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Abstract

Fulfilled electroretinography (ffERG) represents the phototransduction process and synaptic network in the first nerve impul-
se of the visual process. Little is known about its interpretations at molecular level. ffERG records potential changes within 
the retina in the a, b, and c waves coming from different cell types. The a-wave derives from the phototransduction of rods 
and cones. Depolarization of interneurons is recorded in the b-wave. The origin of the c-wave is controversial. It has been 
related to the retinal pigmented epithelium, but evidence of its intrinsic electrical activity is lacking. We set the hypothesis 
that the c-wave measures the activity of the photoreceptor ganglion cells, which results of melanopsin-based phototransduc-
tion. The evidence for this comes from experiments inhibiting synaptic transmission from rods and cones. The molecular 
knowledge is the basis for the interpretation of wave alterations of electroretinographic studies and intrinsically photosensi-
tive retinal ganglion cells contribute substantially to the formation of the c-wave.
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Bases moleculares para interpretar el electrorretinograma

Resumen

El electrorretinograma de campo completo (ffERG) es un método no invasivo que representa la fototransducción de los 
conos y bastones y la transmisión sináptica que genera el impulso nervioso en la vía visual. Se desconocen los procesos 
moleculares que originan las ondas del ffERG. En la fototransducción de los fotorreceptores, los canales catiónicos activados 
por nucléotidos cíclicos se cierran y los canales de K+ permanecen abiertos, hiperpolarizando a estas células, originando 
la onda a. La onda b proviene de la despolarización de las interneuronas primarias de la retina, principalmente de las cé-
lulas bipolares-ON. A diferencia de estas precisas identificaciones, el origen de la onda c es elusivo, hay propuestas de 
asociarla con el epitelio pigmentado, aun cuando no hay evidencia de su actividad eléctrica. Este artículo tiene como obje-
tivo analizar resultados publicados que indican que la onda c del ffERG registra la despolarización de las células ganglio-
nares fotorreceptoras (ipRGC), que desarrollan un proceso de fototransducción mediado por la melanopsina. Se revisará 
evidencia experimental de registros de ffERG bajo la inhibición sináptica intrarretiniana. Los ffERG pueden verse afectados 
por factores fisiológicos o relacionados con el instrumento, por lo tanto, es necesario determinar la adaptación a la luz y 
oscuridad, tamaño de la pupila, intensidad del estímulo, tipos de electrodos y selección de fármacos y anestésicos en es-
tudios con animales. Se concluye que la descripción de los mecanismos moleculares forma la base para interpretar las 
ondas a, b, c d de los ffERG, considerando que las ipRGC contribuyen a la formación de la onda c.

Palabras clave: Electrorretinografía. Interpretación. Base molecular. Fotorreceptores. Fototraducción. Retina.

Correspondence: 
*Jorge A. Pérez-León 

E-mail: alberto.perez@uacj.mx

Available online: 17-03-2021  

Rev Mex Neuroci. 2021;22(2):56-66 

www.revmexneurociencia.com

Date of reception: 11-05-2020

Date of acceptance: 23-06-2020

DOI: 10.24875/RMN.20000040

2604-6180/ © 2020 Academia Mexicana de Neurología A.C. Published by Permanyer. This is an open access article under the CC BY-NC-ND license  
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:alberto.perez%40uacj.mx?subject=
http://dx.doi.org/10.24875/RMN.20000040
http://crossmark.crossref.org/dialog/?doi=10.24875/RMN.20000040&domain=pdf


57

B. Tonderai-Katsamudanga, J. A. Pérez-León: Molecular basis of electroretinogram

Introduction

Fulfilled electroretinographic (ffERG) studies are 
non-invasive with a purpose of explaining the levels of 
functioning of retinal inner cells and they are indicated 
as pre-operative examinations before cataract surger-
ies and research into neurodegenerative diseases. Ret-
inal structural changes can be noted before ophthalmic 
and behavioral signs. Protocols in animals can be short 
(without anesthesia), revealing mixed responses of rods 
and cones, while long protocols (with anesthesia) re-
cord separate waveforms, coming from the activity of 
second and third order neurons including that of gan-
glion cells. In humans, anesthesia is not used. Little is 
known about electroretinographic (ERG) studies inter-
pretations at the molecular level. Knowledge of how to 
realize and produce ffERG will help to understand the 
changes that may be noticed in retinal, neurodegener-
ative diseases, and toxicological studies1,2.

