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ABSTRACT 

DOGS AS A MODEL OF HUMAN RETINAL DISEASE: EXTENSIONS OF THE FULL-

FIELD ELECTRORETINOGRAM TO CHARACTERIZE NORMAL AND ALTERED 

RETINAL FUNCTION AND APPLICATIONS TO TRANSLATABLE GENE 

AUGMENTATION THERAPY 

 

By 

Nathaniel Pasmanter 

Dogs are an important model of human retinal disease and are frequently used to develop and 

test translational therapies. Accurate characterization and quantification of the full-field 

electroretinogram (ERG) is essential in assessing potential treatments, yet many methods used to 

study the human ERG are rarely used in canine studies. This study aims to assess the utility of 

several mathematical models of the a- and b-waves and expanded protocols - such as chromatic, 

increasing background luminance, extended flickers, and long-duration flashes - in 

characterizing and analyzing the canine ERG. This study establishes baseline parameters for 

normal canine retinal function and quantifies the altered function in several dog models of 

human retinal disease. The results of this study demonstrate that mathematical models of the 

ERG waveforms provide excellent fits in normal dogs, and that expanded protocols better 

characterize rod and cone contributions to the canine ERG. These methods additionally enable 

direct comparison of quantified parameters between normal dogs and dog models of human 

disease as well as longitudinal assessment of disease progression and response to treatment with 

gene augmentation therapy. The results indicate that incorporating these methods adds valuable 

information of retinal function. Further research is needed to assess the reliability of these 

methods across breeds and different recording conditions. 
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INTRODUCTION 
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Background 

Electroretinography (ERG) assesses retinal function by recording the electrical response 

of the retina to light stimulus. The characteristic waveforms in the recorded response are used to 

assess the health and function of retinal cells 1. Since it was first performed in 1865, the use of 

ERG has expanded to clinical, translational, and research investigations in multiple disciplines. 

In humans and other species, ERG is a critical tool in the diagnosis, characterization, and 

monitoring of a variety of inherited and acquired retinal diseases, as well as assessment of the 

recovery of retinal function following treatments such as gene augmentation therapy 2–4.  

Dogs are an important large animal model of human retinal disease 5,6. Spontaneous 

inherited retinal dystrophies such as the progressive retinal atrophies (PRAs) in dogs show much 

similarity to analogous conditions such as the retinitis pigmentosas (RPs) in humans 6,7. They are 

commonly used to study these conditions and develop translational therapies 5,8–11. The presence 

of a retinal region of high photoreceptor density with a cone-rich center, the area centralis, in 

canine eyes make them particularly valuable because of the similarity to human retina which has 

a macula with central fovea 12. Accurate characterization of canine retinal function and 

dysfunction is critical, both in identification of potential dog models of human retinal disease as 

well as assessment of translational therapies. 

Many diseases present with classic or pathognomonic ERG findings. In the clinical 

setting, patients are typically assessed for abnormalities using the ISCEV/ECVO standards (for 

humans and canines, respectively) for the scotopic (dark-adapted) and photopic (light-adapted) 

ERG 1,13. The use of different flash strengths and background luminance preferentially assesses 

the function of different populations of retinal cells. The photopic ERG, with complete 

suppression of rod responses using a background light, reflects cone function. In scotopic 
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conditions with dim flashes, rod responses predominate. With brighter flashes, the response 

reflects both contributions of rods and cones and the interactions between the two 14–17. The ERG 

in response to a moderate strength flash of light consists of an initial negative a-wave, whose 

leading slope can be modeled to assess photoreceptor function 15,18. The second waveform, the 

positive b-wave, increases with amplitude with stimulus strength. The amplitude increase can be 

modeled as a means of assessing retinal sensitivity 19. 

Focus and Value 

Expanding the standard ERG assessment with additional protocols and post-recording 

analysis provides valuable information on retinal function. These methods can be broadly 

categorized as ‘modalities’, which vary in recording apparatus, stimulus and luminance, and 

‘models’, which analyze mathematical models and transformations of the recorded waveforms. 

A variety of modalities and models are used in human ERG recordings. These include flashes 

with high frequency flickers, which are a sensitive measure of cone function, and mathematical 

models of rod and cone photoreceptor responses 15,18,20,21. These methods have been used to 

accurately establish the presence and characterize the progression of a variety of degenerative 

retinal dystrophies in humans and mice 22–24. However, many of these modalities and models are 

infrequently used in ERG studies of canine retinal electrophysiology. 

Different ERG modalities, such as long flash, flicker, chromatic, and changing 

background illumination, as well as mathematical models and transformations of the ERG 

waveforms, can be used to effectively characterize normal parameters of retinal function in 

wildtype dogs. Furthermore, these models can be extended to dogs with inherited retinal diseases 

to demonstrate the presence of retinal disease, monitor disease progression, and determine the 

effectiveness of gene therapy treatment in rescuing photoreceptor function. Specifically, this 



 
4 

thesis shows that these models can be used to determine the phenotypes of a population of 

research animals, as well as evaluate the functional rescue in affected animals treated with novel 

therapies (e.g. gene therapy in Cngb1-|- dogs as a model of RP in humans). 

Aims 

1. Establish baseline features of normal canine retinal function using flicker, chromatic, 

long flash, and different background illumination ERGs. Disease models with either lack 

of rod function or cone function are used to show photoreceptor specificity of the 

parameters measured as well as the effect of loss of interaction between rods and cones. 

Specifically, this research demonstrates the effectiveness of the rod a-wave model in 

characterizing normal rod photoreceptor function.  

2. Examine the effectiveness of the cone a-wave model and frequency-based analysis 

methods in dogs. This research further demonstrates the effectiveness of these ERG 

modalities and mathematical models in establishing the presence of inherited retinal 

dystrophies in dogs, as well as monitoring disease progression and the results of gene 

therapy treatment. 

Objectives 

1. Quantify and establish baseline parameters for normal retinal function in dogs using 

additional ERG modalities and mathematical models. 

2. Analyze dogs with inherited retinal disease and determine physiological and biochemical 

correlates of baseline retinal function and disease progression. 

3. Longitudinal assessment of dogs treated with gene augmentation therapy, and 

determination of functional rescue through comparison to phenotypically normal dogs 

and untreated controls. 
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4. Develop additional mathematical models and protocols for characterization of normal 

canine retinal function and assessment of inherited retinal disease. 
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CHAPTER 2. 

 

A REVIEW OF ELECTRORETINOGRAPHY WAVEFORMS AND MODELS AND THEIR 

APPLICATION IN THE DOG 
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2.1. Introduction and background 

Since it was first performed by Holmgren in 1865, the electroretinogram (ERG) has 

become a mainstay in evaluating retinal function in both clinical and research ophthalmology. 

The standard technique, full-field flash ERG using alternating current (AC) recording, most 

commonly involves using a corneal contact electrode and a skin reference electrode as well as a 

ground electrode. The potential difference between the corneal electrode and the reference 

electrode records the summed electrical activity across the corneal surface 1. A direct current 

(DC) method, although less frequently used, provides investigation of a response over several 

minutes and can add additional information on the function of the retinal pigment epithelium 

(RPE) 25. The ERG is generated by retinal cellular responses resulting from light stimulation.  

Electrical currents that can be recorded at the cornea are generated when a current flows in 

radially orientated cells from electrical source to sinks.  Recording and assessment of these radial 

currents as the electroretinogram provides insight into the function of different populations of 

retinal cells, enabling characterization and measurement of retinal dysfunction 2, progression of 

retinal changes in disease 3, and efficacy of therapy for retinal conditions 4. More recently, 

mathematical models for ERG analysis have been developed and used in both human and non-

human primate (as a model for human) research to better characterize responses and link them to 

biochemical events 18. However, mathematical modeling of the ERG response has not been 

frequently used in dog studies.  

The stimulus and adaptation state of the eye enables recording of rod and cone responses 

in scotopic (dark-adapted, to enable recording from rod initiated responses and with flashes of 

higher luminance both rod and cone mixed responses) and photopic (light-adapted to isolate cone 

driven responses) conditions. The ERG recorded as a result of a moderately strong flash of light 
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consists of an initial negative component, the a-wave, whose leading slope can be modeled to 

assess rod photoreceptors in the dark-adapted eye and cone photoreceptor function in the light-

adapted eye 18. The second waveform, the positive b-wave, is primarily the result of currents 

generated by bipolar cells. The threshold for a rod-mediated b-wave is at a lower stimulus level 

than that of the a-wave. Both the a-wave and b-wave increase in amplitude with stimulus 

strength, which can be modeled as a means of assessing retinal sensitivity 26. The a- and b-waves 

are the primary ERG components used for assessing retinal function. However, other waveforms 

are recognized and are discussed in more detail below. 

Expanding on the early work of Holmgren, there have been numerous advances in our 

understanding of visual electrophysiology. Gotch discovered the characteristic positive and 

negative deflections of an ERG performed on excised frog eyes 27, and Einthoven and Jolly 

labelled these characteristic deflections 28. Expanding on the work of other researchers, much of 

the pioneering work on ERGs was performed by Granit in the 1930s. He successfully isolated the 

different components of the ERG waveform, showing the presence of three components (which 

he named processes: PI/PII/PIII) based on their sequential elimination from the cat ERG under 

increasing depth of ether anesthesia 29. He further tied these components to the overall 

waveforms which make up the ERG providing the basis for our current understanding of the 

underlying physiological components. 

Although conventional ERG recordings are non-invasive and utilize a corneal contact 

electrode, invasive intraretinal ERG recording using micropipette electrodes inserted into the 

retina with an electrode inserted in the vitreous humor used as reference have been used to 

localize the origin of the electrical response. Components of the intraretinal ERG are named 

based mainly on conventional ERG recordings, but both the shape and amplitude of recorded 
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responses depends on the depth of electrode insertion 30–33. Transmission of the light induced 

response occurs from distal to proximal retina – photoreceptors are in the distal retina, while 

bipolar cells are proximal to the photoreceptors, and third order neurons such as ganglion cells 

proximal to bipolar cells. Thus, deeper insertion of the intraretinal microelectrode measures 

potentials generated more distally in the retina. Intraretinal recordings have been used to better 

characterize near threshold ERG responses, localizing their origin to locations proximal to 

photoreceptors 34. The intraretinal ERG has also been used to characterize differences in shape 

and amplitude of the response across different species 35. 

Drug dissection studies of the retina, using intravitreally administered drugs to block 

activity of specific neurons, have improved understanding of the cells and pathways that 

contribute to different ERG waveforms 36,37. Several of these drug classes will be discussed here. 

Application of aspartate blocks responses in second order neurons from glutamate released from 

the synaptic terminal of photoreceptors and thus isolates photoreceptor and retinal pigment 

epithelium derived responses 38. Glutamate analogs such L-AP4 mimics the action of 

endogenous glutamate on metabotropic glutamate receptors, resulting in sustained cone ON-

bipolar cell membrane hyperpolarization and suppression of light-evoked responses 39. Selective 

antagonists of ionotropic glutamate receptors such as cis 2,3-piperidine-dicarboxylic acid (PDA) 

block both cone OFF-bipolar and horizontal cell responses. PDA additionally eliminates third-

order neuronal responses in the inner retina 40. Both N-methyl-D-Aspartate (NMDA), which acts 

as a partial agonist at NMDA receptors, and tetrodotoxin (TTX), a selective sodium channel 

blocker, suppress third order neuronal amacrine and ganglion cell activity but leave bipolar cell 

activity intact 39,41,42. 
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While the purpose of this review is not to provide direct instructions on how to complete 

an ERG it is important to mention some factors that can influence the recorded ERG, several of 

which will be discussed. Technical considerations of ERG recording include signal amplification 

and bandpass filter parameters, which can affect the quality of the recorded signal.  Filtering is 

used to help remove electrical interference, known as “noise”, thus enhancing the signal to noise 

ratio resulting in a cleaner ERG recording. However, setting a low level for the low pass filter 

eliminates higher frequency signal components, while setting a high level for the high pass filter 

will alter the shape of the waveforms recorded 43. Narrowing the bandpass filter can be used to 

extract ERG components such as the oscillatory potentials. Additionally, increasing the number 

of recordings obtained and averaged improves the signal-to-noise ratio of the composite signal. 

Different electrode types can vary significantly in recorded signal amplitudes, while increasing 

the distance of the reference electrode from the lateral canthus typically increases signal 

amplitude 44–47. Anesthetic type and depth is an additional consideration; light anesthesia may 

allow for additional background noise generated by muscle activity, whereas deep anesthesia can 

reduce recorded signals, and different types of anesthetic agents have different effects on 

recordings 48. Thus for recordings to be comparable identical anesthesia protocols should be used 

and the depth of anesthesia monitored closely. For research purposes ERGs are often recorded 

under anesthesia while a quick retinal check in the clinic may be performed in the conscious 

animal. 

There are many other factors that contribute to variation in ERG recordings. These 

include length of dark and light adaptation for scotopic and photopic ERG recordings, 

respectively, this affects bleaching of rod photoreceptors and amplitude of responses 49. 

Additional factors include individual variation, pupil dilation, breed differences, eye axial length, 
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and subject age 50–53. Care should be taken to standardize recording conditions and parameters to 

enhance reproducibility and enable comparisons to be made between different subjects. 

2.2. Physiological processes underlying the ERG 

Photoreceptors employ a somewhat unique system in signaling visual responses. In the 

dark, a proportion of cyclic nucleotide-gated channels in both rod and cone photoreceptor outer 

segments are open as a result of the presence of cyclic GMP. These channels allow an influx of 

positive ions into the cell maintaining a relatively depolarized cell membrane. This coupled with 

active transport of cations out of the cell through the NCQX Ca2+/Na+, K+ exchange channel 

causes an electrical current to flow along the length of the photoreceptor, known in rods as the 

dark current54–57. In the depolarized (dark-adapted) state, voltage-gated calcium channels in the 

synaptic terminal remain open, allowing an influx of calcium ions which triggers a steady release 

of glutamate at the photoreceptor synapse with second order neurons; retinal bipolar cells and 

horizontal cells. Glutamate causes hyperpolarization of ON-Bipolar cells (via a metabotropic 

glutamate receptor) and depolarization of OFF-Bipolar cells (via an ionotropic glutamate 

receptor) 58,59. Light stimulus results in isomerization of the photoreceptor G-coupled receptor – 

the visual pigment (11-cis-retinal combined with an opsin; e.g. forming rhodopsin in rods). 

Rhodopsin and the cone opsins are densely packed in the membranes of the rod and cone 

photoreceptor outer segments 60,61. Isomerization of the 11-cis-retinal causes a conformational 

change in the opsin and activation of the associated G-protein, transducin, which subsequently 

activates the phosphodiesterase holoenzyme (PDE6). Activated PDE6 catalyzes the hydrolysis of  

cyclic GMP to 5’-GMP, leading to closure of cyclic nucleotide-gated ion channels 55. This 

channel closure leads to photoreceptor cell membrane hyperpolarization and the reduction of the 

dark current. This contributes to the PIII response which underlies the resulting corneal negative 
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a-wave of the ERG 54,62,63. The voltage-gated calcium channels at the photoreceptor synaptic 

terminal also respond to the altered membrane voltage, decreasing the influx of calcium which in 

turn leads to decreased glutamate release, with a resultant depolarization of ON-Bipolar cells 

(primarily responsible for the PII response and making a major contribution to the positive b-

wave). In the cone pathway this also results in hyperpolarization of OFF-Bipolar cells (which has 

an effect on the shape of the flash ERG and in the response to longer flash stimuli contributes to 

the d-wave) 58,59,64. Upon cessation of light stimulus, several factors mediated by low 

intracellular calcium concentrations restore the photoreceptor to its native ‘dark-adapted’ state 

54,64,65. 

2.3. ERG waveforms 

The basic studies investigating the origins of the ERG waveforms as reported here have 

been performed in several different species showing similarities between species but also 

differences in the degree that each component shapes the final waveform (e.g. differences 

between species in OFF-bipolar cell contributions). There are a limited number of specific 

studies dissecting waveform components in dogs but the basic waveform components are similar 

to those described by in-depth studies in other species.  

1. A-wave 

The a-wave is visualized as an initial negative deflection of the ERG and has major 

contributions from the activity of rod and/or cone photoreceptors 56. The a-wave of the scotopic 

ERG is primarily the result of the reduction in the rod dark current (Figure 2.1A). The photopic 

cone mediated a-wave has a more complex origin with significant contributions from inner 

retinal cells, particularly at lower stimulus strengths 40,66 (Figure 2.1B). The a-wave is one of the 

most studied of the ERG components and increases in amplitude and decreases in implicit time 
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with increasing stimuli strength until it reaches saturation. Care must be taken to distinguish it 

from another negative waveform, the scotopic threshold response (STR) which is a response 

recorded from weak stimuli in a well dark-adapted eye and appears at response threshold at 

stimuli below b-wave threshold. With increasing stimulus strength, the b-wave appears and 

increases in amplitude such that it obscures the STR (which is considered in more detail below). 

In contrast to the STR, the scotopic a-wave is typically not visualized until stimuli strength 

several orders of magnitude above the initial appearance of the b-wave.  

Drug dissection studies have confirmed photoreceptors to be the primary source of the 

rod-driven a-wave and significant contributors to the cone-driven a-wave. ERG recorded from 

aspartate-treated eyes isolates the PIII response by eliminating postreceptoral responses (which 

are major contributors to b and d-waves, oscillatory potentials [OPs], and the STR). These 

studies show the major contribution of the photoreceptor PIII responses to the ERG a-wave 

38,67,68. Further studies of the scotopic ERG demonstrate that both NMDA and PDA reduce the 

amplitude of the a-wave response and eliminate a ‘trough’ that appears between the a and b-

waves. This suggests that postreceptoral contributions to the dark-adapted a-wave derive not 

only from OFF-bipolar cells, but also from amacrine and ganglion cells 41,42. Additional 

investigations have revealed a ‘slow’ negative P-III component only visible when the retina was 

separated from the RPE to remove its positive contribution with a similar time course. This slow 

contribution to the a-wave has been attributed to both postreceptoral contributions from OFF-

bipolar cells, as well as Müller cells responding to changes in extracellular potassium 

concentration caused by activation of photoreceptors 69–71.  

Understanding the physiologic processes that underlie the ERG is key to recognizing 

normal features of the ERG, as well as identifying and localizing abnormal responses. 
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Classically, the a-wave of the scotopic ERG represents the summed response of retinal 

photoreceptors. Under scotopic conditions, responses to brief light flashes of low-stimulus 

strength represent the sole contribution of rod photoreceptors to the ERG a-wave response, as 

cone photopigment is several of orders less sensitive to photon stimulation than rhodopsin. With 

increasing stimulus strength, cone photoreceptors also activate, and the a-wave then represents 

the summed response of rods and cones. Rod responses are suppressed in photopic conditions so 

the resultant a-waves are driven by the cone responses 14–17.  

As stated above, near threshold the photopic a-wave has major contributions from 

postreceptoral components. These postreceptoral components are blocked by the action of PDA 

which indicates they originate from the OFF pathway 40. It is of note that the size of OFF 

pathway responses differs between species and thus there is probably a difference in the 

contribution to the photopic a-wave 66,72. The photoreceptor component of the photopic a-wave 

increases with stronger stimuli 40,73.  

Classical a-wave analysis measures both the amplitude (measured from pre-flash ERG 

baseline to the a-wave trough) as well as implicit time (time to trough from the start of flash 

stimulus). These parameters are subject to the saturation kinetics of phototransduction 

amplification. Increases in flash stimulus strength increase both the quantity and speed of 

photoreceptor responses, with a commensurate increase in a-wave amplitude and decrease in 

implicit time with increasing stimulus strength 62. Modelling of the slope of both rod and cone a-

wave has been established to more accurately measure photoreceptor responses and are discussed 

below. 
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2. B-wave 

The b-wave is visualized as a corneal positive deflection of the ERG and is primarily 

shaped by the PII response. It appears in response to weaker stimuli than the scotopic a-wave 

(Figure 2.1C). To stronger stimuli it follows the initial negative deflection of the a-wave. There 

has been some debate about the origin of the b-wave, but it is now widely accepted that the 

major contribution is from the ON-bipolar cells. Typically, the largest amplitude response in the 

ERG, the b-wave amplitude is measured from the trough of the preceding a-wave to the 

following positive peak, accounting for the intrusion of OPs in the measurement (See Figure 

2.1A).  

Studies of isolated PII recordings, compared to patch-clamp single-cell current recordings 

of rod bipolar cells (RBCs), which are an ON form of bipolar cell, support RBCs as the main 

generator of the rod-driven b-wave 74,75. Additionally, several drug dissection studies have 

provided invaluable insights into the pathways responsible for the generation of the cone-driven 

b-wave. Studies utilizing L-AP4 demonstrate that L-AP4 largely eliminates the early positive 

component of the cone b-wave, thus confirming ON-bipolar cells as the primary originator of the 

photopic b-wave response. In contrast, a later negative component that reduces the amplitude of 

the positive b-wave, in addition to influencing its shape, is eliminated by PDA application, 

suggesting that OFF-bipolar cells are responsible for this modulating process. The combination 

of opposing underlying waveforms thus shape the b-wave, a process that has been described by 

Sieving et al. as a ‘push-pull’ mechanism 73,76.  

While electrical activity emanating from RBCs predominantly fashions the scotopic b-

wave, and the combination of forces from cone ON and OFF-bipolar cells shape the photopic b-

wave, there are other factors that contribute to both the amplitude and shape of the b-wave (See 
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Figures 2.1D and 2.2). This includes Müller cell responses to changes in extracellular potassium 

concentration caused by activity in adjacent neurons. Indeed, electrical current flow along Müller 

cells was originally posited as the source of the b-wave – however, studies of the retina exposed 

to barium, which functions to decrease Müller cell potassium permeability, failed to abolish the 

b-wave, and in some circumstances even augmented the b-wave response 77–79. However, 

intravitreal barium injection also diminished the response of a ‘slow’ component of the scotopic 

b-wave in the cat, which may indicate a possible role of electrical fields developed across the 

length of Müller cells in shaping the late b-wave response 41. Additional studies have 

investigated possible contributions from amacrine and ganglion cells to effect changes on the 

ERG b-wave. Intravitreal TTX injection, in addition to bicuculline and strychnine to block 

GABA and glycine receptors, respectively, demonstrated that additional postreceptoral 

contributions impact both the amplitude and kinetics of the b-wave response. TTX-treated eyes 

demonstrated a substantial delay in b-wave response, while blockage of both Glycine and GABA 

receptors caused an increase in b-wave amplitude 80,81. Thus, while ON-bipolar cells are 

responsible for generating the major portion of the b-wave, additional postreceptoral components 

influence the shape of the response.  

