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Abstract

Retinal injuries and diseases are major causes of human disability involving vision impairment by 

the progressive and permanent loss of retinal neurons. During development, assembly of this tissue 

entails a successive and overlapping, signal-regulated engagement of complex events that include 

proliferation of progenitors, neurogenesis, cell death, neurochemical differentiation and 

synaptogenesis. During retinal damage, several of these events are re-activated with both 

protective and detrimental consequences. Purines and pyrimidines, along with their metabolites are 

emerging as important molecules regulating both retinal development and the tissue’s responses to 

damage. The present review provides an overview of the purinergic signaling in the developing 

and injured retina. Recent findings on the presence of vesicular and channel-mediated ATP release 

by retinal and retinal pigment epithelial cells, adenosine synthesis and release, expression of 

receptors and intracellular signaling pathways activated by purinergic signaling in retinal cells are 

reported. The pathways by which purinergic receptors modulate retinal cell proliferation, 

migration and death of retinal cells during development and injury are summarized. The 

contribution of nucleotides to the self-repair of the injured zebrafish retina is also discussed.
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1. Introduction

Neurodegeneration after retinal injury or diseases like retinitis pigmentosa, age-related 

macular degeneration (AMD), glaucoma and diabetic retinopathy is a major cause of human 

disability involving vision impairment by the progressive and irreversible loss of retinal 

neurons. Drug-based therapies, using agonists and antagonists of signaling molecules and 

enzyme inhibitors are promising strategies for the prevention of damage and/or minimization 

of disease progression. For these strategies, identification of molecules and their receptors 

that are activated by tissue damage, as well as the mechanisms of synthesis and release of 

these substances are of great value. Unfortunately, when neuronal loss is complete, drug-

based strategies per se are ineffective in fully restoring visual function.

New strategies for cell-based therapies to replace lost neurons are currently being developed. 

In the retina, a particular interesting strategy is the induction of endogenous stem-like cells 

to replace lost neurons. After the seminal work of Fischer and Reh (2001) showing that 

Müller cells are capable of re-entering cell cycle in response to damage, countless attempts 

to obtain retinal neurons derived from retinal glia cells were performed. However, although 

retinal cell generation and differentiation during development is highly conserved across 

species, the regenerative capacity for an efficient repair of the adult retina is very limited in 

mammals.

A growing and exciting strategy for retinal repair is coming from the observation that 

endogenous glia can be reprogrammed to produce neurons. However, many issues need to be 

addressed for this strategy to be successful. Studies on retinal development will help answer 

key questions such as which particular environmental conditions and signaling molecules 

lead to growth of neurons or generation of glia-derived neurons that can assume an 

appropriate functional connectivity in the mature tissue.

During development, the formation of the retina involves a successive and overlapping 

engagement of complex events that includes proliferation of progenitors, neurogenesis, cell 

death, neurochemical differentiation and synaptogenesis. Migration to the correct layer at 

the right time during the conversion of the developing retinal neuroepithelium into the 

mature retina is also a critical event for the successful establishment of synaptic connections 

by the retinal cells. These events are controlled by signaling molecules and ATP and its 

metabolites, along with pyrimidine analogs, are emerging as important molecules regulating 

retinal development. They are also involved in the regenerative response of glial cells during 

retinal injury in non-mammalian vertebrates, notably in zebrafish (Battista et al., 2009), 

where endogenous glial cells exit their quiescent state to undergo proliferation and neuronal 

differentiation. Like heparin-binding EGF-like growth factor (HB-EGF), nucleotides and 

their metabolites can induce the expression of pluripotency and proneural transcription 

factors such as lin-28, achaete-scute homolog 1a (ascl1a) and sex determining region Y-box 

2 (Sox2) in the injured retina (Wan et al., 2012; Todd et al., 2015; Medrano et al., 2017) or 

cultured spinal cord astrocytes (Xia and Zhu, 2015). In the present review, we report 

evidence showing that nucleotides are released and metabolized in the retina, that all retinal 

cells express one or more nucleotide P2Y and P2X receptor, as well as adenosine P1 

receptor subtypes, and that purines are implicated in the mechanisms that regulate the 
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proliferation, survival, death, migration and differentiation of developing retinal cells. 

Evidences showing the involvement of purinergic signaling in retinal responses to damage 

and disease are equally reported.

2. Purines in the retina

2.1. ATP release in the retina

The release of ATP determines the overall input and impact of purinergic signaling in the 

retina. The spatial aspects of signaling are coordinated by the activation of release from sites 

on particular cell types and from the distribution of these sites along the membrane in each 

cell. The temporal aspects of retinal ATP release are influenced by the triggers leading to 

this release as well as the release mechanisms, in conjunction with the availability of 

ectoATPases to dephosphorylate the ATP to ADP, AMP and adenosine. The ability to 

stimulate specific purinergic receptors is determined by their proximity to ATP release sites 

and the release mechanism, as this mechanism will influence the amount of ATP released 

and thus the concentration of ATP reaching the receptor to control the probability of 

activation. As such, the pattern of ATP release from retinal cells has a considerable impact 

on the functional consequences of purinergic signaling in the tissue (Sanderson et al., 2014).

While nearly all cells in the body show some form of physiologically- regulated ATP 

release, the use of distinct release mechanisms enables a refined control and reflects the 

widespread presence of purinergic signaling. In addition to the release that accompanies cell 

lysis, ATP can be released from cells via both vesicular and channel-associated mechanisms 

(Praetorius and Leipziger, 2009; Corriden and Insel, 2010). ATP release has been associated 

with a range of ion channels and pores including connexin hemichannels, pannexin 

hemichannels, calcium homeostasis modulator (CALHM), cystic fibrosis transmembrane 

conductance regulator (CFTR), P2X7 receptor volume- anion and other channels (Cisneros-

Mejorado et al, 2015; Dahl, 2015; Ma et al., 2018). The presence of vesicular ATP release 

has been aided by the discovery of the vesicular nucleoside uptake transporter (VNUT); the 

presence of VNUT can identify releasable stores of ATP (Oya et al., 2013). Of relevance to 

the retina is identification of VNUT on lysosomes and other vesicles in addition to 

identifying ATP stores in traditional synaptic vesicles (Moriyama et al., 2017; Beckel et al., 

2018). While channel-mediated and vesicular-mediated ATP represent distinct mechanisms, 

markers for both types of release may also reflect a vesicular insertion of ATP-release 

channels into the membrane, masking as a hybrid method (Reigada and Mitchell, 2005).

2.1.1. ATP release from retinal cells—ATP release has been reported from all main 

types of retinal neuron including photoreceptors, bipolar, horizontal, amacrine and retinal 

ganglion cells. One of the earliest reports of vesicular ATP release by retinal neurons came 

from cultures enriched in amacrine-like neurons (Santos et al., 1999). This ATP release was 

stimulated by depolarization or AMPA-receptor stimulation and inhibited by adenosine 

acting at A1ARs (A1 adenosine receptors). The expression of VNUT in retinal neurons 

supports the presence of vesicular ATP release. For example, VNUT colocalizes with 

vesicular y- aminobutyric acid (GABA) transporter in bipolar and amacrine cells, while in 

photoreceptors VNUT is associated with synaptophysin and vesicular glutamate transporters 
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(Moriyama and Hiasa, 2016). The presence of VNUT on dopamine-positive inner plexiform 

cell processes is consistent with a co-release of ATP through Ca2+-dependent vesicular 

exocytosis that was implicated in modulating the visual response (Ho et al., 2015).

While neurons are traditionally associated with vesicular neurotransmitter release, several 

reports demonstrate retinal neurons are also capable of channel-mediated ATP release. For 

example, retinal ganglion cells demonstrated a mechanosensitive ATP release through 

pannexin hemichannels (Xia et al., 2012); staining identified pannexin channels on both the 

soma and neurites of the ganglion cells (Dvoriantchikova et al., 2006). ATP release through 

pannexin channels autostimulated P2X7 receptors for ATP on the retinal ganglion cells to 

trigger release of IL-3, IL-6 and other cytokines (Lim et al., 2016; Lu et al., 2017). In 

horizontal cells, ATP release through pannexin hemichannels was recently implicated in 

synaptic modulation due to the liberation of phosphate groups and protons following the 

extracellular dephosphorylation of ATP; this acidifies the synaptic cleft which in turn 

increases glutamate release from cones (Vroman et al., 2014). Interestingly, synaptic 

signaling was modified by the byproducts of ATP dephosphorylation and not the purines 

themselves.

2.1.2. ATP release from retinal pigment epithelium (RPE) cells—RPE cells lie 

between the photoreceptors and the choroid rich in blood vessels and they support the retina 

in multiple ways. Purinergic signaling contributes to several of these supporting functions, 

with ATP release from the RPE providing an initiating step in the signaling response. This 

contribution starts during retinal development, as the release of ATP through hemichannels 

on RPE cells was associated with the proliferation of retinal progenitor cells (Pearson et al., 

2005); the generation of Ca2+ waves across the RPE was implicated in the process (Dale, 

2008). Glutamate acting at NMDA receptors leads to channel-mediated ATP release from 

RPE cells (Reigada et al., 2006). Glutamate is released from RPE cells (McGahan, at al., 

2005), suggesting the involvement of an autocrine signaling system. As glutamate is the 

primary transmitter released from photoreceptors in response to changing light levels, 

glutamate-dependent ATP release may contribute to the light dependent responses of RPE 

cells, consistent with the suggestion that ATP is itself the “light peak substance” (Peterson et 

al., 1997), although it is unclear whether glutamate could diffuse from the photoreceptor 

synapse to the apical membrane of RPE cells in sufficient concentrations to activate the 

receptor. ATP release from RPE cells is also triggered by changes in tonicity, ischemia, 

growth factors and purines themselves (Mitchell, 2001). The ability of UTP and ATP to 

trigger release suggests an autocrine activation to amplify the impact of ATP release. RPE 

cells displayed a polarized ATP release across the apical membrane in response to ischemia 

and glutamate (Mitchell et al., 2008), although detection of ATP release across the 

basolateral membrane may be thwarted in experiments using permeable supports. Systemic 

delivery of the P2Y12 receptor antagonist ticagrelor lowers lysosomal pH and lipofuscin 

levels in RPE cells from the ABCA4−/− mouse model of recessive Stargardt’s disease, 

suggesting baseline levels of ATP release, and subsequent conversion to endogenous agonist 

ADP, normally activate the receptor (Lu et al., 2018).