Development of ERG studies began with Gotch Fran-
cis in 1903, followed by that of Einthoven and Jolly in 
1908. These pioneering investigations resulted in Rag-
nar Granit explaining an ERG study of a cat in 1933. 
This resulted in him being awarded the Nobel Prize in 
19393. ERG studies have since confirmed the hyperpo-
larization of rods and cones, depolarization of bipolar 
cells, and controversially concluded that the retinal pig-
mented epithelium (RPE) is involved in the formation of 
the c-wave4. Other tests like pupillometry are consid-
ered to complement its use in determining retinal 
functioning5. As well, retinal toxicity studies during 
pharmaceutical developments have been confirmed 
with the use of ERG studies6.

The 21th Century has evidenced an increase in 
molecular biology knowledge. Research in neuro-oph-
thalmology was not left behind, and a third type of 
photoreceptor was discovered: the photoreceptor gan-
glion cell (PRG). This was followed by the elucidation 
of its phototransduction process which can be recorded 
and shown on an electroretinogram. ffERG studies can 
be used to record electrical changes related to the 
normal functioning of retinal cells and neurodegenera-
tive diseases. Explaining ffERG studies at a molecular 
level would allow us to diagnose, apply therapies, mon-
itor, and explain different eye diseases with more pre-
cision and certainty. There is an increase in the interest 
of personalized and precision medicine based on 
scientific- and evidence-based information and various 
patients can be treated with more certainty using the 
results obtained from ERG studies. Since the ffERG is 
the most utilized and most understood in clinical 

settings, the information provided in this review will be 
based on its principles. This article will show evidence 
that the c- wave, which is a depolarization phase after 
the b wave, is related to the phototransduction process 
of PRGs.

Methods

A literature search during the period of December 
2018 and December 2019 was done and information 
was obtained from the databases of PubMed, Google 
Scholar, and Elsevier. The following keywords were 
used during the searches: electroretinography, interpre-
tation, molecular basis, photoreceptors, phototransduc-
tion, and retina. Most of the articles considered were 
published after the year 2000, with few exceptions. A 
total of 300 articles were considered to have relevant 
information and those included in this review were hav-
ing updated information about the molecular basis for 
the interpretation of ERG studies. Criteria used to se-
lect the articles were based on the author’s contribu-
tions to the area of research and experience.

Phototransduction process in rods and 
cones 

ERG studies are graphical representations of the pho-
totransduction process in the retina (Figs. 1 and 2, 
Table 1). The phototransduction in the classical photo-
receptors, cones, and rods, initiates the process of the 
vision. When a photon interacts with conopsin and rho-
dopsin the isomerization of retinaldehyde from 11-cis to 
trans activates the G protein, transducin. The transduc-
ing alpha subunit -GTP complex activates the phospho-
diesterase (PDE), which cleaves cyclic GMP (cGMP), to 
5’-GMP. The reduction in cGMP leads to cyclic nucleo-
tide gated channels closure. Thus, rods and cones light 
response is the hyperpolarization and in the dark, de-
polarization of these photoreceptors occurs7-11.

In the hyperpolarized photoreceptors, voltage gated 
Ca2+ channels also close and thus the Ca2+ mediated 
vesicle release of glutamate is suppressed. Because 
the occurrence of the distinct glutamate receptors on 
retinal neurons, the decrease in the amount of glutamate 
released by the photoreceptors causes the depolariza-
tion of the ON bipolar cells and the hyperpolarization 
of the OFF bipolar cells11,12.
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Phototransduction process in intrinsically 
photosensitive retinal ganglion cells 
(ipRGC)

The phototransduction process is not exclusive of 
rods and cones. An exceptional group of ganglion cells 
contains melanopsin, a homolog of conopsin, and rho-
dopsin. Melanopsin- activates a signal cascade that 
opens a cationic channel in the plasma membrane of 
these ganglion cells, which, thus, are intrinsically pho-
tosensitive and hence known as PRG cells. They con-
vey the environmental illuminance information, to the 
suprachiasmatic nuclei by the retinohypothalamic tract 
(RHT) and play a key role in the photosynchronization 
of the circadian cycle13.

