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The release of extracellular vesicles is observed across numerous cell types and serves a range of biological functions including intercellular communication and waste disposal. One cell type which stands out for its robust capacity to release extracellular vesicles is the vertebrate photoreceptor cell. For decades, the release of extracellular vesicles by photoreceptors has been documented in many different animal models of photoreceptor degeneration and, more recently, in wild type photoreceptors. Here, I review all studies describing extracellular vesicle release by photoreceptors and discuss the most unifying theme among them–a photoreceptor cell fully, or partially, diverts its light sensitive membrane material to extracellular vesicles when it has defects in the delivery or morphing of this material into the photoreceptor’s highly organized light sensing organelle. Because photoreceptors generate an enormous amount of light sensitive membrane every day, the diversion of this material to extracellular vesicles can cause a massive accumulation of these membranes within the retina. Little is known about the uptake of photoreceptor derived extracellular vesicles, although in some cases the retinal pigment epithelial cells, microglia, Müller glia, and/or photoreceptor cells themselves have been shown to phagocytize them.
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1. Introduction

The release of small vesicles to the extracellular space is observed in cells from all domains of life and can serve a plethora of functions (Doyle and Wang, 2019; Gill et al., 2019). In cases of disease, extracellular vesicles (EVs) may play a beneficial role and/or promote pathology. For example, during Alzheimer’s disease neurons can protect themselves by discarding EVs packed with amyloid β fibrils to be phagocytized by microglia (Yuyama et al., 2012). Conversely, and also during Alzheimer’s disease, EVs can serve as the vehicle for neuron to neuron transfer of toxic intracellular Tau protein and promote pathology (Wang et al., 2017). The role that EVs play in retinal disease, and their potential application for retinal therapies, is a rapidly developing field of research (Kalargyrou et al., 2023). In this review, I focus on cases of EV release by photoreceptor cells and examine the mechanisms of vesicle release in these instances and their links to blinding retinal diseases.


1.1. Ectosomes versus exosomes

Based on their mode of formation, there are two types of EVs: exosomes and ectosomes (Cocucci and Meldolesi, 2015). Exosomes originate inside the cell as intraluminal vesicles that form by the inward budding and scission of an endosome’s membrane to form a multivesicular endosome (aka multivesicular body) (Figure 1). The endosomes can either fuse with lysosomes for degradation or fuse with the cell’s plasma membrane and release all their intraluminal vesicles extracellularly, at which point these vesicles would be called exosomes. In contrast to the exosome, an ectosome, also known as a microvesicle, is formed by the outward budding and scission of the cell’s plasma membrane, releasing the individual vesicle directly to the extracellular space (Figure 1).
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FIGURE 1
The types of extracellular vesicle release by photoreceptor cells. There are two types of extracellular vesicles–ectosomes and exosomes. Exosomes are formed by the fusion of a multivesicular body with the cell’s plasma membrane, releasing numerous exosomes together (blue arrow on left). Although there is evidence in support of exosome release by photoreceptors (Kalargyrou et al., 2021), this process has not been documented in vivo. Ectosomes originate by the outward budding of the cell’s plasma membrane, releasing a single vesicle directly to the extracellular space (red arrows). Left, ectosomes are often released from the photoreceptor’s inner segment plasma membrane [e.g., release driven by rhodopsin mislocalization (Li et al., 1996), see also Figure 2D], and sometimes contain pieces of mitochondria (Giarmarco et al., 2020). Middle, ectosomes have been observed budding from the newly forming disc membrane evaginations in Prcd–/– mice (Spencer et al., 2019a) and in tunicamycin treated retinas (Fliesler et al., 1985; see also Figure 2C). Right, ectosomes are released from the ciliary plasma membrane of rds mice, which lack expression of peripherin-2 (Salinas et al., 2017; see also Figure 2A). In this mouse line, the photoreceptor cilia do not elaborate outer segments because all outer segment material is released in the form of ectosomes.


