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Abstract 

 

Retinal degenerations are a complex group of disorders that all culminate in the 

same final common path, the loss of the light sensing cells of the eye, the 

photoreceptors. Photoreceptor replacement strategies aim to reverse the loss of 

vision by transplanting healthy cells to replace those lost through degeneration. 

Over the past decade, research has shown that transplanting photoreceptor 

precursors into models of retinal dysfunction results in restoration of visual 

function. Until recently, this was thought to be attributed solely to donor 

photoreceptor cells integrating into the retina. However, we have recently 

demonstrated that the observed rescue was instead largely due to exchange of 

RNA and/or protein between donor and remaining host photoreceptor cells, a 

mechanism we named material transfer. Since this process appears to render 

host cells functional, the mechanisms by which this occurs are of significant 

interest. In this PhD thesis, I sought to determine the molecular mechanism 

underlying material transfer. I hypothesized that this may involve direct physical 

contacts or indirect shedding and uptake of information packaged in extracellular 

vesicles (EVs).  

 

I first developed a robust protocol to maintain primary rod precursors in an 

isolated culture system to enable the study of both molecular mechanisms. I 

established that cultured photoreceptors release vesicles bearing the 

phenotypical and molecular characteristics of EVs, accompanied with the 

molecular signature of the cell of origin. By employing the Cre-loxP system I 

confirmed that photoreceptor-derived EVs can alter gene expression in glia cells, 

both in vitro and in vivo, but not in other photoreceptors, strongly indicating that 

EVs are not the primary mediators of material transfer in the transplantation 

paradigm. However, a combination of imaging methods, alongside 

pharmacological inhibition of the actin cytoskeleton of photoreceptor cultures, 

revealed transient tubulovesicular processes between photoreceptors, that are 

capable of transferring fluorescent reporters, organelles, and lipids. These fine 

structures are typically destroyed during fixation, impeding comprehensive 

assessment in vivo.  



6 
 

Finally, I demonstrated and characterized a few examples of donor-host contacts 

in vivo, when fluorescent reporters were tagged to the membrane of donor cells. 

Taken together the above findings support that physical connections are most 

likely the mechanism underlying photoreceptor communication during material 

transfer.  
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Impact Statement 

 

Transplantation of healthy donor photoreceptor precursors is a novel therapeutic 

approach that aims to reverse the loss of vision associated with photoreceptor 

degeneration. Although this approach has been proven to successfully restore 

aspects of visual function, the mechanisms by which this occurred have been 

misinterpreted in previous studies. Thus, the aim of this PhD was to determine 

the cellular mechanism that enables communication between host and donor 

photoreceptors following transplantation. 

 

First, this study has significant impact for regenerative medicine. The findings 

provide important knowledge for the field of retina transplantation and facilitate 

the re-interpretation of previous studies. Moreover, the mechanisms I have 

elucidated for material exchange between photoreceptors may be applicable to 

other cell types, for example stem cell derived neurons that are transplanted in 

brain degenerative models, thus impacting on the broader field of cell 

replacement therapy. This study also demonstrates a novel form of cell-cell 

communication between developing photoreceptors, opening new avenues of 

investigation, including enquiry into the role of EVs and physical connections 

during early development and during disease.  

 

The second major impact of this research is in the techniques developed. In this 

PhD I developed a robust protocol for culturing primary photoreceptors that can 

be widely used to study them in an isolated system. Moreover, to visualize the 

cell processes I used membrane tagged fluorescent reporters in combination to 

newly described cytoskeletal fluorescent probes instead of cytoplasmic reporters 

that have been used in former studies. This combined methodology represents a 

significant improvement in methodology for the study of cellular connections in 

the majority, if not all, cell types. 

 

Finally, the discovery of a particular mechanism of photoreceptor communication 

that enables a successful transplantation outcome leads to a new question, 

whether we can manipulate this mechanism to achieve better therapeutic rescue.   
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1. Introduction 

 

1.1 The vertebrate eye architecture  

 

The eye is responsible for vision and perception of the environment. The fine 

architecture and function of this organ is organized into three layers: the external, 

the intermediate and the internal. The external layer comprises of the sclera and 

cornea. The intermediate layer is anatomically divided into anterior and posterior, 

including in the first the iris and ciliary body and in the latter the choroid. The 

internal layer is the sensory part of the eye, the retina. Inside, the space is filled 

with a fluid called the aqueous, or vitreous, humor and is formed of three 

chambers: anterior chamber (between cornea and iris), posterior chamber 

(between iris, zonule fibers and lens) and the vitreous chamber (between the lens 

and the retina). All parts of the eye are important for visual function, but the pivotal 

layer is the retina, which consists of several types of neurons and glia cells in a 

precise, laminated orientation. 

 

The cellular structure of the retina is divided in two compartments; one non-

neuronal, the retina pigment epithelium (RPE) and one neuronal, the neuroretina. 

The RPE is mainly responsible for the preservation and homeostasis of the 

neuroretina. The vertebrate neuroretina is laminated in three layers of nerve cell 

bodies and two layers of synapses (Figure 1.1). The outer nuclear layer (ONL) 

consists of the somata of the rods and cones, the inner nuclear layer (INL) 

consists of the cell bodies of the bipolar, horizontal and amacrine interneurons 

and the ganglion cell layer (GCL) contains cell bodies of ganglion cells and 

displaced amacrine cells. The first layer of synapses, named the outer plexiform 

layer (OPL), encompasses the connections between the rod and cones and the 

vertically running bipolar cells and horizontally oriented horizontal cells, while the 

second layer of synapses, named the inner plexiform layer (IPL), describes the 

connections between bipolar cells and ganglion cells. Spanning the entire retina 

are the processes of the Muller cells, which provide metabolic and homeostatic 

support for the neurons. In the mammalian eye, photoreceptors constitute over 
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70% of retinal cells with rods and cones occurring at a ratio of 30:1 in mice and 

20:1 in humans (Carter‐Dawson and Lavail, 1979). Cones are further subdivided, 

according to the Opsins they express (S-Opsin and M/L Opsin in mice, OPN1-

SW, OPN1-MW and OPN1-LW in humans). The vertebrate neuroretina shares a 

common organizational principle of nonrandom ‘mosaic like’ distribution of the 

cells belonging to the same subtype (Wassle and Riemann, 1978).  

   

 

 

Figure 1.1 Schematic illustration of the vertebrate neuroretina architecture.  

From top to bottom, RPE; Retina pigment epithelium, OS; Photoreceptor outer segment, IS; Photoreceptor 
Inner Segment, ONL; Outer nuclear layer consists of the nucleus of photoreceptor cells, OPL; Outer 
plexiform layer consists of the synaptic terminals of photoreceptors with horizontal and bipolar cells, INL; 
Inner nuclear layer consists of the nuclei of other interneurons (amacrine, horizontal, bipolar cells) , IPL; 
Inner Plexiform layer consists of the synaptic terminals of amacrine and bipolar interneurons with the 
ganglion cell layer.  
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1.2 Neuroretina development 

 

1.2.1 Retina progenitor cells give rise to photoreceptor precursors 

 

During retinal development, the different cell types originate from a common 

population of multipotent retinal progenitor cells (RPCs) (Turner and Cepko, 

1987).  First, RPCs proliferate to provide a pool of cells sufficient to generate the 

neuroretina. Then, the RPCs switch to asymmetric, neurogenic cell divisions, 

yielding one daughter progenitor cell and one new neuron. The different retinal 

cell types are produced from RPCs in overlapping phases starting with ganglion 

cells, followed by horizontal cells and cones and then amacrines, rods, bipolar 

cells and Müller cells (Young, 1985).  

 

Our current understanding of how retinal development is orchestrated is one of a 

combination of intrinsic and extrinsic signalling pathways. Intrinsic signals refer 

to networks of transcription factors that tightly regulate the fate of cells. These 

can be influenced by extrinsic signals, which arise from the extracellular 

environment. Lineage analyses in primary 2D retinae cultures and explants 

reveals that RPCs are multipotent in their fate potential and that they progress 

from one state of fate competence (ability to generate a particular cell type) to 

another in a unidirectional fashion (Cepko, 1999). Thus, the competence of the 

RPCs is progressively restricted with development, though recent advancements 

towards retinal development have shown that fate determination is much more 

complex than already described (Bassett and Wallace, 2012). 

 

In mice, photoreceptor genesis begins at E11 with the birth of cones, peaking at 

E13-E16 and completing their genesis by P0, whereas rod genesis takes place 

from E12 and is complete by P10, with the peak of genesis occurring at P0 

(Carter‐Dawson and Lavail, 1979; Young, 1985; Rapaport et al., 2004). These 

post-mitotic cells represent the photoreceptor precursor population and their 

maturation is accompanied by the expression of photoreceptor-specific genes 

essential for their function. Outer segment formation and synaptogenesis are 

some of the last processes to be completed. Interestingly, this process of post-
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mitotic maturation can take many days, with early and late born photoreceptors 

both maturing during the postnatal period (Morrow, VanDoren and Devaud, 

1998).   

 

1.2.2 Transcriptional networks, in conjunction with environmental factors, 

give rise to rod photoreceptors 

 

The establishment of the anterior neuroectodermal region and maintenance of 

the retinogenic potential of RPCs is regulated by a network of transcription 

factors, including homeodomain proteins like paired box protein Pax6, retina 

homeobox protein Rx1, Six3, Six6 visual system homeobox 2 (Vsx2) and LIM-

homeobox protein Lhx2 (Belliveau and Cepko, 1999; Cepko, 1999; Swaroop, Kim 

and Forrest, 2010). These transcription factors are regarded as master eye 

genes, since overexpression of these factors in other tissues results in ectopic 

eyes (Chow et al., 1999; Loosli et al., 2001). Six additional transcription factors 

have been shown to play major roles in photoreceptor differentiation during 

mammalian retina development: homeobox protein Otx2, cone–rod homeobox 

protein (Crx), neural retina leucine protein (Nrl), photoreceptor-specific nuclear 

receptor (Nr2e3), nuclear receptor Rorβ and thyroid hormone receptor β2 (TRβ2) 

reviewed in (Akimoto, 2005; Swaroop, Kim and Forrest, 2010). 

 

In terms of the chronological hierarchy of these transcription factors, Otx2 is 

upstream of Nrl and Crx, controlling photoreceptor differentiation (Nishida et al., 

2003). Crx is expressed early in post-mitotic photoreceptor precursors in mice 

and acts downstream of Otx2 and is important for terminal differentiation of both 

rods and cones (Nishida et al., 2003; Hennig, Peng and Chen, 2008). Yeast Two-

hybrid Assays have identified that Nrl interacts with Crx and acts to commit the 

precursors to a rod fate (Mitton et al., 2000). Nrl will further activate the expression 

of Nr2e3, which interacts with Crx (Peng et al., 2005) to suppress the expression 

of cone genes (Cheng et al., 2006). Rorβ is upstream Nrl and is mandatory for 

correct outer segment formation of both rods and cones (Jia et al., 2009). Finally, 

Trβ2 is a key factor in cone differentiation (Ng et al., 2001) and hypothyroidism 

results in retardation of cone opsin expression (Lu et al., 2009). Mutations in any 
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of these transcription factors may lead to retinal disease, mainly due to 

photoreceptor dysfunction(Swaroop, Kim and Forrest, 2010). 

 

Retinal cell fate is thus strictly orchestrated by an array of transcription factors. 

Nevertheless, soluble extrinsic cues also contribute to retinal cell specification, 

as demonstrated by numerous studies employing co-cultures of retinal cells or 

explants of different developmental stages. By adopting this simple strategy, 

Watanabe and Raff, (1990) first showed that the RPCs that give rise to rod 

photoreceptors at E15 differ from those giving rise to rods at P1, suggesting that 

this is a result of cell-cell interactions or soluble secreted factors. Interestingly, 

low cell density cultures result in low rod photoreceptor production from RPCs 

taken at P0, but this is not the result of rod photoreceptor cell death but rather an 

increase in the production of other types of interneurons (Altshuler et al., 1993). 

Moreover, Belliveau and Cepko, (1999) showed that if RPCs isolated from early 

embryonic stage (E16) are co-cultured with early postnatal (P0) retinal cells, the 

production of amacrine cells is inhibited and the production of cones is increased.  

 

Research seeking to identify soluble factors that directly affect rod photoreceptor 

production has identified ciliary neurotrophic factor (CNTF) and Leukemia 

inhibitory factor (LIF) as acting to reduce the number of rods in retinae explants 

(Ezzeddine et al., 1997), while administration of a dominant negative form of 

fibroblast growth factor receptor (FGFR-D48) in frog blastomeres in vivo showed 

reduction of rod photoreceptors and amacrines accompanied by a concomitant 

increase in cones, horizontal cells and Müller cells (Patel and McFarlane, 2000).  

 

Conversely, the administration of basic fibroblast growth factor (bFGF) in P0 rat 

retinal cultures generated six times more rod photoreceptors in a dose-dependent 

manner (Kelley, Turner and Reh, 1994). Moreover, application of retinoic acid in 

both embryonic and early postnatal cultures resulted in rod photoreceptor 

differentiation, as revealed by immunocytochemistry analysis of opsin positive 

cells post treatment (Kelley, Turner and Reh, 1994). Taurine was also identified 

as one of the molecules that induces rod photoreceptor development in culture 

(Altshuler et al., 1993). Genetic ablation of Taurine upregulated gene1 (TUG1) 

with RNAi in vivo had a dramatic impact in the morphology of the rod 
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photoreceptors, as the outer segments were shorter or underdeveloped and the 

inner segments were thinner (Young, Matsuda and Cepko, 2005). Moreover, the 

expression of both Crx and Otx2 were decreased when TUG1 was knocked down 

(Young, Matsuda and Cepko, 2005). Sonic hedgehog (Shh) was also found to 

promote rod photoreceptor production when added in early postnatal rat cultures 

(Levine et al., 2018). 

 

1.2.3 Photoreceptor differentiation results in the expression of specific 

cell markers  

 

Correct differentiation of photoreceptors involves the expression of photoreceptor 

specific proteins accompanied with neurite outgrowth, synapse formation and 

outer segment development. In this section I will briefly summarize molecules of 

importance for rod and cone photoreceptor signature and function. 

 

The correct expression of Opsin proteins is of high importance for photoreceptor 

function in the visual circuit. Rods contain only one visual pigment, rod-specific 

Rhodopsin. As noted earlier, the onset of rhodopsin expression, a marker of 

terminal differentiation, does not occur until P5-6, which is several days after 

many rod precursors exit the cell cycle (Morrow, Furukawa and Cepko, 1998). 

Rhodopsin is a G protein-coupled receptor (GPCR), making it an integral 

membrane protein with an N-terminus that is located intradiscally (corresponding 

to the extracellular location of other GPCRs), a C-terminus that is an intracellular 

and seven transmembrane helices (Palczewski et al., 2000). In mice, the cone-

specific S opsin (blue-sensitive opsin) is first expressed at E18 and M opsin 

(green-sensitive opsin) is expressed later, from P6.  As photoreceptors mature, 

the amounts of opsins increase substantially, outer segments mature and 

synaptic connections form with horizontal and bipolar interneurons. Due to their 

differential opsin expression, cone photoreceptors respond to bright light and 

mediate color vision, whereas rod photoreceptors function only under conditions 

of low light but can respond to single photons, being a hundred-fold more 

sensitive (Luo, Xue and Yau, 2008). 
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Recoverin is a neuronal calcium-binding protein and is expressed predominantly 

by photoreceptors, although expression is also seen in the INL and some 

ganglion cells. Its role in photoreceptor function is very important as it interacts 

with a number of elements of the phototransduction cascade, including arrestin, 

rhodopsin and rhodopsin kinase, and inhibits the phosphorylation of rhodopsin 

by rhodopsin kinase (McGinnis et al., 1997). Immunohistochemical analyses 

indicate that recoverin is present from late embryonic development (E18.5) in 

mice and gradually increases until late postnatal stages, around P14 (Sharma et 

al., 2003). 

 

Cone arrestin (arrestin 3, Arr3) is very important for phototransduction, binding to 

light-activated phosphorylated cone opsins (Nikonov et al., 2008). Arr3 

histochemical localization is found in cone outer segments and its expression 

starts at E15 through the postnatal period and is increased until  P60 (Aavani et 

al., 2017). Mice that are deficient for cone arrestin display marked defects in 

contrast sensitivity and visual acuity, and develop a cone dystrophy (Deming et 

al., 2015). Figure 1.2 provides a schematic illustration of the major protein 

expression in the retina during early postnatal development. 

 

 

Figure 1.2 Schematic illustration of the expression of phototransduction 
machinery in rod and cone photoreceptor cells during development.  

For rods;  Rhodopsin expression is detectable at around P5, recoverin at E19, increasing untll P14, and rod 
alpha transducin expression is detectable from P7, increasing until P14. For cones; S opsin expression is 
detectable at E18 and Mopsin expression at P6 onwards. 
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The photosensitivity of rods is regulated by the activity of two major proteins, 

transducin and arrestin. Rod alpha-transducin (Gnat1) is a heterotrimeric G-

protein that binds activated rhodopsin and propagates the visual stimulus (Gao 

et al., 2017). Vision begins when a molecule of rhodopsin becomes excited by 

light and activates transducin. The transducin alpha subunit stimulates its 

effector, cGMP phosphodiesterase, which leads to a rapid reduction in 

intracellular cGMP and ultimately to an electrical response, which is governed by 

the closure of the cGMP-gated cationic channels in the plasma membrane 

(reviewed in Calvert et al., 2006). Gnat1 transcripts were first detected in the ONL 

at P7, increasing until P14 (Lobanova et al., 2008). A detailed description of 

phototransduction is outside of the focus of this study, however Figure 1.3 

provides a brief outline of the molecular events that take place after the 

stimulation of rhodopsin with a single photon. 
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Figure 1.3 Schematic illustration of the topological orientation of the major 
visual machinery components in rod and cone photoreceptor cells. 

(1) Upon absorption of a single photon, rhodopsin molecules are activated and transform 11-cis-retinal to 
all-trans-retinal. (2) This results in the activation of transducing, a G protein consisting of three subunits (α, 
β and γ). (3) The next step of the cascade results in the activation of phosphodiesterase 6 (PDE), which 
forms a dimer with α and β (or two α subunits) that is inhibited by two γ subunits. (4) The activation of PDE 
results in the hydrolysis of cyclic GMP to GMP. (5) Newly formed cGMP is generated by guanylyl cyclase 
(GC), which is regulated by a GC-activating protein (GUCA or GCAP). (6 &7) In the final steps of this 
cascade, rhodopsin kinase (GRK) phosphorylates the opsin which results in deactivation. GRK is regulated 
by recoverin. (8)  Finally, arrestin binds to the phosphorylated opsin and inhibits its signaling to transducin. 
(Adopted and modified with permission by (Larhammar, Nordström and Larsson, 2009).  

1                2                   3           4                 5 

6          7                 8 
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1.3 Photoreceptor cell biology 

 

Both rod and cone photoreceptors in mammals are highly polarized neurons. 

They consist of an outer segment (OS), connecting cilium (CC), inner segment 

(IS), nucleus and synaptic terminal.  

 

1.3.1 Rod photoreceptor outer segment 

 

The rod outer segment (ROS) is the organelle responsible for phototransduction. 

It is a highly organized non-motile primary cilium with a cylindrical architecture. 

The sophisticated structure of rod and cones outer segments consists of flattened 

stacks, which provides layered surfaces for efficient light capture and resemble 

chloroplasts thylakoids (Salinas et al., 2017). In frogs, the ROS consists of around 

2000 disks surrounded by plasma membrane (Lavail, 1973), whereas in mice the 

same organization is formed with fewer discs (Cohen, 1960). 

 

1.3.1.1 Rod photoreceptor ultrastructure 

 

Much of what is known about ROS ultrastructure has been based on studies of 

amphibian ROS; comparatively less is known about the ultrastructure of murine 

ROS. Recently, Palczewski’s group performed a comprehensive Cryo-EM study 

in adult murine ROS isolated in flotation gradients in order to determine ROS 

three-dimensional architecture (Nickell et al., 2007). In a previous study, the same 

group provided measurements of length and diameter of murine ROS, being 

typically 23.8μm and 1.32μm, respectively, and comprising an average of 810 

discs (Liang et al., 2004). Recently, they reported that cytoplasm occupies 31% 

of the murine ROS and this value is half the estimated cytoplasm in the amphibian 

OS (Nickell et al., 2007). Rhodopsin is, unsurprisingly, highly concentrated in the 

ROS and cryo-EM tomography studies have estimated it to be 4.62mM in the disk 

(Nickell et al., 2007). Rhodopsin, like other G-coupled protein receptors, is likely 

to exist as oligomers and dimers (Filipek et al., 2004). The lamellar regions of 

disks are flexible and fragile (Nickell et al., 2007) thus protein spacer complexes 
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have suggested to associate with these structures. Studies in peripherin mutant 

mice (Prph2rd2/rd2, rds) suggests complexes may formed of peripherin-2, an 

important tetraspanin protein (Kedzierski et al., 2001). 

 

1.3.1.2 Photoreceptor outer segment renewal 

 

Retina homeostasis and function relies on the continuous renewal of the ROS 

throughout lifetime in vertebrates. It has been estimated that, in mice, ROS are 

completely renewed every 10 days, with older discs being phagocytosed by the 

RPE and replaced with new discs formed at the base of the outer segment 

(Young, 1967). The mechanism of disc renewal is an area of significant debate, 

with two predominant models proposed: disc membrane evagination (Steinberg, 

Fisher and Anderson, 1980; Burgoyne et al., 2015; Ding, Salinas and Arshavsky, 

2015; Volland et al., 2015) and vesicular fusion (Obata and Usukura, 1992; 

Chuang, Zhao and Sung, 2007). The evagination model proposes an elongation 

of the newly formed disk membrane, while the fusion model proposes intracellular 

vesicles that fuse with the growing OS membrane. 

 

Regarding the fusion mechanism in 2007 Sung’s group provided evidences of the 

potential molecular mechanism proposed by Obatta in 1992. They proposed that 

vesicles that encapsulate rhodopsin are concentrated inside the segment 

axonemal cytoplasm and fuse with nascent discs (Chuang, Zhao and Sung, 

2007). 

 

In 2015 both Futter’s and Arshavsky’s group confirmed with electron microscopy 

the evagination model of ROS renewal in adult wildtype mice. The authors report 

>90% of rhodopsin molecules are transported to the OS through the ciliary 

plasma membrane and not via vesicles (Burgoyne et al., 2015). Multiple 

tomographs show that the nascent discs at the base of the OS are exposed to 

the extracellular space, which taken together with the configuration of the 

membrane/cortex links at the IS to OS interface, further supports the formation of 

flattened blebs (Burgoyne et al., 2015). Though the authors could not rule out 

fusion events, they instead suggest that the appearance of membrane blebbing, 
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though common in secondary cilia structures (Wood and Rosenbaum, 2015) may 

depend on sample preparation.  

 

Having also confirmed these findings, Ashavsky‘s group (Salinas et al., 2017) 

compared Prph2rd2/rd2 versus wildtype murine ROS throughout development from 

early postnatal through to adult. In Prph2rd2/rd2 mice, the interphotoreceptor matrix 

is filled with vesicular material, which had previously thought to be debris 

associated with photoreceptor degeneration (Cohen, 1983). However, the 

physical characteristics of these vesicles suggest that they originate from ciliary 

ectosomes, and are not related to the vesicular fusion theory of the disk renewal. 

The group performed immuno-gold analysis of these vesicles and showed that 

they originate from the photoreceptor cell membrane budding. Moreover, these 

vesicles appeared to increase in number before P10 in the Prph2rd2/rd2 but, in 

wildtype retinae, very few ectosomes were observed revealing that only 3% of 

wildtype rods produce rhodopsin-positive ectosomes at P10 and none after P14 

developmental stage (Salinas et al., 2017). The authors performed 

electroporation experiments to express peripherin fused with either the C or N 

terminus of rhodopsin and showed that, based on the vesicles released from 

retinae explants, peripherin is responsible for membrane bending (Salinas et al., 

2017). This research results are demonstrated in Figure 1.4. Though, the 

vesicular release in the example of the peripherin mutant are irrelevant to the 

fusion mechanism of renewal of the OS disks, they provide the only (to my 

knowledge) evidence that even under these artificial conditions that are driven 

from the perirherin mutation, rod photoreceptors are able to release vesicles.  
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Figure 1.4 Developmental stages of the photoreceptor cilium in C57BL/6 
and Prph2rd2/rd2 mice.  

EM images showing the progression of rod outer segment morphogenesis at the indicated postnatal ages 
for C57BL/6 and Prph2rd2/rd2 retinas. At P10, red arrows highlight the first discs that form at the end of the 
cilium in C57BL/6 rods, as opposed to ectosomes that form in Prph2rd2/rd2 rods. Schematic representations 
of each developmental stage are shown above their corresponding images. Bars, 200 nm. (Adopted with 
permission from (Salinas et al., 2017)) 
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1.3.1.3 Outer segment lipid rafts 

 

Phototransduction requires the correct functioning of the protein complex of 

visual pigment rhodopsin, its G-coupled protein transducin, the target enzyme 

cGMP phosphodiesterase 6 (PDE6) and cGMP-gated channel subunits 

(reviewed in Calvert et al., 2006). Interestingly, ROS membrane disruption with 

cyclodextrin shows that rhodopsin’s activation is relatively inefficient (Niu, Mitchell 

and Litman, 2002). This indicates that protein complexes responsible for visual 

function are located in specific cholesterol-enriched domains within the cell 

membranes. Lipid rafts are membrane micro-domains (around 100nm) within the 

cell membrane that are detergent resistant and highly enriched with cholesterol, 

sphingolipids and fatty acyl chain lipids (London and Brown, 2000).  

  

The importance of these membranous micro-domains lies in the fact that they 

segregate palmitoylated proteins, such as G-coupled protein receptors, as well 

as serving as a platform for signal transduction amplification (Van’t Hof and Resh, 

2000). ROS lipid rafts are enriched with cholesterol and sphingomyelin(Boesze-

Battaglia, Dispoto and Kahoe, 2002) and are dramatically enriched with caveolin-

1 (Martin et al., 2005). Moreover α-transducin and recoverin associate with lipid 

rafts through their fatty acid translational modifications, as well as arrestin and 

rhodopsin kinase (Martin et al., 2005). Other important lipid rafts proteins, like 

alix, may also assist phototransduction protein complexes organization in the 

outer segments. 
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1.3.2 Photoreceptor Inner segment 

 

The inner segment (IS) is the compartment within the photoreceptor dedicated to 

housekeeping functions. The inner segment stretches from the connecting cilium 

to the outer limiting membrane, at the outer edge of the ONL. In humans, the 

proximal portion of the outer segment is surrounded by calycial processes that 

are essentially thin microvilli protrusions reviewed in (Pearring et al., 2013). The 

cytoarchitecture of the inner segment is divided in two main sub-compartments, 

the ellipsoid and myoid.  

 

The ellipsoid is located directly below the connecting cilium and is packed with 

mitochondria providing metabolic requirements (e.g. ATP), as well as glucose 

metabolism (Linton et al., 2010). Transmission Electron Microscopy (TEM) 

reveals that rods have thin elongated mitochondria while cones have short wider 

mitochondria (Carter‐Dawson and Lavail, 1979). The myoid region, located below 

the ellipsoid, houses the biosynthetic membranes. The Golgi apparatus is located 

distal to the nucleus, while the endoplasmic reticulum is found both distal and 

proximal (Carter‐Dawson and Lavail, 1979).  

 

Another important function taking place in the IS is the endocytosis of 

photoreceptor proteins with their subsequent maturation in early endosomes, 

named multivesicular bodies (MVBs), which will eventually either fuse with 

lysosomes or the cell membrane to release their content in the extracellular space 

(Hollyfield et al., 1985). Although the majority of studies have been performed in 

amphibian and Drosophila photoreceptors, there is evidence to suggest that 

endocytosis is also an important mechanism of photoreceptor maintenance in 

mammals. In order to trace endocytosis events in the interphotoreceptor matrix 

of both rods and cones, Hollyfield and colleagues treated retinas with Intersitial 

retinol binding protein (IRBP)-coated colloidal gold (IRBP-CG) particles. The 

IRBP-CG particles were observed in close apposition to the plasma membranes 

of rod and cone inner segments and associated with vacuolar formation in the 

inner segment, suggesting endocytosis. The IRBP-CG particles were found 

encapsulated in small lucent vesicles and in MVBs after 1-2h of treatment. The 
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IRBP-CG in MVBs was co-localized with acid phosphatase (a lysosomal marker) 

suggesting that once IRBP is internalized, it enters a degradative pathway. This 

recognition and sorting suggests a receptor mediated mechanism of 

internalization of the IRBP-CG vesicles in photoreceptor cells (Hollyfield et al., 

1985). Interestingly the kinetics of the internalization were different in the different 

cell types of the retina (Hollyfield et al., 1985). Thus, this study revealed an 

important mechanism of recycling and preserving the inter photoreceptor matrix, 

as well as interaction with the components of the extracellular space. Other 

studies suggest that MVBs are also found in presynaptic terminals of frog 

photoreceptors (Schmied and Holtzman, 1987). 

 

Although MVB function is mostly associated with degradation through the 

endocytic pathway, there are some studies that suggest that photoreceptor MVB 

numbers fluctuate in parallel to the circadian shedding and synthesis of the 

photoreceptor membrane (Calderón et al., 2002). There is also evidence of 

vesicular transport and trafficking of rhodopsin, which is controlled by the small 

GTPases Rab11 and Rab8 in mice and frogs (Moritz et al., 2001). In contrast, in 

mice, the conditional knock-out of Rab8a and Rab11a, mediated by Cre 

recombinase expression, showed these proteins to be dispensable in the same 

process (Ying et al., 2016). As such, one can understand that while vesicular 

transport in the inner segment appears to be conserved across species, it may 

be regulated by different proteins.  
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1.3.3 Photoreceptor nuclei and synaptic terminal 

 

The nucleus is located between the inner segment and synaptic terminal. In 

mammalian retinae, photoreceptors form multiple rows of nuclei in the ONL (9-11 

nuclei per stack in the mouse) (reviewed in (Pearring et al., 2013). Cone and rod 

nuclei segregate to different sub laminae of the ONL and can be separated by 

shape and histological staining. In the mouse retina, cone nuclei contain 1-3 

clumps of irregularly shaped heterochromatin and are restricted to the outer third 

of the ONL, most frequently right on the top. Rod nuclei have a single dense 

heterochromatin and represent the majority in each stack (Carter‐Dawson and 

Lavail, 1979). Photoreceptor synapses are densely packed with synaptic 

vesicles, some of which are attached to a specialized structure called the synaptic 

ribbon, for a comprehensive review see (Mercer and Thoreson, 2011). 
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1.4 Retina dystrophies and advances in therapeutic approaches 

 

1.4.1 Introduction to retina degeneration 

 

Like much of the mammalian central nervous system, the neural retina lacks any 

significant regenerative potential to replace lost or damaged neurons after the 

completion of terminal differentiation stage. Conversely, amphibians and fish 

display significant regenerative potential after retinal damage, while the postnatal 

chick shows restricted potential compared to amphibians, but greater than 

mammals. As such, any damage leading to the death of the light sensing 

photoreceptor cells or their support cells in the mammalian retina, either through 

injury or disease, generally leads to loss of visual function. Retinal degeneration 

is the term given to the progressive loss of photoreceptor cells (Bruce and 

Newman, 2010), which typically present as rod degeneration, mixed rod/cone-

degeneration or debris-associated degeneration. As with all types of neuronal 

degeneration, retinal degeneration may be caused by various mechanisms such 

as inherited or hereditary gene malfunction, inflammation or diabetes. Their 

extensive description is beyond the scope of this study, but readers are referred 

to a review (Jayakody et al., 2015). Independent of molecular and environmental 

factors that contribute to retina degeneration, all these disorders lead to 

irreversible sight-loss.  

 

The complexity of the molecular backgrounds that lead to retinal degeneration, in 

conjunction with the lack of regenerative capacity of the retina, makes the 

treatment of such diseases very challenging. Current therapeutic approaches 

towards retina degeneration are aiming towards slowing down the progression of 

the disease either by providing neurotrophic support to prolong the survival of the 

remaining cells, or to target other aspects of the disease process to reduce its 

impact on photoreceptor cell death. Gene therapy aims to preserve the remaining 

cells, with particular focus in photoreceptors, by correcting the genetic mutation 

leading to degeneration. At later stages of degeneration, when disease is 

frequently diagnosed, cell replacement strategies may represent a promising 

complementary approach.  In the following chapter I will briefly outline the 
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advances in gene therapy as a strategy to correct photoreceptors malfunction. 

Second, I will discuss our current knowledge towards cell transplantations of 

photoreceptors. 

 

1.4.2 Murine models to study retina dystrophies 

 

The study of retinal disease and the development of potential therapies for retinal 

dystrophies have relied predominantly on mouse models of retinal degeneration. 

Some are naturally occurring mutants, while other have been generated through 

transgenic approaches. A few pertinent to this project are described below.  

 

The Rhodopsin knock out (Rho-/-) has been used extensively as a model of rod 

degeneration. Rho-/- mice carrying a targeted disruption of the rhodopsin gene fail 

develop ROS and substantially lose their photoreceptors over the first 3 months 

of life. Rho+/- animals retain the majority of their photoreceptors, although the 

inner and outer segments of these cells display some structural disorganization, 

the outer segments becoming shorter in older mice (Humphries et al., 1997). 

 

The PDE6βrd1/rd1 mouse is an animal model for autosomal recessive forms of 

retinitis pigmentosa  (Carter-Dawson, LaVail and Sidman, 1978). Rapid 

photoreceptor loss in this model is due to a mutation affecting the expression of 

the β subunit of phosphodiesterase 6 (PDE6), leading to accumulation of cGMP 

(Lolley and Farber, 1976). In the PDE6βrd1/rd1 mouse, rod degeneration begins as 

early as P10 with progressive loss of the ONL and all rods are lost by P25 (Bowes 

and Farber, 1987). 

 

Mutations in the human homolog of the Prph2 gene are responsible for a subset 

of dominant retinitis pigmentosa.  In the Prph2rd2/rd2 (also known as retinal 

degeneration slow, rds) mouse, degeneration is caused by a substitution 

affecting the P216L amino acid in peripherin, a protein involved in cilia formation. 

These mice have complex retinal phenotypes exerting OS dysplasia. The 

phenotype of Prph2+/rd2 heterozygotes consists of disorganized OS with a 
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whorled appearance, and slow degeneration of the photoreceptor cell bodies as 

already shown in Figure 1.4 (Kedzierski et al., 2001). 

 

The rod α-transducin knockout mouse (Gnat1-/-) is a model of stationary night 

blindness, a non-progressive disease (Calvert, Campbell and Brammer, 2000; 

Calvert et al., 2006). The retina in these mice is largely normal, displaying a slow 

degeneration that begins around 4 weeks old. By 13 weeks, ROS length is slightly 

shortened and ONL thickness is reduced by ~10% but is largely stable thereafter 

(Calvert, Campbell and Brammer, 2000; Calvert et al., 2006; Barber et al., 2013) 

 

1.4.3 Novel therapeutic approaches in retina degeneration 

 

Inherited retina degeneration (IRD) is a diverse group of mutations in over 100 

genes and affects around 1 in 3000 people in Europe and the United States 

(Bessant, Ali and Bhattacharya, 2001). Although the molecular mechanisms 

underlining many of these disorders remain unclear, the therapeutic approaches 

so far include pharmacological inhibitors, gene therapy and cell replacement 

therapies. The eye possesses anatomical characteristics that make it ideally 

situated as a target organ for numerous therapeutic approaches (including 

acellular, cellular and implants). Firstly, the eye is anatomically discrete and 

surgically approachable; moreover, eye development and degeneration are very 

well studied. These factors, in conjunction with the partial immune privilege 

provided by the blood-retina barrier (BRB), facilitate the use of viral vectors, cells 

and implants as therapeutic tools for treating retina disorders.  
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1.4.3.1 Gene therapy 

 

Gene therapy represents therapeutic manipulation at a genetic level. The 

therapeutic intervention to be followed depends on the nature of the mutation and 

the resulting encoding protein. For example, in loss-of-function mutations, the 

introduction of a normal version of the missing or defective gene can provide cells 

with normally functioning protein with the aim of restoring normal cell physiology. 

In abnormal gain-of-function mutations, the therapeutic strategy may require 

silencing of the mutant allele, and/or provision of a corrected gene (Sundaram et 

al., 2012).  

 

Gene delivery may occur by the use of two types of vectors, viral vectors, such 

as recombinant adeno-associated virus (rAAV) and lentivirus, or non-viral 

vectors, such as nanoparticles (e.g. liposomes). In the case of liposomes, DNA 

forms complexes with cationic lipids allowing penetration of the cell membrane of 

the target cell. Regarding viral vectors, I will focus on rAAVs and their main 

advantages and disadvantages. rAAVs are non-pathogenic, single stranded DNA 

viruses that can efficiently transduce photoreceptor cells and RPE cells, 

mediating stable expression in the retina for several years (Bainbridge et al., 

2003; Buch, Bainbridge and Ali, 2008). 

 

Although rAAV vectors are limited by a small packaging capacity (4.7 kb), recent 

evidence suggests that specific serotypes may be able to accommodate 

genomes of up to 8.9 kb  (Allocca et al., 2008).  Different serotypes exert tropism, 

meaning they transduce specific cell types over others with focus in the eye. The 

first AAV serotype tested into the retina was AAV2/2 with sub-retinal 

administration resulting in the transduction of both photoreceptors and RPE cells, 

with an onset of transgene expression that peaks after 4 weeks (Ali et al., 1996). 

Recent publications tracking eGFP expression of AAV2 serotypes 1,2,4,5,7,8,9 

show that serotypes AAV2/7 and 2/8 lead to an improved efficiency and stably 

transduced cells in the neural retina, compared to other serotypes in mammals. 

In addition, there was a rapid onset of transgene expression after delivery of 

these vectors. The overall eGFP intensity as determined using indirect 



47 
 

ophthalmoscopy was, in both cases, higher than after treatment with AAV2, 2/1, 

2/5, and 2/9 (Lebherz et al., 2008). 

 

The administration route is also important and, depending on the serotype, will 

determine which cells are exposed to the therapeutic agent. Administration into 

the sub-retinal space, a pseudo space between he neural retina and the RPE 

created by injection, typically results in transduction of both photoreceptors and 

RPE cells (Surace et al., 2003; reviewed in Surace and Auricchio, 2008). 

Because the sub-retinal space is near to the choroidal vascular plexus, sub-

retinal administration of AAV vectors encoding for anti-angiogenic factors has 

been used to treat choroidal neovascularization reviewed in (Surace and 

Auricchio, 2008).   

 

MacLaren’s group recently reported that intravitreal and sub-retinal injections 

were similarly effective for AAV2/2(quad Y-F) and AAV2/2(7m8), but the sub-

retinal route was more effective for AAV2/8(Y733F) in mice. All major retinal cell 

types of the PDE6βrd1/rd1 mouse retina were transduced, with ganglion cells, 

horizontal cells and RPE being robustly transduced, while bipolar cells were 

sparsely transduced. It should be noted, however, that this model undergoes 

rapid photoreceptor loss, which is likely to aid viral access to inner retinal neurons 

following sub-retinal administration, compared to an intact retina (Hickey et al., 

2017). 

 

The ability of AAV2/7 and 2/8, as well as AAV2/5, to efficiently and rapidly 

transduce murine photoreceptors may have a significant impact on developing 

therapies for severe inherited photoreceptor diseases (Surace and Auricchio, 

2008). Furukawa’s group performed a comprehensive study to assess the AAV 

tropism early postnatal mice (P0) throughout development by tracking the 

transduction of AAV-CAGmCherry and showed that various retinal cell types 

were transduced differently by each of seven serotypes of AAV. The study 

concluded that serotypes AAV2/5 and AAV2/9 exhibited broad, efficient infection. 

Photoreceptor cells were selectively and efficiently transduced with AAV2/5. 

Retinal cells, except for Müller glia and bipolar cells, were efficiently transduced 

with AAV2/9. Moreover, efficient transduction observed into horizontal and/or 
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ganglion cells with AAV2/1, AAV2/2, AAV2/8, AAV2/9 and AAV2/10 (Watanabe 

et al., 2013). 

 

Clinical trials carried out in 2008 provided the first evidences of gene therapy 

application in slow retina degeneration models in humans. In this research, 

AAV2/2 encoding RPE65 was administered subretinally in three young adult 

patients with Leber's congenital amaurosis, where one of them showed 

improvement in visual mobility and minimal adverse effects of the treatment 

(Bainbridge et al., 2008). In another clinical trial 2013, 11 patients with Leber 

congenital amaurosis received vector containing RPE65 at one or two injection 

sites (Cideciyan et al., 2013). The results of this study showed that treated 

RPE65-LCA exerted visual improvement, although improved vision was 

maintained for a prolonged period, the photoreceptors showed progressive 

degeneration (Cideciyan et al., 2013). More recent clinical trials with rAAV2/2 

RPE65 report the longer-term effects of retinal gene therapy for RPE65-

associated Leber’s congenital amaurosis. The authors concluded that “there 

were fast and slow phases of improvement in vision, as well as a subsequent 

decline, all overlaid on a progressive, degenerative loss of photoreceptor cells” 

(Bainbridge J et al., 2015). 
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1.4.3.2 Cell replacement therapies 

 

1.4.3.2.1 Historical Overview  

 

In the later stages of retinal degeneration, gene therapy may no longer be 

appropriate, since the target cells will have often died. Cell replacement, either 

by transplantation or endogenous regeneration, offers a complementary strategy. 

Cell replacement therapy by transplantation has a long history in 

neurodegeneration. In the retina, a wide variety of donor sources have been 

examined including neural stem cells, retinal stem cells, donor-derived RPCs, 

RPE or photoreceptors and more recently stem cell-derived RPE and 

photoreceptors. The donor cells may be transplanted as a sheet, as retinal 

fragments or as a cell suspension, either into the sub-retinal or intravitreal space 

(Aghaizu et al., 2017). 

 

The first source of donor cells used for transplantation was rat fetal RPCs, 

transplanted in the anterior retina chambers of rat eyes by (ROYO and QUAY, 

1959). Many attempts followed after this, most of them stating similar evidence 

of graft survival at several weeks post transplantation, typically exhibiting neural 

whorls, or ‘rosettes’ within the grafted tissue. Questions arose regarding how the 

graft survived and if it promoted visual rescue. In 1989, Cerro et al., transplanted 

donor retina cells derived from P0-2 postnatal rats into light damaged retinae of 

P60 albino rats and followed the hosts for several weeks with fundoscopy in order 

to assess whether graft survival relies on nutrient support coming from 

vasculature (del Cerro et al., 1989). They saw that the grafts were healthy and 

EM analysis revealed the formation of rosettes and, within these, the elaboration 

of apparently normal inner segments and synapses (conventional and ribbon), 

which both increased in number over time. Conversely, the photoreceptor outer 

segments of the transplants remained defective and irregular cisternae 

developed instead of cilium (del Cerro et al., 1989). 

 

Around the same time, the first photoreceptor primary cultures were established 

from salamander (MacLeish and Townes-Anderson, 1988) and turtles showing 
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photoreceptors survive and form functional synapses in culture, even from 

mature salamanders.  

 

The discovery of enzymatic digestion of retinae and isolation of photoreceptors 

and proven viability and function in culture led to the first transplantation of single 

cell suspensions of rod precursors, performed by Gouras and colleagues. In this 

pioneering study, postnatal rods were isolated enzymatically and supplemented 

with some RPE cells to allow graft visualization post transplantation into 

dystrophic rat retinae. The results of this study showed that the donor RPE 

associated with the photoreceptors of the host and promoted survival, the donor 

rod nuclei developed normally, and abundant synaptic structures were found 

around the graft 1-2 months post transplantation, although OS formation was not 

seen (Gouras et al., 1991).  

 

1.4.3.2.2 Defining the developmental stage of the donor cells 

 

Many studies followed, attempting to address issues including; the method and 

route of injections, the developmental window of donor cells and host age, graft 

survival and morphological differentiation, and the factors that promote or inhibit 

the donor cell integration. Given that neuronal progenitor cells can migrate and 

differentiate during development, many early studies into photoreceptor 

transplantation examined the potential of brain-derived neural stem/progenitor 

cells (Sakaguchi et al., 2004; Klassen et al., 2007; Mellough, Cui and Harvey, 

2007). Typically, these studies reported extensive migration of the donor cells but 

that they retained a neural morphology and did not express markers of 

photoreceptor differentiation, prompting the hypothesis that the host retinal 

environment lacked the developmental cues required to support their appropriate 

differentiation. Indeed, transplantation into immature host retina apparently 

supported better donor cell integration than transplantation into adult hosts 

(Sakaguchi, Van Hoffelen and Young, 2003; Sakaguchi et al., 2005). 

 

An important distinction between these studies and the early studies is the 

techniques used to visualize the transplanted material. In past years, either 
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fluorescent dyes such as Fast Blue and the carbocyanine dye DiI or co-

transplantation with pigmented RPE cells was used to facilitate visualization of 

the graft (Silverman and Hughes, 1989a, 1989b).  

 

More recently, the vast majority of transplantation studies (both in the retina and 

elsewhere in the body), have utilized a transgenic approach, whereby fluorescent 

proteins such as GFP or Ds-Red are expressed in the donor cells, either by gene 

transfer via transduction with viral vectors, or with the use of transgenic mice 

expressing GFP (or other reporters) either ubiquitously or in cell type-specific 

populations (MacLaren et al., 2006). 

 

With our increased understanding of the transcription factors involved in 

photoreceptor development, Swaroop and colleagues developed Nrl.GFP mice, 

where the promoter for the transcription factor, Nrl, drives the expression of EGFP 

specifically in post-mitotic rod photoreceptors and the pineal gland (Akimoto et 

al., 2006). This allowed the isolation and purification of rod photoreceptors from 

developing neural retinae by fluorescent activated cell sorting (FACS). This ability 

to specifically select photoreceptors at different developmental stages was 

utilized by our group to define the appropriate developmental stage of donor 

photoreceptors for successful transplantation. Donor rod photoreceptors derived 

from embryonic, postnatal or adult stage (E11.5 - P21) mice were transplanted 

into wildtype adult recipients (MacLaren et al., 2006). The validation of integration 

efficiency was based in the examination of GFP+ cells in the recipient retinae, 

and their functional assessment based on the response of GFP+ cells located 

within the host ONL to stimulation of the rod specific glutamate receptor, mGluR8. 

Important conclusions were derived from this study, particularly that donor 

photoreceptor precursors at developmental stage P4-P8 yielded much better 

transplantation outcomes, compared to embryonic or adult ones (MacLaren et 

al., 2006; Pearson et al., 2012; Barber et al., 2013).  

 

Moreover, GFP+ cells within the recipient wildtype retinae respond to stimulation 

of mGluR8 in a manner very similar to wildtype photoreceptors and, in models of 

retinal degeneration, were able to drive a basic light-evoked response, the pupil 

reflex (MacLaren et al., 2006). Further reports supported these findings, 
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summarized in Table 1, in (Jayakody et al., 2015). Moreover, transplanted 

ubiquitous eGfp+ dissociated retina cells appeared to migrate into the host retina 

and express proteins such as rhodopsin (Bartsch et al., 2008). Similarly, others 

reported the transplantation and apparent integration of Crx.Gfp cone and rod 

precursors (Lakowski et al., 2010), while transplantation of Nrl.Gfp rod precursors 

into a variety of models of retinal degeneration. In each case, the GFP+ cells 

within the host retina expressed the proteins otherwise absent in the host 

photoreceptors i.e. rhodopsin in the Rho-/- host, peripherin in the Prph2rd2/rd2, rod 

α-transducin in the Gnat1-/- (Barber et al., 2013).  

 

Following the ground-breaking report of 3D stem cell differentiation, by Eiraku, 

Sasai and colleagues the past 5 years has seen the development and reporting 

of a number of protocols to produce stem cell-derived mouse and human 

photoreceptors  (Eiraku et al., 2011; Eiraku and Sasai, 2012). Our group used a 

2D/3D differentiation protocol to generate stage-specific post-mitotic rod 

precursors from mouse ES cultures (Gonzalez-Cordero et al., 2013). In this study, 

photoreceptor precursors were virally labelled with AAV2/9.Rho.GFP and GFP+ 

cells were found within the host ONL following transplantation into Gnat1-/-, Rho-

/- and Prph2rd2/rd2 recipients. Importantly, all GFP+ cells expressed the proteins 

otherwise absent in the host photoreceptors (rod α-transducin, rhodopsin and 

peripherin, respectively) (Gonzalez-Cordero et al., 2013). 

 

Subsequently, Decembrini et al., (2014) generated a stem cell line derived from 

Crx.GFP transgenic mice to provide an endogenous reporter of photoreceptor 

fate and this time transplanted them into NOD-SCID mice to avoid immune 

potential. This study had similar conclusions with the previous one, with around 

500 GFP+ cells found in the recipient ONL in each study (Gonzalez-Cordero et 

al., 2013; Decembrini et al., 2014).  

 

It is worth mentioning that transplantation of photoreceptor precursors derived 

from traditional 2D cultures of mouse ES cells did not lead to the presence of 

GFP+ cells within the host retina, regardless of host genotype (Gucy2e-/-,Gnat1-/- 

and Rho-/-), thought to be because the donor cells did not differentiate fully to the 

rod precursor stage (West et al., 2012). Figure 1.5 shows a schematic illustration 
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of the Nrl.Gfp+/+ photoreceptor precursors transplantation in the host retinae as 

routinely performed by our group and others. 

 

 

Figure 1.5 Schematic illustration of transplantation of rod photoreceptor 
precursors derived from Nrl.GFP+ pups.  

Simply the retina is dissected and dissociated from P4-8 post-natal pups and the rod precursors are enriched 
with flow cytometry. The positive cells were then transplanted at the subretinal space of the host resulting in 
GFP positive adult rod cells 21 days post transplantation. 

 

The Gfp labeling within the host wt retina appears to be specific to photoreceptor 

donors and the host ONL (MacLaren et al., 2006; Pearson et al., 2012, 2016; 

Santos-Ferreira et al., 2016; Singh et al., 2016; Tsai et al., 2019). When different 

GFP+ non-photoreceptor cell types were transplanted in wt, such as RPCs 

(MacLaren et al., 2006), hippocampal neural progenitor cells  (Guo et al., 2003) 

or fibroblasts (Pearson et al., 2016), no GFP+ cells were found in the host retina.  

Rarely, cells other than photoreceptors appeared to acquire GFP expression. 

After rod transplantation in the Nrl-/- (a hybrid cone-only recipient) Wallace and 

colleagues reported Gfp signal that extended to Müller glia and bipolar neurons 

(Ortin-Martinez et al., 2017). Conversely, our group has reported very rare 

examples of non-photoreceptor cells labelling (mainly Muller glia or other 

interneurons) and these were mostly correlated with mechanical damage of the 

host wt retinae during injections (West et al., 2008, 2012; Pearson et al., 2012, 

2016; Barber et al., 2013; Waldron et al., 2018) Finally, the Gfp labelling of the 

host retinae is transient, and disappears following the death of donor cells in the 

subretinal space (West et al., 2010). 
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1.4.3.2.3 The host environment and the extracellular barriers for a successful 

transplantation 

 

Immune rejection is a major problem in many transplantation paradigms and host 

responses include acute innate and adaptive immune responses. The eye is often 

described as having, at least partial, immune privilegethat is, a site that allows 

foreign grafts prolonged survival. Interestingly, neonatal retinal allografts induce 

immune deviation, although these grafts subsequently deteriorate ~1-month post 

implantation (West et al., 2010). 

 

In longitudinal studies by Pearson and Ali and colleagues (the majority of retinae 

were found to recover quickly post transplantation, around 20% exhibited 

significant macrophage infiltration, together with markedly reduced numbers of 

GFP+ cells in the host ONL, reduced green fluorescent protein (GFP) in the donor 

cell mass and the presence of auto-fluorescent cell debris within the sub retinal 

space. In most of the transplants, similar numbers of GFP+ cells were observed 

within the host ONL between 1-2 months post-transplantation, but by 4 months 

there was a significant decrease (West et al., 2010; Warre-Cornish, Amanda C 

Barber, et al., 2014).In this study, donor cells came from either neonatal Agouti 

B6SJL/J Nrl.gfp+/+ (H-2s/b) mice or C57Bl/6J Cba.gfp± (H-2d/b) mice and were 

transplanted into C57Bl/6J recipients (H-2b), constituting a partial mismatch of 

haplotypes (MHC class in mice). The study concluded that modulation of immune 

response with cyclosporine (an immunosuppressant) may have beneficial 

outcomes in non-autologous transplantations (West et al., 2010).  