The phototransduction process of ipRGCs (Fig.  3, 
Table 1) is homolog to that started by opsins in clas-
sical photoreceptors, melanopsin also uses 

11-cis-retinaldhyde as chromophore. However, melan-
opsin activates a heterotrimeric G protein of the Gq/11 
family, and results in the depolarization of the ipRGCs. 
The Gq/11 alpha subunit activates phospholipase C β 
and the hydrolysis of phosphatidylinositol-4,5-bisphos-
phate (PIP2). PIP2 hydrolysis produces the second 
messenger’s diacylglycerol (DAG) and inositol 1,4,5 
triphosphate (IP3)

14,15. It is supposed that DAG opens 
a canonical TRP channel activating a cationic current 
which depolarizes the PRG as it occurs in Drosophila 
photoreceptors. The depolarization-induced by the 
light in ipRGCs exceeds the trigger threshold, gener-
ating Na+ action potentials, which are required for 
these cells to signal through their long axons to higher 
encephalic targets. 

Like other opsins, melanopsin consists of an apopro-
tein covalently linked 11-cis-retinal chromophore. The ab-
sorption of a photon isomerizes the chromophore in 
all-trans-retinal. After exposure to light, the trans-retinal 
in a photopigment must be re-isomerized to 11-cis-retinal 
to make the pigment photo excitable again. For the rods, 
isomerization depends on the retinal pigmented epitheli-
um, while the cones depend on the Müller glia. In con-
trast, photo-activated melanopsin retains all-trans-retinal 
and isomerize to 11-cis-retinal after exposure to light, in 
a process known as photo-reversion. Apart from being a 
photopigment, melanopsin also has the ability to reisom-
erize the all-trans-retinal back to 11-cis-retinal. This capa-
bility is known as “photoisomerase activity”, and it occurs 
also in the opsins of some invertebrate species16.

Besides the phototransduction process described 
above, PRG are third order neurons which receive syn-
aptic inputs from bipolar and amacrine cells temporal 
and spatial summation of these synaptic inputs can also 
lead to triggering of action potentials of the PRG which 
solely form the RHT. Therefore, it can be concluded that 
PRG have a synaptic and an intrinsic component (the 

Figure 1. Vertical section of the rabbit retina showing the 
histological layers. photoreceptor outer segments (OS); 
Photoreceptor cells somata in the outer nuclear layer 
(ONL); the plexus for synapses between photoreceptor 
cells and interneurons in the outer plexiform layer (OPL); 
the interneurons somata (inner nuclear layer, INL); 
synaptic plexus of interneurons and ganglion cells (inner 
plexiform layer, IPL) and ganglion cell layer (GCL). Cryostat 
sectioning and phase contrast microscopy, image from 
the authors.

Table 1. Comparison of phototransduction processes within retina

Photoreceptor cell type Rod Cone Photoreceptor ganglion cell

Pigment Rhodopsin Conopsin Melanopsin

G protein Gtransducin Gtransducin Galpha q

intracellular mechanism Phosphodiesterase activation, 
cGMP hydrolysis, CNG cationic 
channel closure

Phosphodiesterase activation, 
cGMP hydrolysis, cationic 
channel closure

Phospholipase activation, IP3/DAG 
synthesis, opening TRP cationic 
channel

Cell response hyperpolarization hyperpolarization depolarization

cGMP: cyclic guanosine monophosphate; CNG: cyclic nucleotides gated channel; IP3, inositol triphosphate; DAG: diacylglycerol; TRP: transient receptor potential channel.
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Figure 2. Phototransduction process in the outer segment of rods and cones. Light causes the isomerization of retinal 
and rhodopsin/conopsin. This leads to the activation of G protein transducin. The transducin alpha subunit activates 
the enzyme phosphodiesterase and thus the hydrolysis of cyclic guanosine monophosphate. This leads to the closing 
of cyclic nucleotide-gated channels. This reduces the inward current of Na+ and Ca2+ and coupled with the continued 
outflow of K+ through the Ca2+/K+/Na+ ion exchanger, this will lead to the hyperpolarization of photoreceptors. Arrestin 
will bind activated rhodopsin/conopsin and will cause desensitization of this process (adapted from Milosavljevic, et 
al. 2016)70.