3.  Oscillatory Potentials 

OPs are characteristic high frequency waveforms superimposed on the rising edge of the 

scotopic and photopic b-wave. Activity of several cell types appear to contribute to the OPs. 

They originate in the proximal retina, mainly from amacrine cells but with additional 

contribution from ganglion cells 82,83. There is some debate over potential spatial localization of 

early vs late OPs, with some evidence that in the photopic ERG early OPs may originate in the 

ON pathway while late OPs originate in the OFF pathway 82. OPs are one of the most sensitive 
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ERG components with respect to blood flow and may be diminished before other waveforms in 

mild retinal ischemia 84. 

Measuring the stimulus:response characteristics of the OPs requires extracting the signal, 

typically utilizing a bandpass filter that removes low-frequency components of the ERG 85 

(Figure 2.3). Although OPs are of a much higher frequency than the a and b-waves, they can be 

further subdivided into ‘low-frequency’ OPs, centered near 80Hz and originating from amacrine 

cells, and ‘high-frequency’ OPs, which are centered near 160Hz and originate from ganglion 

cells. Examining these separate features of OPs can be done utilizing a transform that accounts 

for frequency localization with time, such as the Discrete Wavelet Transform 86. 

4. Scotopic Threshold Response (STR) 

Although a single photon can stimulate the photoisomerization of a rhodopsin molecule 

in rod photoreceptors, a minimum level of light is required to generate a detectable ERG 

response. In the scotopic ERG, at stimulus strength near the psychophysical limit of vision, a 

waveform known as the STR, can be recorded. Believed to represent changes in extracellular 

potassium concentration affecting Müller cells, with additional contributions from amacrine and 

retinal ganglion cells, the STR has been recorded in multiple species 87–89. Additionally, drug 

dissection studies of proximal retinal contributions to the STR have suggested potential inter-

species differences in origin, with reports suggesting the STR in monkeys originates from retinal 

ganglion cells, and that of humans, cats, and mice, from amacrine cells 87,90. Although the 

dominant component is typically a negative waveform (nSTR), there may also be a preceding 

positive waveform (pSTR), with pharmacological evidence of similar origins for both 

components 91. As stimulus strength increases, the STR becomes overwhelmed by the 

developing b-wave 87,88 (Figure 2.4). 
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5. C-wave 

When using DC recording, the c-wave is seen as a slow positive deflection after the b-

wave and derives from changes in the transepithelial potential of the RPE 92. Recording from a 

retina separated from the RPE eliminates the c-wave entirely. Furthermore, the c-wave 

demonstrates a linear relationship between amplitude and stimulus strength 93. Although 

infrequently measured due to the technical considerations of DC recordings, the c-wave may 

have clinical and research utility in characterizing diseases featuring RPE disruption, including 

choriocapillaris atrophy and some types of retinitis pigmentosa (RP) 94,95. 

6. D-wave 

Typically only detectable with prolonged (>100ms) intense light stimulus, the d-wave 

originates from OFF-bipolar cell activity in the cone pathway 96,97 (Figure 2.5). The OFF 

response from a longer flash stimulus is positive in humans, primates and chickens and 

predominantly negative in other species such as rats and dogs 98,99. In contrast to ON-bipolar 

cells, which are stimulated through metabatropic glutamate receptors, OFF-bipolar cells are 

primarily stimulated through glutamate stimulation of ionotropic AMPA and kainite receptors 

100. The differential response of bipolar cells to glutamate release is highlighted by the continued 

presence of an OFF-bipolar cell response even in the absence of ON-bipolar cell activity (as in 

certain types of complete congenital stationary night blindness) 99,101.  

7. Early Receptor Potential (ERP) 

The ERP is a brief, biphasic electrical response that appears immediately following bright 

flashes, and is believed to result from light-induced conformational changes in the visual 

pigment of the photoreceptors. The ERP is the earliest quantifiable response that can be detected 

following a flash stimulus. A function of both stimulus strength and quantity of isomerizable 
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photopigment, the ERP typically occurs within 1.5ms of flash, making it difficult to measure 

using a standard ERG protocol 102. Although infrequently measured, it is suggested to provide 

insight into photopigment density in retinas otherwise not showing signs of disease 103.  

8. I-wave 

The ERG i-wave is a positive deflection that may be seen following the b-wave in 

photopic ERGs, the i-wave is also believed to reflect some late contribution of ganglion cells 

(See Figure 2.1C). Its mechanisms are poorly understood, although there is some evidence that it 

may decrease in amplitude with glaucoma, perhaps making it useful in assessing patients with 

this disease 104–106.  

9. Photopic Negative Response (PhNR) 

Under photopic conditions, a negative waveform directly following the b-wave peak can 

be visualized (See Figure 2.1C). The PhNR, though not well-described physiologically, is 

thought to reflect retinal ganglion cell activity. The basis for this derives from several studies on 

optic neuropathies – pathologies that impair ganglion cell function, such as primary open angle 

glaucoma and several causes of retinal ischemia, which lead to a decreased amplitude to the 

PhNR. TTX injection also reduces PhNR amplitude, further supporting 3rd order neurons as the 

source of this waveform 107–109.  

10. X-wave 

In the dark-adapted ERG, direct photoreceptor responses can be temporally separated 

under certain stimulus conditions. The dark-adapted cone response, the x-wave, is best visualized 

with dim flashes of red light after sufficient dark adaptation 110. In cone-rich species, the x-wave 

is a positive response that precedes the rod-driven b-wave response 111,112. With brighter red 

flashes, and with flashes of substantially different wavelengths, the x-wave is often masked by 
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the scotopic b-wave and may only appear as a positive deflection along the leading edge of the b-

wave 110,113.  

2.4. Selected Additional ERG Modalities 

1. Pattern ERG 

PERG derives responses from both ON and OFF pathways and measures retinal response 

to a contrast-reversing pattern, typically using a checkerboard pattern 114. In humans it provides 

information on macular function, as well as that of retinal ganglion cells, and can be used to 

investigate diseases affecting the retina and optic nerve, such as glaucoma 115. In dogs with 

glaucoma, studies have found a reduction in PERG function corresponding to increases in IOP 

116. Several waveforms unique to the PERG have been identified and named. P1 and N2, the 

major positive and negative deflections seen following pattern reversal, respectively. In humans, 

these waveforms are denoted P50 and N95 as they are seen at 50 and 95 milliseconds following 

pattern reversal. The timing of the responses varies across species 114,117,118 

2. Multifocal ERG (mfERG) 

mfERG provides better spatial resolution of retinal function than regular full-field flash 

ERG. While the full-field ERG examines the function of the retina as a whole, mfERG creates a 

topographic map of the retina, allowing analysis of local retinal activity. After mathematical 

extraction of the electrical response, different areas of the retina can be examined for localizing 

potential dysfunction. This is typically performed in photopic conditions, and thus primarily 

measures cone responses 119. mfERG can be used to better localize and evaluate conditions such 

inherited diseases which tend to preferentially affect certain retinal areas such as Stargardt 

macular dystrophy, better classifying the effects of retinitis pigmentosa, and evaluating for 
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retinal damage after surgical treatment 120. It has also been used to demonstrate regional rescue 

of retinal function as a result of retinal gene augmentation therapy 11. 

3. Long flash ERG 

As described earlier, the long-duration flash ERG, also known as the ON-OFF ERG, is 

mainly used to separate the pathways responsible for the cone-driven contributions to the 

photopic ERG response. With a typical ERG protocol, where a very brief duration flash (<4 ms) 

is used, the ON and OFF responses are merged. By extending flash duration (eg. >100 ms), the 

flash offset response is separated from the onset response (See Figure 2.5). The long flash ERG 

has been used in characterizing postreceptoral abnormalities in diseases with abnormal b-waves, 

such as congenital stationary night blindness (CSNB) 121–124. 

In separating the responses to flash onset and offset, the long flash ERG provides several 

observable components. The corneal-negative a-wave follows flash onset, followed by the 

corneal-positive b-wave (not identical to the regular short flash b-wave, as it lacks the flash 

offset response seen in the short flash ERG protocol). The post b-wave response has clear 

differences between species – in the rat, there is a notable positive plateau, while the guinea pig 

demonstrates a sharp negative deflection 98. Finally, the isolated OFF response, which may be 

positive or negative depending on species, occurs shortly after flash offset. Administration of 

PDA and L-AP4 demonstrate differential effects on the aforementioned features, varying by 

species, suggesting that contributions and interactions of cone photoreceptors, ON and OFF 

postreceptoral pathways contribute to the size and shape of the components of the long flash 

ERG in different ways in a species-dependent manner 73,76,98,125,126. 
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4. Flicker ERG 

Typical full-field flash ERG protocols focus mainly on responses to single light flashes. 

Indeed, the current ISCEV standard ERG protocol includes only a single recommendation with 

altered frequency of ERG flashes (30Hz photopic flashes) 1. Including flashes beyond the 

standard single flash and 30Hz flicker protocols may provide additional insight into retinal 

function. Flicker protocols using different shape of stimulus waveform such as saw-tooth have 

been used to extract additional information from the ERG 127. Recent analysis of control and 

mouse models with specific genes knocked out has enhanced our understanding of the potential 

contribution of an expanded scotopic flicker protocol to characterizing postreceptoral retinal 

function 22. With flash stimuli in the mixed rod-cone range, three frequency bands were 

identified as quantifying the activity of different classes of retinal bipolar cells in the scotopic 

ERG– under 5Hz, the ERG response represents the contributions of rod bipolar cells. Between 5 

and 15Hz, cone ON-bipolar cell contributions predominate. Above 15Hz, the main contribution 

derives from cone OFF-bipolar cells (Figure 2.6).  

Drug dissection studies of the photopic flicker ERG using PDA and L-AP4 further 

support the substantial postreceptoral contribution of the cone ON and OFF pathways to the 

retinal response to high-frequency stimuli. Additionally, these studies indicate that there are 

substantial postreceptoral contributions to high-frequency photopic flicker stimuli 128,129. There is 

also evidence of inter-species differences in response to fast-flicker ERG, potentially due to 

variations in spectral sensitivity 130–132. With sufficiently high frequency stimuli, patients 

subjected to flash flicker ERG are unable to temporally separate different flashes. The critical 

fusion frequency (CFF) is defined as the lowest flash frequency at which flash flickers cannot be 

temporally resolved on ERG. CFF varies between species, depending both on size and metabolic 
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rate 133. Early ERG studies indicated a CFF of 20Hz in dogs; however, behavioral studies 

indicate a CFF for cones near 80Hz, higher than the 60Hz reported in humans. CFF may be 

lowered in certain disease processes, such as cone degeneration 134,135.  

5. Chromatic ERG 

Standard full flash ERG protocols often recommend the use of white light stimuli, which 

consists of the full spectrum of visible wavelengths. However, dogs possess two cone types (M/L 

and S) in addition to rods, which contain different opsins that are sensitive to specific wavelength 

ranges. S-cones in dogs are preferentially stimulated by short wavelength, or blue, light (peak 

spectral sensitivity at 430-435nm), while M/L-cones are preferentially stimulated by longer 

wavelength, or red, light (peak spectral sensitivity at 555nm). Conversely, rods, which do not 

convey color information, are nevertheless most sensitive to middle wavelength, or green, light 

(peak sensitivity at 508nm) 136. 

In the photopic ERG, specific wavelength flashes and backgrounds can be used to isolate 

the responses of one class of cones. Such protocols have been used to characterize and diagnose 

achromatopsia and dyschromatopsia in humans. In the dark-adapted ERG, selective use of red 

and blue flashes can be used to preferentially stimulate dark-adapted cones and rods, respectively 

113. Protocols matching b-wave amplitudes of red and blue flashes have been used in several 

investigations, such as the characterization of negative ERGs (referring to waveforms with 

smaller b-wave than a-wave amplitude) 137. Recently, a ‘silent substitution’ method, which uses 

sine wave stimuli with 180° phase difference presented at different frequencies and luminance, 

has been used to separate rod, M/L-cone, and S-cone responses in dogs 138. 
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2.5. Modeling of ERG waveforms  

While ERG waveforms can be measured for implicit time and amplitude, these provide 

limited insight into retinal function as it relates to the underlying processes, for example of 

phototransduction. Models provide a quantitative measure of retinal function that is based on 

biochemical events. The first model utilized is the most common method used to analyze the b-

wave change in amplitude over a range of stimuli strengths; based on a Michaelis-Menten 

function and named after the first scientists to utilize it; the Naka-Rushton equation. Naka and 

Rushton described this modeling in 1966, the equation is fit to the first limb of the dark-adapted 

b-wave, plotting amplitude against increasing stimulus luminance 139. The parameters of the 

resulting sigmoidal curve can be compared both within and between subjects to assess retinal 

responsiveness, homogeneity, and sensitivity of bipolar cells in the inner nuclear layer 26. 

Lamb and Pugh provided an impetus for the use of models of photoreceptor function, 

connecting the biochemical processes of phototransduction with the electrical changes measured 

by ERG. Noting that photocurrent response follows saturation kinetics, they developed several 

equations for rod photoreceptors which measure the rate of current change as a function of time 

and light intensity in terms of a single photoreceptor 63. The overall response visualized on the 

ERG depends on the number of functional photoreceptors in the population, and can be modeled 

after subtracting matched light-adapted from dark-adapted responses to provide the rod-only 

response 62. Several models for the photopic a-wave have been proposed and applied in humans, 

including a Michaelis-Menten type saturation function, as well as application of an additional 

function to the scotopic model 15. Postreceptoral contributions to the cone-driven a-wave, in 

addition to interspecies differences in cone membrane capacitance, subtypes, and spectral 

sensitivity make development of a generalizable model of the photopic a-wave difficult.  
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Quantification of a and b-wave responses using optimally fitted mathematical models 

provides insight into the health of these retinal cells 23. Modeling of the leading edge of the rod 

a-wave solely characterizes the function of rod photoreceptors (featuring a maximum amplitude 

parameter Rmax, sensitivity parameter log S, and time delay parameter td) 
18. Additionally, Naka-

Rushton fitting of the rod b-wave (defined by an amplitude parameter Vm, a semisaturation 

constant k, and a slope parameter n) assesses retinal sensitivity (mainly originating from second-

order neurons) 19. Evaluation of model parameters enables comparison of ERG responses, both 

individually and across a population, over time. (Figure 2.7). 

In humans, modeling of the a-wave and b-wave of the ERG have been applied to the 

characterization of different inherited and isolated phenotypes of retinal disease 140, the 

evaluation of differential effects of diseases such as glaucoma on the retina 141, as well as the 

progression of retinal dystrophies 142. They have also been used in pharmacologic and 

toxicologic studies, both in assessing drug effects on retinal function 143 and as potential 

biomarkers of drug distribution to the CNS 144. More recently, and demonstrating future promise, 

these models have been used in assessing the effects of gene therapy treatment on animal models 

of inherited retinal disease in humans 5,145.  

ERG waveforms can also be analyzed using frequency-based analysis. Photopic flicker 

ERG can be quantified by Fourier analysis in the frequency domain and used to detect retina 

functional changes from diseases such as diabetic retinopathy 146. Another method, the discrete 

wavelet transform, operates in the time-frequency domain and examines the intensity of different 

frequencies that contribute to the overall ERG waveform as a function of time. Given that 

different retinal components contribute to the response at different frequencies, such an analysis 

could help to differentiate different cell contributions to the overall ERG response at different 
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points in time, and potentially identify specific sources of retinal dysfunction 147. Additionally, 

wavelet transform can aid in the analysis of morphological changes in the ERG waveform 148. 

The use of frequency-domain analysis may enable the extraction of useful information in very 

low amplitude ERG responses barely detectable above noise, as it separates out different 

frequency contributions to the overall waveform and removes potential noise contamination in 

the time domain. In one study using this technique it was possible to monitor progression of RP 

in a human patient for years after conventional time-domain analysis was impossible 149.  

2.6. Applications of ERG to the study of different canine retinal dystrophies 

ERG has utility in both clinical and research ophthalmology. It is commonly used in the 

diagnosis of sudden acquired retinal degeneration syndrome (SARDS) and early progressive 

retinal atrophy (PRA), two of the leading causes of incurable blindness in dogs 150. The European 

College of Veterinary Ophthalmologists (ECVO) provided guidelines for clinical ERG protocols 

for dogs 13, while the International Society for Clinical Electrophysiology of Vision (ISCEV) 

establishes analogous guidelines for use in human patients. Although the limited range of 

recommended flash strengths restricts the utility of these protocols in ophthalmology research, 

ISCEV recently issued a protocol for the stimulus-response series of the dark-adapted ERG, with 

a focus on Naka-Rushton fitting of the rod-driven b-wave 151). ERG is an important component 

in the investigation and characterization of newly identified retinal dystrophies and when 

performed early in the disease process can indicate the type of retinal dysfunction that underlies 

the condition 8. It is also used to monitor disease progression in large animal retinal dystrophy 

models 152, and correlate changes to human forms of inherited retinal dystrophies5,9. ERG can 

also be used in toxicological studies as a sensitive method to detect adverse retinal effects 153. 
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Dogs with retinal dysfunction have been studied both to advance veterinary medicine and 

as models of human retinal disease, and more recently have been very important in developing 

translational therapies 5,6. Dogs and cats have an advantage over laboratory rodent models in that 

they have a retinal region of high photoreceptor density with a cone-rich center; the area centralis 

12. This is analogous to the human macula which is critical for high-acuity vision. The remainder 

of this paper provides examples of characteristic ERG findings in a variety of canine retinal 

dystrophies. 

Dogs with a range of different types of spontaneous retinal dystrophies have been 

identified. These include achromatopias, the progressive retinal atrophies (equivalent to the 

retinitis pigmentosas and cone-rod dystrophies in man), models of Leber congenital amaurosis, 

congenital stationary night-blindnesses and canine multifocal retinopathy (analogous to 

bestrophinopathies in man).  The ERG is a useful tool in the study of these conditions and can 

give an indication of retinal functional changes prior to degeneration. This can be useful in the 

characterization of newly recognized conditions. Below are included a few examples of ERG 

changes that occur with some of the canine retinal dystrophies.   

Achromatopsia.  Loss of cone function with preservation of rod function is seen in dogs with 

achromatopsia. The scotopic ERG is relatively normal whereas the photopic ERG is absent 

reflecting the lack of cone function 154. 

Congenital Stationary Night Blindness. There are different forms of CSNB recognized in 

humans, with characteristic ERG changes which depend on the function of the mutated gene. 

The ERG changes of patients can show whether the abnormality is a lack of normal synaptic 

transmission from rod, or rod and cone photoreceptors to rod bipolar cells, or both rod bipolar 

and cone ON- and OFF-bipolar cells respectively. Such absence of synaptic transmission is 
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suggestive of mutations of photoreceptor expressed genes 155. In other instances the mutation 

may directly affect ON-bipolar cell function (both rod bipolar and cone ON-bipolar cells) while 

sparing OFF-bipolar cell function. This is typical of mutations in genes involved in ON bipolar 

cell signaling.  

A recessive CSNB in beagles has been identified 99.  The ERG of the affected dogs lacks 

a b-wave and has a relatively normal a-wave. OFF-bipolar cell responses are still detectable in 

the ERG suggesting that the mutation perturbs normal ON-bipolar cell function. A mutation in 

LRIT3 was recently identified in these dogs 156. 

Progressive retinal atrophy (PRA). PRAs represent a collection of retinal dystrophies with a 

similar clinical presentation of a progressive, generalized, bilateral retinal degeneration.  

Mutations have been identified in several different genes resulting in this presentation. Dogs with 

classic PRA have an initial loss of rod function with a slower loss of cone function. Many of the 

causal gene mutations are in genes expressed in rod photoreceptors. The progressive loss of rods 

leads to a secondary loss of cones even if the mutant gene is not expressed in cones. Conversely, 

mutations of genes expressed in both rods and cones can result in a cone-rod dystrophy where 

cones are initially affected to a similar degree to rods, or may be even more severely affected 

than rods 6,7,157.  

ERG studies in the early stages of the disease process can distinguish between the rod-led 

dystrophies and the cone-rod dystrophies, while the funduscopic changes of a generalized retinal 

degeneration typically do not distinguish the sub types. Some gene mutations result in a loss of 

function that precedes structural loss, while in other mutations do not initially reduce 

photoreceptor function appreciably but do result in a progressive loss of photoreceptors. In the 
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latter instances the ERG responses may initially be normal, with longitudinal ERG recordings 

demonstrating declining amplitudes as there is a progressive loss of photoreceptors 152,158,159.  

An example of a form of PRA with an initial normal ERG with declining amplitudes paralleling 

progressive loss of photoreceptors is the progressive rod-cone degeneration (PRCD) form of 

PRA, which is the commonest form of PRA. Use of ERG for early detection of PRCD is possible 

if normal breed and age matched controls are available in the investigating laboratory.  However 

identification of the PRCD mutation and genetic testing means that ERG is not needed as a pre-

breeding screen for breeds with PRCD.   

