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ABSTRACT 

 

Purpose: The guinea pig is a model of human retinal physiology and pathology. However, detailed 

understanding of retinal structure and function is lacking. Here we describe retinal structure and 

function in healthy guinea pigs, and develop a model of ganglion cell loss. Using imaging analysis 

techniques developed in these studies, we then evaluated ocular parameters in school age children 

as a function of age, axial length, and refraction.  

Methods: 1) In guinea pigs, spatial frequency discrimination was evaluated using optomotor 

responses. Retinal function was assessed using flash and pattern electroretinogram (ERG). 

Structure was assessed in vivo using spectral domain optical coherence tomography (SD-OCT. 

Retrograde retinal ganglion cell degeneration was induced with unilateral optic nerve crush, and 

changes in retinal structure and visual function were examined. Retinal ganglion cell density and 

distribution were quantified histologically. 2) In school age children (n = 53), the optic nerve head, 

lamina cribrosa, retina, and choroid were evaluated using SD-OCT. Images were analyzed in 

MATLAB and assessed in relation to age, axial length, and refractive error.   

Results: 1) Mean spatial frequency discrimination of guinea pigs was 1.65 cycles/degree. The 

photopic negative response (PhNR) and the oscillatory potentials (OPs) were similar to those in 

primates. The visual streak was localized the superior retina, with peak ganglion cell density of 

1621±129 cells/mm2
. With unilateral optic nerve crush, loss of optomotor responses, thinning of 

retinal nerve fiber layer, and reduction of PhNR and OP1 amplitudes were observed. Pattern ERG 

responses were largely unaffected. 2) In children, minimum foveal thickness and retinal thickness 

increased with age. Bruch’s membrane opening area increased with myopic refractive error, and 

vertical cup-to-disc ratio decreased with increasing axial length and myopic refractive error.    
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Conclusion:  We demonstrated that retinal ganglion cells contribute to the PhNR and OPs of flash 

ERG in guinea pigs.  These findings will be valuable when assessing progression of ocular disease 

in this animal model. In school age children, we described normative values for retinal and optic 

nerve head parameters, and demonstrate that ocular remodeling occurs in school age children with 

normal eye growth and during early stages of myopia.   
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CHAPTER 1: INTRODUCTION 

 

The main research goals of this dissertation are 1) the evaluation of visual function in 

guinea pigs with non-invasive techniques, 2) evaluation of retinal structure in guinea pigs with 

non-invasive in vivo imaging techniques and comparison with in vitro measures, 3) assessment 

of retinal structural and functional changes in a guinea pig model of optic neuropathy, and 4) 

evaluation of retinal and optic nerve head parameters in non-myopic and myopic school age 

children as a function of age, axial length, and refraction. In this chapter, I will provide 

background information relevant to understanding of the rationale and critical elements of my 

dissertation. This chapter will include a brief introduction to myopia and its associated 

complications, including increased risk of glaucoma, role of guinea pig as a popular model of 

myopia, potential role of guinea pig as a model to study myopia and glaucoma together, retinal 

structure and function assessment techniques that will be used in this dissertation, and an 

overview of the dissertation chapters.  

1.1 Introduction to Myopia 

Myopia (short sightedness), the most common type of refractive error, is a condition in 

which parallel rays of light from distant objects focus in front of the retina when the 

accommodation is relaxed. Uncorrected refractive error is the most common cause of visual 

impairment globally, and the second most common cause of blindness globally.1 The global 

prevalence of myopia is at an ever-increasing rate, and it is estimated that 50% of the world 

population will become myopic by the year 2050, with 10% of the world population projected 

to have high myopia by the same year.2 The prevalence of myopia and high myopia varies by 

geography globally, and is higher in East Asian countries, with prevalence in urban areas in 
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these countries as high as 69-90% for myopia and 10-20% for high myopia.3, 4 The prevalence 

of myopia is also increasing in the Unites States and Europe.5, 6 Higher prevalence of 

uncorrected refractive error and myopia contribute to significant socio-economic burden.7, 8    

1.2 Potential complications of myopia and association with glaucoma 

Myopia is often associated with increased risk of potentially blinding conditions, such 

as myopic macular degeneration, cataract, choroidal neovascularization, retinal detachment, 

and glaucoma.9-11 The prevalence of glaucoma is found to be significantly higher in high 

myopic eyes compared to low myopic or emmetropic eyes.12 Specifically, myopic subjects have 

been shown to have twofold to threefold increased risk of glaucoma compared to that with non-

myopic eyes.13, 14 Furthermore, myopia is found to be associated with an increased prevalence 

of all forms of open angle glaucoma and ocular hypertension.14-19 It is also suggested that 

glaucoma prevalence increases in highly myopic individuals with larger optic discs.20 Structural 

changes observed in the posterior segment with myopia include thinner subfoveal choroidal 

thickness,21, 22 larger disc area,23 thinner lamina cribrosa,24 and morphological changes at and 

around the optic nerve head.25 These structural changes at and around the optic nerve head in 

myopia and high myopia might be contributing factors for increased risk of glaucoma in myopic 

eyes.25     

1.3 Guinea Pig as a model of myopia 

The guinea pig, a common household pet, is a popular animal model of myopia.26-28 

Although originally classified as a rodent, phylogenetic analysis using amino acid sequence 

indicated that the guinea pig has an ordinal status separate from the Rodentia by an early 

evolutionary divergence.29 Guinea pigs are a precocial species with a well-developed visual 

system at birth, showing both structural and functional retinal maturity prior to birth.30-32 They 
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are a diurnal species, unlike rats and mice, and possess dichromatic vision with two types of 

cone system having peak spectral sensitivities similar to those of primate retina.33 Guinea pigs 

respond to form deprivation and show rapid ocular development.26 Other benefits of the guinea 

pig include easy breeding, rapid growth with developmental maturation at the age of 5 months, 

docile temperament, and wide availability.34  

1.4 Potential role of guinea pig as a model of optic neuropathy and glaucoma 

Guinea pigs show some remarkable resemblances in ocular structure and function with 

the primate. The guinea pig retina shows a pattern of histogenesis and organization very similar 

to primate retina.31, 35 Functionally, light adapted electroretinogram (ERG) responses from 

guinea pig retina are very similar to those from primate retina.  Previous studies have assessed 

retinal function in guinea pigs using full field photopic flash ERG.36, 37  One study investigated 

the photopic ERG responses in albino guinea pigs (n=19), and compared the responses with 

those of human, rat, and mouse.37 The authors concluded that the guinea pig represented a 

superior rodent model of the human photopic ERG for the following reasons. Guinea pigs 

demonstrate similar morphology and time course of the photopic ERG and oscillatory potentials 

(OPs) responses as in humans. They show inhibitory type photopic ERG responses similar to 

diurnal species like primates, unlike the excitatory type photopic ERGs as seen in nocturnal 

species like rodents.36, 37 Furthermore, responses of guinea pig photopic ERGs to intravitreal 

injections of blockers of the ON and OFF retinal pathways are similar to those from human 

eyes with retinopathies known to have anomalies of those pathways.37  

Another striking feature in guinea pigs that resembles primate retina is the presence of 

collagenous lamina cribrosa.38, 39 The lamina cribrosa is a sieve-like three dimensional porous 

structure within the optic nerve head that bridges the scleral canal, through which retinal 
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ganglion cell axons exit the eye.40 In humans, the lamina cribrosa is made of a collagenous 

meshwork. The lamina cribrosa is suggested to be the primary site of damage in glaucoma, 

where local blockage of axonal transport occurs.41-43 Although rodents such as rats and mice 

are frequently used in glaucoma studies, they do not possess a collagenous lamina cribrosa. The 

lamina cribrosa is completely absent in mice, whereas in rats, although lamina like structure is 

present, it is not a well-defined structure and consists of merely of thin fragments of the 

connective tissue in cross section which are associated with blood vessels lined with 

astrocytes.44-46 In guinea pigs, the lamina cribrosa is multilayered and consists of distinct 

collagen layers, with collagen types I, III, IV and V.38, 46 In non-human primates and humans, 

these collagen layers are made up of collagen beams, which are surrounded by glial cells that 

form channels supporting the bundles of nerve fibers traversing the lamina cribrosa. In guinea 

pigs, similar arrangement of the collagen beams and glial tissue is observed.38  Furthermore, 

the pial septa in the optic nerve head of guinea pigs separates the optic nerve fibers into 

bundles.38, 44  These similarities of guinea pig optic nerve head and lamina cribrosa structure 

suggest that guinea pig could be a viable alternative to study glaucomatous optic nerve damage.  

1.5 Retinal structural assessment in myopia and glaucoma 

The changes that occur in the retina and optic nerve head with myopia can be assessed 

using in vivo and in vitro techniques. With advanced imaging techniques such as the optical 

coherence tomography (OCT), it has become possible to evaluate the retinal and optic nerve 

head structures in vivo, thus allowing for longitudinal assessment of these structures in 

conditions such as myopia and glaucoma. Since first demonstrated by Huang et al.,47 OCT 

imaging has advanced further from time domain to spectral domain OCT, thereby reducing the 

imaging time greatly. Additionally, with swept source OCT, it is now possible to image the 
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deeper layers such as the posterior sclera and posterior lamina cribrosa surface in vivo, which 

has made evaluation of these deeper structures much easier. OCT imaging has allowed for in 

vivo assessment of structural changes in these conditions without the need to sacrifice a large 

number of animals. Using OCT imaging, previous studies have reported important changes in 

the retina and optic nerve head in myopia, such as retinal nerve fiber layer thinning and 

redistribution of retinal thickness,48, 49 lamina cribrosa surface changes such as thinning and 

tilting,24, 50, 51 choroidal thinning21, 52 and optic nerve head enlargement.53, 54 Similarly, OCT has 

proved to be a valuable tool to aid in the diagnosis and management of glaucoma. Changes such 

as retinal nerve fiber layer thinning, optic nerve head changes such as decreased minimum rim 

width and lamina cribrosa surface depth changes have been reported in glaucoma using OCT 

imaging.55-60 OCT imaging is often used in animal models, including in rodents, to assess retinal 

structure in various ocular conditions. For example, in rodent models of optic nerve crush and 

glaucoma, thinning of retina has been demonstrated with OCT imaging.61-63 However, retinal 

and optic nerve head structure has not been fully described in guinea pigs using OCT imaging.    

1.6 Visual function assessment in myopia and glaucoma 

In rodents, visual function in conditions such as myopia and glaucoma is often assessed 

with non-invasive in vivo techniques such as ERG and behavioral measures of spatial frequency 

discrimination. The ERG response represents the extracellular potential arising from currents 

flowing through the retina as a result of neuronal signaling, and can be used to assess retinal 

electrical function of living intact retina. Full field flash ERG consists of exposing the eye to 

flashes of light, and recording waveforms of the different components through an electrode on 

the cornea. The major light adapted flash ERG components consist of the a-wave, b-wave, and 

photopic negative response (Figure 1-1 A). In the mammalian retina, the a-wave has been 
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shown to represent the activity of photoreceptors, and the b-wave primarily represents activity 

of bipolar cells.64-66 An additional component of the ERG, the oscillatory potentials, are high 

frequency waves on top of b- wave and are thought to represent the inner retinal function in 

humans.67, 68 Similarly, the PhNR has been shown to represent retinal ganglion cell activity in 

non-human primates, humans, and rodents.69-72 Another type of ERG used to primarily assess 

retinal ganglion cell function is the pattern ERG. First described by Riggs, et al. in 1964,73 the 

pattern ERG response represents the retinal bio-potential evoked by a temporally modulated 

patterned stimulus (checkerboard or grating) of a constant mean luminance, but varying local 

luminance. The major components of the pattern ERG are the initial negative going component 

(N1), the first positive component (P1) and the second negative component (N2) (Figure 1-1 

B). In rodents and primates, P1 and N2 have been shown to receive contributions from retinal 

ganglion cells.74, 75  

There is lack of literature regarding retinal function assessment with ERG in guinea 

pigs. Although some previous studies have demonstrated that photopic full field flash ERG 

responses in guinea pigs are very similar to humans,36, 37 no study has till date evaluated the 

presence of PhNR in guinea pigs. Similarly, no study has reported pattern ERG responses in 

guinea pigs.  

Another method of assessing visual function behaviorally in rodents is spatial frequency 

discrimination with optokinetic and optomotor responses. Optokinetic responses represent the 

reflexive eye movements that occur when following vertical gratings moving in the visual field 

in either the clockwise or the counter clockwise direction. These movements reduce and 

stabilize the movement of an image across the retina in a compensatory fashion.76 Instead of 

just moving the eyes with the head still, some animals rotate the head in the direction of rotation 
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of stimulus, which represents an optomotor response.77 In mice and rats, spatial frequency 

discrimination can be assessed rapidly with optokinetic and optomotor responses using 

optokinetic drum (figure 1-2).78, 79 This method employs the use of a drum lined on the inside 

with square wave gratings of different spatial frequencies. The drum is rotated about a 

stationary platform at the center. The rodent is placed on the platform, and as the drum rotates, 

the optomotor response is observed to assess the spatial frequency discrimination. Such 

behavioral measure of vision has not been well established in guinea pigs.  
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Figure 1-1: Representative traces of light adapted flash ERG responses 

A) Representative trace of a light adapted flash ERG response from human retina with the a-

wave, b-wave, and photopic negative response (PhNR) indicated, from Frishman, et al., 2018;80 

B) Representative transient pattern ERG response from human retina for a stimulus of 0.8 

cycles per degree, with the initial negative component N35, first positive component P50, and 

second negative component (N95) indicated, from Bach, et al., 201381  
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Figure 1-2: Schematic diagram of an optokinetic drum setup  

 

A schematic diagram of optokinetic drum setup for assessing spatial frequency discrimination 

in rats (not to scale), from Thuang, et al., 200278                                                

  

Power Supply 

Forward/reverse control 
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1.7 Purpose of studies in guinea pigs and in children  

Because of the similarities in retinal and optic nerve head structure and visual function 

between guinea pigs and primates, as described above, the guinea pig is a viable animal model 

to study glaucomatous optic neuropathy and susceptibility of glaucoma in myopic eyes. As 

guinea pigs are an existing animal model of myopia, they can be used to evaluate the hypothesis 

that the higher than normal prevalence of glaucoma in myopic eyes is secondary to changes in 

ocular structure and function resulting from myopic eye growth. As a first step, it is important 

to further understand retinal structure and function in normal guinea pigs. While this has been 

explored in other rodent models, such as rats and mice, in great detail, the same is lacking in 

guinea pigs. For example, it is known that retinal ganglion cells contribute to the photopic 

negative response and pattern ERG components in mice, rats, non-human primates, and 

humans; however, this is unknown in guinea pigs.  Similarly, in order to assess changes with 

experimental manipulations such as glaucoma and myopia, normal retinal and optic nerve head 

structure should be characterized in detail in healthy guinea pigs. Furthermore, the retinal 

source of origin of the flash and pattern electroretinogram components should be determined in 

guinea pigs, so that these components can be used to assess the dysfunction of the related retinal 

structures in pathological conditions including myopia and glaucoma. To this end, as part of 

my dissertation, I investigated whether guinea pig inner retinal function can be quantified using 

flash and pattern electroretinogram and whether the components seen in other rodents and 

primates are present in this species. I also investigated whether the limits of spatial frequency 

discrimination in guinea pigs could be assessed with optomotor responses and further 

investigated the location of visual streak in the guinea pig retina. With the structural studies, I 

aimed to investigate whether repeatable measures of retinal and optic nerve head structure can 
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be obtained with in vivo imaging in guinea pigs and whether the measurements would be 

comparable to in vitro measures. I further investigated whether retrograde degeneration of 

retinal ganglion cells can be achieved in guinea pigs with optic nerve crush induced optic 

neuropathy, and whether we could assess retinal structural and functional changes with retinal 

ganglion cell degeneration in guinea pigs longitudinally using non-invasive techniques. I aimed 

to determine the contribution of retinal ganglion cells towards the flash and pattern ERG 

responses, and compare the functional and structural changes in terms of detection of retinal 

ganglion cell dysfunction and loss.  

It is known in the literature that significant growth and remodeling of ocular structure 

occurs in children during the process of emmetropization and myopia development.82-84 As the 

global burden of myopia is increasing,2, 85 along with the associated ocular complications, there 

is increasing interest to better understand the underlying mechanisms and changes in ocular 

structure with myopia. A large number of population based studies have suggested myopia 

associated changes in ocular structure, mostly in adult population.9, 11, 86 I am interested in 

evaluating whether such myopia related ocular changes reported in adult population can be 

detected early on in school age children, which is the age when myopia development and 

progression begins.    

The information gained from this research will be helpful in assessing retinal structural 

and functional changes in guinea pig model of myopia, optic neuropathy, and glaucoma. Guinea 

pigs could be the first animal model to undergo both myopia and glaucoma so that the 

susceptibility to glaucoma in myopic eyes can be further investigated. 
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1.7 Overall methodology 

Guinea Pig Experiments 

Subjects: Experiments for chapters 2, 3, and 4 were carried out in pigmented guinea pigs (Elm 

Hill breed). For chapters 2 and 3, normal guinea pigs without any experimental manipulation 

to the eyes were used. Chapter 4 required guinea pig model of ganglion cell degeneration, which 

was achieved with the retrobulbar optic nerve crush method described in chapter 4.  

 Surgical preparations: For chapter 4, animals underwent a unilateral optic nerve crush 

procedure in right eyes, and left eyes served as controls.  Optic nerve was exposed by blunt 

dissection of the sub-Tenon’s space and the nerve was grasped with blunt curved forceps under 

direct visualization, 2-3 mm behind the globe, and pressure was manually applied for 

approximately 10 seconds. Care was taken not to cause injury to the surrounding vasculature. 

Immediate dilation of the pupil and loss of the pupillary light reflex was used as confirmation 

of a successful procedure.  

Data Acquisition: Electrophysiological recordings were obtained from anesthetized animals 

with stimulators (Celeris, Diagnosys, LLC, MA) placed in touch with the cornea. ERG data 

were processed and analyzed with Replay program in MATLAB. For in vivo imaging in guinea 

pigs, images were collected with spectral domain optical coherence tomography (SD-OCT, 

Spectralis HRA+OCT; Heidelberg Engineering, Heidelberg, Germany). OCT images were 

analyzed with custom written program in MATLAB. Spatial frequency discrimination was 

assessed behaviorally with custom made optokinetic drum, lined on the inside with square wave 

gratings printed on photographic plates, calibrated for the drum. Retinal whole mounts were 

imaged with DeltaVision wide field deconvolution fluorescence microscope (GE Life Sciences, 
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Pittsburgh, PA) at 20X magnification. Ganglion cell quantification was done with ImageJ.  

Histological sections were imaged with a light microscope (DM1000, Leica, Germany).  

Human subjects: For chapter 5, school age children were recruited mainly from the clinical 

facility at the University of Houston College of Optometry. Additional subjects were recruited 

from outside the college.  

