
 

 

The effects of stimulating or blocking the retinal A2A 

and A3 adenosine receptors on the components of 

the rat electroretinogram 

 

Guðmundur Jónsson 

Thesis for the degree of Master of Science 
University of Iceland 
Faculty of Medicine 

School of Health Sciences 



  

 

Áhrif örvunar eða hömlunar sjónhimnu A2A og A3 adenosine viðtaka 
á þætti sjónhimnurits rottu 

 

Guðmundur Jónsson 

Ritgerð til meistaragráðu í Líf- og læknavísindi 

Umsjónarkennari: Þór Eysteinsson 

Meistaranámsnefnd: Finnbogi Rútur Þormóðsson og Sighvatur Sævar Árnason 

 

 

Læknadeild 

Heilbrigðisvísindasvið Háskóla Íslands 

Október 2014 

  



  

 

  



  

 

 

The effects of stimulating or blocking the retinal A2A and A3 
adenosine receptors on the components of the rat 

electroretinogram 

 

Guðmundur Jónsson 

Thesis for the degree of Master of Science 

Supervisor: Þór Eysteinsson 

Masters committee: Finnbogi Rútur Þormóðsson and Sighvatur Sævar Árnason 

 

 

Faculty of Medicine 

School of Health Sciences 

October 2014 



  

 

Thesis for a master degree at the University of Iceland. All right reserved. No part 

of this publication may be reproduced in any form without the prior permission of 

the copyright holder. 

© Guðmundur Jónsson 2014  

 

Printing: Háskólaprent ehf. 

Reykjavik, Íceland 2014  



  

3 

Ágrip 

Adenosine er taugabeinir sem fyrirfinnst á hinum ýmsu stöðum í miðtaugakerfinu, þar á meðal í 

sjónhimnunni. Því er haldið fram að adenosine sé taugaverndandi í sjónhimnunni. Er það byggt á 

mælingum sjónhimnurits (ERG) frá rottum. Tilgangur þessa verkefnis var að meta hlutverk A2A og A3 

adenosine viðtaka, sem vitað er til staðar í sjónhimnunni, í myndun og mótun sjónhimnurits rotta. 

Sprague Dawley rottur voru svæfðar með inngjöf á S-ketamine (75mg/kg) og xylazine (6mg/kg) í 

kviðarhol. Sjónhimnurit var skráð með rafskautum sem voru sett á hornhimnu og krækt í neðra 

augnlok. Samverkari (agonisti) og andverkari (antagonisti) fyrir A2A, og A3 viðtaka, auk adenosine voru 

sprautuð í glerhlaup sex rottuhópa (með sex rottum í hverjum hóp) með NanoFil IOKit system (World 

Precision Instruments, Inc, USA). Áhrif þeirra á þætti rökkur- og ljósaðlagaðs sjónhimnurits voru 

skoðuð auk flicker svars sjónhimnuritsins. 

Adenosine [0.5] olli aukningu í meðalspennuvídd a-bylgju úr 68.0 ± 7.7 µV í 96.7 ± 13.7 µV 

(p=0.042). Aukning varð líka á meðal spennuvídd rökkursaðlöguðu b-bylgjunar úr 236.5 ± 38.4µV í 

305.3 µV ± 41.6 µV (p=0.035). A2A samverkarinn CGS21680 [2mM] olli minnkun á b-bylgjunni í 

rökkursaðlögðum (298.2 ± 21.5 µV í 212 ± 19.3 µV; p=0.005) og ljósaðlögðum augum (124.3 ± 17.7 

µV í 87.8 ± 11.2 µV; p=0.045). Með inngjöf á CGS21680 minnkaði meðaltal sveifluspenna úr 99.9 ± 

9.4 µV í 47.2 ± 11.4 µV (p=o.023). A2A andverkarinn ZM241385 hafði enginn áhrif á neina þætti 

sjónhimnuritsins. A3 samverkarinn 2-Cl-IB-MECA [0.5 mM] olli aukningu í meðal spennuvídd a-bylgju 

(91.4 ± 15.4 µV í 152.9 ± 21.2 µV; p=0.006). Hann minnkaði meðal spennuvídd b-bylgju, bæði í 

rökkursaðlögðum (290.9 ± 40.3 µV í 210 ± 21.4 µV; p=0.022) og ljósaðlöguðum 170 ± 19 µV í 135.9 ± 

11.4 µV; p=0.037) augum. Sveifluspennur minnkuðu einnig að spennuvídd þegar sprautað var 2-Cl-IB-

MECA í augnhlaup úr 79.6 ± 15.2 µV í 39.2 ± 3.9 µV (p=0.038). A3 andverkarinn jók meðal 

spennuvídd bæði a-bylgju (65.8 ± 8.0 µV í 139.5 ± 29.3 µV; p=0.046) og rökkursaðlögu b-bylgju (223.7 

± 20.3 µV í 312 µV ± 38.7 µV; p=0.037). Enginn af lígöndunum hafði áhrif á sjónhimnurits flicker 

svarið. 

Sjónhimnu taugafrumur sem innihalda A2A og/eða A3 adenosine viðtaka stuðla að myndun a- og b-

bylgja, og sveifluspenna í sjónhimnuriti. 
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Abstract 

Adenosine is a neuromodulator that is present in various areas of the central nervous system, 

including the retina. It has been suggested that adenosine may serve a neuroprotective role in the 

retina, based on electroretinogram (ERG) recordings from the rat retina. The purpose of this study was 

to assess the role of A2A and A3 adenosine receptors, known to be present in the rat retina, in 

generation and modulation of the rat ERG. 

Sprague Dawley rats were anesthetized by an intraperitoneal injection of S-ketamine (75mg/kg) 

and xylazine (6mg/kg). The flash ERG was recorded between an electrode placed on the cornea and 

a reference electrode on the lower canthus. An agonist and antagonist for A2A receptors, and an 

agonist and antagonist for A3 receptors, in addition to exogenous adenosine were each injected (5 µL) 

into the vitreous of six eyes with a NanoFil IOKit system (World Precision Instruments, Inc, USA). 

Their effects on the components of the scotopic and photopic ERGs were examined, along with ERG 

flicker responses. 

 Exogenous adenosine [0.5 mM] caused an increase in the mean amplitude of the scotopic 

ERG a-wave from 68.0 ± 7.7 µV to 96.7 ± 13.7 µV (p=0.042). It also increased the mean amplitude of 

the scotopic b-wave from 236.5 ± 38.4 µV to 305.3 ± 41.6 µV (p=0.035). The A2A agonist CGS21680 

[2mM] decreased the mean amplitude of both the ERG b-wave of dark adapted (298.2 ± 21.5 µV to 

212.5 ± 19.3 µV; p=0.005) and light adapted eyes (124.3 ± 17.7 µV to 87.8 ± 11.2 µV; p=0.045). The 

mean scotopic oscillatory potentials were also decreased by the injection of CGS21680 (99.9 ± 9.4 µV 

to 47.2 ± 11.4 µV; p=0.023). ZM241385 [4mM] which is an A2A antagonist did not have any effect on 

any component of the ERG. The A3 agonist 2-CI-IB-MECA [0.5mM] increased the mean amplitude of 

the a-wave (91.4 ± 15.4 µV to 152.9 ± 21.2 µV; p=0.006), while causing a decrease in the mean 

amplitude of the b-waves of both dark adapted (290.9 ± 40.3 µV to 210 ± 21.4 µV; p=0.022) and light 

adapted (170 ± 19 µV to 135.9 ± 11.4 µV; p=0.037) eyes. The scotopic oscillatory potentials likewise 

decreased in mean amplitude (79.6 ± 15.2 µV to 39.2 ± 3.9 µV; p=0.038) by 2-Cl-IB-MECA. The A3 

antagonist VUF5574 increased the mean amplitude of both the a-wave (65.8 ± 8.0 µV to 139.5 ± 29.3 

µV; p=0.046) and the b-wave of dark adapted eyes (223.7 ± 20.3 µV to 312 µV ± 38.7 µV; p=0.037). 

None of the ligands tested had any effect on the ERG flicker response. 

Retinal neurons that contain A2A and/or A3 adenosine receptors contribute to the generation of the 

ERG a- and b-waves and oscillatory potentials. 
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1 Introduction  

As light shines into the eye through the lens, a series of chemical and electrical processes are initiated 

in the cells of the retina. These processes are many, and some of them quite complex. They are also 

the first steps of the visual system in detecting light stimuli. The photoreceptors which are the 

outermost cells of the retina are the ones responsible for the detection of light, and for transmitting the 

response to the next cells in the retinal circuitry, which are the bipolar cells. The bipolar cells receive 

this response signal which they then relay to the ganglion cells that converge to form the optic nerve 

that goes to the brain. Throughout all this process various neurotransmitters are used to transmit the 

signals between the outer retinal neurons and inner retinal neurons (Marc, 2004). While glutamate and 

GABA are the primary neurotransmitters in the retina there are in addition several neurotransmitters 

and neuromodulators which have a diverse role in the function of the retina, for example glycine, 

dopamine, serotonin, substance P and adenosine (Kolb, 1995c). While quite a lot has been 

researched on most of these ligands, not so much has been studied on adenosine. This thesis will try 

to shed some light on the function of adenosine in the retina. 

 

1.1 The structure of the eye 

Mammalian eyes have a concentric exterior which are composed out of three layers. They are fibrous 

tunic, vascular tunic and the retina (neural tunic) (Martini et al., 2002).  

The fibrous tunic is the outermost part of the eye and consists of two parts; the anterior cornea 

which is where light enters the eye and the posterior sclera (or the “white of the eye”). Both tissues are 

composed of dense fibrous connective tissue. The vascular tunic is the middle layer and has three 

parts: choroid, ciliary body, and iris. The choroid is highly vascularised and provides nutrients to the 

retina. It is posterior to and continuous with the ciliary body (Martini et al., 2002).  

The ciliary body is made out of the ciliary processes, and the ciliary muscle. The ciliary processes 

secrete aqueous humor, while the ciliary muscle alters the shape of the lens. The iris is located 

between the cornea and the lens. It’s circular, flat with an opening in the middle called the pupil. Its 

main function is to regulate the amount of light entering the eye.   