ATP release contributes to inflammatory signaling by RPE cells; as the inflammatory 

responses of RPE cells contribute to diseases such as age-related macular degeneration, ATP 

Ventura et al. Page 4

Brain Res Bull. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



release from RPE cells may play a key role in the pathogenesis. ATP release accompanied 

the formation of the membrane attack complex and Ca2+ rise in RPE cells, connecting ATP 

release with complement- mediated cell death (Yang et al., 2014). Increased levels of sodium 

chloride led to pannexin-mediated ATP release from RPE cells that was implicated in 

priming the NLRP3 inflammasome (Prager et al., 2016). Vesicular release of ATP from RPE 

cells was recently described, with exocytosis of lysosomal ATP activated following 

stimulation of the Toll-Like Receptor 3 by poly(I:C) (Beckel et al., 2018). Of interest, and 

perhaps concern, was the ability of scrambled “non-targeting” siRNA to trigger vesicular 

ATP release from RPE cells via this pathway.

2.1.3. ATP release from retinal glia—ATP released from retinal glial cells participates 

in a complex series of responses implicated in both homeostatic mechanisms and 

pathophysiology. ATP release from Müller cells has been most thoroughly documented; 

these glial cells extend from inner to outer limiting retinal membranes and this transretinal 

span positions them to integrate multiple retinal functions (Reichenback and Bringmann, 

2016). ATP release from Müller cells is stimulated by both osmotic/mechanical and 

neurochemical triggers and the effects are coordinated. Glutamate triggers ATP release from 

Müller cells following stimulation of either NMDA or AMPA/kainite receptors (Loiola and 

Ventura, 2011) or group II mGluRs (Uckermann et al., 2006). . At least some of this ATP 

release is channel mediated, as glia-specific knockout of soluble N- ethylmaleimide-

sensitive factor attachment protein receptor (SNARE)- dependent exocytosis displayed no 

change in ATP release from Müller cells (Wagner et al., 2017). The release of ATP from 

Müller cells following osmotic membrane stretching is central to maintaining water 

dynamics in the retina; blocking this release leads to swelling and retinal edema 

(Reichenbach and Bringmann, 2016). Osmotic release of ATP is decreased by ischemia-

hypoxia or inflammation, leading to Muller cells swelling, although the glutamate- 

dependent release of purines can provide a secondary backup and prevent osmotic swelling 

under pathological conditions (Wurm et al., 2011). In contrast, stimulation of metabotropic 

glutamate receptors on Müller cells led to ATP release and conditioned medium from these 

cells killed retinal ganglion cells (RGCs) via the P2X7 receptor, suggesting reactive Müller 

cells could kill RGCs by releasing ATP (Xue et al., 2016a). The balance between beneficial 

and detrimental actions of ATP released from Müller cells to the retina may depend on the 

duration, magnitude and location of release, as found elsewhere in the eye (Sanderson et al., 

2014).

Paracrine interactions between Müller cells and other retinal cells are well documented. For 

example, ATP from Müller cells acts on A1 receptors after conversion to adenosine and 

hyperpolarizes RGCs (Newman, 2003; 2004). The corollary, whereby ATP release from 

inner retinal neurons acts upon purinergic receptor on Müller cells, was also demonstrated 

(Newman, 2005). Retinal glial cells were suggested as the source of tonic ATP release that 

lead to the vasoconstriction of retinal vessels, suggesting the vascular tone in retinal 

arterioles is controlled by released ATP (Kur and Newman, 2014; Newman, 2015).

In addition to the neuromodulatory effects of ATP released from Müller cells, autocrine 

actions on Müller cells themselves are plentiful, including the induction of Ca2+ waves, 

gliosis and degeneration (Reichenbach and Bringmann, 2016). Multiple reports implicate 
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ATP release in the Ca2+ waves radiating across Müller cells. Spontaneous calcium waves 

were eliminated by the soluble ectoATPase apyrase, implicating a baseline release of ATP is 

necessary for the waves (Kurth-Nelson et al., 2009). Interestingly, the development of these 

spontaneous waves was associated with a larger ATP release in adult rats than 20 day old 

rats. Müller cells also release ATP in response to mechanical stimulation; this release 

initiates both an immediate rise and a second rise in waves and may transmit gliosis signals 

throughout the retina (Agte et al., 2017).

ATP release has also been documented from astrocytes; the optic nerve head is a focus of the 

mechanical strains induced by elevation of intraocular pressure (IOP) in glaucoma, and optic 

nerve head astrocytes display mechanosensitive release of ATP, suggesting this release may 

provide a response to elevated IOP (Beckel et al., 2014). The release was associated with 

pannexin hemichannels, although the mechanosensor may be upstream and linked to the 

pannexin channels through a Rho-kinase-sensitive pathway as found in retinal cells (Krizaj 

et al., 2014). This mechanosensitive ATP release from optic nerve head astrocytes through 

pannexin hemichannels led to autostimulation of the P2X7 receptor and priming of 

inflammatory signals through the NFkB pathway, suggesting ATP release from these 

astrocytes linked mechanical strain to neuroinflammation (Albalawi et al., 2017). Optic 

nerve head astrocytes were recently shown to store ATP inside the lumen of lysosomes, and 

release this ATP in response to stimulation of the TLR3 receptor and lysosomal 

alkalinization (Beckel et al., 2018). VNUT colocalized with secretory lysosome marker 

lysosome-associated membrane glycoprotein 3 (CD63), and released lysosomal ATP was 

sufficient to raise cellular Ca2+ in the astrocytes, suggesting lysosomal ATP release can 

connect autophagy and the innate immune system.

2.1.4. ATP release in retinal diseases—ATP release is implicated as in numerous 

retinal diseases, with both protective and detrimental roles attributed to the release. For 

example, ATP release from retina cells and subsequent stimulation of P2X7 receptors was 

implicated in photoreceptor death in subretinal hemorrhages found in wet AMD, with 

elevated levels of extracellular ATP in the vitreous of hemorrhaging AMD patients (Notomi 

et al., 2013). An increase in ATP release from retinal cells that accompanied nutrient 

starvation also led to a P2X7 receptor-mediated photoreceptor loss (Notomi et al, 2011). 

Mixed retinal cells cultured in high glucose showed greater exocytotic release of ATP upon 

depolarization stimulation than those in mannitol (Costa et al., 2009), implying a possible 

role for release in diabetes. Osmotic-sensitive ATP release was reduced in in PKD2 1/703 

rats, while glutamate-mediated ATP release was found to be unaffected, suggesting a role for 

the osmotic ATP release in the photoreceptor degeneration found with cilium polycystin-2 

defects (Vogler et al, 2016). Retinal detachment triggers a release of ATP that is linked to the 

cell proliferation and tissue remodeling phases of the recovery (Garweg et al., 2013). 

Increased ocular ATP release is associated with elevated IOP in humans with glaucoma (Li 

et al., 2011; Zhang et al., 2007). Levels of ATP and expression of VNUT were increased 

with age in the DBA/2J mouse model of glaucoma along with a rise in vitreal ATP (Perez de 

Lara et al., 2015). In as much as VNUT is a marker for vesicular ATP release, changes in 

VNUT expression in association with disease may reflect defective vesicular ATP release. In 

mouse, primate and rat models of chronic ocular hypertension levels of ATP were elevated 
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in the vitreous humor, while expression of ectonucleoside triphosphate diphosphohydrolase 

1 (NTPDase 1) was increased in the retina; as NTPDase1 expression closely parallels the 

extracellular levels of ATP bathing astrocytes and RPE cells (Lu et al, 2007; 2015), these 

observations are consistent with IOP-associated ATP release (Lu et al., 2015). Pannexin 

hemichannels were also implicated in the release of ATP from the bovine retina in response 

to mechanical strain (Mitchell et al., 2008; Reigada et al., 2008). Together, these reports 

implicate altered ATP release in numerous retinal diseases, although the balance between 

beneficial and detrimental roles remains to be clarified given the potentially differential 

actions of ATP and adenosine on retinal health (Zhang et al., 2006b).

2.2. Adenosine synthesis and release in the retina

Adenosine is referred as a neuromodulator and not as a classical neurotransmitter. This 

classification is due to a large amount of evidence indicating that adenosine is not stored or 

released by synaptic vesicles from presynaptic terminals. However, it is important to note 

that some reports suggest that adenosine can be released by mechanisms similar to the 

release of neurotransmitters (Wall and Dale, 2007; Klyuch et al., 2011).

Intracellular levels of adenosine are regulated by its uptake through transporters or by the 

synthesis of this purine from AMP, which is catalyzed by the enzyme 5’-nucleotidase. The 

extracellular concentration of adenosine is directly correlated to the activity of its 

transporters and to the degradation of released adenine nucleotides mediated by ecto-

nucleotidases that converts released ATP to adenosine in the synaptic cleft (Dunwiddie et al., 

1997). The main enzymes responsible for the metabolism of adenosine are adenosine kinase, 

which generates AMP, and adenosine deaminase, which metabolizes adenosine into inosine 

(Latini and Pedata, 2001).

Nucleoside transporters are divided into equilibrative and concentrative transporters. These 

membrane proteins are responsible for the transport of adenosine, nucleosides, nucleobases, 

and nucleoside analogues (Kong et al., 2004).

Equilibrative Nucleoside Transporters (ENTs) perform their functions according to the 

levels of nucleosides in the intra and extracellular media. In contrast, concentrative 

transporters promote the influx of nucleosides against their concentration gradient with the 

help of the sodium gradient across cell membranes (Podgorska et al., 2005). ENTs are 

divided further into transporters that are sensitive or insensitive to the inhibitor 

nitrobenzylthioinosine (NBTI). The sensitive ones are inhibited at nM concentrations of this 

drug, while the insensitive ones are not affected at concentrations up to 1μM (Podgorska et 

al., 2005). Currently, there are 4 subtypes of transporters named ENT1, ENT2, ENT3 and 

ENT4, and only ENT1 and ENT2 are sensitive to NBTI, the latter being much less 

susceptible to inhibition (Podgorska et al., 2005). These proteins that have 11 

transmembrane domains can be found in a glycosylated form and their N-terminal tail faces 

the cytoplasm, whereas their C-terminal tail faces the extracellular space. They have a large 

extracellular loop between the transmembrane domains 1 and 2 and a large intracellular loop 

interconnecting transmembrane domains 6 and 7 (Sundaram et al., 1998; for review, see 

Baldwin et al., 2004).
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The ENT1 is the adenosine carrier widely expressed in most cells and considered as the 

main regulator of adenosine levels in tissues (Bone et al., 2007). ENT1 from several species 

were cloned so far, including the rat, mouse, dog and human protein (Hammond et al., 

2004). Previous data showed that inhibition of ENT1 may potentiate the neuroprotective and 

cardioprotective effects induced by adenosine in situations of injury (Bone and Hammond, 

2007).