Figure  3. Phototransduction process in intrinsic photosensitive retinal ganglion cells (ipRGCs). Light induces the 
isomerization of retinal and melanopsin. This leads to the activation of a family of Gaq protein coupled to phospholipase 
C enzymes. The hydrolysis of phosphatidyl-inositol (PIP2) to form inositol-triphosphate (IP3) and diacyl-glycerol (DAG) 
will activate different intracellular transduction mechanisms in melanophores, IP3 will open Ca++ channels in endoplasmic 
reticulum. In ipRGCs, DAG will promote the opening of plasma membrane transient receptor potential channels TRPC 
and the inward current of Na+ and Ca2+ ions. The ipRGCs response is a depolarization of membrane voltage (adapted 
from Hughes, et al., 2012)71.

phototransduction process of melanopsin) which are 
reflected in their response recorded, altogether with that 

from the others regular ganglion cells, in the ffERG 
c- wave17.
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ffERG studies

ffERG studies are useful tools for assessing retinal 
cells in vivo18 and changes in the form of the waves 
can be related to the distinct types of cells involved in 
an electroretinogram. The changes in membrane po-
tential of the photoreceptors can be large enough to be 
detected by probes on the corneal surface and refer-
ence positions. In a ffERG, the recordings are average 
potential changes of retinal cells which result in an ERG 
study (Fig.  4) where there is a measurement of the 
amplitude of a, b, c, and d waves in microvolts (µV) and 
latency/implicit time in milliseconds3.

The ffERG study is the standard for retinal electrophys-
iological studies while the multifocal electroretinography 
(mfERG) analyses specific regions of the retina at a spe-
cific moment19. A ffERG study will allow having a global 
analysis of retinal function20. Other retinal electrophysio-
logical studies include ERG pattern which analyses elec-
trical changes in the macular ganglion cells while an 
electrooculogram helps to analyze the RPE. Visual evoked 
potentials are a measurement of the electrical signals re-
corded at the scalp over the occipital cortex in response 
to light stimulus and detect changes in electrical transmis-
sion in the optic nerve and post- retinal pathways21 while 
a mfERG measures specific region of the retina.

The recording of ffERG studies is composed of three 
stages, mainly: acquisition, fitting and amplification, 
and signal processing3. The duration of light that caus-
es electrical changes captured in ffERG studies has a 
range of 50-100 ms22. During a ffERG study, there is 
variation in intensity, wavelength, and duration of 

stimuli. A rod driven response is recorded with a stim-
ulus of 0.01-0.02 cd.s.m−2 in dark-adapted conditions, 
while increasing to 3 cd.s.m−2 would stimulate cones 
and result in a mixed rod-cone response. By increasing 
to 30 cd.s.m−2 would result in a pure cone response in 
photopic conditions. Using a flickering stimulus of 31 Hz 
would, as well, result in a pure cone response23. 

To make a technically viable study, calibration of the 
stimuli and of the ffERG machine is necessary. This 
would have negative effects on the measurements of 
latency and amplitudes of the waves. Inconsistent calibra-
tion may result in misleading data24. As a way of prevent-
ing accommodation of the retinal photoreceptors, the 
times between light stimuli should be regulated. Stimuli of 
up to 0.01 cd.s.m−2 should be separated by 2 s; up to 0.1 
cd.s.m−2 should be by 3 s while those of up to 3 cd.s.m−2 

should be separated by 5 s. For higher intensities, they 
should be separated by at least 10 s25. As well, measure-
ments in an ffERG are susceptible to electrode drift, eye-
ball, and eyelid movements and for this reason sedatives 
are proposed to be used in animal studies26.

In scotopic conditions, the b waves predominate the 
capture of the results27. Examples of ffERG recordings 
have demonstrated that b waves are smaller in ampli-
tudes of young rabbits but without variation in implicit 
times28. The first part of an ERG study is a small elec-
trical activation of the receptors and it is found near or 
on the baseline. It is known as an early receptor poten-
tial, ERP. The hyperpolarization of rods and cones 
spans the first 15 ms of the a- wave29. The b- wave is 
due to the depolarization of inner retinal neurons pre-
dominantly ON-bipolar cells. While the c- wave has 

Figure 4. Schematic graphic representation of full-field electroretinogram (ffERG) study showing several types of voltage 
changes from different retinal cell neurons. These voltage traces are known as ERG waves. The early receptor potential 
(ERP) is the field potential of retinal photoreceptors in a resting phase. The a-wave, hyperpolarization is related to the 
phototransduction process of rods and cones while the b-wave, a depolarization, is related to changes in the potential 
of bipolar cells. The c-wave, depolarization, is being hypothesized to be related with PRG while the off portion marks 
the end stage of the record of ERG. The d-wave is the intermittent part between generations of two complete ERG 
studies (adapted from Creel, 2020)72.
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been related to the RPE, but the authors show evi-
dence below that it is rather related to ipRGCs. 