The retina is the innermost tissue within the eye. The retina is composed of two distinct parts, the 

exterior pigmented epithelial layer and the interior neural layer. The retinal pigment epithelium is 

separated from the choroid by Bruch’s membrane. The inner neural layer, the neuroretina, is 

composed of six distinct layers. The outermost layer is the photoreceptor layer that contains the rods 

and cones (Dowling, 1987). More distal in the retina are the outer nuclear layer and outer plexiform 

layer. The outer nuclear layer contains the perikarya of the photoreceptors, while the outer plexiform 

layer contains the synapses between the photoreceptors and bipolar and horizontal cells. There are 

two major types of photoreceptors in the retina, called rods and cones, which are distinguished by the 

type of photopigment they contain, shape of their outer segments and synaptic connections, and 

distribution in the retina. The inner nuclear layer is where the perikarya for horizontal, bipolar and 
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amacrine cells reside. The inner plexiform layer is where the synapses for bipolar, amacrine and 

ganglion cells meet. The innermost layer is where the perikarya and axons of the ganglion cells are 

located. The axons of the ganglion cells form the optic nerve which leads out of the eye via the optic 

disk into the brain. The primary glial cells in the retina are Müller glial cells. They extend vertically 

through the retina from the outer nuclear layer to the inner limiting membrane, which is a basement 

membrane that separates the viscous fluid from the retina. The perikarya  of Müller cells is usually 

located in the middle of the inner nuclear layer (Dowling, 1987). Other glial cells have been observed 

in the retina; these include astrocytes (Ogden, 1978) and microglia (Boycott & Hopkins, 1981). 

 

1.2 The function of the retina 

As stated above the retina contains the photoreceptors, which are responsible for the detection of light 

via phototransduction. Phototransduction is the process in which light is turned into electrical energy 

via bleaching of visual pigments in the photoreceptors (Lolley & Lee, 1990). The process of 

phototransduction is the basis for vision. Following phototransduction in the photoreceptors, the visual 

information is passed on further as a neural signal, to the bipolar cells which then transmit it from the 

outer plexiform layer of the retina to the inner plexiform layer. The synapses in the plexiform layers are 

the basis for the first processing of visual information in vision.  The results from these are transmitted 

to the brain via the ganglion cells, whose axons form the optic nerve (Dowling, 1987).  

 Müller cells are glial cells in the retina, and are involved in maintaining homeostasis in the 

retina and metabolic support of retinal neurons. They also participate in the uptake of various 

neurotransmitters released by retinal neurons, for example glutamate. They also participate in 

phagocytosis and various other important functions (Reichenbach & Bringmann, 2013). 

 One of the functions of the pigment epithelium is to capture stray light that enters the eye and 

thus preventing it from reflecting back into the vitreous and therefore creating a clearer image. Light 

that passes through the retina is absorbed by melanin, located in melanin granules in the retinal 

pigment epithelium, which is an important characteristic of the pigment epithelium. The pigment 

epithelium has other functions and they have mostly to do with maintaining normal function of the 

photoreceptors (Strauss, 2005). 

 The different cell types of the retina form a complex network, where each type has a specific 

function. The photoreceptors are the primary cells in the visual pathway. They transmit a signal via a 

glutamate synapse to the bipolar cells, which in turn synapse on the ganglion cells.  The horizontal 

cells synapse with both the photoreceptors and bipolar cells. Horizontal cells release the inhibitory 

neurotransmitter Gamma-aminobutyric acid (GABA) to inhibit the function of the photoreceptors and 

bipolar cells. This is done via the ON center and OFF center receptive field of the bipolar cells to 

detect contrast (Nelson & Connaughton, 1995). Amacrine cells are similar to the horizontal cells in that 

they inhibit the function of its surrounding cells. For this purpose they use GABA and glycine, where 

they are either inhibiting bipolar cells in a feedback system or other amacrine cells (Hartveit, 1999). 

Amacrine cells use these neurotransmitters to relay the signal from the bipolar cells to the ganglion 
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cells. The ganglion cell axons form the optic nerve which leads from the eye to the brain. Glial cells 

maintain homeostasis and protect neurons from excess of neurotransmitters by recycling them with an 

uptake system.  

Photoreceptors, horizontal cells and bipolar cells all use graded potentials as opposed to action 

potentials to transmit electrical signals along their membranes. Ganglion cells on the other hand use 

action potentials to transmit their signals to the brain (Dowling, 1987). Amacrine cells meanwhile use 

both graded potential and action potential (Yamada et al., 2002). 

 

1.3 The rat retina 

The rat eye is similar in both structure and function to those of most mammals, including humans. The 

rat retina like the human retina contains both rod and cone photoreceptors. Unlike the human retina 

however, the retina of the rat only has 2 types of cones, as opposed to the three that humans have 

(red, green and blue cone types). The rat retina lacks the red cones. What the rat’s retina has 

however, are blue cones with shorter peak wavelength sensitivity as compared to human blue cones. 

This allows rats to see into the ultraviolet part of the spectrum (Jacobs et al., 1991). The 

photoreceptors in the rat retina are approximately 1% cones, while in the human retina cones are 

about  5% of all photoreceptors (La Vail, 1976). 

 

1.3.1 The rod bipolar pathway 

The rat retina like other nocturnal rodents is rod dominated, meaning that rods outnumber cones 

(Kolb, 1995a). This means that the bipolar cells, which are the next order of cells postsynaptic to the 

photoreceptors, are primarily receiving neural signals from rods. Rod photoreceptors release 

glutamate onto their postsynaptic bipolar cell at a highest rate in the dark. The rods, which normally 

are depolarized at about -30 to -40 mV in darkness, hyperpolarize when exposed to light which 

decreases the release of glutamate. It’s this glutamate signaling that enables the bipolar cells to either 

depolarize or hyperpolarize when light falls on the center of their receptive fields, depending on the 

type of glutamate receptors that they possess. Bipolar cells that depolarize in response to light 

presented in the center of the receptive field are referred to as ON bipolar cells, and bipolar cells that 

hyperpolarize to the same kind of stimuli are referred to as OFF bipolar cells. ON bipolar cells possess 

glutamate metatropic receptors; while off bipolar cells have ionotropic glutamate receptors. The rod 

bipolar pathway only contains depolarizing ON bipolar cells as opposed to the cone bipolar pathway 

which contains both depolarizing ON bipolar cells and hyperpolarizing OFF bipolar cells (Dacheux & 

Raviola, 1986). Studies have also shown that rod bipolar cells only synapse onto amacrine cells and 

not ganglion cells (Kolb & Famiglietti, 1974). The amacrine cells then synapse with either ON or OFF 

cone bipolar cells, which in turn synapse with ganglion cells (Kolb, 1979). The bipolar cells release 

glutamate on to their synapses with amacrine cells. The depolarizing ON bipolar cells are 

hyperpolarized in darkness and don’t release glutamate until light stimulates the photoreceptors. The 
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rod bipolar cells synapse onto two subtypes of depolarizing amacrine cells, the A17 and AII amacrine 

cells. The AII amacrine cells release glycine to inhibit the OFF cone bipolar cells, which synapse with 

the OFF-center ganglion cells (Nelson & Connaughton, 1995). ON-center ganglion cells receive 

signals from rods via the AII amacrine and on cone bipolar cells. The rod ON signal travels from the 

rod bipolar cell to AII amacrine cells to ON cone bipolar and then finally to the ON ganglion cell. 

 

1.3.2 The cone bipolar pathway 

The rat has only two types of cones, while the diurnal humans have three types (Jacobs et al., 1991; 

Lamb, 2013). This along with the proportionally small number of cones compared to rods, results in no 

a-wave being visible detected in the rat photopic ERG. The cones function like the rods in that they 

constantly release glutamate in darkness and when exposed to light decrease the release of 

glutamate. With diminished amounts of glutamate affecting the bipolar cells they either depolarize or 

hyperpolarize depending on the glutamate receptor subtype the bipolar cell contains. The cone bipolar 

pathway unlike the rod pathway contains both ON (depolarizing) and OFF (hyperpolarizing) bipolar 

cells (Kolb, 1995b). This means that there are two parallel pathways of information coming from the 

cones versus only one form the rods. Stephen Kuffler showed in 1953, examining ganglion cells in cat 

retinas, that this organization allows one pathway to provide brighter than background stimuli (the ON-

center channel) to the ganglion cells, while the other pathway provides darker than background stimuli 

(the OFF-center channel) to the ganglion cells (Kolb, 1995b; Kuffler, 1953). The ON- and OFF-center 

channels separate at the level of the bipolar cells, where the glutamate receptors they contain 

determine whether the bipolar cell depolarizes or hyperpolarizes in response to light stimulation. There 

are also bipolar cells that receive synaptic input from both cones and rods. The cone bipolar cells 

function like the rod bipolar cells in that they constantly release glutamate when depolarized and 

decrease or stop the release when hyperpolarized. There are fewer cones that converge with cone 

bipolar cells than rods converging into rod bipolar cells. Likewise there are fewer cone bipolar cells 

that converge into their ganglion cells than rod bipolar cells. This can partly be explained by the fact 

that cone bipolar cells can synapse directly with ganglion cells unlike rod bipolar cells who require 

intermediaries (Kolb, 1995b). This makes the cone pathway much more narrow-field and convergent 

than the rod pathway. The simultaneous signaling of both ON- and OFF-center channels allow for 

much greater visual acuity and contrast then is possible with the rod pathway. This is achieved with 

lateral inhibition, involving horizontal cells synapsing onto photoreceptors and/or bipolar cells. The ON-

center receptive field works in such a way that when light shines on the center of the cell’s receptive 

field it is stimulated, while when light falls on its surrounding area of the receptive field, the light 

response of the cell it is inhibited. The OFF-center receptive field is the opposite, i.e. when light falls 

on its center the cell is inhibited, and it is stimulated when light shines on the surround of its receptive 

field. 
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1.4 Neurotransmitters in the retina 

Glutamate is a non-essential amino acid that cannot cross the blood-brain barrier and therefore must 

be synthesized locally in the CNS. The most common glutamate precursor is glutamine, which is 

released by glial cells. In the presynaptic terminals it is metabolized to glutamate by the mitochondrial 

enzyme glutaminase (Bringmann et al., 2009). Along with this, glutamate can also be synthesized by 

transamination of 2-oxuglutarate, an intermediate of the tricarboxylic acid cycle. This shows that some 

of the glucose metabolized by the neuron can be used for glutamate synthesis (Bringmann et al., 

2013). When glutamate has been released by the presynaptic terminal it either is picked up again by 

glutamate transporters in the presynaptic terminal, or glial cells where it is converted into glutamine by 

glutamine synthetase. Subsequent to that it is released by the glial cell and taken up by neurons and 

converted back to glutamate (Martinez-Hernandez et al., 1977). Glutamate transporters have been 

located on photoreceptors, bipolar cells, horizontal cells, amacrine cells and ganglion cells (Marc & 

Lam, 1981; Marc et al., 1990) Glutamate is a well known neurotransmitter in the central nervous 

system. It is the main excitatory neurotransmitter in the central nervous system (Meldrum, 2000). In 

the retina both cones and rods use glutamate to transmit signals to the second order neurons 

(Massey, 1990). The photoreceptors constantly release glutamate when they are in the dark. It is the 

stimulation of them by light that decreases the amount of glutamate released, and in turn either 

depolarizes or hyperpolarizes the bipolar cells depending on the glutamate receptor type they contain. 