Concentrative transporters are divided into 3 subtypes (CNT1, CNT2 and CNT3). They have 

13 transmembrane domains with a cytoplasmic N-terminal tail and the C-terminal tail with 

glycosylation sites located iat the extracellular side of the membrane (Kong et al., 2004).

The presence of adenosine, its receptors and transporters was reported in retinas of different 

species (Schaeffer and Anderson, 1981; Braas et al., 1987; Blazynski, 1991). The presence 

of an adenosine uptake system in goldfish (Studholme and Yazulla, 1997), rabbit (Perez et 

al., 1986), rat (Schaeffer & Anderson, 1981) and chicken retinas (Perez and Bruun, 1987; 

Paes de Carvalho et al., 1990), among others, has been already demonstrated.

In the developing chick retina, binding assays with [3H]-NBTI, a high affinity ligand for 

ENT1, demonstrated the presence of these transporters in tissues obtained from 8-day-old 

embryos to post-hatching animals (Paes de Carvalho et al., 1992). In the later stages of 

development, these transporters were located mainly at the plexiform layers where A1 

adenosine receptors are also detected (Paes de Carvalho, 1990). This colocalization was also 

demonstrated in other structures of the CNS (Jennings et al., 2001).

Perez and colleagues (1986) showed that most of the [3H]-adenosine taken up by rabbit 

retinal cells is converted into adenine nucleotides and depolarizing stimuli are able to 

increase the release of radioactivity, most of it found as hypoxanthine, xanthine and inosine. 

This release is inhibited by dipyridamole, an inhibitor of equilibrative nucleosides 

transporters, indicating that, at least in part, this release occurs in the form of nucleosides.

In purified cultures of neurons and photoreceptors from the chick retina, a specific high 

affinity uptake system for [3H]-adenosine was demonstrated and under a depolarizing 

stimulus, an increase in purines release with most of the extracellular radioactivity as inosine 

was obtained (Paes de Carvalho et al., 1990). Incubation of these cultures with the ENT1 

inhibitor NBTI (10 nM), prevented the uptake of adenosine by more than 80%, indicating 

that ENT1 is the major transporter of adenosine expressed by these cells. In these cultures, 

adenosine uptake was independent of sodium ions and blocked by a previous incubation 

with adenosine deaminase, an enzyme that converts adenosine to inosine, indicating that this 

transporter does not carry inosine into retinal neurons in culture. Similarly, in mixed cultures 

of chick retina, containing both neurons and glia cells, more than 90% of [3H]-adenosine 

taken up by the cells was converted to adenine nucleotides and after activation of ionotropic 

glutamate receptors, around 80% of extracellular radioactivity was found as inosine and 

hypoxanthine. This purine release stimulated by glutamate was also blocked by NBTI (Paes 

de Carvalho et al., 2005).

The presence of the ENT1 transporter through binding assays using [3H]- NBTI was also 

demonstrated in the mixed cultures of chick retina (Paes de Carvalho, 2002). Their long-
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term incubation with EHNA, an inhibitor of adenosine deaminase, caused a significant 

reduction in ENT1 levels, suggesting that activation of adenosine receptors may modulate 

the expression of this transporter (Paes de Carvalho, 2002),

Adenosine release in the retina is also controlled by a circadian clock. Under the light, rabbit 

retina releases adenosine, but in the darkness and in the nighttime, there is an increase of 

extracellular adenosine levels, which comes mainly from the degradation of extracellular 

ATP to adenosine through ectonucleotidases (Ribelayga & Mangel, 2005).

3. Expression of purinergic receptors in the retina

3.1. P1 Receptors

Adenosine exerts its effects through G protein-coupled receptors named P1 receptors. There 

are four subtypes described and named A1, A2a, A2b and A3 adenosine receptors (Schulte 

and Fredholm, 2003; Fredholm et al., 2005). In brief, these receptors are able to modulate 

adenylate cyclase activity. A1 and A3 receptors decrease cAMP levels via inhibition of this 

enzyme, while A2a and A2b receptors enhance cAMP levels via an increase in adenylate 

cyclase activity. However, we should point out that there are other possible kinds of coupling 

of adenosine receptors with different G proteins (Cunha et al. 1999; Casadó et al. 2010).

Several reports showed the presence of A1 receptors in retinas from different species (Fig. 

-1). A seminal study, using binding assays with specific agonists, described the expression of 

A1 receptors in the rat, guinea pig, monkey, and human retina (Braas et al., 1987). During 

development, the presence of A1 receptors was mainly described in the chick embryo retina 

(Paes de Carvalho, 1990; Paes de Carvalho et al., 1992; Brito et al., 2012). During 

development, staining for A1 receptors begins to be observed in retinas from 10- day-old 

embryos (E10), remaining in this tissue until the post-hatching period (Paes de Carvalho, 

1990). Paes de Carvalho and colleagues also showed the expression of these receptors in the 

intact retina through autoradiography assays. Expression of A1 receptors increases along 

chick retina development, and at all ages, staining is mainly concentrated at the inner and 

outer plexiform layers (Paes-de-Carvalho et al., 1992). As plexiform layers are rich in 

synapses of retinal neurons, this pattern of expression indicates that these receptors might be 

important modulators of neuronal activity in the retina. Other studies also showed that the 

expression of A1 receptors in the developing chick retina could be modulated by its long-

term treatment of with A1 or A2a receptor agonists and antagonists (Brito et al., 2012; Brito 

et al., 2016), an effect that could also be observed in retinal cultures (Pereira et al., 2010). 

Moreover, in good agreement with the well established evidence of regulation of 

neurotransmitters release by adenosine in the central nervous system (Cunha, 2008), during 

the development of chick retina, blockade of A1 receptors with caffeine induces an increase 

in the GABA release induced by D-aspartate (Ferreira et al., 2014), an effect that reinforces 

the role of these receptors as modulators of synaptic transmission.

The expression of A2a adenosine receptors in the retina was described in a wide range of 

species, such as dog, salamander, mouse, rat and others (for review, see dos Santos-

Rodrigues et al., 2015). In rat retina, expression of mRNA of this receptor was mainly 

observed in the inner nuclear layer and ganglion cell layer (Kvanta et al., 1997). An 

Ventura et al. Page 9

Brain Res Bull. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immunohistochemistry approach showed that the expression of these receptors is higher in 

the inner plexiform and ganglion cell layers of the postnatal (P2) rat retina (Huang et al., 

2014). The presence of mRNA for these receptors was also detected in rat retinal microglia 

cultures (Liou et al., 2008). In the developing (P9) ferret retina, a similar pattern of 

immunostaining was observed (Stellwagen et al., 1999). Expression of A2a receptors was 

also detected in the retina of guinea pigs (Cui et al., 2010). In the chick retina, the first direct 

evidence for the expression of A2a receptors was obtained in mixed retinal cultures (Pereira 

et al., 2010) that express these receptors in glial cells and neurons. The presence of A2a 

receptors in the retina of 16-day-old chick embryos was also observed in the inner plexiform 

and ganglion cell layers (Brito et al., 2012; 2016).

Few data report the expression of A2b receptors in the retina. An early report describes the 

presence of mRNA for these receptors in the ciliary processes of rat eye, but not in the retina 

itself (Kvanta et al., 1997). However, recently, immunoreactivity against these receptors was 

observed in the inner portion of the rat retina, especially in the retinal ganglion cell layer 

(Nakashima et al., 2018). The presence of A2b receptors in the retina of guinea pig (Cui et 

al., 2010) and ferret retina was also reported (Stellwagen et al., 1999).

The first clear evidence for the presence of A3 receptors in the rat retina came out in 2006, 

where mRNA for this receptor was observed in ganglion cells. These receptors turned out to 

be functional, since their activation was able to decrease the calcium increase induced by 

stimulation of P2X7 receptors (Zhang et al., 2006a). Moreover, the increase of calcium 

levels triggered by activation of NMDA receptors in cultures of rat retinal ganglion cells was 

also prevented by stimulation of the A3 adenosine receptors (Zhang et al., 2010). Other 

studies from the same group also demonstrated that A3 receptors agonists block the death of 

rat retinal ganglion cells triggered by the activation of P2X7 receptors both in vitro (Zhang 

et al., 2006b) and in vivo (Hu et al., 2010). A similar study also showed that adenosine A3 

receptor activation is neuroprotective against retinal neurodegeneration (Galvao et al., 2015). 

Besides preventing cell death, activation of A3 receptors induces neurite outgrowth and axon 

regeneration of rat retinal ganglion cells (Nakashima et al., 2018) and may also regulate rat 

electroretinogram (Jonsson and Eysteinsson, 2017). Collectively, thes evidences strongly 

indicate the expression of this P1 receptor subtype in the retina.

3.2. P2Y receptors

Expression of several P2 receptors that are G protein-coupled receptors (P2Y) or ligand 

gated ion channels (P2X) was detected in the retina (Fig. -1). So far, the P2Y1 is the main 

P2Y receptor characterized in this tissue. In the rodent retina, immunoreactivity against this 

receptor was detected over ganglion, cholinergic amacrine cells, Müller glia and cells of the 

pigment epithelium (Fries et al., 2004; 2005; Ward and Fletcher, 2009; Wurm et al., 2009; 

Dilip et al., 2013). During development, labeling for the P2Y1 receptor was clearly observed 

over glial cell bodies and processes as well as in cholinergic amacrine cells in the rodent 

retina (Wurm et al., 2009; Dilip et al., 2013). Moreover, indirect evidence using specific 

antagonists suggest the expression of this receptor in retinal progenitors in the chick embryo 

and rat postnatal retina (Jacques et al., 2017; Almeida-Pereira et al., 2017) and in light-

damaged retinas, increased expression of P2Y1 receptor subtype was detected in nestin-
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positive glial cells (Ward and Fletcher, 2009). In experimentally detached rabbit retinas, 

upregulation of ADP-dependent calcium responses was also observed in reactive retinal glial 

cells, but the ADP-sensitive receptor subtype was not determined (Uckermann et al., 2003). 