Data Acquisition: In vivo imaging was performed on both eyes of each subject with spectral 

domain optical coherence tomography (SD-OCT, Spectralis HRA+OCT; Heidelberg 

Engineering, Heidelberg, Germany). Scan protocol included three scans of each eye; 1) a 48-

line radial scan (20°, 1024 A-scans per B-scan, Figure 1A), 2) a 12° peripapillary circular scan 

(1536 A-scans, Figure 1B) centered at the optic nerve head, and 3) a 97-line macular volume 

scan (20° x 20°, 1024 A-scans per B-scan, Figure 1C).  Enhanced depth imaging mode was 

used for radial scans to better visualize deeper structures, including the peripapillary choroid 

and lamina cribrosa surface.    

1.8 Overview of dissertation chapters 

Chapter 1 is an introduction of the concepts critical for this dissertation, providing background 

on questions, including, “What is myopia?” “What are the retinal structural changes associated 

with myopia?” “What is the association between myopia and glaucoma?” and “How can guinea 

pigs be used for as a model to study retinal structural and functional changes in optic 

neuropathy, glaucoma and myopia?” 

Chapter 2 is a manuscript titled, “Visual function in guinea pigs with 

electrophysiological and behavioral methods.” To develop the guinea pig model of optic 

neuropathy and glaucoma to study associations between myopia and glaucoma, it is important 

to develop methods to assess visual function non-invasively in this species so that retinal 
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functional changes with any ocular condition could be followed longitudinally. This chapter 

describes non-invasive method of electrophysiology to evaluate retinal function and describes 

components of electroretinogram in guinea pigs shown to be related to retinal ganglion cells in 

other mammalian species. This chapter also describes a method to assess behavioral visual 

function in guinea pigs, and describes the topographical distribution of retinal ganglion cells in 

this species.  

Chapter 3 is a published manuscript titled, “In vivo imaging of the retina, choroid, and 

optic nerve head in guinea pigs.” This chapter describes the non-invasive in vivo imaging of 

retinal structure in guinea pigs with optical coherence tomography imaging, assesses 

repeatability of the measurements and compares in vivo measures with histological measures.  

Chapter 4 is a manuscript titled, “Retinal structure and function with ganglion cell 

ablation in the guinea pig.” This chapter explores the retinal structural and functional changes 

with optic nerve crush in guinea pigs, using imaging and visual function assessment techniques 

described in chapters 2 and 3. Chapter 4 further describes the contribution of retinal ganglion 

cells to the different components of flash and pattern ERGs in guinea pigs.  

Chapter 5 is a submitted manuscript titled, “Optic nerve head and lamina cribrosa in 

non-myopic and myopic children.” This chapter describes the retinal and optic nerve head 

structures in relation to age, axial length, and refraction in school age children, also using 

imaging and analysis techniques described in chapter 3. Although this chapter is a bit of a 

departure from previous chapters looking at retinal structure and function in guinea pigs, the 

imaging analysis techniques developed for chapter 2 were directly applied in this study.  

Chapter 6 contains an overall discussion of all the experiments in this dissertation. In 

this chapter, I summarize 1) the components of ERGs, their retinal origin, and their application 
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in studies of optic neuropathy and myopia, 2) the significance of evaluating retinal structure 

and function non-invasively in guinea pigs with induced retrograde degeneration of retinal 

ganglion cells and potential applications of this model for further studies of glaucoma and 

myopia, 3) the significance of evaluating retinal and optic nerve head structure in school age 

children as a function of age, axial length and refraction, and 4) an overview of my future 

research directions in vision science.  
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CHAPTER 2: EVALUATION OF VISUAL FUNCTION IN GUINEA PIG 

WITH BEHAVIORAL AND ELECTROPHYSIOLOGICAL METHODS 

 

Ashutosh Jnawali, Laura J Frishman, Lisa A Ostrin 

 

2.1 Introduction 

Guinea pigs are an important model of human ocular conditions, and are commonly used 

as a model of eye growth and myopia.26-28, 87, 88 Guinea pigs are precocial animals with a well-

developed visual system at birth, showing both structural and functional retinal maturity.30-32 

Unlike rats and mice, which are nocturnal, guinea pigs are crepuscular (i.e. most active at dawn 

and dusk). They have dichromatic vision with two types of cones, short and medium wavelength 

sensitive, having peak spectral sensitivities similar to those of primate retina.33 Benefits of the 

guinea pig model include easy breeding, developmental maturation at the age of five months, 

docile temperament, and wide availability.34 Several strains of guinea pigs have been shown to 

develop form deprivation and lens induced myopia.26, 88-91 However, guinea pig visual function 

has not been fully characterized.  

In rodents, spatial frequency discrimination can be assessed rapidly using an optomotor 

paradigm.78, 79, 92 An optomotor paradigm utilizes reflexive movements of the head or body that 

occur when the environment is moving or drifting across the retina.77 Optomotor responses 

function to stabilize the image of the moving object on the retina.76, 77, 93 To examine optomotor 

responses, the animal is placed on a stationary platform at the center of a drum that is rotated in 

either direction (clockwise or counterclockwise), and the animal is observed for tracking 

movements of the body or head.92, 94 This technique is simple, rapid, and non-invasive.94 Using 

this method, mice and rats have been shown to have a spatial frequency discrimination of 
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approximately 0.4 and 0.6 cycles per degree, respectively.94, 95 Interestingly, under monocular 

conditions, an optokinetic response in mice and rats is elicited only when the stimulus is rotating 

in the temporal to nasal direction. The lack of a response to stimuli rotating in the nasal to temporal 

direction is attributed to having only crossed subcortical projections from the eyes,95, 96 and may 

be a an evolutionary adaptation for lower mammals of prey. In higher mammals, such as felines 

and primates, monocular optokinetic responses have been shown to be similar to either direction 

of motion.97, 98 Such behavioral measures of vision have not been well established in guinea pigs. 

One previous study utilized optomotor responses to evaluate head tracking gain (the ratio of 

angular head speed to drum speed) in guinea pigs of different ages and with different refractive 

states.99 However, the limits of grating acuity and potential differences with monocular viewing 

were not reported.  

Electroretinography is a non-invasive objective assessment of retinal function, which is 

useful in investigating the progression of disease. The full field photopic flash electroretinogram 

(ERG) elicits a retinal response with components representing inner and outer cell types.36, 37 

Researchers have investigated the photopic ERG responses in guinea pigs, and compared the 

responses with those of human, rat, and mouse.36, 37 The guinea pig ERG waveforms were found 

to be more similar than other rodents to the primate photopic ERG.37 Additionally, the intensity 

response function for oscillatory potentials in the photopic ERG responses from humans and 

guinea pigs have been shown to be comparable.37 Furthermore, responses of guinea pig photopic 

ERGs to intravitreal injections of blockers of the ON and OFF retinal pathways were similar to 

those from human eyes with retinopathies known to have anomalies of those pathways.37 The a-

wave component in guinea pigs has been shown to include contributions from second order 

neurons, hyperpolarizing bipolar cells and horizontal cells, and exhibit a strong negative-going 
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off-response, similar to that seen in monkeys.36 Another component of photopic ERG in the 

mammalian retina is the photopic negative response (PhNR), which is known to be related to 

retinal ganglion cells in mice and primates.69-71 However, this component has not yet been reported 

in guinea pigs. Characterization of the PhNR response in guinea pigs would be useful to study the 

integrity of inner retina in pathological conditions such as glaucoma.  

The pattern ERG is a retinal bio-potential evoked by temporally modulated patterned 

stimulus,81 and has been shown to arise primarily from the retinal ganglion cells in mammalian 

retina in species such as cats,100 mice,74 rats,101 non-human primates,102 and humans.103 On the 

other hand, retinal ganglion cells have been shown to not contribute to the avian pattern ERG.104-

106 In mammals, the pattern ERG has been used as a tool to investigate retinal ganglion cell 

dysfunction in conditions such as glaucoma.107 No study has yet reported pattern ERG responses 

in guinea pigs.  

Retinal ganglion cell distribution and density can be used to predict potential spatial 

frequency discrimination. A region of high density retinal ganglion cells indicates the presence of 

a fovea or visual streak. Rats and mice do not have a fovea or a well-defined visual streak,108, 109 

while rabbits have been shown to possess a visual streak in the retina below the optic nerve head.110 

Guinea pigs have been shown to possess a visual streak; however, the location and cell density are 

conflicting between studies.111, 112  

The goals of this study were to investigate spatial frequency discrimination using 

optomotor responses, to characterize the pattern ERG and PhNR responses, and to describe retinal 

ganglion cell density distribution histologically in adult guinea pigs. These findings will help to 

further establish the guinea pig as a model of human ocular function and disease.  
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2.3 Methods 

2.3.1 Animals 

Six healthy adult female pigmented guinea pigs (Elm Hill Labs, MA, USA), aged 2.5 years, 

were included in this study. Animals were kept under a 12 hour light/dark cycle and provided food 

and water ad libitum. Procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Houston and conformed to the ARVO statement for the Use of 

Animals in Ophthalmic and Vision Research. 

2.3.2 Optomotor responses 

Visual performance was assessed behaviorally using a custom optomotor instrument. The 

setup consisted of a motorized cylindrical drum of 55 cm diameter with a stationary platform at 

the center. Square wave gratings for spatial frequencies from 0.3 to 2.4 cycles per degree (cpd) in 

steps of 0.3 cpd, were printed on photographic papers and used to line the inside of the drum. The 

gratings were calibrated for spatial frequencies at the center of the drum.  Awake animals were 

placed on the central stationary platform in a plastic beaker (Figure 2-1). The drum was rotated at 

a constant speed of 12 degrees per second in both clockwise and counterclockwise directions. The 

speed of rotation was selected based on the literature where similar setup was used to assess head 

tracking responses in rats and mice.78, 79 The tracking response of the animals to the rotating 

stimulus was evaluated by observing head rotation. The test was repeated at least three times for 

each direction of rotation and for each spatial frequency. Eyes were tested both monocularly and 

binocularly. For monocular testing, one eye was occluded using a black piece of cloth. The 

maximum spatial frequency that elicited observable tracking response in both directions was noted 

for each animal for both monocular and binocular viewing conditions. 
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                          B  

  
Figure 2-1: Behavioral assessment of spatial frequency discrimination in guinea pigs 

 

A) custom optomotor instrument B) guinea pig on stationary platform in the instrument 
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2.3.3 Electroretinography 

For electroretinography (ERG), animals were anesthetized with ketamine (30 mg/kg, 

VEDCO Inc, MO, USA) and xylazine (3 mg/kg, Lloyd Laboratories, Philippines); anesthesia was 

maintained with a 50% dose every 40 minutes, as needed, via a subcutaneous needle fixed in the 

back. ERG responses were obtained under light adapted conditions. Pattern ERGs were recorded 

from each eye, followed by flash ERGs. For pattern ERG, the stimulator probe (Celeris, 

Diagnosys, LLC, MA) was placed in contact with the cornea, aligned with the center of the pupil, 

and the reference electrode was placed on the fellow eye. Artificial tears (Refresh Liquigel, 

Allergan) were applied on both eyes to maintain corneal hydration. A ground electrode was 

inserted under the skin on the fore limb. The probe uses a pinhole aperture. The built-in heating 

function of the instrument’s stage was used to maintain the body temperature at 37ºC. Stimuli 

consisted of square wave gratings of frequencies ranging from 0.025 to 0.25 cycles per degree at 

100% contrast, modulated at a temporal frequency of 1.05 Hz. 1800 responses were averaged for 

each eye. For flash ERG, stimulator probes were placed in contact with each cornea, aligned with 

the center of the pupil, and responses were collected from both eyes simultaneously. Flash intensity 

of 10.0 cd.s/m2 with background intensity of 9.0 cd.s/m2 was used; this intensity was previously 

shown to elicit ERG b-waves of near maximal amplitude in the guinea pig.37 Responses from 10 

flashes were averaged for each eye. To assess repeatability, ERG responses were recorded from 

six animals on two occasions, separated by at least a week.   

ERG responses were analyzed in a custom written program in MATLAB (The MathWorks, 

Inc., Natick, MA, USA). For flash ERGs, a-wave amplitudes were measured from baseline to the 

a-wave trough on the raw trace. For b-wave and PhNR measurement, a band pass filter of 1-50 Hz 

was applied to the raw trace. The amplitude of b-wave was measured from a-wave trough to the 
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b-wave peak. The PhNR was measured from baseline to the trough immediately following the b-

wave. For pattern ERG recordings, drift correction and band pass filter of 1-100 Hz were applied 

to the raw traces. The first negative trough (N1), the first positive peak (P1), and the second 

negative trough (N2) were identified, the amplitudes and implicit times were measured for each 

waveform, as well as for the N1P1 and P1N2 components. 

2.3.4 Ganglion cell quantification 

Animals (n = 4) were euthanized with 100 mg/kg sodium pentobarbital (Fatal-Plus or 

Euthasol, Vortech Pharmaceuticals, MI, USA), and one eye each was marked for orientation, 

enucleated, and placed in phosphate buffered saline (PBS) solution. Eyes were fixed in 4% 

paraformaldehyde for two hours, orientation cuts were made, and the tissue was washed with PBS 

and PBS with tritonX. The whole eyecups with orientation cuts were then immersed in blocking 

buffer solution for at least an hour, and transferred to rounded bottomed tubes containing primary 

antibody, alpha-RBPMS (retinol binding protein with multiple splicing) rabbit antibody (Ab) 

(Abcam, Cambridge, MA, USA), a specific marker for retinal ganglion cells, at 1:500 dilution. 

The eyecups were kept on rotator at 4°C for five days. On the sixth day, eyes were washed with 

PBS and PBS with tritonX, and vitreous was removed under a light microscope (DM1000, Leica, 

Germany). Eyecups were labeled with secondary antibody, goat anti-rabbit alexa fluor 488 

(ThermoFisher Scientific, Grand Island, NY, USA) at 1:250 dilution for two hours followed by a 

PBS with tritonX wash. Under low illumination, retina was isolated from the retinal pigment 

epithelium and choroid and mounted on glass slides using cytoseal mounting medium (Cytoseal 

60, Richard-Allan). The slides were incubated in the dark overnight and imaged on DeltaVision 

wide field deconvolution fluorescence microscope (GE Life Sciences, Pittsburg, PA) at 20X 

magnification the following day.  
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Images were collected as panels for the retinal flat mounts under 20X. The panels were 

stitched together for the composite image, and saved as jpeg images (Figure 2-2 A). The images 

were then imported in Fiji (ImageJ, NIH, Bethesda, MD, USA).113 Grids with boxes of size 250 x 

250 µm2 were overlaid over the entire retinal flat mount image. Retinal ganglion cells were counted 

on every third box manually with cell counter in Fiji (Figure 2-2 B). Counts were converted to 

ganglion cell density in cells/mm2.   
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A      B 

 

        
 

Figure 2-2: Representative images on ganglion cell counting  

 

A) Representative stitched image of guinea pig retinal whole mount (green labels represent retinal 

ganglion cells) and B) magnified image of central retina from the retinal whole mount; each yellow 

box is 250 x 250 µm2  
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2.3.5 Statistical Analysis 

Statistical analysis was performed using MedCalc® statistical software version 18 

(MedCalc Software, Belgium). Data are expressed as mean ± standard deviation. Normality of 

data was assessed with Saphiro-Wilk test. The repeatability of ERG amplitudes was assessed with 

coefficient of variation.  

2.4 Results 

2.4.1 Optomotor responses 

Results for behavioral assessment of vision using an optomotor paradigm are shown in 

Figure 2-3. With binocular viewing, the mean maximum spatial frequency to elicit a tracking 

response was 1.65 ± 0.49 cpd, which was the same as that obtained with monocular viewing when 

the stimulus rotated in the temporal to nasal direction. However, when the stimulus rotated in the 

nasal to temporal direction under monocular viewing, the mean maximum spatial frequency to 

elicit tracking decreased 0.75 ± 0.16 cpd, demonstrating a directional selectivity for stimuli 

rotating towards the midline.  
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Figure 2-3: Spatial frequency sensitivity in adult guinea pigs 

 

Monocular optomotor spatial frequency sensitivity in cycles per degree (cpd) for clockwise (CW) 

and counterclockwise (CCW) rotating gratings for adult guinea pigs (n = 6)  
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2.4.2 Electroretinography 

Representative flash and pattern ERG traces are shown in Figure 2-4. Response amplitudes 

and implicit times for the a-wave, b-wave, and PhNR of the flash ERG are summarized in Table 

2-1. Mean a-wave amplitude was 19.24 ± 4.24 µV, b-wave amplitude was 33.58 ± 8.22 µV, and 

the PhNR was 24.0 ± 5.72 µV. For repeat measures, the coefficient of variation with 95% 

confidence intervals for a-wave, b-wave, and PhNR amplitudes were 33.15% (0-47.50), 28.77% 

(0-42.06), and 21.06% (0-33.33), respectively. 

