubiquitous expression with a relatively low 

abundance in the nervous system (Consortium 1995; Chattopadhyay & Pearce 2000; 

Margraf et al. 1999; Ezaki et al. 2003). Endogenous Cln3 was reported to be enriched 

in lysosomal fractions purified from mouse (Ezaki et al. 2003), whereas ectopic 

expression of CLN3 resulted in its residence in the membrane of the lysosome, 

endosome and Golgi (Phillips et al. 2005; Susan L Cotman 2012). In neuronal cells, 

endogenous Cln3 was additionally found in synaptic compartments co-localizing with 

early endosomes, presynaptic and other yet undefined vesicles (Kyttälä et al. 2004; 

Luiro et al. 2001). 

CLN3 is highly conserved across different species; yet, despite extensive research in 

various mammalian systems the function of the gene product is unknown. In yeast 

studies using Schizosaccharomyces pombe and Saccharomyces cerevisiae evidence 

was provided that btn1, the orthologue of CLN3, is involved in fusion and size of 

vacuoles, vacuolar protein sorting, glucose or amino acid metabolism and endocytosis 

(Gachet et al. 2005; Kitzmüller et al. 2008; Sandra Codlin 2009). Similarly, in 

mammalian and insect cells CLN3 was shown to play a role in several intracellular 

processes including lysosomal size and pH homeostasis, endocytic pathways, 

microtubular transport, autophagy, apoptosis, mitochondrial functioning and 

modulation of components in neurotransmission (Fossale et al. 2004; Cao et al. 2006; 

Uusi-Rauva et al. 2012; Persaud-Sawin et al. 2004; Holopainen et al. 2001; Golabek 

et al. 2000; Lane et al. 1996; Tuxworth et al. 2009). 

CLN3 has been reported to interact with numerous proteins. The protein was found to 

bind CLN5, a soluble lysosomal protein of unknown function and affected in CLN5 

disease, suggesting that the two proteins may function together in a complex (Vesa et 

al. 2002; Lyly et al. 2009). However, it needs to be pointed out that in a yeast two-

hybrid model this interaction was not found (N. A. Zhong et al. 2000). Support for a 

role in endosome/lysosomal membrane trafficking and the microtubule cytoskeleton 

trafficking is provided by studies showing a direct interaction with Rab GTPases, the 

motor complex Rab7/RILP, the microtubule binding protein Hook1 and the 

cytoskeleton associated protein myosin-IIB (Luiro et al. 2004; Uusi-Rauva et al. 

2012; Getty et al. 2011). Reported interactions with fodrin, a plasma membrane 

associated cytoskeletal protein, and subunits of Na+-K+-ATPase point towards a role 

of CLN3 in vesicular trafficking and neurotransmission regulation via the Na+-K+-



! 23!

ATPase complex (Uusi-Rauva et al. 2008; D. Zhang et al. 2009; Rose et al. 2009). 

Finally, CLN3 binding to the Ca2+ binding protein calsenilin, a mediator of apoptosis, 

was suggested to explain the vulnerability to Ca2+ and the increased intracellular 

concentration of Ca2+ in Cln3-deficient neurons following depolarization (J.-W. 

Chang et al. 2007; Luiro et al. 2006).  

Despite this body of work the primary function of CLN3 remains elusive. One 

consideration is that the identification of numerous interaction partners and the 

implication in several cellular processes may present the possibility that CLN3 exerts 

various functions during certain conditions or may act as a chaperone protein exerting 

a general function via different interaction partners. Another possibility is that the 

gene may be involved in different processes in different tissues or cell types. Further 

research is needed to understand better the complexity of the gene function and its 

involvement in disease pathology.  

 

1.1.2.2 Clinical features of CLN3 disease, classic juvenile  
A total of 59 disease-causing mutations have been described for CLN3 disease, 

juvenile. Approximately 80 per cent of the patients carry a 1 kb deletion in CLN3 

resulting in a truncated protein product of 181 amino acids or a splice variant lacking 

exons 7 and 8 (www.ucl.ac.uk/ncl/mutation) (Kousi et al. 2011; Warrier et al. 2013; 

Consortium 1995). Evidence was provided that the mutated protein retains some of its 

function but that most cannot be trafficked out of the ER (Kitzmüller et al. 2008; 

Järvelä et al. 1999).     

Classic CLN3 disease with juvenile onset manifests between 4 to 7 years of age with 

a progressive decline in vision. Vision loss is typically followed by learning 

difficulties and behavioural problems including angry outbursts, physical violence 

and depression. At the age of 10 years patients develop their first seizures, generally 

tonic-clonic in nature, and at 12 to 15 years of age exhibit extrapyramidal symptoms 

with impaired balance, rigidity and shuffling gate (Williams et al. 2006; Schulz et al. 

2013). In the second decade of life progressive cardiac abnormalities become 

apparent characterized by repolarization disturbances, ventricular hypertrophy, and 

sinus node dysfunction (Ostergaard et al. 2011). Death usually occurs in the late third 

or early fourth decade of life. Diagnosis relies on genetic testing, readily revealing the 

typical 1 kb deletion with full sequencing highlighting any other mutation present and 
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the characteristic presence of vacuolated lymphocytes and a fingerprint profile of 

storage material (Williams et al. 2006; Schulz et al. 2013).  

Interestingly, compound heterozygotes with the common 1 kb deletion can show a 

milder course of the disease with a longer life expectancy (Järvelä et al. 1997; 

Wisniewski et al. 1998; Munroe et al. 1997). Noteworthy, in a brain scan study 

heterozygous carriers of CLN3 mutations, parents and healthy siblings of affected 

individuals, were found to present with multiple brain lesions. A detailed neurological 

examination, however, did not demonstrate any gross abnormalities (Sayit et al. 

2002). 

    

1.1.2.3 Visual failure in CLN3 disease, classic juvenile 
The presenting symptom of CLN3 disease, classic juvenile is rapidly progressive 

visual deterioration resulting in complete loss of vision within a few years. The onset 

of visual decline is usually followed by fundus alterations including bull’s eye 

maculopathy, peripheral pigmentary retinopathy, disc atrophy and vascular 

attenuation, common fundus abnormalities in a number of different conditions. 

However, fundus examination may also be normal at initial presentation. Other 

documented features in CLN3 disease are photophobia, poor night vision and 

nystagmus (Spalton et al. 1980; Audo et al. 2008; Collins et al. 2006; Mantel et al. 

2004). In vivo autofluorescence imaging reveals increased levels of fundus 

autofluorescence at early stages of the disease (Kelly et al. 2009). Low intensity but 

homogenous autofluorescence was described in more advanced cases in line with the 

degenerative nature of the disease (Kelly et al. 2009; Mantel et al. 2004).  

To assess retinal function, electroretinography (ERG) recordings were performed in 

CLN3 disease patients. In brief, ERG recordings are used to investigate the function 

of retinal cells in response to light stimuli. Scotopic and photopic ERGs assess rod-

mediated and cone-mediated retinal function, respectively. ERG recordings are 

generally characterised by a negative a-wave originating from the response of 

photoreceptor cells and followed by a positive b-wave originating from cells 

downstream of photoreceptors including bipolar cells as well as Mueller glia cells 

(Sachs 1887; Tay 1881; Brown 1969; Heynen & Van Norren 1985; Stockton & 

Slaughter 1989). Electrophysiological examinations of CLN3 disease patients show 

undetectable rod-specific electroretinography (ERG), reduced and delayed cone 
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flicker demonstrating a reduced and delayed response of cones as well a subnormal 

pattern ERG indicating severe macular dysfunction. In addition, the ERG maximal 

response is electronegative with mild a-wave disturbance and a more severe loss of 

the b-wave. Similarly, the b:a-wave ratio of the photopic ERG is reduced, both 

pointing to inner retinal dysfunction. With time the outer retina becomes 

progressively more affected with an a-wave amplitude reduction ultimately resulting 

in undetectable ERGs (figure 1.1) (Eksandh et al. 2000; Mantel et al. 2004; Weleber 

1998; Collins et al. 2006; Gottlob et al. 1988). As CLN3 disease progresses rapidly 

and the time between first presentation and diagnosis can take up to several months, 

ERGs are often not detectable anymore in many patients (Weleber 1998). 

Heterozygous carriers of the disease were also reported to have sub-clinical mild 

electrophysiological changes including abnormal scotopic b-wave amplitudes, pattern 

ERG and electro-oculogram (EOG) recordings (Gottlob et al. 1988). However, it 

needs to be pointed out that the subjects of this study were obligate carriers, parents of 

affected children, and comprehensive genetic testing was not available at that time. In 

a very recent study, genetically proven heterozygous carriers of the 1kb deletion 

mutation did not show any ocular abnormalities in electrophysiological recordings 

and macular thickness analyses (Bergholz et al. 2014).      

A biopsy on post mortem tissue of a CLN3 disease patient revealed extreme 

histopathological abnormalities with gross disturbance of the retinal structure, severe 

retinal thinning and total absence of rod and cone photoreceptors in the macula and 

mid retina. Single degenerative and sometimes mis-localized photoreceptors with 

short outer segments and pronounced mis-localization of the rhodopsin protein were 

detectable in the far periphery (figure 1.1 A-E) (Bensaoula et al. 2000). A similar 

pattern of photoreceptor loss was documented in another report (Traboulsi et al. 

1987). Interestingly, the remaining photoreceptors do not show prominent 

autofluorescent inclusions suggesting that the loss of photoreceptors may not be 

directly related to the degree of storage material accumulation. Low levels of 

autofluorescence are observed in ganglion cells and some cells of the inner nuclear 

layer (INL), while retinal epithelium (RPE) cells are atrophic with moderate 

pigmentation loss (Bensaoula et al. 2000; Traboulsi et al. 1987). A more detailed EM 

study using tissue from a CLN3 disease patient shows widespread prominent 

curvilinear and multimembranous inclusions in almost all structures of the eye 

including all layers of the retina. The cornea, however, appears preserved (Traboulsi 
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et al. 1987). Immunohistochemical staining for glia fibrillary acidic protein (GFAP) 

demonstrates widespread activated mueller glia cells with hypertrophied processes 

highlighting the reactive state and high degree of inflammation across the retina 

(figure 1.1 A-E) (Bensaoula et al. 2000). 
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Figure 1.1: Functional and morphological changes in retinas of CLN3 disease patients  

Top: ERG recordings of two CLN3 disease patients in comparison to a control subject. Of 
particular note are the reduced photopic b-wave ERG amplitudes, reduced and delayed cone 
flicker ERGs and a reduced maximal response (Collins et al. 2006). 
Bottom: Post mortem retinal cross section of an end stage patient aged 22 in comparison with 
a control subject aged 30. (A) Retinal cross-section of control subject with no morphological 
changes. (B) Cross-sections of CLN3 disease patient show disorganized cell layers, retinal 
thinning and dramatic up-regulation of GFAP indicating a severely reactive state of the retina. 
The autofluorescent signal in the RPE was decreased. (C) Rhodopsin staining in control 
retina. (D-E) In the patient retina single rhodopsin positive rods with short or absent outer 
segments and pronounced mislocalisation of the rhodopsin protein (arrowhead) were 
identified in the far-periphery. Arrow = inner limiting membrane. N = inner nuclear layer, O 
= outer nuclear layer, RPE = retinal pigment epithelium, G = ganglion cells; blue = DAPI, 
green = anti-GFAP (glial fibrillary acidic protein), red = anti-rhodopsin, yellow = 
autofluorescence (Bensaoula et al. 2000) 
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1.1.2.4 Other forms of NCL caused by a transmembrane protein deficiency  
Four other NCL genes, namely CLN6, CLN7 (also referred to as MFSD8), CLN8 and 

the recently identified CLN12 encode transmembrane proteins, can lead to the 

development of the disease (figure 1.2). Mutations in CLN6, CLN7 and CLN8 have 

been linked to variant forms of NCL with a late infantile onset. Shared clinical 

features include motor delay or progressive motor decline, seizures, mental 

deterioration and vision loss. The order of the symptoms can vary. In approximately 

fifty percent of all CLN6 disease patients visual decline manifests early on. ERG 

recordings have been described to be reduced or distinct in these patients (Al-

Muhaizea et al. 2009; Guerreiro et al. 2013; Bouhouche et al. 2013; Canafoglia et al. 

2015). The loss of vision has not been characterized further and detailed ERG 

recordings of patients have not been published. The disease progresses rapidly and 

patients are often only seen by a neurologist, which could explain why the vision loss 

has not been studied extensively (personal communication Angela Schulz). In CLN6, 

CLN7 and CLN8-deficient patients severe disabilities usually become evident in the 

first decade of life and death occurs in the second decade. The diagnosis of these very 

rare forms of NCL is confirmed by gene analysis and the presence of avacuolar 

fingerprint-containing lipopigments (Schulz et al. 2013; Anderson et al. 2013). 

Mutations in CLN6 can also cause adult onset Kufs disease type A characterized by 

myoclonic epilepsy, cognitive deterioration and ataxia; no visual impairment is 

observed (Arsov et al. 2011). A single case of juvenile onset NCL was described to be 

caused by a mutation in CLN7 presenting with milder progressing but otherwise 

typical signs for CLN3 disease, juvenile (Kousi et al. 2009). In addition, CLN8 

mutations have been associated with “Northern Epilepsy” which is a form of 

progressive myoclonus epilepsy (Herva et al. 2012). To date, only one family with 

four affected children has been reported to suffer from mutations in CLN12 presenting 

with learning difficulties and mood disturbances as well as pyramidal involvement, 

cerebellar ataxia and bulbar syndrome (dysphonia, dysphagia and dysarthria). Vision 

loss has not been reported so far (Herva et al. 2012). The gene CLN12 is also referred 

to as ATP13A2 and was first linked to a very rare form of Parkinsonism with dementia 

and juvenile onset (Kufor-Raheb syndrome), which may emphasize a shared etiology 

with NCL (Ramirez et al. 2006). This thesis focuses on variant NCL caused by 

mutations in CLN6; the other genes mentioned here will not be discussed further. 
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1.1.2.5 The gene CLN6 
The gene CLN6 located on chromosome 15 encodes a 311 amino acid transmembrane 

protein of unknown function that is highly conserved across vertebrate species and 

has no homology with known proteins or functional domains (Wheeler et al. 2002; 

Gao et al. 2002). The CLN6 protein resides in the ER of neuronal and non-neuronal 

cells and consists of seven membrane-spanning domains with a cytoplasmic N 

terminus and a C terminus facing the ER lumen (Mole et al. 2004; Heine et al. 2007). 

The ER retention of the protein is mediated by the first 49 N-terminal amino acids and 

the distal transmembrane domains 6 and 7 (Heine et al. 2007). Cross-linkage 

experiments using BHK cells overexpressing CLN6 show that the protein can form 

homodimers yet does not form heterodimer with the ER protein CLN8 (Heine et al. 

2004; Heine et al. 2007). Mutant CLN6 causes lysosomal dysfunction characterized 

by the accumulation of a variety of components including the subunit c of 

mitochondrial ATPase, cholesterol and phospho- and glycosphingolipids in lysosome-

derived storage bodies, but the disease mechanism is not yet understood (Thelen et al. 

2012; Cao et al. 2011; Teixeira et al. 2006; Jabs et al. 2008; Palmer, Husbands, et al. 

1986b; Palmer, Barns, et al. 1986a). Studies with Cln6-deficient neuronal cultures or 

brain tissue indicate an upregulation of the autophagy-lysosome degradation pathway 

and impairment of autophagosome–lysosome fusion events (Thelen et al. 2012; 

Oresic et al. 2009). An increase in the expression of the mitochondrial manganese-

dependent superoxide dismutase (MnSOD or SOD2) suggests an involvement of 

oxidative stress and/or pro-inflammatory cytokine production in the disease pathology 

(Heine et al. 2003). Defects in CLN6 are also associated with impaired lysosomal 

acidification, which led to the hypothesis that CLN6 mediates the transport of proteins 

or lipids that are synthesized in the ER and are crucial for lysosomal function and 

acidification (Heine et al. 2004; Holopainen et al. 2001; Mole et al. 2004). It remains, 

however, challenging to determine whether these findings are direct consequences of 

the deficiency in CLN6 or secondary effects of the disease progression.  

It is interesting to note though that the majority of amino acid changing mutations are 

located in the CLN6 topology facing the ER lumen, which may imply an important 

functional role of these residues, potentially through the interaction with other ER 

proteins (Kousi et al. 2011; Mole et al. 2004). Mutations causing truncated protein 

products result in a generally decreased level of gene expression (Cannelli et al. 2009; 

Kanninen, Grubman, Caragounis, et al. 2013a). Evaluation of the most common 
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mutations in CLN6 did not show alterations in protein trafficking, retention in the ER 

or the ability of the protein to form dimers (Kurze et al. 2010; Mole et al. 2004).  

The study of protein interactions may provide further insight into the function of 

CLN6. Like CLN3, CLN6 was shown to bind CLN5 suggesting the existence of an 

NCL protein network that might be important for lysosomal trafficking (Lyly et al. 

2009). Evidence was also provided for an interaction between CLN6 and the 

collapsing response mediator protein-2 (CRMP2), which is involved in growth cone 

guidance, microtubule assembly and cystoskeletal dynamics during axonal outgrowth 

and maintenance. In a yeast two-hybrid assay the hydrophilic regions of CLN6 were 

screened against a human fetal brain library, which identified CRMP2 as an 

interaction partner. Co-immunoprecipitation and co-staining experiments using 

fibroblasts overexpressing CLN6 and CRMP2 supported this notion further. However, 

similar experiments could not be performed on mouse cells expressing endogenous 

levels of Cln6 due to the lack of suitable antibodies detecting Cln6 (Benedict et al. 

2009). In addition, CLN6 and CRMP2 were very recently reported to partner with 

kinesin light chain 4 (KLC4) to form the CCK complex. It was hypothesized that this 

complex utilizes CLN6 as a “molecular tag” on ER vesicles for segregation of cargo 

to distal sites of neurites including synapses (more about the CCK complex in 1.4.2) 

(Koh et al. 2014). In summary, the function of CLN6 is not known. Yet evidence is 

emerging that the protein may not only play a role in lysosomal or ER function in the 

cell soma but may also be involved in processes in more distal parts of neuronal cells.  
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1.2 The mammalian eye  
The eye is essential for our vision and perception of the environment. Following the 

passage through the cornea and lens of the eye, light is focused on the retina, a 

photosensitive layer lining the inside of the eyeball, where the light stimulus is 

converted into neurochemical signals, bundled and transmitted via the optic nerve to 

the visual cortex for final processing and image formation. The eye is a part of the 

central nervous system (CNS) that can be easily accessed and presents a very useful 

model to provide insight into the functioning of the CNS in health and disease. The 

retina plays a central role in the ability of the eye to detect light and transmit signals 

to the brain. Mutations in genes expressed in the retina can have devastating 

consequences resulting in partial or complete loss of vision. The development of 

treatments for retinal conditions will lead to an improved understanding of CNS 

functioning and can also help to establish treatment strategies for the brain.  

 

1.2.1 The anatomy of the mammalian retina 

The mammalian eyeball is built up of three layers: the outer fibrous layer formed by 

the sclera and cornea; the middle vascular layer formed by the iris, ciliary bodies and 

the choroid; the inner nervous tissue layer consisting of the retina, pivotal for 

phototransduction – the process by which light is converted into neurochemical 

signals. The retina can be further divided into two compartments: the inner 

neurosensory retina or neural retina, and the outer non-neuronal pigmented 

epithelium, the retinal pigment epithelium (RPE). The eyeball contains three fluid-

filled chambers: the anterior chamber situated between the cornea and the iris, the 

posterior chamber situated between the iris and the lens and the large vitreous 

chamber situated between the lens and the retina. The first two chambers are filled 

with aqueous humor and the last one is filled with vitreous humor, a more viscous 

jelly-like fluid (figure 1.2).  
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Figure 1.2: Schematic illustration of the human eye (original published in(Smith et al. 
2009), for copyright license see appendix) 
 

1.2.1.1 The retinal pigment epithelium  
The RPE is located between the light-sensitive photoreceptor outer segments of the 

neural retina and the choroidal vasculature. The RPE is a monolayer of cuboid 

epithelial cells that are interconnected via tight junctions and contain densely packed, 

pigmented melanin granules allowing the absorption of scattered light. On its 

basolateral membrane the RPE resides on Bruch’s membrane, a highly organized 

interaction matrix through which the retina is nourished with oxygen and metabolites 

to maintain the metabolically very active photoreceptor cells during development and 

maintenance. On its apical membrane, the RPE faces the subretinal space and the 

photoreceptor outer segments, which are phagocytized and recycled by the RPE, 

essential for the re-synthesis of the outer segments and breakdown of by-products of 

the visual cycle (see 1.2.2). 

 

1.2.1.2 The neural retina  

The neural retina has three cellular layers consisting of the outer nuclear layer (ONL), 

the inner nuclear layer (INL) and the ganglion cell layer (GCL); synaptic plexiform 

layers are located in between these layers. The ONL is the outermost layer of nuclei 

of the neural retina and contains the densely packed cell bodies of both cone and rod 

photoreceptor cells. The cones reside in the posterior or outer edge of the ONL, whilst 

the larger number of rods constitutes the rest of the ONL. Photoreceptors form 
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synapses with the dendrites of bipolar and horizontal cells via rod spherules and cone 

pedicles in the outer plexiform layer (OPL). The INL is located anterior to the OPL 

and is the middle layer of the neural retina that harbours the cell bodies of 

interneurons (horizontal, bipolar, amacrine cells) and the Mueller glia cells, the only 

glia cell type originating from retinal progenitor cells. There are different subtypes of 

horizontal, bipolar and amacrine cells; however, in general the horizontal cells are 

located at the posterior or outer edge of the INL, whereas amacrine cells are located at 

the anterior or inner edge of the INL. Bipolar cells with their characteristic teardrop 

shaped cell bodies dominate the INL in numbers. The GCL is the innermost layer of 

nuclei of the retina and contains primarily ganglion cells, from which axons converge 

towards the optic nerve forming the nerve fiber layer (NFL) (figure 1.3 A, B). In 

addition, the GCL contains a small number of displaced amacrine cells.  

 

Figure 1.3: Structure of the mammalian retina  

(A) A schematic drawing of the different retinal layers in the mammalian retina. For 
abbreviations see text (adapted from (West et al. 2009), for copyright license see appendix) 
(B) A schematic diagram illustrating the position of synaptic connections in the retina 
(adapted from (Hendry & Calkins 1998), for copyright license see appendix) 
 

Anterior to the GCL and constituting the border of the retina to the vitreous is the 

inner limiting membrane (ILM), a basement membrane consisting of distinct matrix 

proteins, astrocytes and laterally connected endfeet of Mueller glia cells (Candiello et 

al. 2007). The cell bodies of Mueller glia cells are located in the INL; however, their 

cell processes ensheath all neuronal cell bodies and dendrites as well as inner retinal 

blood vessels and span the width of the retina to provide nutrients and survival factors 

and maintain the homeostatic environment. Adherens junctions between Mueller glia 

and photoreceptor cells inner segments form the outer limiting membrane (OLM) 
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representing a barrier from the subretinal space, into which the inner and outer 

segments of the photoreceptors project to be in close association with the RPE. 

Mueller cell gliosis occurs after retinal injury and in almost all retinal degenerations. 

Gliosis is characterized by upregulation of the intermediate filament glial fibrillary 

acidic protein (GFAP) (Bringmann et al. 2006; Newman & Reichenbach 1996). 

Astrocytes and microglia are two other subtypes of glia cell types that reside in the 

retina, yet originate from outside the eye. During early postnatal development 

astrocytes migrate from the brain along the optic nerve into the neural retina and 

populated the GCL and IPL. They contribute to glial scar formation during age-

related degeneration or injuries at the ILM and retinal surface and are critical for 

proper development of the retinal vasculature (Kur et al. 2012). Microglia migrate 

into the neural retina via the retinal vasculature and are considered resident 

macrophages of the retina. During injury or age-related degeneration they become 

activated and change their cell morphology from ramified to ameboid, most likely 

providing an immunological defence involving their phagocytic properties 

(Langmann 2007).  

 

Photoreceptors are highly specialized cells that are light sensitive and are responsible 

for the phototransduction. The two main photoreceptor cell types, rods and cones, 

contain different visual pigments and respond to different light stimuli. Rods hold the 

visual pigment Rhodopsin and mediate vision in scotopic or dim (night) conditions. 

Cones mediate vision under photopic (day) light conditions and are further divided 

into different subtypes depending on the visual pigments they hold. In rodents two 

types of cones are present: S-cones detecting short wavelengths (blue light) and M-

cones detecting medium wavelengths (green light). In humans a third type of cone is 

present detecting long wavelengths (red light), referred to as L-cones. Rods are more 

abundant in the retina and outnumber cones by a ratio of 30:1 in rodents and 20:1 in 

humans; in particular they dominate the periphery and are therefore also responsible 

for peripheral vision (Jeon et al. 1998). In humans the macula, an area lateral to the 

optic disk and enriched in cones, contributes to central visual acuity. The foveal pit is 

a region near the centre of the macula where the inner retinal cells are displaced 

exposing tightly stacked cone photoreceptors to allow a maximum detection of light 

and central vision with high-resolution. Mammals except for primates lack a macula. 
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Photoreceptors possess a complex structure including inner and outer segments facing 

the RPE, a cell body containing the nucleus and efferent processes terminating in 

synaptic buttons in the OPL. Cone outer segments are conical and short, whereas rod 

outer segments are longer and slender. The outer segments of both rods and cones are 

filled with stacks of membranes known as discs that hold the visual pigment 

molecules. The photoreceptor inner segments contain densely packed mitochondria 

and are connected to the outer segments via a thin connecting cilium (figure 1.4). The 

OLM seals off the photoreceptor segments from the ONL. The synaptic terminals of 

photoreceptors are filled with vesicles containing neurotransmitters and form dense 

structures known as synaptic ribbons that point to the postsynaptic invaginated 

processes of bipolar and horizontal cells (Masland 1986).  

 

 
Figure 1.4: The photoreceptors of the neural retina 

(A) Scanning electron micrograph of rods and cones in the primate retina. IS = inner 
segments, OS = outer segments (adapted from http://webvision.med.utah.edu/). (B) Schematic 
diagrams of both rod and cone cell structure (adapted from (O'Brien 1982), for copyright 
license see appendix)  
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Bipolar cells present the first “projection neurons” of the visual system, receiving 

electrical signals from photoreceptor cells and transmitting the signal to ganglion 

cells. They are localized in the middle of the INL and come in two main groups: ON-

centre cells depolarizing to an increase in light levels and OFF-centre cells 

hyperpolarizing to an increase in light levels (Strettoi & Masland 1995; Martin & 

Gruenert 1992). Rod bipolar cells are all ON, whereas cone bipolar cells can be ON or 

OFF; ON bipolar neurons comprise three-quarters of all bipolar cells in mammalian 

retinas. At least 13 different subtypes of bipolar cells exist in mammals with varying 

dendritic branching patterns (Helmstaedter et al. 2013); generally OFF bipolar cell 

axon terminals form synapses in the more outer sublamina a in the inner plexiform 

layer (IPL), whilst ON bipolar cell terminals form synapses in the more inner 

sublamina b in the IPL (Euler et al. 2014) (see also figure 1.3 B). The final cell type 

of the retina that transmits visual stimuli before visual cortex processing occurs is the 

ganglion cell. There are up to 25 subtypes of ganglion cells in some mammalian 

species, each responding best to a specific arrangement of light and dark in the visual 

environment (e.g. contrast, direction of motions or orientation); yet not all their 

features are understood to date. It is clear though that ganglion cells are responsible 

for delivering a rich set of visual information to the brain (D. M. Berson 2008).  

 

1.2.2 The function of the retina  

Phototransduction is the process that enables rod and cone photoreceptors to convert 

visual stimuli into electrochemical signals, which are then further transmitted into the 

brain. During signal transmission in neuronal cells the arrival of an electric stimulus 

leads generally to the depolarisation of the transmembrane potential and triggers the 

release of neurotransmitters from the presynapse into the synaptic cleft. In 

photoreceptors cells, however, the resting state is a depolarized one that is 

characterized by constant release of glutamate. Upon stimulation photoreceptors are 

hyperpolarised resulting in a reduced release of glutamate and a subsequent signal 

transmission to the brain. In the dark photoreceptors are depolarized and in the light 

photoreceptor cells are hyperpolarized.  

 

The relatively depolarized state of the photoreceptor is maintained by ion channels in 

the membrane of the photoreceptor outer segments. The opening and closing of these 



! 37!

channels is regulated by the levels of the nucleotide cyclic guanosine monophosphate 

(cGMP). The visual pigments contained in the photoreceptor outer segment 

membraneous discs consist of two parts, the opsin protein and a light absorbing 

chromophore. Rhodopsin, the visual pigment of rod photoreceptors, is a G-protein 

coupled receptor that consist of seven transmembrane domains, of which the seventh 

domain is associated with 11-cis retinal, the chromophore of rhodopsin (and the 

opsins in cones). Absorption of light by 11-cis retinal chromophore leads to rapid 

photochemical isomerization to all-trans retinol, which causes rhodopsin to undergo a 

conformational change to its tertiary structure. In this “activated” form rhodopsin is 

able to activate transducin, which is bound to the C-terminal end of rhodopsin. As a 

consequence a subunit of the phosphodiesterase (PDE) enzyme hydrolyses cGMP to 

5’GMP, which in turn leads to the closing of the cGMP-dependent Na+ channels. This 

prevents the influx of sodium ions into rods and results in the closing of voltage-gated 

Ca2+ channels, the hyperpolarization of the cells and a decrease of glutamate release 

(Purves 2001) (figure 1.5 see below). 

 

The postsynapse of bipolar cells senses the reduction in glutamate release, which 

depolarizes ON bipolar cells and hyperpolarizes OFF bipolar cells. Accordingly, 

bipolar cell dendrites harbour different types of glutamate receptors. ON bipolar cells 

express metabotropic glutamate receptor 6 (mGluR6), which triggers the closure of 

downstream cation channels. OFF bipolar cells expresses a variety of ionotrophic 

glutamate receptors and thereby inherit unique kinetic and adaptation properties. The 

functioning of all subtypes of bipolar cells is not fully understood. The rod bipolar 

cell signal is shaped by a lot of factors including the size of the dendritic field, the 

complement and distribution of ion channels and the cell’s morphology. Generally, 

rod bipolar cells form synapses only with rod spherules and cone bipolar cells form 

synapses only with cone pedicles. Each cone pedicle can have up to 500 contacts, 

however the number of postsynaptic ON or OFF cone bipolar cells is smaller. The 

cone light signal is distributed into various cone bipolar cell types and transmitted to 

ganglion cells. Rod bipolar cells do not transmit their signal directly to ganglion cells. 

Instead, rod bipolar cell synapse on a subtype of amacrine cells, which are 

depolarized in response to light like ON bipolars, consequently summing up the input 

from many rod bipolar cells. The amacrine cells send the signal to axon terminals of 

ON cone bipolar cells via gap junctions and to OFF cone bipolar cells via inhibitory 
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synapses. In turn these cone bipolar cells transmit the signal to ganglion cells. This 

pathway is referred to as the classical rod pathway. Other rod bipolar cell pathways 

have also been described (for reviews see (Euler et al. 2014; Wässle 2004)). 

 

Once phototransduction is initiated it is important to terminate the process to prevent 

overstimulation of photoreceptor cells and to allow the processing of visual 

information during prolonged stimuli. Once the activation of transducin has occurred, 

the all-trans retinol dissociates from rhodopsin molecule and is transported into the 

adjacent RPE. In the RPE a series of NADPH-dependent reactions drive the 

conversion of the all-trans form back to 11-cis retinal. This involves the RPE65 

protein and the enzymes 11-cis retinol dehydrogenase (11-cis RDH), lecithin:retinol 

acetyl transferase (LRAT) and isomerohydrolase (IMH). The 11-cis retinal is 

recovered to the photoreceptor outer segment by inter-photoreceptor retinal binding 

protein where it associates with rhodopsin and can absorb photons again.  

To halt the phototransduction cascade upon termination of the light stimulus, the 

cGMP-dependent ion channels need to be re-opened. To achieve this, guanylate 

cyclase-activating proteins (GCAPs), which sense changes in intracellular Ca2+ 

concentrations, dissociates from its bound calcium ions and interacts with retinal 

guanylate cyclase (RetGC) to activate it. RetGC converts 5’GMP back to cGMP and 

allows cGMP dependent channels to re-open and the return to the ground state of 

depolarization in rods. Photorecovery is also mediated by de-activation of rhodopsin 

at the outer segment disc membrane. In response to the Ca2+ drop, rhodopsin kinase 

(RK) enzyme phosphorylates serine residues in the cytoplasmic loops of the activated 

rhodopsin protein, allowing arrestin to bind, which prevents the binding of transducin 

stopping downstream signalling of the phototransduction cascade (Purves 2001) (see 

figure 1.5). 
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Figure 1.5: The phototransduction cascade in photoreceptor outer segments (original 
published in (Smith et al. 2009), for copyright license see appendix). 

Schematic illustrating the phototransduction cascade in rod and cone photoreceptors. The 
cascade is very similar in rod and cones, but some of the genes differ in the different types of 
photoreceptors. Light stimulation of rhodopsin in the receptor disks leads to a conformational 
change of the bound retinoid (i), the activation of the G-protein transducin and the 
detachment of the α-subunit (ii). Transducin (in cones GNAT2) activates cGMP-
phohosphodiesterase (PDE) and the activated PDE hydrolyses cGMP into GMP (ii), reducing 
its concentration in the outer segment and leading to the closure of Na+ channels in the outer 
segment membrane. The cell hyperpolarises (iii), creating a signal that is passed on to cells in 
the INL. Due to the Na+ - Ca2+ exchanger mediated outflow of Na+ (iii), the concentration of 
Ca2+ decreases, Ca2+ is released from recoverin and recoverin is activated (iv). In turn 
recoverin activates rhodopsin kinase phosphorylating the opsin and arrestin returns the opsin 
to its inactive state. In addition, the decreased levels of Ca2+ lead to the release of Ca2+ from 
guanylate cyclase-activating protein (GCAP), which activates retinal guanylate cyclase 
(RetGC) (v). RetGC increases the concentration of cGMP, which causes cGMP-gated 
channels to open allowing the influx of ions including Ca2+. This influx depolarises the cell 
and returns it to the dark state (v).  

 

1.2.3 NCL genes in the eye  

1.2.3.1 The expression of CLN3 in the eye 

Cln3 is expressed at low endogenous levels in the CNS. It has proven difficult to 

detect CLN3 immunohistochemically in neuronal tissue due the protein’s 

hydrophobic character and the lack of suitable antibodies capable of detecting the low 

protein levels (for a list of published anti-CLN3 antibodies see (Phillips et al. 2005)). 
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Consequently, immunostaining for CLN3 has not been performed on human or rodent 

retina. However, Siegert et al. recently established a transcriptome library for the 

expression of genes in various cell types of the retina 

(http://www.fmi.ch/roska.data/index.php) (Siegert et al. 2012). To achieve a distinct 

separation of the cell types, the retinas of various mouse lines harbouring fluorescent 

proteins in individual retinal cell types were fluorescence-activated cell sorted 

(FACS) and used to analyse the gene expression level by microarray. These data 

suggest that Cln3 is more abundant in photoreceptors and slightly less abundant in 

bipolar cells compared to other cells in the retina. It is striking that Cln3 is highly 

expressed in microglia of the retina (figure 1.6). In the brain Cln3 was also reported to 

be expressed in microglia, however, the expression level of the gene was comparable 

in microglia and neurons (Sharifi et al. 2010).  

 
Figure 1.6: Cln3 transcript expression in the adult mouse retina 
Fluorescently labelled retinal cell types of different mouse strains underwent FACS and 
microarray analysis. The mouse strains were clustered according to cell types as shown on the 
legend on the right. Expression values above 20 were considered as “expressed” (Siegert et al. 
2012) (for copyright license see appendix). The transcript expression of Cln3 is the highest in 
retinal microglia. In addition, Cln3 transcripts are more abundant in photoreceptors and 
slightly more abundant in bipolar cells than in horizontal, amacrine and ganglion cells.    
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In addition, the Cln3LacZ/LacZ mouse model (see 1.3.1) provides insight into the tissue 

distribution of Cln3 at different stages in development. In the retina, Cln3 reporter 

cells are detected from the age of P14 in the outer portion of the INL indicative of a 

gene expression in bipolar cells and from the age of P21 in the ONL in photoreceptor 

cells. The expression in both retinal layers becomes more prominent at P30 and lasts 

throughout adulthood. PKCα immunostaining confirms that rod bipolar cells express 

Cln3 (arrows, figure 1.7), yet not all PKCα positive cells appear to express Cln3 

(arrowheads, figure 1.7) (Ding et al. 2011).  

 
Figure 1.7: Retinal cross-sections of Cln3LacZ/LacZ mice in comparison to wild type 
animals (Ding et al. 2011) (for copyright license see appendix) 

(A) At P14 Cln3 reporter cells are detected in the outer portion of the INL. (B) At P30 a 
strong expression of reporter cells is visible in the INL and ONL. (C) X-gal staining does not 
show Cln3 reporter cells in control Cln3+/+ retinas. (D) PKCα staining confirms the 
expression of Cln3 in rod bipolar cells (arrows), however not all PKCα positive cells co-
express Cln3 (arrowheads). 
 

 

1.2.3.2 The expression of CLN6 in the eye   

Very little is known about the expression of CLN6 in the eye. A recent qRT-PCR 

study reveals that the expression level of Cln6 is higher in the eye than in different 

brain regions (olfactory bulb, cortex, cerebellum, brain stem), spinal cord, liver and 

heart in wild type mice (Kanninen, Grubman, Caragounis, et al. 2013a). This finding 

may imply an important role of the gene in the eye. The transcriptome library 
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provided by Siegert et al. (2012) indicates that in the retina Cln6 is predominantly 

expressed in bipolar cells and to a lower extent in photoreceptor cells (figure 1.8). 

Comparison of the retinal expression pattern of Cln3 and Cln6 reveals that both genes 

are expressed in bipolar and photoreceptor cells; however, Cln6 is not expressed in 

microglia (figure 1.7-1.8). The localization of Cln6 has not been examined further in 

the retina. The gene expression of the CLN6 interacting protein CRMP2 (also known 

as DPYSL2) does not exceed the detection threshold in any retinal cell types tested 

according to Siegert et al (http://www.fmi.ch/roska.data/index.php). Nevertheless, an 

immunostaining for CRMP2 in another study showed that CRMP2 is expressed in 

photoreceptors connecting cilia and the OS, whilst a low expression was observed in 

the IS. This finding may provide some support for the notion that CLN6 is present in 

photoreceptors. An image of the immunostaining of the inner retina was not 

presented, consequently it is possible that CRMP2 may be expressed in other cell 

types of the retina as well (Kiel et al. 2011).   

 
Figure 1.8: Cln6 transcript expression in the adult mouse retina 
Fluorescently labelled retinal cell types of different mouse strains underwent FACS and 
microarray analysis. The mouse strains were clustered according to cell types as shown on the 
right. Expression values above 20 were considered as “expressed” (Siegert et al. 2012). Cln6 
appears to be highly expressed in bipolar cells and to a lower extent in photoreceptors of the 
murine retina. 
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1.2.4 Gene therapy  

The term gene therapy describes a treatment strategy that delivers nucleic acid based 

products comprising DNA, RNA or oligonucleotides to a target cell, tissue or organ 

and thereby aims to achieve a therapeutic effect. This strategy has been employed to 

develop treatments for a variety of acquired or inherited diseases including cancer 

(Walther & Schlag 2013), infectious diseases (Dishart et al. 2003), cardiovascular 

diseases (Bruce A Bunnell 1998), LSDs (S Seregin & Amalfitano 2011) and inherited 

retinopathies (Trapani et al. 2014; Smith et al. 2011) to name but a few.  

Gene therapy can have at least three main objectives, which will be briefly outlined 

here. The most common application of gene therapies is to treat monogenic, usually 

recessively inherited diseases caused by a loss-of-function mutation. Here the main 

objective is to restore gene function through the introduction of healthy copies of the 

mutated gene and thereby correct the genetic defect underlying the disease. This 

approach is referred to as gene supplementation or formerly gene replacement and has 

been shown to be very effective in multiple diseases and organs (Smith et al. 2011). 

Gene supplementation in the retina will be discussed more in detail later (see 1.2.6).  

To combat dominant diseases arising from monogenic gain-of-function or dominant 

negative mutations, gene therapy can be utilized to suppress the expression of the 

mutant gene. As the mutant gene product usually has a negative or toxic effect, it is 

not sufficient to simply supplement the wild type gene. Mutations in the gene SOD1 

resulting in a gain-of-function defect in amyotrophic lateral sclerosis (ALS) (Bruijn et 

al. 2004) and mutations in the gene PRPH2 (Peripherin2) leading to a variety of 

dominant retinopathies (Boon et al. 2008), are two examples of diseases amenable to 

gene suppression approaches (Georgiadis et al. 2010; Miller et al. 2005). The main 

objective of gene suppression is to silence the mutant gene expression by targeting the 

mRNA transcript using antisense oligonucleotides, ribozymes, or RNA interference. 

Other technologies that mediate gene silencing and target the deleterious gene 

mutation at DNA level include Zinc finger nucleases, TALE nucleases and the newly 

emerging CRISPR (clustered regularly-interspaced short palindromic repeats) 

technology. However, these technologies are still mostly used in the early phase of the 

development of experimental therapies and it remains to be seen how efficiently they 

suppress gene expression in vivo in large animal models or potentially in patients. It 

needs to be mentioned that following a successful gene suppression therapy it may be 
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required to supplement the silenced gene with a healthy gene copy. This concept is 

described as suppression and replacement gene therapy and is, for example, illustrated 

by the rescue of the P347S mice, a model of dominant retinitis pigmentosa 

(Millington-Ward et al. 2011). 

Lastly, a third gene therapy strategy is gene augmentation. The main objective of this 

approach is not to directly target a gene defect; it rather aims to mediate a beneficial 

effect by the delivery of agents or factors that treat the damaging symptoms of a 

disease. This can either occur by directly modulating the damaging process or by 

stimulating endogenous systems and responses to combat the underlying defect. This 

approach is not limited to genetic diseases and can be applied to almost every kind of 

disorder. Accordingly, a multitude of diverse gene augmentation strategies have been 

utilized aiming to, for instance, promote cell survival or death (Zarogoulidis et al. 