In chemically injured zebrafish retina, P2Y1 activation increases glia cell proliferation 

(Battista et al., 2009; Medrano et al., 2017).

High immunoreactivity against the P2Y2 receptor subtype was observed only over ganglion 

cells bodies in the rat retina (Fries et al., 2004; Wurm et al.,2009), but relevant expression of 

this receptor was detected in human retinal glial cells (Fries et al., 2005) and in other ocular 

tissues as, for example, the pigment epithelium (Sullivan et al., 1997), where the specific 

agonist INS37207 induces calcium responses (Maminishkis et al., 2002) and corneal 

epithelial cells, where P2Y2 activity is involved in corneal wound healing (Boucher et al.,

2010). Recent reviews on the involvement of this receptor subtype in the pathophysiology of 

ocular tissues are available (Sanderson et al., 2014; Guzman-Aranguez and Pintor, 2012). In 

the developing retina, expression of P2Y2 receptors was detected in extracts from purified 

retinal glial cultures and calcium responses in glial cells induced by a specific P2Y2 agonist 

were observed in scratched retinal cell cultures (Martins-Silva et al., 2015).

Labeling for P2Y4 receptor was noticed over dendrites and axon terminals of bipolar cells in 

the rat retina (Ward et al., 2008) and in Müller cell endfeet (Wurm et al., 2009). 

Immunolabeling and mRNA transcripts for P2X4 receptors were also detected in Müller 

cells of the human retina (Fries et al., 2005). In the developing rat retina, immunoreactivity 

for P2Y4 receptor in glial cells is clearly observed after the third postnatal week (Wurm et 

al., 2009). While UTP-induced proliferation of neuronal progenitors was characterized in the 

chick developing retina (Pearson et al., 2005), the involved receptor subtype remained to be 

defined.

Expression of P2Y6 receptor subtype was also characterized by immunohistochemistry in 

the rat retina, over photoreceptor terminals, horizontal cells, several types of amacrine and 

ganglion cells, but not over glia or horizontal cells (Zhang et al., 2012). However, 

immunolabeling and mRNA transcripts were observed in glial Müller cells of the human 

retina (Fries et al.,2005). Evidence for the expression of this receptor in the developing 

retina is generally missing, but in purified cultures of postnatal rat ganglion cells, UDP- 

mediated activation of P2Y6 receptors promotes neurite outgrowth and in an in vitro model 

of glaucoma, these cells express decreased levels of P2Y6 receptors (Taguchi et al., 2016).

Direct evidence for the expression of P2Y11, P2Y12 and P2Y13 receptors in the mammalian 

adult retina was not obtained so far. However, while mRNA expression for P2Y12 receptors 

was observed in the neonatal rat retina (Almeida-Pereira et al., 2018), treatment of chick 

embryo retinal cell cultures with a P2Y13 antagonist prevents the proliferation of glial 

progenitors (Jacques et al., 2017). Functional and molecular identification of the P2Y12 

receptor in RPE cells was recently reported (Lu et al, 2018).

3.3. P2X receptors

While no mRNA for the P2X1 receptor was detected in the rat retina (Brändle et al., 1998), 

immunoreactivity for this receptor was observed only in the inner plexiform layer of the 
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mouse retina (Kaneda et al., 2004). Recently, high labeling for this receptor subtype was 

observed over glial Müller cells of the turtle retina (Vitanova and Kupenova, 2014).

In contrast, high labeling for P2X2 receptor was detected in cholinergic amacrine cell bodies 

and processes in the mouse retina (Kaneda et al., 2004) and Muller cells in the turtle retina 

(Vitanova and Kupenova, 2014). Recently, choline transport through P2X2 channel in OFF 

cholinergic amacrine cells was observed in the mouse retina, raising the possibility that these 

receptors can work as a new choline transport system in the retina (Ishii et al., 2017).

While high immunoreactivity for P2X3 receptor subtype was detected in GABAergic 

amacrine cells, over the ganglion cell layer and plexiform layers in the rodent retina 

(Shigematsu et al., 2007; Puthussery and Fletcher, 2007), immunoreactivity against P2X4 

receptors was found over horizontal cell bodies and processes, amacrine and ganglion cell 

processes in the mammalian retina (Kaneda et al., 2004; Ho et al., 2014). P2X4 

immunoreactivity was also observed over Müller cell processes in the mouse retina (Ho et 

al., 2014). Only weak immunoreactivity for the P2X6 receptor subtype was observed over 

the nerve fiber layer of the mouse retina (Shigematsu et al., 2007).

High immunoreactivity for P2X7 receptor was observed over the plexiform layers in the rat 

retina. Horizontal cells and photoreceptors were positive for the P2X7 receptor in the outer 

portion of the retina as well as amacrine cell processes in the inner plexiform layer 

(Puthussery and Fletcher, 2004). In the monkey retina, immunoreactivity for P2X7 receptor 

was also observed in ganglion cells (Ishii et al., 2003). In these species, no labeling for P2X7 

receptor was detected in Müller glia. However, expression of this receptor was detected in 

isolated glial cells from the human retina using not only immunocytochemistry but also 

single cell PCR and whole-cell patch clamp recordings (Pannicke et al., 2000). Indirect 

evidence for the expression of the P2X7 receptor in Müller glia in the avian retina was 

obtained in cell cultures containing neurons and glia (Anccasi et al., 2013) and purified glial 

cultures (Faria et al., 2017). During development of the rat retina, P2X7 immunoreactivity 

was observed over ganglion, amacrine and horizontal cells and over the plexiform layers in 

animals from postnatal day 2 and thereafter. Microglial cells located at the ganglion cell 

layer also express P2X7 receptors, as these cells take up fluorescent dyes after stimulation 

with P2X7 receptor agonists (Innocenti et al., 2004). Expression of this receptor was also 

observed in the human pigment epithelium (Yang et al., 2011).

4. Purines and retinal cell proliferation

In retinal histogenesis, progenitors undergo a series of unidirectional changes in their 

competence to generate the different cell types of the mature tissue (Livesey and Cepko, 

2001). Six types of neurons and one type of glia are generated in an early ordered manner 

that is successive, overlapping and conserved across different species (Martins and Pearson, 

2008). To generate retinal cells, progenitors initially undergo repeated cycles of division that 

are regulated by inductive and inhibitory molecules that control their progression through 

the phases of the mitotic cycle, a process that is concomitant with the movement of nuclei 

through the interkinetic nuclear migration (INM) process (Fig.2A). Cell divisions occur at 

the outer, apical margin of the neuroblastic layer (NL) while DNA synthesis occurs at the 
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inner, basal margin and nuclei migrate during cell cycle phase transitions (Fujita, 1962; 

Sidman, 1961).

Stimulation of progenitor’s proliferation is a major effect of nucleotides in the developing 

retina (Fig. 2B). For instance, nucleotide-mediated induction of cell proliferation is observed 

in cultured Müller cells of the guinea pig (Milenkovic et al., 2003; Moll et al., 2002), 

progenitors of the chick embryo (Pearson et al., 2002; 2005; Sanches et al., 2002) and mouse 

retina (Sholl- Franco et al., 2010), as well as in the rat developing retina (Almeida-Pereira et 

al., 2017).

Nucleotide induced increase in retinal progenitor proliferation is primarily associated with 

Ca2+ mobilization from intracellular stores and its capacitive entry (Sugioka et al., 1996; 

1999a; 1999b). Nucleotide-induced calcium release from intracellular stores occurs as early 

as the embryonic day 3 in the chick retina (Sugioka et al., 1996), decreasing as progenitors 

exit cell cycle and begin to differentiate (Yamashita 2013). In the rabbit retina, nucleotide-

mediated calcium responses in developing glial cells also decrease during their 

differentiation in vivo (Uckermann et al., 2002). A similar developmental profile is observed 

in nucleotide-dependent formation of inositol phosphates in the avian tissue (Nunes et al., 

2007). Interestingly, both ATP-induced increase in [3H]-thymidine incorporation and ATP-

dependent formation of inositol phosphates are decreased by conditioned medium obtained 

from cultured postmitotic retinal cells, indicating that nucleotide signaling to proliferation is 

desensitized by diffusible factors released from post-mitotic cells (França et al., 2007).

Nucleotide receptors involved in the proliferation of retinal progenitors were characterized 

in the chick embryo retina. In this tissue, activation of P2Y2/4 receptors by exogenous ATP 

or UTP induces proliferation of early developing progenitors which will generate 

photoreceptors, amacrine, ganglion and horizontal cells (Pearson et al., 2002; 2005; Sugioka 

et al., 1999b). In a later stage, activation of ADP-sensitive, UTP-insensitive receptors 

induces the proliferation of late developing glial/bipolar progenitors (França et al., 2007; 

Sanches et al., 2002). Interestingly, while the UTP-dependent proliferation of early 

progenitors is associated with the acceleration of their mitosis (Pearson et al., 2002), ADP-

mediated effect is associated with the entry of progenitors in S phase without any change in 

cell cycle dynamics through G2 and M phases (Sholl-Franco et al., 2010). These findings 

indicate that different mechanisms are activated by UTP and ADP to induce the proliferation 

of retinal progenitors with distinct competences to generate retinal cells of the adult tissue.

As nucleotides, cholinergic muscarinic receptors induce phospholipase C activation and 

calcium mobilization very early in the embryonic retina (Sugioka et al., 1996, Pearson et al., 

2002, Calvet and Ventura, 2005), a response that also decreases after retina synaptogenesis. 

However, in contrast to nucleotides, muscarinic receptor agonists decrease cell proliferation 

in the developing retina (Pearson et al., 2002; Dos Santos et al., 2003), although it stimulates 

the proliferation of corneal keratocytes in culture (Sloniecka et al., 2015). The explanation 

for this apparent contradiction seems to be the activation of different signaling effectors in 

addition to, or as a consequence of Ca2+ mobilization. The extracellular signal-regulated 

kinases (ERK) pathway is a membrane-to-nucleus signaling module involved in cell 

proliferation (Peyssonnaux and Eychène, 2001). Accordingly, in the developing retina, 
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ADP- mediated increase in cell proliferation is inhibited by mitogen-activated protein kinase 

kinase (MEK) inhibitors (Sanches et al., 2002; Nunes et al., 2007). However, in retinas from 

7-day-old chick embryos, while both ADP and UTP induce a transient activation of the ERK 

pathway, only the response to ADP can be observed over the neuroblastic layer where BrdU-

labeled cells are located (Nunes et al., 2007), indicating that a concomitant activation of 

additional signaling pathways other than ERK is required for nucleotide-mediated induction 

of retinal progenitor proliferation.