 

More recent evidence provided by Lamba’s group (2016) have shown that 

activation of innate immune cells through Mesencephalic Astrocyte-derived 

Neurotrophic Factor (MANF), enhanced neuroprotection and tissue repair, and 

improved the success of photoreceptor replacement therapies (Neves et al., 

2016). 
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Immune suppression may support photoreceptor survival in C57Bl/6 recipients, 

but the complexity of a successful transplantation increases considering the 

extracellular environment during degeneration. The first comprehensive study of 

rod photoreceptor transplantation across different models of inherited 

photoreceptor degeneration performed by Barber, Pearson and colleagues 

(Barber et al., 2013). Though transplantation was feasible in various stages of 

degeneration, the disease itself had a significant impact on transplantation 

outcome, both in terms of the number and the morphology of the GFP+ cells 

found in the recipient ONL: in Gnat1-/- recipients, the number of GFP+ cells in the 

host ONL was similar as in C57Bl/6 recipients, and exhibited similar morphology. 

Comparatively few were found in the Rho-/- model of moderate degeneration, yet 

in the rapidly degenerating PDE6βrd1/rd1, many more GFP+ cells were found to 

have integrated, accompanied with functional activity (Barber et al., 2013). These 

findings suggested that the extracellular environment among degeneration 

models may affect transplantation outcome. 

 

An important anatomical feature of the extracellular environment of the 

neuroretina is the outer limiting membrane (OLM), a series of tight-junctions 

separating photoreceptor cell bodies from theirinner segments. Of relevance to 

transplantation, it also separates the transplanted donor cell mass, located in the 

subretinal space, from the underlying host ONL. Accordingly, enzymatic 

disruption of OLM results in more successful transplantations, as determined by 

the number of GFP+ photoreceptors in the ONL of the recipient mice (Pearson, 

2010). Another key feature is that the extracellular environment during 

degeneration is subjected to gliosis (molecular and morphological stress of the 

glia cells) and changes in the composition of extracellular matrix molecules 

(ECM) within the retina (Inatani, 2010; Barber et al., 2013). The ECM is a dynamic 

network of highly glycosylated and post-translationally modified proteins that 

support many cellular functions, which in the retina may promote lamination 

during development (Kalargyrou AK, unpublished data). Chondroitin sulphate 

proteoglycans (CSPGs) is one category of ECM molecules that exhibits 

significant changes in expression levels and signature during degeneration, 

typically being upregulated, particularly around the outer margin of the ONL. 

Therefore, they are considered an important category of molecules to manipulate 
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in order to achieve a promising outcome during photoreceptor transplantations 

(Barber et al., 2013). Indeed, enzymatic digestion of CSPGs with chondroitinase 

ABC (ChABC) improves photoreceptor transplantation outcome in some models.  
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1.5 New insights in graft-host communication 

 

The past two decades of research in cell replacement therapies for retinal 

degeneration has, amongst others, yielded two key findings. First, the 

transplantation of GFP+ stage-specific post-mitotic photoreceptor precursor cells 

results in the presence of GFP+ cells with photoreceptor morphology in the host 

ONL when transplanted in both partially degenerated and wild type retinae. 

Second, transplantation of rods in some transgenic models of retinae dystrophy 

shows rescue of visual function, thought to be mediated from synaptic 

connections of the GFP+ cells integrated in the diseased retinae.  

 

To date, the accepted interpretation of all the studies above (section 1.4) was that 

the GFP+ cells found in the host retinae were integrated donor cells. However, 

some important questions have arisen in recent years. First, what is the 

mechanism of cell integration? So far, there is a suggested mechanism proposed 

by (Warre-Cornish, Amanda C Barber, et al., 2014), showing that the donor cells 

extend exploratory processes towards the host OLM and ONL before apparently 

moving through, possibly in regions of OLM disruption. Moreover, there are 

strong indications that photoreceptor precursors undergo a form of migration very 

reminiscent of the interkinetic nuclear migration exhibited by progenitor cells, 

during neonatal development (P0-P7) (Anghaizu et al., data unpublished). 

However, until recently there was no published data proving, step by step, the 

mechanism by which rod photoreceptors might migrate through the host retina. 

Second, if ONL (and possibly concomitant OLM) disruption in degeneration leads 

to significantly higher numbers of GFP+ cells in the host ONL versus the wildtype 

(Barber et al., 2013), what is the mechanism leading to the presence of GFP+ 

cells within a host with an intact OLM?  

 

Of particular concern were the findings by our group (Waldron et al., 2018) and 

others (Smiley et al., 2016) examining the transplantation of cone, rather than 

rod, photoreceptors. Specifically, these studies attempted the transplantation of 

true cones and/or genetically-engineered cone hybrids, photoreceptors that are 

genetically engineered to commit to a cone-like fate due to a lack of the rod 
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photoreceptor transcription factor, Nrl (NrlKO). When these cone-like cells were 

transplanted in C57Bl/6 hosts, they resulted in the presence of GFP+ cells that 

adopted a rod-like morphology yet, in some cases, express cone markers (Smiley 

et al., 2016; Waldron et al., 2018).  The question of how a genetically-committed 

cone might adopt a rod-like morphology led to a major re-evaluation of the 

mechanisms underlying rescue in the partially-degenerated retina. 

 

1.5.1 Cytoplasmic material transfer 

 

In 2016, three independent groups (Pearson, Ader and MacLaren) reported, in 

the journal Nature Communications that donor and host photoreceptors engage 

in a novel form of cell-cell communication. The three groups undertook a similar 

set of experiments, which are described below, to determine whether the GFP 

signal observed in the host ONL post-transplantation reflected integrated donor 

cells or another molecular mechanism of GFP transfer or even an artifact.  

 

All three groups performed transplantations with two fluorescent reporters. They 

transplanted P3-P4 NrlGFP rod photoreceptor precursors into DsRed adult hosts, 

in which all cells ubiquitously express the red fluorescent protein, DsRed, but are 

otherwise normal (and non-degenerative). The concept behind this experiment 

was to discriminate the donor versus the host cells in the hosts ONL, such that 

DsRed+/GFP- cells will be hosts cells, GFP+/DsRed- cells will be donor integrating 

cells, and GFP+/DsRed+ cells might represent some mechanism of cellular 

exchange or fusion. Ader’s group (Santos-Ferreira et al., 2016) used confocal 

imaging analysis and reported that 98% of GFP+ cells with rod-like morphology 

were also positive for DsRed (i.e. GFP+/DsRed+). The same experiment, this time 

analyzed with flow cytometry, showed that double-positive cells represented 

~80% compared to non-transplanted controls. Singh et al., (2016) performed a 

similar experiment and reported that more than 90% of GFP+ cells analyzed by 

confocal imaging were double positive for DsRed+. Interestingly, neither group 

assessed DsRed+ signal in the donor cell mass. Similarly, Pearson and 

colleagues reported that confocal assessment of GFP+ inner segments, which 

incorporate the largest cytoplasmic volume, and the cell bodies, which have 
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comparatively little cytoplasm, revealed between 20-30% GFP+ cells were 

DsRed-, the rest being dual-labelled (Pearson et al., 2016). Flow cytometry 

analysis similarly indicated around 20% of cells were GFP+/DsRed-. Interestingly, 

Pearson and colleagues also analyzed the cell mass by confocal microscopy and 

found co-localization of GFP with DsRed in donor cells in the subretinal space, 

indicating some form of bidirectional communication from host to donor and well 

as from donor to host cells (Pearson et al., 2016). The proportion of double 

labelled cells was startling and unexpected, but also indicated a degree of true 

integration might occur alongside.  

 

Indeed, Pearson and colleagues performed real time two photon imaging 

analysis of Prph2rd2/rd2 (model of progressive degeneration) host retinae, 

transplanted 72hrs before with P8 Nrl.GFP donor cells (Pearson et al., 2016). 

They were able to show that, in this particular host environment at least, Nrl.GFP+ 

photoreceptors extend processes to the host retina and then move into at least 

the first two rows of nuclei within the host ONL, supporting the model of donor 

cell migration proposed by (Warre-Cornish, Amanda C Barber, et al., 2014). 

 

Taken together these results from three independent research groups strongly 

indicated that, while donor cell migration and integration occur, they do so at a 

much lower frequency than previously envisaged. Instead, the majority of GFP+ 

cells within the host ONL arise from a molecular mechanism yet unknown, which 

apparently allows fluorescent reporter proteins (amongst others) to translocate in 

between donor and hosts cells.  
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1.6 Current understanding of the characteristics of cytoplasmic material transfer 

 

The demonstration of numerus Gfp+/DsRed+ cells led to the proposal of a number 

of possible mechanisms, which were considered and investigated by the three 

groups, and will be discussed below. 

 

1.6.1 Cell-cell fusion 

 

Cell-cell fusion is a physiological process that has been described during normal 

development across species (reviewed in Aguilar et al., 2013; Perez Vargaz et 

al., 2014). Traditionally cell- cell fusion has been referred as sexual (gametes 

fuse to mix their genome) or asexual (fusion of somatic cells). The later can be 

either homotypic or heterotypic. For example, macrophage fusion, both 

homotypic (macrophage-macrophage) and heterotypic (macrophage-somatic), 

occurs in the dynamic process of tissue remodeling/regeneration and in 

pathogenic states (Aguilar et al., 2013). Fusion events have mostly referred to a 

process that results in nuclear fusion, but recent studies have identified 

membrane fusion too.  

 

Controlled membrane fusion is a thermodynamic coupling process between 

fusion effector molecules—the so-called fusion proteins—and targeted 

membrane perturbations that lower the free energy barrier of an overall 

exothermic lipid merger reaction (Pérez-Vargas et al., 2014). Membrane fusion 

processes have been intensively studied in the case of intracellular fusion events 

(Wickner and Schekman, 2008) as well as fusion of enveloped viral particles with 

a host cell during entry reviewed in Harrison, 2008. Such fusion events are 

thought to be driven by fusogen proteins (found in the envelope of viruses), 

SNAREs (responsible for vesicular fusion with the cell membrane) or receptor 

proteins that are associated with other fusion promoting proteins, reviewed in 

(Chen and Olson, 2005). 
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1.6.1.1 Nuclear cell-cell fusion 

 

In the photoreceptor transplantation paradigm, the possibility of classic cell fusion 

was addressed with gender mismatched transplantation of NrlGfp+ female donor 

cells in male wild type adults, or vice versa, followed by analysis with fluorescent 

in-situ hybridization (FISH) for the Y and/or X chromosome and confocal 

microscopy.  Since classic cell fusion results in a bi-nucleated cell with mixed 

genome, the first step was to determine if the Gfp+ cells found in the host ONL 

had two nuclei.  

 

All three studies (Pearson et al., 2016; Santos-Ferreira et al., 2016; Singh et al., 

2016) confirmed that the Gfp+ cells in the host ONL were not bi-nucleated, nor 

two cells bearing the same nuclear membrane, as shown with Lamin B staining 

(Pearson et al., 2016). X/Y chromosomal mismatch transplantations, as outlined 

above, showed >85% of cells in the (male) donor cell mass in the subretinal space 

were double-positive for both Gfp+  and the Y chromosome but very few, if any, 

Y chromosome+ cells were found in the (female) wildtype host ONL, the vast 

majority instead being Gfp+ / Y-chromosome negative cells (Pearson et al., 2016). 

This demonstrated that the majority of GFP+ cells observed within the host ONL 

were in fact host photoreceptors that were acquiring GFP from donor cells.   

 

1.6.1.2 Membrane cell- cell fusion 

 

Membrane cell-cell fusion has been extensively studied in the central nervous 

system as a response to cells in injury, or during normal development, reviewed 

in (Giordano-Santini, Linton and Hilliard, 2016). As nuclear fusion was excluded, 

it was hypothesized that membrane fusion may potentially represent the 

mechanism of fluorescent reporter transfer (Pearson et al., 2016; Santos-Ferreira 

et al., 2016; Singh et al., 2016). Fusion events have been suggested to take place 

elsewhere in the brain following transplantation, where embryonic stem cell-

derived neural stem cells fuse with both microglia and mature neurons (Cusulin 

et al., 2012).  
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To address this question, Pearson and colleagues performed confocal analysis 

with 3D reconstruction of GFP+ cells in the host ONL and showed numerous cells 

with no apparent physical contacts with overlying donor cells, or indeed any other 

neighbouring cell within the host ONL. Though the experimental design was 

sophisticated, it can still be argued that cell-cell contact may not be visualized 

with fluorescent reporters within the cytoplasm, particularly if the connections are 

very thin and extend some distance between the two joining cells. It may be 

necessary to use membrane-tagged fluorescent reporters, such as myristoylated 

GFP, CAGmGFP, or Gap43GFP, to prove membrane fusion events (Teddy, 

2004; McKinney et al., 2012). 

 

An in vivo study of development of chick neural crest cells with membrane-tagged 

reporters followed by 3D reconstructions of time-lapse confocal imaging analysis 

showed that neural crest cells maintained nearly constant contact with other 

migrating neural crest cells, in addition to the microenvironment. Cells used 

lamellipodia or short, thin filopodia (1-2um wide) for local contacts (<20um). Non-

local, long distance contact (up to 100um) was initiated by filopodia that extended 

and retracted, extended and tracked, or tethered two non-neighboring cells. 

Intriguingly, the cell-to-cell contacts often stimulated a cell to change direction in 

favor of a neighboring cell's trajectory (Teddy, 2004; McKinney et al., 2012). 

 

MacLaren and colleagues performed a transplantation of CaG-DsRed PDEβrd1/rd1 

P3 photoreceptors, in which the DsRed is tagged to the membrane (Singh et al., 

2016). Due to the rd1 mutation, the photoreceptors would be expected to 

degenerate from P8 and be entirely absent by 3 weeks. Examination of the 

retinae 3 weeks post transplantation revealed DsRed+/GFP+ in the host ONL 

suggesting that either photoreceptors fuse with other cells that enables material 

transfer or that the remaining donor photoreceptor cells were rescued by material 

transferred from the host.  

 

In order to provide direct evidence of material transfer and examine the bi-

directional nature of this phenomenon, all three groups utilized the Cre-LoxP 

system, albeit in slightly different ways. In each case, transplantations were 

performed within in a Cre-LoxP system, where Cre recombinase will induce 



63 
 

TdTomato fl/fl expression by cutting a stop floxed codon. Ader and colleagues 

transplanted Ai9 floxed (TdTomato fl/fl ) P3 donor cells in a B2Cre+/- host (Santos-

Ferreira et al., 2016). They reported the presence of donor cells within the 

subretinal space that were TdTomato+ and they also found TdTomato+ in the host 

Cre+ retina. They concluded that Cre molecules from the host induced 

recombination of the donor and that the donor TdTomato signal was then 

transferred back to the host ONL, further supporting the two-way communication 

of donors and host.  

 

MacLaren and colleagues performed a similar experiment, this time with P4 donor 

rod cells obtained from a transgenic mouse having both the floxed restrictions 

sites and the NrlGFP (Ai9+/-/NrlGFP+/-) and transplanted these into a Crx.Cre 

adult recipient, in which Cre expression is restricted to photoreceptors (Singh et 

al., 2016). 3 days post-transplantation, they found that Cre from the host had 

transferred to TdTomato+ donors and resulted recombination and that the two 

fluorescent reporters, TdTomato and GFP, were then transferred back to the 

host, suggesting that the fusion events are not stable (Singh et al., 2016).  

 

Pearson and colleagues transplanted d26 (equivalent to P4) Crx.GFP+ mESC-

derived photoreceptors that were virally-labeled with Cre in culture at least 10 

days prior to transplantation and then transplanted into an Ai9 adult host (Pearson 

et al., 2016). It is worth noting that they controlled for potential viral carryover by 

injecting the supernatant of the final wash pre-transplantation. We noted that 

GFP+/TdTomato+ cells were found throughout the host ONL, demonstrating 

material transfer from donor to host, but also TdTomato+ cells within the cell 

mass, again showing bidirectional communication from host to donor. 

Importantly, they also showed that GFP-/TdTomato+ cells outnumbered the 

GFP+/TdTomato+ cells, 10:1, suggesting that material transfer is a transient but 

recurrent process (Pearson et al., 2016). 

 

Importantly, only Pearson et al. (2016) reported that the phenomenon of 

cytoplasmic material transfer in between donor and host photoreceptors was not 

restricted only to fluorescent proteins (GFP, DsRed) or Cre recombinase. They 

also show that it occurs for the transfer of several photoreceptor-specific proteins 



64 
 

including rhodopsin, peripherin, rod α-transducin, and arrestin, all proteins 

present in ROS discs and responsible for photo transduction (Pearson et al., 

2016; Waldron et al., 2018).  

 

Together, these publications have necessitated a major reinterpretation of 

photoreceptor transplantation and the published literature. Although true 

integration takes place there is evidence that, at least in the intact/partially 

degenerated host retina, donor and host photoreceptors adopt a unique 

mechanism of exchange of fluorescent reporters, as well as donor proteins, which 

we have termed material transfer (Pearson et al., 2016; Waldron et al., 2018). 

 

The discovery of material transfer was surprising, although, in retrospect, there 

are previously published observations that are now readily explained by the 

phenomenon of material transfer: fluorescently-tagged cones following the 

transplantation observed as integrated cells exhibited rod morphology (Smiley et 

al., 2016). Similarly, rod-like cells were found following the transplantation of 

immature cone precursors (Lakowski et al., 2010). Further investigation 

demonstrates that the majority of reporter positive, rod-like cells in the host ONL 

following the transplantation of cones arise via material transfer (Ortin-Martinez 

et al., 2017; Waldron et al., 2018). Similar to rod transplantation, recent work by 

our group has shown that cone donor cell integration can also occur alongside 

material transfer and can account for a considerable proportion of reporter 

labelled cells in models where the host cytoarchitecture is disrupted (Waldron et 

al., 2018). This means that the relative contributions of donor cell migration and 

integration versus material transfer are likely to depend upon the aetiology of the 

host retina and that both integration and material transfer must be considered 

when assessing transplantation outcome.  

 

To date, the mechanism of material transfer is unknown. The hypothesis of 

nuclear fusion has been ruled out, although cytoplasmic fusion mediated by long- 

or short-term contacts between photoreceptor donor-host cells remains a 

possible explanation. Regarding membrane fusion, it has been suggested to be 

mediated by either direct cell-cell membrane fusion, or by tunneling nanotubules 

(cytoskeletal based protrusions), which is a novel, recently described mechanism 



65 
 

of cell-cell communication (Rustom, Saffrich, Markovic, Walther and H. H. 

Gerdes, 2004), which may serve as molecular bridges between cells. At least a 

proportion of GFP+ cells in the host appeared to lack any form of physical 

contacts with the grafted photoreceptor precursors (Pearson et al., 2016), 

however, suggesting that these either represent true integration events or 

indicate another method of material transfer between cells that does not involve 

sustained, (visible), physical connections. One mechanism that might fulfil these 

criteria is that material transfer is mediated by vesicular encapsulation and uptake 

mechanisms.  

 

Extracellular vesicles represent important elements of communication in between 

cells (Frederik J. Verweij et al., 2019) that have, until recently, been largely 

disregarded by cell-cell signaling research for many decades, due to their 

endocytic-protein degradation functions. However, recent evidence has shown 

the secretion of small vesicles, so-called exosomes, which contain instructive 

molecules and are thought to enter surrounding cells and bring about changes in 

cellular behavior and activity for reviews please refer to; (Février and Raposo, 

2004; Van Niel, D’Angelo and Raposo, 2018). Both tunneling nanotubules and 

EVs are highly dynamic mechanisms of transporting information in between cells 

across species. In the following sections I aim to describe both mechanisms. 

Figure 1.6 provides a schematic illustration of the proposed mechanisms that will 

be described in the following chapters. 
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Figure 1.6 Schematic representation of proposed mechanisms of 
cytoplasmic material transfer.  

(A) Donor cells exchange fluorescent reporters as a result of membrane fusion. (B) Donor precursors release 
extracellular vesicles that are up taken and/or fused with the plasma membrane of host photoreceptors. (C) 
Donor photoreceptors exchange molecular material by forming processes that serve as cytoplasmic bridges. 
(D) Donor photoreceptors release molecular material as a result of cell death upon transplantation (Green; 
transplanted donor rod precursors, blue; host adult photoreceptors). 

 

1.6.2 Extracellular vesicles 

 

Historically, EVs were first described in the 1980s as vesicles of endosomal origin 

secreted from reticulocytes during their developmental maturation (Johnstone et 

al., 1987). In this pioneering study, the authors claimed that vesicles released into 

the extracellular milieu can be enriched with x100.000g ultracentrifugation. The 

composition of the EV membranes bore the characteristics of the cells of origin 

and were highly enriched with sphingomyelin. These vesicles were found to be 

released from developing, but not terminally differentiated, erythrocytes 

(Johnstone et al., 1987). 

 

Today, we know that EVs are released from all eukaryotic cell types and secretion 

of EVs is an evolutionarily conserved process (reviewed in Raposo and 

Stoorvogel, 2013). EVs are membrane-bound vesicles containing cytosol from 

the secreting cells enclosed in a lipid bilayer. They may originate either from the 

endocytic pathway or membrane blebbing and carry a repertoire of protein 
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molecules varying from structural to transcription factors, mRNA and DNA. 

Importantly, in recent literature EVs are recognized as communication mediators 

between different cell types. The rapid expansion of this field has meant that the 

nomenclature of EVs is constantly evolving, with many names referring to EVs 

such as exosomes, ectosomes, microparticles, microvesicles (MVs), 

nanovesicles, nanoparticles etc., reviewed in Van Niel, D’Angelo and Raposo, 

2018). 

 

In terms of their biogenesis, EVs originating from budding of the cell plasma 

membrane (ectosome, shedding vesicle) typically exhibit heterogeneous 

diameters of 150–1,000-nm (Colombo, Moita, van Niel, Kowal, Vigneron, 

Benaroch, Manel, Luis F Moita, et al., 2013; Colombo, Raposo and Théry, 2014). 

Conversely, EVs originating from the endosomal pathway as a consequence of 

the fusion of multivesicular bodies (MVBs), commonly termed exosomes, are 

typically smaller with diameters ranging from 30–100-nm (Johnstone et al., 1987). 

 

 Despite the different possible origins of these vesicles, either by endocytic route 

or by outward blebbing, they all carry cytosolic proteins of the cell of origin. In 

2007, a surprising discovery was reported - that exosomes can carry nucleic 

acids, such as mRNA and miRNA (Valadi et al., 2007). In this publication, human 

cells treated with mouse exosomes in culture presented mouse proteins, which 

did not exist as proteins but only as mRNA, in the mouse exosomes, suggesting 

that mRNA shuttled via exosomes had been translated by the human cells (Valadi 

et al., 2007) with the use of next-generation sequencing tools noncoding RNA 

have been found in EVs that may exert regulatory capacities on the genomes of 

target cells (van der Vlist et al., 2012). 
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1.6.2.1 Biogenesis of Extracellular vesicles 

 

EVs of endosomal origin correspond to the release of intralumenal vesicles (ILVs) 

that maturated inside multivesicular bodies (MVBs). Some MVBs are fated for 

degradation, whereas others can fuse with the plasma membrane, leading to the 

secretion of ILVs as exosomes (reviewed in Raposo and Stoorvogel, 2013). 

 

The defining event of MVB biogenesis is the formation of the ILVs within an 

endosome. The generation starts by inward budding of the plasma membrane 

and endosome formation then the endocytosed proteins are targeted to specific 

locations in the membrane of the endosome via tubular extensions of cargo 

destined for recycling from other cargo that is targeted for degradation. This 

process requires the recruitment of specific Rabs, AAA-type ATPases and 

phosphatidylinositol-3-phospate that will enable the invagination of endosomal 

limiting membrane to form ILVs (Vonderheit and Helenius, 2005). The formation 

of the ILVs in an endosome is accomplished within 4–30 minutes after 

endocytosis of markers at the plasma membrane (Luzio et al., 2001; Piper and 

Luzio, 2001). Internal vesicle formation requires asymmetry in the lipid bilayer; 

pH gradient between the lumen of the endosome and the cytosol; molecular 

interactions via ESCRT proteins; and specialized lipid composition, (reviewed in 

Von Bartheld and Altick, 2011). 

 

Endosomal Sorting Complexes Required for Transport (ESCRTs) consist of 

approximately twenty proteins that assemble into four complexes (ESCRT-0, -I, -

II and -III) with associated proteins (VPS4, VTA1, ALIX) (Von Bartheld and Altick, 

2011). The ESCRT-0 complex recognizes and sequesters ubiquitylated proteins 

in the endosomal membrane, whereas the ESCRT-I and -II complexes appear to 

be responsible for membrane deformation into buds with sequestered cargo, and 

ESCRT-III components subsequently drive vesicle scission (Wollert et al., 2009). 

Raposo and colleagues (Colombo, Moita, van Niel, Kowal, Vigneron, Benaroch, 

Manel, Luis F Moita, et al., 2013) published a pivotal study on how ESCRT protein 

complexes orchestrate the sorting of cargo in ILVs of the MVBs. By employing 

shRNA technology, they conditionally knocked down each of the 23 of the ESCRT 
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machinery proteins and further analyzed the effect on exosome secretion 

(Colombo, Moita, van Niel, Kowal, Vigneron, Benaroch, Manel, Luis F Moita, et 

al., 2013). They showed that inhibiting three ESCRT-0/I proteins (HRS, STAM1 

and TSG101) resulted in decrease in exosome secretion, while inhibition of four 

ESCRT-III disassembly and accessory proteins (CHMP4C, VPS4B, VTA1, ALIX) 

resulted in an increase in exosome secretion (Colombo, Moita, van Niel, Kowal, 

Vigneron, Benaroch, Manel, Luis F Moita, et al., 2013). The results of this study 

showed that the exosomal cargo extrapolates high heterogeneity. Importantly, 

depletion of ALIX increased the amount of MHC II in HeLa cells and, 

consequently, in the secreted vesicles, and increased the proportion of medium-

sized and larger vesicles (50–100 and 100–200 nm, respectively), indicating that 

ALIX may control the type of vesicles secreted (Colombo, Moita, van Niel, Kowal, 

Vigneron, Benaroch, Manel, Luis F Moita, et al., 2013). Conversely, depletion of 

HRS and TSG101 affected the maturation of MVBs (Razi and Futter, 2006). 

 

Maturation of MVBs is accompanied with MVB enlargement and an increase in 

the number of internal vesicles within them, resulting in the MVB becoming more 

electron-dense. They also increasingly localize within the peri-nuclear region of 

the cell which may imply that the MVB no longer contains recycled proteins and 

is no longer competent to receive additional endocytosed cargo (Woodman and 

Futter, 2008). In terms of chronological events, at least in vitro, MVB maturation 

is completed around 8–10 minutes after endocytosis (Von Bartheld and Altick, 

2011). Rab conversion, the replacement of Rab5 with Rab7, is a sign of 

progression from an “endosomal MVB” to a mature MVB (Deinhardt et al., 2006). 

This progression is also accompanied by a change in pH. The recycling 

endosomes have been reported to have a pH of 6.4–6.5, while sorting 

endosomes have been measured at pH 5.9–6.0, and the pH of mature MVBs has 

been reported to be 5.0–6.0 (Woodman and Futter, 2008). 

 

The fate of MVBs in mammalian cells is to fuse with the plasma membrane of the 

cell and release the components (exosomes) in the extracellular space (Figure 

1.7 B).  Alternatively, they may fuse or mature to lysosomes targeted for 

degradation (Von Bartheld and Altick, 2011).  
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Our understanding, to date, of ILV maturation and cargo sorting is based on 

tissue culture experiments in secondary cell lines, and it is yet to be confirmed if 

the same events take place in neuronal cells. EM analysis of neuronal MVBs in 

early studies shows that they reside predominantly in cell bodies (Abrahams and 

Holtzman, 1973; Holtzman et al., 1973) and dendrites (Chicurel and Harris, 

1992). As stated above (section 1.2.5) MVBs are also present in the inner 

segment of photoreceptor cells and ultrastructural studies consistently report 

MVBs in shedding photoreceptor cells (Calderón et al., 2002). Total MVB 

number/cell can fluctuate in parallel with circadian shedding and synthesis of the 

photoreceptor membrane (Calderón et al., 2002). Another mechanism of 

biogenesis of EVs is shedding. Specifically, in photoreceptors, indications of 

shedding of small vesicles is proposed for photoreceptor regeneration of the outer 

segment (described in section 1.2.4). Moreover, primary cilia in general are found 

to shed a variety of micro-vesicles, suggesting a potential communication 

mechanism with surrounding cells. A schematic illustration of the biogenesis of 

EVs is provided in Figure 1.7, A. 
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Figure 1.7 Biogenesis of extracellular vesicles.  

(A)  Schematic illustration. EVs result upon inward budding of the cell plasma membrane and maturate as 
intraluminal vesicles (ILV) inside multivesicular bodies (MVB) and upon fusion with the plasma membrane 
(PM) they are released in the extracellular space as EVs. These EVs (orange) often share similar physical 
characteristics with diameter ranging from 50-200nm. EVs are released by outward budding of the plasma 
membrane usually referred as microvesicles (blue), their size varies markedly compared to EVs derived from 
mechanism A, diameter ranging from 10-1000nm. (B) TEM of EBV-transformed B lymphocytes ultrathin 
cryosections. Cells treated with BSA coupled to 5-nm gold particles (BSAG 5) and immunolabelled for MHC 
class II with 10-nm protein A gold.  Arrows indicate endocytosis of BSA gold particles and arrowheads 
exocytosis of EVs, the exocytic profile contains exosomes labeled for MHC class II with 10-nm gold (MHC II 
10; small arrows). PM, plasma membrane. Bars, 100 nm. (adopted with permission from Raposo and 
Stoorvogel, 2013)1.6.2.2 Physical characteristics of EVs 
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EVs are below the detection limit of conventional or confocal microscopy. Thus, 

the traditional methods used to identify them typically rely on transmission 

electron microscopy (TEM), which enables the deep penetration of tissues at the 

level of single molecules. EVs that originate from the maturation of ILVs in MVBs 

present in a similar range of diameters, from 30 to 100 nm. EVs budding from the 

plasma membrane, or dying cells, display a diameter ranging from 10 to 1000nm 

(Raposo et al., 1996). In terms of their morphological appearance, this is mainly 

dependent to the technique used for their visualization. A representative example 

from the literature of the morphology of EVs as assessed by different techniques 

is shown in Figure 1.8. When using TEM, exosomes appear cup-shaped due to 

fixation and contrasted/embedded in a mixture of uranyl acetate and 

methylcellulose (Raposo et al., 1996). When observed by cryo-EM, they have a 

round shape (Raposo and Stoorvogel, 2013). Larger vesicles (mentioned as 

oncosomes) may be visualized by fluorescence microscopy; shedding from cells 

of vesicles of 0.5 μm to a few micrometers in diameter have been observed by 

video-microscopy (Di Vizio et al., 2012).  

 

However, a novel way of visualization has been generated where overexpression 

of classical exosomal markers (the tetraspanins CD63, CD81, CD9) tagged with 

the pH sensitive p-Hluorin construct (Verweij et al., 2018; Verweij et al., 2019). 

This method apart from confirming that a particular cell type is releasing EVs, it 

also enables the live tracking of fusion of the MVB with the plasma membrane, 

along with facilitating the visualization of the fate of these vesicles upon their 

release, and their potential targets (Verweij et al., 2019).   
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Figure 1.8 Extracellular vesicles morphology is dependent upon the 
technique of visualization.  

Electron microscopy of EVs; (a) classical TEM image of EVs from melanoma cells and stained with uranyl-
acetate. Heterogeneity of the sample is evident, with diameters ranging from 30nm-100nm. Morphology; 
visible lipid bilayer, cup shaped (arrows).  (b) Cryo-EM imaging of EVs isolated from prostate cancer without 
chemical fixation or contrasting. Morphology; lipid bilayer, round shaped. (adopted with permission from 
Raposo and Stoorvogel, 2013) 
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1.6.2.3 Composition of EVs 

 

EVs are composed of a lipid bilayer containing transmembrane proteins, which 

encloses soluble proteins and RNA. Depending on their origin, EVs may exhibit 

different membranous and cargo composition. Thus, EVs may be enriched with 

endosomal markers or plasma membrane molecules, as well as cytosolic 

molecules. However, they do not bear any proteins from cell organelles as the 

nucleus, mitochondria, ER and Golgi (Kowal et al., 2016). 

  

Independent of their origin, EVs are secreted to the extracellular space and, 

because studies of EVs obtained EVs by differential ultracentrifugation of cell 

culture supernatants, the reported final EV-enriched populations can display high 

heterogeneity. Thus, Kowal et al., (2016) published a comprehensive study of 

proteomic comparison, defining novel markers to characterize heterogeneous 

populations of EV subtypes. Based on this analysis, they proposed the following 

categorization of EVs, which could be applied to any source of EVs, either from 

cultured cells or from biological fluids: (i) large EVs pelleting at low speed (2K), 

(ii) medium-sized EVs pelleting at intermediate speed (10K), and (iii) sEVs 

pelleting at high speed (100K). The sEVs are distributed in four categories; (iiia) 

sEVs co-enriched in CD63, CD9, and CD81 tetraspanins and endosome markers 

(i.e. bona fide exosomes); (iiib) sEVs devoid of CD63 and CD81 but enriched in 

CD9 (associated with plasma membrane and an early endocytic signature); (iiic) 

sEVs devoid of CD63/CD9/CD81; and (iiid) sEVs enriched in ECM or serum-

derived factors, the latter two categories not being associated with the endosomal 

pathway (Kowal et al., 2016). 

 

Western blotting in conjunction with quantitative proteomics showed that the 

lumen of large (2K) and medium (10K) sized EVs are enriched with actinin-4 & 1, 

GP96, mitofilin, MVP and eEF2. Conversely, small vesicles (sEVs; 100K) showed 

enrichment of (for dense sEVs) serum albumin, prothrombin, complement factors 

and fibronectin or (for light sEVs) EHD-4, annexin XI, syntenin-1 and TSG101, 

and in the membrane ADAM10 and CD81. In tetraspanin positive sEVs the 

membrane of the vesicles was enriched with CD63, CD9, CD81 and the lumen 
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with syntenin-1 and TSG101. Finally, proteins that were identified in the lumen of 

multiple EV preparations include actin, tubulin, ezrin, moesin, HSC70, HSC90, 

HSP70, GAPDH, annexin II, while the membranes were frequently enriched with 

flotillin-1, and MHC I and MHC II molecules (Kowal et al., 2016). 

 

Less is known about the lipid composition of EVs. Mass spectrometry analysis 

revealed that sEVs coming from PC-3 prostate cancer cells are enriched with 

cholesterol, phosphatidylserine 18:0/18:1, sphingolipids with long N-amidated 

fatty acyl chains, GM3 ganglioside and ceramide or its derivatives (Llorente et al., 

2013). This lipid composition has also been described in lipid rafts of mammalian 

cells and photoreceptor-lipid raft microdomains (Martin et al., 2005). 

 

 

1.6.2.4 Mechanisms of Extracellular vesicle uptake  

 

Given the lack of specific EV markers, together with the size of the vesicles, the 

study of the uptake mechanisms has been proven to be very challenging. Most 

of our current knowledge is derived from advanced electron microscopy but very 

few of the proposed mechanisms have been confirmed in vivo. 

 

Cells employ many routes to take up EVs. Indeed, most of the proposed routes 

of EV uptake involve protein-protein interactions (Verweij et al., 2018) that will all 

eventually allow subsequent endocytosis through various pathways, such as 

clathrin-dependent endocytosis, caveolin-dependent endocytosis, lipid raft–

mediated endocytosis or other endocytic pathways (Mulcahy, Pink and Carter, 

2014). 

 

Enzymatic digestion of EVs with proteinase K reduces their uptake by recipient 

cells in culture suggesting that proteins on the extracellular surface of both target 

cells and exosomes are required for uptake (Escrevente et al., 2011). This, in 

conjunction with the high enrichment of sEVs with specific glycosylated sialic 

acid- and mannose-containing glycoproteins, suggested that an endocytic mode 

of uptake was involved, although, in the same study, removal of sialic acid caused 
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a small though non-significant increase in uptake (Escrevente et al., 2011). EVs 

may also be taken up via direct membrane fusion promoted by tetraspanin 

molecules (CD63, CD8, CD9), but direct evidence of this is limited (Mulcahy, Pink 

and Carter, 2014).  

 

Although, viruses comprise a specific category of very small vesicular carriers of 

genetic information, they do not necessarily share the routes of entry with EVs 

regarding their uptake, as EVs do not appear to share the same fusogenic 

properties with viruses. Enveloped viruses employ fusion mechanisms to invade 

the host cell, which are mostly mediated via SNARE proteins and synaptotagmins 

(Fix et al., 2004). Alpha Herpes viruses engage their surface glycoproteins along 

with other cellular receptors (Montgomery et al., 1996), while Human 

Immunodeficiency virus (HIV) employs glycoprotein 160 to fuse with the cell 

surface (Hallenberger et al., 1992), athough it has been recently suggested that 

HIV may also employ the fusogenic properties of  tetraspanins CD9 and CD81 

for the same purpose (Gordón-Alonso et al., 2006).  

 

On the other hand,  specific serotypes of the adeno associated viruses (AAV) are 

able to directly associate with sEVs (exosomes) during their production by H293T 

cells, either within the vesicle’s lumen or on their membrane (Fitzpatrick et al., 

2014). Due to the clinical applications of AAVs for corrective gene delivery, it is 

worth noting that EV-associated AAV vectors ev-AAV1 and ev-AAV2 were highly 

resistant over a range of neutralizing antibodies from human serum, compared to 

standard AAV vectors in vitro.  

 

Following these results, the same group compared the infectious profile of 

conventional AAV2 and exo-AAV2-FLuc vectors in the retina via intra-vitreal 

administration and subsequent tracking of GFP expression levels with 

fundoscopy and immunohistochemistry (Figure 1.9; Wassmer et al., 2017). We, 

and others, have shown that intra-vitreal administration of AAV serotypes 

typically targets ganglion cells, bipolar cells and Muller cells, while a subretinal 

route of administration typically transduces the photoreceptor layer (Gonzalez-

Cordero et al., 2018; kleine Holthaus et al., 2018). However, Wassmer and 

colleagues showed that while transduction of the ganglion layer by exo-AAV2 
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vectors compared to conventional AAV2 vector was enhanced, so too was 

transduction of the inner nuclear layer. Strikingly, they even observed 

transduction in the ONL, including photoreceptor soma and segments at the 

periphery of the retina (Figure 1.9 Figure 1.9;Wassmer et al., 2017). It is worth 

mentioning that this group were the first to report that EVs may facilitate delivery 

of viral DNA and or RNA in photoreceptors in vivo, opening a new area of study 

towards more efficient gene delivery that may be exploited clinically. 
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Figure 1.9 Comparison of viral transduction of the exo-AAV2 and 
conventional AAV2 after intravitreal injection.  

Two representative sections of retinas from eyes injected with AAV2 or exo-AAV2. Bar 100 μ m. Green 
channel: direct GFP fluorescence mediated by viral expression. (adopted with permission by (Wassmer et 
al., 2017) 

  



79 
 

1.6.2.5 Extracellular vesicles as mediators of information in the neuronal 

environment 

 

Since EVs encapsulate in their cargo a plethora of bioactive molecules, it might 

be predicted that they may play an important role in cellular communication. 

Although, most of our knowledge in the EV field is derived from tissue culture 

studies of cancer or primary cell lines, there are increasing reports showing that 

EVs are released by cultured astrocytes (Ibáñez et al., 2019), microglial cells 

(Potolicchio et al., 2005), oligodendrocytes (Krämer-Albers et al., 2007) and 

undifferentiated embryonic neurons (Fauré et al., 2006). In line with this, many 

authors suggest a physiological regulatory role of EVs in intercellular 

communication within the nervous system (Février and Raposo, 2004; Van Niel, 

D’Angelo and Raposo, 2018). To my knowledge there are no reports regarding 

the role of EVs in photoreceptor cells, as such, I will briefly introduce our current 

knowledge regarding EVs in neurons. 

 

Two types of vesicles have been found to be released and taken up by neuronal 

cells, synaptic vesicles and EVs. Transmission electron microscopy of fully 

differentiated cortical and hippocampal neurons in culture shows the release EVs 

from their somato-dendritic compartments, which is regulated by calcium influx 

and by glutamatergic synaptic activity (Lachenal et al., 2011). Though synaptic 

vesicles bear many similarities in lipid composition with EVs, since both are highly 

enriched with cholesterol, neuronal EVs also bear markers of ILV-MVB mediated 

biogenesis (Lachenal et al., 2011).  

 

In the healthy brain, EVs are thought to be released by both neurons and glial 

cells. Co-cultures of PC12 pheochromocytoma cells with microglia cells revealed 

that EVs released by PC12 cells promoted the clearance of degenerating neurites 

by microglia via phagocytosis, suggesting a potential role in enhancing synaptic 

plasticity. This effect found to not be dependent on the exposure to phosphatidyl 

serine by the degenerated neurites but by the complement factor, C3 (Bahrini et 

al., 2015). 
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In other studies, glutamate has been shown to trigger the release of EVs from 

oligodendroglia, which may then be internalized by neurons by endocytosis. In 

this study, a Cre-loxP system was utilized to prove functional uptake of 

oligodendrocyte-derived EVs by neuronal cells. Specifically, oligodendrocytes 

isolated from mice carrying a Cre-knock in allele under the control of MOG, 

driving expression in oligodendrocytes exclusively, were added to either the 

somato-dendritic or the axonal compartment of Rosa26-lacZ neurons and 

monitored by live imaging. This showed both recombination, as well as functional 

uptake, from both neuronal compartments of the recombined cells using PKH67 

dye (Frühbeis et al., 2013). In conjunction with this, RT-QPCR analysis of the 

double transgenic MOGi-Cre/Rosa26-lacZ mice revealed that the levels of Cre in 

the recombined neurons were either undetectable or at the detection limit, 

indicating a transient, non-cell autonomous source of Cre (Frühbeis et al., 2013). 

 

Chivet et al., (2014) established differential uptake of sEVs isolated from 

neuroblastoma (N2a) or from primary cortical neurons by dissociated 

hippocampal cells in culture. The authors examined EV endocytosis by 

colocalization of fluorescent EVs with the early endosomal marker, EEA, under 

confocal microscope.  N2a-derived CD63-GFP+ sEVs were found to bind both to 

neurons and glial cells, but their endocytosis was mainly restricted to glia. 

Conversely, GFP-TTC-labelled sEVs, released by cortical neurons upon 

activation of glutamatergic synapses, bound to and were internalized by 

hippocampal neurons, but not glia, suggesting inter-neuronal communication 

within the CNS (Chivet et al., 2014). 

 

Specifically, in neuroretina, Farber’s group has worked extensively on stem cell-

derived EVs and their potential application for Müller glia cells, with particular 

interest on the transcriptional cues that are able to drive Müller glial-mediated 

regeneration. According to their more recent publications, they report that micro-

vesicles and exosomal fractions of EVs derived from human embryonic stem cells 

have mRNA cargo exhibiting various effects when applied to Müller glia in culture. 

Specifically, human embryonic stem cell-derived EVs were enriched with mRNA 

molecules of OCT4, NANOG and SOX2 (Peng et al., 2018).  

Immunocytochemistry analysis of Müller glia cultures that have been 
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continuously exposed to stem cell-derived EVs showed a decrease in expression 

of VIMENTIN and an increase in expression of PAX6, a retinal progenitor marker, 

indicating the potential for trans-differentiation of Müller glia to RPCs (Peng et al., 

2018). Moreover, murine RPCs release (mRPCs) EVs in culture with molecular 

cargo bearing the signature of the expression states of the releasing cells. Mass 

spectrometry analysis of the EV pools derived from the mRPCs revealed, among 

others, fluorescent reporters such as GFP protein when its expression was driven 

by ubiquitous promoters such as CMV, but the levels of GFP in the EVs compared 

to the cell lysate were lower (Zhou et al., 2018). Notably, Adam10 was enriched 

in mRPCs EVs indicating a potential role in the regulation of Notch signaling 

during retinal development as well as Krueppel-like factor 14 (Zhou et al., 2018). 

Taken together the above may be the first evidence of potential role of EVs in 

retinal development. 

 

Perhaps the most striking evidence of neuron-neuron communication in the 

context of synaptic plasticity has been documented recently, both in culture and 

in vivo by studying the mammalian Activity-Regulated Cytoskeleton-Associated 

protein (Arc/Arg3.1) homologues in Drosophila by (Pastuzyn et al., 2018) and  

(Ashley et al., 2018). Pastuzyn and colleagues showed that Arc binds and 

encapsulates RNA molecules and propose that this happens due to structural 

elements related to specific antigen polyproteins (Gag) that have been 

evolutionarily derived from retrotransponsons. Arc protein can oligomerize and 

self-assemble into viral-like capsids and is shown to be released via EVs from 

HEK293 cells. Notably, when Arc knock-out neurons were treated with wild type 

neuronal-derived EVs, they showed a significant increase in dendritic Arc levels, 

compared to controls (knock-out derived EVs). The authors performed in situ 

hybridization to further confirm the transfer of Arc mRNA between neurons via 

EVs (Pastuzyn et al., 2018). 

 

In strong support of these findings, Ashley et al., (2018) published back-to-back, 

confirming that dArc1 (Drosophila homologue) preparations form vesicular 

structures, as assessed using TEM. Moreover, they provided direct evidence of 

Arc mRNA transfer between neurons in the Drosophila Neuromuscular Junction 

in vivo. By generating dArc1 null mutants and comparing their development to 
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wildtype, the authors report that dArc1 transfer is responsible for the rapid activity-

dependent synaptic bouton formation in the last stages of larvae development, 

subsequent synaptic bouton maturation, and activity-dependent synaptic bouton 

formation (Ashley et al., 2018). The conclusion of both studies was that Arc EV 

transfer exerts effects on both development and synaptic plasticity and does so 

in a strictly neuron to neuron manner. 

 

EVs have also been found to modulate the progression of disease in 

neurodegeneration. For instance, EVs derived from interstitial space of murine 

models of Alzheimer’s disease (rTg4510) shared similar physical characteristics 

with EVs derived from healthy brains (Baker, Polanco and Götz, 2016). 

Importantly, the rTg4510-derived EVs not only encapsulated both phosphorylated 

and oligomeric tau, indicating the ability to generate tau seeds, but they were able 

to spread aggregation in a threshold-dependent manner when they were 

administrated in healthy murine recipients (Baker, Polanco and Götz, 2016). 

 

Taken together, EV release displays a physiological function within neuronal cells 

but it remains unclear which neurons utilize the uptake and release of EVs in vivo. 

For more information regarding EV functions in neurons, the reader is referred to 

(Holm, Kaiser and Schwab, 2018). It is worth mentioning that the above literature 

provides evidence suggesting a preferential uptake of neuronal EVs from 

neurons versus glial cells suggesting a cell type specific inter-neuronal 

communication that may apply to the case of inter-photoreceptor communication, 

as seen so far in the transplantation paradigm. Importantly, EVs may represent a 

potential therapeutic tool with clinical applications in utilizing regeneration 

depending on their cargo material.  



83 
 

1.6.3 Cellular processes form bridges of communication 

 

The sections above illustrate a number of ways in which cells share molecular 

information. They may either fuse directly with their neighbour-cells enabling 

direct genetic material transfer in case of cancer cells, release synaptic vesicles 

on the basis of neuronal communication and release EVs to facilitate long range 

communication with specific recipient cells bypassing others. In addition, they are 

also able to shuttle information via processes in a very sophisticated way. Our 

current knowledge indicates that cilia and dendritic spines are sensory organelles 

that are highly concentrated in signalling molecules that enable sensory signals 

and neurotransmission accordingly (Nechipurenko, Doroquez and Sengupta, 

2013) However, recent evidence has revealed that cilia are also capable of 

releasing EVs. Moreover, cells can form highly specialized filopodia, or 

tubulovesicular processes, to enable cell to cell communication. In the following 

chapter I will briefly outline our current understanding of novel modes of 

communication between cells via direct cell-cell connections. 

 

1.6.3.1 Cilia  

 

Cilia are sensory structures formed by microtubules that have evolved into a 

complex signaling center in mammals, providing important sensory functions, 

including photoreception(Pazour and Witman, 2003). In the photoreceptor cell, 

the cilium functions as the major structural connection between the outer and 

inner segment. Furthermore, it serves as a key regulator of molecules and 

vesicles that enter the outer segment. In other mammalian cell types, primary cilia 

serve a key role in development, mostly via facilitating signaling in the Hedgehog 

(Hh) and Wingless (Wnt) pathways (Schock and Brugmann, 2017; Park et al., 

2018; Abdelhamed et al., 2019). In the unicellular alga Chlamydomonas, cilia 

structures are able to release micro vesicles, called ectosomes, during very early 

stages of their development. When these ectosomes were isolated and added to 

hatching-defective mutants, they appeared to transfer vegetative lytic enzyme 

(VLE) and were able to functionally induce hatching (Wood et al., 2013).  
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On the other hand, in C. elegans, the ciliary structures of male-specific B-type 

sensory neurons release ectosomes in an MVB-independent but an intraflagellar 

transport (IFT), kinesin-3 -dependent manner (Wang et al., 2014). In the same 

study, klp-6 mutant males were shown to be defective in ectosome release. 

Finally, the authors reported functional roles for the released ectosomes, as 

treatment of ectosomes to male C. elegans induced locomotion (tail chasing 

behaviour) but the ectosomes do not serve as long-range chemotactic cues 

(Wang et al., 2014). 

 

Finally, as described in chapter 1.3.1.2, in the Prph2rd2/rd2 model of retinal 

degeneration, which lacks peripherin, the outer segment of photoreceptor fails to 

form and as a result a plethora of ciliary ectosomes are found in the subretinal 

space (Salinas et al., 2017). The above studies provide evidence to support the 

idea that the release of such cilia-derived vesicles may be important in various 

processes both in normal development and disease. 

 

1.6.3.2 Dendritic spines and Telodendria 

 

Dendritic spines are fine structures of actin that are found in the dendrites of 

neuronal cells and were first described by Cajal in 1888.  They are cytoskeletal 

protrusions of the post-synaptic neurons, responsible for neurotransmission. 

According to their morphological features, they are classified in four categories, 

as illustrated in Figure 1.10: filopodia, thin, mushroom and stubby. The spine tips 

form electron dense regions enriched with AMPA and NMDA receptors (Palay, 

1956). In the cat retina, the dendritic spines of cells in the GCL undergo drastic 

remodeling during the first days of postnatal development (Wong, Yamawaki and 

Shatz, 1992). Specifically, GCL transient spines are lost when the amacrine and 

bipolar spines start to increase. These spines, although are not able to transmit 

the presynaptic input, may be involved in a process of cellular recognition during 

development (Wong, Yamawaki and Shatz, 1992). In rat cortical cultures the 

amount or spines per dendrite increase until the second week of culture but spine 

morphology also undergoes significant remodeling. In the first week, long, 

headless spines (filopodia) appear but during the second week in culture the 
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spines do not exceed 1-1.5μm in length and the ratio of headless to headed 

spines shifts from 30 to 70 % per dendrite (Papa et al., 1995). 

Since photoreceptors are first order sensory neurons, they do not form dendritic 

spines, although other types of protrusions are formed during development that 

facilitate cell-cell communication. One such example is telodendria: In the larval 

stages of development of the zebrafish, both rods and cones are able to form 

telodendria in vivo, although they are predominant in cones (Noel and Allison, 

2018). The rod telodendria typically converge on other rods, or other cells within 

the photoreceptor layer (Noel and Allison, 2018). Conversely, in the primate 

retina, blue cones were found to have few, if any, short processes that did not 

connect to other cones, while green and red cones had telodendria that 

connected to all cone types (O’Brien et al., 2012). With respect to rescue by 

photoreceptor transplantation, and the associated improvements in visual 

function, Noel and Alison assert that the formation of telodendria is a necessary 

“morphological determinant of integration into the photoreceptor layer; if the 

donor photoreceptors are forming telodendric connections, then they are likely 

communicating with surrounding cells” (Noel and Allison, 2018). 