2013; Jiang et al. 2014), induce cell proliferation (McAlister et al. 2005), redirect 

mRNA splicing (Osman et al. 2011), provide neuroprotection (Dalkara et al. 2011) or 

inhibit immune response (Trittibach et al. 2008). It needs to be pointed out that gene 

augmentation approaches often make use of broad processes or systems and are less 

specific than gene supplementation or suppression. For this reason, off-target effects 

and expression levels need to be well controlled to prevent detrimental side effects for 

example in strategies promoting cell death.     

 

1.2.5 The eye as a target for gene therapy  

The eye is one of the organs that have proven to be very amenable to gene therapies 

for multiple reasons. One important advantage lies in its anatomical properties, as it 

constitutes a small, enclosed compartment that is easily accessible and only requires 

small amounts of therapeutic agent, reducing the risk of adverse effects to a 

minimum. The eye is also considered to have an immune-privilege illustrated by the 

presence of the blood-retina barrier, the tight junctions between RPE cells, an 

immunosuppressive microenvironment and a systemic regulatory immune response 

against intraocular antigens (Hori et al. 2010; Caspi 2010). In addition, most retinal 

cell types are post-mitotic from the first postnatal week onwards offering the 

introduction of sustained long-term expression of therapeutic genes from non-

integrating vectors. Another advantageous feature for developing therapies is the 

transparency of the cornea, lens and the ocular media, which allow in vivo imaging 



! 45!

techniques that facilitate a non-invasive and continuous assessment of retinal 

morphology in treated eyes. This assessment is further aided by electroretinogram 

(ERG) recordings that measure visual function in vivo. As most inherited ocular 

conditions affect both eyes, it is possible to directly compare the treatment effect in 

one eye to the contralateral untreated eye posing an ideal negative control. Finally, 

retinal treatments can be delivered via two routes: intravitreal or subretinal injections. 

In intravitreal injections the therapeutic agent is released into the vitreous, whilst in 

subretinal injections the therapeutic agent is deposited into a virtual space between the 

RPE and the photoreceptors resulting in a temporary and localized detachment of the 

photoreceptors from the underlying pigment epithelium. Intravitreal delivery is a less 

invasive and challenging technique, yet it limits the exposure of the agent primarily to 

the anterior retina due to several physical extra- and intraretinal barriers in the eye 

(see 1.2.8.1) (figure 1.9). Intravitreal injections were also reported to induce a more 

pronounce humoral response than subretinal injections (Hoffman et al. 1997; Bennett 

2003). For this reason, subretinal injections are currently considered to be the most 

efficient route to deliver therapeutic agents to photoreceptors and the RPE, the retinal 

cell types most commonly affected by monogenic degenerative conditions of the eye 

(https://sph.uth.edu/retnet/).  

 

 
Figure 1.9: Schematic drawing showing intravitreal and subretinal injections of AAV 
particles (in blue) into a mouse eye (adapted from (West et al. 2009), for copyright license 
see appendix). 
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1.2.6 Delivery of therapeutic agents to the eye 

Key to a successful gene therapy is the efficient delivery of therapeutic agents or 

transgenes to their target cells. To accomplish this, several non-viral and viral 

delivery methods have been developed over the last decade to target a wide range of 

ocular tissue and almost every cell type of the retina. In particular, viral vectors have 

proven to be an efficient method to deliver transgenes and do not required 

readministration. This thesis focuses on viral vectors and therefore will not discuss 

non-viral delivery methods.  

 

1.2.7 Viral vectors  

Several viral vectors are under investigation for ocular gene therapy including 

adenovirus, lentivirus and adeno-associated virus (AAV), with recombinant AAV 

being the most popular vectors in basic science and translational research, mostly due 

to its good transduction efficiency and long-term transgene expression, followed by 

lentiviral vectors (see figure 1 in (Keirnan Willett 2013) and reviewed in a special 

issue of the journal Gene Therapy (Ali 2012)). One major advantage of AAVs is their 

ability to transduce photoreceptors and other retinal cell types depending on the 

delivery route, whereas lentiviral vectors only introduce an efficient transduction of 

the RPE. For this reason, the present work focuses on AAV mediated gene therapy 

and other viral vectors will not be discussed in detail.  

The AAV is a small (25 nm diameter) parvovirus that packages single stranded DNA 

and belongs to the Dependovirus genus due to its ability to replicate only in the 

presence of a so-called “helper virus” such as adeno-, herpes-, or papilloma-viruses. 

The genome of AAV contains only 2 reading frames, the gene Rep required for DNA 

replication and Cap encoding the capsid proteins VP1, VP2 and VP3, which 

constitute the icosahedral capsid of the virus. The capsid determines the gene delivery 

properties of the virus, including its binding to cell surface receptors such as heparan 

sulfate proteoglycan (HSPG) or human fibroblast growth factor receptor 1 (FGFR1) 

to name a few (Srivastava et al. 1999; Candace Summerford 1998). An important 

component of the AAV genome is the two diametrically positioned inverted-terminal 

repeats (ITRs). These 125bp long palindromic repeats flank the Rep and Cap genes 

and form hairpin-loop secondary structures at the strand termini (Xie et al. 2002). To 
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obtain recombinant AAV (rAAV), Rep and Cap can be removed and replaced by 

approximately 4.7kb exogenous DNA, usually comprising a promoter, a therapeutic 

gene referred to as transgene and an SV40 poly-adenylation site (see figure 1.10). 

During the production of rAAV, Rep and Cap together with the helper adenovirus are 

delivered in trans to enable the correct packaging of the recombinant virus (Daya & 

Berns 2008).  

 

 
Figure 1.10: Schematic illustration of AAV  

(A) Surface topology of the AAV2 serotype (by Jazzlw - Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=41315502). (B) Schematic drawing of 
wild type and recombinant AAV genome. ITR= inverted terminal repeat, PolyA = 
polyadenylation signal   
 

Most rAAV used for experimental or translational research is based upon the wild 

type AAV2 genome but can be packaged in the capsid proteins of other AAV 

serotypes, a process called pseudotyping. Each serotype has its own capsid proteins 

and therefore a variety of AAV vectors with different cell tropisms and transduction 

properties can be generated. To distinguish between them, wild type AAV2 is denoted 

as AAV2/2, whilst AAV2 pseudotyped into the AAV8 capsid is referred to as 

AAV2/8, for example (Rabinowitz et al. 2002).  

In the retina, the serotypes AAV2/1 – AAV2/9 have been characterized and several 

have been shown to transduce retinal cells in adult animals. The serotypes AAV2/1, 

2/4, 2/6 target the RPE (Auricchio et al. 2001; Weber et al. 2003; Rabinowitz et al. 

2002), whilst AAV2/2, 2/5, 2/7, 2/8, 2/9 target photoreceptors and RPE when 

subretinally delivered (Ali et al. 1996; Auricchio et al. 2001; Allocca et al. 2007). Of 

these AAV2/5, 2/7, 2/8, 2/9 exhibit an earlier onset of expression and a higher 

expression level than AAV2/2 following subretinal delivery (Allocca et al. 2007; 

Natkunarajah et al. 2008). Among these conventional vectors only AAV2/2 induces a 



! 48!

widespread transgene expression in ganglion cells after intravitreal injections 

(Auricchio et al. 2001). Transduction of cells in the INL has proven challenging and 

the cell type most amenable to AAV infection appears to be Mueller glia cells that 

span the width of the retina. Following intravitreal injections with AAV2/2, 2/6, 2/8, 

2/9 and subretinal injections with AAV2/8 and 2/9, a sparse or moderate viral 

transduction of Mueller glia cells is observed, whilst other cell types of the INL are 

not transduced or very inefficiently (Auricchio et al. 2001; Lebherz et al. 2008; 

Hellström et al. 2009; Allocca et al. 2007). It needs to be pointed out that other viral 

or non-viral delivery methods do not seem to transduce cells in the INL, other than 

Mueller glia cells, very efficiently either which may indicate the presence of physical 

barriers preventing vector diffusion into deep retinal layers or the vector entry into 

cells (see 1.2.7.1). 

The chief advantage of AAV vectors is their high transduction efficiency in vivo, 

most likely due to their small size and the protective properties of the viral capsid. In 

addition, AAVs are considered to have a good safety profile and a low 

immunogenicity, which allows for a long-term expression of transgenes. In addition, 

AAVs have not been associated with any human disease. The main drawback of 

AAV-based vectors is their limited packaging size of approximately 4.7kb and this is 

often the primary reasons to consider alternative delivery strategies. A strategy under 

investigation to increase the delivery capacity of AAV vectors is the development of 

so-called dual systems. Based on the ability of heterologous AAV genomes to form 

intermolecular concatemers in target cell nuclei (Duan et al. 1998), large genes can be 

split into two halves and independently packaged into two different (dual) AAV 

vectors, referred to as Trans-splicing strategy (Yan et al. 2000). Other strategies have 

been pursued for gene reconstitution including sequence overlap (Duan et al. 2001) 

and a hybrid of Trans-splicing and overlap with the hybrid strategy showing the 

highest efficiency (Ghosh et al. 2007). Initial studies assessing these dual systems in 

retinal degeneration models such as Stargardt dystrophy and Usher syndrome type 1 

demonstrate that gene reconstitution and rescue of retinal morphology occur; yet the 

efficiency is lower compared to single AAV approaches (Colella et al. 2014; Dyka et 

al. 2014; Lopes et al. 2013; Ivana Trapani et al. 2014). Despite efforts to increase the 

capacity of AAV vectors, up to date most applications using AAV vector are limited 

to exogenous DNA of 4.7 kb or smaller. 
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1.2.8 Gene supplementation therapies for inherited retinopathies  

Inherited retinopathies (IRs) form a heterogeneous group of monogenic, usually 

recessively inherited, diseases that cause ultimately vision loss. The prevalence is 

1:3000 people in Europe and the USA. The majority of IRs is caused by the 

degeneration of the outer retina due to mutations in proteins that are highly expressed 

in photoreceptor cells. Less common are genetic defects in other retinal cells types 

such as the RPE or Mueller glia cells, which can result in a reduced photoreceptor 

functioning and ultimately the loss of photoreceptor cells (https://sph.uth.edu/retnet/). 

Over the last decade, many IRs have been shown to be amenable to viral vector 

mediated gene supplementation therapies (for a comprehensive review see (Smith et 

al. 2009)).  

 

1.2.8.1 AAV-mediated gene supplementation for photoreceptor defects  

The first convincing evidence for a successful gene supplementation was provided in 

the Rds mouse, which carries a loss-of-function mutation in the photoreceptor specific 

gene Prph2 associated with the IR retinitis pigmentosa (RP). Subretinal delivery of 

AAV2/2 containing a bovine rhodopsin promoter and a murine Prph2 restored the 

gene expression and resulted in an improved retinal morphology and function in Rds 

mice. However, no beneficial effect was observed on the survival of photoreceptor 

cells and it was speculated that a delayed onset or inappropriate transgene expression 

in combination with insufficient transduction rate of the retina could be the cause (Ali 

et al. 2000; Sarra 2001). Two other mouse models of RP were investigated for their 

potential for therapeutic gene supplementation. The Rd1 mouse lacks the functional b-

subunit of phosphodiesterase encoded by the Pde6b gene and is considered the first 

model of retinal degeneration with a rapid progression of rod photoreceptor loss and 

function (Bowes et al. 1990). The Rd10 mouse harbours a partial loss of Pde6b 

expression and presents with a milder disease progression (B. Chang et al. 2002). The 

retinal phenotype of the Rd10 model was rescued when subretinal AAV treatment 

was combined with dark rearing of the animals and the administration of a Ca2+ 

channel blocker (Pang et al. 2008; Allocca et al. 2011). For a long time the Rd1 

mouse model was believed to be less amenable to gene therapy approaches as 

numerous attempts to directly treat the gene defect by local or systemic treatment led 

to an improved retinal histology, yet retinal function was not or only partially restored 
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(Bennett et al. 1994; Jomary et al. 1997; Bennett et al. 1996; Souied et al. 2008; 

Charlotte Andrieu-Soler et al. 2007). The explanation for the partial rescue was 

assumed to be rapid progression of the disease in this mouse model. Very recently, 

however, it was shown that an Rd1 mouse strain contained a second mutation in the 

gene Gpr179 affecting bipolar cell function. The removal of the confounding 

mutation resulted in a long-term and efficient rescue of retinal morphology and 

function with an improved ERG a- and b-wave upon subretinal delivery of an 

AAV2/9 vector containing the human rhodopsin promoter and PDE6b (Nishiguchi et 

al. 2015). In addition, supporting data for a gene therapy approach for Pde6b 

deficiency was provided by a long-term rescue of retinal function and vision in the 

Rcd1 dog using an AAV2/5 or AAV2/8 vector (Petit et al. 2012). Consequently, this 

study together with the positive results from both mouse models indicates that this 

gene defect underlying RP may be an attractive candidate for clinical translation.    

Several gene supplementation therapies have been established in other mouse models 

harbouring gene defects in photoreceptors including the genes: GUCY2D encoding 

for the retinal guanylate cyclase 2D (S. E. Boye et al. 2010; Mihelec et al. 2011; S. L. 

Boye et al. 2013b), AIPL1 encoding for the aryl hydrocarbon receptor-interacting 

protein like 1 (Tan et al. 2009; Sun et al. 2009; Ku et al. 2011) and RPGRIP1 

encoding for the retinitis pigmentosa GTPase regulator interacting protein 1 (Pawlyk 

et al. 2005), all genes associated with progressive IR including Leber congenital 

amaurosis (LCA) or RP. Successful gene supplementation was also demonstrated for 

photoreceptor gene defects in mice that mimic achromatopsia, a stationary IR, 

including the genes: GNAT2 encoding for the alpha transducin subunit in cones 

(Alexander et al. 2007), CNGA3 and CNGB3 encoding for cone-specific cyclic 

nucleotide-gated channel subunit α and β  (Ji-jing Pang et al. 2012; Michalakis et al. 

2010; Carvalho et al. 2011). Furthermore, a long-term improvement of retinal 

function and rescue of retinal morphology was reported in a Cngb3 dog model 

following the subretinal delivery of an AAV2/5 vector containing human CNGB3 

(Komáromy et al. 2010), a finding that holds promises for future clinical trials for 

achromatopsia.  

In summary, it is evident that gene supplementation therapies can successfully be 

applied to animal models of stationary and progressive IRs harbouring mutations in 

genes encoding for soluble enzymes such as Pde6b and RPGRIP or membrane bound 

photoreceptor proteins such as CNGA3 and CNGB3 directly involved in the 
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phototransduction cascade. It also raises hopes that potentially in the near future the 

safety and efficacy of these therapeutic strategies can be assessed in a clinical setting.   

 

1.2.8.2 Gene supplementation for defects in the RPE and the development of 

clinical trials  

IRs caused by genetic defects in the RPE are less common than those affecting 

photoreceptors, yet are more amenable to gene supplementation due to the monolayer 

constitution and efficient viral targeting of the RPE. Two RPE-specific genes have 

been extensively studied: RPE65 expressing a membrane-associated protein, and 

MERTK, expressing a membrane tyrosine kinase. RPE65 plays an important role in 

the retinoid metabolism of the visual cycle and a deficiency in the protein causes LCA 

type II characterized by an accumulation of all-trans-retinyl ester, rod photoreceptor 

dysfunction and slowly progressing retinal degeneration (Redmond et al. 1998; 

Seeliger et al. 2001). Successful subretinal treatment of this condition was first shown 

in Rpe65-deficient dogs (Narfström et al. 2003; Acland et al. 2001; Le Meur et al. 

2006) and later in Rd12 mice, the naturally occurring mouse model of RPE65 

deficiency (Roman et al. 2007; Yáñez-Muñoz et al. 2006; Bennicelli et al. 2008). 

Following these encouraging studies in small and large animal models, the first 

clinical trials for an IR were conducted in one institution in the UK (Bainbridge, 

Smith, et al. 2008b) and two different institutions in the USA (Maguire et al. 2008; 

Hauswirth et al. 2008). In the majority of the animal studies the serotype AAV2/2 was 

administered and the same viral vector containing the human RPE65 gene was used in 

all three trials. However, in two of the studies the transgene was driven by an 

ubiquitous promoter (Maguire et al. 2008; Hauswirth et al. 2008), whereas one study 

utilized the human RPE-specific RPE65 promoter (Bainbridge, Smith, et al. 2008b). 

All three trials are still on-going and the longest follow up reports are three years after 

the therapeutic interventions (Jacobson et al. 2012; Testa et al. 2013). Direct 

comparison of the three trials is difficult not only because different promoter 

sequences were used but also because the age of patients, the viral vector production, 

administered doses and the outcome measures differed. It can be concluded, however, 

that the subretinal administration of an AAV2/2 vector is well tolerated in LCA 

patients and induces varying degrees of improvement in visual function (Bainbridge, 

Smith, et al. 2008b; Hauswirth et al. 2008; Maguire et al. 2008; Jacobson et al. 2012; 
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Cideciyan, Hauswirth, Aleman, Kaushal, Schwartz, Boye, Windsor, Conlon, 

Sumaroka, Pang, et al. 2009a; Cideciyan, Hauswirth, Aleman, Kaushal, Schwartz, 

Boye, Windsor, Conlon, Sumaroka, Roman, et al. 2009b; Simonelli et al. 2009; 

Maguire et al. 2009) with a beneficial effect on visual cortex activity in a subset of 

patients (Ashtari et al. 2011). In addition, one of the studies indicated that the 

treatment was more effective in younger than in old patients (Maguire et al. 2009). 

Based on these data a phase III safety and efficacy study has recently begun in LCA 

patients aged 3 years and older and reports are expected in the near future 

(NCT00999609). In addition, a clinical trial is currently on-going in LCA patients 

assessing the safety of the subretinal administration of an AAV2/4 vector containing 

RPE65; results are not available for this study yet (NCT01496040).   

MERTK is involved in the phagocytosis of photoreceptor OS by the RPE and the 

absence of MERTK activity results in a profound retinal degeneration (Herron et al. 

1969; Vollrath et al. 2000). Several studies have demonstrated that the retinal 

phenotype associated with the deficiency in MERTK can be improved following viral 

treatment in the naturally occurring rat model (Vollrath et al. 2001; Smith et al. 2003; 

Tschernutter et al. 2005; Deng et al. 2012). Among these, the subretinal delivery of 

murine Mertk using AAV2/2 resulted in increased vision for up 7 weeks (Smith et al. 

2003), and a more efficient treatment for up to 8 months was achieved with earlier 

subretinal intervention and the use of an AAV2/8 tyrosine mutant vector (Deng et al. 

2012). Based on these promising data, a phase I clinical trial was recently initiated 

aiming to subretinally deliver an AAV2/2 vector containing the RPE-specific 

promoter VMD2 and human MERTK (NCT01482195) (Conlon et al. 2013).   

 

1.2.9 Limitation of AAV-mediated cell transduction in the retina   

Great advances have been made in the development of gene supplementation 

therapies for inherited retinal dystrophies over the last two decades. In particular, 

AAV-mediated gene therapies have proven efficient at restoring gene expression and 

function in photoreceptors and RPE cells in various animal models. The delivery of 

transgenes to cells in the INL is more difficult. One cell type of the INL that is 

probably the most amenable to viral transduction is Mueller glia cells as their 

processes span the width of the retina, most likely facilitating their exposure to viral 

particles. The transduction of horizontal, amacrine or bipolar cells, however, is poor 
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in adult wild type rodents regardless of the delivery route using conventional AAV 

serotypes (Smith et al. 2009; S. E. Boye et al. 2013a; Surace & Auricchio 2008) 

 

1.2.9.1 Natural barriers hampering viral transduction of cells in the INL  

There are at least two natural barriers that could play a role in physically preventing 

the penetration of viral particles into deeper layers of the retina following intravitreal 

and subretinal injections. The inner limiting membrane (ILM) that histologically 

defines the border between the retina and the vitreous may present one such barrier. 

The ILM is formed in the first postnatal week in rodents and is essential for normal 

eye development but is dispensable during adulthood (Candiello et al. 2007; Halfter et 

al. 2008). The notion that the ILM acts as barrier is supported by the finding that in 

neonatal rats (P0) intravitreal injections of AAV2/2 vectors are reported to transduce 

photoreceptor, bipolar and amacrine cells, whereas injections in adult rats result 

mostly in the transduction of ganglion cells (Harvey 2002). In addition, intravitreal 

delivery of AAV particles in adult mice with enzymatically or disease dependent 

disruption of the ILM showed an enhanced targeting of retinal cell types including 

photoreceptors and cells of the INL compared to enzymatically untreated or healthy 

retinas (Dalkara et al. 2009; Kolstad et al. 2010). It needs to be mentioned that the 

vitreal jelly may constitute an extra-retinal barrier that in combination with the high 

intraocular pressure may reduce the viral transduction efficiency of intravitreal 

injections; an anatomical disadvantage of the eye that subretinal administration can 

overcome.  

Another natural barrier may be the outer limiting membrane (OLM). This membrane 

becomes discernible by P5 in mice and comprises a series of zonula adherens 

junctions (Uga & Smelser 1973). The OLM has not been as much in the centre of the 

attention as the ILM to increase viral vector transduction. However, two studies 

showed that the integration of transplanted rod photoreceptor cells was significantly 

increased in mice with temporally or genetically disrupted OLM (West et al. 2008; 

Pearson et al. 2010). These data suggest that the OLM presents at least an important 

barrier for cell transplantation and therefore could potentially interfere with the 

penetration of AAV particles into deep retinal layers following subretinal injections. 

Nevertheless, it is important to bear in mind that in healthy retinas the densely packed 

ONL itself could also act as a barrier or sink for AAV penetration. In line with this 
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notion is work indicating that AAV vectors can transduce bipolar cells efficiently in 

very diseased retinas when delivered subretinally (Doroudchi et al. 2011).  

 

1.2.9.2 AAV vector engineering 

To modify the specificity and enhance the transduction efficiency, the development of 

novel AAV vectors has recently begun. One approach is the site-directed mutagenesis 

of the capsid surface-exposed AAV2 tyrosine residues to phenylalanine residues (Y-

F). This method was reported as an effective way to protect viral particles from 

proteasome degradation, to increase the transduction efficiency of the mutated vectors 

and to penetrate deeper into the retinal layers (L. Zhong et al. 2008; Petrs-Silva et al. 

2010). Following the mutation of tyrosine residue of the AAV2/2, 2/8 and 2/9 

capsids, a higher transduction efficiency was reported in the murine retina compared 

to the non-mutated counterparts of the vectors (Petrs-Silva et al. 2008). Interestingly, 

the mutation of several tyrosine residues in AAV2/2 induced an increased 

transduction efficiency of cells in the INL, in particular upon intravitreal injections in 

adult wild type animals indicating that these vectors can overcome the ILM (Petrs-

Silva et al. 2010). However, it is important to bear in mind that the ILM is 

considerably thicker in animals larger than rodents and the transduction of retinal 

cells was reported to be restricted to areas around the macula in large animals 

following intravitreal delivery of AAVs (Ivanova et al. 2010; Dalkara et al. 2013; Lu 

Yin 2011).   

Another approach to produce enhanced AAV vectors is the derivation of novel 

capsids by directed evolution, a process requiring large AAV libraries that can be 

screened for the desired AAV properties. For example, the Schaffer and Flannery 

group designed an extensive and diverse library through a series of techniques 

including (1) an AAV2 random mutagenesis library generated via PCR (Maheshri et 

al. 2006), (2) a random chimera AAV library generated by shuffling the cap genes of 

7 natural AAV serotypes (Koerber et al. 2008), and (3) a novel AAV2 library with 

surface-exposed loops of the capsid library diversified based on a bioinformatics 

approach (Koerber et al. 2009). Amongst others, the AAV variant, SsH10, related to 

serotype AAV2/6 and derived from the shuffle (Sh) library, was discovered to 

transduce Mueller glia cells with great specificity following intravitreal delivery in 

adult mice (Klimczak et al. 2009). Very recently, another novel AAV variant, termed 
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7m8, originating from the capsid library that underwent random insertion of seven 

amino acid peptides (7mers) into loop 4 of the capsid, was reported to transduce 

efficiently cells in the ONL and a variety of cells in the INL following intravitreal 

injection in adult animals (Dalkara et al. 2013). In addition, the AAV2/8BP2 vector 

derived through directed selection from a library of serotype AAV2/8 capsid mutants 

showed a higher transduction efficiency than the parental AAV2/8 vector and 

transduced bipolar and amacrine cells following intravitreal injections in adult 

animals (Cronin et al. 2014).  

The recent application of advanced vector engineering has lead to an expansion of 

available AAVs with distinct properties. In the near future it is expected that more 

variant vectors with distinct cellular tropism will be discovered to meet the needed 

spectrum of AAV vectors for the development of treatments for complex retinal 

dystrophies and other neurological disorders.   
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1.3 Animal models for NCL  
In the last decade, the understanding of the molecular mechanisms underlying NCL 

has been enormously improved due to studies on mice recapitulating clinical features 

of this disorder. NCL mouse models have also proven useful for developing and 

evaluating potential therapeutic treatments. The existing NCL mouse models originate 

either from naturally occurring mutagenesis or have been developed through 

biotechnological modifications targeting a specific gene or gene locus to mimic 

accurately human genotypic defects. It is, however, important to bear in mind that the 

data obtained need to be carefully interpreted as rodents exhibit less pronounced 

neuroanatomical structures and relatively simple behaviour patterns compared to 

humans.   

 

1.3.1 Mouse models for CLN3 disease, classic juvenile 

There are four genetically different mouse models for juvenile CLN3 disease. Two 

knockout mice were generated by insertion of a neomycin cassette into the Cln3 gene 

to replace exons 7-8 (Cln3ex7/8neo) (Katz et al. 1999) or exons 1-6 (Cln3Δex1-6) 

(Mitchison et al. 1999). A knock-in mouse was developed using the cre-lox 

technology to excise exon 7 and 8 of Cln3 (Cln3Δex7/8) in order to mimic the 1kb 

deletion in CLN3, the most common disease-causing mutation (Cotman et al. 2002). It 

needs to be noted that despite the genetically engineered disruption of the gene 

sequence, it is debated whether partial Cln3 activity may be retained in the Cln3Δex7/8 

mice. Variant mRNA transcripts of Cln3 were detected in this model as well as in 

patient samples (Cotman et al. 2002; Kitzmüller et al. 2008). Lastly, a knock-in 

reporter mouse was created by replacing most of exon 1 and all of exons 2-8 with the 

exogenous reporter gene LacZ (Cln3lacZ/lacZ), while the endogenous promoter 

sequence was not altered (Eliason et al. 2007). The last mouse model allows the study 

of Cln3 expression and circumvents the challenges of using antibodies which has 

proven difficult due to low endogenous Cln3 expression (Eliason et al. 2007). The 

Cln3Δex1-6 and Cln3Δex7/8 mice are the most extensively studied models. The following 

paragraph provides a short summary of the main characteristics of the Cln3-deficient 

mouse models focusing on the brain.  
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At early disease stages the Cln3Δex1-6 mouse model exhibits a slowly progressive loss 

of neurons in the striatum, cerebellum and thalamic nuclei, and sparse atrophy was 

found in the cortex (Mitchison et al. 1999; Weimer et al. 2007; Weimer et al. 2009; 

Pontikis et al. 2005; Weimer et al. 2006). Cln3Δex7/8 mice show selective loss of 

thalamic neurons, somatosensory relay neurons and target neurons within the 

somatosensory cortex (Pontikis et al. 2005). Widespread cell death of GABAergic 

interneurons was reported at the age of 14 months in Cln3Δex1-6 mice (Pontikis et al. 

2004). Prior to neuronal death in the striatum, a reduced level and catabolism of 

dopamine, potentially causing the accumulation of reactive oxidative dopamine 

forms, was evident in Cln3Δex1-6 mice. The altered dopamine catabolism may cause 

the accumulation of reactive oxidative dopamine forms (Weimer et al. 2007). An 

increase in oxidative proteins was also detected in the cerebellum, thalamus and 

primary cortex of these mice further supporting the involvement of oxidative stress in 

the neurodegeneration of juvenile NCL (Benedict et al. 2007). Studies with neuronal 

cell cultures derived from Cln3Δex7/8 and Cln3Δex1-6 mice provided evidence that 

dysregulated autophagy, membrane or vesicle trafficking and mitochondrial function 

may play a role in neuronal loss (Cao et al. 2006; Fossale et al. 2004; Luiro et al. 

2006).  

In comparison to other NCL mouse models, Cln3 mutant mice show an atypical 

neuroimmune response (for a comprehensive review of NCL mouse models(Bond et 

al. 2013)). Subtle activation of neuroglia was detected early on in Cln3Δex1-6 and 

Cln3Δex7/8 mice; however, astrocytotic proliferation and macrophage infiltration was 

not observed (Pontikis et al. 2004; Pontikis et al. 2005). Increased levels of α-

fetoprotein (that may act as an autoantigen) and circulating autoantibodies to glutamic 

acid decarboxylase (GAD65) were found, supporting the notion of an autoimmune 

component to the pathogenesis in CLN3 disease, classic juvenile (Castaneda & Pearce 

2008; Chattopadhyay et al. 2002). The presence of GAD65 was associated with 

elevated levels of presynaptic glutamate, consistent with reported changes in the 

glutamate/glutamine cycling of Cln3-deficient mice (Chattopadhyay et al. 2002; Pears 

et al. 2005). Other synaptic alterations include reduced levels of GABA and an age-

dependent sensitivity to AMPA and NMDA receptor mediated excitotoxicity (Pears et 

al. 2005; Finn et al. 2011). In addition to GAD65, brain deposits of the antibody 

immunoglobin G (IgG) and focal leakage of tracers in Cln3Δex1-6 animals suggests 

blood-brain barrier (BBB) damage in early disease stages (Lim et al. 2007; Lim et al. 
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2006). Endothelial cells are a major component of the BBB and the study of 

immortalized mouse brain endothelial cell lines (MBECs) from primary cultures of 

Cln3lacZ/lacZ mice reveals defects in endocytosis and protein trafficking, which 

supports further the presence of BBB breaches in mutant Cln3 mice (Tecedor et al. 

2013).  

Although mouse models are very useful to gain insights into the disease pathology, it 

can be difficult to determine whether the observed abnormalities are primary or 

secondary effects of the gene defect. Therefore, it is likely that, for example, some of 

the alterations in Cln3-deficient mice are not directly caused by the deficiency in Cln3 

and rather represent secondary effects that are part of the disease progression. This 

consideration needs to be taken into account in particular for the establishment of 

measures to assess the efficiency of therapeutic interventions.  

 

1.3.2 Ocular phenotype in mouse models for CLN3 disease, juvenile 

Although vision loss is one of the first symptoms in CLN3 disease patient, the ocular 

phenotype is mild in the described Cln3-deficient mouse models. Cln3Δex1-6 mice 

present with degeneration of visual relay neurons in the LGNd (dorsal lateral 

geniculate nuclei), reduced conduction velocity in the optic nerve and onset of optic 

nerve degeneration, yet retinal cell loss is minimal (Weimer et al. 2006; Sappington et 

al. 2003). Retinal function is reported to be unaffected until the age of 11 months. In 

Cln3Δex1-6 mice an increased autofluorescent signal across all retinal layers and 

intracellular inclusions in ganglion cells and photoreceptors are present at 12 and 15 

months, respectively (Seigel 2002). Similarly, Cln3Δex7/8 animals show a moderate 

visual phenotype with no abnormalities in the performance of the Morris water maze 

task with visual clues (Cotman et al. 2002; Osorio et al. 2009). Retinal function is 

reduced as measured by ERG and pupillary light reflex (PLR) at 12 months and 24 

months of age, respectively. At 12 months of age, the ERG demonstrates an 

electronegative retinal response with a preserved a-wave and a prominent 40 percent 

decrease in the b-wave (p < 0.01, n = 11) (Martin L Katza et al. 2008), which is 

similar to reports in CLN3 disease patients (Mantel et al. 2004; Collins et al. 2006; 

Weleber 1998). From 12 months of age, cell loss is reported in the INL which 

progresses mildly over time (Martin L Katza et al. 2008). It needs to be pointed out 

that Cln3Δex7/8 mice were initially bred on a mixed 129/Sv/CD1 background, which 
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was linked to albinism (Cotman et al. 2002). To exclude that this background could 

affect the retinal phenotype, retinal function of Cln3Δex7/8 mice crossed onto a 

C57BL/6N background were assessed by ERG. In agreement with the original line, 

this mouse line presents with a moderate, yet statistically significant (p = 0.03, n = 8), 

and progressive reduction of the scotopic b-wave from 9 months of age, whilst the a-

wave does not change significantly (figure 1.11) (Staropoli et al. 2012). In the same 

year, however, it was discovered that the C57Bl/6N mouse line distributed through 

Charles River contained the Crb1rd8 mutation (Mattapallil et al. 2012). Crb1rd8/rd8 

mice carry a mutation in the adhesion junction protein Crb1 of the OLM and are 

characterized by retinal disorganization including the formation of retinal folds, 

pseudorosettes and loss of photoreceptors without major retinal dysfunction (Aleman 

et al. 2011; Mehalow 2003). It remains to be seen whether the Crb1rd8 mutation has 

an effect on the retinal phenotype in Cln3Δex7/8 mice. A description of the eye 

phenotype in Cln3ex7/8 and Cln3lacZ/lacZ mice has not been published. However, 

Cln3lacZ/lacZ animals have been mentioned to present with a similarly mild phenotype 

as in Cln3Δex7/8 and Cln3Δex1-6 mice (personal communication with Beverly Davidson 

and Colleen Stein). 

 

 
Figure 1.11: Scotopic ERG recordings of Cln3Δex7/8 mice crossed onto a C57BL/6N 
background (n=8) in comparison to unaffected control animals (n=7) (adapted from 
(Staropoli et al. 2012), for copyrights license see appendix). 
 

 

!  



! 60!

1.3.3 Mouse model for CLN6 disease, late infantile variant  

One less well-studied animal model is the Cln6nclf mouse. This model is a naturally 

occurring mouse mutant that bears a frame shift in exon 4 of the Cln6 gene causing a 

short-lived truncated Cln6 protein (Bronson et al. 1998; Kurze et al. 2010). Cln6nclf 

mice develop progressive retinal atrophy by 4 months of age, and rear limb paresis 

and abnormalities in rotarod performance by the age of 8 months (Bronson et al. 

1998; Mirza et al. 2013). Autofluorescent inclusions are visible in the murine brain 

and spinal cord as early as P11 and spread rapidly leading to widespread 

accumulation of storage material by 6 months. Reactive gliosis, myelin sheath 

degeneration and localised astrocytosis also become evident (Bronson et al. 1998; 

Thelen et al. 2012). Death commonly occurs by 12 months of age (Bronson et al. 

1998).   

Consistent with other NCL mouse models, evidence for synaptic pathology was 

provided in the Cln6nclf mouse model. The expression level of presynaptic proteins 

was reported to change first in the thalamus and later in the cortex, which may 

indicate a regional selectivity (Kielar et al. 2009). A decrease in GABA and an 

increase in glutamate and glutamine were detected in the cortex; in the cerebellum 

these changes were less pronounced (Thelen et al. 2012). In primary neuronal cultures 

of Cln6nclf mice it was observed that the transport of axonal vesicles and the degree of 

axonal branching was reduced indicative of defects in neuronal outgrowth (Koh et al. 

2014), which may contribute to synaptic changes. Recently, another group suggested 

that an altered biometal homeostasis could contribute to the disease or synaptic 

pathology as an increase in metals like Zn2+, Cu, Mn and Co was observed in the 

cortex and the cerebellum of mutant mice as well as in mutant brain fractions 

expressing lysosomal, early endosome and Golgi markers (Kanninen, Grubman, 

Caragounis, et al. 2013a). Of note, no significant increase of these biometals was 

detected in the eyes of Cln6nclf mice compared to wild type animals, and the 

endogenous expression level of Cln6 was shown to be significantly higher in the eye 

than other organs in wild type mice (see 1.2.2.2). Nevertheless, alterations in biometal 

homeostasis in the brain were also reported in Parkinsonism and Alzheimer’s disease, 

which could point to a shared role of biometals in the neurodegenerative diseases 

including NCL (Beyer et al. 2012; Quadri et al. 2012; Lovell et al. 2005; Kanninen, 

Grubman, Caragounis, et al. 2013a). ER stress and unfolded protein response (UPR) 
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activation were investigated in the Cln6nclf mouse model but could not be associated 

with neuronal loss. It was rather proposed that an upregulation or disruption of the 

autophagy-lysosome degradation pathway might be involved in the 

neurodegeneration of Cln6nclf mice, similar to findings in Cln3Δex7/8 mice (Thelen et al. 

2012; Cao et al. 2006).  

 

1.3.4 Ocular phenotype in Cln6nclf mice 

Until recently, the eye phenotype of the Cln6nclf mice had only been described vaguely 

with “white retinal spots” at 4 months, reduced retinal thickness with 5 remaining 

photoreceptor nuclei layers at 6 months and severe retinal atrophy by 9 months of age 

(Bronson et al. 1998). Lately, two more studies were published investigating the 

course of the retinal degeneration in Cln6nclf mice. Both studies reported early onset of 

reactive gliosis in the retina, progressive apoptotic photoreceptor loss resulting in 3 

rows of photoreceptor nuclei at 9 months of age and intracellular storage material 

throughout all layers of the retina at 4 months of age (Bartsch et al. 2013; Mirza et al. 

2013). In addition, Mirza and colleagues found a reduced visual performance of Cln6-

deficient mice in ERG recordings and optokinetic tracking starting from 1 month and 

5 months of age, respectively. Of note, the authors of this study reported that the 

scotopic a-wave decreases at 1 month, whilst the scotopic b-wave remained unaltered. 

From 2 to 3 months of age, a more severe reduction of the scotopic a-wave was 

observed that was accompanied with a prominent decrease of the b-wave indicating 

that the loss of photoreceptor function precedes the loss of function of the inner retina 

in Cln6nclf mice. Statistical analyses of the difference in the a- and b-waves were not 

reported in this publication. In addition, Mirza et al. showed that the transcript levels 

of inflammatory and early stress response markers were elevated in the retina from 1 

month of age including photoreceptor stress marker endothelin 2 (EDN2), microglia 

marker complement C1q subunit a (C1qa) and Mueller glia cell proliferation marker 

GFAP (Mirza et al. 2013). Genotyping of the Cln6nclf mouse lines was negative for the 

Crb1rd8 mutation (personal communication Mirjam Mirza and Udo Bartsch). Taken 

together, these data indicate the presence of early retinal degeneration and 

dysfunction preceding gross neurological and behavioural abnormalities in Cln6nclf 

mice.  
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In comparison to CLN6 disease patients, it become obvious that Cln6nclf mice present 

with clinical features that are only present in some patients and the order of symptoms 

is not identical. Only half of the patients suffering from a deficiency in CLN6 show 

vision loss and if present, visual decline is not one of the early symptoms. Usually 

ataxia, myoclonus and cognitive decline precedes visual decline in patients of this 

form of NCL (Schulz et al. 2013; Canafoglia et al. 2015). However, as all the 

available Cln3-deficient mouse models show a mild ocular phenotype with moderate 

signs of retinal degeneration at 12 months of age, the Cln6nclf mouse is a good model 

to test ocular therapies for forms of NCL arsing from transmembrane protein defects. 

Table 1.3 shows a summary of the reported ocular phenotypes in Cln3- and Cln6-

deficient mouse models.  

 
Mouse 
model  Ocular phenotype reported in the literature  Reference 

Cln3Δex1-6 

(129/SvJ) 

Increased autofluorescence and presence of storage material 
in all retinal layers, reduced nerve fibre in IPL from 12M; 
fundus photography and ERG normal up to 12M 

Seigel et al. 2002 

Optic nerve degeneration including presence of mast cells, 
loss of myelination and axonal density (no age)  

Sappington et al. 
2003 

Degeneration of visual relay neurons in LGNd, reduced 
conduction velocity in optic nerve, optic nerve degeneration 
from 6M. No obvious cell loss up to 12M 

Weimer et al. 
2006 

Cln3 Δex7/8 
(129/Sv/ 
CD1) 

Subunit c ATPase positive cells in retina from P1.5, 
“fingerprint”-like inclusions in GCL at 11M, weak 
autofluorescence in all retinal layers at 12M, loss of PNA 
positive cell at 17M 

Cotman et al. 
2002 

Reduced ERG b-wave, weak autofluorescence in retinal 
layers, mild loss of cells in INL at 12M, reduced pupillary 
light response at 24M 

Katza et al. 2008 

No visual impairment as measured in water maze with 
visual clues at 2M {Osorio:2009eu} 

Cln3 Δex7/8 
(C57Bl/ 
6N) 

Reduced photopic b-wave at 5M and reduced scotopic b-
wave amplitudes at 9M 

Staropoli et al. 
2012 

Cln6nclf 
(C57Bl/6J) 

Loss of photoreceptors, increased numbers of TUNEL 
positive cells in ONL, GFAP up-regulation at 1M, storage 
material in all retinal layers at 4M  

Bartsch et al. 
2013 

GFAP up-regulation, ramified Iba1 positive microglia at 
1M, reduced visual acuity from 4M   Mirza et al. 2013 

Table 1.3: Summary of ocular phenotype in Cln3- and Cln6-deficient mice 
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1.3.5 Large animal models for NCL  

There is a long list of large or non-laboratory animal species confirmed or suspected 

to carry naturally occurring NCL disease causing mutations including dogs, sheep, 

cattle, ferrets, cats, horses, goats, pigs, birds and monkeys. The affected gene and 

mutations have been identified only for some breeds, and experimental dog and sheep 

populations exist (Bond et al. 2013). Four dog breeds show defects in soluble proteins 

comprising Ppt1 (CLN1) (Sanders et al. 2010), Tpp1 (CLN2) (Awano, Katz, O'Brien, 

Sohar, et al. 2006a), Cln5 (R. M. Taylor & Farrow 1988; Melville et al. 2005) and 

Ctsd (CLN10) (Wohlke et al. 2005; Awano, Katz, O'Brien, J. F. Taylor, et al. 2006b); 

in three breeds transmembrane proteins are affected comprising Cln6 (O'Brien & Katz 

2008), Cln8 (E. L. Berson & Watson 1980) and ATP13A2/Cln12, and one breed 

provides a novel candidate NCL gene encoding the enzyme arylsulfatase G (Riis et al. 