PRA that is caused by mutations that impact rod phototransduction result in a loss of rod 

mediated ERG responses prior to significant (and thus ophthalmoscopically detectable) retinal 

thinning. Loss of function mutations in PDE6 subunits are one cause of this presentation. The 

first form of PRA for which the causal gene mutation was identified was the rod-cone dysplasia 

1 form of PRA in the Irish Setter which is caused by a mutation in PDE6B 160. Subsequently a 

mutation in the other active subunit of PDE6 was identified; PDE6A in the Cardigan Welsh 

Corgis 161. As described earlier in this article, PDE6 hydrolyzes cGMP in rod photoreceptors in 

response to light stimulation activating rhodopsin and then transducin. Without functional PDE6 

there is a failure in rod phototransduction, and an elevation of cGMP levels leading to rapid 

death of the non-functional rod photoreceptors.  The lack of phototransduction is reflected in the 

scotopic ERG stimulus:responses series where ERG responses are absent until the stimulus is 

sufficiently strong to result in a cone response.  ERG readily detects the lack of rod responses 

from the earliest age the ERG can be recorded (Figure 2.8). At the early-stages the photopic 

responses may be essentially normal although in PDE6A-mutant Cardigan Welsh Corgis an early 
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reduction in cone a-wave was apparent reflecting the stunted development of cone outer 

segments 159,161. 

2.7. Summary 

In conclusion, the full-field flash ERG has been and continues to remain an invaluable 

tool in both clinical and research ophthalmology, aiding in the diagnosis of retinal disease and 

the characterization of normal and abnormal retinal function. The potential of the ERG is often 

not fully utilized in veterinary medicine, where typically a limited range of stimuli are used and 

analysis is confined to subjective assessment of the overall waveform shape, and measurement of 

the amplitudes and timing of the a- and b-wave. With use of a greater range of stimulus 

conditions (from threshold of response to a strong stimulus), chromatic stimuli and different 

flicker stimuli, as discussed in this paper, coupled with a more in-depth analysis of the responses, 

additional information on retinal function can readily be obtained, allowing for a greater 

understanding of normal retinal function as well as the altered function that occurs in retinal 

disease. 
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Figure 2.1. Dark- and light-adapted single flash waveforms 

A. Dark-adapted ERG of a normal dog as a result of a -0.4 log cd.s/m2 white light flash stimulus. 

With this luminance stimuli, there is a mixed rod-cone response contributing to the ERG. The 

peak time and amplitude measurements for the a and b-waves are shown. Note that the b-wave 

amplitude is measured from the trough of the a-wave to the maximum positive response with 

OPs removed (dashed gray line on figure). 

B. Light-adapted ERG of a normal dog in response to a 0.86 log cd.s/m2 flash stimulus. With use 

of a 30 cd/m2 background light to suppress rod responses, the ERG shows a cone-only response. 

The i-wave and PhNR are noted following the b-wave. 
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Figure 2.1. (cont’d) 

C. Scotopic ERG of a normal dog with -2.41 log cd.s/m2 flash stimulus. With weak stimuli, the 

scotopic ERG shows a rod-only response, and no a-wave is present. The peak time and 

amplitude measurements for the b-wave is shown. 

D. Mixed dark- (black line) and light-adapted (red line) ERG of a normal dog with 1.36 log 

cd.s/m2 flash stimulus. The waveform obtained by subtracting the light-adapted from the dark-

adapted response (dashed line) theoretically represents a rod-mediated response. 
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Figure 2.2. Dark- and light-adapted montages of single flash ERG series, shown at 

equivalent stimulus strength 

A1. Montage of dark-adapted responses from a normal dog. Note the lower stimulus threshold 

required to effect a measurable response, as compared to the light-adapted ERG (B1), as well as 

the greater amplitude of responses at comparable stimulus strength. A b-wave response is 

detectable in the second tracing, at -3.19 log cd.s/m2 stimulus strength. The inset shows the 

luminance:response curves for the a-wave amplitude in red and b-wave amplitude in black. The 

y-axis shows amplitude in microvolts and the x-axis luminance of the stimulus in log cd.s/m2). 

The same series is shown in more detail in A2-A5. 
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Figure 2.2. (cont’d) 

A2. Dark-adapted ERG responses elicited from -3.7, -3.19, and -2.8 log cd.s/m2 flash stimuli. 

The upper tracing shows a scotopic threshold response (denoted by the arrow; see Figure 2.4 for 

more details of an STR). 

A3. Dark-adapted ERG responses elicited from -2.41, -2, -1.6, and -1.19 log cd.s/m2 flash 

stimuli. 

A4. Dark-adapted ERG responses elicited from -0.8, -0.4, 0.0, and 0.39 log cd.s/m2 flash stimuli. 

A5. Dark-adapted ERG responses elicited from 0.86, 1.36, 1.9, 2.39, and 2.82 log cd.s/m2 flash 

stimuli. 

B1. Montage of light-adapted responses from a normal dog. Light-adapted response amplitudes 

are lower in amplitude compared to equal stimulus strength dark-adapted flashes. There is no 

detectable response until the third tracing, at -1.6 log cd.s/m2 stimulus strength, a stimulus 1.6 

log units greater than that required to elicit a response in the dark-adapted ERG. The inset shows 

the luminance:response curves for the a-wave amplitude in red and b-wave amplitude in black. 

Note the presence of a photopic hill effect whereby the b-wave amplitude peaks and then 

declines with increasing stimulus strength. The y-axis shows amplitude in microvolts and the x-

axis luminance of the stimulus in log cd.s/m2). The same series is shown in more detail in B2-B5. 

B2. Light-adapted ERG responses elicited from -2.41, -2, -1.6, and -1.19 log cd.s/m2 flash 

stimuli. 

B3. Light-adapted ERG responses elicited from -0.8, -0.4, 0.0, and 0.39 log cd.s/m2 flash stimuli. 

B4. Light-adapted ERG responses elicited from 0.86, 1.36, 1.9, 2.39, and 2.82 log cd.s/m2 flash 

stimuli. 
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Figure 2.3. Oscillatory potentials of a standard dark-adapted full-field flash ERG 

A. ERG in response to a -0.4 log cd.s/m2 flash stimulus (see Figure 2.1B). OPs are denoted along 

the rising edge of the b-wave. 

B. Isolated OPs were extracted using a 5th order Butterworth filter to bandpass the signal from 

75Hz to 300Hz. 
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Figure 2.4. STR visualized in standard dark-adapted full-field flash ERG 

A. ERG performed with a -3.7 log cd.s/m2 flash stimulus, shown from flash onset. Compared to 

the a-wave, the STR occurs at substantially later times post-flash. 
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Figure 2.4. (cont’d) 

B. ERG performed with a -3.2 log cd.s/m2 flash stimulus in the same dog, shown from flash 

onset. The growing b-wave is shown superimposed on the descending slope of the STR. 

C. ERG performed with a -2.8 log cd.s/m2 flash stimulus in the same dog, shown from flash 

onset. The STR is mostly masked by the b-wave at the relatively dim stimulus shown here, 

although the initial downslope of the STR can be still seen and should not be mistaken for an a-

wave which has a much higher threshold. 
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Figure 2.5. Standard long-duration flash ERG from a normal dog 

ERG was performed with 3.1 log cd/m2 flash stimulus on a rod-saturating 42 cd/m2 background. 

Flash duration, from top to bottom, was 25ms, 50ms, 100ms, and 250ms, respectively. The grey 

lines indicate the duration of the light stimulus. The separation of the ON and OFF response 

become obvious.  The off response in the dog may consist of a very small positive d-wave with a 

larger following negative component (as in series 4, 250ms flash duration). 
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Figure 2.6. Reponses from flicker ERG protocols performed in a normal dog 

A. Dark-adapted ERG of 5Hz flicker with 0.025 cd.s/m2 stimulus strength. Low-frequency 

flickers have been shown to represent the contributions of Rod Bipolar cells.  

B. Dark-adapted ERG of 12Hz flicker with 0.592 cd.s/m2 stimulus strength. Mid-frequency 

flickers have been shown to mainly represent the contributions of Cone ON-Bipolar cells. 

C. Light-adapted ERG of 33Hz flicker with 3.0 cd.s/m2 stimulus strength (after 10 minutes of 

light adaptation to a rod suppressing 30 cd/m2 background light). High-frequency flickers have 

been shown to mainly represent the contributions of Cone OFF-Bipolar cells. 

D. Dark-adapted ERG flicker series with 3.2 cd.s/m2 stimulus strength. Flickers ranged from 

0.5Hz to 30Hz. 
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Figure 2.7. Models of the a and b-waves 

A. Model of the leading edge of the rod a-wave, using the Hood & Birch adaptation of the Lamb 

& Pugh model (Hood & Birch 1990). Using a least-squares minimization algorithm, the equation                                 

R = Rmax∙(1-exp[-I∙S∙(t-td)
2]) 

was fit to flash stimuli ranging from -0.4 and 0.86 log cd.s/m2. The amplitude R is a function of 

the retinal luminance I and time t after the flash and td is a brief delay. S is a sensitivity factor and 

Rmax is the maximum amplitude of the response. For this dog, model parameters were              

Rmax = -113.4μV; S = 1.976 log 1/(scotopic td ∙ sec3); td = 1.69ms. 

B. Naka-Rushton fitting of the dark-adapted b-wave amplitude R plotted against stimulus 

strength L by fitting the data to the equation  

R/Vm= Ln/(Ln+Kn) 

Vm represents the maximum response amplitude of the first limb of the b-wave 

luminance:response plot, K is a semi-saturation constant considered a measure of retinal 

sensitivity, and n is a dimensionless constant dependent on of the slope of the plot at the position 

of K, which may reflect retinal homogeneity. For this dog, model parameters were                                                                                                               

Vm = 213.0 μV; K = -2.14 log cd.s/m2; n = 1.419. 
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Figure 2.8. Montages of a dark-adapted ERG series comparing responses from a normal 

dog and a PDE6A-/- dog which has a failure in rod phototransduction and lacks all rod 

ERG response 

A. Montage of a dark-adapted luminance series from a normal (black) and PDE6A-/- (red) dog at 

two months of age. Responses were elicited from a series of white flashes from -3.7 to 1.36 log 

cd.s/m2. Note the markedly decreased responses in the affected dog, compared to the normal dog, 

at every recorded stimulus. 

B. The dark- (black) and light-adapted (red) responses from the same PDE6A-/- dog show the low 

amplitude responses recorded. Responses are cone-driven, as dogs with this form of PRA 

completely lack rod function. The difference between the overlain waveforms represents the 

difference between dark- and light-adapted cones. 
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CHAPTER 3. 

 

MATHEMATICAL MODELS AND TRANSFORMATIONS OF THE CANINE ERG: 

UTILITY IN ASSESSING ALTERED RETINAL FUNCTION IN DISEASE MODELS AND 

MONITORING OF RESPONSE TO TRANSLATABLE GENE AUGMENTATION 

THERAPY 
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3.1. Introduction 

A model is defined as ‘a conceptual or mathematical representation of a system that 

serves to understand and quantify it’. In the biological sciences, mathematical models serve to 

take observational data and hypotheses and organize them into a quantifiable framework. Such 

parameterization of biological systems enables further study into the effects of changing both 

components of the model as well as environmental factors 162. One of the earliest, and best 

known, biological models is the Michaelis-Menten equation used to describe enzyme kinetics 163.  

The Gaussian function is another model that has applications across many disciplines, including 

the biological sciences. 

In visual electrophysiology, mathematical models bridge the gap between the summed 

retinal electrical current flow to light stimulus as recorded at the corneal surface and the 

underlying molecular mechanisms that generate these currents 62,63. By quantifying the 

sensitivity and amplitude responses of populations of retinal cells based on the biochemical 

processes that occur in single cells, these models accomplish several goals. They accurately 

establish response ranges in normal individuals and enable detection and direct comparisons of 

deviations from normal 53,164. Moreover, the models aid in the determination of the underlying 

cause of dysfunction 23,62. Additionally, they provide a succinct method of characterizing 

progression of retinal disease as well as potential improvements with gene augmentation therapy 

and other treatments 5,9. 

Traditional single full-field flash electroretinographic (ERG) recordings use a limited 

number of stimuli in scotopic and photopic conditions to assess the health and function of the 

retina. These standard flashes provide a basis for global assessment of normal retinal function as 

well as detection and characterization of a variety of diseases, which makes them an invaluable 
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tool in both clinical and research ophthalmology 165. However, further quantifiable information 

can be obtained through mathematical models and transformations of the recorded waveforms. 

Additional mathematical modeling of ERG waveforms, such as the Birch & Hood fit of the rod-

driven a-wave 164, as well as frequency-domain transformations such as the discrete Fourier 

transform (DFT) 149, have seen limited use in analysis of canine ERGs. Mathematical models and 

transformations of the ERG a-wave and b-wave enable further characterization of the function of 

populations of retinal neurons in both wildtype dogs and those with inherited retinal 

degenerations 5,155. 

In the models for rod and cone phototransduction (Eqs. 2-4 below), the R parameter 

quantifies the maximal photoreceptor response (the total circulating current of rod 

photoreceptors in the retina when recording in the dark adapted state, after subtraction of cone 

responses, and of cones when rod responses are suppressed with a background light) and reflects 

the population of healthy photoreceptors, while the S parameter quantifies the sensitivity of the 

a-wave response and reflects the speed of the biochemical reactions of phototransduction 15,18. A 

reduction in the R parameter indicates reduced circulating current of the total population of 

photoreceptors, which may be caused by photoreceptor death, shortening of outer segments, or 

substantial alterations in membrane permeability. In contrast, a reduction in the S parameter 

suggests dysfunction in the biochemical reactions of phototransduction. In heterogeneous 

conditions such as retinitis pigmentosa, quantification of these parameters in both rods and cones 

can aid in characterizing the nature of retinal dysfunction as well as identify potential underlying 

pathology 21,62. 

Photoreceptor signaling is a complex and unique process. In the dark, rods and cones 

maintain a relatively depolarized cell membrane due to influx of positive ions through cyclic 
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nucleotide-gated channels in outer segments in conjunction with active transport of cations out of 

the cells. In rods, the dark current refers to this electrical flow along the length of the 

photoreceptor 55,56.  Experimentally, when exposed to a light stimulus of progressively increasing 

strength (thus closing increasing proportions of cyclic nucleotide gated channels and 

hyperpolarizing the cell), the increase in normalized rod photocurrent is described by the Lamb 

& Pugh equation: 

F(t)=1-exp(-1/2*Φ*(t-teff/tΦ)2)=exp(-1/2*Φ*A*(t-teff)
2)            (Equation 1) 

Teff is the sum of the brief delays in amplification, Φ represents the number of 

photoisomerizations of rhodopsin per rod (a function of flash strength), and A is the 

amplification constant of phototransduction – this encompasses the events beginning with 

photons activating rhodopsin and ultimately resulting in cyclic nucleotide channel closure and a 

cessation of positive inward current, known as the dark current. These parameters represent the 

sensitivity of individual rods and impact the latency of response. Saturation kinetics explain the 

rate of current change as a function of time and flash stimulus strength, but in terms of a single 

photoreceptor 21,62,63. 

To adapt the equation to represent the response of the massed retinal photoreceptors 

Birch & Hood developed the following equation for the leading edge of the rod a-wave: 

R(I,t)=(1-exp[-I∙S∙(t-td)
2])∙Rmax    for t>td            (Equation 2) 

The amplitude R is a function of the retinal luminance I and time t after the flash and td is a brief 

delay. S is a sensitivity factor and Rmax is the maximum amplitude of the response. This model 

takes the experimentally validated equation for normalized photocurrent and multiplies it by the 

amplitude parameter Rmax 
23,164.  



 
47 

Two different equations, described by Birch & Hood 15, have been used to successfully 

characterize the human cone a-wave: 

R(I, t) = ({1−exp[−I∙S∙(t−td)
2]}∙ Rmp3

)∗exp(−t ∕ τ) for t>td            (Equation 3) 

The equation fits the same parameters as that of the rod-driven a-wave and convolves the 

function (∗ denotes convolution function) with a negative exponential function, where τ is the 

time constant of the RC (lowpass) filter. Given the technical difficulties in model construction 

and fit of the convolution function, and the observation that the model typically approximates 

semi-saturation kinetics, this function has been simplified to: 

R(I,t)=(I∙Sc∙(t-td)
3)/(I∙Sc∙(t-td)

3+1)∙ Rmp3
  for t>td            (Equation 4) 

The amplitude R is a function of the retinal luminance I and time t after the flash and td is 

a brief delay. S (Sc in the simplified model) is a sensitivity factor and Rmp3
 is the maximum 

amplitude of the response. 

The equations used to model the rod- and cone-driven a-wave are derived from the 

biochemical events of a single photoreceptor that are subsequently applied to a population of 

cells. An older model, Naka-Rushton fitting, is used to model the ON-bipolar cell-driven dark-

adapted b-wave 75. This requires measurement of dark-adapted b-wave amplitudes, which are 

subsequently plotted against stimulus strength. This model provides insight into the second order 

cells that contribute to the visual response. 

R/Vm= Ln/(Ln+Kn)            (Equation 5) 

Vm represents the maximum response amplitude of the first limb of the b-wave 

luminance:response plot, K is a semi-saturation constant considered a measure of retinal 

sensitivity, and n is dependent on of the slope of the plot at the position of K, which may reflect 

retinal homogeneity 139,166,167.  
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In addition to mathematical models of specific ERG waveforms, further analysis of both 

ISCEV/ECVO standard flashes as well as expanded protocols can be performed through 

frequency-domain transformations of standard recordings 1,13. Typical ERG analysis occurs in 

the time domain (TD) only, measuring the electrical response of the retina to a series of light 

flashes of varying stimulus strength. While measurements made from this information can 

provide crucial information about the health of various components of retinal function, including 

fits of mathematical models to components of the ERG waveform, they fail to provide 

potentially useful information about the differing frequency components of the retinal response.  

The Fourier transform is the most obvious method of analyzing frequency domain (FD) 

information contained in a signal. This analysis can be extended to wavelet transforms such as 

the discrete wavelet transform (DWT), which is a compromise between TD and FD analysis. 

Although few studies have investigated the application of these methods, several recent reports 

found that different populations of retinal cells make different frequency contributions to the 

human ERG and suggest that these contributions vary significantly between normal subjects and 

those with retinal dystrophy 148,149. 

Dogs homozygous for a PDE6A null mutation were used to assess cone only response 

with almost no active rod interaction. Cone ERG a-waves are slightly reduced in young affected 

dogs while cone b-wave is not significantly altered in young dogs. They do progressively lose 

cone ERGs over the first 12 months of age, and so ERGs must be recorded at a young age to 

assess cone-only function 159. Given the early and severe course of the disease, treatment in 

affected dogs must occur at a young age. Successful treatment has been implemented via gene 

augmentation therapy using adeno-associated virus (AAV). This treatment restores rod function 

and preserves both rod and cone photoreceptors 9. 
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A mutation in the CNGB1 gene causes an autosomal recessive form of inherited retinal 

dystrophy in dogs, with early decrease in rod function and relatively preserved cone vision. 

Vision loss in this disease is much slower than in PDE6A mutant dogs. Although there is a 

reduction in rod a and b-wave amplitudes, dark-adapted ERGs recorded at a young age 

demonstrate desensitized residual rod responses, with considerably elevated scotopic b-wave 

threshold compared to wildtype dogs [unpublished data]. The residual rod response is slower 

than normal response and slowly diminishes with age 152. CNGB1 AAV-mediated gene 

augmentation therapy restores dark-adapted vision and results in long-term preservation of rod 

function 5. 

The purpose of this paper is to assess the applicability of mathematical models of ERG 

waveforms in normal dogs and those with retinal disease, that are important models of human 

retinal disease such as retinitis pigmentosa. Additionally, we assess the strength of potential 

linear and predictive relationships between the models through correlation and regression 

analysis. As previously stated, time-domain analysis of a limited number of flashes provides 

substantial information about retinal function within the time constraints often present in the 

clinical setting. However, relatively limited expansion of the number of ERG flashes greatly 

increases the potential to fit models and perform frequency-domain analysis. Here, we discuss 

several established mathematical models of ERG waveforms and their application to normal 

dogs and those with retinal dysfunction, as well as an overview of frequency-based analysis with 

a potential application of the DFT to assessing signal and noise in ERG recordings. 
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3.2. Materials and Methods 

Ethics Statement  

All procedures were performed in accordance with the ARVO statement for the Use of 

Animals in Ophthalmic and Vision Research and approved by the Michigan State University 

Institutional Animal Care and Use Committee.  

Animals  

Purpose bred PDE6A-/-, CNGB1-/-, and unaffected dogs maintained in a colony 

at Michigan State University were investigated in this study. They were housed under 

12hr:12hr light:dark cycles. 11 phenotypically normal adult (> 2 months of age) beagle and 

beagle crosses were included in the study. CNGB1-/- dogs included both 11 untreated animals and 

4 young dogs (between 15-22 weeks of age) who received a single subretinal injection of the 

recombinant AAV2/5 vector with the canine CNGB1 cDNA controlled by a human G protein–

coupled receptor kinase 1 (GRK1) promoter (AAV5-hGRK1-cCngb1) 5. Untreated dogs were 

tested at a young age (1-3 months), which is prior to loss of cone function and at which time 

there is a desensitized residual rod response. PDE6A-/- dogs included both 10 untreated animals 

and 6 young dogs (between 4-8 weeks of age) who received a single subretinal injection of an 

adeno-associated viral vector serotype 2/8 delivering human PDE6A cDNA under control of a 

human rhodopsin promoter (AAV8-hRHO-hPDE6A) 9. Untreated dogs were tested at a young 

age (1-3 months), which is while they have well preserved cone function and little to no rod 

response. Treated dogs were tested between 1 and 9 months following gene therapy. 

Methods  

Dogs were induced (by isoflurane mask for puppies and by IV propofol for older 

animals), intubated, and subsequently maintained under anesthesia 
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with isoflurane (IsoFlo, Abbott Laboratories, North Chicago, IL, USA) [between 2-3.5% in a 1-

2L/min oxygen flow via a rebreathing circle system for dog over 10 kg and via a Bain system for 

dog under 10 kg]. 

Electroretinography (ERG)  

Electroretinograms were recorded as previously described 168. Specific apparatuses are 

noted below. Briefly, dogs were dark-adapted for one hour and pupils dilated with tropicamide 

(Tropicamide Ophthalmic Solution UPS 1%, Falcon Pharmaceuticals Ltd., Fort Worth, TX, 

USA).  A gold-ringed electrode contact lens (ERG-Jet electrode, Fabrinal Eye Care, La Chaux-

De-Fonds, CH) was used and for reference and grounding platinum needle skin electrodes 

(Grass Technologies, Warwick, RI, USA) were placed 5mm lateral to the lateral canthus and 

over the occiput, respectively. ERGs were recorded using an Espion E2 Electrophysiology 

system with ColorDome Ganzfeld (Diagnosys LLC, Lowell, MA).  

