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ABSTRACT 

 
The critical flicker frequency (CFF) is the lowest frequency for which a flickering 

light appears steady. Measuring CFF indicates rod- and cone-driven function 

relative to light intensity. CFF can be measured by both electroretinogram (ERG) 

and behavior. We measured CFF in several rodent models of retinal 

degeneration in order to better characterize retinal degeneration and understand 

the functional implications of electrophysiological changes. 

 We measured ERG CFF in RCS dystrophic (RCS-p+) and wild type (WT) 

rats at PN23, PN44, and PN64. ERG CFF data in RCS rats show significant early 

degeneration of the rods followed by cones. CFF was significantly lower at PN23. 

However, rod-driven CFF was more severely reduced. At PN44 there was no 

longer a discernable rod-cone break. By PN64 the rod driven CFF was 

immeasurable in the RCS rats. We measured a- and b-wave amplitudes to bright 

white flashes and ERG CFF in a β subunit GARP knockout (KO) mouse model 

(Cngb1-x1). At 1-month old KO mice exhibit a diminished dark-adapted b-wave 

and normal light-adapted b-wave compared to WT mice. Over the next 3 months, 

both dark- and light-adapted b-wave amplitudes declined, and the decline was 

greater for dark-adapted b-wave amplitudes. ERG CFF was lower for the KO 

mice at scotopic intensities, but normal at photopic intensities at one month of 

age.  CFF values remained stable in the KO mice as the b-wave amplitudes 



iii 

decreased with age. We measured a- and b-wave amplitudes to bright white 

flashes and CFF before and after a 10-day period of low-intensity (280 lux) light-

damage in albino rats. Dark- and light adapted ERG responses were significantly 

reduced after light damage.  The a-wave was permanently reduced, while b-

wave amplitude recovered over 80% by R20. There was a small, but significant 

dip in scotopic ERG CFF at R6. Photopic behavioral CFF was slightly lower 

following light damage.   

 Retinal degeneration did not consistently reduce CFF. In general, ERG 

thresholds were better preserved than ERG maximum amplitudes. We found that 

CFF measured by ERG agreed with behavioral measures. The preservation of 

threshold responses that mediate behavior has positive implications for the clinic. 
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INTRODUCTION

Retina

Overview

The neural process of seeing begins when light focused from the cornea 

and lens strikes the retina (Figure 1). The retina is a thin piece of neural tissue 

lining the back of the eye (Figure 2), remarkable for its highly ordered 

architecture and stratification.  Mammalian retina measures in the range of 

several hundred microns thick varying by species and vasculature 1. The retina 

contains 6 major neuronal cell classes: Photoreceptor, Horizontal, Bipolar, 

Amacrine, Ganglion, and interplexiform cells 2. Each class consists of numerous 

types and subtypes 3. Cell bodies typically reside in the outer nuclear layer 

(ONL), inner nuclear layer (INL), or ganglion cell layer (GC). Chemical signaling 

between cells occurs in either the outer (OPL) or inner plexiform (IPL) layers. 

Cells also communicate by direct electrical coupling through gap junctions 4.

Phototransduction

Photoreceptor cell bodies reside in the outer nuclear layer (ONL).  As their 

name photoreceptor implies, they are a class of receptor activated by light. 
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Figure 1. Annotated diagram of the rat eye. Entering light is focused by the 
transparent cornea and lens onto the retina. The retinal pigment epithelium forms 
a functional unit with the photoreceptors.  Visual signals are transmitted along the 
optic nerve. 
 
Note: From “The Rat’s Eye’s“ by A. Hanson, http://www.ratbehavior.org  
Copyright 2003, 2004 Anne’s Rat Page. Reprinted with permission.    
 

 

Photoreceptors transduce the electromagnetic energy spectrum of visible light 

into electro-chemical nerve impulses of the retina, which are propagated to and 

understood by the brain as visual phenomena. 

 There are two types of photoreceptors, rods and cones.  Rod and cones 

differ in morphology, visual pigment, response kinetics, and sensitivity 5-8. These 

differences translate to a functional specialization.  Rods are optimized for vision 

under dim or scotopic lighting. Cones mediate our high-acuity vision under bright 
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light and are also responsible for color vision.  The phototransduction process 

has been studied extensively in rods. 

 

 

Figure 2. Illustration of the retinal layers. There are three nerve cell body layers 
and two synaptic layers.  The photoreceptor cell bodies reside in the outer 
nuclear layer (ONL). Opsin molecules are manufactured in their inner segments 
(IS) and transported to the outer segments (OS), the site of phototransduction. 
Horizontal and bipolar cells in the inner nuclear layer (INL) communicate with 
photoreceptors in the outer plexiform layer. The visual signal is further processed 
by amacrine cells in the INL and ganglion cells in the ganglion cell layer (GC) 
before being transmitted along the optic nerve to the brain  
 
Note: Adapted from a drawing by Ramon y Cajal 9, 1911 Public Domain.  
 
 

 Phototransduction is initiated when a photon of light is absorbed by 

photosensitive visual pigment rhodopsin (Figure 3), embedded in the stacked 

membraneous disks of the rod photoreceptor’s outer segments (OS). Rhodopsin 

consists of an opsin protein moiety covalently bound to 11-cis retinal via a Schiff 

base linkage 10.  The absorbed energy of a photon can produce a conformational 

change of 11-cis-retinal to the all-trans configuration. Activated rhodopsin (R*) 

catalyzes the exchange of bound GDP for cytosolic GTP on the alpha subunit of 
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the heterotrimeric Tαβγ complex, releasing an active G Protein transducin 11, 12. 

Activated transducin Tα (T*) in turn activates phosphodiesterase (PDE*) by 

relieving inhibition from its PDEγ subunit 13. Activated phosphodiesterase (PDE*) 

hydrolyzes cGMP to 5'-GMP 14.  

 

 

Figure 3 Photons of light initiate the phototransduction cascade.  Activated 
Rhodopsin (R*) turns on Transudin (T*), which relieves the inhibition on 
Phosphodiesterase (PDE*).  PDE* hydrolizes cGMP leading to a closure of cyclic 
nucleotide gated ion channels 
 
Note: From “Turned on by Ca2+!“ by A. Polans, W. Baehr, & K. Palczewski 15 , 
Trends in Neurosciences, p. 549. Copyright 1996 Elsevier Limited. Reprinted 
with permission.    
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A decrease in cGMP concentration results in closure of cGMP-gated ion 

channels.  Closing cGMP channels interrupts the inward flowing ‘Dark Current’, 

resulting in a hyperpolarization of the photoreceptors.  This change in electrical 

potential spreads passively to the synaptic terminal, where it decreases 

glutamate release 16, 17. The visual signal is further processed by bipolar and 

ganglion cells in the retina before traveling out along the optic nerve to visual 

cortex in the brain. 

 

Retinal Pigment Epithelium 

 Retina is arranged counter-intuitively with photoreceptor outer segments 

furthest away from incoming light, nestled next to the retinal pigment epithelium 

(RPE) and the choroidal vasculature. This seemingly inverted organization of the 

retina may be explained by the retina’s high metabolic demands 18. RPE plays an 

integral role in the visual process, forming a functional unit with the 

photoreceptors (Figure 4) 19. RPE is a cuboidal monolayer of polar epithelium 

cells, which forms the blood-brain barrier between retina and choroid.  The RPE 

shuttles ions and nutrients basally from the choroid to the photoreceptors through 

its apical processes. RPE removes photoreceptor waste including shed rod outer 

segments 20. Also of key importance is the recycling of all-trans-retinol into the 

photosensitive 11-cis configuration 21. Mutations to RPE and or photoreceptors 

are primary causes of retinal degeneration (e.g. Retinitis Pigmentosa) and 

subsequent blindness. 
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Figure 4 Retinal Pigment Epithelium (RPE) plays several key roles ensuring 
photoreceptor function. RPE helps maintain homeostatic ion balance, recycles 
11-cis retinal, and phagocytosis shed rod outer segments  
 
Note: Adapted from “The Retinal Pigment Epithelium in Visual Function” by O. 
Strauss 19, Physiological Reviews, p. 846. Copyright 2005 by the American 
Physiological Society. Adapted with permission. 
    
 

 

Retinitis Pigmentosa 

Retinitis Pigmentosa (RP) is a heterogeneous group of inherited retinal 

degenerations affecting one in every 4000 individuals world-wide 22. Over 100 

genes have been implicated in the etiology of RP 22-24, including mutations to 

choriocapilaris 25, RPE 26, and photoreceptor proteins 27. Although the causes of 

typical RP are diverse, degeneration follows a stereotyped pattern in which rods 

degenerate first; then cones. In RP it is highly unusual for cone degeneration to 

precede rod degeneration 28.  Cone Rod Dystrophies (CRD) in which there is a 

primary or concomitant cone degeneration have an estimated prevalence of only 
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1 in 40,000 29. Cone degeneration impairs our important daytime visual function 

and eventually leads to blindness due to the cone photoreceptor’s critical role in 

high acuity vision. A worthy goal that is being actively pursued is to prevent 

secondary cone degeneration in RP.  

 The precise mechanism leading to cone death during RP degeneration is 

unclear.  There is evidence supporting a primary role for structural and 

biochemical changes in the degenerating retina 27, 30-32. Foremost, is the idea that 

rods secrete cone viability factors (Rod-derived Cone Viability Factors (RdCVFs)) 

33, 34. Studies have demonstrated increased cone survival when rod 

photoreceptors were transplanted 35 or co-cultured 36 alongside degenerate rd1 

mouse retina.   

 Several endogenous factors that prevent photoreceptor degeneration 

have been isolated 37, 38. Pigment epithelium-derived factor (PEDF) inhibits retinal 

degeneration in rodents by inhibiting the nuclear translocation of apoptosis-

inducing factor (AIF) 39. PEDF works in synergy when administered or co-

expressed with human Fibroblast Growh Factor (hFGF) 40, 41. Intravitreal 

injections of fibroblast growth factor (bFGF) delays the onset of photoreceptor 

degeneration in RCS rats 42. Adenovirus-mediated (AAV) gene transfer of Cilliary 

Neurotrophic Factor (CNTF) prevents morphological deterioration in rodent 

models 43-46. Subretinal injections or AAV delivered Glial Derived Neurotrophic 

Factor (GDNF) also inhibits photoreceptor degeneration in rodent models 47, 48.  

Native rod factors RdCVF1 and RdCVF2 of the thioredoxin super family 
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demonstrate trophic cone cell activity 38, 49. Cone survival was significantly 

decreased in retinal explants deprived of either RdCVF1 or RdCVF2.   

 Trophic factors do not always produce a clear benefit.  Administration of 

bFGF is implicated in the formation of dose dependent cataracts 42. CNTF may 

impair ERG and visual function 45, 46, 50-53. Generally, it is not clear whether 

morphological and or electrophysiological improvements will yield real gains to 

vision.  Comparisons between rod and cone based measures of 

electrophysiology, histology, and behavior may aid our understanding and our 

ability to assess the benefits of treatment. 
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Electroretinogram 

Components of the Electroretinogram 

 The electroretinogram (ERG) represents the massed electrical activity of 

retinal neurons in response to light stimuli. ERG recordings to bright flashes of 

light (Figure 5) results in a waveform composed of an initial negative inflection (a-

wave) followed by a positive deflection (b-wave).  

 

 

Figure 5 ERG recording in mouse.  A bright 505 nm flash of 10 ms duration was 
delivered at 0s. The initial negative inflection known as the a-wave is followed by 
positive b- and c-waves. 
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Granit was first to attribute the appearance of standard features (a-wave, b-wave, 

etc…) in the ERG waveform to underlying physiological processes (PI – PIII) in 

the retina (Figure 6) 54, 55.  

 

 

Figure 6. Generators of the ERG signal have been located at different retinal 
layers.  The a-wave mainly reflects photoreceptor activity. The b-wave and flicker 
response is thought to come mostly from ON-bipolar cells.  Oscillatory potentials 
come from inner retina.  
 
Note: From “Making Diagnostic Use of the Electrical Events in the Retina” by G. 
Niemeyer, http://www.thebalticeye.com Copyright 2008 The Baltic Eye. Reprinted 
with permission.  
 
 

 Our contemporary understanding of the ERG waveform and its 

physiological significance has grown considerably. A negative PIII process 

underlying the ERG has been proposed to originate from photoreceptors and 

singularly contribute to the leading edge of the a-wave 56-59.  Pharmacological 
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isolation of the positive PII process with analogs of glutamate reveals the 

principal responsibility of depolarizing ON-bipolar cells (DBC) for the b-wave 60, 

61.  Similar pharmacological blocking demonstrates the Hyperpolarizing  

 

 

 

Figure 7 An ERG recording in mouse to a 3 second step of light shows the OFF 
response or d-wave.  The d-wave is generated by OFF bipolar cells.   
 
 

OFF-bipolar Cells (HBC) role in mediating an OFF response or d-wave (Figure 7) 

62, 63.  Non-neuronal slow potentials elicited from RPE and Müller Glial cells are 

reflected in a positive going c-wave (figure 5), which follows the b-wave.  The c-

wave arises as a direct result of changes in the extracellular ion concentration of 

potassium due to phototransduction 64-67. 

 Oscillatory Potentials (OPs) are high frequency wavelets riding the 

ascending limb of the b-wave; they are a less obvious, but important component 
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of the ERG. The cellular origins of the OPs are unclear. They are thought to be 

generated by activity of the inner retina 68, 69. Intra-retinal ERG recordings in 

mudpuppy retina showed that the generators of individual OP wavelets are 

located increasingly distal to inner retina with respect to their timing 70.  OP 

generators are believed distinct from the physiological processes giving rise to 

the b-wave 71. However, their superimposition on the b-wave’s leading edge 

affects the peak time and the amplitude of the b-wave 72. Retinal degeneration 

can adversely affect OP timing and amplitude 73-77. Oscillatory Potential analysis 

has been used in human studies to characterize damage to inner retina 78, 79. 

 

Isolated Rod or Cone ERG  

There are several commonly used techniques in electroretinography for 

generating isolated rod or cone pathway responses.  The red minus blue 

subtraction 80, 81 technique takes advantage of the differences between the 

spectral sensitivities of rod and cone photo-pigments in humans.  Responses 

from spectral flashes are photopically matched and then subtracted in order to 

yield a pure rod or cone response.  Rods have a spectral sensitivity peak at 

around 498 nm 80, 82, and are most sensitive to blue light.  Dim blue flashes less 

than .85 log scot td s 83, only activate rod receptors.  A longer wavelength red 

flash will yield a mixed rod and cone response. Middle and long wavelength cone 

receptor peak spectral sensitivity is between 521-575 nm 80 in primates including 

humans. The red flash intensity can be manipulated respective to rod spectral 

sensitivity so as to elicit a rod response equal to that of the shorter wavelength 
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dim blue flash.  The two flashes arranged thus are defined as scotopically 81 

matched, since they differ in wavelength and intensity, yet elicit the same rod 

response.  Computationally subtracting the rod only response from the mixed rod 

and cone response yields an isolated cone response.  Similarly, an isolated rod 

response can be computed by subtracting the derived cone response from a 

photopically matched blue flash 81.  There are several drawbacks to deriving pure 

rod or cone responses from spectrally matched flashes.  Degenerative changes 

to spectral sensitivity and response amplitude may alter the intensities required 

for generating scotopically and photopically matched flashes 84, 85.  Moreover, in 

rat the close proximity of maximum wavelength of absorbtion (λmax) between 

photo-pigments of the rods and cones 86 prohibits the procedure from being 

effectively employed.  Finally, the spectral flash technique is limited over the 

intensity range in which a blue flash evokes a rod only response.   

Photoreceptor activity can be independently measured with the ERG a-

wave.  Computational models predict the bio-kinetics of receptor response R (i, t) 

as a function of time t after the presentation of a flash of energy I 57, 58.  Fitting 

these models to the leading edge of the a-wave demonstrates its receptoral 

origins.  While medium intensity scotopic flashes are effective for generating 

isolated rod activity, pure cone recordings must be obtained using photopically 

matched spectral flashes or a rod-desensitizing adapting field 56, 87.  Theoretically 

an adapting stimulus should saturate the rods while minimally activating cones.   

Subsequent flashes will primarily reflect cone responses.  Unfortunately, the a-
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wave’s leading edge embodies only a small portion, ca. 20 ms, of the total 

photoreceptor response.  

The paired-flash technique is another method for generating isolated 

photoreceptor responses 88.  In this paradigm, the recovery kinetics of the 

photoreceptors are analyzed by presenting an initial test flash followed by a 

higher intensity probe flash.  Response amplitude at the time of the probe flash 

indicates the remaining photoreceptor current.  By varying the inter-stimulus 

interval between these two flashes the remaining photoreceptor current can be 

determined at different times.  This technique also allows for the faithful 

reconstruction of the single cell rod response.  Isolated cone function can be 

ascertained using a similar protocol, but in conjunction with a rod adapting field 

89. 

These aforementioned techniques suffer from several drawbacks when 

attempting to measure the cone response.  First, rod saturation cannot be 

complete without some activation of cone receptors as well.  Second, the effects 

of rod adaptation upon the cones is unclear, in rat for example the photopic ERG 

grows with light adaptation 90.   Finally, post receptoral activity occurs far earlier 

after activation of cones than for rods 89. 

 An alternative double flash protocol generates pure cone responses by 

taking advantage of the differing temporal resolution of rods and cones 91, 92. Rod 

receptors are specialized for maximum sensitivity, responding with high gain.  

Part of the trade off for this high sensitivity is a low temporal resolution. When the 

inter-stimulus interval between two flashes is brief (1 s), the faster cone response 
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will have recovered while the relatively slower rods will still be saturated.  The 

second probe flash will then mainly reflect cone pathway activity. Similarly, rod 

and cone response can be resolved by the flicker response.  

 

Flicker ERG 

 ERG recordings to flicker yield a modulated response.  As flicker 

frequency increases response amplitude decreases. The International Standard 

for Clinical Electroretinography recommends using 30 Hz photopic flicker in 

humans in order to isolate cone function 93, since the rods are unable to follow 

flicker at this relatively high frequency 94.   