 

 

 

Figure 1.10 Schematic illustration of cellular processes enabling cellular 
communication.  

From left to right dendritic spine subtypes, ciliary derived exosomes and telodendria contacts in cone 
photoreceptors  
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1.6.3.3 Tubulovesicular processes  

 

1.6.3.3.1 What are they and where are they found? 

 

Historically, thin filopodia protrusions were reported to form in the embryonic cells 

of sea urchin  (Gustafson and Wolpert, 1967). However, they have received 

renewed and significant interest following a seminal publication by Rustom and 

colleagues examining so-called tunneling nanotubes in cancer cells, and 

numerous researchers are now focusing on the functions of these specialized 

filopodia (Rustom, Saffrich, Markovic, Walther and H. H. Gerdes, 2004). Today, 

tubulovesicular processes have been identified across many species. In 

mammals, they have been found in a wide variety of cell types in culture, including 

fibroblasts, epithelial cells, immune cells, and neurons, and have been termed 

tunneling nanotubes (Gurke, Barroso and Gerdes, 2008; Sowinski et al., 2008) 

and in flies, where they have been termed cytonemes (Ramírez-Weber and 

Kornberg, 1999). They have even been described in plants as connections 

between higher plant plastids (Köhler et al., 1997). 

  

The terminology tunneling nanotubes (TNTs) was the name given by Rustom and 

colleagues to describe a new type of cell-cell connection between rat 

pheochromocytoma (PC12) cells in culture. They described TNTs as nano-scaled 

membranous protrusions ranging from 50 to 200 nm in diameter and up to several 

microns long, that contain F-actin but no microtubules (MT) (Figure 1.11) 

However, macrophages (PBMCs) in culture form TNTs that may contain F actin 

and tubulin and can be further subdivided to two categories, type I and type II 

based on their diameter (Onfelt et al., 2004, 2006). Specifically, type I tubes 

contain only actin and are <0.7μm thick, and type II contain actin and 

microtubules and are >0.7μm thick (Onfelt et al., 2006). TNTs are protrusions that 

move freely in the cell culture medium and do not exhibit contacts to the substrate 

(Onfelt et al., 2004, 2006; Rustom et al., 2004; Sowinski et al., 2008). Live cell 

imaging analysis showed that TNTs are transient structures, lasting for minutes 

to several hours, and are proposed to form de novo by one of two different 

mechanisms. In the first mechanism, observed in PC12 and primary neurons, 
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cells protrude a filopodium, which makes contact to the neighboring cells, and 

subsequently converts into a TNT bridge (Wang, Bukoreshtliev and Gerdes, 

2012; Gerdes, Rustom and Wang, 2013). In the second mechanism, as described 

for T cells, normal rat kidney (NRK) and neural crest cells (NCCs), formation of 

TNTs occurs by retaining a thin thread of membrane upon dislodgement 

(Sowinski et al., 2008; Wang et al., 2010). 

 

Importantly, cytoskeletal protrusions, like cytonemes (TNTs in Drosophila), are 

very susceptible to fixation, such as formaldehyde, but even lateral movement of 

the sample may disrupt them, making it very difficult to study them (Ramírez-

Weber and Kornberg, 1999). Transmission electron microscopy showed a 

continuous membrane between two cells, with a seamless transition of the 

surface membrane of the TNT with the plasma membranes of the connected cells 

(Gurke, Barroso and Gerdes, 2008). The documentation of a limited lateral 

diffusion of fluorescent membrane proteins occurring between the plasma 

membranes of TNT-connected cells led to the proposal that TNTs mediate 

intercellular membrane continuity (Rustom et al., 2004; Watkins and Salter, 2005; 

Burtey et al., 2015). 
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Figure 1.11 Electron microscopy of tunneling nanotubes in PC12 
pheochromocytoma cells. 

(A) SEM (B) TEM image of a TNT connecting two cultured PC12 cells. Microphotographs A1-A3 represent 
higher magnifications. (B1) and (B2) represent consecutive 80 nm sections, which demonstrate membrane 
continuity between the connected cells. (C) Bars: 10 μm (A); 2 μm (B); 200 nm (insets A1–A3, B1, B2). 
(adopted with permission by Rustom et al., 2004).  
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1.6.3.3.2 Information exchange by tubulovesicular processes 

 

A plethora of molecular signals may be exchanged through TNTs. In PC12 cells, 

cytoplasmic molecules, such as EGFP-actin, organelles and/or vesicles of 

endocytic origin as well as plasma membrane molecules, such as farnesylated-

EGFP, were all found to travel across TNTs(Rustom et al.,  2004). In immune 

cells, TNTs serve as bridges to exchange MHC molecules and calcium ions 

(Onfelt et al., 2004, 2006; Watkins and Salter, 2005) even HIV and prions 

(Sowinski et al., 2008; Gousset et al., 2009). Surprisingly, TNTs may serve as 

bridges of organelle exchange, as described for mitochondria in neurons (Davis 

and Sowinski, 2008; Abounit et al., 2016). 

 

Analysis of the translocation of endocytic vesicles through TNTs of PC12 or NRK 

cells in culture revealed that vesicles moved in one direction only, with a speed 

in the range of actin-dependent transport (Rustom et al., 2004; Gurke, Barroso 

and Gerdes, 2008; Sartori-Rupp et al., 2019). However, in vivo studies proposed 

that vesicular trafficking in TNTs is bi-directional. During development of zebrafish 

embryos, TNT-like structures connecting epiblast cells were observed to actively 

transfer membrane proteins between distant cells (Caneparo et al., 2011). 

Similarly, it has been shown that a bi-directional, active cytoplasmic transfer 

occurs between neural crest cells of chick embryos through thin cellular 

processes, which results in the re-orientation of the migratory path of NCCs  

(McKinney et al., 2012). 

 

Perhaps one of the most striking discoveries was that TNTs enabled intercellular 

transfer of depolarization signals between NRK cells (Wang et al., 2010). This 

coupling was bidirectional, and its strength depended upon the length and 

number of TNT-connections, as well as connexin 43 (Wang et al., 2010). 

Connexin 43 is a gap junction protein more typically associated with electrical 

coupling. Subsequent studies on different cell types demonstrated that TNT-

dependent electrical coupling is a general characteristic of animal cells with 

functional gap junctions (Wang and Gerdes, 2012). Indeed, TNT-dependent 

electrical coupling has been observed between neural crest cells (NCCs) from 
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quail embryos, where these cells migrate out of neural tube explants in a sheet-

like pattern (Wang et al., 2010; Wang and Gerdes, 2012; Wang, Bukoreshtliev 

and Gerdes, 2012). The migratory cells dislodge from one another at the 

migratory front but remain connected to the cells behind by de novo formed TNT 

bridges Co cultures of primary embryonic neurons from E18 rats with glia cells 

has further shown TNT-dependent electrical coupling between the two cell types 

(Allaman et al., 2011). 

 

1.6.3.3.3 Tubulovesicular process formation in vivo 

 

The molecular mechanisms underlying the formation of tubulovesicular 

processes (TNTs, Cytonemes, etc), though well studied, remain unknown. 

Unsurprisingly, due to the presence of f-actin within these processes, most if not 

all the molecules responsible for actin polymerization, protrusion and stabilization 

(ADF/ cofilin, ROCK, Rho and others) are implicated in the formation of 

tubulovesicular processes. Notably, Latrunculin and Cytochalasin, both blockers 

of actin turnover, are the reagents most widely used to show the disruption of 

tunneling nanotubes in culture (Casella, Flanagan and Lin, 1981; Morton, 

Ayscough and Mclaughlin, 2000). 

 

Depending on the cell type, factors within the extracellular environment may 

facilitate the formation of tubulovesicular processes. For example, ECM 

substrates like fibronectin facilitate the formation of Cytonemes from PBMCs 

(Galkina, Sud’ina and Ullrich, 2001), while oxidative stress promoted by NO 

reactive species also acts as an inducer of TNT formation between human 

neutrophils in culture (Galkina et al., 2005). Although most of our current 

knowledge regarding the molecular signals that promote the formation of these 

processes comes from cell cultures, studies of development of the Drosophila 

wing imaginal disc have demonstrated a dynamic role of cytonemes in the correct 

orientation of cells and their stratification. Similar experiments have carried out in 

zebrafish neural plate development.  
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In zebrafish, like in many vertebrates, the Wnt/β-catenin pathway plays a very 

important role in the formation of the neural plate in early development. Wnt 

molecules are well known to exist in a gradient within the plate but striking recent 

findings suggest that this distribution may be in part due to cytonemes up to 50μm 

or even 100μm long (Stanganello et al., 2015). In keeping, during gastrulation, 

the Ror2/PCP signaling pathway initiates the formation of cytonemes that transfer 

Wnt8a that act on the acceptor cells, triggering Wnt/β-catenin-dependent gene 

transcription, which subsequently affects zebrafish neural plate patterning 

(Mattes et al., 2018).  

 

In Drosophila, Kornberg and Guerrero’s groups have independently 

demonstrated the role of cytonemes in the formation of the morphogen gradients 

that facilitate the development of the epithelia cells of the wing imaginal disk. The 

development of the wing disk is orchestrated by a compartment of A/P cells that 

act as a principal signaling center. Hedgehog (Hh) is produced by the P 

(posterior) cells and it was thought to be released to the A (anterior) cells, in 

response to which they will produce the decapentaplegic (Dpp) protein (Ramírez-

Weber and Kornberg, 1999). The main question that drove this research was that 

the Hh protein is highly lipophilic and thus displays limited mobility yet appeared 

to be distributed to acceptor cells at some significant distance away. By using a 

technique of GFP expression via enhancer trap transponsons,(Ramírez-Weber 

and Kornberg, 1999) were able to visualize for the first time that Hh was 

distributed at significant distances (up to 700μm) via highly specialized filopodia 

extensions that morphologically looked like threads (nemes), such that they 

initially named them as cytonemes. More recently, the same group analyzed the 

mobility of Hh protein in conjunction with Patched (Ptc) and Smoothened (Smo) 

proteins by generating BAC transgenes and were able to show that in cytonemes 

derived from the A cells (acceptor cells), Hh was moving along with Ptc puncta 

(Chen et al., 2017).  By knocking down neuronal Synaptobrevin (nSyb) they 

propose that transport of Hh to the A cells also involves vesicles (Chen et al., 

2017). 

 

Similar observations were provided by Guerrero’s group, who further 

demonstrated that Hh puncta were associated with the release of exosomes by 
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the A/P compartment in vivo (Gradilla and Guerrero, 2013; A. C. Gradilla et al., 

2014).  Correlative light-electron microscopy of the A cells revealed Hh protein in 

MVBs. Live imaging analysis showed that the movement of CD63 GFP puncta 

(exosomes) was co-localized with the Hh puncta, suggesting the involvement of 

the classical tetraspanin route of vesicle formation and release(A. C. Gradilla et 

al., 2014). The authors proposed two mechanisms of that may take place. In the 

first, the cytonemes transport Hh intracellularly either (1) by the fusion of MVBs 

with the plasma membrane and the release of vesicles while the cytonemes are 

elongating, or (2) via smaller vesicles that may be small MVBs that appear to 

travel within the cytoneme. In the second mechanism, they suggest that puncta 

can be shed directly from the cytoneme, as supported by their live imaging 

analysis, which indicated EV release similar to that described from primary cilia 

(A. C. Gradilla et al., 2014). For a more comprehensive view please refer to the 

schematic below (Figure 1.12). 

 

Hh is also important for the development of the Drosophila eye disc, where it is 

secreted by the maturing photoreceptors, thus generating a very discrete 

anatomical boundary between the differentiated (anterior) and undifferentiated 

(posterior) photoreceptors  (Greenwood and Struhl, 1999). Cytonemes have 

been reported to project from the anterior to the posterior photoreceptors, at least 

during the third larva state of the eye disc development (Roy, Hsiung and 

Kornberg, 2011).  Notably, the orientation of the projecting cytonemes was a 

result of response to EGF in vivo (Roy, Hsiung and Kornberg, 2011). Interestingly, 

Kornberg and colleagues demonstrated that FGF is able to induce cytoneme 

formation and that HSPGs are able to support cytoneme projection, in contrast to 

collagen and laminin (Huang and Kornberg, 2016).  
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Figure 1.12 Proposed mechanisms of sharing information via 
tubulovesicular processes. 

From top to bottom, open ends from one or both cells that may support A) unidirectional shuttling of cargo 
and B) bidirectional shuttling of cargo. Closed ends, which have been mostly described in Drosophila 
development, require one type of cell to send a projection towards another (A and B). In both cases either 
the tip of the cytoneme is releasing bioactive (i) or the two cells engage a receptor-coupling mechanism (ii). 
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1.6.3.3.4 Functions of tubulovesicular processes in neurons in vivo 

 

To date, cytonemes have been shown to be organelles that play an important 

role in the orchestration of the development of various tissues in Drosophila, 

including neurons. Recently, their importance in avian neuronal migration and 

pathfinding has also been shown by Kulesa and colleagues. The cranial neural 

crest cells (NCCs) are highly migratory in early embryonic development. The 

compartmentalization of the neural crest occurs by cells being stratified into 

streams to prevent mixing; neural tube closure involves three predominant 

streams r4, r5, r6 (Graham and Begbie, 2000). The NCCs that migrated either 

the r4 and r6 streams were shown to have many filopodia-like protrusions 

connecting them with their neighboring cells (Teddy and Kulesa, 2004). Based 

on filopodia morphology, the NCCs could be subdivided into ‘hairy’ and ‘bipolar’. 

The hairy NCCs’ filopodia lengths ranged from 20μm up to 100μm long, and were 

distributed around all the cell body, whereas the bipolar NCCs’ filopodia were 

usually of similar length, but thick in diameter and were found near the cell body 

and oriented as arches (Teddy and Kulesa, 2004). Time lapse analysis revealed 

a very dynamic pattern with respect to the directionality of movement and 

contacting of the NCCs (Maini et al., 2015). Three patterns were described: In the 

first, the migratory cell extends a protrusion that touches the following cell, and 

the protrusion remains extended in the direction of the following cell. Meanwhile 

more filopodia are extended at the opposite side the leading cell, towards the 

neural tube (or other directions); In the second, the two cells make a bridge, the 

filopodium of the one cell is retracted and the following cell moves away. In the 

third, two cells in close proximity start to move away from each other but are 

initially connected with a filopodium. This initially grows/extends but eventually 

breaks (Teddy, 2004). 

 

The same group also showed cytoplasmic transfer between NCCs via these 

filopodia bridges in vivo with the use of a very elegant photoconversion method 

and optogenetics (Mckinney et al., 2011). The most important finding was that 

the cytoplasmic transfer was bi-directional, but also not equal, between cells and 

occurred faster than passive diffusion (Mckinney et al., 2011). Though the authors 
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did not provide any data towards other molecules that may transferred between 

the connected cells, the photobleaching experiments provided evidence of a 

novel form of communication that can be demonstrated by the shuttling of 

fluorescent reporters (Kulesa et al., 2010; Mckinney et al., 2011; Maini et al., 

2015). 

 

Taken together the functions of filopodia protrusions in either development or the 

migration of the neural tissue, they may serve as processes that are transiently 

extending from the donor photoreceptors to host degenerating ONL within the 

first few hours post transplantation and assemble and disassemble resulting in 

electrical coupling and/or vesicular transfer of photoreceptor proteins and/or 

GFP.  
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1.7 Aims of the study 

 

1.7.1 Hypothesis 

 

In this study, I seek to identify the cellular mechanism underlying cytoplasmic 

material transfer between donor and host photoreceptors following 

transplantation into the diseased eye. We, and others, have hypothesized the 

following molecular events that may occur during this paradoxical mode of 

communication (Pearson et al., 2016, Santos-Ferreira et al., 2016 and Singh et 

al., 2016): 

1. Cell fusion: Donor photoreceptor cytoplasm and or nuclei is classical fused 

to the host photoreceptors, a mechanism that has already been excluded 

in Pearson et al., 2016 and Santos-Ferreira et al., 2016 (Figure 1.13, A). 

2. Acellular way: Donor photoreceptor precursors release molecular 

information encapsulated within extracellular vesicles that can be up taken 

by the remaining host photoreceptor cells (Figure 1.13, B).  

3. Artifact: Dying donor photoreceptors release their content in apoptotic 

bodies or debris that are taken up by host photoreceptors (Figure 1.13, C).  

4. Physical connections: Donor photoreceptor precursors are able to form 

physical contacts that may be atypical in normal development (like 

cytonemes/tunneling nanotubes) and or extend neurites facilitating 

material transfer via physical contact (Figure 1.13, D). 
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Figure 1.13  Schematic representation of proposed mechanisms of 
cytoplasmic material transfer.  

(A) Donor cells exchange fluorescent reporters as a result of membrane fusion. (B) Donor precursors release 
EVs that are up taken and/or fused with the plasma membrane of host photoreceptors. (C) Donor 
photoreceptors release molecular material as a result of cell death upon transplantation (D) Donor 
photoreceptors exchange molecular material by forming processes that serve as cytoplasmic bridges. 
(Green; transplanted donor rod precursors, blue; host adult photoreceptors). 
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1.7.2 Aims of the study 

 

A. Determine whether photoreceptor release extracellular vesicles 

and assess to what extent they can mediate material transfer between 

photoreceptors 

 

Many methods have been developed to isolate and study EVs. I first need to 

develop a robust protocol to culture primary photoreceptors in order to isolate 

cell-specific EVs and identify their phenotype and molecular signature, with 

respect to both markers of Evs and markers known to be transferred during 

material transfer (e.f. rod alpha transducin, recoverin rhodopsin).  

 

Second, to confirm that EVs represent a normal mode of communication in 

photoreceptor development, and not just a byproduct of culture conditions, I will 

seek to provide evidence of the machinery involved in EV generation and release 

(multivesicular bodies, exocytosis, endocytosis events) in the equivalent 

developmental timepoints in the intact retinae in vivo. 

 

Third, by employing the Cre/loxP recombinase system I will perform primary 2D 

co-cultures of Cre+ photoreceptors with dissociated floxed reporter retinal cells 

separated physically with the use of a trans-well. I will compare this effect with 

the appropriate positive (viral transduced cells) and negative controls, and 

alongside by culturing the cells in physical proximity. If transfer is seen using the 

transwell set-up, I will assess the effect of applying purified Cre+ EVs derived 

from Cre+ photoreceptors directly to floxed reporter primary cultures.  

 

In order to show whether this is the molecular mechanism underlying material 

transfer in vivo after transplantation, I aim to inject Cre+ photoreceptor-derived 

EVs into floxed reporter retinae and compare this to the transplantation effect of 

Cre+ photoreceptor cells. 

 

Since apoptotic bodies and or debris produced by necrotic cells constitutes a 

subcategory of EVs, I will transplant UV-irradiated (necrotic/apoptotic) 
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photoreceptors and I will compare these to healthy viable transplanted ones. This 

experiment can provide enough evidence whether material transfer is a biproduct 

of cell death.   

 

B. Determine whether photoreceptor form physical contacts and assess to 

what extent they can mediate material transfer between photoreceptors 

 

In order to show whether photoreceptor precursors can extend typical or atypical 

processes, I will first perform live imaging analysis of the primary photoreceptor 

cultures with the use of cytoplasmic versus membranous reporters. I will further 

characterize these processes structure, mobility, and further examine their 

cytoskeletal features. 

 

Second, I will seek to determine whether these processes form communication 

bridges and are able to shuttle molecular material and/or organelles between 

cells in culture by using live imaging with fluorescent organelles probes 

accompanied with flow cytometry analysis. I also aim to determine the levels of 

exchange in culture and compare that with in vivo. Furthermore, by employing 

pharmacological inhibition of the actin filaments or microtubules I aim to provide 

details of the molecular structure of these processes that mediate molecular/ 

organelle exchange. 

 

Third, to demonstrate these fine structures both in culture and in vivo I aim to 

develop a system of fluorescent reporters tagged in the cell membranes instead 

of the cytoplasm.  With this approach I will also provide evidence of lipid exchange 

in vivo as a result of membrane contacts versus cellular fusion.  
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2.  Methods 

 

2.1 Animals 

 

2.1.1 Mouse lines and maintenance  

 

Mice were maintained in the animal facility at University College London. All 

experiments have been conducted in accordance with the Policies on the Use of 

Animals and Humans in Neuroscience Research, revised and approved by the 

ARVO Statement for Use of Animals in the Ophthalmic Research, under the 

regulation of the UK Home Office Animals (Scientific Procedures) Act 1986. 

Briefly, rodents were maintained on a standard 12/12-hour light dark cycle, 

housed in same sex groups or sustained breeding pairs wherever possible and 

provided with fresh bedding and nesting material and food and water add libitum. 

All animal lines were kept as homozygotes as shown in Table 2.1 with the 

exception of C57BL/6J-Tg(Nrl-cre)1Smgc/J, which were maintained as 

hemizygotes, because the homozygote was proven to be lethal.  
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Strain Details Reference 

“Nrl.gfp+/+” Nrl (neural retina leucine zipper gene) encodes 

retinal transcription factor, an essential factor of 

Rod photoreceptor differentiation. Nrl promoter 

drives expression of EGFP specifically in rod 

photoreceptors and the pineal gland. 

(Akimoto et al., 2006) 

C57BI/6J Wildtype mice Harlan 

Ai9(RCL-tdT)  

or“tdT”or Cre reporter 

TdTomato is expressed upon Cre 

recombination. These Ai9 Cre reporter mice 

have a loxP-flanked STOP cassette preventing 

transcription of a CAG promoter-driven red 

fluorescent protein variant (tdTomato).  

(Madisen et al., 2010) 

Gt(ROSA)26Sortm4(AC

TB-tdTomato,-EGFP)Luo/J  

or “mTmG” or myrRFP 

Expresses myristoylated (membrane-bound) 

TdTomato, which switches to myristoylated GFP 

upon Cre recombination. 

(Muzumdar et al., 2007) 

C57BL/6J-Tg(Nrl-

cre)1Smgc/J or  

“Nrl-Cre” 

In the Nrl-Cre mice Nrl promoter drives 

expression of Cre recombinase specifically in 

rod photoreceptors and the pineal gland. 

(Brightman et al., 2016) 

 

Table 2.1 Mouse lines strains with short description and reference of the 
lab developed.  
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2.1.2 Mouse genotypes 

 

gDNA extraction 

Ear clips were collected, and genomic DNA was extracted following 

manufacture’s protocol (Extracta™DNA Prep for PCR): Briefly, tissue samples 

were added to an appropriate volume of Extraction Reagent (50 μL). Then, 

samples were heated to 95°C for 30 minutes. After incubation, samples were 

allowed to cool to room temperature (RT) and equal volume of Stabilization Buffer 

was added. Finally, 5 μL of extract was used per 50 μL PCR reaction. 

 

PCR 

For the PCR reactions, the volume of the final master mix was adjusted 

depending of the number of samples needed to genotype. PCR reactions were 

performed following the manufacture’s protocol (Promega). Per reaction 1μl of 

gDNA was added, 1μl primer depending on the genotype, 12,5μl of master mix 

and the final volume (25μl) was corrected by water addition. Specific PCR primers 

were designed for each genotype, as described below (Table 2.2). 
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Strain F/R assay Sequence Product 

C57BL/6J-Tg(Nrl-

cre)1Smgc/J or 

NrlCre 

F Mutant  5' 

GCATTACCGGTCGATGCAACGAGTGAT

GAG 3'  

NrlCre+/- 

400bp 

R Mutant  5’GAGTGAACGAACCTGGTCGAAATCAG

TGCG 3’ 

Ai9(RCL-tdT) or 

tdT 

F WT  5’-AAGGGAGCTGCAGTGGAGTA-3’   tdT-/- 297bp 

tdT-/+ 196bp 

297bp 

tdT+/+ 196bp 

R WT  5’-CCGAAAATCTGTGGGAAGTC-3’ 

F Mutant  5’-GGCATTAAAGCAGCGTATCC-3’  

R Mutant  5’-CTGTTCCTGTACGGCATGG-3’ 

Gt(ROSA)26Sortm4(A

CTB-tdTomato,-EGFP)Luo/J 

or “mTmG” 

 

F 

 

Both 

 

5’ CTC TGC TGC CTC CTG GCT TCT 3’ 

mT/mG+/+ 330

bp mT/mGfl/fl  

220bp R Mutant 5’ TCA ATG GGC GGG GGT CGT T 3’ 

R WT 5’ CGA GGC GGA TCA CAA GCA ATA 3’ 

Table 2.2 Primer sequences for mouse genotypes and products sizes 

 

Tubes were placed in the PCR thermal cycler under the following conditions 

shown inTable 2.3. 

 

PCR reaction 

Heated lid 100°C 

Hot start  Disabled 

Denaturation 2 min 95°C 

Reaction 35 cycles of: 30 sec 95°C 

30 sec 60°C 

45 sec 72°C 

Final Extension  5 min 72°C 

Final Hold 10°C 

Table 2.3  PCR reaction conditions 

 

To determine the product size, 10µl of the final reaction was analysed with 

electrophoresis (120V/35 min/400mA) in 1.5% agarose gels (1.5g/100mL TAE 

plus 10µls Safe View) in comparison to a known molecular weight ladder (Hyper 

II Ladder). After completion of the run a picture was taken in ChemiDoc. Figure 

2.1 shows a representative example of the NrlCre (A) and Cre reporter (tdT) 

genotype (B). 

 



104 
 

 

 

Figure 2.1 Gel electrophoresis examples (1,5% agarose) 

Nrl.Cre (A) Samples loaded include, from left to right, water control, WT control, Nrl.Cre+/- male, Nrl.Cre-/- 
female (breeding pair), pup1 (Nrl.Cre +/-), pup2 (Nrl.Cre -/-), pup3 (Nrl.Cre +/-). Positive product fraction 
approximately 400bp.  Cre reporter TdT (B) Samples loaded include, from left to right, marker 1KB, sample 
1 heterozygote; sample 2 heterozygote; sample 3 WT control; sample 4 heterozygote. AThe wild type band 
appears at 300bp and the mutant Ai9 band appears at 200bp. Anticipated results: tdT-/-297bp, tdT-/+ 196bp 
297bp, tdT+/+ 196bp 
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2.2 Photoreceptors primary cell cultures 

 

2.2.1 Retinal Dissection 

 

Retinal dissection was performed as previously described by Pearson et al. 

(2012) with some modifications. Briefly, after cervical dislocation, eyes were 

removed and placed in fresh dissection medium (see below). A small puncture 

was introduced to allow liquid exchange and a pair of forceps was used open a 

small hole at the corneal region. Both pairs of forceps then used to remove the 

cornea from the anterior chamber creating an eye cup. A small cut was made in 

the sclera allowing the retina to be removed from the choroid/sclera and freed 

into the medium. For retinal explant cultures, the lens remained intact, and was 

removed for dissociation. Isolated neural retinae were placed in a 15ml falcon 

tube with fresh dissection medium (10 retinae in 5ml dissection buffer per falcon 

tube) and washed twice with 5ml of dissection medium (Table 2.4). 

 

Dissection medium 

Buffer/ Solvent DMEM/F12 of PBS or HBSS or EBSS no phenol 

red (Invitrogen) 

HEPES 15mM 

Taurine 1mM 

DNAase 0.5U/ml 

Table 2.4 Retinal dissection medium concentrations  

 

2.2.2 Retinal Dissociation 

 

Retinal dissociation was performed using a Papain Dissociation System 

(Worthington), a neural dissociation kit based on the method of (Huettner and 

Baughman, 1986; Pearson et al., 2012) but, for the purposes of primary 

photoreceptor cultures, has been modified as follows. Table 2.5 summarises the 

dissociation kits components reconstitution. 
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Worthington Papain Dissociation Kit components reconstitution 

Buffer/ solvent Sterile Earle's Balanced Salt Solution (EBSS) with 

calcium, magnesium, bicarbonate and phenol red. 

Papain containing L-cysteine and EDTA  

(100 unit/vial) 

The enzyme has been reconstituted with 5.5ml of 

EBSS yields a solution at 20 units of papain per ml 

in 1mM L-cysteine with 0.5mM EDTA followed by 

10min incubation at 37°C is needed to insure 

solubility and activity. The papain solution was 

supplemented with 250 µls of reconstituted 

DNAase solution at a final concentration of 

approximately 20 units/ml papain and 0.005% 

DNase. The solution was maintained at 2-8°C for 

up to 2 weeks. 

Deoxyribonuclease I (DNase 2000 unit/vial) 
DNAase was reconstituted with 0.6ml of EBSS 

yielding a solution at 2000 units of 

deoxyribonuclease per ml. Maintained in vials of 

50µls at -20°C for up to 2 months. 

Ovomucoid protease inhibitor with bovine serum 

albumin  

The inhibitor vial was reconstituted with 32ml of 

EBSS yields a solution of 10mgs of ovomucoid 

inhibitor and 10mgs of albumin per ml. Maintained 

after reconstitution at 2-8°C for 2-3 months. 

Table 2.5 Retinal dissociation kit components reconstitution  

 

The papain/DNAase solution was placed at 37°C for at least 10 min prior to 

incubation with the tissue to activate the enzymes. 5 retinae (P0-P3) were 

incubated in 500µl, or 3-4 retinae (P4-P7 or older) in 700µl of papain/DNase 

solution. Just prior to incubation, the retinae were gently triturated by aspiration 

with a wide tip (1000µl) and depending on the developmental stage the tissue 

required different time to dissolve to a single cell suspension after incubation in a 

water bath at 37°C with the tube firmly closed.  P0-P3 retinae were incubated for 

10min while P4-P7 retinae required 20min incubation. When P15-P45 tissue 

were used, an incubation time of 30min was required and the DNAase 

concentration was doubled to facilitate removal of DNA released from dying cells. 

Discontinuous agitation was required every 5min of incubation at 37°C.   

 

After incubation, the mixture was triturated with a 1000µl tip pipette, allowing any 

remaining pieces of undissociated tissue after trituration to settle to the bottom of 

the tube. More vigorous trituration of neuronal tissue results in a high yield of cells 
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that are spherical and devoid of processes.  The mixture was then centrifuged at 

260 x g for 5 minutes at RT. The supernatant wasdiscarded and the pelleted cells 

were reconstituted with resuspension buffer (2.7 mls EBSS, 300 µls reconstituted 

albumin-ovomucoid inhibitor, and 50 µls of DNase solution), 250µl of 

resuspension buffer was used per 5 retinae. The cell suspension was layered 

over 1ml of albumin-inhibitor solution in a centrifuge tube, to form a discontinuous 

gradient, then centrifuged at 70 x g for 10min at RT. The interface between the 

two layers of the gradient should be clearly visible although minimal mixing at this 

boundary does not affect the results. Dissociated cells pellet at the bottom of the 

tube, membrane fragments remain at the interface. The pellet was then 

reconstituted according to the required application. For example, for flow 

cytometry cells were reconstituted in FACS buffer (PBS without Ca/Mg Invitrogen, 

HEPES 15mM, 1% BSA, 0.005% DNase). Of note, dissociation is strictly 

dependent on the correct reconstitution/maintenance of enzymes. Upon 

reconstitution, all Worthington kit components were used within one week.  

 

2.2.3 Photoreceptor Isolation 

 

Flow Cytometry Isolation based on GFP expression 

Flow cytometry analysis followed by cell sorting is a widely-used technique to 

select specific live cell populations based on their expression of fluorescent 

proteins or based on membranous epitope reactions with fluorescence-

conjugated antibodies. Rod photoreceptor precursors were isolated from Nrl-

GFP+/+ retinae based on GFP expression, compared to wildtype retinae of same 

age. A representative example of the positive population versus control is shown 

in Figure 2.2 below. FACS sorting was performed at the UCL-IoO flow cytometry 

core facility by Dr R. Sampson using a 5-laser BD LSR Fortessa X-20 Analyser 

or acquired and sorted on a 5-laser BD Influx cell sorter, both equipped with 355 

nm (UV), 405 nm (violet), 488 nm (blue), 561 nm (yellow) and 640 nm (red) 

lasers. Prior to cell acquisition, samples were filtered through a 35 µm cell strainer 

to prevent cellular aggregation. Briefly, after dissociation, cells were resuspended 

in FACS buffer at a concentration of approximately 10-30 x 106cells/ml and kept 
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on ice prior to sorting. At conditions that cells were clogging additional DNAase 

was added. 

 

Cells were then washed and re-suspended in fresh FACS buffer, filtered and 

stained with either SYTOX Blue (Thermo Fisher Scientific) at a final concentration 

of 0.3 mM or DRAQ7 (Biostatus) at a final concentration of 0.1 mM just before 

sample acquisition and/or cell sorting. The live cell population was further 

analysed in forward (FSC-A: FSC-H) and side (SSC-A: SS-H) scatter to eliminate 

doublets and to select the single events. Single events were acquired (SSC: FSC) 

and the GFP-positive population was selected by using the laser 488-533/40 

(488-533/40: 561-585/29) as seen in Figure 2.2. Cells were sorted using a 70μm 

diameter nozzle, 50psi pressure fluidics measurements.  

 

Figure 2.2 Representative example of GFP+ sorted photoreceptors.  

Panel A. shows a negative control (cells without GFP expression) and Panel B. shows a representative 
sample of murine embryonic stem cell-derived retinal cells expressing GFP driven by the promoter for Crx 
(CrxGFP mESCs). Both panel populations are of the same developmental age (d26 in culture). 
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Magnetic Separation based on CD73 expression 

The principles of magnetic separation of epitopes recognized by antibodies has 

been widely used in molecular biology e.g. immunoprecipitation assays for 

cellular extracts. Here, magnetic separation based on the same principle was 

employed in order to isolate a specific cell population based on the 

immunoreactivity of CD73 (Eberle et al., 2011, 2014; Lakowski et al., 2011). 

 

In the experiments involving primary photoreceptor cultures, photoreceptors were 

isolated using a protocol based on those described by (Lakowski et al., 

2011)using APC-conjugated CD73, which immuno-reacts with anti-APC 

magnetic beads (Miltenyl) and sorted with a MACSQuant® Analyzer (Miltenyl). 

Briefly, after dissociation, cells were re-suspended into dissection buffer at a 

concentration of 107 cells per 100µl. Primary anti-mouse-CD73 APC-conjugated 

antibody (Miltenyl) was added to the cells at a concentration of 1μl Ab/106 cells 

for 20-30 minutes at 4C, before being diluted in 5mls of dissection buffer and 

centrifuged for 10min at 260 x g at 4C. The supernatant was discarded, and the 

cell pellet was resuspended in anti-APC solution (20µl anti-APC-Microbeads and 

80µls dissection buffer) and incubated for 20 minutes at 4C. The samples were 

subsequently made up to 5mls with FACS buffer and loaded into the 

MACSQuant® Analyzer, selecting the “Positive selection sensitive” programme 

for magnetic separation. CD73+APC Photoreceptor precursors are found in the 

second eluate, with the first (negative) eluate comprising the fraction of all other 

retinae cells. The positive fraction was centrifuged immediately at 160 x g for 20 

minutes at 4°C. 
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2.2.4 Primary culture Coating  

 

Poly-D-lysine (PDL) 

Sterile plastic tissue culture high-binding 6-well plates were pre-coated with Poly-

D-lysine. Poly-D-lysine is a positively charged amino acid polymer with 

approximately one HBr per lysine residue. A Poly-D-lysine solution was made by 

reconstituting PDL-HBr powder (Sigma, UK) in 50ml distilled sterile water in a 

solution of 5mg/ml. A working solution of a dilution 1 to 5 in sterile water was 

applied fresh to TC dishes (1ml/well), allowed to bind for 5 minutes at RT and 

then aspirated and air dried for 20-30 minutes in a TC hood. Dishes were then 

washed once with sterile, distilled water. After coating, different proteins were 

applied to facilitate neuronal outgrowth. 

 

Laminin 

Laminin solution (Sigma) was made up at a concentration of 1mg per 50ml of 

PBS and maintained at 4°C for up to one month. Laminin solution was applied to 

dishes after the application of the PDL, as described above, and then incubated 

for 3-19hrs at 37°C in a Tissue Culture (TC) incubator. Any remaining solution 

was removed by aspiration. 

 

Fibronectin 

Fibronectin solution (Sigma) was made up at a concentration of 2mg per 50ml of 

PBS and maintained at 4°C for up to one month. Fibronectin solution was applied 

to the dishes after the application of the PDL as described above, and then 

incubated for 3-19hrs at 37°C in a TC incubator. Any remaining solution was 

removed by aspiration. 
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2.2.5 Photoreceptor plating and maintenance  

 

Photoreceptor tissue cultures were maintained in high density plating of 1 x 107 

cells per 10cm2 dish or per 6-well plate. Lower cell numbers and higher have 

tested varying from 1 x 106 to 3 x 107 cells per 10cm2 dish. The composition of 

cell culture medium for secretome and EV studies is very important and it is 

essential that it be free from serum and serum-containing supplements, such as 

B27 or N2 (Théry et al., 2018).  Thus, establishment of a chemically-defined (CD) 

medium was important for primary photoreceptor culture maintenance. Due to the 

special needs of photoreceptors, in conjunction with the serum free requirements, 

the final chosen maintenance media recipe as shown in Table 2.6. In order to 

maintain primary photoreceptor cultures for extended durations, I established a 

new photoreceptor medium as shown in Table 2.7 where the main buffer was 

switched to BrainPhys. 

 

 Chemically Defined Medium_OLD Concentrations 

DMEM-F12 Bicarbonated (Invitrogen), 

no phenol red 

(Invitrogen) 1X 

HEPES 15mM 

100X ITS (1.0 mg/ml recombinant 

human insµlsin, 0.55 mg/ml human 

transferrin (substantially iron-free), 

and 0.5 μg/ml sodium selenite)  

Diluted from 100X to 1X 

Taurine 1 mM 

Retinoic Acid 500nM 

KCL 2.5mM 

Antibiotics Pen/ Strep 1000mg/ml 

(Sigma) 

Diluted from 100X to 1X 

Table 2.6 Old photoreceptor medium  
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Chemically Defined Medium_NEW Concentrations 

BrainPhys™ Neuronal Medium no phenol red  STEMCELL Technologies Inc. 

HEPES 15mM 

100X ITS (1.0 mg/ml recombinant human insulsin, 

0.55 mg/ml human transferrin (substantially iron-

free), and 0.5 μg/ml sodium selenite)  

Diluted from 100X to 1X 

Taurine 1 mM 

BSA 1-3% 

Antibiotics Pen/ Strep 1000mg/ml (Sigma) Diluted from 100X to 1X 

Table 2.7 New photoreceptor medium  

 

Photoreceptor primary cultures were maintained in CD medium and incubated at 

37 °C, 5% CO2. Medium was changed every 72hrs and viability was measured 

every day in trypsinized cells with the use of Trypan Blue staining for membrane 

integrity (0.4% stock solution diluted 1:1 with the cell suspension). 

 

2.2.6 Trans-well coculture system of dissociated photoreceptor with retinal cells 

 

To perform photoreceptor-retinal cell co-cultures, I used a transwell insert system 

where retinal cells were plated in the bottom of a 24well plate pre-coated with 

PDL at a density of 3 - 4 x 105 cells per well. The retinae cells that plated at the 

bottom of the dish were allowed to recover for 8-19 hrs, before the medium was 

changed and photoreceptor cells were added on top of them at a trans-well insert 

(0.4um pore diameter, Millipore) at a density of 1 x 106 cells/insert. For long term 

co-cultures (21 days), the CD ‘old’ medium was used, as described in Results 

Chapter 4.1, but was additionally supplemented with 2% FBS (filtered with 

0.22um pore PVDF filter Millipore). For EV isolation from these cell populations, 

no serum was added. 
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2.3 Retinal 2D cultures 

 

Retinal cultures prepared as described above simply by skipping the step of 

photoreceptor isolation. Plating conditions and maintenance remained the same 

as with photoreceptor enriched primary cultures. 

 

2.3.1 DiI/ DiO co-culture experiment 

 

Retinae cells from P4-P6 developmental stage were dissociated and labelled with 

DiI or DiO lypophylic tracers (Thermofisher, 1ul per 1000000 cells). The cells 

were incubated in a cell suspension at 37C for 15minutes in culture medium and 

then simultaneously washed by centrifugation (300xg, 5min, RT) for 4 times with 

PBS every time in new clean tubes. Both populations were mixed in a ratio 1:1 

and plated in 6 well plastic dishes (2,000,000 cells/well) precoated with PDL and 

fibronectin. Single stained controls and unstained retinae were also kept in 

separate wells for over a period of 3-4 culture days. The cells allowed to recover 

overnight and the next day specific inhibitors were added to the culture medium 

in the appropriate concentrations. Since all the inhibitors were dissolved in 

DMSO, the control sample was supplemented with the equivalent dose of DMSO 

(vehicle control). After the incubation of 3-4 days in culture the cells were 

trypsinized (Trypsin EDTA 0.05%, Invitrogen) and trypsin was blocked with 10% 

BSA (Sigma) in EBSS (Gibco). The cells were washed once by centrifugation, 

resuspended in FACS buffer (PBS, 0.05% BSA, 50mM HEPES and DNAse) 

containing CD73PE-Cy7 Biolegend antibody in a dilution 1/300 ul (1,000,000 

cells) and immediately transferred in polypropylene FACS tubes on ice. Single 

stain controls and compensation controls were also used to set up the lasers of 

the cytometer (Fortessa BD). The samples acquired with FACS Diva software 

and analysed with FlowJo (LLC) program. 
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2.3.2 NrlGfp/myrRFP cocultures 

  

Retinae cells from P4-P6 developmental stage were dissociated by both 

genotypes. Both populations were mixed in a ratio 1:1 and plated in 6 well plastic 

dishes (2,000,000 cells/well) precoated with PDL and fibronectin. Single stained 

controls and unstained retinae were also kept in separate wells for over a period 

of 1-8 culture days. After the incubation of 3-4 days in culture the cells were 

trypsinized (Trypsin EDTA 0.05%, Invitrogen) and trypsin was blocked with 10% 

BSA (Sigma) in EBSS (Gibco). The cells were washed once by centrifugation, 

resuspended in FACS buffer (PBS, 0.05% BSA, 50mM HEPES and DNAse) and 

immediately transferred in polypropylene FACS tubes on ice. Single stain 

controls were also used to set up the lasers of the cytometer (Fortessa BD). The 

samples acquired with FACS Diva software and analysed with FlowJo (LLC) 

program. 
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2.4 Retinal explant cultures and electroporation 

 

The retinae from early postnatal (P0-1) mice were dissected out in serum-free 

medium (SFM), and all non-neural retinal tissues, with exception of the lens, 

which was left in place, were removed. The retinae were then placed lens side 

down on 0.2 µm polycarbonate trans-wells (Millipore, USA) and cultured at 37°C 

/ 5% CO2 in SFM / 5% fetal calf serum. Every other day the medium was replaced 

with a 1:1 mix of old and freshly made SFM / 5% fetal calf serum (Table 2.8). 

 

Serum-free medium (SFM) 

Main Solvent Invitrogen 1:1 DMEM/F-12 supplemented with L-glutamine 

HEPES ThermoFisher Scientific, USA 15 mM 

Taurine Sigma, USA 1 mM 

Antibiotics ThermoFisher Scientific, USA 50 units/ml penicillin / 50 µg/ml streptomycin 

Table 2.8 Retina explant medium  

 

In vitro electroporation was performed following the retinal electroporation 

protocols established by the Cepko lab (Matsuda and Cepko, 2004; Hsiau et al., 

2007). After dissection, retinae were washed and carefully transferred with 

custom made wide bore pipette tips into an electroporation cuvette with 2 mm 

gap size (BTX, USA) containing a 1 µg/µl plasmid DNA solution in PBS. The 

tissue was orientated within the cuvette such that the apical and vitreal sides of 

the retina were aligned with the cuvette electrodes; the apical surface was 

juxtaposed to the anode for optimal electroporation efficiency (Matsuda and 

Cepko, 2004). Using a pulse generator (model ECM 830, BTX, USA), the retinae 

were then electroporated with 5 x 30 V square pulses of 50 ms duration and with 

950 ms intervals. Subsequently, the electroporated retinae were allowed to 

recover for 5 min in SFM pre-equilibrated at 37°C / 5% CO2. This was followed 

by an additional 5 min recovery step in pre-equilibrated SFM supplemented with 

5% fetal calf serum (ThermoFisher Scientific, USA). The tissue was maintained 

in culture, as described above, for 3-10 days (DIC). Plasmid maps are provided 

in Figure 2.3 
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Figure 2.3 Plasmid maps for retinal electroporation (addgene).  

A. pCMV.EGFP.CD63 seq#62964 Paul Luzio Lab., unpublished B. pCMV.lysoHluorin seq#70113 (Rost et 
al., 2015), C. pCMV.mCherry.Tsg101 seq#148006 (Lee et al., 2008). 
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2.5 Confocal live imaging of cytoskeleton dynamics of cultured photoreceptors 

 

2.5.1 Fluorescent Probes: 

 

Live imaging of the dynamics of endosomes/lysosomes and the cytoskeleton of 

primary photoreceptor cultures performed with the use of novel fluorogenic 

probes (SiR-actin, SiR-tubulin, SiR700-lysosome) that have been described in 

Lukinavicius et al. (2013, 2014), and purchased from Cytoskeleton, Inc. 

 

SiR-actin is a fluorogenic, cell permeable and highly specific chemical compound 

that its molecular design is based on the F-actin binding natural product 

jasplakinolide. SiR-actin stains endogenous F-actin and emits in the far-red 

wavelengths. It was imaged with standard Cy5 filter sets with optimal excitation 

650 nm and emission 670 nm. The product MW 1241.6 g/mol was dissolved in 

50μl of anhydrous DMSO to make a 1 mM stock solution. This was further diluted 

in the cell medium (phenol red free) in the dilution of 1:5000 supplemented with 

10μM verapamil, a broad-spectrum efflux pump inhibitor.  

 

Similarly, SiR-tubulin is based on the fluorophore silicon rhodamine (SiR) and the 

microtubule binding drug Docetaxel. Sir-tubulin allows the labelling of 

microtubules in live cells and was dissolved and used in the exact same 

conditions as mentioned for SiR-actin above. 

 

SiR700-lysosome fluorescence is based on the silicon rhodamine (SiR) 

fluorophore analogue SiR700 and the cathepsin D binding peptide pepstatin A. 

SiR700-lysosome allows the labelling of lysosomes. The product MW 1262.7 

g/mol was dissolved in 35μl of anhydrous DMSO to make a 1 mM stock solution. 

Similarly, to what mentioned above, with final dilution of 1:3000 supplemented 

with 10μM verapamil. It was imaged with standard Cy7 filter sets. Whereas, 

excitation was 630 to 640 nm light for both SiR700 and SiR emission 650-700 nm 

(SiR channel) and 700-770 nm (SiR700 channel).  A small bleed-through of SiR 

into the SiR700 channel, and vice versa, may be observed.All probes were 

compatible with GFP, mTmG and Hoechst fluorescent filter settings. 
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2.5.2 Staining and imaging protocols 

 

Cells were grown in 12mm glass bottom dishes, and after 2 days in culture, the 

culture medium was replaced with staining solution, which comprised the culture 

medium and the diluted fluorescent probe, supplemented with the verapamil 

inhibitor. The cells were then returned to the incubator and the 

cytoskeletal/organelle dynamics were ready to be visualized after 3 hours of 

incubation at 37°C.  

 

The samples were then visualized using a Leica TCS SP8 confocal microscope, 

with the use of an immersion oil 63X lens scan resolution 1024 x 1024 with 

bidirectional scanning on to make imaging faster, time-lapse duration 40minutes 

with 5-8minutes interval depending on the number of fluorophores used, step size 

0.33-0.5 μm.  Images were acquired with the Leica LASX software followed by 

post-hoc analysis using ImageJ. Applied deconvolution post acquisition was 

performed with HyVolution software. 
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2.6 Methods to study extracellular vesicles (EVs)  

 

As detailed in the Introduction, extracellular vesicles (EVs) are lipid bilayer 

rounded structures that may be secreted by cells through various mechanisms. 

Regardless of the mechanism of production and release, they can be found in, 

and enriched from, tissue culture supernatants and tissue matrixes. Many 

methods for EV enrichment in culture supernatants have been described, with 

varying degrees of reliability. However, the gold standard methodology remains 

one of sequential ultracentrifugation (see International Society of Extracellular 

Vesicles position statement, 2017).    

 

2.6.1 Methods of EVs enrichment from primary culture supernatants 

 

EVs were isolated by differential ultracentrifugation, as described by Thery et al. 

(2006). To date, studies of EVs have predominantly focused on the analysis of 

the 100K fraction of cell culture supernatants, although a recent publication has 

shown that EVs can also be found in lower speed pellets (Kowal et al., 2016). 

Here, EV isolation was based on the protocol described by Thery et al., (2006), 

with the modifications proposed by Kowal et al. (2016). Conditioned medium (CM) 

was collected every 48hrs for 5 days from primary photoreceptor cultures or 

mESC-derived EBs grown under 3D retinal differentiation conditions. EVs were 

enriched with the following steps: 

 

1. Pooled CM from a given culture was centrifuged at 160 x g for 15min and 

then at 300 x g for 10 min at 4°C to pellet cells. The pellet at this stage 

(0.3K pellet) contains cells and large debris and was excluded from the 

study.  

2. The supernatant was transferred with a pipette under sterile conditions in 

a new falcon tube and further centrifuged at 2,000 × g for 20 min at 4°C in 

a swing bucket rotor Beckman centrifuge. After this centrifugation, the 

supernatant was removed and transferred in a clean falcon and the 

remaining pellet (2K pellet) transferred to a new tube and further washed 
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with 20ml sterile EM grade PBS (Invitrogen) before centrifuging at 2,000 × 

g at 4°C for 10min and resuspended in 20µl sterile EM grade PBS 

(Invitrogen). Thus, this step yields a 2K pellet and a 2K supernatant 

obtained. 

3. The 2K supernatant was further centrifuged in a fixed angle rotor Beckman 

centrifuge for 60 min at 11,000 × g at 4°C. At the end of this centrifugation 

step, the supernatant was transferred to clear µultracentrifugation tubes 

and the pellet was resuspended in PBS and washed with 20ml sterile EM 

grade PBS and spun at 11,000 × g at 4°C for 10min. As above, this step 

yields a 10K pellet and a 10K supernatant. 

4. The 10K supernatant was further enriched with ultracentrifugation for 

120min at 100,000 x g (25,000rpm= 100K pellet) at 4°C in a swing-bucket 

SW32 rotor (Beckman, UCL, LMCB, Paluch Lab). A glacial colour pellet (if 

obvious) was then transferred in 4ml sterile EM grade PBS and further 

washed for 60 min at 100,000 x g (45,000rpm= 100K pellet) at 4°C in a 

fixed-angle A-900 rotor (Beckman UCL, IoO, Haart Lab), and finally 

resuspended in 50-100µl, depending on the starting cell material. The two 

different rotors allow for sequential reduction in sample volume since the 

first rotor has the capacity of spinning 30mls per sample and the second 

one, 4mls per sample. 

5. Samples were stored at 4°C for up to 2 weeks, at -20°C for up to 2 months 

or at -80°C for long term storage. 

 

2.6.2 Method of EV enrichment from primary tissues 

 

Fresh or previously frozen murine retinae or mESC-derived EBs (10-14 retinae 

or approximately 96 mouse EBs) were dissected and treated with 20 units/ml 

papain (Worthington) in EBSS (Springfield, IL) for 15 minutes at 37°C. The tissue 

was gently homogenized in 2 volumes of cold EBSS. The resulting homogenate 

was filtered through a 45-μm mesh filter (BD Biosciences). The filtrate was 

processed as described in Section 2.5.1 and the 2K, 10K and 100K pellets were 

collected. 
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2.6.3 Biophysical Characterisation of EVs fractions with Dynamic Light Scattering 

 

Dynamic light scattering (DLS) is the technique by which particle size can be 

determined by measuring the random changes in the intensity of light scattered 

from a suspension or solution. This calculation is measured automatically by the 

DLS instrument. Due to the importance of DLS as an optical method of EV 

detection, I will briefly describe the principle of this method below. 

 

2.6.3.1 DLS Principle 

 

The principle of this technique is based on the ability of small particles in 

suspension to undergo random thermal motion, known as Brownian motion. 

Brownian motion is modelled by the Stokes-Einstein equation (see [a], below) 

where viscosity and temperature of the liquid solvent are important parameters. 

The smaller the particle, the faster it moves. As particles undergo Brownian 

motion, they cause intensity fluctuations of scattered light. By these fluctuations, 

we can obtain the relative size distribution by applying a mathematical algorithm 

of light-scattering theory. 

