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ABSTRACT 

Photoreceptors (the light-sensitive cellular mediators of vision in the eye) are divided 

into two classes: rods, which are sensitive to dim light and responsible for vision in low-light 

conditions, and cones, which are sensitive to specific wavelengths of light, and are 

responsible for daytime and colour vision. Photoreceptors must relay information to other 

retinal neurons for light information to be modified and sent to the brain for interpretation. 

If photoreceptors are not connecting to, and communicating with, the appropriate cells, 

transmission of light information fails, and no image will be produced. Therefore, the 

connectivity amongst photoreceptors is critical to their function, as it underpins lateral 

inhibition and effective translation of stimuli into neural signals. Despite much work 

characterizing second-order interneurons in the outer retina, the synapses directly 

connecting photoreceptors have often been overlooked. Telodendria are fine processes that 

connect photoreceptor pedicles. They have been observed in diverse vertebrate groups, yet 

their roles in vision remain speculative. Here, I visualized and characterized telodendria via 

fluorescent protein expression in photoreceptor subtypes.  

I characterized short wavelength cone telodendria in adult and larval zebrafish retina. 

Additionally, in the larval retina, I investigated rod telodendria and UV cone telodendria in 

mutant and transgenic retinas with altered complements of cone types. In the adult retina, 

telodendria are twice as abundant and branch almost twice as often on blue cones compared 

to UV cones. Pedicles of neighbouring UV and blue cones typically converge into contiguous 

pairs, despite the regular spacing of their cell bodies. In contrast to adults, larval UV cone 

telodendria are more numerous (1.3 times) than blue cone telodendria. UV cone telodendria 

are not detectably affected by ablation of blue cones, and are reduced 2-fold in mutant larval 

retina with few UV cones. I thus saw no evidence that telodendria increase in number in the 

absence of their typical cellular neighbours. I also found that larval rod telodendria are less 
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abundant than short wavelength cone telodendria. In summary, I describe the development 

and morphology of zebrafish photoreceptor synaptic connectivity towards appreciating the 

function of telodendria in visual signal processing.   
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PREFACE 

This thesis is an original work by Nicole C. L. Noel.  

Approval for this study was obtained from the Animal Care and Use Committee: 

BioSciences, under protocol AUP00000077. 

Figure 2 is modified from a figure designed for an assignment for a graduate course 

(MDGEN 605). W. Ted Allison provided confocal images of sectioned zebrafish retina for 

Figure 5, Figure 6A,B, and Figure 7B.  

Chapter 2 is modified from a manuscript submission that was accepted in Journal of 

Comparative Neurology, N. C. L. Noel and W. T. Allison, “Connectivity of Cone 

Photoreceptor Telodendria in the Zebrafish Retina.” This thesis abstract is modified from 

the manuscript abstract in N. C. L. Noel and W. T. Allison, “Connectivity of Cone 

Photoreceptor Telodendria in the Zebrafish Retina.”  
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1 INTRODUCTION 

1.1 Retinal organization 

Vision requires communication between a complex network of cells within the 

retina. Broadly, this network consists of five classes of retinal neurons: photoreceptors, 

bipolar cells, horizontal cells, amacrine cells, and retinal ganglion cells. There are two 

distinct types of retinal photoreceptors responsible for facilitating vision: cone 

photoreceptors, which are maximally sensitive to specific wavelengths of light, and allow 

for daytime/color vision; and rod photoreceptor cells, which are extremely sensitive and 

can detect single photons, allowing for vision under dim light conditions. The retinal 

layer that the photoreceptor cells are situated in is referred to as the outer nuclear layer 

(ONL). The photoreceptors have an outer segment (OS), which, in the case of rods, 

contain membranous discs densely studded with the photosensitive rhodopsin protein. 

These membranous discs are encapsulated by another membrane. In the case of cones, 

the OS is comprised of stacked lamellae that contain opsin proteins, which are sensitive 

to particular wavelengths of light, and are not surrounded by an additional membrane – 

rather, the lamellae are exposed to the extracellular matrix. These OSs are in contact with 

the retinal pigment epithelium (RPE), which provides nutrients and collects pieces of OSs 

that have been shed by the photoreceptor cells. Next is the photoreceptor inner segment 

(IS), a specialized mitochondria-rich compartment, followed by the nucleus, and finally 

the synaptic body (referred to as the rod spherule, or cone pedicle), where the 

photoreceptors synapse with downstream neurons.  

In order to mediate vision, photoreceptors must properly integrate into the rest of 

the developing neural retina, and form appropriate connections with downstream cells. 

In a functioning, developed retina, light information is vertically relayed from the 
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photoreceptor cells, to the bipolar cells, and then transmitted to the retinal ganglion cells 

(RGCs) (Figure 1). Horizontal cells provide lateral inhibition and modification of input 

from photoreceptors to the bipolar cells. The location of synapses between the 

photoreceptors, bipolar, and horizontal cells is the outer plexiform layer (OPL). Amacrine 

cells influence the output of bipolar cells by lateral inhibition. The horizontal, bipolar, 

and amacrine cells comprise the inner nuclear layer (INL). The location of amacrine and 

ganglion cell contacts is the inner plexiform layer (IPL). RGCs transmit visual 

information from the retina to the brain, and the ganglion cell axons form the optic nerve. 

The RGCs sit in the ganglion cell layer (GCL).  

Perturbations in this complex neural network can lead to inefficient or 

inappropriate relaying of information, which ultimately results in visual impairment. 

Understanding how photoreceptors form connections with other cells, and the nature of 

these connections, is key for success of therapies that intend to deploy photoreceptor 

precursor cells to replace lost photoreceptor cells; if these differentiated photoreceptors 

cannot form proper connections, then recovery of vision will not be successful. This not 

only includes connections between photoreceptor cells and downstream bipolar and 

horizontal cells, but also encompasses cone-cone and cone-rod connections. 

1.2 Inherited photoreceptor degenerations are irreparable causes 

of vision loss 

Photoreceptors are the cellular mediators of vision, and their loss results in visual 

impairment. In humans, this loss is irreversible, as retinal neurons are not replaced in the 

mature retina. Photoreceptor degenerative diseases are categorized by the photoreceptor 

type that is initially afflicted, and can be grouped into rod and cone dystrophies. The 
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following are examples of the most common rod and cone degenerations, though there 

are many more than are mentioned here.  

1.2.1 Rod dystrophies 

1.2.1.1 Retinitis pigmentosa 

Retinitis pigmentosa (RP; OMIM #268000) is a progressive rod degeneration 

characterized by night blindness, loss of peripheral vision, and eventual central vision 

loss. Alterations to the retinal pigmented epithelium result in “bone spicule” pigment 

deposits characteristic of RP. RP is the most common inherited photoreceptor 

degeneration, affecting 1/3500 to 1/5000 individuals. RP is extremely heterogeneous, 

with more than 60 genes linked to non-syndromic forms of RP, and can be inherited in 

an autosomal recessive, dominant, X-linked, digenic, or mitochondrial manner [1-4].  

The genetic heterogeneity of RP poses challenges in developing gene-based 

treatments. Therapies to treat the specific genetic lesion are appealing, but would rely on 

identifying the causative mutation on a patient-by-patient basis and tailoring the strategy 

accordingly, which can be difficult. Mutations in rhodopsin (RHO) are the most frequent 

causes of autosomal dominant RP, but loss-of-function mutations in RHO can also result 

in autosomal recessive RP [5-8]. Over 100 mutations in RHO have been linked to 

autosomal dominant RP, demonstrating how complex developing treatment strategies 

that target specific genetic lesions would be [9].  

In RP, rods degenerate while cones persist; however, cones eventually degenerate as 

well. The reason for cone degeneration after rod loss is unknown, especially since the 

genetic lesions that lead to RP are typically rod-specific genes, such as RHO. 

Understanding why cones degenerate following rod death could allow for prevention of 
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the subsequent cone photoreceptors death, allowing for preservation of central vision in 

patients with advanced RP.  

One possibility is that rods secrete trophic factors necessary for cone survival. 

Indeed, it was found that factors secreted from rods contribute to cone survival, and a 

trophic factor called rod-derived cone viability factor was identified [10, 11]. Two isoforms 

of rod-derived cone viability factor exist, a truncated form (RdCVF) and a long-chain 

form (RdCVFL). In rodent models of RP, RdCVF expression was found to increase cone 

survival, while RdCVFL prolonged rod functionality [10, 12, 13].  

There is also support for cone nutrient deficiency after rod degeneration. For 

example, the mechanistic target of rapamycin (mTOR) pathway is involved in cellular 

metabolism and was down regulated in the retina of RP animal model [14, 15]. Glucose-

inducible genes were also down regulated in cones after rod loss, suggesting that cones 

were glucose deprived [16]. Wang et al. found that, in a swine model of RP, glucose was 

sequestered to the RPE and not found in cones post rod death [16]. The cones could be 

reactivated from their dormant (lacking ISs or OSs) state by either introducing wild-type 

rods to the retina or by subretinal injection of glucose, further supporting that the 

remaining cones were nutrient starved after rods degenerate.  

Another possibility is that oxidative stress causes cone degeneration. In the human 

retina, rods account for the majority of the photoreceptor population, meaning that rods 

are the primary cells consuming oxygen delivered to the retina. After rod loss, oxygen 

levels increase within the retina, and reactive oxygen species can accumulate and cause 

damage to the cone cells as a result [17]. Antioxidant treatments can slow (though do not 

halt) progression of cone degeneration in animal models of RP, supporting the theory of 

oxidative stress harming cones after rod loss [18, 19].  
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Finally, the gap junction-mediated bystander effect could be leading to cone 

degeneration in RP. The gap junction-mediated bystander effect is a poorly investigated 

potential cause of cone degeneration in RP [20]. The mechanism responsible for this 

would involve toxins or pro-apoptotic signals being transmitted from dying cells to 

healthy cells via the photoreceptor gap junctions.  

Ultimately, a combination of many or all of these possibilities could be contributing 

to cone degeneration after rod death in RP. Until the mechanism is more thoroughly 

derived, it is unlikely that therapeutic strategies to stall cone death will be successful long 

term.  

1.2.2 Cone dystrophies 

1.2.2.1 Age-related macular degeneration 

Age-related macular degeneration (AMD; OMIM #603075) is a common cause of 

blindness in older individuals, and results from the degeneration of cone photoreceptor 

cells within the cone-dense region of the retina, known as the macula. AMD is 

characterized by progressive loss of central vision and accumulation of lipid deposits 

called drusen beneath the retina, which appear as yellow flecks on Fundus. There are two 

forms of AMD – dry AMD and wet AMD. Dry AMD is the most common form of AMD, 

and is characterized by geographic atrophy that results from the degeneration of RPE, 

photoreceptors, and choroid. Wet AMD is characterized by choroidal neovascularization. 

The new vessels are often fragile and prone to leaking or breaking, which can lead to 

blood deposition and scarring. Wet AMD can be treated with drugs that target vascular 

endothelial growth factor and prevent further neovascularization, but there are no 

effective treatments for dry AMD.  



 6 

AMD is a complex disorder, and interactions between both genetic and 

environmental factors contribute to risk of developing AMD. Environmental factors such 

as smoking, increasing age, previous cataract surgery, and high body mass index can 

increase risk of developing AMD [21]. The innate immune system, or the complement 

system, plays a role in AMD; this was first suggested when components of the 

complement system were found to accumulate within drusen [22-24]. Mutations in 

complement factor H (CFH) were the first genetic links to AMD that were deciphered 

[25-27]. Since then, mutations in other complement system members have also been 

linked to AMD susceptibility, including complement factor I (CFI), complement factor B 

(CFB), complement component 3 (C3), and complement component 2 (C2) [28-34]. It 

has been suggested that loss of complement regulation in the RPE cells could result in 

inflammation and compromise the RPE [35]. The RPE is necessary for the support of 

photoreceptors; deterioration of RPE results in photoreceptor cell death.  

1.3 Therapies to treat blindness 

Currently, there are no effective treatments to prevent or reverse photoreceptor 

degeneration. However, there are promising therapeutic strategies being developed and 

optimized in animal models and clinical trials to prevent or reverse photoreceptor 

degeneration. While a lot of work focuses on designing disease therapies, this thesis work 

can be applied to disease models and therapies to aid in gauging therapy success.  

1.3.1 Gene Therapy 

In cases where disease is caused by loss-of-function mutations, viral vector-

mediated gene therapy can be used to add a functional copy of a gene. Gene therapy 

involves introducing a functional copy of a gene via a viral vector, such as adeno-

associated viral (AAV) vectors. These particular vectors have gained popularity because 
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they are able to transduce terminally differentiated/non-dividing cells, and are therefore 

ideal for use in the mature retina, where cellular turnover is low. Additionally, the AAV 

used in gene therapy cannot integrate into the host genome, reducing the possibility of 

insertion into important regulatory or protein coding sequences. However, large genes 

cannot be packaged into AAV, as its capacity is less than 5kb, and so it is only appropriate 

for smaller genes. AAV was found to successfully and safely transduce photoreceptor and 

RPE cells in mice, making AAV a candidate for retinal gene therapy development and 

optimization [36]. 