1992). Experimental colonies are maintained for the Tpp1-deficient Longhaired 

Dachshund and the Cln8-deficient English Setter. The identification and generation of 

NCL mouse models has led to wide usage of murine models to study disease 

underlying mechanisms and pathology, whilst canine NCL models are increasingly 

exploited for the testing of experimental therapies, in particular the Longhaired 

Dachshund for CLN2 disease, late infantile (see 1.4.1) (Bond et al. 2013). 

Four sheep breeds carry NCL disease causing mutations. In the White Swedish 

Landrace and the Borderale sheep the genes Ctsd/Cln10 and Cln5 are affected, 

respectively (Jaerplid & Haltia 1993; Jolly et al. 2002); in the South Hampshire and 

Merino sheep the gene Cln6 is affected resulting in the lack of the protein and a non-

functional protein product, respectively (Jolly et al. 1980; Tammen et al. 2006). 

Flocks of Borderdale, South Hampshire and Merino sheep are maintained in New 

Zealand. The advantage of ovine models compared to murine or canine models is that 

the brain size and pathology are much more similar to those in humans. In particular, 

the South Hampshire and Merino models can provide very useful information as they 

represent large NCL animal models caused by transmembrane protein defects. In line 

with studies in Cln6nclf mice, primary neural cell cultures from fetal South Hampshire 

sheep showed a synaptic pathology with altered levels and trafficking of presynaptic 

proteins and an impaired synaptic endocytosis (Nevermann et al. 2014; Kanninen, 

Grubman, Meyerowitz, et al. 2013b). In addition, South Hampshire and Merino sheep 

present with an altered brain biometal concentration and distribution supporting the 
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importance of similar findings in mutant mice (see 1.3.3) (Kanninen, Grubman, 

Meyerowitz, et al. 2013b). However, interestingly, increased neurogenesis in the 

subventricular zone and clusters of newly generated neurons in the cortex were 

reported in the South Hampshire sheep, in the Borderdale model and in CLN6 disease 

patients but not in Cln6-deficient mice (Dihanich et al. 2012). Further research is 

needed to investigate whether this finding could be used for the development of 

therapies. Nevertheless, this example highlights the importance of studying larger 

animal disease models in NCL. 

It is apparent that currently there is no large animal model mimicking CLN3 disease, 

classic juvenile. To combat this lack, efforts are underway to develop a genetically 

engineered Cln3-deficient pig model. The first homozygous mutant litter is expected 

in spring 2015 (Pearce 2014).  
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1.4 Therapeutic interventions in NCL animal models and the 

development of clinical trials  
NCL animal models have been used to evaluate the feasibility and efficiency of 

different therapeutic interventions. An important consideration for the design of a 

therapy is the solubility of the mutated protein. There are two classes of proteins 

affected in NCL, with mutations occurring in a soluble lysosomal enzyme or in an 

intracellular transmembrane protein. The replacement of a soluble enzyme is aided by 

the phenomenon of cross-correction. Functional restoration of a lysosomal enzyme in 

a small cohort of cells can be therapeutic as the enzyme is secreted from expressing 

cells and taken up by neighbouring cells via the mannose-6-phosphate pathway 

(Neufeld & Fratantoni 1970; Kornfeld 1992). The phenomenon does not directly 

apply to transmembrane proteins and the currently available techniques confine 

functional restoration of these proteins to individual cells, which may reduce the 

likelihood of a therapeutic effect.  

 

1.4.1 Progress towards the treatment of soluble enzymes defects in NCL 

1.4.1.1 Enzyme replacement therapies in NCL  

A powerful strategy to restore the function of a mutated soluble enzyme is enzyme 

replacement therapy (ERT). In mice mimicking infantile CLN1 disease disease 

intravenous administration of high levels of Ppt1 enzyme leads to an improved 

neuropathology in the thalamus, a later onset of motor deterioration and increased 

survival. Beneficial effects are pronounced in animals treated from birth (Hu et al. 

2012). Interestingly, major organs rapidly take up intravenously injected Ppt1 enzyme 

and clearance of autofluorescent material occurs outside the CNS (Jui-Yun Lua et al. 

2010). Repeated administration of human recombinant PPT1 to the CSF via lumbar 

punctures may potentially present an alternative delivery route for ERT in infantile 

CLN1 disease. Intrathecally treated Ppt1-/- mice showed a delayed decline in motor 

performance; pathological brain examinations of treated animals are currently 

ongoing (Lu et al. 2014). In Tpp1-/- mice, intraventricular and intrathecal delivery of 

Tpp1 enzyme causes an attenuated neuropathology, improved neurological phenotype 

and longer lifespan (M. Chang et al. 2008; Xu et al. 2011). Intracerebroventricular 

(ICV) and intrathecal injections of recombinant human TPP1 enzyme were also tested 
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in a dachshund model of CLN2 disease revealing an attenuation of the disease 

progression measured by cognitive function, histopathology and quantitative MRI. 

ICV administration led to a greater enzyme delivery to deeper canine and nonhuman 

primate brain structures (Vuillemenot, Kennedy, Reed, et al. 2014b; Katz et al. 2014; 

Vuillemenot, Kennedy, Cooper, et al. 2014a). Nevertheless retinal tissue and function 

remained untreated by this delivery route (Whiting et al. 2014). Based on these data, 

the company BioMarin Pharmaceutical initiated a phase 1/2 clinical trial to assess the 

safety and efficacy of biweekly ICV infusions with recombinant TPP1 in CLN2 

disease patients. The recruitment of patients is now complete and the treatment of 

patients has recently begun (NCT01907087).  

An alternative delivery strategy being developed is to use BBB crossing 

semiconductor nanoparticles (also referred to as quantum dots) that can be loaded or 

coated with a variety of cargo including drugs, peptides or enzymes. Quantum dots 

coated with recombinant human Tpp1 are efficiently delivered to neurons in a 

hippocampal slides culture model. The neuronal uptake can be enhanced and 

extended to oligodendrocytes but not astrocytes or microglia following an enzymatic 

degradation of the glia extracellular matrix. In vivo evaluation of this approach is 

underway (Walters et al. 2014).  

 

1.4.1.2 Gene therapies in NCL 

To achieve a long-term therapeutic expression level of a protein, gene therapy using 

AAV vectors may provide a promising strategy as highlighted by several animal 

studies. A combined treatment of intracranial and intraperitonal injections of 

AAV2/rh8.CBA.Ctsd in mice lacking Ctsd activity and mimicking congenital NCL 

prolongs lifespan from a mean of 29 days in untreated to 35 days in treated animals 

(Pike et al. 2011). Uni- and bilateral administration of AAV1/2.CMV.Ctsd into the 

hemisphere(s) of the murine brain prolongs survival to 63 days and in combination 

with injections into liver and stomach survival of the mice ranges from 63 to 198 

days, though ceroid accumulation and microglia activation is not prevented 

(Shevtsova et al. 2010). CNS-directed gene therapy approaches in Ppt1-deficient mice 

show that multiple intracranial injections of an AAV2/2 vector carrying human PPT1 

in newborn mutant mice can result in slower built up of autofluorescent material, 

improvement in brain histology and behavioural assessment, yet no significant 
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increase in longevity (Griffey et al. 2004; Griffey et al. 2006). Intracranial injections 

of an AAV2/5.PPT1 vector showed moderate effects on motor performance and 

lifespan, however combined with bone marrow transplants it dramatically enhances 

rotarod performance and survival for approximately 10 months compared to untreated 

mice. Interestingly, bone marrow transplants alone were not therapeutic (Macauley et 

al. 2012). For the development of a gene therapy to combat the deficiency in TPP1 

enzyme, several AAV vectors including AAV2/2, AAV2/5, AAV2/8 and AAVrh.10 

have been tested for their efficacy to deliver recombinant TPP1 to the rodent brain 

following intracranial injections. Administration of AAVrh.10 result in the highest 

TPP1 activity and the widest distribution outside the region of injection, which was 

significantly different from the other tested vectors (Passini et al. 2006; Sondhi et al. 

2007). Another study using a codon-optimised AAV2/1.TPP1 vector shows a TPP1 

activity in the rodent brains that exceeds the level induced by AAVrh.10 (Cabrera-

Salazar et al. 2007). In Tpp1-/- mice delivery of AAVrh.10.TPP1 and AAV1/2.TPP1 

results in a better performances in motor and behavioural tasks as well as an increased 

longevity with a mean of 162 days in AAVrh.10-treated and a mean of 216 days in 

AAV2/1-treated animals compared with a mean of 138 days in untreated mutant 

animals. Neuropathologically, a reduction in reactive gliosis, autofluorescent 

inclusions and axonal degeneration is detected (Cabrera-Salazar et al. 2007; Sondhi et 

al. 2007). The first gene therapy safety trial on patients suffering from classic late 

infantile CLN2 disease commenced in 2004. Ten affected children of ages ranging 

from 3 to 10 years were injected in 12 cortical locations with an AAV2/2CUCLN2 

vector using an average dose of 2.5x1012 particles. The AAV2/2 rep and cap genes of 

this vector were deleted and only the AAV2 ITRs flanking a CAG promoter and a 

human CLN2 transgene were retained (Crystal et al. 2004). An eight-year-old subject 

died shortly after the vector administration without signs of CNS inflammation. 

Another patient died in the follow up period. The other eight subjects did not show 

adverse effects towards the treatment and small beneficial effects were detected. 

Long-term follow up results have not been published yet (Worgall et al. 2008). 

Currently, late infantile CLN2 disease patients are being recruited for a similar safety 

study using an AAVrh.10CUCLN2 vector (NCT01161576). The AAVrh.10 vector was 

demonstrated to result in an enhanced gene expression in the brain with no adverse 

effects in rodents or non-human primates (Sondhi et al. 2012; Cearley & Wolfe 2006; 

Jui-Yun Lua et al. 2010; Sondhi et al. 2007). Encouraging data for a CNS directed 
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AAV treatment of large sized brains was provided by an unpublished study in Cln5-

deficient sheep showing an increased cranial volume, a better performance in a maze 

negotiation test and a vision-motor test following ICV delivery of AAV2/9.CLN5. 

Pathological assessment of the ovine brain tissue is ongoing (Mitchell et al. 2014). 

The therapeutic effect of an AAV-mediated transduction of the brain ependyma is 

also currently under investigation. Treated Tpp1-deficient dogs maintained supra-

normal levels of TPP1 and demonstrated a long-term relief of motor and cognitive 

symptoms resulting in an increased life span. The treatment did not show adverse 

reactions in nonhuman primates suggesting that this approach is promising for 

translation to CLN2 disease patients (Tecedor et al. 2014).    

 

1.4.1.3 Development of stem cell transplantation in NCL 

Hope for NCL disease therapies has also arisen from work with human stem cells. To 

prevent xenograft immune rejection, Ppt1-/- knockout mice were back-crossed on the 

NOD (non-obese diabetic)-SCID (severe combined immunodeficiency) background 

and non-genetically modified human CNS stem cells (huCNS-SCs) isolated from a 

human central nervous system stem cell bank and grown as neurospheres were 

transplanted into the brains of neonates. The treatment reduced autofluorescent 

material, provided neuroprotection of host CA1 neurons and delayed motor 

coordination loss (Tamaki et al. 2009). Transplantation of purified huCNS-SCs 

derived from donated fetal brain tissue has been carried out in a small group of 

infantile and late-infantile NCL patients in the course of a phase I clinical trial. The 

treatment was not reported to cause adverse effects and evidence for the presence of 

engrafted huCNS-SCs was provided for up to 2.5 years following transplantation in 

the patients with the exception of one patient. Although this study was not designed to 

assess beneficial effects, it was noted that brain scan images were not indicative of 

obvious alterations from the normal disease progression (Z. Zhang et al. 2001; Nathan 

R Selden et al. 2013). A safety and efficacy study of transplanted huCNS-SCs in NCL 

patients was planned. However, the study was withdrawn before enrolment 

(NCT01238315), which suggests that more stem cell based research is needed before 

the initiation of further clinical trials for NCL. In addition, the development and 

characterisation of human (control/patient) derived induced pluripotent stem cell 
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(iPSC) cultures are under way for NCL offering the opportunity to develop treatments 

in vitro and potentially allowing future translation into the clinic.     

 

1.4.1.4 Small compound delivery in NCL  

The delivery of pharmacological compounds has also been explored for NCL forms 

arising from deficiencies in soluble enzymes, most likely aided by an overall better 

understanding of the disease pathology in these forms compared to transmembrane 

protein defects in NCL. Consequently, it can be reasoned that small molecules 

exerting a similar function to the deficient enzyme may prevent or slow down disease 

progression. The lysosomotropic and antioxidant compound phosphocysteamine 

(Cystagon) was shown to cleave thioester bonds in vitro similar to Ppt1 and reduce 

the accumulation of storage material and apoptosis in cultured CLN1 disease patient 

lymphoblasts (Z. Zhang et al. 2001). Encouraged by these data Cystagon was tested in 

the Ppt1-deficient mice and a clinical trial was performed in children affected by 

CLN1 disease, infantile. Following the intraperitoneal injection of the compound in 

mice no effect was detected on disease progression (Roberts et al. 2012). In patients 

no severe adverse effects could be associated with the oral administration of the drug 

and storage material was depleted from peripheral leukocytes. In line with the mouse 

data however, no therapeutic effect was noted on the progression of the disease 

(Levin et al. 2014). The administration of a rodent diet containing resveratrol, an 

antioxidant polyphenol that acts further downstream of Ppt1, resulted in a moderate, 

but significant, two weeks increase of the lifespan in Ppt1-/- mice (Wei et al. 2011). As 

these two examples highlight the delivery of a single small compound may not lead to 

long lasting therapeutic benefits alone, however in combination with other 

compounds or treatment strategies they may prove useful in modulating disease 

progression.   

 

1.4.2 Therapeutic investigations for transmembrane proteins deficiency in NCL 

The development of therapies is more problematic for transmembrane forms of NCL 

disease as lysosomal cross-correction does not occur for transmembrane proteins. 

This may explain why to date mostly pharmacological approaches have been tested in 

murine models of these NCL forms. In Cln3Δex1-6 mice low dose administration of 
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EGIS-8332, an agent that attenuates AMPA receptor activity, or memantine, a 

NMDA receptor antagonist, leads to better performances in motor tasks (Kovacs & 

Pearce 2008; Kovács et al. 2012). Similarly, other pharmacological compounds delay 

the onset of motor abnormalities in Cln8mnd mice, a mouse model carrying a mutant 

Cln8 protein; however, beneficial long-term effects are minimal (Bertamini et al. 

2002; Elger et al. 2006; Katz et al. 1997; Zeman et al. 2004). More promisingly, a 

treatment with the immunosuppressant agent mycophenolate motefil (MMF) 

significantly reversed motor dysfunction and neuroinflammation in the Cln3Δex1-6 

mouse model (Seehafer et al. 2011). Currently, a safety trial is ongoing for the short-

term impact of MMF in children suffering from CLN3 disease, classic juvenile 

(NCT01399047). Other food supplementation studies include docosahexaenoic acid 

(DHA), a polyunsaturated fatty acid with potent anti-inflammatory properties, and 

lanthionine ketiminine ethyl ester (LKE), a neuroprotective brain metabolite, in 

Cln6nclf mice. DHA was reported to reduce microglia activation in parts of the brain 

including the cerebellum and improve rotarod performances (personal communication 

Mirjam Mirza). The DHA component will be further discussed in the context of 

ocular treatments for NCL (see 1.4.3). LKE is believed to stabilize the interaction of 

Cln6 with Crmp2 and Kcl4, the so-called CCK complex (see 1.1.6), and increases the 

number of neurites and dendritic branches in Cln6-deficient neuronal cultures. In vivo 

the administration of LKE induces an improved survival, motor and cognitive 

function and visual acuity as tested in a visual cliff test. An attenuation of glia cell 

activation was also presented; morphological assessment of treated animals is in 

progress (Magee et al. 2014).   

Very recently, gene therapy approaches have been explored for NCL forms associated 

with transmembrane protein deficiencies. As the AAVrh.10 vector was shown to 

introduce an efficient transduction of cells in the brain, newborn Cln3Δex7/8 mice were 

injected in three locations in each hemisphere of the brain (striatum, hippocampus and 

cerebellum) with an AAVrh.10.CLN3 vector containing a ubiquitous promoter and a 

human transgene. 1.5 years after the injections, transgene expression was 

demonstrated and partial improvement of the mutant pathology was detected 

including reduced levels of intracellular storage material and astrocytosis. In vivo 

assessment of treated mice was not performed; further optimization of the vector 

delivery to the CNS is planned for the future (Sondhi et al. 2014). In an ongoing study 

Cln6-deficient sheep ICV infused with AAV2/9.CLN6 have not shown an 
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improvement in cognitive, motor or visual function so far. In vivo follow up data and 

pathological assessment of treated animals has not been reported yet (Mitchell et al. 

2014). Of note, an unpublished study reported that the disease pathology was 

ameliorated in chimeric Cln6 sheep created through mixing of blastomeres from 

homozygous Cln6-deficient and unaffected ovine embryos. It seems unlikely that the 

beneficial outcome was directly mediated by Cln6, however it is possible that soluble 

factor(s) potentially arisen from the corrected environmental milieu of the sheep had a 

beneficial impact (Barry et al. 2012).   

A novel therapeutic approach for CLN3 disease is the treatment with antisense 

oligonucleotides (ASO) that target Cln3 splicing to restore the correct reading frame 

in mutant Cln3. ASO targeting the common 1kb deletion in Cln3, that usually results 

in a frameshift and a premature stop codon, are effective in patient cell cultures and 

lead to the synthesis of an in frame but shorter than wild type protein product. An 

unpublished study showed that following neonatal ICV injections Cln3Δex7/8 mice 

show a small improvement in motor coordination (Jodelka et al. 2014). As this 

strategy cannot fully correct the 1kb deletion in CLN3 disease and the function of the 

protein is unknown, it remains to be seen whether the treatment effect can be 

enhanced further in the future.  

1.4.3 Ocular therapeutic interventions for NCL 

Most studies on NCL have focused on the delivery of genes to the brain and 

functional improvement in other organs is usually not achieved. Intriguingly, one of 

the presenting clinical signs in NCL, in particular in CLN3 disease, classic juvenile, is 

visual decline, but relatively little therapeutic research has been conducted in this field 

yet. The development of ocular treatments for CLN3 disease has been hampered by 

the lack of appropriate animal models presenting with an early and pronounced visual 

failure. Ppt1-deficient mice have a mild progressing visual phenotype with a 

significant loss of retinal function and photoreceptors cells from 2 months and 5 

months, respectively. At the age of 7 months, Ppt1-/- mice have eight remaining rows 

of photoreceptors, whereas age-matched wild type animals have 10 rows. Intravitreal 

injections of rAAV2/2 expressing soluble human PPT1 improves retinal architecture 

as indicated by a thicker ONL and retinal function as measured by ERG in treated 

compared with untreated mutant mice. The increase in ONL thickness, however, is 

not significantly different. Of note, human PPT1 enzyme activity is detected in 
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several brain regions and a reduction in neurodegeneration is detected in specific 

regions corresponding to the visual pathway including the optic chiasm, optic tracts, 

lateral geniculate nucleus, optic pretectal nucleus and superior colliculus (Griffey et 

al. 2005). Another group showed that a food supplementation with DHA (see 1.4.2), a 

major component of rod outer segments, from the age of weaning has a beneficial 

impact on retinal microglia reactivity and outer retina structure at late disease stages 

as indicated by an improved IS and OS morphology in Cln6nclf mice. Mutant mice that 

received the food supplementation showed a better performance in a visual acuity test 

at 3 months and significantly better a- and b-wave amplitudes at 7 months of age. 

These findings suggest that by feeding DHA the disease progression of Cln6nclf mice 

can be modulated with mild effects on the retinal degeneration (Mirza et al. 2013). So 

far, no ocular gene therapy approach has been reported in NCL animal models 

harbouring mutations in intracellular transmembrane proteins. 
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1.5 Aim of project  
NCL disease is a lysosomal storage disorder that presents with severe 

neurodegeneration and vision loss. A major obstacle to developing gene therapies for 

NCL is the limited delivery of agents to the brain, which poses a particular problem 

for transmembrane protein defects like the common juvenile NCL form as lysosomal 

cross-correction does not occur. However, AAV-mediated gene therapies have been 

used in various eye disease models to restore the expression of membrane bound 

proteins and improve retinal morphology and function. For this reason, the aim of the 

project presented in this thesis was to explore the feasibility to develop an ocular gene 

therapy for the visual failure in NCL. An eye treatment for NCL would not only 

improve quality of life of patients but may also pave the way towards more 

widespread therapies for NCL caused by mutations in intracellular transmembrane 

proteins.  

 

The most common form of NCL arising from a membrane bound protein defect is 

CLN3 disease, classic juvenile. Unlike patients, the existing mouse models for CLN3 

disease exhibit a late onset and slowly degenerative visual decline, which makes it 

difficult to use these models for the development of ocular therapies. However, the 

Cln6nclf mouse is a model for NCL that presents with early vision loss followed by 

more severe neurological symptoms. These mice harbour a frameshift mutation in the 

gene Cln6 that similar to Cln3 encodes for a transmembrane protein, which results in 

a short-lived, truncated protein product. Consequently, the Cln6nclf mouse serves as a 

good model to evaluate ocular AAV-mediated treatments for forms of NCL caused by 

transmembrane protein defects. To accomplish this, the present thesis focused on the 

following topics: 

 

(1) The analysis of the expressing pattern and level of CLN6 in the eye to identify the 

target cells for the development of an ocular gene therapy in Cln6-deficient mice.  

 

(2) The characterization of the retinal phenotype in Cln6nclf mice to establish a time 

window for therapeutic interventions and to develop measures to evaluate the effects 

of an ocular treatment in this mouse model.  
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(3) The development of an ocular AAV-mediated gene supplementation therapy 

targeting photoreceptors in Cln6nclf mice.  

 

(4) The investigation of strategies to improve the transduction efficiency and 

specificity of cell types in the inner retina that are not very amenable to conventional 

AAV therapy in order to develop an AAV-based treatment targeting all retinal cell 

types expressing CLN6.  
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2 Material and Methods 

2.1 Design of CLN6 and CLN3 gene constructs 

2.1.1 cDNA clones 

Fully sequenced cDNA clones for human CLN6 (Hs. 584921), mouse Cln6 (Mm. 

283636), human CLN3 (Hs. 534667) and mouse Cln3 (Mm. 268930) were purchased 

from Source Bioscience, Cambridge. The clones were plated on LB (Lysogeny broth) 

agar plates containing the appropriate antibiotics and kept at 37°C overnight.  

 

2.1.2 Subcloning 

In preparation for the rAAV (recombinant adeno-asssociated virus) production the 

genes human CLN6, mouse Cln6, human CLN3 and mouse Cln3 were subsequently 

cloned into the pD10 vector containing the CMV (cytomegalovirus) promoter To be 

able to detect the expression of the individual gene, all CLN3 and CLN6 constructs 

were subcloned in the pD10 backbone in between the CMV promoter and an IRES 

(internal ribosome entry site) cassette coupled to eGFP (enhanced green fluorescent 

protein). In addition, the human CLN6 gene was cloned into the pD10 backbone 

carrying a weak mouse rhodopsin promoter (MOPS) to enable gene expression in rod 

photoreceptors only. 

 

2.1.3 Mini-preparation  

Single cell colonies were picked and inoculated in LB Media with antibiotics under 

shaking at 37°C overnight. The next day the cells were harvested by centrifugation at 

14000rpm for 2 minutes and mini-preparations were carried out according to the 

manufacturer’s guidelines (Invitrogen Ltd, Paisley, UK).  
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2.1.4 Enzymatic Digest  

Approximately 40 ng of isolated DNA was enzymatically digested in a total reaction 

volume of 20 µl at 37°C for 2 hours. The following equation was applied to every 

digest: 

DNA (~ 40 ng)    10 µl 

10x Buffer      2 µl 

Enzyme 1   0.5 µl 

Enzyme 2   0.5 µl 

BSA    0.2 µl  

H2O    6.8 µl 

    20 µl 

 

After completion of the incubation time blue/orange 6x loading dye (Promega Ltd, 

Southampton, UK) was added to the digest reaction and run on a 1% agarose gel at 

160V. Once the desired separation of the digested fragments was obtained the 

appropriate bands were excised and the DNA retained using the Qiaquick® Gel 

Extraction kit (Qiagen Ltd., Manchester, UK). An additional digest was required for 

the sequence of the human CLN6 cDNA to ensure that the maximal size of the 

genomic plasmid was not exceeded for rAAV. The purchased human CLN6 clone had 

a size of 2123 base pairs (bp) containing 1180 bp of continuous non-coding sequence 

(CDS) of which 904 bp were sequestered prior to ligation into the pD10 backbone. 

 

2.1.5 Ligation  

The ligation reaction was performed in a 1:3 ration of vector DNA:insert DNA at 4°C 

overnight. The equation below was assembled for each reaction: 

 

Vector DNA (pD10 backbone) 100 ng 

Insert DNA      17 ng 

Ligase 10x Buffer        1 µl 

T4 DNA Ligase       1 µl 

H2O      as required 

        10 µl 
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2.1.6 Transformation of competent cells  

Competent E.coli DH5α cells (Invitrogen Ltd, Paisley, UK) were thawed on ice and 

5µl of the ligation reaction was added to the cells for 15-20 minutes on ice. A heat 

shock was performed in a heat block on 42°C for 1 minute followed by a 2 minutes 

incubation on ice. The transformed cells were pre-grown in S.O.C. Media (Invitrogen 

Ltd, Paisely, UK) on 37°C for 1 hour under shaking before they were plated on LB 

agar plates containing antibiotics and then incubated on 37°C overnight.  

All sequencing reactions were performed by Beckmann Coulter Ltd, UK.  

  Table 2.1: List of cloned constructs 

Name of construct  Used for  

pD10.CMV.hCLN6 IHC, viral production  

pD10.MOPS.hCLN6 Viral production 

pD10.CMV.hCLN6-ires-eGFP IHC, WB, viral production 

pD10.CMV.mCln6 IHC, WB, viral production 

pD10.CMV.mCln6-ires-eGFP Not used so far  

pD10.CMV.hCLN3 Not used so far 

pD10.CMV.hCLN3-ires-eGFP IHC, WB, viral production 

pD10.CMV.mCln3 Not used so far 

pD10.CMV.mCln3-ires-eGFP IHC, WB, viral production 
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2.2 Synthesis of polyclonal anti-human CLN6 antibody 

2.2.1 Pharmaceutical production of polyclonal antibody   

Aiming to produce an antibody specific to human CLN6 synthetic polypeptides were 

synthesized by the company Eurogentec (Seraing, Belgium) and injected into rabbits. 

The blood sera of the immunized animals was collected stored at -80°C. The injection 

of the peptide EPO1294-ARHGSVSADEAAR corresponding to CLN6 amino acids 

1-15 had been reported to yield a specific antibody in the past and was used for the 

present study (Mole et al. 2004). 

 

2.2.2 Purification of anti-human CLN6 antibody  

The generated antiserum was thawed on ice and spun on 20 000rpm for 10 minutes at 

4°C. The supernatant was collected and kept on ice. A HiTrap NHS-activated HP 

column (Amersham, Buckinghamshire, UK) was connected to a tubing system with 

the capacity of 1 mL and assembled with a peristaltic pump (Gilson, Middelton, 

USA). The column was washed three times with cold start buffer (0.5M NaCl, 10mM 

Tris, pH 7.5) and elution buffer (100mM glycine, pH 2.5). The column was 

equilibrated with an additional wash with cold start buffer and the blood serum was 

circulated over the column on slow speed. The serum was chilled during the 

circulation. After 5 hours the column was washed first with 10mM Tris containing 

10% sodium azide (pH 7.5) and subsequently with start buffer until the effluent 

appeared uncoloured. Approximately 6 mL of elution buffer was added and elute 

fractions of 1 mL at a time were collected in eppendorf tubes containing 100 µl of 1M 

Tris (pH 8). The column was washed with 10mM Tris containing 0.01% azide (pH 

7.5) and kept in the same buffer at 4°C.    

2.2.3 Commassie brilliant blue staining  

The purified fractions were run on a 12% acrylamide gel and stained with Commassie 

brilliant blue (50% methanol, 40% dH20, 10% glacial acetic acid, 0.25% Coomassie 

brilliant blue) for 45 minutes whilst gently shaking. Next, the gel was incubated in 

destain solution (50% methanol, 10% glacial acid, 40% dH20) overnight to remove 

background staining and visualize the antibody yield of every fraction. The fractions 

with the highest antibody yield were aliquoted and stored at -20°C until use.  
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2.3 Secondary cell line work  

2.3.1 Cell line culturing and maintenance  

HEK293T (human embryonic kidney) cells were grown in DMEM (Dulbecco’s 

modified Eagle Medium) with 10% FBS (fetal bovine serum), 1% Pen/Strep 

(Penicillin/Strepotomycin) in a 5% CO2 atmosphere at 37°C. When a confluent 

monolayer of cells was reached the cells were passaged. To allow the detachment of 

the cells from the culture dish, the cells were washed in 1x PBS (Phosphate buffered 

saline) and 1% Trypsin/EDTA was added. Following an incubation at 37°C for 5 to 

10 minutes the cells were re-suspended in DMEM and seeded into a fresh 24-well 

plate (holding coverslips for immunohistochemistry experiments) or a fresh culture 

dish containing appropriate medium.  

 

2.3.2 Cell line transfection 

One day prior to transfection cell passages were performed and the cells were plated 

in 24-well plates with a density of 100,000 cells/well in DMEM. In order to deliver 

the plasmid DNA, the cells were transfected using Lipofectin Transfection Reagent 

(Invitrogen Ltd, Paisley, UK). DMEM was removed from each well and a mixture of 

300 µl serum free DMEM, 1 µg plasmid DNA and Peptide 6 (Insight Biotechnology 

Ltd, Wembley) were added drop wise. After 4 hours the transfection mixture was 

replaced by DMEM containing serum. Transfected cells were kept at 37°C for 72 

hours to allow for sufficient protein expression.  

 

2.3.3 Cell line harvest and lysis  

HEK293T cells were scraped off the well surface in media, transferred into Eppendorf 

tubes and spun at 1500rpm at 4°C for 10 minutes. The cell pellets were then washed 

in 1x PBS and once more spun at 1500rpm at 4°C for 10 minutes. Per Eppendorf tube 

200 µl cold RIPA (Radio-Immunoprecipitation Assay) buffer (Sigma Aldrich Ltd., 

Gillingham, UK) was added and the cell lysate stored at -80°C.     
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2.3.4 Fibroblast culturing and maintenance 

Stocks of CLN6 disease patient (HF423Pa, HF423Pb; siblings both positive for 

c.316insC/c.316insC mutation), CLN3 disease patient (HF470Pa; positive for 1kb/1kb 

mutation) and control subject fibroblasts (HF523N) were stored in a liquid nitrogen 

tank at approximately -200°C. To re-vive the frozen cells, cryovials were removed 

from the tank and placed on dry ice. DMEM containing 10% FBS and 1% Pen/Strep 

was warmed up to 37°C in a water bath. One by one the cryovials were taken off the 

ice, warmed at room temperature for approximately 2 minutes and re-suspended in 5 

mL warm DMEM. The homogenous mix of media and cells were added to a 75 cm2 

filter cap cell culture flask (Greiner bio-one, Stonehouse, UK) containing 10 mL 

warm DMEM and stored in a 5% CO2 atmosphere at 37°C. Similar to 293T cells, the 

fibroblast cultures were passaged when a dense cell monolayer was reached. 

Following the removal of DMEM the cells were incubated in 1% Trypsin/EDTA at 

37°C for approximately 5 minutes, re-suspended in warm media, counted and seeded 

into a 6-well plate with a density of 150,000/well or a fresh cell culture flask 

containing appropriate medium.   

 

2.3.5 Fibroblast harvest and lysis  

Fibroblast cultures were placed on ice and once washed with cold 1x PBS. Sufficient 

amount of cold RIPA buffer was added to cover the well surface and the cells were 

scraped off and re-suspended. To remove the cell debris, the cell lysate was spun at 

maximum speed at 4°C for 30 min, the supernatant kept and stored at -80°C. 

 

2.3.6 SDS-PAGE 

Protein separation was performed by SDS-PAGE (sodium dodecyl sulphate-

polyacrylamide gel electrophoresis) and the gels were run using Bio-Rad Mini-

Protean II system. The running and stacking gels were made up in 1.5M Tris, pH 8.8 

and 1.5M Tris, pH 6.8, respectively. Both gels contained 0.8% bisacrylamide, 30% 

acrylamide 0.10% SDS and dH20. Gel polymerisation was facilitated through 0.1% 

TEMED (N-N-N’-N’- tetramethylenediamine) and 10% APS (ammonium 

persulphate). The resolving gel was poured between two assembled 1.5 mm glass gel 

plates (Bio-Rad Laboratories Ltd, Herefordshire) and a space of 2 cm was left free at 
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the top of the plates. A thin layer of isopropanol was added to ensure even gel setting. 

After the resolving gel had set, the isopropanol was removed and the remaining space 

between the glass plates was carefully filled up with stacking gel. A 10-well comb 

was inserted into the stacking gel. Once the stacking gel had set, the comb was 

removed and the polymerised gels were mounted in the Bio-Rad Mini-Protean II 

electrophoresis tank according to the manufacturer’s instructions. Running buffer 

(25mM Tris-HCl and 1% SDS, pH 8.8) was filled in the inner and outer compartment 

of the tank system prior to gel loading and gel wells were washed with running buffer. 

Appropriate amounts of 2x protein sample buffer were added to each sample to be 

investigated and heated in a thermomixer at 95°C for 5 minutes. Following pulse-

centrifuging, the protein samples were loaded directly into the gel wells. A molecular 

weight marker (Precision Plus Protein Standards Dual Colour, Bio-Rad Laboratories 

Ltd, Herefordshire, UK) was loaded to indicate the approximate size of the protein 

samples. The protein electrophoresis was carried out at 120V until the gel front 

reached the bottom of the gel. 

 

2.3.7 Western blotting 

A semi-dry transfer apparatus (Bio-Rad Laboratories Ltd., Herefordshire, UK) was 

used to transfer the proteins from the acrylamide gel onto a PVDF (polyvinylidene 

fluoride) microporous membrane (EMD Millipore, Watford, UK). Prior to the 

assembly of the transfer apparatus, the membrane was activated in methanol for 20 

seconds and washed in transfer buffer (25mM TRIS-Base, 192mM glycine, 20% 

methanol). Extra thick filter paper was soaked in transfer buffer. Next the acrylamide 

gel was placed on the filter paper adjacent to the cathode. The membrane and a 

further filter paper were placed on top facing the anode. Air bubbles between every 

layer were removed and the transfer was set at 16V for 30 minutes.  

 

2.3.8 Immunoblotting 

After the protein transfer, the nitrocellulose membrane was blocked in PBS 

containing 0.05% Tween-20, 5% milk and 1% BSA (bovine serum albumin) for 1 

hour at room temperature whilst shaking. Next, primary antibody diluted in PBS-T 

and either 1% milk or 5% BSA was applied on the membrane and shook overnight at 
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4°C. Following three washes with PBS-T, the membrane was incubated in secondary 

antibody diluted in PBS-T containing either 1% milk or 5% BSA on a shaker at room 

temperature for 1 hour. The membrane was washed further five times in PBS-T. To 

visualize the proteins, the membrane was placed on a sheet of laminating foil and 

treated with ECLTM Prime Western Blotting Detection Reagent (GE Healthcare, 

Amersham Place, Buckinghamshire, UK) for 10 seconds at room temperature. A 

second foil was carefully placed on top of the membrane and excess ECL reagent 

removed. Depending on the individual antibody the membrane was exposed to X-rays 

for varying periods of time in a photoimager. 

 

2.3.9 Immunocytochemistry  

To fix and stain the HEK293T cells, the coverslips were placed into a 6 well plate. 

Following a wash with 1x PBS 4% PFA (diluted in 1x PBS) was added to the cells 

and left on for 15 minutes at room temperature. Next, the cells were treated with PBS 

containing 50mM ammonium chloride and 0.2% Tween-20 for 15 minutes and PBS 

containing 0.2% gelatin, 0.02% Tween-20 and 0.02% sodium azide for at least 5 

minutes. The coverslips were then incubated face-down in a 50 µl drop of primary 

antibodies diluted in PBS containing 0.2% gelatin, 0.02% Tween-20 and 0.02% 

sodium azide at 4°C overnight. The coverslips were washed three times with 1x PBS 

and again placed face-down on a 50 µl drop of secondary antibodies diluted in PBS 

containing 0.2% gelatin, 0.02% Tween-20 and 0.02% sodium azide for at 1 hour at 

room temperature. In a final step, the coverslips were washed three times with 1x 

PBS, briefly incubated in 600nM DAPI (4’, 6’ diamino-2-phenylindole) and glued on 

glass slides using mounting media (DAKO fluorescent mounting media, DAKO, 

Cambridgeshire). The coverslips were left overnight in the dark to dry and stored in 

the fridge afterwards. 
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2.4 Human tissue work  

2.4.1 Human retinal paraffin sections  

Human paraffin sections of the midretina were kindly provided by Dr Michael 

Powner (UCL Institute of Ophthalmology, Marcus Fruttinger group). Institutional 

Review Board (IRB)/Ethics Committee approval was obtained from the Fruttinger 

group.  

 

2.4.2 Human tissue processing   

Briefly, following post mortem retrieval the donor eyes were fixed in 2% PFA 

between 8 to 12 hours after death and placed into running water for 24 hours. The 

fixed tissue was then dehydrated by submerging in graded alcohol baths and 

embedded in paraffin wax. Naso-temporal sections were cut at 6 µm and mounted on 

Superfrost plus slides (VWR, Leicestershire, UK).   

 

2.4.3 Antigen retrieval and immunohistochemistry 

Prior to the antigen retrieval, the sections were deparaffinised in the xylene substitute 

Histoclear (Sigma Aldrich Ltd., Gillingham, UK) for 10 minutes and rehydrated in 

alcohol gradients of 100%, 75%, 50% and 30% for 5 minutes followed by a final 

wash in 1x PBS. In preparation for antibody staining, the slides were heated to 120°C 

in 90% glyercol (molecular grade) and 10% 0.1M citrate buffer pH 6.0 for 5 to 10 

minutes. The slides were briefly washed in dH2O and incubated in blocking buffer 

containing 1% BSA and 0.5% Triton-x in 1x PBS for 1 hour on room temperature. 

Primary antibody diluted in blocking buffer was employed and the sections were kept 

at 4°C overnight. Sections were then washed three times in washing buffer containing 

0.1% tween20 in 1x PBS and incubated in secondary antibody diluted in blocking 

buffer for 1 hour on room temperature. Subsequently sections were washed three 

times in washing buffer, 600nM DAPI was applied for 5 minutes and mounted in 

DAKO mounting media. The slides were stored in the dark at 4°C.   
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2.5 Analysis of mRNA expression  

2.5.1 Total RNA isolation 

Following the dissection of whole brain, retina and RPE-choriod (quickly frozen in 

liquid N2) RNA extraction was performed using the RNeasy® Mini Kit (Qiagen Ltd., 

Manchester, UK) according to the manufacturer’s guidelines. The RNA concentration 

was measured by a NanoDrop® ND-1000 spectrophotometer (Thermo Fisher 

Scientific, Loughborough, UK) and total RNA was stored in -80°C. 

 

2.5.2 cDNA synthesis  

The QuantiTect® Reverse Transcription Kit (Qiagen Ltd., Manchester, UK) was 

utilized to generate cDNA from brain, retina, RPE and choroid according to the 

manufacturer’s instruction. RNA samples were briefly thawed on ice to minimize 

potential RNA degeneration. 1 µg (or if not available a maximum of 12 µl) of RNA 

were added to 2 µl of gDNA Wipeout Buffer and appropriate amounts of dH20 and 

incubated at 42°C for 2 minutes. Next 1 µl of RT Primer mix, 1 µl of Quantiscript 

Reverse Transcriptase and 4 µl of Quantiscript RT Buffer were mixed thoroughly and 

added to the template RNA. The reaction solution was incubated at 42°C for 1 hour 

and inactivated for 3 minutes at 95°C. Total cDNA was kept at -20°C until use. The 

cDNA synthesis efficiency of each reaction is in a 1:1 conversion ration of 

RNA:cDNA.  

 

2.5.3 Quantitative real-time PCR 

qRT-PCR (quantitative real-time polymerase chain reaction) were performed in 96 

well plates in a PCR thermal cycler (Applied Biosciences 7900HT) using a 2x 

FastStart TagMan® Probe Mastermix (Roche, Welwyn Garden City UK) assay. 

Appropriate primers and probes were purchased from Roche, UK. For each reaction 

the following equation was applied: 
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2x FastStart TagMan® Probe Mastermix  10 µl 

Probe (100nm)    0.2 µl 

Forward Primer (200nm)   0.4 µl 

Reverse Primer (200nm)   0.4 µl 

cDNA/plasmid        5 µl 

dH2O         4 µl   

      20 µl 

 

In qRT-PCR reaction amplifying a mouse Cln3 product, a probe concentration of 

250nM and a primer concentration of 900nm was used. Triplicate reactions were 

carried out for each sample. All PCR reactions had negative controls containing the 

reagents listed above substituting cDNA/plasmid with dH2O. Cycling conditions were 

as follows: 95°C for 20 seconds, 95°C for 1 second, 60°C for 20 seconds, number of 

cycles: 40. The Ct values were calculated using the computer programme SDS 2.2.2 

(Applied Biosciences, Paisely, UK). 

 

For relative quantification, cDNA concentration varied between 50 ng to 100 ng 

cDNA per reaction. To determine the relative expression level, the Ct values of the 

triplicate reactions for every gene of interest were averaged and normalized to the 

averaged beta actin Ct values of each corresponding sample. cDNA from brain acted 

as positive control for the expression of the genes of interest and the obtained Ct 

values were set as 100% relative expression in the quantification.  