In some cases, ectosomes can be distinguished from exosomes by size. Ectosomes vary from 100 to 1,000 nm in diameter while exosomes range between 50 and 200 nm in diameter (Cocucci and Meldolesi, 2015; Gurung et al., 2021). Because small ectosomes overlap in size with exosomes, diameter is only useful for identifying extracellular vesicles >200 nm as ectosomes and cannot be used to positively identify exosomes. Exosomes may be distinguished from ectosomes by the detection of exosome protein markers enriched in the vesicles. The most canonical markers include ALIX, a protein involved in the inward budding of the endosome membrane (Baietti et al., 2012) and the tetraspanins CD9, CD81, and CD63, which play a role in exosome cargo sorting (Andreu and Yanez-Mo, 2014; Suarez et al., 2021). Unlike for exosomes, ubiquitous ectosome-specific protein markers have yet to be elucidated, likely reflecting the huge diversity in ectosome composition, even among ectosomes released by the same cells (Kowal et al., 2016).

The molecular machinery involved in exosome formation has been well studied (Cocucci and Meldolesi, 2015). A cornerstone of this machinery is the ESCRT complex, which is unique in its ability to perform the scission of membranes that are budding in a direction away from the cytosol (Hurley, 2008). Exosomes fit this criteria–they begin as membrane buds toward the lumen of an endosome. The molecular machinery driving ectosome release is less understood. However, ectosome release also requires the scission of the membrane which has protruded in a direction away from the cytosol and, in some cases, ESCRT has been shown to be involved in ectosome release (Nabhan et al., 2012; Jackson et al., 2017; Xu et al., 2017). In other cases, ectosome formation appears independent of ESCRT (Nishimura et al., 2021; De Poret et al., 2022), perhaps reflecting that mechanisms of ectosome release are more diverse (Rilla, 2021). This is consistent with the fact that ectosomes can be widely different sizes, have diverse protein composition and may be shed from specialized structures along the plasma membrane, such as microvilli (Hurbain et al., 2022) and filipodia (Nishimura et al., 2021).

Another specialized plasma membrane structure, the primary cilium, has attracted significant interest for its ability to release ectosomes [recent reviews: (Wang and Barr, 2018; Luxmi and King, 2022; Ojeda Naharros and Nachury, 2022; Vinay and Belleannee, 2022)]. Some of the functions ascribed to ciliary ectosomes include selectively discarding proteins from the cilium (Nager et al., 2017), facilitating cell cycle reentry (Phua et al., 2017), and releasing bioactive proteins and peptides (Wood et al., 2013; Wang et al., 2014; Luxmi et al., 2022; Walsh et al., 2022). Although precise molecular mechanisms driving ciliary ectosome release are unknown, the process has been shown to rely on the actin cytoskeleton in cultured cells (Nager et al., 2017; Phua et al., 2017) and ESCRT in Chlamydomonas (Long et al., 2016).




2. Peripherin-2 blocks ciliary ectosome release to allow formation of the outer segment

Photoreceptor cells of the vertebrate retina are responsible for initiating vision by absorbing light and generating an electrical response that is relayed to the brain. To accomplish this, photoreceptors have specialized light sensing antennas called outer segments (recent reviews: Goldberg et al., 2016; Spencer W. J. et al., 2020; Wensel et al., 2021). These organelles are gigantic, highly modified primary cilia packed with hundreds of disc-shaped membrane layers called “discs,” that house photopigment (e.g., rhodopsin) and other proteins required to generate an electrical response to light. Photoreceptor outer segments are constantly renewed with dozens of new discs built at the base and dozens of old discs shed from the tip every day (Young, 1967).