Another promising vector that is gaining popularity for use in gene therapy is the 

equine infectious anemia virus (EIAV). EIAV is a lentivirus that has a higher capacity 

than AAV; it can package up to 8kb [37]. EIAV is an integrating virus, meaning that it is 

incorporated into the genome of the host cell. This allows for stable long-term expression 

of the introduced gene, but also poses the risk of integration into necessary genes or 

disruption of proto-oncogenes. Promisingly, though, EIAV has not yet been observed to 

insert into area of the genome that cause gene disruption or oncogenesis.  Another benefit 

of EIAV is that it is non-immunogenic, and is therefore unlikely to trigger an immune 

response or inflammation. EIAV has been shown to be safe and has been used in clinical 

trials to treat Parkinson’s disease [38], and is now being tailored for use in retinal gene 

therapy. In the ATP-blinding cassette, subfamily 4a (Abca4) knockout mouse, a model 

for a cone dystrophy called Stargardt disease, EIAV was able to successfully introduce a 

functional copy of Abca4 [39]. EIAV was also able to transduce rods and cones in adult 

macaque retina, and thus seems promising for treatment of photoreceptor degenerative 

diseases in human patients [40].  

Gene therapy trials on human patients with retinal diseases using AAV have had 

some reported success [41-45], but results have been inconsistent. Additionally, there was 
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foveal thinning and retinal detachment in some of the patients of early trials. New 

methods of vector delivery are used to help limit this, by detaching the retina at the 

injection site, though retinal thinning and detachment are still risks of the procedure. 

Ultimately, animal models must be used to develop new therapies and to optimize 

current strategies.  

 Gene therapy has the potential to reverse vision loss to some extent. Cells that are 

dysfunctional, but still alive, could regain some function post transfection. For example, 

in retinitis pigmentosa caused by loss-of-function alleles, the cells could still be thriving 

but dysfunctional, and introduction of a functional copy of the gene could allow for some 

vision recovery. However, the amount of functional recovery of sight may not be 

substantial, and photoreceptor degeneration may continue regardless due to changes that 

may exist in the microenvironment of the degenerating retina. There is nonetheless 

potential to use viral transfection to change cell fate or induce stem cell fates and reverse 

vision loss.  

1.3.2 Stem cell transplantation 

Transplantation of photoreceptor precursor cells is a promising therapy to replace 

lost photoreceptors. Photoreceptor precursor cells have only a limited number of cellular 

divisions, unlike stem cells which can divide continually, which reduces the concern of 

introduced cells becoming cancerous. The photoreceptor precursor cells can be derived 

from various sources. Embryonic stem cells (ESCs) are pluripotent stem cells, meaning 

that they are able to differentiate into any cell type that makes up the body, and are 

collected from embryos. However, there are several issues surrounding ESCs, including 

that the patient would likely have to undergo lifelong immunosuppressive therapy, the 

difficulty obtaining ESCs, and ethical concerns surrounding ESC use in humans. Thus, 
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induced pluripotent stem cells (iPSCs) are an appealing option for stem cell 

transplantation. IPSCs are stem cells that can be generated using differentiated tissue, 

such as fibroblasts, by virally transducing the cells to express specific transcription 

factors to induce a stem cell fate [46-48]. A major benefit of iPSCs is that cells can be 

collected from the patient, which reduces the need for immunosuppressant therapy and 

makes rejection less likely.  

Both ESCs and iPSCs can differentiate and self-organize into eye cup-like 

structures, or retinal organoids [49-52]. These 3-D structures develop many retinal cell 

types (though the degree to which they mature can vary), including RPE, photoreceptors, 

bipolar cells, and horizontal cells. However, while retinal ganglion and amacrine cells can 

differentiate, they subsequently degenerate, and the RPE cells clump together and do not 

form an even sheet across the organoid [53]. Determining which cells at which 

developmental stage are appropriate for transplant is crucial, as the introduced cells must 

not only survive in their new environment, but also find their appropriate positions 

within the retina, form connections, and perform necessary functions. Donor post-mitotic 

photoreceptor precursor cells have been determined the most successful at surviving, 

localizing to the ONL, and appear to integrate into the recipient neural retina [54-59]. 

Integration is difficult to study, however, as successful integration involves the cells not 

only moving to the correct location, but also generating the necessary connections, and 

communicating effectively with surrounding cells. It is difficult to assess whether 

introduced cells have generated the appropriate connections with surrounding cells, and 

whether these connections are producing a functional output.   

One major benefit of cellular transplantation as a therapeutic technique is that it 

can be applied to many different photoreceptor degenerative diseases, including 

extremely heterogeneous diseases, such as retinitis pigmentosa or age-related macular 
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degeneration. Nonetheless, donor cell selection must be personalized to match the 

recipient’s needs. This could involve selecting cells from a pre-existing pool of potential 

donor cells categorized by specific genetic markers, or could involve using the patient’s 

own cells. The latter could be used in combination with gene editing or gene therapy 

techniques to remove deleterious mutations or add a functional gene copy from the 

patient-derived donor cells in order to increase survival.  

Ultimately, stem cell transplantation is an appealing and promising strategy to 

treat blindness and restore vision, but further research is needed to determine whether 

transplanted cells are able to effectively communicate with the host retina and produce a 

functional output. Integration success of introduced retinal progenitor cells has been 

difficult to analyze and the range of reported success stretches from less than 1% cellular 

integration to 30% [49, 54-61]. However, these results have been confounded by the 

discovery of material transfer. In mice, donor photoreceptor precursor cells and host 

retinal cells are able to transfer material, which allows for host cells to express donor cell 

markers and vice versa [62-65]. Therefore, the success rates of retinal progenitor cell 

integration studies have been over-reported. 

1.3.3 Clustered regularly interspaced short palindromic repeat 

(CRISPR)/CRISPR associated protein (Cas) gene editing 

CRISPR/Cas is an adaptive immune system found in prokaryotes to protect against 

foreign genetic material, such as DNA introduced by phages, whereby Cas nuclease 

digests the exogenous DNA [66]. The system has been modified to allow for targeted 

editing of genomes [67]. This works by generation of a synthetic guide RNA (gRNA), 

which creates a complex with Cas9, a Cas protein derived from Streptococcus pyogenes. 

The gRNA help guide the Cas nuclease to the corresponding target sequence, where it 
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cuts the DNA. The DNA can be repaired via non-homologous end joining, which typically 

introduces insertions or deletions, or homology-directed repair, which involves also 

introducing a nucleotide template that includes the desired changes that the researcher 

wants to be added to the endogenous DNA. The CRISPR/Cas9 system has become a 

favourable gene editing method for generating animal models of disease by introducing 

mutations to specific genes. 

The CRISPR/Cas9 system has promising implications for treating blindness, 

particularly in combination with other therapeutic strategies. The generation of human 

iPSCs has been promising for the production of retinal stem cells, but limitations 

surrounding this methodology include the potential for rejection in cases where the 

introduced donor cells are not patient-derived, and, when patient-derived cells are used, 

the cells contain the disease-causing mutation and therefore could still progress into a 

disease state. Combining iPSC technology with CRISPR/Cas9 gene editing allows for the 

patients’ cells to be used to create retinal progenitor cells that no longer carry the 

deleterious mutation. Additionally, as the iPSC cells are outside of the body, the 

population could also be sampled and tested for off-target cutting.  

Recently, AAV delivery has been utilized to introduce CRISPR/Cas9 into mouse 

retinal cells to remove genes [68, 69]. The method successfully removed fluorescent 

protein expression from transgenic mouse retina [68, 69]. AAV delivered CRISPR/Cas9 

was also used to target a transcription factor, neural retina-specific leucine zipper protein 

(Nrl) [68], which is known to induce rod fate in photoreceptors [70]. The loss of Nrl in 

mature rods caused the cells to take on some cone-like features, and slowed 

photoreceptor degeneration in three different mouse models of retinitis pigmentosa [68]. 

This provides a unique opportunity for therapies in the future – it may be possible to slow 

or halt photoreceptor degeneration by manipulating photoreceptor features, such as by 
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making rods more cone-like in rod dystrophies, where rods typically degenerate and 

cones usually persist.  

Despite the potential of the CRISPR/Cas9 system, it still has some notable 

drawbacks. It is difficult to assess the off-target activity of CRISPR/Cas9, and its off-

target activity could result in disruption of necessary genes or activation of oncogenes. 

While using CRISPR/Cas9 on cultured patient iPSCs allows for sampling and more 

thorough assessment of off-target activity, it is difficult to effectively determine whether 

non-target sequences have been manipulated without thorough sequencing, which is time 

consuming and expensive. The method of CRISPR/Cas delivery to the cells also must be 

considered. Delivery to intact retinal tissue using viral vector could pose issue, as 

integration of the Cas gene into the host cell’s genomic DNA could result in rogue Cas9 

expression and the modification of non-target genes.  

1.4 Zebrafish as a model for investigating retinal connectivity and 

degeneration/regeneration 

Zebrafish are an ideal model for retinal development and connectivity. The 

zebrafish retina is conserved to the mammalian retina in terms of development, 

structure, and function. Zebrafish also undergo external fertilization, which allows for 

easy monitoring of the rapidly developing zebrafish visual system. Eye field patterning 

begins at 28 hours post fertilization (hpf), and the developing zebrafish eye begins 

expressing opsin genes as early as 51 hours post fertilization [71]. At 5 days post 

fertilization (dpf), zebrafish can respond to visual stimuli [72]. This means that visually-

mediated behaviours can be assessed early in the developing zebrafish. 

 The zebrafish retina is cone-rich and consists of four cone photoreceptor subtypes 

– UV-sensitive (sws1 gene), blue-sensitive (sws2 gene), red-sensitive (lws1 and lws2 
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genes), and green-sensitive (rh2-1, rh2-2, rh2-3, and rh2-4 genes) [73-78]. The zebrafish 

blue and UV cones are independent single cones, while the red and green cones exist as a 

physically joined double cone. The cone photoreceptors in the zebrafish retina are 

organized into a predictable row mosaic [78-81].  

1.4.1 Photoreceptor mosaic 

 A photoreceptor mosaic is the organization of the photoreceptors across the 

retina. Some mosaics are stochastic, meaning that the organization of the photoreceptor 

cells is random and does not follow a recognizable pattern, while others are organized 

[82]. All or only a subset of photoreceptor subtypes may participate in an organized 

mosaic, while the other (non-participating) photoreceptors distribute stochastically 

across the retina. Mosaics can also be organized regionally, where photoreceptors are in 

specific densities in particular retinal regions, but the organization within the region is 

stochastic. Examples of regionalized photoreceptor mosaics include the human mosaic 

and the mouse mosaic. Appreciating how the zebrafish mosaic is similar and different 

from the human mosaic is important, especially when it comes to relating information 

gleaned from zebrafish to the human system. 

Humans have a regionalized mosaic, where photoreceptor subtypes are found in 

specific regions in particular densities (Figure 2). Humans possess four photoreceptor 

types in their retinas: rods, blue-, green, and red-sensitive cones. The periphery of the 

human retina is very rod-dense with blue, red, and green cones interspersed. Near the 

centre of the human retina is a cone-dense macula, which contains packed red and green 

cones (Figure 2). In Fundus images, the macula appears as a yellow spot in the retina. 

The macula can be further subdivided into the parafovea, which is the periphery of the 

macula where retinal ganglion cell layer has 2-4 RGCs layered, the perifovea, which is the 
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extremely cone-dense centre of the macula where RGC layer has 5 or more layers of 

RGCs, and the fovea. The fovea is an indentation caused by the downstream neurons 

moving to the side, allowing for light to reach the cones with little interference.  

Mice, like humans, have a regionalized mosaic, where the distribution of blue and 

green cones is along a gradient across the retina (Figure 2). The mouse retina possesses 

cones that express both blue and green opsin at varying levels – this expression of two 

opsins within a single cone does not occur in the mature human retina. Mice are 

nocturnal, and as a result have a rod-dominant retina with comparatively few cones. 

There is no cone-dense region, or area centralis, within the mouse retina.  

Adult zebrafish, conversely, have an organized row mosaic [78-81]. Cone 

photoreceptors are predictably arranged in rows across the zebrafish retina, where UV 

and blue cones alternate within their row and red/green double cones alternate in their 

row, with rods packed between (Figure 2). The consistent structure of the photoreceptor 

mosaic means that the photoreceptors have predictable neighbours, which can be utilized 

for investigation of photoreceptor connectivity and factors contributing to retinal 

patterning. Unlike the adults, larval zebrafish do not have an organized row mosaic and 

the proportion of cones differs from that of the adults [78]. Rather, the larval mosaic 

appears more regionalized, with tightly packed cones evenly distributed and rods existing 

primarily in the ventral retina. As the fish grows, additional photoreceptors are added at 

the periphery of the retina, and the retina transitions to the row mosaic. Many fish have 

precisely organized cone mosaics, but the benefits and purpose of these mosaics is still 

uncertain.  
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1.4.2 Retinal connectivity in zebrafish 

Light information undergoes extensive processing before it reaches the brain. 

Lateral interactions between cells in the retina play key roles in early visual processing. 