 

For absolute quantification, a dilution series of plasmid DNA ranging from 1.5 x 103 

to 1.5 x 107 molecules was used to produce a standard curve. Similarly, a dilution 

series of uninjected and injected wild type mouse retina cDNA was performed in the 

ration of 1:10:100 starting from between 60 ng to 90 ng. The obtained Ct values were 

averaged per triplicate reaction and the number of specific cDNA molecules per 

nanogram total cDNA was calculated for each gene of interest. Table 2.2 provides a 

list of oligonucleotides and the respective probes used for the qRT-PCRs. 
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Table 2.2: Oligonucleotides used for qRT-PCR 

Name  Sequence (5’-3’) Amplicon 
size (bp) 

Probe 
number 

Forward mouse b-actin AAGGCCAACCGTGAAAAGAT 
100 56 

Reverse mouse b-actin  GTGGTACGACCAGAGGCATAC 

Forward mouse Cln3 CGCAGCACACCCTACTTTC 
107 66 

Reverse mouse Cln3 CAGGAGACGTGAGCAACAAG 

Forward mouse Cln6 AGAGCCACATGCCAGGAC 
113 68 

Reverse mouse Cln6 GGCGAAGAAGGTGAAGATGA 

Forward mouse Peripherin2 TGGATCAGCAATCGCTACCT 
92 25 

Reverse mouse Periperhin2 CCATCCACGTTGCTCTTGA 

Forward human CLN3 CTCATCACGATTTGACTGCAA 
72 66 

Reverse human CLN3 ACGAGTGTGGGGAGGATGT 
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2.6 Virus production 

2.6.1  Production of endotoxin free plasmids  

Large quantities of plasmids were generated using the Endofree® Plasmid Mega Kit 

(Qiagen Ltd., Manchester, UK) according to the manufacturer’s instructions. Plasmids 

utilized to produce virus for this study included: 

- Helper plasmid: pHGTI-adeno1. This plasmid carries helper accessory genes 

required for the AAV package and assembly 

- Capsid plasmids:  

• AAV2/8 

• AAV2/8 (Y733F)  

• AAV2/9  

• 7m8  

These plasmids each contain the AAV2 Rep78 gene and the serotype 

specific viral capsid gene. 

- Genomic plasmids:  

• pD10.CMV.eGFP 

• pD10.CMV.hCLN6  

• pD10.CMV.hCLN6-ires-eGFP 

• pD10.MOPS.hCLN6 

• pD10.CMV.mCln6 

• pD10.CMV.hCLN3-ires-eGFP 

• pD10.null (no transgene or promoter, pD10 backbone only) 

These plasmids contain the viral genome packaged between AAV2 

based inverted terminal repeat sequences (ITRs)  

 

Prior to viral production all plasmids underwent a Pyrotell® LAL (Limulus 

Amebocyte Lysate) test (Associates of Cape Cod Int’l Inc., Liverpool, UK) to verify 

that the level of endotoxin did not exceed a value of 5 to 10 EU/mL.   
 

2.6.2 Purification of recombinant adeno-associated virus  

For the production of rAAV HEK293T cells were seeded into 150 mm plates at a 

concentration of 106 cells/plate and grown at 37°C overnight. The next day when the 
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plates had reached a confluency of 70% a tripartite transfection was carried out using 

the transfection reagent polyethylnimine (PEI) and capsid, helper and transgene 

plasmids. For a transfection of 20 plates the following mix was assembled in the order 

listed: 

 

DMEM    52.5 mL  

Transgene plasmid      30 µg 

Capsid plasmid       30 µg 

Helper plasmid     100 µg 

PEI      1.2 mL 

 

To allow for complexation the transfection mix was kept at room temperature for 10 

minutes before 2.5 mL of the solution was added drop wise to the media of each plate. 

The cells were incubated for 72 hours at 37°C without replacing the media until full 

confluency was achieved. The 293Ts were harvested using a cell scraper, spun down 

at 2000rpm for 5 minutes and re-suspended in TD buffer. Next the cell lysate 

underwent three freeze-thaw cycles at -80°C and 37°C with vigorous vortexing in 

between to initiate the break down of the cell membrane and the release of viral 

particles. In order to remove remaining plasmid DNA 50 U/mL of benzonase (Sigma 

Aldrich Ltd., Gillingham, UK) was added to the lysate, incubated at 37°C for 30 

minutes and centrifuged at 4000rpm for 10 minutes. The supernatant was retained and 

filtered through 5 µm, 0.45 µm and 0.22 µm syringe filters. Exchange 

chromatography purification was performed using an ÄKTATMprime FPLC apparatus 

(Amersham, Buckinghamshire, UK) in combination with an anionic sephacryl S300 

and a POROS 50HQ column for rAAV2/9 or an affinity based AVB column for 

rAAV2/8, rAAV2/8(Y733F) and r7m8. A similar standard purification protocols was 

published earlier (Davidoff et al. 2004).  

The purified virus was then concentrated down to a volume of approximately 180 µl 

by centrifugation at 5000g in a vivaspin centrifugal concentrator (GE Healthcare, 

Amersham Place, Buckinghamshire, UK). Finally, the virus was aliquoted and stored 

at -80 °C until use.  

Aliquots of the serotypes AAV2/2, AAV2/5 and mutant ShH10 were available in the 

laboratory and only used in small quantities for this study.  
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To prevent endotoxin contamination a LAL test with a sensitivity of 2.5 EU/mL was 

performed on every cell lysate prior to application onto the purification columns. In 

addition, the endotoxin level of the purified virus was determined before injections in 

the murine eye. All viral preparations did not exceed 10 EU/mL.      

 

2.6.3  Genomic titration of rAAV by dot blot 

1 µl and 3 µl sample of viral preparations underwent enzymatic digest as follows: 

 

viral sample   1 µl/3 µl 

proteinase K   100 µg 

2x proteinase K buffer  100 µl 

dH2O    99 µl/ 97 µl 

 

2x proteinase K buffer contained 200mM Tris, 10mM EDTA, 400mM NaCl and 0.4% 

SDS. The digest was performed at 37°C for 1h. Precipitation of viral DNA was 

achieved by adding 1/10 volume of 3M sodium acetate, 40 µg glycogen and 2.5 

volumes of 96% ethanol and incubation at -20°C for at least 30 minutes. Finally DNA 

was pelleted by centrifugation at 5000g for 30 minutes at 4°C and washed with 200 µl 

of 70% ethanol, air dried and re-suspended in 200 µl of a 0.4M NaOH and 10mM 

EDTA solution. 

A dilution series of genomic plasmid DNA (containing the CMV promoter) was 

prepared using the same solution consisting of 0.4M NaOH and 10mM EDTA. The 

dilution samples ranged from 1012 to 107 molecules in a total volume of 200 µl. Viral 

DNA and standard samples were denatured at 100°C for 2 minutes and cooled on ice 

for 2 minutes. A HybondTM-N+ membrane (Amersham, Buckinghamshire, UK) was 

soaked in dH2O and carefully sandwiched in between a Dot-blot apparatus (Bio-Rad 

Laboratories Ltd, Herefordshire, UK). Each well of the manifold to be used was pre-

washed with 200 µl dH2O and vacuum dried. The DNA samples were applied to the 

wells and bound to the membrane by vacuum drying. 200 µl of 0.4M NaOH and 

10mM EDTA solution was added and again vacuum dried. The membrane was gently 

washed with dH2O, placed in a pre-heated hybridisation tube with Church buffer 

(0.34M Na2HPO4, 0.18M NaH2PO4, 0.25M SDS, 1mM EDTA) and heated to 65°C 

in a hybridisation oven to cross-link the DNA on the membrane for 30 minutes. 
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Meanwhile the probe DNA (CMV promoter fragment) was excised from the genomic 

plasmid isolated by gel electroporation and retrieved by gel extraction. The probe 

DNA was denatured at 95°C for 5 minutes and incubated on ice for 2 minutes. A 

NeoBlot Phototope Kit (New England Biolabs Ltd., Hitchin, UK) was used to 

biotinylate the probe according to the manufacturer’s instructions. Briefly, the 

following components were added in a reaction volume of 50 µl: 5 µl probe DNA, 

DNA 5x Labelling mix (containing random octamer primers), 10x dNTP mix 

(containing a biotinylated dATP) and 1 µl Klenow polymerase. The mix was 

incubated at 37°C for 1 hour followed by the addition of 5 µl 0.2M EDTA (pH 8) to 

terminate the biotinylation reaction. 5 µl of 3M NaOAc and 150 µl of 100% ethanol 

were added and incubated at -20°C for at least 30 minutes to precipitate the probe 

DNA. To retrieve the probe, the mix was spun at 5000g for 10 minutes at 4°C, the 

pellet washed with 70% ethanol and spun down again. Finally, the probe pellet was 

re-suspended in 20 µl dH2O and kept at -20°C. 

 

To continue with the titration assay, 5 µl of the probe were added to the pre-

hybridised HybondTM-N+ membrane and incubated at 65°C overnight. During this 

incubation time the viral DNA samples and the plasmid DNA of the standard dilution 

series underwent hybridisation. The next day, the membrane was washed three times 

with a sodium phosphate buffer (33mM) for 5 minutes per wash. The membrane was 

then immersed in block solution (125mM NaCl, 25mM NaPi, 5% SDS) and incubated 

on a shaking platform for 1 hour at room temperature. The block solution was drained 

and streptavidin 1:1000 diluted in the block solution was added for 20 minutes at 

room temperature. The blot was washed in wash solution I (1:10 diluted in block 

solution) for 5 minutes followed by a 5-minute incubation in biotin-conjugated 

alkaline phosphatase 1:1000 diluted in block solution. Two final washes with wash 

solution II (10mM Tris-HCl, 10mMNaCl, 1mM MgCl) were performed, drained and 

the blot was placed on a sheet of cling film before the CDP-Star reagent was applied 

onto the membrane and the cling film carefully folded over. The blot was exposed to 

X-rays in a photoimager for no longer than 3 minutes and blot images were acquired. 

Viral titre was determined by comparing the strength of the dot blot signals of the 

viral samples and the standard dilution series using the software Image J. 
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2.6.4 Genomic titration of rAAV by quantitative real-time PCR 

qRT-PCR was introduced in our laboratory to allow for a more accurate and 

comparable titration of vectors. These qRT-PCRs were kindly performed by the staff 

of our viral production facility. Briefly, each batch of rAAV produced was tittered by 

qRT-PCR to determine the number of genome copies per mL of virus. Primers 

aligning to the SV40 poly A tail of the genomic plasmid and a specific probe with a 

FAM dye label were designed and purchased from Roche, UK:  

• SV40 Forward: AGCAATAGCATCACAAATTTCACAA 

• SV40 Reverse: AGATACATTGATGAGTTTGGACAAAC 

• SV40 polyA probe: 6FAM–AGCATTTTTTTCACTGCATTCTAGTT 

GTGGTTTGTC–TAMRA 

 

The 2x FastStart TagMan® Probe Mastermix (Roche, Welwyn Garden City, UK) 

assay was used as described in 2.5.3. A dilution series of plasmid was prepared with 

1011 to 105 molecules; these would act as standard for the titration of the rAAV. 

Similarly, a dilution series of purified vector DNA was prepared and the obtained Ct 

values were used to calculate vector genome per mL (vg/mL).  

qRT-PCR was used for the titration of most viral preparation in the present work. If a 

dot blot assays was performed to determine the titre, it is noted accordingly in this 

thesis.  
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2.7 Animal work 

2.7.1 Animals  

Wild type mice (C57Bl/6J) were purchased from Harlan, UK and brought into the 

animal facility at the age of 6-8 weeks. Wild type mice were used for procedures or 

breeding as needed. Only a small number of Crb1rd8/rd8 mice breed in house was 

required for this study. Both mouse strains were maintained at the open shelf with 

food and water ad libitum. Cln6nclf mice were kindly provided by Prof. Thomas 

Braulke (Universitaetsklinikum Hamburg-Eppendorf, Germany). Upon arrival the 

Cln6nclf animals were maintained in IVCs (individually ventilated cages) in the 

quarantine unit of the animal facility. Following the completion of the health screen 

the animals were moved to open shelf housing to establish a colony.   

 

2.7.2 Anaesthesia  

To anaesthetize the animals a mixture of medetomidine hydrochloride (1 mg/mL, 

Dormitor™ Pfizer animal health, Kent, UK), ketamine (100 mg/mL, Fort Dodge 

Animal Health, Southampton, UK) and dH20 in a ration of 5:3:42 was injected 

intraperitonealy (approximately 200 µl per adult mouse (20 g)). The anaesthesia was 

reversed by intraperitoneal injection of an equal amount of AntiSedan™ (Pfizer 

animal health, Kent, UK). Mice were monitored in a recovery area and body 

temperature was maintained using a heat mat. For injections into early postnatal or 

juvenile mice aged P5.5-14 (postnatal day), the amount of anesthesia was scaled 

down according to the body weight and was intraperitonealy injected under great care. 

Mouse pups at the age of P5.5-6.5 were injected using a 25 µl Hamilton syringe 

(Hamilton Bonaduz AG, Bonaduz, Switzerland) and a fine syringe needle. Local 

anaesthesia using topical 0.5% amethocaine drops (Minims, Bausch and Lomb Ltd, 

Kingston-upon- Thames, UK) was provided when necessary. To reverse the 

anesthesia, mouse pups were injected with an equal amount of AntiSedan™ mixture 

and kept on a lukewarm heat mat. Once mobile the pups were moved back into the 

maternal cage and further monitored in the recovery area where the cage was placed 

on gently heated heat mats.    
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2.7.3 Subretinal and intravitreal injection 

Under general anaesthesia a drop of 1% tropicamide (Minims, Bausch and Lomb Ltd, 

Kingston-upon- Thames, UK) was applied to the eyes of the animals to dilate the 

pupils. The application of Viscotear (Novartis Pharmaceuticals UK Ltd., Camberely, 

UK) prevented the eyes from dehydration. A small glass coverslip was placed on the 

ocular surface and an operating microscope (Carl Zeiss, Jena, Germany) was used for 

magnification. To deliver virus subretinally a 34 gauge needle (Hamilton Bonaduz 

AG, Bonaduz, Switzerland) was passed through the sclera into the subretinal space 

and the viral particle were injected. For intravitreal injections the needle was inserted 

through the sclera, positioned towards the optic nerve in the vitreal cavity and the 

viral particle were released. Finally, the needle was withdrawn under great care to 

support self-sealing of the induced wound. A total volume of 2 µl, 1.5 µl and 1 µl 

rAAV were injected in adult, juvenile (P10-P14) and early postnatal (P5.5-P6.5) 

animals, respectively.  

 

2.7.4 Electroretinography recording 

Following dark-adaptation over night (at least 12 hours) electroretinography (ERG) 

recordings were carried out in a standardised fashion using commercially available 

equipment (Espion ERG Diagnosys system, Cambridge, UK) and all procedures were 

performed under dim red light. The age of the examined mice ranged from 3 weeks to 

6 months of age. To maintain the animal’s body temperature during the procedure a 

lukewarm hand warmer (Myocal warm packs, Southampton, UK) was installed under 

the platform of the apparatus at the beginning of every recording day. The mice were 

anesthetised by intraperitoneal injection as described above and the pupils were 

dilated with one drop of 2.5% phenylephrine and 1% tropicamide (Minims, Bausch 

and Lomb, Kingston-upon-Thames, UK) per eye. The ground electrode was placed 

carefully under the skin at the base of the tail and the reference electrode was 

arranged sublingually. A thin layer of water based ocular lubricant (Viscotears, 

Novartis Pharmaceuticals UK Ltd, Camberley, UK) was applied onto the animals’ 

eyes and a contact corneal platinum electrode was placed onto each eye. To prevent 

dehydration of the cornea further lubricant was applied. Prior to the start of the 

recording, it was verified whether the electrodes impedance was symmetrical 
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(between 5 and 8 kOhm) and the background noise was low.  A small video camera 

was used to monitor the animals during the recording.   

Scotopic examinations were performed under single-flash recording using increasing 

light intensities of 0.0001, 0.001, 0.01, 0.1, 1, 10, 31.6 and 75.28 cd.s/m2 with 

adaptation times of 0, 1, 8, 15 20, 90, 100, 120 seconds in between, respectively. The 

corresponding intersweep delays were as follows: 0, 1, 10, 15, 20, 90, 100, 100 

seconds. Following 5 minutes of light adaptation at 30 cd.s/m2, photopic single-flash 

recordings were obtained at increasing light intensities of 0.1, 1, 3.16, 10, 31.6 and 

75.28 cd.s/m2 with a background intensity of 30 cd.s/m2. Intersweep delays for the 

intensities of 10, 31.6 and 75.28 cd.s/m2 were 1, 2 and 3 seconds.  

The number of sweeps varied depending on the light intensities applied. In the 

scotopic recordings the number of sweeps was 20, 15, 5, 4, 3, 1, 1, and 1 for the 

intensities of 0.0001, 0.001, 0.01, 0.1, 1, 10, 31.6 and 75.28 cd.s/m2. For the photopic 

recordings the number of averaged sweeps was 25 for all intensities. The number of 

sweeps was averaged were needed and the a- and b-wave amplitudes were analysed 

using an Espion software (Diagnosys LLC, Cambridge, UK).    

 

2.7.5 Optomotry assessment  

Contrast sensitivities and visual acuities of treated and untreated eyes were measured 

by observing the optomotor responses of mice to rotating sinusoidal gratings 

(OptoMotry®; CerebralMechanics, http://www.cerebralmechanics.com/Cerebral 

Mechanics_Inc./OptoMotry.html). Mice respond to rotating vertical gratings by 

moving their head in the direction of grating rotation: right and left eyes are most 

sensitive to counter-clockwise and clockwise rotations, respectively.  

Prior to assessment, mutant and wild type mice were dark-adapted (6-10 hours) and 

the animals were only handled under dim red light conditions. The mice were placed 

on a pedestal in the centre of a squared arena with four inwards facing LCD computer 

monitor screens, an overhead infrared video camera and an infrared light source. 

Once the mouse became accustomed to the pedestal a black semitransparent tube 

(diameter 20 cm) was carefully placed over the animal to allow for dim light 

conditions. The computer screens were then turned on and the assessment began. For 

contrast sensitivity, the initial pattern was a 0.200 cycles/degree sinusoidal pattern 

with a fixed 100% contrast. For contrast sensitivity measurements, the initial pattern 
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was presented at 100% contrast, with a fixed spatial frequency of 0.128 cycles/degree. 

A triple-blind two alternative forced choice procedure was employed, in which the 

observer was blinded to the direction of the pattern rotation, the genotype of the 

mouse and which eye had received treatment. Acuity was defined as the highest 

spatial frequency (at 100% contrast) yielding a threshold response, and contrast 

sensitivity was defined as 100 divided by the lowest percent contrast yielding a 

threshold response. Animals were tested in a randomly selected order on two pairs of 

two consecutive days with a break of two days in between (e.g. Thursday, Friday, 

Monday, Tuesday).  

 

2.7.6 Autofluorescent Scanning Laser Ophthalmology and Optical Coherence 

Tomography 

The HRA2 scanning laser ophthalmoscope with a 55° angle lens and the SpectralisTM 

HRA+OCT with a 30° angle lens were used for AF-SLO (autofluorescent scanning 

laser ophthalmology) and OCT (optical coherence tomography) imaging, respectively 

(Heidelberg engineering, Heidelberg, Germany). Following intraperitoneal injections 

of anaesthesia in wild type and Cln6nclf mice, one drop of 2.5% phenylephrine and 1% 

tropicamide (Minims, Bausch and Lomb, Kingston-upon-Thames, UK) was applied 

per eye. AF-SLO imaging was performed first followed immediately by OCT 

imaging. For both techniques the optic disc was positioned at the centre and 30 frames 

for AF-SLO or 50 frames for OCT images were acquired. During the procedure both 

eyes were kept moisturized at all times. AF-SLO images were obtained from various 

depths of the ocular fundus. Four B-scans were obtained during OCT imaging at 

standardized positions (about 2-3 disc diameters away from optic disc) in the superior, 

inferior (both horizontal scans), nasal and temporal (both vertical scans) retina. One 

horizontal B-scan was acquired from the far superior fundus with the optic nerve 

placed at the inferior edge of the image to ensure that large parts of virally transduced 

retina were scanned following subretinal injection into the superior hemisphere. All 

images were processed with Adobe Photoshop CS2 (Adobe Systems Incorporated, 

San Jose, USA).  
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2.7.7 Quantification of AF-SLO and OCT images 

To quantify the autofluorescence in the ocular fundus, distinct autofluorescent spots 

were counted in AF-SLO images focused on the outer retina in a manual fashion. For 

retinal thickness quantification, OCT b-scans were imported into Image J software 

(Wayne Rasband, National Institutes of Health, USA). The total thickness of the 

retina was measured at five equidistant positions across each B-scan. In total, 20 

individual measures were obtained per eye and averaged per animal. The thickness of 

the far superior retina was measured separately at five equidistant positions on 

individual superior B-scans. Quantifications were carried out in a randomized fashion 

including age-matched wild type controls. 
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2.8 Histological analysis of murine tissue    

2.8.1 Tissue processing for frozen retinal sections 

Animals were terminated through cervical dislocation. The eyes were dissected, 

removed from the eye socket, embedded in optimal cutting temperature medium 

(Tissue Tek OCT medium, Raymond Lamb, Eastbourne, UK) and immediately flash 

frozen. Retinal cryosections were cut in sagittal orientation at a thickness of 18 µm 

using a cryostat (Bright OTF 5000, Huntingdon, UK). Sections were collected on 

poly-lysine coated slides (Thermo Fisher Scientific, Loughborough, UK), air-dried 

and stored at -20°C until staining.  

 

2.8.2 Immunohistochemistry on frozen sections 

Retinal cyrosections were thawed on room temperature for 30 minutes, washed in 1x 

PBS and fixed in 1% or 4% PFA for up to 10 minutes. A block solution containing 

5% NGS (normal goat serum), 0.1% Triton X-100 and 1% BSA in 1x PBS was 

applied for 2 hours. Next the cryosections were incubated in primary antibody diluted 

in blocking solution at 4°C overnight. Following three washes with 1x PBS secondary 

antibody diluted in blocking solution was added for 2 hours on room temperature in 

the dark. The sections were washed further three times in 1x PBS and 600nM DAPI 

was briefly applied. Rectangular plastic coverslips were mounted on glass sides using 

DAKO mounting media and the slides were kept in the dark at 4 °C.  

 

2.8.3 Tissue processing for RPE flat mounts 

Following cervical dislocation the eyes of the animals were removed from their 

sockets, quickly washed in 1x PBS and incubated in 4% PFA at room temperature for 

5 minutes to facilitate the cutting of the tissue. The eyes were then placed in a small 

petri dish with one drop of 1x PBS. Under careful dissection the murine cornea, lens 

and iris were removed from the eyeball. Four deep cuts were placed in the remaining 

eyecup starting from the periphery of the tissue towards the optic nerve. Using the tip 

of a fine pair of scissors the retina was gently disconnected from the underlying RPE 

and peeled off the RPE. The remaining RPE/choroid tissue was incubated in 4% PFA 

for 15 minutes, washed in three changes of 1x PBS and stored in individual 
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Eppendorf tubes containing 1x PBS at 4°C. The samples were kept for no longer than 

two weeks until further processing. 

 

2.8.4 Immunohistochemistry on RPE flatmounts 

After the removal of PBS the dissected RPE/choroid samples were blocked in 3% 

Triton-x, 1% BSA and 5% NGS in 1x PBS at room temperature for 1h under gentle 

rocking. Primary antibody diluted in blocking solution was applied and the tissue was 

incubated at 4°C overnight. Following three washes with 1x PBS secondary antibody 

diluted in blocking solution was added at room temperature for 2 hours whilst 

shaking. RPE/choroid was washed further four times with 1x PBS, stained in 600nM 

DAPI for 5 minutes and moved back into 1x PBS. A doubled sided sticky ring was 

placed onto a plastic coverslip and a drop of DAKO mounting media applied into the 

centre of the ring. The individual samples were transferred into the mounting media 

with RPE facing up and carefully flattened using a pair of tweezers and a fine brush. 

Another plastic coverslip was gently positioned on top and a strip of tape used for 

fixation. The specimens were stored in the dark at 4°C until the day of imaging.   
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Table 2.3: List of primary antibodies and stains 

1°Antibody/Stain Host  Dilution Supplier Application 

Anti-human CLN6  Rabbit 1:500 Purified in house WB, IHC 

Anti-human CLN3  Rabbit 1:500 Remaining stock of in house 
purification WB 

Anti-human CRALBP  Mouse 1:200 Thermo Fisher Scientific 
(MA1-813) IHC 

Anti-mouse GFAP  Rat 1:200 Merck Chemicals 
(345860/2.2B10) IHC 

Anti-mouse H2B  Mouse 1:10 000 Biolabs (2934) WB 

Anti-mouse Iba1  Rabbit 1:200 DAKO (019-19741) IHC 

Phalloidin TRITC 

conjugate  

Amanita 

phalloides 
1:500 Sigma Aldrich Ltd. (P1951) IHC 

Anti-human PKCα  Mouse 1:1 000 Santa Cruz Biotechnology 
(SC8393) IHC 

Anti-mouse PKCα Mouse 1:500 Merck Millipore (05-154) IHC 

Lectin PNA 
conjugates Alexa 
Fluor® 488  

Arachis 

hypogaea 
1:200 Life Technologies Ltd 

(L21409) IHC 

Anti-mouse recoverin  Rabbit 1:1 000 Chemicon (AB5585) IHC 

Anti-mouse rhodopsin Mouse 1:1 000 Sigma Aldrich Ltd. (O4886) IHC 

Anti-mouse tubulin  Mouse 1:500 Sigma Aldrich Ltd. (T4026) WB 
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Table 2.4: List of secondary antibodies 

2°Antibody Host  Dilution Supplier Application 

Alexa Fluor® 488 anti-

mouse IgG 
Goat 1:500 Life Technologies Ltd. (A11001) IHC 

Alexa Fluor® 546 anti-

rabbit IgG 
Goat 1:500 Life Technologies Ltd. (A11035) IHC 

Alexa Fluor® 488 anti-

rabbit IgG  
Goat  1:500 Life Technologies Ltd. (A11034) IHC 

Alexa Fluor® 546 anti-

rat IgG 
Goat 1:500 Life Technologies Ltd. (A11081) IHC 

Anti-eGFP rabbit, Alexa 

Fluor® 488 conjugate 
Goat 1:500 Life Technologies Ltd. (A21311) IHC 

Anti-rabbit IgG (HRP 

conjugated) 
Goat 1:5 000 Thermo Fisher Scientific (31460) WB 

Anti-mouse IgG (HRP 

conjugated) 
Goat 1:10 000 Thermo Fisher Scientific (31430) WB 

 

2.8.5 TUNEL staining  

Apotosis was assessed at different time points using the ApopTag® In Situ Apotosis 

Detetion kit (Millipore, Watford, UK). Cryosections were thawed at room 

temperature for 15-20 minutes, fixed in 1% PFA at room temperature for 10 minutes 

and washed twice in 1x PBS. A post-fixation was carried out in a 2:1 ration of pre-

cooled ethanol:acetic acid at -20 °C for 5 minutes. Followed by a wash in 2 changes 

of 1x PBS, 75 µl equilibration buffer was applied per slide and incubated at room 

temperature for 1 minute. The buffer was removed and 55 µl of working strength TdT 

enzyme mix was added per slide. To activate the enzyme the specimens were 

incubated in at 37 °C for 1 hour. The slides were then transferred into a coplin jar 

with stop/wash buffer diluted in dH2O, gently agitated for 1 minute and incubated at 

room temperature for further 10 minutes. Following three washes with 1x PBS 65 µl 

of blocking solution containing anti-dioxigenin conjugate (rhodamine) was applied on 

to each slide and incubated in the dark for 30 minutes. The specimens were washed 
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four times in 1x PBS, incubated in 600nM DAPI for 5 minutes, mounted under a glass 

coverslip and stored in the dark at 4°C.  

 

2.8.6 Quantification of retinal cross sections 

All eyes were sectioned serially across four to six slides with sections arranged in a 

formation of 3 x 5 sections per slide. TUNEL positive cells were counted in all retinal 

layers on five cross sections of each eye and averaged per animal. For quantification 

of ONL thickness and counts of PNA (peanut agglutinin lectin) positive cells, 

confocal images were taken from the superior and inferior midcentral retina of three 

sagittal cross sections on each slide resulting in a total of six images per eye. To 

assess the ONL thickness, three vertical columns of DAPI positive nuclei were 

counted in the ONL on single stack confocal images. The count of cone outer 

segments was based on the presence of PNA positive cells on the corresponding 

standardized sized projection images. All counts were carried out masked with age-

matched wild type controls.  

 

2.8.7 Confocal microscopy 

Retinal sections were imaged on a confocal microscope (Leica DM5500Q). Confocal 

images were obtained using a 20x or 40x oil immersion lens. A series of XY optical 

sections (approximately 0.5-1.0 µm apart) were acquired and individual XY scans 

were built into a stack to give an XY projection image. When images were compared 

consistent confocal microscope settings were applied for the image acquisition. LAS 

AF image browser software was used to compile and collect the captured images.  

 

2.8.8 Statistical Analysis  

Data are represented as means ± SD (standard deviation), unless otherwise stated. The 

n value represents number of animals or eyes as indicated. Statistical analyses were 

performed using GraphPad Prism 5 for Windows (GraphPad Software Inc, La Jolla, 

USA). To determine significance the appropriate sample tests was used as indicated 

and p values are provided.  
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3 Expression of NCL genes encoding 

transmembrane proteins in the retina  

3.1 Introduction 
In the past several studies have been undertaken to illuminate the function, subcellular 

localization and protein interactions of genes commonly affected in NCL (Sharifi et 

al. 2010; Kollmann et al. 2013; Thelen et al. 2011; Jalanko & Braulke 2009). The 

expression pattern of a range of genes was investigated in various tissues and cell 

types including the brain and different cell types of the brain (Mole et al. 2004; 

Sharifi et al. 2010; Thelen et al. 2011). The expression level and tissue distribution of 

the NCL genes, however, have not been studied yet extensively in the eye. To develop 

an ocular gene therapy for NCL, it is vital to understand better what cell types in the 

retina express the affected gene and need to be targeted.    

 

3.2 Aims 
The ultimate goal of this thesis is to explore the feasibility of an ocular gene therapy 

for NCL caused by transmembrane protein defects. Towards this, it is important to 

investigate the ocular expression of NCL genes encoding transmembrane proteins and 

thereby specify the cell populations that need to be targeted by a gene 

supplementation therapy. The Cln6nclf mouse is used as a model system for the present 

study because of its relatively rapid retinal degeneration. Consequently, the 

expression level and pattern of the gene Cln6 in the retina is of special interest. The 

expression of the gene Cln3 that is deficient in the most common form of 

transmembranic NCL is only briefly addressed in this chapter. The aims of this 

chapter are: (1) validate the specificity of a human anti-CLN6 antibody, (2) 

investigate the expression pattern of CLN6 in human retina and (3) analyse the 

expression level of Cln6 and Cln3 in the murine retina. 
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3.3 Validation of human CLN6 antibody specificity 

3.3.1 Purified anti-CLN6 antibody binds specifically to CLN6 in culture 

To date, there are no antibodies commercially available to detect reliably the mouse 

or human CLN6 protein. However, a non-commercial antibody against human CLN6 

was described to work well in cell cultures. To obtain more of the human anti-CLN6 

antibody for the present study, blood serum from rabbits that were immunized with a 

human CLN6 synthetic polypeptide was retrieved from frozen stocks and purified 

through affinity chromatography (see 2.2.2 and (Mole et al. 2004)). 

To evaluate the specificity of the new isolate, confluent 293T cell cultures transfected 

with pD10 plasmids carrying CMV.hCLN6ireseGFP and CMV.mCln6 were 

immunostained using the purified anti-CLN6 antibody. Confocal imaging revealed 

co-localization of hCLN6-ires-eGFP transfected cells and CLN6 antibody staining; no 

staining was observed in untransfected (eGFP negative) cells or in cell cultures 

expressing mouse Cln6, confirming the CLN6 antibody binds to the human protein 

specifically. The secondary antibody control did not show any fluorescent signal 

excluding potential unspecific binding of the secondary antibody (figure 3.1 A).  

To further assess the specificity of the antibody signal, lysates from cells 

overexpressing human and mouse CLN6 were run on SDS-PAGE gels and blotted 

onto a nylon membrane. After staining, a pronounced signal was detectable in the 

lysate from cells transfected with CMV.hCLN6-ires-eGFP. Weaker bands evident in 

non-transfected and mouse Cln6 transfected cells represent most likely endogenously 

expressed human CLN6. Blotting for the housekeeping gene H2B was used as a 

loading control (figure 3.1 B). In line with these findings, western blots of lysates of 

cultured human fibroblasts revealed bands in lysates from a control subject and a 

CLN3 disease patient. No band, however, was present in the sample of a CLN6-

deficient patient (figure 3.1 C). 
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Figure 3.1: The anti-CLN6 antibody is specific to human CLN6 in cell culture 

(A) 293T cell cultures transfected with pD10 plasmids harbouring CMV.hCLN6ireseGFP and 
CMV.mCln6 show co-localisation of the fluorescent eGFP signal and the anti-CLN6 antibody 
staining (red). No staining was observed in cells overexpressing mouse Cln6 or cells treated 
only with secondary antibody. (B) Western blotting using lysates of non-transfected cells and 
cells transfected with mouse Cln6 or human CLN6 reveal a strong protein band of 30kDA 
only in lysates from cells overexpressing human CLN6. (C) Western blotting of fibroblast 
cultures shows endogenous CLN6 can be detected in a control subject and a CLN3 disease 
patient but is absent in a CLN6 disease patient. 
The position of the molecular mass marker is indicated for the western blots in kDa.  
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3.3.2 The anti-CLN6 antibody detects human CLN6 in transduced cells of the 

murine retina 

The species specificity of the purified antibody was further confirmed by testing 

whether purified human antibody can bind to endogenous mouse Cln6 protein in 

mouse cells. For this, the antibody was tested on cryosections of adult wild type 

mouse retina. No specific binding was observed (figure 3.2 A).  

To verify whether the purified antibody can be used to detect virally introduced 

human CLN6 and therefore can be used to assess efficacy of gene therapy approaches 

using human transgenes in mice, two eyes of an adult wild type mouse were injected 

subretinally with an AAV2/8 vector harbouring a CMV.hCLN6-ires-eGFP construct. 

The eyes were harvested two weeks post injection, cryosectioned and used for 

immunohistochemistry. As the eGFP gene is located downstream of the ires cassette 

in the viral construct and a low eGFP autoflorescent signal is expected, retinal 

sections were stained with the purified anti-CLN6 antibody and an eGFP antibody. 

Confocal imaging was used to visualise the staining.  

Figure 3.2 B shows a projection image of the retina with several eGFP and CLN6 

positive photoreceptors. The staining for both antibodies seem to co-localize well in 

the photoreceptor cell bodies around the nuclei and the cells of the RPE indicating 

that the anti-CLN6 antibody binds human CLN6 in the murine retina (figure 3.2 B). A 

higher magnification image of the ONL confirms that the fluorescent signals of the 

two antibodies co-localise around the photoreceptor nuclei. There is however one 

photoreceptor cell body that is positive for the anti-CLN6 staining but does not seem 

to express eGFP (figure 3.2 C, arrow head). This finding could be explained by a 

lower expression level of eGFP compared with the expression level of CLN6 due to 

the presence of the ires cassette and a subsequently weaker eGFP antibody signal. It is 

apparent that a weak CLN6 staining is present in the segments of the transduced 

photoreceptors, whereas a stronger fluorescent signal of the eGFP antibody is visible 

in the photoreceptor segments. In addition, some eGFP positive punctae can be 

detected in the OPL (figure 3.2 C arrows), which potentially could represent eGFP 

expression in the synapses of transduced photoreceptors. Of note, the eGFP positive 

punctae do not co-localise with the CLN6 antibody signal suggesting that CLN6 is not 

expressed at photoreceptors synapses.   
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Due to the lack of a specific mouse Cln6 antibody it is not known where endogenous 

Cln6 is expressed in photoreceptors. CLN6 was reported to encode a transmembrane 

ER protein in neuronal and non-neuronal cells (Mole et al. 2004; Heine et al. 2007). 

The cell body specific anti-CLN6 staining of virally delivered CLN6 in 

photoreceptors is in agreement with this finding (figure 3.2 A, B). It remains 

speculation whether the weak CLN6 staining in photoreceptor segments indicates that 

endogenous Cln6 is expressed in segments or whether it is only a result of the 

transgene overexpression. Since eGFP is not a membrane bound protein, it is 

expected to find eGFP staining throughout photoreceptor cells following the viral 

delivery as indicated in figure 3.2 A and B.  

Taken together, the staining of virally transduced retinal cells confirms that the 

purified anti-CLN6 antibody binds specifically to human CLN6. Moreover, it can be 

concluded that the purified antibody can be used to detect human CLN6 protein in the 

murine retina, which allows assessing the efficiency of gene therapy approaches in 

mice using a human transgene. 
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Figure 3.2: The purified anti-CLN6 antibody binds specifically to human CLN6 
overexpressed in wild type mouse retina.  
(A) No specific antibody staining was detected on wild type mouse retina. (B) Following the 
subretinal injection of AAV2/8.CMV.hCLN6ireseGFP in adult wild type mouse eyes, 
immunohistochemical staining for CLN6 and eGFP reveals co-localization of both antibody 
staining, confirming the specificity of the newly purified human CLN6 antibody. The grey 
box indicates a region where a higher magnification image was taken. (C) A higher 
magnification image confirms the specificity of the anti-CLN6 antibody. Around the 
photoreceptor nuclei the eGFP and CLN6 antibody signal co-localise. One photoreceptor cell 
can be found that is CLN6 positive but does not seem to express eGFP (arrow head). Due to 
the presence of the ires cassette, it is possible that the expression level of eGFP is below the 
detection level of the confocal settings and only the higher expressed CLN6 can be detected. 
Fluorescent punctae at the inner edge of the ONL may indicate the expression of eGFP at the 
photoreceptor synapse (arrows). A high expression level of eGFP is also present in the 
photoreceptor segments, whereas the expression level of CLN6 is low in the segments. The 
CLN6 antibody staining shows the strongest fluorescent signal around the photoreceptor 
nuclei, which is in line with the reported intracellular location of the CLN6 protein.     
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3.4 The expression of CLN6 in human retina 

3.4.1 CLN6 is expressed in the retina and co-localises with a bipolar specific 

marker in humans 

As the CLN6 antibody was demonstrated to bind specifically to the human protein, 

immunohistochemical staining was performed on human retina cross-sections. 

Confocal imaging showed a weak fluorescent signal in the ONL and the GCL. 

Interestingly, strong staining was detected in the INL of the retina (figure 3.3 A-B). 

To understand better what cell type in the INL expresses CLN6, co-staining was 

carried out. The staining for CLN6 co-localised with staining for PKCα, a marker for 

rod bipolar cells, indicating that rod bipolar cells express CLN6 (figure 3.3 A, 3.3 C). 

As not all CLN6 positive cells stained for PKCα, immunostaining was also performed 

for CRALBP, a marker for Mueller glia, and CLN6. No co-localisation of the staining 

was observed. It is also apparent that Mueller glia cells have a more triangular shaped 

cell body than the CLN6 positive cells in the INL (figure 3.3 B, 3.3 D). Of note, the 

CRALBP antibody required a longer heat treatment during the antigen retrieval for 

sufficient binding than is optimal for CLN6 antibody staining. This may explain the 

reduced CLN6 staining in the ONL and a slightly weaker staining in the INL as seen 

when co-stained with CRALBP (figure 3.3 B, 3.3 D). In cultured cells CLN6 has been 

shown to be located throughout the ER and in the nuclear envelope that is continuous 

with the ER (Mole et al. 2004). The ring-like staining around the retinal cell nuclei 

observed in the human retina is consistent with this report as these cells have a low 

cytoplasmic volume (figure 3.3). It could not be determined what other cell types in 

the INL express CLN6 because the staining for CLN6 in combination with other cell 

markers was not successful.  
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Figure 3.3: CLN6 expression in human retina  

(A), (C) CLN6 staining on human retina shows the presence of CLN6 in the INL and to a 
lower extent in the ONL. Immunostaining for CLN6 and PKCα, a rod bipolar specific cell 
marker, shows partial co-localization in projection and single stack confocal images. (B), (D) 
CRALBP, a Mueller glia cell marker, and CLN6 positive cells do not co-localize in human 
retinal sections.   
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3.5 Expression of Cln6 and Cln3 in the murine eye  

3.5.1 Cln6 and Cln3 are expressed at higher levels in mouse neuroretina than in 

RPE/choroid tissue 

The expression of Cln6 and Cln3 has not been well described in the murine eye 

because specific mouse antibodies are not available. For the development of a gene 

therapy in mice, it is important to know what cell type expresses endogenously the 

affected gene and what the endogenous expression levels are. To shed more light on 

the expression of Cln6 and Cln3 in the murine eye, adult wild type mouse retinas, 

RPE/choroid and brain tissue were dissected and the mRNA expression level 

determined by qRT-PCR. The obtained Ct values of Cln6 and Cln3 were normalized 

for the expression of the housekeeping gene β-actin in each sample. The expression of 

the two genes in the brain was used as standard and set as 100% relative expression 

level in figure 3.4. This analysis reveals that the mRNA level of Cln6 appears to be 

very similar in brain and RPE/choroid. However, Cln6 mRNA is approximately three 

times as abundant in the neuroretina than in RPE/choroid (figure 3.4 A). Similarly, 

Cln3 mRNA is more abundant in the neuroretina than in RPE/choroid. This could 

indicate that both genes may play a more important role in the murine neuroretina 

than in RPE/choroid tissue (figure 3.4 B).  

