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Abstract

Purpose—The purpose of this study was to identify how changes in retinal structure and 

function correlate with visual deficits during increasing amounts of retinal degeneration.

Materials and Methods—Retinal degeneration was induced in adult mice by subretinal 

injections of paraquat (0.2–1 mM). Retinal anatomy and photoreceptor layer thickness were 

quantified by histology and optical coherence tomography, retinal function was measured using 

electroretinography, and visual behavior were measured by optokinetic tracking, at 1–3 weeks 

post-injury.

Results—Photoreceptor layer structure, function, and visual behavior declined at a linear rate 

over time following paraquat induced degeneration, with the correlations between outcome 

measures being lowest at mild injury levels and increasing with injury severity. Overall reductions 

in visual acuity were highly correlated with declines in retinal thickness (r2=0.78) and function 

(r2=0.67) and retinal thickness correlated with photoreceptor function (r2=0.72). ERG a-wave 

scotopic amplitudes showed a stronger correspondence to in retinal structure and visual behavior 

than b-waves.

Conclusions—Measurements of photoreceptor loss at the structural and functional levels 

showed good correspondence with degeneration-associated changes in visual behavior after 

oxidative stress injury. The results provide new insight about the relative kinetics of measurements 

of retinal degeneration induced by oxidative stress, which could guide the choice of optimal 

outcome measurements for other retinal diseases.
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INTRODUCTION

Many retinal diseases, including age-related macular degeneration and retinitis pigmentosa, 

are caused by progressive retinal cell loss. In most cases, irreversible deficits in vision have 
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already occurred by the time loss of retinal structure has been detected.1, 2, 3, 4 Therefore, an 

important focus in the field is defining the kinetics of structural and functional degenerative 

changes, and characterizing the amount of degeneration that leads to visual deficits.3 

Determining the extent that functional, structural and histological outcome measures of 

retinal degeneration relate to declines in vision behavior would indicate which outcome 

measures are most appropriate to use at different stages of degeneration, and could guide 

experimental analysis of therapeutic interventions.

There is a general lack of understanding of how changes to retina structure and function 

correspond to the degree of visual deficits. Although several studies have characterized the 

rates of degeneration at structural and functional levels for various retinal injuries2, 4, 5, 6, 

very few reports have precisely correlated these different outcome measurements. For 

example, analysis of the rd10 mouse model of retinal degeneration described declining 

structural and functional loss of photoreceptors7, but the extent that these two measurement 

outcomes compared with each other was not determined. A correlational analysis of patients 

with retinal degeneration demonstrated that structural and functional measurements, 

obtained using fdOCT and mfERG respectively, showed increasing correlation as the disease 

progresses; however, it remains unknown exactly how the two measures correlate with 

remaining visual activity.1

Changes in visual behavior in animal models are often assessed using optokinetic tracking 

(OKT), which measures an animal’s reflex behavior to track, and therefore see, moving 

objects.8, 9, 10 The OKT assay is a well-characterized technique that is used to detect the 

level of visual acuity in many vertebrates organisms, including mice and 

humans.8, 11, 12, 13, 14 However, the extent that visual behavior decline correlates with 

changes in retinal structure and function is still not clear.

A major cause of retinal degeneration is elevated oxidative stress, which occurs in 

photoreceptor diseases and in numerous retinal and neuronal degeneration 

models.15, 16, 17, 18 While the effects of oxidative stress in the retina have been widely 

studied15, 19, 20, 21, the temporal relationship between oxidative stress and initiation of visual 

deficits remain unknown. A commonly used chemical compound to model oxidative stress 

in the retina is paraquat (PQ), or 1,1'-Dimethyl-4,4'-bipyridinium dichloride. PQ generates 

oxygen radicals through redox cycling and NADPH oxidase regulation22 and intravitreal 

injections of PQ lead to degeneration and decreased function of photoreceptors and ganglion 

cells.19, 23 PQ offers the advantage over genetic models in that different degrees of injury 

can be induced with different doses at the same age of the animal, thus avoiding age-

dependent effects.24

In this study, we examined the degree of correlation among measurements of retinal 

photoreceptor degeneration and visual degradation, using an oxidative stress induced retinal 

degeneration mouse model. We found a dose-dependent linear decline of vision, and a high 

positive correlation among photoreceptor structure and function and visual acuity 

measurements, indicating that quantifying changes in structure or function correspond well 

with changes in visual acuity. Furthermore, the coefficient of determination dose-

dependently increased with the concentration of oxidative stress, indicating that the different 

Patel et al. Page 2

Curr Eye Res. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



measurement techniques are more correlative with increasing injury. Therefore, this study 

defines the relationship between structural, functional and visual decline during oxidative 

injury induced photoreceptor degeneration.