White Flash ERG 

For low strength stimuli, each flash was presented at one second intervals, and repeated 

to generate an averaged response detectable against background electrical noise. As stimulus 

strength was increased the time between flashes was lengthened to prevent light-adaptation of 

rod photopigment. After completion of the dark-adapted flashes, the animal was light-adapted 

(exposed to continuous, bright white light at 30 cd/m2) for 10 minutes to suppress rod responses, 

and the trials repeated in the light-adapted eye. 

Curve fitting 

Calculation of model parameters was performed using the lmfit curve-fitting program in 

the Python 3.6 environment. This calculation uses the Levenberg-Marquardt algorithm to 

calculate optimal parameter values via least squares minimization 169.  
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Briefly, the residual of a model fit is defined as the difference between the value of the 

dependent variable of the actual data and the value predicted by the model: 

ri = yi – f(xi,β) 

Where ri denotes the value of the residual r at data point i, yi is the value of dependent 

variable, and f(Xi,β) is the model function f with independent variables X and model parameters 

β. Least squares minimization calculates optimal model parameters β through minimizing the 

sum of the square of the residuals S 170: 

S = ∑ 𝑟𝑖
2𝑛

𝑖=1  

The Levenberg-Marquardt algorithm is an iterative process that begins with estimates of 

the function parameters β 171,172. As the accuracy of the model depends in part on choice of initial 

parameters, reasonable approximations were used for each model fit based on preliminary fits in 

control dogs. For example, for the rod-driven a-wave model, initial parameters were set at td = 3, 

log S = 2, and Rmax = a-wave amplitude for stimulus strength I. These parameters are replaced by 

β+δ and a linear approximation of the function: 

f(Xi,β+δ) ≈ f(Xi,β) + Ji δ 

Where Ji is the gradient of f with respect to β. Successive calculation of the parameter δ 

that minimizes the sum of square of the residuals S is performed computationally until final 

model parameters are obtained.  

Model goodness-of-fit is determined by the least-squares parameter, with values less than 

0.25 considered a good fit 164: 

𝑙𝑠𝑞 =  
∑ (𝑦𝑖 − 𝑓(𝑋𝐼 , 𝜷))2𝑛

𝑖=1

∑ (𝑦𝑖 − 𝑚𝑒𝑎𝑛(𝑦))2𝑛
𝑖=1

 

Goodness-of-fit can also be assessed with the R2 parameter, defined as: 
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𝑅2 = 1 −
𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙)

𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝑑𝑎𝑡𝑎)
 

R2 varies from 0 to 1, with values near 1 indicating a better fit. 

Mathematical Models 

Flash Stimuli 

In several older ERGs, the ISCEV standard flashes of 0.48 and 1.0 were substituted with 

0.4 and 0.86 log cd.s/m2, respectively. All newer ERG protocols included both sets of stimuli. 

We determined that using either set of stimuli yields virtually identical model fits. Although we 

used the 0.4 and 0.86 log cd.s/m2 stimuli for consistency in comparing model parameters, either 

set may be used and considered interchangeable. 

Rod-driven a-wave 

For determination of model parameters for the rod-driven a-wave (Eq. 2), we restricted 

our initial analysis to flashes ranging in strength from -1.6 to 1.4 log cd.s/m2. For our 

calculations, model parameters were calculated after subtracting photopically matched ERG 

waveforms. 

Cone-driven a-wave 

For determination of model parameters for the cone-driven a-wave (Eqs. 3 & 4), we 

restricted our initial analysis to photopic ERG flashes ranging in strength from 0 to 1.4 log 

cd.s/m2. We attempted to fit both models to recorded waveforms in order to determine which 

provided the best fit. 

Naka-Rushton b-wave fitting 

Amplitudes were measured from the trough of the preceding a-wave to the peak of the 

following b-wave, accounting for OP intrusion along the leading edge of the b-wave. Model 

parameters were calculated by fitting the Naka-Rushton function to the first limb of the 
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luminance:response plot from flash stimuli ranging from -3.2 to 0 log cd.s/m2 (Eq. 5), whose 

maximum value was assessed through visual assessment of this plot. Although the stimulus 

eliciting the maximal (Vm) response varied somewhat between different subjects, in normal dogs 

it typically fell between -1 and 0 log cd.s/m2 flash stimulus. 

Significance calculations 

All variables were assessed for homoscedasticity using the Breusch-Pagan test, and for 

normality using the Shapiro-Wilks test, prior to calculation of the t-statistic using the 

independent t-test and the F-statistic using the F-test of the linear mixed effects model (LME). 

An LME model was employed utilizing the Statsmodels package in Python to examine statistical 

significance of serial ERGs performed in dogs treated with gene augmentation therapy, as well 

correlations between model parameters in all dogs, fitting the following equation: 

𝑌𝑖𝑗 =  𝛽0 + 𝛽1𝑋𝑖𝑗 + 𝛾𝑖 + 𝜀𝑖𝑗 

𝑌𝑖𝑗 is the 𝑗𝑡ℎ measured response for subject 𝑖, 𝑋𝑖𝑗 is the covariate for this response, 𝛾𝑖 is 

the random effects parameter for subject 𝑖, and 𝜀𝑖𝑗 is the error parameter for this response. 𝛽0 and 

𝛽1 are fixed effect parameters for all subjects, corresponding to intercept and slope, respectively, 

and are fit according to the restricted maximum likelihood (REML) optimized with the Broyden-

Fletcher-Goldfarb-Shanno (BFGS) algorithm 173. 

Frequency-domain analysis 

Let x0, .... , xN−1 be complex numbers. The DFT is defined by the formula 174: 

𝑋𝑘 = ∑ 𝑥𝑛

𝑁−1

𝑛=0

𝑒−𝑖2𝜋𝑘𝑛/𝑁      𝑘 = 0, … , 𝑁 − 1 

Where ei2π/N is a primitive Nth root of 1. 

With real input, the algorithm satisfies the symmetry: 
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𝑋𝑁−𝑘 = 𝑋𝑘
∗ 

Given a real signal y of length N and bandwidth frequency f, the DFT 

2

𝑁
𝑎𝑏𝑠(𝐷𝐹𝑇(𝑦))2 

yields power spectral density data from 0Hz to f/2 with N/2 bins of length f/N, with amplitude 

normalized to the number of frequency bins. For our recordings, a typical single flash ERG is 

recorded at bandwidth 2,000Hz from t=-20ms to t=299.5ms for a signal length of 640. Therefore, 

the DFT of a standard signal yields power spectral density (PSD) from 0-1000Hz, with 320 bins 

of length 3.125Hz each. 

The power of specific frequency bands can be calculated by integrating the PSD function 

over the desired minimum and maximum frequency. As the function is discrete, the integral can 

be approximated by calculating the area under the curve using the trapezoidal rule 175: 

∫ 𝑓(𝑥)𝑑𝑥
𝑏

𝑎

≈
Δ𝑥

2
∑(𝑓(𝑥𝑘−1) + 𝑓(𝑥𝑘))

𝑁

𝑘=1

 

Given a signal cutoff of 200Hz (chosen to include the higher frequency OPs centered 

~160Hz but exclude higher frequency noise), this rule can be used to calculate the ‘signal’ power 

by integrating between 0-200Hz, and the ‘noise’ power from 200-1000Hz. The signal-to-noise 

ratio calculated using PSD is given by: 

𝑆𝑁𝑅 =
𝑃𝑆𝑖𝑔𝑛𝑎𝑙

𝑃𝑁𝑜𝑖𝑠𝑒
 

Additional information can be calculated using the PSD, such as subsets of the ‘signal’ 

power (e.g. OP power, integrating between 75-200Hz) 13,176. 
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3.3. Results 

The Birch & Hood adaptation of the Lamb & Pugh rod-driven a-wave model (Figures 3.1-

3.3). 

As assessed by both the lsq and R2 parameters, the model provided an excellent fit in the 

12 eyes of 6 phenotypically normal adult dogs assessed in this study. Several examples of the 

model are shown with fit parameters (Figure 3.1). Additionally, we applied the model to multiple 

combinations of stimulus strengths to optimize recording protocols, as well as assess the utility 

of using ISCEV standard flashes as the basis for calculation of model parameters. 

We originally used 8 flashes for calculation of model parameters: -1.6, -1.2, -0.8, -0.4, 0, 

0.4, 0.86, and 1.4 log cd.s/m2. Examination of different combinations of flashes with an 

emphasis on minimizing number of required flashes demonstrated that utilizing four stimuli - -

0.4, 0, 0.4, and 0.86 log cd.s/m2 – yielded extremely similar fits. Testing the ISCEV standard 

flashes of 0.48 and 1.0 provided similar fits, albeit with slight overestimation of both the time 

delay parameter td and the sensitivity parameter log S compared to using additional dimmer 

stimuli (See Table 3.1). 

Using the four stimuli established in the previous section, we calculated average model 

parameters for 14 eyes of 7 CNGB1-/- affected dogs and four eyes of CNGB1-/- affected dogs 

treated with AAV gene therapy (Figure 3.2). In the CNGB1-/- dogs, comparison of model 

parameters in untreated dogs to ERGs performed between 1- and 9-months post-treatment 

showed a significant increase in both Rmax and S parameters following treatment. Model 

parameters in these dogs were log Rmax (untreated = 0.881 ± 0.288 µV, treated =  1.539 ± 0.26 

µV), td (untreated = 2.169 ± 1.427 mSec, treated = 2.054 ± 0.89 mSec), and log S (untreated = 

1.507 ± 0.297 1/(cd/m2 s3), treated = 1.939 ± 0.099 1/(cd/m2 s3)). Both log Rmax (2-tailed 
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independent t-test; t=8.95, p=1.3x10-8) and log S (2-tailed independent t-test; t=5.75, p=1.04x10-

5) values were significantly smaller in CNGB1-/- affected dogs compared to normal dogs, and 

both log Rmax (LME F-test; F=6.04, p=1.54x10-9) and log S (LME F-test; F=9.28, p=1.66x10-20) 

values were significantly increased in the gene augmentation therapy treated eyes.  

Similarly, average model parameters for 17 eyes of 11 PDE6A-/- untreated and 6 eyes of 

PDE6A-/- affected dogs treated with AAV gene therapy dogs were calculated (Figure 3.3). A 

comparison of model parameters in pre-treatment to ERGs performed between 1- and 24-months 

post-treatment showed a significant increase in both Rmax and S parameters following treatment. 

Model parameters were log Rmax (untreated = 0.471 ± 0.164 µV, treated = 1.02 ± 0.122 µV), td 

(untreated = 1.784 ± 1.539 mSec, treated = 1.599 ± 1. 066) and log S (untreated = 1.547 ± 0.291 

1/(cd/m2 s3), treated = 1.875 ± 0.284 1/(cd/m2 s3)). Both log Rmax (2-tailed independent t-test; 

t=11.70, p=7.3x10-12) and log S (2-tailed independent t-test; t=5.79, p=4.25x10-6) values were 

significantly smaller in PDE6A-/- affected dogs compared to normal dogs, and both log Rmax 

(LME F-test; F=8.70, p=3.35x10-18) and log S (LME F-test; F=3.49, p=4.82x10-4) values were 

significantly increased post-treatment. 

Cone-driven a-wave model (Figures 3.4-3.5). 

We first attempted to fit the simplified model presented by Birch & Hood (Eq. 4). 

Examination of different combinations of flashes with an emphasis on minimizing number of 

required flashes demonstrated that utilizing four stimuli - 0, 0.4, and 0.86, and 1.4 log cd.s/m2 – 

yielded excellent fits, with log Rmp3
 = 1.039 ± 0.140 µV, td = 0.062 ± 0.145 mSec, log Sc = 3.510 

± 0.128 1/(cd/m2 s3). Using only ISCEV standard flashes of 0.48 and 1.0 log cd.s/m2  yielded 

parameters of  log Rmp3
 = 0.998 ± 0.157 µV, td = 0.080 ± 0.158 mSec, log Sc = 3.650 ± 0.196 

1/(cd/m2 s3), suggesting that these flashes reasonably approximate model parameters, although 
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compared to using additional stimuli may slightly underestimate the log Rmp3
 parameter and 

overestimate the log Sc parameter (Figure 3.4). 

In 10 eyes of 6 young (< 3 months of age) PDE6A-/- affected dogs, parameters were log 

Rmp3
 = 0.744 ± 0.133 µV, td = 0.233 ± 0.555 mSec, log Sc = 3.548 ± 0.247 1/(cd/m2 s3). 

Similarly, in 14 eyes of 8 young (< 3 months of age) CNGB1-/- affected dogs, parameters were 

log Rmp3
 = 0.886 ± 0.236 µV, td = 0.003 ± 0.012 mSec, log Sc = 3.582 ± 0.183 1/(cd/m2 s3). The 

only significant difference between normal and affected dogs was a smaller log Rmp3
 value was in 

PDE6A-/- animals (2-tailed independent t-test; t=2.74, p=0.01) (Figure 3.5). 

Whereas the simplified model provided good fits (lsq < 0.25) to the cone-driven a-wave 

in normal dogs in addition to young dogs with inherited retinal dystrophy, the original model 

(Eq. 3) was more difficult to fit and tended to provide worse fits to the waveforms. The model 

was sensitive to, and often distorted by, noisier signals and those with slight deviations from 

baseline. However, careful fitting enabled characterization of the photopic ERGs recorded in 

normal dogs. Using the three highest-strength stimuli determined for the simplified model, 

parameters were calculated as log Rmp3
 = 1.074 ± 0.213 µV, td = 0.138 ± 0.236 mSec, log S = 

1.312 ± 0.154 1/(cd/m2 s3). These parameters agree with those determined by the simplified 

model (note that the log Sc value is ~2 log units above the log S value, similar to the difference 

reported in humans) 15. 

Naka-Rushton fits to b-wave amplitudes (Figures 3.6-3.7) 

After measurement of dark-adapted ERG b-wave amplitudes, the Naka-Rushton model 

was applied to luminance:response dark-adapted ERGs recorded in 6 normal adult dogs. The lsq 

and R2 parameters both confirmed excellent fits of this equation, indicating that the first limb of 

the dark-adapted b-wave amplitudes in normal canine ERGs is well approximated by a semi-



 
59 

saturation type function. Furthermore, calculation of model parameters provided normal data to 

compare against ERGs recorded from dogs with inherited retinal dystrophy. Model parameters 

were calculated as log Vm = 2.159 ± 0.193 µV, log K = -2.4 ± 0.17 cd.s/m2, n = 1.355 ± 0.194. 

Following successful application of the Naka-Rushton function to dark-adapted ERGs in 

normal dogs, we calculated average model parameters 11 eyes of 7 CNGB1-/- affected dogs and 

four eyes of CNGB1-/- affected dogs treated with AAV gene therapy. Model parameters in these 

dogs were log Vm (untreated = 1.869 ± 0.29 µV, treated =  1.820 ± 0.211 µV), log K (untreated = 

0.063 ± 0.262 cd.s/m2, treated = -2.184 ± 0.296 cd.s/m2), and n (untreated = 1.162 ± 0.258, 

treated = 1.327 ± 0.213). All three parameters log Vm (2-tailed independent t-test; t=2.63, 

p=0.016), log K (2-tailed independent t-test; t=7.06, p=5.7x10-7), and n (2-tailed independent t-

test; t=2.25, p=0.035) values were significantly different in affected dogs compared to normal 

controls. Comparing treated CNGB1-/- dogs to untreated controls, only the log K (LME F-test; 

t=13.0, p=1.24x10-38) was significantly increased post-treatment. 

Additionally, we successfully applied the model to 17 eyes of 10 PDE6A-/- untreated dogs 

and 6 eyes of PDE6A-/- affected dogs treated with AAV gene therapy. Model parameters in these 

dogs were log Vm (untreated = 1.283 ± 0.21 µV, treated =  1.659 ± 0.211 µV), log K (untreated = 

-0.57 ± 0.591 cd.s/m2, treated = -2.333 ± 0.419 cd.s/m2), and n (untreated = 1.054 ± 0.232, 

treated = 1.475 ± 0.356). All three parameters log Vm (2-tailed independent t-test; t=8.59, 

p=8.59x10-9), log K (2-tailed independent t-test; t=4.48, p=1.33x10-4), and n (2-tailed 

independent t-test; t=3.93, p=5.62x10-4) values were significantly different in affected dogs 

compared to normal controls, with significantly decreased log Vm and n values and a 

substantially increased log K parameter. Furthermore, significant increases in log Vm and n and a 

decrease in log K were seen in treated PDE6A dogs compared to untreated dogs, with log Vm 
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(LME F-test; F=4.23, p=2.32x10-5), log K (LME F-test; F-test; F=11.73, p=9.28x10-32), and n 

(LME F-test; F t=2.0, p=0.046). 

We attempted to correlate both amplitude and sensitivity parameters between the 

previously tested waveform-fitting mathematical models. The strongest, and only consistent, 

correlation was found between the rod-driven a-wave parameter Rmax and the Naka-Rushton 

value Vm (Table 3.2). Given that these parameters reflect the healthy population of rod 

photoreceptors and rod bipolar cells, respectively, this finding is unsurprising in normal dogs.  

When comparisons were made in CNGB1-/- and PDE6A-/- dogs, both untreated and post- 

gene therapy treatment, we observed a strong correlation in both groups between the log Vm and 

log Rmax values. The linear fit is shifted right in the treated groups, which may reflect the 

increased population of functional rod photoreceptors. Additionally, the slope is somewhat 

increased in the CNGB1-/- treated dogs and substantially increased in the PDE6A-/- which may 

reflect improved signaling between rod photoreceptors and bipolar cells. Specifically, CNGB1-/- 

treated dogs showed the most significant improvement in rod sensitivity parameters, whereas 

PDE6A-/- treated dogs demonstrated substantial improvement in both rod amplitude and 

sensitivity parameters (Figure 3.7).  

Frequency-based approaches to the ERG (Figures 3.8-3.10 & Supplemental Figure 3.S1). 

One potential application of frequency domain transformation is the analysis of specific 

subsets of the ERG signal. To demonstrate this utility, we first applied the DFT to signals from a 

photopic ERG recorded from a normal dog. We then applied this method to a dark-adapted ERG 

recorded from a CNGB1-/- dog both pre- and 9 months post-gene augmentation therapy treatment 

(Figure 3.8). We then calculated the power in the OP band by integrating the transform over the 

frequency range as defined in the Methods. The total power contained in the signal was 5.564 log 
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µV2 prior to treatment and 6.561 log µV2 post-treatment, indicating the total signal power 

increased by an order of magnitude following treatment. Similarly, the power of the OP band 

was 3.565 log µV2 prior to treatment and 4.558 log µV2 post-treatment, which suggests that the 

power gain in this subset was similar to the overall gain. Moreover, the power contribution of the 

OP band to the overall signal is roughly 1% both pre- and post-treatment. 

Another application of the DFT is analysis of signal quality, as defined by SNR. We 

demonstrate this utility by comparing recordings obtained in the same normal dog – one from a 

single sweep, and the other from the average of 25 sweeps. In the single sweep signal, calculated 

values were Psignal = 181,315.5 µV2, Pnoise = 1,706.89 µV2, and SNR = 106.2. In the averaged 

signal, calculated values were Psignal = 164,333.6 µV2, Pnoise = 76.49 µV2, and SNR = 2148.7. 

Thus, averaging multiple trials slightly reduced the signal power but substantially decreased 

noise power, resulting in a 20x improvement in SNR. This method provides a utility for 

quantification of signal quality, which can be used in determination of optimal sweeps needed 

for signal average (Figure 3.9). 

Following the method outlined by Gauvin et al. in humans 148,149, we applied discrete 

wavelet transform (DWT) analysis to a normal adult dog and a CNGB1-/- dog treated with gene 

augmentation therapy (Figure 3.10). In the pre-treatment comparison, there were substantial 

differences in every frequency component, but a particularly striking difference in the a-wave 

20Hz and 40Hz components. Similarly, the post-treatment ERGs demonstrated a sustained 

increase in every frequency component, with a notable increase in the a-wave components and 

the 40Hz b-wave component. 
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3.4. Discussion 

In this study, we showed that mathematical models of the rod- and cone-driven a-waves, 

and the ON-bipolar cell driven b-wave, are suitable for use in fitting normal canine ERGs. 

Furthermore, we demonstrated that the parameters derived from normal dogs accurately 

characterize the dysfunction in two models of retinitis pigmentosa. We also quantified recovery 

of retinal function by comparing model parameters before and after gene augmentation therapy 

treatment. Finally, we showed that frequency-domain approaches of ERG analysis, including 

Fourier and wavelet transforms, can be used to investigate disease related abnormalities as well 

as showing recovery of response with gene therapy. 

The rod a-wave model (Eq. 2) provides an excellent fit to normal dogs. We determined 

that the rod-driven a-wave can be fit optimally using 4 stimuli strengths. Both clinical and 

research ophthalmologists could easily add the two additional flashes at -0.4 and 0.0 log cd.s/m2 

into normal ISCEV protocols for the purpose of a-wave fitting. Furthermore, the model provides 

good fits when calculated solely with ISCEV standard flashes, although this method may 

overestimate the sensitivity parameter S. Thus, inclusion of the two weaker flash stimuli is 

recommended for optimal model fit.  

Although reductions in rod function make it more technically challenging to fit the a-

wave model to recordings from dogs with inherited retinal dystrophy, we successfully applied 

the model to multiple dogs with the CNGB1-/- and PDE6A-/-gene mutations, respectively, at early 

stages in the disease process (< 3 months of age). In PDE6A dogs the model parameters for the 

rod-driven a-wave (following photopic subtraction) may reflect a difference in dark- and light-

adapted cones, or possibly a very small rod response – however, the purpose of measuring 

parameters in these dogs was to provide a baseline for quantification of rod function following 
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gene augmentation therapy treatment. This model provides an additional method of quantifying 

rod-driven responses and may enhance diagnosis and characterization of retinal disease. These 

quantitative results enable a direct comparison with normal dogs, in addition to providing 

baseline values to assess disease progression. Furthermore, calculation of model parameters 

provides a succinct, accurate assessment of both disease progression as well as effects of gene 

therapy treatment. 