 

 
Figure 3.4: Relative expression of Cln6 and Cln3 in the neuroretina and RPE/choroid 

The relative expression of Cln6 (A) and Cln3 (B) is higher in neuroretina than in RPE/choroid 
tissue in adult wild type mice. Data represented as means normalized for β-actin ±SEM. The 
n values are as follows. For Cln6: brain n = 3 mice, retina n = 8 mice, RPE/choroid n = 7 
mice, for Cln3 brain n = 3 mice, retina n = 4 mice, RPE/choroid n = 4 mice 
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3.5.2 The expression levels of Cln6 and peripherin2 are comparable, whereas the 

expression of Cln3 is considerably lower in the murine retina  

To get a better insight into how the retinal expression of the Cln6 and Cln3 gene 

compares to the expression of a gene encoding an abundant retinal protein (Travis et 

al. 1991), absolute gene expression levels were determined for the two NCL genes 

and the photoreceptor specific gene peripherin2 in murine retina. To do so, qRT-

PCRs were performed to analyse the expression of peripherin2, Cln6 and Cln3 in 

dilution series of mRNA prepared from adult wild type neuroretinas and genomic 

plasmids of the three mouse genes. The number of specific cDNA molecules per 

nanogram total cDNA was calculated for each gene. A direct comparison of the 

absolute number of molecules shows that peripherin2 and Cln6 are expressed to 

similar levels in the mouse retina, whereas the expression of Cln3 is notably lower 

(figure 3.5).  

 

 
Figure 3.5: Absolute expression levels of peripherin2, Cln6 and Cln3 in the murine 
retina. 

A quantification of the absolute number of molecules per nanograms (ng) reveals that 
peripherin2 and Cln6 are expressed to a comparable, high level, whereas Cln3 is expressed at 
considerably lower levels in adult wild type mouse retina. Data shown as means ±SEM. 
Peripherin2 n = 3 mice, Cln6 n = 4 mice, Cln3 n = 3 mice. No significant difference was 
found using a one-way ANOVA with Bonferri post hoc analysis (p= 0.0568). 
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3.6 Discussion 
The aim of this chapter was to better understand the expression of CLN6 and CLN3 in 

the retina. This work is vital for the development of an ocular gene supplementation 

and is required to identify what retinal cell types need to be targeted by the treatment. 

It is also important to give an estimate of the expression levels that need to be 

achieved to restore normal protein amounts in mutant mice.  

 

Following the validation of the newly purified anti-CLN6 antibody, 

immunohistochemical staining was performed on cross-sections of human retina. A 

weak expression of CLN6 was observed in photoreceptor cells, whilst a strong 

expression was observed in the INL that co-localized with a rod bipolar but not 

Mueller glia cell marker (figure 3.3). These findings are in line with a microarray 

study in adult wild type mice showing that Cln6 is highly expressed in bipolar cells 

and expressed at lower levels in photoreceptor cells (Siegert et al. 2012). In the 

present study no co-staining with other bipolar, horizontal or amacrine cell markers 

was successfully conducted due to the lack of antibodies suitable for 

immunohistochemistry on paraffin embedded human retinal sections. As Cln6 was 

reported to be only expressed in bipolar cells and not in other cells in the INL in mice 

(figure 1.8) (Siegert et al. 2012), it can be hypothesized that in humans CLN6 positive 

cells not stained by the rod bipolar cell marker represent other types of bipolar cells 

(figure 3.3). Nevertheless, it cannot be excluded that in humans some of the CLN6 

positive cells in the INL are amacrine or horizontal cells. 

 

The immunostaining for CLN6 shows fluorescent signal around the cell nuclei in the 

human retina (figure 3.3) consistent with the published subcellular localisation of 

CLN6 in the ER (Mole et al. 2004; Heine et al. 2007). In neurons CLN6 is also 

assumed to be expressed at synapses interacting with the growth cone protein CRMP2 

and the microtubule-associated protein KCL4 (Benedict et al. 2009; Koh et al. 2014). 

In the human retina, no CLN6 positive punctae can be detected in the OPL or IPL 

indicating that CLN6 is not expressed at the synapses of retinal cells (figure 3.3). It is 

important to note that the human retinal sections used for this study did not have 

many intact photoreceptors segments, which may have been damaged or lost during 

the tissue processing and the heat treatment required for the antigen retrieval, a not 
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uncommon problem during these procedures. Similarly, the human retinal sections 

were lacking most of the RPE. Consequently, the staining on human retinal sections 

cannot be used to draw conclusion whether CLN6 is expressed in photoreceptor 

segments or the RPE.  

Exogenous expression of CLN6 was detected around photoreceptor nuclei and in the 

segments of the photoreceptors following the subretinal delivery of human CLN6 in 

wild type mouse eyes (figure 3.2). This finding could suggest that endogenous CLN6 

is located in the segments of photoreceptor cells. Yet, the presence of CLN6 in the 

segments could also result from the AAV-mediated transgene overexpression. 

Likewise, the strong, virally induced expression of CLN6 in the RPE in wild type 

retinas could be explained by the efficient uptake of viral particles of the RPE (figure 

3.2). Some evidence for the expression of endogenous Cln6 in RPE/choroid tissue 

derives from the qRT-PCR analysis of the murine eye (figure 3.4). However, the 

expression level of Cln6 was not measured exclusively in the RPE as the endothelium 

is formed by a monolayer of cells and the clean removal of endothelial cells from the 

choroid tissue is challenging. The high absolute expression level of Cln6 in the retina, 

which is comparable to the level of peripherin2, a gene encoding an abundant protein 

in photoreceptors, (figure 3.5) and the higher relative expression level of Cln6 in the 

retina than in the RPE/choroid tissue (figure 3.4) may suggest that the gene plays a 

more important role in the neuroretina. Furthermore, it is possible that the expression 

in the choroid lifts the amount detected in the RPE/choroid sample. Taken together, it 

remains difficult to determine whether and to what extent endogenous CLN6 is 

expressed in photoreceptor segments or the RPE. 

 

The qRT-PCR study also shows that in adult wild type mice Cln3 is expressed at a 

higher level in the retina than in RPE/choroid tissue (figure 3.4). The absolute 

expression level of Cln3 is however much lower than the expression level of 

periperhin2 and Cln6 (figure 3.5). As there are no reliable antibodies available 

detecting endogenous human or mouse CLN3, no immunostaining could be 

performed in the present study to investigate what cell types in the retina express 

CLN3. Cln3 was reported elsewhere to be present in photoreceptor and bipolar cells 

in the murine retina similar to Cln6 (see 1.2.3.1).    
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It is difficult to correlate the here described expression pattern of CLN6 to the vision 

loss in patients affected by CLN6 disease, variant late infantile, because the decline of 

vision in this form of NCL has not been described in detail. In the published case 

reports patients present with advanced or complete loss of vision and ERG recordings 

are extinct by the time an ophthalmological examination is carried out (Al-Muhaizea 

et al. 2009; Guerreiro et al. 2013; Bouhouche et al. 2013; Canafoglia et al. 2015). In 

addition, no biopsy of ocular tissue from CLN6 disease patients was published. It is 

known, however, that CLN3 disease patients can show an inner retinal dysfunction at 

early disease stages and a progressive loss of function of the outer retina over time 

(Gottlob et al. 1988; Weleber 1998; Eksandh et al. 2000; Mantel et al. 2004; Collins 

et al. 2006). Post mortem retinal sections of a CLN3 disease patient reveal a severe 

loss of photoreceptor cells at disease end stage (Bensaoula et al. 2000). Since Cln3 

and Cln6 have the same expression pattern in the retina, it could be speculated that 

CLN6 disease patients may present with a similar visual phenotype. Yet, a more 

detailed description of the vision loss in CLN6 disease patients, in particular at early 

disease stages, is required.    

 

In summary, this chapter establishes that CLN6 is expressed in cells in the inner retina 

including rod bipolar cells and in photoreceptor cells. In the murine retina the 

expression levels of Cln6 and Cln3 are higher in the retina than in RPE/choroid tissue. 

Whilst in the retina the expression level of Cln6 is comparable to peripherin2, an 

abundant photoreceptor-specific gene that was successfully restored in a peripherin2-

deficient mouse model using AAV (Ali et al. 2000). Finally, the use of an anti-CLN6 

antibody was established for the development of gene therapy approaches using a 

human CLN6 transgene in animals.  
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4 Characterization of visual phenotype in 

Cln6nclf mice 

4.1 Introduction 
The Cln6nclf mouse is a naturally occurring mouse model that carries a 1bp insertion 

mutation in the gene Cln6 (c.307insC) causing a truncated short-lived protein product 

(Bronson et al. 1998). In the past the visual phenotype of these mice had only been 

vaguely described, yet very recently this mouse model has received more interest. 

Two studies reported first signs of retinal degeneration in Cln6nclf mice from 1 month 

of age including reactive gliosis, apoptotic cell death and decreased ERG amplitudes 

which progresses slowly and results in severe retinal dysfunction at 8 months of age 

(Mirza et al. 2013; Bartsch et al. 2013). These data and other publications highlight 

that retinal degeneration has an early onset and precedes severe neuropathological and 

behavioural abnormalities in Cln6-deficient mice (Mirza et al. 2013; Bartsch et al. 

2013; Bronson et al. 1998; Thelen et al. 2012). Consequently, the Cln6nclf mouse 

presents an ideal model to investigate the feasibility of an AAV based ocular gene 

therapy for forms of NCL arising from a deficiency in transmembrane proteins.  
 

4.2 Aims 
To develop a treatment, it is of importance to understand better the onset and 

progression of the visual phenotype in Cln6-deficient mice. The aim of this chapter is 

to provide a detailed characterization of the retinal phenotype in Cln6nclf mice over 

time by investigating: (1) retinal function using electroretinography (ERG) and a 

virtual optomotry test, (2) ocular fundus appearance using autofluorescent scanning 

laser ophthalmology (AF-SLO), (3) retinal thickness using optical coherence 

tomography (OCT) and (4) retinal morphology using flash frozen cross-sections of 

the murine retina. The ultimate goal of this work is to determine the time window for 

treatment and simultaneously establish measures to identify potential benefits of an 

ocular treatment. In addition, this work will validate the published data and expand 

the knowledge about the onset and progression of the retinal degeneration in Cln6nclf 

mice by using AF-SLO and OCT imaging technics as well as ERG recordings and 

immunohistochemical assessment of retinal cross sections at earlier time points. 
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4.3 Electrophysiological assessment of retinal function in Cln6nclf 

mice  

4.3.1 Functional retinal abnormalities occur in Cln6-deficient mice from early 

adulthood 

To understand better the onset of decline in retinal function, an ERG time study was 

carried out using Cln6nclf and wild type mice from 3 weeks of age, the youngest age at 

which this test can be performed. Following overnight dark-adaptation scotopic ERG 

waves were recorded in response to increasing light stimuli. For the subsequent 

photopic assessment, rod photoreceptor cells were bleached with a background light 

intensity of 30 cd.s/m2 for 5 minutes and the photopic ERG waves were recorded in 

response to increasing light stimuli. These recordings reveal that Cln6-deficient mice 

present with a mild reduction in the scotopic a- and b-waves at 1 cd.s/m2 and brighter 

light intensities at 3 weeks of age. This decline progresses further in the mutant mice 

at 4 weeks (data not shown). At 8 weeks of age the alterations become very apparent 

in the scotopic ERG at bright light intensity, whereas the photopic ERG remains 

unchanged. Representative traces of individual ERG waves measured at 10 cd.s/m2 

are shown in figure 4.1 A. Group averaged scotopic recordings show a significant 

reduction of the scotopic a-wave amplitudes in Cln6-deficient mice from 0.01 to 

75.28 cd.s/m2 at the age of 8 weeks. The scotopic b-wave amplitudes are significantly 

smaller in Cln6-deficient mice than in wild type animals at 8 weeks of age across all 

light intensities (figure 4.1 B). The retinal dysfunction, which appears to be rod 

photoreceptor driven in mutant mice, is particularly prominent at bright light 

intensities. For this reason and to facilitate a comparison over time, the present study 

focuses on scotopic ERG responses elicited at 10 cd.s/m2. By doing so it becomes 

clear that the scotopic a-wave amplitude is decreased in Cln6nclf mice by 25 percent at 

3 weeks of age and 70 percent at 8 weeks of age in comparison to age-matched wild 

type animals. As the disease progresses further the a-wave amplitudes remain at a low 

response level (figure 4.1 C). The analysis of the scotopic b-wave at a light stimulus 

of 10 cd.s/m2 reveals a progressive reduction in the size of the amplitudes in Cln6nclf 

mice at all ages (figure 4.1 D). These data demonstrate that the Cln6nclf mouse model 

presents with an early but mild progressive rod-mediated retinal dysfunction as 

demonstrated by a prominent a-wave reduction indicative of decreased rod 
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photoreceptor functioning and a diminished scotopic b-wave. The b-wave is 

dependent on the presence of the a-wave and reflects both photoreceptor and synaptic 

function in the outer plexiform layer of the retina (Stockton & Slaughter 1989). 

Consequently, the decrease in the scotopic b-wave could be a result of the reduced 

firing of rods in the mutant retinas, an intrinsic reduction of rod bipolar cell 

functioning or a combination of both. To clarify this, one could perform 

electrophysiological recordings directly from rod bipolar cells in the future.        
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Figure 4.1: Progressive retinal dysfunction is apparent in Cln6-deficient mice  

(A) Representative ERG traces from wild type and Cln6nclf mice at 2 months of age. Scotopic 
and photopic recording shown here are measured at 10 cd.s/m2. (B) Scotopic and photopic 
ERG recordings in response to all light intensities used in wild type and Cln6nclf mice at 2 
months of age. Data are represented as means ± STD for each light intensity. Recordings 
were analysed from the right eye in every animal. Wild type n = 5 eyes, Cln6nclf n = 10 eyes. 
A two-way ANOVA with Bonferroni post-test was performed to determine significance 
between wild type and Cln6nclf mice for recordings at different light intensities. p < 0.01 = **, 
p < 0.001 = ***. No significant differences were determined between wild type and Cln6nclf in 
photopic ERG recording. (C) Scotopic a-wave amplitudes at 10 cd.s/m2 over time. Data are 
represented as means ± STD. Recordings were analysed from the right eye in every animal. 
Cln6nclf n was as follows: 3w = 6 eyes, 4w = 7 eyes, 8w = 10 eyes, 12w = 9 eyes, 16w = 9 
eyes, 20w = 8 eyes, 24w = 7 eyes. Wild type recordings were from 5 to 7 eyes. A two-way 
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ANOVA with Bonferroni post-test was performed to determine significance between wild 
type and Cln6nclf mice. p < 0.001 = ***. (D) Scotopic b-wave amplitudes at 10 cd.s/m2 over 
time. Data are represented as means ± STD. Recordings were analysed from the right eye in 
every animal. n values are as mentioned above in (C). A two-way ANOVA with Bonferroni 
post-test was performed to determine significance between wild type and Cln6nclf mice. p < 
0.01 = **, p < 0.001 = ***. 
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4.3.2 ERG phenotype of Cln6nclf mouse strain is caused by a single gene defect  

The ERG time study revealed a severe reduction of the rod-mediated retinal function 

in Cln6nclf mice. As the Cln6nclf mouse line had not been used in our laboratory before 

it was important to confirm that the retinal phenotype was caused by a single gene 

defect in Cln6. Recently, several mutant mouse lines including a Cln3Δex7/8 knock-in 

mouse line were shown to carry an additional mutation in their background in the 

Crb1 gene commonly referred to as the rd8 mutation (Mattapallil et al. 2012; Volz et 

al. 2014). Crb1rd8/rd8 mice exhibit a mild reduction in the scotopic b-wave and 

histological abnormalities with retinal lesions, loss of photoreceptor cells and Mueller 

and microglia activation (Mehalow 2003; Aleman et al. 2011; Luhmann et al. 2014). 

More complicating, it was suggested that the severity of this retinal phenotype can be 

dependent on one or more additional genetic modifiers in a large region of 

chromosome 15 (Luhmann et al. 2014). In addition, very recently the widely used 

mouse line rd1 that carries a mutation in the Pde6b gene was also reported to contain 

a second confounding mutation in the Gpr179 gene. This mutation was hidden in the 

background of this mouse line potentially for several years and may have prevented 

numerous attempts to directly treat the primary genetic defect in these mice 

(Nishiguchi et al. 2015).  

To exclude that the retinal phenotype observed in Cln6nclf mice could be affected or 

modulated by mutations in other genes than in Cln6, animals of the Cln6nclf mouse 

line were backcrossed with homozygous C57Bl/6J wild type mice. The F1 mouse 

generation was paired again and two litters comprising a total of 15 F2 generation 

animals were assessed for their retinal function at 4 and 8 weeks of age using ERG. 

As the characterization of the Cln6nclf mice showed a significant and progressive 

decrease in rod photoreceptor function, the scotopic a-wave amplitudes of the F2 

generation mice were of particular interest and are shown in figure 4.2. At 4 weeks of 

age a clear reduction in the size of the a-wave is detected at high light intensities in 4 

animals (26.6%) compared to 11 other littermates (73.4%) (figure 4.2 A). At 8 weeks 

of age the scotopic a-wave amplitudes reduces further in the 4 animals and is 

approximately 65 percent lower than in the other littermates (figure 4.2 B). In 

comparison to the ERG recordings of the time study it becomes apparent that at 4 

weeks of age the amplitude size of the a-wave is smaller in Cln6nclf mice than in the 4 

animals of the F2 generation with the reduced a-wave. Similarly, the scotopic a-wave 
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amplitude is smaller in the wild type mice of the time study than in the 11 other 

animals of the F2 generation. However, the percentage decrease of the scotopic a-

wave in Cln6nclf compared to wild type mice of the time study is approximately the 

same as the reduction in the 4 animals compared to the 11 animals of the F2 

generation at 4 weeks of age (figure 4.2 A). At 8 weeks of age the amplitude size of 

the scotopic a-wave is similarly reduced in Cln6nclf mice and the 4 animals of the F2 

generation, whilst the wild type and the other 11 animals of the F2 generation have 

significantly larger and very similar amplitudes (figure 4.2 B). Consequently, 4 of the 

15 F2 generation animals seem to present with a Cln6nclf mouse mutant phenotype and 

the other 11 mice of the F2 generation show a wild type mouse phenotype as 

measured by ERG. These findings confirm that the retinal dysfunction in Cln6nclf mice 

is caused by a single gene defect that is inherited in an autosomal recessive fashion, 

which is in line with the reported inheritance of CLN6 disease in patients and mice 

(Schulz et al. 2013; Bronson et al. 1998). To establish this further, two mice of the F2 

generation that showed the mutant phenotype were paired and the entire F3 offspring 

was assessed by ERG. At the age of 4 and 8 weeks the scotopic a-waves of all F3 

generation mice are reduced and comparable to the Cln6nclf mouse mutant phenotype 

confirming that the loss of retinal function is due to a single gene defect (figure 4.2 A-

B). The scotopic b-wave amplitudes of the F2 and F3 generation mice were also 

analysed and are shown in supplementary figure 10.1. Briefly, a decrease in amplitude 

size is detected in all animals of the F3 generation and in the 4 animals of the F2 

generation that presented with strongly reduced a-waves.  

To fully establish that the mutant ERG phenotype is caused by the 1 bp insertion in 

the Cln6 gene (c.307insC) as reported, it would be required to perform a genotypic 

analysis of all animals of the F2 or F3 generation. This work is currently ongoing. As 

the Cln6 gene contains several GC rich sequences and the mutant insertion of a C 

base occurs after six C bases in the gene, the design of specific primer sets for the 

amplification of a Cln6 PCR fragment appeared to be problematic. For this reason, the 

expression level of Cln6 was analysed using qRT-PCR in adult wild type retinas and 

retinas of backcrossed mice presenting with an ERG phenotype and the original 

mutant Cln6-deficient mouse line. Figure 4.2 C shows that the relative expression 

level of Cln6 is significantly reduced in retinas of the backcrossed animals compared 

to wild type animals (p = 0.0357). In line with these data, the Cln6 expression level is 

approximately 50 percent lower in the retina of an animal derived from the Cln6nclf 
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mouse line, which is in the range of the reduction in the retinal samples of the 

backcrossed mice. A statistical analysis could not be performed due to the small 

sample size (n=1) (figure 4.2 C). However, the decrease in the Cln6 mRNA level of 

the backcrossed and mutant mice is consistent with published qRT-PCR experiments 

comparing the expression level in the eyes and retinas of age-matched wild type and 

Cln6nclf mice (Kanninen, Grubman, Caragounis, et al. 2013a; Mirza et al. 2013). 

Although the genotyping has not been completed, the reduced gene expression level 

in retinas of mice showing diminished ERG recordings strongly suggests that the 

ERG phenotype observed in the Cln6nclf mouse line is caused by a single gene defect 

in Cln6. 
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Figure 4.2: Scotopic a-wave ERG recordings of backcrossed F2 and F3 generation mice 

(A) Animals of the Cln6nclf mouse line were paired with homozygous C57Bl/6J wild type 
mice. Mice of the F1 generation were paired again and ERG recordings were performed on all 
animals of the F2 generation. At 4 weeks of age, the scotopic a-wave amplitudes are clearly 
reduced in 4 animals (26.6%) compared to 11 other littermates (73.4%) of the F2 generation. 
It becomes apparent that the percentage decrease in the a-wave amplitudes in the 4 animals of 
the F2 generation is comparable to the a-wave decrease observed in mice of the Cln6nclf mouse 
line of the time study. However, the absolute amplitude size of the two groups of the F2 
generation differs from the scotopic ERG recordings of wild type and Cln6nclf mouse line. 
Two animals of the 4 animals that presented with reduced a-wave amplitudes were paired and 
the retinal function of the F3 offspring was also assessed by ERG. At 4 weeks of age all 
animals of the F3 generation show decreased a-wave amplitudes similar to the parental F2 
generation. (B) At 8 weeks of age, the scotopic a-wave amplitudes are further reduced in the 4 
mice of the F2 generation compared to the other 11 littermates. The percentage decrease and 
the absolute size of the a-wave amplitudes are comparable in the 4 mice of the F2 generation 
and the Cln6nclf mouse line as well as the in the other 11 littermates of the F2 generation and 
wild type mouse line. All F3 generation mice present with decreased a-wave amplitudes that 
are in the range of the Cln6nclf mouse line and the parental F2 generation. It can be concluded 
that the retinal dysfunction of the Cln6nclf mouse line is caused by a single gene defect 
inherited in an autosomal recessive fashion, which is line with the reported inheritance of the 
disease. (A-B) Data are represented as means ± STD. Cln6nclf time study n = 7-10 eyes, wild 
type n = 5-7 eyes, F2 wild type phenotype n = 11 eyes, F2 mutant phenotype n = 4, F3 mutant 
phenotype n = 8 eyes. (C) The relative expression level of Cln6 was analysed using qRT-PCR 
in retinal samples of adult wild type mice, backcrossed mice presenting with the ERG 
phenotype and mice of the original Cln6nclf line. A significant reduction in the expression 
level in the backcrossed retinas compared to wild type retinas was determined using a Mann-
Whitney U test (p = 0.0357). Data are represented as means ± SEM. n = number of retinas. 
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4.4 A virtual optomotry test does not detect impaired spatial vision 

in Cln6nclf mice  
Recently, Cln6-deficient mice were reported to present with a reduction in visual 

acuity at the age of 20 weeks as measured in a virtual optomotor system that measures 

spatial vision (Mirza et al. 2013). To validate these data and to investigate whether 

this test can be used to assess the effect of therapeutic interventions in aged animals, 

the optomotry performance of a small cohort of adult Cln6nclf and wild type mice was 

examined at 16 and 24 weeks of age. For this test, mice are placed on a pedestal in the 

centre of an arena with four inward facing computer screens and an overhead 

(infrared) video camera to track head movements (figure 4.3 A). The mice are 

presented with randomly selected sinusoidal striped gratings rotating either clockwise 

or counter-clockwise to assess two measures of retinal function, contrast sensitivity 

and visual acuity (Prusky et al. 2004) (also figure 4.3 B).  

As Cln6-deficient mice showed a prominent loss of the scotopic ERG, the optomotry 

test was performed under scotopic light conditions. To do so, mutant and wild type 

mice were dark-adapted overnight and the optomotry test was performed under dim 

light conditions on two pairs of two consecutive days with a break of two days in 

between (e.g Thursday, Friday, Monday, Tuesday). Across all days the head 

movements were tracked for rotating gratings measuring first contrast sensitivity and 

then visual acuity. The performance of each eye was averaged over all test days at 

each time point.  

The optomotry assessment demonstrates that neither contrast sensitivity nor visual 

acuity is significantly different in wild type and mutant eyes at both ages tested. It 

also becomes apparent that the test can be variable when a small sample size is used 

as indicated by the inconsistent contrast sensitivity performance of the wild type mice 

over time and the relatively large error bars in each group (figure 4.3 C, D). 

Previously, a time study was carried out using this spatial vision test with a large 

sample size of 12 animals per group (Mirza et al. 2013), which may be the reason 

why in this study a significant difference was found at 5 months of age and no 

difference was found in the present work. Furthermore, in the study by Mirza et al. 

the optomotry performance was not assessed under scotopic light conditions and it is 

not stated whether the test was performed on several days. It can be concluded that 

the optomotry test as performed in our laboratory is not suitable to assess potential 
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long-term effects of an ocular treatment in Cln6nclf mice.  

 
Figure 4.3: Optomotor response of a small cohort of Cln6nclf mice  

(A) Schematic showing the optomotry set up. The mouse is placed on a pedestal surrounded 
by four computer screens, which project a rotating sinusoidal striped grating. Involuntary 
reflex head-tracking responses are driven by the right and left eye, which are most sensitive to 
counter-clockwise (white arrow) and clockwise (black arrow) rotations, respectively. (B) The 
set up permits two measures of visual function, contrast sensitivity and visual acuity, which 
can be assessed through different stimuli as presented on the four surrounding screens. (C-D) 
The measurement of contrast sensitivity and visual acuity does not show differences in wild 
types or mutant eyes at 16 or 24 weeks of age. A two-way ANOVA did not determine 
significant differences. Data are represented as means ± SEM. n values are as follows: wild 
type n = 3 eyes from 3 mice, Cln6nclf n = 4 eyes from 4 mice. 
!  
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4.5 Ocular fundus examination reveals a progressive built up of 

autofluorescent material in Cln6nclf mice 
The ocular fundus of Cln6-deficient mice was investigated over time using AF-SLO. 

In every animal the optic nerve of each eye was positioned in the centre of the field of 

view and images were acquired focusing on the RPE. At 1 month of age individual 

autofluorescent spots are detectable in the fundus of the Cln6nclf mice (figure 4.4 A). 

From 2 months of age widespread and evenly distributed autofluorescent spots are 

present in the entire fundus and become more prominent with time, which is not 

observed in age-matched wild type controls (figure 4.4 B-D). A manual count with 

the software Image J reveals a consistently increased number of autofluorescent spots 

in mutant mice compared to age-matched wild type animals across all time points 

(figure 4.4 E). A qualitative analysis of RPE flatmounts from 6 months old Cln6nclf 

mice indicates that the pattern of autofluorescent spots resembles the presence of 

infiltrated Iba1 positive macrophages in the subretinal space (figure 4.4 F-G). This 

notion is supported by a study demonstrating that in mice the size of autofluorescent 

spots in SLO fundus images is identical with the size of Iba1 positive macrophages on 

murine RPE flatmounts (Luhmann et al. 2009).  
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Figure 4.4: Analysis of autofluorescence in the ocular fundus of Cln6nclf mice 

(A-D) Representative AF-SLO images of Cln6-deficient and wild type mice from the age of 1 
month to 6 months. Individual autofluorescent spots are detectable in the fundus of the mutant 
mice at 1 month of age. Over time the autofluorescence becomes more prominent and covers 
the entire fundus at 6 months of age. Images of left and right eyes were randomly selected 
when good quality images were taken of both eyes in one animal. (E) Quantification of the 
autofluorescence shows that the number of autofluorescent spots is increased in mutant mice 
compared with controls across all time points. Data are represented as means ± STD. Wild 
type n = 3 eyes per time point, mutant mice n = 5-6 eyes per time point. Where good quality 
images were taken of both eyes, images of the right eye were analysed. (F) Representative 
staining of RPE flatmounts reveals widespread Iba1 positive macrophages throughout the 
entire subretinal space in samples from Cln6nclf mice compared with wild type mice at 6 
months of age. (G) Magnification of Iba1 staining on RPE flatmounts of mutant mice.  
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4.6 The thickness of the retina decreases progressively in aging 

Cln6nclf mice  
As retinal function is diminished from early adulthood, the thickness of the retina was 

investigated in mutant mice over time using OCT. Figure 4.5 A shows representative 

OCT images that highlight the notable thinning of the retina in mutant compared with 

wild type animals at 6 months of age. A quantitative analysis measuring the thickness 

of the whole retina from the inner limiting membrane to the edge of the RPE reveals 

that the retina is significantly thinner in Cln6-deficient mice from 1 month of age 

onwards. At the age of 6 months, the retina of mutant mice is approximately 30 

percent reduced in thickness (figure 4.5 B). Although quantification of the thickness 

of individual retinal layers in OCT images is imprecise, qualitative examination of the 

images suggests that the loss of retinal thickness is primarily caused by a loss in ONL 

thickness (figure 4.5 A). 
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Figure 4.5: Retinal thinning in Cln6nclf mice  

(A) Representative OCT images of wild type and Cln6nclf mice at 1 month and 6 months of 
age. (B) Quantitative analysis of the retinal thickness demonstrates a progressive thinning 
over time in mutant animals. Data are represented as means ± STD. Cln6nclf n was as follows: 
1M = 4 eyes, 2M = 5 eyes, 4M = 5 eyes, 6M = 6 eyes. Images of left and right eyes were 
randomly selected when good quality images were taken of both eyes in one animal. Wild 
type n was as follows: 1M = 5 eyes, 2M = 3 eyes, 4M = 5 eyes, 6M = 7 eyes. A two way 
ANOVA with Bonferroni post-test was performed to determine significance between wild 
type and Cln6nclf mice at each time point. p < 0.001 = ***. An unpaired t test was performed 
to determine significance between Cln6nclf mice at 1 month and 6 months of age. p < 0.0005 = 
***. 
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4.7 Retinal histology in Cln6-deficient mice  

4.7.1 Cln6nclf mice present with a significantly reduced number of photoreceptor 

nuclei and abnormal photoreceptor outer segments  

In vivo imaging revealed that the retina of Cln6-deficient mice thins dramatically over 

time. The OCT images suggest that in particular the outer retina degenerates as the 

animals age. To quantify the loss of photoreceptors, a count was conducted on the 

rows of DAPI stained photoreceptor nuclei at the age of 1 month and 6 months in 

wild type and mutant animals (figure 4.6 A). The averaged number of photoreceptor 

rows in mutant mice is eight and four rows at 1 month and 6 months of age, 

respectively, which is significantly lower than eleven to twelve rows in a wild type 

mouse (figure 4.6 B). To investigate further the morphology of photoreceptor cells, 

immunohistochemical staining for rods using a rhodopsin antibody and staining for 

cones using PNA (peanut agglutinin lectin) were performed. Figure 4.6 A displays 

that at 6 months of age cone and rod outer segments are noticeably shorter in mutant 

mice compared with age matched wild type controls. In addition, the staining for 

rhodopsin and PNA appears weaker in the mutant retinas indicating the degeneration 

of the photoreceptor segments. At 1 month of age the cone and rod outer segments 

seem longer in mutant mice compared with the very advanced stage at 6 months 

(figure 4.6 A). To find out whether the number of outer segments is decreased, counts 

of PNA positive cells were performed. This showed that there were on average 

approximately 35 percent fewer cone outer segments in mutant than in wild type 

retinas at the age of 6 months (figure 4.6 C). The number of rods cannot be quantified 

by immunostaining because a broad fluorescent antibody signal is obtained for rod-

specific proteins like rhodopsin. However, as rods form around 97 percent of 

photoreceptors in the rodent retina and the number of photoreceptor nuclei becomes 

severely reduced over time, whereas the number of cone outer segments is only 

moderately reduced at 6 months, it can be concluded that rod photoreceptors are more 

vulnerable to the deficiency of Cln6 than cones.  
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Figure 4.6: The degeneration of photoreceptor cells is characterized by a severe 
reduction in photoreceptor nuclei and outer segments.  

(A) Representative PNA and rhodopsin immunostaining shows severely shortened outer 
segments in the retinas of Cln6nclf mice at 6 months of age. At 1 month of age the 
photoreceptor outer segments seem longer in mutant mice. It also becomes apparent that 
thickness of the ONL is dramatically decreased in Cln6nlcf mice compared to age-matched 
wild type controls. (B) At 1 month and 6 months of age the averaged number of 
photoreceptor rows is significantly decreased in mutant mice. Data are represented as means 
± STD. n = 5 eyes for Cln6nclf and wild type mice. A two-way ANOVA with Bonferroni post-
test was performed to determine significance between wild type and Cln6nclf mice. p < 0.001 = 
*** (C) A significant decline of PNA positive cells is detected in Cln6-deficient mice at 6 
months of age. Data are represented as means ± STD. n values are 5 eyes for Cln6nclf and wild 
type mice. A non-parametric Mann-Whitney U test was performed to determine significance 
between wild type and Cln6nclf mice. * p = 0.0159. 
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4.7.2 Increased apoptotic cell loss occurs at juvenile age and lasts throughout 

adulthood in the retinas of Cln6nclf mice 

To establish the time course of apoptotic cell loss in Cln6nclf mice, TUNEL staining 

was performed in mutant and wild type retinas at different time points (figure 4.7 A). 

The count of TUNEL positive cells reveals that the number of apoptotic cells is 

significantly increased in mutant mice compared with wild type mice as early as P14 

(postnatal day 14), a period when programmed cell death occurs during 

synaptogenesis in normal retinal development (Young 1984; Cepko et al. 1996). 

Apoptosis is also severely elevated in mutant retinas at 1 month of age and remains 

higher but not significantly different until 6 months of age in comparison to wild type 

retinas. However, it is evident that the number of TUNEL positive cells decreases in 

Cln6nclf mice from 1 month of age and is clearly reduced at 6 months of age, which 

suggests that apoptotic cell death occurs in particular in juvenile ages (figure 4.7 B). 

Most of the apoptotic cells are detected in the ONL in the mutant retina supporting the 

finding that predominantly photoreceptor cells are lost (figure 4.7 A). 
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Figure 4.7: Increased numbers of apoptotic cells are present in the retina of Cln6nclf mice  

(A) Representative images of TUNEL staining in Cln6nclf and wild type mice at P14 and 6 
months of age. (B) Averaged counts of TUNEL positive cells in Cln6-deficient and wild type 
mice. At P14 and 1 month of age severely increased numbers of apoptotic cells were detected 
in mutant retinas. Up to 6 months of age the number of TUNEL positive cells remains higher 
but is not significant different from wild type. Data are represented as means ± STD. n = 5 
eyes for both mouse lines across all time points. A two-way ANOVA with Bonferroni post-
test was performed to determine significance between wild type and Cln6nclf mice. p < 0.01 = 
**.  
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4.7.3 Widespread Mueller glia cell activation is accompanied by prominent loss of 

photoreceptor cells in the retina of Cln6nclf mice 

Since increased apoptosis and a reduction in thickness of the whole retina is 

detectable from P14 and 1 month of age respectively, a time study was performed to 

assess qualitatively the histology of the retinal layers in Cln6-deficient retinas. 

Simultaneously immunohistochemical staining for GFAP, a marker for Mueller glia 

cell activation, was performed at different time points.  

At P14 and 1 month the structure and thickness of all layers in the retina appear 

normal in mutant mice as indicated by DAPI nuclei staining. Similarly, no prominent 

up-regulation of GFAP was observed at P14, however at 1 month of age high 

expression of GFAP becomes apparent in Mueller glia cell endfeet and processes 

across large parts of the retina in Cln6nclf mice (figure 4.8 A-B). Glial cell activation 

progresses further as the animals age, resulting in severely increased GFAP staining at 

6 and 9 months. In addition, over time the thickness of the ONL decreases severely, 

whilst the thickness of other retinal layers appears relative preserved until 6 months of 

age. At the very advanced disease stage of 9 months, the GCL and INL also seem to 

have reduced in thickness as observed by DAPI staining (figure 4.8 C).  

The retinal histology was also examined in the backcrossed F2 generation mice at 2 

months of age (see 4.3.2). Retinal cross-sections of F2 generation mice presenting 

with a mutant ERG phenotype show an up-regulation of GFAP that is comparable to 

the expression of GFAP in age-matched retinas of the Cln6nclf mouse strain. Similar to 

the Cln6nclf strain, DAPI nuclei staining reveals a reduced thickness of the ONL in the 

F2 generation mice compared with adult wild type animals (figure 4.8 D). In 

combination with the ERG results of the backcrossed F2 generation mice (figure 4.2), 

this finding excludes that the loss of photoreceptor cells in Cln6nclf animals could be 

affected by a confounding mutation in the background of the Cln6nclf mouse strain.   
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Figure 4.8: GFAP and DAPI staining in Cln6-deficient and wild type mice  
(A) At P14 no increase in GFAP staining is visible in the mutant retina, whilst at 1 month of 
age GFAP expression is increased in Mueller glia cells in mutant compared with wild type 
retinas. (B) Representative tiled image of a retinal cross-section reveals widespread Mueller 
glia activation. (C) A GFAP staining time course in Cln6-deficient mice from 2 months to 9 
months of age shows progressively elevated GFAP expression across the retina of Cln6-
deficient mice. Severe thinning of the retina, mostly due to a decrease in ONL thickness, 
becomes apparent as indicated by DAPI nuclei staining. (D) Comparison of the retinal 
histology in F2 generation mice that presented with a mutant ERG phenotype in a previous 
experiment (figure 4.2) demonstrates that the expression of GFAP is up-regulated similar to 
age-matched mice of the Cln6nclf mouse strain. Thinning of the ONL becomes apparent in the 
F2 generation mice when compared with cross-sections of adult wild type mice. This finding 
excludes that the loss of photoreceptor cells in the Cln6nclf animals could be affected by a 
confounding mutation in the background of the Cln6nclf mouse strain.   
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4.7.4 The number of rod bipolar cells is reduced in aged Cln6nclf mice 

The retinal phenotype described in this work demonstrates that in Cln6-deficient mice 

the functioning of photoreceptors and the survival of photoreceptor cells are affected 

predominantly. However, the amount of CLN6 protein was found to be high in the 

INL in humans where CLN6 staining co-localises with staining for rod bipolar cells as 

described in chapter 3. This finding is supported by a microarray study in adult wild 

type mice that showed a high expression level of Cln6 in bipolar cells (Siegert et al. 

2012).  

To assess whether the deficiency in Cln6 has not only an effect on the survival of 

photoreceptors but also affects the numbers of bipolar cells, retinas from 1 month and 

6 months old wild type and mutant mice were stained for the rod bipolar cell marker 

PKCα and the cell bodies positive for PKCα were counted (figure 4.9 A). The number 

of rod bipolar cells is not significantly reduced at 1 month. However, at 6 months of 

age there are significantly fewer PKCα positive cells in mutant compared with wild 

type retinas (p < 0.001) suggesting that the loss of bipolar cells is most likely a 

secondary effect of the degeneration in Cln6-deficient mice (figure 4.9 B). The 

comparison of the immunostaining for recoverin, a primary marker for 

photoreceptors, and PKCα underlines the severe loss of photoreceptor cells in mutant 

mice. The recoverin antibody also stains a subtype of OFF cone bipolar cells as 

indicated by the cell terminals in the more outer sublamina a in the IPL compared to 

the terminals of ON rod bipolar cells in the inner sublamina b (figure 4.9 A). Due to 

the weak and variable fluorescent signal of the recoverin immunostaining, the number 

of cone bipolar cells was not quantified. It is unlikely however that there is a severe 

loss of recoverin positive OFF bipolar cells since recoverin positive bipolar cells can 

be detected in mutant retinas at both time points and OFF bipolar cells only make up 

approximately one quarter of all bipolar cells. Although this experiment demonstrates 

that bipolar cells are not as vulnerable to the deficiency of Cln6 as photoreceptor 

cells, it cannot be excluded that the function of bipolar cells is affected in mutant mice 

at early disease stages which could contribute to the reduced b-wave amplitudes in 

ERG recordings (see 4.3). Taken together, Cln6-deficient mice show only a loss of 

bipolar cells at advanced disease stages, whereas the loss of photoreceptor cells is 

pronounced from early stages and dominates the disease progression.  
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Figure 4.9: The number of rod bipolar cells is significantly smaller in Cln6nclf mice at 
advanced disease stages. 

(A) Immunostaining for recoverin and PKCα highlights the severe photoreceptor loss, 
whereas the loss of bipolar cells is not as obvious. (B) The averaged number of PKCα 
positive cells is reduced in mutant mice at 6 months but not at 1 month of age compared with 
age-matched wild type controls. Data are represented as means ± STD. n = 4 eyes for the wild 
type controls at both time points, n = 5 eyes for the mutants at both time points. A two-way 
ANOVA with Bonferroni post-test was performed to determine significance between wild 
type and Cln6nclf mice. p < 0.001 = ***. 
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4.8 Discussion  
The aim of this chapter was to investigate the onset and progression of the visual 

phenotype in Cln6nclf mice. For the development of a gene therapy, it is important to 

study when retinal abnormalities start to occur, what retinal cell types are affected and 

how the end stage of the retinal degeneration presents. To do so, this chapter assessed 

retinal function and thickness as well as retinal morphology and histology in mutant 

and wild type animals over time. This examination will allow us to narrow down the 

time window for treatment and will establish early and late measures to test whether 

retinal treatments were effective.   