In one study, intravitreal injections of 6-hydroxydopa-
mine, a degenerating agent for dopamine neurons, in 
rabbits’ eyes, the depletion of dopamine increased the 
amplitude of the b- wave. This was related to the sup-
pression of lateral inhibition by dopaminergic amacrine 
cells which in the intact retina modulate synaptic trans-
mission between the inner synaptic and inner nuclear 
layers in the retina29-31.

The ratio of b-wave to a-wave amplitude is used to 
denote the normal transmission of the electrical signal of 
the retina. Any change will be reflected in this ratio22. 

The c- wave has always been confused with oscilla-
tory potentials and a knowledge of how they originate 
can help to know when there is a dysfunction in the 
process of phototransduction. The early, intermediate, 
and late peaks are generated mainly by photoreceptors, 
action potential- independent, and action potential-de-
pendent interactions on third-order cells on the ON 
pathway. Bipolar, horizontal, and neurons on the OFF 
pathway make a small contribution to the generation of 
these waves31. The oscillatory waves appear on the 
rising phase of the b waves and using the bandpass 
filter they can be isolated of the ERG for their analysis. 
They are known as well as oscillatory potentials and 
they are thought to arise from inner plexiform layer22.

Earlier studies have suggested that the c- wave orig-
inated from the pigmented epithelium RPE, reviewed 
by Perlman22. For instance, one study which was done 
after the dissection of the RPE from the retinal compo-
nents resulted in the disappearance of the c-wave and 
in amphibians the c- wave could be recorded after the 
transection of optic nerve, which leads to degeneration 
of retinal ganglion cells. The mechanism proposed to 
the origin of c- wave by RPE is based on the fact that 
its apical pole (facing the retinal layers) is more 

permeable to K+ ions than the basal pole (facing the 
choroid) which leads to a transepithelial potential. The 
changes in extracellular K+ following the response of 
rods and cones increase the transepithelial potential 
with the retinal face more positive, reflected as the 
generation of the c- wave in the ERG. Thus, even 
though the c- wave originated from RPE still depends 
on the rods and cones phototransduction mechanism. 
Aside that, the analysis of the c wave can tells about 
the integrity of the classical photoreceptors22. 

At the present, there is no sufficient evidence that the 
c-wave is exclusively contributed by the PRG. The only 
reports that have been put forward have been about the 
chemo genetic activation of PRG, a manipulation which 
drives changes in dark-adapted electroretinograms. There 
are also data from a mouse retina ex vivo study, in which 
rods and cones ablation did not prevent the appearance 
of c wave, which was produced in response to a light 
stimulus on the range of activation of melanopsin.

Therefore, it can be hypothesized that PRG contrib-
ute to the formation of the c waves. The authors pro-
pose that inhibition of the synaptic transmission by 
glutamate metabotropic and ionotropic receptors li-
gands and transient receptor potential canonical 
(TRPC) 6/7 channels can demonstrate the intrinsic 
properties and contribution of ipRGC to the c- wave.

An understating of retinal circuits can help to under-
stand the processes that may be involved in the pro-
duction of a ffERG (Table  2). In scotopic conditions, 
rod bipolar cells synapse with amacrine cells and the 
signal are then transmitted through the cone bipolar to 
ganglion cells32. The main neurotransmitter in the ret-
ina is L-glutamate and the use of agonists and antag-
onists can help to determine the contribution of each 
rod and cone pathways on the ffERG. Injection of APB 
and blockage of the central retinal artery caused the 
disappearance of the b waves. APB acts on the 