Although more difficult to apply than the rod-driven a-wave model, we were able to 

successfully fit both the original (Eq. 3) and simplified (Eq. 4) versions of the cone-driven a-

wave model to normal dogs and dogs with inherited retinal dystrophy. Given the technical 

difficulty in applying the original model, we recommend using the simplified function as it 

provides good fits and is easier to implement. Furthermore, the model can be reasonably 

approximated using only 0.48 and 1.0 log cd.s/m2 flashes, potentially providing a useful tool for 

assessment of cone function when the number of different stimuli is limited. We were able to use 

the model to successfully characterize cone photoreceptor kinetics in normal dogs, as well as 

establish the presence of relatively normal cone photoreceptors in two established models of 

retinitis pigmentosa dystrophy in young dogs prior to the secondary loss of cones.  

Several factors make a generalized model of the cone-driven a-wave difficult to 

implement, even in normal dogs. One of these are the generally low-amplitude responses 

recorded in normal dogs, especially compared to those recorded in other species such as humans 

12,177. Therefore, increased noise or large deviations from baseline can significantly alter low 

amplitude recordings and reduce model goodness-of-fit. Another consideration that complicates 

the application of a generalizable model to the cone-driven a-wave are substantial postreceptoral 

contributions to the photopic a-wave, although this is likely mitigated through the use of stronger 
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stimuli and using the initial slope of the a-wave in calculation of model parameters 40,66. 

Nevertheless, these models reasonably approximate the cone-driven a-wave response and 

provide an additional tool in the analysis of the canine photopic ERG. 

The Naka-Rushton b-wave model provides an excellent fit to dark-adapted ERG 

luminance:response plots of normal dogs. Furthermore, we successfully applied the model to 

lower amplitude recordings encountered in dogs with inherited retinal dystrophy. This well-

established model provides a useful method for quantification of rod bipolar cell function, with 

assessment of sensitivity and health of the overall population of these second-order neurons. 

Moreover, calculation of model parameters enabled comparison of normal dogs with young dogs 

with inherited retinal dystrophy and demonstrated profound decrease in retinal sensitivity. Given 

the number of flashes required to appropriately fit the model, an expanded protocol must be 

planned beyond the additional flashes suggested for both a-wave models. However, the 

recommended flashes are at stimulus strengths that do not require large inter-stimulus gaps, and 

therefore can be added to any ERG protocol with relatively small time investment. 

Although the presented models are valuable individually, we were interested in 

examining potential relationships between them as it may provide additional information about 

the interactions of different populations of retinal cells. In normal, untreated and gene therapy 

treated dog retinitis pigmentosa models, notable findings included significant relationships 

between the rod photoreceptor and bipolar cell amplitude parameters, with no correlations 

discovered between sensitivity parameters or between sensitivity and amplitude. Comparing 

these parameters also demonstrated the changes in relationships seen in specific populations of 

retinal cells, such as the increased correlation between rod photoreceptors and rod bipolar cells 

following gene augmentation therapy in CNGB1-/- and PDE6A-/- dogs. This increase was much 
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greater in the PDE6A-/- dogs, likely reflecting the substantial increases measured in maximal rod 

response. In the CNGB1-/- dogs the most significant increase was in rod sensitivity, and the less 

significant increase in the correlation of amplitude parameters mirrors the smaller increase we 

measured in maximal rod response. 

The models of ERGs recorded from young untreated PDE6A dogs demonstrate a 

profound decrease in rod-driven log Rmax and log S parameters and b-wave Vm parameter, a slight 

decrease in the cone-driven log Rmp3 
parameter, and a substantial increase in the b-wave log K 

parameter. In contrast, the models of ERGs from CNGB1 dogs also demonstrate a profound 

decrease in rod-driven log S parameters and a substantial increase in the b-wave log K parameter, 

but less significant decreases in the rod-driven log Rmax and b-wave Vm parameters, with no 

changes in the cone-driven a-wave parameters. In dogs treated with gene augmentation therapy, 

sensitivity was restored but amplitude did not fully return to normal. 

The findings of the tested models corroborate physiological expectations – PDE6A dogs 

have early loss of rods and some shortening of cone outer segments, and absence of a critical 

enzyme of rod phototransduction are modeled by the severe changes in both amplitude and 

sensitivity parameters. In CNGB1 dogs, there is evidence of residual desensitized rod function 

this is accurately modeled by the less severe decreases in amplitude parameters compared to 

sensitivity parameters [unpublished findings]. Furthermore, as gene augmentation therapy treats 

only a portion of the retina, our models support restoration of normal phototransduction in the 

treated retina. Future investigation should examine the percentage of treated retina using changes 

in amplitude parameters 152,159. 

There are several limitations to the mathematical models of the ERG. In pathological, 

low-amplitude ERGs, it may be difficult to accurately assess sensitivity of responses as 
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responses are difficult to detect above background noise. There may be utility for frequency-

based approaches in such instances. Additionally, in this study gene augmentation treated dogs 

were not age-matched with untreated dogs for comparison due to difficulty in measuring 

parameters in older dogs with marked decline in ERG responses. Thus, the comparisons made 

were against young untreated dogs, and the improvements in amplitude parameters would likely 

have been even greater if age matched. Additionally, although we allowed the time delay 

parameter td to vary in both rod- and cone-driven a-wave models to determine optimal model fits 

in individual dogs, there were no statistically significant differences in model parameters 

between normal dogs and dog models of retinitis pigmentosa, both treated and untreated. Thus, 

in the dog the td parameter could be fixed at 1.5 mSec for the rod-driven a-wave model and 0 

mSec for the cone-driven a-wave model. 

In characterizing frequency components of the ERG, the DFT is useful in comparing 

frequency components of normal dogs and dogs with inherited retinal dystrophy. Additionally, it 

can be used to calculate and compare SNR in different ERG signals. A major drawback in the 

use of the DFT is that it calculates the frequency content from the entire signal, and thus it fails 

to capture the frequency content of specific ERG components, such as the a- and b-waves. The 

relatively recent development of wavelet analysis in signal processing provides a useful tool for 

examination of time-sensitive components of the ERG signal. Specifically, the DWT has recently 

been applied to the study of human ERG waveforms, sacrificing some of the frequency 

resolution of the DFT to better characterize how frequency contributions to the overall signal 

vary over time. Considering different frequency components may differentiate contributions 

from ON and OFF pathways, this novel method may enable better characterization of normal 
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ERGs as well as detection and determination of abnormalities in dogs with retinal dysfunction 

148,149. 

In this study, we have demonstrated the potential of several mathematical models to 

accurately characterize different waveforms in the scotopic and photopic ERG in both normal 

dogs and those with inherited retinal dystrophy as models of retinitis pigmentosa in humans. In 

normal dogs, excellent fits were possible with models of the rod- and cone-driven a-waves, as 

well as Naka-Rushton fitting of the dark-adapted b-wave. In young dogs with inherited retinal 

dystrophy, models were more technically challenging to fit to recordings but demonstrated 

profound alterations in model parameters. We further presented recent advances in signal 

processing analysis, such as the wavelet transform, and demonstrated how that can potentially be 

applied to normal and abnormal ERG signals. Although some of the methods presented require 

addition of flashes to the ISCEV standard protocol, particularly the Naka-Rushton fit of the dark-

adapted b-wave, we have shown how these models can be reasonably applied even with limited 

protocol alterations.  
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# of flash strengths used Log Rmax (µV) td (mSec) Log S 1/(cd/m2 s3) 

8 1.968 ± 0.136 1.526 ± 0.135 1.975 ± 0.097 

4 1.969 ± 0.139 1.46 ± 0.317 1.972 ± 0.105 

2 (ISCEV standard) 1.969 ± 0.132 1.81 ± 0.101 2.052 ± 0.106 

 

Table 3.1. Rod-driven a-wave model parameters in normal dogs by number of stimuli used. 

 

 

 

 

 

Group Slope Intercept Pearson r p-value 

Normal 1.188±0.189 -0.182±0.371 0.902 1.44x10-4 

CNGB1-/- Untreated 0.772±0.217 1.189±0.200 0.765 6.11x10-3 

CNGB1-/- Treated 0.808±0.122 0.403±0.194 0.797 6.36x10-7 

PDE6A-/- Untreated 0.570±0.226 1.014±0.115 0.546 0.023 

PDE6A-/- Treated 1.353±0.140 0.191±0.144 0.915 1.56x10-8 

 

Table 3.2. Correlation (r) values of log Vm vs log Rmax comparisons, along with linear slope 

parameters for the independent variable and their associated p-values. 
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Figure 3.1. Birch & Hood a-wave modeling of a normal canine scotopic ERG 

A. Rod-driven a-wave modeling of a normal dog using 8 different flash stimuli, ranging in 

strength from -1.6 to 1.4 log cd.s/m2. Model parameters are provided in the inset. 
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Figure 3.1. (cont’d) 

B. Rod-driven a-wave modeling of the same dog using 4 different flash stimuli, ranging in 

strength from -0.4 to 0.86 log cd.s/m2. Model parameters are provided in the inset. 

C. Rod-driven a-wave modeling of the same dog using 0.48 and 1.0 log cd.s/m2 ISCEV standard 

flash stimuli. Model parameters are provided in the inset. 
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Figure 3.2. Birch & Hood scotopic a-wave modeling of a CNGB1 affected dog pre-

treatment and post-gene augmentation therapy 
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Figure 3.2. (cont’d) 

A. Rod-driven a-wave modeling of a CNGB1-/- dog before treatment using 4 different flash 

stimuli, ranging in strength from -0.4 to 0.86 log cd.s/m2. Model parameters are provided in the 

inset. 

B. Rod-driven a-wave modeling of the same CNGB1-/- dog 9 months after treatment with gene 

augmentation therapy using 4 different flash stimuli, ranging in strength from -0.4 to 0.86 log 

cd.s/m2. Model parameters are provided in the inset. 

C. Log Rmax (amplitude) vs. log S (sensitivity) of untreated CNGB1-/- dogs (n = 14), CNGB1-/- 

dogs treated with gene augmentation therapy (n = 4), and normal dogs (n = 12). This 

demonstrated a significant reduction in both parameters in the affected dogs and a significant 

increase in all treated eyes following gene augmentation therapy. 
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Figure 3.3. Birch & Hood scotopic a-wave modeling of a PDE6A affected dog pre-treatment 

and post-gene augmentation therapy 

 



 
75 

Figure 3.3. (cont’d) 

A. Rod-driven a-wave modeling of a PDE6A-/- dog before treatment using 4 different flash 

stimuli, ranging in strength from -0.4 to 0.86 log cd.s/m2. Model parameters are provided in the 

inset. 

B. Rod-driven a-wave modeling of the same PDE6A-/- dog 3 months after treatment with gene 

augmentation therapy using 4 different flash stimuli, ranging in strength from -0.4 to 0.86 log 

cd.s/m2. Model parameters are provided in the inset. 

C. Log Rmax (amplitude) vs. log S (sensitivity) of untreated PDE6A-/- dogs (n = 17), PDE6A-/- 

dogs treated with gene augmentation therapy (n = 6), and normal dogs (n = 12). This 

demonstrated a significant reduction in both parameters in the affected dogs and a significant 

increase in all treated eyes following gene augmentation therapy. 
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Figure 3.4. Simplified cone a-wave model applied to normal dogs and those with inherited 

retinal disease 

A. Cone-driven a-wave modeling of the same dog using 4 different flash stimuli, ranging in 

strength from 0 to 1.4 log cd.s/m2. Model parameters are provided in the inset. 

B. Cone-driven a-wave modeling of the same dog using 0.48 and 1.0 log cd.s/m2 ISCEV standard 

flash stimuli. Model parameters are provided in the inset. 
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Figure 3.5. Simplified cone a-wave model applied to normal dogs and those with inherited 

retinal disease 
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Figure 3.5. (cont’d) 

A. Cone-driven a-wave modeling of an untreated CNGB1-/- dog using 4 different flash stimuli, 

ranging in strength from 0 to 1.4 log cd.s/m2. Model parameters are provided in the inset. Model 

parameters were similar in both affected and normal dogs. 

B. Cone-driven a-wave modeling of an untreated PDE6A-/- dog using 4 different flash stimuli, 

ranging in strength from 0 to 1.4 log cd.s/m2. Model parameters are provided in the inset. Model 

parameters were similar in both affected and normal dogs, albeit with a slight reduction in the 

amplitude parameter log Rmp3. 

C. Log Rmp3 (amplitude) vs. log Sc (sensitivity) of normal (n = 10), CNGB1-/- (n = 8), and 

PDE6A-/- (n = 10) dogs. 
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Figure 3.6. Naka-Rushton fitting of the luminance:response curves of the dark-adapted b-

wave 

A. Luminance:response curve of the dark-adapted b-wave of a normal dog. Note the two 

ascending limbs, separated by an inflection point, which follow semi-saturation kinetics. 



 
80 

Figure 3.6. (cont’d) 

B. Naka-Rushton (Michaelis-Menten) modeling of the luminance:response curve of the dark-

adapted b-wave of the same normal dog. Model parameters are provided in the inset. 

C. Naka-Rushton (Michaelis-Menten) modeling of the luminance:response curve of the dark-

adapted b-wave of an untreated CNGB1-/- dog. Model parameters are provided in the inset. The 

reduced amplitude and sensitivity are reflected in a reduction in the Vm parameter and an increase 

in the K parameter, respectively. 

D. Naka-Rushton (Michaelis-Menten) modeling of the luminance:response curve of the dark-

adapted b-wave of an untreated PDE6A-/- dog. Model parameters are provided in the inset. The 

reduced amplitude and sensitivity are reflected in a reduction in the Vm parameter and an increase 

in the K parameter, respectively. 

E. Naka-Rushton (Michaelis-Menten) modeling of the luminance:response curve of the dark-

adapted b-wave of a CNGB1-/- dog 3 months following treatment with gene augmentation 

therapy. Model parameters are provided in the inset. 

F. Naka-Rushton (Michaelis-Menten) modeling of the luminance:response curve of the dark-

adapted b-wave of a PDE6A-/- dog 4 months following treatment with gene augmentation 

therapy. Model parameters are provided in the inset. 
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Figure 3.7. Correlations of amplitude parameters in normal dogs, untreated dogs with 

PRA, and dogs treated with gene augmentation therapy 

Correlation of rod-driven b-wave amplitude parameter log Vm and rod-driven a-wave amplitude 

parameter log Rmax. Inset key indicates genotype and treatment status. 
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Figure 3.8. PSD analysis of the canine ERG 

A. Standard light-adapted ERG of a normal dog with 0.39 log cd.s/m2 stimulus strength. 

B. Corresponding DFT power spectrum of the tracing shown in A. The PSD demonstrates the 

relative contribution of different frequencies to the overall ERG signal. 

C. Standard dark-adapted ERG of a CNGB1-/- dog before (red tracing) and 9 months after 

treatment (black tracing) with gene augmentation therapy normal dog with 0.39 log cd.s/m2 

stimulus strength. 

D. Corresponding DFT power spectrum of the tracings shown in C. 
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Figure 3.9. SNR analysis of the canine ERG 

A. Standard light-adapted ERG of a normal dog with 0.39 log cd.s/m2 stimulus strength showing 

a single sweep (red tracing) and average of ten sweeps (black tracing). 

B. Corresponding DFT power spectrum of the tracings shown in A. 
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Figure 3.10. DWT analysis of a normal dog and CNGB1 dog treated with gene 

augmentation therapy 
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Figure 3.10. (cont’d) 

In each figure, the tracing at the top of the figure demonstrates a standard dark-adapted ERG  

with 0.86 log cd.s/m2 stimulus strength, shown in the time-domain. Utilizing the method outlined 

by Gauvin et al (2015), a discrete wavelet transform (DWT) was applied to the waveform. In the 

figure below the ERG tracing, the color of each box denotes its energy contribution to the overall 

response, with warmer colors indicating a larger contribution and cooler colors a smaller one. 

The central frequencies are shown to the left of each band. The x-axis is time (ms) and is shown 

with the same scale as the above tracing. In the 20Hz band, each bin is 37.5 ms long, and each 

subsequent doubling of frequency bands halves the time duration (eg. the 40Hz band has bins 

with 18.75ms length). The white text overlay denotes the frequency and time resolution of the 

components and their contributions to the ERG. The inset to the right of the main figures denotes 

the scale of the color heat map. A table of absolute energy contribution of each frequency 

contribution (µV∙s), with corresponding ERG component and heat map color, is shown at the 

bottom of the figure. 

A. DWT analysis of 0.86 log cd.s/m2 dark-adapted ERG of a normal dog. 

B. DWT analysis of 0.86 log cd.s/m2 dark-adapted ERG of a CNGB1-/- dog before treatment with 

gene augmentation therapy. 

C. DWT analysis of 0.86 log cd.s/m2 dark-adapted ERG of the same CNGB1-/- dog 9 months 

after treatment with gene augmentation therapy. 
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Figure 3.S1. DFT reference Standard DFT of a normal dark-adapted ERG, denoting 

relative energy of the signal (%) vs the frequency (Hz). The frequency ranges that 

contribute to different ERG waveforms are shown 
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CHAPTER 4. 

 

USE OF EXPANDED ERG PROTOCOLS TO CHARACTERIZE ROD AND CONE 

CONTRIBUTIONS TO THE CANINE ERG 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
88 

4.1. Introduction 

Electroretinography is an invaluable tool in ophthalmology. The electroretinogram (ERG) 

has been used in dogs for decades for clinical assessment and research into retinal function and 

dysfunction. However, assessment of canine ERGs is often restricted to responses elicited by a 

limited number of stimuli  1,13. While these short protocols provide a general overview of retinal 

function and aid in the diagnosis of retinal disease, they are somewhat limited in the information 

that they can provide. For example, receptor response threshold is not obtained by the standard 

protocols. However, additional protocols provided for flash ERG by the International Society for 

Clinical Electrophysiology of Vision (ISCEV) include the dark-adapted red flash, a strong flash 

to saturate the rod a-wave, a dark- and light-adapted luminance-response series, photopic ON-

OFF with long duration flashes, photopic negative response (PhNR), and S-cone 124,151,178–182.  

Standard ERG protocols typically feature white light flashes (which consists of 

wavelengths comprising the visible spectrum) presented in the dark (scotopic) to a dark-adapted 

eye or to a light-adapted eye superimposed on a constant white backgound light (photopic) 1,13. 

Chromatic flashes utilize stimuli of specific wavelengths in order to preferentially stimulate 

different photoreceptors. These protocols typically feature long wavelength red flashes, which 

target M/L-cone function, and may also include short wavelength blue flashes, which target rod 

and S-cone function 113,183–185. In humans, dark-adapted red flashes elicit a cornea-positive cone-

driven response, known as the x-wave, that precedes the rod-driven b-wave. Chromatic flashes 

have also been utilized in investigation of disease processes such as glaucoma 186–189.  

Several studies in dogs have demonstrated separation of dark-adapted rod- and cone-

driven responses 138,190–194. Dogs have two type types of cones - M/L-cones, which are mainly 

stimulated by longer wavelength light (peak sensitivity at 555 nm) and S-cones, which are 
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mainly stimulated by shorter wavelength light (peak sensitivity at 430-435 nm). Additionally, 

rods have a peak sensitivity at 508 nm 136. Chromatic stimuli have also been used in analysis of 

retinal dysfunction, such as evaluation of drug-induced retinal toxicity 195. However, chromatic 

stimuli are used less frequently in current canine ERG studies 13. Our aim was to expand 

understanding of differential responses to red and blue light flashes in dogs as well as to develop 

a short chromatic protocol that could be easily incorporated into current guidelines for ERGs in 

dogs. 

Just as photoresponsive retinal cells (photoreceptors and melanopsin containing ganglion 

cells – the latter do not make a major contribution to the ERG) are preferentially stimulated by 

specific stimulus wavelengths, photoreceptors are also differentially affected by the strength of 

background light. Cones have faster response and recovery time but are less sensitive to light, 

and thus are the primary drivers of the light-adapted visual response (as well as significant 

contributors to responses to higher strength light flashes in dark-adapted conditions). Conversely, 

rod photoreceptors have slower response and recovery time but are more sensitive, and therefore 

the primary driver of responses to dimmer light stimuli in the dark-adapted retina 196–201. Cones 

signal through ON and OFF pathways to depolarizing and hyperpolarizing bipolar cells, and the 

relative and opposing contributions of these pathways exhibit what has been described as a 

‘push-pull’ mechanism that that leads to the resulting shape and amplitude of the b-wave 

response 73,202,203. The primary rod pathway is through rod bipolar cells; however, studies in mice 

and primates indicate that rods also signal through gap junctions with cones as well as via direct 

synapses with cone OFF-bipolar cells, with the relative contribution of each pathway influenced 

by ambient light levels 204–208. A putative direct connection between rod photoreceptors and cone 
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ON-bipolar cells has also been shown in mice lacking metabotropic glutatmate receptor 6 

(mGluR6), although this has not yet been demonstrated in primates 209,210. 

There are further differences between other populations of retinal cells. In humans, both 

the degree and length of light adaptation have been shown to differentially affect responses 

originating from different classes of bipolar cells and photoreceptors 17,74,105,202,211. Studies of 

brightness discrimination (which provide a behavioral measure analogous to contrast sensitivity) 

in the dog show that human brightness discrimination is roughly twice as good as that of dogs 

212. However, the electroretinographic responses to different background lighting conditions have 

not been quantified or modeled in the dog.  

Both ISCEV and European College of Veterinary Ophthalmologists (ECVO) guidelines 

recommend the inclusion of a 30Hz photopic flicker as part of a standard ERG recording 1,13. 