Bipolar cells that depolarize when receiving less glutamate are known as ON bipolar cells, while those 

that hyperpolarize are called OFF bipolar cells. Bipolar cells release glutamate as a neurotransmitter 

on amacrine and ganglion cells. Two classes of glutamate receptors have been identified. They are 

ionotropic glutamate receptors, which directly gate ion channels, and metatropic glutamate receptors 

that may be coupled to an ion channel or other cellular functions with an intracellular second 

messenger cascade. When glutamate binds onto an ionotropic receptor it directly influences ion 

channel activity because the receptor and the ion channel form one complex. Glutamate metatropic 

receptors are not directly linked to their ion channel like ionotropic receptors, but rather use a second 

messenger pathway. When glutamate binds to the receptor it activates a G-protein that initiates an 

intracellular cascade that affects the ion channel. These two classes can be further subdivided into 

non-NMDA and NMDA receptors for the ionotropic glutamate receptors and APB receptors for the 

metatropic receptors (Connaughton, 1995). It has been shown that APB  selectively blocks the ON-

pathway in the retina (Slaughter & Miller, 1981). Glutamate is the metabolic precursor to gamma-

aminobutyric acid (GABA) (Yang, 2004). 

Gamma-aminobutyric acid (GABA) is a major inhibitory neurotransmitter in the retina. GABA acts 

by binding to its receptors on both the pre- and postsynaptic neuronal processes. The binding of 

GABA to the receptor opens an ion channel that either allows the flow of negative chloride ions into 

the cell or positive potassium ions out of the cell. This causes a negative change in the membrane 

potential, usually resulting in hyperpolarization. Three different types of GABA receptors have been 

located in the retina. They are GABAA, GABAB and GABAC (Polenzani et al., 1991). GABA receptors 

can be found on nearly all the neurons of the retina (Enz et al., 1996; Koulen et al., 1998; Wassle et 
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al., 1998). It has been shown that GABA receptors modify the dark adapted a- and b-waves and the 

oscillatory potentials in the rat ERG (Moller & Eysteinsson, 2003).  

Adenosine is an endogenous nucleoside that along with ATP, ADP, and AMP plays an important 

role in the energy metabolism of all life (Lassila et al., 2011). ATP is adenosine connected to three 

phosphate groups. It is these three phosphate groups which intra-convert ATP, ADP, and AMP. 

Adenosine is generated from AMP using adenosine kinase, while AMP is created through the 

breakdown of ADP, which itself is created by breaking down ATP. Adenosine is also important through 

cAMP in signal transduction. Through its processes adenosine plays an important part in various 

functions throughout the body (Burnstock, 2007). Adenosine is a neuromodulator in the central 

nervous system, which means that while it doesn’t transmit nerve signals in a conventional manner it 

influences the functions of the neurotransmitters in neural signaling (Blazynski et al., 1989). It has also 

been shown that adenosine can have a neuroprotective effect, both in the retina and the brain (Roth, 

2004; Zhong et al., 2013). The role of adenosine in neuroprotection is considered to be the reduction 

of neural activity and excitotoxicity via inhibition of synapses with excitatory amino acids like glutamate 

(Rudolphi et al., 1992). It has also been shown that adenosine has a role in inflammation (Antonioli et 

al., 2014). Despite all this not much is known about its effect on the processes in the retina involved in 

vision.  

 

1.5 Adenosine receptors 

Purinergic receptors were first defined in 1976 by Geoffrey Burnstock, when he suggested that there 

are two separate receptor classes, one for ATP and another for adenosine (Burnstock, 1976). Two 

years later it was proposed that these receptor groups be identified as P1 for adenosine and P2 for 

ATP/ADP (Ralevic & Burnstock, 1998). In 1994 the P2 receptors were further subdivided into two 

groups, P2X (ligand-ion gated receptors) and P2Y (G protein-coupled receptors). This was based on 

the molecular structure and transduction mechanisms of these receptor groups (Burnstock, 2007).  

Adenosine receptors are divided into four subtypes which are A1, A2A, A2B and A3 receptors 

(Fredholm et al., 2011). These four receptor subtypes were identified with convergent data from 

biochemical, molecular and pharmacological studies (Ralevic & Burnstock, 1998). All the adenosine 

receptors couple to G-proteins. What further supports the theory that these are separate receptors is 

that the homology between the receptors is not very high. It is 45% between the rat A1 and A2B 

receptors (Stehle et al., 1992). The homology between A2A and A2B is approximately 46% when cloned 

from rats and 61% when cloned from humans (Pierce et al., 1992; Stehle et al., 1992). The human A3 

receptor shows only 50%, 43% and 40% homology with the human A1, A2A and A2B (Linden, 1994). 

Both A1 and A3 receptors lower the amount of cAMP in the intracellular space, while A2A and A2B 

receptors increase it (Ralevic & Burnstock, 1998). 
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1.5.1 Adenosine receptors in the body. 

Adenosine, in addition to its intracellular role is a neuromodulator that is found in many parts of the 

body including the digestive system, kidneys, central nervous system and immune system (Burnstock, 

2007). It is primarily made by the breakdown of ATP with the ectonucleatidase cascade (Zwicker et al., 

2011). In the retina it has been located in the photoreceptors, bipolar cells, amacrine cells and 

ganglion cells (Kvanta et al., 1997; Zhang, M. et al., 2006). 

A1 receptors are widely distributed in the bodies of most species but have been located 

predominantly in the central nervous system, most notably in the cerebral cortex, hippocampus, 

cerebellum, thalamus, brain stem and spinal cord. Along with this A1 mRNA has also been located in 

the stomach, spleen, pituitary, adrenal, bladder, aorta, liver, eye and heart (Dixon et al., 1996; Reppert 

et al., 1991).  

A2A receptor mRNA has been localized in immune tissues, the eye, skeletal muscle, heart, lung, 

bladder and uterus (Dixon et al., 1996). A2A receptors have also been localized in the brain, where the 

highest levels are in the striatum, nucleus accumbens and olfactory tubercle (Ongini & Fredholm, 

1996). 

Using Northern blot to locate mRNA the A2B receptor has been found with high expression in the 

caecum, large intestine and urinary bladder (Stehle et al., 1992). Lower levels of expression have 

been found in the brain, spinal cord, lung, vas deferens and pituitary (Stehle et al., 1992). By using 

reverse transcription-polymerase chain reaction (RT-PCR) it was found that there are low levels of A2B 

receptors in all rat brain regions tested (Dixon et al., 1996). 

The A3 receptor was located using RT-PCR in the rat heart, lung, and kidneys. In the central 

nervous system, low level expression was detected in the cortex, striatum and olfactory bulb (Zhou et 

al., 1992). With Northern blot it was found that A3 receptor mRNA is expressed in testis, lung, kidneys, 

placenta, heart, brain, spleen, liver, uterus, bladder, jejunum, proximal colon and the eye (Dixon et al., 

1996; Linden, 1994; Linden et al., 1993; Rivkees, 1994; Salvatore et al., 1993; Zhou et al., 1992). 

 

1.5.2 Adenosine receptors in the retina 

Adenosine receptors can be found in nearly all the neurons of the retina. Their location is though not 

the same for all receptor subtypes (Kvanta et al., 1997; Zhang, M. et al., 2006). Studies using mRNA 

have shown that the A1 adenosine receptor is mostly located in the inner retina, namely the ganglion 

cell layer. The same study found that the A2A receptor mRNA is located in the inner nuclear layer, 

ganglion layer and to a lesser extent the outer nuclear layer of the retina (Kvanta et al., 1997). While it 

has been suggested that the A2B receptor is located in the retinal pigmented epithelium it has not been 

confirmed by immunostaining (Gregory et al., 1994; Kvanta et al., 1997). The A3 adenosine receptor is 

known to be present in the ganglion layer and the inner plexiform layer of the retina (Zhang, M. et al., 

2006). 

It has been shown by Roth and colleagues, using rats that adenosine has neuroprotective effects 

on the retina against ischemia through inhibition of either A1 or A2A adenosine receptors (Li et al., 
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1999; Roth, 2004). All four adenosine receptor subtype mRNA have been located in the retina using in 

situ hybridization or RT-PCR (Kvanta et al., 1997; Zhang, M. et al., 2006). Niemeyer’s group 

demonstrated in 1990 that by injecting adenosine intraarterially into cats that the ERG b-wave 

increased in amplitude and there was a concomitant increased blood flow in the eye (Fruh et al., 

1990). Further studies using perfused isolated cat eyes have revealed that the A2A adenosine receptor 

has a vasodilating effect in the eye, which in part explains the neuroprotective effects of adenosine 

(Macaluso et al., 2003).  

A2A receptors are g-protein receptors that increase the amount of cAMP in the intracellular space.  

CGS21680 is an A2A adenosine receptor ligand who has been shown to be 140-fold more selective for 

the A2A receptor than the A1 receptor (Hutchison et al., 1990). ZM241385 has been shown to be a 

potent A2A receptor antagonist (Poucher et al., 1995). Stella and colleagues have demonstrated that 

the A2 adenosine receptors inhibit calcium influx through L-type calcium channels in rods in 

salamander retina (Stella et al., 2002). Based on this knowledge it was decided to test the effects of 

A1, A2A and A3 adenosine receptors on the secondary neurons of the retina. They discovered that 

neither A1 nor A3 receptors had any effect, while both CGS21680 and ZM241385 influence the release 

of glutamate from rod photoreceptors, possibly by inhibiting calcium channels in the rods of tiger 

salamanders (Stella et al., 2003). When testing the effects of adenosine on cone photoreceptors, the 

same results were obtained as with rods. Adenosine has an inhibitory effect on calcium channels in 

cones in tiger salamanders (Stella et al., 2007). Stella and coworkers further demonstrated that by 

inhibiting calcium channels in cones with adenosine, it reduces exocytosis of glutamate from cones. 

They postulated that this has a neuroprotective effect along with the neuromodular effect it has on the 

visual pathway (Stella et al., 2009). Likewise it has been demonstrated that the A2A receptor 

suppresses the rod opsin mRNA expression at night in tiger salamanders (Alfinito et al., 2002). 