 

A vesicle can illuminate light that is partly absorbed and partly scattered. The 

quantity of light scattered by a single vesicle is proportional to the scattering 

cross-section r parameter. Scattering cross-section r, can be calculated by the 

Rayleigh approximation (see [b], below), only if the diameter is at least 10 times 

smaller than the wavelength. The laser source will illuminate the sample at a 

wavelength of 532 nm, whereas the Rayleigh approximation will be 532/10 = 53.2 

nm (c), size of small EVs. The volume of the particles can be determined by Mie 

Theory, providing exact predictions of the absorption and scattering of light from 

spheres with arbitrary diameter and refractive index (Van Der Pol et al., 2010).  
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To conclude, DLS performs well in the size determination of monodisperse 

samples. In contrast, size distribution of polydisperse samples (many particle 

sizes) is less accurate, as the measured size distribution is highly influenced by 

the presence of small numbers of larger particles which scatter more light than 

small vesicles (Van Der Pol et al., 2010). The maximum value of the distribution 

is arbitrarily set to 1, as the concentration is unknown. As such, because larger 

vesicles scatter light more efficiently than smaller ones, the smallest become 

undetectable, and the distribution shifts to larger diameters. Finally, the results 

strongly depend on the applied mathematical algorithm so the two populations 

can only be resolved if the particle diameter differs at least two-fold.  

 

Other techniques such as Nanoparticle tracking analysis (NTA) (a combination of 

DLS with a conventional microscope) or F-NTA (fluorescent labelling of small EVs 

with lipophilic tracers analysed by their fluorescent properties in a fluorescent 

microscope) show similar limitations in providing absolute numbers of 

polydisperse samples, such as EV preps. From all the above techniques, Raman 

spectroscopy might be the most promising method of vesicle quantification 

mostly due to the fact it is based on measuring the molecular vibrations that can 

cause energy gain or loss during a scattering event. These vibrations are 

detected by a spectrometer with the advantage of learning the chemical 

composition of the EVs (van der Pol et al., 2010). 
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2.6.3.2 DLS Technical Aspects 

 

All measurements were taken with Zetasizer Nano ZS (Malvern, UK). Briefly, 

samples allowed to equilibrate from 4C to 25C. Light from the laser light source 

illuminates the sample in the cell. The scattered light signal is collected with one 

of two detectors, either at a 90 degree (right angle) or 173 degree (back angle) 

scattering angle (van der Pol et al., 2010).  Particles dispersed in sterile PBS EM 

grade in dilutions varying from 1:2 to 1:100. A first calibration with PBS is not 

always required. Liquid refractive index and viscosity values for 25C are viscosity 

of 0.8882 cPoise, refractive index of 1.33 and dielectric constant of 79.0. The 

scattering intensity at a specific angle will fluctuate with time, and this is detected 

using a sensitive avalanche photodiode detector (APD). The intensity changes 

are analysed with a digital autocorrelator, which generates a correlation function. 

This curve can be analysed to give the size and the size distribution. All data 

generated (PDI, size intensity, volume with Mie Theory) were saved in excel files 

and plots were generated with GraphPad Prism. 

 

A control experiment of DLS in HEK exosomes provided by SBI is shown in 

Figure 2.4, below. Note that volume distribution is not accurate from this plot since 

cholesterol molecules (10nm diameter) can precipitate and interfere with the 

calculation, nonetheless the intensity plots (left) identify distinct populations at 

50nm, 110nm and 1000nm (dust particles fluctuate at >1000nm). Due to an 

excess of 10nm particles in the sample, the volumes corresponding to the other 

intensities cannot be distributed.  
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Figure 2.4 DLS analysis of control commercially-available HEK exosomes 
(SBI) after ultracentrifugation.  

The left DLS plot depicts the intensity versus diameter distribution whereas the right DLS plot the volume 
distribution using Mie theory. PDI= 0.870. Dilutions of sample 1 in 2 and 1 in 4 are like undiluted sample. 

 

2.6.4 Transmission Electron Microscopy of EV samples 

 

TEM enables a spatial resolution can be lower than 1nm, making it possible to 

determine the size and morphology of small EVs, which can be used to confirm 

the DLS measurements. Briefly, fresh samples of 2K, 10K, 100K pellets were re-

suspended in a small volume of PBS after ultracentrifugation (approx. 20µl). 10µl 

of each EV sample was placed on a sheet of parafilm. Formvar-carbon coated 

EM grids (Agar scientific) were placed on top of the sample solution with clean 

forceps and incubated for 1min in each solution. The grids were then transferred 

in 100µl of dH2O and allowed to wash for 2 min. This was repeated five times. 

Finally, the grids were transferred to 50µl of 1% uranyl-acetate solution (pH=7) 

for 5min, before removing and the excess fluid was gently absorbed with a 

Whatman filter paper. Grids allowed to air dry for 5min and stored in appropriate 

grid storage boxes. Grids were analysed using a JEOL 1010 Transmission 

Electron Microscope (80 kV), fitted with a digital camera for image capture.   
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2.7 Methods to study Multivesicular Bodies in retinal tissue  

 

2.7.1 Colloidal gold treatment to reveal MVBs in retinae explants 

 

Retinae from P0, P7 and P45 developmental timepoints were dissected and 

maintained in culture, as described previously in Section 2.2.6, with the lens 

inside. Three hours post dissection and equilibration to the culture media, 

5nmBSA-Au solution (kindly provided by Dr Emily Eden) was added to the culture 

medium, which was supplemented with 10% FBS in the dilution of 50:50 on the 

top and the bottom of each trans well containing a retina. The tissue was then 

incubated for 19hrs with the colloidal gold solution at 37°C. Negative controls of 

retinae processed in the same way but without colloidal gold were also collected. 

(Eden et al., 2016) 

 

2.7.2 Preparation of retinae explants and retinae cups  

 

Sample preparation was performed by Dr Matt Hayes. The presence of MVBs 

was examined in postnatal and adult retinae explants cultured for 1 day in 

transwell-PVDF-inserts of 0.4um pore diameter. Eyes were fixed in Karnovsky’s 

Glutaraldehyde solution (3% glutaraldehyde / 1% PFA buffered to pH 7.4 with 

0.08 sodium cacodylate-HCl). The cornea and lens were removed, and the eye-

cups orientated and processed, as previously described (Section 2.4.1). Eyes 

were washed for 15 min in 2.5% glutaraldehyde and 0.1 m cacodylate buffered 

to pH 7.4, before being osmicated for 2.5 hrs in a 1% aqueous solution of osmium 

tetroxide in the dark. Samples then underwent a series of dehydration steps 

through an ascending ethanol series (50–100%, 10 min per step with rotation). 

After three changes of 100% ethanol, specimens were passed through propylene 

oxide (3 x 10 min) and left in a 50:50 mixture of propylene oxide and araldite for 

a minimum of 3 hrs with rotation at RT. Following a single change to fresh araldite 

(5 hrs with rotation) the specimens were embedded and cured for 48 hrs at 60°C. 

Semi-thin (0.7 μm) and ultra-thin (0.07 μm) sections were cut using a Leica ultra-

cut S microtome fitted with an appropriate diamond knife (Diatome histoknife 
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Jumbo or Diatome ultra-thin respectively). Ultra-thin sections were collected on 

copper grids (100 mesh, Agar Scientific, UK) and contrast-stained with 1% uranyl 

acetate and lead citrate. Finally, grids analysed using a JEOL 1010 Transmission 

Electron Microscope (80 kV), fitted with a digital camera for image capture.  

 

2.7.3 Toluidine Blue staining and histology 

 

650 nm ‘semi-thin’ sections were cut from embedded specimens and dried-down 

onto glass slides followed by staining with 0.5% Toluidine Blue in 2% di-sodium 

tetraborate and imaged using differential interference contrast on a Zeiss 710 

confocal microscope. 

 

2.8 Scanning Electron microscopy of Photoreceptor cultures  

 

Sample preparation was performed by Dr Matt Hayes. For this purpose, the cells 

were cultured in glass coverslips or 0.4micron PVDF trans-wells (Millipore). It is 

worth mentioning here that the material of the membrane is crucial as 

nitrocellulose will disintegrate in the presence of methanol during the sample 

preparation. The cultured cells were allowed to recover for 3 days as described 

in Section 2.2.5 and then washed with HBSS with Ca/Mg (Invitrogen) and then 

fixed overnight with in Karnovsky’s Glutaraldehyde solution (3% glutaraldehyde / 

1% PFA (sigma, UK) buffered to pH 7.4 with 0.08 sodium cacodylate-HCl). The 

samples then osmicated and dehydrated as described above and further 

dehydrated by rapid immersion in hexamethyldisilazane (Sigma-Aldrich, USA) for 

2 min, then were allowed to dry on a conductive carbon-tab on an aluminium SEM 

stub. The sample was ‘back-filled’ with silver paint to promote conductivity, 

allowed to dry for 2 h in a desiccator and platinum-coated (1.5 nm) in a sputter-

coater (Cressington 108 auto, Cressington, UK). Samples were examined using 

a Zeiss Sigma SEM using both in-lens and VP-back scatter detectors (Zeiss, 

Germany). 
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2.9 Molecular characterization of retinal tissue, photoreceptor cells and EVs 

 

2.9.1 Western Blotting  

 

Lysate preparation  

 

EV pellets, cells or retinal tissues were harvested in ice cold PBS, with no Ca/Mg, 

washed once and lysed on ice with Radioimmunoprecipitation assay (RIPA) 

buffer (10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 1% Triton X-100, 0.1% sodium 

deoxycholate, 0.1% SDS, 140 mM NaCl,1 mM PMSF, Invitrogen, USA) 

supplemented with 1% (v/v) protease inhibitor cocktail (PIC) (Sigma, USA) as 

shown in Table 2.9. Further mechanical disruption occurred with sonication 

4x10sec on ice. Lysates were allowed to recover on a rocking plate for 30minutes 

at 4C. 5µls of supernatant was used for protein estimation with a DC Assay 

(BioRad, USA), according to manufacturer’s instructions. 

 

SAMPLE CELL NUMBER Volume RIPA 

+ Inhibitors 

Whole retinae (X3 independent eyes) For approximately 30-40x10^6 cells  300µls 

MAC sorted with CD73APC 

Photoreceptors 

10-20x10^6 cells 50-100µls 

Whole CrxGFP EBs (1well of 6 well 

plate=40-48EBs) 

20-30x10^6 cells 100-150µls 

FAC sorted CrXGFP Photoreceptors 10-20x10^6 cells 50-100µls 

2K, 10K, 100K EV pellets  10-20x10^6 cells 20µls 

Table 2.9 Volume of RIPA buffer for lysates 

 

For Western blotting, further denaturation of cell lysates occurred with the 

addition of 5% beta-mercaptoethanolin in 1X Laemmli sample buffer (40% 

Glycerol, 240 mM Tris/HCl pH 6.8, 8% SDS, 0.04% bromophenol blue) and 

incubation at 95°C for 5 minutes. Samples were spun down and loaded into an 

acrylamide gel gradient of 4-15% for SDS-PAGE analysis.  
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Protein Estimation  

 

The Bio-Rad DC Protein Assay is a colorimetric assay for protein concentration 

following detergent solubilisation. It is based on the Lowry assay with several 

improvements. As with the Lowry assay, proteins with aromatic residues affect a 

reduction of the Folin reagent by loss of 1, 2, or 3 oxygen atoms, thereby 

producing one or more of several possible reduced species, which have a 

characteristic blue colour with maximum absorbance at 750 nm and minimum 

absorbance at 405 nm. The Microplate Assay Protocol was performed as follows:  

 

Working reagent A’, an alkaline copper tartrate solution, was prepared with the 

addition of 20 μl of reagent S to each ml of reagent A. 5 dilutions of BSA protein 

standard were prepared, containing from 0.1 mg/ml to 1.5 mg/ml protein in RIPA 

buffer+ Inhibitors (R^2=0.999 to estimate y=ax+b). 5 μl of standards and samples 

were pipetted into a clean, dry microtiter plate. Samples supplemented with 25 μl 

of reagent A' into each well, and then topped up with 200 μl reagent B. Lysates 

allowed to interact with the reagents for 15 minutes in dark, at 25°C and then 

absorbance read at 750 nm. For Western Blotting analysis 10-50ug/ well of 

protein extracts were loaded into the gel, while for Dot Blot filter trap assay, 1-

5ug/dot was loaded. 

 

SDS-Page electrophoresis  

 

Proteins were separated according to their molecular weight in precast 

polyacrylamide gels 4-15% (BioRad, USA). Anion charge with SDS Running 

buffer (25 mM Tris, 190 mM glycine, 0 .1% SDS) facilitates protein separation in 

a voltage of 180-220V that was applied for 40min-1hr, depending on protein 

mobility across the gel.  
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Transfer 

 

After the end of electrophoresis, proteins were wet-transferred into PVDF 

membranes (pore size of 0.45um) (Millipore, USA) with Transfer buffer (25 mM 

Tris, 192 mM glycine, 20% (v/v) methanol). PVDF membranes were pre-activated 

with 100 % methanol for 2 minutes and washed with dH2O and equilibrated in 

transfer buffer. The transfer cassette was assembled by sandwiching the gel and 

PVDF membranes in between the filter papers and foam pads and proteins 

allowed to transfer at a current of 100mA for 3 hours at 4°C.  

 

Immuno-Blotting 

 

Immediately after transfer, the membranes were placed in blocking buffer (Tris-

buffered saline (TBS) with 0.05% Tween 20 with blocking agent 5% milk or BSA 

depending on the antibody manufacturer’s instructions and incubated either for 1 

hr at RT with agitation. Primary antibodies were diluted in the blocking solution, 

supplemented with 0.01 % NaN3, and incubated either for 1 hr at RT or overnight 

at 4°C with agitation. Blots were washed with TBS with Tween 20 (TBS-T) 3 

times, 5 minutes each, at RT with agitation. Horseradish peroxidase (HRP)-

conjugated secondary antibodies were diluted in TBS-T (1:5000). Blots were then 

incubated in the secondary solution at RT with agitation for 1 hour. Subsequently, 

the blots were washed 3 x 5 minutes, at RT with agitation. Detailed list of primary 

antibodies used for immune blotting is provided in Table 2.10. 
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Chemiluminescence 

 

Protein bands were visualized using Immobilon™ Western Chemiluminescent 

HRP substrate kit (Millipore, USA). Briefly, the HRP substrate was prepared by 

mixing Luminol Reagent and Peroxide Solution in a 1:1 ratio. Following the 

manufacturer’s instructions, the blot was then placed protein side up and covered 

with HRP substrate in a plastic sleeve. The resulting blot was imaged with a 

ChemiDoc TM MP Imaging System (BioRad, USA). 

 

2.9.2 Dot Blot filter trap assay 

 

EV pellets, cell pellets or retinal extracts were washed in ice-cold PBS and re-

suspended in SDS lysis buffer [10 mM Tris–HCl buffer, pH 8.0, containing 150 

mM NaCl and 2% (w/v) SDS] supplemented with 1% (v/v) PIC. Cell disruption 

was completed by sonication. Undiluted samples were loaded onto a 0.45 µm 

PVDF membrane activated with 100% Met-OH and pre-equilibrated with SDS 

wash buffer [10 mM Tris–HCl buffer, pH 8.0, containing 150 mM NaCl and 0.1% 

(w/v) SDS]. After loading, 0.1% (w/v) SDS wash buffer was added to each well. 

Samples allowed to flow through the membrane by gravity for 20 min at 22°C. 

Thereafter, membranes were washed three times in SDS wash buffer, and 

subjected to a vacuum. Membranes were immunoblotted as described above but 

in the presence of triton X 0.05% to enable antibody penetration to the EV lumen 

(described in Lai et al., 2015). 
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Table 2.10 List of primary antibodies for WB, Dot Blots 

  

Ab Epitope 

(Protein) 

kD Species Catalogue 

Number 

Supplier WB conditions Dilution 

Beta actin 44 mouse MAB8929 R&D 

Systems 

5% milk in TBS-T-

0.05% 

5% BSA in TBS-T-

0.05% 

1:5000 

H2B 14 mouse 2934 Cell 

Signalling 

5% milk in TBS-T-

0.05% 

5% BSA in TBS-T-

0.05% 

1:5000 

CD63 60* rat MAB5417 R&D 

Systems 

5% milk in TBS-T-

0.05% 

1:1000 

CD81 22 rabbit 10037 Cell 

Signalling 

5% BSA in TBS-T-

0.05% 

1:1000 

TSG101 46 mouse 612696 BD Transd 5% milk in TBS-T-

0.05% 

1:1000 

CD9 25 mouse CBL162  EDM 

Millipore 

5% BSA in TBS-T-

0.05% 

1:1000 

Alix 95 mouse 2171 Cell 

Signalling 

5% milk in TBS-T-

0.05% 

1:1000 

Beta1-Integr 140 rabbit EP1041Y 

ab25971 

Abcam 5% BSA in TBS-T-

0.05% 

1:2000 

Cre recomb. 39 mouse MAB3120 EDM 

Millipore 

5% BSA in TBS-T-

0.05% 

1:1000 

Cre recomb. 37 rabbit 12830 Cell 

Signalling 

5% milk in TBS-T-

0.05% 

1:1000 

GM130 140 rabbit 12480 Cell 

Signalling 

5% milk in TBS-T-

0.05% 

1:1000 

Opsin 40* mouse O4886 Sigma 5% BSA in TBS-T-

0.05% 

1:5000 

G-alpha-t1 46 rabbit Sc389 Santa Cruz 

INC 

5% BSA in TBS-T-

0.05% 

1:500 

Recoverin 23 rabbit AB5585 MERCK 5% BSA in TBS-T-

0.05% 

1:5000 

GFP/CFP/RFP 25-

30 

mouse 632380 Clontech 5% BSA in TBS-T-

0.05% 

1:2000 



132 
 

2.9.3 RT QPCR analysis  

 

To assess the potential presence of RNA within EVs, 2K, 10K and 100K EV 

pellets were treated with RNase and trypsin prior to RNA extraction, as described 

by Valadi et al., (2007). 

 

Elimination of RNA/protein complex impurities prior isolation 

 

Exosomes were treated with 0.4 μg/μl RNase (Sigma) for 10 min at 37 °C in 

reactions of 50µls in PBS. After incubation, 1U/µl RNase Inhibitor (Super RNAse 

Out 20U/µl, Thermo Fisher) was added to the mixture and incubated at RT for 2 

minutes. To elute any macromolecules bound to the EVs, mixtures were 

additionally treated with 0.25% trypsin for 10 min at 37 °C. After incubation, 

samples were diluted in 3ml sterile EM grade PBS and centrifuged for 2hrs at 

100K (55K A100 Beckman) at 10°C. Supernatant was discarded and samples re-

suspended in 200 µl PBS to further purify RNA and left for 30 minutes at RT with 

discontinuous vortexing of 10 sec. As a control, 5 μg cellular RNA was added to 

the control EVs before the RNase treatment.  

 

RNA extraction with Qiagen RNeasy® Mini 

 

The RNeasy procedure represents a well-established technology for RNA 

purification. This technology combines the selective binding properties of a silica-

based membrane with the speed of microspin technology, along with a high salt 

buffer system. Prior the beginning of this protocol 10 μl β-mercaptoethanol were 

added per 1 ml Buffer RLT. Harvested cells or EV samples were disrupted with 

the addition of 350 μl of RLT buffer. The sample was vigorously vortex and 1 

volume of 70% ethanol was added to the homogenized lysate. Then 700 μl of the 

sample, including any precipitate, was transferred to a RNeasy spin column 

placed in a 2 ml collection tube and centrifuged for 30 seconds at ≥8000 x g 

(≥10,000 rpm). The flow-through was discarded and 700 μl Buffer RW1 was 

added to the RNeasy spin column. The sample was then centrifuged, and as 
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above, the flow through was discarded and 500 μl Buffer RPE was added to the 

RNeasy spin column, followed by centrifugation. This step was repeated once 

more, before the RNeasy spin column was transferred in a new 1.5 ml collection 

tube, and 30–50 μl RNase-free water was added directly to the spin column 

membrane. The sample was finally centrifuged for 1 min at ≥8000 x g (≥10,000 

rpm) to elute the RNA. 

 

Reverse transcription PCR with QuantiTect® Whole Transcriptome (Qiagen) 

 

In this protocol cDNA is synthesized using an RT mix that contains: T-Script 

Enzyme (1µl), which is a reverse transcriptase, and T-Script Buffer (4µl), which 

contains random and oligo-dT primers and 1-10ng of RNA (1µl compensated with 

water). The RT reaction is incubated at 37°C for 30 minutes and stopped at 95°C 

for 5 minutes and then cooling to 22°C. The synthesized cDNA (10µl) is ligated 

using a high-efficiency ligation mix that contains: Ligation Enzyme 1 (1µl), 

Ligation Enzyme 2 (1µl), Ligation Reagent (2µl), and Ligation Buffer (6µl). The 

ligation reaction is incubated at 22°C for 2 hours. Finally, the ligated cDNA is 

amplified in an isothermal reaction lasting 8 hours at 30°C using an amplification 

mix; REPLI-g Midi DNA Polymerase (1µl) and REPLI-g Midi Reaction Buffer 

(29µl). The reaction is stopped by incubating at 95°C for 5 minutes. The amplified, 

undiluted cDNA was stored at –20°C until required for downstream applications. 

 

Real time PCR 

 

For the RTQ-PCR analysis, cDNA  50 ng/µL were diluted 1:16 in TaqMan® 

Universal PCR Master Mix (Roche, UK), 2 µM forward primer, 2 µM reverse 

primer and 0.2 µM probe (Universal Probe Library; Roche, Germany). Primers for 

the target markers as well as endogenous reference control (β-actin) were 

designed and appropriate hydrolysis probes were chosen via the Universal Probe 

Library Design Centre (Roche, UK), shown in Table 2.11.  

 

RTQ-PCR was run on an ABI Prism 7900HT Fast Real-time Sequence Detection 

System (Applied Bioscience, USA). All samples were run in triplicates. The 
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general conditions used had an initial denaturation at 94°C of 2 min. Reactions 

followed by 40 cycles of: Denaturing step at 95°C for 30 sec, Annealing step at 

42°C for 30 sec, Extension step at 72°C for 1 min, and final extension of 5 min at 

72°C was performed to finish the reaction.  

 

The relative expression between comparable samples in relation to the 

expression of the genes was normalised using the following methodology: signal 

thresholds were first manually determined and maintained for each individual 

experimental run on Sequence Detection Systems software 2.2.2 (Applied 

Biosystems, USA).  

 

To normalise target against β-actin control expression levels, cycle numbers at 

threshold (Ct) were used to calculate ΔCt. With the formula; ΔCt = Ct (target) - Ct 

(β-actin). To normalise sample (e.g. treated) against control levels of target 

expression (e.g. nontreated), ΔΔCt was calculated by the formula ΔΔCt = ΔCt 

(sample) - ΔCt (control). Finally, to obtain normalised relative target expression 

levels in ‘% of control levels’, the following formula was applied Normalised 

expression levels (%) = (2-ΔΔCt) x 100. 

 

 

Table 2.11 Primers sequences list for FAM RT QPCR. 

Primers for Gnat1, Rho, Rcvrn, Crx, Nrl, Actb (as published in West et al., 2012), Cre (Brightman et al., 
2016), and Hprt (Graca et al., 2015). Primers for GFP were designed by Dr Tassos Georgiadis (unpublished).  

   

gene Primer (F) Primer (R) pro

be 

bp 

Gfp GAAGCGCGATGACATGGT CCATGCCGAGAGTGATCC 67 78 

Cre ATCTGGCATTTCTGGGGATTG GCAACACCATTTTTTCTGACCC 20 90 

Gnat1 AGAGCTGGAGAAGAAGCTGAAA TAGTGCTCTTCCCGGATTCA 89 95 

Rho ACCTGGATCATGGCGTTG TGCCCTCAGGGATGTACC 32 70 

Rcvrn CAATGGGACCATCAGCAAA CCTCAGGCTTGATCATTTTGA 67 71 

Crx CCCCAATGTGGACCTGAT GGCTCCTGGTGAATGTGGT 64 89 

Nrl TTCTGGTTCTGACAGTGACTACG TGGGACTGAGCAGAGAGAGG 53 77 

Actb AAGGCCAACCGTGAAAAGAT GTGGTACGACCAGAGGCATAC 56 100 
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2.10 Production of shH10 Virus 

 

For the purposes of this study, the following viruses were produced: 

shH10.CMV.Cre.CFP, shH10.Nrl.Cre.CFP, shH10.CBA.myr.mCherry and 

shH10.Nrl.myr.mCherry. The cloning of CMVCreCFP, Nrl.Cre.CFP, 

CBAmyr.mCherry and Nrl.myr.mCherry and packaging into pD10 vectors was 

kindly performed by Dr Nozie Aghaizu under standard procedures that will not be 

described further in this thesis. 

 

Recombinant AAV production followed the tripartite transfection method, which 

required the transfection of three plasmids (pD10, AAV ShH10 and pDHelper) in 

HEK293T cells. HEK293T cells were seeded onto 10-layer cell factories 

(equivalent to 42 x 15 cm cell culture plates, Corning, USA) at a concentration of 

108 cells/cell factories. The cells were grown in D10 cell culture medium (DMEM 

supplemented with 10% foetal calf serum (Gibco, USA) and antibiotics (Gibco, 

USA)) at 37°C / 5 % CO2. The culture was left to incubate until the cells reached 

70% confluency. The transfection mix was prepared per the amount required for 

a cell factory. Apart from the pD10-based plasmids, pAAV ShH10 (carrying the 

rep and cap genes), and pHGTI helper plasmid was added to the transfection 

mix, with polyethylenimine (PEI) as a transfection reagent, and was left to 

complex in DMEM at RT for 10 minutes. Before adding the transfection mix to the 

culture, medium in the cell factory was replaced with fresh DMEM. The cell factory 

was then left to incubate at 37°C / 5 % CO2 for three days. Three days post 

transfection, the cells were harvested with the standard trypsin protocol. Cell 

solution was centrifuged for 20 minutes at 3500 x g. Cell pellets were then 

resuspended in TD buffer (140 mM NaCl / 5 mM KCl / 0.7 mM K2HPO4 / 3.5 mM 

MgCl2 / 25 mM Tris base in ddH2O, pH 7.5).  

 

The cells were then initially lysed by 4 freeze/thaw/vortex cycles to release the 

viral particles, followed by enzymatic lysis using 50 U/ml benzonase (Sigma, 

USA) for 30 minutes at 37°C. Subsequently, the solution was then centrifuged at 

18000 x g for 30 minutes. The supernatant was then filtered through 0.45 μm 
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syringe filters to remove cell debris, and purified using affinity chromatography 

(AVB Sepharose column, GE Healthcare, USA).  

 

The final virus preparation was resuspended in PBS-MK buffer (0.1 M phosphate 

buffered saline (PBS)/ 2.5 mM KCl / 1 mM MgCl2) and concentrated with Vivaspin 

6 columns to a final volume of 200- 250 μl. The virus was then aliquoted and 

stored at -80°C. qPCR analysis indicates that the virus titre as viral particles/ml. 

 

2.11 Generation of murine chimeras by morula aggregation 

 

For the purposes of this study we generated de novo chimeric mice by mixing two 

genetic populations, the Nrl.Cre and the TdTomato reporter lines, which are both 

maintained as heterozygotes as the C57 genetic background was very important 

for this technique.  

 

Superovulation 

 

Prior to mating, females underwent superovulation, as described above.  Briefly, 

3-4 week old WT females were injected with PMSG; 5 IU [International Unit] in 

0.1ml intraperitoneally on day 1 followed by a second injection of hCG; 5 IU on 

day 3, after which they are immediately placed in the cage with the mutant male. 

In most cases, mating will take place later the same afternoon or night and a 

copulation plug can be detected the day after. 

 

Isolation of morula  

 

Embryos were collected at the eight-cell - morula-stage from the two genotypes 

by flushing oviducts at 2.5 dpc. Briefly, the oviduct is cut out and approximately 1 

cm of the uterus; a ground, blunt-tipped 30-gauge needle is inserted into the 

infundibulum of the oviduct and each oviduct is flushed with approximately 0.2 ml 

of FHM medium. All embryos were collected and washed through three drops of 

fresh FHM medium to remove any debris. Finally, the flushed embryos were kept 
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(different genotypes separately) in a centre-well organ culture dish with KSOM in 

the incubator until the next step. 

 

Morula aggregation  

 

The sandwich aggregation technique can be used to aggregate two genetically 

identical embryos with ES cells, or two embryos of different genotypes and was 

performed by Dr Signore, UCL Institute of Child Health. 

 

Aggregation dish preparation 

 

A micro drop culture was set up with KSOM medium in a 6-cm culture dish 

containing three to four rows of drops, depending on the size of the drops place 

only one drop in the first row and four drops in each of the remaining rows are 

made. The micro drops were completely overlaid with mineral oil. The needle to 

be used for indentations was cleaned with 70% ethanol and indentations in the 

drops created by pressing and turning the needle into the plastic. Six indentations 

were made in each micro drop, except for the one in the first row. The indentations 

should be deep enough, smooth and at the periphery of the drop. The plates were 

placed into the incubator (5% CO2 and 37°C) at least several hours before the 

experiment. It is recommended that the plates are prepared in the late afternoon 

the day before aggregation. 

 

Removal of zona pellucida 

 

The removal of zona pellucida was achieved using Tyrode’s acid solution. For 

this purpose, drops of FHM and Tyrode’s acid solution were set up in a lid (surface 

tension of the drops is maintained) of a 10-cm culture or Petri dish as follows: set 

up five lanes that consist (from top to bottom) of one drop of FHM medium 

followed by three drops of Tyrode’s acid solution and two drops of FHM medium 

at the end. 
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Embryos (10–20 embryos in each drop) were transfer to the top row of the 10-cm 

dish containing the FHM medium to wash. Next, the embryos were picked up 

from the first lane with as little medium as possible and washed through two drops 

of Tyrode’s acid solution as quickly as possible before they transferred to the third 

drop and observed for the dissolution of the zona pellucida. If the zona pellucida 

was not dissolved within ~ 10 s the embryos were carefully up and down with the 

use of pipette. Immediately after the zona pellucida dissolved the embryos were 

removed and transferred to the next drop containing FHM medium, before being 

transferred to the last drop of FHM. The procedure was then repeated for the 

remaining embryos. Next, either the zona-free embryos were transferred back 

into KSOM in a centre-well organ culture dish and be placed in the incubator to 

continue to the removal of the zona pellucida from the embryos of the second 

genotype, as described above, or the zona-free embryos of the first genotype 

were placed individually into the prepared indentations in the aggregation plate. 

In both cases, it is important to transfer the embryos back into KSOM medium in 

the incubator, and they should not stay in a group together for more than 1 h, 

otherwise they will coalesce.  

 

Once all the embryos are isolated, the embryos of the first genotype were placed 

individually into the indentations of the aggregation plate, and the process was 

repeated for the second genotype making sure that the embryos in each 

indentation are physically attached to each other. The aggregation plate was 

moved back to the incubator and cultured overnight. The next day, the 

aggregates should have formed a single embryo at the late morula or blastocyst 

stage. 

 

Transfer of the morula to a pseudo-pregnant recipient female mouse 

 

For the transfer to a pseudo-pregnant recipient female mouse, the embryos from 

the indentations were harvested carefully; since they are zona-free embryos, they 

are very fragile. The embryos were implanted by microinjection, and the females 

checked for pregnancy several days post implantation. Chimeras were collected 

at E18, P8 and adult (6wo) developmental stages to check for recombination  
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2.12 Histology and immunohistochemistry 

 

Conventional Tissue harvesting and fixation 

 

Animals were sacrificed by cervical dislocation at various stages of development: 

postnatal day (P) 0, 7, 8 and 40. Eyes were removed, and the cornea punctured 

to improve the efficiency of the fixation. The eyes were fixed in 4% PFA in PBS 

for 15 minutes at RT, eye cups performed as earlier described followed by 

cryopreservation with 20% sucrose (Sigma, USA) in PBS for 1 hour at RT. Eyes 

embedded in OCT and rapidly frozen in liquid Nitrogen. EBs were treated in the 

same way, by collecting organoids 10-12 per tube from specified days of 

development. 

 

Cryosectioning 

 

The frozen samples were stored at -20°C until cryo-sectioning on a Bright 

OTF5000 cryostat (Bright Instruments Co Ltd, UK) set at 15 μm thickness. 

Sections were serially transferred onto 2-10 sets of SuperFrost-TM ultra Plus 

Adhesion glass slides (Thermo Fisher, USA) and stored at -20°C staining. 

 

Immunohistochemistry and immunocytochemistry 

 

For immunohistochemistry, tissue sections were air-dried for 30 minutes, 

rehydrated with 2 x 5mins washes with PBS or PB and incubated in blocking 

buffer at RT for 1 hour. The compositions of the different blocking buffers were 

tailored towards improving the binding specificity of the primary antibody used in 

the range of 1:100-1:500 as shown in Table 2.12. Sections were then incubated 

in primary antibody overnight at 4°C, washed 3 or 5 times, 5 minutes each, and 

incubated with secondary antibody for 2 hours at RT diluted in the same solution 

as the primary antibody. Sections were then washed 6 x 5 minutes each, and 

counterstained either with DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride; 

1:1000 dilution in 1x PBS (Molecular ProbesTM, USA)) or Draq7TM (1:300 
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dilution in 1x PBS (BioStatus, UK) for 5 minutes at RT. Subsequently, sections 

mounted under coverslips with fluorescence mounting medium (Dako, Denmark) 

and stored covered at 4°C to prevent exposure to light. Immunocytochemistry 

followed the same procedure as immunohistochemistry. Negative controls 

omitted the primary antibody. 

 

Confocal microscopy and image analysis 

 

Images of fixed tissue sections were acquired on a Leica TCS SPE upright 

confocal laser scanning microscope (Leica, Germany) that was configured to a 

scanning frequency of 400 Hz, fitted with 5x (air, numerical aperture or NA = 

0.15), 40x (oil immersion, NA = 1.15) and 63x (oil immersion, NA = 1.3) objectives 

and photomultiplier tubes to detect fluorescence emission. DAPI was excited with 

a 405nm laser source. Draq7 was excited with a 547nm laser source. The 488 

nm and 532 nm laser sources were used for the fluorophores Alexa Fluor® 488 

and Alexa Fluor® 546, respectively.  

 

When acquiring the fixed images, xyz confocal stacks of representative fields of 

view were captured at a resolution of 1024 x 1024 pixels at a step size of 1 μm 

for retinae tissue, 0.5μm for cell cultures. When acquiring live tissue, xyz confocal 

stacks of representative fields of view were captured at resolution ranging from 

1024 x 1024 to 2046 x 2046 step size 0.2-0.3μm with Leica SP8 inverted confocal 

laser scanning microscope, 63x (oil immersion, NA = 1.3) objectives and 

photomultiplier tubes to detect fluorescence emission.  

 

To maintain consistency, tissue sections within a given experiment were imaged 

with the same laser power, detector gain and offset settings. Identical settings 

allowed for semi-quantitative comparison of protein expression levels between 

developmental time-points. LAS AF image browser software was used to compile 

and export the acquired images. All acquired images were exported as .TIF files 

and processed in Fiji/ImageJ (National Institutes of Health, USA) (Schindelin et 

al., 2012). 
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2.13 Immunofluorescence for primary photoreceptor cultures to visualise delicate 

cytoskeletal structures 

 

Delicate protocol 

 

Fixation: 

Cells grown on sterile glass coverslip bottom wells and washed with 5% Sucrose 

in BF medium not complete (prepare 10% sucrose in ddH2O and mix them 1:1) 

for 5min once prior fixation. Ten the cells were fixed with 7,5% sucrose 2% PFA 

in PBS (prepare 15% sucrose in ddH2O and mix them 1:1 with 4% PFA made in 

PBS or ddH2O) overnight in dark humid chambers at 4-8oC. 

 

Permeabilization: 

The fixation solution was removed, and the cells were washed once with PBS 

(Gibco) then the cells were permeabilized with 0.1% Saponin, 1%BSA and 

2%NGS or the appropriate serum depending on the secondary used for around 

1hr in RT. 

 

Staining: 

The permeabilsation solution was removed by careful aspiration and then the 

cells were incubated with the appropriate dilution of the primary antibody (dilution 

from 1:100-1000 as listed in Table 2.12 in a blocking solution of 2%NGS in PBS 

overnight in dark humid chambers at 4-8C. The following day the cells were 

carefully washed wit PBS 3 times and then were incubated with conjugated 

secondary antibodies in the dilution of 1:500 in a blocking solution of 2%NGS in 

PBS for 1hr in room temperature. Finally, the cells were washed carefully for 3 

times with PBS. After the final wash the cells were washed with 4,6-diamidino-2-

phenylindole (DAPI; Invitrogen) in PBS for 5minutes to stain the nuclei and 

simultaneously the DAPI was removed and the coverslips were covered with 

DAKO mounting medium.  
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Importantly the samples could be maintained only for several days in the fridge 

in humidified chambers as they eventually dried as the coverslips left not covered 

so that the tunnelling nanotubes or other delegate cytoskeletal structures to be 

maintained. 

 

Normal protocol 

 

When no delicate structures were needed to be maintained, cells were fixed with 

4% PFA in PBS for 20 min, permeabilized with 0.05% Triton X-100 in PBS for 10 

min and blocked with 2% BSA for 30 min. After labelling with primary antibodies 

for 1 h at RT in 1% BSA in PBS, cells were washed three times in PBS and 

incubated with conjugated secondary antibodies for 45 min at room temperature. 

 

Table 2.12 List of primary antibodies dilutions for ICC of primary PR cultures 

  

Epitope Brand Catalogue 
number 

Species Dilution 

Anti-recoverin MERCK AB5585 Rb Polyclonal  1:500 

Anti- C-Terminal 
Binding Protein-2 

(ribeye) 

BD Transduction 
Laboratories™ 

612044 Mouse IgG1 
Monoclonal 

1: 100 

Anti-Mitochondria 
Antibody 

MERCK MAB1273 
clone 113-1 

Mouse  
monoclonal  

1:100 

Anti-Human 
Prominin-1, 

PROM1, AC133 

Biolegend 393904 
S16015F 

Mouse IgG2a, κ 
PE conjucated 

1:100 

Mouse Prominin-1, 
PROM1, AC133 

Biolegend 141201 
315-2C11 

Rat IgG2a, λ 1:100 

Anti-LAMP1 
antibody 

Abcam [1D4B] (ab25245) Rat monoclonal 1:500 

CD81 Cell signalling 10037S Rabbit IgG 1:100 

CD63 Santa Cruiz sc-5275 mouse 
monoclonal IgG1 

1:100 

Gat1 Santa Cruiz SC-389 (K-20) 
polyclonal rabbit  

1:1000 

Synaptophysin Sigma-Aldrich S5768 
clone SVP-38, 

ascites fluid 

mouse IgG1 
Monoclonal 

1:5000 

Rhodopsin Sigma O4886 mouse 1:2000 

TSG101 BD Transduction 612696 Mouse IgG1 
Monoclonal 

1:250 
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2.14 Statistical analysis 

 

All the data analysis is shown as means ± standard deviation of the mean, unless 

otherwise indicated. Statistical analyses were performed using GraphPad Prism 

5 for Windows Version 5 (GraphPad Software Inc). Statistical significance was 

assessed using one-way analysis of variance (ANOVA) with Dunnett's multiple 

comparison post hoc test (compared all groups against control group) or 

Bonferroni multiple comparisons post hoc test (compared all groups or selected 

groups. 

 

N and n numbers as stated below, unless indicated; 

Cell cultures; N= number of experiments derived from an independent litter 

dissociation/ isolation and consecutive cell culture, n= number of wells, 

chambers, coverslips used  

Processes counts; n= number of processes counted from a pool of individual 

isolations/cultures (3 individual experiments or more, unless stated) 

Cell counts; n= number of cell’s somata/nuclei counted from a pool of individual 

isolations/cultures (3 individual experiments or more, unless stated) 

Animal work; N= number of cohorts of independent injections/treatments, n= 

number of eyes of all cohorts pooled. 

Flow cytometry; N= number of experiments derived from an independent litter 

dissociation/ isolation and consecutive cell culture, n= number of wells used per 

condition 

 

P values;  

p<0.05= statistically significant*, p<0.01 = very significant**, p<0.001= highly 

significant*** 
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3. Results (I) Establishing a robust protocol for 

photoreceptor primary cultures  

 

The mammalian Central Nervous System, and, by extension, the neuroretina, 

largely lacks the capacity to regenerate. This feature also makes it difficult to 

maintain many primary neurons in tissue culture for any significant length of time, 

due to their specific requirements of cell density, trophic support and oxygen 

supply. With specific reference to photoreceptors, some success has been 

achieved with retinal explants, which can be cultured for more than 2 weeks with 

moderately good photoreceptor viability, but only from embryonic and early 

postnatal donor tissue (Morrow et al., 1999). Establishing a robust primary culture 

system for postmitotic photoreceptor precursors is mandatory for my thesis, both 

in order to permit the enrichment of EVs from the culture medium and to 

investigate the potential for physical connections (TNTs) between photoreceptors 

in a 2D system. 

 

3.1 Enrichment method impacts differently the acute cell morphology and 

processes extension 

 

The current literature in photoreceptor transplantation refers to the optimal 

developmental stage for transplantation as P4-8 (Pearson et al., 2012) and two 

main methods of photoreceptor enrichment. The first is by using transgenic 

animals genetically modified to express fluorescent reporters under the control of 

promoters for photoreceptor-specific genes, such as Nrl (Akimoto et al., 2006) or 

Crx (Decembrini et al., 2014). The photoreceptors derived from these transgenic 

lines can be readily isolated by flow cytometry (FACS), based on their GFP 

expression level. The second method is enrichment of rods with magnetic 

separation (MACS) based on the expression of cell surface markers, such as 

CD73 (Eberle et al., 2011; Lakowski et al., 2011). Both methods of enrichment 

yield cells that exhibit similar outcomes in the transplantation paradigm. I first 

examined the impact of enrichment method on cell morphology and ability to form 

processes within 48hrs, along with the sustainability of GFP expression. In all 
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experiments, cells were isolated at P6-P8. The aim was to achieve a protocol in 

which primary cells in culture exhibit good viability in conjunction with maintaining 

similar morphological features to those described in vivo (bipolar morphology and 

the ability to generate processes). 

 

Nrl.Gfp photoreceptor morphologies in culture 

 

Primary photoreceptors were isolated as described in Chapter 2.2 from Nrl.Gfp 

pups (N = 5 exp, n= 15 coverslips). Cells were plated at 250,000 cells / 12mm2 

on fibronectin coated glass coverslips. The cells were allowed to attach to the 

matrix for 48hrs and then observed live (in order to not disrupt processes by 

fixative/crosslinkers) using confocal microscopy. Samples were masked, and 5 

pseudo-random images were taken per condition using 63X magnification. 

Images were processed with image J (plugin cell counter) from maximum 

projections and the number of processes quantified per cell. Figure 3.1 shows 

representative images of cell morphology after 2 days in culture (2DIC). A 

qualitative assessment shows that FAC-sorted Nrl.Gfp photoreceptors (Figure 

3.1 A) typically exhibited rounded morphologies without any features of 

polarization of the cell soma, and very few cell processes. Conversely, MAC-

sorted Nrl.Gfp photoreceptors (Figure 3.1  B) exhibit a variety of phenotypes 

(Figure 3.1  C) including (1) rounded cells without any processes, (2) polarized 

soma cells with “tear drop” shape, (3) bipolar morphology and (4) neuronal-like 

phenotype, where the cell soma appears polygonal, with one or more long thin, 

processes extending from it. 
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Figure 3.1 Primary photoreceptor morphology in culture depends on the 
method of enrichment.  

Live imaging of photoreceptors after 48 hrs in culture. A. FACS-enriched, and B, MACS-enriched Nrl.Gfp 
primary photoreceptors. C, Collage of typical morphologies including: 1= rounded morphology, 2= polarized 
soma, 3= bipolar morphology, 4= neuronal-like phenotype. Maximum projection of z stacks. (Leica, SP8) 
Scale Bar 20μm. 

 

Ability of processes formation 

 

Next, I quantified the number of processes generated per cell following 

enrichment by the two methods, regardless of cell morphology (Figure 3.2). For 

FAC-sorted photoreceptors (N=3 cultures; n = 121 cells), only 5.0% (±0.3 S.D.) 

formed processes, with the majority (90.9% ±12.3) of the cells exhibiting a 

rounded morphology. The remaining cells (3.3% ±0.4) were excluded from the 

analysis due to uncertainty in their morphology. In contrast, 20.7% (±1.1) of cells 

possessed one or more processes in the MAC-sorted population (N=4; n=169), 

while 72.2% (±7.8) of cells were rounded or tear drop shape. 7.0% (±0.65) of cells 

were excluded from the analysis. This difference in the ability to form processes 

between MAC-sorted and FACS-sorted photoreceptors was highly significant 

(p=0.00028; t-test).  
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Figure 3.2 Method of enrichment significantly affects the ability of primary 
photoreceptors to generate processes.  

Percentage of Nrl.Gfp+ photoreceptors that exhibit processes at 2-3DIC following enrichment via FACS or 
MACS. FAC-sorted photoreceptors (N = 3; n = 121) = dark grey bar, MAC-sorted photoreceptors (N = 4; n 
= 169) = light grey bar. Statistical test = students t-test (***p<0.001). Error bars =STDEV. 

 

Sustainability of GFP expression 

 

As shown Figure 3.1, GFP expression appeared lower in FAC-sorted 

photoreceptors than in MAC-sorted ones. To assess this, photoreceptor cells 

were cultured as described above for up to 6 days in culture (DIC). Samples of 

plated cells were taken on day 1, 3 and 6 and fixed, stained with DAPI and imaged 

using confocal microscopy. Five pseudo-random images were taken per 

condition, as before, and thresholded and the number of GFP+ versus GFP- 

somata were quantified. Figure 3.3 shows the impact of enrichment method on 

GFP expression and viability over 6DIC. Importantly, widespread nuclear 

condensation was observed between 3-6 DIC and, eventually, no GFP+ cells 

remained. At 1DIC (N=4, n=83 total nuclei), 74.7% (±3.2) of somata were GFP+, 

while only 4.8% (±0.1) are GFP- and 20.5% were excluded. By 3DIC (N=4, n=51 

nuclei), the number of GFP+ cells reduced to 49.0% (±8.2), while GFP- somata 

increased, to 35.3% (±24.2) and 15.7% were excluded. By 6DIC (N=3, n=175) 

only 12% (±17.2) of somata were GFP+, and most cells (74.9 ±22.6) were GFP- 

Two-way ANOVA analysis of the GFP+ population shows a highly significant 
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decrease in GFP expression from 1DIC to 3DIC (p= 0.00023) and from 1DIC to 

6DIC (p=0.00042). In contrast, MACS-isolated photoreceptors showed little or no 

change in total cell number or the % of GFP+ cells during the culture period. 

Moreover, MAC-sorted cells maintained multi-chromocentre nuclear architecture, 

as is appropriate for this stage in development (Solovei et al., 2009). Together, 

these observations indicate that MACS is better able to support the isolation of 

healthy photoreceptors for further culture. As such, CD73 immuno-labelling 

followed by MACS was used for all future experiments, where the viability of the 

cell cultures will be assessed (Chapter 3.1.2). 

 

 

 

 

Figure 3.3 Primary Nrl.Gfp photoreceptors isolated with FACS lose Gfp 
expression in culture.  

Total nuclei numbers were analysed for their Gfp+ (A) , Gfp- (B) somata and expressed in percentages (N=3) 
(error bars= STDEV). 2-way ANOVA   
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3.2 Primary photoreceptors are viable at high densities in culture  

 

The data above indicates that MACS represents the better method of isolation of 

primary photoreceptors. I next assessed plating density and cell viability in tissue 

culture using both the ViCellXR cell counter and live imaging of Nrl.myrGfp cells 

in culture. In this transgenic line, crossing Nrl.Cre with the mTmGfl/fl floxed 

reporter line results in myristoylated Gfp expression specifically in rod 

photoreceptors. With this tool, the membrane of primary photoreceptors in culture 

can be studied in detail.   

 

Cell culture densities  

The first objective was to determine the appropriate density of plating. For this 

purpose, Nrl.myrGfp CD73+ immunolabelled photoreceptors were isolated with 

MACS and cultured on fibronectin at the following densities: 5,000, 20,000 and 

80,000 cells per mm2 in glass coverslip bottom chambers. The cells were imaged 

live for Gfp fluorescence using confocal microscopy, with applied deconvolution 

with HyVolution software post acquisition. Figure 3.4 shows representative 

images from the different cell densities after 1DIC. When photoreceptors were 

plated at low densities (5,000 cells/mm2; Figure 3.4 A), few cells generated 

processes, their somata looked rounded and cells detached at around 2DIC. 

When photoreceptors were plated in intermediate densities (20,000 cells/mm2; 

Figure 3.4 B), they were able to generate processes (ranging from 3μm-30μm in 

length) that frequently contacted other cells, and they showed a tendency to 

aggregate in clusters (3-15 ±3 cells; N=4experiments). Some debris around the 

cells was also visible. While the majority of photoreceptors looked relatively 

healthy when plated at 20,000 cells/12mm2, many cells continued to detach from 

the coverslip after 3-4DIC. When photoreceptors were plated at high density 

(80,000 cells/mm2), they were able to form long processes that, due to the high 

cell densities, were difficult to quantify as the cells were no longer a monolayer. 

Due to the complexity of assessing process formation, cells were maintained at 

a final density of 75,000-85,000 cells/mm2 depending on the experiment. For 

instance, for EV enrichment (Chapter 4), cells were plated at a density of 83,000 
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cells/mm2, whilst in order to study process formation (Chapter 5) cells were 

plated more sparsely, at 62,500 cells/mm2, to facilitate visualization. 

 

 

Figure 3.4 Primary CD73+ rod photoreceptors survive can be cultured at 
mid and high densities.  

P4-7 Nrl.myrGfp primary photoreceptors (green) plated in densities of A. 5,000 cells/mm2, B. 20,000 
cells/mm2 and C. 80,000 cells/mm2 over a period of 24hrs. Representative images of 3D deconvolved 
reconstructions. (Leica, SP8). Scale Bar 25μm. 
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Viability in high densities based on membrane integrity (Trypan Blue) 

To quantify cell viability in culture, the cells were plated at a density of ~62,500 

cells per mm2 on fibronectin, as already described. The medium was changed in 

a ratio of 1:3 every three days for up to 12 days (±2days). Viability was assessed 

with Trypan Blue staining, taking the cells from one well per day. Figure 3.5 shows 

photoreceptor viability in culture over time, as assessed using a ViCellXR cell 

counter. Primary photoreceptors isolated and plated as described above 

maintained very high viability, ranging from 98.0% (±0.2) at 1DIC to 96.3% (±3.4) 

at 12DIC (Figure 3.5 A; N = 3 experiments). Conversely, total cell number 

declined significantly, falling from 238 x 104 (±5.9) cells at 1DIC to 30 x 104 (±13.7) 

by 12DIC (Figure 3.5 B; N = 3 experiments). This indicates that many cells detach 

from the coverslip but that those remaining are very viable.  

 

 

Figure 3.5 Primary CD73+ rod photoreceptors remain highly viable for a 
period of 12 days when cultured at high densities. 

 A. Cell viability, assessed with Trypan blue and a ViCellXR Cell Counter, expressed as a percentage of 
total cell per day: 1DIC =98.0% (± 0.2), 3DIC = 98.2% (±0.6), 8DIC; 98.1 (±0.3), 12DIC; 96.3 (±3.4). B. Total 
cell number counted per timepoint as quantified per well of 6well plate – 1DIC; 238 x 104 (±5.9), 3DIC; 105.6 
x 104  (±4.9), 8DIC; 54.3 x 104  (±7.4), 12DIC; 30 x 104  (±13.7). N=3 independent experiments.  
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Apoptosis and necrosis 

To further examine viability, I performed Annexin V staining followed by flow 

cytometry. Briefly, Nrl.Gfp or wt cultured primary photoreceptors were trypsinized 

at 1, 4 and 8DIC and immunolabeled with CD73APC followed by Annexin V. Note 

that where Nrl.Gfp photoreceptors were used, co-staining of CD73-APC was 

omitted, but these data were not pooled with wt derived data. Figure 3.6 shows a 

representative example of the gating strategy used. Single events were detected 

with side and forward scatter (Figure 3.6 plots A-C and F-H) and then GFP+ cells 

(488 comp versus FCS, plots D and I) were set as the parent population. Analysis 

was then based on 405 (SytoxBlue) versus 561 (Annexin V) (plots E and J). 