 

 

Figure 8 ERG recording in rat to 10 Hz flicker.  
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The threshold frequency at which a flickering light appears steady is known as 

the critical flicker frequency (CFF). Similarly, the stimulus frequency which 

causes a just detectable modulated response on the ERG is also known as the 

critical flicker frequency (CFF). The biochemical and biophysical kinetics of the 

photoreceptor response forms a ceiling of maximum temporal resolution.  Since, 

cone receptors and their pathways have a greater temporal resolution than rods 

91, 92, CFF is higher at photopic intensities.  This yields a branched CFF curve for 

both psychophysical and electrophysiological measures of CFF as a function of 

light intensity. 

 

Retinal Origins of the High Frequency Flicker Response 

 Early studies led researchers to believe in an outer retinal locus as the 

origin of the fast (high frequency) flicker ERG signal 95-102.  Recent 

pharmacological studies in primate have called this idea into question, 

demonstrating a relatively minor photoreceptor contribution to the fast photopic 

flicker ERG.  2-amino-4-phosphonobutyric acid (APB) is a competitive agonist of 

sign-inverting glutamate receptors.  APB is capable of blocking signal 

transmission to the depolarizing bipolar cell (DBC) ON-pathway 103.  cis-2,3-

Piperidinedicarboxylic acid (PDA) suppresses OFF-pathway responses by acting 

as an antagonist at sign conserving glutamate receptors on hyperpolarizing 

bipolar cells (HBC) 104.  Using these glutamate analogs (APB & PDA) Bush and 

Sieving 94 were able to isolate the photoreceptor component of the ERG by 

selectively suppressing ON or OFF post-receptoral pathways.  Their experiments 
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executed at photopic intensities revealed that the pharmacologically isolated 

cone photoreceptor response to 33 Hz flicker is relatively small.  Rather, the 

majority of the response originated from ON/OFF bipolar pathways represented 

in the ERG b and d waves, respectively.           

 Expanding on this research, Kondo and Sieving 105 selectively suppressed 

ON/OFF pathways and recorded the flicker ERG at multiple temporal 

frequencies.  Vector analysis of the flicker ERG fundamental confirmed a 

relatively small contribution of the isolated cone receptors for frequencies greater 

than 24 Hz.  Furthermore, demonstrable differences in the phase response of ON 

and OFF pathways could be shown to determine the amplitude of the overall 

ERG.  Interestingly, total destructive interference of ON and OFF pathways was 

seen at 10 Hz, revealing a signal equal in amplitude to that of the isolated cone 

response. 

 The relative contributions of HBC and DBC to the flicker ERG in murine 

retina are less clear.  Krishna et al. 106 analyzed flicker ERG recordings in wild 

type and nob (no b-wave) knockout mice.  The b-wave, which is purported to 

originate from the DBC 60, 61, contributed less to high frequency flicker ERG 

recordings in mice than in primates. 

 Viswanathan, Frishman, and Robson 107 studied the contribution of spiking 

retinal neurons (ganglion, amacrine, and interplexiform layer cells) in macaque to 

the ERG.  A series of experiments were conducted administering 

pharmacological block of action potentials with either tetrodotoxin (TTX) or N-

methyl-D-aspartate (NMDA) alongside partial, full, or no blockage of ON/OFF 
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pathways using APB and PDA.  Subsequent analysis showed contributions of 

spiking neurons to both fundamental and second harmonic amplitudes across a 

frequency range from 0.5-120 Hz.  The contribution to the fundamental was 

demonstrated to be irregular across the frequency range and therefore theorized 

to be generated from multiple mechanisms.  A more continuous contribution to 

the second harmonic across frequencies likely represents a single mechanism 

from spiking neurons.       

 The scotopic flicker ERG has not been subject to such a detailed analysis 

concerning the origin of its components.  However, the identification of a 

branched rod function representative of fast and slow rod pathways has been 

identified 108.  The slower π0 rod pathway is optimized for sensitivity at the 

expense of its temporal resolving power.  The faster π΄0 rod pathway is thought to 

contribute at higher mesopic intensities.  Destructive interference between these 

two pathways may be evident in humans as a scotopic flicker null present at 15 

Hz 109.  The π΄0 rod pathway is usually masked by faster cone signals, especially 

under rod saturating photopic conditions.  However, out of phase rod and cone 

pathways will interfere destructively, as evidenced by a mesopic flicker null 

reported at 7.5 Hz in humans 110. 
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Psychophysics 

Psychophysical Response to Flicker 

 CFF is the frequency at which a modulated light varies between appearing 

steady or flickering. This relationship between CFF and light intensity is probably 

the most well known CFF phenomenon and has been described mathematically  

 

 

Figure 9 CFF as a function of intensity for various colors of light, Hecht and 
Schlaer (1936) 111 
 
Note: From “Intermittent Stimulation by Light. VI.“ by S. Hecht and E. Smith , The 
Journal of General Physiology, p. 979-91. Copyright 1936 Hecht and Smith. 
Reprinted with permission.    
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by The Ferry-Porter Law 112, which states that CFF increases directly with the 

logarithm of stimulus intensity. 

 The branched nature of the CFF curve reflects the retina’s duplex nature 

and respective differences between rod and cone temporal resolution.  Hecht 

and Schlaer 111 demonstrated this intensity dependent function of rod and cone 

pathways in human by making psychophysical measurements of CFF (figure 9). 

In a first set of experiments the CFF curve was determined at increasing retinal 

eccentricities 111.  A flickering light confined to the fovea yields an unbranched 

sigmoidal curve.  The retinal location and continuous nature of the data suggest 

a CFF curve mediated by only the cones.  In order to confirm this, Hecht and 

Schlaer proceeded to determine the CFF curve for different wavelengths equated 

with respect to photopic spectral sensitivity (Vλ).  The results, seen in Figure 9, 

show a convergence of CFF curves at higher intensities, supporting the idea that 

cone receptors singularly mediate faster CFF values at higher intensities.  

Moreover, the disparate branches at lower intensities suggest that the rods, with 

a different spectral sensitivity, predominate to determine CFF at lower light 

intensities. 

 Factors such as color, size, and shape of a flickering stimulus also affect 

CFF values 113.  Wavelength of the stimulus affects CFF due to the spectral 

sensitivities of the rod and cone receptors, as seen in figure 9. The shape of the 

stimulus wavefom (square, sine, sawtooth, etc) has negligible affect with respect 

to the wave’s fundamental fourier component. Psychophysical and 

electrophysiological experiments have found comparable results for both square 
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and sine waveforms of the same fundamental frequency upon which CFF is 

based 114, 115.   

 Detecting flicker or a change in light intensity ultimately depends on the 

temporal resolving power of the visual system.  If the temporal frequency of a 

stimulus exceeds the ability of the visual system to integrate information over 

time, then rapid fluctuations of intensity will not be perceived.  As such, CFF is a 

measure of temporal resolution informing us of the smallest perceivable temporal 

discrimination the visual system can make.  
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Rodent Models of Retinal Degeneration 

Royal College of Surgeon’s Rat 

Animal models provide an important means for studying retinal 

degeneration.  Rats are of great utility owing to their prolific nature and the 

availability of genetically homogeneous strains.  Characterizing rat models of 

retinal degeneration is typically accomplished by monitoring both functional and 

morphological changes to the retina in comparison with normal development of 

wild type animals.  This type of research has important implications for our 

understanding of the retinal machinery as well as possibly hastening the 

development of therapeutic treatments for degenerative conditions 28.  

 The Royal College of Surgeon’s (RCS) rat was the first known rat model to 

have an inherited retinal degeneration. The dystrophy was brought to the 

attention of Bourne et al. in 1938, due to the co-morbid presentation of a 

cataractous condition in the original pink-eyed piebald agouti strain (Rattus 

Norwegicus). Bourne et al. noted the “striking resemblance which the histologic 

picture in certain stages of the development of this lesion bears to the 

microscopic appearance described in certain cases of retinitis pigmentosa” 116.   

 The RCS rat is a model of choice for studying RP and has been 

extensively characterized. In RCS rat, degeneration is due to the failure of RPE 

to phagocytose shed outer segments 117-120. The outer segments accumulate in 
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the subretinal space forming a cytotoxic debris zone 121. Rod photoreceptors die 

by apoptosis 122, however the exact events triggering cell death are unknown 123-

125.  The debris zone may interfere 126 with diffusion of metabolites 127 or oxygen 

128.  As is typical in RP, cones degenerate secondarily to rods.  

The inability of RPE to phagocytose outer segment material has been 

traced to a recessive mutation in c-mer proto-oncogene tyrosine kinase receptor 

gene (MERTK) 129, 130.  Specifically, a frameshift mutation causes a truncation of 

the mer protein.  This interferes with the recognition of the growth arrest-specific 

6 (Gas 6) ligand, necessary for the phagocytosis signaling pathway 131. An 

orthologous mutation in humans will manifest as RP, similarly arresting the RPE 

phagocytosis pathway26 and ultimately resulting in blindness. The genotype and 

associated disorder is present in albino as well as pigmented rat strains 127, 132.   

 A seminal study in 1962 by Dowling and Sidman characterized the 

biochemical, functional, and histological changes in the degenerating RCS rat 

retina 121. Starting as early as post-natal day (PN) 12 they noted an abnormally 

thick OS layer. At PN22 the inner segments begin to shrink up and 

photoreceptors start to degenerate.   The OS layer continues to grow until PN27.  

At about this age rhodopsin content of the retina reaches a maximum, over twice 

that of control animals. By PN40 ONL is reduced to a couple of rows and inner 

segments are completely missing.  At PN60 degeneration is nearly complete.  

Few photoreceptors remain and rhodopsin content has fallen precipitously. The 

pigment epithelium is disorganized and some of the cells have migrated from the 

monolayer. 
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In RCS rats, ERG recordings by Dowling and Sidman 121 show a slightly 

raised threshold as early as PN18, followed by depression of the a-wave at 

PN22, and reduced b-wave amplitudes by PN32.  Other early ERG recordings 133 

showed a detectable difference in maximum b-wave amplitude as early as PN20.   

These early results are consistent with more recent findings 134, which show a 

rapid decrease in a-wave and b-wave amplitude after PN35.  Psychophysical 

experiments 135 confirm an elevated threshold response for RCS rats between 

PN 35 to PN60. 

 Double Flash technique 136, aimed at isolating rod or cone pathway 

responses, indicate that rod pathway function is impaired as early as PN18 with 

continuing degeneration after PN21 137.  However, in the same study isolated 

response of the cone b-wave remains normal until PN42.  Cone pathway function 

in RCS rats was also studied by recording ERG responses to flicker at one mean 

luminance 138.  In this flicker study, cone function exhibited signs of dysfunction 

as early as PN28. 

 A number of behavioral studies have investigated loss of visual function in 

the RCS rat.  These studies show functional declines that depend on the type of 

visual processing demanded by the behavioral task.  Visual function is better 

preserved for those tasks that require integration over large areas of the retina in 

contrast to an early loss of high resolution acuity.  In this respect, even elder 

RCS rats appear to retain some rudimentary visual capacity.  Conditioned 

suppression studies aimed at training RCS rats to detect a bright light signal 

using foot shock, found RCS rats competent to detect a light signal at as old as 2 



25 

years, a point at which only a few stray photoreceptors remain139.  Trejo and 

Cicerone140 carried out similar conditioned suppression studies, which showed a 

decline in the RCS rat dark adapted threshold response of about 0.5 log units per 

month beginning 4 months postnatally.  Water maze experiments have also been 

used to gauge the visual function of the RCS rat.  In this type of experiment, the 

rat is trained to associate a light stimulus with an escape platform, taking 

advantage of the rat’s aversion to drowning141, 142.  Performance time is used as 

an indicator of functional deficit.  In water maze experiments RCS rats took 

significantly longer to find an escape platform than wild type.  However, RCS 

rats’ performance times were stable for the first six months after which they 

rapidly increased143.  Interestingly, this decrease in visual function in RCS rats is 

happening at a time in which there is little change in photoreceptor populations.  

Other behavioral evidence for a crude and lingering visual capacity in the RCS 

rat stems from pupilometric studies144 as well as the rat’s preserved 

photophobia145. 

 Behavioral studies on younger RCS rats, confirm a reduced dark-adapted 

threshold, which remains stable between PN36 and PN103135.  Reflex 

modification studies however, show the failure of a pre-light stimulus to inhibit the 

RCS rat’s startle reflex as early as PN100.  Visual acuity studies show a similar 

precipitous early decline in visual function.  RCS rats lose the ability to head-

track gratings as large as 0.5 cyc/deg as early as 8 weeks of age146.  A separate 

water maze study determined RCS spatial resolution acuity to be 80% of wild 

type at 1 month with dramatic decreases thereafter 147.   
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Light Damage 

 Light inflicted damage is a commonly used method for studying retinal 

degeneration 148-151.  There are many advantages to using this model.  Genetic 

models like RCS may suffer from functional changes not associated with the 

primary defect. For example, RCS rats are generally smaller in weight and size.  

It is unknown what impact these changes to the body and possibly other 

unapparent corollary changes, stemming from loss of Mertk function, might have 

on retinal degeneration.  Similarly, mutations in other genetic models of retinal 

degeneration may have confounding variables such as synaptic remodeling 152.  

In the light damage model however, by manipulating simple stimulus parameters 

such as stimulus intensity, wavelength, and duration of exposure we can 

precisely control the magnitude of the effect.  Moreover, the extent of damage 

can be consistently reproduced. 

 Non-thermal photochemical damage of the retina can be broadly classified 

broadly into Class I or II type damage 153-155.  Our experiments will investigate the 

degenerative changes that result from Class I type damage.  Briefly, however, 

Class II or Ham type damage from high intensity light was originally 

demonstrated in primate retina.  Ham et al. found that by irradiating small 

patches of retina in anaesthetized monkey’s they could preferentially damage 

photoreceptors or RPE 156, 157 depending on wavelength.  Gorgles and van 

Norren 153 confirmed Ham’s spectral classification by examining the effect of 

wavelength on threshold intensity for light damage in albino rat 153.  Rats 
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exposed to light in the (320-440) UV range suffered photoreceptor damage, while 

those exposed to light in the 470-550 nm range, suffered both photoreceptor and 

RPE damage. 

 Class I damage results from long exposures ( > 12 hrs) at relatively 

moderate intensities over large areas of the retina in freely roaming animals.  

Photoreceptors are predominantly affected, however varying degrees of RPE 

damage will result depending on experimental conditions.  Noell et al. discovered 

this class of retinal damage in albino rats after prolonged exposure to ordinary 

fluorescent light bulbs 158.  In a series of experiments (for review see 159), Noell et 

al. exposed freely roaming albino rats to low intensity (130-270 lux) filtered green 

fluorescent light.  The resemblance of the action spectrum of this light to 

rhodopsin’s absorption spectrum suggested a role for rhodopsin or one of its 

bleach products in mediating photo-toxicity 158, 160.  Grimm et al. 161 demonstrated 

preservation of rod inner segments in young rhodopsin deficient mice after light 

damage confirming rhodopsin’s primary role in mediating light-induced 

photoreceptor apoptosis.   

 The degenerative changes post-exposure noted by Noell et al. 159 affected 

photoreceptor and RPE cell layers.  However, damage to photoreceptors 

compared with RPE could be enhanced by reductions in light intensity.  Rapp 

and Williams 162 confirmed this in experiments using only 65 lux.  Additionally 

using filtered blue light appears to effectively target photoreceptors over RPE 

cells 163.  Noell et al. 159 found they could maximize photoreceptor death with 

relative sparing of the RPE by using younger 20 day-old dark-reared albino rats.  
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These rats also exhibited an extended period of ERG recovery, which results in 

an abnormally high a-/b-wave ratio 2-3 months after light damage.  Both the age 

and ‘light history’ of an animal have proved to be variables of consequence when 

implementing light damage. 

 Ballowitz and Dammrich 164 determined that rats exposed to continuous 

fluorescent light from birth suffered less damage to their retinas than adult rats 

given equivalent exposures.  O’Steen et al. 165 compared the vulnerability of 

various aged groups of albino rats to high intensity (3,780 lux) brief 

duration ( < 24 hrs) exposures.  Adult rats (16-24 weeks) were the most 

susceptible to damage, in contrast to younger rats ( < 5 weeks), which did not 

appear vulnerable.  Organisciak et al. confirmed the greater vulnerability of older 

animals to light damage by exposing different aged groups of albino rats to 1500 

lux for a 24 hour period.  However, this disparity was eliminated if animals were 

dark-reared. Noell et al. also showed that rats reared or maintained in constant 

darkness prior to exposure exhibit greater vulnerability to light damage 166.  

Animals raised in cyclic light are afforded greater protection from light damage 

due to the upregulation of several antioxidative agents 167. 

 There is some controversy over whether rod or cone function is more 

severely impaired by light damage.  Early studies found remaining visual function 

in rats apparently devoid of rods.  In a series of light-dark discrimination studies, 

Bennett et al. exposed albino rats to fluorescent light between 200-400 lux, as 

measured from the cage floor, for up to 200 days 168-170.  Typical performance on 

a task discriminating an illuminated from dark reward chamber was significantly 
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above chance, even in rats where rod photoreceptor loss was apparently 

complete.  In concurrent studies O’Steen & Anderson had similar results 

regarding the spatial resolution of light damaged rats 171, 172.  In this set of 

experiments albino rats were exposed to fluorescent light, which reflected from 

the cage floor measured 194 lux or 760 lux directly 168.  Rod photoreceptors were 

undetectable after only 30 days of exposure.  However, rats were unimpaired on 

their ability to make black-white and pattern discriminations.    

 Following this mantle of work led researchers to believe that a number of 

undetected and more resilient cone cells were mediating the remaining function.  

In a series of histological assays conducted to determine nuclear morphology 

and cell type by heterochromatin staining, La Vail showed a greater percentage 

of cones surviving light damage than rods 173.  In one experiment, 7 week-old 

Fischer albino rats were exposed to 700 lux, measured from cage floor, for 54 

days.  The percentage of cones in posterior sections of the retina increased from 

1.5 to 21.8%.  In the peripheral retina the percentage of cones increased from 

1.5 to 10.3%.  The percentage of surviving cones increased to roughly 60% when 

the time of exposure was extended beyond 178 days. 

 Using the ERG, Cicerone measured the dark-adaptation curve in light 

damaged albino rats 174.  Rats were first exposed to 1080 lux, measured at cage 

floor, for up to 24 hours and then dark adapted for 24 hours before ERG testing.  