 

The examination of retinal function shows that ERG recordings are reduced as early 

as 3 weeks of age in Cln6nclf mice. The scotopic a-wave amplitudes corresponding to 

rod photoreceptor function decrease progressively over time, whilst the scotopic b-

wave amplitudes corresponding to rod bipolar cell function also reduce, however 

without such a progressive trend. In the first two months the scotopic a-wave 

amplitudes reduce significantly in size with a subsequent drop in the scotopic b-wave 

amplitudes in mutant mice. Over time the ERG amplitudes continue to decrease, 

however the percentage change is smaller compared to the earlier time points (figure 

4.1 C-D). These findings are not in full agreement with recently published work. 

Mirza et al. showed that in Cln6-deficient mice the scotopic a-wave amplitudes 

decreases from 1 month of age, however a decrease of the scotopic b-wave was only 

observed from 3 months of age. In addition, the authors found the biggest reduction in 

the scotopic a-wave in Cln6nclf animals from 2 months to 3 months of age, which was 

accompanied by a significant drop in the b-wave amplitudes (Mirza et al. 2013). One 

explanation for the discrepancy of these findings could be differences in the ERG 

protocol of the two studies. The highest light intensity that was tested in the study by 

Mirza et al. was 10 cd.s/m2, whereas in our study the highest light intensities were 

31.6 and 75.28 cd.s/m2. In addition, in the previous study the intersweep delay of the 

light stimuli at 10 cd.s/m2 was only 20 sec and in this study an intersweep delay of 90 

sec was used (Mirza et al. 2013) (see 2.7.4). Consequently, it could be that early 

changes in the retinal function of Cln6-deficient mice remained undetected in 

previous ERG recordings.  
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Our study highlights that already at 3 weeks of age retinal function is impaired in 

Cln6-deficient mice (figure 4.1 C, D). We also performed ERG recordings at 2 weeks 

of age, however no amplitudes were detectable in wild type controls and therefore 

mutant animals were not tested (data not shown). During normal development of the 

murine eye a small scotopic a-wave can be recorded as early as P10, the scotopic b-

wave starts to appear from P11 and the size of both ERG wave amplitudes increases 

further until the animals reach adulthood (Rohrer et al. 1999; Bakall et al. 2003). It is 

possible that at P14 the ERG waves were still too small to be detected and 

modifications of the current protocol and setup would be required to record from very 

young animals. Because the ERG recordings of mutant mice are already reduced at 3 

weeks of age it could be speculated whether retinal function is impaired from the very 

beginning and never develops as it does in juvenile wild type animals. This note is 

supported by the presence of apoptotic cells in the ONL in mutant retinas at P14 

(figure 4.7). Further research is needed to gain insight into the early development of 

retinal function in Cln6nclf mice.    

 

The strongly decreasing scotopic a-wave amplitudes in mutant animals may indicate 

that the deficiency in Cln6 causes primarily the loss of photoreceptor function, whilst 

the reduction in bipolar cell function could merely be a result of the loss in 

photoreceptor function since the occurrence of the b-wave is dependent on the 

occurrence of the a-wave. This hypothesis is supported by the dramatic thinning of 

the retina, in particular of the ONL, in mutant mice and the increased number of 

apoptotic cells, predominately present in the ONL at early disease stages (figure 4.5 

B, 4.6 A-B, 4.7 A-B, 4.8 C). In comparison to Bartsch et al. the present study 

establishes that photoreceptor cell death occurs even earlier than previously shown 

with a significant increase of TUNEL positive cells in the ONL from P14 (Bartsch et 

al. 2013). The thickness of the INL appears relative preserved when DAPI nuclei 

staining was investigated in our study (figure 4.6 A, 4.7 A, 4.8 C) and previous 

publications (Mirza et al. 2013; Bartsch et al. 2013).  

 

To examine further the loss of photoreceptors, cells stained for PNA, a marker for 

cone photoreceptor outer segments, were counted and only a mild reduction of the 

cone photoreceptor number was demonstrated at 6 months of age in Cln6nclf mice 

(figure 4.6 C). As in rodents the number of rods exceeds by far the number of cones 
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(Jeon et al. 1998), it can be concluded that the loss of photoreceptors is predominantly 

caused by the death of rod photoreceptors indicating that rods are more vulnerable to 

the deficiency in Cln6 than cones. These data are consistent with the pronounced loss 

of the scotopic ERG and an unaltered photopic ERG at early disease stages (figure 4.1 

A). The comparison of the PNA and rhodopsin staining, a marker for rod 

photoreceptor outer segments, reveals that the length of cone and rod outer segments 

severely shortens as the mutant animals age (figure 4.6 A). To establish when the 

shortening of the segments commences and whether only the outer or also the inner 

segments of the photoreceptors are affected, it is required to assess paraffin embedded 

retinal sections or semithin sections of the retina, tissue preparations that preserves the 

morphology of photoreceptor segments better than cryopreserved retinal sections.  

 

The previous chapter and a microarray study from 2012 showed that the expression 

level of CLN6 is higher in bipolar cells than in photoreceptor cells in the retina 

(Siegert et al. 2012). This chapter describes the retinal phenotype of Cln6-deficient 

mice with a prominent decline in photoreceptor functioning and photoreceptor 

survival, whilst morphologically the INL of the retina appears relatively unaltered 

when DAPI nuclei staining was assessed. Similarly, two recent studies reported a 

prominent degeneration of photoreceptors in Cln6nclf mice whilst no histological 

alterations were noted in the INL (Mirza et al. 2013; Bartsch et al. 2013). To 

investigate whether also bipolar cells undergo morphological changes, which so far 

potentially remained undetected in mutant mice, immunostaining for PKCα, a rod 

bipolar marker, and recoverin, a strong photoreceptor and a weak OFF cone bipolar 

cell marker, was conducted. A cell count demonstrates that the number of rod bipolar 

cells is not significantly reduced in Cln6-deficient animals at 1 month but at 6 months 

of age. The number of OFF cone bipolar cells was not quantified due to the weak 

recoverin staining in the INL (figure 4.9 A-B). Yet, a severe loss of the overall small 

number of OFF cone bipolars in the murine eye can be excluded because several 

recoverin positive bipolar cells are present at 1 month and 6 months in Cln6 deficient 

retinas. This experiment provides evidence that not only photoreceptor cells but also 

bipolar cells are lost in Cln6nclf mice. However, the loss of bipolar cells seems to a 

secondary effect of the retinal degeneration in mutant mice as the number of PKCα is 

only significantly decreased at 6 months of age. Nevertheless, it is possible that rod 

bipolar cells survive longer than photoreceptors when Cln6 is deficient but their 
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function is affected, which could contribute to the diminished scotopic b-wave 

amplitudes. To find out whether the function of rod bipolar cells is impaired in mutant 

retinas independent of the reduced photoreceptor function, electrophysiological 

recordings could be carried out ex vivo using single cell recording.     

 

The characterization of the retinal phenotype in Cln6nclf mice shows a progressive 

infiltration of Iba1 positive macrophages into the subretinal space starting at 1 month 

(figure 4.4 A-G), which was also reported recently in the retina (Mirza et al. 2013). 

Similarly, a pronounced and widespread activation of Mueller glia cells occurs from 1 

month of age in mutant retinas (figure 4.8 A-B). As an increase in TUNEL positive 

cells is present from P14 (figure 4.7 A-B), it can be concluded that Mueller glia cell 

activation and prominent infiltration of macrophages commence after the onset of 

apoptosis in the retina of Cln6-deficient mice. Nevertheless, it cannot be excluded that 

other immune responses are triggered before the onset of the apoptotic cell loss.  

 

This chapter presents a detailed characterization of the retinal phenotype in Cln6nclf 

mice. It demonstrates that morphological and functional abnormalities occur as early 

as two and three weeks of age including prominent loss of rod photoreceptor cells and 

function. There is a loss of bipolar cells, however it is relatively mild and relatively 

late in the course of the disease. Although it cannot be excluded that the changes to 

the INL are central to disease progression, it is likely that the photoreceptor 

phenotype is the primary defect and later changes are secondary to this.  
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5 AAV-mediated gene therapy aiming to treat 

photoreceptor degeneration in Cln6nclf mice 

5.1 Introduction 
Chapter 4 describes the onset and progression of the visual phenotype in Cln6nclf 

mice. Histological and functional alterations occur as early as 2 and 3 weeks in this 

mouse model and ultimately result in dramatic thinning of the retina and loss of 

retinal function. More precisely, photoreceptor cells appear to be vulnerable to the 

deficiency in Cln6 as indicated by a progressive decline of the scotopic a-wave from 3 

weeks of age, an increase in TUNEL positive cells in the ONL from 2 weeks of age 

and a severe reduction of the ONL thickness from 4 weeks of age. In contrast, the 

GCL and the INL do not show obvious morphological or structural changes at early 

disease stages. Although a non-progressive deficit in the scotopic b-wave may 

indicate bipolar cells involvement (chapter 4). 

 

The gene expression analysis in chapter 3 demonstrates that Cln6 is highly expressed 

in the murine retina. Immunohistochemical staining on human retina reveals that 

CLN6 is very abundant in bipolar cells, whilst the protein is also detectable in 

photoreceptors, but at a considerably lower level. A microarray study published 

recently shows a similar expression pattern of Cln6 in the murine retina (Siegert et al. 

2012). These findings are surprising, as mice deficient in Cln6 present with a severe 

degeneration of the ONL and only a mild reduction in the number of rod bipolar cells 

is found at advanced disease stages (figure 4.8). From the prominent ONL 

degeneration in Cln6nclf mice one would predict that Cln6 is a protein more abundant 

in the ONL, that when mutated causes photoreceptors to die. To explain, nevertheless, 

the loss of photoreceptors in the mutant mice one could speculate that despite its low 

expression Cln6 could exert a vital role for photoreceptor function and a deficiency in 

the protein could perturb photoreceptor function ultimately leading to photoreceptor 

death. This hypothesis is supported by the notion that photoreceptors are 

metabolically very active cells and sensitive to intra- or extracellular changes 

affecting the maintenance of their metabolism (Winkler 1981; Wong-Riley 2010). 
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Moreover, there is no obvious mechanism by which a genetic defect in bipolar cells 

could primarily kill photoreceptors but does not result in similarly evident death of 

bipolar cells. To date, retinal dystrophies arising from a defect in the inner retina that 

do not cause a loss of cells in the INL, yet do so in the ONL, have not been described. 

It would therefore appear that the retinal phenotype in Cln6nclf mice is most likely 

caused by a primary defect in photoreceptor cells. Consequently, we hypothesized 

that photoreceptors need to be treated to slow or halt the retinal degeneration in Cln6-

deficient mice.   

 

In the past AAV vectors have been used successfully for gene therapy approaches to 

restore the expression of absent or mutant proteins in photoreceptors or RPE and 

thereby to treat photoreceptor degenerations in animal models. AAV2/5, AAV2/7, 

AAV2/8 and AAV2/9 are viral serotypes that efficiently transduce photoreceptor cells 

when delivered subretinally (for comprehensive reviews (Smith et al. 2011; Trapani et 

al. 2014)). Aiming to develop an ocular gene therapy for the retinal phenotype in 

Cln6nclf mice the present work focuses on the vector AAV2/8 to deliver normal CLN6 

transgenes to photoreceptor cells. The serotype AAV2/8 is commonly used in our 

laboratory and is one of the most efficient viral serotype for transduction of 

photoreceptor cells in a variety of species including mice (Allocca et al. 2007; 

Natkunarajah et al. 2008).  
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5.2 Aims 
The aim of this chapter is to explore whether an AAV-mediated gene therapy 

targeting photoreceptor cells can slow or halt the retinal degeneration in Cln6nclf mice. 

First, we assessed whether the overexpression of CLN6 in wild type mice leads to 

toxicity. Finally, we investigated whether the delivery of healthy CLN6 to 

photoreceptors in Cln6-deficient mice had a beneficial effect on the degeneration of 

the retina.  
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5.3 Ocular overexpression of human NCL genes in wild type mice 

5.3.1 Subretinal delivery of human CLN6 in adult wild type mice 

For the development of an AAV-mediated gene supplementation therapy, it is 

important to assess whether the viral delivery of a CLN6 transgene has detrimental 

effects in a non-diseased retina. For this reason, adult wild type mice received 

subretinal injections with an AAV2/8 vector carrying a CMV promoter and a human 

CLN6 (hCLN6) transgene. The viral vector was generated containing a strong 

ubiquitous promoter because the expression level of Cln6 is high in the murine retina 

and Cln6 expression is detected in the neuroretina and RPE/choroid samples (figure 

3.4, 3.5). A human CLN6 transgene was used since the sequence of the human and 

mouse CLN6 protein are very similar and only a reliable human CLN6 antibody was 

available (figure 3.1, 3.2).  

To assess different expression levels of the transgene, two different titres of the 

AAV2/8.CMV.hCLN6 vector were administered in adult wild type mice, a high titre 

of 1x1013 vg/mL and a moderate titre of 1x1012 vg/mL (total volume 2µl per 

injection). To control for the effect of viral particles in the subretinal space, a titre-

matched AAV2/8.null vector produced by using a genomic plasmid containing only 

the plasmid backbone without transgene or promoter was administered. Left and right 

eyes of the animals were selected for each treatment group in an alternating fashion to 

control for bias. In total, seven eyes were left uninjected as untreated control eyes.  

To allow for high transgene expression levels, four weeks after the injections retinal 

function was measured by scotopic and photopic ERGs. The recordings show that the 

injections of AAV2/8.CMV.hCLN6 at the high titre of 1x1013 vg/mL cause a strong 

reduction of the a- and b-waves. Injections with a titre-matched AAV2/8.null vector 

do not result in decreased ERG amplitudes, which shows that the high expression 

levels of CLN6 cause the loss of retinal function. Lower expression levels of CLN6 

introduced by a viral titre of 1x1012 vg/mL do not affect the ERG recordings and are 

comparable to the recordings from AAV2/8.null injected and uninjected eyes (figure 

5.1 A).  

To confirm CLN6 transgene expression, immunohistochemical staining was 

performed on eyes that received injections with AAV2/8.CMV.hCLN6 at a titre of 

1x1013 vg/mL. Sagittal cross-sections demonstrate a widespread expression of CLN6 
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in the murine retina (figure 5.1 B); higher magnification images reveal that CLN6 is 

expressed in photoreceptors and RPE as expected (figure 5.1 C). However, close to 

the injection site severe loss of photoreceptors can be observed. The thinning of the 

ONL probably enabled the AAV2/8 vector to penetrate into deeper layers of the retina 

and transduce localised Mueller glia cells that span the width of the retina (figure 5.1 

D).  

It can be concluded that high expression levels of CLN6 in photoreceptors is 

deleterious in wild type animals as demonstrated by the reduction in retinal function 

and severe loss of cells in the ONL. Lower expression levels of CLN6 introduced by a 

viral titre of 1x1012 vg/mL did not affect retinal function.  
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Figure 5.1: Subretinal delivery of AAV2/8.CMV.hCLN6 in adult wild type mice 4 weeks 
post injection  
(A) ERG recordings of adult wild type mice 4 weeks post subretinal injections. Wild type 
animals received subretinal injections with an AAV2/8.CMV.hCLN6 vector at a high titre of 
1x1013 vg/mL and a moderate titre of 1x1012 vg/mL. To match the highest titre an 
AAV2/8.null vector was administered at 1x1013 vg/mL to control for the presence of AAV 
particles in the subretinal space. CLN6 overexpression introduced by a 1x1013 vg/mL viral 
titre leads to a reduction of the ERG amplitudes, whilst the injection of a titre-matched 
AAV2/8.null does not have an impact on retinal function. Lower titres of 
AAV2/8.CMV.hCLN6 do not cause changes in the ERG recordings indicating that high 
expression levels of CLN6 introduced by a viral titre of 1x1013 vg/mL have a detrimental 
effect on retinal function in wild type mice. Data are represented as means ± SD. n values are 
as follows: wild type n = 7 eyes, null n = 5 eyes, hCLN6 1x1013 vg/mL n = 4 eyes, hCLN6 
1x1012 vg/mL n = 4 eyes. (B) CLN6 immunostaining reveals a widespread expression of the 
human transgene 4 weeks post subretinal delivery of AAV2/8.CMV.hCLN6 at 1x1013 vg/mL 
(C-D) CLN6 immunostaining confirms expression of CLN6 in photoreceptors and RPE 
following viral injections at 1x1013 vg/mL. (D) Close to the injection site severe thinning of 
the ONL is detected in most of the retinal cross-sections.   
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5.3.2 Subretinal delivery of human CLN3 in adult wild type mice 

Since overexpression of CLN6 in photoreceptors is deleterious, we investigated 

whether the overexpression of another NCL gene encoding a transmembrane protein 

is toxic in photoreceptors. To accomplish this, adult wild type mice received 

subretinal injections with an AAV2/8.CMV.hCLN3-ires-eGFP construct of different 

titres ranging from 1x1013 vg/mL to 1x1011 vg/mL (total volume 2µl per injection). 

An ires-eGFP cassette coupled to the CLN3 transgene was utilized because of the lack 

of reliable CLN3 antibodies.  

Four weeks post injection treated animals underwent ERG recordings. The analysis of 

the ERG recordings demonstrates that the subretinal administration of an 

AAV2/8.CMV.hCLN3-ires-eGFP vector at 1x1013 vg/mL leads to a reduction of the 

a- and b-wave amplitudes in wild type animals indicating that high expression levels 

of CLN3 in photoreceptors induce toxicity. Similar to titre-matched injections with 

AAV2/8.CMV.hCLN6 the administration of AAV2/8.CMV.hCLN3-ires-eGFP at 

lower titres does not affect retinal function (figure 5.2 A). 

Following the ERG recordings, injected eyes were harvested and immunostaining was 

performed for eGFP to visualize the viral transduction in the murine retina. A 

representative image of an eye treated with a viral titre of 1x1012 vg/ml is shown in 

figure 5.2 B demonstrating that the ONL is transduced well at a moderate titre and the 

thickness of the ONL is not affected. 

To understand better what level of transgene expressions can be achieved and how it 

compares to endogenous Cln3 levels, a qRT-PCR expression analysis was performed 

on wild type retinas transduced with AAV2/8.CMV.hCLN3-ires-eGFP at the three 

different titres. To do so, a PCR assay was developed that specifically detected human 

CLN3 in mouse retina. qRT-PCRs were then performed to analyse the expression of 

CLN3 on a dilution series of genomic plasmid containing the transgene and wild type 

retinas transduced at titres of 1x1013 vg/mL, 1x1012 vg/mL and 1x1011 vg/mL. The 

number of specific cDNA molecules per nanogram total cDNA was calculated for 

CLN3 in the retinal samples and compared to the endogenous Cln3 expression that 

was determined using a mouse Cln3 specific PCR assay (figure 3.5). The analysis 

reveals that all subretinal injections with AAV2/8.CMV.hCLN3-ires-eGFP result in a 

transgene expression that clearly exceeds the endogenous level of Cln3 in the murine 

retina. It also shows that with a tenfold increase of the viral titre from 1x1011 vg/mL 
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to 1x1012 vg/mL an approximately tenfold increase in transgene expression is 

achieved. The transgene expression levels of retinas that received injections with a 

titre of 1x1013 vg/mL appear to be similar to the expression levels in retinas 

transduced by a titre of 1x1012 vg/mL (figure 5.2 C). This finding can be explained by 

the loss of retinal cells as indicated by the reduced ERG recordings following the viral 

administration at 1x1013 vg/mL. Transduced photoreceptors undergo cell death, which 

consequently leads to a expression level of the transgene in whole retinal samples. 

Furthermore, figure 5.2 C demonstrates that the subretinal delivery of an AAV2/8 

vector at a titre of 1x1012 vg/mL introduces a transgene expression level that is close 

to the endogenous expression level of Cln6 in the murine retina. Based on these data, 

it can be extrapolated that subretinal injections of an AAV2/8 vector at 1x1013 vg/mL 

might exceed the endogenous expression levels of Cln6, which provides an 

explanation for the loss of photoreceptor function and cells in wild type animals at 

this high titre as reported in figure 5.1. 
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Figure 5.2: Viral overexpression of CLN3 in the murine retina, 4 weeks post injection 
(A) ERG recordings of adult wild type mice injected subretinally with an 
AAV2/8.CMV.hCLN3-ires-eGFP vector 4 weeks post treatment. A high titre of 1x1013 
vg/mL result in decreased ERG amplitudes, while lower titres do not affect retinal function. 
Data represented as means ± SD. n values as follows: wild type n = 9 eyes, 1x1013 vg/mL n 
=3 eyes, 1x1012 vg/mL n = 4 eyes, 1x1011 vg/mL n = 4 eyes. (B) A representative image of the 
retinal morphology in an eye treated with virus at 1x1012 vg/mL. Immunostaining for eGFP, 
shows widespread transgene expression in photoreceptor cells. (C) Absolute quantification of 
virally introduced CLN3 expression levels in wild type retinas injected with 
AAV2/8.CMV.hCLN3-ires-eGFP. Following qRT-PCR the number of molecules per 
nanogram (ng) was calculated in each treatment group and compared to the endogenous 
expression level of Cln3 and Cln6 in untreated wild type mouse retina determined in chapter 
3 (figure 3.5). This analysis shows that the CLN3 transgene expression level is greater than 
the endogenous level in each treatment group. It also becomes obvious that the subretinal 
delivery of AAV2/8 at a titre of 1x1012 vg/mL induces a transgene expression level 
comparable to endogenous Cln6 levels. Data are represented as means ± SD. n values are 3 
eyes for each group. 
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5.4  AAV2/8-mediated treatment of photoreceptors in Cln6nclf mice 

using a ubiquitous promoter  

5.4.1 Single subretinal injections of AAV2/8.CMV.hCLN6 in Cln6nclf mice 

To investigate whether the treatment of photoreceptor cells can halt or slow the loss 

of vision in Cln6nclf mice, mutant animals received subretinal injections with an 

AAV2/8.CMV.hCLN6 vector. As the characterization of the visual phenotype 

showed that loss of photoreceptors and loss of photoreceptor function is present from 

2 and 3 weeks of age respectively, Cln6-deficient mice were treated at the age of P8.5 

to P11 (total volume 1.5 µl per injection). At this age the differentiation of the 

majority of retinal cell types is complete, however, eye opening has not occurred and 

ERG amplitudes cannot be recorded yet. High CLN6 transgene expression levels are 

deleterious in wild type animals but because Cln6-deficient have a lower level of Cln6 

mRNA transcripts (see figure 4.2) (Kanninen, Grubman, Caragounis, et al. 2013a) 

mutant mice received injections with AAV2/8.CMV.hCLN6 using different titres 

ranging from 1x1013 vg/mL to 1x1011 vg/mL. To control for bias, left and right eyes 

were selected for subretinal injections in every treatment group in an alternating 

fashion. Control injections into the contralateral eyes were performed using an 

AAV2/8.null vector at 1x1013 vg/mL. In each cohort of mice two mutant eyes 

remained uninjected.  

As untreated Cln6nclf mice present with a progressive loss of rod photoreceptors, the 

main functional readout to assess whether the photoreceptor treatment had a 

beneficial effect on the retinal degeneration was the scotopic a-wave. At 8 weeks of 

age (corresponding to 7 weeks post injection), the scotopic a-wave amplitudes of all 

injected eyes are in the same range as the a-wave amplitudes in AAV2/8.null treated 

and untreated eyes across all light intensities measured (figure 5.3 A). To facilitate a 

comparison over time, figure 5.3 B and 5.3 C show a summary of the scotopic a-wave 

amplitudes at the light intensity of 10 cd.s/m2 as the animals age. At 8 weeks of age, it 

is apparent that the a-wave amplitudes of all injected eyes diminished further 

compared to 4 weeks of age. At 8 weeks of age a slight but significant increase in the 

scotopic a-wave amplitudes is detected in eyes that received injection with viral 

vector at 1x1012 vg/mL when compared to the recordings of untreated mutant eyes (p 

< 0.1, n = 7 eyes) (figure 5.3 B). However, the increased scotopic a-wave amplitudes 
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are not maintained in this treatment group over time as figure 5.3 C shows. The 

comparison of ERG recordings of AAV2/8.null-treated and untreated mutant eyes at 8 

weeks of age highlight the normal variation between recording sessions, which is 

expected to be in the range of approximately 25 percent. Consequently, the slight 

increase in the scopotic a-wave amplitudes following injections with the viral vector 

at 1x1012 vg/mL at 2 months could represent normal variation in the ERG recordings 

(figure 5.3 B). Over time none of the other treatment groups show larger a-wave 

amplitudes than AAV2/8.null treated and untreated mutant eyes (figure 5.3 C). These 

findings suggest that single subretinal injections of an AAV2/8.CMV.hCLN6 vector 

do not slow the loss of photoreceptor function in Cln6nclf mice as measured by ERG. 
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Figure 5.3: ERG recordings from Cln6nclf mice that received single subretinal injections 
with AAV2/8.CMV.hCLN6 at the age of P8.5 to P11  

(A) Scotopic ERG amplitudes of P8.5 to P11 treated Cln6nclf mice at 8 weeks of age 
(corresponding to 7 weeks post injection). The analysis of the scotopic a-wave amplitudes 
across all light intensities shows that subretinal injections with AAV2/8.CMV.hCLN6 at 
different viral titres ranging from 1x1013 vg/mL to 1x1011 vg/mL do not result in an increase 
of the amplitude size compared to untreated mutant eyes. (B-C) Comparison of the scotopic 
a-wave amplitudes at the light intensity of 10 cd.s/m2 in all treated Cln6nclf mice at 4 and 8 
weeks of age (corresponding to 3 and 7 weeks post injection) and 16 and 24 weeks of age 
(corresponding to 15 and 23 weeks post injection). (B) The administration of 
AAV2/8.CMV.hCLN6 ranging from 1x1013 vg/mL to 1x1011 vg/mL does not lead to an 
increase in the scotopic a-wave amplitude at 4 weeks of age in comparison to untreated eyes. 
At 8 weeks of age a slight but significant increase is observed in eyes treated with vector at 
1x1012 vg/mL compared to untreated eyes. Viral administration at 1x1013 vg/mL and 1x1011 
vg/mL does not lead to higher ERG amplitudes compared to AAV2/8.null and untreated eyes. 
(C) The slight increase in the scotopic a-wave is not maintained in eyes that received viral 
injections at 1x1012 vg/mL. Likewise, administration of vector at 1x1013 vg/mL and 1x1011 
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vg/mL does not have a beneficial effect on loss of the scotopic a-wave amplitudes in mutant 
mice at later time points. Data are represented as means ± SD. n values are as follows: wild 
type n = 5-6 eyes, Cln6nclf untreated n = 7-10 eyes, null n = 4 eyes, hCLN6 1x1013 vg/mL n = 
7 eyes, hCLN6 vg/mL 1x1012 vg/mL n = 7 eyes, hCLN6 1x1011 vg/mL n = 6 eyes. Age-
matched wild type ERG data were added as a reference from chapter 4. A two-way ANOVA 
with Bonferroni post-test was performed to determine significance between untreated mutant 
and treated mutantf mice. p < 0.05 = *. Wild type mouse ERG data was used as a reference 
from figure 4.1. 
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The ERG recordings did not reveal a therapeutic effect of the viral treatment in 

mutant eyes. As ERG recordings are a read-out of retinal function from the whole 

eye, small and localised morphological changes, like differences in the length of 

photoreceptors segments or localised differences in the ONL thickness, can be 

difficult to detect with this technique. To investigate whether the subretinal treatment 

with an AAV2/8.CMV.hCLN6 could have induced small changes, e.g. a localised 

slow down of the photoreceptor loss or segment shortening, the thickness of the retina 

was examined in treated mutant eyes using OCT. As virally transduced areas of the 

retina cannot be made visible in vivo, mutant eyes that received injections with viral 

vectors at 1x1013 vg/mL and 1x1012 vg/mL were used to ensure large areas of the 

retina were transduced. Eyes that received viral injections at 1x1011 vg/mL were not 

assessed because only a small area of the retina was expected to be virally transduced. 

Age-matched wild type eyes were used as controls.  

Equivalent to the OCT measurements in chapter 4, the optic nerve was positioned in 

the centre of the field of view and four b-scans, two horizontal and two vertical, were 

taken around the optic nerve (figure 5.4 A). For the quantification, the thickness of the 

retina was measured from the ILM to the edge of the RPE in all b-scans and averaged 

per eye and per group. This analysis shows that the thickness of retina is not larger in 

eyes of the two treatment groups compared with untreated eyes at 16 and 24 weeks of 

age (figure 5.4 B). The thickness of the retina was also measured only in the superior 

retina. As all subretinal injections were performed in the superior hemisphere of the 

retina this measurement allows assessing the areas of the retina with presumably high 

viral transduction efficiency. To accomplish this, the optic nerve was positioned at the 

bottom of the field of view and one horizontal b-scan was acquired per eye far 

superior to the optic nerve (figure 5.4 C). For quantification, every b-scan was 

measured and averaged per group. At 24 weeks of age no difference is detected in the 

thickness of the superior retina in eyes that received administration of virus and 

untreated mutant eyes (figure 5.4 D). Consequently, the viral treatment does not have 

a beneficial effect on retinal morphology that can be measured in vivo.       

 
 
 



! 156!

 
Figure 5.4: OCT scans to measure the thickness of the retina in treated Cln6nclf mice   

(A) The optic nerve was positioned in the centre of the field of view. Four b-scans, two 
horizontal and two vertical, were acquired around the optic nerve head (green lines). (B) For 
quantification the thickness of the retina was measured in each b-scan from the ILM to the 
edge of the RPE and averaged per eye and group. This analysis reveals that the thickness of 
the central retina is not increased in treated eyes compared to untreated eyes at 16 or 24 
weeks of age. Data are represented as means ± SD. n values are as follows: wild type n = 5-7 
eyes, Cln6nclf untreated n = 9-11 eyes, hCLN6 1x1013 vg/mL n = 3-6 eyes, hCLN6 1x1012 
vg/mL n = 6 eyes. Age-matched wild type data were added as a reference from chapter 4. A 
two-way ANOVA with Bonferroni post-test was performed to determine significance at each 
time point. p < 0.001 = ***. (C) To measure only the thickness of the superior retina, the 
optic nerve was positioned at the bottom of the field of view and one horizontal b-scan was 
acquired (green line). (D) For quantification the thickness of the retina was measured in every 
b-scan averaged per group. This analysis shows that the thickness of the superior retina is not 
increased in treated eyes compared to untreated eyes at 24 weeks of age. Data are represented 
as means ± SD. n values are as follows: wild type n = 5 eyes, Cln6nclf untreated n = 11 eyes, 
hCLN6 1x1013 vg/mL n = 6 eyes, hCLN6 1x1012 vg/mL n = 6 eyes. A one-way ANOVA with 
with Dunn’s multiple comparison test was performed to determine significance between wild 
type control and untreated Cln6nclf mice as well as untreated and treated Cln6nclf mice p = 
0.0075. 
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Finally, at 24 weeks of age the injected eyes were harvested and immunostained for 

CLN6 to confirm the presence of the transgene. A representative tiled confocal image 

for each group is displayed in figure 5.5 A. In eyes that received injections of viral 

vector at 1x1013 vg/mL and 1x1012 vg/mL a widespread expression of CLN6 is 

present in cells in the superior hemisphere of the retina. The injections with vector at 

1x1011 vg/mL lead to a localized transduction of cells in the superior retina (figure 5.5 

A). Similarly, high magnification images reveal a good transduction of photoreceptors 

and the RPE in eyes that received injections of AAV2/8.CMV.hCLN6 at 1x1013 

vg/mL and 1x1012 vg/mL, whilst the low titre 1x1011 vg/mL induces a sparse 

transduction of the outer retina and RPE. These images also reveal that the thickness 

of the ONL is not increased in any of the treatment groups as indicated by the DAPI 

staining. Of note, the ONL appears slightly thicker in the eye treated with a titre of 

1x1012 vg/mL. Yet, the retinal sections of this eye were cut slightly oblique as 

highlighted by the appearance of a thicker GCL in this eye than in the other treated 

eyes (figure 5.5 B). Taken together, a widespread transduction of retinal cells is 

observed following the single subretinal injections with an AAV2/8.CMV.hCLN6 

vector at the age of P8.5 to P11. However, the expression of CLN6 in photoreceptor 

cells does not slow down the severe loss of photoreceptor cells or the loss of 

photoreceptor function in Cln6nclf mice.  

 

 

 

 



! 158!

 
Figure 5.5: Histological assessment of Cln6-deficient retinas treated with 
AAV2/8.CMV.hCLN6, 23 weeks post injection 

(A) Representative tiled images of Cln6nlcf mouse eyes that received injections of 
AAV2/8.CMV.hCLN6 at the titres of 1x1013 vg/mL, 1x1012 vg/mL and 1x1011 vg/mL. 
Immunostaining for CLN6 was performed to assess the viral transduction efficiency. A 
widespread transduction of retinal cells is detected in eyes that received injections at 1x1013 
vg/mL and 1x1012 vg/mL. Only a sparse transduction of the retina is observed following the 
administration of AAV2/8.CMV.hCLN6 at 1x1011 vg/mL. Grey boxes indicate areas where 
higher magnification images were taken. (B) Higher magnification images show a good 
transduction of photoreceptor cells and the RPE in mutant eyes following vector 
administration at 1x1013 vg/mL and 1x1012 vg/mL. The subretinal injections at 1x1011 vg/mL 
result in a sparse transduction of photoreceptor cells and the RPE. It can be concluded that the 
thickness of the ONL is not increased in virally transduced areas of the retina as indicated by 
DAPI nuclei staining. n values are 3 eyes per treatment condition  
 
!  
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5.4.2 Double subretinal injections with AAV2/8.CMV.hCLN6 in Cln6-deficient 

mice 

Shortly after the ERG recordings were conducted in mutant mice that had received 

single subretinal injections of AAV2/8.CMV.hCLN6, double subretinal injections 

with the same vector were performed to increase the number of virally transduced 

cells in the mutant retina (total volume 1 µl per injection). For these injections, only 

the lower titres of 1x1012 vg/mL and 1x1011 vg/mL were used to avoid potential 

toxicity that was observed in subretinal administrations using the titre of 1x1013 in 

wild type animals (figure 5.1). Double subretinal injections with AAV2/8.null were 

performed as control injections. Left and right eyes were selected for treatment in an 

alternating fashion in each animal. In each cohort of mutant animals two eyes 

remained untreated to control for variations in the ERG recordings. 

To assess whether the treatment was therapeutic, ERG recordings were performed. As 

figure 5.6 A shows at 8 weeks of age the scotopic a-wave amplitudes are not higher in 

mutant eyes compared to untreated or AAV2/8.null treated eyes across all light 

intensities. The comparison of the scotopic a-wave amplitudes at the light intensity of 

10 cd.s/m2 demonstrates that rod photoreceptor function in treated eyes decreases in 

the same rate as untreated and AAV2/8.null treated eyes of mutant mice from 4 weeks 

to 8 weeks of age (figure 5.6 B). In line with this finding, no difference in retinal 

function is evident in treated, untreated or AAV2/8.null treated eyes at the age of 16 

and 24 weeks suggesting that the treatment does not prevent the loss of photoreceptor 

function in Cln6-deficient mice (figure 5.6 C).   
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Figure 5.6: ERG recordings from Cln6-deficient mice following double subretinal 
injections of AAV2/8.CMV.hCLN6 at the age of P10  

(A) To increase the number of transduced cells in the retina, double subretinal injection were 
performed with AAV2/8.CMV.hCLN6 at 1x1012 vg/mL and 1x1011 vg/mL. Rod 
photoreceptor function was assessed using ERG. At 8 weeks of age the scotopic a-wave 
amplitude is not higher in treated eyes compared to untreated or AAV8.null treated eyes 
across all light intensities. (B) Comparison of the scotopic a-wave amplitudes at the light 
intensity of 10 cd.s/m2 reveals that at 4 and 8 weeks of age photoreceptor function is not 
better in treated mutant eyes. The size of the scotopic a-wave amplitudes decreases in treated 
mutant eyes from 4 to 8 weeks of age similar to untreated and AAV2/8.null treated eyes. (C) 
At the age of 16 and 24 weeks the scotopic a-wave amplitudes of the treated, untreated and 
AAV2/8.null treated eyes are comparable at the light intensity of 10cd.s/m2. Data are 
represented as means ± SD. n values are as follows: wild type n = 5-7 eyes, Cln6nclf untreated 
n = 5-8 eyes, null 1x1013 vg/mL n = 3 eyes, hCLN6 1x1012 vg/mL n = 2 eyes, hCLN6 1x1011 
vg/mL n = 4-6 eyes. Age-matched wild type ERG data were added as a reference from 
chapter 4. A two-way ANOVA with Bonferroni post-test was performed to determine 
significance at each time point. p < 0.001 = ***..  
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To confirm transgene expression following the delivery of the vector, the treated eyes 

were harvested and CLN6 immunostaining was performed. Representative tiled 

confocal images in figure 5.7 A indicate that large areas of the retina were transduced. 

In comparison to single subretinal injections with the same viral vector and titre, it 

also becomes apparent that larger areas of the retina are virally transduced following 

double subretinal injections (for comparison see figure 5.5 A). It needs to be pointed 

out that a single sagittal cross-section is not ideal to describe the transduction 

efficiency of a viral vector as only a small proportion of the retina is displayed. For 

example, in the image of the 1x1012 vg/mL injected eye only a small proportion of the 

cells appears to be transduced in the inferior retina whereas a larger proportion is 

transduced in the superior retina (figure 5.7 A). The evaluation of all cross-sections of 

this eye reveal that sections nasal to regions with a high transduction efficiency in the 

superior retina show a good transduction efficiency of cells in the inferior retina (data 

not shown). One way to visualize the transgene expression better in treated eyes 

would be the preparation of retinal flatmounts. However, retinal flatmounts are not 

ideal to assess the morphology and thickness of the retina, therefore only sagittal 

cross-sections of treated eyes were prepared for this study.  

As already shown in mutant eyes that received single subretinal injections, high 

magnification images of the retinal cross-sections show that photoreceptors and the 

RPE are well transduced when a titre of 1x1012 vg/mL was administered, whereas the 

administration of virus at 1x1011 vg/mL results in a sparser transduction of cells in the 

retina. These images also confirm that the thickness of the ONL is not larger in 

transduced areas of the retina indicating that the treatment does not slow the loss of 

photoreceptor cells in mutant animals (figure 5.7 B).    
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Figure 5.7: Histological assessment of the retina in Cln6nclf mice following double 
subretinal injections with AAV2/8.CMV.hCLN6, 23 weeks post injection 

(A) Cln6nclf mouse eyes that received double subretinal injections of AAV2/8.CMV.hCLN6 at 
1x1012 vg/mL and a 1x1011 vg/mL titre were harvested at the age of 24 weeks and 
immunostained for CLN6. Representative tiled confocal images confirm that the viral 
administration leads to a widespread transduction in eyes treated with vector at 1x1012 vg/mL, 
whilst the injections of vector at 1x1011 vg/mL result in a sparser transduction. Grey boxes 
indicate areas of higher magnification. (B) Higher magnification images demonstrate that 
double subretinal injections of AAV2/8.CMV.hCLN6 at 1x1012 vg/mL transduce 
photoreceptors and the RPE well, injections of a vector at 1x1011 vg/mL result in a less 
efficient transduction. As indicated by the ERG recording, the ONL is not thicker in well-
transduced areas of the retina. n values are 3 eyes per treatment group.    
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5.4.3 Single subretinal injections with AAV2/8.CMV.hCLN6 in Cln6-deficient 

mice at the age of P5  

The previous experiments show that injections of an AAV2/8.CMV.hCLN6 vector 

administered at P8.5-P11 do not prevent the photoreceptor degeneration in Cln6nclf 

mice. As the number of apoptotic cells is significantly increased in mutant eyes at P14 

(figure 4.7), it is possible that apoptotic or other degenerative processes are already 

initiated before the age of P14, which could explain why previous treatments at P8.5 

or P11 were not therapeutic in Cln6nclf mice. For this reason, single subretinal 

injections were performed in Cln6-deficient mice at P5 using the 

AAV2/8.CMV.hCLN6 vector at the titres 1x1012 vg/mL and 1x1011 vg/mL (total 

volume 1 µl per injection).   

At 4 weeks and 8 weeks of age retinal function was measured in treated eyes using 

ERG. Figure 5.8 demonstrates that at both time points the scotopic a-wave amplitudes 

of the treated eyes are comparable to the amplitudes of untreated eyes. At 8 weeks of 

age the scotopic a-wave amplitudes are approximately 70 percent reduced at high 

light intensities in untreated eyes of Cln6nclf mice. As the scotopic a-waves of treated 

mutant eyes are very similar to untreated mutant eyes at 8 weeks of age, it seems 

unlikely that at later disease stages a therapeutic effect on retinal function would be 

observed in treated eyes (figure 5.8 B). For this reason, ERG recordings were not 

performed at later time points. Since the rod ERG recordings are similar, we would 

not expect that the ONL would be preserved in treated compared with untreated 

mutant eyes. This hypothesis is supported by previous findings that treated eyes with 

severely reduced scotopic a-wave amplitudes did not present with a thicker ONL 

(figure 5.5 and 5.7). Consequently, no histological assessment of the retina was 

conducted in eyes treated at P5. Previous experiments also showed that injections of 

AAV2/8.CMV.hCLN6 resulted in the transduction of photoreceptors and the RPE 

when viral titres of 1x1011 vg/mL and 1x1012 vg/mL were administered (figure 5.5 

and 5.7). For the injections in Cln6nclf mice at P5, aliquots from the same virus 

purification were used. Therefore, it can be assumed that the subretinal injections in 

Cln6-deficient mice at P5 introduce a widespread transgene expression in the retina, 

particularly following the administration of viral vector at the titre 1x1012 vg/mL. In 

summary, subretinal treatment with an AAV2/8.CMV.hCLN6 vector at the age of P5 

does not prevent the loss of rod photoreceptor function in Cln6nclf mice.  
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Figure 5.8: ERG recording from Cln6nclf mice 4 weeks after administration of 
AAV2/8.CMV.hCLN6 at P5.  
(A) At the age of P5 Cln6nclf mice were treated with AAV2/8.CMV.hCLN6 at 1x1012 vg/mL 
and 1x1011 vg/mL and ERG recordings were performed to assess retinal function. At 4 weeks 
of age the scotopic a-wave amplitude of eyes injected with viral vector at 1x1012 vg/mL and a 
1x1011 vg/mL are not higher in treated eyes than in untreated Cln6nclf mice. (B) Similarly, at 
the age of 8 weeks the scotopic a-wave amplitudes of treated mutant eyes are comparable to 
untreated mutant eyes indicating that the treatment was not therapeutic for rod photoreceptor 
function in Cln6nclf mice. Data are represented as means ± SD. n values are as follows: wild 
type n = 5-7 eyes, Cln6nclf untreated n = 5-8 eyes, hCLN6 1x1012 vg/mL n = 5 eyes, hCLN6 
1x1011 vg/mL n = 5 eyes. Age-matched wild type ERG data were added as reference from 
chapter 4. 
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5.4.4 Single subretinal injections of AAV2/8.CMV.mCln6 in Cln6-deficient mice  

The human and mouse CLN6 protein share about 90% amino acid identity. Although 

CLN6 is highly conserved across species, its function is not known and it has no 

homology with known proteins or functional domains (Wheeler et al. 2002). 