MATERIALS AND METHODS

Animals

All animal work adhered to the regulations of the ARVO Statement for the Use of Animals 

in Ophthalmic and Vision Research and was approved by the Animal Care and Use 

Committee at the University of Miami. Wild type mice (strain B6;129SF2/J, The Jackson 

Laboratory, Bar Harbor, ME) of both sexes were used. Mice at age 3 months were 

anaesthetized using ketamine/xylazine and eyes were locally anesthetized with 0.5% 

proparacaine hydrochloride eye drops (Akorn, Lake Forest, IL). For subretinal injections, a 

small incision was made in the conjunctiva and sclera and a 1.5 cm 33-gauge Hamilton 

needle (Hamilton Company, Reno, NV) was inserted into the subretinal space in the superior 

region of the eye, using a microscope for visualization. Two microliters of PBS, or PQ 

(Sigma, St. Louis, MO) at increasing doses ranging from 0.2–1 mM were injected.23, 25 

Each mouse was injected in the same area of the eye. The average amount of cellular loss 

was similar among eyes measured at the same dose of PQ and time point, although the 

specific pattern of PQ-induced damage was not uniform between each eye. Subretinal 

injections generated transient retinal detachments that subsided by the 1 week time point, 

which was confirmed by OCT on each injected animal. Mice with unresolved retinal 

detachments or bleeding were excluded from further analysis. Investigators were masked to 

the identity of the injected compound for all analyses.

Histological analysis

Eyes were enucleated immediately after the mice were euthanized and fixed in 0.4% fresh 

paraformaldehyde then processed through a sucrose gradient (5%–20% sucrose in PBS).26 

The entire globe was sectioned into 10 µm cross-sections, stained with 4',6-diamidino-2-

phenylindole (DAPI) to visualize the retina cell nuclei, and columns of photoreceptor nuclei 

in the ONL were counted near the optic nerve head and in the periphery in 5 sections, each 

approximately 200 µm apart.23, 25 Central photoreceptors were counted approximately 200–

300 µm from the optic nerve and peripheral photoreceptors were counted 200–300 µm from 

the end of the retina/ciliary epithelium.

For bipolar cell counts, immunostaining was performed as in Yi et al. using a rabbit antibody 

against protein kinase C (1:200 Santa Cruz Biotechnology, Inc., Dallas, TX) and goat-anti-

rabbit Alexa 546 (1:600 Santa Cruz Biotechnology, Inc.) antibody.26 Sections were 

counterstained using DAPI for nuclei labeling and imaged using a Zeiss Axiovert 200 

fluorescent microscope at 20× magnification.

Retina layer thickness measurement using optical coherence tomography (OCT)

Mouse retinas were imaged non-invasively using a spectral domain optical coherence 

tomography (SD-OCT) system (Bioptigen, Research Triangle Park, NC) that was optimized 

for small animals. The mice were anaesthetized, wrapped in a blanket, and placed on the 
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OCT imaging stage.27 The eyes were dilated with 10% topical phenylephrine eye drops and 

kept moist using artificial tears (Systane, Alcon, TX). Imaging scans covered a volume of 

1.3 × 1.3 × 1.56 mm3 of the mouse eye centered on the optic disk and 100 b-scans were 

generated, and b-scan density was 1000 a-scans/b-scan. Photoreceptor layer thickness was 

quantified using MATLAB (Mathworks, Natick, MA) and segmentation software and 

applications developed by the Ophthalmic Biophysics Center at the Bascom Palmer Eye 

Institute, University of Miami.27 The thickness of the outer nuclear layer and inner and outer 

segments of the photoreceptors were measured in 70–80 cross-sectional b-scans and then 

averaged across the retina.23, 28

Retina function measurement using electroretinography (ERG)

The mice were dark adapted for 4 hours and were then anesthetized, wrapped in a heating 

blanket with a continuously running water bath to maintain a consistent body temperature 

and placed on the ERG stage. The eyes were dilated and kept moist, as described above. A 

grounding electrode was inserted into the tail of the mouse while the reference electrode was 

inserted under the skin between the eyes. Silver wire electrodes were placed on the corneas 

of the mice. Mice were exposed to flashes of white light ranging from 0.01 to 10 cd•s/m2 in 

the scotopic range using a Ganzfeld light emitting chamber.23, 29 For simplicity of the 

comparisons and correlations described below, all analyses were performed using the ERG 

recordings from the 1 cd•s/m2 intensity, which was the intensity at which the photoreceptor 

responses reached maximal amplitudes. Field potentials generated by the retina were 

recorded from both eyes simultaneously using ten 250 µs flashes per light intensity with an 

interstimulus time of 5 seconds between each flash, and the responses to the ten flashes were 

averaged. Individual recordings at each of the flashes within the 10 recording showed no 

signs of diminishment with this interstimulus interval (Supplemental Figure 1). Flash 

intensity, duration and response recordings were conducted using the UTAS system 

controlled by EM for Windows software (LKC Technologies, Gaithersburg, MD). Notch 

filtering was used to reduce the 60 Hz signal noise. Low cut filtering was performed at 0.3 