Indeed, lateral inhibition by interneurons in the outer retina contributes to edge 

detection, contrast enhancement, and colour opponency, and lateral photoreceptor-

photoreceptor interactions are speculated to play a role in enhancement of visual acuity 

and reduction of background noise under specific light conditions [83-89].  

1.4.2.1 Horizontal cell connectivity 

Horizontal cells (HCs) are located in the inner nuclear layer, and extend processes 

into the outer plexiform layer to contact photoreceptor synaptic terminals. HCs provide 

inhibitory feedback to the photoreceptor cells, and are able to modulate cone output in 

this manner. By summating the information from numerous photoreceptors across space, 

the HCs are able to provide information for contrast enhancement, colour constancy, and 

colour opponency, which is the idea that colour information from rods and cones is 

processed in an antagonistic manner [90, 91]. More recently, HC feedback was found to 

be capable of acting on a small scale, such as between a single HC connection and 

photoreceptor, suggesting that horizontal cells can influence both local and global light 

information processing [84, 92, 93].  

The mammalian retina typically possesses two types of HCs, with the exception of 

the extremely rod-dominant mouse and rat retina, which only have a single horizontal 

cell type [94]. The primate retina possesses HI and HII HCs. HI cells are axon-bearing, 

with their cell dendrites contacting red and green cones and its axon terminal connecting 

to rods [95-97]. HII cells lack an axon and their dendritic contacts are predominantly 

with blue cones but still innervate some red and green cones [95-99]. It is believed that 
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HII HCs assess green and red cone input and provide lateral inhibition to the blue cones. 

This has the potential to generate colour opponency in the visual system.    

The zebrafish retina contains four types of HCs: H1, H2, H3, and H4 HCs, all of 

which have distinct morphologies and specific photoreceptor connectivity partners. H1 

HCs have axons and connect with all cone types; H2 HCs have axons and contact green, 

blue, and UV cones; H3 HCs also have axons and contact exclusively blue and UV cones; 

and H4 HCs, which are the only axonless HC in the zebrafish retina, contact UV cones 

and is the only HC that contacts rods [100-102].  

HCs are a source of neural plasticity in the retina. H3 HCs have been found to 

connect with UV and blue cones in a 5:1 synapse ratio in the larval zebrafish retina. After 

the targeted ablation of UV cones and prevention of UV cone regeneration (via the 

nitroreductase mechanism of cellular ablation, see 1.4.4.1), the H3 horizontal cell primary 

connection partner, H3 horizontal cells generated additional synapses with blue cones 

and also connected with atypical partners [103]. Conversely, in a lots-of-rods (lor) 

mutant retina, which has an abnormally high density of rods and few UV cones, H3 

horizontal cells made additional connections with blue cones but did not make aberrant 

connections with other photoreceptor types [104]. Therefore, it seems as though H3 

horizontal cells respond to a lack of UV cones in development by creating additional 

connections with blue cones. It was also discovered that UV cone activity mediates the 

ratio of UV:blue cone contacts made by H3 horizontal cells. Tetanus toxin inhibits 

synaptic transmission by interfering with exocytosis. After expressing tetanus toxin in UV 

cones, blue cones, or both, H3 horizontal cell blue cone contacts were increased only 

when UV cone transmission was disrupted [104].  
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1.4.2.2 Photoreceptor-photoreceptor connectivity 

 Photoreceptor connectivity is often investigated in terms of connections between 

photoreceptor cells and their downstream cellular contacts, bipolar and horizontal cells. 

However, photoreceptors make connections with other photoreceptors, via fine processes 

called telodendria. Telodendria are conserved structure of vertebrate photoreceptors. 

While telodendria were first noted as common features of cones in the 19th century [105, 

106], this network of photoreceptor-photoreceptor connections has been largely 

overlooked, and the functional consequence of these connections is speculative at best. 

Photoreceptors use telodendria to exchange electrical information via gap junctions, and 

electrophysiology studies found that when a photoreceptor was stimulated, the 

photoreceptors that it was coupled with also had a response [107-112]. It therefore seems 

that photoreceptors are using telodendria to communicate and this could be influencing 

the light information processing early on. Whether signals sent through telodendria are 

modified based on horizontal cell feedback is unknown, though there is potential for 

horizontal cell inhibition to influence how the photoreceptor cells communicate with one 

another. Photoreceptor-photoreceptor connectivity in the zebrafish retina has not been 

characterized until now.  

1.4.3 Regeneration of retinal neurons 

 The mature human retina has a very limited capacity to replace lost neurons, 

meaning that loss of any retinal neurons is irreversible and can lead to vision impairment. 

Zebrafish, conversely, are able to replace retinal neurons via two distinct regenerative 

pools: the ciliary marginal zone and Müller glia. Zebrafish thus provide a unique 

opportunity to investigate retinal stem cell activation, differentiation, and integration 

[113-124].  
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1.4.3.1 Ciliary marginal zone 

 The ciliary marginal zone (CMZ) is a pool of retinal stem cells located at the 

periphery of the retina. In many species, this pool becomes inactive once the retina has 

matured. However, in most vertebrates (zebrafish and other species that undergo 

indeterminate growth), the CMZ self-renews and is constantly adding new retinal 

neurons at the edges of the retina. The CMZ contains both retinal stem cells, which can 

continue to divide indeterminately and stay in close contact with the CMZ, and retinal 

progenitor cells, which are only able to divide a certain number of times and can lose 

contact with the CMZ as differentiation occurs. Retinal stem cells sit in the edges of the 

CMZ, and typically undergo asymmetrical division to produce a retinal stem cell and a 

retina progenitor cell [125].  

1.4.3.2 Endogenous stem cells (Müller glia) 

 Müller glia are support cells that regulate ion levels, mediate uptake and 

degradation of neurotransmitters, removal of cellular debris, and insulate receptors and 

neurons. In zebrafish and other teleost fishes, these cells also act as endogenous stem 

cells by undergoing de-differentiation, proliferation, and specification [118, 121, 122, 126]. 

Zebrafish Müller glia undergo asymmetrical division, and therefore can replenish lost 

retinal neurons while self-renewing, allowing for the persistence of the stem cell pool 

[121].  

As Müller glia are present within the human retina, there is much interest 

surrounding how the stem cell behaviour of Müller glia is activated and whether 

mammalian Müller glia could be re-programmed to allow for stem cell fate and 

neurogenesis within the mature human retina. Human Müller glia respond to damage 

and can have stem cell characteristics, but do not naturally undergo neurogenesis in vivo 
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[127, 128]. In culture, human Müller glia treated with growth and differentiation factors 

can take on stem cell-like characteristics and differentiate into rod-like cells, expressing 

photoreceptor markers [129]. Rod photoreceptors derived from human Müller glia 

cultures have successfully been introduced into a rat model of retinitis pigmentosa and 

were able to migrate into the ONL and restore some visual function [130].  

1.4.4 Zebrafish as a model for photoreceptor degeneration/regeneration 

Zebrafish are able to regenerate retinal neurons, and are thus of interest for 

studying regeneration. In order to study regenerative responses, the retina must first be 

lesioned. There are various acute and chronic methodologies that allow for the 

destruction of retinal neurons and investigation of neuronal regeneration [118].  

1.4.4.1 Nitroreductase-mediated targeted cell ablation 

 Nitroreductase (NTR) is an enzyme originally found in bacteria, which can reduce 

otherwise inert prodrugs, such as metronidazole (MTZ), into DNA cross-linking agents 

[131]. This process allows for the specific ablation of cells expressing nitroreductase. The 

major benefit of this particular cellular ablation mechanism is its specificity; only cells 

expressing NTR should undergo apoptosis, as the prodrug is apparently harmless to 

healthy cells. Indeed, the specificity of this method has been demonstrated in transgenic 

zebrafish expressing NTR in certain types of retinal cells; there does not appear to be a 

toxic bystander effect that is damaging non-target (non-NTR expressing) cells post 

ablation of photoreceptor subtypes in the retina [114, 119, 132]. The NTR mechanism of 

ablation is thus one of the few methods that allows for ablation of targeted cell subtypes. 

Additionally, as NTR-fluorescent protein fusions have been made, the degeneration of 

target cells can be followed, and, where possible, regeneration of these cells can also be 

observed. It is also possible to delay, or prevent, the regeneration of the target cell type by 
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continued treatment with MTZ, since regenerating cells will undergo apoptosis once they 

begin to express NTR. However, this ablation method involves generating transgenic 

animals that express NTR under specific promoters, which may not be feasible in non-

model animal systems or for targeting cell populations that are genetically complex.  

 Intriguingly, ablation of specific cell subtypes can reveal thresholds for triggering 

regenerative responses. In the larval zebrafish retina, NTR ablation of blue cones 

stimulated negligible amounts of regeneration – however, simultaneously ablating both 

blue and red cones using the NTR mechanism successfully induced robust regeneration 

[103].  Conversely, ablating UV cones was successful in stimulating a regenerative 

response [103, 119].  

1.4.4.2 Light ablation 

 Light ablation allows for the ablation of photoreceptors and leaves the remaining 

neural retina relatively intact [123, 133-135]. One drawback of light ablation is that it 

typically causes generalized destruction of many different photoreceptor types. Though 

some optimization has been successfully undertaken to ablate specific subtypes of cones 

using light of a particular wavelength, this is difficult to achieve. Post light ablation in 

fish, a robust regenerative response occurs, generated largely by proliferation of Müller 

glia [122].  

1.4.4.3 Surgical lesion 

Surgical removal of part or the entire retina has been assessed in teleosts and 

whether these methods stimulate a regenerative response [136]. Removing the retina in 

its entirety prevents regeneration, likely due to removal of stem cell pools, but leaving 

even small amounts of retina leads to regeneration. Surgical disruption of the retina is 

thus useful to study widespread regeneration of the retina, but not for the isolated 
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investigation of factors involved in regeneration of specific cell types. After surgical 

lesioning, the retina is regenerated such that the proportions of neuron types are roughly 

the same as before [113, 136, 137]. Intriguingly, the cone mosaic is not re-formed after 

photoreceptor regeneration [138]. 

1.4.4.4 Toxic lesion 

Lesion using a neurotoxin can be achieved by administration of ouabain. Ouabain 

acts by inhibiting the Na+/K+ ATPase, and is administered using intravitreal injection, 

and the dosage used determines the retinal layers that are affected – high doses can 

penetrate far into the retina, causing destruction of many cell types, while lower doses are 

unable to penetrate as far, and ablation is therefore restricted to the inner retinal layers 

[116, 139]. However, this method cannot easily be limited to only one cell type. In 

zebrafish, ouabain has been used successfully to ablate retinal neurons, and this method 

stimulates a regenerative response [116].  

1.4.4.5 Excess fluorescent protein expression 

1.4.4.5.1 Rod degeneration model 

All the aforementioned mechanisms of retinal neuron ablation are acute lesions, 

and few zebrafish models of chronic photoreceptor degeneration exist. The XOPS:mCFP 

transgenic zebrafish line expresses cyan fluorescent protein (CFP) under the Xenopus 

rhodopsin promoter (XOPS) [140]. There is an overabundance of CFP produced, leading 

to toxicity that causes rod degeneration. In this model, the pool of rod precursors expands 

in the adult retina. Intriguingly, there was no sign of cone death, despite rod loss [140] – 

this differs from what is observed in humans with retinitis pigmentosa, where cone 

degeneration follows rod degeneration. This reason for this is unclear, though could be 
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due to the cone-rich environment of the zebrafish retina, compared to the rod-rich 

environment of the human/mammalian retina.  

1.5 Purpose of study/objectives 

The objective of this project was to characterize photoreceptor telodendria 

morphology and connectivity in the zebrafish retina at different life stages. Telodendria 

are conserved structures of vertebrate photoreceptors, zebrafish provide the opportunity 

to investigate telodendria using fluorescent protein expression in specific photoreceptor 

subtypes. Historically, telodendria were visualized using stains, dye injections, or 

antibody labelling – the novel use of fluorescent protein expression to visualize 

telodendria increases the ease of structure visualization. Zebrafish also have many tools 

available to manipulate photoreceptors, including mutants with altered photoreceptor 

proportions and photoreceptor cell ablation mechanisms.  

The first aim was to characterize the morphology and connectivity of short 

wavelength cones in the highly organized adult zebrafish retina. As the adult zebrafish 

retina is organized into a row mosaic, the connectivity of the telodendria was expected to 

be relatively consistent between cells of the same subtype.  

The second aim was to determine how early telodendria can be observed in the 

developing retina, and to investigate whether telodendria characteristics change between 

the larval and adult zebrafish retinas. The larval retina lacks the structured row mosaic of 

the adult retina and possesses different proportions of photoreceptors, and this different 

environment could influence telodendria connectivity.  

The third aim broadly sought to disrupt the photoreceptors in various ways that 

might reveal new information about telodendria development, maintenance, or 

physiology. For example, one manipulation was designed to assess whether telodendria 
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were a source of retinal plasticity by ablating blue cones and investigating UV cone 

telodendria in the larval retina. Past work in our lab found that after blue cone ablation, 

visually-mediated behaviour recovered rapidly to baseline levels in 24 hours post 

ablation, despite lack of physical regeneration [132]. Telodendria were a potential source 

of this plasticity, as the non-ablated short wavelength cone (UV cones) may be rewiring 

and compensating for blue cone loss. 
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Figure 1. Organization of the neural retina. 