Similarly, for the wt photoreceptors, the parent population was CD73APC+.  

 

Statistical analysis (Figure 3.7) shows that the proportion of healthy, viable cells 

(Annexin-ve, SytoxBlue-ve) remained relatively constant over time (1DIC= 

80.7%±8.1; 8DIC= 58.0% ±7.8), further confirming that those photoreceptors that 

remain attached to the culture dish remain viable. Levels of apoptosis, as 

determined by Annexin V, were also fairly consistent, with no significant changes 

over time (1DIC = 14.8% ±8.1; 4DIC = 9.9%; 8DIC = 14.5% ±6.2; p = 0.240, 2-

way ANOVA). A significant increase in the proportion of necrotic cells was 

observed from 1DIC to 4DIC (1.2% ±0.14 at 1DIC, 19.4% ±6.1 at 4DIC; p= 0.02 

2-way ANOVA) although this was not continued to 8DIC (p=0.438). Taken 

together, these data indicate that this culture method enables maintenance of 

primary post-mitotic photoreceptor precursors for several days with good viability. 
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Figure 3.6 Gating strategy and representative samples of Nrl.Gfp primary 
photoreceptors at 4 and 8DIC.  

Single events were detected with side (SSC) and forward scatter (FSC) (plots A, B, C and F, G, H). Gfp 
positive cells (488 comp versus FCS, plot D and I) were set as the parent population on which the analysis 
is based using 405 (SytoxBlue) versus 561 (Annexin V) plot E and J).  
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Figure 3.7 Statistical analysis of necrosis and apoptosis in primary 
photoreceptor cultures reveals low but significant levels of cell death.  

Necrotic - SytoxBlue positive; Apoptotic - Annexin V positive; Negatives - plausibly live cells (ns=not 
significant2-way ANOVA). 
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3.3 Nrl.Gfp+ primary photoreceptors morphology is dynamically changing in 

culture over time   

 

Having established a suitable protocol to maintain primary photoreceptors in 

culture, I next evaluated the development of their morphological phenotype over 

the viable period. Nrl.Gfp MACS sorted CD73+ primary photoreceptors were 

assessed for Gfp+ expression by live imaging every three days. Post-imaging, the 

medium was changed to minimise death from the production of ROS, and the 

cultures returned to the incubator, where they were maintained for ~12DIC (N=4).   

 

Development of the photoreceptor’s morphology in culture 

Representative images at different DIC are shown in Figure 3.8. Around 6-10 

hours after plating Nrl.Gfp photoreceptors presented as rounded cell bodies with 

a few extending short processes (A & B). Whilst the cells are sorted as a single 

cell suspension, in culture they tended to aggregate to form clusters of two or 

more cells. At 3DIC, the processes seen extending from individual cells either 

projected out to the surrounding area, free from cells, or projected towards 

neighbouring cells (C, D, E & F). Typically, the processes projecting to other cells 

(D box) were thinner and shorter than the ones that projected to the surrounding 

area (E box), which appeared thicker with rounded endings (D, arrows). Where 

cells formed clusters, it was not always possible to discriminate the full extent of 

individual cell bodies. At 6DIC, processes varied more both in length and 

diameter but were typically either short and thick, or long and thin (E& F). Long 

processes that were not physically interacting with other cells also frequently had 

GFP+ puncta close to their terminals (E, box). In addition to these GFP+ 

processes, some formed that resembled nascent segments (F, box). By 12DIC, 

the cultures established from P8 Nrl.Gfp+ cells were no longer viable. No 

processes were obvious and signal in the GFP channel was punctate, and more 

consistent with cell death. 
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Figure 3.8 Live imaging of P8 Nrl.GFP photoreceptors reveals numerous 
processes extensions that change during culture.  

Representative images of N=3 experiments. Confocal imaging analysis of Nrl.Gfp expression of 
photoreceptors from DIC1 (A & B), DIC3 (C & D), DIC6 (E and F) and DIC12 (G & H).  Green = Gfp. Optical 
lens 63X supplemented with digital zoom. Images show maximum projections of xyz stacks. Arrows in D; 
processes extended to sunstratum, Box in D; processes extended to cells, Box in E; processes and GFP 
puncta, Box in F; attemps of nascent disk formation. Scale Bar=5μm. (Leica, SP8) 
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Serum impacts processes formation in photoreceptors 

With respect to process formation and viability, it is worth noting that addition of 

serum (typical component in standard culture media) significantly impedes 

photoreceptor process formation. When CD73+ Nrl.myrGfp photoreceptors were 

cultured in the presence of FBS 2% for 3 days and imaged with confocal 

microscopy only 5.2% (±4.5) cells (N=3, n=359 cells) appeared to render 

processes whereas 43.8% (±14.2) of cells (N=3, n=385 cells) in the conditions I 

established (methods 2.2) are forming processes (Figure 3.9 ; p =0.0128 -test). 

 

Figure 3.9 Statistical analysis reveals that presence of serum in the culture 
medium inhibits processes formation in primary photoreceptor cultures.  

Quantification is a result of processes counting in fixed PR cells at 3DIC. t-test. 
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Photoreceptors express rod specific markers in culture 

Purified CD73+ Nrl.Gfp photoreceptors were cultured on glass coverslips for 3-6 

days before being fixed and immunostained. Representative images of N=3 

individual experiments are shown in the figures below.  

 

Rhodopsin immunoreactivity (Figure 3.10 A&B) appears to localize at the 

periphery of rounded photoreceptor cell bodies that otherwise lack typical 

neuronal characteristics. It is worth mentioning that in normal development, 

rhodopsin expression begins around P4-P6, before the morphological features of 

photoreceptors such as inner and outer segments and synaptic terminals appear 

around P8-10. Interestingly, rhodopsin exhibited a more punctate pattern than 

expected from in vivo studies. Indeed, some thin processes also co-localized with 

rhodopsin positive puncta (Figure 3.10 A boxes). Although rare, the culture 

conditions supported the formation of processes resembling nascent segments 

that were immuno-positive for rhodopsin (Figure 3.10 A arrows). Notably, the 

membranous blebs positive for rhodopsin immunoreactivity were typically bigger 

in diameter than other processes, although EM analysis and detailed 

immunocytochemical characterization of other outer segment proteins would be 

required to confirm if these are developing segments. 

 

As expected, rod photoreceptor precursors in culture maintain their ability to 

express early photoreceptor markers such as recoverin. In Figure 3.11 

immunostaining of recoverin in the of Nrl.Gfp CD73+ cultures reveals 

membranous staining in GFP+ cells, alongside cells that are non GFP+ (most 

likely cones, bipolar cells). Different intensities of staining were consistently 

observed throughout experiments. Together, the above data indicates that 

primary photoreceptors in culture maintain a relatively similar expression pattern 

of rod specific proteins as in vivo.  
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Figure 3.10 Segment-like protrusions and processes immunopositive for 
rhodopsin in primary murine photoreceptors in culture at P6. 

Confocal imaging analysis of P6 (+3DIC) Nrl.Gfp CD73+ (green) primary photoreceptors. Cells were fixed 
4%PFA and immuno-stained for rhodopsin and visualized with GaM-Alexa647 (purple). Nuclei stained with 
DAPI (blue). Arrows in A & B indicate nascent segment-like processes expressing rhodopsin, while boxes 
in A highlight thin Gfp+ processes bearing rhodopsin-positive puncta. Images show max projections through 
xyz stacks. (Leica, SP4). Scale Bar 5μm. 
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Figure 3.11 Recoverin immunostaining in NrlGfp photoreceptor cultures is 
membranous. 

Confocal imaging analysis of Nrl.Gfp CD73+ (green) primary photoreceptors (3DIC). Cells were fixed 
2%PFA/sucrose and immuno-stained for recoverin and visualized with GaR (rabbit)-Alexa546 (red). Nuclei 
stained with DAPI (blue). Panel A; immunostained photoreceptors, Panel B; Secondary control staining. 
Images show max projections through xyz stacks.  (Leica, SP8) Scale Bar 20μm 
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4. Results (II) Photoreceptors exchange molecular 

information with glia, but not photoreceptor, cells via 

extracellular vesicles 

 

Extracellular vesicles (EVs) are released from almost all cell types, from 

prokaryotes, plants to mammals. A robust culture protocol is crucial, so that the 

culture supernatant can be collected and enriched for vesicles to facilitate their 

study. So far, I have shown that primary photoreceptors can survive in defined 

culture conditions and that they have the ability to form processes and are viable 

for >12 days in culture (DIC). Here, I will use this protocol as a tool to assess the 

hypothesis that EVs are the molecular mechanism underlining cytoplasmic 

material transfer (Figure 4.1). With respect to EV nomenclature, in Section 4.1 I 

will characterise the different EV fractions (2K, 10K, 100K) that can be enriched 

from photoreceptor-derived cell culture supernatants (Kowal et al., 2016). I will 

also address the difficulty of reproducibility of these type of studies without 

excluding samples. Furthermore, in Section 4.2 I will use co-culture-based 

systems to assess communication via EVs based on fluorescent reporters and 

Cre/loxP recombination. At the end of this section, I will assess the function of 

photoreceptor-derived EVs in vivo to reveal their targeting cell types and how this 

may be applied as the mechanism of material transfer. 

 

Figure 4.1 Schematic representation of proposed mechanisms of cytoplasmic 
material transfer. Hypothesis II – Evs 
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4.1 Extracellular vesicles are released by photoreceptors in culture and in vivo 

Primary photoreceptors are viable at high densities in culture  

 

4.1.1 The presence of multivesicular bodies (MVBs) in photoreceptor cells is 

dramatically decreased from early postnatal development to the adult   

 

MVBs assessed via TEM 

As described already, EVs are most likely to originate from the endosomal-

lysosomal pathway. One of the most challenging features of these vesicles is that 

with the current methodologies we cannot yet distinguish the subtypes of EVs 

following their release as they likely originate from the same cells, often at the 

same time.  Since EVs may derive either from inward budding and maturation 

within MVBs (MVB-dependent) or outward budding and direct release in the 

extracellular environment (MVB-independent), I first sought to determine the 

presence of MVBs during normal photoreceptor development. Ultrathin sections 

from eyes of different postnatal developmental stages (P0-1, P7-8 and P45-50; 

n=3 for each timepoint) were analysed with negative staining by transmission 

electron microscopy (TEM).  

 

Figure 4.2 shows representative images taken from the region of the inner 

segments of developing photoreceptors. At P0-1 (Figure 4.2  A-D), it is possible 

to identify some empty vacuoles, a few vesicles in the region of the photoreceptor 

progenitors and the RPE (Figure 4.2  A). Although quantification of MVB number 

is difficult without performing serial EM, a semi-quantitative assessment indicates 

that MVBs were observed at a frequency of 1 MVB per 5 (±3) cells (in an ultrathin 

section). They presented with a typical MVB structure, being 400-500nm 

diameter, oval shaped and encapsulating ILVs (intraluminal vesicles) of 40-50nm 

diameter. In Figure 4.2 A and D (higher magnification of A) one MVB is located 

close to the cell membrane with an elongated oval shaped, while in Figure 4.2 B 

and C (higher magnification of B) the MVB is more rounded and localized at some 

distance from the cell membrane, indicating the different stages of MVB 

maturation (early to late endosomes). 
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By P7-8, photoreceptor inner segments exhibited an increase both in the number 

of empty vacuoles and MVBs with ILVs maturing inside them (Figure 4.2  F-H). 

At this developmental stage, the inner segments of photoreceptors (Figure 4.2 

Figure 4.2 E) are highly enriched with mitochondria and lysosomes making 

accurate analysis challenging. Around 1 MVB was observed per 10 (±3) cells 

(Figure 4.2 F-H), with the majority being oval shaped, located closer to the cell 

membrane of the developing segments and each containing 5-10 ILVs. By P45-

50 (Figure 4.2  J-L), MVBs were only very rarely observed in the inner segments 

(0-1 MVBs per 150 cells (±1), and vesicle-like structures were observed in the 

extracellular space surrounding the inner segment, close to the outer segment 

region (Figure 4.2 L). Of note here, no MVBs were found in the developing 

synaptic terminals throughout the development of P1, P7 and P45, as has been 

seen in other neurons (Raiborg et al., 2015).  
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Figure 4.2 Transmission electron microscopy analysis of the photoreceptor 
inner segment region during early postnatal development shows an 
increase in MVB formation between P0 and P7, which declines in the adult.  

Representative images per 3 sections of eye cups fixed with Karnowski, negative stained and imaged wit 
80kV electron beam. (N=3 experiments, n=6 retinae, one per timepoint) P0-P1 retinae (A-D), P7-8 retinae 
(E-H), P45-50 (I-L). MVB; Multivesicular bodies, cc; Photoreceptor cilium, c; RPE cilia, m; mitochondria, 
RPE; retina pigment epithelium, PR; Photoreceptors, PR-seg; region of inner segment development PR-
inner seg; developed inner segments, v; vesicles, v?; probably vesicles. Scale bar as indicated per section.   
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Endocytic markers immunoreactivity 

Although, an MVB specific protein marker has not yet been identified, MVB’s 

biological fate is to either fuse with the plasma membrane or fuse with lysosomes. 

As such, to further assess the reduction in late endosomes (MVBs), I performed 

immunostaining for the late endosomal marker, LAMP1 (lysosomal-associated 

membrane protein 1). Both LAMP1 and LAMP2 are reported to be enriched in 

EVs, indicating association of the endolysosomal pathway in EV formation and 

release (Safaei et al., 2005). As shown in Figure 4.3, at P0-P2 LAMP1 

immunostaining is predominantly localised close to the nuclei of the retinal 

progenitors (Figure 4.3 A, B). By P10, the staining is more defined, showing clear 

puncta throughout the ONL (Figure 4.3 C, D), but is dramatically decreased at 

the ONL region by P45-50 (Figure 4.3 E, F). Notably, LAMP1 staining is not 

localised to the developing (not yet established) segment region, where MVBs 

were seen (Figure 4.2). The reasons for this are not entirely clear but LAMP1 

primarily labels lysosomes and early endosomes.  
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Figure 4.3 LAMP1 immunostaining reveals dramatic drop of expression 
from early postnatal development to the adult retina.  

Representative images of N=3 experiments revealing high expression at P0-P2 (A; low mag & B; high mag) 
that is even more increased in the outer nuclear layer (ONL) by P8-P10 (C; low mag & D; high mag) that is 
dramatically decreased at P45-50 (E and F). Maximum projections of z stacks (LASX, SP4 Leica). (DAPI; 
blue, LAMP1-Gar488; green, merge). Scale bar 20μm.  
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4.1.2 Western Blotting analysis of endocytic markers in retinae lysates reveals a 

peak of expression during first postnatal week 

 

Both pathways (MVB-dependent and MVB-independent) for generating and 

releasing EVs share common molecules for sorting into EVs the material to be 

released, including LAMP1, TSG101, CD9, CD81 and Rab7. To assess their 

expression, I performed western blotting analysis in whole neural retinal lysates 

to compare their expression levels during early retinal development (P0, P2, P6) 

versus adult (P45). Figure 4.4 shows a representative western blot of all the 

above markers (N=5 experiments, lysates per developmental timepoint represent 

a pool of 3 retinae).  As expected, LAMP1 expression levels reflect the 

immunohistochemical profile, and are high during the early postnatal period and 

lower at P45, although β-actin also indicate lower loading in the P45 sample in 

this example. TSG101, an ESCRT (endosomal sorting complexes required for 

transport) machinery-associated protein, important for the transport of membrane 

proteins in the endocytic pathway, was expressed at low levels during early 

development (P0-P2) but was not detectable from P6 onwards. 

 

Rab GTPases and SNARE proteins are known to regulate MVB trafficking and 

fusion of vesicles with distinct vesicular compartments, cell membranes, or 

intracellular organelles (Carroll et al., 2013). Depending on the cell type, different 

Rab proteins have been identified to be enriched in EVs. Since Rab7 is a protein 

required for endosome maturation, I tested the expression levels in whole retina 

lysates and, interestingly, found that Rab7 is increased during P2-P6 

developmental stage and significantly decreased, if present at all, in the adult 

neural retina. 

 

Tetraspanins (CD81, CD9 and CD63) are a family of proteins that are abundant 

in EVs and commonly serve as markers for their purification (Van Deun et al., 

2017). Although CD63 has been described as the classical marker of EVs, no 

reliable antibodies against murine CD63 are available commercially at the 

present time. Since CD81 and CD9 are also enriched in small EVs (Kowal et al., 

2016) I examined whether their expression level follows the same developmental 
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pattern described above. Interestingly, CD9 expression remains broadly constant 

during early and late retina development, with some possible variation around 

P6-P8, while CD81 is increased from P0 to P6, but was not detectable by P45. 

 

Taken together, these data indicate that the endo-lysosomal pathway is important 

during early development of the neural retina, suggesting a role for degradation 

in developing the cell dynamics, molecular signature and morphology (e.g. 

segment formation is taking place at P6-P10) that is no longer needed when cells 

are fully differentiated (P45).  

 

 

 

Figure 4.4 Western blot analysis of proteins involved in ILV sorting and 
shedding, including LAMP1, TSG101, CD9, Rab7 and CD81, show maximum 
levels of expression during early retinal developmental stages.  

Representative Chemiluminescense images of whole neural retinal RIPA-cell lysates derived from 3 retinae 
per developmental stage of independent litters per lane (N=5 experiments). 30 micrograms of protein loaded 
per lane and wet transferred immunoblotted overnight. Loading control used beta actin). 
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4.1.3 Primary photoreceptors in culture bear EV markers such as LAMP1 and 

CD81 

 

Having confirmed the presence of EV markers in whole retinal lysates, I next 

sought to determine whether CD73+ rod photoreceptors in primary culture 

express LAMP1 and CD81, via immunostaining at 3-6 DIC. As shown in Figure 

4.5 and Figure 4.6 punctuate distribution of these late endosomal markers is seen 

around the cell body of photoreceptors. Immunostaining of CD81 (red, GaR 

rabbit-546) Figure 4.5 E-H reveals low expression levels with a punctate 

distribution around the cell bodies of Nrl.Gfp+ (green, cytoplasm) primary 

photoreceptors, H (iii). Furthermore, puncta can be also found in fine, GFP+ 

processes H (ii, i). LAMP1 immuno-localisation (red, Gar rat-546) was also 

expressed in low levels and found in the cell body of the Nrl.Gfp photoreceptors 

(Figure 4.6 E-H). When Nrl.myrGfp cells were used (Figure 4.6 I-L) punctate 

staining was also revealed in the processes, apparently connecting two cells 

(Figure 4.5 L, arrow). The latter finding may indicate endolysosomal exchange 

between cells in a non-classical manner by shuttling between cellular bridges. 

This will be further investigated in Chapter 5. 
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Figure 4.5 CD81 Immunostaining shows a punctate pattern of expression in 
primary cultures of rod photoreceptors both in cell bodies and processes.  

Representative images (maximum projections) from n=3 individual cultures for CD81 immunostaining in P4-
7 Nrl.Gfp+ photoreceptors in culture day 3-6. Panel A, B, C and D secondary control staining, Panel E, F, 
G, and H CD81 staining (A&E; DAPI, blue, B&F; Nrl.Gfp, green, C&G; CD81 red, GaR Rabbit 546, D&H; 
merge). Panel I, ii, iii Zoom of H boxes. Scale Bar 20μm.  
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Figure 4.6 LAMP1 Immunostaining shows a punctate pattern of expression 
in primary cultures of rod photoreceptors both in cell bodies and processes 
extending between cells.  

Representative images (maximum projections) from n=3 individual cultures for LAMP1 immunostaining in 
P4-7 Nrl.Gfp+ photoreceptors in culture day 3-6. Panel A, B, C and D secondary control staining, Panel E, 
F, G, and H LAMP1 staining (DAPI; blue, Nrl.Gfp; green, LAMP1; red, Gar (rat) 546). Panel I,J,K and L 
LAMP1 immunostaining in Nrl.myr.Gfp PR cultures to visualise membranes. Arrow - cell process positive for 
LAMP1 puncta. Scale bar 20μm.  
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4.1.4 Primary photoreceptors in culture release a variety of extracellular vesicles 

 

Having confirmed that MVB-dependent and MVB-independent markers of EV 

machinery are present in the developing neural retina in vivo, and within 

photoreceptors specifically, I next asked whether cultured rod photoreceptors are 

able to release EVs. For this purpose, CD73+ rod photoreceptor cells were 

cultured for 5-6 days and the media was collected twice, pooled and then 

enriched for EVs following the classical protocol of sequential ultracentrifugation 

(see Chapter 2, Section 2.6).  

 

The resulting EVs were assessed using Dynamic Light Scatter (DLS) analysis of 

the 100K pellets recovered from photoreceptors (n=10 independent EV preps; 

representative plots shown in Figure 4.7 A, B). This revealed a small intensity 

peak around 50nm diameter size with intensity peak of 4%, a second at 1000nm 

with intensity peak of 8% and a third at 6000nm with a low intensity peak of 2.5%. 

The polydispersity of the samples, in this case PDI 0.940, was constantly high 

ranging from 0.490-0.940 not allowing any formal quantification. Assessment of 

the size distribution of polydisperse samples (PDI>0.1) is fairly inaccurate, since 

the measured size distribution is highly influenced by the presence of small 

numbers of larger particles, such as contaminants, or aggregates, which scatter 

more light than small vesicles (van der Pol et al., 2010). Volume approximation 

(Figure 4.7 B), according to Mie theory, is unlikely to be particularly accurate for 

the same reason, but the 50nm population does appear to be the predominant 

population, at least at this stage, over the other two populations. 

 

Since DLS cannot provide any valuable information regarding the exact size or 

the number of EVs, I performed TEM analysis of the 100K pellets (Figure 4.8). 

The latter further supports the poly-dispersity of the EV samples and indicates a 

variety of vesicular diameters. Figure 4.8 A, a representative wide field image, 

shows oval vesicles of 200nm diameter (±5nm; n=4 EV preps from N=4 

independent cultures) with a typical doughnut shape and lipid bilayer. Different 

intensities of staining of the EV lumen potentially indicate different levels of cargo 

densities, for example some maybe empty and others enriched with molecular 
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information. In the microphotographs in Figure 4.7 B and C, other populations of 

smaller EVs can be seen, ranging in size between 33 and 55nm. In addition to 

the EV-like structures exhibiting a lipid bilayer, other smaller structures (average 

diameter 13nm ±0.5nm) were observed that most likely reflect LDL precipitates 

(lipid droplets), since they lack a lipid bilayer. 

 

A significant proportion of vesicles appeared to be broken, which may help to 

explain the high polydispersity of the sample and the 1000nm peak. The 

differences in average diameter measured using DLS and TEM most likely reflect 

sample dehydration during the negative staining for TEM. In general, however, 

the DLS calculations closely fit the size distribution measurements of EV 

diameters as assessed with TEM. Interestingly, no vesicles of diameter >1000nm 

were found during the examination of these samples with TEM, which suggests 

that extensive aggregation of (smaller) vesicles occurs during sample preparation 

for DLS. 

 

 

 

Figure 4.7  DLS analysis reveals different physical properties within the sEV 
(100K) population derived from primary photoreceptor culture 
supernatants.  

DLS analysis (average intensities) of 100K pellets derived from P7 rod photoreceptors in culture. A. Intensity 
versus diameter plot, B. Volume versus diameter plot.  Average intensities (of 13 independent DLS 
measurements for 1 sample, time of equilibration 2min RT) polydispersity and size data as provided by 
Malvern Zeta Sizer, volume conversion according to Mie theory. 
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Figure 4.8  TEM analysis reveals different physical properties within the sEV 
(100k) population derived from primary photoreceptor culture 
supernatants.  

TEM of 100K pellets derived from P6-8 rod photoreceptors in culture. A-C 100K samples negatively stained 
with Uranyl acetate without fixation (n=4 independent EV preps). Electron beam 80kV 5000X (A) and 10000X 
(B, C) magnification applied. Scale bars as indicated. Black arrow; broken EV or debris.  

 

To further confirm the generation and release of EVs from primary photoreceptor 

cultures, I performed scanning electron microscopy (SEM) of P6-8 CD73+ 

MACS-sorted cells that were cultured in PVDF trans-wells.  As expected, 

photoreceptors in culture grew processes contacting each other, but also visible 

are numerous EV-like structures in the surrounding environment, with diameters 

ranging from 50-200nm diameter (Figure 4.9 A-C). The presence of vesicular-like 

structures on the upper surfaces of the cells may indicate both blebbing and/or 

actin protrusions, but SEM does not allow further discrimination. Thus, only the 

vesicles observed in the area around the cells, and not on them, were taken as 

indication of EV release.  
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Figure 4.9 SEM analysis reveals the presence of processes and EVs 
released from primary cultures of P6-8 photoreceptors. 

 InLens, apeture size 30micrometers, WW 3.3mm. A; Mag 14.24 K X EHT = 3kV, B; microphotograph of 
Mag 6.74 K X EHT = 3kV, C; microphotograph of Mag 6.64 74 K X EHT = 3kV. A, B and C, Scale bar 3μm. 
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4.1.5 The protein profile of photoreceptor-derived extracellular vesicles shows 

endocytic, photoreceptor disk, and cytoplasmic markers  

 

Previously, I have shown that primary cultures of postnatal rod photoreceptors 

release EVs that sediment at 100K and are of a size (35-200nm) that most likely 

correspond to ILVs, which mature inside MVBs and are released in the 

extracellular space. In this section, I sought to identify the molecular signature of 

photoreceptor-derived EVs, to determine if they express ILV-specific proteins, as 

well as proteins that we know are transferred in material transfer, including 

photoreceptor-specific proteins like rod α-transducin, as well as the tracer 

molecules GFP and Cre.  

 

With respect to EV nomenclature 2K, 10K and 100K EV fractions were all 

analyzed for their protein profile with dot blots. Recent reports indicate that these 

three EV populations may transfer different information; for example, 2K (large 

EVs) mostly correspond to cell debris and necrotic by-products; 10K (medium 

EVs) probably correspond to microvesicles; and 100K (small EVs) probably 

corresponds to the carriers of molecular information exchanged between cells, 

traditionally referred as exosomes. It was therefore important to make sure that 

the 100K EV pellets were the EVs of interest for our study (for more details refer 

to Introduction Chapter 1.6.2). To achieve this, the recovered 2K, 10K, 100K 

EV pellets were washed with PBS, and split in 2 samples, where one was used 

for molecular analysis and one for functional assessments in culture or in vivo.  

In Section 4.1 I will show the results of the molecular analysis and in Section 4.2 

I will address their function in vivo.  

 

For protein estimation, the samples were further lysed with RIPA, and quantified 

with DC assay according to BSA-RIPA lysate standards. Figure 4.10, A and B 

shows representative TEM images and assessment of the protein concentration 

of the 2K, 10K and 100K EV fractions, as enriched with ultracentrifugation, 

respectively.  Unsurprisingly, the protein levels retrieved from the 100K EV pellets 

varied significantly between isolation, indicating technical efficiency limitations as 

well as low levels of release by the cultured cells. Approximately 10μg/μl of 
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protein were recovered after pooling 3+ individual culture supernatants; protein 

levels were undetectable if less material was used. Dot blot analysis performed 

for photoreceptor markers in the 2K, 10K and 100K pellets (Figure 4.10, C) 

revealed that all EV preps were negative for rod a-transducin.  

 

Conversely, all the retrieved pellets showed enrichment for the early 

photoreceptor marker recoverin, and levels appeared to increase between 2K, 

10K and 100K fractions, respectively.  Conversely, rhodopsin appeared 

consistently enriched only in the 100K pellets. To confirm that the pellets were a 

product of culture supernatants enrichment and not a biproduct of lysed cells, 

they were also tested for Golgi marker GM130; all samples were negative. This 

strongly indicates that the EVs of interest mostly corresponded to the 100K pellets 

and I proceeded with a detailed molecular characterization of their protein 

identity. 
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Figure 4.10  Protein estimation with DC assay of 2K, 10K and 100K 
ultracentrifuge-enriched EV fractions shows low levels of protein recovery.  

A. TEM analysis 2K, 10K, 100K EV preps B. Protein estimation performed according to BSA lysates of 
standard concentrations. 2K; 6.5μg ± 0.7, 10K; 8.7μg ± 0.7, 100K; 9.4μg ± 6.2  n=3 pools of 3 individual 
culture EV pellets. Histogram shows mean ±STDEV. C. Representative dot blots of GM130 (Golgi 
contamination), Rod a-Transducin, Recoverin, Rhodopsin in 2K, 10K and 100K EV preps. Arrows indicate 
EV populations. Scale bar as indicated 
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For each of the three different transgenic lines that were used for the in vivo 

studies of photoreceptor transplantation, I used a pool of 3 independent 100K 

preps derived from P4-7 CD73+ MACS-sorted rod photoreceptors in culture. 

Serial dilutions of the EV lysates were performed to demonstrate specificity and 

the stoichiometric binding of the antibodies to the epitopes. Note that all the 

antibodies use for dot blot analysis revealed a single band when tested in western 

blotting (see Chapter 2, Methods Section 2.6). Figure 4.11 shows dot blot 

analysis of the 100K EV preps, compared to photoreceptor cell lysate as a 

positive control of the markers tested, whereas Figure 4.12 shows the results of 

serial dilutions of 100K samples collected from different genotypes. Incubation of 

the primary antibodies took place in permeabilization conditions (detergent Triton 

X 0.05%) to facilitate the detection of the proteins within the lumen of EVs as the 

samples were not denaturated (for more technical information refer to Methods 

Section 2.9.2). As such, some information regarding the topology of the proteins 

will be provided, though the technique to provide this detail is Immunolabelling 

with gold in conjunction with electron microscopy. 

 

Figure 4.11 Dot Blot analysis reveals low levels of  enrichment of CD9, 
CD81, LAMP1 in photoreceptor-derived sEVs (100K) when compared to cell 
lysate (CL).  

100K pellets derived from primary P4-8 PRs pooled from 3 independent isolations from wt CD73+ PR 
cultures pool of 3 samples, corresponding to 60*106 cells. RIPA lysates were boiled and filter trapped in 
PVDF membranes with the presence of detergent 0.05% TritonX to allow antibody penetration in the lumen 
of the vesicles. Membranes immunoblotted for (A) LAMP1, CD81, CD9, GM130 and (B) Rod-a-transducin, 
Rhodopsin and Recoverin. 
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To show that the 100K pellets correspond to EVs, I examined some classical EV 

proteins that are reported to be involved in both the MVB-dependent and 

independent pathways of EV release, including CD81 and CD9 (Figure 4.11) and 

LAMP1, Alix, and Tsg101 (Figure 4.11, A and 4.12). In the 100K EV-enriched 

pellets, neither CD81 or CD9 were highly enriched in the EV lumen, but traces of 

them were detected and compared to the cell lysate. Positive confirmation of the 

protein was provided by the analysis of the cell lysate (CL, Figure 4.11). LAMP1 

appears to be enriched in two of three independent preparations, illustrating some 

of the challenges of reproducibility in the EV research field. Furthermore, this 

reflects the technical variability when dealing with very low protein levels. Alix was 

present in the EVs of all preparations in very low levels. Tsg101, if present, was 

found only at very low levels. In addition, for all preparations analysed, GM130 

immunoreactivity was undetectable, confirming that there was no contamination 

of Golgi compartments derived from the lysed cells (Figure 4.11 and Figure 4.12).  

 

Three photoreceptor-specific proteins known to be exchanged during material 

transfer were assessed in the same manner. In newly formed photoreceptor 

disks, the N terminus of Rhodopsin faces the extracellular space (Salinas et al., 

2017). With the use of an anti-rhodopsin antibody raised against the N terminus, 

I was able to reliably detect rhodopsin in the lumen of EVs from the 100K pellets 

(Figure 4.11) although levels varied between samples. Indeed, the variability 

between the three pools of independent genotypes was quite marked, but most 

likely reflects technical variation given the very small quantities of protein 

retrieved. Protein from whole photoreceptor cell lysates provided a positive 

control for each of the markers. Rod-α-transducin is the cytoplasmic subunit of 

the G-protein receptor responsible for the visual cascade. Although the alpha 

subunit is localised in the cytoplasm of the disk membrane sacks, none of the EV 

samples were enriched with this protein Figure 4.11 which has previously been 

shown to be robustly transferred in vivo (Pearson et al., 2012, 2016). 

 

The C-terminus of Recoverin faces the intracellular disk domain, whereas the N 

terminus faces the extracellular space (Calvert et al., 2006). The antibody used 
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to detect recoverin was designed against the N terminus of recoverin. Alongside 

with rhodopsin and transducin, recoverin molecules are localised in the cell 

membrane and detergent-resistant lipid rafts of photoreceptors (Martin et al., 

2005). In the 100K EV pellets, the levels of recoverin N terminus 

chemiluminescence intensity were very high. Together, these data indicate 

enrichment of a number of early photoreceptor markers in photoreceptor-derived 

EVs, but not rod α-transducin (Figure 4.11).  

 

As well as the photoreceptor-specific proteins that appear to transfer from donor 

to host in the transplantation paradigm, fluorescent reporters including 

cytoplasmic GFP and DsRed are also robustly transferred (Pearson et al., 2016, 

Santos-Ferreira et al., 2016, Singh et al., 2016). Interestingly, GFP is localised in 

the cytoplasm of the Nrl.Gfp photoreceptors but is also present in the Nrl.Gfp 

photoreceptor-derived EVs (Figure 4.12). In the case of Nrl.Cre-mTmG* 

photoreceptors, the GFP is modified with a MARKCS sequence and is tagged to 

the membrane. Surprisingly the levels of GFP in NrlCre-mTmG transgenic line 

are even more enriched in the Nrl.Cre-mTmG-derived EVs, compared to Nrl.Gfp 

ones. Nrl.Cre-derived EVs were used as a negative control, to address 

contamination where some residual Gfp (technical) contamination was apparent 

(Figure 4.12). 

 

Finally, Cre expression was robustly detected in the Nrl.Cre and Nrl.Cre-mTmG 

100K pellets. There was some variability in levels between the two lines, which 

be due to protein loading, although equal protein amounts loaded after protein 

quantification with DC assay. Unexpectedly, Cre was found in the Nrl.Gfp sample 

indicating some possible contamination or antibody specificity issues (Figure 

4.12). 
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Figure 4.12 Dot Blot analysis reveals ILV maturation proteins as well as 
photoreceptor specific proteins associated with lipid rafts in Photoreceptor 
derived sEVs (100K).  

100K pellets derived from primary P4-8 PRs pooled from 3 independent isolations for each of 3 different 
genotypes corresponding to 60*106  cells. RIPA lysates were boiled and filter trapped in PVDF membranes 
with the presence of detergent 0.05% TritonX to allow antibody penetration in the lumen of the vesicles. 
Membranes immunoblotted for i) photoreceptor markers (Rhodopsin, Recoverin, Rod alpha-Transducin), 
and ii) Cytoplasmic molecules (GFP, Cre) known to be exchanged in material transfer, and iii) EV markers 
(Alix, Lamp1, Tsg101) and GM130 for Golgi contaminants.  
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4.1.6 Photoreceptor derived extracellular vesicles are enriched with mRNA of 

Gnat1, Cre, Gfp but not Rho, Rec, Nrl and Crx. 

 

The presence of many RNA molecules in EVs is well established, although the 

mechanism of sorting RNA molecules into EVs remains unclear. The most 

striking observations regarding mRNA molecules in EVs were published in 2007 

by Valadi and colleagues, who reported that mRNA in EVs corresponds to only 

8% of the mRNA detected in the cells of origin. Moreover, they showed that these 

RNAs were biologically active via an in vitro translation system. Interestingly, the 

most abundant transcripts in the EVs were generally different from the most 

abundant transcripts in the donor cells (Valadi et al., 2007). 

 

Hence, I sought to identify whether photoreceptor-derived EV cargo encapsulates 

mRNA of any of the molecules known to be exchanged in material transfer, such 

as Cre, Gfp, Rho, and Gnat1. The first consideration was to eliminate potential 

contamination from the preparation - RNA molecules that may stick to the outside 

of the EVs, but are not within the lumen of the EVs. For this purpose, the EV 

samples were pre-treated with RNase for 5mins at 37°C, then blocked with 

RNase inhibitor and further tryprinized, as described by RNA was extracted for 

two step RT-QPCR analysis (according to (Valadi et al., 2007), see Chapter 2, 

2.6). 

 

Figure 4.13 Α shows the beta-actin Ct values obtained from n=8 samples of EVs 

derived from independent photoreceptor cultures, compared to the CT values of 

beta-actin derived from cell lysates. Figure 4.13 B shows the individual CT values 

of beta actin per sample. These results support that EVs derived from primary 

cultures of rod photoreceptors contain mRNA in sufficient quantities to support 

cDNA synthesis. 

 

Next, I performed RT-QPCR analysis for the photoreceptor-specific genes, 

Gnat1, Rho, Rec and Crx. As a comparative quantitative analysis is restricted 

due to the variability of the samples and the very low mRNA levels in EVs, I limited 

assessment to presence/absence of the above markers in the 100K EV preps 
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from n=8 individual isolations, as shown in Figure 4.14. RT- QPCR analysis 

confirms the presence of Gnat1 mRNA transcripts in EVs, but not Rho, Rec or 

the transcription factor Crx. In the case of Rec transcript, only one sample out of 

8 was positive. The absence of Crx and Nrl (data not shown, n=2) is in line with 

other reports indicating that transcription factors are very rarely encapsulated in 

small EVs (Valadi et al., 2007). Interestingly, the presence of Gnat1 in mRNA 

form, but not protein, is particularly interesting, since it is one of the molecules 

most efficiently transferred during material transfer after transplantation - >95% 

of Gfp+ cells in the host retina were also positive for rod α-transducin (Pearson 

et al., 2012, 2016). In line with this observation, rhodopsin and recoverin, which 

are transferred but perhaps less efficiently, are found in the EVs in their protein 

form and not in their mRNA transcripts. The reason of this preferential sorting of 

cell markers in EVs in both protein and RNA form is not yet known.  

 

Finally, I assessed the presence/absence of Gfp and Cre transcripts. As shown 

in Figure 4.15, Gfp mRNA is highly enriched in Nrl.Gfp, Crx.Gfp and 

Nrl.Cre.mTmG photoreceptor-derived EVs. The samples were compared to 

wildtype photoreceptor-derived EVs, since we have significant environmental 

contamination of Gfp in the laboratory space, although the copies of Gfp 

transcripts were higher than water samples (Figure 4.15 B). Cre mRNA is also 

present in Nrl.Cre derived EVs, and absent in wildtype (Cre-ve)-derived EVs and 

cells. Alongside with these molecules, I also assessed the house keeping gene, 

Hprt, which was present in cell preps but absent in EV preps. This further 

supports the notion of preferential sorting of protein and mRNA into EVs, even of 

genes (beta-actin and hprt) typically used as reference genes for RT-PCR. 
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Figure 4.13  RT qPCR analysis of RNase treated 100K EV pelles derived 
from photoreceptos in culture shows adequate amounts of RNA for cDNA 
synthesis.  

A, beta-actin  CT values from a  pool of N=8  individual samples. B, b-actin  CT values from individual 100K 
EV samples, including water as a negative control. 

 

Figure 4.14 RT qPCR analysis of 100K EV pellets for photoreceptor markers 
Gnat1, Rho, Rec, Crx, shows Gnat1 mRNA but not Rho, Rec and Crx.  

Analysis carried out with DDCT2 relative to b-actin comparing EVs (n=8)  versus Nrl.Gfp+ primary 
photoreceptor cell lysate (n=3).  A, Gnat1 transcript (n=8 samples tested) and one random EV sample P8 
NrlGFP derived EVs set at 100 to generate the comparison. B, Rho transcript (n=8 samples tested) and P8 
NrlGfp photoreceptor cells set at 100 to generate the comaprison. Rho was not present in EVs. C,  Rec 
transcript n=8 samples tested and P8 NrlGfp photoreceptor cells  set at 100 to generate the comparison. 
Only n=1 of  EV samples was positive for Rec, and at very low levels. D, Crx  transcript (n=8 samples tested) 
and P8 NrlGfp photoreceptor cells  set at 100 to generate the comparison. Crx  was not present in EVs. 
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Figure 4.15  RT qPCR analysis of 100K EV pellets or Cre, Gfp and house 
keeping Hprt, shows Gfp and Cre, but not Hprt, mRNA.  

Analysis carried out with DDCT2 relative to beta-actin comparing EVs versus Nrl.Gfp+ primary photoreceptor 
cell lysate (n=3).  A, Gfp transcript (n=4 samples tested) and Wt photoreceptor cell derived EV sample set 
at 100 to generate the comparison and address the impurities of Gfp versus the enrichment in the Gfp 
derived EVs. B, Cre transcript (n=3 samples tested) and a Cre EV sample set at 100 to generate the 
comparison versus Non-Cre photoreceptor cell derived EVs (n=5) and non Cre photoreceptor cells 
(P8NrlGfp; n=3). C, Hprt  transcript (n=8 samples tested) and P8 NrlGfp photoreceptor cells set at 100 to 
generate the comparison. Hprt was not present in EVs. 
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4.2 Material transfer via extracellular vesicles in culture and in vivo mediates 

photoreceptor-glia, but not photoreceptor-photoreceptor communication 

 

Having confirmed the ability of photoreceptors to release EVs into the 

extracellular environment, and that these contain a number of molecules known 

to be transferred during material transfer following photoreceptor transplantation, 

I next examined their cellular targets in culture and in vivo. 

 

4.2.1 Application of GFP+ extracellular vesicles in wildtype retinal cultures does 

not result in GFP uptake 

 

Looking retrospectively at rod photoreceptor transplantation in diseased and wt 

control retinae, one of the molecules most robustly exchanged between donor 

and host is GFP. In Section 4.1, I showed that Nrl.Gfp primary photoreceptor-

derived EVs contain GFP, apparently both mRNA and protein form (discussion 

Chapter 7.2). As such, I asked whether the application of Gfp+ EVs can mediate 

material transfer and label photoreceptors in culture. For this purpose, I cultured 

wt retinal cells in 2D primary cultures and directly applied either EVs derived from 

Nrl.Gfp cells or commercially available HEK-derived, GFP-loaded EVs 

(HEKexoGFP; SBI, 170427001). Protein quantity was estimated at 4.75 (±2) 

μg/μl and 1.82 μg/μl, respectively and applied at a final concentration of 10μg per 

500,000 cells. The dose of EVs was selected based on the maximum protein 

concentration that could be obtained, which was limited by sample preparation.  

 

P8 wt mixed retinal cells were cultured for at least 3 days prior to any treatments 

(viability >90%). Post incubation with the EVs without any medium change for a 

period of 7 days cultures were fixed and analyzed with confocal imaging. All 

images were obtained according to the settings used to determine background 

fluorescence in negative controls and autofluorescence was also checked in the 

red channel (SP4, Leica). 

 

Representative images of wt retinal cultures, stained with phalloidin Alexa-647, 

depict some residual background autofluorescence in the negative controls 
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(Figure 4.16 A; cultured retinal cells treated with wt derived EVs 1μg, N=3 

cultures). Direct application of Nrl.Gfp+ photoreceptor-derived EVs (100K pellets) 

did not result in GFP transfer in either photoreceptor cells or other retinal cells at 

any time between 0 and 7 days of incubation (Figure 4.16 B, N=5). Application of 

HEKexoGFP EVs yielded some GFP fluorescence, but it was punctate.. It is 

unclear from these experiments whether the EVs attached to the cell membrane 

of the retinal cells or whether they were internalized or, indeed, if this was 

background signal, similar to that seen in control (compare panel A and C, N=3 

experiments, n=3 wells). Regardless, the pattern of labelling does not reproduce 

that seen in transplantations following material transfer, where the entire 

cytoplasm of the recipient cell is GFP+ (a representative example can be found 

in Figure 5.16). While no convincing evidence of material transfer of GFP in 

culture was obtained, this may be due to various reasons, including the quality of 

the prep (relatively few photoreceptors seemed to survive in these particular 

cultures), the concentration of protein, and dilution in the medium, which could all 

affect the amount of EV particles needed to be up taken per cell for adequate 

transfer. 
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Figure 4.16 Nrl.Gfp derived EVs do not mediate material transfer to mixed 
retinal cells in culture.  

Representative images of maximum projections of N=5 experiments for retinae cultures fixed with PFA 4% 
after been treated for 7 days with various EV preps. Cells addressed by Phalloidin-647 staining. A, wt derived 
100K EVs 5μg. B, Nrl.Gfp derived 100K EVs  10μg. C; HEKexoGFP (SBI) exosomes 10μg, applied in the 
medium of wt retinae (DAPI; blue, Gfp; green, Purple; Phalloidin , merge). Scale bar 20μm 
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4.2.2 Sub-retinal administration of Nrl.Gfp+ photoreceptor- derived extracellular 

vesicles in wild-type recipients does not result in GFP uptake by photoreceptors 

in vivo 

 

Direct application of Nrl.Gfp+ photoreceptor-derived EVs (100K pellets) to wt 

retinal cells in cultures did not provide convincing evidence of GFP uptake. 

However, transfer maybe more efficient in vivo due to the health of the host 

photoreceptors and the retained cytoarchitecture (small volume in subretinal 

space, compared to comparatively large culture volumes). We therefore 

performed subretinal injections of EVs to assess functional transfer from EVs to 

photoreceptors in vivo. 

 

Due to the size of the adult murine eye, subretinal injection volume is restricted 

(single 2μl injections were used). Aliquots from the same EV samples that were 

tested in culture, above, were tested in vivo. In addition, I incorporated 

concentrated Nrl.Gfp+ primary photoreceptor culture supernatant (which includes 

all EV fractions) from 60,000,000 cells as a further control of the methodology of 

sample preparation. Wt animals were injected with Nrl.Gfp+ concentrated 

supernatant in one eye (either R or L) and the contralateral eye was injected with 

Nrl.Gfp+ photoreceptor-derived EVs (8μg protein concentration per μl; n = 5 

eyes/group). In a parallel cohort, HEKexoGFP EVs (5μg of protein concentration) 

were administered (n=12). P8 Nrl.Gfp+photoreceptor precursors were 

transplanted to confirm the levels of GFP transfer with subretinal injections in 

Gnat1-/- hosts (N=2 cohorts; n=6 ) (wt and Gnat1-/- perform equivalently, regarding 

material transfer (Pearson et al., 2016) 

 

Figure 4.17 shows representative images of each treatment in wt or Gnat1-/- 

hosts. Figure 4.17  A shows the GFP transfer that occurs following subretinal 

transplantation of P8 Nrl.Gfp+ precursors into Gnat1-/- mice. The cell mass is 

clearly visible. Note that the image is slightly overexposed to visualize the lower 

GFP levels in the host retinae ONL. Importantly, no other cell types were labelled 

with GFP other than photoreceptors, as reported previously by our lab (Pearson 

et al., 2012). In contrast, no GFP transfer was seen following subretinal injections 
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of concentrated supernatant into wt retinae (Figure 4.17  B; n=5 eyes), nor in the 

contralateral eyes that were injected with Nrl.Gfp+ photoreceptor-derived 100K 

EVs (Figure 4.17  C). HEKexoGFP EVs were tested as well, but again no GFP 

transfer to photoreceptors was seen, although some residual background 

fluorescence was observed in the outer segment area (Figure 4.17  D). Thus, 

subretinal injection of Nrl.Gfp+ or HEKexoGFP, EVs does not result in GFP 

transfer. This may be because the dose is insufficient, or because the EVs were 

non-functional (due to damage during processing) or, alternatively, because EVs 

are not the mediators of material transfer. Furthermore, the half-life of eGFP as 

a protein is 26hr (Corish and Tyler-Smith, 1999) which may limit the above 

assessment. To address some of these issues I employed the Cre-loxP system 

and repeated the above experiments with a more sophisticated, genetic 

approach. 
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Figure 4.17 Subretinal administration of Nrl.Gfp photoreceptor-derived EVs 
does not result in GFP transfer in vivo.  

Representative confocal images of maximum projections of wt eye cups (with exception of A, which is Gnat1-
/-)  fixed with PFA 4% after been treated for 14 days with various EV preps: A, Nrl.Gfp photoreceptors 
transplanted into Gnat1-/-; B, Nrl.Gfp photoreceptor culture concentrated supernatant injected in wt; C, 
Nrl.Gfp photoreceptor-derived 100K EVs (8μg/μl) in wt; D, HEKexoGFP exosomes (5μg/μl) in wt retinae. 
DAPI – blue; Gf- green; merge). Arrows in A indicate GFP+ host photoreceptors. Scale Bar 50μm 



193 
 

4.2.3 Co-culture of Cre+ photoreceptors with Cre reporter (TdT+/+) retinal cultures 

in a trans well system shows recombination of glia cell types in low levels 

 

To study EV-mediated Cre transfer in culture and in vivo, I developed a method 

based on that described by (Zomer et al., 2016). Zomer and colleagues 

demonstrated that Cre recombinase mRNA may be encapsulated and transferred 

through sEVs at sufficient levels to cause recombination in floxed recipient cells, 

both in culture and in vivo (Zomer et al., 2016). In the culture paradigm, the 

authors employed a transwell system to address horizontal uptake of Cre from 

Cre+ donor cells on the top of the transwell that were co cultured with floxed Cre 

reporter cells on the bottom of the trans-well. It is here worth noting that the cells 

in the transwell system have no physical proximity and that the pore size of the 

PVDF membrane of the transwell is 0.4μm, which is theoretically sufficient to 

allow the passive diffusion of sEVs (less than 200nm). 

 

Similar to the Nrl.Gfp+ transgenic line, in Nrl.Cre+ mice Cre expression is 

restricted to rod photoreceptors. Hence, CD73+ rod photoreceptors were isolated 

from Nrl.Cre+ transgenic mice at P4-P7. These CD73+ Nrl.Cre+ “donor” 

photoreceptors were placed in the top section of a transwell insert over 

dissociated retinal “recipient” cells derived from P4-P7 TdTomatofl/fl Cre reporter 

mice and seeded on glass coverslips. The cells were cultured for up to 21DIC 

without medium change, (but was topped up at 10DIC to account for 

evaporation). At the end of the incubation period, the coverslips were collected, 

fixed and stained with DAPI and Phalloidin-647. Recombination potential of the 

“recipient” cells was confirmed by direct transduction with shH10.CMV.Cre 

(1012vp/ml) and 90-100% of reporter cells were positive for TdTomato 

fluorescence (N = 6 experiments, n=2 wells/culture, one per condition) as shown 

in Figure 4.18 A.  

 

Parallel cultures of wt-derived CD73+ photoreceptors co-cultured above 

TdTomatofl/fl dissociated retinal cells served as a negative control, and no 

recombination was seen (n=458 cells out of 471 Figure 4.18 Figure 4.18B). 

Following transwell co-culture of CD73+ Nrl.Cre+, a small number (~5%) of the 
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underlying TdTomatofl/fl reporter cells expressed TdTomato (n=13 cells out of 471 

Figure 4.18  C and D). The numbers of recombined cells were very small 

compared to the efficiency of Cre transfer in vivo, as reported by Pearson et al., 

(2016). Figure 4.19  shows the quantification of the recombined cells counted per 

experiment for 3 experiments. The mean of negative cells count per experiment 

was 154 ±24.41 (SD) where the positive cells is 4.2 ± 0.5.  With respect to the 

identity of the recombined cells, although no ICC was carried out, the positively 

transduced cells morphologically resemble glia cells. This may reflect an actual 

specificity of transfer or, alternatively, may be due to poor photoreceptor survival 

over this extended timeframe. This will be further discussed in Chapter 7.2. To 

conclude, Nrl.Cre+ photoreceptors are able to induce recombination of 

TdTomatofl/fl reporter retinal glia cells at very low frequencies in culture when 

transferred in a non-physical proximity method.  
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Figure 4.18 Confocal Imaging analysis of transwell coculture of CD73+ 
Nrl.Cre+ photoreceptors with TdTomatofl/fl dissociated retinae reveals 
recombination without physical cell contact.  