Consequently, it is difficult to infer whether parts of the mouse protein sequence that 

are different to the human sequence may be important for the function of the protein 

in the murine retina. To exclude that slight differences in the amino acid sequence 

could affect the treatment of the visual phenotype in Cln6nclf mice, we treated mutant 

mice with subretinal injections of an AAV2/8 vector carrying a mouse Cln6 (mCln6) 

cDNA driven by a CMV promoter. Single subretinal injections of 

AAV2/8.CMV.mCln6 vector were performed at the age of P9 to P10 using either the 

titres of 2x1012 vg/mL or 2x1011 vg/mL (total volume 1.5 µl per injection). Right and 

left eyes were selected for injections in an alternating fashion.  

At 4 and 8 weeks of age ERG recordings were conducted to assess retinal function 

following the treatment. Figure 5.9 shows that the scotopic a-wave amplitudes are not 

higher in treated compared with untreated Cln6nclf eyes at either time points. It is 

apparent that the a-wave decreases in treated eyes from 4 to 8 weeks of age (figure 5.9 

A and 5.9 B). ERG recordings were not performed in older animals. As there are no 

antibodies available for Cln6, immunostaining was not conducted to confirm the 

transgene expression. It is important to note though that the genomic plasmid carrying 

the mCln6 transgene had been successfully sequenced prior to viral vector production 

to verify the gene sequence. In addition, previously treated Cln6-deficient eyes that 

presented with a similar loss of rod photoreceptor function at this age did not have a 

preserved ONL (figure 5.5 and 5.7). Taken together, it can be concluded that the 

administration of AAV2/8.CMV.mCln6 is not therapeutic in Cln6nclf mice.   
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Figure 5.9: ERG recordings from Cln6nclf mice following single subretinal injections of 
AAV2/8.CMV.mCln6  
(A) To exclude that a species difference could prevent the treatment of the photoreceptor 
degeneration, Cln6nclf mice were treated subretinally with AAV2/8.CMV.mCln6 containing 
mouse Cln6 cDNA. The titres of 2x1012 vg/mL or 2x1011 vg/mL were administered at the age 
of P9-10 in mutant mice and ERG recordings were performed. At 4 weeks of age the scotopic 
a-wave amplitudes of treated mutant eyes are comparable with untreated mutant eyes. (B) At 
8 weeks of age the scotopic a-wave amplitudes of treated mutant eyes are decreased further 
and are clearly reduced compared with wild type eyes. These findings suggest that the 
subretinal administration of AAV2/8.CMV.mCln6 does not prevent the loss of photoreceptor 
functioning in Cln6nclf mice. Data are represented as means ± SD. n values are as follows: 
wild type n = 5-7 eyes, Cln6nclf untreated n = 6-8 eyes, mCln6 2x1012 vg/mL n = 5 eyes, 
mCln6 2x1011 vg/mL n = 3 eyes. Age-matched wild type ERG data were added as reference 
from chapter 4. 
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5.5 AAV2/8-mediated treatment of photoreceptors using a rod 

photoreceptor-specific promoter 

5.5.1 Overexpression of CLN6 in wild type mice using the MOPS promoter 

The previous experiments indicate that the expression of a CLN6 transgene under the 

control of the ubiquitous CMV promoter does not prevent the photoreceptor 

degeneration in Cln6nclf mice. As the expression level of CLN6 was shown to be low 

in photoreceptor cells in humans and mice (figure 3.3) (Siegert et al. 2012) and 

vector-mediated overexpression of CLN6 was deleterious in wild type mice (figure 

5.1), we investigated next whether a weaker photoreceptor-specific promoter 

construct could slow degeneration. To accomplish this, a vector construct was 

generated that contained the human CLN6 cDNA and a 165bp fragment of the mouse 

rhodopsin promoter. This short promoter, termed MOPS, drives weak transgene 

expression in rods (Pawlyk et al. 2005). Since the majority of photoreceptor cells are 

rods in the rodent retina and Cln6-deficient mice present with a predominant loss of 

rod photoreceptors and rod function, therapeutic interventions using the MOPS 

promoter will give insight into whether the treatment of rod photoreceptors is 

sufficient to prevent loss of vision in Cln6nclf mice.  

Adult wild type mice received subretinal injections of AAV2/8.MOPS.hCLN6 vector 

at a titre of 2x1013 vg/mL (2 µl total volume). ERG recordings were performed 4 

weeks post injection. Figure 5.10 A demonstrates that administration of the vector 

lead to a moderate decrease in retinal function in wild type animals. Compared with 

titre-matched injections with AAV2/8.CMV.hCLN6, however, the decline in retinal 

function following the administration of AAV2/8.MOPS.hCLN6 is not as pronounced 

(figure 5.1). The photopic ERG recordings do not seem to be affected by the viral 

overexpression of CLN6 in rod photoreceptor cells (figure 5.10 A).  

Immunostaining for CLN6 reveals a widespread transduction of retinal cells in the 

murine eye treated with AAV2/8.MOPS.hCLN6 (figure 5.10 B). Higher 

magnification images show a good viral transduction of cells in the ONL (figure 5.10 

C–D). Consistent with the decline in retinal function the ONL appears thinner in areas 

of the retina close to the injection site (figure 5.10 C). However, titre-matched 

injections using AAV2/8.CMV.hCLN6 caused a more severe loss of photoreceptor 

cells (figure 5.1). Further away from the injection site no cell loss is observed and the 
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inferior retinal hemisphere is only sparsely transduced (figure 5.10 D–E). In 

summary, the administration of AAV2/8.MOPS.hCLN6 would allow injections of 

high titre vector in Cln6nclf mice, thus ensuring a widespread transduction of retinal 

cells with less toxicity. 
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Figure 5.10: Retinal function and morphology in wild type mice 4 weeks after subretinal 
delivery of AAV2/8.MOPS.hCLN6 at 2x1013 vg/mL 

(A) ERG recordings from wild type mice that received subretinal injections of 
AAV2/8.MOPS.hCLN6 at 2x1013 vg/mL, 4 weeks post administration. Data from 
AAV2/8.null and AAV2/8.CMV.hCLN6 treated eyes were added from figure 5.1. The 
scotopic ERG recordings from eyes injected with AAV2/8.MOPS.hCLN6 at 2x1013 vg/mL 
are slightly reduced compared to titre-matched AAV2/8.null injected and uninjected wild type 
eyes. In comparison to titre-matched injections with AAV2/8.CMV.hCLN6 it can be 
concluded that the subretinal delivery of AAV2/8.MOPS.hCLN6 has a less detrimental effect 
on retinal function. The photopic ERG recordings are not affected by the MOPS driven 
expression of CLN6. Data represented as means ± SD. n values are as follows: wild type n = 
7 eyes, null n = 5 eyes, MOPS.hCLN6 1x1013 vg/mL n = 4 eyes ,CMV.hCLN6 1x1013 vg/mL 
n = 4 eyes. (B) Representative tiled image of a retinal cross-section treated with 
AAV2/8.MOPS.hCLN6 and immunostained for CLN6. A widespread expression of CLN6 
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can be detected throughout the retina with a thinning of the retina in the superior hemisphere. 
Grey boxes indicated areas where higher magnification images were taken. (C) A higher 
magnification image of the superior retina shows a good transduction efficiency of the ONL 
and confirms the loss of cells close to the injection site. (D) A magnification image close to 
the optic nerve demonstrates a good viral transduction of photoreceptor cells further away 
from the injection site where no cells loss is observed. (E) The inferior retina is only sparsely 
transduced following single subretinal injections in the superior hemisphere of the wild type 
mice.  
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5.5.2 Single subretinal injections of AAV2/8.MOPS.hCLN6 in Cln6-deficient 

mice  

Single subretinal injections of AAV2/8.MOPS.hCLN6 were performed in Cln6-

deficient mice. Mutant mice were treated at the age of P10 with viral vectors at titres 

ranging from 2x1013 vg/mL to 2x1012 vg/mL (total volume 1.5 µl per eye). Previous 

experiments indicated that a lower viral titre resulted in a sparse transduction of the 

retina and for that reason were not administered in this experiment. To assess whether 

loss of retinal function was slowed in mutant animals following the treatment, ERG 

recordings were conducted at 4 weeks and 8 weeks of age. At 4 and 8 weeks of age 

the scotopic a-wave amplitudes of the different treatment groups are comparable with 

untreated and AAV2/8.null treated mutant eyes indicating that the administration of 

the virus does not prevent the loss of retinal function in Cln6nclf mice (figure 5.11 A-

B).  
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Figure 5.11: ERG recordings from Cln6nclf mice following single subretinal injections of 
AAV2/8.MOPS.hCLN6 at P10 

(A) Cln6-deficient mice were treated at the age of P10 with AAV2/8.MOPS.hCLN6 using 
different titres ranging from 2x1013 vg/mL to 2x1012 vg/mL. ERG recordings reveal that at 4 
weeks of age the scotopic a-wave amplitudes of treated eyes are comparable to AAV2/8.null 
treated and untreated eyes. (B) At 8 weeks of age the scotopic a-wave amplitudes of treated 
eyes reduce further and are very similar to AAV2/8.null and untreated eyes. Data are 
represented as means ± SD. n values are as follows: wild type n = 5-7 eyes, Cln6nclf untreated 
n = 5-8 eyes, null n = 4 eyes, MOPS.hCLN6 2x1013 vg/mL n = 5 eyes, MOPS.hCLN6 2x1012 
vg/mL n = 6 eyes. Age-matched wild type ERG data were added from chapter 4.   
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As the functional assessment did not reveal a positive trend in any of the treatment 

groups, the injected eyes were harvested at 8 weeks of age and immunostained for 

CLN6. All viral titres induce a widespread expression of CLN6 in the superior 

hemisphere of the murine retina as demonstrated by figure 5.12 A. Higher 

magnification images show that mutant eyes treated with AAV2/8.MOPS.hCLN6 at 

2x1013 vg/mL and 2x1012 vg/mL have a good transduction of cells in the ONL. 

However, the ONL does not seem to be thicker in comparison to age-matched wild 

types eyes (figure 5.12 B, 4.8 C). It can be concluded that the single subretinal 

injections of AAV2/8.MOPS.hCLN6 result in a widespread transgene expression, yet 

the retinal degeneration is not slowed in Cln6nclf mice. 
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Figure 5.12: Histological assessment of Cln6-deficient mice eyes 7 weeks post treatment 
with AAV2/8.MOPS.hCLN6 

(A) Representative tiled confocal images of Cln6-deficient retinas subretinally injected with 
AAV2/8.MOPS.hCLN6 at 2x1013 vg/mL and 2x1012 vg/mL at the age of 8 weeks. 
Immunostaining for CLN6 demonstrates that virus administration using either titres leads to a 
good transgene expression in the outer retina. Grey boxes indicate areas where higher 
magnification images were taken. (B) Subretinal injections using a titre of 2x1013 vg/mL 
result in a good transduction of photoreceptor cells, whilst the titre of 2x1012 vg/mL leads to a 
slightly weaker transgene expression in the ONL. n values are 3 eyes per treatment group.  
.  
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5.5.3 Double subretinal injections with AAV2/8.MOPS.hCLN6 in Cln6-deficient 

mice 

To test whether the transduction of a greater number of cells in the retina could be 

therapeutic, double subretinal injections with the same vector were performed in 

Cln6-deficient mice. Previous experiments indicated that single subretinal injections 

of AAV2/8.MOPS.hCLN6 at 2x1013 vg/mL had detrimental effects on photoreceptor 

survival in wild type animals (figure 5.10). To avoid toxicity, double subretinal 

injections were conducted in Cln6-deficient mice at the age of P10 using the titre 

2x1012 vg/mL (total volume 1 µl per injection). Left and right eyes of the mutant 

animals were selected for treatment in an alternating fashion with the contralateral eye 

remaining uninjected to serve as untreated control. 

ERG recordings were performed in treated Cln6nclf mice. At 4 weeks and 8 weeks of 

age, the scotopic a-wave amplitudes of the treated eyes are not significantly different 

from untreated eyes across all light intensities (figure 5.13 A, 5.13 B). The 

comparison of figure 5.13 A and 5.13 B also reveals that the scotopic a-wave 

amplitudes of the treated eyes continue to decrease as the animals age, which is 

similar to the reduction in untreated mutant eyes. Since the treatment does not slow 

the loss of retinal function, the treated eyes were harvested and immunostained for 

CLN6. A representative tiled image of a sagittal cross-section indicates that a 

widespread viral transduction of the retina is achieved (figure 5.13 C). As discussed 

earlier, retinal cross-sections are not ideal to assess the transduction efficiency of a 

viral vector because only a small portion of the retina is presented. The tiled image in 

figure 5.13 C shows a widespread expression of CLN6 in the superior retina, whilst 

sparse expression is observed in the inferior retina. However, in a screen of all retinal 

cross-sections it becomes clear that the inferior retina is similarly well transduced as 

the superior retina (data not shown). The majority of transduced cells in the inferior 

retina are present in sections more nasal to the one presented in figure 5.13 C. To 

assess whether the ONL is thicker in treated eyes, higher magnification images were 

taken. A representative image of the superior hemisphere of the retina demonstrates 

that the ONL is well transduced (figure 5.13 D); an image of the inferior hemisphere 

of the same cross-section shows a sparse transduction (figure 5.13 E). The 

comparison of the retinal morphology in treated eyes and age-matched untreated 

mutant eyes reveal that the retina is not thicker after the treatment (figure 5.13 D-E, 
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4.6 C). In summary, the AAV-mediated overexpression of CLN6 in rod photoreceptor 

cells does not prevent the loss of photoreceptor function and cells.   
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Figure 5.13: ERG recordings and histological assessment of Cln6nclf mice eyes following 
double subretinal injections with AAV2/8.MOPS.hCLN6 at a titre of 2x1012 vg/mL. 
(A) To increase the number of transduced cells, double subretinal injections were performed 
in Cln6-deficient mice at the age of P10 using AAV2/8.MOPS.hCLN6 at 2x1012 vg/mL. ERG 
recordings at 4 weeks of age reveal that the scotopic a-wave amplitudes are comparable with 
the amplitudes of untreated mutant eyes. (B) At 8 weeks of age the scotopic a-wave 
amplitudes of treated eyes decrease further and are significantly smaller than in age-matched 
wild type control eyes. Data are represented as means ± SD. n values are as follows: wild type 
control n = 5-7 eyes, Cln6nclf untreated n = 6 eyes, dbl. MOPS.hCLN6 1x1012 vg/mL n = 6 
eyes. (C) Representative tiled image of a retinal cross-section that received double subretinal 
injections with AAV2/8.MOPS.hCLN6. Immunostaining for CLN6 demonstrates that viral 
transduction in superior retina is widespread. The inferior retina seems less well transduced, 
however, in sections more nasal to the one presented here a good transduction efficiency can 
be observed. Grey boxes indicate areas where higher magnification images were taken. (D) A 
higher magnification image of the superior retina confirms a good transduction of 
photoreceptor cells. (E) A high magnification image of the inferior retina shows a sparser 
transduction of photoreceptor cells. A comparison of image (D) and (E) with untreated 
mutant eyes (figure 4.6 C) shows that the thickness of the ONL is not increased following the 
subretinal administration of AAV2/8.MOPS.hCLN6 in Cln6-deficient mice.      
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5.6 Conclusions 
The aim of the work described in this chapter was to develop an AAV-mediated gene 

replacement therapy to slow down the retinal degeneration in Cln6nclf mice. As the 

previous chapters demonstrated that CLN6 is expressed in photoreceptor cells 

(chapter 3) and Cln6-deficient mice present with a retinal phenotype that is 

characterized by a progressive and severe loss of photoreceptor function and survival 

(chapter 4), the present chapter focused on the development of a treatment targeting 

photoreceptor cells. The main readouts for a successful therapy were photoreceptor 

function as measured by the scotopic a-wave amplitude and photoreceptor histology 

as assessed by the thickness of the ONL in sagittal cross-sections of the retina.  

 

Prior to the treatment of mutant animals, potential toxicity associated with 

overexpression of CLN6 was assessed in wild type mice. This work showed that 

single subretinal injections of AAV2/8.CMV.hCLN6 at a titre of 1x1013 vg/mL led to 

a widespread expression of CLN6 throughout the murine retina and localised but 

severe loss of retinal function and photoreceptor cells (figure 5.1). Similarly, titre-

matched injections of AAV2/8.CMV.hCLN3-ires-eGFP caused a decrease in retinal 

function (figure 5.2). Subretinal administration of AAV2/8.CMV.hCLN6 using a 

moderate titre of 1x1012 vg/mL did not affect retinal function in wild type animals 

(figure 5.1). It can be concluded that the virally introduced expression levels of CLN6 

are important for the development of an AAV-mediated gene therapy. 

 

Subretinal injections in P8.5 to P11 Cln6nclf mice led to a widespread transgene 

expression when a high 1x1013 vg/mL titre was administered (figure 5.3). Lower titre 

injections in mutant animals resulted in a dose-dependent decrease in retinal 

transduction efficiency (figure 5.5). None of the single subretinal injections of 

AAV2/8.CMV.hCLN6 ranging in titre from 1x1013 vg/mL to 1x1011 vg/mL had a 

beneficial effect on photoreceptor function or ONL morphology (figure 5.3-5.5). To 

avoid toxicity and yet achieve a good viral transduction of photoreceptors, double 

subretinal injections were performed in Cln6nclf mice using the same viral vector at 

moderate and low titres, which however were not therapeutic (figure 5.6, 5.7). Earlier 

injections at P5 and injections of AAV2/8.CMV.mCln6 also did not show a treatment 

effect in Cln6-deficient mice (figure 5.8, 5.9). Finally, a weak rod photoreceptor-
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specific promoter termed MOPS was tested and single subretinal injections with 

AAV2/8.MOPS.hCLN6 seemed promising as they induced less toxicity in wild type 

animals, whilst a widespread transgene expression was maintained (figure 5.10). 

However, single or double subretinal injections of the viral vector did not result in an 

increase in photoreceptor function or survival in mutant animals (figure 5.11-5.13). A 

table summarizing all therapeutic interventions can be found in the appendix 

(supplementary table 9.1). Collectively, these experiments demonstrate that despite 

AAV-mediated CLN6 transgene expression treatment of photoreceptor cells at an 

early postnatal or at a juvenile age does not prevent the degeneration of the retina in 

Cln6nclf mice.  

 

One factor that plays a critical role for establishing an AAV-mediated treatment is the 

time point of intervention. On one hand, it is possible that treatment at the age of P5 

or P10 is too late to reverse the initiation of the retinal degeneration in Cln6nclf mice. It 

could be, for example, that during embryonic stages or immediately after birth 

essential developmental processes or neuroretinal connections fail to mature due to 

the deficiency in Cln6. Localised expression of Cln6 was detected in the murine brain 

at E18 and more widespread at P0 (Thelen et al. 2011). Thus, it can be speculated that 

Cln6 may also be expressed as early as this in the retina. On the other hand, 

photoreceptor degeneration in other models like in rd1-/- or Aipl1-/- mice progress 

much more rapidly than in Cln6nlcf mice, and AAV-mediated gene supplementation 

therapies at the age of P10 and P12 have been proven to be successful in these models 

(Tan et al. 2009; Nishiguchi et al. 2015). However, the proteins Pde6β and Aipl1 

lacking in the rd1-/- and Aipl1-/- mouse do not exert their function in phototransduction 

before eye opening and therefore a treatment at P10 or P12 may be sufficient to 

restore vision. To establish whether early morphological changes occur in the retina 

of Cln6-deficient mice, it is necessary to investigate the retinal histology of the mice 

before the age of P14. 

 

Another important factor for the development of a successful gene therapy is the 

appropriate expression of the therapeutic transgene. As the endogenous expression 

level of Cln6 in the retina is comparable to the expression level of peripherin2, an 

abundant photoreceptor specific gene (figure 3.5), Cln6-deficient mice were initially 

treated with an AAV2/8 vector containing the strong ubiquitous promoter CMV. The 
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present study does not quantify the expression level of CLN6 in the murine retina 

after viral treatment. However, quantification of the CLN3 expression level in wild 

type animals following subretinal delivery of AAV2/8.CMV.hCLN3-ires-eGFP 

allows us to conclude that AAV-mediated expression levels of CLN6 are 

approximately equivalent to the endogenous expression level of Cln6 in the murine 

retina when high or moderate titres of 1x1013 vg/mL or 1x1012 vg/mL are used (figure 

5.2, 3.5). Yet, no treatment effect was achieved when photoreceptors were treated in 

mutant mice using AAV2/8.CMV.hCLN6 (figure 5.3-5.9). These findings suggest 

that the high endogenous expression level of Cln6 in the retina does not arise from an 

abundance of Cln6 in photoreceptors. This hypothesis is confirmed by 

immunostaining for CLN6 on human retina and a recently published microarray study 

in mice showing that CLN6 is more highly expressed in rod bipolar cells than in 

photoreceptor cells (figure 3.3) (Siegert et al. 2012). Aiming to achieve a widespread 

but weaker expression of CLN6 in photoreceptors, Cln6nclf mice were also treated with 

AAV2/8 vectors containing the MOPS promoter, yet no therapeutic effect could be 

established (figure 5.11-5.13). Therefore, it can be suggested that despite the 

prominent photoreceptor degeneration in Cln6-deficient mice the restoration of the 

CLN6 expression in photoreceptors is not sufficient to prevent the retinal phenotype 

in mutant mice. Of note, the backcrossing of the Cln6nlcf mouse line with C57Bl/6J 

wild type mice revealed that the retinal dysfunction of this mouse line is caused by a 

single gene defect (figure 4.2). Consequently, it can be excluded that the Cln6nclf 

mouse line harbours a confounding second mutation that could prevent the successful 

treatment of the retinal phenotype as it has been shown to be the case in other mouse 

lines (Nishiguchi et al. 2015; Luhmann et al. 2014). Therefore, it can be argued that 

for a successful gene therapy in Cln6nclf mice rod bipolar cells may need to be targeted 

exclusively or in addition to photoreceptors.  

 

Retinal dystrophies arising from defects in bipolar cells are rare. One such disease is 

congenital stationary night blindness (CSNB), a clinically and genetically 

heterogeneous group of retinal diseases that can be classified into two forms: 

complete CSNB (cCSNB) and incomplete CSNB (iCSNB) (Zeitz et al. 2014; Miyake 

et al. 1986). cCSNB is caused by mutations in genes expressed in bipolar cells and 

leads to a complete loss of the ERG b-wave. There are several mouse lines that 

represent cCSNB including the nyxnob, Trpm1-/-, Trpm1tvrm27, Grm6-/-, Grm6nob3, 
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Grm6nob4, Gpr179nob5 and the recently discovered Lrit3nob6 mice (Dhingra et al. 2002; 

Pardue et al. 1998; Dhingra et al. 2000; Gregg et al. 2007; Dhingra et al. 2012; 

Morgans et al. 2009; Rao et al. 2007; Koike et al. 2010; Shim et al. 2012; Peachey, 

Pearring, et al. 2012a; Masu et al. 1995; Maddox et al. 2008; PINTO et al. 2007; 

Peachey, Ray, et al. 2012b; Neuillé et al. 2014). Other mutant lines with affected 

genes expressed in bipolar cells that have not been associated with cCSNB are Gnao-/-

, Gnb3-/-, Gnb5-/- and the double knockout RGS7-/-/RGS11-/- mice (B. Chang et al. 

2006; Dhingra et al. 2002; Haeseleer et al. 2004; Dhingra et al. 2000; Maeda et al. 

2005; Dhingra et al. 2012; Rao et al. 2007; Shim et al. 2012). In line with the Cln6nlcf 

mice, all these mouse lines show a preserved morphology of the INL and the mutated 

gene is localized in bipolar cells. However, none of the mice present with a dramatic 

thinning of the ONL or reduction in the a-wave that is characteristic for Cln6-

deficient animals. Furthermore, in Cln6nclf mice the b-wave is not completely 

abolished (figure 4.1). iCSNB leads only to a residual ERG b-wave. However, it 

involves mutations in genes expressed in the photoreceptor terminals and no severe 

degeneration of photoreceptors is observed (B. Chang et al. 2006; Haeseleer et al. 

2004; Maeda et al. 2005). To the best of the author’s knowledge, there is no other 

mouse model that has a retinal phenotype similar to Cln6nclf mice and originates from 

a primary defect in bipolar cells. Consequently, it may be that Cln6-deficient mice 

present with a novel disease mechanism by which a gene defect in bipolar cells 

mediates the loss of photoreceptors yet not of bipolar cells. A successful gene 

supplementation therapy targeting bipolar cells could confirm this hypothesis.    

 

In summary, this chapter describes the development of an AAV-mediated gene 

therapy targeting photoreceptor cells in Cln6nclf mice. Delivery of a CLN6 transgene 

resulted in a widespread and long-term expression of the transgene in photoreceptors 

of mutant animals; nevertheless no therapeutic effect could be detected. It was 

concluded that a correction of the gene expression in photoreceptors is not sufficient 

to prevent loss of vision in Cln6-deficient mice. Based on the high expression level of 

CLN6 in bipolar cells, we propose that it might be necessary to treat bipolar cells 

exclusively or in addition to photoreceptor cells to obtain a rescue of the retinal 

phenotype.  
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6 Strategies to increase transduction efficiency 

of viral vectors in the inner nuclear layer 

6.1 Introduction 
Most common retinal dystrophies are caused by defects in genes expressed in 

photoreceptors; they are less often caused by defects in genes expressed in the RPE or 

Mueller glia cells and very rarely in genes expressed in bipolar cells as described for 

CSNB (Smith et al. 2009; Miyake et al. 1986; Zeitz et al. 2014). For gene 

supplementation therapies a range of AAV serotypes is available. In rodents and 

larger animals efficient transduction of cells in the ONL and RPE is achieved by 

subretinal administration of the serotypes AAV2/5, AAV2/7, AAV2/8 and AAV2/9 

(Natkunarajah et al. 2008; Trapani et al. 2014). In contrast, targeting cells in the INL 

using these conventional serotypes has been problematic irrespective of the delivery 

route (Smith et al. 2009; S. E. Boye et al. 2013a; Surace & Auricchio 2008).  

 

To enhance the transduction efficiency and specificity of AAV vectors, various 

studies have been undertaken to engineer novel AAV vectors. Site-directed 

mutagenesis of existing AAV capsids have been performed to reduce potential 

proteasomal degradation of viral particles after injection (L. Zhong et al. 2008; Petrs-

Silva et al. 2010). One such vector, generated using this strategy, is AAV2/8(Y733F), 

a single tyrosine mutant of AAV2/8, reported to cause a wider transduction of retinal 

cells than AAV2/8 including Mueller glia cells (Petrs-Silva et al. 2008). An 

alternative strategy, directed evolution, using large AAV capsid libraries led to the 

discovery of new AAV capsid with distinct cell tropisms (Natkunarajah et al. 2008; 

Maheshri et al. 2006; Trapani et al. 2014; Koerber et al. 2008; Koerber et al. 2009). In 

the course of this work the AAV variant ShH10, related to serotype AAV2/6, was 

found to target specifically Mueller glia cells upon intravitreal delivery in adult 

animals (Klimczak et al. 2009). Another novel AAV vector, termed 7m8 and related 

to AAV2/2, was found recently to transduce cells in the INL, ONL and RPE 

following intravitreal injection in adult animals (Dalkara et al. 2013). 
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The low transduction efficiency of cells in the INL is assumed to be due to a poor 

penetration of AAV vectors into deep retinal layers. There are two natural barriers 

that could hamper viral penetration: the ILM and the OLM. Enzymatic or disease-

dependent disruption of the ILM leads to an increased targeting of cells in the INL 

following intravitreal injections of AAVs (Dalkara et al. 2009; Kolstad et al. 2010). 

Similarly, intravitreal delivery of viral vectors in neonatal rats at P0, an age when the 

ILM is not fully established, results in a higher transduction efficiency (Harvey 2002). 

The OLM forms in the first postnatal week and can prevent the penetration of some 

AAVs into the retina, as shown in adult animals (Dalkara et al. 2009). Disruption of 

the OLM to enhance viral vector transduction has not been studied extensively. 

However, two studies demonstrated that the integration of transplanted photoreceptor 

cells was increased when the OLM was temporarily or genetically disrupted, 

indicating that the OLM can act as a barrier which may prevent AAV vector 

penetration (West et al. 2008; Pearson et al. 2010). Of note, a reduced integrity of the 

interphotoreceptor matrix (IPM), which occupies the space between the RPE and the 

neural retina, leads to a better transduction of subretinally administered lenti viral 

vectors in mouse photoreceptors (Grüter et al. 2005). Consequently, it does not seem 

unlikely that the OLM could act as physical barrier for the penetration of AAV 

particles upon subretinal delivery.  
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6.2 Aims  
The previous chapter demonstrated that it is not sufficient to deliver CLN6 to 

photoreceptor cells in Cln6nlcf mice to prevent the retinal degeneration and it may be 

necessary to transduce bipolar cells in the INL. AAV-mediated transduction of cells 

in the INL is poor following subretinal or intravitreal injection. The aim of this 

chapter is to explore whether the transduction efficiency of cells in the INL can be 

improved by: (1) subretinal injection of AAV particles in retinas with a disrupted 

OLM, (2) intravitreal or (3) subretinal injection of AAV vectors in pups at an early 

postnatal age when bipolar cells maturation and ILM formation is still on-going. (4) 

In addition, the recently engineered vector, 7m8, was tested for its transduction 

efficiency of cells in the INL in adult, juvenile and early postnatal wild type retinas 

following subretinal and intravitreal injection. 
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6.2.1 Subretinal injection of AAV vectors in retinas with disrupted OLM  

Crb1rd8/rd8 mice carry a single base deletion in the Crb1 gene. This mutation causes 

the production of a truncated secreted protein product and a progressive, but partial 

disruption of the OLM integrity through the loss of adherent junctions between 

photoreceptor and Mueller glia cells. This has prominent morphological consequences 

as demonstrated by the formation of local retinal folds, pseudorosettes, mild 

photoreceptor loss and retinal thinning as early as 2 weeks of age (Mehalow 2003; 

Luhmann et al. 2014). To investigate whether the OLM could pose a barrier for the 

penetration of AAV particles into the INL, adult Crb1rd8/rd8 mice received subretinal 

injection of different AAV serotypes available in our laboratory including AAV2/2, 

AAV2/5, AAV2/8, AAV2/8(Y733F), AAV2/9 and ShH10. Each AAV vector 

contained a ubiquitous CMV or CBA promoter and an eGFP reporter gene. The titre 

of the vectors ranged from 5x1012 vg/mL to 1x1013 vg/mL. Right and left eyes of the 

mutant animals were injected in an alternating fashion for each serotype to control for 

bias (total volume 2µl per injection).   

Four weeks post injection the mutant eyes were harvested and cryopreserved. Retinal 

cross-sections were stained with DAPI and analysed by confocal microscopy using 

the same settings if not indicated differently. Figure 6.1 shows representative images 

for each serotype. Subretinal injections with AAV2/2 and AAV2/5 show a good 

transduction efficiency and level of eGFP expression in the outer retina of the 

Crb1rd8/rd8 mice (figure 6.1 A-B). Virally transduced cells were not detected in the 

INL, nor in areas where clear disease-related photoreceptor nuclei dropout was 

present and the retinal structure was perturbed as demonstrated in figure 6.1 B. 

Similarly, the subretinal administration of AAV2/8, AAV2/8(Y733F), AAV2/9 and 

ShH10 leads to a good transduction of photoreceptor cells and the RPE with a slightly 

stronger eGFP expression compared to AAV2/2 and AAV2/5 (figure 6.1 C, E, G, H). 

When the gain settings of the 488nm channel were increased to the maximum at the 

confocal microscope, virally transduced cells became visible in the INL in the 

immediate vicinity of photoreceptor nuclei dropout. These cells are Mueller glia cells 

as indicated by fluorescently labelled endfeet at the ILM and cell processes spanning 

the width of retina (figure 6.1 D, F). It can be concluded that the transduction 

efficiency of the viral vectors is not greatly enhanced in the INL of murine retinas 

with a disrupted OLM.  
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Figure 6.1: Subretinal injection of AAV vectors in adult Crb1rd8/rd8 mice  

 (A) AAV2/2.CMV.eGFP, titre = 5x1012 vg/mL, n = 3 eyes. (B) AAV2/5.CBA.eGFP, titre = 
8x1012 vg/mL, n = 3 eyes. (C) AAV2/8.CMV.eGFP, titre = 5x1012 vg/mL, n = 3 eyes. (D) 
AAV2/8.CMV.eGFP, titre = 5x1012 vg/mL. Higher 488 nm laser power reveals transduced 
Mueller glia cells in close proximity to disease-related photoreceptor cell nuclei dropout. (E) 
AAV2/8(Y733F).CMV.eGFP, titre = 5x1012 vg/mL, n = 3 eyes. (F) 
AAV2/8(Y733F).CMV.eGFP, titre = 5x1012 vg/mL. Higher 488 nm laser power shows 
localized transduced Mueller glia cells. (G) AAV2/9.CMV.eGFP, titre = 1x1013 vg/mL, n = 3 
eyes. (H) ShH10.CMV.eGFP, 5x1012 vg/mL, n = 2 eyes. To explore whether a disrupted 
OLM could enhance the viral transduction efficiency of cells in the INL, adult Crb1rd8/rd8 
mice received subretinal injections of AAV vectors available in the laboratory. The subretinal 
administration of AAV2/2 and AAV2/5 does not show transduced cells in the INL. In eyes 
injected with the vectors AAV2/8, AAV2/8(Y733F), AAV2/9 and ShH10 very few 
transduced cells are present in the INL in areas where the structure of the ONL is perturbed. 
However, subretinal injections in adult Crb1rd8/rd8 mice transduce mostly photoreceptor cells 
and the RPE. Note, the viral titres of these vectors were determined by qRT-PCR. 
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6.2.2 Intravitreal injection of AAV vectors in wild type mice at an early postnatal 

age 

The administration of conventional AAV vectors in adult mice leads to a poor 

transduction of cells in the INL. For this reason, we sought to investigate whether the 

transduction efficiency could be improved at earlier time points as the development of 

the murine retina is not complete at birth. In the first postnatal week differentiation, 

maturation and migration of neurons and glia is on-going. It is also the peak time for 

the birth of rod photoreceptors, bipolar and Mueller glia cells (Cepko 2014; 

Marquardt & Gruss 2002). Additionally, the ILM, which consists of interdigitating 

Mueller glia endfeet and distinct extracellular matrix proteins, and the OLM, which 

comprise adherens junctional complexes between photoreceptors and Mueller glia, 

are forming (Uga & Smelser 1973). In the second and third postnatal week the 

postnatal maturation of the retina comes to completion with the terminal 

differentiation of cells, the opening of the eye and the first electrophysiological 

impulses of photoreceptor cells (Gibson et al. 2013). Intravitreal injections in neonatal 

rats and rats with a compromised ILM showed an enhanced transduction efficiency of 

retinal cells following the delivery of some AAV vectors (Harvey 2002; Dalkara et al. 

2009; Kolstad et al. 2010). To explore whether early postnatal injections into the 

vitreous could enhance the transduction of cells in the INL in mice, wild type animals 

received intravitreal injections of AAV vectors available in our laboratory at the age 

of P5.5-6.5. Similar to previous injections, all viral vectors contained a ubiquitous 

promoter and an eGFP reporter gene. Viral titres ranged from 4x1012 vg/mL to 1x1013 

vg/mL. Left and right eye of the animal were selected in an alternating fashion for 

each serotype injections to avoid bias (total volume 1µl per injection).  

Four weeks after injection, the eyes were harvested, cryosectioned and stained with 

DAPI. Confocal microscopy was performed using consistent confocal settings. Figure 

6.2 demonstrates that the intravitreal administration of each serotype results in the 

transduction of cells in the INL, however the spread and the level of the eGFP 

expression vary. The serotypes AAV2/5, AAV2/8 and AAV2/8(Y733F) only 

introduce a very localized and weak eGFP expression in some cells of the INL (figure 

6.2 B-D). Injections of AAV2/9 seem to lead to a stronger, yet also very localized, 

expression of eGFP in the inner retina as highlighted by two confocal images taken in 

close proximity (figure 6.2 E-F). Intravitreal injection of AAV2/2 causes a faint but 
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widespread transduction of a variety of cells in the INL, the GCL and some 

photoreceptor cells (figure 6.2 A). However, the eGFP expression was very weak and 

the fluorescent signal bleached quickly during the image acquisition. The strongest 

eGFP expression and a widespread viral transduction were observed in the inner 

retina following intravitreal injection of the ShH10 serotype. Based on the shape and 

the position of the fluorescently labelled cell bodies in the INL as well as the presence 

of fluorescently labelled cell processes it can be concluded that the majority of 

transduced cells are Mueller glia cells consistent with recent publications (Klimczak 

et al. 2009; Byrne et al. 2013). In summary, intravitreal injection of AAV2/2 and 

ShH10 at the age of P5.5-P6.5 result in the most widespread transduction of cells in 

the INL. ShH10 mediates the strongest transgene expression targeting mostly Mueller 

glia cells.    
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Figure 6.2: Intravitreal injection of AAV vectors in wild type mice at the age of P5.5-
P6.5 

(A) AAV2/2.CMV.eGFP, titre = 1x1013 vg/mL, n = 3 eyes. (B) AAV2/5.CBA.eGFP, titre = 
9x1012 vg/mL, n = 3 eyes. (C) AAV2/8.CMV.eGFP, titre = 4x1012 vg/mL, n = 2 eyes. (D) 
AAV2/8(Y733F).CMV.eGFP, titre = 1x1013 vg/mL, n = 2 eyes. (E) AAV2/9.CMV.eGFP, 
titre = 1x1013 vg/mL, n = 2 eyes. (F) AAV2/9.CMV.eGFP, titre = 1x1013 vg/mL. The image 
was taken in close proximity to the image in (E) highlighting that the viral transduction of 
INL cells is very localized (G) ShH10.CMV.eGFP, titre = 1x1013 vg/mL, n = 2 eyes. Wild 
type mouse pups aged P5.5-P6.5 received intravitreal injection of a range of AAV vectors to 
assess whether the viral transduction efficiency of cells in the INL can be enhanced. Each 
AAV vector shows transduction of cells in the INL. However, only the administration of 
AAV2/2 and ShH10 lead to a widespread expression of eGFP with Sh
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6.2.3 Subretinal injection of AAV vectors in wild type mice at an early postnatal 

age 

Intravitreal injection at an early postnatal age showed localised but increased 

transduction compared with their transduction efficiency following intravitreal 

injection of adult animals. To investigate whether cells in the INL are more 

susceptible to viral transduction in an immature retina after subretinal injections, wild 

type mice aged P5.5-6.5 received subretinal injections of various AAV serotypes 

carrying a ubiquitous promoter and eGFP. Viral titres from 4x1012 vg/mL to 1x1013 

vg/mL were administered and left and right eye of the animals were selected in an 

alternating fashion for each serotype (total volume 1 µl per injection). The eyes were 

harvested four weeks after the injections and sectioned to assess the transduction 

efficiency. Confocal microscopy was performed using the same 488 nm laser power 

for all sections. Subretinal administration of AAV2/2 results in a weak transduction of 

photoreceptor cells and no virally transduced cells in the inner retina (figure 6.3 A). 

Subretinal injections of AAV2/5, AAV2/8, AAV2/8(Y733F), AAV2/9 and ShH10 

lead to a strong transduction of the ONL and the RPE. In addition, a faint but 

widespread expression of eGFP is present in some cells of the INL, which most likely 

represent Mueller glia cells because cell processes reaching the GCL are fluorescently 

labelled (figure 6.3 B-F). In eyes injected with AAV2/8(Y733F), AAV2/9 and ShH10 

there are a few more transduced cells mostly at the outer edge of the INL, which 

could represent bipolar cell (figure 6.3 D-F). Nevertheless, the overall transduction 

efficiency of INL cells is low and predominately photoreceptor cells are transduced 

following subretinal injection in P5.5-6.5 wild type mice.  
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Figure 6.3: Subretinal injection of AAV vectors in wild type mice at the age of P5.5-P6.5 

(A) AAV2/2.CMV.eGFP, titre = 1x1013 vg/mL, n = 2 eyes. (B) AAV2/5.CBA.eGFP, titre = 
9x1012 vg/mL, n = 3 eyes. (C) AAV2/8.CMV.eGFP, titre = 4x1012 vg/mL, n = 2 eyes. (D) 
AAV2/8(Y733F).CMV.eGFP, titre = 1x1013 vg/mL, n = 2 eyes. (E) AAV2/9.CMV.eGFP, 
titre = 1x1013 vg/mL, n = 2 eyes. (F) ShH10.CMV.eGFP, 1x1013 vg/mL, n = 2 eyes. Wild 
type mice received subretinal injections of AAV vectors at an early postnatal age to examine 
whether the transduction efficiency of cells in the INL could be improved. Injection of 
AAV2/2 does not increase transduction and only a weak eGFP expression is detected in 
photoreceptor cells. Subretinal administration of AAV2/5, AAV2/8, AAV2/8(Y733F), AAV9 
and ShH10 resulted in a strong expression of eGFP in the outer retina and a weak yet 
widespread reporter gene expression in the INL. AAV2/8(Y733F), AAV2/9 and ShH10 
transduce a few more cells located at the outer edge of the INL, most likely bipolar cells. 
However, the majority of cells transduced in the inner retina are Mueller glia cells. Note, viral 
titres were determined by qRT-PCR. 
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6.2.4 Assessment of the transduction efficiency of the novel 7m8 vector in wild 

type animals  

6.2.4.1 Injection of 7m8.CMV.eGFP in adult and juvenile wild type mice  

The transduction of photoreceptors is very poor following intravitreal injection of 

AAV vectors. As subretinal injections are associated with some risk of developing a 

permanent retinal detachment, Dalkara et al. used directed evolution to engineer an 

AAV-based vector to transduce photoreceptors upon intravitreal delivery into adult 

mice. This novel AAV vector, termed 7m8, and based on the AAV2/2 serotype was 

demonstrated to transduce not only photoreceptors but also the RPE and the different 

cell types of the INL including some bipolar cells (Dalkara et al. 2013). To study the 

efficiency of this vector to target bipolar cells, the 7m8 capsid plasmid was imported 

and a 7m8.CMV.eGFP vector was produced. Intravitreal injections were performed in 

adult and juvenile wild type mice. For a complete examination of the viral 

transduction properties, adult and juvenile mice received also subretinal injections. 