At the back of the eye are the light-detecting cells, known as photoreceptors, in the outer 

nuclear layer (ONL). There are two types of photoreceptor cells: rods, which are sensitive 

to dim-light and responsible for vision in low light conditions, and cones, which are 

sensitive to specific wavelengths of light and responsible for daytime and colour vision. 

The outer plexiform layer (OPL) is where the photoreceptors synapse with downstream 

neurons, such as horizontal cells and bipolar cells. The inner nuclear layer (INL) contains 

the cell bodies of the horizontal cells, bipolar cells, and amacrine cells. The inner 

plexiform layer (IPL) is where bipolar and amacrine cells make contacts with the retinal 

ganglion cells. The ganglion cell layer (GCL) contains the retinal ganglion cells, the axons 

of which form the nerve fibre layer and converge to form the optic nerve, which exits the 

eye and connects to the brain. 
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Figure 2. Photoreceptor mosaics of the human, mouse, and zebrafish retina. 

The human retina is organized regionally, and contains an abundance of rods around the 

retinal periphery with cone interspersed. The human retina has three types of cones: red, 

blue, and green cones. Towards the centre of the retina is the cone-dense macula. The 

mouse retina is also regionalized, but only expresses two opsins (blue and green). The 

mouse retina is extremely rod-rich, with cones studded throughout, and contains cones 

that express more than one cone opsin. There are more blue cones in the ventral retina, 

with more green cones in the dorsal retina. Adult zebrafish possess a row mosaic, wherein 

its cones (UV, blue, green, and red) are highly organized.    
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2 CONNECTIVITY OF PHOTORECEPTOR TELODENDRIA IN THE 

ZEBRAFISH RETINA 

2.1 Introduction 

The first synapse of the vertebrate visual system relays information from the 

photoreceptors to bipolar cells, and is serviced by horizontal cells that connect laterally 

amongst these adjacent synapses. The latter provides feedback amongst the neighbouring 

photoreceptors, which enables the comparison and amplification of signals to improve 

resolution of visual stimuli and detection of their various characters such as edges, sizes, 

and movements. Similarly, such feedback underpins comparison between spectral 

subclasses of cones and enables discrimination of wavelengths and colour constancy. The 

mechanisms of this lateral inhibition continue to be debated [87, 88, 141]. Perhaps prior 

to this remarkable first synapse, however, adjacent photoreceptors are also coupled 

directly via telodendria. Telodendria are projections that originate from the 

photoreceptor pedicle and form gap junctions with other photoreceptors [89, 142-144]. 

Considering the vast and celebrated literature describing the morphology and 

connectivity of the outer retina, it is notable how little attention has been given to the 

role(s) of photoreceptor telodendria. The lack of attention regarding telodendria is likely 

due to the technical difficulty in defining their morphology amongst the many cellular 

processes that appear in ultrastructural analysis. Regardless, the pattern of direct 

coupling between photoreceptors, and whether it might serve to differentially couple 

certain photoreceptor subtypes, is expected to substantially impact the initial steps of 

visual signal processing. 

Telodendria were first observed in the human retina, and noted to be a common 

feature of photoreceptors in the 19th century [105, 106]. Since then, photoreceptor 
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telodendria have been reported in many vertebrates, such as reptiles [83, 85, 86, 108, 111, 

145-150], amphibians [151-153], fish [89, 143, 154-156] and mammals [110, 142, 157-159], 

including non-human primates [144, 160-162]. It was noted that these photoreceptor 

projections were forming gap junctions with their targets based on inferences from 

ultrastructural analysis, the presence of connexin, and electrophysiological assessment, 

suggesting that photoreceptors are indeed using these processes to communicate with 

other photoreceptors [83, 86, 89, 107, 108, 110, 142-144, 146-150, 152, 154, 157, 158, 160]. 

The function of telodendrial connections remains ambiguous, though they are 

speculatively thought to improve cone sensitivity and play a role in specific light 

situations (such as crepuscular vision) to reduce background and increase visual acuity 

[110, 144, 158, 161] and reduce signal-to-noise [109, 112, 151]. The anatomy and 

organization of telodendria has been challenging to define due to their small size and 

tortuous complexity within the photoreceptor pedicles and outer plexiform layer (OPL); 

describing the organization/connectivity of telodendria is expected to inspire new 

hypotheses about their physiological contribution to vision. 

Zebrafish provide a unique opportunity to investigate cone photoreceptor 

telodendria in detail. The tetrachromatic zebrafish retina possesses an abundance of cone 

photoreceptors, akin to the cone-rich macula of humans. Zebrafish have cones that are 

sensitive to ultraviolet (sws1 gene, homologue of the human blue opsin), blue (sws2 

gene), red (lws1 and lws2 genes), or green (rh2-1, rh2-2, rh2-3, and rh2-4 genes) light 

[73-77]. Cones in the retina of adult zebrafish are organized into a highly structured row 

mosaic (Figure 2; Figure 3) [79-81, 119], though the mosaic in the larval retina is less 

pronounced [78]. This organized lattice of cones can aid in characterization of 

photoreceptor connectivity, as the photoreceptors have neighbours of a predictable 

subtype.  
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Historically, the visualization of telodendria has been accomplished via electron 

microscopy, dye injection, or fluorescent antibody labeling [86, 111, 142, 144, 154, 156, 

157, 160]. In zebrafish, transgenesis technology permits the expression of fluorescent 

proteins under cone-specific promoters, which provides the opportunity for visualization 

and characterization of telodendria. Here, we explore the telodendric connectivity of UV 

and blue cones in unperturbed adult and larval retina expressing fluorescent markers 

within UV and blue cones. We assessed UV cone telodendria in mutant larval retina 

wherein there is an atypically small proportion of UV cones and an abundance of rod 

photoreceptors. This could give insight into factors that are necessary for telodendric 

pathfinding; with fewer neighbouring UV cones, the behaviour of the UV cone 

telodendria could be altered, due to absence of putative factors limiting the field size of 

neuronal projections. Additionally, we characterized rod telodendria in the larval retina. 

Telodendria are a potential source of neural plasticity, and may change in 

connectivity after retinal manipulation. Previously, it was observed that the optomotor 

response (OMR) in larval zebrafish was abolished immediately after targeted ablation of 

UV or blue cones, but quickly recovered to baseline after loss of blue cones [132]. OMR is 

an innate visually mediated behaviour, whereby the zebrafish larvae swim in the direction 

of perceived motion. To investigate how OMR changed after loss of specific cone types, an 

optimized low-contrast blue and red bar stimulus that the larvae were unable to respond 

to after short wavelength cone loss was utilized [132]. The underlying mechanism leading 

to this rapid recovery post blue cone death has been elusive, but it is possible that the 

other short wavelength cone (UV cones) is able to compensate for the loss of blue cones, 

and this compensation may be visible in the number of telodendric connections made by 

UV cones. We assessed the number of UV cone telodendria after targeted ablation of blue 

cones in the larval retina.  
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In summary, we describe the morphology of blue and UV cone telodendria in 

mature and developing zebrafish retina, as well as rods in the larval retina. Ultimately, 

characterizing telodendric patterns further elaborates on the complex vertebrate retina 

connectome and has potential to aid in addressing questions of photoreceptor integration 

during development and following stem cell transplantation. 

2.2 Methods 

2.2.1 Animal ethics 

The Animal Care and Use Committee: BioSciences (an Institutional Animal Care 

and Use Committee at the University of Alberta, operating under the Canadian Council 

on Animal Care) approved this study under protocol AUP00000077.  

2.2.2 Zebrafish care 

Zebrafish embryos used in experiments were harvested and transferred into and 

grown in E3 media [163]. All larvae were treated with 1-phenol-2-thiourea (PTU) mixed 

with E3 media at 6-8 hours after fertilization to prevent the production of melanin 

pigment and grown at 28°C. E3 media was changed daily. After 6 days post fertilization 

(dpf), larvae are fed powdered fish fry food.  

Adult zebrafish were maintained according to standard procedures [163] at 28°C in 

light-controlled conditions (14L:10D). The zebrafish are fed twice a day; in the morning, 

they are fed trout chow, and in the evening, they are fed brine shrimp. A description of 

the zebrafish lines used is provided in Table 1.  

2.2.3 Tissue dissection and fixation 

Larvae were euthanized with MS-222 and transferred into 4% paraformaldehyde in 

0.1M phosphate buffer + 5% sucrose, pH 7.4 (PFA). Larvae were fixed overnight at 4°C. 
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After fixation, the PFA was removed and the larvae were washed and stored in 1x 

phosphate buffered saline, pH 7.4 (PBS) + 0.1% Tween 20 (PBSTw) until use. 

For retinal dissection, larvae were transferred into 50% glycerol and placed on a 

slide. Tungsten wires sharpened into microscalpels [164] were used to remove the lens 

from the eye, and eyes were positioned such that the photoreceptors could be imaged 

through the sclera.   

In preparation for retinal dissection, adult fish were dark-adapted for at least eight 

hours to allow for the retinal pigment epithelium (RPE) to pull away from the retina. This 

occurs in the dark, as during the light the photoreceptors are undergoing rapid OS 

shedding, which is absorbed by the RPE. All dissections were conducted in a dark room, 

under red light to prevent the RPE from re-adhering to the retina. Dissections took place 

in the early afternoon, between noon-2pm, or, for the nighttime dissections, between 

midnight-2am.  

Adult zebrafish were euthanized with MS-222 and underwent cervical dislocation 

before undergoing dissection. Whole eyes were removed, placed in PBSTw, and the retina 

was dissected out using forceps. The tissue was transferred into 1.5mL microfuge tubes 

(one retina per tube) and fixed at room temperature for 45 minutes in 4% PFA. The lens 

was left attached to the retina during fixation when possible, to prevent the retina from 

folding or wrinkling. After fixation, retinas were transferred into 50% glycerol/PBS, and 

allowed to equilibrate for 30 minutes. The 50% glycerol was then replaced and the retinas 

were stored until use.   

To mount for microscopy, the retinas were positioned (in 50% glycerol/PBS) on a 

glass slide, the lens removed, and cuts were made around the periphery of the retina 

using dissection scissors. The retina was transferred into 100% glycerol on another slide 
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using forceps. Vacuum grease was placed around the four corners of the slide and a 

coverslip carefully added to slowly flatten the retina. Slides were sealed with nail polish.  

2.2.4 Immunohistochemistry 

An anti-Arrestin3a primary antibody was used (zpr-1; Zebrafish International 

Resource Center, Cat. No. zpr-1, RRID:AB_10013803) to label double cones (red/green 

cones) at a 1/100 dilution (see Table 2). The primary antibody was mixed with 2% normal 

goat serum in PBSTw + 1% DMSO.  

The secondary antibody used was AlexaFluor anti-mouse-647 (Invitrogen, Cat. No. 

A31571, Eugene, OR) at a 1/1000 dilution, also prepared in 2% normal goat serum in 

PBSTw + 1% DMSO. The retinal tissue was washed for 5 minutes in distilled water, 

washed for 7 minutes in -20°C acetone, and rinsed in PBSTw + 1% DMSO. The primary 

antibody was applied and the tissue incubated with the antibody overnight at 4°C. The 

primary antibody was removed, then the tissue washed with PBSTw + 1% DMSO for 15 

minutes, three times. The secondary antibody was applied and incubated overnight at 

4°C, in the dark. The secondary antibody was removed, rinsed with PBSTw + 1% DMSO, 

and the tissue washed with PBSTw + 1% DMSO for 30 minutes. The tissue was allowed to 

equilibrate in 50% glycerol/PBS. Then 50% glycerol/PBS was then removed, and fresh 

added, before the retinas were mounted as described above.  

2.2.5 Antibody characterization 

Zpr-1 was previously determined to recognize Arrestin3a by using zpr-1 to 

immunopurify its antigen in adult zebrafish retina homogenate [165] (Table 2). Via 

immunoblotting and immunoprecipitation, it was found that the antigen was a 45kDa 

protein, and mass spectrometry identified candidate proteins – Arrestin3a (Arr3a) and β-

actin. Peptides for the candidate proteins were generated using a protein expression 
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vector in E. coli and immunoblots showed that only Arr3a was immunoreactive with the 

zpr-1 antibody. There was no reactivity with the negative control (vector only), nor did the 

antibody detect related arrestins (Arr2a and Arr2b) that were expressed via the E. coli 

protein expression vector. Additionally, when Arr3a was targeted with morpholino 

knockdown, there was no zpr-1 staining, while there was double cone staining in control 

embryos.  

2.2.6 Ablation of cones 

Zebrafish larvae bearing the appropriate nitroreductase transgene were treated with 

10mM metronidazole (Sigma-Aldrich, Cat. No. M3761-25G; Oakville, ON) with 0.1% 

DMSO in E3 media (or just 0.1% DMSO as vehicle-only control), for 1 hour at 7dpf. The 

larvae were rinsed three times with E3 media, raised in E3 media and euthanized at 9dpf.  