The phosphatidylinositol-4,5-bisphosphate 3-kinase / protein kinase B (PI3K/Akt) pathway 

is another signaling module implicated in the nucleotide- induced proliferation of retinal 

progenitors (Ornelas and Ventura, 2010) and Müller cells from the adult retina (Milenkovic 

et al., 2003, Moon et al., 2009). In developing retina cells in culture, both ADP and ATP can 

induce the phosphorylation of Akt, an effect that is prevented by PI3K inhibitors and that 

provokes the increase of cyclin D1, a component of the kinase complex that regulates the 

progression of the G1 phase of the cell cycle of progenitors (Ornelas and Ventura, 2010). 

Phosphorylated Akt is also present during mitosis of retinal progenitors and is required for 

the expression of CDK1, an enzyme that controls cell transition from G2 phase to mitosis 

(Ornelas et al., 2013).

Cyclic nucleotide responsive element binding protein (CREB) is a transcription factor that 

integrates diverse extracellular signals to promote gene transcription. It is regulated by 

phosphorylation induced by multiple intracellular signaling kinases, including cyclicAMP-

dependent protein kinase (PKA), Ca2+/calmodulin-dependent kinases, ERKs and PI3K/Akt 

pathway (Shaywitz and Greenberg, 1999; Lonze and Ginty, 2002). While several signaling 

molecules induce the phosphorylation of this transcriptional factor in retinal glial cells and 

progenitors to induce their proliferation and survival (Lamas et al., 2007; Fischer et al., 

2009; Ramirez and Lamas, 2009; Socodato et al., 2009; 2011), ADP-dependent 

phosphorylation of CREB, through an ERK dependent mechanism was also demonstrated 

recently in developing retinal progenitors in culture, where it is required for ADP-dependent 

proliferation (Jacques et al., 2017).

Identifying the receptor subtype(s) involved in the proliferation of glial progenitors is a 

major goal in the study of the purinergic signaling in the developing retina as nucleotides are 

implicated in reactive gliosis, a glial response that occurs after experimental or pathological 

injuries of the retina. Since the work of Massé et al., (2007) showing that knocking down 

P2Y1 receptor expression decreases eye formation in tadpoles of the frog Xenopus laevis, 
the P2Y1 is considered the principal receptor subtype to regulate eye development. 

Accordingly, more than that 80% of glial progenitors of the newborn mouse retina do 

express the P2Y1 receptor subtype (Sholl-Franco et al (2010) and injection of the P2Y1 

receptor antagonist MRS2179 in the eyes of newborn rats decreases the number of BrdU 

positive progenitors (Almeida- Pereira et al., 2017). However, in contrast to the above 

mentioned studies, Gampe et al., (2015) have shown that eye formation and functional 

topography of the adult retina is not affected in P2Y1 knockout mice, indicating that other 

receptor subtypes or mechanisms operate in the absence of the P2Y1 receptor in the 

developing retina. Accordingly, Jacques et al. (2017) showed that both P2Y1 and P2Y13 

receptor antagonists prevent ADP-induced proliferation of retinal glial progenitors in culture 
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and that the stimulation of only the P2Y1 receptor with a specific agonist does not induce 

their proliferation, indicating that activation of both receptors participates in the proliferative 

response of chick retinal glial progenitors in culture. However, the expression of this 

receptor subtype was not detected in the intact newborn rat retina (Almeida-Pereira et al., 

2018), raising the possibility that the participation of the P2Y13 receptor occurs only in the 

avian retina or in glial progenitors in culture.

The participation of the P2Y12 receptor in the proliferation of the retinal progenitors was 

recently detected. In the intact newborn rat retina, blockade of the P2Y12 receptor subtype 

induces the increase in cyclin D1 as well as the decrease in p57 protein, two factors that 

stimulate and inhibit cell progression in the G1 phase of the cell cycle, respectively. Since 

P2Y12 inhibition does not interfere with S phase of the cell cycle and induces the death of 

cyclin D1 positive cells, these findings suggest that activation of P2Y12 receptors is required 

for the successful exit of late developing retinal progenitors from the cell cycle (Almeida-

Pereira et al., 2018).

Nucleotide-induced cell proliferation is not only observed in the developing retina but also 

in cultured glial cells from the mature tissue or in glial cells from tissues under pathological 

conditions that results in Müller cell gliosis (for review, see Reichenbach and Bringmann, 

2016). In these situations, multiple P2 receptors seem to be capable of inducing cell 

proliferation. For example, in adult guinea pig retinal glial cells in culture, both ATP and 

UTP are able to induce cell proliferation through a mechanism that involves the activation of 

PKC, release of growth factors, ERK and PI3K activation (Moll et al., 2002; Milenkovic et 

al., 2003). In cultured human Müller cells, the selective agonist for P2X7 receptors BzATP is 

also capable of increasing DNA synthesis in the cultures (Bringmann et al., 2001). 

Moreover, upregulation of nucleotide- mediated calcium responses is observed in Muller 

cells during retinal detachment or proliferative vitreoretinopathy (for review, see 

Reichenbach and Bringmann, 2016).

Collectively, the studies mentioned above suggest that multiple nucleotide receptor subtypes 

can be involved in the proliferative response of glial cells and progenitors. Since 

mechanisms of synergism between different nucleotide P2Y receptor subtypes (Grimm et 

al., 2009) as well as their crosstalk were observed in other types of cells (Suplat et al., 2007), 

the development of specific agonists and antagonists can contribute to identifying the 

receptor subtypes that are responsible for inducing the proliferative response of developing 

glial progenitors as well as progenitors derived from adult dedifferentiated glia from retinas 

under injury.

5. Purines and cell migration in the retina

Classically, development of the neural tissue occurs through a stereotyped sequence of 

genesis, migration and differentiation of cell progenitors. During development of the retina, 

the ganglion cell layer is the first layer to appear, followed by the inner nuclear layer and 

then by the outer nuclear layer. Albeit this temporal organization, cells destined for each of 

these layers are not strictly generated in the same sequence and several progenitors for 

different layers are born concurrently. Since progenitors divide adjacent to the outer limiting 
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membrane (OLM), newborn retinal cells need to migrate properly to their definitive 

positions in order to differentiate and form their appropriate synaptic connections (for 

review, Godinho and Link, 2006).

Like cell proliferation, nucleotides were implicated in cell migration and chemotaxis of a 

broad range of cell types, including immune cells, cardiac fibroblasts, epithelial or tumor 

cells, keratinocytes and microglia (Corriden and Insel, 2012). In the developing CNS, 

nucleotides induce the migration of astrocyte progenitors (Striedinger et al., 2007) and 

neural stem cells (Scemes et al, 2003) that increase cell spreading and formation of stress 

fibers (Grimm et al., 2010). Accordingly, in cell cultures of the chick embryo retina that 

were mechanically scratched, activation of UTP-sensitive P2Y2/4 receptors induces the 

growth of glial cells towards the area of the scratch through a mechanism involving PI3K, 

proto-oncogene tyrosine-protein kinase (SRC) and focal adhesion kinase (FAK) signaling 

pathways (Martins-Silva et al., 2015). Moreover, in scratched cultures that were treated with 

apyrase, glial actin cytoskeleton and microtubules are less organized and vinculin-labeled 

adhesion sites are hardly found in glial cells at the border of the scratch. Both adhesion and 

migration are decreased by P2 receptor antagonists when purified glial cultures are used 

(Martins-Silva et al., 2015).

The observations mentioned above support the idea that nucleotides through activation of 

UTP-sensitive receptors regulate glia migration in the retina. Although no proliferation or 

migration of glial cells is observed in the adult intact retina, Müller cells are capable of re-

entering cell cycle in response to damage or disease and generate new neurons depending on 

the species (Fischer and Reh, 2001; Bringmann and Wiedemann, 2012). While the injured 

teleost fish retina regenerates and Müller glia is the source of regenerated neurons, the 

injured mammalian retina has very low capacity to regenerate and de-differentiated glia 

contributes to the formation of glial scars. Following retinal detachment in rabbits, for 

example, several nuclei of Müller cells migrate to the outer retina, undergo mitosis and some 

cells grow beyond the OLM and begin to form glial scars in the subretinal space (Lewis et 

al., 2010), an event that contributes to the degeneration of photoreceptors. Since ATP is 

released upon mechanical stimulation of retinal glia (Newman 2001; 2003), it is possible 

that ATP, through the activation of multiple P2 receptors contributes to the formation of glial 

scars not only by regulating the proliferation but also the migration of Müller glia (for 

review, see Reichenbach and Bringmann, 2016).

6. Purines and cell death induction in the retina

Cell death is a regulated phenomenon in the developing nervous system that, together with 

cell proliferation, determines the size of cell populations in the adult tissue. Besides the 

programmed cell death that is regulated by target- derived trophic factors that protect and 

determine the survival of projecting neurons, cell death also affects neural precursor cells 

and young postmitotic neuroblasts during development. This “early” neural cell death was 

clearly detected in the developing retina of several species, including the avian and rodent 

retina (for review, see Valenciano et al., 2009).
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Activation of cytotoxic mechanisms by nucleotides in the developing retina was 

demonstrated in newborn rats by Resta et al. (2005). Direct application of ATP to isolated 

retinas induces the death of cholinergic amacrine cells that express P2X7 receptors. 

Noteworthy, intraocular injection of P2X7 antagonists increases the population of these cells 

without modulating other retinal cell populations, indicating that activation of P2X7 

receptors controls the density of cholinergic amacrine cells during retinal development.

The neurotoxic effect of activating P2X7 receptors was also investigated in developing avian 

retinal cells in culture (Anccasi et al., 2013). In this model, although neurons probably do 

express P2X7 receptors as they take up dyes when stimulated with ATP, developmentally 

regulated P2X7 receptor-induced death of neuroblasts is dependent on the presence of glial 

cells and can be blocked by NMDA and non-NMDA receptor antagonists, suggesting that 

neuronal death mediated by P2X7 in the developing avian retina may be indirect, via 

activation of glutamate ionotropic receptors.