Expanded flicker protocols have additionally been used to separate rod- and cone-driven 

signaling pathways in both human and rodent ERG recordings. As would be anticipated, these 

studies show that rods drive responses to low frequency flickers in dark-adapted conditions, 

while cones contribute more to higher frequency flickers as well as those in light-adapted 

conditions 20,213. Further differences have been found between flickers presented in dark- and 

light-adapted conditions, as well as changes in the shape and amplitude of responses to flickers 

of increasing stimulus strength 213,214. Moreover, a study in mice demonstrated differential 

responses of second order neurons to flicker stimuli, with ON-bipolar cells driving responses to 

lower frequency flickers and OFF-bipolar cells driving responses to higher frequency flickers 22. 

Although both ERG and behavioral studies have examined the critical flicker fusion frequency in 

dogs, there are limited reported investigations of responses to flickers at different frequency or 

stimulus strength 135,191,192. 
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A major aim of these studies is the analysis of rod and cone contributions to the canine 

ERG using expanded protocols tested in both phenotypically normal dogs as well as identified 

canine models of specific retinal dysfunction. Animals with gene mutations are often utilized to 

investigate rod and cone contributions; in this study we used a retinitis pigmentosa dog model 

with non-functional rods and an achromatopsia model with non-functional cones. For a model 

with nonfunctional rods we used dogs homozygous for a PDE6A null mutation 161. This allowed 

us to assess cone only responses with the presence of little or no active rod interaction. In young 

PDE6A-/- dogs, cone b-waves are of normal amplitude but of slightly delayed peak time while 

cone a-waves are slightly reduced. They do progressively lose remaining cone function over the 

first 12 months of age 215. We additionally tested an abbreviated protocol on a dog with 

compound heterozygous mutations in the CNGB3 gene (a CNGB3*/del dog with a D262N 

missense mutation and genomic deletion), who have almost no cone responses by 12 weeks of 

age and serve as a model of rod-driven function 154(p3). 

In designing this current study, we considered multiple approaches to characterize rod 

and cone pathways in the dog. We were particularly interested in methods that have enabled 

separation of these pathways with different states of retinal adaptation. We ultimately tested 

three different types of protocols. We assessed temporal separation of dark-adapted rod and cone 

responses using red and blue chromatic flashes, an older technique that has been infrequently 

used in recent canine ERG studies. Additionally, we considered the effect of light adaptation on 

the individual contributions of rod and cone pathways using a luminance:response protocol with 

progressively increasing background luminance. Finally, we examined the temporal differences 

in rod- and cone-driven responses using expanded dark- and light-adapted flicker protocols 

which varied in either flash frequency or stimulus strength. Not only do these protocols have 



 
92 

potential utility in routine ERG recordings, but it may be possible to develop mathematical 

models for these protocols, similar to the Naka-Rushton b-wave fitting, to quantify normal 

response ranges as well as parameterize pathological ERG recordings 15,18,166. Although some of 

these models have been researched and utilized in humans, less is known about their capacity to 

characterize retinal function in normal dogs as well as dog models of retinal disease.  

4.2. Materials and Methods 

Animals  

Purpose bred PDE6A-/-, CNGB3*/del, and phenotypically normal control dogs maintained 

in a colony at Michigan State University were investigated in this study. They were housed under 

12hr:12hr light:dark cycles. The PDE6A mutation arose in the Cardigan Welsh Corgi breed but 

has been bred onto a laboratory beagle background. The CNGB3 mutations arose in the Alaskan 

Malamute (genomic deletion) and Germain Shorthaired Pointer (missense mutation) breeds but 

has been bred onto a laboratory beagle background. 

Anesthesia 

General anesthesia was induced by isoflurane mask for puppies and by IV propofol for 

older animals (4-6 mg/kg, PropoFlo, Abbott Laboratories, North Chicago, IL, USA). The 

animals were intubated, and subsequently maintained under anesthesia 

with isoflurane (IsoFlo, Abbott Laboratories, North Chicago, IL, USA) [between 2-3.5% in a 1-2 

L/min oxygen flow via a rebreathing circle system for dogs over 10 kg and via a Bain system for 

dogs under 10 kg]. 

Electroretinography (ERG)  

General procedures for ERGs were described previously 168. Differences in apparatuses 

and protocols are noted below. Briefly, prior to anesthesia dogs were dark-adapted for one hour 
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and pupils dilated with tropicamide (Tropicamide Ophthalmic Solution UPS 1%, Falcon 

Pharmaceuticals Ltd., Fort Worth, TX, USA).  A monopolar gold-ringed electrode contact lens 

(ERG-Jet electrode, Fabrinal Eye Care, La Chaux-De-Fonds, Switzerland) was used and for 

reference and grounding platinum needle skin electrodes (Grass Technologies, Warwick, RI, 

USA) were placed 5 mm lateral to the lateral canthus and over the occiput, respectively. ERGs 

were recorded using an Espion E2 Electrophysiology system with ColorDome Ganzfeld 

(Diagnosys LLC, Lowell, MA, USA). 

Chromatic ERG 

Flashes were presented at 1Hz for a dark-adapted eye and averaged as needed depending 

on the signal to noise ratio. Red flash stimuli, with a wavelength centered at 630 nm and half-

bandwidth of 20 nm, ranged from 0.05 to 2.5 cd.s/m2. Blue flash stimuli, with a wavelength 

centered at 445 nm and half-bandwidth of 20 nm, ranged from 0.00005 to 0.05 cd.s/m2. 

For the purpose of matching of red and blue flashes in control dogs, we performed Naka-Rushton 

fitting of b-wave amplitudes. Amplitudes were measured from the trough of the preceding a-

wave to the peak of the following b-wave, accounting for oscillatory potential (OP) intrusion 

along the leading edge of the b-wave. Model parameters were calculated by fitting the Naka-

Rushton function to the first limb of the b-wave luminance-response plot. The Naka-Rushton 

function and parameters are as follows: 

R/Vm= Ln/(Ln+Kn) 

Vm represents the maximum response amplitude of the first limb of the b-wave 

luminance:response plot, k is a semi-saturation constant considered a measure of retinal 

sensitivity, and n is dependent on of the slope of the plot at the position of k, which may reflect 

retinal homogeneity 139,166,167.  
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For this study, subjects included 10 phenotypically normal control dogs (4 male and 6 

female) and 5 PDE6A-/- dogs (2 male and 3 female). Control subjects were all 2 months of age 

(dogs have a measurable ERG by 3 weeks of age, which grows in amplitude to reach adult ERG 

amplitudes by 8 weeks of age 216), while PDE6A-/- dogs ranged from 1-2 months of age (younger 

dogs were used for this study to preclude significant cone loss in PDE6A-/- subjects). We also 

tested the short chromatic matching protocol on one adult CNGB3*/del dog (additional dogs were 

not available for inclusion in statistical analyses). 

Blue Background ERG 

Each flash was presented at one second intervals on a dark background and repeated to 

generate an averaged response detectable against background electrical noise. White flash stimuli 

ranged from 0.01 to 2.5 cd.s/m2, and were presented on no background, as well as blue 

backgrounds of 0.01, 0.1, 1.0, and 10 cd/m2 for gradual suppression of rod responses. Dogs were 

dark-adapted for one hour prior to recording and were adapted for five minutes to each 

background luminance. 

For this study, subjects included 10 phenotypically normal control dogs (4 male and 6 

female) and 5 PDE6A-/- dogs (2 male and 3 female). Control subjects were all 2 months of age, 

while PDE6A-/- dogs ranged in age from 1-2 months of age. 

Flicker ERG 

Two different protocols, adapted from previous work by Seeliger et al. 217, were tested – 

one with a stimulus of 3.2 cd.s/m2 white light with flickers of increasing frequency from 0.5-30 

Hz, and the other with a frequency of 6Hz and stimuli luminance ranging from 1x10-5 to 32.0 

cd.s/m2. The flickers were presented in both scotopic (in the dark) and photopic (30 cd/m2 white 
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background) conditions. Dogs were dark-adapted for 1 hour prior to the scotopic flickers, and 

light-adapted for 10 minutes on a 30 cd/m2 white background prior to photopic flickers. 

For this study, subjects included 11 phenotypically normal control dogs (4 male and 7 

female) and 3 PDE6A-/- dogs (3 female). Subjects ranged in age from 3-7 months (all PDE6A-/- 

dogs were tested at 3 months of age). 

Statistical analysis 

All statistical tests were performed in Python with the Statsmodels package 173. 

ANCOVA testing was used to compare statistical significance between the means of different 

groups when modeled with linear regression: 

𝑦𝑖𝑗 =  𝜇 + 𝜏𝑖 + 𝐵(𝑥𝑖𝑗 − �̅�) + 𝜀𝑖𝑗 

The variables i and j are the jth observation of the ith categorical group, the dependent variable y 

is modeled as a function of independent variable x, μ and �̅� are mean parameters derived from 

the data, and the fitted variables are the effect parameter τ, slope parameter B and error term ε. 

After assessment of linearity of regression, homogeneity of error variances, independence and 

normality of error terms, and homogeneity of regression slopes, mean group differences were 

assessed using the F-test 218. 

4.3. Results 

Rod and cone contributions to the chromatic ERG in the dark-adapted eye in control dogs and 

dogs lacking rod function (Figures 4.1-4.3). 

Red and blue flash dark-adapted ERG series were performed in control dogs and young 

PDE6A-/- dogs (Fig. 1). Naka-Rushton fitting (Supplemental Figure 4.S1) was performed to 

match stimulus strengths based on the constant K in control dogs in determination of the ½ 

saturation parameter K, with model parameters as follows: 
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Blue: Vm = 162.68±30.26 µV, K = 0.0012±3.6 cd.s/m2, n = 1.019±0.232 

Red: Vm = 151.25±24.36 µV, K = 0.257±0.047 cd.s/m2, n = 1.064±0.103 

Comparison of model parameters indicates that the semi-saturation parameter Vm was 

similar across both tested flash colors, as was the slope parameter n. However, the greatest 

differences were revealed in comparison of the K parameter, reflecting the differences in spectral 

sensitivity with different flash colors. The b-wave response was over 200 times more sensitive to 

blue flashes than red (Supplemental Figure 4.S1). 

In control dogs specifically, this chromatic matching revealed a small positive deflection 

preceding the larger rod-driven b-wave in response to the red stimulus. Overlaying dark-adapted 

responses to red and blue flashes (with -1.0 and -3.3 log cd.s/m2 flash strengths, respectively) 

suggests that this difference may reflect the cone contribution to the dark-adapted ERG (the x-

wave). Although this positive deflection was present in all ERGs recorded in control dogs, there 

was great variability in both the amplitude and appearance of the deflection (Figure 4.2). This x-

wave response is small even in control dogs, which is not unexpected given the relatively low-

amplitude responses seen in the white-flash photopic ERG series.  

Using the results of chromatic matching in control dogs, we devised a short protocol 

consisting of a single red and blue flash with -1.0 and -3.3 log cd.s/m2 stimulus strengths, 

respectively. Overlaying these responses in a PDE6A-/- dog, a model of cone-driven function, 

demonstrated a small response to the red flash stimulus and no response to the blue flash. In the 

CNGB*/del dog, a model of rod-driven function, the red flash b-wave had a substantially lower 

amplitude than that of the blue flash and had no discernible x-wave response (Supplemental 

Figure 4.S2). 
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Comparison of control to PDE6A-/- dog responses in the red-flash ERG further supports 

the presence of a small x-wave in control dogs. Overlaying responses between control and 

PDE6A-/- dogs shows that the leading edge of the cone-mediated b-wave in the PDE6A-/- dogs 

closely aligns with the positive deflection preceding the rod-mediated b-wave seen in control 

dogs (Figure 4.3). This similarity was particularly noticeable in response to dimmer red flash 

stimuli, such as -1.0 log cd.s/m2, when there was greater separation between the cone-driven x-

wave and rod-driven b-wave (Figure 4.3A). Note that both the a- and b-waves of the PDE6A-/- 

dogs are somewhat slower than those of controls. This is consistent with the timing differences 

seen when comparing both dark- and light-adapted ERGs recorded from young PDE6A-/- dogs 

with those from light-adapted young control dogs [unpublished findings]. 

Using ANCOVA to compare linear regressions of the matched red and blue flash 

parameters in control dogs, there was a small but statistically significant difference between the 

peak time of the b-waves, with the red having a shorter peak time (Figure 4.3E blue and red 

tracings) (ANCOVA F-test: τ=5.67±1.994; F=2.84, p-value=0.016). The peak time of the a-wave 

was not assessed due to intrusion of the cone-driven response. We performed further analysis of 

the latency, peak time, slope, and amplitude of the rod- and cone-driven recordings in the control 

dogs and the responses (predominantly cone-driven) in the PDE6A-/- dogs (Figure 4.3C-F). In the 

PDE6A-/- dogs, weak flash stimuli elicited a cone-driven component with a single peak, but with 

stronger flashes additional peaks were visualized (red tracings, Figure 4.3A-B). In control dogs, 

the cone-driven components became overwhelmed by the growth of the rod-driven a-wave and 

earlier onset of the rod-driven b-wave with increasing luminance (Figure 4.3A-B). For accurate 

analysis, we restricted direct comparisons to the leading slope of the cone-driven x-wave. Using 

ANCOVA to compare the slope, amplitude, and peak time of this first limb between control and 
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PDE6A-/- dogs demonstrated no significant differences in the means of tested parameters (Figure 

4.3C-F). 

A- and b-wave amplitudes change at different rates depending on background luminance 

(Figures 4.4-4.5). 

The stimuli in this protocol were chosen so in the dark-adapted eye the weakest flashes 

result in rod responses and with increasing flash strength mixed rod and cone responses are 

obtained. This protocol was performed in both control and PDE6A-/- dogs (Figure 4.5). In dark-

adapted recordings, the Naka-Rushton function models the first leg of the increase in b-wave 

amplitudes with increasing stimulus strength, up to a semi-saturation parameter Vm. A second leg 

of the response, also characterized by semi-saturation kinetics, follows this inflection point. Our 

previous studies of normal dogs have suggested that this inflection point is typically reached 

between 0.1 and 0.5 cd.s/m2 with white flashes and no background light. Given the choice of 

stimuli near the inflection point, the b-wave responses were well-approximated as a linear 

function of amplitude vs log stimulus (Supplemental Figure 4.S3).  

The approximation of a- and b-wave responses with a linear function (of the form 

amplitude = slope * stimulus strength + intercept) provided a good fit across all the tested 

background conditions in control dogs (Figure 4.5A-B). This enabled a comparison of both slope 

and intercept parameters, with the slope (with units of µV per log cd.s/m2) representing the gain 

in amplitude relative to log-stimulus and the intercept (the response to flash strength of 0 log 

cd.s/m2, with units of µV) the vertical shift in response for each background (Tables 4.1-4.2).  

The intercept value sets the baseline for a- and b-wave amplitudes (the difference 

between a- and b-wave intercepts is the ‘gain’ with stimulus strength 0 log cd.s/m2), while the 

slope value establishes the gain in amplitude with increasing stimulus strength. There were 
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significant differences in both parameters across all background luminance, most notably in the 

intercept parameter. These changes were particularly striking across the three dimmest 

luminance and will be discussed in more detail below. The responses of the PDE6A-/- dogs did 

not follow the same approximate linear relationship and could not be modeled in the same way 

as controls. 

Another area of investigation with this protocol was the relative changes in cone-driven 

responses to increasing background luminance. These changes were studied by examining the 

responses in PDE6A-/- dogs which have no rod function. Although analysis of these responses 

could not compare direct interactions between rods and cones, it did enable characterization of 

saturation kinetics of isolated cone photoreceptors and postreceptoral pathways. In these dogs, a- 

and b-wave amplitudes were remarkably consistent across all background luminances, albeit 

with a slight decrease in b-wave amplitude for stronger flashes on the strongest background 

Figure 4.5A2). As such, the b:a ratio in these dogs remained largely similar, in contrast to control 

dogs who exhibited substantial decreases in gain from a-wave to b-wave increasing from 0 to 1 

cd/m2 background luminance (Figure 4.5C). The b:a ratio was flat in the control group at 10 

cd/m2 and the response is likely driven predominately by cones. However, in control dogs with 

stronger flashes (above -0.5 log cd.s/m2) on the 1 cd/m2 background the b:a ratio declined 

similarly to the weaker backgrounds, which may reflect remaining rod contributions. 

The constant luminance, increasing frequency flicker ERG demonstrates the transition from rod 

to cone-driven responses. Measured amplitudes of both flicker protocols were well-approximated 

with nonlinear equations. (Figures 4.6-4.9). 

We recorded ERGs in responses to a constant stimulus strength (3.2 cd.s/m2), delivered at 

increasing frequency in both control and PDE6A-/- dogs (Figure 4.6). The dark-adapted response 
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in the control dogs (that have both rod and cone function) had high amplitudes at low 

frequencies. Response amplitudes decreased with progressively higher frequency, reaching a 

plateau after about 7 Hz. The plateau in amplitude reduction with increasing frequency suggest 

that rods were no longer able to recover between flashes or had become light-adapted (Figures 

4.6A1, 4.7A, black tracing). However, even after the plateau the dark-adapted amplitudes were 

slightly higher than those in the light-adapted series (compare Figure 4.6A1 and 4.6B1 – noting 

the scale difference - and see Figure 4.7A inset). The response amplitude in the photopic flicker 

series in normal dogs were similar across the range of frequencies tested (Figures 4.6B1, 4.7A 

red tracing). In contrast to the normal dogs the response amplitude of PDE6A-/- dogs (cone only 

responses) in the dark-adapted series was similar across the range of flickers used (Figures 

4.6A2, 4.7B). Similar to the light-adapted normal dogs, the amplitude in the light-adapted flicker 

series of PDE6A-/- dogs was similar across all tested frequencies. However, the light-adapted 

series amplitudes were slightly lower than the dark-adapted series (compare Figures 4.6A2 and 

4.6B2 – noting the scale difference - and Figure 4.7B). The small but persistent difference in 

amplitudes between dark- and light-adapted cone responses in the PDE6A-/- dogs as well as the 

control dogs above 7Hz, may reflect a reduction of the dark current in cones due to the 30 cd/m2 

background luminance in light-adapted conditions (Figure 4.7A-B). We also noted a difference 

in the shape of the light-adapted series waveforms between controls and PDE6A-/- dogs, with the 

latter showing broader peaks and absent post-peak negativity (Figure 4.6B1-2). 

The decline in amplitude of the dark-adapted ERG of control dogs (Figure 4.7A) is well-

approximated by a negative exponential function of the form a*e^bx+c. The a parameter scales 

the response to its maximal value and reflects the b-wave amplitude with 0.5 Hz flashes and b is 

a function of the rate of change and reflects the decline in amplitude with progressively higher 
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frequency flashes. The c is parameter is likely driven by dark-adapted cones and shifts the model 

upward by the constant amplitude seen in the light-adapted ERG as well as the difference 

between dark- and light-adapted cones (Figure 4.7C). For this model, parameters were: 

a = 189.3 µV; b = -0.537 Hz-1; c = 32.9 µV 

We additionally recorded ERGs in control and PDE6A-/- dogs using a constant flash 

frequency (6 Hz) and increasing stimulus strength (Figure 4.8). In control dogs, both the initial 

increase and subsequent decrease in flicker amplitude with increasing luminance (Figure 4.8A1) 

can be modeled by semi-saturation kinetics. Both of these findings are interesting, as they 

suggest that the Naka-Rushton equation traditionally fit to the first limb of the single flash dark-

adapted ERG ERG b-wave luminance:response series is also suitable for the rod component of 

the luminance:response plot dark-adapted ERG b-wave from a slow flicker series. Furthermore, 

this suggests that the initial increase in rod-mediated amplitude and, with progressive light-

adaptation, decrease in the dark-adapted ERG 6 Hz ERG series, follows semi-saturation kinetics. 

The PDE6A-/- dog 6 Hz luminance:response series indicates that cone responses are similar in 

both dark- and light-adapted conditions (Figure 4.9B), with the light-adapted responses tending 

to have a lower amplitude as found with the responses of increased flicker frequency with a set 

luminance described above. 

At 6 Hz frequency, the peak dark-adapted ERG amplitude occurred between -2 and -1 log 

cd.s/m2 flash stimulus (Figure 4.9A). The increase in amplitude was approximated with model 

parameters Vm = 99.13 µV, K = 0.0043 cd.s/m2, and n = 0.888, while the decrease in amplitude 

was approximated with model parameters Vm = 72.21 µV, K = 0.271 cd.s/m2, and n = -0.693 

(with an additional additive vertical shift of 26 µV, reflecting the amplitude of cone-driven 

responses with higher stimulus strength) (Figure 4.9C). Furthermore, the light-adapted ERG 
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amplitude increase could be modeled with parameters Vm = 21.21 µV, K = 1.592 cd.s/m2, and n 

= 1.138 (Figure 4.9D). These results suggest that the decline in dark-adapted ERG amplitudes 

(driven by rod saturation with progressively stronger flashes) is somewhat offset by an increase 

in the cone-driven response. 

4.4. Discussion 

In this study, we tested three different ERG techniques to further assess canine retinal 

function. We showed that selection of matched red and blue flashes can be achieved through 

Naka-Rushton fitting of the b-waves. We used this method in addition to comparison to dogs 

with no detectable rod function (PDE6A-/-) to demonstrate that rod- and cone-driven 

contributions to the dark-adapted b-wave can be temporally separated and assessed by comparing 

responses from one red flash and blue flash. We also showed that blue-background ERGs can be 

used to quantify the differential effects of background light on the response and saturation of rod 

photoreceptors and rod bipolar cells. We used expanded flicker protocols to demonstrate that 

cone response amplitudes are similar with flash frequency under 30 Hz whereas rod responses 

predominate up to about 7 Hz. Finally, we fit models to the amplitude of flicker responses in 

control dogs; the response to constant luminance, increasing frequency dark-adapted ERG can be 

modeled with a negative exponential function, whereas the constant frequency, increasing 

luminance dark- and light-adapted ERG follow Michaelis-Menten type saturation kinetics. 