Hz and high cut filtering was performed at 500 Hz. Retinal function was assessed by 

measuring the average peak amplitude from the ERG waveforms. Oscillatory potential 

measurements were generated using the UTAS program under the same conditions as the 

ERG recordings, and filtering for oscillatory potentials (OP) was performed using the built 

in software filtering system based upon International Society for Clinical Electrophysiology 

of Vision (ISCEV) Standards30. The OP filtering did not significantly alter the ERG b-wave 

amplitudes at the light intensity used (Supplemental Table 6).

Visual behavior assessment

Optokinetic tracking measurements were performed by placing the mice on a raised 

platform in the center of a box surrounded by four monitors displaying rotating sinusoidal 

gratings of alternating white and black columns, following the method of Prusky et al.31 and 

described previously.23 The direction of column rotation was changed a total of 6 times with 

30 seconds between each change. To determine the threshold response, column thickness 

was decreased step-wise by a factor of 1.5 until the animal could no longer track the column 

rotation. Mouse vision behavior was scored based on whether or not the animal could track 

the direction of column rotation with their head. The movement of the mice was monitored 
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by two observers who were masked to the identity of the treatment of each animal. Mouse 

visual acuity was defined as the highest spatial frequency that generated a consistent 

response from the mouse.

Statistical analysis

Determination of statistical significance among PQ concentrations at each time point was 

performed using ANOVA with Tukey’s post-hoc test (Figures 1B, 3A, 3C, and 5A) using 

GraphPad Prism software (GraphPad Software, Inc, La Jolla, CA). Linear correlation and 

regression were used to address the relationships between specific bivariate parameters and 

dose, including rate of degeneration (Figure 1C, 3B, 3D, and 5B) and comparisons between 

different outcome measures (Figures 3E, 4, and 6) and was calculated using Microsoft 

Excel. Statistical significance between slopes was determined using the analysis of 

covariance (ANCOVA) test. Data points (retinal thickness, ERG amplitudes, and visual 

acuity) used in the regression analyses were generated from the same animal at a particular 

time and dose. P values <0.05 were considered significant.

RESULTS

Time- and dose-dependent changes in retinal thickness and function during retinal 
degeneration

In this study, we quantified and compared the rates of retinal degeneration using specific 

outcome measures at the structural, functional and behavioral levels to determine how 

reductions in retinal thickness and function correlate with vision deficits over the course of 

disease. To cause specific amounts of injury in adult animals of the same age, we induced 

retinal degeneration using the oxidative stress reagent PQ. Retinal changes were measured 

using optical coherence tomography (OCT), photoreceptor counts and electroretinography 

(ERG), which are well-established methods in the field, and have a large dynamic range that 

allows quantification of low and high levels of degeneration.

Visualization of the retina by OCT showed significant changes in the photoreceptor layer of 

eyes injected with PQ over time. As expected, thinning of the photoreceptor layer was mild 

at low doses and early time points, and degeneration progressively increased with time and 

dose. At the lowest concentration of PQ (0.2 mM) there was a 0.01 mm (10%) reduction in 

thickness of the photoreceptor layer at the 3 week time point. At the highest concentration (1 

mM), photoreceptor layer thickness was reduced by 0.06 mm (57%), which was 

significantly different than the 0.2 mM concentration (Figure 1B, p<0.05, n=5). Control 

treatments, in which eyes were injected with PBS, maintained a constant average thickness 

over time. The average photoreceptor thickness among animals at each dose and time point 

showed low variation (Figure 1C, Supplemental Table 1).

In addition to the amount of degeneration, the average rate of degeneration across the time 

course of the study also increased with PQ dose (Table 1, slopes), ranging from 0.004 mm/

week at 0.2 mM PQ to 0.02 mm/week at 1 mM PQ, resulting in a reduction of retinal 

thickness by 0.02mm/week per millimolar of PQ. The average changes in thickness across 

the entire retina were statistically significant with respect to PQ dosage and time (Figure 1B, 
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Supplemental Table 1). Regression analysis showed a linear decline of photoreceptor layer 

thickness over time at each concentration (Table 1) and a linear increase in the rate of 

degeneration with respect to increasing concentration (Figure 1C, r2=0.98).