Despite all these results, not much is known about the effects that adenosine receptors have in the 

retina. While these studies focused on the outer retina, less focus was put on the inner retina and the 

possible effects adenosine receptors might have on it. 

A3 receptors are g-protein receptors that decrease the amount of cAMP in the intracellular space. 

The A3 agonist 2-Cl-IB-MECA has a 2500- and 1400-fold selectivity for rat A3 versus the A1 and A2A 

adenosine receptors (Jacobson, 1998). The A3 antagonist VUF5574 has been found to be a highly 

selective versus adenosine A1 and A2A receptors (van Muijlwijk-Koezen et al., 2000). In line with the 

neuroprotective role of adenosine is has been shown that the A3 receptor will decrease the nerve 

excitability following glutamate release (Zhang et al., 2010; Zhang, X. et al., 2006). 

 

 

1.6 The electroretinogram 

The electroretinogram (ERG) is a technique that is used to record overall electrical activity in the retina 

in response to light (Dowling, 1987). It was first discovered by Fritjof Holmgren in Sweden in 1865 

(Perlman, 1995). The electroretinogram measures the gross field potential of the retina before and 
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after presentation of a light stimulus. The response depends on the characteristics of the stimuli used 

to evoke it, for example the intensity of light stimulation, the wavelength of the light, its frequency and 

time duration. The response also depends on the ratio of rods and cones in the retina measured from, 

and the light condition in the surrounding area (Weymouth & Vingrys, 2008). The level of adaptation to 

light or darkness, and thus the concentration of unbleached photopigment present in the 

photoreceptors has a profound effect on the electroretinogram (Perlman, 1995). 

An ERG has a few distinctive components that are separated in time. They have their origin in the 

various types of cells in the retina. The first analysis of these components was performed by Ragnar 

Granit in 1933. He used an anesthetized cat model and observed the removal of the different 

components of the ERG as the level of anesthesia deepened. He noticed three components which he 

called P I, P II and P III (the P stood for “Process”), depending on their removal from the ERG (Granit, 

1933). Since then much research has been done to attempt to locate the physiological processes that 

underlie the components of the ERG. The ERG can be divided into several distinct waves, and the 

most prominent of these are the a-wave, b-wave and oscillatory potentials (figure 1). The a-wave is 

the first wave to appear in the ERG. It appears as a negative amplitude change. The b-wave is the 

large positive amplitude change that appears in time right after the a-wave. The oscillatory potentials 

show themselves as wavelengths on top of the b-wave. If the stimulation is long enough a small 

positive wave appears at the stimulus offset. This wave is known as the d-wave (Perlman, 1995). With 

continuous repetitive light stimulation, a series of waves appears which is known as flicker (figure 1). 

The c-wave is a slow positive amplitude change that appears after the b-wave (Perlman, 1995). 

Neither c- nor d-waves were recorded for this research, since the light stimulus required would have to 

be longer than 10 µsec. 

The a-wave was at first thought to be mostly generated by the photoreceptors (Granit, 1933). While 

this has proven true, it has been also shown that post photoreceptor cells may contribute significantly 

to the a-wave in primates (Bush & Sieving, 1994). The generation of the b-wave was considered to be 

indirectly caused by Müller cells. Miller and Dowling demonstrated by intracellular recordings of 

membrane potentials that the Müller cell response to light stimulation had a time course similar to the 

b-wave (Miller & Dowling, 1970). Slaughter and Miller demonstrated in 1981 that by applying  APB (2-

amino-4-phosphonobutyrate), a glutamate analog, to the retina it is possible to block the activity of the 

ON bipolar cells while leaving the OFF bipolar cells unaffected (Slaughter & Miller, 1981). Stockton 

and Slaughter showed furthermore in 1989 that by blocking the glutamate receptors on the ON bipolar 

cells using APB, that the b-wave is eliminated from the ERG recording (Stockton & Slaughter, 1989). 

This proved that the b-wave is affected by ON bipolar cells as well as Müller cells. Previous studies 

using GABA receptor ligands have also shown that the b-wave is partly modified by amacrine cells 

(Dong & Hare, 2002; Moller & Eysteinsson, 2003). The d-wave has been shown to be modified by 

OFF bipolar cells (Naarendorp & Williams, 1999). Kondo and Sieving showed in 2002 that the flicker 

response is largely influenced by ON bipolar cells and OFF bipolar cells in primates (Kondo & Sieving, 

2002). However, further studies using rats have showed that it is primarily the ON bipolar cells that 

influence the generation of the flicker response (Qian et al., 2008). 
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OP’s are considered to be generated separately from a- and b-waves. It is possible to separate the 

OP’s from the other components in an electroretinogram by using high pass filters or with Fourier 

analysis. OP’s have a higher frequency than a- and b-waves. The fundamental frequency of OP’s is 

between 90-160 Hz in humans, while the a- and b –waves are about 25 Hz (Wachtmeister, 1998). 

OP’s have been recorded from many different animal species (Wachtmeister, 1998). Usually there are 

between three and six peaks in the OPs of an ERG. The variation in the number of OP’s seems to be 

dependent on the intensity of the light stimulation and ambient light (Peachey et al., 1991).  

The cellular sources of the OP’s are not very well known, but it is thought that behind each peak 

there is a different neurophysiologic process (Wachtmeister & Dowling, 1978). It has been suggested 

that they originate primarily in the inner retina (Ogden & Wylie, 1971) and are sent via an inhibitory 

feedback system from the inner to the outer retina (Wachtmeister & Dowling, 1978). This suggests that 

the bipolar cells, amacrine cells and/or ganglion cells are the possible generators of the oscillatory 

potentials (Wachtmeister, 1998). While it would be possible for the ganglion cells to be the originator 

of the OP’s, it has been shown that degeneration of the optic nerve, and thus ganglion cells does not 

influence the OP’s and therefore they are highly unlikely to be the source (Wachtmeister & el Azazi, 

1985). The first OP was found to originate in the mudpuppy retina at a depth where the amacrine cells 

are located. This seems to suggest that the first OP is initiated by some type of amacrine cells in the 

cold blooded retina (Wachtmeister & Dowling, 1978). 
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2 Aims 

Few studies have been performed to examine the effects of adenosine receptors on the function of the 

retina. Even fewer studies have been performed to study the effects adenosine receptors have on the 

visual pathway. ERG is a method that is used to study the visual pathway in the retina. It records the 

gross field potential of the retina. The purpose of this study was to examine what role adenosine 

receptors may play in the generation of the ERG and from the results estimate what role specifically 

the A2A and A3 adenosine receptors have in the visual pathway, in particular visual processing of the 

retina. 
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3 Materials and Methods 

 

3.1 Animals 

A total of 47 female and 12 male albino Sprague-Dawley rats weighing 228 - 740 grams were used in 

this study. Out of those 59 rats, 23 were unsuccessful because of various reasons, including problems 

with the anesthesia and the injection of the drug/saline into the eye. Included with the unsuccessful 

rats are those who were used for refining the methods applied and for practice at the beginning of the 

experiments. In addition there were two male Sprague-Dawley rats weighing 480 and 482 grams used 

to test the function and accuracy of the instruments. All animals were treated in accordance with the 

Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in 

Ophthalmic and Visual Research. License number for these experiments is 0112 – 0101. 

The rats were kept in a room with a 12 hour day and night light/dark cycle. The rats had free 

access to water and food. They were fed RMI (E) rat food from SDS (Special Diets Services) Essex, 

England. 

Prior to each experiment a rat was selected at random and then given an intraperitoneal injection of 

S-ketamine (Pfizer, Denmark) (75mg/kg) and xylazine (Chanelle Pharmaceuticals, Ireland) (6mg/kg). 

The anesthesia was maintained by an hourly injection of 25mg/kg Ketamine and 2mg/kg xylazine into 

the abdomen. 

Pupils were dilated using mydriacyl (Alcon Inc., U.S.A) or cyclopentolate (Chauvin Pharmaceuticals 

Ltd., U.K) drops. Alcaine (Alcon Inc., U.S.A) drops were given as a local anesthetic on the cornea. 

Whiskers were cut away with scissors. Drops of saline solution were periodically applied to the eye to 

prevent dehydration of the cornea and to maintain sufficient electrical conduction for the corneal 

electrode. A short piece of string was threaded behind the animal’s upper front teeth and the head 

moved in a straight line with the body. This was done to maintain normal breathing by keeping the 

airway of the animal always securely open. The animal lay on a heating plate that was connected to a 

thermal regulator that maintained the body temperature of the animal at 37°C. The body temperature 

of the animal was monitored with a rectal thermo sensor that was connected to a thermal regulator.  

 

3.2 Electroretinography  

For electroretinogram (ERG) recordings a stainless steel wire loop was used as a cornea electrode 

(Goto, 1996). The end of the wire was looped with a diameter of 3 mm. This was done so that the 

electrode would lie comfortably on the cornea. A platinum sub dermal needle was used as a reference 

electrode. It was bent and its tip was cut off to minimize the risk of puncturing the skin when it was 

hooked on the lower eyelid. Another platinum subdermal needle was used as a ground electrode. For 

the first half of the study it was placed in the tail, until it was discovered that more stable recordings 

with better signal-to-noise ratios were obtained by placing the ground electrode in the outer ear. 
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Before the start of each recording the cornea electrode was dipped in 1% methyl cellulose before 

being placed on the eye being examined. This was done to prevent dryness of the cornea and thus 

reduce the likelihood of cataract formation, as well as to improve electrical contact (Serrato et al, 2003; 

Ridder et al, 2002). Cataract formations had been observed in some animals where the cornea 

electrode had been on the eye continuously from the start of the experiment to the end. Therefore the 

corneal electrode was removed during dark adaptation, and then placed again on the cornea under 

dim red light before recording. The reference electrode was hooked on the lower eyelid. The amplitude 

difference between them was measured with a differential amplifier suite. 

The output from the electrodes were led into a Digitimer Neurolog (Digitimer Ltd., England) 

amplifier suite, which consists of a NL 103 A.C. pre-amplifier, NL 105 A.C. amplifier and NL 115 filters. 

The signal was amplified 1000 times. The recordings were fed through a 50 Hz filter (notch filter) to 

remove mains interference. High pass and low pass filters were set at 1 – 1000 Hz. After going 

through the filters, the recording was fed into a computer through an A/D PowerLab 8SP analog/digital 

converter (ADInstruments Ltd., Australia). The recordings were stored on the computer using the 

program LabChart 7 Pro (ADInstruments, Australia). In LabChart a 50 – 500 Hz digital filter was used 

to further isolate the oscillatory potentials in a separate channel. The sampling rate of the recordings 

was set at 20 kHz. 