Table 2. Cell and molecular correlates for waves recorded in a ffERG

ffERG wave a-wave b-wave c-wave

Fluctuation from baseline 
voltage 

Hyperpolarization Depolarization Depolarization

Cell type involved Rods and cones Inner retinal neurons mostly 
ON bipolar cells

Photoreceptor ganglion cells

Molecular events Closure of CNG by rod/cone-
opsin phototransduction

Inhibition of metabotropic 
glutamate receptors

Activation of TRP channels by 
melanopsin phototransduction*

*Mechanism proposed based on evidence showed in this review. ffERG: full-field electroretinogram; CNG: cyclic nucleotides gated channel; TRP: transient receptor 
potential channel. Baseline voltage refers to the field potential recorded right before light stimulation. 
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metabotropic receptors inhibiting the bipolar cells ON 
pathway while DNQX, an inhibitor of AMPA/KA gluta-
mate type receptors, eliminates pathways that block 
the formation of b waves, enhances the appearance 
of the b waves. Tetrodotoxin would slightly reduce and 
would delay time to peak for b waves while the com-
bination of bicuculline and strychnine would increase 
it22. Knowledge of the retinal circuits involved in the 
process of transmission of the light signals raises 
some questions on how the pigmented epithelial cells 
can form part of these pathways and how they can lead 
to the formation of the c waves. By retrograde labeling 
using alpha herpes pseudorabies virus and immuno-
fluorescence studies, it was determined that PRG are 
transinaptically connected to the bipolar, amacrine, 
and dopaminergic cells which form part of the retinal 
circuits. For these reasons, the authors are putting 
forward the hypothesis that the PRG are the source of 
the formation of c waves.

Strategies of evaluation of ERG studies 
and protocols

The way in which a ffERG study is done is based on 
established protocols which generally can be defined 
as short and long. There is no use of anesthesia during 

the short protocol and it is mostly applied in humans. 
The result is a yes or no on the function of the retina. 
A variation of light intensity would result in variation of 
amplitudes of the a, b, and c waves (Figs. 5 and 6). On 
the other hand, the long protocol based on the Euro-
pean College of Veterinary Ophthalmologists guide-
lines includes the use of anesthesia, and is generally 
applied for research purposes in animals.

Factors affecting ERG studies

Factors affecting full-filled ERG studies can be divided 
into physiological or instrument-related and the results 
are a summation of the changes in potentials of the in-
dividual photoreceptors1. The amplitudes recorded on a 
ffERG study depend on the animal’s eye condition, the 
light adaptation of the eye, the intensity of the stimulus, 
pupil size, and electrodes condition33. Eyeball move-
ments were shown to cause changes in ffERG measure-
ments due to changes in electrode-corneal contact and 
intensity of incident light. As a way of minimizing these 
effects, it was demonstrated that a mixture of ketamine 
and xylazine had the best results in rats. Minimum eye 
movement along with maximum level of a and b wave 

Figure 5. Short protocol for ERG studies with a standard flash of 3 cdsm−2. Yellow=steps to take; Green=measurement 
stages; Orange=Light intensities. The procedure begins with a 20-min dark adaptation period, followed by the placement 
of electrodes on the right eye and measurement at 0dB. Then, the electrodes will be changed to the left side, which 
will then be followed by placement of corneal electrodes on the same side and measurement at 0dB. The experimental 
subjects are then light adapted for 10 min with measurements being done at right and left sides at 0dB. The result will 
be yes or no under scotopic and photopic conditions.
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amplitudes were recorded. There was insignificant vari-
ation in implicit times with this combination as well34.

The ffERG is influenced by dark/light adaptation time, 
pupil size, stimulus intensity, electrodes, alertness level, 
and other factors35. The use of skin-electrodes produc-
es lower amplitudes of a and b waves and longer implicit 
times when compared with corneal ones, making it a 
better option when doing ffERG studies36. Bipolar cor-
neal electrodes have a high signal-noise ratio thus 
causing repetition of studies with longer periods and 
fewer stimulus elements necessary for the results to be 
comparable. The major cause for poor records would 
be related with electrode skin and corneal contact29.

The results from recent studies have shown that 
there is variation between in vivo and ex vivo studies. 
In an in vivo dark-adapted study, the b- wave dominated 
and was four-fold in amplitude and time to peak was 
60 ms when compared with a wave that had time to 
peak of 30ms22. While in an ex vivo studies are slower 
and have suppression of oscillatory potentials when 
compared with in vivo studies37.