She found the rod branch of the dark adaptation curve was significantly raised 

while the cone branch was relatively unaltered. 
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 The characterization of the rods as more vulnerable than cones to light 

damage is not consistent throughout the literature.  Experiments on pigeons by 

Marshall, et al. indicate the contrary 175, 176.  Birds exposed to 3000 lux for a 24-

hour period showed preferential cone degeneration.  A lower threshold for cone 

damage has been confirmed in monkeys 177, 178.  Skyes, et al. found the 

threshold for cone damage after 12 hours of exposure was in a range of 5,900 

and 10,800 lux, whereas the threshold for rod damaged occurred between 

10,800 and 19,400 lux.  These alternative findings may be due the relatively high 

exposure intensities and inter-species variablility.  However, Williams et al. 

demonstrated a greater decline of photopic function in albino rats by determining 

their thresholds for seeing flicker 179.  After learning to discriminate a flickering 

stimulus, adult rats were then exposed to 700 +/- 140 lux for 8 days.  Plotting 

CFF as a function of light intensity for the light damaged rats yielded curves, 

which seemed to reflect rod driven activity.  

 In another ERG study detailing the changes to both rod and cone 

pathways 8 week old albino rats were exposed to between 1000-3000 lux for up 

to 48 hours 180.  ERG measures taken one week post-exposure show significant 

reductions to light- and dark-adapted b-wave amplitudes as well as threshold 

responses.    

 There are several factors, which may account for the discrepancy between 

rod and cone vulnerability.  Hao, et al. recently demonstrated at least two bio-

chemically distinct apoptotic pathways active in light damage.  After exposing 

guanine nucleotide binding protein, alpha transducing 1 (Gnat1-/-) knockout mice 
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to bright light, 1700 lux, for seven days they were able to show damage that was 

independent of transducin activation or downstream events.  In contrast, 

prolonged exposure to a dim light of 20 lux engendered degenerative changes 

that required transducin activity.  The relative damage to rods or cones from 

these forms of apoptosis has not been quantified. Alternatively, ERG recordings 

may be detecting a relatively greater amplification of the cone signal.  

Comparisons between ERG and histology have been made on albino rats that 

were exposed to 2000 lux for up to 48 hours 73.  This study indicated that 

photopic log b-wave amplitudes decline twice as much per cone lost than 

scotopic log b-wave amplitudes declines per rod lost.  Finally, there is some 

evidence that the relative vulnerability of scotopic and photopic systems is 

dependent on an animals’ history of exposure before damage 181.  Rod 

photoreceptors in dark reared animals are more vulnerable to light damage. 

 

Cngb1 Knockout Mouse 

 The mouse has hugely benefited our understanding of vertebrate 

genetics. Extensive knowledge of the mouse genome enables “precise 

engineering of DNA sequence alterations that can be passed stably to offspring 

and analyzed genetically at the level of the whole organism” 182. This is 

particularly useful in vision science research where single mutations are known 

to cause RP. Transgenic mice targeting proteins of the cyclic nucleotide gated 

(CNG) channel have been developed 183-186. 
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 CNG channels reside on the plasma membrane of photoreceptor outer 

segments (OS).  Changes in CNG channel conductance triggered by 

concentration change in cGMP binding are essential to phototransduction. The 

rod photoreceptor cyclic nucleotide gated cation channel (CNGC1) is composed 

of α and β subunits (Figure 10) occurring with a stoichiometry of 3α: 1β 187. The 

gene locus of the β subunit (CNGB1) consists of 33 exons 188.  The β subunit is 

distinguished by a glutamic-acid-rich protein (GARP) region at its N-terminal third 

189.  Alternative splicing of CNGB1 gives rise to two shorter soluble forms of 

GARP 190.  GARP-1 encoded by exons 1-16 exists in extremely low 

concentrations.  This has impeded investigations into GARP-1 function. A shorter 

GARP-2 encoded by exons 1-12 also exists.  It has been determined that GARP-

2 binds to phosphodiesterase (PDE6), possibly helping to stabilize the PDEγ 

inhibitory complex in the dark 191.  The β subunit GARP region and the soluble 

GARP proteins both interact with peripherin-2 oligomers at the rim region of rod 

photoreceptor disk membranes.  This interaction suggests a structural role for 

GARP in connecting OS disks and the CNGC channel to the plasma membrane 

192.  

 Two separate β subunit knockout mice with Retinitis Pigmentosa type 

degeneration were recently developed Cngb1-x26 with exon 26 deletion 183 and 

Cvgb1-x1 with promoter region and exons 1 and 2 deletion 186. In Cngb1-x26 

knockout expression of the soluble GARP proteins are unaffected.  
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Figure 10 CNGC channels are composed of alpha and beta subunits. Both 
subunits consist of six trans-membrane spanning domains with a poor-loop 
region situated between domains 5 and 6. Cyclic nucleotide binding domain 
(CNBD) is also present in each subunit. The β subunit has an unusual bipartite 
structure consisting of N-terminal glutamic-acid-rich protein (GARP) region and a 
C-terminal channel like region. The modulatory Ca2+/CaM binding domains are 
unique to the beta subunit.  
 
Note: From “Focus on Molecules: Rod photoreceptor cGMP-gated cation 
channel” by S. Sarfare and S. Pittler 190, Experimental Eye Research, p. 174. 
Copyright 2007 Elsevier Limited. Reprinted with permission. 
    
 

 Homomeric α subunit ion channels form in heterologus expression 

systems. However α subunit expression is reduced in both knockout models. And 

the expression level of α subunits in Cngb1-x26 mice is apparently much lower 

than that in Cngb1-x1 mice.  The morphology of one month-old rod 

photoreceptors is relatively more healthy in Cngb1-x26 mice than that in Cngb1-
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x1 mice, the single cell’s response is more diminished in the former than in the 

latter, implying a distinctive role of GARPs in the photoresponse.  A fuller 

characterization of the Cngb1-x1 mouse will help to more clearly elucidate the 

role of GARP in disease pathogenesis and may provide a means to stabilize 

photoreceptor structural integrity. 
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Hypothesis 

In typical RP there is primary rod degeneration followed by cone loss. Therapies 

aimed at stemming secondary cone degeneration have been considered an 

important alternative to outright cures. Such an approach requires an accurate 

assessment of rod- versus cone-driven visual function. Cone function can be 

isolated by using the 30 Hz photopic flicker response, since rods are unable to 

follow flicker at this frequency 94, 95  In this manner CFF should also isolate rod- 

versus cone-driven visual function.  Our hypothesis is that rod- and cone-driven 

visual function can be accurately assessed by ERG or behavioral measures of 

CFF.  

 

We tested this hypothesis by addressing the following questions: 

1.  Do these measures reflect rod and cone degeneration evident in traditional 

flash ERG measures in rodent models of retinal degeneration? 

2. Will compensatory changes in b-wave response amplitude be reflected in CFF 

values?  

3. What ERG criterion generates a CFF measure that corresponds to behavioral 

CFF? 

4. How does the progression of retinal degeneration affect the relationship 

between ERG and behavioral CFF?  
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MANUSCRIPT PREFACE

The following chapters of this dissertation contain three separate 

manuscripts that together encompass our research into ERG and flicker 

evaluation of rod and cone function in degenerating retinas. In our first article, 

‘Flicker Assessment of Rod and Cone Function in a Model of Retinal 

Degeneration’ 193 (published 2007), we describe a method for measuring ERG 

CFF in the RCS rat, a model of inherited retinal degeneration. The second article, 

‘Age-Related ERG Changes in Cngb1-X1 Knockout Mouse: Cone Survival’ (in 

submission), was a collaborative effort made with Drs. Steven Pittler and Youwen 

Zhang.  In this study we applied our method for measuring ERG CFF to a new 

transgenic Cngb1 knockout mouse. Finally, in the third article, ‘Comparisons 

Between ERG and Behavioral CFF in a Light-Damaged Albino Rat’, we 

undertook a comparison of ERG CFF to psychophysically measured CFF in an 

albino rat light damage model of degeneration. We are making the final revision 

and it should be submitted prior to the defense. The reference collection for an 

individual manuscript is given following the text of that manuscript. And there is a 

global reference section at the end of the thesis whose numbering system refers 

to the numbers used in the introduction and discussion chapters.
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Abstract 
 

Critical flicker frequency (CFF) is the lowest frequency for which a flickering light 

is indistinguishable from a non-flickering light of the same mean luminance.  CFF 

is related to light intensity, with cone photoreceptors capable of achieving higher 

CFF than rods.  A contemporaneous measure of rod and cone function can 

facilitate characterization of a retinal degeneration.  We used sinusoidal flicker 

ERG to obtain CFF values, over a wide range of light intensities, in RCS 

dystrophic (RCS-p+) and wild type rats.  Recordings were made at PN23, PN44, 

and PN64.  The CFF curve in control animals increased in proportion to the log of 

stimulus intensity, with a gentle slope over the lowest 4 log-unit intensity range.  

The slope of the CFF curve dramatically increased for higher intensities, 

indicating a rod-cone break.  In the RCS rats the rod driven CFF was significantly 

lower in amplitude compared to normal rats at the earliest age tested (PN23).  By 

PN64 the rod driven CFF was immeasurable in the RCS rats.  The amplitude of 

the cone driven CFF approached normal values at PN23, but was greatly 

reduced by PN44.  By PN64 the entire CFF function was greatly depressed and 

there was no longer a discernable rod-cone break.  These CFF/ERG data show 

that RCS rats exhibit significant early degeneration of the rods, followed soon 

after by degeneration of the cones.  Using this approach, rod and cone function 
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can be independently accessed using flicker ERG by testing at a few select 

intensities. 
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Introduction 

Inherited retinal degeneration disorders, resulting from defects of the 

photoreceptors (retinitis pigmentosa / RP) or retinal pigment epithelium (age 

related macular degeneration / AMD), are a leading cause of blindness 1-4.  Initial 

loss of rod function is subsequently followed by a more debilitating loss of cone 

function 5, 6.  This two staged loss of photoreceptors proceeds even when the 

precipitating defect is associated with only rod physiological processes, 

suggesting that cones need rods to survive.   

The relationship between rod and cone function during retinal 

degeneration has been studied in Royal College of Surgeons (RCS) rats using a 

double flash technique 7.  Rod function was estimated by subtracting the cone 

based electroretinogram (ERG) response to the second flash from the mixed rod 

and cone response to the first flash.  Cone function alone has also been studied 

in RCS rats, 8 by using high frequency flicker leaving rod function to be inferred 

from other data.  Obtaining isolated measures of rod or cone function in rat is 

challenging due to the proximity of their respective photopigments 9.  We have 

used a method that allows contemporaneous, and isolated, assessment of both 

rod and cone function using the ERG to better follow the functional relationship 

between rods and cones.  We have applied this technique in the RCS rat, a 

widely used model of retinal degeneration 10, 11.  
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Critical flicker frequency (CFF) is the lowest frequency at which a flickering 

light appears steady.  The relationship between CFF responses and stimulus 

intensity has been described mathematically by the Ferry-Porter Law, the 

diffusion model, and the cascaded integrator model functions 12.  The rise in CFF 

with increasing background light reflects underlying activity of the neural retina.  

The biochemical and biophysical kinetics of the photoreceptor response forms 

the envelope of temporal resolution. 

Pharmacological studies in primate demonstrate a predominant bipolar 

cell contribution to flicker ERG recordings at high frequencies 13, 14.  By 

selectively suppressing ON/OFF pathways, Kondo and Sieving 14 showed a 

relatively minor contribution from the photoreceptors to the overall ERG at 

frequencies greater than 24 Hz; suggesting that the bipolar cell response kinetics 

may establish a new envelope (or ceiling) of maximum temporal resolution.  

Accordingly, ERG amplitudes at high frequencies could be accounted for by 

phase differences between depolarizing ON (DBC) and hyperpolarizing OFF 

(HBC) bipolar cell pathways.  The relative contributions of HBC and DBC to the 

flicker ERG in murine retina are less clear.  Krishna et al. 15 analyzed flicker ERG 

recordings in wild type and nob (no b-wave) knockout mice.  The b-wave, which 

is purported to originate from the DBC 16, 17, contributed less to high frequency 

flicker ERG recordings in mice than in primates. 

ERG recordings to sinusoidal flicker yield a modulated response, which 

follows the stimulus.  As flicker frequency increases the response amplitude 

decreases.  CFF/ERG is considered to be the frequency at which the response is 
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unmodulated and comparable to that of the noise level for a light of the same 

mean intensity.  Previous studies have shown sensitivity of phasic ganglion cells 

to luminance flicker in macaque that is comparable to results obtained from 

humans using psychophysical threshold measurements 18.  In humans, two 

studies found CFF/ERG to be higher than psychophysical CFF 19, 20, however the 

reverse has been reported in dog 21.  Both psychophysical 22 and ERG 

electrophysiological 23 measurements display a prominent rod/cone break, 

indicating the relationship between CFF and stimulus intensity.  We have used 

these CFF/intensity functions to follow the degeneration of both rods and cones 

in RCS rats compared to very stable CFF/intensity functions in wild type rats 

measured over the same ages.  While our studies have thoroughly investigated 

CFF versus intensity, one can easily imagine a much shorter test with limited 

stimulus intensities for quickly measuring rod- and cone- driven CFF. 
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Materials and Methods 

All animals were handled according to the principles of the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research.  

Pigmented RCS rats were studied as an RP model, in comparison to Long Evans 

wild type rats in order to assess rod and cone function.  Animals were maintained 

under cyclic 12-hour light/dark conditions.  Illumination was provided by 

fluorescent lighting (mean luminance = 140 lux).  Throughout the paper wild type 

refers to normal Long Evans rats.  ERG recordings were made postnatal (PN) at 

PN23 (n = 11), PN44 (n = 12), and PN64 (n = 12) (+/- 1 day).  

Rats were dark-adapted for at least 4 hours prior to anesthesia.  Rats 

were sedated with 3% isoflurane in a chamber and then anesthetized via 

intraperitoneal injection of xylazine (9.09 mg/kg) and ketamine (90.9 mg/kg).  

Corneas were anesthetized with proparacaine (0.5%) and pupils dilated with 

topical phenylephrine HCl (2.5%) and tropicamide (1%).  Only the eye to receive 

light stimuli was dilated. 

During recordings the rat was placed in a Faraday cage with head fixed by 

a bite-bar and body temperature maintained at 38°C by a heating pad (Braintree 

Scientific, Braintree, MA).  The light source was a 100-W tungsten-halogen lamp 

focused onto one end of a fiber optic.  A shutter with 6-mm aperture (Uniblitz; 

Vincent Associates, Rochester, NY) set stimulation duration for 6 seconds.  A 
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second ferro-electric liquid crystal shutter (LV050; Displaytech, Longmont, CO) 

produced flicker by sinusoidally modulating the stimulus.  An optical power meter 

(Graseby Optronics, Orlando, FL) was used to measure the energy output at the 

level of the cornea on every experimental day.  Average Michelson contrast of 

the flicker stimulus was .86, Stdev = ± .017    

Full-field ERGs were recorded using one of two different diameter 

recording electrodes, 2 mm and 4 mm, depending on the size of the animal 24.  

These consisted of a platinum wire loop embedded in the tapered end of a 

Plexiglas rod that had been hollowed out to receive the fiber optic.  This 

arrangement was designed to ensure a constant distance between the fiber optic 

and the eye.  The tapered end also acted as a diffusing element, yielding an 

isotropic plane of illumination at the pupil 24.  The reference electrode was a 

second platinum loop in contact with the non-stimulated eye.  Methylcellulose 

(Goniosol, CIBA Vision Corp, Duluth, GA) was applied to both eyes as well as to 

the recording and reference corneal electrodes.  The recording electrode was 

placed on the left eye and the reference electrode was affixed to the right eye.   

The amplifier (Astro-med CP122W; Grass Telefactor, W. Warwick, RI) was set to 

DC.  Responses were amplified 2000X and low-pass filtered at 300 Hz. The ERG 

voltage and stimulus-monitor signals were digitized with hardware (MIO16) and 

software (LabView) from National Instruments (Austin, TX).   

Stimulus strength was controlled by a set of calibrated inconel neutral-

density filters that allowed attenuation in steps of approximately 0.3 log units up 

to a maximum of 6.9 log units attenuation.  After CFF was determined for a given 
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attenuation, light intensity was incrementally raised.  Minor variations in energy 

output between experimental days, due primarily to use of either the 4 mm or 2 

mm electrode, was insignificant compared to the wide range of light intensities 

tested.  A three-cavity interference filter (Andover Co., Salem, NH) set the 

wavelength of the stimulus at 505 nm (35 nm bandwidth). 

 IGOR PRO  (Wavemetrics Inc, Lake Oswego, OR) was used for analyzing 

data and generating figures.   Experimental runs for each temporal frequency 

contain a total of 24 000 points, representing 6 seconds of recording at a 

sampling rate of 0.25 ms/pt.  The shutter was closed for the initial and final 500 

ms, thus 5 seconds of light exposure containing between 5 and 200 repeated 

cycles of the sinusoidal stimulus drove the retinal response.  The following 

stimulus frequencies were used: 1, 2, 4, 5, 10, 16, 20, 25, 32, and 40Hz.  The 

response was approximately sinusoidal mirroring the stimulus (Fig 11a pg 57).   

 An average response wave of one or two cycles was generated from the 

repeated stimulus cycles.  By using a constant stimulus duration of 5 seconds, 

the number of averaged cycles increased directly with frequency.  The first 0.5 s 

was ignored to avoid the transient caused by the stimulus onset (Fig 11).  So, for 

a 2 Hz stimulus frequency 9 cycles were averaged, while for a 20 Hz stimulus 90 

cycles were averaged.  Response amplitude remained stable throughout the 

presentation of the stimulus.  For large amplitude responses, there was less than 

5% difference between the response amplitude measured early (0-1 sec) or late 

(4-5 sec). 