It has long been known that the photoreceptors of rds mice, lacking expression of the photoreceptor specific protein peripherin-2 (Travis et al., 1991), do not form outer segments (Sanyal and Jansen, 1981), and degenerate (Sanyal et al., 1980). The photoreceptors from these mice were reported to completely lack disc membranes and form prototypic looking primary cilia which are surrounded by EVs (Figure 2A; Cohen, 1983; Jansen and Sanyal, 1984). The presence of rhodopsin in these vesicles confirmed that they originate from photoreceptor cells (Nir and Papermaster, 1986; Jansen et al., 1987; Usukura and Bok, 1987). More recently, Salinas et al. (2017) determined that the EVs accumulating in the subretinal space of rds mice are ciliary ectosomes and that the C-terminus of peripherin-2 functions to block ectosome release, thereby retaining this membrane material at the cilium so that it may be morphed into disc membranes (Figure 1). Evidence that the ectosomes exclusively originate from the cilium in rds mice comes from the fact that they lack Na/K-ATPase, a protein which is highly abundant in the photoreceptor’s plasma membrane but excluded from the cilium (Salinas et al., 2017). However, it was more recently shown that ectosomes originating from the photoreceptor’s inner segment plasma membrane can be enriched with mislocalized rhodopsin while lacking Na/K-ATPase (Ropelewski and Imanishi, 2020). This suggests that photoreceptors have an ectosome cargo sorting mechanism and that a fraction of the ectosomes accumulated in the subretinal space of rds mice could have originated from the inner segment plasma membrane.
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FIGURE 2
Examples of photoreceptor derived extracellular vesicle accumulation associated with retinal pathology. (A) An electron micrograph showing the accumulation of photoreceptor derived ciliary ectosomes in the subretinal space of rds mice. Scale bar is 500 nm. Image used with permission of Rockefeller University Press, from Salinas et al. (2017); permission conveyed through Copyright Clearance Center, Inc. (B) An electron micrograph showing the accumulation of ectosomes between photoreceptor cells of Prcd–/– mice. Scale bar is 500 nm. Image adapted from Spencer et al. (2019a). Copyright 2019 National Academy of Sciences. (C) Two electron micrographs centered at the base of Xenopus photoreceptor outer segments showing the accumulation of vesicles between the rod inner segment (RIS) and rod outer segment (ROS) after a 6 h incubation of the retina with tunicamycin. Protrusions of the inner segment plasma membrane (arrow in top image) and most basal disc membrane (arrow in bottom image) indicate possible sites of origin for the vesicles. Image adapted from Wetzel et al. (1993). (D) An electron micrograph of an anti-rhodopsin immunogold labeled retinal cross section obtained from a transgenic mouse expressing P347S rhodopsin. The arrow denotes the accumulation of rhodopsin containing extracellular vesicles between photoreceptor cells. Scale bar is 500 nm. The outer segment (OS) is labeled. Image adapted from Li et al. (1996). Copyright 1996 National Academy of Sciences. (E) A scanning electron micrograph of a pcd mouse retinal cross section which shows the accumulation of extracellular vesicles adjacent to photoreceptor inner and outer segments. The vesicles, highlighted with arrows, were originally described as spherical excrescences or spherules based on their appearance. Image reprinted from Blanks et al. (1982), with permission from Elsevier. (F) An electron micrograph of an anti-rhodopsin immunogold labeled retinal cross section obtained from a Tulp1–/– mouse retina. The asterisk labels extracellular vesicles which are enriched with rhodopsin. The outer segment (OS), connecting cilium (CC), and inner segment (IS) are labeled. Scale bar is 500 nm. Image used with permission from Association for Research in Vision and Ophthalmology, from Hagstrom et al. (2001); permission conveyed through Copyright Clearance Center, Inc.




3. Ectosome release from newly forming photoreceptor discs

While peripherin-2 is clearly necessary for suppressing ciliary ectosome release in photoreceptor cells, it is not sufficient. This is evident from the case of Prcd–/– mice, which release ectosomes from the outer segment while having normal expression and localization of peripherin-2 (Figure 2B; Spencer et al., 2019a). Without PRCD, a defect in flattening of the newly forming discs causes the formation of swollen pockets in these membranes that are severed and released to the extracellular space as ectosomes (Figure 1). In contrast to rds mice whereby all disc membrane material is released in the form of ectosomes, the release of this material in Prcd–/– mice is partial–most of the disc membrane material is properly flattened and incorporated inside the outer segment. This ultimately results in relatively normal looking photoreceptors with ectosomes accumulating near the inner/outer segment juncture and leads to the progressive death of photoreceptor cells (Allon et al., 2019; Spencer et al., 2019a). Decades prior to these studies of the Prcd–/– mouse, Aguirre et al. (1982) made the first ever association of EVs with retinal degeneration while characterizing dogs affected by the disease from which Prcd is named, progressive rod-cone degeneration (Parkes et al., 1982; Aguirre and O’Brien, 1986). Like in the case of Prcd–/– mice, EVs were observed surrounding degenerating outer segments in affected dog retinas. Genetic studies on dogs affected by this disease eventually led the same research group to discover the Prcd gene and determine that its mutation was the cause of retinal disease (Goldstein et al., 2006; Zangerl et al., 2006). PRCD is a 6 kDa, membrane anchored protein that specifically resides on the cytoplasmic surface of disc membranes where it interacts with rhodopsin and may help maintain rhodopsin packing density in discs (Skiba et al., 2013; Spencer et al., 2016; Sechrest et al., 2020). Despite recent progress, the molecular mechanism underlying PRCD’s role in disc formation and in preventing ectosome release remains to be elucidated.