Response amplitudes and implicit times for N1, P1, N2, N1P1 and P1N2 of the pattern 

ERG are summarized in Table 2-2. The N1P1 component reached a maximum amplitude of 3.50 

± 1.16 µV at the lowest spatial frequency tested (0.025 cpd, Figure 2-5 A). The amplitude reduced 

by almost half for the next spatial frequency of 0.05 cpd (1.65 ± 0.97 µV), and remained relatively 

stable at further higher spatial frequencies of 0.075, 0.1, and 0.125 cpd. The N1P1 amplitude to a 

0.25 cpd stimulus further reduced to 0.51 ± 0.17 µV. For N2, the results were more variable, and 

a consistent negative trough below the baseline was not always present. Thus, the positive values 

for N2 amplitude represent the trough immediately following the P1 peak that did not cross the 

baseline. For this reason, P1N2 was used to describe the N2 responses following the P1 peak.  The 

peak amplitude of P1N2 was obtained at 0.05 cpd spatial frequency, and responses for spatial 

frequencies either larger or smaller than 0.05 cpd were attenuated (Figure 2-5 B). The mean 

implicit time for P1 and N2 for the optimal stimulus of 0.05 cpd at 100% contrast were 50.33 ± 

1.86 ms and 88.0 ± 3.16 ms, respectively. The coefficient of variation with 95% confidence 

intervals for N1P1 and P1N2 amplitudes were 24.42% (0-36.48) and 39.15% (0-58.58) 

respectively.  
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Figure 2-4: Representative raw traces for flash and pattern electroretinogram 

 

A) a full field flash ERG elicited with a 10.0 cd.s/m2 stimulus and B) a pattern ERG elicited with 

a 0.05 cycle per degree alternating square wave stimulus at 100% contrast 
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Table 2-1: Amplitude (µV) and implicit times (ms) of the a-wave, b-wave, and photopic negative 

response (PhNR) of the full field flash ERG from adult guinea pigs (n = 6) for flash strength of 

10.0 cd.s/m2 

 

 

   
Amplitude (µV) Implicit time (ms)                

a-wave 19.2 ± 4.2 13.7 ± 0.9                

b-wave 33.6 ± 8.2 32.3 ± 2.3                

PhNR 24.0 ± 5.7 54.1 ± 2.2                
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Table 2-2: Amplitude (µV) and implicit time (ms) for pattern ERG components from adult guinea 

pigs (n=6) for alternating stimuli of spatial frequencies ranging from 0.025 to 0.25 cycles per 

degree; the first negative trough (N1), positive peak (P1), and second negative trough (N2), as well 

as the N1P1 and P1N2 components, are shown 
 

 

 

  

Pattern 

ERG 

component 

 Spatial frequency (cycles per degree)  

0.025 0.05 0.075 0.1 0.125 0.25 

N1 Amplitude 0.63 ± 

0.47  

-0.07 ± 0.20 -0.19 ± 0.33 -0.31 ± 0.38 -0.27 ± 0.26 0.16 ± 

0.54 

Implicit time 27 ± 3.46 25.16 ± 

1.83 

26.83 ± 

3.92 

23.66 ± 

4.27 

25.83 ± 

4.57 

25 ± 10.53 

P1 Amplitude 3.81 ± 

1.13 

1.90 ± 0.87 1.73 ± 0.86 1.75 ± 0.62 1.96 ± 0.91 0.51 ± 

0.17 

Implicit time  54.5 ± 

3.61 

51.16 ± 

3.60 

53.5 ± 4.32 57.5 ± 5.08 55.5 ± 7.71 42.33 ± 

10.50 

N2 Amplitude 2.19 ± 

2.61 

-0.85 ± 1.07  -0.37 ± 0.87  1.18 ± 0.66  0.56 ± 0.61 -0.85 ± 

0.36 

Implicit time 85 ± 6.57  83.33 ± 

4.32 

85.16 ± 

3.54 

86.66 ± 

7.06 

88.33 ± 

3.66 

79.83 ± 

6.40 

N1P1 Amplitude 3.50 ± 

1.16 

1.65 ± 0.97 1.87 ± 0.70 1.95 ± 0.56 2.00 ± 0.86 0.51 ± 

0.17 

P1N2 Amplitude 1.30 ± 

1.45 

2.49 ± 0.10 2.24 ± 0.16 0.76 ± 0.09 1.43 ± 0.25 1.36 ± 

0.19 
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A     B 

 

 
 

 

Figure 2-5: N1P1 and P1N2 amplitudes of pattern ERG for different spatial frequencies  

 

A) N1P1 and B) P1N2 amplitudes of the pattern ERG for alternating stimuli of increasing spatial 

frequency from 0.025 to 0.125 cycles per degree (cpd) in adult guinea pigs (n = 6) 
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2.4.3 Ganglion cell quantification 

A representative retinal ganglion cell density heat map from left eye of one guinea pig is 

shown in Figure 2-6. The mean peak retinal ganglion cell density for all eyes was 1621 ± 129 

cells/mm2. The peak density was located approximately 1-2 mm superior to the optic nerve head 

and extended laterally on either side towards the nasal and temporal retina, representing the visual 

streak. Density decreased progressively from the visual streak to the superior retina with the least 

density of 64 cells/mm2 in the extreme periphery superiorly. Excluding the visual streak, a 

difference in the retinal ganglion cell density in the ventral and dorsal retina was observed, with 

greater density in the inferior retina compared to the superior retina. The maximum ganglion cell 

density in the inferior retina was 1328 ± 204 cells/mm2.   
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Figure 2-6: Representative retinal ganglion cell density heat map 

 

Heat map from left eye of one guinea pig (scale bar = 1 mm). 
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2.5 Discussion 

The main goals of this study were to describe visual function in guinea pigs using 

behavioral and electrophysiological measures. The spatial frequency sensitivity in adult guinea 

pigs was determined with optomotor responses. Partial directional selectivity was observed. The 

presence of a quantifiable and repeatable photopic negative response (PhNR) and pattern ERG 

responses was demonstrated. The location of visual streak was identified to be in the superior retina 

using a specific marker for retinal ganglion cells. Findings from this study will be important for 

future studies evaluating retinal functional changes in guinea pigs in conditions such as myopia, 

optic neuropathy, and glaucoma.    

We utilized a custom optokinetic instrument to assess behavioral visual function in guinea 

pigs, and found a maximum spatial frequency discrimination of approximately 1.6 cycles per 

degree, determined by evaluating head tracking responses to drifting gratings in both clockwise 

and counterclockwise directions. Assessment of acuity in rodents using optomotor responses is a 

well-established technique. Cowey, et al. first demonstrated such tracking responses in rats to 

drifting gratings and found that tracking was lost in eyes with complete sectioning of optic nerve.79 

Similarly, Thaung et al. demonstrated that optomotor responses could be used to differentiate 

between mice with normal vision and those with severe retinal degeneration.78 The maximum 

spatial frequency discrimination with gratings in wild type mice has been reported to be 0.5 cpd.114 

Prusky, et al, used a virtual optomotor system to demonstrate a maximum grating acuity of 0.4 

cpd.94  An interesting finding was that mice, as well as rats, were only able to track drifting stimuli 

when the gratings rotated from temporal to nasal visual field, and showed no tracking response 

when the gratings moved from nasal to temporal visual field.79, 95 This directional selectivity may 

be due to insufficient ipsilateral projections from the eyes to the visual cortex.95 In this study, we 



35 

also observed directional selectivity in guinea pigs. However, unlike in rats and mice, the 

directional selectivity in guinea pigs was not complete. Rather, the mean spatial frequency 

sensitivity measured with gratings drifting from nasal to temporal visual field for each eye was 

approximately half of the sensitivity for temporal to nasal rotation. This suggests that there might 

be sufficient ipsilateral projection from each eye to the visual cortex to allow spatial frequency 

discrimination in either direction.115 While not complete directional selectivity as in other rodents, 

this partial directional selectivity allows the visual capabilities of each eye to be measured under 

binocular conditions by changing the direction of rotation. 

The light adapted flash ERG showed that a- and b-wave amplitudes in guinea pigs were 

approximately 19 µV and 34 µV, respectively. Previous studies have reported amplitudes for a- 

and b-waves in albino guinea pigs to be approximately 40 µV and 111 µV, respectively.36, 37 

Vingrys et al. also reported larger ERG waveforms in albino guinea pigs compared to those found 

here.116 While the stimulus strength used in all studies was similar, the earlier studies used albino 

guinea pigs, as opposed to pigmented guinea pigs. This difference, as well as differences in 

instruments and electrodes, may account for reported differences in amplitudes between studies. 

Amplitudes observed here are also much smaller than those from mice and humans,37, 74 and more 

similar to those reported in rabbits,117 which, like guinea pigs, possess an avascular retina. In 

addition to instrument related differences, difference in the amplitudes between species could be 

due to varying contribution of the different retinal neurons for each component. For example, the 

contribution of horizontal cells to the b-wave amplitude in mice and rats is known to be smaller 

than that in primates.65     

The PhNR of the full field ERG is the immediate negative trough following the b-wave.69 

In non-human primates and humans, the PhNR has been shown to originate from retinal ganglion 
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cells.69, 70 Previous studies evaluating the ERG in guinea pigs have not reported a PhNR.36, 37, 118, 

119 We observed a consistent PhNR in guinea pigs, with an implicit time of approximately 54 ms, 

similar to that reported in non-human primates and humans.69, 70 This similarity in relatively short 

time for the peak PhNR in guinea pigs and humans, compared to a longer time in mice of 150 ms,71 

raises the possibility that the retinal origin of this component in guinea pigs and humans might be 

similar, most likely originating from retinal ganglion cells and their axons. The presence of the 

PhNR in guinea pigs might provide a metric to assess inner retinal function, and therefore, future 

studies aimed at determining the origin of the PhNR in guinea pigs would be valuable.  

Pattern ERG responses in guinea pigs have not been reported previously. We found that 

the pattern ERG waveforms were similar in shape to those from other mammalian species 

including mice, rats, non-human primates, and humans, with an initial negative trough (N1), 

positive peak (P1), and second negative trough (N2).81, 101, 120, 121 In humans, these waveforms are 

referred to as N35, P50, and N95, respectively, with the numbers referring to the average time of 

peak for those components.81 Here, a 0.025-0.05 cpd grating was the optimal stimulus size to elicit 

a maximum pattern ERG response. The amplitudes of the components P1 and P1N2 in guinea pigs 

were similar to those found in humans and non-human primates,81, 121 as well as rabbits. However, 

amplitudes have been shown to be higher in mice and rats.122, 123 Likewise, the mean implicit time 

for these components in guinea pigs were similar to humans, but were different from those in mice 

and rats.74, 121 Thus, guinea pig pattern ERG responses are more comparable in amplitude and 

implicit times to humans and non-human primates than to mice and rats. In mice and monkeys, the 

retinal source of origin of pattern ERG has been determined to be retinal ganglion cells.74, 124 The 

demonstration of the presence of pattern ERG in guinea pigs in this study and the similarities to 
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primates opens possibilities for further studies investigating the retinal origin of these waveforms 

and their implications in retinal disease.      

We found a mean peak retinal ganglion cell density of approximately 1621 cells/mm2 with 

the maximum of 1760 cells/mm2 in one animal, which approaches the peak density reported by 

Rodriguez, et al (2064 cells/mm2), using a similar staining technique.125  RBPMS (retinol binding 

protein with multiple splicing) antibody has been shown to be a highly specific marker for retinal 

ganglion cells in the mammalian retina including rats, mice, rabbit, macaque, and guinea pigs.125 

Do Nascimento et al. reported peak retinal ganglion cell density of 2272 cells/mm2.111 However, 

they used Nissl stain for quantification of ganglion cells, which is a non-specific marker for nucleic 

acid and stains all nuclei. Since the retinal ganglion cell layer might contain a large proportion of 

displaced amacrine cells,111 it is likely the retinal ganglion cell count obtained with non-specific 

labeling of cells with Nissl staining was confounded with amacrine cell population. Because of the 

use of markers not specific to retinal ganglion cells, authors relied on morphological clues such as 

cell body diameter, color of nucleus, and prominence of nucleolus to differentiate between 

ganglion cells and other neurons. On the other hand, Choudhury, et al. reported a peak retinal 

ganglion cell density of 720-864 cells/mm2.112 This lower density could be due to not taking into 

account retinal ganglion cell with small cell bodies.111 Both our study and that of Do Nascimento, 

et al, found that the visual streak was located in the superior retina above the optic nerve head, 

and, excluding the visual streak, the ganglion cell density increased in the inferior retina.111 We 

speculate that the superior location of the visual streak aids the guinea pig in searching for food on 

the ground, while the high ganglion cell density in the inferior retina aids the guinea pig in viewing 

incoming predators, such as birds, in the superior field.  



38 

A peak retinal ganglion cell density of 1760 cells/mm2 predicts a maximum spatial 

frequency discrimination of 2.07 cpd, with a calculated retinal magnification factor of 99 microns 

per degree, or 4.15 cells per degree (1760 cells/mm2 = 42 cells/mm, retinal magnification factor = 

0.099 mm/deg, sampling density = cells/mm x mm/deg = 42 x 0.099 = 4.15 cells/deg).111 With 

optomotor responses, we found a mean spatial frequency discrimination of 1.64 cpd, and with 

pattern ERG, a response was elicited with a maximum spatial frequency grating of 0.5 cpd. It is 

not unexpected that maximum spatial frequency discrimination is less with functional measures 

than that predicted by maximum retinal ganglion cell density. The spatial frequency discrimination 

determined with optomotor tracking depends on properties of the retinal efferent pathways to 

subcortical structures. The nucleus of the optic tract and the dorsal terminal nucleus of the 

accessory optical system are involved in the optomotor tracking responses.76, 95 The cells in the 

nucleus of the optic tract and the dorsal terminal nucleus have large receptive fields, thus yielding 

lower spatial frequency preference. 95 Similarly, detection of pattern ERG responses is dependent 

on several factors, including instrument specific variables and electrode sensitivity, and therefore, 

may result in lower spatial frequency discrimination than that predicted solely by retinal ganglion 

cell density.    

2.6 Conclusions 

This study characterized guinea pig visual function using behavioral and 

electrophysiological methods, and determined the location of visual streak in the guinea pig retina 

with markers selective to retinal ganglion cells. Findings suggest that spatial frequency 

discrimination can be rapidly assessed in guinea pigs using optomotor responses. Presence of a 

PhNR in the full field flash ERG and pattern ERG responses in guinea pigs, and the similarity of 
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these waveforms to those in primates, further supports the use of guinea pigs as a model of human 

ocular disease.   

 

Acknowledgements 

This study was funded by NIH NEI K08 EY022696 and NIH NEI P30 EY007551. The 

authors thank Alan Burns for help with Delta Vision imaging, Krista Beach and Sudan Puri for 

help with immunohistochemistry and John Bauer for help with constructing the custom optokinetic 

drum. 

  



40 

CHAPTER 3:  IN VIVO IMAGING OF THE RETINA, CHOROID AND 

OPTIC NERVE HEAD IN GUINEA PIGS 

 

Ashutosh Jnawali, Krista M Beach, Lisa A Ostrin 

 

Published in Current Eye Research. 2018 Aug;43(8):1006-1018.  

 

3.2 Introduction  

Myopia is associated with structural changes in the eye, including a longer axial length, 

thinner choroid,126, 127 and changes in optic nerve head morphology.23 Furthermore, myopia poses 

an increased risk for the development of primary open angle glaucoma,12, 13, 15 which results in 

nerve fiber layer thinning128 and optic nerve head changes, including decreased minimum rim 

width129 and increased Bruch’s membrane opening,130 ultimately leading to permanent vision loss. 

Guinea pigs are becoming an increasingly popular model of myopia,27, 28, 131 and may also represent 

a promising model of glaucoma. Guinea pig retinal physiology, both in vitro single cell 

recordings132, 133 and in vivo electrophysiology,37, 134 have previously been characterized.  

Additionally, in vitro retinal and optic nerve head (ONH) structures in the guinea pig have been 

examined;38, 135 however, in vivo methods to assess the retina, choroid and ONH have not yet been 

established.    

Optical coherence tomography (OCT) is a non-invasive imaging technique using low-

coherence interferometry for cross sectional imaging of the internal tissue microstructures. OCT 

is widely used as an objective clinical and research tool for high resolution imaging of the retina, 

choroid, and ONH.136-138 With the introduction of spectral domain (SD) OCT and eye tracking 

technology, high resolution scans can be obtained in a short period of time, with greater than 

50,000 axial scans per second.55, 139, 140 Studies have shown that SD-OCT has high intra- and inter-

session reproducibility in monitoring glaucoma progression.138, 141-143 OCT as a method to assess 
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in vivo ocular structures in the guinea pig would be a beneficial technique to follow disease 

progression in this animal model. 

Myopia and glaucoma have been studied in a wide variety of animal models, including 

dogs,144 rats, mice,145, 146 zebrafish147 and non-human primates,148 among others, which has 

contributed to our understanding of the disease pathology and led to innovative treatment 

strategies.149, 150 However, each animal model presents unique challenges. Non-human primate 

models, though having a close resemblance to human anatomy and cellular organization, have 

limitations in terms of economics and practicality.151 Current rodent models provide an opportunity 

to study genetic manipulations and test large numbers of animals, but are limited by their small 

globe size and structural differences in the ONH compared to humans,149 primarily the absence of 

a collagenous lamina cribrosa.45, 152 Structural changes in the lamina cribrosa have been described 

in glaucomatous eyes in a number of previous studies.129, 153, 154  Unlike rats and mice, guinea pigs 

possess a collagenous lamina cribrosa,38 which may be better suited to model glaucomatous change 

observed at the ONH in humans. Additionally, it has been demonstrated that guinea pigs do not 

require anesthesia for intraocular pressure measurements with rebound tonometer38; therefore, 

anesthesia induced alterations in intraocular pressure can be avoided with this technique in guinea 

pigs. 

Another advantage of the guinea pig compared to other rodents are the similarities in retinal 

physiology with primate retina. Unlike rats and mice which are nocturnal creatures and possess an 

ultraviolet sensitive cone, guinea pigs are crepuscular and have short and medium wavelength 

cones with spectral sensitivity similar to the primate retina.33 Guinea pig photopic 

electroretinogram (ERG) responses are much closer to primate photopic ERG responses than that 
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of the rat and mouse.36, 37This similarity of guinea pig ERG to primate ERG is promising and offers 

potential for future studies.  

Other benefits of the guinea pig include easy breeding, quick growth with developmental 

maturation at the age of 5 months, docile temperament, and wide availability. 34 Thus, guinea pigs, 

a precocial mammal frequently used as a model of human disease, are posed to be a valuable and 

informative model of both myopia and glaucoma structural and functional studies.  

A number of studies have evaluated the retinal organization of guinea pigs, mainly using a 

histological approach.111, 112 While in vivo OCT imaging in mice155 and rats156, 157 has been 

validated, few studies have utilized this technique in guinea pigs.  Most recently, Li, et al, used 

OCT to assess retinal and choroidal thickness in guinea pigs to correlate axial length and refraction, 

and to compare to histological sections.158 The authors reported good agreement between in vivo 

and histological measurements; however, transverse scaling was not accounted for, and only a 

single point in the posterior pole was assessed. Other retinal and ONH metrics, such as nerve fiber 

layer thickness, Bruch’s membrane opening, and minimum rim width have not been evaluated in 

guinea pigs. Quantification of such parameters in normal guinea pigs is critical in characterizing 

structural changes which are expected to occur in conditions such as myopia and glaucoma. The 

goal of this study was to establish protocols for in vivo OCT imaging in the guinea pig and to 

characterize normal retinal, choroidal, and ONH structures. To this aim, we assessed intraobserver, 

interocular and intersession differences in normal guinea pigs, and compared in vivo images to 

histological analysis.  

3.3 Materials and Methods 

Nine adult pigmented guinea pigs of Elm Hill breed (Elm Hill Labs, MA, USA), aged 2.5 

years, were included in this study (6 female, 3 male). The mean weight of males was 1151.75 ± 
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163.65 g and that of females was 1070.5 ± 71.28 g. Animals were kept under 12 hour light/dark 

cycle and provided food and water ad libitum. Procedures were approved by the Institutional 

Animal Care and Use Committee at the University of Houston and conformed to the ARVO 

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

3.3.1 Animal preparation 

For imaging, animals were anesthetized with a subcutaneous injection of ketamine (30 

mg/kg, VEDCO Inc, MO USA) and xylazine (3 mg/kg, Lloyd Laboratories, Philippines). Both 

eyes were dilated with topically instilled 2.5% tropicamide (Bauch and Lomb, NY USA) and 1% 

phenylephrine (Paragon BioTeck Inc, OR USA). The eyelids were held open with a custom lid 

speculum. To prevent the corneal surface from drying and to optimize optical quality, custom 

contact lenses were fabricated in-house (DAC 2X-ALM OTT, DAC International, CA USA) with 

Boston XO material, and inserted with artificial tears (Refresh Liquigel, Allergan). Contact lens 

parameters included a 3.5 mm central thickness, 8 mm total diameter, and 4.5 mm base curve. 