 The average response was fitted with a sine wave in order to measure the 
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response amplitude (µV) (Fig 11b).  Direct peak to trough amplitude 

measurements were occasionally made for the lowest frequency and highest 

intensity, since these responses did not always conform well to a sinusoid.  A line 

was fitted to the log10 of the response amplitudes starting from the peak of the 

monotonic decline, which typically occurred at 1 or 2 Hz.  A 3µV criterion voltage 

point was used to define the electrophysiological CFF (Fig 11c). 
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Results 

The shape of the CFF versus intensity curves obtained from 23-day-old 

PN23 Long-Evans (wild type, PN23) rats can be seen in Figure 12a (open circles 

pg 58).   

CFF increased with a gentle slope over an intensity range from 1 to 40 000 

photons/µm2, while at higher light intensities the slope of the CFF curve 

increased dramatically.  The general shape and position of the CFF curves did 

not vary greatly as the wild type rats matured (Fig 12b, c, open circles).  

However, CFF curves of the oldest PN64 (Fig 12c, open circles) animals differed 

slightly with the development of a mesopic notch 25 around the rod-cone break, 

where CFF decreased slightly. 

 At the earliest age, PN23, the rod driven CFF values for all RCS rats were 

lower than all wild type (Fig 12a, filled circles).  Across the lower 3 log units of 

stimulation CFF of RCS rats grew from 13 – 25 Hz, in contrast to wild type 

values, which ranged between 18 – 34 Hz over the same intensity range.  CFF 

values of RCS rats were approximately 25% lower than wild type on average 

over this scotopic range of light intensities.  The rod-cone break occurred at 

roughly the same mean light intensity of 40 000 photons/µm2 for both RCS and 

wild type.  At this stimulus intensity, CFF values of RCS rats were on average 

30% lower than wild type CFF.  At the higher light intensities cone driven CFF 
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values for RCS differ less in magnitude and rose with a slope similar to wild type.  

 By PN44 RCS rats (Fig 12b, filled circles) suffered a loss of the lowest 1.5 

log units of the rod response range.  Also lacking was a clearly discernible rod-

cone break.  CFF values for cone driven light intensities were on average 45% 

lower in RCS at PN44.  RCS rats of this age exhibited the greatest variability of 

CFF values.  At PN64 (Fig 12c, filled circles), CFF values for RCS rats were 

generally the lowest at all light intensities, however there is some overlap 

between the best PN64 CFF values and the worst PN44 values.  Figure 13 (pg 

59) shows the range of values obtained for all ages of wild type rats (grey area = 

mean ± STDEV) in comparison to the mean (± STDEV) for the RCS rats at PN23 

(filled circles), PN44 (open triangles), and PN64 (filled squares). 
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Discussion 

Several early ERG papers 26-28 exploring the mechanisms of dark 

adaptation, evaluated rat CFF as a function of light intensity.  These early rat 

studies established a typical branched CFF curve as a function of stimulus 

intensity.  However, of these previous rat CFF studies, only Dodt and Echte’s 

curves 26 were well defined, having numerous CFF values determined over a 

wide range of stimulus intensities.  Their results are compared to our wild type 

PN64 rats’ CFF curves in Figure 14 (pg 60). Our wild type rat’s function has been 

shifted down by 17 Hz to align with Dodt and Echte’s.  The shapes of these two 

curves are in close agreement at mesopic and higher intensities.  However, over 

the dimmest scotopic range of intensities there is a marked difference in curve 

shape, ours declining more. This difference is perhaps the result of the steady 

state recording conditions employed by Dodt and Echte.  In their experiment 

separate lights were used for producing flicker and pre-adaptation to the mean 

luminance level.  The higher CFF values achieved in our experiments may also 

be attributable to our use of an averaging program and/or lower criterion of 

response compared to Dodt and Echte’s unspecified criterion. 

In RCS rats, ERG recordings by Dowling and Sidman 10 first revealed 

slight changes as early as PN18, followed by depression of the a-wave at PN22, 

and reduced b-wave amplitudes by PN32.  Other early ERG recordings 29 
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showed a detectable difference in maximum b-wave amplitude as early as PN20.   

These early studies used pink-eyed or albino RCS rats 30, which are known to 

deteriorate anatomically at a faster rate than black-eyed RCS rats 31.   

Recent experiments with pigmented RCS also demonstrate early declines 

in the ERG; Bush et al. 32 found a rapid decrease in a- and b-wave amplitudes 

after PN35.  Double Flash technique 33, aimed at isolating rod or cone pathway 

responses, indicate that rod pathway function is impaired as early PN18 with 

marked degeneration after PN21 7.  However, in the same study isolated 

response of the cone b-wave remains normal until PN42.  Cone pathway function 

in RCS rats was also studied by recording ERG responses to flicker at one mean 

luminance 8.  In this flicker study, cone function exhibited signs of dysfunction as 

early as PN28.  Our flicker results over a broad range of light intensities show 

abnormality in cone driven function of pigmented RCS rats as early as PN23.  

We did not follow maximum a- and b-wave amplitudes in our animals, in parallel 

with CFF measures. 

Our CFF measures indicate rod and cone degeneration as early as PN23.  

As seen in Table 1 (pg 61), average CFF values for a scotopic range of 

intensities (3.25 - 3.6 e+4 Photons/µm2) are significantly lower (66% of wild type) 

than wild type (p < .001; one-tailed two sample student’s t-test assuming equal 

variance).  While average CFF values approach normal (84% of wild type) for the 

photopic range (1.79 - 1.98 e + 6 Photons/µm2), values are still significantly lower 

(p < .05).  The slight cone degeneration at PN23 is a novel finding, which lends 

weight to CFF as an extraordinarily sensitive measure of retinal function.  
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However, the CFF values of individual RCS rats and wild type animals did 

overlap at this age, suggesting variable degeneration in individual animals. 

The degenerative condition of an individual could be quantified by 

comparisons to a baseline of normal performance from a normative database.  

For example, Baseline = Avg – (2 * STDEV); (e.g. Baseline = 51.0 – 9.4 =  41.6 

Hz).  Table 1 demonstrates the validity of obtaining CFF measures at singular 

scotopic and photopic intensities.  This would suffice for the determination 

contemporaneous rod and cone function while simplifying the already easy CFF 

procedure.  Moreover, scotopic values can be measured in dim light foregoing 

the need for a prolonged period in absolute darkness.  In any event, our results 

showing considerable rod pathway degeneration as early as PN23 and 

considerable cone pathway degeneration at PN44 are comparable with those 

yielded by the double flash technique.  

CFF is a measure of retinal function sensitive to differences in the 

temporal resolution of rods and cones and their postsynaptic pathways.  Unlike 

the a-wave, which is a direct measure of photoreceptor activity, an altered flicker 

response may reflect changes postsynaptic to photoreceptors as has been 

demonstrated previously.  Immunocytochemistry has shown differences between 

RCS rats and wild type when staining for horizontal and bipolar cell markers as 

early as PN 21 34. In vitro recordings from RCS rat horizontal cells have also 

indicated early abnormalities of the dopaminergic pathway 35. 

Producing flicker requires specialized equipment, but flicker ERG can be 

compared to psychophysically obtained CFF.  Maximum ERG responses do not 
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have a simple behavioral equivalent for comparison.  Testing the ability of the 

retina to track a modulated stimulus may also serve to indicate if there are 

difficulties in sustained function due to biochemical changes in phototransduction 

or the postsynaptic circuitry.  In the RCS rat for example, kinetics of rhodopsin 

regeneration is severely slowed 36 and could overtime alter scotopic flicker 

sensitivity. 

 Past ERG studies involving CFF have largely focused on isolating cone 

function. Pinilla et al. 37 examined the homozygous P23H RP model rat using 

photopic flicker produced by a xenon strobe flash.  Changes to CFF were 

commensurate with decreases in maximum response amplitude and increases to 

the threshold of scotopic and photopic b-waves.  In this model the a-wave is the 

most severely affected ERG parameter. 

 An increased threshold for detecting flicker at specific frequencies under 

mesopic conditions has been demonstrated by human psychophysics 25. This 

flicker null has been explained as the destructive interference between out of 

phase rod and cone signals.  The development of a mesopic notch at PN64 in 

wild type rats may be attributable to similar mechanisms.   

 Our analysis demonstrates that CFF is an effective method for evaluating 

rod function as well.  While phase was not determined in our study this 

information may yield other significant insights in to the underlying pathological 

dynamics of the disease process.  Finally, knowing relative rod and cone function 

better informs us of the window of opportunity in which it is reasonable to perform 

a therapeutic intervention aimed at cone survival. 
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Figure 11. (a) One second of ERG data recorded in wild type rat to sinusoidal 
flicker at 10 Hz (top grey trace) and 20 Hz (black trace) and in RCS rat at 10 Hz 
(bottom grey trace) (1.8-2.0 e+6 Photons/µm2).  (b) A computer algorithm 
computes the averaged one or two cycle response.  The best fit sine-wave 
(dotted lines) was used for quantifying the response amplitude.  (c) Log of the 
response amplitudes are plotted and a best fitting line is used to determine CFF 
for a criterion response of 3 µV (0.477 log µV).   
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Figure 12. Comparison of CFF curves between wild type (open circles) and 
Royal College of Surgeons rats (filled circles).  (a) PN23  (b) PN44  (c) PN64  
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Figure 13. Comparison between RCS CFF at various ages versus wild type.  
Grey area gives the range based on the standard deviations for wild type CFF 
curves across all ages studied (n = 12).  PN23 (n = 7, filled circles), PN44 (n = 8, 
open triangles), PN64 (n = 8, filled squares) [Error bars  = STDEV]. 
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Figure 14. Average (n = 3) of CFF curves obtained by Dodt and Echte 26.  
Plotted in grey with filled circles.  Our average curve for wild type PN64 is plotted 
in black with open circles.  Our curve is aligned to Dodt and Echte’s by shifting it 
down 17 Hz to match the higher, cone driven, CFF values [Error bars  = STDEV]. 
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Table 1 
 
 

 Scotopic CFF  Photopic CFF 
      
Animal WT RCS  WT RCS 
      
PN23 32.7±1.6 21.8±2.3†† (66%)  51.0±4.7 42.9±6.0† (84%) 
    
PN44 34.1±3.8 15.9*±2.0†† (47%)  50.8±2.1 26.1±4.2††(51%)  
      
PN64 35.1±2.5  13.0±1.5†† (37%)  49.3±3.8 21.0±2.0††(43%) 

 
Table 1. Comparison of scotopic and photopic CFF values for wild type and RCS 
rats.  CFF values (Hz) reflect an average of n = 4, unless otherwise noted.  
Differences between groups of wild type and RCS were analyzed using a one-
way independent t-test; assuming equal variance.  Also indicated is the 
percentage ratio, RCS/WT for rats of the same age.  Scotopic stimulus intensity 
ranged between  (3.3-3.6 e+4 Photons/µm2).  Photopic stimulus intensity ranged 
between (1.8-2.0 e+6 Photons/µm2). 
 
*    - n = 5 
††   - p < 0.001  
† - p < 0.05 
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Abstract 
 

Purpose: The rod and cone function in a β subunit GARP knockout (KO) mouse 

model (Cngb1-x1) was evaluated using the full field corneal electroretinogram 

(ERG) and flicker ERG. 

Methods: All animals were handled according to the principles of the ARVO 

Statement for the Use of Animals in Vision Research. We measured a- and b-

wave amplitudes to bright white flashes under dark-adapted conditions and on a 

rod-saturating background. The ERG response to flicker was used for 

determining the critical flicker frequency (CFF) of KO mice. 

Results: At 1-month old KO mice exhibit a diminished dark-adapted b-wave and 

normal light-adapted b-wave compared to wild type (WT) mice. Over the next 3 

months, both dark- and light-adapted b-wave amplitudes declined, and the 

decline was greater for dark-adapted b-wave amplitudes. The intensity-response 

series of flashes showed a 26 fold lower sensitivity in one-month old KO mice. 

Recovery of the b-wave as a function of the inter-stimulus interval (ISI) between 

multiple flashes, demonstrated a greater b-wave recovery in KO mice for an ISI 

of 16 sec or less.  The CFF was substantially lower for the KO mice at scotopic 

intensities, but normal at photopic intensities at one month of age.  CFF values 

remained stable in the KO mice as the b-wave amplitudes decreased with age.   
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Conclusions: Rod function is reduced but detectable in Cngb1 KO mice.  

Declining b-wave amplitudes confirm an RP phenotype of rod followed by cone 

degeneration.  Flicker responses show that the cone circuits functional normally 

at threshold despite significant losses in the maximum light adapted b-wave 

amplitude. Thus, CFF may be a more sensitive measure of functional cone vision 

in animal models undergoing progressive rod-cone degeneration. 
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Introduction 

 Cyclic nucleotide gated (CNG) channels, residing on the plasma 

membrane of photoreceptor outer segments (OS) are critical to 

phototransduction 1, 2. The binding of cGMP to CNG channel subunits keeps 

channels open in the dark.  A circulating ‘dark current’ maintains the 

photoreceptors in a relatively depolarized state. 3. When light activates 

rhodopsin, a series of biochemical events ensues that leads to the hydrolysis of 

cGMP and closure of cGMP gated channels. Closed channels interrupt the 

inward Na+ and Ca+ current causing a hyperpolarization of the photoreceptors, 

detectable as a corneal negative a-wave in ERG recordings 4, 5. A positive 

reflecting b-wave that follows the a-wave mainly reflects on-bipolar cell 

responses 6-8. 

 The rod photoreceptor cyclic nucleotide gated cation channel (CNGC1) is 

composed of α and β subunits with a stoichiometry of 3α:1β 9-11. While the α 

subunits can form functioning homomeric ion channels when expressed alone in 

heterologous systems, β subunits expressed individually do not form functioning 

channels. When α subunits are co-expressed with β subunits they form channels 

closely resembling the native rod channel 12-15. Native and coexpressed channels 

relative to homomeric α channels display a flickery open state, are 100 times 

more sensitive to the Ca2+ channel blocker L-cis-diltiazem, have increased 
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permeability to divalent ions (Ca2+ blockage), exhibit greater ionic selectivity, are 

modulated by Ca2+-CaM, and show greater fractional activation by cAMP 12, 13, 16.   

 The β subunit has an unusual bipartite structure consisting of N-terminal 

glutamic-acid-rich protein (GARP) region and a C-terminal channel like region 12.  

Two related soluble proteins, GARP1 and GARP2 are also expressed from the 

same gene encoding the β subunit. A β subunit knockout mouse that targeted 

only the channel like region has been reported 17. This model designated here as 

Cngb1-x26 is deleted for exon 26 and does not effect GARP 1 or 2 expression.  

Recently, we have created a Cngb1-x1 mouse model with exon 1 and exon 2 

deletion 18. In this model, the β subunit and related GARP proteins are not 

expressed.  Although Cngb1-x1 and Cngb1-x26 both exhibit degeneration typical 

of Retinitis Pigmentosa (RP), differences in phenotype suggest structural and 

functional roles for GARPs. Rod photoreceptor morphology is better preserved in 

one month-old GARP expressing Cngb1-x26 knockout mice, yet the single cell’s 

response is almost absent in this animal.   

 The larger electrical response in our Cngb1-x1 mice is most likely due to 

the greater reduction of the channel α-sunbunit in the Cngb1-x26 KO mice. Both 

models show reduced functional expression of the α subunit, however α subunit 

expression appears of lower abundance in Cngb1-x26 mice. However it cannot 

be ruled out that the difference is due to GARPs interaction with proteins in the 

visual cycle that affect recovery. Arrestin, rhodopsin kinase (RK), retinal pigment 

epithelium (RPE), and other gene knockouts that abnormally extend the life of 

activated rhodopsin or increase opsin concentration result in delayed ERG 
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recovery kinetics 19-22 and have been identified as one possible cause of retinal 

degeneration 23, 24.  Since, GARP interacts with peripherin-2/rom-1 oligomer, 

CNGA1, and PDE6 25, 26, GARP may influence visual cycle proteins involved in 

recovery, such as the deactivating proteins of R* and Tα-GTP-PDE6 complex. 

Thus, we have analyzed changes in the ERG b-wave recovery and flicker 

response in order to assess rod and cone function over the first 4-months of life 

in a Cngb1-x1 knockout mouse. Our data suggest that rod function in the 

knockout mice is severely impaired and cone function begins to deteriorate within 

the first couple of months. Furthermore, these deficits and their progression do 

not affect the threshold cone-driven flicker response (CFF). Thus, CFF is a more 

sensitive measure of cone function in the knockout mice.   
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Materials and Methods 

 

Generation of Cngb1-x1 Knockout Mice 

 Generation of Cngb1-x1 knockout mice was done by inGenious Targeting 

Laboratory, Inc. (inGenious Targeting Laboratory, Inc., Stony Brook, NY) and has 

been described in detail (Zhang et al, 2009 18).  Briefly, a targeting vector 

pCngb1-KO containing neomycin resistance (Neo) cassette flanked by Cngb1 

sequence replaced a fragment including exons 1 & 2 and the predicted proximal 

promoter region. Knockout mice were produced on hybrid backgrounds of 

C57BL6 and 129SvEv, using a standard homologus recombination technique.  

Mice were maintained in compliance with National Institutes of Health guidelines, 

as approved by the Institutional Animal Care and Use Committees of the 

University of Alabama at Birmingham and conform to the ARVO guidelines for 

the use and care of animals.  

 

Basic ERG Response Recording 

 All mice used in ERG experiments were littermates from heterozygous 

parents. ERGs were recorded monthly for each mouse, until 4 month’s of age. 

Animals were dark-adapted overnight and anesthetized by intra-peritoneal 

injection with Avertin 300 µg/g body weight.  Both eyes received topical 
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anesthesia (0.5% proparacaine Bausch & Lomb, Tampa, FL). The left eye, which 

received light stimuli was dilated with 2.5% phenylephrine (OCuSOFT, Inc., 

Richmond, TX) and 1% tropicamide (Alcon Laboratories, Inc., Fort Worth, TX).  