2.2.7 Cryosection tissue preparation 

To prepare tissue for cryosectioning, tissue was dehydrated in sequential washes: 

three 20 minute washes of 5% sucrose/0.1M phosphate buffer; a 30 minute wash in 

12.5% sucrose/0.1M phosphate buffer; an overnight wash in 20% sucrose/0.1M 

phosphate buffer; 30 minute wash in a 2:1 ratio of 20% sucrose/phosphate buffer : OCT 

(VWR, Cat No. 25608-930; Radnor, PA); tissue was then transferred into 1:1 20% 

sucrose/phosphate buffer : OCT and embedded inside a plastic mold sealed to a glass 

slide and frozen on dry ice. Tissue blocks were stored at -80°C until cryosectioned. The 

tissue was cryosectioned at a thickness of 10μm, and applied to Superfrost Plus 

microscope slides (Fisher Scientific, Cat No. 12-550-15; Ottawa, ON).  

2.2.8 Image acquisition and manipulation 

Images were obtained on a LSM 700 confocal microscope mounted on a Zeiss Axio 

Observer.Z1, using ZEN 2010 software (version 6.0, Carl Zeiss AG, Oberkochen). The 63X 
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or 40X oil objective was used to capture telodendria and the photoreceptor mosaic, and 

the 20X objective was used for imaging overviews of larval retinas. Images where 

telodendria are shown were manipulated to increase digital gain, brightness, and contrast 

in ZEN 2010. Figures were assembled in KeyNote (version 6.6.2, Apple Inc.).  

Adobe Photoshop Elements 9 was used to modify select images (Figure 3, bottom 

row). First, the TIFF images were made black and white (Enhance > Convert black and 

white). Next, brightness and contrast were adjusted (Enhance > Adjust 

brightness/contrast > Brightness adjusted to +150, Contrast adjusted to -50). The image 

was inverted (Filter > Adjustments > Invert) and the background layer duplicated. The 

new layer had the “Exclusion” layer face applied, producing the final image. For black 

versus white pixel quantification, these images were inverted (Filter > Adjustments > 

Invert) so that the background was white and the areas of interest (ie. Cellular structures) 

were black, then the images were thresholded (Thresholding > +240). Black versus white 

pixels were calculated in ImageJ.  

2.2.9 Metrics 

ZEN 2010 software (version 6.0, Carl Zeiss AG, Oberkochen) was used to trace the 

telodendria and measure telodendria length from pedicle edge to telodendria end; when 

the telodendria branched, only the longest branch was measured. A telodendria was 

considered to be an independent process and not a telodendric branch only if there was a 

single clear origin from the pedicle. Whether the telodendria branched was also recorded. 

The number of branch points per telodendria was quantified. 

 To assess the relative spacing/position of pedicles and of cell bodies, we focused 

on the position of each blue cone pedicle relative to its two neighbouring UV cone 

pedicles. The distance between the centre of two UV cone pedicles within a row was 
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determined in Zen software. The centre of the blue cone pedicle that occurred between 

these UV pedicles was measured relative to the closest UV cone and calculated as a 

percent distance between the UV cones. Thus a value of 50% represents a blue cone 

pedicle that was equally spaced between UV pedicles, and lower values indicate the blue 

cone is closer to one of the UV cones. A similar procedure was carried out for cell bodies.  

2.2.10 Statistics 

Mann-Whitney U tests were performed in Prism Software (version 7.0 for Mac, 

GraphPad Software, La Jolla CA). Data is presented as mean ± 1 standard deviation (SD). 

Each pedicle was treated as an independent unit. The number of pedicles assessed, and 

the number of fish from which they were imaged, is indicated in the figures. We typically 

examined three fish per treatment and 20 pedicles per fish, and noted no obvious 

outliers, which implied this was a representative sample.  

2.3 Results 

2.3.1 Cone telodendria can be visualized and characterized in adult 

zebrafish retina 

To visualize UV and blue cone photoreceptors, we used confocal microscopy on 

wholemount adult zebrafish retinas wherein UV and blue cone subtypes were filled with 

GFP or mCherry proteins, respectively, in Tg(sws1:GFP;sws2:mCherry) zebrafish (see 

Table 1). The cone cell bodies were visualized by imaging optical sections tangentially 

through the outer nuclear layer (ONL). The cone cell bodies were aligned in the distinct 

rows known to occur in the adult zebrafish photoreceptor mosaic (Figure 1) [78-80, 119]. 

We noted that a small percentage of cones were not filled with these fluorescent proteins; 
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this was due to either lack of transgene expression in some cones or the absence of a cell, 

though the latter is less likely.  

Cone pedicles were visualized by continuing to image in this tangential plane and 

collecting optical sections at a level immediately apical to the outer plexiform layer (OPL) 

(Figure 4A). The cone pedicles synapsed with downstream bipolar and horizontal cells, 

indicated by a hollow centre or “hole” in the pedicle, which is the site of cone pedicle 

invagination where bipolar and horizontal axons synapse (Figure 4B).  

Telodendria extended as fine processes from the pedicles of UV and blue cone 

photoreceptors (Figure 4A-D). Telodendria were observed to branch off the fluorescently 

labeled UV and blue cone pedicles in the horizontal plane, in the OPL, located apical (or 

‘scleral’) of horizontal cell nuclei. The telodendria between the UV and blue cones were 

qualitatively different; the blue cone telodendria appeared to be more numerous and to 

cover more area. Additionally, UV cone telodendria appeared to often associate with blue 

cone pedicles within the same row and other UV cones in adjacent rows, while blue cone 

telodendria appeared to project towards UV cones within the same row, blue cones in 

adjacent rows, or other (non-visualized) cell types in other mosaic rows (Figure 5).  

Retinas were collected during either the daytime (noon-2pm) or nighttime 

(midnight-2am) to assess whether circadian rhythm influenced the telodendria. In the 

retinas collected during the day, blue cones typically possessed twice the amount of 

telodendria per pedicle than UV cones (p<0.0001, Mann-Whitney U test; Figure 4E). 

Similarly, blue cone telodendria branched almost twice as often as UV cone telodendria 

(p<0.0001) (Figure 4F). There was no significant difference between the average length 

of blue cone and UV cone telodendria (Figure 4G). No significant difference was observed 

in the number or branching frequency of the UV and blue cone telodendria between the 
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retinas collected during the day and the retinas collected during the night (Figure 4E,F,H, 

I).  

To represent the coverage of blue cone telodendria and UV cone telodendria in a 

semi-quantitative manner, images were thresholded and black and white pixels counted 

(Figure 5). It was found that blue cone telodendria had more than twice the amount of 

coverage compared to UV cones. However, it should be noted that this number may be 

slightly exaggerated, as the mCherry channel (used to visualize the blue cones) had 

slightly more background and some bleed-through of the UV cone pedicles. Nonetheless, 

the values are a representation of what is apparent – that the telodendria of blue cones 

cover more area than the UV cone telodendria. This notion is consistent with the 

observations that blue cone telodendria are more numerous and branch more often 

(Figure 4). 

2.3.2 UV and blue cone pedicles are closely apposed 

At the level of the cell body, UV and blue cones appear to be evenly spaced within 

their rows and not especially associated (Figure 3B). At the pedicle level, the mosaic was 

still visible, as the blue and UV cones are observed alternating within their well-organized 

rows (Figure 5, Figure 6). In contrast to the cone cell bodies, the UV and blue cone 

pedicles were noted to associate unexpectedly within their rows; the pedicles of blue and 

UV cones are closely apposed in space and often contiguous (Figure 6A-C; Figure 7). This 

association occurred between UV and blue cones within the same mosaic row, and was 

consistently polarized (Figure 7). We quantified this by measuring the distance between 

the centre of a UV cone cell body and the centre of the nearest blue cone cell body, along 

with the distance between the centre of that original UV cone and the centre of the next 

UV cone within the same row. The centre of a blue cone cell body was found to 



 38 

consistently be located about half way between the two UV cone cell bodies (Figure 

6D,E). However, when taking similar measurements at the pedicle level (centre of a UV 

cone pedicle to nearest blue cone pedicle, then from that original UV cone pedicle to the 

nearest UV cone pedicle), the centre of a blue cone pedicles were distinctly different in 

their relative position, such that their close apposition leads to their centres being about 

one third of the way between the centre of UV cone pedicles (Figure 6D,E). Our measures 

focused on the centres of the cone pedicles to emphasize the spacing, but we also noted 

the edges of these pedicles were typically (though not always) contiguous and in close 

contact. This odd spacing of cone pedicles was significantly different (p<0.0001, Mann-

Whitney U Test) compared to the relative evenly spaced cone cell bodies, demonstrating 

that the UV and blue cone pedicles typically are more closely associated spatially than 

would be expected based on the regular spacing of cone cell bodies.  

2.3.3 Telodendria can be observed in larval retina throughout 

development 

To determine when in early development UV and blue cone telodendria can first be 

observed, we looked at retinas from Tg(sws1:GFP;sws2:nfsb-mCherry) (Table 1) 

embryos. As with the adults, retinas were imaged using confocal microscopy taking 

tangential images from the ONL to the OPL. The larval mosaic is not organized into 

structured rows like the adult mosaic [78], and this is visible at the pedicle level. We 

found that telodendria were observable as early as 4 days post fertilization (dpf) (Figure 

8A-C).  

Telodendria were also visible in 9dpf Tg(sws1:GFP;sws2:nfsb-mCherry) larvae 

retinas (Figure 8D-F). At this developmental stage, the cone pedicles have holes in the 

centre where downstream cells are innervating into the photoreceptor. In the less mature, 
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4dpf retina, the cones did not typically have this clear indication of innervation in our 

imaging approach.   

In the control 9dpf larval retina, there are ~25% more telodendria per UV cone 

pedicle than telodendria per blue cone pedicle (Figure 5H). This is the opposite of what 

was seen in the adult retina (Figure 4), where we observed more telodendria per blue 

cone than per UV cone.  

2.3.4 UV cone telodendria do not notably change following blue cone 

ablation 

Since we had previously seen rapid recovery of visually-mediated behaviour post 

blue cone ablation, we investigated whether the other short wavelength sensitive cones, 

UV cones, were undergoing telodendric alterations in response to blue cone loss [132]. 

We took advantage of a well characterized line that expresses nitroreductase (NTR; nfsb 

gene) in blue cones, Tg(sws2:nfsb-mCherry) [103], and crossed it with a line that 

expresses GFP in UV cones (Tg(sws1:GFP); Table 1). Targeted cone ablation was 

accomplished by taking advantage of a zebrafish line expressing NTR in blue cones (Table 

1). Nitroreductase converts prodrugs – in this case, metronidazole (MTZ) – into DNA 

cross-linking agents, inducing apoptosis [119, 131, 132]. The larvae were treated at 7dpf 

with either MTZ or vehicle control for one hour, the treatment was removed, and the 

larvae were euthanized at 9dpf.  

Following blue cone ablation, the number of telodendria per UV cone was not 

significantly different than that of the control group (Figure 8I, p>0.05). Thus, it does not 

appear that the number of UV cone telodendria are altered as a result of blue cone loss.  
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2.3.5 Overabundance of fluorescent protein in cone cells results in 

degeneration 

As there was no statistical difference in the UV cone telodendria number post blue 

cone loss, we sought to investigate whether remaining cones of the target cell type were 

undergoing telodendric plasticity after partial ablation of the cone subtype population. To 

do this, we utilized zebrafish lines wherein only ~80% of the target cone type is ablated 

(Tg(sws1:KalTA4;UAS:nfsb-mCherry-KalTA4) and Tg(sws2:KalTA4;UAS:nfsb-

mCherry-KalTA4) to ablate UV and blue cones, respectively) [132]. These lines were 

crossed with fish that expressed GFP in the cone type of interest (either Tg(sws1:GFP) or 

Tg(sws2:GFP)) to produce Tg(sws1:KalTA4;UAS:nfsb-mCherry-KalTA4;sws1:GFP) and 

Tg(sws2:KalTA4;UAS:nfsb-mCherry-KalTA4;sws2:GFP) fish. As these fish would then 

have GFP expressed in the remaining non-NTR expressing cones of the target type, these 

cones could be investigated for telodendric alterations. However, while each line 

independently had healthy fluorescently labeled photoreceptors, we observed cone 

degeneration in the combination fish (Figure 9). The retinas were missing cells, and many 

of the remaining fluorescently labeled cones were dysmorphic in appearance. 

Additionally, the surviving cones often appeared to express only one fluorescent protein, 

either mCherry or GFP; this could be because expressing both resulted in cell death, and 

there was some selection to express only one fluorescent marker or the other. To 

conclude, it appears that overexpression of fluorescent protein within UV or blue cones 

leads to degeneration, similar to what has been seen in a zebrafish model of rod 

degeneration, wherein rods overexpress CFP and subsequently die [140]. 
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2.3.6 Rod telodendria are less numerous than short wavelength cone 

telodendria in larvae 

Characterization of photoreceptor telodendria has historically focused primarily on 

cones rather than rods. To investigate rod telodendria in zebrafish larvae, we crossed 

Tg(rho:GFP) fish, which express GFP in their rods, with Tg(sws2:nfsb-mCherry) fish. 