We next used an independent method of quantifying retinal degeneration by counting the 

number of remaining photoreceptors. While the histology of eyes injected with PBS did not 

change during the duration of the study, eyes injected with PQ showed a dose-dependent 

reduction in cell number in the outer nuclear layer (Figure 2). At the lowest concentration 

(0.2 mM), retinas had an average photoreceptor density of 3.13 × 105 cells/mm2 in the outer 

nuclear layer compared with an average of 3.87 × 105 cells/mm2 in retinas of eyes injected 

with PBS (19% loss, p<0.05, n=3). Eyes injected with 1 mM PQ had an average of 1.9 × 105 

cells/mm2, indicating a severe amount of photoreceptor cell death (52% cell loss compared 

with PBS injected eyes, p<0.05, n=3), which is similar to the amount of loss observed by 

OCT. A comparison of slopes by ANCOVA showed a difference in rate of degeneration 

between central and peripheral photoreceptor loss with respect to concentration. Therefore, 

the photoreceptor counts and OCT provided equivalent measurements of retinal 

degeneration despite using different parameters. Furthermore, rod bipolar cell counts 

showed a similar trend as the photoreceptors, with 1.2 × 104 cells/mm2 in PBS injected eyes, 

which decreased to 5.1 × 103 cells/mm2 in the 1mM PQ injected eyes (58 % cell loss, 

p<0.05, n=3) (Fig 2C,D), indicating that PQ also had a dose-dependent effect on the inner 

retina.

The functional decline of the retina in response to induction of retinal oxidative stress was 

quantified using flash ERG. For simplicity of the correlation analyses below, we compared 

ERG recordings from the intensity of 1 cd•s/m2, which was the intensity at which the 

photoreceptor responses reached maximal amplitude. Retinal function, as measured by a-

waves (photoreceptors) and b-waves (bipolar cells and inner retina), showed a dose-

dependent decrease with increasing PQ concentration (Figure 3A,C,F), similar to the 

reductions in retinal thickness and photoreceptor counts. The ERG waveforms generated in 

the PBS-injected mice maintained similar shapes and amplitudes over the duration of the 

study (Figure 3A, C). The ERG a-wave amplitude decreased by 8% at the lowest 

concentration of PQ (0.2 mM) compared with PBS at the three week time point, which was 

similar to the reductions in the retina thickness (Figure 1) and photoreceptor counts (Figure 

2). In contrast, at the highest concentration of PQ, there was a much greater reduction in a-

wave amplitude (92% functional loss compared with PBS, p<0.05, n=5, Figure 3A, 

Supplemental Table 2) compared with the structural degeneration (57% reduction of 

photoreceptor layer thickness and 52% loss in photoreceptor counts), indicating that 

functional loss shows a higher rate of decline, measured by ERG, compared with structural 

loss, measured by OCT. Furthermore, the ERG b-wave response had a much greater 

decrease than the a-waves at the lowest concentration of PQ (40% loss of amplitude at 0.2 

mM vs. 8% loss for a-waves, compared with PBS, p<0.05, n=5, Figure 3C, Supplemental 

Table 3). At the highest concentration of PQ, the reduction of the b-wave amplitude was 

similar to the reduction of the a-wave with an 86% loss (1.0 mM PQ compared with PBS, 

p<0.05, n=5). Analysis of oscillatory potentials showed no significant difference between 

the PQ concentrations (Supplemental Table 6). Therefore, dose-dependent reductions in 

Patel et al. Page 6

Curr Eye Res. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



retinal function due to PQ injury, measured by ERG, show a greater dynamic range than 

structural loss, measured by OCT.

In addition to the amount of degeneration, the rate of degeneration also increased with PQ 

dose (Table 1, slopes), when measured at the functional level, and ranged from an average 

loss of 16 µV/week at 0.2 mM PQ to 50 µV/week for the a-waves at 1mM PQ over the entire 

three week period. A regression analysis indicated that retinal function declined with a linear 

trend at each concentration (Table 1). The average rate of functional decline in both the a-

wave and b-wave amplitudes over time also followed a linear trend with respect to 

increasing concentration (r2=0.95 for a-wave and r2=0.76 for b-wave, Figure 3B, D). We 

also examined the correlation between a-wave and b-wave amplitudes among individual 

concentrations (all concentrations and time points), and determined that the functional loss 

correlated well between the a-wave and b-wave at low concentrations (r2=0.77, Figure 3E), 

but did not correlate well at higher concentrations of PQ (r2=0.29) (Table 2). While the 

slopes of the b-wave amplitudes with respect to concentration did have a strong linear 

correlation (r2=0.76), the graph in Figure 3D indicates a possible non-linear component as 

well, which may contribute to the correlation between the a- and b-wave weakening at 

higher concentrations.