During recordings the mouse was placed on a 39°C heating pad (Model 39 DP, 

Braintree Scientific, Inc., Braintree, MA) inside of a Faraday cage.  Head position 

was stabilized by a bite-bar. Goniosol (Ciba Vision Corp., Duluth, GA) was 

applied to the corneal platinum wire-electrodes. Corneal electrodes were gently 

placed on the eyes under dim red illumination. The recording electrode was 

placed on the left eye and reference electrode was placed on the right eye.  A 

dedicated optical bench focused light from a 100 watt tungsten halogen source 

onto a fiber optic cable that delivered the light to a 2.2-mm diameter translucent 

adaptor into which a platinum wire electrode was embedded 27.  A 10 ms 

stimulus of 505 nm light was attenuated in discreet steps by a set of six inconel 

neutral density (ND) filters.  A second optical channel delivered light from a 

camera flash unit that delivered approximately 5.63 x 104 R*/rod. Data was 

digitized and recorded with National Instrument hardware and software. Total 

recording time was about 30 minutes. At each intensity 3-20 repeated responses 

were averaged. Interstimulus interval (ISI) ranged between 2.2 to 15.2s. Light 

intensities were measured in photons/µm2 and calculated as log R* 28.  Results 

were analyzed by t-test. 
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Isolated Cone ERG Under Light-Adapted Conditions 

 Rod photoreceptors were saturated by 30s exposure to a 505-nm green 

conditioning light (bandwidth 35 nm) producing approximately 7300 R*/ rod 

photoisomerizations per s. A bright white camera flash producing 5.63 x 104 

R*/rod was delivered on this background in order to elicit the maximal cone ERG. 

Luminance of the 505-nm background light was 3 cd/m2, which is comparable to 

the amount of  white light (20-40 cd/m2) used in other studies 29, 30. 

 

Sensitivity of ERG Rod b-wave 

There are two methods for calculating b-wave sensitivity.  The first method 

is to calculate the threshold intensity (I) required to evoke a (15µV) criterion 

response.  Since, our optical bench produced discrete steps of intensity, we 

assumed linearity and used dim flash responses to calculate sensitivity in µV/(R* 

or incident photons). 

Sensitivity can also be defined as the light intensity required to evoke a 

half-maximal b-wave (I1/2). I1/2 was calculated by fitting an intensity response 

series with a Naka-Rushton function, R/Rmax = In/(In+kn) 31, 32, where k = I1/2 . We 

measured b-wave amplitude from the trough of the a-wave to the peak of the b-

wave. Response amplitude was plotted over a 6 orders of magnitude intensity 

range. I1/2 was determined for wild type (WT, n = 12), heterozygote (HT, n = 12) 

and knockout (KO, n = 11) in 1- and 2-month-old mice. 
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The maximum rod b-wave was computed for each mouse by subtracting 

the light-adapted b-wave from the maxium mixed response (Rmax). Rmax was 

recorded using our bright white camera flash. 

 

Recovery of ERG b-wave by Multiple Flashes 

 Recovery of the b-wave was determined with respect to the interstimulus 

interval between flashes. Three 505-nm flashes (bandwidth 35 nm) flashes 

photoisomerizing 1.7 x 104 R*/rod each were presented in series. The following 

ISIs were tested: 32, 16, 8, 4, 2 s. We waited 3-minutes between flash trains, so 

the total recording time was about 15 min. 

 Responses to the second and third flash were averaged, since they were 

very similar. Recovery was expressed as a percentage ratio by comparing the 

latter flashes to the response from the first flash for each interval tested. Mice 

were divided into three groups, wild type (WT, n = 16), heterozygote (HZ, n = 17) 

and knockout (KO, n = 15) for 1-month-old ERG recovery experiments and four 

animals in each group for the 4 month-old experiments. Subsets of these animals 

were tested at 2- and 3-months old. 

 

Flicker assessment of rod and cone function 

 CFF was determined for Cngb1-x1 knockout mice in comparison to WT 

mice in order to assess rod and cone function.  ERG recordings were made 

postnatal (PN) at PN32 (n = 3), PN75 (n = 3), and at PN91 (n = 3).  The Flicker 

ERG protocol has been described in detail previously 33.  Briefly, a shutter with 6-
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mm aperture (Uniblitz; Vincent Associates, Rochester, NY) set stimulation 

duration for 6 seconds.  A second ferro-electric liquid crystal shutter LV050 

(Displaytech, Longmont, CO) produced flicker by sinusoidally modulating the 

stimulus.  The amplifier (Astro-med CP122W; Grass Telefactor, W. Warwick, RI) 

was set to DC.  Responses were amplified 2000X and low-pass filtered at 300 

Hz.  An optical power meter (Graseby Optronics, Orlando, FL) was used to 

measure the energy output on every experimental day.  Average Michelson 

contrast was 0.86, StDev = ± .017    

 Experimental runs for any tested temporal frequency represent 5 seconds 

of light exposure containing between 5 and 200 repeated cycles of the 

sinusoidally modulated stimulus.  The following stimulus frequencies were used: 

1, 2, 4, 5, 10, 16, 20, 25, 32, and 40 Hz.  The response was approximately 

sinusoidal mirroring the stimulus.  Amplitude of an average one or two cycle 

response was measured.  The log10 of these response amplitudes were plotted, 

and CFF was extrapolated to be the stimulus frequency that produced a 3 µV 

criterion response amplitude 34. 
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Results 
 
  Dark adapted ERGs were recorded in Cngb1-X1 KO (n=11), WT (n=12), 

and HT (n=12) mice. Figure 15a shows an intensity response series recorded at 

PN30 for a single KO mouse compared to a WT mouse. The maximum b-wave 

was only 50% that of the WT mouse and the a-wave was less than 20% that of 

the WT mouse. Table 2 shows mean Rmax values for the dark- and light- 

adapted (7300 R*/rod/second) b-wave at PN30. On average the dark-adapted b-

wave in KO mice measured 50% of the amplitude in WT animals’, meanwhile a-

wave amplitude was only 12% of WT mice. Implicit time was significantly longer 

for both dark-adapted a- and b-waves. Light-adapted b-wave amplitude was 

unaffected, however the light-adapted b-wave’s implicit time was significantly 

longer.  The light-adapted a-wave in KO was just 15% of that found in WT mice.  

 Sensitivity (I1/2) was determined for each mouse by fitting an intensity response 

series (Fig. 15B) to a Naka-Rushton function. As shown in Table 3, the b-wave 

was 27-times less sensitive (P<0.001) in KO than WT mice. Average threshold 

response sensitivity was 800 times less in KO mice than WT litter-mates. 

 Over the next three months ERG response amplitudes decline further in 

Cngb1-x1 knockout mouse. Since the a-wave becomes difficult to measure as 

these knockout mice age, the relatively larger b-wave was chosen as a metric for 

gauging retinal degeneration. Figure 16a shows the relative changes to dark-



74 

adapted b-wave amplitudes over time for Cngb-x1 knockout (KO) mice (grey 

filled triangles) compared to wild type (WT, filled circles) and heterozygote (HZ, 

open squares) mice.  Values were normalized with respect to their genotype’s 

average value at 1-month.  Table 4 lists the voltages of these responses; for WT 

and HZ b-wave Rmax increased from about 950 µV at 1-month to about 1200 µV 

by 3- and 4 months. Over the same time period the KO mouse b-wave amplitude 

decreased from about 500µV to 140 µV, about a 3-fold reduction from its initial 

value.  Figures 16b and 16c show representative ERG waveforms at 1 and 3 

months for the dark-adapted condition.  KO mice (grey trace) exhibit a 

conspicuous decline in b-wave amplitudes, while b-wave amplitudes for WT and 

HZ mice remain stable. Light-adapted a- and b-waves were both significantly 

reduced by 2-months old. Declines in the light-adapted b-wave amplitude over 

time are shown in Figure 16d; Figures 16e and 16f show representative ERG 

waveforms at 1 and 3 months for the light-adapted condition. Again, the WT b-

wave amplitude grew about 25% while in the KO mice it declined to only 35% of 

its inital value. Table 5 gives values of the light adapted b-wave amplitudes.  

 There is a rapid and significant loss of both the light- and dark-adapted b-

wave amplitudes over the first four months of life.  However, it is difficult to 

appreciate whether the rod- or cone-driven b-wave amplitudes decreased faster. 

In order to compare the losses to rod- versus cone-driven signals we calculated 

the ratio of light- over dark-adapted b-wave amplitudes, plotting them as a 

function of age (Fig. 17).  The magnitude of the cone component was relatively 

large in the KO mice.  The light/dark ratio for KO mice at one month was 48%, 
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compared to WT and HZ values of only 26%.   The Light/Dark ratio steadily 

increases over time in the KO mice, while remaining stable in both WT and HZ 

mice, suggesting that rod-driven function declines at a greater rate than cone 

driven function.  

 Recovery kinetics were investigated by examining the percentage 

recovery to repeated flashes. A series of three flashes were presented with an 

interstimulus interval (ISI) of 32-s, then 16-s, 8-s, 4-s, and finally three flashes at 

2-s ISI.  There was a 3-minute interval between presentations of flash trains in 

order to prevent light adaptation. Figure 18 shows the first (black line), second 

(dashed line) and third (grey line) responses of wild type and knockout mice to 

flashes delivered with 32-s ISI (right) and 8-s ISI (left). The average recovery of 

the b-wave is plotted vs. the ISI in Figure 18b. The similar responses to the 

second and third flash were averaged and then normalized as a percentage of 

the first flash. Recovery was close to 95% at 32-s ISI for all genotypes. However, 

at shorter ISI, the KO mice had recovered more (87.2%) than the wild types 

(81.4%) or heterozygotes (78.9%). A similar finding was observed with 4 month-

old KO mice (data not shown). 

The Flicker ERG also depends on recovery kinetics; and depending on 

background light levels it can isolate rod- from cone-driven responses. The 

Critical Flicker Frequency (CFF) was determined over a broad range of light 

intensities in wild type and knockout mice. Figure 19a shows the CFF vs. 

intensity functions for six mice, three WT (filled circles) and three KO (open 

circles). The results were very consistent from animal to animal within a 
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genotype, but the KO mice were dramatically less sensitive; they did not 

generate measurable responses over the lowest three log units of the range 

tested, consistent with the ERG results. However, at the upper end of our 

intensity range the cone-driven CFF of KO mice approached the 40Hz value 

seen in WT mice.  The CFF function for the KO mice was remarkably stable. 

Figure 19b shows that the CFF results for PN32 (open circles), PN75 (filled 

squares), and PN91 (open triangles) are virtually indistinguishable. In fact, for the 

upper most log-unit of our stimuli, the knockout CFF falls within the range of the 

wild type values shown in Fig 19b, where the grey area represents the mean ± 

one standard deviation. In summary, dark-adapted b-waves were abnormally low 

at the outset and rapidly declined, whereas light-adapted b-waves amplitudes 

were initially normal and then declined slowly. The b-wave had a delyed implicit 

time and its sensitivity was reduced. ERG CFF was lower at scotopic intensities, 

near normal at photopic intensities, and did not decline during the 4 months of 

testing. 
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Discussion 

  Rod photoreceptors in Cngb1-x1 mice are functional, despite the 

significant reduction in the amount of the α-subunit. The threshold ERG response 

was raised by 2.8 log units in Cngb1 KO mouse, which is 100-fold better than 

threshold in the rodless rhodopsin knockout mouse 35. The dark-adapted a-wave 

was about 2.5 times larger than the light-adapted a-wave. The difference 

between these two measures reflects a rod contribution to the ERG under dark-

adapted conditions.  The dark-adapted a-wave’s implicit time in KO mice is 

significantly longer than in WT mice. Meanwhile, the timing of the light-adapted a-

wave was not significantly different. Since, the amplitude of the light-adapted a-

wave is significantly smaller, one could speculate that a smaller cone input in our 

KO mouse results in the longer implicit times seen under dark-adapted 

conditions.  More likely, the mechanics of the transduction cascade are adversely 

affected in our KO mouse. These results indicate that functional rod 

photoreceptors are consistent with the reduced sensitivity observed in single cell 

recordings made from rods of one-month old KO mice 18.  

 Dark-adapted b-wave sensitivity (I1/2) was calculated for one-month old mice 

by fitting an intensity-response series with a Naka-Rushton function. KO mice are 

26 fold less sensitive than WT mice. Interestingly, this result mirrors the loss of 

sensitivity seen in single rod photoreceptor recordings (34 fold). Modeling rod 
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photoreceptor sensitivity using the ERG has several advantages over single cell 

recording.  The ERG is an easier technique and recordings can be made 

longitudinally in the same animal.  Since, the ERG reflects massed activity over 

the entire retina, it may represent the average change in sensitivity better than 

single cell recordings. 

 The maximum dark-adapted b-wave represents a mixed rod and cone 

response, while the light-adapted b-wave reflects isolated cone activity. Thus, the 

ratio of the light- to dark-adapted b-wave amplitudes indicates the relative 

strengths of the rod- and cone-driven input.  Following this ratio during retinal 

degeneration indicates which system or circuit is more significantly affected.  In 

the model tested here both systems are declining.  However, the rod-driven 

function is deteriorating at a faster rate, as demonstrated by the increase in 

Light/Dark adapted b-wave ratio over the 4-month period.  The greater 

percentage recovery to repeated flashes in the KO mouse may reflect the 

proportionally larger cone signal, since cones recover faster. 

 It is remarkable that the KO mouse CFF curve is stable over the first four 

months of life while over the same time period the dark-adapted maximum b-

wave amplitude decreases by over 50%. The light-adapted b-wave, which 

represents cone-driven retinal function, declines by nearly half (42%), yet the 

CFF is not only stable, it remains within the range of wild type CFF values for the 

brightest lights tested.  One explanation for this apparent contradiction is that the 

two tests are measuring different functional aspects of the cone pathways in the 

retina.  The bright flash on a rod-saturating background tests the maximum cone-
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driven transretinal voltage achievable, while the CFF measures threshold; asking 

“What is the maximum frequency the cone-driven circuitry can follow while 

generating a minimally detectable trans-retinal voltage?” The criterion voltage 

selected was 3 µV. If the behaviorally relevant voltage for flicker detection is 

more like 30 or 50 µV then a more pronounced behavioral deficit might be found. 

The important point to emphasize is that ERG tests of maximum amplitude or 

maximum current may tell you something very different about the retinal integrity 

than threshold measures testing the same retinal circuits. 

 We have demonstrated impaired rod function in our Cngb1-GARP 

knockout mouse. The dark- and light-adapted ERG responses decline over time 

in a manner typical of RP.  Although the scotopic flicker response was reduced, 

we did not measure any significant changes to the photopic ERG CFF over the 

course of our study. This finding was especially remarkable where the light 

adapted b-wave declined 65% in amplitude while CFF was stable. Maximum 

response amplitudes better reflect degenerative changes, however the relative 

maintenance of CFF, suggests that preservation of threshold responses may be 

functionally more important than the maximum response.  Thus, CFF may be a 

better measure of absolute cone function remaining in retina degenerative 

disease.    
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Figure 15. ERG intensity-response series at PN 30 for Cngb1 Knockout and Wild 

Type Mice. (a) Dark-adapted flash ERGs recorded to 505 nm 10 ms flashes. 

Flash intensity increases vertically from dimmest (top trace) to brightest (bottom 

trace). Each trace was the average of 3-20 sweeps. Light intensities are 

indicated beside each trace as Log R* (see methods).   
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Figure 15. (b) The amplitude of each response (total b-wave) was plotted 

against stimulus intensity (log photons/µm2).  Filled circles represent WT 

response; filled triangles represent knock-out mouse response. Curves were 

fitted using the Naka-Rushton function. 
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Figure 16. Dark- and light-adapted b-wave amplitudes plotted as a function of 

age.  (a) Normalized dark-adapted b-wave amplitudes elicited by bright white 

flashes (5.63 x 104 R*) recorded up to 4 months postnatal in knock out (KO; 

n=11, filled grey triangles), wild type (WT; n=12, filled circles) and heterozygous 

(HZ; n=12, open squares) mice [Error bars = Mean ± SEM].  (b, c) Dark-adapted 

ERGs at 1 and 3 months postnatal for WT (black trace) and KO (grey trace) 

mice.  (d) Normalized light-adapted b-wave amplitudes elicited by bright white 

flashes recorded up to 4 months postnatal.  505 nm background light was set at 

an intensity necessary to produce 7300 R*/s per rod.  (e, f) Light-adapted ERGs 

at 1 and 3 months postnatal for WT and KO mice.  
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Figure 17. Ratio of light- to dark-adapted b-wave amplitudes plotted as a 

function of age for: knock out (KO; n=11, filled grey triangles), wild type (WT; 

n=12, filled circles) and heterozygous (HZ; n=12, open squares) mice  [Error bars 

= Mean ± SEM; where bars are absent error falls within symbol]. 
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Figure 18. PN30 b-wave recovery in WT and KO mice.  Recovery was 

determined by varying the interstimulus interval (ISI) between trains of three 

bright 505 nm flashes (1.7 x 104 R*). The series of interstimulus interval (ISI) 

values tested were 32, 16, 8, 4, and 2 s.  (a) Examples of 8- and 32-s ISI are 

shown.  (b) Dark-adapted b-wave recovery values as a function of ISI.  Mice 

were divided into three groups, wild type (WT, n=16), heterozygote (HZ, n=17), 

and knockout (KO, n=15).  Percentage recovery increased gradually over the 

range of ISI values.  At the longest ISI of 32-s, recovery was close to 95% for all 
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three genotypes.  However, recovery in KO mice was significantly greater (P < 

0.01) for all other ISIs tested.  There was no statistical difference between WT 

and HZ for these interval values (p>0.05) [Error bars = Mean ± SEM; where bars 

are absent error falls within symbol]. 
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Figure 19. Comparison of CFF curves between WT and KO mice.  (a)  PN32 KO 

mice (open circles) did not respond over the lowest 3 log unit range of stimulus 

intensities, but at higher intensities compared favorably with the CFF of WT mice 

(filled circles).  (b)  KO mice CFF curves at three ages: PN32 (n=3, open circles), 

PN75 (n=3, filled squares), and PN91 (n=3, open inverted triangles).  The grey 

region shows the range of WT CFF values (Mean ± StDev; n=9, 3 animals, each 

tested 3 times) [Error bars = Mean ± SEM; where bars are absent error falls 

within symbol]. 
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Table 2. ERG analysis of PN30 wild type and Cngb1-X1 knockout mice 
 Implicit Time (ms) Amplitude (µV) 
 WT 

(n=12) 
HT 
(n=12) 

KO 
(n=11) 

WT 
(n=12) 

HT 
(n=12) 

KO 
(n=11) 

Dark adapted      
b-wave 35.2 ± 

1.8 
34.9 ± 
1.7 
      ns 

58.0 ± 5.3 
P<0.001 

964 ± 
295 

955 ± 
402 
ns 

485 ± 194 
 P<0.001 

a-wave 13.4 ± 
1.3 

13.1 ±  
0.8 
      ns 

14.9 ± 1.7 
P<0.05 

341 ± 
141 

338 ± 
141 
ns 

  40 ± 19 
 P<0.001 

Light adapted      
b-wave 38.6 ± 

7.2 
38.3 ± 
6.0 
      ns 

46.5 ± 5.7 
P<0.01 

247 ± 80 238 ± 91 
ns 

229 ± 97 
ns 

a-wave 13.2 ± 
1.1 

13.3 ± 
1.5 
      ns 

13.2 ± 2.3 
      ns 

97 ± 42 84 ± 38 
ns 

15 ± 9 
  P<0.001 

ns=not significant 
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Table 3. The rod I1/2 of ERG b-wave amplitude 

 
 
 
 
 

The half-maximal stimulus intensity (I1/2 ) for the three genotypes investigated. 
 