The viral titre was 5x1012 vg/mL. Left and right eye of the animals were selected for 

the delivery route in an alternating fashion (total volume injected in adults 2 µl and in 

juveniles 1.5 µl per eye).     

Three weeks after injection, the eyes were harvested, cryosectioned and stained with 

DAPI. Confocal microscopy was performed to examine the transduction in injected 

eyes. Tiled confocal images show that viral transduction efficiency was moderate in 

adult and P12 wild type retinas following intravitreal delivery of the 7m8 vector 

(figure 6.4 A). Intravitreal injection in mice at the age of P14 resulted in a poor 

transduction of the retina and immunostaining for eGFP was needed to reveal some 

eGFP expression at the ILM (figure 6.4 B). These findings are surprising given the 

previously published work but potentially could be explained by the fact that 

intravitreal injections are more variable than subretinal injections due to the large size 

of the vitreous chamber, the presence of vitreous jelly and generally larger reflux of 

viral particles following intravitreal injections. Higher magnification images of 

transduced regions in the retinas of P12 injected eyes demonstrate that ganglion cells 

and astrocytes located at the ILM express high levels of eGFP, whilst only localized 

Mueller glia cells were transduced. In addition, very few cells located at the outer 

edge of the INL and most likely representing bipolar cells can be detected with a faint 
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eGFP expression (figure 6.4 C, white arrow heads). More prominent eGFP expression 

was found in amacrine cells at the inner edge of the INL (figure 6.4 C, white arrows).  

In adult or juvenile mice subretinal injection of the 7m8.CMV.eGFP vector led to a 

very poor retinal transduction and a representative image of retinas injected at P14 is 

shown in figure 6.4 D. A very restricted and faint fluorescent eGFP signal is observed 

when lasers settings were applied that were used to visualise eGFP expression in eyes 

that received subretinal injections of AAV2/5.CMV.eGFP. An increased 488 nm laser 

power shows an eGFP expression in photoreceptor cells and the RPE (figure 6.4 D). 

In summary, the transduction efficiency of the 7m8 vector appears to be low in 

juvenile and adult wild type mice.     
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Figure 6.4: Subretinal and intravitreal injections in adult and juvenile wild type mice 
using 7m8.   
(A-B) Intravitreal injection of 7m8.CMV.eGFP in adult and juvenile wild type eyes. Three 
weeks after intravitreal delivery, transduction of the retinal cells was assessed. Representative 
tiled confocal images show a moderate to low expression of eGFP. Eyes injected at P14 
needed to be immunostained for eGFP due to the weak fluorescent eGFP signal. The viral 
titre was determined as 5x1012 vg/mL by qRT-PCR. Adult n = 2 eyes, P12 n = 3 eyes, P14 n 
= 2 eyes. (C) High magnification images of the transduced regions in P12 injected retinas 
reveal a strong eGFP expression in ganglion cells and astrocytes, Mueller glia cells are more 
sparsely transduced. A very faint eGFP signals is detected in cells at the outer edge of the 
INL, most likely bipolar cells (white arrow heads). Amacrine cells located at the inner edge of 
the INL show good transduction in well transduced areas of the retina (white arrows). (D) A 
representative image of a wild type eye that received subretinal injection of 7m8.CMV.eGFP 
at P14. Low laser power settings used for the image acquisition of retinas that received 
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subretinal injections of AAV2/5.CMV.eGFP show a very faint and localized fluorescent 
eGFP signal. Higher laser setting of the 488nm channel revealed expression of eGFP in the 
ONL and RPE.  
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6.2.4.2 Injection of 7m8.CMV.eGFP in wild type mice at an early postnatal age  

As administration of 7m8.CMV.eGFP in adult and juvenile mice led only to a modest 

or low retinal transduction, in particular of cells in the INL, wild type animals also 

received intravitreal and subretinal injections at P5.5. Viral vector and titre were the 

same as for the previous experiment (total volume 1 µl per eye). 

Three weeks post injection, the eyes were collected to assess transduction. A 

panretinal and strong expression of eGFP was detected in eyes that received 

intravitreal injections (figure 6.5 A). Higher magnification images revealed 

transduced cells in the GCL, most likely including ganglion cells and astrocytes, in 

the INL and more sparsely in the ONL. In the INL, very strong expression of eGFP is 

present in Mueller glia cells, slightly weaker expression of eGFP is visible in cells at 

the outer edge of the INL, which could represent bipolar cells. This notion is 

supported by the presence of eGFP fluorescent lamina in the IPL (figure 6.5 B). 

Subretinal administration of 7m8.CMV.eGFP at P5.5 also resulted in a strong eGFP 

expression in the superior retina where the injections were performed (figure 6.5 C). 

A higher magnification image of the superior retina demonstrates that the ONL and 

the RPE are well transduced by the virus (figure 6.5 D).  
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Figure 6.5: Intravitreal and subretinal injection of 7m8.CMV.eGFP in wild type animals 
at age of P5.5 

(A) A tiled confocal image of a wild type eye received intravitreal injections of 
7m8.CMV.eGFP at P5.5. Three weeks post injection, a strong panretinal eGFP expression 
was observed. A viral titre of 5x1012 vg/mL was administered. n = 2 eyes. (B) A higher 
magnification image showing a strong transgene expression in the GCL, the INL and more 
sparsely in the ONL. In the INL, Mueller glia and most likely bipolar cells are transduced as 
indicated by the fluorescently labelled lamina and the absence of transduce amacrine cells at 
the inner edge of the INL. (C) A tiled confocal image of a wild type eye that received 
subretinal injections of 7m8.CMV.eGFP at P5.5. The superior retina shows a widespread viral 
transduction of the outer retina. A viral titre of 5x1012 vg/mL was administered. n = 2 eyes. 
(D) A higher magnification image confirms that photoreceptor cells and the RPE are 
transduced following the subretinal administration of 7m8.CMV.eGFP. Note, viral titres for 
this experiment were determined by qRT-PCR.  
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6.2.4.3 PKCα staining reveals the transduction of rod bipolar cells in P5.5 wild 

type mice following intravitreal injection of 7m8 

Intravitreal injection of the 7m8 vector showed a strong expression of eGFP in the 

INL. To find out whether rod bipolar cells, which are the majority of bipolar cells in 

the retina, were transduced, immunostaining for PKCα was performed on retinal 

sections following intravitreal injection at P5.5. Confocal images of each transduced 

retina are shown in figure 6.6. As demonstrated in the previous experiment retinal 

cross-sections of both eyes show a strong eGFP expression in the INL, in particular in 

Mueller glia cells. Some weak fluorescent eGFP signal is also observed in cells at the 

outer edge of the INL (figure 6.6 A, C). In merged projection images these cells are 

difficult to detect. Yet, in higher magnifications of single images it becomes more 

obvious that the 7m8 vector transduced numerous PKCα positive cells. The 

expression of eGFP, however, is very weak in rod bipolar cells compared to the 

expression in Mueller glia cells (figure 6.6 B, D, white arrows). It can be concluded 

that the novel 7m8 vector transduces bipolar cells in wild type mice following early 

postnatal intravitreal injections. Consequently, this vector may provide an effective 

way to deliver CLN6 to bipolar cells in Cln6-deficient mice in the future.   
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Figure 6.6: PKCα staining demonstrates transduction of bipolar cells following 
intravitreal injection of wild type eyes at P5.5 

(A, C) To determine whether the 7m8 vector transduces rod bipolar cells, immunostaining for 
PKCα was performed on retinal cross-sections of eyes that received intravitreal injection of 
7m8.CMV.eGFP at P5.5. (B, D) High magnifications of single merge images show that 
PKCα positive cells are transduced (indicated by white arrows). The eGFP expression in 
these rod bipolar cells is, however, very faint compared to the high expression level of eGFP 
in Mueller glia cells. Grey boxes indicate regions where high magnification images were 
taken.   
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6.3 Discussion  
The aim of the work described in this chapter was to investigate strategies to enhance 

the transduction efficiency of viral vectors in the INL of the murine retina. As CLN6 

is highly expressed in bipolar cells (figure 3.3) and the delivery of CLN6 transgenes to 

photoreceptor cells does not prevent retinal degeneration in Cln6nclf mice (chapter 5), 

it was of particular interest to achieve a widespread transduction of bipolar cells.  

 

It was investigated whether the integrity of the OLM could affect the viral 

transduction of cells in the INL. To this end, subretinal injections with the different 

AAV vectors available in the laboratory, each carrying a ubiquitous promoter and an 

eGFP reporter gene, were performed in adult Crb1rd8/rd8 mice. This mouse line 

presents with a disrupted integrity of the OLM. None of the viral vectors achieved a 

high transduction of cells in the INL; the vast majority of transduced cells were 

photoreceptors and the RPE (figure 6.1). Consequently, it does not seem that the 

integrity of the OLM plays an important role for the penetration of AAV particles and 

the transduction of the inner retina. It needs to be pointed out, though, that the OLM is 

only partially disrupted in Crb1rd8/rd8 mice as indicated by unaltered immunostaining 

for the tight junction protein ZO-1 (Luhmann et al. 2014). A more rigorous OLM 

disruption may produce a better viral transduction of the inner retina. However, it is 

important to bear in mind that a more prominent disruption of the membrane would 

also cause more severe morphological abnormalities in the retina as the OLM is vital 

for maintaining the stratification of the retina (Omri et al. 2010). Therefore, a more 

severe break down of the OLM is not an advisable strategy to improve the viral 

transduction of the inner retina and to develop a therapy for retinal degenerations. 

 

Another approach to increase the transduction efficiency was intravitreal and 

subretinal injection of the different AAV vectors in wild type mice at P5.5-6.5. At this 

age, the peak of bipolar and Mueller glia birth is over, yet the maturation and 

migration of cells is on-going and the ILM starts to establish (Marquardt & Gruss 

2002; Cepko 2014). Wild type eyes that received intravitreal injections of AAV2/2 at 

P5.5-6.5 showed a widespread but very weak transduction of various cells in the INL 

and the ONL (figure 6.2 A), indicating that this serotype is capable of penetrating 

deeply into the retina consistent with reports in adult animals (Hellström et al. 2009). 
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The majority of transduced cells in the INL appeared to be Mueller glia cells. Other 

cell types in the INL may also be virally transduced, but it is difficult to determine 

due to the weak expression level of eGFP. It does not seem, though, that a large 

proportion of bipolar cells was transduced (figure 6.2 A). Intravitreal delivery of 

ShH10 resulted mostly in a widespread transduction of Mueller glia cells similar to 

injections in adult animals (figure 6.2 G) (Klimczak et al. 2009). The serotypes 

AAV2/5, AAV2/8, AAV2/8(Y733F) and AAV2/9 induced a very limited transduction 

of the INL (figure 6.2 B-F). Yet, the transduction efficiency of the inner retina was 

higher compared with intravitreal injections of most of these vectors in adult rodents 

(Kolstad et al. 2010). This finding confirms the notion that the ILM can act as a 

barrier for the retinal penetration of AAV vectors.  

Following subretinal administration in early postnatal wild type mice, all serotypes 

with the exception of AAV2/2 introduced weak expression of eGFP in the INL but 

significantly stronger eGFP expression in the ONL and the RPE (figure 6.3). It can be 

concluded that the viral vectors were able to penetrate deeper into the retina than in 

adult retinas, yet the efficiency is very low compared with the outer retina. This 

finding illustrates again that the OLM does not seem to affect AAV penetration as the 

OLM is discernible by P5 (Uga & Smelser 1973) and adult Crb1rd8/rd8 mice that 

received subretinal injections do not show the same degree of inner retina 

transduction (figure 6.1). It is probable that the more widespread viral transduction of 

the inner retina in early postnatal mice is due to the immature state of the retina and 

the on-going migration of retinal cells causing the ONL not to be as densely packed as 

in adult animals. This could allow viral particles to migrate further into the retina.  

Both intravitreal and subretinal injections in early postnatal mice resulted in 

moderately enhanced transduction of the INL by most viral vectors tested. 

Consequently, it could be speculated that earlier injections may enhance the 

transduction further as the ILM may be more loosely organized or the degree of 

maturation and migrating cells may be higher in the retina. However, it needs to be 

mentioned that early postnatal treatment of the retina can introduce bigger surgical 

traumas, in particular following subretinal injections. This can have a significant 

impact on the therapeutic effects of retinal treatments. For example, gene 

augmentation therapies in Cngb3-/- mice at P6 led to a lower degree increased retinal 

function compared with mice treated at P15. Although in this case it also needs to be 

taken into account that a smaller volume of the viral vector was administered at P6 
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and lower transgene expression may have been achieved (Carvalho et al. 2011). 

Nevertheless, it seems questionable whether earlier administration of viral vectors 

could result in more widespread and stronger transduction of bipolar cells. It can even 

be speculated that some of the AAV serotypes tested may not be ideal to target 

bipolar cells as the surface receptors of the cells do not bind well to the surface 

proteins of the viral capsids. 

 

To improve this, a novel AAV vectors, termed 7m8 and based on AAV2/2, has 

recently been engineered. Examination of the efficacy of this vector, demonstrated 

that intravitreal and subretinal injections at P5.5 resulted in a widespread and high 

transduction efficiency in wild type animals. Subretinal administration leads to a 

strong expression of eGFP in the outer retina, whilst intravitreal injections lead to a 

panretinal eGFP expression in the GCL, INL and ONL (figure 6.5). Immunostaining 

for PKCα shows that numerous rod bipolar cells were transduced throughout the 

retina of eyes that received intravitreal injections (figure 6.6). This finding presents as 

the most promising strategy to transduce bipolar cells in the murine retina in this 

thesis. Hence, intravitreal delivery of the 7m8 vector containing a CLN6 transgene 

may be a feasible strategy to target bipolar cells and potentially treat the retinal 

phenotype in Cln6nclf mice.  

Interestingly, the administration of the 7m8 vector in juvenile or adult animals did not 

lead to a good transduction in mice in our study (figure 6.4), which is not in 

agreement with previous work (Dalkara et al. 2013) The increased retinal transduction 

in early postnatal mice following intravitreal delivery of 7m8 could be explained by a 

compromised ILM. However, it remains puzzling why early postnatal, subretinal 

injections are more efficient in transducing the outer retina than juvenile or adult 

injections.  

!  
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7 Discussion 

The main aim of this project was to explore the feasibility of developing an AAV-

based gene therapy to treat vision loss in forms of NCL caused by defects in 

membrane bound proteins. In recent years great advances have been made in the 

development of treatments for forms of NCL arising from deficiencies in soluble 

enzymes, with the development of clinical trials for CLN2 disease, late infantile 

(Mirza et al. 2013; Levin et al. 2014; Bartsch et al. 2013; Worgall et al. 2008; Nathan 

R Selden et al. 2013) (NCT01161576, NCT01907087). In addition, one clinical trial 

is currently ongoing to assess the safety and tolerability of an orally administered 

immunosuppressant drug in CLN3 disease, classic juvenile, the most common form of 

NCL caused by a transmembrane protein defect (NCT01399047). Despite these 

advances, major challenges remain for the development of efficient therapeutic 

interventions targeting the brain in transmembrane protein deficiencies of NCL; in 

particular the widespread delivery of agents or therapeutic transgenes is problematic 

due to the large size of the brain and the restricted BBB passage of molecules.   

 

Visual decline is an early manifestation in some forms of NCL, which often brings 

this condition to medical attention, especially in CLN3 disease, classic juvenile. Most 

studies do not focus on this key symptom, although over the last decade major 

advances have been made in the development of treatments for monogenic eye 

diseases. The research described in this thesis addresses this gap by investigating the 

therapeutic potential of an ocular AAV-mediated gene therapy in the Cln6nclf mouse, a 

model of a transmembrane protein deficiency in NCL. Ultimately, this work does not 

only provide insights into the development of treatments targeting the eye to improve 

quality of life for patients, it may also help to overcome challenges associated with 

brain-directed gene therapies in NCL forms caused by membrane bound protein 

defects.  

 

7.1 Ocular interventions in Cln6nclf mice targeting photoreceptors 
This study demonstrates that Cln6-deficient mice present with a progressive retinal 

degeneration mainly characterized by the prominent loss of photoreceptor cells and 

photoreceptor function (chapter 4), which is in line with two other recently published 
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reports (Mirza et al. 2013; Bartsch et al. 2013). In addition, CLN6 was found to have a 

high expression level in the murine retina and to be present in human photoreceptors 

(chapter 3). Based on these data, a vector was developed to supplement the expression 

of CLN6 in photoreceptor cells of Cln6nclf mice. Despite numerous attempts involving 

a range of viral titres, different volumes of viral vectors, different time points of 

administration, use of both human and murine cDNA as well as the comparison of a 

strong ubiquitous and a weaker rod-specific promoter, no increase in photoreceptor 

function or photoreceptor survival was achieved (chapter 5). Collectively, this work 

suggests that it is not sufficient to supplement CLN6 only in photoreceptor cells to 

prevent the retinal degeneration in Cln6-deficient mice. This notion is supported by 

the finding that the expression level of CLN6 is higher in bipolar cells than in 

photoreceptor cells in humans (figure 3.3) and mice (figure 1.8) (Siegert et al. 2012), 

which may indicate that CLN6 plays a more important role in the INL than in the 

ONL. Consequently, it can be argued that for a successful gene supplementation 

therapy in Cln6nclf mice bipolar cells are required to be targeted exclusively or in 

addition to photoreceptors. Recently, Cln6-deficient mice were reported to show a 

better photoreceptor morphology and increased photoreceptor function at 7 months of 

age following a 30 week food supplementation with the polyunsaturated fatty acid 

DHA (Mirza et al. 2013). DHA is a naturally occurring component of the retina which 

is particularly enriched in rod photoreceptor OS and associated with rhodopsin 

recovery during phototransduction (Pardue & Peachey 2014; Jeffrey et al. 2001). It 

could be speculated that only mild beneficial effects were obtained because DHA 

predominantly acts on photoreceptors. Thus, these data could support the notion that a 

treatment targeting photoreceptors is insufficient and other retinal cell types 

endogenously expressing Cln6 need to be treated.  

 

7.2 Evidence of inner retina defects in NCL and animal models of 

NCL caused by transmembrane protein defects 
Due to the prominent functional and morphological changes of photoreceptors in 

Cln6nclf mice, the inner retina was not thoroughly examined in this study. 

Nevertheless, data was provided demonstrating that the number of rod bipolar cells 

was reduced and PKCα positive bipolar cell processes spanning the retina from the 

INL to the GCL appeared shorter in Cln6-deficient mice at advanced disease stages. 
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At earlier time points no decrease in the number of bipolar cells was detected (figure 

4.9). No other study using Cln6nclf mice showed similar morphological alterations so 

far, but it is not unlikely that they have been overlooked as the animals only present 

with a subtle INL phenotype, in line with other mouse models carrying a genetic 

defect in bipolar cells (Pardue & Peachey 2014).The size of the ERG b-wave 

amplitudes were demonstrated to be reduced in Cln6-deficient mice (figure 4.1); 

however, it is difficult to determine whether this is a consequence of the decreased a-

wave amplitudes or an intrinsic defect of the affected bipolar cells. Consequently, it 

could be that at early disease stages bipolar cell function is affected, however 

morphological changes become only apparent at later disease stages. ERG recordings 

or post-mortem histology studies of the retinas of CLN6 disease patients have not 

been published. 

The retinal phenotype in Cln3-deficient mice is much milder than in the Cln6nclf 

model (see 1.3.2). However, some evidence was provided that as well as the outer 

retina, the inner retina was affected in Cln3-deficient animals. ERG recordings in 

Cln3Δex7/8 mice demonstrated a decrease in the b-wave amplitudes preceding the 

reduction of the a-wave amplitudes, which may indicate dysfunction of the inner 

retina (figure 1.11) (Staropoli et al. 2012). However, this mouse line carried the 

confounding Crbrd8 mutation, which could have contributed to the disease phenotype. 

It remains to be seen whether a Cln3Δex7/8 mouse strain lacking the Crbrd8 mutation 

presents with the same phenotype. In a very recent study the in vivo assessment of the 

retinal thickness in Cln3Δex1-6 mice revealed that the GCL (including IPL and NFL) 

and the INL were significantly thinner at 18 months of age than in wild type mice, 

while the outer retina measured from OPL to OS and from the RPE to the choroid did 

not show any differences (Groh et al. 2014). These data were not correlated with 

histological assessments of retinal cross-sections. Nevertheless, it suggests that in 

mice the deficiency in Cln3 leads to morphological alterations in the inner retina. The 

suggestion that CLN3 may play an important role in the inner retina would also be in 

agreement with the early expression of Cln3 in bipolar cells preceding the expression 

in photoreceptors in the murine retina (figure 1.8) (Ding et al. 2011). Of note, ERG 

recordings from CLN3 disease patients at early disease stages showed an 

electronegative maximal response with only mild a-wave disturbances and a reduced 

b:a ratio of the photopic single flash ERG (Mantel et al. 2004; Collins et al. 2006), 

both pointing to an inner retina dysfunction consistent with findings in mouse models. 
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In conclusion, it can be speculated that deficiencies in both CLN6 and CLN3 not only 

cause defects in the outer retina but also in the inner retina. It is probable that both 

NCL forms present with more apparent photoreceptor defects because these cells are 

metabolically very active (Winkler 1981; Wong-Riley 2010) and therefore most 

sensitive to the consequences of the respective gene defects. Mutations in CLN6 and 

CLN3 may cause changes in the intra- and extracellular environment of retinal cells 

that have a bigger impact on photoreceptors than on other retinal cells.   

However, CLN6 and CLN3 encode for proteins that are implicated in different cellular 

processes, and that have different subcellular localisation (see 1.1.3.1, 1.1.3.5) and 

different expression levels in the retina (figure 3.5). Therefore, the same therapeutic 

interventions may not be applicable to both diseases; however the viral delivery of 

therapeutic transgenes to bipolar cells may be the key to a successful treatment of the 

visual failure in both diseases. 

It is important to mention that if it is required to supplement CLN6 in bipolar cells, it 

remains elusive how a primary gene defect in bipolar cells could mediate a prominent 

loss of photoreceptors yet not of bipolar cells in the retina of mutant animals. We 

propose that a novel disease mechanism could underlie the retinal degeneration in 

Cln6nclf mice that has not been reported before in the literature. In the future, thorough 

histological assessment of cells in the INL may reveal morphological alterations in 

Cln6-deficient mice that have not been described yet and may help to understand 

better the disease mechanism.  

 

7.3 The delivery of transgenes to bipolar cells  
Bipolar cells are one of the cell types least amenable to transduction by viral vectors 

in the retina. For this reason, the present study explored different strategies to enhance 

the transduction efficiencies of viral vectors in the INL (chapter 6). The most 

promising approach was the intravitreal administration of the novel 7m8 vector, a 

variant of AAV2/2, in early postnatal wild type mice resulting in a panretinal 

transduction with a weak but widespread transgene expression in rod bipolar cells. 

Interestingly, a moderate number of transduced photoreceptor cells was also detected 

when the CMV promoter was utilized (figure 6.6). A recent publication revealed that 

the use of the 7m8 vector and a rod-specific promoter led to the detection of a higher 

number of photoreceptors in the murine retina. Moreover, the intravitreal delivery of a 
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7m8 vector carrying a rhodopsin promoter and RS1 led to a functional rescue of the 

photoreceptor degeneration in Rs1h-/- mice that lack the Rs1 gene encoding for the 

secreted enzyme retinoschisin (Dalkara et al. 2013). One caveat of this experiment is 

that the retinal integrity is generally compromised in Rs1h-/- mice, which could 

facilitate the diffusion of viral particles towards the outer retina. However, the study 

also shows that intravitreal injections of the 7m8 vector can be used to rescue the 

retinal phenotype in rd12 mice that harbour a mutation in the gene encoding for the 

RPE-specific protein RPE65 (Dalkara et al. 2013). These findings highlight the ability 

of this novel vector to transduce cells in the outer retina upon the delivery into the 

vitreous. Consequently, it seems likely that the administration of a 7m8 vector 

containing a bipolar-specific promoter may also result in a strong and specific 

transgene expression in bipolar cells. It can be hypothesized further that the 7m8 

vector may not only represent a strategy to deliver the CLN6 transgene to bipolar cells 

in Cln6nclf mice but may also be used to specifically express the transgene in bipolar 

and photoreceptor cells with an appropriate promoter (see 8). Other newly engineered 

viral vectors were shown to transduce bipolar cells including the AAV2/2(quadY-

F+T-V), a tyrosine mutant AAV2/2, and the AAV2/8BP2, a variant of AAV2/8 

engineered through a selection process based on directed evolution (Petrs-Silva et al. 

2010; Cronin et al. 2014). Of note, similar to 7m8 these vectors do not target bipolar 

cells exclusively; therefore, a cell type-specific promoter is required to achieve a 

selective transgene expression. To date, no specific promoter has been identified that 

drives expression in all bipolar cell subtypes in the mammalian retina. However, the 

purkinje cell protein 2 (PCP2) (also called L7) and the metabotrophic glutamate 

receptor mGluR6 promoter were found to drive expression in ON bipolar cells, the 

majority of bipolar cells (Siegert et al. 2012; Berrebi et al. 1991; Nakajima et al. 

1993). In summary, it is not only challenging to target bipolar cells in the retina but it 

is also problematic to achieve expression in all types of bipolar cells due to the 

limitations of the available cell type-specific promoters.  
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7.4 The development of gene therapies for bipolar cell defects and 

prospects for clinical applications 
Gene defects in bipolar cells are rare. CSNB is a group of ocular diseases that 

encompasses two different forms: complete and incomplete CSNB. Only cCSNB 

arises from defects in genes that are expressed in bipolar cells. Patients suffering from 

this condition usually present with impaired night vision, myopia, nystagmus and 

strabismus. ERG recordings are characterised by a selective loss of the b-wave, yet no 

severe abnormalities of the retinal morphology are observed in patients (Miyake et al. 

1986; Zeitz et al. 2014). Amongst other mouse lines, the nyxnob mouse is a well-

described model for cCSNB that carries a mutation in nyctalopin (nyx), an ON bipolar 

cell-specific gene. Similar to cCSNB patients, these mice show a complete lack of the 

b-wave, while maintaining a normal a-wave (Pardue et al. 1998). Until recently, the 

only complete rescue of the nyxnob mouse phenotype was achieved through the 

generation of a transgenic nyxnob mouse line that expressed an eYFP-nyx fusion 

protein under the control of bipolar-specific promoter (Gregg et al. 2007). In 2015, 

however, Scalabrino et al. published a study demonstrating that intravitreal delivery 

of an AAV2/2(quadY-F+T-V) vector containing the nyx cDNA under the control of 

an ON bipolar cell-specific promoter can partially rescue the ERG b-wave defect 

when the vector was injected at P2. Single cell recording of transduced cells showed a 

complete rescue of bipolar cell function in treated nyxnob mice. Investigation of the 

transgene expression revealed that only about 20 percent of all ON bipolar cells were 

transduced following the administration of the vector, which explains why only a 

partial rescue was observed in global ERG recording. In adult animals the number of 

transduced cells was lower, most likely due to the presence of the ILM (Scalabrino et 

al. 2015). Intravitreal injections of AAV2/2(quadY-F+T-V).CBA.eGFP in adult dogs 

resulted in a similarly low efficiency of bipolar cell transduction as quantified by 

counts on immunostained retinas (Mowat et al. 2013). Although injections of the 

AAV2/2(quadY-F+T-V) vector in mice showed promising results for the 

development of gene therapy treatments targeting bipolar cell defects, the 

transduction efficiency of bipolar cells needs to be improved further before this 

approach can be translated into clinical applications.   

This thesis established that intravitreal injections of 7m8.CMV.eGFP lead to a 

widespread transduction of bipolar cells in the murine retina. To test the hypothesis 
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that bipolar cells contribute to the photoreceptor degeneration in Cln6nclf mice, we 

have very recently started to treat P5-6 mutant mice by intravitreally injecting 

7m8.CMV.hCLN6. Preliminary data suggests that this treatment slows the loss of 

photoreceptor function as indicated by a moderate but significant increase of the a-

wave in Cln6-deficient mice at 2 and 4 months of age. Of note, the size of the a-wave 

is maintained from 2 to 4 months in treated compared with untreated mutant mice 

(supplementary figure 9.2). This work is currently ongoing and we have not 

investigated yet retinal cross sections of treated animal to assess the effect of the 

treatment on photoreceptor loss. Nevertheless, these data provide some evidence that 

bipolar cells play a role in the retinal degeneration in CLN6 disease. To confirm this 

notion and understand better whether bipolar cells alone or bipolar cells and 

photoreceptors need to be targeted in this disease, further research is required (see 8). 

Although, our work suggests that intravitreal injections of 7m8 are more efficient to 

target bipolar cells than injections of AAV2/2(quadY-F+T-V) (figure 6.6) (Scalabrino 

et al. 2015), both vectors have a higher transduction efficiency in early postnatal than 

in adult mice. Moreover, in dogs or non-human primates both vectors showed a sparse 

transduction of the retina following intravitreal administration (Mowat et al. 2013; 

Dalkara et al. 2013). Consequently, it seems that these vectors may not be effective 

enough for translation into clinical settings to develop therapies for patients suffering 

from non-secreted or transmembrane protein defects like in CLN6 disease or CSNB. 

One anatomical difference between mice and larger animals or humans is the 

thickness of the ILM, which is substantially thinner in mice and is therefore probably 

the reason why the vectors are more effective in mice. The ILM plays an important 

role during early development of the retina; however its function is not yet completely 

understood in adulthood (Halfter et al. 2008). Peeling of the ILM is a common 

procedure for macular hole and epiretinal membrane surgery (Bainbridge, Herbert, et 

al. 2008a; Semeraro et al. 2015) and could potentially offer a strategy to enhance the 

transduction efficiency of intravitreallly delivered vectors in large animals and 

possibly humans. In addition, further research is ongoing to improve the efficacy of 

AAV vectors in animals, which will also expand the choice of vectors for clinical use. 

One example of a very recently engineered vector is AAV2/8BP2 with a better 

efficacy than the parental AAV2/8 and an estimated bipolar cell transduction of 60 

percent (Cronin et al. 2014). Work in larger animals or non-human primates using this 

vector has not been published yet.   
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8 Future directions  

To further develop the key findings of this thesis, additional work is planned in the 

near future and will be outlined below: 

 

Chapter 3 demonstrates that in the retina of wild type mice the absolute expression 

level of Cln6 is comparable to the expression level of Prph2, a gene encoding for 

Peripherin2, an abundant photoreceptor-specific protein (figure 3.9). To confirm that 

the high expression level of Cln6 in the murine retina arises primarily from the 

expression in bipolar cells, the endogenous expression level of the gene will be 

analysed specifically in bipolar cells. To this end, FACS will be used to isolate 

bipolar cells from the retinas of a mouse line recently imported into our laboratory 

that carries fluorescently labelled ON bipolar cells and is termed PCP2.mCherry. 

Subsequent qRT-PCR analyses of cDNA samples will give insight into the expression 

level of Cln6 in murine ON bipolar cells and may help to confirm that the expression 

pattern of Cln6 is similar in man and mouse. In addition, it would be useful to 

understand better when Cln6 expression starts in the retina. As no reliable mouse anti-

Cln6 antibodies are available and the generation of specific Cln6 probes for in situ 

hybridisation has not been successful in our laboratory so far, we are planning to 

analyse the expression level of Cln6 in wild type retinas over time using qRT-PCR. 

For example, the expression level could be investigated at birth, early postnatal and 

juvenile ages and could be compared with the levels in adult animals. This experiment 

will improve our knowledge of whether and when the expression of Cln6 in the 

murine retina peaks and may help to narrow down further the time window for AAV 

treatments in Cln6nclf mice. It will also clarify whether therapeutic interventions need 

to be performed earlier than at the age of P5 or P10, the time points the present study 

focused on (chapter 5). As Cln6 was reported to be expressed in the murine brain 

from E18 onwards (Thelen et al. 2011), it is likely that the expression of Cln6 starts 

also very early in the eye when retinal maturation is still ongoing. Therefore, it could 

be that an AAV-based treatment needs to be delivered at birth or even prenatally in 

Cln6-deficient mice. 
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Chapter 4 illustrates a detailed characterisation of the retinal phenotype in Cln6-

deficient mice. Since apoptotic cell loss and loss of retinal function occur as early as 2 

and 3 weeks of age, respectively (figure 4.6, 4.1), the retinal morphology will be 

examined at earlier time points to investigate whether detrimental changes occur 

before 2 weeks of age and therefore could potentially prevent the successful treatment 

of Cln6nclf mice. More specifically, the thickness of the ONL as well as the 

morphology and length of photoreceptor IS and OS, usually most sensitive to disease 

related alterations, will be analysed further at postnatal and early juvenile ages. 

Furthermore, the morphology of the INL and bipolar cells will be more carefully 

assessed including measurement of the INL and the inner retina (from INL to 

GCL/NFL) thickness and counts of bipolar cell synapses. This work will be 

accompanied by recordings of retinal function in P14 mice in vivo or if this is not 

possible ex vivo to investigate whether Cln6nclf mice show normal retinal function at 

early disease stages.  

 

The work presented in chapter 5 demonstrates that an AAV-mediated gene 

supplementation therapy targeting photoreceptor cells is not sufficient to treat the 

retinal phenotype of Cln6nclf mice. Chapter 6 indicates that intravitreal injection of the 

7m8 vector is a valid strategy to deliver transgenes to bipolar cells when administered 

at an early postnatal age (figure 6.6). As 7m8 does not specifically target bipolar cells 

but also other retinal cells including photoreceptors, the use of this novel vector 

allows several therapeutic approaches in Cln6-deficient mice. First, intravitreal 

injections of a 7m8.CMV.CLN6 vector can be used to target all the different cell 

types of the retina in Cln6-deficient mice. This approach induces a strong expression 

of CLN6 in all subtypes of bipolar cells and photoreceptors. However, it also leads to 

transgene expression in other retinal cell types, for example Mueller glia or ganglion 

cells that endogenously do not express Cln6. Very recently, we have started to treat 

P5-P6 Cln6nclf mice with this vector and found that this treatment had a moderate but 

significant therapeutic effect on the progression of vision loss (supplementary figure 

9.2). Second, to narrow down which retinal cell types are required to be treated, we 

are planning to perform intravitreal injection in Cln6nclf mice using a mix of two 

different 7m8 vectors, one containing CLN6 under the control of the PCP2 promoter 

and another one containing CLN6 under the control of the rod-specific MOPS 

promoter. As the mixing of two vectors is not ideal, identification of the sequence 
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upstream to CLN6 that drives CLN6 expression would provide another strategy to 

treat simultaneously photoreceptor and bipolar cells in Cln6nclf mice. The CLN6 

transgene only encompasses ~1.2 kb and a maximum of 3 kb of genome sequence 

upstream of CLN6 could be cloned into the genomic plasmid in front of the CLN6 

cDNA, packaged into the 7m8 vector and tested in wild type retinas for the ability to 

drive specifically expression in bipolar cells and photoreceptors. However, this 

process is challenging and can be very time consuming. Therefore, we will focus 

initially on delivering the aforementioned mix of viruses. Lastly, a 7m8 vector 

containing CLN6 under the control of PCP2 could be administered to specifically 

transduce ON bipolar cells in mutant mice. This approach will investigate whether it 

is sufficient to target bipolar cells to prevent the degeneration of photoreceptor cells in 

Cln6nclf mice.  

 

We are also planning to inject PCP2.mCherry mice with a 7m8.CMV.eGFP and a 

7m8.PCP2.eGFP vector to quantify the number of virally transduced ON bipolar cells 

following the delivery of the individual vectors. In addition, we can compare the 

endogenous expression level of Cln6 in bipolar cells with 7m8-mediated transgene 

expression levels induced by the CMV and the PCP2 promoter. To accomplish this, 

PCP2.mCherry retinas that received intravitreal injections could be FACS sorted to 

isolate ON bipolar cells to determine the number of eGFP fluorescent cells and to 

analyse the transgene expression level in these cells using qRT-PCR.  
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Supplementary figure 9.1: Scotopic ERG recording of backcrossed F2 and F3 
generation mice 

The Cln6nclf mouse line was paired with homozygous C57Bl/6J wild type mice as described in 
detail in chapter 4. (A) At 4 weeks of age, the scotopic a- and b-wave amplitudes are reduced 
in 4 animals (26.6%) compared to 11 other littermates (73.4%) of the F2 generation. The 
percentage decrease of the two lines is comparable to the a-wave decrease in mice of the 
Cln6nclf mouse line of the time study. The F3 generation shows decreased a- and b-wave 
amplitudes similar to the parental F2 generation. It needs to be mentioned that the absolute 
amplitude size of the a- and b-wave amplitudes of the 4 animals of the F2 generation and F3 
generation vary, which could be due to normal variation between ERG recordings. (B) At 8 
weeks of age, the scotopic a-wave amplitudes are further reduced in the 4 mice of the F2 
generation and all F3 generation mice. The scotopic b-wave amplitudes are also decreased in 
these mice. The amplitude size of the 11 mice of the F2 generation and the wild type mice of 
the time study is very similar. However, the b-wave amplitudes of the 4 F2 generation mice, 
the F3 generation mice and the Cln6nlcf mice of the time study vary, which could be explain by 
the notion that the b-wave is dependent on the a-wave. Consequently, the b-wave usually 
presents with more variation than the a-wave. (A-B) Data are represented as means ± STD. 
Cln6nclf time study n = 7-10 eyes, wild type n = 5-7 eyes, F2 wild type phenotype n = 11 eyes, 
F2 mutant phenotype n = 4 eyes, F3 mutant phenotype n = 8 eyes. 
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Table 9.1 summarizes all AAV mediated therapeutic interventions performed in 

Cln6nclf mice.  

 

Supplementary table 9.1: rAAV2/8 injections in Cln6nlcf mice 

rAAV2/8 construct Time point Subretinal delivery  Viral titer n 

CMV.hCLN6 P8.5-P10 Single 1x1013 vg/ml 5 

CMV.hCLN6 P8.5-P10 Single 1x1012 vg/ml 7 

CMV.hCLN6 P8.5-P10 Single 1x1011 vg/ml 6 

CMV.hCLN6 P10 Double 1x1012 vg/ml 2 

CMV.hCLN6 P10 Double 1x1011 vg/ml 4 

CMV.hCLN6 P5 Single  1x1012 vg/ml 5 

CMV.hCLN6 P5 Single  1x1011 vg/ml 5 

CMV.mCln6 P8-P10 Single  1x1012 vg/ml 5 

CMV.mCln6 P8-P10 Single 1x1011 vg/ml 3 

MOPS.hCLN6 P10 Single 1x1014 vg/ml 3 

MOPS.hCLN6 P10 Single 1x1013 vg/ml 5 

MOPS.hCLN6 P10 Single 1x1012 vg/ml 6 

MOPS.hCLN6 P10 Double 1x1012 vg/ml 6 
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Supplementary figure 9.2: Scotopic ERG recording from Cln6nclf mice following 
intravitreal injections of 7m8.CMV.hCLN6 at P5-6 

(A) P5 to P6 Cln6nclf mice received 1 µl or 0.5 µl intravitreal injections of 7m8.CMV.hCLN6 
at 1x1012 vg/mL and underwent ERG recordings at 1, 2, and 4 months of age. The scotopic a-
waves at the light intensity of 10 cd.s/m2 are not significantly different between untreated and 
treated animals at 1 month of age. At 2 months both treatment groups have slightly but 
significantly larger a-wave amplitudes, which is maintained over time and results in a more 
significant difference between treated and untreated Cln6nclf mice at 4 months. (B) A graph of 
the individual ERG recordings demonstrates that all treated eyes have larger a-waves than the 
mean of the untreated mutant eyes. Data are represented as mean ± SD. n values are as 
follows: 1 month wt n = 7 eyes, untreated Cln6nclf n = 52 eyes, 1 µl treatment n = 19 eyes, 0.5 
µl treatment n = 20 eyes; 2 months wt n = 5 eyes, untreated Cln6nclf n = 52 eyes, 1 µl 
treatment n = 14 eyes, 0.5 µl treatment n = 16 eyes; 4 months wt n = 6, untreated Cln6nclf n = 
31 eyes, 1 µl treatment n = 8 eyes, 0.5 µl treatment n = 12 eyes. A non-parametric Mann-
Whitney U test was performed to determine significances p < 0.05 = *, p < 0.0005 = ***.  
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10.1 Copyright licenses 
Copyright licenses were obtained for the following figures: 

Figure 1.1: ERG recordings of CLN3 patient (Collins et al. 2006); license number: 
3800130928603 

Figure 1.1: Post mortem retinal cross section of patient(Bensaoula et al. 2000); 
license number: 3800170092008 

Figure 1.2: Schematic illustration of the human eye (Smith et al. 2009); license 
number: 380358028609 

Figure 1.3A: Structure of the mammalian retina (West et al. 2009); license number: 
3800130193300 

Figure 1.3B: Structure of the mammalian retina (Hendry & Calkins 1998); license 
number: 3800141111144 

Figure 1.4A: The photoreceptors of the neural retina; for non-commercial, academic 
purposes, images and content from the chapters portion of Webvision may be used 
with a non-exclusive rights under a Attribution, Noncommercial, No Derivative 
Works Creative Commons license.  Cite Webvision, http://webvision.med.utah.edu/ 
as the source. 
Figure 1.4B: The photoreceptors of the neural retina (O'Brien 1982); license number: 
3800150742493 
Figure 1.5: The phototransduction cascade in photoreceptor outer segments (Smith et 
al. 2009); license number: 380358028609 
Figure 1.6: Cln3 transcript expression in the adult mouse retina (Siegert et al. 2012); 
license number: 3799360220406 
Figure 1.7: Retinal cross-sections of Cln3LacZ/LacZ mice in comparison to wild type 
animals (Ding et al. 2011); license number: 3799341254530 
Figure 1.8: Cln6 transcript expression in the adult mouse retina (Siegert et al. 2012); 
license number: 3799360220406 
Figure 1.9: Schematic drawing showing intravitreal and subretinal injections of AAV 
particles into a mouse eye (West et al. 2009); license number: 3800130193300 
Figure 1.10: Schematic illustration of AAV – commons creative by Jazzlw – Own  
work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=41315502 
Figure 1.11: Scotopic ERG recordings of Cln3Δex7/8 mice crossed onto a C57BL/6N 
background in comparison to unaffected control animals (Staropoli et al. 2012); This 
is an open-access article distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in 
any medium, provided the original author and source are credited. 
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