For the first 2/3 of the experiments the setup described above was used. For the last third of the 

experiments, the Neurolog amplifier suite was replaced with a MacLab BioAmp, model ML131 

amplifier (ADInstruments, Australia). Also the PowerLab 8SP was replaced with a PowerLab 2/20, 

model ML820 (ADInstruments, Australia). This was because the Neurolog amplifier is an old 

instrument that could potentially break down at any given moment. Obviously having a critically 

important instrument break down in the middle of an experiment is not acceptable, and therefore it 

was replaced with a newer amplifier. Along with the new amplifier a different A/D converter, a more 

recent model, was used. This was done pre-emptively to prevent potential data loss due to a 

malfunctioning amplifier or A/D converter. The new amplifier and A/D converter yielded results similar 

to those that the previous one had.  

The retina was stimulated with a xenon white light for 10 µs. The intensity of the stimuli was 

controlled electronically using a Grass PS-33 photic stimulator (Astro-Med/Grass Inc., USA). The 

photic stimulator has five light intensity settings which range from providing the lowest luminance at 

the retina at 0.67 log cd sec/m2 to the highest setting at 1.87 log cd sec/m2. Out of those five settings 

only four were used for the experiments. The second lowest intensity was not used. Each setting is 

twice as intense as the one preceding it. The light source was located 20 cm from the rat’s eye. The 

photic stimulator has a trigger switch, which when activated sends a signal pulse to the lamp and the 

A/D device, so that the ERG recording and data acquisition is synchronized with the actual light 

stimulation. Data acquisition began 50 msec before the trigger pulse was initiated and lasted for 2000 

msec after the pulse was triggered. 
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3.3 Drugs 

Four different ligands for specific adenosine receptors, in addition to adenosine and saline solution 

were tested. Adenosine, 2-CI-IB-MECA, CGS 21680, VUF 5574 and ZM 241385 were all purchased 

from TOCRIS bioscience, Bristol, UK. All stock solutions were diluted with 0.9% saline solution. The 

drugs are listed in table 1 along with their molarity. Previous studies with adenosine ligands used 

concentrations in µM while examining isolated cells. Since this study uses a live animal, it is required 

to increase the concentration of the ligand to account for diffusion in the much larger volume of the 

vitreous, to achieve the same level of concentration as the previous studies (Stella et al., 2002; Sun et 

al., 2002). The concentration of each ligand injected into the vitreous is based on the estimated 

concentration at retina in µM, as can be seen in table 1. 

For each ligand only one concentration was tested and therefore not possible to say what effects 

other concentrations might have on the ERG. It is well known that drugs that affect the ERG do so in a 

dose dependant manner. Due to the number of ligands used along with adenosine itself, it was 

decided not to examine the dose response relationship because of the increased number of animals 

that would have been required. 

 

 

Table 1. The four adenosine receptor ligands tested along with exogenous adenosine and their 
concentrations dissolved in 0.9% NaCl. Molecular weight (g/mole), molar concentration 
(mmole/L) and estimated molarity at retina given equal distribution of ligand in the vitreous 
(µmole/L). The equation used to calculate the distribution of the ligand in the vitreous is 
(X*0.005)/0.15, where X is the molar concentration, 0.005 is the amount of ligand injected 
into the vitreous in mL and 0.15 is the estimated volume of the vitreous of the rat in mL 
(Moller & Eysteinsson, 2003). 

Drug Molecular weight mM 
Est. concentration at 

retina in µM 

Adenosine 267.24 0.5 33 

CGS 21680 hydrochloride 545 2 133 

ZM 241385 341.84 4 266 

2-CI-IB-MECA 544.74 0.5 33 

VUF 5574 371.39 1 66 

 

3.4 Procedure 

After having anaesthetized the rat, it was prepared as previously described. Since the animal had 

been in ambient room light for more than 15 minutes, there was no need to wait further to light adapt 

the eyes. After having prepared the rat, light stimuli at three increasing intensities, 1.27, 1.57 and 1.87 

log cd sec/m2, were used to obtain the ERG recordings. Flicker ERG responses were recorded in 

response to light stimuli of 1.57 log cd sec/m2 in mean luminance at a 15 Hz flicker rate. Afterwards 
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the room lights were turned off and the rat dark adapted for 40 minutes. At the end of dark adaptation

elicited by light stimuli with intensities of 0.67, 1.27, 1.57 and 1.87 log cd 
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results were only analyzed statistically for those two time points (45 and 65 minutes) after drug 

injection, since it was also discovered that the time points after these, the effects of the ligands had 

started to decrease. Only one drug/saline was tested on each eye and each drug was tested on 6 

eyes.  

In addition to this, 5 µL of saline solution was tested on 7 eyes to check if the injection method had 

any effects on the electroretinogram. In order to verify that injection of 5 µL of ligands into the vitreous 

by this method does reach the retina and can affect synaptic function, an experiment with the 

glutamate analog AP4 was performed.  AP4 is known to block the light responses of ON bipolar cells 

(Slaughter & Miller, 1981), and by that way selectively blocks the ERG b-wave (Stockton & Slaughter, 

1989).  As shown in Figure 3, an injection of 5µL of 1 mM AP-4 completely removed the ERG b-wave.  

At the completion of the experiments, which usually lasted about 7 hours, the rats were at first 

killed by cervical dislocation and then bled by sectioning of its femoral artery. After bleeding the animal 

was finally decapitated by guillotine. 
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Figure 3. The effects of 1 mM AP4 on the ERG after injection into to the eye. The recording is from a 
dark adapted retina. The recording is taken at a bandwidth of 1 – 1000 Hz. The b- wave is 
gone from the ERG. The black trace is control recording, while the red trace is after the 
administration of AP4. 
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           A      B 

 

   C      D 

 

Figure 4. Measurements of the components of the electroretinogram (ERG), recorded from Sprague-
Dawley rats. A. Amplitude of a- and b-wave from dark adapted eyes. B. Amplitude of 
oscillatory potentials with dark adapted eyes. C. Amplitude of the b-wave from light adapted 
eyes. D. Amplitude of flicker from light adapted eyes. 

 

 

3.5 Data Analysis 

The amplitudes of the a-wave, the b-wave and oscillatory potentials were measured before and after 

drug injection. The amplitudes of the oscillatory potentials were measured as the difference between 

the top and bottom of three peaks. The amplitude of the a-wave was found by measuring from the 

baseline to the lowest point of the a-wave. The b-wave was measured from the lowest point of the a-

wave to the highest point within 200 msec after the stimulus onset. The amplitudes of the flicker 
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responses were measured as the difference between the top and bottom of four peaks starting after 

0.5 sec from the beginning of flicker stimulation. Figure 4 shows how these measurements were 

taken. All of the measurements were done in LabChart 7 Pro (ADInstruments, Australia). All data 

values were entered into Microsoft Excel (Microsoft, U.S.A). Figures were made using Sigmaplot 

(SYSTAT, U.S.A). 

The data was analyzed using the IBM SPSS 22 software package (IBM SPSS, U.S.A). A paired t-

test was used to compare the means before and after drug/saline injection. The alpha level of 

significance was α = 0.05. 

The amplitude before and after drug injection of the a–wave, b–wave, the combined average of the 

oscillatory potentials (the oscillatory index) and combined average of the flicker responses are given 

as means ± SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

33 

4 Results 

A total of 61 experiments were performed in this study. Out of those 44 were successful with 

acceptable ERG recordings. Reasons for failure were mostly problems with the technique used during 

experiments and problems with anesthesia which resulted in unreliable results.  

Injection of a physiological NaCl solution was used as a control to test whether the procedure itself 

caused an effect. NaCl had no statistically significant effect on the ERG, except on the oscillatory 

potentials, where it caused a statistically significant decrease in amplitude. The NaCl solution was 

tested on a total of 7 eyes in seven rats. 
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4.1 The effects of exogenous adenosine on the ERG 

Exogenous adenosine was tested on 6 eyes at a concentration of 0.5 mM. Figures 5 and 6 show an 

example of recordings from one eye, at maximum level of light intensity, before and after adenosine 

injection into the vitreous humor, with dark-adapted (scotopic) ERG in Figure 5 and light-adapted 

(photopic) ERG in Figure 6.  Figure 7 depicts the results of scotopic ERG with panel A showing the 

mean amplitudes of the a- and b-waves at all four stimuli intensities, whereas panel B shows the 

oscillatory potentials.  Figure 8 depicts mean amplitudes of b-waves of photopic ERG at all three 

stimuli intensities.  

The a–wave recorded from dark adapted retinas showed an increase in amplitude after injection of 

adenosine as shown in figure 5. At the highest level of light intensity the a–wave increased 

significantly from a mean of 68.0 ± 7.7 µV before drug injection to 96.7 ± 13.7 µV after injection. The 

amplitude of the a-wave after injection showed significant statistical difference from the control a-wave 

(p=0.042; Figure 6A). The b–wave, also recorded from a dark adapted retina, showed an increase in 

amplitude. As shown in figure 5 the amplitude of the b-wave at the highest level of light intensity went 

from a mean of 236.5 ± 38.4 µV before injection to 305.3 ± 41.6 µV after injection. There was a 

significant statistical difference between the mean b-wave after adenosine and the control b-wave 

(p=0.035). Figure 7A shows that the amplitude of the ERG b-wave is elevated by injection of 

adenosine into the vitreous at all levels of stimulus light intensity tested.  

The photopic b–wave in response to the highest light intensity stimuli went from an amplitude mean 

of 96.0 ± 23.9 µV before injection to 125.8 ± 29.8 µV after injection of adenosine (figure 6A). Figure 8 

shows the amplitude of the photopic b-wave after injection of adenosine was not significantly different 

statistically from the control amplitude at any level of stimulus light intensity tested (p=0.541).  

Figure 7B shows that the oscillatory potentials, in response to the highest stimulus light intensity, 

changed in amplitude from a mean of 79.9 ± 14.5 µV before injection to 82.1 ± 21.0 µV after injection. 

The amplitude of the oscillatory potentials was not significantly different statistically from the control 

responses (p=0.912).  