Schematic on the left side explains the culture set up for each experiment, for which representative images 
are shown, right. Representative confocal images of Cre reporter cells upon 21DIC shows low recombination 
levels (between 1-3%) of TdTomatofl/fl retinal cells. A, negative control - wt CD73+ photoreceptors in top well. 
B, positive control -direct application of ShH10.CMV.Cre virus to the lower well. C&D, Nrl.Cre+ CD73+ 
photoreceptors. Nuclei and cell cytoskeleton were visualized with DAPI and Phal-647, respectively. 
Maximum projection of z stacks.  Scale bar 20μm. 
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Figure 4.19 Absolute quantification of the positive and negative 
recombined cells in the transwell coculture reveals less than 3% of 
recombination.  

Around 50 cells were counted per field, 3 pseudorandom representative fields per slide  
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4.2.4 Sub-retinal administration of Nrl.Cre+ photoreceptor-derived extracellular 

vesicles in TdTomatofl/fl reporter recipients results in recombination of muller cells  

 

Previously, our group has shown that photoreceptors transduced with 

ShH10.cmv-Cre can cause recombination of host cells following transplantation, 

presumably through material transfer (Pearson et al., 2016). In order to confirm 

that Nrl.Cre+ photoreceptors mediated recombination, I transplanted P8 CD73+ 

photoreceptors into TdTomatofl/fl recipients. Figure 4.20 shows representative 

retinal sections (N=4 cohorts; n=12 animals). Of note, uninjected controls, viral 

transduced TdTomatofl/fl recipients and ShH10.cmv-Cre CrXGFP+ transplanted 

photoreceptors in TdTomatofl/fl recipients are provided in the supplementary 

Figure 9.5 and Figure 9.6. 

 

In all cases, macrophage infiltration was high - markedly higher than seen using 

Nrl.GFP donor cells - indicating a potential immunological mismatch of the two 

transgenic lines.  Where lower levels of macrophages were observed, many more 

host photoreceptor cells were recombined, as shown in Figure 4.20, “3R” and 

very few, if any, Müller cells were recombined. Of note, eye “1R” (Figure 4.20) 

shows an example when the cell mass has been completely removed by 

macrophages (no nuclei in the subretinal space) and in these instances, no 

recombination was observed in the neural retina. This is in line with what has 

been observed previously in cases of cell mass rejection where the donor cells 

were GFP+ (West et al., 2010). In “3L”, more macrophages were observed than 

the contralateral eye, 3R, and interestingly many Müller cells, but only very few 

photoreceptors, were TdTomato+. “2L” shows a similar pattern, while “2R” 

provides an example of complete rejection. In this last case, the macrophages 

have infiltrated the host retina and destroyed the ONL/INL. These data are in line 

with what West et al., (2010) reported - that immune rejection results in poor 

transplantation outcome, assessed by the number of (in that study) GFP+ cells in 

the host retina. Interestingly in all the transplants examined, no RPE cells were 

recombined. 
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It is worth noting here that the Nrl.Cre+ photoreceptors are derived from a 

hemizygote (-/+) transgenic mice as the attempts to generation of Nrl.Cre+ 

homozygotes (+/+), to obtain higher levels of Cre expression, resulted in infertility 

or dead litters. Thus, the levels of Cre expression in the hemizygotes may be 

substantially lower compared to the virally +veCre transduced donor cells used in 

Pearson et al., (2016). 

 

Having confirmed material transfer after transplantation of Nrl.Cre+ 

photoreceptors, I next examined whether subretinal injection of Nrl.Cre+ 

photoreceptor-derived EVs can mediate the same effect. Here, I examined the 

2K, 10K and 100K fractions. Surprisingly, as shown in Figure 4.21, A-C, all EV 

fractions (N=3 cohorts; n=3 eyes per condition) showed widespread 

recombination 3 weeks after subretinal administration. However, recombination 

was restricted to Müller glial cells and TdTomato expression was not seen in any 

photoreceptors, RPE or other interneurons. To further explore the high levels of 

recombination seen in the Müller cells after 100K EV subretinal injections, we 

also performed intra-vitreal injections (N=1 cohort, n=2 eyes), which administers 

the EVs in close proximity to the GCL and Müller glia end-feet. As shown in Figure 

4.21 D, even more widespread recombination in Müller cells was seen following 

this route of administration.  

 

Taken together, these data show that photoreceptor-derived EVs, isolated via the 

methods described here, are functional and are efficiently taken up by Müller glial 

cells, but not other photoreceptors, in vivo. Moreover, photoreceptor-derived EVs 

are capable of modulating gene expression in the receiving Müller glial cells, at 

least via Cre-mediated recombination. 
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Figure 4.20 Transplantation of P8 Nrl.Cre+ CD73+ PRs in adult (6-8wo) 
reporter TdTomatofl/fl hosts results in photoreceptor recombination at low 
levels.  

Confocal images of 4% PFA fixed eye cups 3 weeks post transplantation. Representative images of 
maximum projections of z stacks of 5 eye cups (3R, 1R, 3L, 2L, 2R, N=4) showing the different levels of Cre 
transfer depending on the degree of immune rejection, which was markedly higher than has been observed 
with Nrl.GFP donor cells. Recombination was assessed with TdTomato fluorescence and nuclei visualized 
with DAPI. Maximum projection of z stacks. Arrows; transduced cells, MG; macrophages Scale bar 50μm
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Figure 4.21 Subretinal administration of Nrl.Cre+ photoreceptor-derived EV 
pellets (2K, 10K, 100K) in adult (6-8wo) reporter TdTomatofl/fl hosts exhibits 
recombination in the Müller glial cells but not in photoreceptors in vivo.  

Representative confocal images of maximum projections of z stacks of TdTomatofl/fl eye cups fixed with PFA 
4% at 3 weeks post-injection of various EV preps. A, 2K Nrl.Cre+ photoreceptor-derived EVs; B, 10K Nrl.Cre+ 
photoreceptor-derived EVs; C, 100K Nrl.Cre+ photoreceptor-derived EVs; D, 100K Nrl.Cre+ photoreceptor-
derived EVs administered into the vitreous cavity induce widespread recombination in glial cells. DAPI – 
blue; TdTomato - red, merge). Scale bar 50μm. 
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4.3  Material transfer between photoreceptors in vivo is not result of cell death 

 

 

Figure 4.22 Schematic representation of proposed mechanisms of 
cytoplasmic material transfer. Hypothesis III - Cell death 

 

Previously, we have shown that material transfer does not result from the uptake, 

by host photoreceptors, of free protein present in the extracellular space, by 

directly injecting recombinant GFP (Pearson et al., 2016).  

 

However, given that photoreceptors release a variety of vesicles (Chapter 4), it is 

possible that material transfer might arise from the uptake, by host 

photoreceptors, of material (Gfp, Rfp, Cre, rod α-transducin etc) released into the 

local extracellular environment from dying donor cells in the form of apoptotic 

bodies, or other similar structures. To test this, CD73+ Nrl.Gfp+/+ donor 

photoreceptor precursors were isolated and then exposed to UV light for 20mins 

to induce cell death. This resulted in a viability, immediately prior to 

transplantation, of 40-58% (N=5 experiments, n=9 animals). Alongside, non-UV 

treated, viable cells were kept as transplantation controls, with a viability prior to 

transplantation of 97-99% (N=5 experiments, n=9 animals). The cells were 

transplanted in the subretinal space of host wt eyes, as described previously. One 

eye per animal was transplanted with UV-treated dying cells, whereas the 

contralateral eye was transplanted with viable, control cells. Figure 4.23 A, B 

shows representative SEM images derived from viable (A) versus UV-dead (B) 

photoreceptor cells taken at day 2 in culture (N=2 individual cultures, n=4 wells). 
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As expected, the UV-treated cells (Figure 4.24 B) are rounded in appearance and 

do not extend any processes.  

 

Figure 4.24 shows a representative example derived from five cohorts of 

injections of Nrl.Gfp UV-treated photoreceptor precursors, compared to live 

controls, at 96hrs or 3 weeks post-transplantation. Figure 4.24 A, B, C shows an 

example of an eye transplanted with UV-treated cells, taken at 96hrs post 

transplantation. The cell mass has lost GFP fluorescence, as expected, but the 

donor cell nuclei are clearly visible, and they exhibited a condensed architecture, 

indicative of dying cells.  

 

This contrasts the typical multi-chromocentre appearance of nuclei observed in 

the cell mass of the live Nrl.Gfp cells (Figure 4.24 G, H, I). After 3 weeks post-

transplantation of Nrl.Gfp UV-treated cells, there was no evidence of a cell mass 

in any of the transplanted eyes (6 out of 6 eyes; Figure 4.24 D, E, F), presumably 

due to clearance of the dead cell mass by macrophages and or other immune 

cells. When Nrl.Gfp UV-treated cells were transplanted, no GFP positive cells 

were observed in the host retina, either at 96hs or 3 weeks post transplantation 

(n = 3 eyes at 96hrs; n = 6 eyes at 3 wks). This contrasts with when viable Nrl.Gfp 

photoreceptors were transplanted (Figure 4.24 G, H, I); at 3 weeks post injection 

large numbers of GFP positive cells were seen in the host wt retinae.  This 

experiment further supports our earlier findings and stringly indicates that 

material transfer is not an artefact of cell death. 
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Figure 4.23 Scanning electron microscopy reveals rounded morphology in 
Nrl.Gfp UV-dead P6-P8 primary photoreceptors.   

Examples of representative fields A live cells , B; UV dead cells. Mag 10.21K x EHT= 3kV Aperture size+ 
30.00um InLens. Scale bar=3μm. 
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Figure 4.24 Transplantation of UV-dead Nrl.Gfp photoreceptors in the 
subretinal space of wildtype mice does not result in GFP transfer in the 
recipient retinae.  

Representative confocal images of maximum projections of wt eye cups fixed with PFA 4% after 96hrs and 
3weeks post transplantation.  Panel A, B, C; 96hrs post transplantation Nrl.Gfp UV-dead P6-P8 primary 
photoreceptors, Panel D, E, F; 3 weeks post transplantation Nrl.Gfp UV-dead P6-P8 primary photoreceptors, 
Panel G,H, I; 3 weeks post transplantation Nrl.Gfp live P8 primary photoreceptors. (Blue; DAPI, Green; 
GFP). Scale bar=50μm 

 

  



205 
 

5. Results III Photoreceptors exchange cytoplasmic 

material via tubulovesicular processes in culture and in 

vivo 

 

In Chapter 4, I investigated the hypothesis that extracellular vesicles were the 

mediators of material transfer. The conclusion was that EVs serve as potential 

mediators of photoreceptor-to-glia communication, rather than photoreceptor-to-

photoreceptor, both in culture and in vivo, at least when they are directly delivered 

by injection in the subretinal space. This therefore makes it highly unlikely that 

they mediate material transfer, as seen between donor and host photoreceptors 

after transplantation. Furthermore, cell death does not appear to contribute to 

material transfer either. An attractive alternative mechanism of how 

photoreceptors may exchange information during material transfer is by 

employing physical connections that may differ from classical synapses.  In this 

chapter, I will explore the presence of cellular bridges between photoreceptors, 

starting from observation of primary photoreceptor cultures, moving forward to 

assessment of functional transfer in culture experiments and finally by using 

myristoylated reporters to visualise bridges in vivo in the photoreceptor 

transplantation paradigm. 

 

 

Figure 5.1 Schematic representation of proposed mechanisms of 
cytoplasmic material transfer. D Physical connections 
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5.1. Primary photoreceptors form cell-cell contacts in the form of tubulovesicular 

processes in culture 

 

Current research towards intercellular communication has identified a type of 

specialised cellular connection, termed tunnelling nanotubes (TNTs), as 

mediators of long-range signals (for more information please refer to 

Introduction, section 1.6.3). These structures have been mostly identified in 

culture and there are several challenges in their research. The most important 

one is that these cellular connections are susceptible to conventional fixation 

methods, making them difficult to observe in many in vivo settings (Rustom et al., 

2004).   

 

Unfortunately, the classification and terminology around these structures also 

remains very unclear. For example, there is no single or panel of molecules that 

serve as accepted markers to identify TNT-like structures and to distinguish them 

from other similar structures, such as neuronal connections. Importantly, SV2+ 

vesicles, a marker typically associated with neuronal synapses, has also been 

reported in TNTs in the non-neuronal PC12 cell line (Rustom et al., 2004). 

  

In order to account for the difficulties in terminology, I will name both cytonemes 

(close-end tubes) and TNTs (open-end tubes) tubulovesicular processes TBVPs 

(see Introduction, Section 1.6.3). Based on the observations of the pioneers in 

the field, Gerdes, Kornberg and Davis, I decided upon the following 8 key 

characteristics in order to name processes TBVPs, shown in Table 5.1. 

Regarding visualization, I performed scanning electron microscopy (SEM) and 

confocal live imaging with applied deconvolution analysing the cytoplasm, the 

membrane and cytoskeletal dynamics of photoreceptors. 

 

In the following section, 5.1.1 I will describe which of the photoreceptor processes 

present these 8 characteristics of TBVPs. In section 5.1.2 I assess process 

function in culture and in 5.1.3 I will provide evidence of these processes in vivo. 
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TBVPs Characteristics  

1 Connections between two 
cells, no visible limits 
(tube) 

Rustom et al., 2004; Önfelt et al., 2004a&b 

2 Susceptibility to fixation Rustom et al., 2004; Önfelt et al., 2004a&b; 
Ramırez-Weber& Kornberg 1999 

3 Not attached to the 
substratum 
(middle of z stack) 

Rustom et al., 2004; Önfelt et al., 2004a&b 

4 Straight appearance, 
no branching 

Rustom et al., 2004; Ramırez-Weber& 
Kornberg 1999, Sowinski et al., 2008 

5 Actin+ (type I) 
Tubulin+ (type II) 

Önfelt et al., 2006 Ramırez-Weber& 
Kornberg 1999 

6 Diameter <0.7μm (type I) 
                  >0.7μm (type II) 

Önfelt et al., 2006 

7 Length variable  
(several cells diameter) 

Rustom et al., 2004; Önfelt et al., 2004a&b; 
Önfelt et al., 2006; Ramırez-Weber& 
Kornberg 1999; Sowinski et al., 2008 

8 Transient nature Rustom et al., 2004, Sowinski et al., 2008 

 

Table 5.1 Characteristics of TBVPs 

 

In Results Chapter 3, I examined the morphology of primary post-mitotic 

photoreceptors in culture with the perspective of generating a robust protocol to 

maintain viability and to enable the study of these cells in an isolated system. As 

anticipated from immature neuronal populations, Nrl.Gfp+/+ photoreceptors can 

generate several types of processes in culture (Results Chapter 3.1.1). In 

Chapter 3.1.1 I described the development of the morphology of the cells based 

on cytoplasmic GFP expression. Here, the cells were also imaged for their 

membrane GFP expression (Nrl.Cre.myrGFP). With respect to process 

formation, three major types of morphologies were observed (Figure 5.2); very 

rarely, formation of nascent segment-like structures (1), others of a growth cone-

like appearance (2), and some of appearance of thin spikes (3). Type 3 

processes, in particular, typically extended to the extracellular space or to other 

photoreceptors. The diameter of growth cone-like protrusions (2) was relatively 

stable (0.73nm± 0.18, n=16 processes) whereas the diameter of the spike-like 

protrusions was smaller, ranging from 0.2-1.5μm (n=40 processes). These spike-

like protrusions exhibit no secondary branching and can be further separated 
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to those extending to the extracellular space without contacting other 

photoreceptors and, those that do contact other photoreceptors. Hereafter, I 

focus on those processes that make contact between two photoreceptors. 

 

 

Figure 5.2 Live imaging of photoreceptor membrane dynamics in culture 
revealed three predominant morphologies.  

Representative microphotographs of maximum xyz projections of primary photoreceptors imaged live for 
Nrl.myrGfp. Types: (1) developing segment-like regions; (2) growth cone-like processes and (3) thin spikes. 
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5.1.1 Characteristic 1 - Connections between two cells with no visible limits that 

rupture upon fixation “it is a tube”  

 

Analysis of the ultrastructure of photoreceptor processes with SEM n=8 samples, 

N=3 experiments) revealed remarkably straight processes between two cells 

residing above the coverslip matrix (Figure 5.3). These cell connections show no 

distinct limits of where this process initiates or ends, resembling a tube (B and 

D). The length of these processes was variable and will be quantified later, in 

characteristic 7, but in the example shown in Figure 5.3 the process in B is 5μm, 

whereas in D is 1.7μm. The diameter is very thin (~ 0.1μm) and will be assessed 

in characteristic 6. Apart from this very clear example, several other very short 

(1-2 micron), thin protrusions that have breaks midway are clearly visible. 

 

 

Figure 5.3 Scanning electron microscopy reveals cell bridges between 
CD73+ cultured P6-P8 primary photoreceptors.  

A&C Examples of bridges between adjacent cells. B& D zoom of A and C respectively Mag 10.21K x EHT= 
3kV Aperture size+ 30.00um InLens. Arrows show the length of the bridges. Scale bar as indicated 
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1.1.2 Characteristic 2 - Susceptibility to fixation 

 

SEM analysis reveals that many cell-cell connections appear to be broken ( 

Figure 5.4 A & B). This is likely to result from a combination of the vulnerability 

of these processes to fixation (Karnowski’s solution), their very thin diameter (~ 

0.1μm), and their localisation in the z stack (not adhered to the tissue culture 

plate). In Figure 5.4 A, while some slight curvature is visible in some broken 

connections, they can be clearly distinguished from the cell processes that are 

attached to the coverslip surface. It is worth noting that (even damaged) these 

cell-cell connections appear to be between cells of same morphology (red arrows) 

or cells of different morphology (green arrow) Figure 5.4 A. In Figure 5.4 B, a very 

long (10.9μm length), but disrupted tube is visible, illustrating the vulnerability to 

fixation as they do not adhere to the substratum.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Scanning electron microscopy reveals cell bridges between 
CD73+ cultured P6-P8 primary photoreceptors that are susceptible to 
fixation.  

A&B Examples of bridges between adjacent cells. Mag 10.21K x EHT= 3kV Aperture size+ 30.00um InLens. 
Arrows showing the length of the bridges. Red arrow connections between cells of same morphology, green 
arrows connections between cells of different morphology. Scale bar as indicated. 
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5.1.3 Characteristic 3 - Not attached to the substratum (middle of z stack) 

 

To assess the localization of processes within the z stack and without fixation, I 

performed confocal live fluorescent imaging analysis. The cells were imaged after 

2 days in culture and temporal color-coding hyper-stacks were generated with 

ImageJ to analyze their localization within the z dimension. Figure 5.5 shows two 

representative examples of the level of information that can be obtained by this 

method. In Figure 5.5 A, B, stacks were generated from Nrl.Gfp cells (cytoplasmic 

Gfp), while those in Figure 5.5 C, D show Nrl.myr.Gfp cells (membrane GFP). 

According to this color scale, blue shades indicate proximity to the dish surface, 

yellow to orange shades indicate depths in the middle of the dish, while purple to 

white colors indicate free floating processes/cells. 

 

I first examined n=708 Gfp+ processes of 922 cells (N=3 experiments) and 

measured their depth with respect to the cellular z-axis, irrespective of whether 

they contacted another cell. Processes were grouped according whether they 

were in the bottom (0-3.33μm), middle (3.33-6.66μm) or top (6.66-10μm) third of 

the z-axis, the top being taken as the uppermost part of the cell bodies. As shown 

in Figure 5.6 A, photoreceptor processes (n=708) predominantly localise in the 

middle of the z dimension (n= 447, 64.1% ±20.3) and very few (n= 54, 7.5% ±2.5) 

were located in the bottom third of the z dimension close to the coverslip, with the 

remaining processes found in the top third (n= 207, 28.3% ±17.8).  

 

Second, I examined within the same sample described above the depth locations 

of those processes that were clearly contacting another photoreceptor. Hence 

from the original n=708 processes, n=193 (~27%) could be clearly identified as 

processes resembling tubes between two cells.  Here again, the vast majority of 

photoreceptor-photoreceptor connections (n=133, 73.0%, ±18.5) localise to the 

middle of the z stack, whereas n=33 (15.1% ±5.5) contacts appeared to localise 

within the top third of the z dimension, as shown in Figure 5.6 Very few were 

located in the lower third. Both results were highly statistically significant, as 

assessed using 1-way ANOVA (p values displayed in the charts).  
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Together, these results indicate that photoreceptor precursors form a variety of 

processes in culture. Of these, a distinct sub-population resembles tubes that are 

not adhered to the culture dish matrix and interconnect Nrl.myrGfp 

photoreceptors. 

  

Figure 5.5 Confocal live imaging of photoreceptors processes showing the 
different levels of information obtained by cytoplasmic versus 
myristoylated reporters.  

Representative maximum projections of Nrl.Gfp+/+(A) and Nrl.Cre.myrGfp+/- (C). Hyperstacks of temporal 
colour code (B and D) of A and C, respectively. (E) Temporal colour coding in 16 colours indicating the depth 
blue – bottom, yellow - middle, purple - top of z stack as indicated in the figure.  Scale bar 15μm. 
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Figure 5.6 Quantification of the temporal colour coding of the 
Nrl.Cre.myrGfp+/- shows that rod photoreceptor processes that contact 
other rods are mostly localised in the middle of the z stack.   

 A. All photoreceptor processes localisation in the z stack. (top 29.1% ±17.8, middle 63.5% ±20.3, 7.4% 
±2.5) B. Photoreceptor to photoreceptor processes localisation in z stack expressed in percentages (top 
16.0% ±11.2, middle 68.9% ±18.5, 15.1% ±5.5).  

 

 

5.1.4 Characteristic 4 - Straight appearance no branching 

 

The preceding sections have shown that photoreceptors in culture are able to 

form remarkably straight tubes connecting with other photoreceptors. Although 

some curvature is apparent in some processes, quantification of the curvature is 

shown in Figure 5.10 and reveals that these connections, depending on their 

structural elements, are mostly straight. This will further be assessed with respect 

to the enrichment of actin &/or tubulin (see Figure 5.7, Figure 5.8, Figure 5.9). 

This is of relevance since the other types of photoreceptor processes noted in 

Section 5.1.1 revealed others without secondary branching (Figure 5.2 and 

Results Chapter 3.1.1). Nevertheless, more evidence will be provided below, 

again with respect to enrichment with actin and tubulin characteristic 5. 
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5.1.5 Characteristic 5 - Molecular signature of photoreceptor to photoreceptor 

connections; Actin rich (type I) versus Tubulin rich (type II) 

 

To analyse the molecular structure of the photoreceptor processes, NrlGfp cells 

were live imaged with confocal SP8, after staining with sir Probes (Tebu Bio) 

(Chapter 2, Methods section 2.6). 6 pseudorandom images were obtained after 

2 days in culture per condition from N=3 experiment. Only the cell-cell 

connections localised in the top two thirds of the z-stack extended between GFP+ 

photoreceptors were analysed for their length, diameter, and curvature with 

respect to their enrichment with either actin or tubulin.  

 

Figure 5.7 shows a representative image of an actin enriched TBVP process (type 

I). This actin+ Gfp+ process clearly connects two remote photoreceptors. 3D 

reconstruction (panel D) shows the process to be very straight and of 

tubulovesicular appearance. Consistent with the TBVP classification, the process 

is thin and positioned above the surface of the culture dish. Strikingly, in this 

example, SiR-actin can be clearly seen localized at the base of the protrusion 

from both connected cell bodies, actin cortex is labelled with arrows. These types 

of processes correspond to TBVPs type I, as they are enriched with actin and will 

further assessed for their length, diameter, curvature below. Of note, wide field 

views showing the typical morphology of the photoreceptor actin cytoskeleton are 

provided in Supplementary Figure 9.7 and show that many of the actin+ 

processes of the cells are not necessarily touching others but may correspond to 

exploratory filopodia or neurites. 

 

Careful examination of these actin+ extensions showed that not all are Gfp+. This 

is likely to be due to their small diameter, as we know that cytoplasmic Gfp does 

not delineate the full extent of the rod photoreceptor in postnatal Nrl.Gfp retina 

(Aghaizu, pers. comm.). 
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Figure 5.7 Confocal live imaging of the actin cytoskeleton of the Nrl.Gfp+/+ 
photoreceptors reveals straight thin short and long processes extending 
between rod photoreceptors.  

Panel; A, B, C, high magnification, D; 3D reconstruction of C. (Nrl.Gfp+/-; green, SiR-actin; red). Scale Bar 8 
μm. 

 

According to Rustom et al., (2004), the actin localisation in TBVPs reveals a 

punctate appearance in these connections when imaged live. In line with these 

observations, Nrl.myrGfp+ photoreceptor cell membranes that appear to attempt 

contacting with other photoreceptors show a punctate morphology of actin. An 

example of this puncta is labelled with the asterisk in Figure 5.8 in the merged 

image. This is particularly interesting and may indicate employing actin tips to 

enable the fusion of TBVPs.  
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Figure 5.8 Confocal live imaging of the actin cytoskeleton of the 
Nrl.Cre.myrGfp+/- reveals small points of actin puncta 

(Nrl.Cre.myrGfp+/-;  green, sirActin; purple) Asterisks; actin puncta points. Scale bar 10μm 

 

Figure 5.9 shows the morphology of GFP+ Tubulin+ cell-cell connections in two 

representative examples. Of the free-floating processes two types could be 

identified.  The first, shown in panels A-D, corresponds to a TBVP type II 

connection and the second, shown in panels E-H shows the more typical tubulin 

processes, which course around and over other cells, but do not necessarily 

represent cell-cell connections. Figure 5.9  E-H shows a process (asterisk) that, 

with more careful analysis, appears to grow around the ‘connecting’ cell but is not 

fused it (or any other cells). These tubulin+ processes too occupy space within 

the middle of the z dimension and are not necessarily attached to the culture dish 

surface. When compared to actin+ processes, they are typically thicker, and their 

external extent was easier to delineate.  

 

Notably, tubulin is the main structural component of Gfp+ processes that have a 

bulbous terminal end, potentially indicating a developing inner/outer segment. 

Tubulin is also clearly distributed around the cell soma (in contrast to actin) 

providing information of the cell shape, as shown in Supplementary Figure 9.8. 
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Figure 5.9 Confocal live imaging of the microtubules of the Nrl.Gfp+/+ 
photoreceptors reveals long thick processes in rod photoreceptors without 
necessarily suggesting cell-cell contacts.  

 Panel; A-C, high magnification, D; 3D reconstruction of C is the example of a TBVP process Type II.  Panel 
E - G high magnification and H is 3D reconstructions of G is the example of a tubulin process not contact 
(asterisk). Arrows in D; TBVP type 2 vs Arrows in H; Tubulin process. (Nrl.Gfp+/-; green, sirTubulin; red). 
Scale bar 8 μm. 
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Finally, for both types of processes examined with confocal live imaging, a 

qualitative assessment was taken regarding their curvature.  Figure 5.10 shows 

the quantification of the curvature of the actin-rich TBVPs (Type I) versus the 

tubulin rich (Type II) localised in the top third of the z dimension. 22 TBVP type I 

connections were quantified, of which 19 were straight whereas 3 appeared to be 

curved. Analysis of the 7 TBVPs type II connections identified showed that 3 were 

curved, while 4 were of straight appearance. These data support Characteristic 

4. Despite the small numbers counted, in both cases the predominant 

appearance of these tubes is straight. No statistically significant differences 

between actin and tubulin rich TBVPs were found. 

 

 

Figure 5.10 Quantification of the curvature of TBVPs reveals straight TBVP 
type I processes and predominantly straight TBVPs type II.  

Cell counts for actin processes is 350 cells, n=22 TBVP type I and for tubulin 448 cells, n=7 TBVP type II 
connections. Unpaired t-test; non-significant  
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5.1.6 Characteristic 6 - Diameter of TBVPs is either <0.7μm (type I) or  >0.7μm 

(type II) 

 

In the publication by Önfelt et al., (2006) macrophage TBVPs were categorised 

in two types based on their diameter and were subdivided into either <0.7μm 

(type I) or  >0.7μm (type II). Quantification of the NrlGfp+ processes enriched with 

either actin or tubulin, as described above, shows that the actin+ processes are 

thinner than the tubulin+ processes, and conform to TBVP-type I and TBVPs-

Type II, respectively (Figure 5.11). Specifically, 22 TBVP type I connections 

(found between n=350 total cells examined) and 7 TBVPs type II connections 

(found between n=448 total cells examined) were quantified, and the diameters 

are displayed as the average of 4 individual measurements made across each 

connecting process. TBVP-type I actin+ processes had a mean diameter of 

0.48μm ±0.03 (SD), whereas TBVPs-Type II tubulin+ processes had a mean 

value of 0.91μm ±0.05. Unpaired t-test two tails analysis between the two groups 

showed a very statistically significant difference between the two types of TBVPs. 

The differences in TNT diameter reported by others may indicate that different 

types of TBVP process predominant in a given cell type. For example, the 

diameter of processes between cells in lines like PC12 HEK, NK was 50-200nm 

(Rustom et al., 2004) whereas in primary cells, like macrophages, these 

diameters are considerably bigger (Onfelt et al., 2006). Here, I show that for 

photoreceptor-photoreceptor processes, shown in Figure 5.11, TBVPs can be 

subdivided in two types: <0.7μm (type I) actin rich or >0.7μm (type II) tubulin rich. 
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Figure 5.11 Quantification of the mean diameter of TBVPs reveals TBVP 
type I diameter< 0.7μm and TBVPs type II diameter >0.7μm. 

Cell counts for actin processes is 350 cells, n=22 TBVP type I and for tubulin 448 cells, n=7 TBVP type II 
connections. Averages of diameters are displayed. (Diameter was quantified in 4 points across the TBVP 
connection) Red dashed line indicates the 0.7μm criterium. Unpaired t-test 
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5.1.7 Characteristic 7 - TBVPs length is variable  

 

Quantification of the length of the Nrl.Gfp+ processes enriched with either actin 

or tubulin, as described above, shows that both TBVP-type I actin+ connections 

and TBVPs-Type II tubulin+ connections can be variable in length with type I 

actin+ connections exhibiting greater variability (Figure 5.12), in line with Rustom 

et al., 2004. Specifically, TBVP-type I actin+ connections measured anywhere 

between 1.5 and 36.3μm in length (n=22; mean=8.8 ± 1.9 SD), whereas TBVPs-

Type II tubulin+ connections were between 4.9 and 19.8 μm (n=7; mean= 10.3 ± 

1.8 SD), although an unpaired t-test (unequal variance, two tails) showed no 

significant difference between the two types. As such, process length cannot be 

used as a criterium to define TBVPs, or type of TBVP (I versus II). 

 

Figure 5.12 Quantification of the length of TBVPs reveals for both TBVP 
type I and II various lengths.  

Cell counts for actin processes is 350 cells, n=22 TBVP type I and for tubulin 448 cells, n=7 TBVP type II 
connections. Approximate lengths per processes are displayed. Unpaired t-test; non-significant 
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5.1.8 Characteristic 8 - Transient nature of TBVP connections 

 

The final characteristic of TBVPs, according to Rustom et al., (2004), is their 

transient nature. This feature corresponds to fast assembly/disassembly when 

imaged live. Unfortunately, I cannot confidently confirm this last characteristic 

from my analysis, and I therefore display some representative examples from the 

live imaging of TBVP processes of photoreceptors exhibiting criteria 1-7, which 

were imaged based on myrRFP +/+ membrane expression over a period of 30min 

with a time-lapse interval of 5min. Figure 5.13 shows a representative maximum 

projection of the t=0’ of the montage showing the connections (areas) of interest; 

1. Stable conduit (red arrow), 2. Transient contacts between cells (green 

arrowheads) and 3. Protrusions exploring the extracellular space (red asterisks). 

The montages of process motility of these three types are shown in Figure 5.14 

and Figure 5.15. 

 

Figure 5.14 shows a possible TBVP-type I process (green arrow) of curved 

appearance extended between two cells, with length almost 7μm and diameter 

0.5 μm, although it is not very clear if it is fused with the other cell. This process 

is acutely disassembled within 5’ of imaging between t=0’ and t=5’. At t=30’ 

another TBVP type I connection appears, of 2.85μm length and 0.6μm diameter. 

Figure 5.15 shows a non-mobile conduit with 34.3μm length & 0.39μm diameter, 

indicated with a red arrow. These conduits were very rare, (~one seen every 10 

fields of view at 63X). The red asterisk at t=10’ reveals an exploratory process 

extended in the extracellular space of 4.55 μm length, 0.45μm diameter, that 

appeared and retracted within 10’ (t=20’). Finally, the green arrow at t=10’ 

indicates a structure similar to what I have described for TBVP processes type I, 

although the molecular structure is unknown; this very straight process (<0.7μm 

diameter) is of 2.19μm length and 0.41μm diameter and disappears after 5’ of 

imaging (t=15’).  

 

Taken together, many of the live-imaged processes that morphologically fulfil the 

criteria of TBVP-type I connections also appear to fit the characteristic of transient 

nature and fast assembly/ disassembly (often within 5’), although there were also 
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rare cases of stable conduits that appear to last for longer than 30’. The results 

of section 5.1 confirm that photoreceptors in culture form TBVP processes that 

fulfil the characteristics of appearance (curvature/ branching), dimensions 

(diameter/length) and molecular structure (actin and rarely tubulin+) and nature 

(rupture upon fixation), in line with all publications of Gerdes, Kornberg and 

Davis’s groups, as described in Table 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13  Live imaging reveals various types of TBVPs.  

 Representative maximum projection of the t=0’; 1. Stable conduit (red arrow), 2. Transient contacts between 
cells green arrowheads and 3. Protrusions exploring the extracellular space red asterisks. White; myrRFP 
of CD73+ primary photoreceptors in culture day 1. Scale bar 5μm. Dashed green area is area 1 of image 
5.13. Dashed red area is area 2 of image 5.14. 
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Figure 5.14 Time-lapse confocal live imaging of short TBVP processes 
between photoreceptors revealing acute disassembling processes.  

Digital magnification in area 1 of Time-lapse imaging – total time elapsed 30 mins, 5 mins image interval. 
White; myrRFP of CD73+ primary photoreceptors in culture day 1. Green arrow showing assembly 
disassembly. Scale bar 5μm as shown in Figure 5.12. Black arrow showing time t=0’-30’. 
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Figure 5.15 Time-lapse confocal live imaging of long TBVP - conduits 
between photoreceptors, versus short motile process not in contact with 
other cells and short TBVPs. 

Time-lapse imaging – total time elapsed 30 mins, 5 mins image interval. Red arrow Conduit; 34.3 μm 
length/0.39μm diameter. Red asterisk t=10’ exploratory process 4.55 μm length/0.45μm diameter. Green 
arrow t=10’ TBVP; process 2.19 μm length/0.41μm diameter. 
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5.2 Photoreceptor tubulovesicular processes can exchange lipids and, 

lysosomes/endosomes in culture conditions 

 

In section 5.1 I demonstrated that primary photoreceptors extend tubulovesicular 

processes in culture that exhibit properties that would fulfil the criteria for being 

either open-end (tunnelling nanotubes; (Rustom et al., 2004)) or closed-end 

(cytonemes; (Ramírez-Weber and Kornberg, 1999)). 

 

In the case of open-end tubes, it has been reported that endosomes/lysosomes, 

vesicles, and GPI-anchored GFP can all be exchanged in culture (Rustom et al., 

2004). Importantly, open-end tubes do not shuttle uncontrolled cytoplasmic 

content, and cGFP is not exchanged, but shows some lateral diffusion (Rustom 

et al., 2004).  In the case of larger diameter TBVPs (type II), even bacteria can 

exchange between macrophages (Onfelt et al., 2006). Close-end tubes, or 

cytonemes, appear to be responsible for a gradient formation of highly lipophilic 

proteins, such as Hedgehog (Hg) (Chen et al., 2017). Moreover, cytonemes are 

understood to generate this gradient by the release of Hg in extracellular vesicles 

(A. C. Gradilla et al., 2014). Since the molecules that can be exchanged between 

both types of tubes appear to be either encapsulated or lipid modified but not 

directly cytoplasmic, I therefore tested if similar organelles/molecules can be 

exchanged by photoreceptor TBVPs.  

 

In this section, co-cultures of retinal cells derived from two different transgenic 

lines were used. Material exchange was assessed via live confocal microscopy 

and quantified with flow cytometry with a gating strategy selecting on the CD73+ 

population corresponding to photoreceptors. The co-culture system is described 

in Chapter 2, Methods Section 2.1.2.  Briefly, P5-7 retinal cells were dissociated 

and mixed in a ratio 1:1 before plating in 6 well plastic dishes (2,000,000 

cells/well) pre-coated with PDL and fibronectin. Single stained controls and 

unstained retinae were also kept in separate wells for a period of 3-4 culture days. 

The reason of the experiment to be performed in retinae and not MACS-purified 

photoreceptor cultures was due to carry over of the CD73-APC beads complex 

that remained attached to the cells post MACS isolation and culture.    
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5.2.1 Cytoplasmic reporters exchange (cGFP/cDsRED) 

 

In photoreceptor transplantation, material transfer involves the exchange of 

cytoplasmic fluorescent reporters, such as cGFP and cDsRed, as well as proteins 

of the visual machinery that will be discussed further (Pearson et al., 2012, 2016). 

To test whether this exchange is mediated by physical connections, in culture, 

cGFP+ and cDsRed+ retinal cells were co-cultured for a period of 3 days (N=1 

experiment, n=2 wells per condition), selected based on the in vivo data of 

material transfer of cGFP reported previously from our lab in the transplantation 

paradigm (Warre-Cornish et al., 2014). In this publication, cGFP is observable in 

the host ONL 48-72hrs after transplantation of Nrl.Gfp+ve donor photoreceptors.  

 

As seen in Figure 5.16 (A-D low, and F-I high magnification) live imaging 

analysis revealed no clearly double positive cells after 3 days of co-culture (N=1, 

5 pseudorandom images per well 40X objective, SP8). When cultures were 

imaged with Differential interference contrast (DIC) (Figure 5.16  E & J) some 

TBVPs were visible, localised in the middle of the z stack (z=14 out of 26, 

corresponding to 7μm distance of the substratum). In the few areas where TBVPs 

were observed, no exchange of cytoplasm was obvious, nor was passive 

diffusion of the cytoplasm locally observable (only 1 TBVP was found and 

indicated with a yellow arrow, n=5 TBVPs identified by DIC, for 805 cells).  

 

Similarly, flow cytometry analysis on live retinae cells of the CD73+ population of 

the cultures revealed 0.045% exchange in day 0 of coculture and 1.12% of 

exchange after 3 days of co-culture (Figure 5.17, E, N=1 experiment n=2 wells 

per condition). These low levels of exchange as indicated by flow cytometry 

supported the difficulties in assessing double-positive events by confocal live 

imaging. Due to breeding issues in the DsRed transgenic line the experiment 

could not be repeated.  However, the results were in line with Rustom et al (2004), 

who reported very low levels of cytoplasmic reporter exchange via TNTs.  It is 

also important to note that these are mixed retinal cultures, not purified 

photoreceptor-only cultures, and the number of TBVPs formed is much lower than 

that seen for photoreceptor-only cultures, as described earlier.  
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Figure 5.16 Confocal live imaging of Nrl.Gfp DsRED co-cultures reveals no 
cytoplasmic fluorescence reporter exchange in culture.  

Representative confocal images of maximum projections of co-cultures at day 3 (A, B, C, D, E), and high 
magnification of area indicated with yellow arrow in F,G,H, I. Blue; DAPI; Green; Nrl.GFP; Red; DsRED. 
DIC= Differential Interference Contrast of a single focal plane. Scale bar 30μm in D& E and 10μm in I&J. 
Yellow arrow show a TBVP process in z=14 of 26 stacks z step=0.5μm 
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Figure 5.17  Flow cytometry analysis of the cytoplasmic Nrl.GFP/DsRED 
exchange shows very low non-significant levels of exchange during 3 days 
of co-culture.  

y axis; Double positive events (%) of CD73+ photoreceptors, x axis; days of co-culture. Day 0; 0.045% ± 0.1 
(SD), Day 3; 1.12% ±0.34. t test shows no significant differences N=1, n=2 wells per condition. 
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5.2.2 Cytoplasm versus membrane reporters exchange (cGFP/myrRFP) 

 

The indication that cytoplasmic reporters are poorly exchanged in mixed retinal 

cultures, at least within a period of 3 days, raises questions regarding the nature 

of the tubes formed (close or open end). As this is a very challenging question to 

answer, I first asked whether fluorescent reporters tagged on the membrane of 

the cells are able to be exchanged, as these molecules can be exchanged due 

to membrane proximity in both open and closed tubes. For this experiment, I co-

cultured cNrl.GFP and myrRFP retinae in the same conditions described above 

for over a period of 3-4 days in culture.  

 

The co-cultures were imaged live on day 3, 4 and 5 (n1=5 images taken per dish 

per n2=3 culture dishes, N=2 individual cell dissociations) with Leica SP8 confocal 

microscope. Figure 5.18 shows two representative examples of single planes (not 

projections) of cell processes that are both GFP+ and myrRFP+ at day 3 and day 

5 of coculture. Example 1 (A, B, C arrow) shows a long (>30μm) curved process 

displaying both cytoplasmic GFP and myrRFP clearly distinguishable at z=12 of 

18 (z step size =0.5μm). Similarly, in example 2 (D, E, F arrow) another long 

(>30μm) cell process appears to display cytoplasmic GFP and myrRFP, clearly 

visible at z=14 of 19 (z step size =0.5μm). Unfortunately, live exchange could not 

be captured by time-lapse imaging due to rapid photobleaching of the myrRFP 

reporter (4 attempts over N=2 experiments); as such, it is not possible to 

determine the direction of this exchange (cGFP to myrRFP+ cells, or vice versa).  

 

As live exchange events were very challenging to be observe and quantify 

through live imaging, quantification of exchange of both 

cytoplasmic/membranous reporters occurred via flow cytometry. This is with the 

acknowledged limitation of not being able to show the direction of exchange, and 

hence whether myrRFP is passing to cGFP cells, or cGFP passing to myrRFP 

cells, or a combination of the two. Figure 5.19 shows that the levels (%) of 

cGFP+/myrRFP positive cells within the CD73+ photoreceptors between day 0 to 

day 3 of coculture remained lower than 10%, but with a statistically significant 

increase in the proportion of double positive cells over time (N=2 individual 
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cultures, n=6 wells, p<0.05 1-way ANOVA). Although direct comparisons are 

difficult to draw, the low levels of exchange seen in vivo are not inconsistent with 

the levels of exchange seen in transplantation, where 1,000-5,000 out of several 

million host photoreceptors take up Gfp, follow the transplantation of only 200,000 

donor cells (Pearson et al., 2012).  

  

 

 

 

Figure 5.18 Confocal live imaging of Nrl.Gfp/myrRFP co-cultures reveals 
limited fluorescence reporter exchange in culture.  

Representative confocal images of z single focal planes of co-cultures at day 3/5 example 1 (A,B, C) and 
example 2 (D,E,F). Arrows; double positive processes. (green; NrlGfp, red; myrRfp). Scale bar; 30μm. 
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Figure 5.19 Flow cytometry analysis of the cytoplasmic Gfp/myrRfp 
exchange shows low levels of exchange during 3 days of co-culture.  

y axis; Double positive events (%) of CD73+ photoreceptors, x axis; days of co-culture. Day 0; 0.9% ± 0.1, 
Day 3; 5.8% ±2.3.  (p=0.043). 
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5.2.3 Lipid reporters exchange (DiI/DiO) 

 

Material transfer in vivo includes the exchange of proteins (or their mRNA) of the 

visual machinery that reside in lipid rafts, including rod α transducin, rhodopsin 

and peripherin (Pearson et al., 2016).  Due to posttranslational modifications, 

these proteins are covalently attached to lipids. I hypothesised that these 

molecules are exchanged in the form of protein and are transferred through lipids 

from donor to host photoreceptors. At present, we lack transgenic lines with 

fluorescent reporters tagged to these molecules. Although it is possible to design 

AAV viral vectors to express reporter-tagged versions of these proteins, the 

potential for viral carryover and direct transduction meant this approach was also 

unsatisfactory for accurately assessing material transfer. 

 

I therefore simplified the question to assess lipid exchange between 

photoreceptors in a co-culture system, similar to that used above. Wild type 

retinae were dissociated and were split into two populations, each labelled with a 

lipophilic dye, either DiI (red) or DiO (green). After 4 rounds of washes with culture 

medium in new falcons to eliminate free floating dye, the cells mixed in a ratio 1:1 

and cultured for over a period of 4 days. The day after plating, pharmacologic 

inhibitors were added in the culture medium to block actin cytoskeleton 

polymerisation (cytochalasin B/D), dynein-dependent microtubule-mediated 

transfer (Ciliobrevin D), or extracellular vesicle release/membrane bending by 

blocking ceramide (GW4869). The inhibitors remained in the culture medium for 

3 days till the flow cytometry analysis was carried out.  The doses of the inhibitors 

selected based on previous publications but further validated with regards to their 

effect in the cell viability (Figure 5.23, Figure 5.24), along with their inhibitory 

effect upon bridges formation (Figure 5.22).  

 

Figure 5.20 (A-D) shows a representative example of the gating strategy. Using 

this gating strategy, dead cells were excluded (A), and single events in forward 

scatter and side scatter were selected and the analysis performed on the retinal 

cells (B) that were further separated in two populations based on CD73+ labelling 

(C). Finally, the DiI/DiO double positive events were detected within the CD73+ 
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(photoreceptor-only) fraction (D). The gating strategy reveals that after 3 days of 

co-culture the DiI/DiO double positive events do not correspond to a single unified 

population. This may indicate that any given cell is, predominantly, one colour 

(either DiI or DiO) but acquires a limited amount of the other label (DiO, or DiI, 

respectively). 

 

Figure 5.21 shows representative confocal images of co-cultures fixed after 3 

days, focusing on the areas of TBVP processes visible by DIC. The panels show 

two cells connected with a TBVP that exhibits both membranous reporters. In 

panel F-G the predominantly DiO+ cell (arrow, & J) has punctate DiI labelling, 

while the DiI+ cell (arrow; I & J) has punctate DIO labelling, indicating some 

bidirectionality of transfer that was not possible to detect with the 

NrlGFP+/+/myrRFP+/+ cocultures. Note that the DiI+ cell appears to have a single 

DiO+ puncta close to the point of contact with the tubulovesicular process. As 

noted previously, others have described TBVP-like processes as either open or 

closed-end TNTs (Davis and Sowinski, 2008; Sowinski et al., 2008). It is not 

possible to determine which of these ending is in occurrence here, but I saw no 

evidence of lateral diffusion of fluorescence, which is typical in open end-fused 

TNTs (Rustom, Saffrich, Markovic, Walther and H.-H. Gerdes, 2004; Sowinski et 

al., 2008). 
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Figure 5.20  Gating strategy of the flow cytometry analysis assessing 
DiI/DiO exchange in photoreceptors reveals unified cell population.  

Representative gating strategy of N=5 experiments. A; live cells (Sytox Blue); B retinae cells (single events); 
C CD73APC gating of photoreceptors 81.2%; D; DiI (561-586/15-A)/DiO (488-530/30-A) 26.1% double 
positive events 
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Figure 5.21 Fluorescent confocal imaging of DiI/DiO cocultures reveals 
vesicular lipid exchange in CD73+ rod photoreceptors.   

Panel B-E and G-J Representative confocal images of maximum projections of co-cultures fixed with PFA 
2%/Sucrose 5% after 72hrs in culture.  white Arrows; vesicles (puncta); yellow arrows; TBVPs. DIC (single 
focal plane), Blue; nuclei, Green; DiO, Red; DiI. Scale bar E & J; 10μm. 
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Quantitative analysis of the flow cytometry results showed that, within the CD73+ 

population, 25.7% (± 1.2, N=3 experiments, n=9 wells per condition) of live events 

were double positive for DiI (red) and DiO (green) fluorescence in control vehicle 

conditions (Figure 5.22). Co-incubation with Cytochalasin D (50nM), an inhibitor 

of actin polymerization, yielded a small but statistically significant decrease in the 

number of double positive events (23.0% ± 0.5, N=3, n=9; p=0.0472; one -way 

ANOVA). GW4869 (1μΜ), an inhibitor of EV release (but see discussion) led to a 

very significant decrease in the number of double positive events, to 13.1% (±1.2, 

N=3, n=9; p=0.001). Conversely, Ciliobrevin D (25μM) a dynein inhibitor, which 

blocks microtubule-mediated transfer of cargo, had no significant effect on lipid 

exchange (23.6% ± 2.4; N=3, n= 5; p=0.3956). 

 

Since GW4869 had such a dramatic effect on the levels of lipid exchange, I 

examined the effect of the different inhibitors on retinal culture viability after 72hr 

of treatment (Figure 5.23). Cytochalasin and Ciliobrevin D had no significant 

effect on cell viability, as assessed with flow cytometry and Sytox blue staining. 

Conversely, the effect of the EV release inhibitor GW4869 was dramatic, yielding 

less than 5% live cells in the samples analysed (n=9). Of note, the DiI/DiO 

staining alone (vehicle control) also led to a significant decrease in cell viability 

Figure 5.24.  

 

Together, these pharmacological interventions indicate that blocking actin 

polymerization may impede transfer of lipids. The dramatic effect of GW4869 

might also indicate a role for vesicles. We know from Results Chapter II that it 

is unlikely to be a standard EV release/uptake mode of transfer, however, 

GW4869 is a ceramide inhibitor and blocks membrane bending. It is possible, 

therefore, that it can also affect the formation of tubulovesicular processes. 

Finally, dynein and the microtubule network that moves cargo using microtubules 

does not appear to play a major role in the exchange of lipids between 

photoreceptors. This combined with the observations of photoreceptor cultures 

suggests that if TBVPs are responsible for the exchange, then actin (Type I 

TBVP) appears to be the main structural element, rather than tubulin.  
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Figure 5.22  Flow cytometry analysis of the DiI/ DiO exchange within the 
CD73+ photoreceptors upon pharmacological inhibition shows a potential 
role of vesicles.  

Vehicle control; Cytochalasin D (50nM); GW4869 (1μΜ); Ciliobrevin D; (25μM). 1-way ANOVA analysis. 
Treatment started on 19hrs post plating, cells treated for 72hrs. 
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Figure 5.23   Cell culture viability is significantly decreased by the inhibition 
of EV release. 

 1-way ANOVA analysis in WT unstained cells, Cytochalasin B/D (dose B;700nM, D; 50nM); GW4869 (dose 
1μΜ); Ciliobrevin D; (dose 25μM). 1-way ANOVA analysis. Treatment started on 19hrs post plating, cells 
treated for 72hrs. Cell viability assessed via Sytox Blue with flow cytometry. 
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Figure 5.24  DiI/DiO labelling results in significant decrease of the cell 
viability in culture  

1 way ANOVA analysis in WT unstained cells, versus DiI/DiO stained cells. Cells treated for 72hrs. Cell 
viability assessed via Sytox Blue with flow cytometry. 
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5.2.4 Lysosomes/ Late endosomes exchange  

 

Others have reported that tubulovesicular processes can mediate the exchange 

of organelles, including lysosomes/late endosomes (Rustom et al.,2004; Onfelt 

et al., 2006; Wang, Bukoreshtliev and Gerdes, 2012). For this purpose, primary 

photoreceptors were labelled with sirLyso (Cytoskeleton Inc) which labels 

lysosomes and/or late endosomes. As in the previous section, cells were either 

kept in control conditions (n = 3 wells) or treated with Cytochalasin D (50nM; n = 

3 wells) or Ciliobrevin D (25μM; n =3 wells) one day post-plating and kept in 

culture, without medium change, for 72hrs. Labelled cultures (treated/untreated) 

were imaged with confocal live imaging and applied deconvolution (imaging 

period 30-60 mins, at 5 mins intervals, LeicaSP8, Hyvolution). 

 

A representative time lapse series of a control (untreated) culture is shown in 

Figure 5.25 A. An asterisk indicates the position of a lysosome/late endosome, 

which moves from one photoreceptor to another photoreceptor over a period of 

30 mins. Figure 5.25 B shows the 3D reconstruction with applied deconvolution 

of the same cells highlighted in A. The lysosome (blue, asterisk) can be clearly 

seen moving from one Nrl.Gfp+/- photoreceptor to its neighbour along a TBVP. 

Figure 5.26 shows a representative time lapse series of Cytochalasin D treated 

cells (72hr post treatment). As seen here no lysosome/endosome movement 

across tubulovesicular processes is visible. Similarly, no movement was 

observed in the Ciliobrevin D treated cells.   
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Figure 5.25  Lysosomes and/or late endosomes shared between Nrl.Gfp+/- 
photoreceptors in culture via cytoplasmic bridges.  