3.3.2 Image Acquisition  

In vivo imaging was performed for both eyes of each animal with spectral domain optical 

coherence tomography (SD-OCT, Spectralis HRA+OCT; Heidelberg Engineering, Heidelberg, 

Germany) with an 870 nm (average) super luminescent diode light source. High resolution imaging 

mode was utilized with an acquisition rate of 38,400 a-scans per second. The axial resolution of 

the instrument is 3.5 µm/pixel digital (7 µm optical) and lateral resolution of 6 µm/pixel digital 

(14 µm optical). Animals were positioned prone on a custom-built stage, and the instrument was 

aligned with the eye using the x-y-z adjustment of the camera. The posterior segment was brought 

into focus by first adjusting the instrument’s focus and then adjusting the reference arm to bring 

the retinal surface into sharp focus. The mean scan focus was -3.77 ± 2.20 D for OD and -3.61 ± 
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1.78 D for OS. The imaging focus was similar across two eyes and across imaging sessions. Scan 

parameters included a 12º circular scan (1536 a-scans, Figure 3-1A) and a 24 line radial scan (20º, 

1024 a-scans per line, 7.5º intervals, Figure 3-1B), both centered on the optic nerve head (ONH). 

Enhanced depth imaging mode was utilized for improved visualization of the choroid. Preliminary 

imaging showed that averaging 40 frames for circular scans and 16 frames for radial scans 

provided optimum noise reduction and image quality, and was therefore used for image 

acquisition. All images had image quality above 25 dB (mean 29 ± 2.75 dB). Approximately one 

week after the initial session, imaging was repeated in one eye for all animals. To minimize scan 

distance as a confounding factor, the contact lens, the scan focus, and the reference arm length 

were kept constant for each eye of each animal. 
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Figure 3-1: Representative scanning laser ophthalmoscope images of the ONH  

A) Scanning laser ophthalmoscope image of the ONH showing the 12 degree circular scan centered 

on the ONH. B) Scanning laser ophthalmoscope image of the ONH showing the 20 degree, 24 line 

radial scan 
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3.3.3 Refraction and Biometry 

Refractive error was measured for each eye with animals awake, hand held, and undilated. 

Streak retinoscopy (WelchAllyn, Skaneateles Falls, NY, USA) was performed twice and averaged. 

Biometry (LenStar, Haag-Streit, Germany) was performed under anesthesia. A lid speculum was 

inserted, and animals were positioned on a custom stage aligned with the instrument. The LenStar 

biometer uses optical low coherence reflectometry to determine corneal thickness, anterior 

chamber depth, lens thickness and axial length. Although LenStar is calibrated for measurement 

of ocular dimensions in human eyes, its use has been reported in much smaller eyes such as tree 

shrews,159, 160 and as reported in these studies, the ocular dimensions of tree shrews are comparable 

to guinea pig eyes. Since guinea pig eyes are much smaller than human eyes, the short eye mode 

in the biometer was used so that consistent peaks for the four refractive surfaces (cornea, anterior 

and posterior lens and retina) were visible (Figure 3-2A). Axial length and lens thickness were 

measured for 8 eyes against a rule on the enucleated eyes (Figures 3-2B, 3-2C). To further confirm 

measurements obtained from Lenstar, ocular dimensions of two eyes were compared from the 

LenStar and A-scan ultrasonography (AXIS II, Quantel Medical, Bozeman, MT) using immersion 

technique with 10 scans per eye at a frequency of 11 MHz. The media velocities for anterior 

chamber (1540 m/s), vitreous chamber (1540 m/s), and lens (1645 m/s) were obtained from 

literature.34, 161 Corneal refractive index and lens refractive index were obtained from published 

normative data for guinea pigs.34, 161 Ocular dimensions from LenStar were compared to results 

from A-scan ultrasonography. 
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Figure 3-2: Representative biometry images from Lenstar compared against enucleated globe 

 

A) Representative A- scan derived from the LenStar biometer from an adult guinea pig in this 

study. B) Enucleated globe and C) isolated lens shown against a scale (cm) 
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3.3.4 Image analysis 

SD-OCT images were exported as raw (.vol) files. A custom program (MatLab, 

MathWorks) was used to optimize the image quality, scale the images to adjust for lateral 

magnification, and manually segment the images. To compensate for the transverse scaling, 

biometric measurements were used to create a three-surface schematic eye of the guinea pig to 

locate the posterior nodal point,162 and calculate the distance from the posterior nodal point to the 

retina (i.e. posterior nodal distance, PND). We adopted the methods for scaling calculation 

described previously for a three surface schematic eye.163 Assuming a spherical globe and retina 

to convert linear distance of PND to angular measure in microns per degree, the PND was used to 

calculate the scan length and transverse scaling. The assumption that the retina is spherical helps 

to convert the linear distance of posterior nodal point to the retina in angular distance in microns 

per degree, from the relationship of length of arc and radius in a spherical surface. This method of 

calculating the retinal magnification factor using posterior nodal point location has been described 

in detail in the literature.164, 165 The microns per degree retinal scaling (RS) was calculated as RS 

= 
∏

180
 𝑥 𝑃𝑁𝐷. The transverse scaling (TS) in microns per pixel were calculated as TS = (microns 

per degree)/(pixels per degree), and this value was used as the transverse scaling factor to account 

for lateral magnification. After calculating the transverse scaling, each OCT B-scan image was 

compensated so as to maintain the same size for the length and width of each pixel, which would 

give the corrected measurements in three dimensions. The perpendicular direction concerned with 

axial scaling is based on refractive index and interference in the different components of ocular 

media. As such, the axial scaling was taken as 3.87 µm/pixel from the manufacturer’s instructions. 

Figure 3-3 shows an image before and after scaling.  
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Figure 3-3: Representative B-scan images from radial scans at the ONH  

  

A) Raw OCT image through the optic nerve head. B) Same scan as (A) corrected for lateral 

magnification 
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For internal limiting membrane (ILM) and Bruch’s membrane, the segmentation lines were 

automatically delineated, and lines were manually corrected for any segmentation errors. The 

points on the x and y axis were interpolated for nearest neighbor while fitting the line. For other 

layers, a line was plotted at the 0 y position on the image and modified manually to delineate the 

layer of interest.  For circular and radial scans, the ILM, ganglion cell/nerve fiber layer (GC/NFL), 

outer plexiform layer (OPL), Bruch’s membrane and posterior choroid were segmented to 

calculate thicknesses of GC/NFL, outer retina, total retina and choroid (Figures 3- 4A, 4B). 

Thicknesses were calculated for each of the 1536 a-scans of the circular scan and 1024 a-scans of 

each of the 24 line radial scans. For radial scans, Bruch’s membrane opening (BMO) was manually 

identified for each line scan. The perpendicular distance from each of BMO point to the ILM was 

defined as minimum rim width (MRW). For BMO metrics, an ellipse was fitted through the 48 

BMO points, and the area and diameter were calculated. Thickness maps were generated for total 

retina, GC/NFL, outer retina and choroid with the method of interpolation in Matlab, interpolating 

all points between the 20 degree line scans. The ONH region was excluded by applying a mask 

calculated from the BMO diameter. The remaining thickness map was divided into quadrants 

(superior, inferior, nasal and temporal) for sectoral thickness calculations.  
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Figure 3-4: Representative segmentation images of circular and radial scans at the ONH  

 

A) B-scan image of 12 degree circular scan. B) B-scan image for a single line of radial scan. 

Segmentation indicates inner limiting membrane (ILM, green), ganglion cell/nerve fiber layer 

complex (GC/NFL, yellow), inner plexiform layer (IPL, light blue), outer plexiform layer (OPL, 

magenta), Bruch’s membrane (BM, red), and posterior choroid (blue).   
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3.3.5 Intraobserver, interocular, and intersession repeatability 

To assess intraobserver repeatability, the image segmentation was repeated by the same 

observer (author AJ) on two separate occasions for one eye for each animal. For interocular 

comparisons, all measurements were compared between two eyes of each animal. For intersession 

repeatability, imaging was repeated in all animals at least a week after the first session.    

3.3.6 Histology 

Histology was performed on 7 eyes of 7 guinea pigs after OCT imaging. Animals were 

euthanized with 100 mg/kg sodium pentobarbital (Fatal-Plus, Vortech Pharmaceuticals, MI, USA). 

Eyes were marked for orientation, enucleated and bisected at the equator. Posterior segments were 

frozen (n = 6) or embedded in paraffin (n =1). For frozen sections, tissue was fixed overnight at 4o 

C in a solution of 4% paraformaldehyde in 0.1M sodium phosphate buffer, and cryoprotected in 

successive sucrose infiltrations (5-20%) for 6 hours.  Tissue was then embedded in a 1:1 solution 

of 20% sucrose and optimal cutting temperature freezing compound (Tissue-Tek) and snap frozen 

in liquid nitrogen. Orientation markings were made on the tissue block consistent with the 

orientation markings of the globe. Eight µm cryosections (Leica CM 1950, Leica) were cut from 

the posterior segment of the eye through the ONH. With the help of orientation markings, the 

sections were cut through the ONH in the horizontal dimension thus extending from nasal to 

temporal retina. For paraffin embedding, the posterior segment was fixed overnight in 4% 

paraformaldehyde, dehydrated and paraffin infiltrated. Following sectioning, the slides were de-

paraffinized with xylene and rehydrated. Frozen and paraffin embedded sections were stained with 

hematoxylin and eosin (H & E), mounted (Cytoseal 60, Richard-Allan), and imaged with a light 

microscope (DM1000, Leica, Germany). To be consistent with the radial scan findings from OCT 

imaging, three histological sections closest to the center of the ONH were used for analysis. Images 
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were imported into Matlab and analyzed similar to OCT imaging, with manual segmentation of 

the ILM, Bruch’s membrane, GC/NFL, and inner and outer plexiform layers for thickness 

calculations. Histological sections were taken through the ONH horizontally from nasal to 

temporal retina to avoid the visual streak, which is reportedly in the superior retina above the 

ONH.111 Hyper-reflective features of the OCT images were aligned with histological images to 

assess correspondence of retinal and choroidal layers. 

3.3.7 Statistical analysis 

 Data are expressed as mean ± standard deviation. Regional variations were assessed with 

one-way ANOVA with post-hoc Tukey-Kramer test for pairwise comparisons. The coefficient of 

variation (CV), intraclass correlation coefficient (ICC)166 and 95% confidence intervals were 

calculated for intraobserver, interocular and intersession measures, and paired t-tests and Bland-

Altman analyses167 were performed. Statistical analysis was performed using MedCalc (MedCalc 

Software, 12.3.0, Mariakerke, Belgium). A critical value < 0.05 was considered statistically 

significant. 

3.4 Results 

3.4.1 Refraction and Biometry 

  Animals were hyperopic, with a mean spherical equivalent refraction of +3.50 ± 0.77 D. 

Mean axial length was 9.997 ± 0.12 mm, and mean corneal power was 71.09 ± 2.85 D.  There 

were no statistically significant differences between the right and left eyes for refractive and 

biometric measures (Table 3-1).  
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Table 3-1: Spherical equivalent refraction and biometric measurements, including central corneal 

thickness, anterior chamber depth, lens thickness, axial length, and mean corneal power, for right 

(OD) and left (OS) eyes (n = 8), compared with paired t-test 

 

 

Spherical 

equivalent 

refraction (D) 

Central 

corneal 

thickness 

(µm) 

Anterior 

chamber 

depth (mm) 

Lens 

thickness 

(mm) 

Axial 

length 

(mm) 

Corneal 

power (D) 

OD  +3.28 ± 0.94 251.75 ± 20.81 1.21 ± 0.09 5.52 ± 0.08 
9.995 ± 

0.11 

72.18 ± 

2.83 

OS  +3.73 ± 0.55 252.5 ± 20.75 1.21 ± 0.11 5.54 ± 0.08 
9.998 ± 

0.13 

70.00 ± 

2.87 

P 

value 
0.299 0.94 0.94 0.67 0.77 0.20 
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For 8 eyes that were measured in vivo with the LenStar and subsequently enucleated and 

measured against a scale, average in vivo lens thickness and axial length were 5.34 ± 0.04 mm and 

10.00 ± 0.07 mm, respectively, and ex vivo isolated lens thickness and axial length were 5.52 ± 

0.12mm and 10.70 ± 0.39 mm. The LenStar measures axial length from the cornea to the retinal 

pigment epithelium, whereas ex vivo axial length was measured from the cornea to the sclera, so 

also includes the choroid and sclera. The guinea pig sclera is reported to be around 200 µm.168 

Thus, the LenStar axial length measurements are expected to be shorter than ex vivo measurements. 

Additionally, the isolated eye is no longer restrained by extraocular muscles within the orbit and 

therefore, small increases in length are expected after enucleation. The isolated lens is no longer 

stretched by zonular fibers, and therefore lens thickness is expected to be slightly different ex vivo 

compared to in vivo. For two additional eyes in which the ocular dimensions were measured with 

the LenStar and A-scan ultrasonography, axial dimensions corresponded well (shown in the 

representative Figure S1 in the supplemental material). 

3.4.2 Thickness of retinal layers  

From OCT images, mean total retinal thickness was 151.13 ± 6.38 µm, GC/NFL thickness 

was 40.39 ± 2.53 µm, outer retinal thickness was 68.32 ± 2.75 and choroidal thickness was 71.36 

± 8.57 µm. A representative example of the ILM and BMO delineation is shown in Figure 3-5. 

Minimum rim width was 139.34 ± 17.17 µm, BMO area was 0.192 ± 0.023 mm2, and BMO 

diameter was 489.66 ± 16.24 µm. Rim volume was 0.0126 ± 0.0022 mm3.  
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Figure 3-5: A point cloud illustration of the ILM and BMO points 

 

A three-dimensional point cloud illustrating the inner limiting membrane (ILM, red) and Bruch’s 

membrane opening (BMO, green) for one eye, derived from a 24 line radial scan. 
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3.4.3 Regional variations 

Thicknesses for total retina, GC/NFL, outer retina and choroid by quadrant are shown in 

Figure 3-6. One-way ANOVA showed that there were significant regional variations for total 

retinal thickness (F3,32 = 5.17, p = 0.005), GC/NFL (F3,32 = 17.91, p < 0.001), and outer retina 

(F3,32= 13.43, p < 0.001). Post-hoc Tukey-Kramer pairwise comparisons showed that total retina 

thickness was greatest in the superior region (158.29 ± 5.59 µm) and least in the inferior region 

(149.8 ± 4.81 µm). The GC/NFL was thinnest in the superior region (39.14 ± 2.71 µm) and thickest 

in the inferior region (49.12 ± 3.75 µm). The outer retina was thickest in the superior region (72.91 

± 3.20 µm) and thinnest in the inferior region (63.32 ± 2.87 µm). There were no significant 

nasal/temporal variations with any retinal thickness measure. There were no significant regional 

variations observed in the choroid (F3,32= 0.53, p = 0.67). The visual streak lies in the superior 

retina. (chapter 2)  
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Figure 3-6: Thickness maps derived from 24 line radial scans 

 

A) total retina, B) ganglion cell/nerve fiber layer complex, C) outer retina, and D) choroid, overlaid 

on the corresponding scanning laser ophthalmoscope images; * indicates significant (p < 0.05) 

difference between superior and temporal thicknesses. The numbers represent thickness in 

microns.  
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3.4.4 Intraobserver, interocular, and intersession repeatability 

Intraobserver repeatability was assessed for thicknesses of total retina, GC/NFL, outer 

retina and choroid, and ONH parameters by having the same observer segment the OCT images 

on two occasions (Table 3-2). Significant differences were observed for total retina, GC/NFL and 

choroid; however, these differences from repeat segmentation ranged from 0.56 to 6.05 µm, which 

are not expected to be clinically significant. The ICCs for these measures ranged from 0.83 to 0.99, 

and CV ranged from 0.88% to 7.75%, indicating high repeatability. 

For interocular measurements, one animal was excluded due to congenital structural 

irregularities around the optic nerve head of the right eye. For all thickness and ONH parameters, 

only outer retina thickness demonstrated significant interocular differences (p = 0.02, Table 3-3), 

with a mean difference of 1.70 µm. For thickness measures, interocular ICCs ranged from 0.62 to 

0.93 with CVs of 2.35% to 11.76%. For ONH parameters, ICCs ranged from 0.42 to 0.69 with 

CVs of 4.02% to 11.40%. Overall, these results indicate that the two eyes of each animal were 

correlated.   