Comparing all concentrations and time points together demonstrated a high correlation 

between OCT and ERG amplitudes (r2=0.72 for OCT and a-wave, r2=0.68 for OCT and b-

wave) (Figure 4A, B). Although there is a significant difference (p<0.05) between the 

absolute percentage of structural and functional loss at the highest concentration (57% loss 

in thickness and 92% loss in a-wave amplitude), the rate at which these measurements 

decline is comparable. The decline in both measurements followed a linear pattern with high 

overall correlation. There was significant correlation between OCT and both ERG waves 

starting at 0.4 mM of PQ (p<0.05), as measured by regression analysis. Analysis of 

individual concentrations in the a-wave amplitudes showed moderately high correlation 

across the majority of the concentrations (0.4 mM and higher, p<0.05). Together, these 

results show that PQ induced photoreceptor functional decline occurs at a similar rate as 

photoreceptor structural decline.

Examination of the coefficient of determination between OCT and ERG a-waves at each 

concentration showed a dose-dependent increase with concentration (Table 2), which 

indicates that changes to retinal thickness and function are more comparable at higher 

concentrations of PQ. In contrast, correlation coefficients and coefficients of determination 

between OCT and ERG b-waves at each concentration did not increase in a dose-dependent 

manner (Table 2). Instead, the coefficient of determination at each concentration remained 

fairly constant, indicating that the power of the comparison between the ERG b-wave for 

retinal structure does not increase with concentration (Table 2). A reason for this observation 

is that the a-wave is a direct measure of photoreceptor activity and therefore is likely to 

correlate better with photoreceptor layer thickness. In contrast, the b-wave is modulated by a 

number of influences in addition to bipolar cell integrity and photoreceptor input, including 

Muller glia and inhibitory neurons.32, 33 Therefore, changes to any of these factors may alter 

the b-wave amplitude, resulting in lower correlations with photoreceptor layer thickness.
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Quantification of changes in visual behavior during increasing amounts of retinal 
degeneration

Visual behavior was measured using the optokinetics tracking (OKT) response. Because 

vision is the ultimate result of signaling of all the retinal cells, we expected visual behavior 

to show greater deterioration with increasing oxidative insult. Indeed, at the 3 week time 

point, there is a 13% loss of visual behavior at the lowest concentration (0.2 mM) and a 94% 

loss of visual behavior at the highest concentration (1 mM) (Figure 5, Supplemental Table 

4). The loss of visual acuity closely matches the decline in photoreceptor function as 

measured by the ERG a-wave (8% loss at 0.2 mM and 92% loss at 1mM). Although the total 

amount of visual acuity loss at the lowest and highest concentration of PQ closely matched 

the loss of the ERG a-wave amplitude, the rate of decline of acuity did not follow a linear 

pattern (defined as a constant slope between time points) as the rate of functional decline 

did. We found that the decline of visual acuity measured by the OKT response could be fit to 

both a linear or logarithmic model at higher concentrations (0.6 mM and above) resulting in 

equivalent correlation coefficients. Fitting the correlation analysis of the slopes to a linear 

regression model for all concentrations demonstrated that mouse visual acuity across the 

different concentrations showed a linear correlation (r2=0.92). Therefore, similar to the 

structural and functional changes, optokinetic visual behavior declined in a dose-dependent 

manner over time, as expected.

Visual acuity correlates with changes in retinal structure and function

A comparison of the correlations between measurements of photoreceptor degeneration and 

visual behavior by OCT and OKT, respectively, showed a high overall linear correlation 

(r2=0.78) (Figure 6). A regression analysis between OCT and OKT at individual 

concentrations revealed a significant correlation starting at 0.4 mM PQ (p<0.05). However, 

examination of the correlation between OCT and OKT at individual concentrations over 

time revealed a poor Pearson’s coefficient of determination at low concentrations of 

oxidative insult (r2=0.22 at 0.2 mM), whereas the correlation is increased during higher 

levels of injury (r2=0.51 at 1 mM). These results indicate that at higher levels of 

degeneration, the changes in photoreceptor structure are a better indicator of changes to 

visual acuity. A reason for the low correlation between OCT and OKT at low levels of 

degeneration could be due to the ceiling effect of the OKT. We found that maximum 

biological limit of visual acuity of the mice in this study peaked at 0.5 c/deg. Therefore, 

early changes in structure may not have been disruptive enough to influence overall visual 

loss and therefore retained high visual acuity, which would influence the level of correlation 

between OCT and OKT.