The cytotoxic mechanisms activated by nucleotides were also demonstrated in more 

differentiated retinal neurons, both in cell culture and intact retina preparations. ATP-

induced death of rat retinal ganglion cells in culture mediated by activation of P2X7 receptor 

was clearly demonstrated by Zhang et al. (2005). While these cells express P2X7 receptors, 

their acute stimulation with the P2X7 receptor agonist BzATP provokes large increases in 

intracellular calcium but not in the permeability of fluorescent dyes, whereas their sustained 

stimulation provokes their death. ATP-induced retinal ganglion cell death is blocked by 

P2X7 receptor antagonists and is also observed in the retina in vivo (Hu et al., 2010).

Activation of P2X7 receptors was implicated in the death of retinal neurons promoted by 

different kinds of injury. Incubation of retinal cell cultures under hypoxia conditions induces 

a significant increase in the death of retinal neurons, a damage that can be prevented by 

P2X7 receptor antagonists such as Brillian Blue G (BBG) and oxidized ATP (Sugiyama et 

al., 2010). Application of high pressure transients to isolated rat retinas induces significant 

damage to retinal ganglion cells that display soma blebbing and loss of membrane integrity 

(Resta et al., 2007). Ganglion cell damage is prevented by apyrase and P2X7 receptor 

antagonists and can be induced in vivo by short increases in the intraocular pressure that 

leads to increased levels of extracellular ATP in the eye fluids (Resta et al., 2007). In explant 

cultures of human retina, oxygen/glucose deprivation that mimics ischemia induces the 

death of ganglion cells, a response that is prevented by the incubation of the explants with 

the P2X7 antagonist BBG (Niyadurupola et al., 2013). In rats submitted to optic nerve crush 

(ONC) injury that causes retinal ganglion cell death, these cells are significantly preserved 

when P2X7 receptor antagonists are applied during 7 days after the injury. Interestingly, an 

increase in P2X7 immunoreactivity over ganglion cells that is suppressed by P2X7 

antagonists is observed in the retina from animals with the ONC injury, suggesting that 

retinal injury induces the upregulation of this receptor expressed in ganglion cells (Kakurai 

et al., 2013).

The involvement of P2X7 receptor activation in the death of retinal ganglion cells was also 

demonstrated in retina models of gliosis (Reichenbach and Bringmann, 2015). For example, 

in the rat retina, intravitreal injection of (S)- 3,5-dihydroxyphenylglycine (DHPG), an 
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agonist of the group I metabotropic glutamate receptors, induces Müller cell gliosis with 

increased levels of ATP released from the activated Müller cells. The injection of DHPG 

also induces an increase in retinal ganglion cell death that is at least partially blocked by the 

application of the P2X7 receptor antagonist BBG, indicating that reactivation of retinal glial 

cells can induce the death of ganglion cells through the release of excessive ATP and 

activation of P2X7 receptors (Xue et al., 2016a). Interestingly, in this model, glia activation 

induces the upregulation of P2X7 receptor in ganglion cells through a mechanism dependent 

on ATP released from the activated glia, indicating that gliosis may potentiate the deleterious 

effect of ATP by upregulating P2X7 receptor expression in ganglion cells (Xue et al., 

2016b). Upregulation of P2X7 receptor expression in these cells is also observed in rat 

retinas from eyes submitted to elevated intraocular pressure (IOP) (Sugiyama et al., 2013) 

and at the early stages of development of the retina of rds mice, a murine model of retinitinis 
pigmentosa disease (Franke et al., 2005).

Cytotoxic effect of P2X7 receptor activation was also demonstrated in retina photoreceptors. 

Intravitreal injection of ATP causes consistent apoptosis of photoreceptors in the rat retina, 

an effect that is significantly reduced by P2X7 receptor antagonists (Puthussery and 

Fletcher, 2009; Notomi et al.,2011). A P2X7 antagonist also slows photoreceptor 

degeneration in the retina of rd1 mouse model of retinitis pigmentosa (Puthussery and 

Fletcher, 2009). In retinas from humans with age-related macular degeneration (AMD), 

photoreceptor cell apoptosis is also mediated by P2X7 receptor activation (Notomi et al., 

2013).

7. Purines and cell survival in the retina

Adenosine is considered a neuroprotective agent in the retina under different stressful 

situations, such as ischemia, glaucoma, optic nerve lesion and diabetic retinopathy, but this 

nucleoside may also act as inducer of neuronal degeneration.

7.1. Glaucoma

Glaucoma is an eye disease associated mainly with an increase of intraocular pressure that 

damages the optic nerve and leads to vision loss through retinal ganglion cell (RGC) death. 

Recently, Madeira et al. (2015) reported that the antagonism of A2a receptors is able to block 

the death of ganglion cells induced by an elevated hydrostatic pressure in organotypic retinal 

cultures, an ex vivo model of glaucoma. Moreover, activation of A2a receptors expressed in 

microglia cells from the rat retina is responsible for the release of pro-inflammatory 

cytokines that causes RGC death. Similar results are observed when primary cultures of 

retinal microglia are used (Madeira et al., 2016a). Yet, in an in vivo model of glaucoma, 

long-term treatment of these animals with caffeine ad libitum, which exerts some effects via 

antagonism of A2a receptors, is able to control retinal neuroinflammation, microglia 

reactivity and loss of retinal ganglion cells (Madeira et al., 2016b).

7.2. Ischemia

Under ischemic conditions, a significant death of retinal ganglion cells is observed. High 

intraocular pressure-induced transient ischemia is known to induce microglia activation, an 
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elevation in the release of the pro-inflammatory cytokines, such as IL-1β and TNF and RGC 

loss. Moreover, when eyes are injected with an antagonist of A2a receptors before the 

transient ischemia, an increase of ganglion cells survival is obtained, indicating that A2a 

receptors signaling contributes to neurotoxicity of RGCs under ischemia events (Madeira et 

al., 2016a).

Retinal ischemic preconditioning is a process where an induced short term ischemia protects 

the retina against a subsequent strong event of ischemia. It is well established that under 

ischemia conditions, there are higher levels of extracellular adenosine in cultured retinal 

cells compared to non-ischemic conditions (Rego et al., 1997). The increase in adenosine 

induced by ischemic preconditioning is important for retinal protection against ischemia and 

this effect is dependent on the activation of A1 and A2a receptors that protects retinal 

functionality as evaluated by electroretinogram recordings (Li et al., 1999). The effects 

mediated by adenosine receptors are dependent of protein kinase C (PKC) and activation of 

KATP channels as well as on protein synthesis (Li et al., 2000). Recently, it was shown that 

blockade of A2a receptors down- regulates the levels of the IL-1β pro-inflammatory 

cytokine, decreases activation of microglia and increases cell survival against transient 

retinal ischemia (Boia et al., 2017). Besides A1 and A2a receptors, evidences also came out 

showing the involvement of A3 receptors in an in vivo model of ischemia-reperfusion injury. 

Activation of these receptors is able to prevent retinal cell death induced by ischemia 

(Galvao et al., 2015).

7.3. Diabetic Retinopathy

Diabetic retinopathy is another type of ocular disease that damages blood vessels and 

neurons of the retina and is the leading cause of blindness in the world. In contrast to the 

results obtained in ischemia, activation of A2a receptors is protective against the death of 

retinal neurons induced by experimental diabetes. Signaling triggered by A2a receptors 

expressed in microglia cells blocks tumor necrosis factor (TNF)-release and also prevents 

the change in microglia morphology to an activated state (Ibrahim et al., 2011). The 

beneficial role of adenosinergic system in diabetic retinopathy was also indicated by another 

study showing that inhibition of adenosine kinase decreases retinal inflammatory markers, 

retinal microglial activation, oxidative stress and retinal cell death in diabetic mice 

(Elsherbiny et al., 2013). The inhibition of adenosine kinase increases adenosine 

extracellular levels, which activates A2a receptors in retinal microglia cells to block the 

release of TNF-α.

Recently, another work investigating the edema of retinal macular region that occurs in the 

diabetic retinopathy showed that the non-selective adenosine receptors antagonist caffeine 

prevents the blood retinal barrier breakdown (Maugeri et al., 2017). Although this study has 

not checked if this effect was really mediated by A2a receptors, it seems clear that A2a 

receptors can have dual effects in terms of cell survival.

7.4. Glutamate Excitotoxicity

Glutamate excitotoxicity is involved in a plethora of different pathological conditions such 

as Alzheimer’s disease, multiple sclerosis, hypoxia and ischemia, among others. In general, 
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this phenomenon is featured by the over-activation of the NMDA subtype of glutamate 

receptor (NMDAR) with a massive intracellular accumulation of calcium which, in turn, 

activates calcium- dependent cell death. Some works described that adenosine can protect 

retinal neurons against glutamate-induced cell death. Chronic activation of A2a adenosine 

receptors is able to prevent glutamate-induced cell death in purified cultures of chick retinal 

neurons, an effect that is dependent on cAMP signaling (Ferreira et al., 2001). A similar 

protective effect of A2a receptors activation and cAMP signaling is observed in a model of 

cell death of chick retinal neurons and photoreceptors triggered by re-feeding the cultures 

with fresh medium (Paes de Carvalho et al., 2003). However, A2a receptors stimulation may 

have dual effects on the cell survival of neuronal progenitors from the chick retina. Socodato 

et al., (2011) demonstrated that activation of A2a receptors in cultures of retinas from 6-day-

old embryos (E6) triggers cell death and the different effects of A2a receptor stimulation 

observed at the two different developmental stages (E6 vs E8) can be due to coupling of the 

receptor to different intracellular signaling pathways. Yet, another study showed a protective 

effect of adenosine against NMDA-induced neurotoxicity in cultured rat retinal neurons, 

mediated by the activation of A1 receptors (Oku et al., 2004). Moreover, another report, 

using both dissociated and organotypic rat retinal cell cultures, demonstrated that A3 

receptors stimulation can be beneficial against glutamate induced cell death mediated by 

ionotropic receptors (Galvão et al., 2015).

7.5. Optic Nerve Injury

Optic Nerve Injury (ONI) is a kind of lesion where optic nerve axons may be damaged either 

directly or indirectly and the visual loss may be partial or complete. This lesion causes the 

death of a significant number of RGCs due to interruption of trophic support, oxidative 

stress, high levels of extracellular glutamate and retinal microglia reactivity (Ahmad et al., 

2013).