Intersession measurements showed high repeatability, with no parameters demonstrating a 

significant intersession difference (Table 3-4). For thickness measures, ICCs ranged from 0.93 to 

0.97 with CVs of 0.90% to 4.17%. For ONH parameters, ICCs ranged from 0.44 to 0.90, with CVs 

of 4.96% to 10.23%.  Bland-Altman analysis is shown for total retina, GC/NFL, outer retina and 

choroid thickness, and MRW and BMO diameter in Figure 3-7. 
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Table 3-2: Intraobserver measures for the left eye of each animal (n = 9), measurements compared 

with paired t-test (* indicates significance at p < 0.05), intraclass correlation coefficient (ICC), 

95% confidence interval (CI), and coefficient of variation (CV) 

 

  

 
Segmentation 

1 

Segmentation 

2 
Difference p value ICC 95% CI 

CV 

(%) 

Total retinal 

thickness 

(µm) 

152.29 ± 5.04 
154.24 ± 

4.85 
1.95 

* 

<0.0001 
0.99 

0.98 to 

0.99 
0.95 

GC/NFL 

thickness 

(µm) 

41.73 ± 2.53 44.11 ± 2.40 0.56 
* 

<0.0001 
0.97 

0.88 to 

0.99 
4.25 

Outer retinal 

thickness 

(µm) 

68.32 ± 2.76 68.11 ± 2.98 0.21 0.62 0.95 
0.79 to 

0.99 
1.24 

Choroidal 

Thickness 

(µm) 

70.50 ± 10.94 
76.55 ± 

13.46 
6.05 * 0.01 0.94 

0.73 to 

0.99 
7.75 

BMO area 

(mm2) 
0.19 ± 0.02 0.19 ± 0.02 0.002 0.13 0.98 

0.91 to 

0.99 
1.81 

BMO 

diameter 

(µm) 

493.79 ± 

31.89 

490.76 ± 

29.98 
3.03 0.16 0.98 

0.92 to 

0.99 
0.88 

MRW (µm) 
130.43 ± 

15.63 

127.16 ± 

15.50 
3.27 0.17 0.91 

0.66 to 

0.98 
3.59 

Rim volume 

(mm3) 
0.013 ± 0.002 

0.012 ± 

0.002 
0.001 0.06 0.83 

0.42 to 

0.98 
7.56 
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Table 3-3: Interocular measures for each animal (n = 8); right and left eyes are compared with 

paired t-test (* indicates significance at p < 0.05), intraclass correlation coefficient (ICC), 95% 

confidence interval (CI), and coefficient of variation (CV) 

 

 

  

 OD OS Difference 
p 

value 
ICC 95% CI CV (%) 

Total retinal 

thickness (µm) 

150.51 ± 

8.45 
151.75 ± 5.10 1.24 0.55 0.80 

0.02 to 

0.96 
2.66 

GC/NFL 

thickness (µm) 
39.13 ± 5.71 41.65 ± 2.69 2.52 0.17 0.62 

-0.92 to 

0.92 
11.15 

Outer retinal 

thickness (µm) 
70.29 ± 3.13 68.59 ± 3.24 1.70 *0.02 0.93 

0.64 to 

0.99 
2.35 

Choroidal 

Thickness (µm) 
74.76 ± 8.75 69.77 ± 11.46 4.99 0.23 0.62 

-0.89 to 

0.92 
11.76 

BMO area 

(mm2) 

0.183 ± 

0.017 
0.196 ± 0.014 0.011 0.15 0.44 

-1.80 to 

0.89 
8.16 

BMO diameter 

(µm) 

482.70 ± 

22.28 

496.62 ± 

18.31 
13.92 0.15 0.42 

-1.88 to 

0.88 
4.02 

MRW (µm) 
140.34 ± 

22.32 

138.34 ± 

18.45 
2.0 0.22 0.69 

-0.53 to 

0.94 
11.40 

Rim Volume 

(mm3) 

0.0127 ± 

0.0032 

0.0127 ± 

0.0016 
6.15 x 10-5 0.95 0.63 

-0.85 to 

0.93 
16.51 
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Table 3-4: Intersession measures for the left eye of each animal (n = 9), sessions compared with 

paired t-test (* indicates significance at p < 0.05), intraclass correlation coefficient (ICC), 95% 

confidence interval (CI), and coefficient of variation (CV) 

 

 

 

  

 Session 1 Session 2 Difference 
p 

value 
ICC 95% CI CV (%) 

Total retinal 

thickness (µm) 

152.29 ± 

5.04 

152.26 ± 

6.01 
0.03 0.96 0.96 

0.84 to 

0.99 
0.90 

GC/NFL 

thickness (µm) 
41.72 ± 2.52 42.28 ± 3.31 0.56 0.22 0.95 

0.78 to 

0.99 
2.17 

Outer retinal 

thickness (µm) 
68.32 ± 2.75 68.37 ± 3.09 0.05 0.92 0.93 

0.67 to 

0.98 
1.50 

Choroidal 

Thickness (µm) 
70.5 ± 10.93 

71.38 ± 

10.55 
0.88 0.52 0.97 

0.85 to 

0.99 
4.17 

BMO area 

(mm2) 

0.192 ± 

0.023 

0.189 ± 

0.018 
0.002 0.79 0.46 

-1.39 to 

0.88 
10.23 

BMO diameter 

(µm) 

493.79 ± 

31.89 
490 ± 24.07 2.81 0.81 0.44 

-1.50 to 

0.87 
4.96 

MRW (µm) 
130.43 ± 

15.64 

137.23 ± 

17.57 
6.80 0.08 0.90 

0.55 to 

0.98 
6.08 

Rim Volume 

(mm3) 

0.0126 ± 

0.0022 

0.0126 ± 

0.0013 
3.3 x 10-6 0.99 0.88 

0.47 to 

0.97 
6.98 
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Figure 3-7: Intersession Bland-Altman analysis 

 

 A) total retinal thickness, B) outer retinal thickness, C) ganglion cell/nerve fiber layer (GC/NFL) 

thickness, D) minimum rim width (MRW), E) choroidal thickness, and F) Bruch’s membrane 

opening (BMO) diameter. 
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3.4.5 In vivo versus histological measurements 

Histological sections (cryosection) showed that all retinal layers were visible in the OCT 

image (Figure 3- 8). Hyper-reflective regions of the OCT images corresponded to the RPE, 

inner/outer segment junction, outer plexiform layer, inner plexiform layer, and nerve fiber layer. 

OCT and histological thickness measurements are shown in Table 3-5. Total retinal thickness 

measured from histological images was 140.41 ± 10.57, which was not significantly different than 

that from the OCT images of the same eyes, at 151.17 ± 8.16 (paired t-test, p = 0.11). The GC/NFL, 

outer retinal, and choroid thickness were also not significantly different between in vivo and in 

vitro measures (p > 0.05 for all). 
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Figure 3-8: Representative images comparing OCT b-scan with histological section 

 

A) Histological section showing tissue layers with corresponding layers in the (B) OCT b-scan. C) 

Segmentation of the layers in a representative histological section showing the inner plexiform 

layer (ILM, green), ganglion cell/nerve fiber layer complex (GC/NFL, yellow), inner plexiform 

layer (IPL, light blue), outer plexiform layer (OPL, magenta), Bruch’s membrane (BM, red), and 

choroid (blue). 

  

C 



66 

 

Table 3-5: Measures derived from OCT imaging and histology for the same eyes (n = 7) 

 

Variable (µm) OCT Histology Difference r p value 

Total retinal 

thickness 
151.17 ± 8.16 140.41 ± 10.57 10.76 0.65 0.11 

GC/NFL thickness 39.49 ± 6.14 52.84 ± 10.29 13.34 0.58 0.17 

Outer Retina 

thickness 
70.26.32 ± 1.98 60.28 ± 8.42 9.99 0.29 0.53 

Choroid thickness 69.82 ± 6.36 62.47 ± 1.13 7.35 -0.17 0.72 
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3.5 Discussion 

The main goals of this study were to demonstrate the feasibility of in vivo imaging in guinea 

pigs with OCT, assess the repeatability, and compare findings with histology. Our results show 

that in vivo imaging demonstrates high repeatability within and between imaging sessions. 

Findings were similar between eyes of the same animal. We successfully quantified ONH 

parameters, including minimum rim width and BMO area, which will be important in future 

studies assessing effects of experimental glaucoma, as well as assessing potential structural 

changes in experimental myopia.  

3.5.1 Biometry 

We used the LenStar biometer to determine axial dimensions of the guinea pig eye to 

calculate transverse magnification of the OCT images. Although LenStar is calibrated for 

measuring axial dimensions in human eyes, its use for measurement of axial dimensions has been 

previously reported in smaller eyes, including those of tree shrews, which have ocular dimensions 

similar to that of guinea pigs.159, 160 In the chick eye, Penha, et al, report high correlation for anterior 

chamber depth, vitreous chamber depth, and axial length, with only a 0.5 mm difference in axial 

length between A-scan ultrasound and optical low-coherence tomography.169 Here, we measured 

enucleated globes and isolated lenses against a ruler under a dissecting microscope, and found the 

measurements were similar to those from the LenStar. However, enucleated tissue may be subject 

to deformation. Therefore, we also compared the ocular dimensions of the guinea pig eye from the 

LenStar with A-scan ultrasonography using immersion technique for two additional eyes, and 

found that measurements between ultrasound and the LenStar corresponded well.  
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3.5.2 Refractive Indices 

The refractive indices for schematic eye calculations were derived using Abbe 

refractometer161 which generally uses the standard wavelength of 589 nm, although the latest 

models allow use of wavelength other than 589 nm. We assume that the standard wavelength was 

used for refractive index calculation, though this is not specified. Since the central wavelength 

used in the Spectralis in our experiments is 870 nm, we can expect some small difference in the 

refractive indices of different media when compared to the literature. In rat eye, the refractive 

indices of different ocular components have previously been evaluated across the visible 

spectrum.170 The authors demonstrated a change in refractive index of the ocular components by 

approximately 0.02 across the visible spectrum, which suggests that although the index does 

change with wavelength, the change is small. In the same paper, the authors also demonstrated that 

the posterior nodal distance (PND) has a trivial variation across the visible spectrum (3°), which 

suggests that the difference in wavelength used to calculate the refractive index and the one used 

in OCT should be negligible in the calculations for ocular magnification and image compensation. 

3.5.3 Comparing measurements from in vivo imaging with histological measurements 

It is important to evaluate whether OCT accurately reflects the true measure of the 

anatomy. In humans, non-human primates and rats, in vivo OCT imaging of retinal and ONH 

morphology has been found to correspond well with histology.56, 136, 171 Here, reflective features 

in OCT images corresponded to plexiform and RPE layers, while dark regions corresponded to 

nuclear layers. Though histological thickness measurements have historically been the gold 

standard for tissue structure studies, histological preparation alters tissue thickness with shrinkage 

during fixation and expansion during rehydration. Shrinkage can occur unevenly across a given 

sample because of differing protein content between different cell types.  We were unable to 
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validate the thickness measurements from OCT imaging with histological sectioning as our 

histological sections showed variable tissue behavior (shrinkage/expansion/detachment) between 

the retinal layers. Studies show that fixed retinal tissue tends to undergo shrinkage, with the retinal 

nerve fiber layer least susceptible to shrinking, likely accounting for observed differences between 

our in vivo and histological measurements. 
172  

 3.5.4 RNFL thickness  

The retinal NFL thickness is an important clinical diagnostic measure in glaucoma.173 

Decreased thickness of the NFL and alterations in ONH parameters, including minimum rim width 

and BMO area, have been observed in human glaucoma subjects using SD-OCT.142, 174 Similar 

results have been shown in non-human primates,175 mice,176 and rats.177 We demonstrated that the 

retinal ganglion cell/NFL thickness can be assessed with good repeatability using SD-OCT in 

guinea pigs, with an intraclass correlation coefficient of greater than 0.9 for intraobserver and 

intersession measurements.  

3.5.5 Retinal Thickness in Rodents 

Unlike rats and mice, guinea pigs have an avascular inner retina, with blood supply 

provided by the choroid. Avascular retinae that wholly depend on choroidal blood supply are 

generally thinner than their intrinsically vascular counterparts.178 In accordance with this, we found 

that the guinea pig retinal thickness, at about 152 µm, is less than what has been reported in rats 

(242 µm),157 and in mice (175 µm).179 Similar results have been shown between vascular and 

avascular retinal thickness with retinal whole mounts.178 The choroid, on the other hand was shown 

to be relatively thicker in guinea pigs, at about 70 µm, while reported to be extremely thin in 

normal rats, at approximately 10 µm.180 The increased thickness of the guinea pig choroid 

potentially compensates for the absence of an inner retinal vascular supply.  
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3.5.6 Visual Streak and Retinal Thickness 

Guinea pigs possess a visual streak, analogous to an area centralis in chicks181 or fovea in 

primates,182 which has a higher density of cells. In histological preparations, Choudhury reported 

a higher density of ganglion cells distributed in a nasal/temporal isodensity orientation inferior to 

the optic nerve head.112 Conversely, other studies have reported a higher density of ganglion cells 

superior to the optic nerve head, within 1-2 mm above the ONH.111, 183 With OCT imaging, we 

found greater retinal thickness superior to the optic nerve head. Specifically, this was due to an 

increased thickness of the outer retinal layer, suggesting a higher density of photoreceptors in this 

region.  The 20 degrees scans centered on the ONH, utilized here, and extended approximately 1 

mm in the superior retina. Thus, it is likely that the radial scans captured the region of visual streak. 

Further studies localizing the visual streak in guinea pigs, both in vivo and in vitro, will help to 

understand these observed regional variations. Because the guinea pig lacks a fovea, the pattern of 

arcuate field loss observed in humans with glaucomatous field damage might not be expected to 

occur in guinea pigs, similar to other rodent models of glaucoma. However, the many other 

similarities between human and guinea pig retinal and ONH structure discussed here still 

contribute to the guinea pig being a viable model of glaucoma.  

3.5.7 Previous Findings 

Our findings for retinal thickness (153.04 ± 7.5 µm) are comparable to those in previous 

studies of guinea pigs using OCT imaging, which reported retinal thicknesses of 142.17± 10.5 µm 

(3 mm from ONH), and 129 ± 1.3 µm (unspecified location).90, 158 However, our measured 

choroidal thickness of 79.01 ± 13.43 µm is thinner than in both studies, which reported 120.9 ± 

3.6 µm and 134.20 ± 16.22 µm. These differences in choroidal thickness could be due to the 

location that was sampled. Our measurements were derived from a 20 degree region surrounding 
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the ONH, covering a region of about 1 mm on either side of the ONH, whereas the previous study 

measured the choroid 3 mm from the ONH (the location in the other study was unspecified). Our 

OCT images show that choroidal thickness increases with distance from the ONH, as evident in 

the thickness maps in Figure 3- 6, which could explain the observed differences in choroid 

thickness between studies. Another potential source for variations between studies could be 

differences in the methods used for compensation of images during the analysis. Other possibilities 

that could account for differences between studies include guinea pig breed, age, OCT 

instrumentation, and image analysis methods. The guinea pigs used in this study were of Elm Hill 

breed and were 2.5 years old whereas those used in earlier studies were 5-6 weeks old and of 

unspecified strain. .158 It has been demonstrated in adult human subjects that choroidal thickness 

decreases with age.184, 185 

  Our results show greater variability of choroidal thickness across different imaging 

sessions compared to retinal thickness. The choroid is known to be a highly dynamic structure 

with variability in thickness resulting from a number of causes, including normal diurnal variation, 

use of dilating drops like tropicamide, water intake, and level of anesthesia. In our study, time of 

the day for repeat imaging was not controlled for; therefore, diurnal variation may have contributed 

to the variability in choroidal thickness. While not statistically different, the minimum rim width 

also demonstrated greater variability across imaging sessions compared to other parameters. The 

variability was likely due to difficulty in delineating the ILM at the ONH due to the protruding 

vascular tuft in some animals.  

In OCT images, we were unable to reliably visualize the anterior lamina cribrosa surface, 

likely due to the thick nerve fiber layer and vascular sheath obscuring the ONH and decreasing the 

penetrance of the scanning laser. Using swept source OCT and additional image enhancement 
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techniques may improve the image quality for lamina cribrosa evaluation in guinea pigs, but that 

has yet to be demonstrated. However, presence of a distinct, collagenous lamina cribrosa in guinea 

pigs has been reported in a previous study using histological approaches.38 

3.5.8 Limitations of Study 

A limitation in imaging the guinea pig retina is the lack of retinal vasculature as a landmark, 

which is a disadvantage when attempting to identify the same retinal location over repeated 

sessions. The optic nerve head is the only clear structure visible in the fundus image. Scans were 

centered over the ONH, and positional rotation might be present from one session or one eye to 

another, which likely accounted for some variability observed here in intersession and interocular 

measurements. However, there are other prominent landmarks in the guinea pig retina, like vertical  

and horizontal streaks, which are also prominent around the ONH, and are likely the underlying 

choroidal vasculature seen through the thin avascular retina. The follow up mode from Heidelberg 

was used for repeated imaging, and the system appeared to track locations through these 

landmarks, as the scan tilts changed with eye positioning in follow-up scans, and the B-scan images 

for radial and circular scans were similar across sessions. Heidelberg states that it employs 

TruTrack eye tracking in the autorescan mode for precise follow up of retinal locations across 

imaging sessions; however, it is unclear which retinal landmarks are utilized by the instrument. 

While the lack of vasculature can make it difficult to identify precise locations in the retina, it can 

also be an advantage to isolate disease mechanisms that are nonvasculature in nature. Additionally, 

the absence of inner retinal vasculature allows direct measurements of the nerve fiber layer without 

requiring mathematical subtraction of the vessels. Another limitation in our study was the lack of 

cycloplegia during refraction measurements. Guinea pigs have an accommodative amplitude of 

approximately 5 diopters.186 However, they have been shown to demonstrate a poor voluntary 
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accommodative response,187 and therefore, we do not expect the lack of cycloplegia to have a 

significant effect on refraction measurements. Another limitation was variations in time of day for 

OCT imaging, which might have contributed to observed variability in choroidal thickness 

measurements between animals and between sessions. The extent to which the guinea pig choroid 

undergoes diurnal thickness changes has yet to be investigated. Finally, variability between our in 

vivo and histological measurements could have been from tissue shrinkage and other structural 

changes that occur during processing.  

3.6 Conclusions  

In conclusion, we demonstrated that high quality retinal imaging and in vivo 

characterization of guinea pig retina, and ONH are repeatable and in close agreement to 

histological measurements. Such in vivo imaging in guinea pigs has potential benefits in myopia 

and glaucoma studies in this animal model.  
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CHAPTER 4:  RETINAL GANGLION CELL ABLATION  IN GUINEA PIGS 

 

Ashutosh Jnawali, Xiao Lin, Nimesh B Patel, Laura J Frishman, Lisa A Ostrin 

 

4.2 Introduction 

The guinea pig is a common model of human ocular conditions. Guinea pigs are a 

convenient model because they are precocial, docile, breed quickly, and reach developmental 

maturation at five months of age.34 Guinea pigs are valuable in vision research because of ocular 

structural and functional similarities with humans.36-38  For example, unlike rats and mice, guinea 

pigs possess a collagenous lamina cribrosa,38 an optic nerve head structure implicated in 

glaucomatous axonal damage in humans.41-43  

While guinea pigs are being more commonly used as a model for ocular conditions, there 

are very few published studies that have evaluated in vivo ocular structure or visual function in 

guinea pigs. Photopic electroretinograms (ERGs), an objective measure of retinal function, have 

been described in guinea pigs; brief flash ERGs were reported to be similar to the human photopic 

ERG.37 In the mammalian retina, the negative a-wave of the photopic ERG originates from 

photoreceptors and OFF bipolar cells, the positive b-wave originates from ON bipolar cells,64-66 

and oscillatory potentials (OPs) likely originate from amacrine cells. The photopic negative 

response (PhNR), a later negative going response evident in light adapted conditions, has been 

related to retinal ganglion cell activity in primates and in some studies of rodent ERGs.69-72 

However, contributions of retinal ganglion cells to the guinea pig flash ERG have not been 

determined.36, 37 Furthermore, a pattern ERG response has not been demonstrated in guinea pigs. 

The pattern ERG is a light adapted retinal response to a contrast reversing pattern, which has been 

demonstrated to represent ganglion cell activity in several species including cats, non-human 
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primates, humans, mice, and rats.74, 100-103, 121, 124, 188 However, in pigeon and chicken, ganglion 

cells appear not to contribute to the pattern ERG, as retinal ganglion cell ablation does not affect 

the response.104, 106  

Optic nerve crush injury is a surgical procedure whereby the retrobulbar optic nerve close 

to the globe is crushed with forceps for a few seconds to induce apoptotic retrograde degeneration 

of retinal ganglion cell axons and cell bodies over time.189 Animal models of optic nerve crush are 

commonly used to investigate underlying mechanisms for axonal injury-related retinal ganglion 

cell degeneration and to evaluate retinal structural and functional changes following retinal 

ganglion cell loss.61, 190, 191 Following optic nerve crush in mice, progressive neuronal loss in the 

inner retina and the contralateral superior colliculus were observed one and four weeks following 

injury, respectively.61  At three weeks following optic nerve crush in mice, a 60% loss of the retinal 

ganglion cell population was reported.192 Optic nerve crush or transection has been used in mice 

and rats to demonstrate retinal ganglion cell contributions to the PhNR of the flash ERG and the 

pattern ERG.74, 101  

The goal of this study was to determine the contributions of retinal ganglion cells to 

structural and functional markers in the guinea pig. We developed a technique for ganglion cell 

ablation in the guinea pig using optic nerve crush, evaluated retinal structural and functional 

changes longitudinally following optic nerve crush injury, and determined the contribution of 

retinal ganglion cells to flash and pattern ERGs. These techniques and findings will help to further 

establish the guinea pig as a model of human ocular pathologies and will be valuable when 

assessing progression in conditions such as glaucoma.   
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4.2 Methods 

Adult pigmented guinea pigs (n = 12) obtained from Elm Hill Labs (MA, USA) were 

included in this study. Animals were kept under 12 hour light/dark cycle and provided with food 

and water ad libitum. Procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Houston and conformed to the ARVO statement for the Use of 

Animals in Ophthalmic and Vision Research. 