A comparison of how well retinal function correlates with visual behavior revealed 

moderately high correlations between the ERG amplitudes and visual acuity when 

examining all concentrations and time points together (r2=0.67 for visual acuity and a-wave, 

r2=0.60 for visual acuity and b-wave) (Figure 6). A regression analysis between ERG and 

OKT at individual concentrations revealed significant correlations at 0.6 mM PQ and higher 

for the a-waves, and 0.4 mM and higher for the b-waves (p<0.05). Based on the pattern of 

correlations between OCT and ERG and the pattern between OCT and OKT, it is likely that 

the functional response of the retina would similarly correlate with visual behavior. Indeed, 

Patel et al. Page 8

Curr Eye Res. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



correlations between ERG a-wave and OKT at individual concentrations revealed lower 

correlations at low concentrations of oxidative injury (r2=0.26 for visual acuity and a-wave), 

which increased as the concentration increased (r2=0.61 for visual acuity and a-wave), which 

was similar to the comparison between OKT and OCT. In contrast, correlational analysis 

between the ERG b-wave and OKT showed a fairly constant, low correlation across 

concentrations (r2=0.25 at 0.2 mM, r2=0.24 at 1 mM PQ). These results indicate that the 

visual acuity changes correspond better to the a-wave than the b-wave, as expected because 

the b-wave is influenced by several different cell types.

DISCUSSION

The purpose of this study was to compare time- and dose-dependent effects of oxidative 

stress-induced retinal degeneration on retinal structure, function and visual behavior, and to 

identify the level of degeneration at which retinal changes result in visual deficits. The high 

correlation among photoreceptor degeneration measured by OCT, photoreceptor function 

measured by ERG a-waves, and visual behavior measured using OKT, demonstrated that 

declines in structure and function correspond to decreased visual behavior but that there 

were differences in dynamic range among measurement methods, and that the correlative 

value among these techniques is stronger with higher amounts of injury.

Regarding retinal function, we found that while the ERG scotopic a-waves correlate well 

with retinal structure and visual behavior, the ERG scotopic b-wave does not show high 

correlation with photoreceptor layer thickness or visual acuity. The reason is most likely 

because the a-wave is directly related to photoreceptor function and thus photoreceptor layer 

thickness, whereas the b-wave is influenced by several different cell types, including rod 

bipolar cells in the INL, which decreased with increasing PQ concentration. Therefore, the 

b-wave may show higher deficits at lower concentrations due to the loss of both 

photoreceptors and bipolar cells, as well as impairment of other inner retina cells such as 

Muller glia and inhibitory neurons. At higher concentrations of PQ, much of the 

photoreceptor functionality is greatly diminished, resulting in no signal for the remaining 

bipolar cells to respond to leading to similar levels of measured functional loss. Future 

studies would examine the relationships of the b-wave to changes in OCT and histological 

measurements of the inner retina and their correlation with visual acuity. Furthermore, 

although the a-waves showed strong correlation with retinal structure and visual behavior, if 

the remaining photoreceptors are less sensitive to light due to the oxidative stress injury, then 

their ability to signal to bipolar cells would also be reduced. It would be interesting in future 

studies to determine whether altered light sensitivity could be an early indicator of future 

decline in visual acuity in this animal model.

We also observed that the dynamic range of PQ-induced degeneration varied with 

measurement technique. While structural loss resulted in a decrease of 57% at the 3 week 

time point, photoreceptor function decreased by 92%. Interestingly, loss of function has been 

reported to occur prior to structural loss34, 35, 36, 37, which may be an explanation for the 

difference in why retinal function and visual acuity decrease more than photoreceptor layer 

thickness at the 1 week time point.
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To our knowledge, this is the first study to examine in depth the relationship between retinal 

structure, function, and visual behavior at increasing amounts of injury. The analysis of the 

OCT, ERG and OKT measurements indicated that the correlation between visual behavior 

and other measurements of retinal degeneration increased with injury. As the concentration 

of paraquat increased, the correlation between visual behavior and retinal structure or 

function increased in a linear manner, indicating that at low concentrations the 

measurements of structure, function, and vision do not correlate well but at increased levels 

of damage the correlation between measurements is high. Also, the degree of degeneration 

identified by the different outcome measures (OCT, ERG and OKT) is similar at low 

concentrations but different at the higher concentrations, as indicated by absolute loss of 

thickness, amplitude, or spatial frequency. However, as the level of oxidative stress 

increased, the correlational value between the techniques increased, indicating the variation 

among the measures of retinal degeneration in individual mice by different techniques 

decreased with amount of injury.

The results from our study are supported by previous findings in patients with various retinal 

abnormalities that were compared using multifocal electroretinogram (mfERG) and 

frequency domain optical coherence tomography (fdOCT), in which a low correlation 

between the techniques was observed in patients with early disease or small retinal 

abnormalities.1 The patients in the study by Dale et al. were categorized into groups by the 

level of degeneration in the retina measured at the structural level by fdOCT and were 

assigned an independent categorical group based on severity of functional degeneration 

measured by mfERG. The correlation between the group assignments assessed by fdOCT 

and mfERG revealed that there was moderate correlation between categorizing degeneration 

using these two techniques across different levels of injury; however, the correlation was 

poor at low levels of degeneration, similar to our findings.