The selective use of red and blue flashes reveals a dark-adapted cone-driven response 

known as the x-wave. The x-wave is elicited by red flash stimuli and has been demonstrated in 

humans and other species such as rats and monkeys. It is used to characterize the dark-adapted 

ERG, with normal x-waves and absent b-waves in diseases such as Oguchi disease, and normal 

b-waves and absent x-waves in diseases such as protanopia and complete achromatopsia 
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187,219,220. The x-wave has also been described in the past in ERG studies of dogs and used to 

characterize dogs with either rod or cone dystrophy. However, these studies either measured the 

x-wave early during dark-adaptation 191,192,194 or did not demonstrate complete temporal 

separation of rod- and cone-driven components in the fully dark-adapted dog 193.  

We demonstrated that identification and isolation of the dark-adapted cone-driven x-wave 

is possible in dogs using sufficiently dim red stimuli. We found significantly earlier peak times 

in the b-waves with red stimuli compared to blue, which may reflect cone-driven contributions to 

the dim red flash response. Additionally, we found that using a single red flash with strength -1.0 

log cd.s/m2 and blue flash with strength -3.2 log cd.s/m2 is sufficient to elicit the x-wave and 

temporally separate dark-adapted rod and cone responses in dogs and could be easily 

incorporated into any dark-adapted ERG protocol for assessment of dark-adapted cone function 

(Supplemental Figure 4.S2). 

Psychophysical studies of human vision show that humans have similar ability to 

discriminate across multiple magnitudes of background illumination. The remarkable 

adaptability of the visual response depends on a gain control mechanism, which prevents 

saturation of post-receptoral responses to rod-mediated signaling 221–224.  In dogs, we show that 

the photoreceptor-driven a-wave remains remarkably consistent across dim background lighting 

conditions (between 0 and 0.1 cd/m2), while the bipolar cell-driven b-wave experiences a 

significant decrease in amplitude with the introduction of even dim background luminance (see 

Figure 4.5). These findings agree with those in humans and provide additional insight to the 

change in response characteristics of photoreceptors and second-order neurons when exposed to 

progressively brighter background light 17,74,105. 
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Linear regression models were used to fit the a- and b-wave amplitudes of the blue-

background ERG of control dogs and enabled direct comparison between parameters (see Tables 

4.1 and 4.2). The slope and intercept parameters for the b-wave declined more sharply than those 

of the a-wave for blue backgrounds between 0 and 0.1 cd/m2 luminance. The relative difference 

in intercept parameter, which represents the overall sensitivity of the response, and the slope 

parameter, which reflects the increase in response amplitude with stronger flash stimuli, may 

reflect a gain-control mechanism from rods to bipolar cells to prevent response saturation. 

Additionally, the relationship between the linear regression models of the a- and b-wave 

amplitudes and their changes relative to background luminance provide a normative baseline for 

quantification and assessment of retinal responses to ERGs recorded with increasing background 

luminance with flash stimuli between 0.01 and 2.5 cd.s/m2.  

In the PDE6A-/- dogs, the absence of rod function enabled characterization of cone-driven 

responses to increasing background luminance. In these dogs, a-wave responses, although very 

small in amplitude, were remarkably consistent irrespective of background light. This indicates 

that cone photoreceptors adapt and respond similarly across a wide range of lighting conditions. 

Furthermore, there was no significant difference in the a-wave amplitudes in these dogs at any 

background luminance, and a slight decrease in b-wave amplitudes only with the brightest 

background luminance. These findings suggest that cone ON- and OFF- bipolar cells may 

experience similar saturation kinetics as rod bipolar cells, albeit with a higher threshold for 

changes to be seen. However, cone responses exhibit a ‘photopic hill’ effect whereby cone-

driven b-wave amplitudes decrease with increasing stimulus strength, potentially reflecting a 

relative shift in signaling from the ON pathway to the OFF pathway (i.e. the ‘push-pull’ 
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mechanism) or temporal separation of the ON and OFF responses, and this may contribute to 

these findings 73,202,203. 

The use of flicker stimuli provides a better characterization of how rod- and cone-driven 

responses change as a function of altered temporal stimulation. As the interstimulus interval 

shortens with increasing flash frequency it reaches a stage that the slower responding rods cannot 

recover between flashes (and also likely lose their dark-adapted state). In our study, we found 

that rod responses in dogs predominate with stimuli up to about 7 Hz (Figure 4.8), in agreement 

with findings in other species such as mice 22. Additionally, we found that cone-driven responses 

are similar across a wide range of frequencies, with comparable amplitudes in the photopic ERG 

between 0.5 and 30 Hz stimuli. We did note a difference in the shape of the waveforms in the 

photopic ERG (Figure 4.6B1-2). With lower frequency flashes, control dogs had a large cornea-

negative deflection similar in appearance to the photopic negative response (PhNR), which is 

thought to derive from ganglion cells with possible amacrine cell contributions 109,225. This 

negative component declined with higher frequency flickers, perhaps reflecting reduced ganglion 

cell recovery or masking of the response (due to shorter interstimulus interval). This negative 

response was not seen in PDE6A-/- dogs, which may be attributable to differences seen in the 

single flash photopic ERG (including a wider b-wave and attenuated a-wave). 

Additionally, we provided baseline mathematical models of the amplitude changes seen 

in two flicker protocols in phenotypically normal dogs. In PDE6A-/- dogs, the amplitudes in the 

light-adapted compared to the dark-adapted ERG at all frequencies with higher flicker frequency 

(7-30 Hz) in control dogs. This may reflect a difference in basal activity of cone photoreceptors 

and bipolar cells, as well as differences in inner retinal contributions to the overall recorded 

waveform, but without a notable impact on the cone recovery 201,226,227.  
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In the future, detailed assessment of the relative contributions of different rod pathways 

(through rod bipolar cells, gap junctions with cones, and direct synapses with cone OFF-bipolar 

cells) with increasing background luminance could be performed through the use of long 

duration flashes to separate ON and OFF components, or with selective pharmacologic blockade 

of ON- or OFF-bipolar cell responses (using L-AP4 and PDA, respectively) 39,40. The transition 

between cone ON- and OFF-bipolar cell contributions at different flicker frequencies could also 

be assessed with selective pharmacologic blockade. Additionally, analysis of the range at which 

cones can maintain similar amplitudes using frequencies higher than the 30 Hz used in this study 

would provide a further method for characterization of abnormal retinal function in dogs. Also of 

interest would be analysis of pure photoreceptor contributions to the flicker ERG responses, 

perhaps through the use of dog models of congenital stationary night blindness. 

In this study, we designed protocols to separate and better characterize rod and cone 

contributions to the canine ERG. We measured responses to these protocols in both 

phenotypically normal control dogs and PDE6A-/- dogs as a model of cone-only function. Using 

these protocols, we preferentially stimulated isolated photoreceptor responses and provided 

further insight into the separate contributions of rods and cones in the dark- and light-adapted 

ERG. Additionally, we showed how rod and cone responses vary with stimulus frequency as 

well as background luminance. Finally, we showed how the inclusion of a single red and blue 

flash in the dark-adapted ERG could be of use in ophthalmological clinics to test dark-adapted 

cone function.  
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Background 

(cd/m2) 

b-wave slope 

(µV/log cd.s/m2) 

b-wave intercept 

(µV) 

a-wave slope 

(µV/log cd.s/m2) 

a-wave intercept 

(µV) 

0 31.77±2.04 181.37±1.92 49.17±1.92 67.66±1.27 

0.01 24.78±1.06 90.83±0.99 45.85±2.67 58.68±1.77 

0.1 11.45±0.92 30.27±0.86 31.00±2.10 39.35±1.39 

1 4.07±0.48 9.82±0.45 6.11±1.36 7.41±0.90 

10 8.08±0.87 14.06±0.82 1.86±0.28 3.30±0.19 

 

Table 4.1. Parameters of linear regression model of a- and b-wave amplitudes in control 

dogs by background luminance. 

 

 

 

Background 

(cd/m2) 

b-wave slope  a-wave slope b-wave intercept a-wave intercept  

0 100±6.4 100±3.9 100±1.1 100±1.9 

0.01 78±3.3 93.2±5.4 50.1±0.5 86.7±2.6 

0.1 36±2.9 63±4.3 16.7±0.5 58.2±2.1 

1 12.8±1.5 12.4±2.8 5.4±0.2 11±1.3 

10 25.4±2.7 3.8±0.6 7.8±0.5 4.9±0.3 

 

Table 4.2. Percent change in parameters of linear regression model of a- and b-wave 

amplitudes in control dogs by background luminance, relative to values with no 

background light (0 cd/m2). 
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Figure 4.1. Representative chromatic dark-adapted ERG tracings 

Red and blue flash dark-adapted ERG montage of a control dog (A) and PDE6A-/- dog (B). Red 

stimulus flash strengths ranged from -1.3 to 0.4 log cd.s/m2 and blue stimulus flash strengths 

ranged from -4.3 to -1.3 log cd.s/m2. Note the scale difference between A and B. 
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Figure 4.2. Dark-adapted ERGs as a result of matched red and blue flashes in control dogs 

A single red flash with strength -1.0 log cd.s/m2 and blue flash with strength -3.2 log cd.s/m2 

were used for comparison. Although the appearance differed between dogs, a small positive 

deflection was noted preceding the rod-driven b-wave in all dogs. This likely represents the dark- 
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Figure 4.2. (cont’d) 

adapted cone-driven response to red flash stimulus known as the x-wave. Tracings recorded from 

six different dogs are shown, with magnification of the responses preceding the rod-driven b-

wave shown in the inserts. 
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Figure 4.3. Comparing red and blue flash ERG responses in control and PDE6A dogs 

Comparison of responses to a -1.0 (A) and 0.4 (B) log cd.s/m2 red flash stimulus of a control dog 

(black) with a PDE6A-/- dog (red). With dimmer flashes, the slope, amplitude, and latency of the 

small deflection that appears before the leading edge of the rod b-wave in the control dog  
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Figure 4.3. (cont’d) 

matches those of ascending limb of the b-wave in the PDE6A-/- dog. With stronger flashes, the 

leading edge of the positive deflection preceding the b-wave in the control dog (the x-wave) was 

somewhat masked by the growing a-wave, while the cone-driven b-wave response following the 

leading edge was masked by the rod-driven b-wave. Magnification of the cone-driven responses 

is shown in the insert. 

Average latency (C) and slope (D) of the x-wave (control dogs, shown in black) and b-wave 

(PDE6A-/- dogs, shown in red) vs. stimulus strength with red flash stimulus.  

Comparison of average peak time (E) and amplitude (F). The stimulus strength used for the blue 

flashes is shown above the graph, and those for the red flashes are below the graph. The 

comparisons between the two flashes were based on the difference of the Naka-Rushton K 

parameter. These figures denote the peak times (E) and amplitudes (F) of the rod-driven b-wave 

in control dogs in response to red and blue flashes (red and blue tracings, respectively), the 

leading edge of the cone-driven b-wave in control (black) and PDE6A-/- dogs (green), and the 

full cone-driven b-wave in PDE6A-/- dogs (yellow). 
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Figure 4.4. Representative blue-background ERG tracings 

A. Blue background ERG montage of a control dog. White stimulus flash strengths ranged from 

-2 to 0.4 log cd.s/m2. Background luminances, from left to right, were 0 cd/m2 (dark-adapted), 

0.01 cd/m2, 0.1 cd/m2, 1.0 cd/m2, and 10 cd/m2. 

B. Blue background ERG montage of a PDE6A-/- dog. Note the smaller scale of response 

amplitude. A-wave amplitudes were similar for all background luminances, while b-wave 

amplitudes had a small decrease with the strongest background. 
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Figure 4.5. Blue-background ERG measurements and models 

Responses for control dogs are shown in the first column (column 1) and responses for PDE6A 

dogs are shown in the second column (column 2). 
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Figure 4.5. (cont’d) 

A. Mean b-wave amplitude vs. log stimulus strength by background luminance. In the control 

dog, the amplitude changes were well-modeled by a linear regression of b-wave amplitude vs. 

log stimulus strength. 

B. Mean a-wave amplitude vs. log stimulus strength by background luminance. In the control 

dog, the amplitude changes were well-modeled by a linear regression of b-wave amplitude vs. 

log stimulus strength. 

C. Mean b:a ratio vs. log stimulus strength by background luminance. 
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Figure 4.6. Representative 3.2 cd.s/m2 flicker ERG tracings 

Flash stimulus was held constant at 3.2 cd.s/m2, and flash frequency varied from 0.5Hz to 30Hz. 

The first column (column 1) shows responses recorded from a control dog, and the second 

column (column 2) shows responses recorded from a PDE6A dog. The first row (row A) shows 

scotopic responses and the second row (row B) shows photopic responses. 
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Figure 4.7. 3.2 cd.s/m2 flicker ERG measurements and models 

Comparison of dark- (black) and light-adapted (red) flicker amplitudes vs. flash frequency in the 

control (A) and PDE6A (B) dog. The inset in A shows the responses to frequencies between 5 

and 30 Hz in the control dog. Above 7 Hz, the difference in amplitude was similar in both  
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Figure 4.7. (cont’d) 

control and PDE6A-/- dogs. 

C. The decline in amplitude of the dark-adapted flicker amplitude with increasing flash 

frequency in the control dog was well-modeled by a negative exponential function. The function 

and parameters are given in the inset. 
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Figure 4.8. Representative 6 Hz flicker ERG tracings 

Flash frequency was held constant at 6 Hz. The first column (column 1) shows responses 

recorded from a control dog, and the second column (column 2) shows responses recorded from 

a PDE6A-/- dog. The first row (row A) shows dark-adapted responses with stimulus strength 

varied from -4.9 to 1.5 log cd.s/m2, and the second row (row B) shows light-adapted responses 

with stimulus strength varied from -2.5 to 1.5 log cd.s/m2. 
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Figure 4.9. 6Hz flicker ERG measurements and models 

A. Comparison of dark- (black) and light-adapted (red) flicker amplitudes vs. stimulus strength 

in the control dog. 

B. Comparison of dark- (black) and light-adapted (red) flicker amplitudes vs. stimulus strength 

in the PDE6A dog. 

C. The increase and subsequent decline in amplitude of the dark-adapted flicker amplitude with 

increasing stimulus strength in the control dog was well-modeled with a piecewise Michaelis-

Menten equation. Parameters are given in the inset. 
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Figure 4.9. (cont’d) 

D. The increase in amplitude of the light-adapted flicker amplitude with increasing stimulus 

strength in the control dog was well-modeled with a Michaelis-Menten equation. Parameters are 

given in the inset. 
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Figure 4.S1. Matching of red and blue flash stimuli 

The figure demonstrates Naka-Rushton fitting of the red and blue flash b-wave amplitudes in 

control dogs. The half-saturation parameter K is given for each color and shown with the dashed 

lines. 
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Figure 4.S2. Representative chromatic dark-adapted ERG tracings in dogs with inherited 

retinal disease. A single red flash with strength -1.0 log cd.s/m2 and blue flash with strength 

-3.2 log cd.s/m2 were used for comparison 

A. Tracings from a PDE6A dog. There was no measurable response to the blue flash, as these 

dogs have little to no rod function and responses are cone-driven. 

B. Tracings from a CNGB3 dog, a model of complete achromatopsia. In these dogs, the 

amplitude of the red flash response is markedly reduced and there is no discernible x-wave, as 

these dogs have little to no cone function and responses are rod-driven. 
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Figure 4.S3. Luminance:response curve of b-wave amplitudes from a dark-adapted ERG 

recorded in a control dog 

White flash stimuli were presented on a dark background and repeated to generate an averaged 

response detectable against background electrical noise. The interstimulus interval was one 

second for weaker stimuli and progressively longer for stronger stimuli. 

A. The typical luminance:response curve of the dark-adapted ERG demonstrates two separate 

ascending limbs to the left and right of an inflection point. 

B. Magnification of the responses between -2.0 and 0.5 log cd.s/m2. In this range, b-wave 

amplitude can be approximated as a linear function of log stimulus strength. 
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CHAPTER 5. 

 

CHARACTERIZATION OF SCOTOPIC AND MESOPIC ROD SIGNALING PATHWAYS IN 

DOGS USING THE ON-OFF ELECTRORETINOGRAM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
127 

5.1. Introduction 

The mammalian retina is uniquely equipped to process visual signals across a substantial 

range of luminances. In the dark, photoreceptors in the outer retina maintain a relatively 

depolarized state, with passive and active transport of cations in the outer segments causing an 

electrical current to flow along the length of the photoreceptor. In rods, this is known as the dark 

current 228–230. In the dark-adapted retina, both rods and cones are able to respond to light 

stimulus; with weak light stimuli, the response is rod-driven – with stronger flashes, there is a 

mixed rod cone response. Progressive increases in background light desensitize and suppress the 

rod response, such that the light-adapted retinal response is cone-driven 15,231–233.  

The visual signal is shaped by complex retinal processing that divides into two parallel 

pathways – ON and OFF. The separation of these pathways begins with ON and OFF bipolar 

cells, second order neurons in the retina that synapse with rod and cone photoreceptors 234–236. 

Bipolar cells are classified based on their response to light stimulus of the photoreceptors – ON 

bipolar cells, including rod bipolar cells (RBCs), depolarize, whereas OFF bipolar cells 

hyperpolarize, in response to a light stimulus driven decrease in glutamate release from 

photoreceptor synaptic terminals 237,238. The bipolar cell response is further shaped by 

photoreceptor pathways; cones synapse with both ON and OFF cone bipolar cells, whereas rods 

primarily interact with RBCs when responding to weak stimuli, but have additionally been 

shown to signal via gap junctions with cone photoreceptors as well as direct connections with 

OFF cone bipolar cells 239–243. The alternative rod pathways are more prominent in mesopic 

conditions as well as in response to higher frequency flickering light stimuli 244–246.  

The separation of flash On and Off responses with the full-field ERG provides a useful 

tool for the characterization of postreceptoral responses. The flash On and Off ‘responses’ are 
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separate from ON and OFF pathways. The On response is the retinal response to flash onset, 

beginning with photoreceptor hyperpolarization (generating the major portion of the a-wave) and 

leading to the depolarization of ON bipolar cells (which is the driver of the positive b-wave) as 

well as hyperpolarization of OFF bipolar cells (which has contributions to both the shape and 

amplitude of the a- and b-waves, particularly the early portion of the light-adapted a-wave in 

primates) 230,241,247–250. In contrast, the Off response is the retinal response to stimulus offset, and 

is generated by several components – in humans, an initial rapid positive deflection (the d-wave) 

is generated primarily by OFF bipolar cells, but there are additional contributions from 

photoreceptors (return to a relatively depolarized state which results in a slow cornea-positive 

response) and ON bipolar cells (hyperpolarize, resulting in a fast cornea-negative response) 251–

255. With short-duration flashes these are merged in the ERG, and the recorded waveform reflect 

the combined contribution of these components. Additionally, short-duration flash cone 

responses exhibit a ‘photopic hill’ effect whereby cone-driven b-wave amplitudes reach a 

maximal level and then decrease and peak times lengthen with increasing stimulus strength. This 

occurs as the off pathway response slows and separates from that of the On pathway meaning the 

two responses are temporally separated rather than being superimposed 239–241. 

The component waveforms of the ERG are shaped by ‘processes’ with contributions from 

different retinal cells (named PI/PII/PIII by Granit based on the order of disappearance under 

anesthesia) 256. A major focus of this paper are the changes in response of PIII, which is driven 

by photoreceptors and is the primary contributor to the cornea-negative a-wave, and PII, driven 

mainly by ON bipolar cells (but additionally shaped by OFF bipolar cells) that heavily influences 

the cornea-positive b-wave. Note that PIII is present for the duration of a sustained flash and 

returns to baseline at flash offset, whereas PII differs at flash onset or offset based on the relative 
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contributions of the ON and OFF pathways 237,238,257. These processes have been shown to 

further differ in humans and rats based on background luminance, with a greater decline in the 

amplitude of PII relative to the rod-driven PIII 249,258. 

Interspecies differences have been shown in the ERG Off response (at flash offset). Two 

broadly different types of retinae have been identified in mammals based on the Off response 

and were first described by Granit and Therman in 1935 - the E-type retina in species such as the 

rat and mouse, and I-type retina of humans and other primates 251,253,259. The I-type retina 

demonstrates relatively large photopic a-wave amplitude and a primarily positive d-wave (off 

response). In contrast, the E type retina demonstrates small photopic a-waves and a primarily 

negative d-wave (off response). Note that the aspartate-treated retina (which abolishes 

postreceptoral responses) demonstrates continued photoreceptor hyperpolarization, and a gradual 

return to baseline, in response to sustained flashes, and thus photoreceptors are unlikely to 

explain this difference in the Off response 260–263. 

Few studies have addressed canine responses to the On-Off ERG, although they have 

been used in the study of some canine inherited retinal degenerations 264–267. The dog exhibits the 

predominantly negative off response of the E-type retina 268. Although the dog is frequently used 

as a model of inherited retinal disease in humans 269–271, normal canine responses to the On-Off 

ERG have not been studied in detail. The purpose of this study is to determine baseline features 

of the On and Off response in phenotypically normal dogs as well as to assess postreceptoral 

pathways and changes with increasing background luminance in the canine retina. 

5.2. Materials and Methods 

Ethics Statement  
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All procedures were performed in accordance with the ARVO statement for the Use of 

Animals in Ophthalmic and Vision Research and approved by the Michigan State University 

Institutional Animal Care and Use Committee. 

Animals  

Six phenotypically normal control dogs that were laboratory beagle crossbreeds 

maintained as part of a colony of inherited retinal degeneration dogs at Michigan State 

University were utilized for this study. They were housed under 12hr:12hr light:dark cycles.  

Methods  

General anesthesia was induced by intravenous propofol (4-6 mg/kg, PropoFlo, Abbott 

Laboratories, North Chicago, IL, USA). The animals were intubated and subsequently 

maintained under anesthesia with isoflurane (IsoFlo, Abbott Laboratories, North Chicago, IL, 

USA) [between 2-3.5% in a 1-2L/min oxygen flow via a rebreathing circle system for dogs over 

10 kg and via a Bain system for dogs under 10 kg]. 