** p < 0.001 

 I1/2 (R*/rod) 
WT (n=12) 20.3 ± 5.9 
HT (n=12) 27.5 ± 15.5 
KO (n=11) 548 ± 283  ** 
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Table 4. 1- to 4-Month-Old b-wave Amplitudes Under Dark-Adapted 
Conditions 
  1 Mon 2 Mon 3 Mon 4 Mon 
WT (n = 12) µV 964 ± 85   910 ± 92 1090 ± 100 1190 ± 100 
HZ (n = 12) µV 955 ± 116 1120 ± 110 1170 ± 140 1170 ± 98 
KO (n = 11) µV 485 ± 59   340 ± 32   234 ± 34   139 ± 26* 
Note: WT, HZ, and KO mice b-wave responses elicited by bright white flash 
under dark-adapted conditions are shown here.  *, n = 9. The value of each cell 
in the table is average ± SEM.  Flash intensity = 5.63 x 104 R* per rod. 
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Table 5 
 
Table 5. 1- to 4-Month-Old b-wave Amplitudes Under Light-Adapted 
Conditions 
  1 Mon 2 Mon 3 Mon 4 Mon 
WT (n = 
12) 

µV 247 ± 23 260 ± 23 288 ± 26 314 ± 36 

HZ (n = 
12) 

µV 238 ± 26 285 ± 28 317 ± 36 311 ± 31 

KO (n = 
11) 

µV 229 ± 29 177 ± 19 133 ± 21   81 ± 14* 

Note: WT, HZ, and KO mice b-wave responses elicited by bright white flash 
under light-adapted conditions are shown here. *, n = 9. The value of each cell in 
the table is average ± SEM.  Flash intensity = 5.63 x 104 R* per rod, background 
intensity = 7300 R*/s per rod. 
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Abstract 

Purpose: The full-field corneal ERG is frequently used to estimate rod- or cone-

driven function in rodent models of retinal degeneration. However, the 

relationship between ERG response amplitudes and visually guided behavior has 

been little studied. A longitudinal comparison of ERG to behavioral responses in 

a light-damage model of retinal degeneration allows us to better understand the 

functional implications of electrophysiological changes. 

Methods: All animals were handled according to the principles of the ARVO 

Statement for the Use of Animals in Vision Research. Flicker-ERG and 

behavioral responses to flicker were used to determine the critical flicker 

frequency (CFF) of albino rats under scotopic and photopic conditions. 

Behavioral CFF was determined by two alternative forced choice tests in a water 

maze. Dark- and light-adapted flash ERG responses were also analyzed before 

and after a 10-day period of low-intensity (280 lux) light-damage. Control animals 

underwent sham light damage, but were maintained under regular cyclic lighting. 

Results: Dark- and light adapted ERG responses were significantly reduced 

after light damage.  The a-wave was permanently reduced, while b-wave 

amplitude recovered over 80% by R20. There was a small, but significant dip in 

scotopic ERG CFF at R6. Photopic behavioral CFF was slightly lower following 

light damage.   
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Conclusions: Flash ERG b-wave amplitudes were severely reduced after light 

damage, but recovered over time. In marked contrast, the CFF as measured by 

ERG or behavior remains remarkably stable. The recovery of b-wave amplitude 

and flicker sensitivity demonstrates a plasticity of retinal circuits following injury.   
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Introduction 

 The full-field electroretinogram (ERG) reveals the summed electrical 

activity of retinal neurons in response to light stimuli.  It is a non-invasive 

technique commonly used to quantify retinal function in humans 1 as well as 

rodent models 2 of retinal degeneration.  Abnormal ERG recordings can assist in 

the early detection of photoreceptor degenerations such as Retinitis Pigmentosa 

(RP). RP is a genetically heterogeneous group of retinal degenerations affecting 

one in every 4000 individuals world-wide 3.  Degeneration is characterized by 

initial rod apoptosis followed by cone loss, suggesting a dependence of cone 

receptors survival upon rods 4.  Cone ERGs are often used clinically to monitor 

disease progression, due to an early loss of the rod signal 5. The rod ERG signal 

may become more clinically relevant if therapeutic advances 4, 6, 7 and/or retinal 

plasticity 8 repairs rod mediated activity. Regardless, it is not clear whether 

improvements to an ERG signal, such as a larger a-wave, b-wave, or flicker 

response can be directly correlated to improvement in visual function (behavior). 

 Continuous exposure to low-intensity light in rats causes photoreceptor 

apoptosis, especially in albino animals 9, 10 11.  Using this type of light damage as 

a model for RP has distinct advantages.  There are no confounding genetic 

factors and the extent of degeneration is controllable. Anatomical studies have 

determined that a greater percentage of cones survive light damage over rods.  
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LaVail demonstrated relative sparing of cones exposed to light damage over rods 

in albino rats exposed to 700 lux for 54 days 12. Cones represented 60% of total 

photoreceptors after 178 days exposure.  

 Cicerone also found evidence that the photopic system was relatively 

spared after continuous exposure to light. ERG measures of the dark adaptation 

curve in albino rats exposed to 1080 lux for up to 24 hours showed a significantly 

elevated rod branch, whereas the cone branch of the adaptation curve was 

unaltered. 

 The characterization of rods as a more vulnerable to light damage is not 

consistent throughout the literature. Sugawara, Sieving & Bush showed 

significant reductions to the dark- and light adapted ERG in albino rats exposed 

to 1000-3000 lux for up to 48 hours 13. Williams et al. determined significant 

deficits to visual function by behavioral testing of CFF in albino rats exposed to 

500 lux for 8 days 14.  The CFF curve was suppressed over an intensity range 

covering six orders of magnitude. The largest decrease in CFF values (Hz) 

occurred in the photopic range of vision. 

 In the present study we monitor rod and cone function for a 90-day recovery 

period after 10-days continuous exposure to 280-lux fluorescent light. We 

measured the ERG response to dark- and light- adapted flashes and sinusoidal 

flicker.  Psychophysical measures of CFF were made in a water maze.  

Histological measures of outer and inner nuclear layer thickness were taken at 

the end of our study. Differences between the effect of light induced retinal 

degeneration on threshold measures versus maximum responses were 
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observed. Strong parallels were noted between behavior and ERG measures of 

threshold.  The light damage model demonstrates significant recovery of the 

flash ERG over the course of the experiment, however CFF thresholds were 

minimally disturbed by the 30% loss of photoreceptors over many weeks 
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Methods 

 Sprague Dawley Albino Rats were housed in a room under cyclic 12-hour 

light/dark conditions (57-140 lux). Animals were trained on a behavioral task for 

65 days, prior to Light Damage.  During light damage animals were exposed for 

10-days to 280 lux light from a 32 watt fluorescent bulb (2950 lumens, Color 

Rendering Index 85, Correlated Color Temperature 3000k). All animals were 

handled according to the principles of the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research. 

 

Electroretinography 

 ERG recordings were made prior to light damage and regularly during the 

90-day recovery period. Rats were dark-adapted over-night before ERG 

recordings. They were sedated with 3% isoflurane in a chamber and then 

anesthetized via intraperitoneal injection of xylazine (9.09 mg/kg) and ketamine 

(90.9 mg/kg). Corneas were anesthetized with proparacaine (0.5%) and pupils 

dilated with topical phenylephrine HCl (2.5%) and tropicamide (1%). 

 During recordings the rat was placed in a Faraday cage with its head fixed 

by a bite-bar and body temperature maintained at 38°C by a heating pad 

(Braintree Scientific, Braintree, MA). The light source was a 100-W tungsten-

halogen lamp focused onto one end of a fiber optic.  
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 Full-field ERGs were recorded using a 2 mm diameter sized recording 

electrode 15. The electrode consisted of a platinum wire loop embedded in the 

tapered end of a hollow Plexiglas rod. The fiber optic serving as a light pipe from 

the optical bench, was secured onto the non tapered end, ensuring a constant 

distance between the fiber optic and the eye. The tapered end acted as a 

diffusing element, yielding an isotropic plane of illumination at the pupil 15. The 

reference electrode was a second platinum loop gently placed on the non-

stimulated right eye. Methylcellulose (Goniosol, CIBA Vision Corp, Duluth, GA) 

was applied to both eyes as well as to the recording and reference corneal 

electrodes, in order to maintain good electrical contact.   

 Responses were amplified 2000X (Astro-med CP122W; Grass Telefactor, 

W. Warwick, RI) and low-pass filtered at 300 Hz. The ERG voltage and stimulus-

monitor signals were digitized with hardware (MIO16) and software (LabView) 

from National Instruments (Austin, TX). Stimulus intensity was controlled by a set 

of calibrated inconel neutral-density filters that allowed attenuation in steps of 

approximately 0.3 log units up to a maximum of 6.9 log units attenuation. Light 

intensity was calibrated each day by an optical power meter (Graseby Optronics, 

Orlando, FL) in units of photons/µm2. Stimulus duration was controlled by a 6-

mm aperture shutter (Uniblitz; Vincent Associates, Rochester, NY). A three-cavity 

interference filter (Andover Co., Salem, NH) set the wavelength of the stimulus at 

505 nm (40 nm bandwidth). The data were analyzed and figures generated using 

IGOR PRO software (Wavemetrics Inc, Lake Oswego, OR). 
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Flash ERG 

 Flash ERGs were recorded with high pass AC 0.1 S filtering.  ERG 

responses were sampled for 1 second at a rate of 0.5 ms/pt. An intensity 

response (IR) series was generated by progressively increasing the intensity of 

the 10 ms flash. Average responses were obtained using 3 to 20 repeats of the 

same stimulus.  The inter-stimulus interval (ISI) ranged from 2.2 seconds up to 

30 seconds to allow full recovery from bleaching. An intensity-response function 

was generated for both a- and b-waves by fitting plotted data with a modified 

Michaelis function of the form:  

 

R = Rmax * (i) / (i + k) + base  

 

Where R = response, Rmax = maximum response, i= log intensity, and k= I1/2 

(log intensity necessary to produce a half maximal response). 

 A bright camera flash filtered by 530 nm (10 nm bandwidth) interference 

filter was used to evoke maximum responses. Under dark-adapted conditions 

these bright flashes were delivered at an ISI of 120 seconds. Light-adapted 

ERGs to the same bright flash were recorded against a 505 nm saturating rod 

adapting field (3.66E+4 photons µm-2s-1) incident upon the cornea. Under light-

adapted conditions flashes were delivered at an ISI of 60 seconds.  

 

Flicker ERG 

 Sinusoidal flicker was produced by a ferro-electric liquid crystal shutter 
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(LV050; Displaytech, Longmont, CO), which modulated the stimulus. The 

amplifier (Astro-med CP122W; Grass Telefactor, W. Warwick, RI) was set to DC 

while recording flicker. Average Michelson contrast of the flicker stimulus was 

0.86. 

 Experimental runs for each temporal frequency contained a total of 24,000 

points, at a sampling rate of 0.25 ms/pt representing 6 seconds of recording time. 

The shutter was closed during the initial and final 500 ms of data collection. Thus 

5 seconds of light exposure containing between 5 and 200 cycles of the 

sinusoidal stimulus drove the retinal response. The following stimulus 

frequencies were tested: 1, 2, 4, 5, 10, 16, 20, 25, 32, and 40 Hz. Light intensity 

was incrementally raised after each presentation of this temporal series. 

 The initial on-transient response was ignored in the analysis. The 

remaining 4.5 seconds of data was collected and averaged into a one or two 

cycle wave. The average response amplitude (µV) was fit by a sine wave.  At 

lower frequencies the contribution of a second harmonic to the total response 

sometimes resulted in a response that was not a perfect sinusoid.  In these 

cases we measured the peak to trough amplitude of this averaged response. The 

log10 of the response amplitudes for each intensity were plotted and fit with a line 

starting from the peak of the monotonic decline, which typically occured at 1 or 2 

Hz. A 3µV criterion voltage was used to determine electrophysiological CFF 16. 
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Behavior 

Behavioral CFF was determined by two alternative forced choice testing in 

a water maze, which relied upon the animal’s desire to escape from a pool of 

water and onto a hidden platform 17, 18. A trial began when an animal was 

released at the narrow end of a grey acrylic trapezoidal- shaped pool of water 

(~22° C, 15 cm deep). At the opposite wider end of the pool were two, side-by-

side, displays positioned just above the water’s surface. A centered divider 

(40cm x 40cm) separated the two displays. Typically the rats swam the length of 

the maze (140 cm) in 3 seconds. A display would be either flickering or steady. A 

hidden platform was always placed underneath the steady display. 

The two displays were constructed by placing a translucent acrylic sheet 

(ca 17 cm square) in front of a bank of green LEDs. The bank of LEDs was 

encosed in a funnel, which had a highly reflective mylar coating. The opening at 

the end of the funnel (1 ¾ cm) sat flush against the acrylic sheet. Inserting 

neutral density filters between the funnel and acrylic sheet attenuated light 

intensity.  

A specially fabricated circuit drove one display at an adjustable flickering 

frequency (5-80 hz) and the other at a steady fixed high frequency (180 hz). The 

position (left/right) of the steady vs flickering displays could be switched and were 

matched in time-averaged luminance.  

 Behavioral testing was accomplished in 3 phases 17. Initially, the rat was 

introduced into the pool a few inches in front of the steady (correct) stimulus and 

platform. After finding the platform the rat was allowed to remain on it for a few 
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seconds before being returned to its holding cage. The position of the steady 

(correct) stimulus and platform were moved from side to side and the rat was 

placed each time a few inches in front of the platform/steady light. Starting 

distance was increased when the rat reliably swam directly to the platform.  

During the next training phase the rat learned to discriminate between the 

steady (correct) and flickering (incorrect ~ 6 Hz) stimuli. The rat was placed in the 

water maze and sequestered behind a clear starting gate. The gate was lifted 

and the rat was required to locate the platform in front of the correct stimulus 

before being removed from the maze. If the rat initially swam past the divider 

towards the incorrect flickering stimulus then the trial was recorded as an error. 

This training phase continued until the rat consistently (+ 80%, ~ 40 trials) 

selected the steady (correct) stimulus.  

CFF was determined in the final testing phase by increasing the temporal 

frequency of the incorrect flickering stimulus and determining the animal’s 

accuracy at discriminating it from the correct steady stimulus following a method 

of limits staircase procedure 19. This procedure had the advantage of keeping the 

stimulus near threshold. Testing began similarly to the training phase. On the first 

trial the rat had to discriminate between the slow (incorrect) flickering stimulus 

(~6 Hz) and the steady (correct) stimulus. On subsequent trials the frequency of 

the incorrect flickering stimulus was raised in 5 Hz increments. In the event of 

two consecutive incorrect responses the frequency of the flickering stimulus was 

lowered by 10 Hz. Thereafter, every consecutive incorrect discrimination resulted 

in lowering the flickering stimulus by 5 Hz increments until correct discrimination. 
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Upon correct discrimination the stimulus frequency was increased (5 Hz) until 

two consecutive incorrect responses. This procedure continued until 3-5 

reversals were made. Threshold was taken as the temporal frequency 

corresponding to 75% correct.  

The position of the correct stimulus, except in very early training, followed 

a Gellerman series 20, which contains all possible left/right sequences under 

constraints such that 1) the correct stimulus appears on each side an equal 

number of times, 2) never more than three successive times on the same side 

and 3) positional strategies of single or double alternation yield 50% correct. In 

the event that an animal developed a position preference (going to the same side 

on four consecutive trials) the correct stimulus was retained on the non-preferred 

side until a correct response was made after which the left/right Gellerman 

sequence continued. 

Rats were tested in groups in a session of ~25 trials with no more than 2 

sessions per day. A CFF frequency-of-seeing curve was generated in 2 to 3 days 

based upon about 80 trials. Two luminance levels were tested (scotopic 6.5 E+3 

µm-2s-1photons,  photopic 6.38E+6 µm-2s-1photons). 

 

Light Damage 

Light damage was conducted in a separate room from behavioral testing. 

Transparent cages were split along the long axis by means of a central divider. 

Rats were placed individually in these compartments. Minimum bedding and food 

were placed in the cages. Water was provided ad libitum. The cages were 
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cleaned every other day.  

A fluorescent light bulb (T8, Phillips, 48 inch, 32 W, 2950 lumens, color 

rendering 85, correlated color temperature 3000K) was placed above the animal 

cages. The light bulb height and angle were adjusted to ensure average 

illuminance measured at 280+20 lux. Illumination was sampled from six different 

locations in the cage. Illuminance levels were measured at the cage floor by a 

Digital Photometer/Radiometer J-6511 (Tektronix Corporation, Richardson, TX) 

immediately before and after each light-damage session. The animals were dark-

adapted overnight before the light damage began. The exposure started around 

12PM+2hrs. Following the light-damage treatment experimental rats were placed 

back into cyclic lighting at the animal housing facility where the mean luminance 

of the cage during the 12 hour light cycle was 57-140 lux. 

 

Histology  

 Rats were euthanized by CO2 asphyxiation.  Whole eyes were harvested 

by enucleation along the conjunctiva and severing of the optic nerve. Extra-

occular muscle and conjunctival tissues were trimmed from the orbit in L-15 

medium. The left eye was refrigerated overnight in fixative (2.5% glutaraldehyde, 

1% paraformaldehyde). 