4.2.1 Optic nerve crush procedure 

Animals underwent unilateral optic nerve crush in the right eye, and the left eye served as 

a control. For this procedure, animals were anesthetized with a subcutaneous injection of ketamine 

(30 mg/kg, VEDCO Inc, MO USA) and xylazine (3 mg/kg, Lloyd Laboratories, Philippines), and 

placed on a 40º C heating pad. Using a dissecting microscope (model, company), an incision was 

made in the temporal conjunctiva followed by blunt dissection of sub-Tenon’s space to expose the 

optic nerve. The nerve was grasped with blunt forceps under direct visualization, 2-3 mm behind 

the globe, and pressure was manually applied for approximately 10 seconds. Care was taken not 

to cause injury to the surrounding vasculature or to the central retinal artery and vein within the 

optic nerve. Immediate dilation of the ipsilateral pupil and loss of the pupillary light reflex in the 

nerve crushed eye were used as confirmation of disruption of axonal signal . transduction. Nylon 

micro sutures (8-0, Ad Surgical, USA) were used to close the conjunctiva, and were removed one 

week later. Post-operative care included application of topical antibiotic ointment (Neomycin-

Polymyxin B Sulfate) for one week and oral systemic anti-inflammatory agent (meloxicam) for 

three days. 
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4.2.2 Behavioral visual function 

A custom optokinetic instrument was developed for assessment of behavioral visual 

function. Animals were tested before and two weeks following optic nerve crush. The instrument 

consisted of a cylindrical drum of 55 cm diameter with a stationary platform at the center. 

Photographic paper with square wave grating of 1.5 cycles per degree (cpd), a spatial frequency 

previously shown to elicit tracking responses in guinea pigs,99 lined the inside of the drum. Awake 

animals were placed on the central stationary platform in a plastic beaker. The drum was rotated 

at a constant speed of 12 degrees per second in both clockwise and counterclockwise directions. 

The tracking response of the animals to the rotating stimulus was determined by an experienced 

observer by evaluating head rotation in the direction of rotating stimulus. Animals were tested both 

monocularly and binocularly.  For monocular testing, one eye was occluded using a black piece of 

cloth. The test was repeated at least three times for each direction of rotation, and tracking was 

confirmed by a second observer. Previous studies in our lab have shown that guinea pigs 

demonstrate directional selectivity for rotating stimulus in their visual field, with optimum 

responses in the temporal to nasal direction of rotation.193 

4.2.3 Ocular Imaging  

Retinal, choroidal, and optic nerve head imaging was performed in both eyes before and 

every two weeks following optic nerve crush using spectral domain optical coherence tomography 

(SD-OCT, Spectralis HRA+OCT, Heidelberg Engineering, Heidelberg, Germany), as described 

previously.194 Additionally, fluorescein angiography was performed two weeks after optic nerve 

crush injury using the angiography module in the SD-OCT. For imaging, animals were 

anesthetized with ketamine and xylazine, as described above, and placed in a prone position on a 

custom-built stage. The eyelids were held open with a custom lid speculum. Custom contact lenses 
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fabricated in-house (DAC 2X-ALM OTT, DAC International, CA USA) with Boston XO material, 

and were inserted with artificial tears (Refresh Liquigel, Allergan) to prevent the corneal surface 

from drying and to optimize optical quality for imaging by maintaining a smooth optical surface. 

Contact lens parameters included a 3.5 mm central thickness, 8 mm total diameter, and 4.5 mm 

base curve, which were determined based on normal ocular dimensions of guinea pig eyes.161  

The SD-OCT instrument uses an 870 nm (average) super luminescent diode light source. 

High resolution imaging mode was utilized with an acquisition rate of 38,400 a-scans per second. 

Axial resolution of the instrument is 3.5 µm/pixel digital (7 µm optical) and lateral resolution of 6 

µm/pixel digital (14 µm optical). The instrument was aligned with the eye using the x-y-z 

adjustment of the camera. The posterior segment was brought into focus by first adjusting the 

instrument’s focus and then adjusting the reference arm to bring the retinal surface into sharp 

focus. A 12º circular scan (1536 a-scans, Figure 4-1A) centered on the optic nerve head was 

obtained. All scans had an image quality above 30 dB. 

Scans were exported as raw (.vol) files. A custom program in MATLAB was used to 

optimize the image quality and manually segment the images. The internal limiting membrane 

(ILM) and ganglion cell/nerve fiber layer border were segmented to calculate thicknesses of retinal 

nerve fiber layer (RNFL, Figure 4-1B). Thicknesses were calculated for each of the 1536 a-scans 

of the circular scan, and analyzed for each of the four major quadrants (superior, inferior, nasal, 

and temporal). 

Fluorescein angiography was used to assess the integrity of the choroid following optic 

nerve crush. The guinea pig inner retina is avascular, and the choroid is the primary source of 

nutrients and oxygen for the inner and outer retina. If the vasculature is compromised during optic 

nerve crush, both the inner and outer retina will undergo structural and functional loss, rather than 
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just the inner retina. For fluorescein angiography, 2 mg/kg sodium fluorescein (AK-Fluor, Akorn, 

IL, USA) was injected intraperitoneally in anesthetized animals approximately one minute prior 

to imaging. The method of intraperitoneal injection of fluorescein has been used for angiography 

with OCT imaging in rodents previously.195 A 2.2 x 2.2 mm area centered at the optic nerve head 

was imaged using the scanning laser ophthalmoscopy function of the SD-OCT instrument, which 

uses a 488 nm light source for excitation of fluorescein. Images were captured for 5-10 seconds 

for on eye, and then the OCT camera was quickly moved to other eye, and the other eye was 

imaged for 5-10 seconds. This pattern of scanning with alternating between two eyes was 

continued for up to 4 minutes after the first appearance of fluorescein in the choroid.   
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Figure 4-1: SD-OCT imaging of the guinea pig retina 

 

A) 12° circumpapillary circular scan centered on the ONH B) corresponding b scan image 

segmented for ILM (green) and RNFL (yellow) 
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4.2.4 Electrophysiology   

Electrophysiological testing was performed in both eyes before and every two weeks 

following optic nerve crush for up to 12 weeks. Animals were anesthetized with ketamine and 

xylazine, and pupils were dilated with 1% tropicamide (Bausch and Lomb, NY, USA) for both 

flash and pattern ERGs. ERG recordings were obtained under light adapted conditions using the 

Celeris rodent ERG system (Diagnosys, LLC, MA, USA). The built-in heating function of the 

instrument’s stage was used to maintain the body temperature at 37ºC. A ground electrode was 

inserted under the skin on the fore limb. For pattern ERG, the probe, which includes an integrated 

electrode and stimulator, was placed in contact with the cornea and aligned with the center of the 

pupil, and the reference electrode was placed on the fellow eye. Based on schematic eye 

calculations of the guinea pig eye,194 and specifications from Diagnosys, the pattern stimulus 

stimulated an area of approximately 4 x 4.6 mm in the central retina. The stimulus consisted of a 

square wave grating of 0.05 cycle per degree at 100% contrast, modulated at a temporal frequency 

of 1.05 Hz, and 1200 responses were averaged for each eye. The right, experimental eye was 

always recorded first, followed by the left, control eye. The stimulus of 0.05 cycle per degree was 

chosen because peak amplitude of P1N2 was obtained at this spatial frequency, as mentioned in 

chapter 2.  Following pattern ERGs for each eye, flash ERGs were recorded. For flash ERG, 

stimulators were placed in contact with the cornea of each eye at the center of the pupil, and 

responses were collected from both eyes simultaneously. Flash strength was 10 cd.s/m2, and 30 

responses were averaged for each eye.  

ERG responses were analyzed using a custom written program in MATLAB (Mathworks, 

Inc., Natick, MA). For flash ERGs, a-wave amplitudes were measured in the raw trace from 

baseline to a-wave trough. For b-wave amplitude measurement, a band pass filter of 1-50 Hz was 
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applied to the raw trace, and the amplitude was measured from the a-wave trough to the b-wave 

peak. The PhNR was also measured from the filtered traces, from baseline to the immediate trough 

following the b-wave. Time to peak for a-wave, b-wave, and PhNR were also measured. With fast 

fourier transform (FFT) in MATLAB, the high frequency oscillatory potentials were noted in the 

ERG waves in the frequency band of 75-100 Hz. The OPs were extracted by the Celeris software 

during recording using a band pass filter of 75-300 Hz for the extraction. The OP waveforms were 

then analyzed in a MATLAB program without further processing. The amplitudes of the first 

through the third OPs were measured from the peak to the preceding trough, and the implicit time 

of the peak was measured from  the stimulus onset.196 

For analysis of pattern ERG responses, drift correction and a band pass filter of 1-100 Hz 

were applied to the raw traces. The first negative trough (N1), the first positive peak (P1) and the 

second negative trough (N2) were identified on the filtered waves. N1P1 and P1N2 amplitudes 

were determined.  

4.2.5 Intravitreal Injections 

To further evaluate the retinal origins of the ERG and PERG waves, intravitreal injections 

of 10 µl of GABA (gamma-aminobutyric acid, Sigma) dissolved in sterile Balanced Salt Solution 

(BSS, Acorn Ophthalmic) were performed to attempt to suppress inner retinal activity in the left 

eyes of six additional young guinea pigs of Elm Hill breed. Assuming a vitreal volume of 150uL 

the vitreal GABA concentration was 25 mM. Three subjects also received a vehicle intrvitreal 

injection of 10 µl of BSS in their right eyes for vehicle control comparisons. The ERGs were 

recorded from these animals with the methods described earlier. Baseline flash and pattern ERGs 

were recorded, followed by the intravitreal injections using a 20 uL Hamilton syringe with a 30 G 
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needle. Flash ERGs were recorded starting at five minutes following the injections and were 

recorded for an additional 30 minutes. At the end, pattern ERGs were recorded again.    

 

4.2.6 In vitro ganglion cell quantification 

At 4, 6, 9, and 12 weeks post optic nerve crush, animals were euthanized with 100 mg/kg 

sodium pentobarbital (Fatal-Plus or Euthasol, Vortech Pharmaceuticals, MI, USA). Experimental 

and control eyes were marked for orientation with sharpie markers, enucleated, and placed in 

phosphate buffered saline (PBS) solution. The orientations were further confirmed by evaluating 

the two posterior ciliary arteries running nasally and temporally around the globe from the optic 

nerve to the limbus. Eyes were fixed in 4% paraformaldehyde for 2 hours, orientation cuts were 

made, and the tissue was washed with PBS and PBS with tritonX. The whole eyecups with 

orientation cuts were then immersed in blocking buffer solution for at least an hour, and transferred 

to rounded bottomed tubes containing primary antibody, alpha-RBPMS (retinol binding protein 

with multiple splicing) rabbit Ab (Abcam, Cambridge, MA, USA) at 1:500 dilution. The eyecups 

were kept on rotator at 4°C for 5 days. On the sixth day, eyes were washed with PBS and PBS 

with tritonX, and the vitreous was removed under a light microscope (DM1000, Leica, Germany). 

Eyecups were labeled with secondary antibody, goat anti-rabbit alexa fluor 488 (ThermoFisher 

Scientific, Grand Island, NY, USA) at 1:250 dilution for 2 hours, followed by PBS with tritonX 

wash. Under low illumination, the retina was detached from the retinal pigment epithelium and 

choroid, and mounted on glass slides using Airvol mounting medium. The slides were left in dark 

overnight and imaged with DeltaVision wide field deconvolution fluorescence microscope (GE 

Life Sciences, Pittsburgh, PA) the following day.  



84 

Images of the retinal flat mounts were collected as panels under 20X. The panels were 

stitched together for composite images, saved as jpegs, and imported into ImageJ (NIH, MD, 

USA). The retinal whole mount images were divided into three concentric zones of equal areas, 

including center, mid-periphery, and periphery. In each zone, retinal ganglion cells were counted 

manually in five squares of 250 x 250 microns using cell counter in ImageJ (Figure 4-2). Counts 

were averaged for each zone and converted to cell density as cells/mm2.  
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Figure 4-2: Retinal flat mount images from guinea pig eyes at 20X 

 

A) Representative retinal flat mount image at 20X, immunostained with RBPMS for ganglion 

cells, and divided into 3 concentric zones of equal areas in ImageJ. Five 250 x 250 micron regions 

were analyzed from each of the three zones; B) Representative figure from one region of interest 

in the mid-periphery with retinal ganglion cells labeled using cell counter in ImageJ 
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4.2.7 Statistical Analysis 

Statistical analysis was performed using SPSS (IBM Corp., Armonk, N.Y., USA). Data are 

expressed as mean ± standard deviation. Repeated measures ANOVAs with post-hoc Bonferroni 

corrected pairwise comparisons were used to assess differences between experimental and control 

eyes for OCT and ERG measurements. A critical value of < 0.05 was considered statistically 

significant.  

4.3 Results 

Fluorescein angiography showed that the choroidal vasculature was compromised in 

experimental eyes of two animals. The following analyses are therefore reported only for the 

remaining ten animals.  

4.3.1 Behavioral vision  

Guinea pigs show optimal optomotor responses when the gratings are moving in the 

temporal to nasal visual field for each eye (see chapter 2).193 At baseline, animals demonstrated 

tracking responses for each eye when monocularly viewing rotating gratings in the temporal to 

nasal direction of rotation with a spatial frequency of 1.5 cpd. When tested at two weeks following 

optic nerve crush, all animals had a total loss of tracking in experimental eyes. Tracking was intact 

in control eyes in all animals, and, similar to baseline, animals could track gratings of 1.5 cpd on 

all follow up sessions.      

4.3.2 Retinal structure  

Thicknesses for peripapillary RNFL, and total retinal thickness, assessed with SD-OCT, 

are shown in Figure 3A and 3B, for baseline and every 2 weeks up to 12 weeks; data include 

progressively fewer animals as they were sacrificed at various time points during the course of the 

study. At 4 weeks following optic nerve crush, RNFL thickness in experimental eyes significantly 
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reduced from baseline (n = 10, baseline: 49.43 ± 2.45 µm; 4 weeks: 30.61 ± 5.51 µm, P < 0.05). 

RNFL thinning was progressive, and at the end of the study period at 12 weeks, RNFL thickness 

was reduced by 65.32% from baseline, to 17.14 ± 2.13 µm (n = 3, P < 0.01).  RNFL thickness was 

also analyzed by quadrant (Table 4-1). At baseline, RNFL was thickest in the inferior quadrant 

(inferior > temporal > nasal > superior, P < 0.001). RNFL thickness reduced progressively in all 

quadrants, and by the end of the study period at 12 weeks, the greatest reductions were observed 

in the inferior and temporal sectors, which were the thickest quadrants at baseline. There was no 

change in RNFL thickness contralateral control eyes throughout the study period (P > 0.05). As 

seen in Figure 3B, the total retinal thickness was significantly reduced compared to contralateral 

control eyes at 8, 10 and 12 weeks following optic nerve crush.   
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Table 4-1: Retinal nerve fiber layer thickness (µm) by quadrant at baseline and following optic 

nerve crush in right eyes; ** = P < 0.01 indicating significant thinning at 12 weeks 

 
Time point Superior Nasal Inferior Temporal 

Baseline (n = 10) 39.9 ± 3.2 44.1 ± 2.4 57.1 ± 6.1 45.9 ± 4.5 

2 weeks (n = 10)  34.9 ± 5.7 35.7 ± 7.5 51.8 ± 13.3 45.8 ± 12.1 

4 weeks (n = 10) 28.1 ± 5.8 26.9 ± 4.9 35.6 ± 8.5 31.8 ± 7.1 

6 weeks (n = 9) 22.7 ± 2.7  23.3 ± 3.5 28.0 ± 4.4 26.2 ± 3.3 

8 weeks (n = 7) 19.9 ± 2.5 21.0 ± 3.0 21.4 ± 2.2  21.6 ± 4.2 

10 weeks (n = 5) 18.8 ± 2.9 21.6 ± 3.7 21.0 ± 2.3 19.1 ± 4.7 

12 weeks (n = 3) 17.1 ± 2.1 17.2 ± 1.7 16.2 ± 1.7 17.6 ± 4.4 

P value 0.002** < 0.001** 0.001** < 0.001** 
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Figure 4-3: Retinal nerve fiber layer and total retinal thicknesses following optic nerve crush   

A) Retinal nerve fiber layer (RNFL) thickness, and B) total retinal thickness for experimental 

(red) and control (blue) eyes from baseline to 12 weeks; * = P < 0.05 and ** = P < 0.01 indicates 

a significant difference between experimental and control eyes 
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4.3.3 Full field flash ERG    

Representative flash ERG responses for an experimental eye at baseline and at 10 weeks 

are shown in Figure 4-4A. Following optic nerve crush, there were no significant differences in 

the a- or b-wave amplitudes in experimental eyes compared to control eyes (P > 0.05 for all, 

Figures 4-4B and 4-4C). Time to peak for a-waves, b-waves and PhNR was not affected by optic 

nerve crush. Mean baseline implicit times for a-wave, b-wave and PhNR were 15.4 ± 1.14 ms, 

35.6 ± 2.15 ms and 54.5 ± 1.41 ms respectively, and 10 weeks following the crush were 16 ± 1.76 

ms, 32.7 ± 1.85 ms and 58.3 ± 6.64 ms respectively. (P > 0.05 for all). The PhNR amplitude in 

experimental eyes significantly decreased compared to control eyes 6 weeks following the nerve 

crush injury (repeated measures ANOVA, mean difference at 6 weeks = 6.75 ± 2.56 µV, P < 0.01, 

Figure 4-4D).  

Representative OPs before and 10 weeks after optic nerve crush are shown in Figure 4-5A. 