These fish were grown to 9dpf and Tg(rho:GFP;sws2:nfsb-mCherry) retinas were 

dissected and imaged. Rod spherules are located more basally than the cone pedicles 

(Figure 10A), and thus the rod and cone synaptic terminals are often captured in slightly 

different visual planes (Figure 10B-D). Rod photoreceptor telodendria are visible, and at 

this age, the rods appear to still be somewhat immature, with wide spherules that have 

not yet become tapered above the synaptic terminal (Figure 10C). The rod telodendria 

appear to connect to typically converge on other rods, or to reach to other cells within the 

photoreceptor layer. Rods in the larval retina have fewer telodendria than was observed 

in the UV (p<0.0001) and blue cones (p<0.0001) (Figure 10E). In conclusion, it appears 

that rods are making fewer connections than the short wavelength cones and connect 

with rods or other cells. 

2.3.7 UV cone telodendria in lots-of-rods mutants are reduced in 

number 

To assess if UV cone telodendria would be affected when UV cones are in low 

density, we assessed tbx2b mutant fish. The tbx2blor  (herein referred to as “lor”) mutant 

retina possesses an atypically high abundance of rods, and few UV cone photoreceptors 

[166, 167] (Figure 11A-B; Table 1). UV cone telodendria were imaged in larval retinas of 

9dpf lor;Tg(sws1:GFP) fish. UV cone telodendria were observed to be present, but were 

noticeably more tortuous and randomly oriented than wild-type larval UV cone 
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telodendria (Figure 8C). The average number of telodendria per UV cone pedicle in the 

lor retina was reduced by half compared to the number of UV cone telodendria in 

Tg(sws1:GFP;sws2:nfsb-mCherry) retinas (Figure 8H, 11D); this is significantly different 

(p<0.0001).  

2.4 Discussion 

Telodendria are conserved structures that may play important roles in shaping the 

synaptic outputs of vertebrate photoreceptors, yet little is known about their morphology 

and function. Here, we characterized telodendria in adult and larval zebrafish by utilizing 

fluorescent markers expressed in UV and blue cones. We found that in the adult retina, 

blue cones have more telodendria than UV cones, and blue cone telodendria branch more 

frequently than UV cone telodendria – this did not differ between the day and night. Blue 

cones thus appear to be making more connections with other photoreceptors than UV 

cones are. This differs from what has been observed in other fishes. The walleye retina 

consists of green and orange-sensitive cones [168] which send telodendria out to one 

another [154]. Telodendria in the walleye retina are less numerous than what we 

observed in zebrafish, with walleye cones typically projecting 5 telodendria per pedicle, 

regardless of subtype [154]. The average length of walleye cone telodendria was thrice 

that of zebrafish telodendria [154]; this could be due to the spectral subtype of cone 

investigated being different, or represent a general connectivity difference due to 

photoreceptor mosaic structure and cone subtype density or abundance. In the future, 

zebrafish red and green cone telodendria could be characterized and connectivity 

compared to that of other fishes.  

No morphological alterations were detected in the telodendria between the retinas 

collected during the day versus night, suggesting that circadian rhythm is not inducing 
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physical changes at these time points. It is known that the retina responds to circadian 

rhythm, and that photoreceptor electrical coupling can be different depending on 

circadian clock [169]. Likely there are changes at the gap junction level that impact how 

the photoreceptors communicate with one another between the day and night, while the 

cellular morphology is relatively stable.  

Contrary to what we observed in adult zebrafish in relation to UV and blue cone 

telodendria abundance, larval UV cones possess more telodendria than larval blue cone 

telodendria. This differing connectivity between adult and larval cones could potentially 

relate to the disparate organization of the photoreceptor mosaic between these two life 

stages. In the adult retina, the cones form a predictable row mosaic, with blue and UV 

cones existing in a 1:1 ratio [78]. The larval cone mosaic is not as well formed, and cone 

ratios are not the same as that of the adult retina [78] – thus, the number of telodendric 

connections could be altered at this life stage due to differential potency of pathfinding 

queues and/or different proximal cell types. Alternatively, there could be developmental 

milestones that have not been reached that lead to a change in telodendria connectivity, 

such as increased activity of specific cone types or pruning of abhorrent connections. 

Other synaptic elements of zebrafish cone pedicles are known to mature over this 

developmental window, including the number of ribbons and spinules increasing in the 

cone pedicles [170, 171]. 

Cone telodendria connectivity patterns vary widely between species, likely due to 

photoreceptor mosaic organization and cone type abundance. Indeed, telodendria have 

been investigated in several turtle species, and these species typically exhibit differing 

telodendric patterns. Blue cones in the turtle species Geoclemys reevesii make 

telodendric connections with red and green cones, but not other blue cones, while red 

cones make connections with both red and green cones, and green cones connect with 
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blue and red cones [85]. In Chelydra serpentina and Pseudemus scripta elegans, red 

cones and green cones connect to one another indiscriminately [111, 146]. In adult 

zebrafish, blue cone telodendria appear to generally connect with other blue cones or 

non-visualized photoreceptors in the immediately adjacent rows, while UV cone 

telodendria appear to typically project to neighbouring blue cones or across to UV cones 

in adjacent rows. In the future, we could determine which photoreceptor subtypes blue 

cones are contacting and compare this to what has been seen in other species where 

telodendria have been investigated in similar detail.  

In the human retina, blue cones (sws1 cones, homologue of zebrafish UV cones) 

do not typically send out telodendria, but are contacted by nearby green and red cones, as 

well as rods [96, 159, 172, 173]. Similarly, in macaque retina, blue cones were found to 

have few, if any, short processes that did not connect to other cones [144, 161] while green 

and red cones had telodendria that connected to all cone types [144]. This is very 

different from zebrafish UV cones (sws1 cones), which have robust telodendric processes 

that connect with other short wavelength cones, and what has been seen in other animals 

that have had telodendria investigated. The absence of sws1 cone telodendria seems to be 

an intriguingly unique feature of primate blue cones. Why these cones do not form 

extensive telodendric connections like what is seen in other primate cones or the sws1 

cones of other vertebrate species is unknown. Understanding how sws1 cones integrate 

and behave in other vertebrates can provide insights into what causes primate blue cones 

to be so peculiar. The genetically tractable zebrafish system can continue to be 

investigated for factors that influence telodendric growth, and how changes in 

photoreceptor abundances influences telodendria.  

Here, we found that zebrafish mutants with retinas containing an abnormally high 

abundance of rods and few UV cones have fewer telodendria than wild-type larvae. This 
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reduction in telodendria could be the consequence of fewer UV cones; the development of 

the UV cone connectivity pattern could be dependent on communication or secreted 

factors by other UV cones, and thus the absence of a typical proportion of cones results in 

fewer connections. Alternatively, the excess number of rods could be inhibiting UV cone 

telodendric development. In the future, factors involved in telodendric pathfinding could 

be investigated. Potential factors involved in this pathfinding are protocadherins, which 

are associated with self-recognition during axon and dendritic pathfinding [174-176]. 

Semaphorin3A is a factor known to promote dendrite formation and suppress axon 

growth [177] – this factor could be involved in telodendria formation as well. Regardless, 

our data do not support the notion that absence of UV cone neighbours leads to the 

remaining UV cones having more elaborate telodendria to fill their respective fields.  

We did not note any alterations in UV cone telodendria number after targeted 

ablation of blue cones in larval zebrafish. However, this does not necessarily mean that 

UV cone telodendria do not undergo changes after blue cone loss – rather, we may have 

missed the window where changes are occurring, or the changes occur outside the simple 

morphology we quantified. In the future, we could assess more time points, assess gap 

junction properties, and determine whether the UV cone telodendria are making contacts 

with different cone types after blue cone death, which could be part of the underlying 

mechanism behind rapid recovery of visually mediated behaviour post blue cone ablation 

[132]. For instance, UV cone telodendrites that may usually connect with blue cones may 

re-route to a different photoreceptor type after blue cone death.  

The unexpected spatial coupling observed between UV and blue cone pedicles 

likely has a functional consequence, and zebrafish UV and blue cones may communicate 

with one another more than was previously thought. The contiguous apposition of these 

pedicles contrasts the even spacing of their cell bodies, and is reminiscent of the close 
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intertwining of individual cones into double cones in most non-amniotic vertebrates. The 

members of double cones are coupled by gap junctions [178-181], though our conjecture 

should be tempered by the admission that the function of double cones, and how any 

such coupling allows differentially signal processing compared to single cones, is largely 

unknown. The nature of this association, and whether there is synaptic communication 

between the UV and blue cone pedicles at the sites where there is direct contact is also not 

known. Both being short wavelength sensitive cones, the pairing of the pedicles may 

allow for communication between the UV and blue cones to increase sensitivity. Blue 

cones that are without a UV cone neighbour, such as in tbx2b mutants, could be assessed 

morphologically and using electrophysiology to determine whether the unpaired blue 

cones behave in a different manner than blue cones with a UV cone partner.   

Historically, telodendria characterization has been focused on cone 

photoreceptors and not rods. This focus on cones may be due to interest in high acuity 

and colour vision processing, the cone-rich non-mammalian models that were utilized for 

early telodendric characterization, and known identity of the cone connexin. We found 

that in the larval retina, rods have fewer telodendria per synaptic terminal than the short 

wavelength cones, and these telodendria appear to connect to either rods or other cells in 

the photoreceptor layer. How this changes between the larval and adult zebrafish life 

stages could be investigated in the future, as well as what photoreceptor subtypes the rods 

are specifically interacting with, and how the telodendria frequency and connectivity 

partners compare to that of other diurnal or nocturnal species.  

Vision can only be accomplished if the appropriate connections are generated and 

maintained with the required cell types within the visual system. Knowledge of 

telodendria can aid in determining whether photoreceptors are successfully integrating 

into the neural retina during development and regeneration. Introduction of 
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photoreceptor precursors into host retina has resulted in a wide range of reported 

integration success rates [55, 61-63, 182, 183], but whether these introduced cells are 

truly forming stable connections with the necessary cell types has been difficult to 

determine. Deciphering the connectivity patterns of telodendria and how these 

connections are re-established after regeneration is essential for the accurate assessment 

of stem cell therapies, which rely on donor photoreceptors appropriately integrating into 

the retina and becoming functional. Telodendria provide a morphological determinant of 

integration into the photoreceptor layer; if the donor photoreceptors are forming 

telodendric connections, then they are likely communicating with surrounding cells and 

may be becoming functional. Learning how telodendria form connections and how they 

are involved in cellular communication is essential for complete understanding of the 

retinal connectome and how vision is achieved.   
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Table 1. Genotype and description of the zebrafish lines used. 

 

Genotype Description  ZFin ID Reference 

Tg(sws2:mCherry)ua3011 The blue opsin promoter 

drives the expression of 

mCherry in blue cones.   

ZDB-ALT-

130819-1 

[115]  

 

Tg(sws1:GFP)kj9 GFP is expressed in UV 

cones from the UV opsin 

promoter.  

ZDB-ALT-

080227-1 

[184] 

Tg(sws2:nfsb-

mCherry) 

This line expresses a 

nitroreductase(nfsb gene)-

mCherry fusion protein in 

blue cones (sws2). 

Nitroreductase is a reducing 

agent that converts 

otherwise inert prodrugs 

(such as metronidazole) into 

DNA cross-linking agents, 

inducing targeted ablation. 

The mCherry tag allows 

visualization of these cells.  

Not available [103, 185] 

Tg(rho:eGFP)kj2 GFP is expressed in rods via 

the rhodopsin promoter. 

 [186] 

“UV kaloop”  

Tg(sws1:KalTA4; 

UAS:nfsb-mCherry-

KalTA4)ua3137;ua3139 

 

Expression of 

nitroreductase-mCherry 

fusion protein in UV cones 

via KalTA4-UAS system. 

Sws1 drives the expression 

of KalTA4, a transcription 

factor that recognizes the 

UAS promoter; this leads to 

expression of nfsb-mCherry, 

 [132] 
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as well as the production of 

more KalTA4, creating a 

positive feedback loop. 

~80% of UV cones express 

the nitroreductase-mCherry 

protein. UAS is frequently 

inactivated in adult 

zebrafish.  

“Blue kaloop” 

Tg(sws2:KalTA4; 

UAS:nfsb-mCherry-

KalTA4)ua3135;ua3136 

 

Expression of 

nitroreductase-mCherry 

fusion protein in blue cones 

via KalTA4-UAS system. See 

above. 

~80% of blue cones express. 

 [132] 

tbx2blor “lots-of-rods” mutants; this 

line is characterized by 

having an atypical 

abundance of rods, but few 

UV cones  

ZDB-ALT-

080920-1 

[166] 
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Table 2. Antibodies used, including antigen recognized by the antibody, 

immunogen used to generate the antibody, source, catalogue number, 

species raised in, and concentration. 

 

Antibody Antigen, structure of 

immunogen that the 

animal was 

immunized 

Manufacturer, Cat. No., 

RRID, species, 

mono/polyclonal  

Dilution 

Zpr-1 Arrestin3a  

Whole zebrafish retinal 

cells  

ZIRC  

Cat. No. Zpr-1  

AB_10013803  

Mouse Monoclonal 

ZFin ID: ZDB-ATB-081002-43  

1:100 
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Figure 3. Cone photoreceptors of zebrafish are patterned into a mosaic. 