 Fixative was replaced by PBS and shaken (Junior Orbit Shaker; Lab-Line, 

Melrose Park, Illinois) for 2 X 15 minute washes. Tissue was dehydrated by 

immersion and shaking for 30-minute periods in increasingly concentrated 

ethanol (50%, 70%, 2 X 95%, & 2X 100%). Infiltration was initiated by 2 X 30 
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minute shakings in a solution made from equal parts 100% ethanol and JB-4A. 

Eyes were then refrigerated overnight in 100% JB-4A. The following day eyes 

were aligned in molds and embedded in JB-4 (glycol methacrylate) embedding 

medium (JB-4 Embedding Kit, Polysciences, Warrington, PA).  

 Radial sections, 5 µM thick, were cut using a Leica RM2065 microtome 

(Leica Microsystems, Germany). Sections were collected in deionized H2O at 

500µM intervals and then transferred onto glass slides. Slides were stained 

overnight in Harris Hematoxylin (Fisher Scientific, Pittsburgh, PA). Staining was 

completed the next day by immersion in Bluing Reagent (Fisher Scientific, 

Pittsburgh, PA) followed by Eosin Y staining (Fisher Scientific, Pittsburgh, PA). 

Slides were soaked in Citrisolv (Decon Labs, King of Prussia, PA ) before 

coverslips were mounted with Hitomount (National Diagnostics, Atlanta, GA). 

Retinal Sections were imaged on an axioskop optical microscope (Zeiss, West 

Germany) and captured with Retiga EXi Fast 1394 camera. Measures of outer 

nuclear layer (ONL) and inner nuclear layer (INL) thickness were taken at 450 

µM increments starting from the optic nerve head (ONH) in both inferior and 

superior hemispheres. A small number of areas to be sampled were not available 

on the optimal retinal section. Consequently, in these cases ONL/INL area was 

calculated for a contiguous piece of retina that contained all corresponding data 

points (sections) for every animal. This piece of tissue ranged between 0.9-4.9 

mm superior and 0.9-3.6 mm inferior to the ONH. Only animals surviving 48 days 

past light, or sham, damage were considered in the statistical analysis of 

histological data.  
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Statisicial Analysis 

Between-group significance for ERG data collected at specific experimental time-

points (R6, R20, R48, etc…) was calculated by 2-tailed 2-sample t-test equal 

variance assumed. Within-subjects comparisons were made by paired t-test.  

Flicker analysis and comparisons between ERG and behavioral CFF were made 

by repeated measures ANOVA. Histological analysis was made by 2-tailed 2-

sample t-test equal variance assumed. 
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Results 

 Light damage treatment led to a loss of visual function represented by 

declines of the dark-adapted flash ERG responses; figure 20a illustrates the 

reductions of the maximum a- and b-wave amplitudes (Rmax) in an albino rat six 

days after a 10-day period of continuous exposure to 280-lux light. Before light 

damage (Pre-LD; solid trace) this animal had a- and b-wave of 375µV and 

1730µV Rmax respectively. Six days after (R6, dashed trace) light damage, a- and 

b-wave Rmax values were reduced to 220 µV and 1045µV respectively. Although 

both a- and b-wave Rmax were reduced by about a 40% in this animal, light 

damage did not significantly alter response kinetics as measured by AC coupled 

ERG.  

 Dark-adapted flash ERG a- and b-wave Rmax were lower across all 

experimental days following light damage. Figure 20b, 20c shows a- and b-wave 

Rmax values measured before light damage and on Recovery Day (R) 6, 20, 48, 

and 90 in groups of control (filled circles) and test animals (open squares). Each 

animal’s response was normalized to its pre-light damage value. On R6, a- and 

b-wave Rmax responses for light damaged animals (n=9) were a 1/3 lower than 

pre-light damage responses. By R20 the b-wave recovered over 80% of its 

original amplitude, whereas the loss of a-wave was permanent. Table 6 

compares control and light-damaged dark-adapted a- and b-wave maximum 

response amplitudes. The light damaged a-wave measured significantly lower on 
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R6 and R48 (p<.001). There was no significant difference between the a-wave 

amplitudes of the light damage and control groups at R90. Interestingly, b-wave 

amplitudes were affected very little by the loss of a-wave, there was no 

decrement in control animals and in addition the 33% loss of a-wave in LD group 

results in only a 19% decrement of b-wave in these animals at R90.  

 Cone ERG responses to bright flashes were measured on a 505 nm rod 

saturating background (3.66E+4 photons µm-2s-1) (figure 21). Rmax values of the 

light-adapted a- and b-wave were stable in control animals over the course of the 

investigation. However, the light damage group exhibited a progressively 

declining a-wave. On R6 the light damage group’s a-wave measured 17% less 

than pre-light damage (Pre-LD) and steadily declined thereafter. By R90 the a-

wave had declined to only 64% of Pre-LD value. In contrast, the b-wave showed 

an initial decline of 30%, but thereafter recovered to 85-90% of its pre-light 

damage amplitude.  

 An intensity response function was used to determine sensitivity (I1/2) of a- 

and b-waves. Figure 22 shows the calculated I1/2 of a- and b-waves at Pre-LD, 

R6, R20, and R34. The a-wave became more sensitive after light damage. At R6 

a half maximal a-wave could be elicited with 1.7 fold less light than pre-light 

damage (p < 0.05). The a-wave sensitivity was not significantly different at R34. 

The relationship between light damage and b-wave sensitivity was less clear. 

Although I1/2 values of the b-wave varied over the experimental period, there 

were no significant differences compared to Pre-LD I1/2 b-wave values.  

 Oscillatory potentials (OP) were isolated by band-pass filtering the ERG 
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signal between 34 and 300 Hz 21. OP power was determined by fast Fourier 

transform (FFT) of the first 65 ms of the ERG response. Total OP power was 

quantified by integrating the power spectrum from 75 to 165 Hz. Figure 23 shows 

differences between the OP power spectrum for control (n=3) and experimental 

(n=5) animals at Pre-LD, R6, R34, R90. The area under the OP power spectrum 

was significantly reduced (75%) on R6. In contrast, the area for the control 

animal’s (6%) slightly increased. Light damaged OP power spectrum gradually 

recovered. These results parallel the changes seen in b-wave amplitude. At R90 

OP power for both groups showed no significant difference between them. 

 ERG recordings to sinusoidal flicker and behavioral thresholds to flicker 

were measured in order to determine CFF. ERG CFF was determined by fitting a 

line to the log of response amplitude vs frequency plot and extrapolating to the 

frequency, which produced a 3 µV criterion response. In parallel behavioral CFF 

was determined by 2 alternative forced choice psychophysical testing in a water 

maze.  CFF was tested under both scotopic (ERG = 3,800 photons µm-2s-1; 

water maze = 6,500 photons µm-2s-1) and photopic (ERG = 3.36 E+06 photons 

µm-2s-1 and water-maze = 6.4 E+06 photons µm-2s-1) conditions. Figure 24 shows 

ERG and behavioral CFF at Pre-LD, R6, R20 R48, and R90. ERG CFF values 

were generally higher than behavioral ones. In control animals, scotopic ERG 

CFF (24d) measured 24.7 Hz, while behavioral CFF (24b) measured 20.3 Hz. On 

R6 scotopic ERG CFF (24d) was significantly  (p < 0.01) reduced in light-

damaged animals. However, light-damaged animals did not exhibit significant 

behavioral differences under scotopic conditions. In control animals, photopic 
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ERG CFF (24c) measured 47.8 Hz, while behavioral CFF (24a) measured 40.8 

Hz. Photopic behavorial CFF was significantly depressed (p < 0.001) for the 

recovery period until R90. The ERG measures showed no detectable difference 

between photopic CFF in control vs light damaged animals (24a). A comparison 

of ERG CFF to behavioral CFF in control animals showed ERG CFF to be 

statistically higher (p=.002) then behavioral CFF under scotopic conditions. 

Under photopic conditions in control-animals there was not a significant 

difference between ERG CFF and behavioral CFF. Light damaged animals 

exhibited significant differences between ERG CFF and behavioral CFF in both 

scotopic (p < 0.05) and photopic (p < 0.01) conditions. 

 Photoreceptor loss was quantified by comparing outer (ONL) and inner 

(INL) nuclear layer thickness of light damaged versus control animals. Figure 25 

(pg 132) shows representative photographs from a section of retina 

approximately 1.3 mm inferior to the ONH in a (25a) light damaged and (25b) 

control animal. In figure 26, ONL and INL thickness are plotted as a function of 

distance from the ONH, for control (n=3; filled circles) and light damaged (n=7; 

open squares). The calculated area of the ONL for a 6.75 mm section of retina 

from light damaged animals was 324 µM2, significantly less (p < .01) than the 

matched area of ONL in control animals (417 µM2). INL areas were also 

compared in light damaged animals to controls, however the difference was not 

statistically significant (p = .16). 
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Discussion 

 Our albino rats exposed to low-intensity light for 10-days showed transient 

changes in b-wave amplitude, a-wave sensitivity, CFF values, and the integrated 

power of the oscillatory potentials. These changes were markedly different from 

results we obtained previously detailing the permanent loss of the rod- and cone- 

driven ERG flicker signal in aging RCS rats 22.   In that study we found significant 

decrements to the flicker signals in RCS as early as PN23.  Scotopic ERG CFF 

was reduced by 34% (p < 0.001) while photopic ERG CFF was reduced 16% (p < 

0.05). At PN22 the dark-adapted b-wave amplitude is attenuated by about 40% 

compared to non-dystrophic congenic animals 23.  This correlates well to losses 

seen in ONL thickness (~ 40%) adjacent the optic nerve head in RCS at this age 

24, 25.    

 In the present study we measured a 33% loss of dark-adapted b-wave 

amplitude in albino rats six days after light damage.  At the end of our study ONL 

thickness showed a 22% loss, but the b-wave had recovered.  Considering the 

similar loss of b-wave amplitude in both RCS (PN23) and light damaged albino 

rats (R6), we expected to see greater reductions to ERG CFF in the light 

damaged rats. Scotopic ERG CFF was reduced 11% after light damage, while 

there were no changes in photopic ERG CFF.   

 The relatively greater deficit to RCS flicker function may be due to 
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pathophysiological stress. In RCS, degeneration stems from the inability of RPE 

cells to properly phagocytose shed rod outer segments owing to a defect in Mertk 

tyrosine kinase receptor gene 26. The build-up of these shed disks in the 

subretinal space leads to the formation of a debris zone and ensuing 

photoreceptor apoptosis 27.  The exact mechanism of cell death is unclear 28-30.  

The debris zone may interfere 31 with diffusion of metabolites 32 or oxygen 33.  

The lower CFF in RCS rat may be a product of the retina’s chronic unmet 

metabolic demand or some associated degenerative stresses. In contrast, 

photoreceptor apoptosis caused by light damage 34  is the result of a temporary 

insult. The threshold flicker function may be robust in the face of this transitory 

stress, so as to fully recover six days after the exposure period. While the retina 

in the RCS rats has no time to recover, a plastic adjustment in gain along the 

rod-bipolar pathway in light damaged retina may partially compensate and 

maintain b-wave amplitude. We have also tested flicker function in a ß subunit 

knockout (KO) mouse model (Cngb1-x1)  (Zhang et al. 2009 35). In this genetic 

model of RP, CFF curves were suppressed over the scotopic range of intensities. 

Similarly, human testing has shown an earlier loss of the rod driven flicker signal 

over photopic CFF in RP patients 36.  Further flicker ERG testing in rodent rescue 

models, which exhibit decrements to CFF would help clarify how flicker function 

is related to the degenerative condition.  

 A 3 µV criterion of response was used for determining ERG CFF, since it 

is near the root mean squared noise in our averaged flicker ERG recordings.  

Other studies have also used a 3 µV criterion amplitude for flicker ERG 
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analysis 16, 22.  At the beginning of this study it was unclear how this ERG 

criterion would correspond to the behavioral detection of a flicker signal in albino 

rat. Behavioral threshold for seeing flicker (CFF) was calculated as 75% choice 

of the correct stimulus in our 2-alternative forced choice testing. Overall, there 

was a fair correspondence between ERG and behaviorally determined CFF 

values. The scotopic ERG CFF compared by repeated measures ANOVA to 

scotopic behavioral CFF values was significantly lower (24.7 vs 20.3 Hz) in 

control animals. Light-damaged animals exhibited significant differences between 

the ERG criterion and behavioral threshold CFF under both scotopic and 

photopic conditions. This interesting result suggests that after light damage a 

larger ERG signal is required in order to mediate the behavioral detection of a 

threshold flicker signal for cone driven visual function. Perhaps indicating a 

temporary perturbation in cone response effectiveness as seen by ganglion cells. 

We also tested an alternative ERG criterion of 5µV in order to find an 

electrophysiological criterion, which better represented psychophysical threshold.  

Using the 5µV criterion eliminated any statistical difference between ERG and 

behavioral measures of CFF in either control or light-damaged animals.  

 A single study by Coile, Pollitz, & Smith, has reported behavioral CFF 

exceeding ERG CFF measures in dog 37. However, our results agree with the 

majority of previous studies in primate showing ERG measures of CFF to be 

comparable or higher than those obtained psychophysically 38-40, suggesting that 

the visual system is sensitive to nearly threshold temporal responses in the 

retina. 
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 There was a significant dip in scotopic ERG CFF after light damage at R6. 

This temporary deficit may be the result of the phenomenon of photostasis 41, in 

which the length of the rod outer-segments shortens with respect to the quantal 

photon catch per day. We did not find reductions to behavioral CFF due to light 

damage of the same magnitude described by Williams et al. 14. Williams et al. 

tested CFF in albino rats exposed rats for eight days to a relatively higher 

intensity light (500 lux) resulting in a loss of 90% ONL thickness. Our model of 

partial damage (22% loss) did not exhibit significant functional deficits. Thus, the 

threshold for significant and permanent behavioral deficits lies somewhere in 

between these damage levels. 

  After light damage there was a relatively small decrease in the light-

adapted a-wave at R6.  Over time, however, the light adapted a-wave 

progressively decreases, so that R90 is the only statistically significant 

difference. This raises the interesting possibility that cone receptors continue to 

degenerate after light damage, which may also help explain the apparent greater 

disparity between the ERG and behavioral criterion. Several studies have 

documented long-term apoptosis in ONL after exposure to high-intensity light 9, 

42-45. The b-wave and flicker responses may not reflect this loss due to their 

greater plasticity. 

 The generators of the oscillatory potential have not been clearly identified, 

but are thought to originate from inner retina 46. Hancock and Kraft showed there 

was a linear relationship between OP amplitude and b-wave amplitude 21, 47. We 

found a deficit to total OP power that persisted beyond the significant reductions 
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to b-wave.   OP power spectra were not significantly different from control 

animals at R90.  However, in both control and light damaged groups total OP 

power was significantly lower than at the beginning of the study. The decrease to 

OP power in normal rats maybe the result of normal aging or some underlying 

degeneration ongoing in the control group. Ye, et al. also saw decreased OP 

power in aged rats 48.  

 Our study showed that CFF was less affected by light damage than the 

ERG b-wave.  The relatively minor changes to CFF exhibit the preservation of 

threshold responses that mediate behavior despite significant photoreceptor 

degeneration. The CFF was not significantly different from control animals at the 

end of our study. These findings suggest that successfully treated retinal 

degeneration will benefit visual function over the long term.   
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Fig. 20a Dark-adapted ERG response to bright camera flashes before (solid line) 
and 6 days after (R6 dashed line) a 10-day period of 280 lux constant light. Each 
trace represents the average of three responses with an inter-stimulus interval of 
120 seconds. 
 



126 

 
 
Fig. 20b, 1c Comparison of the dark-adapted flash ERG (Rmax) between light-
damaged and control animals for (b) a- and (c) b-waves.  Recordings were made 
before light damage and on Recovery Day (R) 6, 20, 48, and 90.  Each animal’s 
response was normalized to its pre-light damage value.  Filled circles connected 
by solid lines show results for control animals (n = 3 to 6).  Open squares 
connected by dashed lines show results for light damaged animals (n = 5 to 10).  
Error Bars = ± SEM  
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Fig. 21 Light-adapted ERG responses to bright camera flashes on a rod 
saturating background (1.691E+4 photons µm-2s-1).  Recordings were made 
before light damage and on Recovery Day (R) 6, 20, 48, and 90.  Each animal’s 
response was normalized to its pre-light damage value for (a) a-waves and (b) b-
waves.  Filled circles connected by solid lines show results for control animals (n 
= 3 to 6).  Open squares connected by dashed lines show results for light 
damaged animals (n = 5 to 10).  Error Bars = ± SEM 
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Fig 22. An Intensity Response (IR) series was recorded by progressively 
increasing flash intensity.  Resulting curves were fit by a modified Michaelis 
function.  Sensitivity (Log I1/2) for (a) a- and (b) b-waves were calculated before 
light damage and on R6, R20, and R34.  Open squares connected by dashed 
lines show results for light damaged animals (n = 6 to 10). Filled circles 
connected by solid lines show results for control animals (n = 3 to 6)  
Error Bars = ± SEM 
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Fig 23. Oscillatory Potential (OP) power spectrum over the 75-165 Hz frequency 
domain.  Traces represent the power from an averaged OP for control (filled 
circles) and light-damaged (open squares) animals Pre-LD (a) and on R6 (b), 
R34 (c), and R90 (d).  Filled circles connected by solid lines show results for 
control animals (n = 3 to 6).  Open squares connected by dashed lines show 
results for light damaged animals (n = 5 to 10).  Error Bars = ± SEM 
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Fig. 24a, 24b Behavior CFF measured by (a) photopic flicker with a time 
averaged mean intensity of 6.4E+06 photon/µm2/sec.  The light source was 
attenuated by 3 log units of neutral density filtering for (b) scotopic testing.  
Fig. 24c, 24d ERG CFF for (c) photopic and (d) scotopic intensities were tested 
on background lights of 3.32E+06 and 3.81E+03 photon/µm2/sec incident on the 
cornea, respectively.  
Filled circles connected by solid lines show CFF results for control animals (n = 3 
to 6).  Open squares connected by dashed lines show CFF results for light 
damaged animals (n = 5 to 10). All animal’s were tested before light damage and 
on R6, R20, R48, and R90.  Error Bars = ± SEM 
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Figure 25 Photographs from a section of retina approximately 1.3 mm inferior to 
the ONH in a (25a) light damaged and (25b) control animal.  Cell body layers 
labeled from the top of images; GCL (ganglion cell layer), (INL) inner nuclear 
layer, and ONL (outer nuclear layer).  
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Fig 26.  The µM thickness of (a) outer and (b) inner nuclear layers plotted as a 
function of distance from the ONH.  Measures were made within 2-mm superior 
and inferior from the ONH. 
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Table 6 Comparison of Dark-Adapted ERG Responses (µV) for Control and 
     Light Damaged Animals; Mean ± SEM (n). 