Our study, using a simple injury model, showed that visual behavior decreased in a linear 

manner over a course of three weeks in all the different concentrations. When the rate of 

degeneration is plotted according to the concentration, we see that the rate of decline in 

visual behavior is also linear (Figure 1B, 3B, 3D, and 5B). The linearity of the rate of visual 

behavior degeneration and concentration indicate that the level of visual behavior loss 

corresponds to measurements of retinal structure or function in a concentration-dependent 

manner. Identifying whether the model of the rate of degeneration fits a linear or exponential 

model is important for understanding and predicting the progression of disease and vision 

loss.8 Previous studies in humans showed both linear and exponential declines in ocular 

function, using visual field, visual acuity and retinal function measurements3839 and rates of 

choroidal neovascular lesion expansion in age-related macular degeneration patients.4041 

The complex nature of retinal diseases such as retinitis pigmentosa and AMD may 

contribute to the differing rates of degeneration.

The inherent differences in the retinas of mice and humans, such as distribution and ratios of 

the photoreceptor cells, may account for some of the differences in the rates of degeneration 

between these models and measurements. Human subjects allow for more complex visual 

behavior measurements, such as visual field tests and multifocal ERG, which provides more 

detailed mapping of degeneration in the retina. In this study, we examined visual behavior 
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using the optokinetic reflex, which is a gross measurement of visual acuity that is often used 

in studies on small mammals and invertebrates such as zebrafish and Drosophila. While the 

OKT assay is useful for assessing vision among animals of the same species, it is not yet 

understood how mouse acuity measured by the OKT compares with human acuity because 

mice lack a macula.31, 42

The death of photoreceptors due to PQ exposure is likely direct and other cell types possibly 

influencing the rate or amount of degeneration. Because other cell types are likely 

influenced by PQ, this study demonstrated the overall effect of PQ on the retina with respect 

to structure, function and visual behavior, rather than measuring photoreceptor death 

exclusively. Although some of these measurement endpoints are specific to photoreceptors 

(a-waves, ONL nuclei counts), other measurement endpoints clearly are not (visual acuity, b-

waves). Therefore, we were able to quantify how photoreceptor layer structure and 

photoreceptor function correlate to the overall state of retinal function and vision. Indeed, 

the loss of cells in the INL supports the idea that the combined damage to multiple cells 

within the retina can lead to high correlations among different endpoints. Further studies are 

necessary to identify how other cell types, such as RPE and RGCs, influence the rate of 

photoreceptor degeneration and the effect on visual acuity in this model. The RPE regulate 

photoreceptor survival and function during normal conditions43 and could play a role in 

oxidative stress-induced photoreceptor degeneration.20 Although it is likely that RPE is 

affected by PQ-induced oxidative stress, it is unclear to what extent injury to these cells 

influences photoreceptor viability. PQ affects a wide range of cells in the retina, but it has 

been shown that the RPE is able to survive exposure to PQ extremely well compared with 

other cell types.44 It is also possible that reduced RGC function from PQ may also influence 

the overall decline in visual acuity and future studies could be performed to quantify the 

dose- and time-dependent changes to RGC numbers and function and their correlations with 

visual acuity. In conclusion, this study provides a comprehensive measurement of how 

different amounts of retinal degeneration contribute to declines in visual behavior. These 

findings may help guide future studies to examine whether other acute injury models or 

progressive genetic models exhibit similar patterns and correlations as the PQ model, and 

whether the structural and functional techniques employed here can be used to predict 

changes in visual behavior in degenerations of other retinal cell types, such as RGCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Analysis of photoreceptor layer thickness following injection of paraquat
(A) Representative OCT sections of retinas three weeks after injection of increasing 

concentrations of PQ. The photoreceptor layer, indicated by a vertical red line, becomes 

progressively thinner with increasing PQ concentration. (B) Average photoreceptor thickness 

across time at each concentration of PQ injected. Means ± SD are shown. PQ induced a 

dose-dependent reduction in photoreceptor layer thickness, measured by OCT, compared 

with control injections of PBS (0 mM PQ), which showed no change in photoreceptor layer 

thickness across the three week time course. (C) An analysis of the slopes of the linear 

models of degeneration at each concentration showed an increase in the rate of degeneration 

with respect to concentration (r2= 0.98). Means and standard deviations are listed in 

Supplemental Table 1 and results of the statistical significance analysis are displayed in 

Supplemental Table 2.
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FIGURE 2. Analysis of photoreceptor loss following injection of paraquat
(A) Representative images of the nuclear layers at 3 weeks following paraquat injection. 