Like Prcd–/– mice, EVs have been observed surrounding newly forming discs in retinas exposed to the inhibitor of N-linked glycosylation, tunicamycin (Figure 2C; Fliesler et al., 1985; Defoe et al., 1986; Ulshafer et al., 1986; Wetzel et al., 1993; Wetzel and Besharse, 1994). This drug is remarkably specific in its toxicity to photoreceptor cells and the only morphological defect in the retina, prior to widespread degeneration, is the appearance of EVs at the base of outer segments (Fliesler et al., 1984; Spencer B. et al., 2020). Qualifying these vesicles as ectosomes, electron microscopy studies suggested that the EVs arose from the blebbing of the most basal, newly forming discs (Fliesler et al., 1985; Defoe et al., 1986; Ulshafer et al., 1986) and, potentially, the apical inner segment plasma membrane (Wetzel et al., 1993). The cause of ectosome formation induced by tunicamycin is unclear, although it may involve rhodopsin which is by far the most abundant glycoprotein in the outer segment and has two sites of N-linked glycosylation at its N-terminus which are completely blocked by tunicamycin without affecting the protein’s expression, folding, or trafficking (Fliesler et al., 1984; Kaushal et al., 1994). One untested hypothesis is that there is a loss in binding between two rhodopsin molecules present on apposing surfaces of newly forming discs, thereby disrupting membrane to membrane adhesion of discs and causing their vesiculation into the extracellular space (Fliesler and Basinger, 1985; Fliesler et al., 1985, 1986; Hubbell et al., 2003; Murray et al., 2009). The presence of swollen disc membranes in transgenic mice expressing mutant, non-glycosylated rhodopsin supports the idea of rhodopsin adhering disc membranes together (Murray et al., 2015). However, the fact that extracellular vesicles were not observed in these mice suggests tunicamycin may induce ectosome release in photoreceptors through a more complex mechanism involving a different glycosylated protein(s) and/or requiring the specific architecture of frog outer segments.



4. Rhodopsin mislocalization leads to massive ectosome release from photoreceptor inner segments

In addition to the outer segment or ciliary membrane, the inner segment plasma membrane is often the site of ectosome release from photoreceptor cells (Figure 1) and a common theme among these cases is the mislocalization of rhodopsin caused by mutations in its C terminus. Rhodopsin’s C terminus harbors its specific ciliary targeting sequence (Deretic et al., 1998) but is dispensable for its function as a photopigment (Weiss et al., 1994). Transgenic mice expressing mutant P347S rhodopsin were found to have a massive accumulation of EVs between photoreceptors, but otherwise, have nearly normal looking retinas (Li et al., 1996). While the bulk of rhodopsin, including the P347S mutant, was found to localize normally to the outer segment, a fraction is misdirected into EVs (Figure 2D). Other rhodopsin mutant animal models with this phenotype include rhodopsin P347L transgenic rabbits (Kondo et al., 2009; Muraoka et al., 2012), Q344ter transgenic mice (Concepcion and Chen, 2010), Ter349Glu knock-in mice (Hollingsworth and Gross, 2013), S334ter transgenic rats (LaVail et al., 2018; Yamauchi et al., 2018), and Q344ter transgenic frogs (Lodowski et al., 2013; Ropelewski and Imanishi, 2020). All these rhodopsin mutations result in a defect in the protein’s post-golgi trafficking to the cilium without affecting its processing in biosynthetic membranes, delivery to the plasma membrane, light absorption or other biochemical properties (Sung et al., 1991; Concepcion et al., 2002; Hollingsworth and Gross, 2013). The mislocalization of rhodopsin causes progressive photoreceptor cell death and, in humans, leads to autosomal dominant retinitis pigmentosa and blindness (Athanasiou et al., 2018). The cause of photoreceptor cell death due to rhodopsin mislocalization is currently unknown, although studies in mice and frogs have shown that degeneration does not rely on rhodopsin activation—it continues in complete darkness, on the background of transducin knockout and with mutant rhodopsin that is unable to bind chromophore (Tam et al., 2006; Concepcion and Chen, 2010). It remains to be determined what role EV accumulation, the unifying morphological defect caused by these mislocalized mutants, plays in the progression of photoreceptor cell death.