Panel A; Live imaging (SP8, Leica) Time-lapse from a 40 min image series, 5 min intervals. Lysosomes 
(blue), Photoreceptor cytoplasm (green). Asterisk tracking of the lysosome/endosome movement. Panel B; 
3D reconstruction with Hyvolution program of the lysosome exchange in Nrl.Gfp cells of panel A. Scale Bar 
10μm  
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Figure 5.26 Lysosomes and/or late endosomes are not frequently shared 
between Cyto D treated Nrl.Gfp+/- photoreceptors in culture via 
cytoplasmic bridges.  

Panel A; Live imaging (SP8, Leica) Time-lapse from a 40 min image series, 5 min intervals. Lysosomes 
(blue), Photoreceptor cytoplasm (green). Scale Bar 10μm. 

 

The number of TBVPs was quantified and normalised per 100 cells (N=1 

experiment, n= 3 wells per condition). In control sample n1=553 cells were 

counted, and n2= 34 TBVPs were confidently identified. In the CytoD treated 

samples n1= 150 cells were counted, and n2=15 TBVPs were confidently 

identified. Similarly, in Ciliobrevin D treated samples n1= 122 cells were counted, 

and only n2= 7 TBVPs were confidently observed. Although overall viability 

assessments with flow cytometry (Figure 5.23) did not suggest any detrimental 

effect of the drugs to the survival of the retinal cultures, live imaging indicated a 

reduced absolute number of Nrl.Gfp+/+ cells per field of view, indicating a loss of 

attachment to the substratum.  Consequently, fewer TBVPs were count in the 

Cyto D and Ciliobrevin D treated cells. However, when the number of TBVPs 

were normalized as TBVPs per 100 cells, no significant differences were 

observed, as shown in Figure 5.27, indicating that the dose used affects cargo 

transporting but is below the concentration required to make the bridges collapse.  
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Figure 5.27 Quantification of TBVPs per treatment between Nrl.Gfp+/- 
photoreceptors in culture shows no statistically significant differences in 
the numbers of TBVPs when normalised to cells.  

One-way ANOVA shows no significant variance of mean values per conditions control, cytochalasin D 
(50nM), ciliobrevin D (25μM). Y axis indicates the number of GFP+ bridges (TBVPs) normalized per 100 
cells. Cells treated for 72hrs. 

 

Quantification of the absolute numbers of lysosome/endosome exchanged within 

30minutes per TBVP revealed a statistically significant decrease of cargo transfer 

between control versus Cyto D treated cells (p=0.0192 t-test, unpaired), and 

between control versus Ciliobrevin D treated cells (p=0.03 t-test, paired) Figure 

5.28. One-way ANOVA analysis of the means per condition showed that the 

differences were indeed statistically significant (p=0.0298). As such, in control 

conditions n2=34 TBVPs were observed where n3= 14 lysosomes crossed the 

bridges unidirectionally. Conversely, in Cyto D treated cells only n2=15 TBVPs 

were observed and n3=2 lysosomes crossed the bridges unidirectionally. Finally, 

in Ciliobrevin treated cells only n2=7 TBVPs were observed were (n3=0) no 

lysosomes crossed the bridges. 
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Figure 5.28 Quantification of lysosomes/endosomes exchange between 
photoreceptor cells via TBVPs shows statistically significant decrease of 
the sharing upon pharmacological intervention.  

One-way ANOVA shows significant variance of mean values per condition (p=0.0298); control, cytochalasin 
D (50nM), ciliobrevin D (25μM). Y axis indicates the number of lysosomes moved (1) not moved (0) per 
bridge over a timeframe of 40min.  P values displayed show ttest per column (control vs Cyto D), (control vs 
Ciliobrevin D). Cells treated for 72hrs. 

 

To conclude, in Section 5.2 I showed that TBVPs of primary photoreceptors in 

culture are able to exchange membranous reporters either derived from 

transgenic lines or by lipophilic tracers labelling. However, they are not able to 

transfer cytoplasmic reporters in the same efficiency.  Pharmacological inhibition 

of both types of TBVPs, actin (type I) and tubulin (type II) shows that the exchange 

of membranous reporters can be minimally affected, probably indicating 

exchange via closed end tubes (please see Discussion 7.3). However, when 

organelle exchange was assessed, pharmacological inhibition of actin and tubulin 

transporting mechanisms revealed significant decrease of lysosomes/late 

endosomes exchange via these bridges within a time frame of 40min. The later 

indicates that membrane sharing may be minimally dependent on the type of the 
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tube, but cargo exchange indicates that TBVPs can be open end tubes using both 

actin and tubulin transporting mechanisms for cargo transfer.  

 

 

5.3 In vivo evidences that photoreceptors form TBVPs during transplantation to 

enable material transfer  

 

In the previous Section 5.1, I demonstrated, by observing the primary 

photoreceptors in culture, the presence of tubulovesicular processes that are 

vulnerable to fixation, show no secondary branching, are remarkably straight, do 

not attach to the substratum, and fall into two categories either type I (actin) or 

type II (tubulin) and their diameter is <0.7μm for type one and >0.7μm for type 

two with length highly variable. In culture conditions, these processes appear to 

be free floating and can be transiently formed. In Section 5.2, I showed the 

function of these processes in culture, indicating they can transfer membrane-

tagged fluorescent reporters and lysosomes/late endosomes. Moreover, by 

inhibiting either actin or tubulin, I show that these processes are not necessarily 

collapsing but are no longer able to transfer cargo. Collectively, these features 

support many of the characteristics of material transfer seen in transplantation. 

Given that all these functions and the morphological characteristics of these 

processes are very much affected by the culture conditions, I therefore seek to 

determine whether TBVPs exist in the transplantation paradigm in vivo. 

 

5.3.1 The exchange of cytoplasmic fluorescent reporters in vivo depends on the 

levels of expression  

 

Before considering the evidence for a role of TBVPs in material transfer in 

transplantation, it is important to note the challenges in doing so. First, the 

majority of observations regarding TBVPs, both published and presented here in 

this thesis, were acquired in living cells without fixation. In the transplantation 

paradigm, the transplanted eyes are typically collected in 4% PFA, the lens is 

removed, and the eyes are embedded in OCT for processing, usually by 

cryosectioning. Figure 5.29 shows representative examples of subretinal 
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transplantations of the Nrl.Gfp+/+ MACS-sorted CD73+ photoreceptors in WT 

eyes (N=3 experimental cohorts). This figure is typical of transplants previously 

reported both by our group and others. It also exemplifies the difficulties regarding 

the proximity of the transplanted cell mass with the host neuroretina.  

 

Most, if not all, of the host photoreceptors that are GFP+ have resulted by material 

transfer of GFP (protein or mRNA) from the donor Nrl.Gfp+/+ cells. However, the 

overlying donor cell mass has become separated from the host retina (cell mass 

to host ONL distance is almost 70μm double arrow in A), during fixation, 

embedding and sectioning, which makes efforts of identifying donor-host physical 

connections impossible. Figure 5.29 D, E, F shows a higher magnification of 

another transplant where small clumps of donor cells are in closer proximity with 

the host ONL. These images potentially indicate connections with the host GFP+ 

photoreceptor segments, but this could not be confirmed with 3D reconstructions 

of this image (Supplementary Figure 9.9). In Figure 5.29 G, H, I, a third example 

is shown, this time where the proximity of the cell mass with the host ONL is 

around 15μm (double arrow in G) when the distance is measured as the distance 

of the donor cell nuclei closest to the host retina. Here, the levels of GFP 

fluorescence are so high (in order to potentially observe the very fine structures 

of the TBVPs) that no valuable information regarding individual cytoplasmic 

bridges interconnecting donor and host cells can be obtained.  

 

To overcome this difficulty, I transplanted Nrl.Gfp+/- heterozygotes to reduce the 

levels of Gfp expression. Unfortunately, as seen in Figure 5.30 A, B, C, although 

the transplanted GFP+ cell mass is visible, the overall levels of fluorescence are 

noticeably reduced, and I saw no evidence of material transfer following the 

transplantation of Nrl.Gfp+/- donor cells (N=2 experiments, n=8 eyes). This 

contrasts with the transplantation of Nrl.Gfp+/+ photoreceptors isolated and 

transplanted at the same time, which all resulted in robust material transfer to the 

host photoreceptors (Figure 5.30 ; N=3, n=8 eyes), as we have also reported 

previously (Pearson et al., 2012, Pearson et al., 2016). This discrepancy is 

noteworthy as it suggests the level of expression of a given protein (or its mRNA) 

is important in determining whether it may be transferred, at least in vivo.  
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Figure 5.29  Transplantation of Nrl.Gfp+/+ photoreceptor precursors results 
in widespread GFP transfer in vivo but processing limitations impede TBVP 
visualisation.  

Representative confocal images of maximum projections of wt eye cups fixed with PFA 4% after 21 days 
post transplantation. Panel A, B, C; low magnification, Panel D, E, F example 1 of high magnification in with 
retinal detachment, Panel G, H, I example 2 of high magnification with cell mass proximal to host 
photoreceptors ONL (DAPI; blue, Gfp; green, merge). Scale bar 50μm 
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Figure 5.30 Transplantation of Nrl.Gfp+/- photoreceptor precursors does 
not result in GFP transfer in vivo.  

Representative confocal images of maximum projections of wt eye cups fixed with PFA 4% after 21 days 
post transplantation. (DAPI; blue, Gfp; green, merge). Scale bar 20μm 
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5.3.2 Exchange of cytoplasmic reporters in vivo occurs via TBVPs 

 

Despite the difficulties surrounding the assessment of cytoplasmic reporter 

exchange in culture and in vivo, several important findings can be obtained 

regarding; (1) the GFP fluorescence intensities of the host versus the donor 

photoreceptors, (2) the diameter of the cell contacts between donor-donor, host-

host and donor-host photoreceptors and (3) the length of the cell contacts 

between donor-donor, host-host and donor-host photoreceptors.   

 

5.3.2.1 GFP fluorescence intensities vary significantly between donor and host 

cells 

 

As already shown in Figure 5.29 panel G, H, I not all of the host photoreceptors 

that have acquired cGFP show the same levels of fluorescence intensities. This 

may reflect that either the nature of the exchange is transient, which could be 

explained by a TBVP-mechanism, as it has been shown that these can form and 

reform already in culture, see Section 5.1.8.  Alternatively, the cGFP exchange 

could be a result of variable levels of mRNA transfer and this can be further 

supported by (a) the levels of cGFP/cRFP exchange in culture within 72hrs are 

as low as 1% (Section 5.2.1) and (b) transplantation of heterozygotes Nrl.Gfp 

donors, which do not show cGFP transfer after 21 days of incubation, when 

compared to homozygotes Nrl.Gfp donors (Section 5.3.1).  

 

As such it was important to determine the levels of GFP fluorescence intensity of 

the host GFP+ photoreceptors. To do so, I performed densitometry analysis of 

black & white images of the maximum projections of the GFP channel from the 

transplanted eyes (n=3 eyes) (ImageJ>Measure>Int. Densities). Briefly, a square 

was formed around the cell body of photoreceptors, the Int. Densities of the host 

ONL were measured and then normalised to the Int. Densities of the same sized 

square for cells of the donor cell mass within the same image. For each of the 

eyes examined (n=3), the cell mass intensities were theoretically set as 1 and the 

relative differences were quantified (n=242 host cells vs n=100 donor cells) and 

statistically analysed with column statistics with Wilcoxon test (comparison of 
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values to a theoretical mean). The results of this analysis are displayed in Figure 

5.31 A and reveal an intensities gradient for GFP. Of note, the intensities of the 

cell mass fluorescence may set as 1 but some variation of intensities between 

0.7-1 was observed. This provides further evidence that the GFP observed within 

the host ONL is a result of transfer and not of donor cell integration, though 

integration may occur in low frequencies (Pearson et al., 2016). 

 

The highest intensities of GFP in the host potentially correspond to the true 

integrated cells. More weakly fluorescent cells are likely to correspond to host 

cells that have acquired cGFP (mRNA/Protein). The spread of the GFP intensities 

was not corelated to the depth/ distance of the cells to the cell mass (arrows 

indicating groups of intensities in image versus the graph Figure 5.31 B). The 

gradient of GFP intensities, apart from further confirming that GFP is a result of 

material exchange, may provide further supporting evidence for the role of 

cytonemes in vivo. For example, cytonemes - TBVPs observed in vivo during 

Drosophila development - are required to transport Hh:GFP from A to P 

compartment and form a concentration gradience of this homeobox protein in 

vivo (Chen et al., 2017). 
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Figure 5.31  GFP fluorescence intensities of the host ONL photoreceptors 
are significantly different from the GFP intensities of the cell mass. 

(A) Graph; Y axis; GFP Fluorescent intensities in arbitrary unites, cell mass intensities set as theoretical 
mean=1 and relative intensities of the host ONL were ploted and analysed with Wilcoxon test. (B) 
Representative maximum projection in black and white of GFP channel indicating the different intensities 
of GFP expression in the host versus donor photoreceptors in vivo. Colour of arrows indicated the different 
cell intensities between the image and the graph.   
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5.3.2.2 The morphologies of the Nrl.Gfp+ cell contacts between photoreceptors in 

vivo are similar to the TBVPs observed between photoreceptors in culture. 

 
 

In Section 5.1 I described and quantified the observations regarding the 

morphological/molecular characteristics of TBVPs in primary photoreceptor 

cultures. Hence, I will try to follow the same approach in order to characterise 

these cell-cell connections in vivo (Table 5.1). The localisation of these processes 

in the z-dimension cannot be considered as these processes now are not 

assessed in 2D monolayers but within a tissue of 17-20 μm section depth. 

  

The cell-cell contacts between donor-donor (n=18), and donor-host (n=2) 

Nrl.Gfp+ photoreceptors were quantified and analysed regarding their 

morphology. These processes displayed no distinguishable limits (tubes) of 

the leading cell, did not exhibit any secondary branching as in culture 

(Section 5.1.4) and appeared to be slightly curved and not as remarkably 

straight as seen in the culture TBVPs (Section 5.1.1 & 5.1.4). As it is unknown 

whether this curvature is due to their nature or the tissue processing (fixation, 

sectioning) this characteristic was excluded from the analysis. Representative 

examples of these processes are displayed in Figure 5.32. As seen in this figure, 

no secondary branching is seen in any of the examples, but the process may be 

slightly curved, although in Figure 5.32 example A (i) the P8 Nrl.GFP donor-

donor cell contacts in a single focal plane appear to be straight. In example B 

and C the examples of contacts between donor-host, although only two examples 

could be found, both examples, in Figure 5.32 (iii), (iv) and the 3D reconstruction 

of D (v) again reveal curved processes.  
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Figure 5.32 In vivo evidences of TBVPs after transplantation of Nrl.Gfp+/+ 
photoreceptors in wt hosts. 

TBVPs between (A) donor-donor, (B& C)) donor-host PRs. Representative confocal images of maximum 
projections of wt eye cups fixed with PFA 4% after 21 days post transplantation. (DAPI; blue, Gfp; green, 
merge). (i) box in A, (ii) box in B, (iii), (iv) dashed box in B; single z stacks of A, B and C maximum projections. 
(v) 3D reconstruction of example D. Scale bar as indicated 
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Statistical analysis of the measurements of the diameters of the photoreceptor 

contacts revealed significant variation in vivo (1 way-ANOVA). Figure 5.33 shows 

the measurements of the cell-cell contacts between donor-donor (n=18) and 

donor-host (n=2) Nrl.Gfp+ photoreceptors. Of note here that 3 measurements per 

tube were taken where the two were proximal to the cells and one in the middle 

of the tube. The mean diameter of connections between donor-donor is 0.59μm 

(± 0.27 and between donor-host is 0.48μm (± 0.10). These measurements are in 

line with the quantification of TBVP contacts in culture where two types of 

processes were observed (Section 5.1.6); type I <0.7μm (actin rich) and type II 

>0.7μm (tubulin rich). Although staining of actin and tubulin was not successfully 

performed (Phalloidin fluorescence saturates at the level of the OLM, obscuring 

any potential TBVPs), the diameters quantification is in line with the TBVPs type 

I.  

 

Figure 5.33  Quantification of the mean diameter of TBVPs reveals TBVP 
type I diameter tubes in vivo r< 0.7 μm.  

All diameters are displayed between donor-donor (n=18) and donor-host (n=2) Nrl.Gfp+ photoreceptors. 
Diameters were quantified in 3 points across the TBVP connection. Column statistics (unpaired t-test) show 
no significant differences. 
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Statistical analysis of the measurements of the lengths of the photoreceptor 

contacts revealed significant variation in vivo.  

 

Figure 5.34 shows the measurements of the cell-cell contacts between donor-

donor (n=18) and donor-host (n=2) Nrl.Gfp+ photoreceptors. Of note here that 3 

measurements were taken per tube. The mean length of connections between 

donor-donor is 2.67 μm (± 1.26) and between donor-host is 8.38 μm (± 4.28). The 

analysis revealed that the connections between P8 donor-P45 host mean lengths 

are significantly different from P8 donor-donor cells. This may indicate that the 

nature of these connections is different or that the donor cells extend longer 

processes to access the host and vice-versa. Nevertheless, the lengths of 

photoreceptor TBVPs in culture did not show a pattern, but obtained lengths 

varying from 1μm to 34μm (section 5.1.7) 

 

 

Figure 5.34   Quantification of the length of connections between cells of 
same developmental stage does not vary (donor-donor, and host-host).  

All lengths are displayed between donor-donor (n=18) and donor-host (n=2) Nrl.Gfp+ photoreceptors. 
Lengths were quantified in 3 points across the TBVP connection. Column statistics (unpaired t-test) show 
significant differences.  
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5.3.3 Exchange of membranous reporters in vivo occurs via TBVPs 

 

Having shown that membrane-tagged reporters facilitate the visualisation of 

TBVP processes in culture along with the different transfer kinetics of 

membranous versus cytoplasmic reporters in culture, I asked if this occurs as well 

in vivo. For this purpose, I transplanted rod photoreceptor precursors derived 

from the Nrl.Cre x mTmG+/+, in which the rods are expressing myrGfp 

(Nrl.Cre.myrGfp+/-). The cells were transplanted into 6week old mTmG+/+ hosts, 

where all cells express myrRfp+/+. Thus, donor rod photoreceptor membranes will 

be green and host photoreceptor membranes will be red. Moreover, if Cre is 

successfully transferred to the host cells they will recombine resulting in 

myrGFP+ cells at the host ONL.  

 

5.3.3.1 Material transfer of myristoilated reporters in vivo reveals patchy 

exchange localised in the segments of the host ONL 

 

 

In order to try and capture the newly formed processes between the donor and 

host cells, a time course of 1, 3,7, and 21 days was performed (Figure 5.35; N=2 

cohorts of injections; n=2 eyes per timepoint).  Note, the levels of material transfer 

with this genotype (membrane-bound reporters) cannot be compared to the 

classic cytoplasmic reporter exchange shown in Figure 5.29 and previously 

reported (Warre-Cornish, et al., 2014). Unfortunately, in the majority of the 

transplanted eyes, the cell mass was detached from the host retina and 

visualization of any potential processes was not possible. However, some rare 

examples of donor-host contacts were found (see Section 5.3.3.2).  

 

In the first day post transplantation, no evidences of material transfer were found 

(n=4 eyes; Figure 5.35, A-D). The cell mass appeared to be detached in all eyes 

examined and the cells had a rounded appearance. During day 3 (Figure 5.35, 
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E-H) a few donor photoreceptors were retained in close proximity to the host 

photoreceptors segments (n=1 eye). Some processes from the cell mass are also 

visible (arrowheads in F) but are mostly extended between the cells of the cell 

mass and not towards the host cells. However, a punctate GFP signal can be 

observed proximal to the host segment region Figure 5.35 (F).  By day 7 (I-L) a 

few donor photoreceptors were found to be in closer proximity to the host 

photoreceptors segments (n=3 eyes). Some indications of material transfer in the 

form of myrGFP signal were detectable in the segments of host photoreceptors 

in the area underneath the cell mass (arrows, J) but it was not widespread. In this 

example (I-L) two cells appear to project processes (J; yellow asterisks), a small 

thin lateral one and a TVBP-like one that extends into the host inner segment 

region. In the red channel, two plaque-like points of increased myrRFP labelling 

in the host segment region are again in close proximity to the tips of the donor 

photoreceptor processes (K; white asterisks). A detailed analysis of these 

processes will be provided in Section 5.3.3.2. Finally, during day 21 post 

transplantation material transfer was observed in very few somata of the only 

successful (not rejected) transplanted eye (n=1; M-P). Although no good quality 

sections were obtained from this one eye, it is clear that some cells directly 

underneath donor cells have acquired Cre and recombined, expressing myrGFP 

(N dashed box). Due to the poor quality of these sections, no comments will be 

made regarding the interactions of cell mass-host photoreceptors. 

 

In conclusion, membrane exchange in vivo in the transplantation paradigm can 

be observed as early as 7 days post-transplantation using two different 

populations (donor and host) of membrane reporter-tagged cells. In contrast with 

the exchange of cytoplasmic reporters, myristoylated reporters are not 

exchanged with the same efficiency, and the extent of exchange is limited to the 

segment region, versus the whole cell body as seen for cytoplasmic reporters.  

 

For cytoplasmic reporter exchange of Cre and Gfp/DsRed, it has been previously 

shown that the exchange is bidirectional between donor and host (Pearson et al., 

2016; Santos-Ferreira et al., 2016; Singh et al., 2016; Nickerson, Ortin-Martinez 

and Wallace, 2018). Here, I could not see bidirectional exchange, but this may 

be due to (1) the numbers of successful transplants being very low, (2) membrane 
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reporters follow different kinetics/mechanism of exchange when compared to 

cytoplasmic ones. The membrane exchange kinetics in vivo are in line with the 

membrane exchange seen in culture, which occurs within 5 days, but exchange 

is uneven and does not result in a unified population of double-labelled cells (see 

Section 5.2.3). Finally, in vitro, Cre transfer (protein and/or mRNA) occurs but 

was only detectable after 21 days of incubation of the two cell populations 

(Section 4.2.3).  
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Figure 5.35 Time course of Nrl.Cre-myrGFP +/- (green) photoreceptor 
precursors transplantation in the floxed Reporter (mTmG) myrRfp+/+ (red 
prior recombination) hosts (N=3 experiments, n=6 animals).  

Representative confocal images of maximum projections of eye cups fixed with PFA 2% 1,3,7 and 21 days 
post transplantation. F Arrows; thin processes between cell mass PRs, J Arrows; Outer segments positive 
for myrGFP, J yellow Asterisks; donor processes, K asterisks; punctuated morphology of hosts inner 
segments, N Box; host recombined PR somata positive for Gfp. Nuclei (blue) stained with Hoechst. Scale 
Bar 20μm. 
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5.3.3.2 Membrane reporters identify TBVPs extended from the donor to the host 

ONL in vivo 

 

As noted above, the level of myristoylated reporter transfer appeared much lower 

than that of cytoplasmic reporters, in vivo. Nonetheless, careful examination 

revealed the presence of myrGFP processes extending into the segment region 

of the myrRFP+ host retina. In the following section, I will analyse the morphology 

of the donor-host contacts in 3D reconstructions. Of note here, in all these 

examples a cluster of 2-4 cells appears to be proximal to the host segment region, 

as such it was not possible to quantify number of processes per cell.  

 

First, in the Nrl.GFP transplantation to the wt retinae only n= 2 donor-host 

contacts could be observed across n=6 eyes (Section 5.3.3.2). Conversely, by 

employing the myristoylated reporters, n=42 donor-host contacts could be 

identified in n=4 eyes (at day 3 and day 7 post-transplantation). These processes 

were analysed regarding their morphology, length and diameter. Figure 5.36 

shows representative examples of the morphologies of the donor-host contacts, 

indicating their tubulovesicular appearance. None of the 42 donor-host contacts 

showed any secondary branching as seen in culture (Section 5.1.4) and in vivo 

via cGFP (Section 5.3.2.2) and appeared to be slightly curved and not 

remarkably straight opposed to the culture TBVPs (Section 5.1.1 & 5.1.4).  In 

example 1 (panels A, B, C and D), the asterisks indicate some punctate 

morphologies in the host inner segments region, potentially indicating points of 

contact/exchange between this cluster of 3 donor cells and the host cells. In 

example 2 (panels B, F, J) a cluster of cells appears to have extended a thin 

(0.25μm diameter +/- 0.05 SD) process into the host segment regions. In this 

example, the arrow indicates a very thin process that in 3D reconstruction 

appears to contact the host segment at a point that, in panel J, shows an 

increased density of myrRfp (asterisk). 

 

Although in the above examples the donor cells exhibit a variety of morphologies, 

a recurring pattern is indicated. First, the donor cells frequently extend processes 

of TBVP morphology into the host segment region, usually extending well into the 
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inner segment region. Second, these processes were typically seen when there 

were small clusters of 2-4 donor cells. Third, the host inner segments in the region 

of the donor cell processes frequently presented a punctuated, plaque-like 

appearance with increased myrRFP signal, potentially indicating membrane 

fusion points.  

 

Quantification of the diameters of the donor-host contacts (n=42) revealed a 

mean diameter of 0.42μm (± 0.21 SD) (Figure 5.37), although n=13 out of 42 

contacts displayed a mean diameter of <0.3μm. This range of measurements is 

in line with the diameters of the Type I TBVPs seen in culture (<0.7μm), and the 

mean diameter is very close to the one observed between donor-host is 0.48μm 

(±0.10) (n=2) in the transplantation of Nrl.GFP (cGFP) photoreceptors to wt hosts. 

 

Similarly, quantification of the length of the donor-host contacts (n=42) revealed 

a mean length of connections of 7.98 μm (±6.39 SD) (Figure 5.38). The lengths 

of these processes were highly variable in this experimental set up, a feature that 

is consistent with what has been previously shown in culture regarding TBVPs 

between photoreceptors. Of note, the quantification of the length of the 

connections between donor-host in the transplantation of Nrl.GFP photoreceptors 

to wt hosts revealed a mean of 8.38 μm (± 4.28), again very close to what 

observed here for myristoylated labels. 

 

In conclusion, transplantation of myriostoylated reporter photoreceptors facilitate 

the visualisation of the cell-cell connections, but the transfer of membrane 

reporters in vivo does not follow the same kinetics and deposition (localisation) 

as the cytoplasmic reporters. Although beyond the scope of this thesis, due to 

time constraints around generating a new reporter line, a combination of the two 

reporters (cGFP x myrRFP) will be a powerful tool to simultaneously assess the 

exchange of these reporters in vivo. Taken together, the collected in vitro on 

TBVPs are consistent with those generated in the transplantation paradigm in 

vivo, and indicate that membranous reporters are not exchanged uniformly 

between the photoreceptors. However, it still leaves open the question of the 

precise mechanism of exchange of cGFP (see Discussion, Chapter 7.3). 
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Figure 5.36   Representative examples of tubulovesicular extensions in 
vivo. Transplantation of Nrl.Cre.myrGfp+/- (green) photoreceptor 
precursors in the floxed myrRfp+/+ (red) hosts  

(N=3 experiments, n=6 animals). Representative confocal images of maximum projections of eye cups fixed 
with PFA 2% 7 days post transplantation. Example 1 (A, B, C), and example 2 (E, F, G), 3D reconstructions 
of examples 1 and 2 respectively D & H. Arrows; thin processes, Asterisks punctuated morphology of hosts 
inner segments, Nuclei (blue) stained with Hoechst. Scale Bar 10μm. 
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Figure 5.37   Quantification of the mean diameter of TBVPs reveals TBVP 
type I diameter tubes in vivo r< 0.7 μm.  

All diameters are displayed between donor-host (n=42) myrGFP+ photoreceptors. Diameters were 
quantified in 3 points across the TBVP connection. Red dash line indicates 0.7μm diameter 

 

Figure 5.38  Quantification of the length of connections between donor-host 
photoreceptor cells shows processes varying from 0.9μm up to 26μm.  

All lengths are displayed between donor-host (n=42) myrGFP photoreceptors.  
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6. Future Directions  

 

Preliminary evidence for a role of cytoplasmic material transfer in intercellular 

communication between photoreceptors in the developing retina  

 

The evidence provided so far, both in culture and in vivo, indicate that material 

transfer is a mechanism involving exchange of information between 

photoreceptors. Moreover, I have shown that photoreceptors exchange 

information at a molecular and organelle level via physical connections. 

 

First, one can argue that 2D cultures of dissociated primary cells do not behave 

in the same way as the same cells in vivo. Second, it is also arguable to what 

extent photoreceptor transplantation represents a “healthy/normal” situation. 

Regarding the first argument, the protocol I developed to culture primary 

photoreceptors was carefully designed to maintain photoreceptor viability and to 

retain as many morphological and molecular features of photoreceptor cells in 

vivo, although it is of course possible that some differences in maturation may 

arise during culturing. Regarding the second argument, I have shown that 

material transfer is not an artefact of cell death, at least in transplantation. While 

it may still arise due to the disturbances encountered by the donor cells 

(dissociation, sorting, resuspension, transplantation), it does raise the possibility 

that material transfer is a novel communication mechanism taking place in either 

development or disease and is the main future direction of this project. 

 

To investigate the potential for material transfer during photoreceptor 

development in vivo, Nrl.Cre+/- x TdTomatofl/fl chimeras were generated following 

the protocol of morula aggregation. A schematic illustration is provided in Figure 

6.1, the detailed protocol is described in Chapter 2 Methods, Section 2.11 (for 

more information please refer to (Plück and Klasen, 2009). If successful, this 

strategy should result in retinae with a mosaic distribution of Nrl.Cre+/- and 

TdTomatofl/- cells. Under normal circumstances, recombination should not occur, 
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unless TdTomatofl/- cells acquire Cre from neighbouring cells – presumably via 

material transfer.  

 

Briefly, super ovulated wt females were paired with either Nrl.Cre+/- or 

TdTomatofl/fl males. Embryos at the stage of 4 cell morula were collected by both 

strains and aggregated to generate 8 cell chimeric embryos. As shown in Figure 

6.1, the 8-cell aggregate embryos were implanted in wt pseudo-pregnants 

(performed by Mr M. Signore, UCL Institute of Child Health) and the surviving 

chimeras were collected at E17, P8 or P45. All the animals were genotyped by 

using 3 samples collected from tail, ears and brain (post-sacrifice) to confirm the 

chimeric genotype.  Unfortunately, the frequency of achieving a Nrl.Cre+/- x 

TdTomato+/- genotype was very low. The outcomes are summarized in Figure 6.1 

and Table 6.1. Of 24 implanted females, only two gave birth to live litters (n = 8 

each) and two further pregnancies were terminated at E17.5 to collect the 

embryos. Of these, only 2 x E17.5, 2 x P8 and 1 x P45 chimeras were positive 

for both genotypes Nrl.Cre+/- x TdTomato+/-, severely limiting the power of the 

study. To address the poor survival rates of the earlier attempts, I also tried 

culturing retinal explants from chimeras and to generate a murine ES chimeric 

line, from which I could have grown 3D retinal organoids. Neither strategy was 

successful.  
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Figure 6.1  Schematic illustration of the generation of chimeras by morula 
aggregation.  

Strains used for this experiment; Nrl.Cre (blue) and TdTomato (orange), resulted chimeric embryos of 
Nrl.Cre x TdTomato (yellow); wt (uncoloured).  
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Table 6.1 Summary of outcomes of all 6 experimental cohorts of morula 
aggregation 

 

For the small number of double positive chimeras that were collected, the eyes 

were collected and analysed for TdTomato expression positivity with confocal 

imaging (SP4, Leica). For each developmental time point one negative Nrl.Cre-/- 

x TdTomato+/- chimeric eye was used to set up the threshold and compared to 

the positive Nrl.Cre+/- x TdTomato+/-.  

 

Since Cre recombination is detectable at E12 in the Nrl.Cre.TdTomatofl/fl (Brightman 

et al., 2016), embryos were collected at E17.5 to check for recombination. This 

was mostly carried out due to poor survival of the embryos during pregnancy in 

the first three cohorts of morula aggregation. Both eyes from each of two Nrl.Cre+/- 

x TdTomato+/- positive chimeras (of 10 embryos collected) were collected and 

imaged.  As shown in Figure 6.2 A-C, no recombination was observed in any 

retinal cell type (n = 4) and the sections were indistinguishable from negative 

control Nrl.Cre-/- x TdTomato+/- retina chimeras (Figure 6.2  D-F). 
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Figure 6.2  Generation of Nrl.Cre x Cre reporterTdT chimeras reveals no 
recombination at E17,5 developmental stage in vivo.  

Representative confocal images of maximum projections of z stacks of chimera eye cups fixed with PFA 
4%. Recombination assessed with TdTomato fluorescence. Panel A, B, C; Nrl.Cre+/- x TdTomato+/-. Panel 
D, E, F; Nrl.Cre-/- x TdTomato+/-  (DAPI; blue, TdTomato; red, merge). Scale Bar 50μm 
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Similarly, no recombination was observed in either the Nrl.Cre+/- x TdTomato+/- at 

P8 (Figure 6.3 A, B, C) or the negative Nrl.Cre-/- x TdTomato+/- controls (Figure 

6.3 D, E, F) in photoreceptor cells or any other cell types (n= 4). 

 

Figure 6.3 Generation of Nrl.Cre x Cre reporterTdT chimeras reveals no 
recombination at P8 developmental stage in vivo. 

Representative confocal images of maximum projections of z stacks of chimera eye cups fixed with PFA 
4%. Recombination assessed with TdTomato fluorescence. Panel A, B, C; Nrl.Cre+/- x TdTomato+/-. Panel 
D, E, F; Nrl.Cre-/- x TdTomato+/-  (DAPI; blue, TdTomato; red, merge). Scale Bar 50μm 

 

  



270 
 

Given that the embryos result from morula aggregation, it is theoretically possible 

that retina could derive from a single cell of the 8-cell stage. In order to determine 

whether the above results were genuinely negative or arose due to retinae 

deriving from a single genotype, I performed Cre immunostaining on these eyes 

and compared to the Nrl.Cre+/- transgenic eyes at P45 (n= 3 Nrl.Cre+/- eyes at 

P45, derived from 3 independent litters). As shown in Figure 6.4 A-C, Cre 

immunostaining of P45 Nrl.Cre+/- transgenic eyes resulted in quite poor labelling 

of Cre, despite extensive optimization. When the chimeric eyes were examined 

at E17.5 (Figure 6.5 A-C negative, D-F positive) and P8 (Figure 6.5  G-I negative 

and J-L positive) the expected “tiger stripe” pattern of expression of chimeric 

clonal colonies was not convincing. Thus, Cre immunostaining was not a reliable 

indicator of chimeric expression of Cre within the retina.  

 

   

Figure 6.4 Cre immunostaining shows low Cre expression levels in the 
Nrl.Cre+/- transgenic adult retinae.  

Representative images of maximum projections of z stacks P45 Nrl.Cre+/- fixed eye cups (Panel A,B,C) 
versus wt controls (Panel D, E,F). (DAPI; blue, Cre-GaM488; green, merge). Scale Bar 50μm 
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Figure 6.5  Cre immunostaining shows no Cre expression in the E17.5 and 
P8 Chimeric eyes.  

Representative images of maximum projections of z stacks. E17.5; Panel A,B,C; Nrl.Cre-/- x TdTomato+/-. 
E17.5; Panel D,E,F; Nrl.Cre+/- x TdTomato+/-. P8; Panel G,H,I; Nrl.Cre-/- x TdTomato+/-. P8; Panel J,K,L; 
Nrl.Cre+/- x TdTomato+/-. (DAPI; blue, Cre-GaM488; green, merge). Scale Bar 50μm 
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To confirm that recombination can occur under these conditions we employed 

AAV delivery of Cre recombinase via subretinal injections in the remaining P45 

animals. As such, both Nrl.Cre+/- x TdTomato+/- and Nrl.Cre-/- x TdTomato+/- 

chimeras were injected with shH10.Nrl.Cre.IRIS.Cfp in one eye and the 

contralateral eye remained uninjected with the expectation to visualise TdTomato 

as an internal positive control for this experiment. Eyes were collected 3 weeks 

post-injection and analysed with confocal imaging for recombination (Figure 6.6). 

As expected the injected Nrl.Cre-/- x TdTomato+/- chimera revealed robust 

expression of TdTomato in photoreceptors, with some evidence of striped 

patterning (A, B, C), whereas the non-injected eye was negative for 

recombination (D,E,F). When Nrl.Cre+/- x TdTomato+/- eyes were examined 

(Figure 6.7), the injected eye revealed a tiger stripe pattern expression of 

recombined TdTomato+/- photoreceptors (A,B,C). Strikingly, the Nrl.Cre+/- x 

TdTomato+/- non-injected eye also presented many recombined TdTomato+/- 

photoreceptors (D,E,F).  

 

This result is very exciting but, as outlined above, only one adult animal of correct 

genotype was obtained, and the contralateral eye was injected with 

ShH10.NrlCre virus to confirm the genotype. To confirm that the labelling seen in 

the un-injected eye was not a result of viral carryover between eyes due to virus 

transfer via the systemic circulation, a cohort of 5 TdTomato+/+ animals was 

injected in one eye, with the contralateral eye left un-injected. As before, the eyes 

were collected 3 wks post-injection, and the levels of recombination were 

checked via confocal imaging, as already described. As expected, 5/5 virus-

injected eyes showed widespread recombination and TdTomato expression. 

Conversely, no TdTomato+ cells were seen in any of the 5 un-injected, 

contralateral eyes, nor in the contralateral eye shown in Figure 6.6 , (giving a total 

n=6). This supports the hypothesis that photoreceptors may exchange molecular 

information, at least in a chimeric condition, in the normal adult retina. 

 

To overcome the difficulties of visualization of both Cre and Cre reporter cells and 

confirmation of chimeric status, a dual reporter labelling will be used for our future 

studies based on the Nrl.Cre x mTmGfl/fl. In this chimera, Cre-only cells (from one 

mouse) will not express any reporter, while reporter non-recombined cells will 
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express myr.Rfp. If material transfer occurs, Cre-receiving cells will express 

myr.Gfp (Chapter 2 Methods section 2.1). Further work is needed in order to 

generate more n numbers to support these intriguing findings, which may provide 

new information regarding intercellular communication between rod 

photoreceptors.  

 

 

Figure 6.6 Confocal Imaging analysis of adult (6-8wo) Nrl.Cre-/- x 
TdTomato+/- chimeras transduced with shH10.Nrl.Cre.IRIS.Cfp (rAAV) 
reveals sufficient levels of recombination Cre recombinase expression in 
photoreceptors.  

Representative images of maximum projections of z stacks. Recombinationassessed with TdTomato 
fluorescence. Panel A, B, C; injected eye, Panel D, E, F; non-injected controlateral eye. (DAPI; blue, 
TdTomato; red, merge). Scale Bar 50μm 
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Figure 6.7 Confocal Imaging analysis of adult (6-8wo) Nrl.Cre+/- x 
TdTomato+/- chimeras transduced with shH10.Nrl.Cre.IRIS.Cfp (rAAV) 
reveals sufficient levels of recombination Cre recombinase expression in 
photoreceptors in both injected and non injected chimeric eyes.  

Representative images of maximum projections of z stacks. Recombination assessed with TdTomato 
fluorescence. Panel A, B, C; injected eye, Panel D, E, F; non-injected controlateral eye. (DAPI; blue, 
TdTomato; red, merge). Scale Bar 50μm 
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7. Discussion  

 

7.1 Establishing a robust protocol for photoreceptor primary cultures  

 

Generation of a robust culture protocol for postmitotic photoreceptor 

precursors  

 

The development of a culture method to maintain viable postmitotic 

photoreceptor precursors was crucial to facilitate the study of early-postnatal 

post-mitotic photoreceptors in an isolated system. This tool made possible the 

enrichment of photoreceptor-derived EVs and the real-time imaging of membrane 

dynamics. However, working with post-mitotic mammalian neurons, particularly 

ones that are as highly specialized as photoreceptors is challenging. There are 

examples of protocols for primary retinae cultures from mammals (Lillien and 

Cepko, 1992) and chick (Kirsch et al., 1996). However, these cultures are all 

established using dissociated retinal cells obtained from embryos. The majority 

of our knowledge of adult photoreceptor inner segment dynamics and 

endocytosis comes from amphibian and reptile retinae cultures, where 

photoreceptors retain the ability to regenerate in culture (Hollyfield et al., 1985). 

To my knowledge, there are no published protocols that support the survival of 

purified populations of post-mitotic mammalian photoreceptors. Here, I report a 

robust protocol for the isolation and maintenance of primary postmitotic post-natal 

stage mammalian photoreceptors for > 12 days in culture, based on enrichment 

with CD73.  

 

With respect to enrichment methods, the earliest reported technique to isolate 

and culture photoreceptors is based on lectin-panning, where glass coverslips 

are pre-coated with PNA antibody to enable the adhesion of cone photoreceptors. 

This technique continues to be used for the enrichment of cone photoreceptor 

cultures and has been used for the 2D culture of post-mitotic P17 rat cones 

(Skaper, 2012). Wang and Townes-Anderson (2017) used a similar panning 

technique to isolate photoreceptors from adult salamanders (Ambystoma 
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tirinum), while rod photoreceptors were subsequently identified by rhodopsin 

immunolabelling (Kung et al., 2017; Townes-Anderson et al., 2017). The 

discovery of CD73 (Koso et al., 2009) as a photoreceptor-specific cell surface 

marker enabled the development of magnetic-based isolation and enrichment to 

isolate photoreceptors (Eberle et al., 2011). The levels of CD73 increase with age 

from early post-natal stages onwards and can achieve high levels of enrichment 

from P4 onwards. Work in our group has shown that even higher purity can be 

achieve by a panel of cell surface markers (Lakowski et al., 2011) although this 

was not considered necessary in the present study as it also reduces yield.  

 

Previously, our lab has largely relied on the use of transgenic reporters and 

isolation by FACS to achieve a purified population of donor cells for 

transplantation. Given that viability is key to achieving good cell culture, I 

compared FACS and MACS enrichment methods and observed a significant 

impact of the two techniques in the resulting cell morphology, ability to extend 

processes and viability. MACS enrichment of CD73 surface marker is likely to 

better support culturing as, with this method, a very mild fluidics pressure is 

applied to the cell suspension to separate the population of interest. This is 

markedly gentler compared to flow cytometry enrichment based on cytoplasmic 

expression of GFP, where the sheer stress experienced by isolated cells is 

significant  (Hu et al., 2016). Indeed, retrospective appraisal of the in vivo analysis 

of transplanted Nrl.Gfp+ rod precursors showed that when the cells are MACS-

selected for the surface markers CD73/CD24, or, even better, for CD73 alone, 

both populations of donor cells achieved almost 20X fold higher numbers of 

GFP+ cells in the host ONL, compared to when donor cells were sorted based 

on Nrl.Gfp fluorescence alone by FACS; (Lakowski et al., 2011). 

 

In the original publication of Eberle et al. (2011), some images of primary 

photoreceptor cultures are provided at DIC4 but no further validation of the 

morphology/survival or assessment of the impact of plating densities on cell 

survival was performed. Nevertheless, the images shown are consistent with 

what I also show here at a similar stage in culture. In line with the early 

publications of Lillien and Cepko (1992) and Krish et al. (1996), good survival of 

photoreceptors requires high plating densities. In the above publications, 
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supplementation of FGF, CNTF, insulin and RA were evaluated for their impact 

on photoreceptor differentiation in culture, when isolated between E18-P0; each 

had greater effect on photoreceptor differentiation when added in the culture 

medium at E18, versus P0. In the methodology I report here, the photoreceptors 

isolated between P4-P8 are able to survive and maintain a healthy (compared to 

the in vivo) morphology in remarkably basic conditions, without the addition of 

any neurotrophic stimuli.  

 

To my knowledge, there is only one report of dissociated and purified primary 

post-mitotic murine photoreceptors (Parker, Mitrousis and Shoichet, 2016). In this 

recent report, they FACS-sorted P11 NrlGFP+ cells and, similar to what I describe 

for late postnatal donors, report low viability, with only 45% viability on day of 

plating, which decreases further, to just 20%, in standard culture conditions with 

the addition of serum in a chemically-defined neuronal medium. They found that 

HAPEG hydrogels increased photoreceptor viability, up to 80% at 5DIC, and 

propose that this may be through the activation of mTOR (Parker, Mitrousis and 

Shoichet, 2016). The focus of this study was whether hydrogels can promote 

photoreceptor viability, in order to provide optimal conditions for transplantation 

purposes. As such, the study did not comprehensively assess photoreceptor 

morphology. The few images shown indicate few GFP+ rounded cells and no 

comment was made about GFP expression over time. This study further indicates 

that enrichment via FACS is not recommended for optimal primary culture 

conditions, as the cells remained rounded without processes despite the 

introduction of a matrix that supported better viability. In the context of this thesis, 

while certain matrices have been shown to improve photoreceptor viability, 

engineered matrices may also affect EV shedding and this must be considered. 

 

Correct outer segment formation was not a requirement of the culture conditions 

I have established for my research aims. However, it is well established that rod 

photoreceptors lose their outer segments after papain dissociation (Wang and 

Townes-Anderson, 2015; Kung et al., 2017; Townes-Anderson et al., 2017). In 

normal retinal development, at P4-P8 the outer segments have not yet 

developed, forming around P8-P10. I have shown that photoreceptors can be 

cultured for many days, beyond the time at which outer segments would normally 
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form. The development of outer segments in vivo relies on polarizing cues and 

physical interactions with adjacent structures, like the RPE cells, factors that are 

limited or absent in 2d culture conditions. What is striking, however, is that the 

cultured cells do go on to show regionalization, with rhodopsin often locating to 

one side of the developing rods in culture and occasionally, pronounced 

Rhodopsin+ nascent disks were observed, these lacked the complex morphology 

of true outer segments and further confirmation with EM is required to determine 

if they contain nascent disks. Notably, post-mitotic rod and cone photoreceptor 

precursors transplanted into the subretinal space of adult mice similarly initiate 

expression of outer segment proteins but also fail to form complete outer 

segments. However, they do show rudimentary polarization and protrusions, very 

similar those described here in culture, see (Barber et al., 2013; Warre-Cornish, 

Amanda C Barber, et al., 2014; Pearson et al., 2016; Singh et al., 2016). 

 

Processes formation in culture was an important criterion for this project and 

MACS sorted photoreceptors developed several types of extensions. Studies of 

adult salamander photoreceptors report that they protrude and then retract their 

axon terminals during the first 7 hours in culture, a process that is complete within 

24 hours (Kung et al., 2017; Townes-Anderson et al., 2017). Due to the neuronal 

identity of photoreceptors, it is not surprising that they seek to form contacts with 

other cells by membranous protrusions or that they may extend and retract 

processes to sense the environment, as used in axonal pathfinding.  

 

However, the impact of the culture environment and enrichment methods used 

on process formation has not been assessed. In line with my findings, Tsai et al. 

(2019) reported that FACS purified Nrl.Gfp+ postmitotic photoreceptor precursors 

do not form processes in culture. They therefore developed an aggregate culture 

system, where the Nrl.Gfp+ positive precursors are co-cultured over wildtype 

retinal cultures. They conclude that the presence of interneurons and Müller glia 

is important for rod photoreceptor process formation in culture (Tsai et al., 2019). 

Under the culture conditions I have defined, live-imaging analysis revealed that 

the processes extended by postmitotic photoreceptors are dynamic, elongating 

and retracting over time in culture; In conclusion, this protocol allows the 

maintenance of a highly viable population of post-mitotic photoreceptors that 
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continue to mature, at least in part, in an appropriate manner. Importantly, this 

method enables the development of a healthy close to the in vivo morphology of 

photoreceptors and furthermore allows the enrichment of EVs and the study of 

membrane dynamics, as the cells maintain their potential to form processes even 

after many days in culture. More descriptive discussion regarding the processes 

formation of photoreceptor in cultures and in vivo will be provided below in section 

7.3. 
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7.2 Primary photoreceptors release extracellular vesicles that are taken up by 

Muller glia cells in vivo  

 

In Chapter 4, I demonstrated that postmitotic photoreceptor precursors can 

release extracellular vesicles (EVs) in vitro. This is in keeping with other reports 

showing cortical neurons, release extracellular vesicles, both when 

undifferentiated but also when fully differentiated (Fauré et al., 2006; Lachenal et 

al., 2011). Please refer to Chapter 1.6.2.5 Introduction for further detail. Given 

that the EV field is relatively new, it is worth noting here that all the methodology 

and analysis used followed the approved requirements for publication, according 

to the position statement MISEV 2018 (Théry et al., 2018). 

 

Photoreceptor EV cargo 

 

The EVs derived from primary photoreceptors were characterized for their 

biophysical properties, as well as their protein and RNA cargo. TEM analysis, in 

conjunction with DLS, identified a heterogeneous population of vesicles bearing 

a single lipid bilayer with a characteristic doughnut shape in the 100K sEV pellet 

fraction with a range of diameters.  

 

The heterogeneity of the sample resulted in high polydispersity and did not enable 

accurate quantification of EVs with DLS, as such all the samples were analysed 

with TEM. Further evidence of EV release was provided with SEM of primary 

photoreceptor cultures. As direct visualisation of membrane blebbing versus 

processes formation cannot be provided by this method, indirect support for EV 

release by photoreceptors in culture was provided by the presence of vesicles 

surrounding the cells. The heterogeneity in the diameters is likely to reflect the 

origin of the EVs, with small EVs (30-50nm diameter) correspond to ILVs 

maturating inside MVBs before being \released (Johnstone et al., 1987), while 

the larger (~200nm) population may correspond to EVs that directly bud from the 

plasma membrane (Colombo, Moita, van Niel, Kowal, Vigneron, Benaroch, 

Manel, Luis F. Moita, et al., 2013; Colombo, Raposo and Théry, 2014) 
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Detailed characterisation of the protein profile of the 100K EVs was very 

challenging and the reproducibility between individual experiments was low, 

reflecting the reported technical difficulties of the EV field. Nonetheless, 

photoreceptor-derived EVs were enriched for a number of EV-specific proteins, 

including LAMP1, CD9, Alix, but not for CD81 or TSG101. The classic EV marker, 

CD63, was highly variable and accurate conclusions could not be drawn. 

According to the comprehensive analysis of Kowal et al. (2016), both CD81 and 

TSG101 correspond to light sEVs.  

 

Although CD81 revealed a punctate immunoreactivity in photoreceptors in 

culture, it was occasionally but not consistently detectable in the EV dot blots, 

while TSG101 was never detected in the dot blots. The presence of CD9 and 

absence of CD81 and CD63 is consistent with the 100K pellets being sEVs that 

are associated with the plasma membrane and having an early endocytic 

signature (Kowal et al., 2016). In line with CD9 presence, the 100K pellets were 

also enriched with Alix.  

 

Alix has been previously shown to fully co-immunoprecipitate with CD9, but not 

with CD63 and CD81, suggesting that formation of some CD9-bearing sEVs 

involves a fraction of the endosomal machinery (Kowal et al., 2016). Alix plays a 

key role in the cargo sorting in the ILVs and their release (Murrow, Malhotra and 

Debnath, 2016) and it has been suggested that Alix may be involved in RNA-

sorting in EVs as Alix immunoprecipitates (interacts) with Ago2 (Iavello et al., 

2016).  

 

Although the presence of Ago2 was not examined in the current study, 

photoreceptor-specific mRNAs were enriched in these EV preparations, further 

supporting this notion. The presence of the late endosomal marker LAMP 1 has 

been described in various cell type EV preparations (see Vesiclopedia; 

VP_16783) and was found here in photoreceptor-derived EV fractions. 

 

LAMP1 role in EVs has not yet been determined, though it is one of the most 

abundand proteins in the lysosomes and of high importance in the endolysosomal 
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trafficking (reviewed in (Andrejewski et al., 1999; Saftig and Klumperman, 2009)). 

Taken together, the signature of endosomal markers that are present in 

photoreceptor-derived EV fractions may indicate that photoreceptors release 

sEVs that arise from ILVs maturing inside MVBs that then fuse with the plasma 

membrane and release EVs into the extracellular space. 

 

With particular focus on photoreceptor-specific proteins previously reported to be 

exchanged during material transfer after photoreceptor transplantation, the sEV 

lumen was enriched with rhodopsin and recoverin, but not rod α-transducin. 