(A) Schematic of UV and blue cone photoreceptors indicating a plane of optical section at 

the level of cone cell bodies. (B) A cartoon of the zebrafish cone photoreceptor mosaic at 

the level of cone cell bodies in the plane of section indicated by the dotted lines in panel A 

(i.e. in the ‘tangential’ plane, orthogonal to the photoreceptor long axis), with UV, blue, 

green and red cones depicted in their cognate colours. Red and green cones are fused into 

double cones and form rows. These rows of double cones are positioned between rows of 

alternating UV and blue single cones. (C) The zebrafish adult cone mosaic imaged in 

transgenic zebrafish expressing GFP in UV cones, and expressing mCherry in blue cones 

(Tg(sws1:GFP; sws2:mCherry); blue cones are pseudo-coloured blue, and UV cones are 

pseudo-coloured magenta). Micrograph is a confocal optical section through the cone cell 

bodies. Double cones (both red and green cones) are labelled with an antibody against 

arrestin3a, depicted in grey. Rare gaps in the pattern of alternating UV and blue cones are 

assumed to typically represent incomplete penetrance of transgene expression, though in 

some instances could also represent the absence of a cone. 
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Figure 4. Telodendria can be visualized in adult zebrafish retina via 

fluorescent markers expressed within the cones and the telodendria do not 

detectably change in response to circadian rhythm. 

(A) A schematic of UV and blue cone photoreceptors depicting the plane of optical 

section through the cone pedicles. (B) Telodendria, fine processes extending in the 

tangential plane between cone pedicles, are detectable and amenable to study in the 

retina of Tg(sws1:gfp;sws2:mCherry) zebrafish, which express GFP in UV cones (via the 

sws1 promoter), and express mCherry in blue cones (via the sws2 promoter). Blue cones 

are pseudo-coloured blue, and UV cones are pseudo-coloured magenta. In the centre of 

the pedicles, a hole can be seen (indicated by dashed circle) — this is where downstream 

cells are making contact with the cone photoreceptors. Arrowhead denotes UV cone 

telodendria that appear to be converging on a blue cone pedicle.  (C) UV cone pedicles 

and telodendria; and (D) blue cone pedicles and telodendria. (E) The average number of 

telodendria per UV and blue cones, ± standard deviation (SD). In adult retinas collected 

during the day, UV cones have half as many telodendria than blue cones. (F) The 

percentage of blue and UV cone telodendria with branches. Blue cone telodendria are 

branched twice as often than UV cone telodendria. (G) The average length (μm) of the 

UV and blue cone telodendria is not significantly different. (H) Number of UV cone and 

blue cone telodendria in retinas that were dissected out during the night. The number of 

telodendria was not significantly different from that of the daytime retinas. (I) The 

percentage of UV and blue cone telodendria that branch in retinas dissected out during 

the night. The branching of the telodendria was not statistically different from the 

telodendria in the retina dissected during the day. N=3 retinas, 20 pedicles were counted 

per retina. ****=p<0.0001, Mann Whitney U tests. Scale bar = 10μm.  
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Figure 5. Blue cone telodendria cover more area than UV cone telodendria. 

Top panels: confocal images of adult Tg(sws1:GFP;sws2:mCherry) retinas, wherein UV 

cones are labelled with GFP and blue cones with mCherry. Telodendria can be seen 

sprouting from the pedicles. UV cones are pseudo-coloured magenta, while blue cones 

are pseudo-coloured cyan.  Bottom panels: Manipulation of images (top panels) to make 

the UV and blue cone telodendria patterning more visually apparent. The UV and blue 

cone telodendria are visibly different in coverage and connectivity. The UV cone 

telodendria often travel within their own row, appearing to contact neighbouring blue 

cones (arrow), or between rows, appearing to contact other UV cones (arrowhead). In 

contrast, blue cone telodendria project in all directions. Blue cone telodendria appear to 

converge on UV cones within the same row, blue cones in adjacent rows, as well as on 

non-visualized cells in other rows, such as double cones or rods (asterisk). After 

thresholding and colour inversion, the numbers of black and white pixels were obtained, 

and the black pixels (telodendria) were divided by the total number of pixels. The UV 

cone telodendria produced a value of 0.21 pixels/area and the blue cone telodendria 

produced a value of 0.53 pixels/area. This demonstrates the additional area coverage by 

blue cone telodendria compared to UV cone telodendria. Scale bar  = 20μm. 
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Figure 6. Pedicles of UV and blue cones are paired. 

(A) Transverse sections of Tg(sws1:gfp;sws2:mCherry) zebrafish retina, with UV cones 

(sws1) labeled with GFP and blue cones (sws2) labeled with mCherry. UV cones are 

pseudo-coloured magenta and blue cones are pseudo-coloured cyan. Nuclei are in grey. 

(B) Increased magnification, focusing on the outer plexiform layer depicted by the white 

bracket in (A). The association between UV and blue cone pedicles, where one UV cone 

pedicle is paired with a blue cone pedicle, is visible. (C) Confocal image of cone pedicles 

in whole mount retina, again showing the association between the UV and blue cone 

pedicles. (D) The typical position of a blue cone, expressed in percentage distance 

between the two closest UV cone cell bodies. While the centre of blue cone cell bodies are 

found about half of the way between UV cone cell bodies (i.e. equidistant from both UV 

cone cell bodies, top schematic – vertical line = 50% ± standard deviation indicated by 

shading), the centre of the blue cone pedicle is found about a third of the way between UV 

cone pedicles, which is closer than would be expected (bottom schematic). (E) Scatter 

plot of the raw values of percentage distance between UV cone bodies or pedicles, as 

depicted in (D). The values are closely clustered, demonstrating that the centres of the 

blue cone cell bodies tend to lie halfway between the UV cone cell bodies (teal 

scatterplot), whereas the centres of the blue cone pedicles tend to lie closer to one UV 

cone pedicle than the other (blue scatter plot). N=3, 20 pedicles/retina. 
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Figure 7. Organization of the UV and blue cone cell bodies and pedicles 

within the row mosaic. 

(A) Depiction of how the retina was sectioned to produce what is observed in (B). As the 

retina is rounded, it was possible to obtain a section that cuts through slightly different 

regions within the retina, allowing for visualization of different cellular components. (B) 

Tg(sws1:GFP; sws2:mCherry) retina that was sectioned such that UV and blue cone the 

cell bodies are visible on the periphery and the pedicles are seen in centre. Within a row 

(arrowhead) the cell bodies appear evenly spaced, and the row can be followed down to 

the pedicle. At the pedicle, UV and blue cones are paired (arrow). Regardless of the level 

being investigated, the cone elements are always in a row, and there is no apparent 

twisting or crossing over of the cells into neighbouring rows. This indicates that the 

pedicle association is occurring between UV and blue cones within the same row. In the 

centre of the pedicles is a visible hole, where the downstream neurons are innervating 

with the cones. GFP is pseudo-coloured magenta and mCherry is pseudo-coloured cyan. 

Scale bar = 50μm. (C) The expected organization of the UV and blue cone cell bodies and 

pedicles. The short wavelength cone cell bodies and pedicles are evenly spaced within 

their rows. (D) Cartoon of UV and blue cone cell body and pedicle organization that was 

actually observed. The photoreceptor cell bodies are evenly spaced within rows, and the 

pedicles associate between pairs of UV and blue cones within the same row. (E) A 

potential organization of the cone cell bodies and pedicles, where the cone pedicles reach 

out of the row the cell body is located in and twists into the adjacent row to allow pedicle 

association. The blue cones in the middle row are translucent to emphasize the twisting of 

the UV cone in the row behind, such that the cell body is in the far row but the pedicle is 

in the next (middle) row. This was not observed.  
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Figure 8. Telodendria can be seen early in development and number of larval 

UV cone telodendria does not change in response to blue cone ablation. 

(A-C) Telodendria in 4 days post fertilization (dpf) Tg(sws1:GFP; sws2:nfsB-mCherry) 

retina, wherein GFP is expressed in UV cones (sws1 promoter) and a nitroreductase 

(NTR)-mCherry fusion protein (nfsB-mCherry) is expressed in blue cones (sws2). The 

mCherry allows for visualization of the photoreceptors expressing the transgene, while 

nitroreductase is a reducing agent that allows for the targeted ablation of cells when 

exposed to otherwise harmless prodrugs (such as metronidazole, MTZ). Note the less 

organized mosaic in the larval retina, compared to the adult retina. Scale bar = 10μm. (D-

F) Telodendria in 9dpf Tg(sws1:GFP; sws2:nfsB-mCherry) zebrafish larval retina, which 

were used for quantification of telodendria number. Similar to the adult cone pedicles, 

the larval cone pedicles have an invagination in the centre, where downstream neurons 

are contacting them, and are generally closely associated. (G) Pedicles and telodendria in 

9dpf Tg(sws1:GFP; sws2:nfsb-mCherry) treated with MTZ to ablate blue cones. Note the 

absence of UV cones. (H) Number of UV and blue cone telodendria in control larval 

retinas; there are more telodendria per UV cone pedicle than telodendria per blue cone 

pedicle. (I) Larvae were exposed to MTZ at 7dpf to induce blue cone ablation, then fixed 

at 9dpf for visualization. The number of UV cone telodendria post blue cone ablation was 

not significantly different from the number of UV cones in the non-ablated zebrafish in 

(G). Scale bars = 10μm. 
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Figure 9. Excess fluorescent protein within photoreceptor cells leads to 

degeneration. 

Retinas dissected from 9dpf larval zebrafish expressing fluorescent protein in either UV 

(sws1) or blue (sws2) cones. (A) Retinas from Tg(sws1:KalTA4;UAS:nfsb-mCherry-

KalTA4) and (D) Tg(sws2:KalTA4;UAS:nfsb-mCherry-KalTA4)) with mCherry pseudo-

coloured magenta. These lines express the nitroreductase-mCherry (NTR-mCh) fusion 

protein under the control of the KalTA4-UAS system. In either blue or UV cones, the 

KalTA4 transcription factor is expressed, and KalTA4 recognizes the UAS promoter to 

drive expression of NTR-mCh. Behind the NTR-mCh in the transgene is more KalTA4, 

which generates a positive feedback loop. (B) Tg(sws1:GFP) larvae retina, where GFP is 

expressed in UV cones, and (E) Tg(sws2:GFP) larval retina, where GFP is expressed in 

blue cones. GFP is pseudo-coloured green. (C) A retina from a 

Tg(sws1:KalTA4;UAS:nfsb-mCherry-KalTA4;sws1:GFP) larvae. (F) Dissected retina 

from a Tg(sws2:KalTA4;UAS:nfsb-mCherry-KalTA4;sws2:GFP) larvae. In (C) and (F) 

the photoreceptors are absent from large portions of the retina, and the remaining cells 

appear dysmorphic. Many of the remaining cones have only one fluorescent protein 

expressed. It appears that the amount of fluorescent proteins expressed in the cells is 

resulting in their degeneration.  
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Figure 10. Rods have fewer telodendria than the short wavelength cones. 

(A) Cartoon depiction of UV cone and rods. The rod spherules are located more basally 

than the cone pedicles. (B-D) Retina from a Tg(sws1:nfsb-mCherry; rho:GFP) 9dpf 

larvae, wherein GFP is expressed within UV cones and NTR-mCherry is expressed in UV 

cones. GFP is pseudo-coloured green, and mCherry is pseudo-coloured magenta. UV cone 

telodendria are visible from the UV cone pedicles, and rod telodendria are visible from 

the rod spherules. The rod telodendria appear to often converge on other rods 

(arrowhead) or to reach for other cell types (arrow). (E) Rods tend to have fewer 

telodendria than what was observed in the blue (p<0.0001) and UV cones (p<0.0001) 

(N=3, 20 pedicles counted/retina). Scale bar = 20 μm.  
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Figure 11. UV cone telodendria are reduced in lor mutant retinas. 

(A) Wild-type 9dpf Tg(sws1:GFP) retina, where GFP is expressed in UV cones and (B) 

9dpf homozygous lots-of-rods (lor) mutant retina, which produces an abundance of rods 

but few UV cones, with Tg(sws1:GFP). Note the substantial reduction in UV cones in the 

lor mutant retina compared to the wild-type retina. (C) UV cone telodendria in lor retina. 

The UV cone telodendria in lor mutants appear more tortuous and branched than the UV 

cone telodendria in wild-type larval retina. (D) The number of telodendria per pedicle in 

the UV cones of the lor mutant retinas was reduced by half compared to the wild-type UV 

cones (Figure 4) (p<0.0001, Mann Whitney U test). N=3, 10 pedicles counted/retina. 

Scale bars in (A) and (B) = 50μm; scale bar in (C) = 20μm. 
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3 DISCUSSION + FUTURE DIRECTIONS 

3.1 Speculation about function of telodendria between short 

wavelength cones 

The role telodendria play in the processing of light information and how they 

contribute to vision is unclear. It is possible that connections between the short 

wavelength cones contribute to colour opponency, similar to what occurs in the 

horizontal cell, to distinguish between wavelengths of light and reduce background. For 

UV cones, lack of input from blue cones, such as after blue cone ablation, could cause 

changes in the type of light information processed by the UV cones and allow for 

compensation. This could contribute to the rapid recovery of visually-mediated behaviour 

post blue cone ablation [132].   