The flicker responses at the second brightest light stimulus responded with a change in amplitude 

by going from a mean of 53.3 ± 10.5 µV before injection to 57.2 ± 8.0 µV after injection (figure 29). The 

amplitude of the flicker responses was not significantly different from the control flicker responses 

(p=0.781).  
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Figure 5. The effects of 0.5 mM adenosine on the ERG after injection into to the eye. The ERG 
recorded at 1 – 1000 Hz. On the left is a recording obtained before drug injection. To the 
right is a recording obtained 45 minutes after the drug injection. The amplitude of the a-wave 
increased and the amplitude of the b-wave increased after drug injection. 
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Figure 6. The effects of 0.5 mM adenosine on the ERG after injection into to the eye. The recording 
from light adapted retina. The recording is taken at a bandwidth of 1 – 1000 Hz. To the right 
is the recording 45 minutes after drug injection. The amplitude of the b- wave is increased 
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Figure 7. The effect of different light level settings on the light response of the retina before and after 
the injection of adenosine into the vitreous humor. The highest light level setting used was 
1.87 log cd sec/m2, while the lowest light level setting was 0.67 log cd sec/m2. Each level of 
stimulus luminance was double the one below it. The light stimulus lasted for 10 µsec. A. 
The amplitude of the a- & b-waves versus luminance. B. The amplitude of the oscillatory 
potentials versus luminance. 

 *  p< .05 



  

37 

Adenosine, b-waves

Luminance (Log cd*sec/m2)

1,0 1,5 2,0

A
m

pl
itu

de
 (µ

V
)

0

20

40

60

80

100

120

140

160

180

Control, b wave
Adenosine, b wave

 

Figure 8. The effect of different light level settings on the light response of the retina before and after 
the injection of adenosine into the vitreous humor of a light adapted eye. The highest light 
level setting used was 1.87 log cd sec/m2, while the lowest light level setting was 1.27 log cd 
sec/m2. The light stimulus lasted for 10 µsec. The amplitude of the b-wave versus 
luminance. 
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4.2 The effects of A2A receptor ligands on the ERG 

CGS21680, which is an A2A agonist, was tested on 6 eyes at a concentration of 2mM. Figures 9 and 

10 show an example of recordings from one eye, at maximum level of stimulus light intensity, before 

and after CGS21680 injection into the vitreous humor. Figure 11 depicts mean amplitudes of photopic 

ERG at all three stimuli intensities. The results of scotopic ERG can be seen in figure 12 with panel A 

showing the mean amplitudes of the a- and b-waves at all four light stimuli intensities, whereas panel 

B shows the oscillatory potentials. 

The a-wave of the ERG recorded from dark adapted retinas showed an increase in amplitude after 

injection of CGS21680 with all light level intensities (figure 9A). At the highest level of light intensity the 

amplitude of the a-wave went from a mean of 78.3 ± 4.6 µV before injection to 111.2 ± 16.6 µV after 

injection. The a–wave after CGS21680 injection showed no significant statistical difference from the 

control a-wave (p=0.105). The b-wave recorded from dark adapted retinas showed a decrease in 

amplitude at all light intensities tested (figure 9A). At the highest light intensity level, it went from a 

mean of 298.2 ± 21.5 µV before injection to 212.5 ± 19.3 µV after injection. The amplitude of the ERG 

b-wave was significantly reduced by CGS1680, as compared to the control responses (p=0.005).  

The b-wave of the ERG recorded from light adapted retinas showed a decrease in amplitude. 

Figure 11 shows that at all light levels tested on light adapted eyes the injection of CGS21680 into the 

vitreous decreases the amplitude of the ERG. There was only a significant statistical difference 

between the amplitude of the control ERG b-wave and the  b-wave after injections of CGS21680 in 

response to the highest stimulus light intensity (p=0.045), where it decreased from a mean of 124.3 ± 

17.7 µV before injection to 87.8 ± 11.2 µV after injection (figure 10). The oscillatory potentials also 

decreased in amplitude with CGS21680. At the highest level of stimulus light intensity the amplitude 

decreased from a mean of 99.9 ± 9.4 µV before injection to 47.2 ± 11.4 µV after injection. The 

reduction in the amplitude of the oscillatory potentials after CGS21680 injection as compared to 

control was significant statistically (p=0.023). Figure 12B shows that the amplitude of the OP’s is 

reduced when CGS21680 is injected into the vitreous at all light levels.  

The change in flicker responses, which showed a change in amplitude in response to the brightest 

stimulus level from a mean of 58.4 ± 7.1 µV before injection to 47.7 ± 5.6 µV after injection, was not 

significantly different statistically  (p=0.110), as can be seen in figure 29.  
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Figure 9. The effects of 2 mM CGS21680 on the ERG after injection into to the eye. A. The ERG 
recorded at 1 – 1000 Hz. To the left is the recording before the drug injection. To the right is 
the recording 45 minutes after the drug injection. The amplitude of the a-wave increases and 
the amplitude of the b-wave decreases after drug injection. B. The recording of ERG at 50 – 
500 Hz. Only OP‘s remain while other components have been filtered out. The amplitude of 
the OP‘s decreases. 
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Figure 10. The effects of 2 mM CGS21680 on the ERG after injection into to the eye. ERG records 
from a light adapted retina. The recordings were obtained at 1 – 1000 Hz. To the right is the 
recording 45 minutes after drug injection. The amplitude of the b-wave decreases. 
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Figure 11. The effect of different light level settings on the light response of the retina before and after 
the injection of adenosine into the vitreous humor of the light adapted eye. The highest light 
level setting used was 1.87 log cd sec/m2, while the lowest light level setting was 1.27 log cd 
sec/m2. The luminance stimulus was double the one below it. The light stimulus lasted for 10 
µsec. The amplitude of the b-wave versus luminance. 

 *  p< .05 
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Figure 12. The effect of different light level settings on the light response of the retina before and after 
the injection of adenosine into the vitreous humor. The highest light level setting used was 
1.87 log cd sec/m2, while the lowest light level setting was 0.67 log cd sec/m2. The light 
stimulus lasted for 10 µsec. A. The amplitude of the a- & b-waves versus luminance. B. The 
amplitude of the oscillatory potentials versus luminance. 
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Reliable recordings were obtained from 6 eyes using the A2A antagonist ZM241385 at a 

concentration of 4mM. Figures 13 and 14 show an example of ERG recordings from one eye, at 

maximum level of stimulus light intensity, before and after ZM241385 injection into the vitreous humor. 

The mean amplitudes of the a- and b-waves at all four light stimuli intensities can be seen in panel A 

of figure 15. Panel B from figure 15 shows the oscillatory potentials. Figure 16 depicts mean 

amplitudes of b-waves of photopic ERG at all three stimuli intensities.  

At the highest level of stimulus light intensity the mean of the a-wave recorded from dark adapted 

retinas changed from 79.3 ± 10.3 µV before injection to 76.7 ± 13 µV after injection of the drug (figure 

13). The change was not significantly different statistically from control (p=0.876). The b-wave of the 

ERG, also recorded from dark adapted retinas, showed a decrease in amplitude. The mean amplitude 

of the b-wave at the highest level of light intensity went from 255.8 ± 13 µV before injection to 187.5 ± 

24 µV after injection. The b-wave after ZM241385 injection showed no significant statistical difference 

from the control b-wave (p=0.056). Figure 15A shows that the ERG amplitude of the b–wave 

decreases at all levels of stimulus intensity tested before and after injection of ZM241385 into the 

vitreous.  

The b–wave recorded from light adapted retinas showed a decrease in amplitude at all levels of 

light intensity tested (figure 16). At the highest level of light intensity the amplitude went from a mean 

of 136.3 ± 23.2 µV before injection to 102.8 ± 14.5 µV after injection. The reduction in the amplitude of 

the b–wave was not significantly different statistically from the control b-wave (p=0.219). The 

oscillatory potentials decreased in amplitude. This decrease can be observed at all stimulus levels 

tested (figure 15B). At the highest stimulus intensity the mean amplitude of the oscillatory potentials 

went from 73.9 ± 6.4 µV before injection to 46 ± 7.7 µV after injection. No significant statistical 

difference was found between the oscillatory potentials after injection and the control oscillatory 

potentials (p=0.067). At the second brightest stimulus level the flicker responses went in amplitude 

from a mean of 67.8 ± 9.5 µV before injection to 47.7 ± 6.6 µV after injection (figure 29). This alteration 

in amplitude did not reach statistical significance (p=0.097).  
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Figure 13. The effects of 4 mM ZM421385 on the ERG after injection into to the eye. The recording 
ERG at 1 – 1000 Hz. To the left is the recording before the drug injection. To the right is the 
recording 45 minutes after the drug injection. The amplitude of the a-wave decreases and 
the amplitude of the b-wave decreases after drug injection.  
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Figure 14. The effects of 4 mM ZM421385 on the ERG after injection into to the eye. The recording of 
light adapted retina. The recording is taken at 1 – 1000 Hz. To the right is the recording 45 
minutes after drug injection. The amplitude of the b- wave decreases.  
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Figure 15. The effect of different light level settings on the light response of the retina before and after 
the injection of adenosine into the vitreous humor. The highest light level setting used was 
1.87 log cd sec/m2, while the lowest light level setting was 0.67 log cd sec/m2. The light 
stimulus duration was 10 µsec. A. The amplitude of the a- & b-waves versus luminance. B. 
The amplitude of the oscillatory potentials versus luminance. 
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Figure 16. The effect of different light level settings on the light response of the retina before and after 
the injection of adenosine into the vitreous humor of the light adapted eye. The highest light 
level setting used was 1.87 log cd sec/m2, while the lowest light level setting was 1.27 log cd 
sec/m2. The light stimulus duration was 10 µsec. The amplitude of the b-wave versus 
luminance. 
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4.3 The effects of A3 receptor ligands on the ERG 

2-CI-IB-MECA, which is a selective agonist for A3 adenosine receptors, was tested on 6 eyes at a 

concentration of 0.5 mM. Figures 17 and 18 show an example of recordings from one eye, at 

maximum level of light intensity, before and after 2-CI-IB-MECA injection into the vitreous humor. The 

mean amplitudes of the b-waves of the photopic ERG at all three stimuli intensities is depicted in 

figure 19. Figure 20 depicts scotopic ERG with panel A showing the mean amplitude of the a- and b-

waves at all four light stimuli intensities, while panel B shows the oscillatory potentials. 

The amplitude of the a-wave of the ERG recorded from dark adapted retinas showed an increase 

which was significantly different statistically from control (p=0.006). At the highest level of light 

intensity the mean amplitude went from 91.4 ± 15.4 µV before injection to 152.9 ± 21.2 µV after 

injection (figure 17A). The b-wave of the ERG recorded from dark adapted retinas showed a decrease 

in amplitude after injection of 2-CI-IB-MECA. At the highest stimulus light intensity the mean amplitude 

went from 290.9 ± 40.3 µV before injection, but was reduced to 210 ± 21.4 µV after drug injection 

(p=0.022). This statistically significant difference was only observed at the highest light intensity (figure 

17A).  