Electroretinography (ERG)  

General procedures for ERGs were described previously 168. Briefly, prior to anesthesia 

dogs were dark-adapted for one hour and pupils dilated with tropicamide (Tropicamide 

Ophthalmic Solution UPS 1%, Falcon Pharmaceuticals Ltd., Fort Worth, TX, USA).  A 

monopolar gold-ringed electrode contact lens (ERG-Jet electrode, Fabrinal Eye Care, La Chaux-

De-Fonds, CH) was used, and for reference and grounding platinum needle skin electrodes 

(Grass Technologies, Warwick, RI, USA) were placed 5 mm lateral to the lateral canthus and 

over the occiput, respectively. ERGs were recorded using an Espion E2 Electrophysiology 

system with ColorDome Ganzfeld (Diagnosys LLC, Lowell, MA). 

ERG Protocol 
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A constant flash duration of 250 mSeconds was used with progressively stronger white 

light background luminance (0, or dark-adapted, 0.01, 0.1, 1, 10, and 42 cd/m2), with 5 different 

white light stimuli tested at each background (0.01, 0.1, 0.7, 2.0, 5.0 cd.s/m2) giving a total of 30 

steps. Each flash was presented at one second intervals on a dark background and repeated to 

generate an averaged response detectable against background electrical noise. Dogs were dark 

adapted for 1 hour prior to initiating the protocol, and for 5 minutes to each subsequent increase 

in background luminance. A standard short-duration flash (< 4 mSec flashes) protocol was also 

performed on a separate day, with flash stimuli ranging from 0.0002 to 23 cd.s/m2 in the dark-

adapted ERG and 0.01 to 23 cd.s/m2 in the light-adapted (42 cd/m2) ERG – dogs were dark-

adapted for 1 hour and light-adapted for 10 minutes, respectively.  

Rod-driven a-wave model 

We calculated parameters for the rod-driven a-wave after subtracting photopically 

matched ERG waveforms 272. We fit the following equation described by Birch & Hood to the 

leading edge of the rod a-wave 164,273: 

R(I,t)=(1-exp[-I∙S∙(t-td)
2])∙Rmax    for t>td 

The amplitude R is a function of the retinal luminance I and time t after the flash onset 

and td is a brief delay. S is a sensitivity factor and Rmax is the maximum amplitude of the 

response. 

Curve fitting 

We calculated parameters using the lmfit curve-fitting program in the Python 3.6 

environment 274, using the Levenberg-Marquardt algorithm to calculate optimal parameter values 

via least squares minimization 169:  

f(Xi,β+δ) ≈ f(Xi,β) + Ji δ 
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Where Ji is the gradient of f with respect to β. Successive calculation of the parameter δ 

that minimizes the sum of square of the residuals S is performed computationally until final 

model parameters are obtained 171,172.  

We determined model goodness-of-fit with the least-squares parameter, with values less than 

0.25 considered a good fit 164: 

 𝑙𝑠𝑞 =  
∑ (𝑦𝑖−𝑓(𝑋𝐼,𝜷))2𝑛

𝑖=1

∑ (𝑦𝑖−𝑚𝑒𝑎𝑛(𝑦))2𝑛
𝑖=1

 

Isolating the rod-driven PII 

The parameters calculated from the a-wave model were used to define the rod-driven 

PIII. This modeled response was then subtracted from the photopically subtracted waveforms 

described above to isolate the postreceptoral PII process for responses with a measurable a-wave 

(0, 0.01, 0.1, and 1 cd/m2 background light levels). 

5.3. Results 

Characterization of the canine ON-OFF ERG 

Our protocol was designed to examine rod-only, cone-only, and mixed rod-cone 

contributions to the On-Off ERG using increasing background luminance. Representative 

tracings are shown in Figure 5.1. In the presence of none or low background light levels the ERG 

response was predominantly rod-driven – with increasing background luminance the rod 

contribution was sequentially decreased such that at 42 cd/m2 the response was cone-driven. In 

the 10 cd/m2 background there was an underlying negative component that suggested continued 

rod contributions. Although preceded by a small positive deflection, the off response in the dog 

was predominantly negative in all stimulus and background conditions.  

The shape and amplitudes of the waveforms differed considerably with both stimulus 

strength and background luminance. Under none or low background light the b-wave was 
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prominent as was the a-wave in response to stronger stimuli. In response to weaker stimuli there 

was minimal change in waveform at the cessation of the flash and a slow return to baseline 

following the post b-wave negativity. With increased background light levels the b-wave was 

reduced, for example, in the presence of a 1 cd/m2 background light the waveform in response to 

the weaker flashes had a large initial negative component with a small positive b-wave 

component superimposed on the down slope. With stronger stimuli and increasing background 

illuminance an Off response became more prominent. The Off response had a small positive 

component (which was most apparent for the three strongest flash stimuli in the 10 and 42 cd/m2 

background recordings likely reflecting more prominent cone-driven contributions) followed by 

a larger negative component. With increasing stimulus strength there was less of a negative post 

b-wave component. 

A-wave amplitudes increased with increasing stimulus strength showing semi-saturation 

kinetics and declined with increasing background luminance (Figure 5.2A). In contrast, the b-

wave amplitudes were relatively constant with increasing stimulus strength (Figure 5.2B). The b-

wave amplitudes showed a substantially greater decline with increasing background luminance 

compared to the a-wave – this led to large decreases in the b:a ratio between 0 and 1 cd/m2 

background luminance (Figure 5.2C). This suggests that the postreceptoral components of the 

rod On pathway are suppressed at dimmer background luminances than the negative waveform 

(PIII response which originates directly from rod photoreceptors). 

There was a similar phenomenon with change in the underlying negativity to the 

waveform. We measured the ‘drift’ amplitude, which we defined as the absolute change between 

the peak of the b-wave and amplitude at flash cessation prior to the d-wave (see Figure 5.3A). 

The increase in drift amplitudes coupled with a decline in b-wave amplitudes – resulted in an 
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increase in the drift:b-wave ratio between 0 and 1 cd/m2 background luminance (Figures 5.3B-C 

& 5.4). There was also a striking difference between the drift:b-wave ratio between two brightest 

luminance conditions, which may indicate continued rod contributions to the 10 cd/m2 

background ERG. Furthermore, the drift:b ratio peaked between 1 and 10 cd/m2 background 

luminance, depending on stimulus strength, and declined with the strongest background 

luminance (Figure 5.4). 

To better characterize photoreceptor contributions to the On-response, we fit an equation 

described by Birch & Hood to the leading edge of the rod a-wave. For these calculations, the 

model first subtracted the response at 42 cd/m2 (essentially the same photopic subtraction used 

when modeling the a-wave of the short flash ERG). Model parameters are also included from 

short-flash ERGs for comparison. The model demonstrated similar changes in the amplitude 

(Figure 5.5 – first row) and sensitivity (Figure 5.5 – second row) parameters with increasing 

background luminance, up to 1 cd/m2. The amplitude and sensitivity parameters of the short and 

On-Off scotopic ERGs were similar. However, we did find a substantial difference in the time 

delay parameter, (td) which was higher for the On-Off compared to short flash ERG (Figure 5.5 – 

third row). This suggests that there is a part of the flash-offset response that initiates the a-wave 

that is lost with the longer flash duration.  

To further interrogate postreceptoral rod pathways, particularly the large negative 

response seen most obviously in the responses with a 1 cd/m2 background, we isolated the PII 

response by subtracting the modeled PIII process (as shown in Figure 5.6A). With increasing 

background the isolated PII response decreased. This demonstrated that the negative shape in the 

1 cd/m2 (which was also present to a lesser extent in the 0.1 cd/m2 background) was mainly 

attributable to the rod-driven PIII component. Furthermore, the negative ‘drift’ (as defined 
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above) present at all backgrounds was essentially eliminated in the isolated PII response, which 

further supports that the negativity present with sustained flash (as compared to short flash 

stimuli) is driven by sustained rod activation. 

Examination of the isolated PII component revealed further differences with increases in 

both stimulus strength and background luminance. Although the peak amplitude of both the 0 

(dark-adapted) and 0.01 cd/m2 background recordings were similar across all tested stimuli, there 

was an evident shift to a shorter peak time with the brighter background. This was also apparent 

in the 0.1 and 1 cd/m2 background recordings in addition to substantial declines in amplitude. 

We also observed a narrowing (time between the beginning of the leading slope and return to 

baseline) of the isolated PII response with increasing background luminance, which may reflect a 

shift in rod signaling pathways. 

5.4. Discussion 

The light-adapted Off response in the dog (d-wave) has a small positive component but is 

predominantly negative. The amplitude of this response scales with stimulus strength and 

background luminance (see Figure 5.1). This shape of Off response is similar to that of the rat 

and in contrast to that of primates where a more prominent positive d-wave is present. This 

difference is probably due to differences between the species in the relative contributions of ON 

and OFF pathways. The cessation of ON bipolar cell driven responses as they hyperpolarize with 

cessation of the light stimulus to the photoreceptors probably drives the negative Off response in 

the On-Off ERG. The relatively small positive component to the dog Off response suggests that 

the OFF bipolar cell contributions towards shaping the waveform are relatively small in this 

species. When extrapolated to the On response it also seems likely that OFF bipolar cells make 

less of a contribution to the photopic a-wave of the dog than they do in primates 255.  
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The amplitude and shape of the On-Off ERG changes with increases in background 

luminance. When moving from dark-adapted to partial light adaptation the photoreceptor-driven 

a-wave has a significantly slower decline in amplitude compared to the postreceptoral b-wave of 

the On response. This disparity results in a ‘negative type’ ERG appearance. Similar findings 

have been reported in human studies of the short-flash ERG and have been posited to reflect a 

mechanism for maintenance of retinal sensitivity across a wide range of luminance 275–278. The 

findings reported here suggest that there is a similar occurrence in dogs.  

We applied the Birch & Hood model of the rod-driven a-wave to parameterize the PIII 

response. The most significant difference in model parameters was seen in the ‘time delay’ 

parameter td between the short flash and On-Off durations, with smaller decreases in the 

amplitude parameter Rmax that mirrored the changes in a-wave amplitude with increasing 

background luminance. As the dog demonstrates relatively small photopic amplitudes (compared 

to humans), our results support the conclusion that the responses are primarily rod-driven and a 

reduction in rod responses leads to a commensurate decrease in a-wave amplitudes. Additionally, 

the time delay parameter is effectively the time from flash onset to beginning of the a-wave – so 

while there is likely some component of the Off response that drives the initial slope of the a-

wave, it appears to have relatively small contributions to the amplitude of this response. 

Using the calculated a-wave model parameters, we subtracted the PIII component from 

the waveform to isolate the PII component which predominantly results from activity in the ON 

pathway. This calculation eliminated the large negativity present in the mesopic background 

conditions. This suggests that the decline in amplitude of the isolated PII component (which was 

relatively much greater than the decline in PIII amplitude) is likely attributable at least in part to 

saturation kinetics to maintain retinal sensitivity across increasing background luminance (as 
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discussed above). However, both the waveform narrowing and move to earlier peak times 

suggest changes in rod signaling pathways with shifts from scotopic to mesopic luminance 

conditions. The changes in the isolated PII response may indicate rod contributions to the ‘push-

pull’ mechanism describing the factors that affect the b-wave (mainly driven by ON bipolar cell 

responses but with influences to the amplitude and shape by OFF bipolar cells) 241,247. The 

reduction in activity in the rod BC pathway may also represent the switching of rod signaling 

from rod bipolar cells to direct contact with cones or cone bipolar cells in mesopic light levels. 

This process is thought to be important to prevent saturation of inner retinal pathways by rod 

responses thus expanding the range of luminances the retina can respond to 244–246.  

Although not performed here, drug dissection studies could be used to further assess the 

contributions from different pathways to the On-Off ERG in the dog. Evidence from drug 

dissection studies of the On-Off ERG in primates suggests that the positive b-wave is mainly 

driven by ON bipolar cells whereas the positive d-wave is driven by the cessation of OFF bipolar 

cell activity (using L-AP4 and PDA to block the activity of the ON and OFF bipolar cells, 

respectively) 247. From a comparison of primate and rodent drug dissection studies, it is plausible 

that the difference in Off response is due to relative contributions of the ON and OFF pathways. 

In fact, the On response appears to be largely similar in both monkey and rat (albeit with some 

difference in the response shape) – whereas the PDA-sensitive component appears to drive the 

difference between the ERGs of these species, with a very strong corneal-negative component at 

flash onset and corneal positive component at flash offset in the primate that is not seen in the 

rodent 253. 

In this study, we designed a protocol with increasing background luminance using long-

duration flashes to characterize changes in rod contributions to the On response of the canine 
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ERG. We showed that the positive PII response saturates at dimmer background luminance than 

the rod-driven PIII, indicating a role of the On response in maintaining retinal sensitivity with 

shifts from scotopic to mesopic lighting. Furthermore, we demonstrated that the rod-driven PIII 

is responsible for the large negativity present in the On-Off ERG waveforms recorded with 

mesopic background conditions. This suggests that the shape of the isolated PII indicates 

potential changes in rod signaling pathways with increasing background luminance. Overall, this 

study suggests a significant role, and possible changes in signaling, of rod pathways in retinal 

responses in mesopic background conditions that merit future investigation in dogs and other 

species. 
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Figure 5.1. Representative long flash ERG tracings  

Flash duration is noted in red in each panel. Responses were elicited from flash stimuli of 250 

mSec duration. Stimulus flash strengths ranged from 0.01 to 5 cd.s/m2 and are labeled above the 

columns in (A), and background luminances ranged from 0 to 42 cd/m2 and are labeled to the left 

of each row. An amplitude scale is provided in each figure. The small b-wave superimposed on 

the large negative deflection is denoted by arrows in the 1 cd/m2 background. 
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Figure 5.2. Variation in amplitude parameters with stimulus strength and background 

luminance 
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Figure 5.2. (cont’d) 

Comparison of average a-wave amplitude (A), b-wave amplitude (B), and log B:A-wave 

amplitude ratio (C) versus stimulus strength. Different colors were used to denote background 

luminance. 
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Figure 5.3. Variation in drift with stimulus strength 

With ‘drift’ defined as the absolute change in amplitude between the peak of the b-wave and 

amplitude at flash cessation, not including the negative off response component (see arrow in A),  
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Figure 5.3 (cont’d) 

comparison of average drift amplitude (B) and drift:b-wave ratio (C) versus stimulus strength. 

Different colors were used to denote background luminance. 
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Figure 5.4. Variation in drift with background luminance 

Comparison of average drift amplitude (A) and drift:b-wave ratio (B) versus background 

luminance for the 0.1 and 5 cd.s/m2 flash stimuli. Different colors were used to denote stimulus 

strength. 
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Figure 5.5. Changes in a-wave model parameters by background luminance 

Amplitude parameters are shown in the first row, sensitivity in the second, and time delay in the 

third. ‘SF’ and ‘LF’ are used as abbreviations for short flash and long flash, respectively, and the 

corresponding background luminance is provided after these. 
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Figure 5.6. Isolating the PII response 

Using the calculated model parameters for the rod a-wave, the PII contribution (in blue) was 

isolated by subtracting the modeled PIII (dashed black line) from the ERG waveform in 

background light of 0. 0.01, 0.1 and 1 cd/m2 (A). This is shown in a representative dog (from  
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Figure 5.6 (cont’d) 

Figure 1). The calculation was performed in the 0.01, 0.1, 0.72, 2, and 5 cd.s/m2 (B-F, 

respectively) and background luminance is denoted by different colors. 
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CHAPTER 6. 

 

CONCLUSION 
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Summary of Findings 

Through application of select mathematical models and modalities to normal dogs and 

dogs lacking rod function, this research has established baseline features of normal canine retinal 

function. Specifically, this research demonstrates that existing rod and cone a-wave models 

intended to assess photoreceptor function, and the Naka-Rushton b-wave model for assessment 

of retinal function, can be applied to the dog ERG to further characterize normal retinal function 

in this species. This research further shows the utility of models in monitoring disease 

progression and the results of gene augmentation therapy treatment in dogs with inherited retinal 

disease. Finally, this research derives mathematical models in normal dogs for several expanded 

ERG protocols that provide additional tools for detecting and characterizing altered retinal 

function. 

Dogs are frequently used as large animal models of inherited retinal disease in humans, 

due in part to the similarity of the canine area centralis to the human macula with central fovea 

7,12,269. Multiple dog models have been used to characterize inherited retinal disease and develop 

translational therapies for rescue of retinal function 5,8–10. Compared to humans, the dog has 

several notable differences in retinal function as characterized by the full-field ERG. These 

include relatively higher amplitude scotopic and lower amplitude photopic responses, a 

predominantly negative d-wave, and a small x-wave 99,190,193. Methods that are commonly 

applied to the human ERG, including mathematical models and extended protocols, are 

infrequently used in dog studies. Assessing the utility of these methods in dogs provides valuable 

information about normal function as well as additional techniques for characterizing, 

monitoring, and quantifying the effects of gene augmentation therapy in dogs with inherited 

retinal disease.  
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Through assessment of several mathematical models, this thesis has shown that good 

model fits can be acquired for the a- and b-waves of phenotypically normal dogs. Additionally, 

we established baseline model parameters in a colony of normal research dogs. We used these 

results to quantify reduced retinal function in dogs with inherited retinal dystrophy, and to assess 

the degree of rescue in dogs treated with gene augmentation therapy. Furthermore, we correlated 

the parameters derived from dogs with inherited retinal dystrophy with physiologic bases of 

abnormal retinal function. For example, the reduced cone a-wave amplitude parameter Rmp3 

reflects the shortening of cone OS in young pde6a dogs 159, while the reduced rod a-wave 

sensitivity parameter S quantifies abnormal channel kinetics in young cngb1 dogs 152. We also 

demonstrated several potential frequency-based approaches for the assessment and analysis of 

canine ERGs, such as the Fourier transform for quantification of signal-to-noise ratio and the 

discrete wavelet transform for differentiating retinal cell types by frequency band. 

To further characterize canine retinal function, we tested ERG protocols that varied in 

stimulus color, background luminance, flash frequency, as well as flash duration. Based on 

Naka-Rushton fitting of the dark-adapted b-waves and comparison to dogs lacking rod function, 

we developed a short dark-adapted protocol with red and blue flashes that demonstrates the x-

wave in phenotypically normal dogs and enables assessment of dogs with decreased rod or cone 

function. We showed that luminance:response series of the blue-background ERG demonstrates 

a quantifiable gain-control mechanism between rod photoreceptors and bipolar cells, which has 

been described in human studies. Additionally, we used expanded flicker protocols to derive 

accurate mathematical models of response amplitude in normal dogs using constant luminance, 

increasing frequency and the 6Hz luminance:response series. We further developed in-depth 

protocols for assessing on and off pathways in the normal canine retina and demonstrated how 
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rod pathways change with increasing background luminance in the long flash ERG. We showed 

that the isolated PII response declines in amplitude at much dimmer background luminances 

compared to the rod-driven response resulting in a large underlying negativity in mesopic 

backgrounds and suggests that changes in rod signaling through alternative pathways may help 

maintain retinal sensitivity in mesopic lighting. 

Future Directions 

Based on these results, future studies should consider incorporating the methods 

presented when planning or analyzing ERG studies in dogs. This thesis demonstrated that 

accurate parameters for mathematical models of the rod- and cone-driven a-wave can be derived 

using the ISCEV/ECVO standard flashes 1,13. These models provide an additional tool for post-

recording ERG analysis and can be used to quantify altered retinal function and determine 

potential physiological and biochemical bases for these changes. They also enable longitudinal 

assessment of changes in retinal function and quantification of recovery with gene augmentation 

therapy treatment. The short dark-adapted chromatic flashes can be easily incorporated into 

existing protocols for a succinct assessment of dark-adapted rod and cone function. Although the 

other methods require more extensive protocol alterations, they could be considered when 

assessing amplitude gain from rod to bipolar cells (blue-background ERG) or abnormal 30Hz 

photopic flicker recordings. 

To better understand and apply these results, future studies could expand these protocols 

and assess their applicability in additional dogs, both normal and models of inherited retinal 

disease. This includes applicability to dogs without cone function (as in achromatopsia) and dogs 

with specific defects in photoreceptor to bipolar cell signaling (as in models of CSNB). 

Additionally, the protocols could be expanded to assess responses to weaker and stronger flash 
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stimuli (in the chromatic and blue-background ERG) and higher frequency flashes in the flicker 

ERG (that approach the CFF).  Further research is needed to assess the reliability of these 

methods with different testing conditions. ERG responses differ based on breed, age, anesthetic 

protocol, choice and positioning of lenses, length of dark or light adaptation, background noise, 

and pupil dilation 43,46,48–51,53. These factors impede the establishment of global normative values 

and could be assessed for effects on measured responses and calculated parameters. 

Postreceptoral pathways can be further characterized with drug dissection to preferentially 

inhibit different populations of retinal cells, which would be particularly valuable in the long 

flash ERG to determine how photoreceptors respond at flash offset as well as characterize the 

relative contributions of ON and OFF bipolar cells. Additional studies could also quantify the 

types, morphology, and connections of different bipolar cells in the dog retina and compare these 

results to ERG findings in dogs and other species. Finally, future studies could be performed to 

correlate both normal and abnormal ERG recordings with structural findings such as those 

characterized by OCT. 

Contributions to Knowledge 

The full-field ERG is an invaluable tool in the diagnosis, characterization, and monitoring 

of global retinal function. The dog is used to develop and test translational therapies for the 

treatment of human retinal disease. Many methods used in the analysis of human retinal function 

are untested or infrequently used in dog ERG studies. This thesis demonstrates the utility of 

several expanded protocols and mathematical models of the ERG waveforms in characterizing 

retinal function in normal dogs and dogs with inherited retinal disease. Furthermore, this 

research establishes normal baseline parameters of canine retinal function, provides 

mathematical models for assessment of expanded protocols, and suggests simple techniques to 
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incorporate into future ERG protocols and analysis. These findings better characterize different 

contributions to the canine ERG and provide additional tools for future studies. 
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