In a study using white New Zealand rabbits with a 
weight of between 2-2.5 kg and 8-10 weeks old, it was 
determined that the test-retest reliability was based on 
the levels of variability of the investigation. The largest 
variability, 30%, was between the subjects, followed by 

20% between the repetitions and 10% between the 
eyes38. On measurement of the effects of different drugs 
on the c waves, it was demonstrated that there was no 
statistical difference in results of the left and right eyes 
of the same animal; therefore, the contralateral eye 
should always be used as a control39. A three-fold in-
crease in pupil size equaled a nine-fold increase in light 
intensity reaching the retina. Therefore, pupil dilation can 
affect ERG studies. Another factor studied was the level 
of brightness of the stimulus. The brighter the stimulus 
the faster the ffERG and reduced time to peak levels22.

Effects of anesthesia on ffERG studies

Since some protocols of ffERG studies are done un-
der anesthesia, there is a great need to know their 
effects. Diazepam and barbiturates at high doses cause 
a decrease of the a-wave while the combination of 
xylazine and ketamine has been shown to have fewer 
effects on ffERG studies1. There were no significant 
differences in the amplitudes and implicit times of a and 
b waves in a study in cats when the combination of 
ketamine-xylazine and dexmedetomidine-ketamine 
was compared40. Propofol would cause an increase in 
b- wave amplitude while dexmedetomidine would have 
a decrease in b waves compared to the 

Figure  6. Example of a ffERG obtained applying the short protocol showing ERGs at different light intensities after 
scotopic and light adaptation. Every plot shows the changes in amplitudes (Y axis, microvolts) during recording time 
(X axis, milliseconds) at increasing light intensity. Subject, New Zealand rabbit, 2 months old. Results from an ongoing 
study of the authors.
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tiletamine-zolazepam combination. Isoflurane would 
cause further decreases in all waves when combined 
with the others mentioned before41. 

When used intravenously at a dose of 1-2 mg/kg, ket-
amine cataleptic effect lasted < 1 min while at a dose of 
5-10 mg/kg it took 20-40 min. These factors should be 
considered when conducting the study of ffERG. Halo-
thane and thiopental would cause an increase in implicit 
time of waves a and b waves42. Lidocaine and bupiva-
caine are normally used as local anesthetics for retrob-
ulbar injections and with the use of ffERG studies, it was 
demonstrated that they are non-toxic43. Initial studies on 
the effects of anesthesia on ffERG waves demonstrated 
that 1.3% vol of halothane increased the amplitudes of 
the b waves while during the same experiments artificial 
ventilation did not cause any changes44. 

Ocular and retinal diseases and their 
effects on ffERG studies

ffERG studies reveal the state of function of retinal 
cells3 and in mammals it establishes the loss of vision 
related to retinal degeneration diseases which can be 
divided into primary (hereditary) and secondary (glau-
coma-related). For example, infectious inflammatory 
diseases like canine distemper can cause retinal de-
tachment45. Retinal detachment and attachment sur-
geries have also used ffERG studies as a diagnostic 
tool wherein one study they obtained a decrease in 
amplitude of b waves after detachment and an increase 
in implicit time46.

Glaucoma is a heterogeneous group of disorders 
related to retinal cell apoptosis, specific optic neurop-
athy, and cupping of the optic disc. Although an in-
crease in intraocular pressure has been linked to an 
increase in the risk of development of glaucoma, some 
authors argue that there is a presentation of glaucoma 
in humans with normal intraocular pressure. In such a 
situation other non-invasive tools for determining nor-
mal visual processes like ERG studies would be of 
beneficial use47,48. It is a result of interaction between 
genes, age, and environmental factors49.

The following genes have been determined in various 
canine species to be related to the development of 
open-angle glaucoma: ADAMTS10, ADAMTS17 COL1A2, 
RAB22A, NEB, and SRBD150 as well as LTBP2 and TGF 
beta51. Its alluded that neuroinflammation is the key pro-
cess during glaucoma. The retinal ganglion cells are the 
first to be affected followed by astrocytes and microglia. 
Microglia responds with a phagocytic process to restore 
homeostasis and these results in monocyte infiltration52. 

Retinal ganglion cell death is a result of apoptosis where-
as cells that continue to live have the protection of 
neurotrophins53.