5. Defects in ciliary maintenance often lead to ectosome release from photoreceptors

In addition to rhodopsin itself, defects in many other proteins lead to rhodopsin mislocalization and the shedding of ectosomes from the inner segment. The first discovered case was the Purkinje cell degeneration (pcd) mouse which was clearly shown by electron microscopy to shed ectosomes directly from the photoreceptor inner segment plasma membrane (Figure 2E; Blanks et al., 1982), that are enriched with rhodopsin (Blanks and Spee, 1992). The pcd mouse has a mutation in the Agtpbp1 gene which codes for a protein called CCP1 (aka NNA1) (Fernandez-Gonzalez et al., 2002) that is a deglutamylase acting in many types of neurons (Turay et al., 2021), including photoreceptors, where it plays a role in ciliary maintenance by modifying microtubules in the connecting cilium (Bosch Grau et al., 2017; Hotta et al., 2023). Similarly, the mislocalization of rhodopsin and shedding of EVs from photoreceptors has been observed in mouse models having disruption of other proteins crucial for maintenance of the cilia, including IFT88 (Pazour et al., 2002), IFT172 (Gupta et al., 2018), BBS8 (Dilan et al., 2018), ARL13B (Dilan et al., 2019), CEP290 (Potter et al., 2021), TUBBY (Heckenlively et al., 1995), TULP1 (Hagstrom et al., 1999, 2001), and TMEM138 (Guo et al., 2022). It has not clearly been shown in these cases whether the vesicles originate from the ciliary or inner segment plasma membrane, although, in contrast to rds and Prcd–/– mice, the striking accumulation of vesicles between inner segments rather than outer segments in most cases argues that they are primarily released from the inner segment. However, a degree of ciliary ectosome release is possible given that severe defects in ciliary maintenance typically result in widespread mislocalization of ciliary proteins, which may include those known to block ectosome release from the photoreceptor cilium, like peripherin-2 or PRCD. For example, it was recently shown that PRCD is partially mislocalized from the outer segment in Tulp1–/– mice (Remez et al., 2020) which may lead to some level of ectosome release from newly forming disc membranes as observed in Prcd–/– mice (Allon et al., 2019; Spencer et al., 2019a). However, the prominent mislocalization of rhodopsin in Tulp1–/– mice (Hagstrom et al., 2001) is most likely driving the bulk of EV release observed in these mice because rhodopsin mislocalization is sufficient to induce massive ectosome release from the inner segment (Li et al., 1996; Lodowski et al., 2013) and the EVs are most concentrated around inner segments in Tulp1–/– mice (Figure 2F; Hagstrom et al., 1999).



6. Release of extracellular vesicles by wild type photoreceptors

As described above, the massive release of rhodopsin containing ectosomes from the photoreceptor inner segment is a unifying theme among cases of photoreceptor degeneration marked by post-golgi trafficking defects in rhodopsin. Is the release of ectosomes a unique response to this specific pathology or is it a process happening normally in wild type photoreceptors that gets amplified during disease? Recently, Lewis et al. (2022) addressed this question by carefully looking at the inner segment plasma membrane of wild type photoreceptors by electron microscopy. They observed a small number of ectosomes adjacent to, and budding from, inner segments of wild type photoreceptor cells and showed that some of them contained rhodopsin. Further, they observed a few that appear to originate from mitochondria within the inner segment of wild type photoreceptors (Figure 1). A similar extrusion of mitochondrial material was recently shown in cones at night (Giarmarco et al., 2020) and in cones under stress (Hayes et al., 2021). The extracellular extrusion of mitochondrial material may function to remove damaged mitochondria or play a role in cell to cell signaling (Lyamzaev et al., 2022). The fact that ectosomes are released from the inner segment, with or without rhodopsin, in wild type photoreceptors is consistent with ectosome release being a ubiquitous, conserved cellular process that is amplified by mistargeted rhodopsin accumulating in the plasma membrane.