            
Animal a-wave   b-wave  
      
 Control LD  Control LD 
            
Pre-LD 367±19 (5)   354±7 (10)  1440±123(5) 1450±78 (10) 
      
      
R6 363±42 (4) 236±15 (9)  1420±144 (4) 930±64 (9) 
      
      
R20 313±9 (3) 277±20 (7)  1230±55 (3) 1200±57 (7) 
      
      
R48 349±9 (3) 250±30 (5)  1350±49 (3) 1250±74 (5) 
      
      
R90 278±16 (3) 237±5 (5)  1260±126 (3) 1180±95 (5) 
 (p = 0.15)  (p < 0.01)   (p = 0.62)  (p < 0.05) 
            
2-tailed paired t-test: Pre-LD vs R90 (n=3 WT, n=5 LD)  
      

 
 
 
 

 

 



DISCUSSION

Rod versus Cone- driven Flicker Response

Aim

Our goal was to investigate the fidelity of retinal circuits that encode 

temporal resolution as measured by CFF during a period of retinal degeneration. 

We expected to observe declines in function and possibly evidence of 

compensatory mechanisms in the retinal response. The ERG response to high 

frequency photopic flicker is routinely used for isolating the cone response. 

Studies in RCS and P23H RP model rats by Pinilla et al. 138, 194 showed relatively 

early changes to ERG CFF compared to traditional flash ERG measures. 

Advantages of using CFF as a metric of retinal function is that it can be obtained 

from both psychophysical and electrophysiological techniques and it separates 

rod- versus cone-driven function. We measured CFF in three animal models of 

retinal degeneration: a traditional model of RP with rapid loss of rods and cones, 

a knockout mouse where rods fail to develop normally and cones are relatively 

spared, and a transient insult model that affects primarily rods. 

Retinal Function in RCS Rat

Significant deficits to ERG CFF were found in all three animal models. The 

most dramatic losses we saw were in RCS rats. RCS rats present with retinal 
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degeneration typical of RP, wherein cones degenerate secondarily to rods. RCS 

rats exhibit an abnormal ERG response to flashes of light as early as PN18 121, 

133, 134, 136-138, yet the cone ERG remains normal until PN42 137. Pinilla et al. were 

able to detect an early deficit to cone function by measuring the ERG response to 

photopic flicker.  In their study CFF was determined by presenting white flashes 

(luminance of 1·37 log cd s m-2) of increasing frequency on a ganzfeld with a 

background luminance of 29·8 cd m-2.  Pinilla et al. found that CFF in RCS rats 

was significantly reduced (75.5%) at PN28 and declined further thereafter 138. 

They did not find a significant reduction in CFF at PN21 their next earliest 

experimental time point.   Pinilla et al. did not measure the ERG response to 

scotopic flicker. Scotopic CFF is lower than photopic CFF due to slower rod 

temporal resolution. We were interested in expanding the study of CFF in RCS 

rat by measuring ERG CFF at both scotopic and photopic intensities in RCS rat. 

We measured ERG CFF in RCS rat over a broad range of light intensities 

at PN23, PN44, and PN64. CFF was reduced across the entire intensity range 

examined. At PN23 photopic CFF in RCS rat was significantly lower (p < 0.05) 

than in LER rats. This result demonstrates a measurable reduction in CFF before 

the deficit found by Pinilla et al. In their study of RCS, CFF was reduced 

compared to control animals at PN21, but was not statistically significant. The 

significant difference we found at PN23 may be the earliest point that a deficit in 

RCS cone function can be detected. Scotopic ERG CFF in RCS rats was also 

significantly reduced at PN23. At a dim scotopic intensity ERG CFF in RCS rat 
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measured only 66% of control animals. The isolated rod b-wave in RCS animals 

at this age typically measures about 50% of normal 137.  

At PN44 there was a loss of the lowest 1.5 log units of the rod flicker 

response intensity range.   At this age ERG CFF was reduced to about 50% of 

normal and there was no longer a clearly discernable rod-cone break. The 

disappearance of the rod-cone break at PN44 suggests a single generator of the 

flicker response.  Recordings from single rod photoreceptor cells in RCS rat at 

this age exhibit a reduced sensitivity and an accelerated recovery. The reduction 

in sensitivity probably accounts for the truncated flicker response at the lower 

scotopic intensity range. An accelerated recovery may boost temporal resolution, 

yielding increases to CFF. One could therefore argue that remaining CFF after 

PN44 is being mediated by rod. However, this seems unlikely since the light 

adapted b-wave is relatively normal until PN42, so there is no reason to suspect 

that cone function is impaired.  However, there is evidence to suggest that the 

maximum b-wave and threshold flicker responses are not directly correlated to 

one another as we will discuss next.  

 

Retinal Function in Cngb1 GARP Knockout Mouse 

 A recently created Cngb1-x1 knockout mouse by Zhang et al. lacks both β 

subunits of the CNG channel and GARP proteins 184-186, 195. This transgenic 

model differs from a separately reported β subunit knockout mouse (Cngb1-x26) 

that targeted only the channel like region, but does not effect GARP expression.  

In Cngb1-x26 the retina exhibits a slow RP-like degeneration. In single cell 
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recordings the vast majority of rod photoreceptors did not respond to light. ERG 

recordings also indicated an extinguished rod response.  The Cngb1-x1 knockout 

mouse also presents with slow RP type degeneration.  However, Cngb1-x1 rod 

photoreceptors have a reduced but measurable rod response in single cell 

recordings. We further characterized the Cngb1-x1 knockout mouse by recording 

the ERG response to flash and flicker stimuli over the first four months of life and 

we extended the investigation to the cone-driven system. 

 We evaluated rod function in Cngb knockout mice by measuring b-wave 

sensitivity. Threshold for generating an ERG b-wave response in Cngb knockout 

mice is raised by 2.8 log units. Although severely reduced, this response is 100-

fold better than threshold in the rodless, rhodopsin knockout mouse 196, indicating 

a significant amount of remaining rod function, however this rod-driven retinal 

function declines over time. Dark-adapted b-wave sensitivity (I1/2) was also 

determined by fitting an intensity-response series with a Naka-Rushton function. 

Cngb knockout mice are 26-fold less sensitive than wild type liter-mates. This 

result is consistent with a 34-fold loss of sensitivity measured in one-month old 

Cngb knockout mice in single cell recordings 197. 

 We tracked the b-wave response under dark- and light adapted conditions 

in Cngb knockout mice over the first 4 months of life. At PN30 the maximum 

dark-adapted b-wave was 50% of wild type mice, while the maximum light-

adapted b-wave was not significantly different. The implicit time of the b-wave 

was also significantly longer under both dark- and light- adapted conditions.  

Over the next 4 months there is a rapid and significant loss to both dark-and 
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light- adapted b-wave. The dark-adapted b-wave declines to about 10% of wild 

type by 4 months old, while the light-adapted b-wave amplitude declines to about 

25% of wild type.  The changes to b-wave amplitude, sensitivity, and implicit 

times in Cngb1 knockout mice confirm a progressive RP degeneration with initial 

rod loss followed by cone loss. 

 Cngb1 knockout mice also exhibit conspicuous reductions to CFF over the 

scotopic intensity range at all ages. ERG CFF was determined over a broad 

range of intensities in Cngb1 knockout and wild type mice at PN32, PN75, and 

PN91. There was no detectable flicker response over the lowest three log units 

tested, which was similar to our result in RCS at PN64. In both RCS rats and 

Cngb1 knockout mice the sensitivity of b-wave is reduced and implicit times are 

longer.  This decrease in sensitivity means that a greater stimulus intensity is 

required in order to produce a half maximal or threshold response.  The 

reductions in sensitivity may therefore be due to the loss of the flicker response 

over the lower end of the scotopic range in both Cngb1 knockout mice and RCS 

rats. In contrast, the light damage model did not show significant changes in b-

wave sensitivity or implicit time.  In this light damage model there was no 

truncation of the flicker response range, but light damage was mild (<30%) 

compared to rod loss late in the life of RCS rat or Cngb1 knockout mouse. 

 ERG CFF measured significantly lower in the scotopic range, reflecting 

the physiological result that remaining rod function in Cngb1 knockout mice is 

impaired. At the upper end of our intensity range the cone-driven ERG CFF in 

knockout mice falls within the range of the wild type mice. Over the course of 3 
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months testing, there was no significant decline in cone ERG CFF.  This is 

surprising considering the progressive loss of light-adapted b-wave amplitude.  

One explanation for this apparent contradiction is that the two tests are 

measuring different functional aspects of the cone pathways in the retina. 

Thresholds may play a more important role in mediating visual function, while 

maximum responses are a better indicator the degenerative condition.  

 

ERG Measures of Retinal Function in a Light Damaged Albino Rat   

 Retinal degeneration is produced in freely roaming albino rats by 

continuous light exposure. The magnitude of effect depends on stimulus 

intensity, wavelength, and duration of exposure. Our aim was to produce partial 

retinal degeneration using 10-days of continuous exposure to white fluorescent 

light. This model may help inform us of how the visual system responds to a 

temporary and damaging insult. Similar partial damage might occur if retinal 

degeneration was successfully constrained by treatment. Furthermore, it is 

unclear whether rod- or cone-driven function is more vulnerable to light damage. 

Anatomical studies suggest that there is greater rod loss, however impaired 

photopic function has also been demonstrated.   

 We measured the ERG response in light damaged albino rats to flashes of 

light under dark- and light-adapted conditions. There was about a 30% 

permanent loss to the dark-adapted a-wave.  However, the light adapted a-wave 

amplitude measured 83% of pre-damage levels immediately after light damage, 

but it declined to only 64% of Pre-LD value by the end of our study. At the same 
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time the light-adapted a-wave in control animals also declined to 84% of pre-

sham damage value. This apparent delayed decline in cone function in both 

groups may be caused by degeneration stemming from the background 

illumination provided in our animal housing room or may be the result of normal 

ageing.  Alternatively, the larger decline in the experimental group may also be 

due to the light damage exposure period, since delayed photoreceptor loss has 

been reported after exposure to high intensity light 158, 198-202.  If there is delayed 

cone loss unique to light damage then the deficit measured might be proportional 

to the interval of time following damage.  This may bias longer-term studies 

toward a conclusion that cones are more vulnerable to light damage.  TUNEL 

staining for apoptotic markers in ONL could help to confirm delayed 

photoreceptor loss.  

 Dark- and light- adapted b-wave amplitudes were reduced about 30% 

immediately after light damage, however both recovered to over 80%. The b-

wave’s recovery following light damage necessarily depends on an increased 

photoreceptor input or response gain.  The a-wave losses discussed earlier 

contradict the idea of a larger photoreceptor input.  This suggests gain in the 

response of the bipolar cells or at the site of rod-bipolar synapse. Also, it is 

known that the bipolar cells have a highly non-linear synaptic gain in responses 

to contrast 203. The bipolar cell response gain may be mediated by the sprouting 

of new bipolar cell dendrites. Sprouting of bipolar cell dendrites has been 

previously reported as a possible compensatory mechanism in rodents during 
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normal aging and RP 204, 205. Staining for bipolar cells after low-intensity light 

damage could identify morphological changes to the cell’s dendritic structure.  

 Measuring the intensity response series showed increased a-wave 

sensitivity (I1/2) until R34. The change in sensitivity indicates that a half maximal 

response could be evoked by a less intense stimulus following light damage. 

Since this gain in sensitivity is not apparent in single cell recordings in light 

damage animals (Wen, Y 2008), it could possibly due to unmasking of the a-

wave due to delays in the b-wave implicit time. 

    ERG CFF has not been previously measured in light damaged albino 

rats.  There was a small, but significant decline in scotopic ERG CFF 

immediately following light damage. The scotopic ERG CFF recovered by our 

next experimental time point, 14 days later. There was no measurable change in 

photopic ERG CFF at anytime. We expected to see larger reductions to CFF in 

this model given the reductions in b-wave amplitude.  The reduction in scotopic 

ERG CFF was relatively small and transitory. The relative maintenance of a near 

threshold flicker signal compared to the maximum response suggests that 

different mechanisms are responsible for meditating threshold and maximum 

responses.  

 

Summary of ERG Findings 

We hypothesized that ERG CFF would be a sensitive indicator of rod- versus 

cone-driven visual function. We tested this by measuring scotopic and photopic 

CFF in three rodent models of retinal degeneration. The results from these 
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animal models are contradictory and surprising.  We expected to see progressive 

declines of CFF in RCS rats and Cngb mice. In these two genetic models there is 

a progressive loss of dark- and light-adapted b-wave amplitudes. However, 

dramatic and progressive losses to CFF were only formed in RCS rats. In Cngb 

knockout mice scotopic CFF was greatly reduced, but CFF was stable.  In the 

light damage model there was significant reductions to both dark- and light-

adapted b-waves.  However there was no change in photopic CFF and only 

minor and transitory reduction in scotopic ERG CFF. Overall, these results 

suggest that maximum responses are a more sensitive way of detecting retinal 

degeneration.  And that threshold measures may be more important for visual 

function, which we will discuss further in the next section.  These threshold 

responses may be vulnerable only under special pathological conditions.  In RCS 

rat, for example, there is a debris zone, which may interfere with the diffusion of 

metabolites 127. The lower CFF may therefore be a product of the retina’s chronic 

unmet metabolic demand. In contrast, RPE and associated metabolic pathways 

are relatively preserved in Cngb knockout mouse and low intensity light damaged 

rat models.  

  

Behavioral Versus ERG CFF 

 Another goal of our research was to compare ERG and behavioral 

measures of CFF.  RCS rat and Cngb knockout mouse contain a genetic form of 

retinal degeneration.  In such a model training on a behavioral task would have 

been complicated by ongoing degeneration.  We therefore chose to investigate 
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the relationship between ERG and behavior in an albino rat light damage model 

of retinal degeneration. Albino rats were trained to discriminate steady from 

flickering light in a water maze before receiving 10-days continuous exposure to 

280-lux fluorescent light. Preliminary data suggested that this level of exposure 

would lead to a 30% reduction in ONL thickness in freely roaming animals.  

 Measures of ERG and behavioral CFF were made before the exposure 

period and at regular intervals over a 90-day recovery period. Overall we found 

no change in scotopic CFF following light damage. The small decline in scotopic 

ERG CFF found at R6 was transient and recovered by our next experimental 

time point. There was no measurable change in photopic ERG CFF. Scotopic 

behavioral CFF in light-damaged animals was not significantly different than 

controls.  Photopic behavioral CFF measured slightly, but significantly lower after 

light damage until R90.  

 A previous study by Williams et al. of behavior in light damaged rat 

showed apparently greater deficit to photopic over scotopic visual function. In this 

study 3-month old albino rats were exposed for eight days to 700-lux light.  A 

psychophysical technique was used to measure behavioral CFF. Rats were 

tested for 1-month following light damage.  Williams et al. found pronounced 

downward shift in the CFF curve over the 6-log unit intensity range tested.  The 

largest differences were found at photopic intensities. These losses were 

permanent and histology showed a 90% loss of photoreceptor layer. 

 In our light damaged animals we did not find the conspicuous losses to 

behavioral CFF reported by Williams et al. There was no measurable deficit in 
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scotopic CFF.  Photopic CFFs were slightly lower on average than in control 

animals.  This result although not pronounced seems to confirm the greater 

reduction to photopic CFF after light damage. Surprisingly, this is contrary to the 

changes we found to ERG CFF, which was temporarily lower after light damage 

only at the scotopic intensity. The transitory losses to scotopic ERG CFF may be 

due to the phenomenon of photostasis 206, in which the length of the rod outer-

segments shortens with respect to the quantal photon catch per day. Williams et 

al. found a reduction in ONL thickness of 90%.  By comparison in our study the 

ONL was only reduced by 22%.  It seems the threshold for causing significant 

and permanent damage to visual function is at a middling intensity between 

these two studies. The next experiment should test 50% loss of rods.   

 We compared a 3 µV criterion of response used for determining ERG 

CFF, with our behavioral criterion of 75% correct in the 2-alternative forced 

choice testing.  ERG CFF measured slightly higher on average than behavioral 

CFF.  Similar results have been reported in primates 115, 207.  

 In control animals scotopic ERG CFF measured significantly higher than 

scotopic behavioral CFF.  In light damaged animals both scotopic and photopic 

ERG CFF was significantly higher than in controls. This suggests that after light 

damage a larger ERG signal is required in order to mediate the behavioral 

detection of a threshold flicker signal for cone driven visual function. We also 

tested an alternative ERG criterion of 5µV in order to find an electrophysiological 

criterion, which better represented psychophysical threshold.  There was no 

statistical difference between electrophysiological and behavioral CFF in either 
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control or light-damaged animals, with respect to this higher 5µV criterion 

amplitude. This finding indicates that there is a fair correspondence between 

behavioral and ERG thresholds. It is difficult to predict how the behavioral 

threshold may change if there was a larger reduction to ERG CFF. Unfortunately, 

the exposure period we used did not produce the expected deficit.  

 Contrary to our expectations the ERG thresholds were better preserved 

than ERG maximum amplitudes. These findings depict a visual system that is 

able to detect near threshold physiological responses in spite of significant 

neurological lose or cell death. In fact, the visual system seems weighted 

towards the preservation of the threshold sensitivity at the expense of the 

maximum response.  In general, the maximum response may be a better 

indicator of retinal degeneration.  However, the CFF can inform us of when visual 

function is impaired.  The goal in treating retinal degeneration is to preserve or 

restore visual function.  Understanding the relationship between the maximum 

and threshold responses may inform us of the likely outcome from an attempt at 

therapeutic rescue.  This information would thus prove valuable in the clinic.    
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