Some studies also pointed to adenosine receptors as regulators of the damage induced by 

ONI. In an in vivo model of ONI, inosine increases cell survival of axotomized RGCs (Hou 

et al. 2004). Although a direct demonstration was not provided, the protective effect of 

inosine might be mediated by its interaction with A3 receptors since inosine can bind these 

receptors (Jin et al. 1997). Accordingly, another study demonstrated that the A3 selective 

agonist 2- Cl-IB-MECA decreases RGC loss after the optic nerve transection (Galvao et al. 

2015). Activation of A3 receptors is also protective against the death of RGCs induced by 

P2X7 receptor stimulation in an in vitro model (Zhang et al. 2006b).

Besides A3 receptors, activation of other adenosine receptors was also implicated in the ONI 

responses of the retina. Activation of A2a receptors can regulate several features of this 

lesion such as the increase of markers of oxidative stress, microglial reactivity, retinal 

inflammation and RGCs cell death (Ahmad et al., 2013). In an in vitro model of optic nerve 

injury, activation of A1 receptors (Perígolo-Vicente et al., 2013) and A2a receptors 

(Perígolo-Vicente et al., 2014) seems to be required for the survival of axotomized rat RGCs 

in culture induced by IL-6.
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8. Purines and the regeneration of the retina

8.1. The zebrafish (Danio rerio) retina as a model for growth and regeneration

Throughout evolution, teleost fish maintained the capacity of completely repairing organs 

and structures such as heart, brain, spinal cord and the retina after injury or disease, despite 

the adaptive specializations of such organs. Among teleost fish, zebrafish has been 

extensively used as an experimental model system to study organ and tissue growth and 

regeneration (Gemberling et al., 2013). Of particular interest to this review, the retina of this 

species is endowed with multipotent progenitor cells (stem-like cells) that slowly proliferate 

throughout the animal’s life originating derived progenitors that, through a differentiation 

process, give rise to retina cells. These cells synaptically integrate at the border of the mature 

retina to form fully functional tissue. These stem-like and derived progenitors form an 

undifferentiated portion of cuneiform tissue at the periphery of the mature retina 

denominated ciliary marginal zone (CMZ) (Müller et al., 1952; Johns and Easter, 1977; 

Fernald et al., 1990; Harris and Perron, 2002). In contrast, rod photoreceptors genesis occurs 

in the mature retina from another kind of progenitors represented by a population of Müller 

glia that asymmetrically divides giving rise to monopotent progenitors (Johns et al., 1981). 

These cells migrate to the outer nuclear layer and differentiate into rod photoreceptors that 

are incorporated to the synaptic circuit of the outer retina avoiding the loss of sensitivity to 

light when the retinal tissue expands, accompanying the growth of the eyeball (Fernald, 

1990; Lenkowski and Raymond, 2014).

Under injury, the zebrafish retina can fully regenerate through activation of a quiescent 

Müller glia population that after genetic reprogramming re-enters cell cycle and divides 

asymmetrically originating multipotent progenitor cells that rapidly proliferate and generate 

all other cells of the mature retina (Fig. 3). Progenitors form clusters in the mature inner 

nuclear layer (INL) and migrate to other retinal layers, originating all required interneurons, 

photoreceptor and ganglion cells to repair the injured tissue (Maier and Wolburg, 1979; 

Faillace et al., 2002; Fausett and Goldman, 2006; Bernardos et al., 2007). The differentiated 

cells establish synaptic contacts and a fully functional retina is reconstructed. Optic nerve 

and connections with brain structures dealing with visual processing are also re-established. 

Therefore, this vertebrate model system offers unique characteristics to study signaling 

pathways and genes involved in the control of multipotent progenitor activation and the 

neurogenic, gliogenic and angiogenic processes that lead to retina repair and visual function 

recovery (Mensinger and Powers, 2007).

8.2. Purines and retina growth and regeneration in the zebrafish

Following injury or during a disease, higher than physiological levels of nucleotides and 

nucleosides are released to the extracellular milieu by damaged or dying cells, which 

provoke an important impact on the homeostatic and metabolic balance, causing different 

cells to survive or die (Newman, 2015).

An important family of enzymes that regulate nucleotide and nucleoside availability in the 

extracellular milieu is the group of ectonucleoside triphosphate diphosphohydrolases (E-

NTPDases). These enzymes convert ATP (or other nucleotides) to ADP (UDP, CDP, or 
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GDP) or AMP (UMP, CMP, or GMP) (Zimmermann and Braun, 1999). Other plasma 

membrane enzymes, the ecto- 5’-nucleotidases, catalyse the production of adenosine from 

AMP in the extracellular environment (Colgan et al., 2006).

In the zebrafish retina, the expression of several components of the purinergic system such 

as NTPDases 1, 2 and 3 are differentially expressed in retinal layers and cell types, both in 

the intact and injured tissue. Several P2X and P2Y receptors (P2XR and P2yR) which play 

important roles in regulating cell growth and tissue regeneration are also differentially 

expressed (Ricatti et al., 2009; 2011; Battista et al., 2009). In order to characterize the 

expression of these components, we have used in vivo injections of compounds into the 

vitreous cavity of the zebrafish eyeball to generate damage and to pharmacologically 

manipulate different components of the purinergic system.

NTPDase mRNA expression is upregulated in light versus dark conditions, whereas levels of 

P2Y1 receptor mRNA do not show significant day- night variations (Ricatti et al., 2011). 

Moreover, the expression of specific P2 receptors and plasma membrane-bound NTPDases 

1, 2 and 3 is upregulated at different intervals after in vivo injury of the zebrafish retina with 

ouabain (Battista et al., 2009, Medrano et al., 2017). Other kinds of cytotoxic injuries also 

induce changes in the expression of different purinergic receptors (data not published). For 

instance, P2Y1 receptor transcriptional expression is induced early after injury and shows 

maximal levels at the time of peak proliferation of progenitor cells. Extracellular 

nucleotides, mainly ADP, regulate P2Y1 receptor transcriptional and protein expression. The 

transcriptional expression of ecto- nucleotidases is also increased by injury and these 

changes are important for cell cycle regulation and cell survival at different intervals after 

injury.

Injection of apyrase in the vitreous cavity of zebrafish eyes which causes nucleotide 

depletion in the extracellular environment does not affect significantly the mature retina 

structure or the morphology of retinal cells. However, depletion of nucleotides with apyrase 

treatment significantly inhibits the number of progenitor cells entering S-phase in the CMZ, 

indicating that nucleotide availability and activation of purinergic receptors are necessary for 

normal retina growth originating from CMZ progenitor cells. Moreover, no deleterious 

effects on the mature tissue are observed with the apyrase treatment, indicating that 

depletion of nucleotide basal levels, at least in the short term, does not cause cytotoxic 

effects in the uninjured retina (Ricatti et al., 2011).

In intact adult retinas, treatment with the hydrolysis-resistant ADP analogue ADPβS 

significantly enhances the proliferative activity in the CMZ. ADPβS injected within the eye 

at night induces an increase to mid-light levels in the S-phase activity of progenitor cells in 

the CMZ. Moreover, blockade of P2Y1 receptor with MRS2179 abolishes mid-light increase 

of CMZ progenitor cell S- phase activity. The increase in the number of progenitor cells that 

enter S- phase in a 2 h interval is also prevented by disrupting extracellular nucleotide 

hydrolysis mediated by NTPDase activity. Therefore, purinergic signaling is essential for 

inducing S-phase activity of progenitors in the CMZ throughout the light-dark cycle that is 

necessary to sustain normal growth in the intact retina (Ricatti et al., 2011).
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Blockade of P2Y1 receptor significantly diminishes progenitor proliferation induced by 

damaging the retina with low or intermediate concentrations of ouabain (Fimbel et al, 2007; 

Battista et al, 2009; Medrano et al, 2017). The inhibition is observed at two intervals post-

injury: when progenitor Müller cells are mitotically activated and when Müller glia-derived 

progenitors are amplified. Furthermore, the number of GFAP-BrdU-positive cells, likely 

representing multipotent Müller glia, observed at an early interval after injury with ouabain, 

is significantly reduced by the treatment with the P2Y1 receptor antagonist in vivo.

In the injured CNS, lytic release by damaged and dying cells is a major source of 

extracellular nucleotides (Pafundo et al., 2008). The increase in extracellular ADP levels, 

likely caused by lytic release after injury, positively regulates P2Y1 receptor expression in 

retinal cells. The induction of the expression of multipotency and neurogenic genes is crucial 

for progenitor cell genetic reprogramming in the zebrafish retina following injury 

(Ramachandran et al., 2010). In this regard, genes such as lin28a and ascl1a are upregulated 

by ADPβS in intact retinas and ouabain treatment induces the expression of these genes. 

Ouabain effect on the transcriptional induction of these multipotency genes is significantly 

inhibited by blocking P2Y1 receptor activation (Fig. 3). ADPβS is also able to induce by 

itself progenitor and precursor cell proliferation in the INL and ONL, respectively, and in the 

intact mature retina this effect is also abolished by antagonizing P2Y1 receptor. Furthermore, 

while NTPDase expression and activity are necessary to reach enough levels of proliferation 

of the Müller-derived progenitor cells to achieve retina repair after damage, their activity is 

not needed at early intervals for Müller glia reprogramming and asymmetric division 

(Medrano et al., 2017). Moreover, since apoptotic cell death that occurs at the peak of 

progenitor proliferation is not modified by NTPDase activity inhibitors or P2Y1 receptor 

antagonists, the reduction in the number of mitotic cells cannot be ascribed to a 

neuroprotective or deleterious effect of these compounds, but is likely due to an inhibition of 

the proliferative activity of Müller glia-derived progenitor cells (Medrano et al., 2017). On 

the other hand, either a neuroprotective or a deleterious effect caused by different members 

of the purinergic system may provoke a decrease in progenitor proliferation by inducing 

progenitor death or avoiding excessive deleterious effects in the mature tissue which in turn 

provokes a lower degree of progenitor mitotic induction.