Rhodopsin localisation in the 100K EV pellets is in line with what has been shown 

by immuno-EM by (Salinas et al., 2017) that rhodopsin molecules are found both 

inside and outside the microvesicles released in vivo by the rod disks in the 

peripherin mutant mouse, Prph2rd2.rd2. Similarly, the enrichment of recoverin was 

not unexpected as recoverin is particularly localised in cholesterol-rich 

membranes or detergent-resistant membranes (lipid-rafts) (Senin et al., 2004). 

These membrane regions are highly dense with receptors, and cytoskeletal 

molecules constituting cellular areas that favour vesicle release, reviewed in 

(Pollet et al., 2018). The absence of the cytoplasmic α-subunit of rod transducin 

may indicate a selection in specific protein cargo sorting. However, the 

mechanisms of cargo sorting are outside the scope of my thesis.  

 

GFP and Cre have previously been shown to transfer during photoreceptor 

transplantation (Pearson et al., 2016; Santos-Ferreira et al., 2016; Singh et al., 

2016) and were also enriched in the EV preparations. Strikingly, when GFP was 

expressed in the cytoplasm (Nrl.Gfp+ photoreceptors) the levels of enrichment 

were lower, when compared to when GFP was tagged to the membrane (Nrl.Cre-

mTmG). This may indicate that proteins that interact with the membrane are more 

efficiently packed in EVs, compared to cytoplasmic molecules. The presence of 

Cre in protein form in the Nrl.Gfp-derived EVs was unexpected and further 

repeats are required to determine the accuracy of its presence in other samples. 

When Nrl.Gfp cells were tested for the presence of Cre mRNA (Figure 4.13, B), 

they were negative, which further supports the suspicion of sample contamination 

or poor antibody selectivity for Cre protein. Limited samples prevented repetition 

here, but ongoing experiments will seek to clarify this. As such, detection of both 
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GFP and Cre in their protein form remains challenging and reflects some of the 

technical limitations in the EV field regarding contamination and reproducibility. 

 

Finally, the 100K EV pellets were examined for their mRNA cargo.  It has been 

reported that 1/10,000 EVs may carry mRNA cargo (Figliolini et al., 2014) but the 

molecular mechanism of mRNA encapsulation in EVs is still poorly understood. 

It has been suggested that Ago2 protein may be a regulator of this process, but 

insufficient evidence is available to draw firm conclusions (Cha et al., 2015; 

McKenzie et al., 2016; Hinger et al., 2018; Das et al., 2019). 

 

Of concern generally, many reports of the presence of DNA and RNA in EV 

fractions have subsequently been shown to suffer from mRNA and DNA 

contaminants, which have undermined a number of studies. While essential, 

RNAse and DNAse pre-treatment in conjunction with proteinase digestion of EVs 

post-preparation leads to further reductions in the starting amount of genetic 

material source to work with. In the current study, meticulous sample preparation 

was carried out in order to eliminate the RNA/DNA contaminants of the surface 

of EVs, as described by Valadi et al. (2007).  

 

Photoreceptor-derived EV preps were found to be highly enriched with Gfp, Cre 

and Gnat1 mRNA but Rho and Rec were absent. However, the presence of both 

protein and mRNA of GFP has been shown to be enriched in EV preparations 

derived by stable cell lines expressing cytoplasmic GFP (Montecalvo et al., 2012; 

Russell, Skinner and Kurre, 2012).  

 

Regarding Cre, I detected both the protein and the mRNA form of this molecule. 

However, (Zomer et al., 2016) reports Cre mRNA in the 100K EV pellets but Cre 

protein was not detectable in these EVs. Importantly this was the first publication 

establishing the Cre-loxP system in order to confirm the function of EVs in cancer 

cell lines both in culture and in vivo.  

 

The presence of either mRNA or protein for several photoreceptor-specific 

markers may reflect the efficiency of their ability to be exchanged during material 

transfer (Pearson et al., 2012, 2016; Barber et al., 2013). For example, the 
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presence of rhodopsin and recoverin in protein form, but not as mRNA, in 

photoreceptor-derived EVs is potentially in keeping with their relatively inefficient 

transfer between donor and host cells in transplantation, see (Barber et al., 2013) 

as most of the protein content of the EVs when taken up by acceptor cells is likely 

to have a relatively short half-life, 26hrs (Corish and Tyler-Smith, 1999). 

 

In contrast, the robust presence of rod-α-transducin mRNA, but not protein, may 

help to explain why this molecule is more efficiently transferred during material 

transfer (Pearson et al., 2016). As will be discussed later on, the suggested 

mechanism of material transfer involves physical connections between 

photoceptors, but the encapsulation of transducin mRNA in ILVs is of particular 

interest as a combination of mechanisms may take place, where vesicles are 

exchanged by these cellular bridges and one of the molecules exchanged via this 

way may be rod-α-transducin. The fact that mRNA encapsulated in EVs is 

protected by proteolytic enzymes (Valadi et al., 2007) further strengthens this 

notion of the efficient transfer of rod-α-transducin, Gfp and Cre. 

 

EV Biogenesis and their relation to MVBs and outer segments  

 

The results of the EV cargo analysis revealed the presence of EV proteins 

corresponding to sEVs that derive from their maturation within MVBs. TEM 

revealed MVBs in photoreceptor precursors across postnatal development that 

decrease dramatically after P8. This was also accompanied by a change in retinal 

expression levels of various endosomal markers. Specifically, after P2, 

expression of the endosomal proteins TSG101, LAMP1 and CD9 decreases, 

further supporting the idea that EV release is a physiological mechanism that may 

be important across peri-natal and early postnatal development of primary 

photoreceptors. The way that endosomal proteins are sorted inside MVBs and 

how these relate to subsequent targeting of the contained ILVs for either 

degradation (fusion with lysosomes) or release (fusion with the plasma 

membrane) has been a debate for decades. Although most of our knowledge 

regarding these mechanisms comes from cell lines, the endocytic pathway has 

been shown to play a key role in orchestrating cell differentiation. For example, 
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vesicular release was first observed during the maturation/differentiation of 

reticulocytes (Johnstone et al., 1987). Since then, several studies in melanosome 

biogenesis have demonstrated the importance of endosomal machinery in 

orchestrating the transfer of mature melanosomes from melanocytes to 

keratinocytes (Lo Cicero et al., 2015). 

 

While vesicular release by photoreceptors is not surprising, it has been the 

subject of intense debate for decades regarding the role of EVs in the biogenesis 

of outer segments, where EVs are released and fused to facilitate the formation 

of the new membrane of the outer segment (Chuang, Zhao and Sung, 2007). 

More recent evidences though revealed that outer segment formation is the result 

of plasma membrane evagination, rather than vesicular release and fusion 

(Burgoyne et al., 2015; Volland et al., 2015; Salinas et al., 2017). Moreover, 

Salinas et al., (2017) showed that peripherin is a key player in regulating 

vesicular-trafficking in the formation of outer segments. As such it has been 

proposed that the new disc is generated by peripherin preventing ectosome 

release and that this is followed by a series of different events, such as disc 

flattening and elongation (Salinas et al., 2017). 

 

In line with this, my results may indicate that early postnatal photoreceptors 

without developed outer segments may release EVs bearing rhodopsin and 

recoverin as a physiological process occurring through the maturation from the 

progenitor to postmitotic precursors stage, possibly in order to sustain a balance 

in their lipid/protein requirements. As such EV release by photoreceptors may 

represent an active recycling/membrane turnover mechanism (Williamson et al., 

2010).  

 

GFP is not transferred by direct application of Nrl.Gfp+/+ derived EVs in 

culture and in vivo 

 

Assessing the function of EVs can be extremely challenging, as the amount of 

starting material is poor, quantification is not standardised and, depending of the 

method of enrichment, the vesicles can be destroyed; MISEV 2018 position paper 
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(Théry et al., 2018). As one has to work alongside these issues, I addressed the 

function of photoreceptor-derived EVs with multiple strategies, both in culture and 

in vivo.  

 

Direct application of Nrl.Gfp+/+-derived EVs to wt retinae cultures revealed no 

fluorescence in the recipient cells. When commercially available GFP-loaded EVs 

were applied, to the culture supernatant, some punctate fluorescence was 

apparent. While the punctate localisation of the GFP-loaded exosomes is in line 

with what has been shown by Christianson et al. (2013), but it is difficult to 

conclude whether these represent uptake or adherence to the cell membrane of 

the recipient cells (Christianson et al., 2013).   

 

However, the pattern of GFP fluorescence in recipient retinae post-

transplantation of Nrl.Gfp+/+ photoreceptors is not punctuate; in fact it is evenly 

dispersed throughout the cell soma, synaptic terminal and inner segment 

(MacLaren et al., 2006; Pearson et al., 2012). Moreover, GFP+ host 

photoreceptors (i.e. ones that had received GFP via material exchange) 

appeared to have no obvious physical contacts to any nearby donor cells. Indeed, 

many were many tens of microns away from the nearest donor (Pearson et al., 

2016; Santos-Ferreira et al., 2016; Singh et al., 2016).  

 

When Nrl.Gfp+/+ EVs were injected in the subretinal space of the wt recipients 

they also did not exhibit any fluorescence labelling. In both cases, a failure to see 

GFP transfer may reflect i) poor starting material concentration, ii) loss of function 

of EVs due to sample preparation, or even iii) the relatively short half-life of GFP 

protein, being 26hr (Corish and Tyler-Smith, 1999).  
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Alternatively, EVs may not represent the mechanism of transfer between 

photoreceptors. In order to study EV release and uptake, other authors describe 

the generation of Tetraspanin (CD63, CD9, CD81) TSPAN-pHluorin constructs, 

which are sensitive to pH changes that occur during the release of the EVs by 

the MVB fusion to the plasma membrane (Verweij et al., 2018; Frederik J Verweij 

et al., 2019). When I tried to perform experiments with CD63-pHluorin the 

constructs appear to selectively label Müller glia cells, but not photoreceptors 

(see Supplementary Figure 9.1, Figure 9.2, Figure 9.3 & Figure 9.4).  For this 

purpose, a more sensitive system, based on Cre recombinase, was used to 

assess EV function in culture and in vivo (Zomer et al., 2016). 

 

Cre is transferred by eliminating cell physical proximity in culture and in 

vivo 

 

We, and others, have previously reported that transplanted post-mitotic P4-P8 

Cre+ photoreceptors drive recombination of floxed reporter host photoreceptors 

in vivo  (Pearson et al., 2016; Santos-Ferreira et al., 2016; Singh et al., 2016; 

Nickerson, Ortin-Martinez and Wallace, 2018). In the transplantation experiments 

published in Pearson et al. (2016) the donor stem cell derived photoreceptors 

were transduced using an AAV viral vector to express Cre under the CMV 

promoter. Although small, there is a risk that some positive events may be due to 

viral carry over, alongside material transfer events. Therefore, I repeated this 

experiment, but this time with donor photoreceptors expressing Cre under Nrl, 

derived from transgenic mice. The levels of recombination were low when 

compared to the AAV-transduced donors, although these transplantation cohorts 

also suffered from significant levels of macrophage infiltration (which also 

appeared to be recombined) and loss of donor cell mass. 

 

In the transplantation paradigm, material transfer is typically restricted to between 

photoreceptors, at least regarding exchange of GFP, DsRed and rod-α-

transducin. However, in regions of significant physical disruption, uptake into 

Müller Glia and occasionally inner retinal neurons has also been observed 

(Pearson et al., 2016; Ortin-Martinez et al., 2017). Unexpectedly, in the 
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transplantation of Nrl.Cre+/- photoreceptors into TdTomato fl/fl hosts, both 

photoreceptors and Müller glia cells appeared to recombine in vivo in line to 

previous reports by Smiley et al., 2016. The latter may indicate that one 

mechanism is responsible for photoreceptor-photoreceptor exchange and 

another mechanism (possibly injury-related) is responsible for a previously 

undescribed form of photoreceptor-Müller glia exchange. 

  

When Nrl.Cre+/- photoreceptors were co-cultured with TdTomato fl/fl 2D retinae 

cultures for the same period of time (21 days), but without direct cell contact 

(separated by a trans-well) recombination was observed in cells with glia 

morphology (astrocytes, microglia, Müller glia). This indicates that recombination 

is possible without any physical contact, probably via release of EVs (Zomer et 

al., 2016). In the original publication, the transwell system was used to assess 

Cre transfer between HEK cells and the Cre+ HEK-derived EV cargo was positive 

for Cre mRNA and not protein, in line to what I have reported here for 

photoreceptor-derived EVs. Although this culture experiment provided striking 

evidence of material exchange, some caution must be exercised before 

concluding that this is due to the release and uptake of sEVs. 

 

First, a recent publication has challenged the findings of (Zomer et al., 2016). 

Thayanithyet and colleagues (2017) summarized a number of negative 

publications employing the transwell system to study the effect of exosomal 

application to recipient cells, versus direct application of EVs. Moreover, they  

showed, using  SEM and fluorescent microscopy, examples of the cells cultured 

on the top of a transwell forming tunnelling nanotubes that can penetrate the 

transmembrane pore and thus reaching the recipient cells below (Thayanithy et 

al., 2017). Interestingly, the authors further isolated the EVs from the top of the 

transwell cultured cells and from the bottom, and demonstrated that only 20% of 

the EVs from the top are able to pass through the pores and rich the bottom via 

NTA and EM analysis,  as the EVs do not readily pass the membrane pores by 

passive diffusion (Thayanithy et al., 2017). 

 

Second, primary photoreceptors do not survive well in the very prolonged co-

culture (21 days) conditions required for the transwell experiments. It could be 
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that photoreceptor death results in the release of apoptotic bodies that are taken 

up by other cells, including glia cells, and caused recombination. Apoptotic bodies 

are membrane blebs formed during cell death and may enable genetic material 

transfer and phagocytosis (Crescitelli et al., 2013). However, the size of these 

blebs is much larger (>1000nm (Crescitelli et al., 2013)) than the EVs I have 

described in my study so far (33-200nm). To address this issue directly, I directly 

applied Nrl.Cre+/- derived EVs (2K, 10K, 100K pellets) in vivo. Injection of the 2K 

fraction, which inludes large EVs that most likely correspond to debris, induced 

only sparse recombination in the glia cells. Conversely, the 10K (medium size 

EVs) and 100K (sEVs) fractions showed robust recombination levels in almost all 

Müller Glial cells throughout all the retina. This increase in recombination 

correlates with the enrichment levels of sEVs in all the fractions - sEVs are very 

diluted in 2K and increased in the 100K.  

 

According to the position paper of MISEV 2018, one cannot conclude that large 

EVs correspond to apoptotic bodies nor that medium EVs correspond to 

microvesicles, as this terminology is no longer accurate due to lack of specific 

markers of EV subtypes (Kowal et al., 2016; Théry et al., 2018). As such, a 

conclusion that the recombination is a result of cell death from this experiment, 

at least, is misleading. 

 

To test if material transfer is a result of cell death, UV irradiated Nrl.Gfp+/+ 

photoreceptors were transplanted in the subretinal space of wt recipients. This 

experiment revealed no GFP transfer from the donor to the host, more importantly 

the cell mass in all the experiments was no longer present after 3 weeks post 

transplantation, indicating clearance by acute infiltration of macrophages. This is 

in line with our previous observations where failed transplantations (no GFP+ 

cells in the host retinae) were accompanied with acute immune reaction and 

infiltration of the cell mass (West et al., 2010). Moreover 4 months post 

transplantation of Nrl.Gfp+/+ photoreceptors there are few GFP+ donor cells left 

in the host retinae, further supporting that the resulting exchange was due to live 

donor cells engaging material transfer (West et al., 2010). 
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Direct evidence that the recombination seen in the transwell experiments reflects 

a genuine mode of communication came from intravitreal injection of Cre+ EVs. 

The Nrl.Cre+/- sEV fraction (100K) was able to induce widespread recombination 

of Müller glia (but not photoreceptors) in the TdTomato fl/fl. This may reflect a 

particular specificity in the uptake of photoreceptor-derived EVs by Müller glia 

cells over photoreceptors or interneurons. This is in line with other publications 

addressing neuron-glia and neuro-vascular communication via EVs  (Frühbeis et 

al., 2013) while the uptake of misfolded protein cargo in neuronal-derived EVs 

has been implicated in the pathogenesis of neurodegenerative diseases including 

Alzheimers (Deng et al., 2017). 

 

Investigation of the role of photoreceptor-derived EVs in neuron-glial 

communication in retina degeneration is a future goal of this project. Within the 

broader spectrum of therapeutic approaches of retina degeneration, an EV-

mediated mode of rescue is of interest. It has been shown that stem cell-derived 

EVs are able to drive expression of PAX6 in Müller glia cells, a mechanism 

potential useful for targeting muller glia mediated regeneration (Peng et al., 

2018). As such, it may be possible to enable production of EVs bearing specific 

molecules that are absent or malfunctioning in degenerated retinas and, if a 

suitable minimally-invasive mode of administration could be identified, 

supplement via EVs instead of cells.   

 

Regarding the recipient cell type of the EVs, I report that photoreceptor-derived 

EVs are taken up by Müller glial cells and macrophages in vivo, and by microglia 

and other glia cells in culture. Of note, striking evidences of live tracking of CD63-

pHluorin+ EVs at the level of the whole organism revealed that EVs produced by 

the yolk syncytial layer (YSL) are released into the blood flow and are up taken 

by macrophages and endothelial cells in the tail of the zebrafish embryo, in vivo 

(Frederik J Verweij et al., 2019). In this study, it was reported that the major fate 

of these EVs was lysosomal degradation, in line with evidences from cell cultures 

(Verweij et al., 2018). Moreover, administration of EVs in the systemic circulation 

in mice has also shown that EVs are taken up by macrophages, in vivo (Imai et 

al., 2015).   
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As such, it has been further suggested that the role of EVs in normal conditions 

may be distributing macromolecules needed for other cells, although further 

evidences by in vivo studies are necessary to confirm this. Taken together, EVs 

may play an important role in photoreceptor development and support 

photoreceptor to glia communication, but EV release and uptake does not support 

material transfer as reported to occur in photoreceptor transplantation.  
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7.3 Primary photoreceptors extend tubulovesicular processes in culture 

mediating interphotoreceptor transfer 

 

Having excluded that material transfer is a result of cell death or of release and 

uptake of EVs I then investigated whether it was due to physical connections. The 

typical murine photoreceptor morphology in vivo is bipolar, having one synaptic 

process and one non-motile secondary cilium (outer segment) when fully 

developed (P17 onwards;(Lavail, 1973)). However, at P8 the rod outer segment 

is not yet developed in vivo and its formation initiates with rhodopsin expression 

at around P11 (CARAVAGGIO and BONTING, 1963). Indeed, many schematic 

illustrations represent photoreceptor precursors as bipolar with a speculation of 

a growth cone and the underdeveloped secondary cilium. In the culture protocol 

I developed some indications of cells attempting to form ROS can be seen at DIC 

6 corresponding to P14 in vivo.  

 

In Eberle et al., (2011) photoreceptor-specific expression of GFP driven by the 

promoter for Rhodopsin in CD73+ photoreceptors in culture reveals a bipolar 

morphology at P4-7. However, no detailed characterisation was performed by the 

authors during later culture days, as the purpose of this publication was to provide 

evidences that CD73+ rod precursors are transplantable (Eberle et al., 2011).  

Detailed analysis of the morphological features of transplanted Nrl.GFP+ 

photoreceptor precursors at P4-8 revealed that donor cells undergo a transition 

from amorphous to rod-like morphology (Warre-Cornish et al., 2014). Although in 

this publication the morphological features of rod precursors were related to their 

integration capacity within the wt retinae, the morphologies described by Warre-

Cornish et al, (2014) are also consistent with what I observed here in 

photoreceptor cultures: teardrop shapes and bipolar morphology.  A type of 

morphology that could not be observed in the transplanted cells in vivo was the 

one that photoreceptor precursors may possibly undergo during their transition 

from rounded to bipolar state.  

 

In culture, during this transition period photoreceptor precursors extend various 

processes in x,y,z dimensions. I can only speculate as to their function, but 
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possibilities include exploration of their neighbor cells and/or attachment to the 

substratum. This speculation is just an extrapolation of the fundamental 

descriptions of Cajal regarding the functional organization of the brain. In the 

context of neuronal cell networks, neurite protrusions like these would not be 

surprising, but amongst these extensions detailed characterization revealed that 

some of these processes elicit very conserved characteristics, which also 

correlate to the characteristics of tunneling nanotubes and/or cytonemes. Both 

TNTs and cytonemes have been shown to mediate molecular information 

exchange in between cells of the same origin in PC12 cells in culture (Rustom et 

al., 2004) and during Drosophila development in vivo (epithelium of the wing 

imaginal discs (Ramírez-Weber and Kornberg, 1999). 

 

Structure of photoreceptor TBVPs  

 

The field of physical connections enabling molecular exchange suffers from the 

same inconsistency in the nomenclature/function as the EV field. There are no 

agreed specific markers to distinguish a tunnelling nanotube from other 

processes or position papers for minimal requirements for publication to use as 

guidelines, assessment currently being based on morphological observations 

that vary across references of different cell types (see Rustom et al., 2004 for 

PC12 versus Önfelt et al., 2006 for PBMCs). As all research papers regarding 

TNTs are context dependent (for example, the transfer of Tau between CAD cells; 

(Tardivel et al., 2016)), I had to establish my own criteria based on the literature 

of both in vivo and in culture to be able to identify these elements. In order to 

include both cytoneme (closed-end) and tunnelling nanotubes (open end) I 

named them tubulovesicular processes (TBVPs), based on their morphology and 

molecular structure, along with their ability to facilitate cell to cell communication 

(Gerdes, Rustom and Wang, 2013). To do this, I initiated my studies in primary 

photoreceptor culture and then moved to the transplantation paradigm in vivo. 

 

First, I suggested that the minimal requirements characterise these processes as 

tubulovesicular were the following ones, based on the publication of the pioneer 

groups of Gerdes, Davis and Kornberg who first discovered them (Table 5.1). As 
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such, TBVPs: (1) represent cell-cell connections with no distinguishable limits; (2) 

are  vulnerable to fixation; (3) are not localised at the substratum; (4) have straight 

appearance (in culture) with no branching; (5) are actin (type I) or tubulin (type 

II); (6) their diameter is <0.7μm (type I) or >0.7μm (type II); (7) have variable 

length; and (8) can be transient, with respect to their formation.  

 

Scanning electron microscopy revealed few remarkably straight processes 

connecting two CD73+ photoreceptor cells, with the majority of them been broken 

due to fixation, in line with other publications regarding TBVPs (Rustom, Saffrich, 

Markovic, Walther and H.-H. Gerdes, 2004; Onfelt et al., 2006; Sowinski et al., 

2008; Sartori-Rupp et al., 2019). These processes had no secondary branching, 

in line with Rustom et al., (2004), although Önfelt et al., (2006) did report limited 

branching of TBVPs in PBMCs. They reported one TBVP process split in two 

resulting in connections between three cells (Onfelt et al., 2006), but this was 

different to secondary branching of the classic dendritic spines in cortical neurons 

(Papa et al., 1995). Nothing similar observed in photoreceptors with confocal live 

imaging.  

 

An automated method of quantification of these processes was developed by the 

pioneers of TNTs requiring maximum projections of xyz stacks and two 

fluorescent reporters, one of the cytoplasm and one for the membrane, although 

this method appears to distinguish less than 70% of true TBVs (Hodneland et al., 

2006). The authors also showed that the closer to the middle of the z stack the 

better and more accurate the quantification was (Hodneland et al., 2006). Since 

the criteria of diameter and length are not exclusive and different diameters of 

tubes can be observed in each cell type, I quantified the Nrl.myrGfp+ 

photoreceptor extensions using a 3D temporal colour coding system, which 

generated a projection with depth analysis, in conjunction with manual 

quantification. This way, I could show that the majority (more than 60%) of the 

GFP+ processes localised in the middle of the z dimension formed cell-cell 

networks (i.e. extended to other photoreceptors) and around 8% of photoreceptor 

process tips were localised in the top third of the z axis.  
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TNTs have been described to form de novo between cells within several minutes 

by two apparently distinct mechanisms (reviewed in Gurke et al., 2008). In the 

first mechanism filopodia like protrusions are extended possibly in response to a 

chemotactic stimuli (Ramírez-Weber and Kornberg, 1999; Rustom, Saffrich, 

Markovic, Walther and H.-H. Gerdes, 2004). Once contact is made, a single 

dilated and bended bridge is often observed, that then is remodeled into a straight 

thin bridge (Rustom, Saffrich, Markovic, Walther and H.-H. Gerdes, 2004; Gurke, 

Barroso and Gerdes, 2008). The second mechanism is based on the observation 

of TNTs formed after two cells detach from each other, where these connections 

may last for a few minutes before dislodging (Sowinski et al., 2008). 

 

Live recording of TBVPs in photoreceptor cultures further confirmed their 

transient nature, where some of them were stable for a period of 30min and other 

collapsed within 5min. I did not observe tubes forming by cells detaching from 

others following a migratory pattern as seen in immune cells (Sowinski et al., 

2008).  

 

As such, the TBVPs observed in photoreceptors are of highly dynamic nature 

(extending/collapsing) (Wang et al., 2010; Wang, Bukoreshtliev and Gerdes, 

2012). It has been suggested that due to the recorded variability in the lifetime of 

TNTs observed in cultured cells, different subtypes of TBVPs may exist (Onfelt 

et al., 2006; Gurke, Barroso and Gerdes, 2008; Sartori-Rupp et al., 2019). 

Regardless, it has been suggested that the cells maintain a membrane reservoir 

controlled by the cytoskeleton, to provide a buffer against membrane tension over 

several micrometers of tube elongation (Raucher and Sheetz, 1999; Sun et al., 

2005). As such, the availability of membrane per cell type may be reflected in the 

length and half-life of TNTs making the translation of observations between 

different cell types difficult and potentially controversial.  

 

Actin-enriched TBVs have been observed in various cell types, including PC12 

pheochromocytoma (Rustom, Saffrich, Markovic, Walther and H.-H. Gerdes, 

2004), in glia cells (Tosi et al., 2014), retina pigment epithelium (Wittig et al., 

2012), T cells (Sowinski et al., 2008) and macrophages (Onfelt et al., 2006). In 

macrophages, however, two types of TBVs have been mentioned, one of actin 
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and another one of microtubule composition (Onfelt et al., 2006). My analysis 

revealed a majority of type I actin-rich TBVPs and a smaller number of type II 

microtubule-rich TBVPs. My data were in line with Önfelt et al., (2006), but 

contrast the findings of Rustom et al., (2004) where TNTs are described to 

contain only actin and are devoid microtubules. Moreover, quantification and 

statistical analysis of the diameters of photoreceptor TBVPs agreed very closely 

with Önfelt et al., (2006) as type I TBVPs had a mean diameter of -0.48μm 

(<0.7μm) and the type II -0.91μm (>0.7μm), opposed to Rustom’s original 

publication where TNTs diameters are much thinner (50-200nm diameter).  

 

The length of TBVPs were highly variable, as also reported by Rustom et al., 

(2004) and Gurke et al., (2008), irrespective of TBVP type and varied more 

between the actin ones. Of note here, connecting bridges observed in neuronal 

crest cells in ovo appeared to be of larger diameter (0.5-2μm,(Mckinney et al., 

2011)). As such, defining these processes by their diameter alone does not 

generate an exclusion criterium, but in conjunction with other criteria it can be 

supportive. Nevertheless, many questions arise due to this criterion, regarding to 

what can fit into the tube in order to be transferred.  

 

The ultrastructure of TBVPs presented in this thesis is generally in line with what 

has been published so far but most information regarding TBVPs are based on 

fluorescence microscopy observations, rather than electron microscopy. As such, 

one can argue to what extent TBVPs differ from filopodia protrusions. Filopodia 

protrusions are not able to transfer cargo (Gallo, 2013; Greif et al., 2013)and are 

different from TBVPs at the ultrastructural level as they do not form inter-

connected actin bundles, but are rather isolated (Sartori-Rupp et al., 2019). 

Detailed ultrastructural analysis of CAD cell TBVPs, using cryo EM in conjunction 

with FM, has demonstrated that individual TNTs are formed by actin fibers and 

that vesicles and organelles can use motor proteins such as Myo10 to move 

across between cells (Sartori-Rupp et al., 2019). The average diameter of these 

TNTs was <200nm, but at the edges of the connecting cells was closer to 500nm 

(Sartori-Rupp et al., 2019).  The classical straight and smooth appearance was 

not always observed, reportedly due to sample preparation for the Focus on 

Beam SEM (Sartori-Rupp et al., 2019). 
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Photoreceptor TBVPs in culture and in vivo are able to transfer protein, 

RNA, lipids, organelles 

 

Today, tunneling nanotubes are appreciated as a novel mode of communication 

where two cells are interconnected by a channel with no gaps (Rustom et al. 

2004; Önfelt et al. 2006; Sowinski et al. 2008). Several types of information can 

be shared by these channels, including membrane-bound proteins, cytoplasmic 

proteins, RNA, along with organelles or even bacteria proteins (Rustom, Saffrich, 

Markovic, Walther and H.-H. Gerdes, 2004; Baluska, Menzel and Barlow, 2006; 

Chen et al., 2007; Goncharova and Tarakanov, 2008; Gurke, Barroso and 

Gerdes, 2008; Wittig et al., 2012; Agnati et al., 2014). 

 

Electron microscopy analysis of T-cell TNTs revealed close-end structures that 

display junctions and, by extension, do not allow the exchange of cytoplasm, or 

diffusion of fluorescence membrane components (Sowinski et al., 2008) while 

thick type II TBVPs in macrophages have been suggested to be open ended due 

to the seamless transition of the microtubules (Onfelt et al., 2006). On the other 

hand, Drosophila cytonemes do not physically connect cells. They have been 

shown to be responsible for the transport of morphogen (Hh)  in the early embryo 

development (Chen et al., 2017). Strikingly, Hh and its co-receptor Ihog are 

encapsulated in vesicles, that bear markers and features of EVs (A. C. Gradilla 

et al., 2014). Hh translocation, follow a complex and circuitous path that involves 

endocytosis from the apical membrane, encapsulation in these vesicles, and 

basal translocation (A. C. Gradilla et al., 2014). Strikingly, the biology of Hh 

translocation ties up beautifully both the field of EVs with that of TNTs, suggesting 

that EVs, when transported via a tube, may contribute to a private cell-specific 

cargo, whereas when released from MVB fusion with the plasma membrane, can 

target different cell types. Transfer of endosomes/lysosomes, as reported by 

Rustom et al., (2004) further supports this notion. It would be particularly 

interesting to investigate whether in early photoreceptor development homeobox 

proteins (amongst other morphogens) are exchanged and targeted to specific 

cells via TBVPs, as in Drosophila.  
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The transfer of cytoplasmic cGFP was the first molecule described to be 

efficiently transferred during material transfer between donor and host 

photoreceptors (Pearson et al., 2016; Santos-Ferreira et al., 2016; Singh et al., 

2016). However, the findings of the TNT field, with respect to cGFP, are quite 

controversial; in cardiomyocytes, cGFP is shown to be transferred (Koyanagi et 

al., 2005) but in PC12 both cGFP and calcein can diffuse locally along TNTs but 

are not efficiently transferred, when compared to lipid modified forms of GPI-GFP 

(Rustom, Saffrich, Markovic, Walther and H.-H. Gerdes, 2004). The authors 

speculate that this may be due to both molecules molecular weight, suggesting a 

variable size exclusion limit of TNTs depending on the cell type, but with the 

molecular weight of actin (40kD) viewed as the cut off (reviewed in(Gurke, 

Barroso and Gerdes, 2008)). Thinking retrospectively to the transplantation 

paradigm, all the molecules that have been found to be exchanged fall into the 

category of small molecular weight proteins.  

 

Table 7.1 shows the molecular weight of all (murine) proteins previously reported 

to be exchanged during material transfer (size according to amino acid 

sequences in Pubmed Protein database, multiplied by 110-average mass of 

aminoacid). Interestingly, all the proteins have a similar molecular weight; GFP 

and recoverin are less than 30kDa and rhodopsin and rod-α-transducin are at the 

limit of 40kD and only arrestin exceeds this speculative limit. 

 

 

 

 

 

 

Table 7.1 Molecular weight of proteins transferred during material transfer 

  

Proteins transferred in MT Molecular weight 

GFP 27-kDa 

Rod a Transducin 39.9-kDa 

Rhodopsin 33-kDa and 66-kDa as a dimer 

Recoverin 23-kDa 

Arrestin 48-kDa 
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However, the acquisition and appearance of GFP in vivo post transplantation 

does not agree with lateral protein diffusion, as GFP shows quite even 

fluorescence intensities across the cell body (albeit with weaker expression in the 

nucleus and in very fine structures like the basal processes. This contrasts with 

the somewhat punctate and localized reports of GFP transfer via TNTs reported 

for other cell types and may suggest the transfer of RNA rather than lateral protein 

diffusion, at least for the case of GFP, but more work needs to be done to be 

certain towards this hypothesis.  

 

Striking evidence towards RNA transfer within TNTs have been recently 

demonstrated in a co-culture system of mouse embryonic fibroblasts (Haimovich 

et al., 2017). The authors assessed the transfer of specific mRNA species from 

donor to acceptor cells via FISH or live imaging using the MS2 aptamer system. 

The transfer of mRNA was detected as soon as 30minutes post co-culture of 

donor and acceptor murine MEFs (Haimovich et al., 2017). Moreover, mRNA 

transfer was also observed cross species, in co-culture of human with mouse 

cells (Haimovich et al., 2017). The authors provided evidence that mRNA transfer 

is stress dependent and that β-actin mRNA was significantly transferred, 

compared to other mRNA molecules. Moreover, they compared the levels of 

transfer of GFP mRNA to acceptor cells via EVs, conditioned medium and trans-

wells and reported no detectable levels of GFP with any of these assays 

(Haimovich et al., 2017) in close agreement to what I report here. However, in the 

transplantation paradigm when human IPS derived photoreceptors are 

transplanted in the subretinal space of mice, GFP transfer if observed is minimal 

(Aghaizu et al., 2017).  The authors also claimed that fibronectin coating positively 

affected the transfer of actin mRNA molecules via TNT structures (Haimovich et 

al., 2017) again in line with my culture data here where TBVPs are observed 

between PRs cultured on a fibronectin matrix. The authors conclude that 

ectopically expressed mRNAs, such as GFP, along with actin mRNA, can be 

transferred between cells, but many other mRNAs are not exchanged (Haimovich 

et al., 2017). They conclude that the reason of β-actin mRNA to be exchanged 

so efficiently is the actual abundance of this molecule’s mRNA levels. This 

suggestion is also in line with what I report here in the transplantation paradigm 
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of Nrl.GFP donor cells, where heterozygote donors yielded very little material 

transfer (of GFP) compared to homozygote donors.  

 

While the findings of Haimovich et al. are very convincing and supportive of my 

own findings, the experiments of assessing mRNA transfer occurred within a 

timeframe of 24hrs, much quicker than the timeframe we have observed both in 

vitro and in vivo. In the case of non-proliferative MEFs, this timeframe appears to 

be adequate for detection, but it is not whether this may be the case for 

photoreceptors. Importantly, the authors used an elegant system of live tracking 

the mRNA exchange but did not assess whether the mRNA molecules transferred 

are successfully translated. Nonetheless, taken together, the findings of this 

study are highly supportive of my data and probably strengthen the notion that 

GFP is transferred in mRNA form via TBVPs as only 1% of cytoplasmic 

fluorescent reporters’ exchange was detectable after 72hr of photoreceptor co-

cultures, and no exchange has been detected in photoreceptor cells treated with 

GFP (mRNA) EVs.  

 

Together with the transfer of GFP mRNA, one can speculate that rod-α-

transducin also may be exchanged in its mRNA form, as the abundance of Gnat1 

mRNA transcripts is highly increased at P7-P14 (Lobanova et al., 2008; Warre-

Cornish, Amanda C Barber, et al., 2014), and rod-α-transducin represents 

another efficiently transferred molecule in material transfer, with >90% of GFP+ 

cells in the host retina also bearing donor-derived rod-α-transducin (Pearson et 

al., 2012, 2016; Warre-Cornish, Amanda C Barber, et al., 2014). The presence 

of Gnat1 mRNA in EVs, in conjunction with the transfer of lysosomes/endosomes 

via TBVPs, may further support this notion. Furthermore, the packaging of mRNA 

in EVs may be protective and enable more efficient transfer as the RNA will not 

be degraded by endogenous RNAses (Valadi et al., 2007).  

 

The transfer of lipid anchored molecules appears to follow a different path of 

transportation. GPI-anchored GFP and farnesylated EGFP can be laterally 

diffused within the membrane of the acceptor cells of TNTs in culture (Önfelt and 

Davis, 2004; Rustom, Saffrich, Markovic, Walther and H.-H. Gerdes, 2004; Onfelt 

et al., 2006; Sowinski et al., 2008). When I co-cultured Nrl.GFP (cGFP) with 
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myrRFP photoreceptors, the flow cytometry analysis showed almost 6% of 

exchange (double labeled CD73+ photoreceptors), while co-culturing of 

cytoplasmic versions of the same reporters (NrlGFP, cGFP and DsRed, cDsRed) 

yielded levels of exchange of only 1%. This experiment may indicate that lipid 

anchored proteins can be detected and transfer more efficiently than cytoplasmic 

reporters (N.B. a caveat to this interpretation is the use of mixed retinal cultures 

versus photoreceptor-only cultures in the two experiments). This led to co-

culturing cells labelled with fluorescent lipophilic tracers (DiI/DiO) in conjunction 

with pharmacological interventions.  

 

Previously, co-cultures of DiI/DiO labelled PC12 cells revealed that 74% of the 

cells that showed transfer of both dyes were connected with TNTs and 

furthermore showed organelle transfer, as the dyes are endocytosed by the cells 

but only 11% of all cells in cultured showed transfer (Rustom, Saffrich, Markovic, 

Walther and H.-H. Gerdes, 2004). Conversely, in the supplementary information 

of the paper the authors reported 54.5% DiI/DiO double positive PC12 cells within 

5hrs of co-culture and that the exchange was decreased by the application of 

latrunculin B (actin inhibitor) for 4hrs, to 29.5%. Moreover, they showed that within 

1hr of co-culture, the double positive cells corresponded to 28% and when the 

cells were incubated at 0 C to block endo-exo phagocytosis, the exchange 

corresponded to 39% double positive cells. In the main paper the authors 

declared that conventional endo/exo- phagocytosis was blocked due to 

temperature but a non-conventional form of organelle transfer continued that was 

based on actin (Rustom, Saffrich, Markovic, Walther and H.-H. Gerdes, 2004). 

However, the authors did not combine the inhibition of both mechanisms. Due to 

the discrepancy in the numbers that are given in the manuscript versus the 

supplementary material along with insufficient detail in the methods section, I will 

only focus on their descriptions of the pharmacological effect of actin inhibition 

and the visualisation of vesicles (endo/lysosomal system) due to dye 

endocytosis.  

 

Here, I report that the transfer (quantified with FACS) observed after 5 days in 

culture corresponds to 26%. Given the cells are not dividing and are not as 

thermodynamically active as a cancer cell line, the exchange is lower but 
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consistent with the report of Rustom and colleagues. Inhibition of actin 

polymerisation with Cytochalasin D (50nM) yielded a subtle but statistically 

significantly reduction in the exchange (23% double positive cells post 72hr 

treatment with cytoD). However, blocking membrane bending and EV release 

(possibly vesicular generation and by result their transfer for this instance) with a 

ceramide inhibitor resulted in a dramatic decrease of the double positive cells 

(13%), although cell viability was also compromised. 

 

Actin polymerization and TNT formation are linked, in primary cultures of rat 

astrocytes (Zhu et al., 2015). But inhibition of actin polymerisation with 

cytochalasin is appreciated to be weak (Knopik-Skrocka and Śniegowska, 2014). 

In future studies, I aim to investigate the effect of another, potentially stronger 

inhibitor, latrunculin B, to test whether I can achieve better inhibition. Blocking the 

dynein motor protein via Ciliobrevin B had no significant effect (24%). Given the 

relatively subtle effect seen, in future work I aim to increase the doses used but 

also decrease the days of incubation as in higher doses they may significantly 

impact other important cellular processes in addition to TBVP formation and 

exchange. Supportive evidence for actin-dependent mechanisms of DiD+ 

vesicles exchange between CAD (neuronal) cells are provided by Gousset et al. 

(2013). The authors used a lentiviral approach to silence Myo10, an actin motor 

protein and revealed that vesicular transfer via TNTs between cells depends on 

full length Myo10 that was independent of Akt signalling cascade (Gousset et al., 

2013). 

 

In addition to DiI/DiO exchange not resulting in a unified population when 

analysed with FACS, and the vesicles found in the double positive cells with 

confocal imaging, I provide further evidence of late endosomal transfer by 

immunostaining with LAMP1, and visualisation of LAMP1+ vesicles in TBVPs 

interconnecting CD73+ photoreceptor cells in culture. Furthermore, live imaging 

revealed transfer of lysosomes and/or late endosomes within TBVPs connecting 

photoreceptors in a unidirectional manner. The transfer of endocytic vesicles in 

the context of material transfer is of significant interest, as the endocytic vesicles 

have been shown to efficiently transfer information (Rustom, Saffrich, Markovic, 

Walther and H.-H. Gerdes, 2004; A.-C. Gradilla et al., 2014). Other cellular 
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organelles are able to shed vesicles intercellularly, such as Golgi. Like most 

membrane proteins, rhodopsin follows an intracellular path from the site of its 

synthesis in the ER to the Golgi complex and trans-Golgi network where it is 

sorted into vesicles destined for the outer segment (Deretic, 1998). Another 

mechanism that cells employ to transfer lipid-modified proteins in particular cell 

compartments is by chaperones (Pearring et al., 2013). For instance, rod-α-

transducin has shown to be transferred by the chaperone UNC119 in 

photoreceptors (Gopalakrishna et al., 2011). These two mechanisms fit well with 

the presence in photoreceptor-derived EVs of rhodopsin in its protein form and 

the absence of rod-α-transducin protein but enrichment of its mRNA form.  

 

Kadiu & Gendelman (2011) also reported LAMP1+ late endosomes in TNT 

processes of interconnected macrophages but showed using electron 

microscopy and pharmacological interventions directed towards endocytosis, that 

HIV RNA was transferred specifically inside Rab11a+ MVBs within the TNTs of 

interconnected macrophages,(Kadiu and Gendelman, 2011). As such it is 

possible that the puncta of DiI+ and or DiO+ I observed in the double positive 

cells to correspond to endosomes or endocytic vesicles. 

 

Taken together, one can hypothesize, based on the above indirect evidences 

along with the visualization of vesicles in photoreceptor TBVPs, that each 

molecule known to be exchanged during material transfer follows a specific, and 

potentially different, intercellular mechanism of transportation via the TBVPs, but 

more work is needed to further support this notion. 

 

The collective evidence outlined above regarding the lipid/ vesicle/ organelle/ 

cytoplasm (mRNA) exchange that occurs between in photoreceptors in culture, I 

propose that photoreceptor TBVPs are open-tubes, although the 

pharmacological interventions with EV inhibitors may also suggest that some may 

be close-end and release focally EVs. To assess the effect of actin &/or tubulin 

polymerisation on TBVP-mediated material transfer in future studies I aim to 

employ lentiviral approaches of overexpressing or silencing molecules important 

for the transport of vesicles via actin and or microtubules as a more elegant and 

specific approach, rather than pharmacological inhibitors.  
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Overall, I propose that TBVPs are able to transfer a variety of molecules, and 

even organelles, between photoreceptors and I can speculate that the form of 

exchange depends on the molecule that is exchanged. My hypothesis based on 

the current evidences and the literature regarding the transfer of cGFP, Rod-α-

transducin and Rhodopsin is summarized in the schematic representation in 

Figure 7.1.  

 

Figure 7.1  Speculations towards mRNA or Protein form of exchange of 
molecules transferred in vivo via TBVPs between donor and host 
photoreceptors. 

 Schematic illustration. Cytoplasmic GFP is exchanged in naked mRNA form. Rod alpha transducin is 
exchanged either in mRNA form naked or encapsulated in endocytic vesicles, alternatively it is transferred 
as a protein possibly escorted via UN119 chaperone protein. Rhodopsin is exchanged in protein form within 
vesicles of either endocytic or Golgi origin. 

TBVPs as a normal biological process or a peculiarity of transplantation? 

 

The formation of TBVPs in culture is related to the healthy state of the cells and 

reflects many factors, such as the selection of substrate, the plating densities and 
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the extrinsic signals provided by supplements in the culture medium. 

Interestingly, fibronectin coating has been shown to facilitate TNT formation in 

several cell types, like PBMCs (Galkina, Sud’ina and Ullrich, 2001) and neuronal 

cells (Sartori-Rupp et al., 2019). However, the evidences of cytonemes formation 

in drosophila in vivo reflect a developmental and cell-specific process (Ramírez-

Weber and Kornberg, 1999). 

 

In the case of photoreceptor transplantation, formation of TBVPs in vivo may 

reflect a quite peculiar process, with respect to the restriction of the 

developmental stage of the donor cells. Of note, donor rod photoreceptor 

precursors at P4-P8 developmental window can achieve the highest levels of 

GFP transfer upon transplantation compared to other developmental stages 

between E11.5 - P21 (MacLaren et al., 2006; Pearson et al., 2012). One can 

speculate that when dissociated photoreceptor precursors at this stage in 

commitment, instead of forming segments, use their membrane reservoir to form 

TBVPs as a survival mechanism.  

 

Independent of the signals triggering TBVP formation, the evidence presented 

here obtained by both photoreceptor cultures and in vivo by photoreceptors 

transplantation revealed a developmental stage restriction. As such, we asked 

whether photoreceptor cells are able to exchange information during early 

postnatal development under normal conditions. For this purpose, I generated 

chimeric mice by morula aggregation of the Nrl.Cre and the floxed reporter 

TdTomato+/- transgenic lines. Unexpectedly, I observed recombination at P45 but 

not at embryonic (E17) or early postnatal stages (P8) of development of these 

chimeric animals. Although the data are restricted in numbers of chimeric animals 

generated (n=1 per time point), this pilot data indicating that native rods may 

exchange information in vivo by employing a private root of communication that 

has not yet been reported is very exciting and worth further investigation.  
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8.  Conclusion  

 

 

The schematic illustration below (Figure 8.1) summarizes the conclusions of my 

thesis regarding the mechanism underlying material transfer. I propose that 

material transfer between photoreceptors in culture and in vivo in the 

transplantation paradigm is a result of functional exchange of molecules via a 

form of cellular connections here termed tubulovesicular processes (TBVPs). In 

addition, I show that photoreceptor-derived EVs are taken up by glia cells in 

culture and in vivo and can alter gene function, suggesting a novel mode of 

photoreceptor-Muller glia communication, which opens a new avenue of 

investigation regarding the role of photoreceptor-derived EVs in the degenerating 

(and regenerating) retinal environment. While photoreceptors can form neurite-

like extensions both in vivo and in vitro, as the exchange of cGFP, visual 

machinery proteins and Cre has never been shown to be transferred between 

neurons via synaptic processes, I strongly propose that the TBVPs I describe are 

biologically distinct from synaptic processes and are consistent with what has 

been published by Gerdes’s group regarding tunnelling nanotubes (reviewed in 

Rustom, 2016). The discovery of TBVPs in photoreceptor cells raises intriguing 

questions regarding their physiological functions of rod connections in healthy 

development and or disease. Manipulating the formation of these connections 

may represent a therapeutic approach worthy of further investigation regarding 

the use of cell replacement strategies towards retinal degeneration. 
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Figure 8.1  Schematic illustration of the conclusion regarding the molecular 
mechanism of material transfer.  

(A) Material transfer is not mediated via classical cell fusion, (B) Material transfer is not a result of cell death, 
(C) Extracellular vesicles may represent a novel way of functional interaction between photoreceptors and 
muller glia (D) Material transfer between photoreceptors is mediated via a novel discovered node of physical 
connections, the tubulovesicular processes. 
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9.  Supplementary information 

 

Overexpression of ESCRT machinery proteins in retinae explants 

Since LAMP1 immunolocalization may indicate lysosomes as well as endocytic 

vesicles, I examined the expression of TSG101 by overexpressing it in retinal 

explants in early development. Briefly, Nrl.Gfp retinae were dissected at P0 and 

electroporated with the plasmid vector EF16-TSG101.mCherry, and the explants 

were collected at 5DIC and 8DIC, fixed, sectioned and imaged with confocal 

microscopy (Leica SP4), where the settings were set by the negative (non- 

electroporated) control (N=3 experiments, n=9 retinae). As seen here in Figure 

9.1, TSG101, assessed by mCherry fluorescence, is mostly localised in the soma 

(arrows) but some indication of its localisation to the developing segment (box) 

area is also visible. Low magnification images and all channels split are also 

provided in Figure 9.2 to show the expression of TSG101 throughout the retinae 

explant. 

 

 

Figure 9.1Overexpression of TSG101 reveals ESCRT machinery in the soma 
and the developing segments in retinae explants.  

(N=3, n=9 retinae) Maximum projections of z stacks of high magnification in representative fields Nuclei; 
DAPI; blue, TsG101mCherry; red; Nrl.GFP; green. Scale Bar 20μm. 
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Figure 9.2 Low magnification of Overexpression of TSG101 reveals ESCRT 
machinery in the soma and the developing segments in retinae explants.  

(N=3, n=9) Maximum projections of z stacks of high magnification in representative fields of retinae explants. 
At day 5 and day 8 in culture. Nuclei; DAPI; blue, TsG101mCherry; red; Nrl.GFP; green. Bar 20μm. 
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Figure 9.3 Overexpression of pLysoHlluorin reveals expression in muller 
cells and not in photoreceptors in retinae explants.  

(N=3, n=9) Maximum projections of z stacks of high magnification in representative fields of retinae explants. 
At day 5 and day 8 in culture. Nuclei; DAPI; blue, p.lysoHluorin; green. Bar 20μm. 
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Figure 9.4 Overexpression of pEGFP.CD63 confirms the preferential 
expression of CD63 in muller cells and not photoreceptors in retinae 
explants.  

(N=3, n=9) Maximum projections of z stacks of high magnification in representative fields of retinae explants. 
At day 5 and day 8 in culture. Nuclei; DAPI; blue, rhodopsin-GaM-546; red, p.EGFP.CD63; green. Bar 20μm 
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Figure 9.5 Confocal Imaging analysis of adult (6-8wo) reporter TdTomatofl/fl 
hosts transduced with rAAVs bearing different promoters driving Cre 
recombinase expression in photoreceptors.  

Representative images of maximum projections of z stacks.  Panel A and B virally transduced eye cups 
versus uninjected controls (panel C). Recombination assessed with TdTomato fluorescence and nuclei 
visualized with DAPI. Maximum projection of z stacks. Scale bar=50μm 

  

A 

B 

C 
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Figure 9.6 Transplantation of virally transduced ESC-derived CrxGfp+ 
donor photoreceptors into adult (6-8wo) reporter TdTomatofl/fl hosts 
shows recombination in photoreceptor layer, even at considerable distance 
away from the injection site, along with recombination in some RPE cells.  

Confocal Imaging analysis of 4% PFA eye cups 3 weeks post injection. Representative images of maximum 
projections of z stacks.  A, B, virally-transduced eye cups versus uninjected controls (C). Recombination 
assessed with TdTomato fluorescence and nuclei visualized with DAPI. Maximum projection of z stacks. 
Scale Bar=50μm (Slides were a kind gift from Anai-Gonzales Cordero). 
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Figure 9.7 Live imaging of the actin cytoskeleton of primary photoreceptor 
cultures reveals exploratory processes and cell connections.  

Maximum projections of representative fields of Live imaging (SP8, Leica) along with 3D reconstructions. 
Green; Nrl.Gfp, Purple; sirActin, merge. Scale bar 8μm 
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Figure 9.8 Live imaging of primary photoreceptor microtubules in cultures 
reveals photoreceptor processes that are mostly structural rather than 
connections.  

Maximum projections of representative fields of Live imaging (SP8, Leica) along with 3D reconstructions. 
Green; Nrl.Gfp, Purple; sirTubulin merge. Scale bar 8μm  
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Figure 9.9  Transplantation of Nrl.Gfp+/+ photoreceptor precursors results 
in widespread GFP transfer in vivo but processing limitations impede TBVP 
visualisation.  

3D reconstruction of panel D,E,F example 1 of figure 5.28 (DAPI; blue, Gfp; green, merge). 
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