There was a significant decrease in OP1 amplitude in experimental compared to control eyes 

beginning 2 weeks following optic nerve crush (mean difference at 2 weeks = 4.58 µV ± 1.42, P 

< 0.01, Figure 4-5B). However, there were no significant differences in OP2 and OP3 between the 

experimental and control eyes at any time point (Figures 4-5C and 4-5D). The relative timing of 

the OPs was unaffected by the crush. Mean baseline implicit times for OP1, OP2 and OP3: 18.5 ± 

0.53 ms, 26.5 ± 1.77 ms, and 36.5 ± 1.92 ms respectively, and mean implicit times 10 weeks 

following the crush for OP1, OP2 and OP3 were 18.7 0.57, 27.3 ± 1.52, and 36.3 ± 2.08, 

respectively (P > 0.05 for all).   
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Figure 4-4: Results from flash ERG following optic nerve crush 

A) Representative traces of flash ERG from one eye at baseline (black trace) and 10 weeks after 

optic nerve crush (red trace). B) A-wave, C) b-wave, and D) PhNR amplitudes (µV) for optic nerve 

crush (red) and control (blue) eyes from baseline and up to 10 weeks following nerve crush injury; 

* = P < 0.05 and ** = P < 0.01 indicate a significant difference between experimental and control 

eyes. Error bars represent standard error; n = 10 at 0, 2 and 4 weeks, n = 9 at 6 weeks, n = 7 at 8 

weeks, and n = 5 at 10 weeks  



92 

 

 

A  B  

C  D  

 

Figure 4-5: Results for oscillatory potentials following optic nerve crush  

A) Representative traces of oscillatory potentials (OPs) from one eye at baseline (black trace) and 

10 weeks after optic nerve crush (red trace). B) OP1, C) OP2, and D) OP3 amplitudes (µV) for 

optic nerve crush (red) and control (blue) eyes from baseline and up to 10 weeks following nerve 

crush injury; * = P < 0.05 and ** = P < 0.01 indicate significant differences between experimental 

and control eyes. Error bars represent standard error; n = 10 at 0, 2 and 4 weeks, n = 9 at 6 weeks, 

n = 7 at 8 weeks and n = 5 at 10 weeks 
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4.3.3.2 Pattern ERG  

Representative traces for pattern ERG to a 0.05 cpd square wave  grating at 100% contrast 

and 1.05 Hz alternating frequency before and 10 weeks after optic nerve crush are shown in Figure 

4-6 A. There were no significant differences in the amplitudes of N1P1 and P1N2 between the 

experimental and control eyes at baseline or at any point throughout the study (P > 0.05 for all, 

Figures 4-6B and 4-6C). 
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Figure 4-6: Results for pattern ERG following optic nerve crush  

 A) Representative raw trace of a pattern ERG from one eye at baseline (black trace) and 10 weeks 

after optic nerve crush (red trace); B) N1P1 and C) P1N2 amplitudes of the pattern ERG for optic 

nerve crush (red) and control (blue) eyes at baseline and up to 10 weeks following nerve crush 

injury. Error bars represent standard error; n = 10 at 0, 2 and 4 weeks, n = 9 at 6 weeks,  n = 7 at 8 

weeks, and n = 5 at 10 weeks 
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4.3.4 Effects of GABA on the flash and pattern ERG 

Intravitreal injections of GABA of have been used to separate ERG waves (e.g. scotopic 

threshold response) generated by amacrine and ganglion cells that are subject to strong 

GABAergic inhibition for those originating from photoreceptors  and bipolar cells that are less 

subject to the effects of inhibitory input.[Sieving and Naarendorp 1991 Vis Res, ; Saszik et al., 

2002 j. Physiol.) 

In general, GABA injection caused a reduction in the amplitude of the flash ERG and 

pattern ERG waves.  In the flash ERG, here were significant reductions in the amplitudes of a-

wave, and PhNR within 10 minutes following the intravitreal injections, while reduction in b-

wave amplitude was not significant. At later times, the b-wave was significantly reduced in 

amplitude as well. There was significant reduction in the amplitude of a-wave, PhNR, OP1, OP2 

and OP3 10 minutes following the intravitreal injections of GABA (table 4-2). Measurements at 

30 minutes following the injection of GABA showed significant reduction in the N1P1 and P1N2 

amplitudes of pattern ERG. Mean baseline amplitudes for N1P1 and P1N2 were 2.55 ± 1.03 µV 

and 2.90 ± 0.88 µV respectively; 30 minutes following the injection, they were reduced to 1.75 ± 

1.18 µV and 1.89 ± 0.78 µV respectively, P < 0.05 for both. There was no significant reduction 

in the amplitudes for N1P1 and P1N2 in the vehicle injected eyes. Mean baseline amplitudes for 

N1P1 and P1N2 were 2.93 ± 0.12 and 2.66 ± 0.75 respectively, 30 minutes following the 

injection, they were increased to 3.43 ± 0.11 and 2.93 ± 0.11 respectively, P > 0.05 for both.      
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Table 4-2: Amplitude (µV) of ERG waves before and 10 min after intravitreal injections of 

GABA in the left eyes of young guinea pigs (n=6) 

 

 
ERG wave Pre-GABA 

Amplitude (µV) 

Post-GABA 

Amplitude (µV) 

P value  

a-wave 21.2 ± 6.05 10.91 ± 4.90 < 0.05 

b-wave 30.2 ± 11.52 19.66 ± 7.52 0.24 

PhNR 28.2 ± 12.29  20.33 ± 7.84 < 0.05 

OP1 10.0 ± 3.03 4.5 ± 0.77 < 0.05 

OP2 10.25 ± 2.78 4.5 ± 2.82 < 0.05 

OP3 7.75 ± 2.99 3.33 ± 1.03 < 0.05 
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 4.3.5 In vitro retinal ganglion cell density 

Representative images of retinal flat mount sections showing RBPMS labeled retinal 

ganglion cells in optic nerve crush and control eyes are shown in Figure 4-7. At 4 weeks, mean 

ganglion cell density was reduced by 78.1% in the optic nerve crush eye compared to contralateral 

control eyes. At 12 weeks, the mean percentage in ganglion cell density reductions for center, mid-

periphery, and periphery in optic nerve crush eyes compared to control eyes were 89.8 %, 85.9 %, 

and 73.4%, respectively (Figure 4-8). 
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Figure 4-7: Representative images of retinal ganglion cells stained with RBPMS  

A) 4 weeks, B) 6 weeks, C) 9 weeks, and D) 12 weeks in experimental (left panels) and 

contralateral control eyes (right panels) of the same animals. Images are from similar retinal 

locations, 7 mm inferior nasal retina from the optic nerve head center, for all eyes. Scale bar = 

100 µm   
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Figure 4-8: Retinal ganglion cell density from all control eyes (n = 7) and optic nerve crush eyes  

 

At 4 (n = 1), 6 (n = 2), 9 (n = 2), and 12 (n = 2) weeks for three retinal zones (central, mid-

periphery,) periphery)   
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4.4 Discussion 

The goal of this study was to identify structural and functional markers of retinal ganglion 

cell loss in guinea pigs. We found strong evidence that retinal ganglion cells contribute to the 

photopic negative response (PhNR) of full field flash ERGs, similar to observations in primates69, 

70 but a smaller proportion of the response. Oscillatory potential 1 (OP1) amplitude was also 

reduced. Additionally, we found that the pattern ERG in guinea pigs to be independent of retinal 

ganglion cell loss. Structural losses were observed as substantial in vivo thinning of the retinal 

nerve fiber layer and in vitro decreases in retinal ganglion cell density.  

The PhNR has been shown to be of retinal ganglion cell origin in mammals, including non-

human primates, humans, and in several studies, rodents.69-71 However, the presence of the PhNR 

in guinea pigs has not been reported previously. Recent studies have found a strong correlation of 

PhNR amplitude to structural changes, such as with retinal nerve fiber layer thinning in humans.197, 

198 In this study, we identified the PhNR of the full field flash ERG in all animals. Following optic 

nerve crush, there was a significant reduction in PhNR amplitude from baseline at 6 weeks. 

However, there were no changes in a- and b-wave amplitudes, suggesting relative preservation of 

outer retina despite the optic nerve crush injury. The effect on the PhNR with ganglion cell 

degeneration in mice has been variable. Chrysostomou et al., showed that PhNR of the full field 

ERG was sensitive to intraocular pressure elevation in mice, and reduced by approximately 70% 

from baseline within a week of intraocular pressure elevation.71 They suggested that inner retinal 

responses from retinal ganglion cells and retinal glia were the likely contributors for PhNR 

component of ERG in mice. However, another study by Liu, et al showed no significant change in 

the PhNR amplitude in mice, even after four weeks following optic nerve crush, although there 

was a trend towards reduction of the PhNR amplitude.61 In rats, significant reduction of PhNR 
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amplitude was observed as early as 24 hours following optic nerve transection, reaching a 

maximum reduction of 56% after 15 weeks.72 Similar to these results from mice and rats, we found 

that the PhNR in guinea pigs is not entirely dependent on the retinal ganglion cell integrity, as even 

at 10 weeks following optic nerve crush, a measurable PhNR was still present (64% reduction 

from baseline). This suggests that while retinal ganglion cells appear to have a significant 

contribution to the PhNR component in guinea pigs, the PhNR may receive contributions from 

other retinal cells, as it was never abolished completely even when there was major loss ganglion 

cell loss through the retina (Figure 4-8). Other neural contributions could be from amacrine cells, 

and studies in the non-human primate and rat have suggested that glial cell also contribute to the 

PhNR, 69, 199 which may be the case in guinea pigs as well.    

The oscillatory potentials (OPs) are small rhythmic wavelets superimposed on the 

ascending limb of the b-wave of the ERG.200 The retinal source of origin of OPs is not well 

understood, although it is thought they have an inner retinal origin.200 Pharmacological 

experiments in mudpuppy show that GABA mediated presumably inner retinal pathways 

contribute to the OPs,201 and there were similar observations in photopic ERG of nonhuman 

primates.202 Dong, et al. suggested that the early OPs may be generated by outer retina, while the 

intermediate and late OPs are generated by action-potential independent and dependent 

mechanisms in the ON pathway of the inner retina, respectively.203 In contrast, we found that OP1 

was significantly reduced in the experimental eyes compared to contralateral control eyes, whereas 

OP2 and OP3 were unaffected, suggesting that in guinea pig,  OP1 depends on the integrity of 

retinal ganglion cells while OP2 and OP3receive input from other retinal neurons.  

GABA is the major inhibitory neurotransmitter in the retina.204, 205 GABA receptors are 

found throughout the retina and particularly in the inner retina on amacrine and ganglion cells, but 
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also in cells such as bipolar cells (especially the axon teminals), horizontal cells.206, 207 Previous 

studies in cats (SN VR 91) and mice (S JP 20020) selectively suppressed waves originating from 

amacrine and ganglion cells, the scotopic threshold response.  In contrast, intravitreal injections of 

GABA in guinea pigs, significantly reduced the amplitudes of all components of the flash ERG 

except b-waves. Reductions occurred in the OPs, a-wave and PhNR as early as 10 minutes 

following the injection and progressed with time (not shown). Similarly, there was significant 

reduction in the N1P1 and P1N2 amplitude of the pattern ERG when they were assessed at 30 

minutes following the injection.  . Complete loss of OPs with intravitreal GABA injections have 

been demonstrated in mudpuppy retina, while the b-wave amplitude remained unaffected.201 An 

increase in b-wave amplitude in cat and mouse has also been demonstrated (Naarendorp, Saszik). 

Given the general amplitude reduction caused by the GABA injections in guniea pigs, it was not 

possible to gain insight about the inner or outer retinal origins of the different waves in the flash 

and pattern ERGs.  

The pattern ERG has been shown to be a direct measure of the functional integrity of retinal 

ganglion cells in the mammalian retina, including cats, rats, mice, non-human primates and 

humans.74, 100, 101, 124 In this study, although trends indicated some reduction in P1N2 component 

of the pattern ERG in experimental eyes from baseline, the changes were not significant. Likewise, 

there were no significant changes in the N1P1 component of the pattern ERG. The pattern ERG 

has also been shown to be unaffected by ganglion cell degeneration in non-mammalian species, 

such as chicks.106 In animals in which pattern ERGs originate from retinal ganglion cells, linear 

signals from outer retina presumably cancel in response to the alternating pattern stimuli. It is 

possible that there are signals originating from the outer retina in response to the patterned 

stimulation in guinea pig retina that do not be fully cancel. This non linearity of signals from the 
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outer retina might be the reason for the persistence of the pattern ERG despite ganglion cell loss 

in guinea pigs. Further studies using pharmacological techniques to block activity of specific cells 

and pathways may help to obtain more information about the origin of pattern ERG in guinea pigs.      

We found the guinea pig pattern ERG responses to be of small amplitude, on the order of 

a 2-4 µV for both N1P1 and P1N2. Like photopic flash ERG waves, the pattern ERG is also much 

smaller in amplitude in guinea pigs compared to those of mice and rats; peak P1N2 amplitude for 

mice and rat have been reported to be approximately 20 µV and 10 µV, respectively.74, 122 

Differences in amplitude across studies may be attributable in part to differences in properties of 

recording electrodes. Comparisons of pattern ERGs by more standard electrodes to the Celeris, 

which uses integrated electrodes, have not been made.  In addition to their small amplitude, these 

responses in guinea pigs were highly variable. One potential source of variation could be related 

to alignment of the pattern stimulus with the visual streak of the guinea pig which is located in the 

superior retina.111 While we attempted to align the stimulus probe with the visual axis, which 

would allow the 4 mm x 4.6 pattern stimulus to overlap the visual streak, small misalignments 

could have contributed to variable response amplitudes. Other recording conditions were strictly 

maintained between sessions; the right eye was always recorded first, followed by the left eye, and 

all sessions began with pattern ERG followed by flash ERG, and then the OCT imaging.  

We used optomotor responses to assess behavioral visual function of guinea pigs before 

and after optic nerve crush. The optomotor response is simple, unlearned reflex turning of the head 

and neck to follow the rotation of a global visual pattern drifting in the horizontal plane.208 

Behavioral assessment of vision in rodents with optomotor responses is a well-established 

technique that allows rapid, non-invasive evaluation of visual discrimination.78, 79, 114 Optomotor 

responses have been shown to be reduced or missing in rodent models of ganglion cell 
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degeneration, such as glaucoma.209, 210 Here, we found total loss of optomotor responses in 

experimental eyes soon after optic nerve crush, confirming that the procedure was effective in 

causing axonal damage and preventing communication between the retina and higher brain centers.    

OCT is a non-invasive in vivo imaging technique used to assess retinal structure. OCT 

imaging is often used to monitor the progression of retinal structural changes such as thinning of 

retinal layers in glaucoma.56, 137, 211 In rodents, OCT has been used to evaluate retinal thinning in 

glaucoma and optic nerve crush and transection.61, 190 Optic nerve crush and transection are disease 

models for traumatic optic neuropathy and glaucoma.212 These optic nerve injuries induces 

retrograde apoptotic degeneration of retinal ganglion cell axons and cell bodies,192, 213 resulting in 

thinning of the retinal nerve fiber layer.214, 215 Here, we found progressive thinning of ganglion cell 

nerve fiber layer, first noted four weeks following optic nerve crush. Although some animals 

showed reduction even at two weeks following the crush, some animals showed initial thickening 

of inner retina following the crush. Transient thickening of the retina following optic nerve crush 

has been reported in previous studies, with a possible role of edema due to inflammatory response 

to the nerve crush injury.190 We found significant retinal nerve fiber layer thinning of 35% from 

baseline four weeks following optic nerve crush. Using OCT, Munguba et al., reported an 

approximately 20% reduction from baseline in retinal nerve fiber layer thickness in mice following 

optic nerve crush.191 However, in guinea pigs ganglion cell bodies are interspersed with ganglion 

cell axons in the nerve fiber layer,194 which  may have contributed to a greater loss of thickness 

than reported in mice. Additionally, the guinea pig retina is avascular, so results in guinea pigs 

may vary from those of other rodent models which possess inner retinal vasculature, as the 

mechanisms of changes following the optic nerve crush might be different. Total retinal thickness 

decreased in experimental eyes of all animals, which was significant at 8 weeks following the 
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crush, reflecting the loss of retinal nerve fiber layer thickness, although underestimating it, as the 

percentage reduction in total retinal thickness was less than that in retinal nerve fiber layer 

thickness.  Furthermore, the a- and b-waves from the flash ERGs did not show significant changes 

in the experimental eyes, which suggests that the integrity of the outer retina was maintained in 

the nerve crush eyes.    

We found that in vivo OCT imaging was valuable to detect and monitor progressive loss 

of nerve fiber layer in the guinea pig. In vivo imaging allows for monitoring of progressive retinal 

structural changes without the need to sacrifice the animal, thus reducing the number of animals 

required to obtain information about structural changes. Although approximately 78% of retinal 

ganglion cells were lost within 4 weeks following optic nerve crush, the retinal nerve fiber layer 

thickness was reduced by only about 35% at that time. A maximum reduction in thickness of 65% 

was observed at 12 weeks following nerve crush injury. Such lag of retinal nerve fiber layer 

thinning compared to retinal ganglion cell loss has also been reported in mouse model of optic 

nerve crush,191 which can be explained by the fact that OCT measures the total space occupied by 

the retinal ganglion cell soma, axon, and dendrites, as well as glial elements for the retinal nerve 

fiber layer measurements while the retinal ganglion cell loss as suggested by the reduction in 

ganglion cell density represents loss of retinal ganglion cell soma only. Retinol binding protein 

with multiple splicing (RBPMS), used here to selectively label the retinal ganglion cells, has been 

shown to be highly selective for retinal ganglion cells in the mammalian retina including mice, 

rats, rabbit and guinea pigs.125 In the guinea pig retina, approximately 55% of the cells in the 

ganglion cell layer are retinal ganglion cells, the rest are amacrine cells.111 

Fluorescein angiography, a common clinical tool, has been used in mice and rats to 

evaluate the retinal vasculature.216, 217 In this study, we used fluorescein angiography to assess the 
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integrity of choroidal vasculature following nerve crush, which is essential to the health of the 

retina. Because the guinea pig inner retina is avascular, all nutrients are likely supplied by the 

choroidal vasculature through diffusion.178 We were able to visualize a small vascular tuft at the 

optic nerve head of guinea pigs in our angiography images, which are most likely the central retinal 

artery coming from the ophthalmic artery. This vascular tuft is limited to the optic nerve head and 

does not supply the retina. 