It is likely that both injury-induced progenitors and differentiated cells survive further in the 

presence of extracellular nucleotides and nucleosides that could have neuroprotective roles 

such as those already demonstrated for adenosine (Gessi et al., 2011). Noteworthy, under 

injury conditions the complete hydrolysis of extracellular nucleotides by apyrase results in 

an excessively damaged tissue unable to self-repair (Battista et al., 2009; Medrano et al., 

2017). The apyrase treatment extremely aggravates the injury induced by ouabain or other 

cytotoxic compounds and likely prevents recovery by abolishing the proliferative response 

and inducing the death of progenitors and differentiated cells that survived damage (Battista 

et al., 2009, Medrano et al., 2017). For instance, extracellular nucleotides are crucial to 

regulate retina cell volume increase, an event that could be provoked by osmotic imbalance 

caused by the ouabain treatment. Moreover, nucleotides and their interaction with different 

purinergic receptors are required to limit microglia inflammatory activation. The gliotic 

response of Müller cells and astrocytes is also controlled by purinergic signals in the 

mammalian retina (Puthussery and Fletcher, 2009; Notomi et al., 2011). In the zebrafish 
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retina, the lack of nucleotides in the extracellular environment, such as the one caused by 

apyrase intraocular treatment, might allow an excessive gliotic response of Müller glia that 

could prevent multipotent Müller glia reprogramming and retina regeneration (Than- Trong 

and Bally-Cuif, 2015; Reichenbach and Bringmann, 2016). So, purinergic signaling is 

indispensable to limit neurodegenerative processes and allow controlled Müller glia mitotic 

division triggered by a cytotoxic damage independently of the toxic compound used to 

provoke the injury.

8.3. Injury-induced growth factors, cytokines and purines cooperate to regulate retina 
regeneration.

At early intervals after different kinds of injury, many types of retina cells release injury-

induced factors that regulate Müller glia reprograming and the proliferation of Müller glia-

derived multipotent progenitors for retina repair. These factors include, among other 

molecules, ciliary neurotrophic factor (CNTF), epidermal growth factor (EGF),heparin-

binding EGF-like growth factor (HB-EGF), insulin, insulin-like growth factor I (IGF-I) and 

fibroblast growth factor (FGF) (Faillace et al., 2002; Wan et al., 2014). Moreover, 

progenitors can be reprogrammed and activated by cytokines, leptins, IL-11 and tumor 

necrosis factor α (TNFα) (Nelson et al., 2013). Also, Transforming Growth Factor β 
(TGFβ) inhibits the mitotic activation of Müller glia progenitors (Lenkowski and Raymond, 

2014) and GABA neurotransmission is required to induce progenitor cell proliferation and 

regeneration in the zebrafish retina (Rao et al., 2017).

A variety of injuries can be induced by regulating the concentrations of cytotoxic drugs or 

performing different types of lesions. So, it is possible to cause a global damage that kills 

almost all retina cells, a specific damage to a particular retinal layer, an injury to a single 

patch of cells or the ablation of a single cell type (Raymond et al., 1988; Fimbel et al., 2007; 

Mensinger and Powers, 2007; Zhao et al., 2009). Through intracellular signaling pathways, 

injury-induced factors can act in concert to regulate Müller glia genetic reprograming and 

cell cycle progression. The factors that are activated and their interactions might depend on 

the nature of the injury and the type of cells that are killed or affected. They may also 

contribute, like probably is the case of some purinergic signals, to avoiding excessive death 

of mature cells or to keeping progenitor and precursor cells alive, helping them to reach the 

right number necessary to replace lost cells in a cell proliferation stimulating but harsh 

environment.

At the injury zone, molecules such as ATP, ADP and adenosine are released as well as 

growth and pro-inflammatory factors. Moreover, signals released by damaged or dying cells 

may directly act on Müller glia, microglia, neural, endothelial or RPE cells at the 

neighbouring regions next to the injured tissue. In a paracrine way, these signals may induce 

their own release, including nucleotides and particularly ATP, as well as the release of other 

factors, enhancing receptor sensitivity and expression and spreading injury- induced signals 

to other parts of the tissue (Weick et al., 2005). At the injured regions, extracellular 

nucleotides activate P2Y1 receptors which transactivate tyrosine kinase growth factor 

receptors. Activation of P2Y1 receptors induces the release of platelet-derived growth factor 

(PDGF) and HB-EGF from Müller glia (Milenkovic et al., 2003). HB-EGF activates Müller 
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glia reprogramming whereas PDGF is involved in the development of proliferative 

vitreoretinopathy (Andrews et al., 1999; Wan et al., 2012). In turn, HB-EGF stimulates ATP 

release from Müller glia (Weuste et al., 2006). Activation of P2Y receptors, including P2Y1, 

estimulates the phosphoinositide 3 kinase/Akt (PI3-K/Akt) and the Extracellular signal-

regulated protein kinase (MAPK/ERK) pathways mediating astrogliosis following injury in 

the CNS (Franke et al., 2009). Activation of PI3-K/Akt pathway by growth factor receptors 

promotes cell survival, growth, proliferation, migration, differentiation and angiogenesis and 

inhibits apoptosis (Cantley, 2002). This pathway controls cell cycle by stimulating 

progenitor cells to pass G1 phase and G1 to S-phase transition (Wang et al., 2009). 

Furthermore, P2Y1 receptor activity regulates trophic- inflammatory factor expression in 

astrocytes (Franke et al., 2009). Trophic and pro-inflammatory factors released by Müller 

glia, microglia and astrocytes control multipotent progenitor mitotic activation in the injured 

zebrafish retina (Wan et al., 2014). Thus, the combined action of chiefly ADP acting on 

P2Y1 receptors with other injury-induced signaling pathways regulates multipotent 

progenitor cell reprogramming and mitotic activation.

9. Concluding remarks

From the above reported findings, it is clear that purinergic signaling regulates several events 

in the developing retina as well as in the adult damaged tissue. While adenosine is involved 

mainly in cell survival, nucleotides through activation of P2Y receptors, induce the 

proliferation and migration of retinal cells. In an opposite direction, activation of P2X 

receptors, mainly the P2X7 receptor subtype is capable of inducing cell death both in the 

developing as well as in the damaged retina. It is also clear, that as in the developing tissue, 

the release of purines and the expression of purinergic receptors are modified when the 

retina is damaged or in a pathological condition. Moreover, activation of nucleotide 

receptors seems to be involved in the response of self-repair in the lesioned zebrafish retina 

by inducing pluripotency genes in glial cells. Thus, to determine the factors and mechanisms 

that control the release of purines and the expression of the different purinergic receptor 

subtypes in the healthy and damaged retina could contribute for better drug-based strategies 

for the prevention and/or treatment of retinal diseases. To verify if purinergic signaling 

induces pluripotency genes in the mammalian retina under injury also could contribute and 

impact the strategies for retina regeneration in mammals.
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Highlights

• ATP release from retinal neurons, glia and Pigment Epithelium in health and 

disease;

• Adenosine synthesis, release and cell survival in the developing and damaged 

retina;

• P2Y receptors, cell proliferation and migration in the developing and injured 

retina;

• P2X receptors and cell death in the retina during development and disease;

• P2Y receptors, pluripotency genes and self-repair in the injured zebrafish 

retina;
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Fig-1. 
Schematic representation illustrating the expression of purinergic receptors in the adult 

retina and RPE. Cellular expression of P1 (green), P2Y (black) and P2X (blue) purinergic 

receptor subtypes is shown close to the indicated cell body of the retina cell type. P, 

Pigmented epithelium cell; R, rod cell; C, cone cell; H, horizontal cell; B, bipolar cell; M, 

Müller cell; A, amacrine cell; G, ganglion cell. Receptor subtype expression in the synaptic 

layers and cell processes is described in text (Section 3).
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Fig.2. 
Schematic drawing illustrating progenitors undergoing interkinetic nuclear movement in the 

neuroblastic layer (NL) of the developing retina (A). Major nucleotide receptor subtypes and 

intracellular signaling pathways involved in cell proliferation in the developing retina (B). 

GC, Ganglion Cell Layer; S, S- phase; M, M-phase. See text for detailed discussion on the 

intracellular signaling pathways activated by nucleotides during retinal cell proliferation 

(Section 4).
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Fig.3. 
Extracellular adenine nucleotides, NTPDases and P2Y receptors are necessary signals to 

induce progenitor cell proliferation and retina repair in the injured zebrafish retina. (A) 

Histological image of an uninjured retina. Injury was induced with one injection within the 

vitreous of a cytotoxic agent (6 μM ouabain). Injury provokes retina cell death and lytic 

release of nucleotides. NTPDase2 hydrolyses ATP to produce extracellular ADP. P2Y1 

receptor activation chiefly by ADP provokes pluripotency gene expression in progenitor 

Müller glia (PMG) and Müller glia-derived progenitor cells (MG-derived PC). (B) 

Histological image of a retina 2 days after injury (dpi) with ouabain. (C) Confocal image of 

a retina at 2 dpi. PMG mitotically activates shortly after injury. (D) Confocal image of a 

retina 7 dpi with ouabain. MG-derived progenitors greatly amplify between 5 to 7 dpi. (E) 

Retina repair is achieved around 3 months after injury (mpi). (F) Confocal image of a retina 

7 dpi with ouabain. Progenitor cells in the ciliary marginal zone (CMZ) are activated 

showing enhanced retina growth after injury. In (C) and (D) GFAP-positive MG is depicted 

in red to show glial activation. In (C), (D) and (F) BrdU-positive proliferative nuclei are 

depicted in green. RPE: retinal pigment epithelium; PRL: photoreceptor segment layer; 

ONL: outer nuclear layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: 

ganglion cell layer; ILM: inner limiting membrane.

Ventura et al. Page 42

Brain Res Bull. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Purinergic Signaling in the Retina: From Development to Disease
	Recommended Citation

	Purinergic Signaling in the Retina: From Development to Disease
	Abstract
	Keywords
	Disciplines
	Comments

	Abstract
	Introduction
	Purines in the retina
	ATP release in the retina
	ATP release from retinal cells
	ATP release from retinal pigment epithelium (RPE) cells
	ATP release from retinal glia
	ATP release in retinal diseases

	Adenosine synthesis and release in the retina

	Expression of purinergic receptors in the retina
	P1 Receptors
	P2Y receptors
	P2X receptors

	Purines and retinal cell proliferation
	Purines and cell migration in the retina
	Purines and cell death induction in the retina
	Purines and cell survival in the retina
	Glaucoma
	Ischemia
	Diabetic Retinopathy
	Glutamate Excitotoxicity
	Optic Nerve Injury

	Purines and the regeneration of the retina
	The zebrafish (Danio rerio) retina as a model for growth and regeneration
	Purines and retina growth and regeneration in the zebrafish
	Injury-induced growth factors, cytokines and purines cooperate to regulate retina regeneration.

	Concluding remarks
	References
	Fig-1.
	Fig.2.
	Fig.3.