3.2 Telodendria in cells expressing tetanus toxin 

Tetanus toxin prevents the movement and formation/fusion of vesicles, and 

resultantly perturbs the release of neurotransmitters from cells, rendering them unable to 

communicate with surrounding cells [187]. Tetanus toxin has been expressed in zebrafish 

photoreceptors to prevent signals from being transmitted to downstream contacts to 

determine how photoreceptor activity influenced interneuron connectivity [104].  

Expressing tetanus toxin within photoreceptors could prevent transmission of 

factors/signals between photoreceptors. What influence this would have on telodendric 

connectivity and modification of light information is unknown. If signal transmission is 

inhibited, the lack of electrical reinforcement could cause the telodendria to degenerate. 

Expressing tetanus toxin within UV cones and investigating UV cone telodendric 

connectivity could assess this. If the connections were fewer than that of controls, then 

the telodendria may be unable to make typical connections due to lack of signal/factor 
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transmission. Electrophysiology could be used to determine how electrically coupled blue 

cones respond when the tetanus toxin-expressing UV cone is stimulated. If the connected 

blue cone does not become activated in a similar way to wild-type, then the tetanus toxin 

is interfering with cone-cone communication. Alternatively, the lack of input to and from 

horizontal cells would prevent the appropriate modification of signals between 

photoreceptors and alter photoreceptor-photoreceptor signalling, even though 

telodendria may appear normal. 

3.3 Cone photoreceptor transplant and telodendria 

3.3.1 Transplanted photoreceptor integration into the neural retina 

The success of cellular integration post transplant of photoreceptor precursors cells 

is difficult to assess. Cellular integration is usually determined by migration of the cell 

into the outer nuclear layer and association with bipolar cells; however, these methods 

are imprecise and do not characterize whether the newly formed photoreceptors are 

behaving appropriately and producing functional outputs. Whether the differentiated 

photoreceptors form typical connections has not been thoroughly determined, and 

telodendria have been overlooked entirely in this field. For the new photoreceptors to 

function normally, they must create and maintain connections with cellular partners 

typical for the photoreceptor type, and that includes telodendric connections with other 

photoreceptors. Whether the formation of telodendria is occurring would be simple to 

assess in animal models, especially since introduced photoreceptor precursor cells are 

often fluorescently labelled. While the formation of telodendria does not equate 

functionality, it nonetheless would suggest that the cells are properly integrating into the 

neural retina and forming connections.  
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3.3.2 Material transfer 

Material transfer has been observed in the retina between photoreceptors and 

introduced photoreceptor precursors [62-65]. Initially, the phenomenon was believed to 

be the result of cellular fusion between the donor and host cells. Cellular fusion has been 

observed between stem cells derived from different tissues and in some disease 

pathologies [188-191]. This confounds assessment of functional integration of cells 

introduced to a new environment, as the cellular behaviour of fused cells could be 

different from the surrounding cells. Co-expression of donor and host markers within 

retinal cells post transplant of donor cells expressing one fluorescent marker into host 

retina expressing another fluorescent marker could thus be explained by cellular fusion, 

wherein the original nuclei may remain separate within the shared cell body or also fuse 

to become a single nuclei [192, 193]. However, in the case of photoreceptor precursor cell 

transplantation into the retina, cellular fusion was ruled out, as the cells did not appear to 

have two nuclei [62, 63]. Nuclear fusion was also eliminated as a possibility, due to the 

absence of polyploidy [62]. Rather, it appears that the donor photoreceptor precursor 

cells and host cells transfer material to one another. The mechanism behind material 

transfer is unclear in terms of how the material is transferred and what, specifically, is 

transferred. DNA was not stably transferred between cells; thus, it appears that RNA or 

protein is being transferred between the host and donor cells.  

The question of what material is being transferred between cells could potentially 

be addressed using donor cells that have a protein introduced to them, but do not possess 

the gene for the protein, and therefore cannot make RNA for the protein, and donor cells 

that do contain the gene, and can thus make RNA and protein. Specifically, the 

comparison could be made between photoreceptor precursor cells that underwent 

lipofectin transfection of a purified protein that do not contain the gene for the protein, 
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with transgenic photoreceptor precursors that possess the protein gene and can make 

RNA and the protein. If the host cells express the protein after being exposed to 

transfected donor cells that do not possess the gene, and thus cannot make RNA for the 

protein, then material transfer can be protein-based and does not rely solely on RNA. 

Alternatively, if the transgenic cells participate material transfer while the transfected 

cells do not, it would suggest that RNA is the molecule being transferred between cells, 

though does not rule out protein transfer.  

Telodendria could be a bridge that allows material transfer to occur between donor 

and host cells in close proximity. Indeed, gap junctions can facilitate movement of small 

molecules between cells; however, RNA and proteins would be too large to be moved 

between gap junctions. Material transfer could be achieved through vesicle transport 

from one cell to another. Telodendria could provide a scaffold for vesicles to be trafficked 

from one photoreceptor to another, either externally or internally. In primate retina, the 

junctions at the end of telodendria are ~200-300 nm2 in size, which has the potential to 

tolerate internal movement of small vesicles (50-150nm) [144].  

Whether telodendria are involved in material transfer is unknown, but as 

telodendria form contacts between photoreceptor cells, it is possible that the host cell is 

connecting to the donor cells via telodendric connections and that transfer of components 

occurs via these bridges. While molecular factors involved in telodendric growth and 

pathfinding are not known, elucidating these factors could allow for telodendria 

formation to be inhibited, and how this impacts material transfer to be investigated.  
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3.4 Telodendria in disease 

3.4.1 Gap junction-mediated bystander effect 

In retinitis pigmentosa, rods degenerate due to rod-specific lesions while the cones 

persist for some time. However, the cones nonetheless degenerate eventually, resulting in 

blindness. The underlying mechanism that leads to cone death in RP is unclear, though it 

has been speculated that alterations in the microenvironment of the cones, such as the 

absence of rod-derived cone viability factors, exposure to oxidative stress, and reduced 

glucose accessibility, could damage the cones after rod degeneration [14-16, 18, 19, 194]. 

Another potential initiator of cone death could be messages transmitted from the 

degenerate rods to the healthy cones, via telodendria, resulting in a toxic bystander effect 

[20]. Gap junctions are known to facilitate bystander effects in this way, wherein the 

compromised or dying cells send signals to healthy neighbouring cells, triggering cell 

death pathways [195-197]. This mechanism is referred to as the gap junction-mediated 

bystander effect.  

The gap junction-mediated bystander effect has been found to influence neuronal 

survivorship after injury. In an in vitro model of ischemia, blocking gap junctions 

decreased the spread of cell death [198]. Similar results were observed in a mouse model 

of ischemic stroke; pharmacologically blocking or genetically deleting gap junctions 

prevented the spread of neuronal death in the brain [199]. Blocking gap junctions also 

protects against the spread of damage in the retina after retinal neuron death in ischemic 

conditions [200]. Furthermore, in the developing retina, where apoptosis is necessary to 

establish the stratification of specific cell types and retinal thickness [201-203], gap 

junction-mediated bystander cell death has been observed, and substances that blocked 

gap junctions reduced the amount of apoptosis in neighbouring cells [204]. This indicates 
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that the gap junction-mediated bystander effect is not only detectable in the central 

nervous system, but occurs in the developing and mature retina.  

Telodendric connections between photoreceptors could result in transmission of 

signals or compounds through gap junctions that instigate cone death in retinitis 

pigmentosa. Indeed, rods in the human retina have been noted to make connections with 

cones, and red and green cones in the peripheral retina make connections with other 

cones or rods [172]. However, what connections macular cones make with other 

photoreceptors is poorly investigated in humans at this point in time. In macaque retina, 

foveal cones make more than a dozen connections per pedicle with other cones [162], but 

whether the cone photoreceptors at the macula periphery are able to connect with rods 

has not been investigated. If the cones in the peripheral macula that are in proximity to 

rods primarily connect with other cones and not rods, then this would prevent the gap 

junction-mediated bystander effect from spreading from the cones to the rods, and could 

help explain the persistence of peripheral retina in age-related macular degeneration. 

Assessment of the gap junction-mediated bystander effect and its influence on cone 

death in a retinitis pigmentosa model has only been reported once. In two mouse models 

of RP, cone connexin (Cx36) was deleted and cone health investigated to determine 

whether loss of cone jap junctions prevented cone death after rod loss [205]. The authors 

found that cones still degenerated, despite the loss of Cx36 [205]; however, this does not 

rule out involvement of the gap junction-mediated bystander effect. The rod connexin 

was still present, and as functional assessment or dye injections were not conducted to 

determine whether rod-cone coupling was completely abolished, there could still have 

been transmission of signals or compounds between rods and the cones. The influence of 

Cx36 loss on cones was also not assessed on its own. Cx36 has complex, contradictory 

influences on cell survival; Cx36 loss or blockage in the retina has been linked to both 
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increased vulnerability to injury [206] and neuro-protection [207]. It is possible that the 

mouse cones could have degenerated due to loss of connexin or an inability to respond to 

retinal changes, rather than directly due to rod loss. Additionally, the mouse models of 

RP do not perfectly recapitulate human RP; in the mouse models, rods typically do not 

develop outer segments, the onset of rod degeneration is rapid, within the first weeks of 

life. In some lines, rods are almost completely gone by 20 days post birth, before the 

photoreceptors would have even reached maturity. Additionally, cone persistence after 

rods begin to die is very brief, if any preservation occurs at all [205, 208-210]. The mouse 

photoreceptor mosaic is also very different from the human photoreceptor mosaic, which 

influences the cone micro-environment and photoreceptor-photoreceptor connectivity. 

Further, it is possible that the gap junction-mediated bystander effect is acting in 

combination with micro-environmental changes within the retina to result in cone death.  

In the mature outer nuclear layer, the gap junction-mediated bystander effect could 

result in the “point of no return” in photoreceptor disease, where intervention is no 

longer feasible. It is possible that the remaining islands of seemingly healthy 

photoreceptors may have already received signals from degenerate cells, triggering the 

eventual death of the photoreceptor cells that appear healthy. The concept of a point of no 

return has been of particular concern in gene therapy clinical trials [211], where the 

participants typically have severe photoreceptor degeneration with islands of functioning 

cells. At that level of disease progression, intervention may already be too late, and part of 

the reason for this could be toxic signals transmitted from degenerating photoreceptors 

to healthy ones through gap junctions. 

In conclusion, telodendria have the potential to facilitate gap junction-mediated 

bystander death in photoreceptor degenerative diseases. The gap junction-mediated 
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bystander effect is poorly studied in the retina, and its investigation in models of RP 

could elucidate mechanisms underlying cone death during disease progression.  

3.4.2 Telodendric remodelling 

Synaptic remodelling is observed in many neurodegenerative diseases. In 

photoreceptor degenerations, downstream neurons respond to the absence of synaptic 

input and remodel.  There are three stages of remodelling in the retina during RP 

progression. Phase I begins as rods become dysfunctional, which can be the result of 

numerous genetic lesions [212, 213]. The rods are not able to renew their outer segments 

at a typical rate, which also puts the photoreceptors and RPE under stress. At this stage, 

rods sprout aberrant processes that reach into the inner retina; these processes retract 

prior to rod death [212, 213]. Rod degeneration starts in late Phase I. In Phase II, cones 

begin to degenerate; prior to death, cones send ectopic connections to rod bipolar cells 

[214]. Bipolar cells retract connections with photoreceptors, and can switch synaptic 

targets from rods to cones in cases where cones are still thriving for a period of time after 

rod loss. Activated microglia migrate into the outer retina and Müller glia become 

hypertrophic as the ONL deteriorates, which can create a barrier between the RPE and 

the remaining neural retina [215, 216]. Phase III involves progressive remodelling. The 

glial seal becomes bound to the remaining neural retina, and Müller glia cells undergo 

further hypertrophy and segment the retina. The remaining neurons migrate into atypical 

positions and form new, aberrant synaptic connections [212].  

After loss of connectivity partners, telodendric connections likely deteriorate and 

remodel. Lack of electrical input could cause the regression of telodendria, and new 

cellular neighbours could promote growth. Zebrafish would be an excellent model to 

investigate telodendric remodelling, as they have tools available for targeted ablation of 
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different photoreceptor types. Specific photoreceptor types can be ablated, and the 

influence this has on telodendria observed. While this was attempted here in the larval 

retina, it would be easier to detect in the adult retina, where there is an organized mosaic 

and the cells are spaced such that branching, length, and cellular partners are more easily 

determined.  

Regenerated cells must wire into the existing neural retina to function; 

understanding how newly produced cells wire into the pre-existing neural retina is 

essential for the success of stem cell transplantation therapies. Introduced cells must not 

only differentiate into the desired cell type, but also integrate in an appropriate and 

functional manner. After ablating photoreceptors and allowing for regeneration in the 

adult zebrafish retina, the connectivity of regenerated cells can be assessed. Similarly, 

how the telodendria of neighbouring photoreceptors remodel and connect with 

regenerated cells could be observed in the zebrafish retina.  
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