Another example of EV release from wild type photoreceptors was recently observed in primary cultures of photoreceptor cells purified from disassociated wild type mouse retinas (Kalargyrou et al., 2021). In these cultured cells, the presence of EVs adjacent to distinct plasma membrane protrusions is consistent with the vesicles being ectosomes, although when they were purified from the media, they were found to be enriched with LAMP1 (Kalargyrou et al., 2021), an exosome specific protein (Mathieu et al., 2021). The possibility of exosome release by photoreceptors is supported by the observation of multivesicular bodies in the inner segments of wild type photoreceptors (Figure 1; Hollyfield et al., 1985; Hollyfield and Rayborn, 1987; Kalargyrou et al., 2021). A challenge of future studies is to determine if photoreceptors release exosomes in vivo.



7. Clearance of photoreceptor-derived extracellular vesicles

Although relatively little is known, recent studies have investigated the fate of photoreceptor derived EVs in the retina. Lodowski et al. (2013) used a fluorescent protein photoconversion approach to approximate the turnover of inner segment derived ectosomes in frog photoreceptors expressing mutant rhodopsin. In this model, they found that most ectosomes are degraded within 6 days, and in a subsequent study, determined that they are phagocytized by the retinal pigment epithelium (RPE) (Ropelewski and Imanishi, 2020). The RPE was also shown to phagocytize ectosomes derived from outer segments in Prcd–/– mice, although microglia, which migrate right to the site of vesicle release in this model, were observed having engulfed even more ectosomes than the RPE (Spencer et al., 2019a). Leveraging a Cre-loxP reporter system, Kalargyrou et al. (2021) showed that EVs purified from the media of photoreceptors in culture were specifically taken up by Müller glia cells when injected into the mouse retina. Most recently, wild type photoreceptor cells have been observed engulfing EVs (Lewis et al., 2022).



8. Conclusion

The release of EVs from photoreceptor cells is a widely observed phenomenon associated with numerous instances of photoreceptor degeneration. In nearly all cases, it is clear that the vesicles are ectosomes which formed by budding directly from the photoreceptor’s inner segment or ciliary plasma membrane. The molecular mechanism driving ectosome release in photoreceptors is unknown, although, as observed in other cases of ectosome release, it may involve the action of the ESCRT complex or the actin cytoskeleton. The latter is somewhat more intriguing because ectosomes released from photoreceptors have been found to be enriched with actin but lack ESCRT related proteins (Chaitin et al., 1988; Chaitin, 1991; Spencer et al., 2019b).

Although photoreceptor derived EV release occurs normally to some extent in healthy photoreceptor cells, it is massively amplified when photoreceptors are burdened with mistrafficked outer segment material or lack the ability to properly build their outer segments. While under this type of stress, the release of EVs from photoreceptors likely serves to discard unwanted protein material rather than functioning as a specific means of intercellular communication. In many cases, the abnormal accumulation of vesicles between photoreceptor cells is the only morphological defect observed prior to widespread retinal degeneration, suggesting that the EVs may contribute to retinal disease. EVs are often known to be toxic—they have been shown to promote a wide range of diseases, including fatty liver (Ipsen and Tveden-Nyborg, 2021), Alzheimer’s (Ruan et al., 2021), Parkinson’s (Emmanouilidou et al., 2010), and autoimmunity (Buzas et al., 2014). On the other hand, and demonstrating that EVs can be protective toward photoreceptor cells, exosomes released by the RPE or microglia have recently been shown to slow photoreceptor degeneration (Xu et al., 2019; Wang et al., 2021). Could photoreceptor derived EV release be protective? It is plausible that photoreceptors releasing unwanted protein via EVs could reduce proteotoxic stress, which is known to underlie many types of photoreceptor degeneration, including those with ectosome release (Lobanova et al., 2013). Given that photoreceptor derived EVs underlie numerous cases of retinal degeneration, future studies are needed to determine their pathobiological significance and the precise molecular mechanisms responsible for their formation and clearance–first steps toward developing novel therapies for these retinal diseases.
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