Retina sections were stained with DAPI to visualize the nuclei. There is progressive thinning 

of the outer nuclear layer with increasing PQ concentration. (B) Quantification of 

photoreceptor cells in the outer nuclear layer across the retina shows mild, but significant, 

photoreceptor loss in eyes injected with the lowest dose of PQ (p<0.05, n=3) compared with 

eyes injected with PBS at the 3 week time point (n=3). Photoreceptor loss progressively 

increased with concentration, with up to 52% degeneration at the highest concentration 

(p<0.05, n=3). A similar pattern and rate of degeneration was observed in both the central 

and peripheral regions of the retina. (C) Representative images of rod bipolar cells in the 

inner nuclear layer of the retina 3 weeks after PQ injection. Retina sections were stained for 

the rod bipolar cell marker PKC and counter stained with DAPI for visualization of cell 

nuclei. Inset in 0 mM (lower right corner) is a magnified image of the boxed region. (D) 

Quantification of rod bipolar cells in the inner nuclear layer of the retina shows progressive 

loss of bipolar cells with increasing concentration. There was up to 58% loss at the highest 

concentration of PQ (1 mM) compared with eyes injected with PBS (0 mM) three weeks 

after injections (p<0.05, n=3). (Scale bar = 50 µm ((A) red, (C) white); ONL, outer nuclear 

layer; INL, inner nuclear layer). Means ± SD are shown.
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FIGURE 3. Analysis of retinal function following injection of paraquat
(A) The average amplitudes of the scotopic ERG a-wave at each PQ concentration were 

plotted against time. The a-wave amplitude from mice injected with PBS (0 mM PQ) 

showed minimal change across the three-week time course (n=5), but decreased by time and 

dosage in mice injected with PQ. Means ± SD are shown. Means and standard deviations are 

listed in Supplemental Table 1 and significance is displayed in Supplemental Table 3 (a-

wave) and Supplemental Table 4 (b-wave). There was no significant change in a-wave 

amplitude at low concentration of 0.2 mM PQ (n=5), but reductions of a-wave amplitudes at 
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3 weeks post injection were significant starting at 0.4 mM (p<0.05, n=5), compared with 0 

mM PQ. (B) The rate of ERG a-wave decline was plotted against concentration and showed 

a linear trend (r2= 0.94). (C) The average b-wave amplitudes at each concentration were 

plotted against time and showed that PQ induced a time- and dose- dependent decrease. (D) 

The rate of degeneration of the b-wave amplitude increased in a linear manner with respect 

to concentration (r2= 0.76). (E) Scatterplot of matched a-wave and b-wave amplitudes from 

individual animals at all time points and doses. Regression analysis between a-waves and b-

waves showed high linear correlation (r2=0.77, n=90). (F) Representative ERG waveforms 

(average curve from 10 flashes with an interstimulus time of 5 seconds) generated by 

animals three weeks after PQ injection at different concentrations are shown. The amplitudes 

of the peaks of the waveform become progressively smaller with increasing concentration, 

indicating decline in retinal function. Furthermore, the implicit times of the a-wave become 

greater with concentration, indicating declining retinal function with increasing PQ dose.
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FIGURE 4. Retinal thickness correlates with retinal function
(A) A scatterplot of photoreceptor layer thickness, measured by OCT, and ERG a-wave 

amplitude, matched per mouse at each dose and time point, showed high positive correlation 

between measurements of retinal degeneration by OCT and ERG (r2=0.72, n=90). (B) 

Similarly, a scatterplot of photoreceptor thickness measured by OCT and the ERG b-wave 

amplitude, matched per mouse at each dose and time point, also had high correlation 

(r2=0.68, n=90).
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FIGURE 5. Analysis of visual behavior following injection of paraquat
(A) Paraquat induced a dose-dependent reduction in visual acuity, measured by optokinetic 

tracking (OKT). Visual acuity was plotted at each concentration against time. Control 

injection of PBS (0 mM PQ) resulted in no change in visual acuity across the three week 

time course (n=5). In contrast, visual acuity was reduced as the concentration of PQ 

increased, both time and dose dependently. Means ± SD are shown. (B) A regression 

analysis of the slopes of the linear models of degeneration (degeneration rate) at each 

concentration showed a strong linear increase in the rate of degeneration with respect to 

concentration (r2= 0.92). Means and standard deviations are listed in Supplemental Table 1 

and significance is displayed in Supplemental Table 5.
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FIGURE 6. Retinal thickness and function correlate with visual acuity
(A) A scatterplot of mouse-matched photoreceptor layer thickness and visual acuity showed 

high positive correlation between measurements of retinal degeneration by OCT and vision 

by OKT (r2=0.78, n=90). (B) A scatterplot and regression analysis of mouse-matched ERG 

a-wave and visual acuity showed a linear correlational trend between photoreceptor function 

and visual acuity (r2=0.67, n=90). (C) A scatterplot and regression analysis of mouse-

matched ERG b-wave and visual acuity. Similar to the a-wave, the ERG b-wave also had a 

high correlation with visual acuity (r2=0.60, n=90).
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