The mean amplitude of the ERG b-wave from light adapted retinas at the highest light intensity was 

170 ± 19 µV before injection and 135.9 ± 11.4 µV after injection. This decrease in amplitude between 

the control and the 2-CI-IB-MECA was significantly different statistically (p=0.037). Figure 19 shows 

that injection of 2-CI-IB-MECA into the vitreous causes a diminishing b-wave of the ERG response at 

all light levels tested on light adapted eyes. The mean amplitude of the oscillatory potentials in 

response to the highest stimulus light intensity was 79.6 ± 15.2 µV before injection, and decreased to 

39.2 ± 3.9 µV after injection. The decrease in amplitude between the oscillatory potentials before and 

after injection was significantly different statistically (p=0.038). Figure 20B shows a clear decrease in 

ERG amplitude at all light levels tested with the injection of 2-CI-IB-MECA into the vitreous.  

The flicker responses mean amplitude of the ERG response to the second brightest light stimulus 

went from mean amplitude of 68.1 ± 8.9 µV before injection to 61.9 ± 6.6 µV after injection (figure 29). 

There was no significant statistical difference between the flicker responses before and after the 

injection (p=0.368).  
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Figure 17. The effects of 0.5 mM 2-CI-IB-MECA on the ERG after injection into to the eye. A. The 
ERG recorded at 1 – 1000 Hz. To the left is a recording obtained before the drug injection. 
To the right is ERG recording obtained 45 minutes after drug injection. The amplitude of the 
a-wave increases and the amplitude of the b-wave decreases after drug injection. B. ERG 
recorded at 50 – 500 Hz. Only OP‘s remain while other components have been filtered out. 
The amplitude of the OP‘s decreases. 
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Figure 18. The effects of 0.5 mM 2-CI-IB-MECA on the ERG after injection into to the eye. ERG 
recorded from light adapted retina. To the right is a recording obtained 45 minutes after drug 
injection. The amplitude of the b- wave decreases. 
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Figure 19. The effect of different light level settings on the light response of the retina before and after 
the injection of adenosine into the vitreous humor of the light adapted eye. The highest light 
level setting used was 1.87 log cd sec/m2, while the lowest light level setting was 1.27 log cd 
sec/m2. The duration of the light stimulus was 10 µsec. The amplitude of the b-wave versus 
luminance. 

 *  p< .05 
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Figure 20. The effect of different light level settings on the light response of the retina before and after 
the injection of adenosine into the vitreous humor. The highest light level setting used was 
1.87 log cd sec/m2, while the lowest light level setting was 0.67 log cd sec/m2. The light 
stimulus lasted for 10 µsec. A. The amplitude of the a- & b-waves versus luminance. B. The 
amplitude of the oscillatory potentials versus luminance. 

 *  p< .05 
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VUF5574 is an A3 adenosine receptor antagonist. It was tested on 6 eyes at a concentration of 

1mM. Figures 21 and 22 show an example of recordings from one eye, in response to maximum level 

of stimulus light intensity, before and after VUF5574 injection into the vitreous humor. Figure 23 show 

the mean amplitude of the photopic ERG at all three light stimuli intensities. Panel A in figure 24 show 

the mean amplitude of the a- and b-waves from the scotopic ERG, whereas panel B shows the 

oscillatory potentials, also from the scotopic ERG. 

The a–wave of the ERG recorded from dark adapted retinas showed an increase in amplitude after 

injection of VUF5574 (figure 21A). Figure 24A shows that this increase was observed at all light levels 

tested. At the highest light intensity level the mean amplitude went from 65.8 ± 8.0 µV before injection 

to 139.5 ± 29.3 µV after injection. The amplitude of the a-wave after injection showed significant 

statistical difference from the control a-wave (p=0.046). The b-wave recorded from dark adapted 

retinas showed an increase in amplitude (figure 21A). At the highest level of light intensity the mean 

amplitude increased from 223.7 ± 20.3 µV before injection to 312 µV ± 38.7 µV after injection. The 

increase in the amplitude of the b-wave after VUF5574 injection as compared to control was 

significant statistically (p=0.037).  

Figure 23 shows the ERG amplitude increases in size at all light levels tested with light adapted 

retina. At the highest light level intensity it increased in mean amplitude from 122.5 ± 19.4 µV before 

injection to 156.3 ± 10.3 µV after injection. This change was not significantly different statistically from 

the control b-wave (p=0.098). The oscillatory potentials at the highest light intensity level changed in 

mean amplitude from 83.9 ± 16.1 µV before injection to 98.4 ± 19.1 µV after injection (figure 21B). No 

significant statistical difference was found between the oscillatory potentials recorded after injection of 

VUF5574 and the control oscillatory potentials (p=0.315).  

The flicker responses elicited by the second brightest intensity light stimulus at 15 Hz went from a 

mean of 61.4 ± 10.1 µV before injection to 68.1 ± 3.6 µV after injection (figure 29). This change in 

amplitude was not statistically significant from the control flicker responses (p=0.48).   
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Figure 21. The effects of 0.5 mM VUF5574 on the ERG after injection into to the eye. A. The ERG 
recorded at 1 – 1000 Hz. To the left is the recording before the drug injection. To the right is 
the recording 45 minutes after the drug injection. The amplitude of the a-wave increases and 
the amplitude of the b-wave also increase after drug injection. B. ERG recordings at 50 – 
500 Hz. Only the OP‘s remain while other components have been filtered out. The amplitude 
of the OP‘s increases. 
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Figure 22. The effects of 0.5 mM VUF5574 on the ERG after injection into to the eye. ERG recordings 
from light adapted retina. The recording is taken at 1 – 1000 Hz. To the right is the recording 
45 minutes after drug injection. The amplitude of the b-wave is increased.  
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Figure 23. The effect of different levels of stimulus luminance on the light response of the retina 
before and after the injection of adenosine into the vitreous humor of the light adapted eye. 
The highest light level setting used was 1.87 log cd sec/m2, while the lowest light level 
setting was 1.27 log cd sec/m2. The light stimulus lasted for 10 µsec. 
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Figure 24. The effect of different levels of stimulus luminance on the light response of the retina 
before and after the injection of adenosine into the vitreous humor. The highest luminance of 
the stimulus used was 1.87 log cd sec/m2, while the lowest luminance setting was 0.67 log 
cd sec/m2. The duration of the light stimuli was 10 µsec. A. The amplitude of the a- and b-
waves versus luminance. B. The amplitude of the oscillatory potentials versus luminance. 

 *  p< .05 
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4.4 Summary of the results 

Both A3 agonist and antagonist ligands along with exogenously applied adenosine caused a 

significant statistical increase in the amplitude of the a–wave, while the A2A ligands did not (figure 25). 

The b-wave of the dark adapted retina decreased in amplitude with the injection of CGS21680 and 2-

Cl-IB-MECA. The injection of VUF5574 and exogenously applied adenosine increased the amplitude 

of the dark adapted b-wave (figure 26). The changes in the amplitude of the b-wave were statistically 

significant for all ligands except ZM241285 as can be seen in figure 26. Figure 27 shows that the 

changes in the ERG induced by A3 and A2A agonists on the light adapted retina were statistically 

significant, while the A2A and A3 antagonists did not have a significant statistical effect. Both agonists 

decreased the amplitude of the light adapted retina. The amplitude of the oscillatory potentials was 

decreased by injection of either A2A or A3 agonist. In both cases the amplitude decreased (figure 28). 

None of the ligands tested caused a change in the amplitude of the flicker response that was 

statistically significant (figure 29).  
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Figure 25. The average a-wave amplitudes and standard deviation for each group before and after 
injection. The ERG was elicited with maximum level of stimulus light intensity. The amplitude 
change was statistically significant in all groups except CGS21680 and ZM241385 (paired t-
test). 
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Figure 26. The average b-wave (dark adapted) amplitudes and standard deviation for each group 
before and after injection. The ERG was elicited with maximum level of stimulus light 
intensity. The amplitude change was statistically significant in all groups except ZM241385 
(paired t-test). 
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Figure 27. The average b-wave (light adapted) amplitudes and standard deviation for each group 
before and after injection. The ERG was elicited with maximum level of stimulus light 
intensity. The amplitude change was statistically significant in only CGS21680 and 2-CI-IB-
MECA groups (paired t-test). 
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Figure 28. The mean oscillatory potential amplitudes and standard deviation for each group before 
and after injection. The ERG was elicited with maximum level of stimulus light intensity. The 
amplitude change was statistically significant in only CGS21680 and 2-CI-IB-MECA groups 
(paired t-test). 
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Figure 29. The effects of adenosine ligand injection into the vitreous on the flicker responses of the 
ERG. The ERG was elicited with maximum level of stimulus light intensity. Average flicker 
responses for each ligand used before their injection and afterwards. The amplitude change 
was not statistically significant in any group (paired t-test).  
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5 Discussion 

As with previous studies performed on cat eyes (Blazynski et al., 1989; Macaluso et al., 2003), 

applying adenosine to the retina causes the scotopic b-wave of the ERG to increase in amplitude. 

Along with this, a marked increase in the amplitude of the a-wave was recorded. The increase in the 

amplitude of the a-wave is most likely caused by secondary order neurons as opposed to the 

photoreceptors themselves, since it has been shown that adenosine receptors inhibit calcium flow 

through calcium channels which leads to a decrease in glutamate release from the photoreceptors in 

darkness in tiger salamanders (Stella et al., 2003; Stella et al., 2007). The amplitude changes that are 

observed with the injection of exogenous adenosine are most likely a combination of different 

adenosine receptors working in tandem, that is most likely caused by different receptors affecting 

different components of the ERG, since it is known that the distribution for the different adenosine 

receptor types is heterogeneous in the retina (Kvanta et al., 1997; Zhang, M. et al., 2006). The 

consequences of the varied receptor distribution in the retina can be observed in this study, where 

stimulation or inhibition of different adenosine receptor subtypes results in separate components of the 

ERG being affected. 