Axonal degeneration models have demonstrated that 
autophagic flux impairment results from elevated 
intraocular pressure, TNF, traumatic injury, ischemia, 
oxidative stress, and aging54. Age-related trabecular 
meshwork changes have been linked to the activation 
of myofibroblasts which leads to the reduction of the 
iridocorneal angle. In primary open-angle glaucoma, 
there is a loss of endothelial cells due to the action of 
oxidants like hydrogen peroxide causing apoptosis and 
mitochondrial damage in the trabecular meshwork55. As 
well, long-term use of glucocorticoids has been 
related to iatrogenic open-angle glaucoma56. Possible 
contributors to the development of glaucoma are neu-
rotrophins signaling, oxidative stress, excitotoxicity, mi-
tochondrial dysfunction, protein misfolding, hypoxia, 
and retinal ischemia57.

On increasing intraocular pressure in a rabbit, which 
is common in glaucoma, and equalizing it with the ar-
terial blood pressure the c-wave disappeared first and 
then the a-wave after 1 ½ min and the b- wave will 
disappear58. Since normal standard visual field tests 
cannot detect initial changes related to glaucoma, it was 
demonstrated that there was a decrease in amplitude 
and increase in latency of the N2 wave of the middle 
area of the retina using a mfERG59. The diameter of the 
retina was between 100 and 200 µm. In general, in 
acute retinal degeneration diseases the amplitudes of 
a and b waves decrease, while implicit time is prolonged 
when studies are done in scotopic conditions. In chronic 
situations, the same changes are noticed after both 
scotopic and photopic adaptation3.

In diabetic retinopathy loss of vision has been related 
to the elevation of vascular endothelial growth factor 
(VEGF), and retinal central vein occlusions as well as 
neovascularization of the anterior chamber has been 
linked to elevated VEGF in the aqueous humor. The 
inhibition of the proliferation of VEGF would help to 
analyze its effects that can be reflected in an ffERG 
study. Intravitreal local injection of Bevacizumab, with 
no systemic effects, did not show any effects on the 
amplitudes of a and b waves making it a better option 
in the treatment of age-related macular degeneration 
and diabetic retinopathy60. In diabetic retinopathy, there 
is inadequate glycemic control which is related to a 
weakening of small blood vessels which can lead to the 
formation of microaneurysms, bleeding, edema, and 
ischemia of retinal cells. In the end, this will result in 
neovascularization and retinal detachment61.
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One of the retinal diseases that have been demon-
strated to influence the ffERG studies is retinitis pig-
mentosa, which is a genetic defect and the degenera-
tion of the classic photoreceptors, rods and cones, and 
retinal ganglion cells62. 

Long- term administration of antiepileptic drugs like 
vigabatrin, a gamma-aminobutyric acid (GABA) analog 
and inhibitor of GABA aminotransferase have been 
linked to vision loss due to its effects on bipolar cells 
which contribute to the formation of b waves and do 
express GABA receptors63,64. Blockage of the GABA 
feedback system attenuates significantly the b waves 
and confirmed that it is an important pathway for the 
formation of b waves.

Using a multifocal type of ERG (mfERG), cataracts of 
distinct levels of opacity cause a reduction in amplitude 
of a and b waves65. In a flicker ffERG, cataracts reduce 
the intensity and scatter light on the retina. Thus, it 
stimulates a larger area and in contrast, increases the 
amplitude of ERG on the peripheral area when com-
pared to the macular area66. Although these changes 
might have been noticed, they did not find any statisti-
cal differences before and after cataract surgeries and 
concluded that ffERG is a dependable pre-surgical oc-
ular examination67.

Age has been noted as a crucial factor during ERG 
studies. With the use of albino rabbits, it was noted that 
a wave appears during the first 2 weeks while the band 
oscillatory wave appears after that. The b-wave reach-
es its maximum amplitude at 40 days and this result 
justifies ERG studies to be done after 6 weeks68. During 
the development of the retina, the ganglion cells are 
the first to differentiate then followed by neurons of the 
outer retina, sequentially amacrine, classical photore-
ceptors, and bipolar cells. Thus, photoreceptors’ re-
sponses in the recently born individual are less than 
those that have a matured visual system69. Having all 
the information presented thus creates a need to know 
the molecular basis for ERG studies.

Conclusions

It was concluded that molecular-based knowledge 
forms the basis for the interpretation of a, b, and c wave 
changes of ffERG studies and ipRGCs have a contri-
bution to the formation of the c-wave.
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