The results showed that the ERG is influenced by both A2A and A3 adenosine receptors. All the 

ligands tested along with exogenous adenosine had a statistically significant effect on one ERG 

component or another. The only exception to this was the A2A antagonist ZM241385 that had no 

statistically significant effect on any of the ERG components tested. These results indicate that retinal 

neurons that contain A2A and/or A3 adenosine receptors contribute to the generation of the ERG b-

wave and oscillatory potentials. From this it would seem that either or both bipolar and amacrine cells 

contain A2A and A3 receptors since both have been linked with the generation of the b-wave and 

oscillatory potentials (Stockton & Slaughter, 1989; Wachtmeister, 1998). Previous research examining 

mRNA expression also supports this since both A2A and A3 receptor mRNA have been located in the 

inner nuclear layer of the retina (Kvanta et al., 1997).  

The eyes that were not included in the results were discarded because of possible failure with 

injection of the ligand or too much noise in the ERG recording. Variations in the amplitude of the ERG 

were high between animals tested. This could account for the high standard deviations observed. The 

injection of saline solution caused a statistically significant difference in the oscillatory potentials, the 

most likely cause of that is transient ischemia. It is known that the ERG components including 

oscillatory potentials are sensitive to reduction in amplitude when the eye is put under ischemic 

conditions (Cao et al., 1993; Zhao et al., 2013). 

 

5.1 The role of A2A receptors in the retina 
The A2A agonist CGS21680 was shown to affect both the scotopic and photopic b-waves, while 

leaving unaffected the scotopic a-wave. Since CGS21680 has been shown to be highly selective for 

the A2A receptor (Hutchison et al., 1990; Jarvis et al., 1989; Lupica et al., 1990), it would seem to 

confirm earlier reports that suggest that the A2A receptor is located in the inner retina (Kvanta et al., 
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1997), where the b-wave has been shown to be effected by both ON-bipolar cells and amacrine cells 

(Moller & Eysteinsson, 2003; Stockton & Slaughter, 1989). Since both scotopic and photopic b-waves 

are affected by CGS21680 it should be safe to say that A2A receptor is located on both the rod and 

cone pathways in the retina. In the cone pathway only the highest light stimuli elicited a marked 

response in the b-wave with an injection of CGS21680. It would seem from this that the effects A2A 

receptors have on the synapses in the cone pathway is minimal since it requires the use of stimuli of 

the highest light intensity available for the ligand to have a marked effect on the ERG photopic b-wave. 

The OP’s likewise decreasing in amplitude with an injection of CGS21680 only further supports that 

the A2A receptor is located in the inner retina, since both the amacrine and bipolar cells have been 

linked with the generation of the OP’s (Wachtmeister, 1998). 

The A2A antagonist ZM241385 did not have any statistically significant effect on any of the ERG 

components tested despite being quite selective for the A2A receptor (Ralevic & Burnstock, 1998). This 

is contrary to findings done by Stella and colleagues on glutamate output from rods, where he and his 

team showed that ZM214385 enhanced the light evoked currents from secondary neurons (Stella et 

al., 2003). They were however using retinal slices, where recordings were made from individual nerve 

cells, while this study involved in vivo recordings from the whole retina. The differences in those two 

techniques could account for the discrepant results, since there could be further factors involved when 

using in vivo measurements. Stella and colleagues found in their study that ZM241385 enhanced the 

light evoked currents from ON bipolar cells. Since then it has been shown that ON bipolar cells have a 

large effect on the b-wave (Stockton & Slaughter, 1989). From this it would be expected for ZM241385 

to have a marked effect on the b-wave. Yet it did not. The present results with the ERG and 

ZM241385 are thus surprising. While it has been shown that the adenosine A2A receptor inhibits rod 

opsin mRNA expression in the outer retina (Alfinito et al., 2002), it is unlikely that it had such an effect 

in this study, since the timescale involved here is shorter. 

 

5.2 The role of A3 receptors in the retina 
The A3 receptor agonist 2-Cl-IB-MECA decreased the amplitude of both the scotopic b-waves and 

OP’s. This suggests that A3 receptors are located in the inner retina, something which has been 

shown in a previous study (Zhang, M. et al., 2006). The scotopic b-wave only decreased in amplitude 

with the brightest light stimuli used, while the photopic b-wave decreased in amplitude with all stimulus 

light intensities. This could indicate that when ERG is evoked with stimuli of the brightest intensity from 

with the dark adapted eyes, both rod and cone pathways are then in fact activated in the retina, and 

thus elicit a mesopic ERG response. The a-wave increased in amplitude with an injection of 2-Cl-IB-

MECA.  This along with the fact that both the scotopic b-wave and OP’s decreased in amplitude, 

would suggest that the a-wave is being influenced by A3 receptors in the inner retina. It has been 

shown in mammals that the a-wave is influenced by post photoreceptor contribution (Robson & 

Frishman, 1998, 2014). Whether that contribution comes from the inner or outer retina is difficult to say 

on the basis of the findings available at present, since only the inner retina has been properly tested 

for the A3 receptor (Zhang, M. et al., 2006). 
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The A3 antagonist VUF5574 increased the amplitude of the scotopic b-waves as well as the 

scotopic a-waves. What’s interesting about this is that the A3 agonist decreased the amplitude of the 

scotopic b-wave while the antagonist increased it. Since it is known that amacrine cells primarily 

release inhibitory neurotransmitters (Zhang & McCall, 2012), it would seem likely that the A3 receptor 

is somehow taking part in that inhibition. This is further supported by studies which suggest that the 

amacrine cells are an influence on the b-wave (Awatramani et al., 2001; Moller & Eysteinsson, 2003).  

 

5.3 The role of adenosine in retinal functions 
The present results seem to confirm that both the A2A and A3 receptors are located in the inner retina, 

given that they have a marked effect on the a- and b-waves and the oscillatory potentials. The marked 

decrease in amplitude that CGS21680 had on the b-wave would seem to confirm previous findings 

from amphibian retina where light evoked currents are reduced in second order neurons (Stella et al., 

2003). ZM241385 however did not show the increase in b-wave amplitude as would be expected 

given these results with intracellular recordings from amphibian bipolar cells (Stella et al., 2003). 

Possible reasons for ZM241385 not having any significant effect, despite being observed in previous 

studies in amphibian (Stella et al., 2003), could be that some mistakes were made during the 

experiments with ZM241385 or there was a high variability between the rats used. Another possibility 

is that ZM241385 doesn’t have the same affinity for the A2A receptor in rats as it does in tiger 

salamanders.  

Niemeyer and his colleagues demonstrated with their studies that adenosine, when given 

intraarterially, markedly increases the amplitude of the ERG of the dark adapted b-wave (Fruh et al., 

1990). This fits with the present findings where both the a- and b-waves increased in amplitude after 

adenosine injection. This increase is most likely due to the adenosine receptors in both the inner and 

outer retina working in tandem, where the adenosine receptors in the outer retina are decreasing the 

glutamate release from the photoreceptors (Stella et al., 2003; Stella et al., 2009), while possibly 

another or the same adenosine receptors are affecting the inner retina. From this it would seem that 

adenosine receptors have complex effects in the inner retina that require further research. 

Interestingly exogenous adenosine doesn’t have any effect on either the oscillatory potentials or the 

photopic b-wave, while stimulating either A2A or A3 receptor causes a marked decrease in both 

oscillatory potentials and photopic b-wave. This could be caused by all the adenosine receptors 

interacting with each other, resulting in no marked change in the tested components of the ERG. 

In all studies performed by Niemeyer and colleagues on perfused cat eyes, adenosine was injected 

intraarterially which could possibly affect the arteries and blood flow in the eye. This might possibly to 

some extent explain the increase in amplitude of the scotopic b-wave. It is however unlikely since in 

the present study adenosine and all its ligands were injected directly into the vitreous of the eye. 

What’s interesting about the present results is that only the agonists have a marked effect on the 

photopic b-wave and OP’s. While VUF5574 did not show a statistically significant increase in the 
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amplitude of the photopic b-wave and OP’s, it did show an increase upon visual inspection of the 

recordings.  

None of the ligands tested had any significant effect on flicker responses. Qian and colleagues 

postulated, based on their studies on flicker responses in rats that it is the ON bipolar cells which 

primarily generate the flicker response in rats (Qian et al., 2008). Given this, it would seem that neither 

A2A nor A3 receptors are located on ON bipolar cells. This however seems unlikely since both A2A and 

A3 receptor ligands are here shown to affect the b-wave and oscillatory potentials. This would make 

any effects that the adenosine A2A and A3 receptors might have on the flicker response quite complex.  
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6 Conclusions 

The results from the experiments carried out in this study have shown that retinal neurons that contain 

A2A and/or A3 adenosine receptors contribute to the generation of the ERG b-wave and oscillatory 

potentials. Only retinal neurons that contain A3 contribute to the generation of the a-wave. This 

suggests that the A2A receptors are mostly located in the inner retina, since the cells that generate the 

a-wave are first and foremost located in the outer retina (Dowling, 1987). Post photoreceptor cells 

have been linked with the generation of a-waves in primates (Bush & Sieving, 1994). It would seem 

however that any affect A2A receptor have on their ability to generate a-waves is negligible. From the 

results it is clear that adenosine, released from retinal neurons, can have complex effects on the 

retinal circuitry, and thus the processing of visual information that occurs in the retina.  Adenosine 

itself, when applied exogenously on the retina, causes an increase in the amplitude of the rat ERG 

scotopic b-wave, as was found previously in the cat ERG (Fruh et al., 1990; Niemeyer, 2001). What is 

surprising about the effects of adenosine is that while it had an effect on the scotopic a- and b-waves, 

it had no statistically significant effect on the photopic b-wave or oscillatory potentials. A likely reason 

for this is that adenosine is having an effect on multiple adenosine receptor types, an effect that is not 

seen when influencing only one subtype of adenosine receptors. Given that it’s been shown that the 

ON bipolar cells in rats are heavily influencing the generation of the flicker response and that both A2A 

and A3 receptors are most likely located on those cells, it would seem that further research is required 

to ascertain any possible influence A2A and A3 receptors might have on the flicker response. The 

injection of either A3 agonist or antagonist increased the amplitude of the a-wave. What might be 

happening here is that the agonist and antagonist are affecting different mechanism which both 

ultimately results in the enlargement of the amplitude of the a-wave. 

Interestingly only the agonists had a statistically significant effect on the oscillatory potentials, while 

the antagonist did not. The same thing can be seen with the light adapted b-wave, whereas the 

agonist had an effect while the antagonist did not. While it is a theoretical possibility that the either the 

agonist or antagonist are having an effect on the other adenosine receptors not tested for, it’s highly 

unlikely since the ligands used are very selective for their adenosine receptor subtype.  Additional 

studies are required to investigate the effects that the other two adenosine receptor types, A1 and A2B 

might have on the components of the ERG. 
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