4.5 Conclusions 

In conclusion, we demonstrated that retinal ganglion cell loss in the guinea pig can be 

assessed non-invasively using OCT, optomotor responses, and ERG. Findings support a retinal 

ganglion cells contribution to the PhNR and OP1 wave of full field flash ERG in guinea pigs. The 

presence of the PhNR and its dependence on retinal ganglion cell integrity in guinea pigs suggests 

that full field flash ERG may be a useful tool to assess inner retinal function in this animal model.   
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5.2 Introduction 

Optic nerve head assessment is important in the evaluation and diagnosis of a number of 

ocular conditions, including myopia, glaucoma, and optic nerve edema, which result in structural 

changes in the posterior globe. However, there is significant variation in optic nerve head structure 

within the normal population,218-220 which can make the evaluation of such ocular conditions 

difficult. Along with the optic nerve head, other ocular structures, such as the retinal nerve fiber 

layer, peripapillary sclera, and choroid, have also been found to have significant variation in the 

normal population.22, 221, 222  

Several studies have focused on characterizing optic nerve head structure and the lamina 

cribrosa in healthy and pathological eyes of adults. The lamina cribrosa is a collagenous sieve-like 

structure located within the optic nerve head that provides structural support to the retinal ganglion 

cell axons and vasculature passing in and out of the eye.223 Histological and in vivo studies in 

humans and non-human primates have demonstrated variability in the depth and thickness of the 

lamina cribrosa and size of laminar pores and collagenous beams in healthy eyes.40, 224, 225 

Histological studies in adult human eyes have shown that the lamina cribrosa is thinner in eyes 

with high myopia or increased axial length.24, 226 With the advent of in vivo optical coherence 

tomography with enhanced depth imaging, it has become possible to better evaluate lamina 

cribrosa structure, such as depth and tilt angle, non-invasively.129, 227 With in vivo imaging, Yun, 

et al. found that the lamina cribrosa was thinner in eyes with longer axial lengths. The authors also 
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reported that lamina cribrosa depth was associated with axial length in adults with glaucoma, but 

not in healthy eyes.50 While some studies have reported that in vivo lamina cribrosa structure is 

associated with age and refractive error, 228, 229 Lee, et al. found that lamina cribrosa thickness in 

adults was not associated with axial length.230  

Choroidal and retinal nerve fiber layer thickness have also been shown to be associated 

with refractive error.21, 22, 231 Thinner choroids, both in the foveal and peripapillary regions, have 

been reported in myopic children and adults compared to non-myopes.21, 22, 52, 232, 233 Additionally, 

studies have reported thinning and redistribution of the peripapillary retinal nerve fiber layer with 

myopia.211, 221, 234 However, conflicting results exist, with some studies suggesting that associations 

of the retinal nerve fiber layer thickness with refraction and axial length disappear after correcting 

for magnification effects related to the imaging modality.53, 235 These studies demonstrate the 

importance of scaling images based on ocular biometry to draw correct conclusions on the 

relationship between retinal nerve fiber layer thickness with axial length and refractive error.236   

There is little information on optic nerve head structure and the lamina cribrosa in children. 

Investigations of ocular structure in children are important because significant growth and 

remodeling are known to occur in childhood, which may provide insight to the processes of 

emmetropization82, 83 and myopia development.84 The goal of this study was to assess the optic 

nerve head, retina, and choroid in healthy school age children as a function of age, axial length, 

and refraction to understand how these structures vary towards the end of the emmetropization 

process and when school age myopia is known to onset and progress.    
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5.3 Methods 

5.3.1 Subjects 

Children, ages 6 to 15 years, were recruited for this cross-sectional study. Exclusion criteria 

were ocular pathology, corneal opacities, cataracts, posterior segment anomalies, and 

contraindications for dilation. Parental permission and children’s assent were acquired prior to 

enrollment. The study was approved by the Institutional Review Board at the University of 

Houston and followed the tenets of the Declaration of Helsinki.  

Before participation, all children underwent slit lamp examination to confirm eligibility.  

Best corrected visual acuity was assessed monocularly in both eyes with a Snellen letter chart. 

Eyes were dilated with topical instillation of one drop each of 1% tropicamide (Henry Schein Inc., 

NY USA) and 2.5% phenylephrine (Paragon Bio Teck Inc., OR USA). Intraocular pressure was 

measured with a rebound tonometer (ICare Tiolat Oy, Helsinki, Finland). Three readings were 

recorded for each eye, with each reading being an average of six measures.   

Optical biometry was performed on each eye (Lenstar, LS 900, Hagg-Streit, Germany) to 

determine anterior corneal curvature, central corneal thickness, anterior chamber depth, lens 

thickness, and axial length. Five measurements were acquired for each eye and averaged.  

Cycloplegic autorefraction was performed with a Grand-Seiko autorefractor (WAM-5500, Shigiya 

Machinary Works Ltd., Hiroshima, Japan). At least five measurements were recorded and 

averaged for each eye. The mean spherical equivalent refractive error (SER) was calculated and 

used to categorize study participants into refractive error groups; the non-myopic group included 

SER ≥-0.50 D and the myopic group included SER < -0.50 D. 
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5.3.2 Image Acquisition 

In vivo imaging was performed on both eyes of each subject with spectral domain optical 

coherence tomography (SD-OCT, Spectralis HRA+OCT; Heidelberg Engineering, Heidelberg, 

Germany). Scans were acquired using high resolution mode with an acquisition rate of 38,400 A-

scans per second and a super luminescent diode light source with a central wavelength of 880 nm. 

As per the manufacturer, the instrument’s axial resolution was 3.5 µm/pixel digital (7 µm optical), 

and lateral resolution was 6 µm/pixel digital (14 µm optical). To acquire images, subjects were 

seated comfortably at the instrument and instructed to place their head on the chin and forehead 

rests, viewing the internal fixation target with the eye being scanned. The protocol included three 

scans of each eye; 1) a 48-line radial scan (20°, 1024 A-scans per B-scan, Figure 1A), 2) a 12° 

peripapillary circular scan (1536 A-scans, Figure 1B) centered at the optic nerve head, and 3) a 

97-line macular volume scan (20° x 20°, 1024 A-scans per B-scan, Figure 1C).  Enhanced depth 

imaging mode was used for radial scans to better visualize deeper structures, including the choroid 

and lamina cribrosa surface. For optimum noise reduction and image quality, averaging was set to 

100 frames per B-scan for the peripapillary circular scan, 16 frames per B-scan for the radial scan, 

and 9 frames per B-scan for the macular volume scan. Image quality for all scans was greater than 

30 dB.   
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Figure 5-1: Representative SLO images and corresponding b-scan images from OCT scans 

 

A) Optic nerve head radial scan, B) optic nerve head circular scan, and C) macular volume scan 

(green lines) overlaid on the scanning laser ophthalmoscope (SLO) images. Corresponding SD-

OCT B-scans for each scan type are shown adjacent to each SLO image. Segmentation included 

inner limiting membrane (ILM, red), nerve fiber layer (teal), Bruch’s membrane (BM, green), 

posterior choroid (blue), Bruch’s membrane opening (BMO, yellow), Cup (white), minimum rim 

width (MRW, orange), and anterior lamina cribrosa surface points (ALCS, magenta) 
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5.3.3 Image analysis 

5.3.3.1 Optic Nerve Head Radial Scan 

For the radial scan centered on the optic nerve head, images were exported as raw (.vol) 

files and analyzed with a custom MATLAB program (MATLAB, Mathworks, Inc., Natwick, MA). 

Scans were laterally scaled using biometric data collected from each eye and a four surface 

schematic eye.237, 238 The model assumes four major refractive surfaces – anterior and posterior 

cornea and anterior and posterior lens. Input parameters included axial length, average anterior 

corneal radius of curvature, anterior chamber depth, and lens thickness. Corneal thickness was a 

constant. To modify the schematic eye for children, previously published values of the anterior 

and posterior radii of curvature of the lens based on the age of each child were used, which were 

obtained using equations 1 and 2.239 

Equation 1: lens anterior radius of curvature (mm) = -0.021 x2 + 0.151 x + 11.45 

Equation 2: lens posterior radius of curvature (mm) = 0.004 x2 + 0.063 x + 6.236 

where x = (age in years – 10) 

The perpendicular direction for axial scaling was based on refractive index and interference 

of the components of the ocular media and was taken as 3.87 µm/pixel.  

For each B-scan image, segmentation errors for the internal limiting membrane (ILM) were 

manually corrected. For enhanced visualization of Bruch’s membrane and the lamina cribrosa, 

adaptive compensation algorithms were applied to remove shadows and recover signals from the 

bottom of the image, as described previously.240 The termination of Bruch’s membrane was 

marked manually on each side of the optic nerve head to determine Bruch’s membrane opening 

(BMO). Image processing for radial scans is shown for a representative B-scan image in Figure 

1A. BMO-based minimum rim width (MRW) was calculated for each B-scan as the minimum 
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(perpendicular) distance from the BMO point to the ILM, and the average MRW from all 48 line 

scans was used as the mean MRW for each eye. BMO diameter and area were calculated by fitting 

an ellipse through the 96 BMO points.241 The location of the cup on each B-scan was defined as 

the point of intersection of the line joining two BMO points and the ILM. Cup diameter was 

calculated in the horizontal and vertical meridians. Anterior lamina cribrosa surface (ALCS) points 

were marked manually on each B-scan. Using these points, a thin plate spline surface was fit to 

generate the ALCS plane in three dimensions, using algorithms described previously.241 A 

reference plane was fit over the BMO points, and the average of the distance from the BMO 

reference plane to the ALCS plane was used as the mean ALCS depth (ALCSD) for each eye. 

For peripapillary choroidal thickness measurements, 12 of the 48 radial scans at equal 

intervals were analyzed. For each B-scan, segmentation errors for the ILM and Bruch’s membrane 

were manually corrected. The posterior border of the choroid, represented by the choroid-sclera 

interface, was manually segmented. Thickness maps were generated for the peripapillary choroid 

with the method of interpolation, for all points between the 12 radial scans.194 To measure the 

choroidal thickness at the same distance from the BMO points for all subjects, a total of 96 points 

at a distance of 1.7 mm from the BMO points on either side were selected, and an ellipse was fit 

over those points (Figure 2). A distance of 1.7 mm was chosen for analysis as this was the furthest 

distance we could measure peripapillary choroidal thickness from the BMO points in all subjects 

based on our calculations for lateral magnification and scan length for radial scans. After 

calculations for magnification effects, this distance was approximately 2.5 mm from the center of 

the optic nerve head. The thickness of the peripapillary choroid within the ellipse was calculated 

from the choroidal thickness maps for global and sectoral (temporal, superior, nasal and inferior) 

measurements for all subjects. The optic nerve head was excluded by applying a mask calculated 
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from the BMO diameter. This method allowed for measurement of peripapillary choroidal 

thickness at the same distance from the BMO in all subjects, thus reducing the possibility of 

variation in thickness with different distances from the BMO margin and varying effects of lateral 

magnification between myopes and non-myopes.  
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Figure 5-2: Representative SLO image with 48 line radial scans (green) 

 

The blue ellipse at the center represents the BMO ellipse fit over the BMO points (yellow dots). 

Black symbols represent the newly selected points at a distance of 1.7 mm from the BMO points 

for each line scan. The larger red ellipse towards the edge represents the adjusted ellipse fit over 

the newly selected points. 
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5.3.3.2 Optic Nerve Head Circular Scan 

 

For the circular scan centered on the optic nerve head, images were analyzed for peripapillary 

retinal nerve fiber layer (RNFL) thickness using the SD-OCT instrument’s built-in software. 

Segmentation errors for the ILM and RNFL were manually corrected, and global and sectoral 

thickness values were provided by the software. The global and sectoral RNFL thicknesses 

obtained from peripapillary circular scans were further compensated for ocular magnification 

using methods described previously.59 Briefly, the transverse scaling obtained from the schematic 

eye calculation was used to calculate the scan circumference using Equation 3: 

Equation 3: calculated scan circumference = 2πr, where r is the scan radius in 

microns obtained from the transverse scaling 

This information was used to scale RNFL thickness using Equation 4 and a nominal scan 

circumference of 10.9 mm for an emmetropic eye.59  

  Equation 4: scaled RNFL thickness 

=
RNFL thickness (µm) x calculated scan circumference (mm)

10.9 mm
 

5.3.3.3 Macular Volume Scan 

For the macular volume scan, images were also analyzed using the instrument’s software. 

Segmentation errors for the ILM and Bruch’s membrane were manually corrected, and 

measurements were obtained from the thickness map generated by the instrument, including 

minimum foveal thickness, retinal thickness within the central 1 mm diameter, and retinal 

thickness for each quadrant within the 6 mm annulus surrounding the central 1 mm (Figure 3). To 

measure subfoveal choroidal thickness, the line scan passing through the fovea was identified on 

the OCT instrument, the image was adjusted to a 1:1 aspect ratio, and the built-in caliper in the 
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instrument was used to determine the thickness from Bruch’s membrane to the choroid-sclera 

interface. Subfoveal choroidal thickness was measured by two observers (AJ and HM) who were 

masked to the refractive status of the subject to assess interobserver variability.  
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Figure 5-3: Representative macular volume scan thickness map 

 

The regions that were analyzed (1 mm diameter, and 6 mm annulus) are overlaid on the 

corresponding SLO image 
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5.3.4 Statistical Analysis  

 

All right eyes were analyzed for the study. A subset of left eyes (n=16) were selected from 

the study population using a random number generator in MS Excel to perform interocular 

comparisons. Biometric parameters between the two refractive groups were assessed with unpaired 

t-tests. Statistical analysis was performed using SPSS (IBM Corp., Armonk, N.Y., USA). Data are 

expressed as mean ± standard deviation. Normality of data was assessed with a Shapiro-Wilk test. 

The relationship of age with axial length and refractive error was assessed with simple linear 

regression. The associations of retinal, choroidal, and optic nerve head parameters with axial 

length and refractive error were assessed with a multiple linear regression, and variables were 

adjusted for age as an independent variable. Repeated measures ANOVA was used to assess the 

retinal, RNFL, and choroidal thicknesses by sector (within subjects factor) and refractive error 

group (between subjects factor), with post-hoc pairwise Bonferroni comparisons. Interocular 

symmetry for ocular parameters was assessed using the coefficient of variation and intraclass 

correlation coefficient. As subfoveal choroidal thickness was measured manually and tends to 

show increased variability compared to other measures, this parameter was measured by two 

independent observers (AJ and HM), and the coefficient of variation and intraclass correlation 

coefficient were calculated. 

  

5.4 Results 

5.4.1 Subjects 

Subject characteristics are shown in Table 1. Fifty-three children participated, including 30 

males and 23 females. However, we excluded one subject from the analysis, whose SER was 
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determined to be an outlier using the Tukey outlier test (SER = +7.22 D). The results are presented 

for the remaining 52 subjects. Mean subject age was 11.2 ± 2.61 years. All subjects had a best 

corrected visual acuity of 20/20 or better.  

Mean SER for right eyes (n = 52) was -0.31 ± 1.80 D (range -5.43 to +5.37 D), and for left 

eyes (n = 52) was -0.34 ± 1.84 D (range -5.55 to +5.12 D). SER was similar for right and left eyes 

(P = 0.94). The following primary analyses were done on right eyes only. Mean age for the myopic 

group was significantly older than the non-myopic group (12.43 ± 2.31 years vs 10.17 ± 2.45 years, 

P < 0.01). The myopic group exhibited a greater axial length (P < 0.0001), deeper anterior chamber 

(P < 0.01), and a thinner crystalline lens (P < 0.05), compared to the non-myopic group. Linear 

regression analysis revealed that age was associated with axial length and refractive error; axial 

length increased with age (R2 = 0.25, P < 0.0001) and mean SER became more myopic (R2 = 0.27, 

P < 0.001). 
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Table 5-1: Subject characteristics and biometry (n = 52); P values are shown for unpaired t-tests 

between non-myopes (n = 29) and myopes (n = 23) 

 
 All Subjects  

(n = 52) 

Non-Myopes 

(n = 29)  

Myopes  

(n = 23) 

P value 

Age (Years) 11.12 ± 2.64  10.16 ± 2.48 12.43 ± 2.31 0.001* 

Sex (M:F) 29:23  17:13 13:10 n/a 

Spherical Equivalent 

Refractive Error (D) 

-0.37 ± 1.85  +0.84 ± 1.12  -1.89 ± 1.41  < 0.0001* 

 

Axial Length (mm) 23.63 ± 0.94  23.11 ± 0.76 24.29 ± 0.70 < 0.0001* 

Central Corneal 

Thickness (µm) 

558.32 ± 32.70  564.37 ± 33.17 

 

551.66 ± 31.74 

 

0.15 

 

Corneal Curvature 

(mm) 

7.78 ± 0.26  7.80 ± 0.24 7.74 ± 0.28 0.34 

Anterior Chamber 

Depth (mm) 

3.75 ± 0.30  3.64 ± 0.25 

 

3.89 ± 0.29 

 

0.002* 

 

Lens Thickness (mm) 3.39 ± 0.16  3.44 ± 0.14 3.34 ± 0.17 0.02* 

Intraocular Pressure 

(mmHg) 

15.60 ± 2.97  15.54 ± 3.41 

 

16.05 ± 2.80 0.61 

* = significance at P < 0.05 
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5.4.2 Optic Nerve Head and Lamina Cribrosa Structure 

The relationships between optic nerve head parameters with axial length and SER, adjusted 

for age, are summarized in Table 5-2. The data for cup-to-disc ratio is shown for 38 subjects as the 

cup could not be demarcated on 14 subjects. A representative point cloud derived from the 48-line 

radial scan is shown in Figure 4. BMO diameter increased significantly with increasing axial length 

(R2 = 0.07, β = 0.05, P = 0.05) and increasing myopic SER (R2 = 0.12, β = -0.04, P < 0.01), and 

BMO area significantly increased with increasing myopic SER (R2 = 0.16, β = -0.09, P < 0.01), 

suggesting eyes with increasing myopia have larger disc sizes. Although there was a trend of 

increasing BMO area with axial length, it did not reach significance (R2 = 0.07, β = 0.12, P = 0.06). 

Vertical cup-to-disc ratio significantly decreased with increasing axial length (R2 = 0.12, β = -0.05, 

P < 0.05) and myopic SER (R2 = 0.11, β = 0.03, P = 0.05). Mean MRW, mean ALCSD, and 

horizontal cup-to-disc ratio were not associated with axial length or SER (P > 0.05 for all). No 

optic nerve head or lamina cribrosa parameter showed a significant relationship with intraocular 

pressure (P > 0.05 for all). 

Global and sectoral peripapillary choroidal thicknesses are shown in Table 5-3. One subject 

was excluded due to poor visibility of the posterior choroid border. The mean global peripapillary 

choroidal thickness of the study population was 185.37 ± 41.48 µm. Global peripapillary choroidal 

thickness was not associated with age (P = 0.11), axial length (P = 0.53), or SER (P = 0.98). 

Repeated measures ANOVA showed that peripapillary choroidal thickness varied by sector (P < 

0.001), but not by refractive error group (P = 0.09); the inferior choroid was the thinnest and the 

temporal choroid was the thickest.   
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Table 5-2: Relationships of optic nerve head parameters, including Bruch’s membrane opening 

(BMO) area, minimum rim width (MRW), anterior lamina cribrosa surface depth (ALCSD), and 

vertical and horizontal cup-to-disc ratio, with axial length (AL) and spherical equivalent refractive 

error (SER), for all subjects (n = 52); age-adjusted R2 and P values are shown for multiple 

regression analysis 

 

 
Optic Nerve Head 

Parameter 

Mean ± SD Relation with AL (R2,  P 

value) 

Relation with SER (R2, P 

value) 

BMO area (mm2) 1.89 ± 0.4 R2 = 0.02, P = 0.1 R2 = 0.1, P < 0.01* 

Mean MRW (µm) 369.4 ± 65.2 R2 = -0.03, P = 0.7 R2 = -0.04, P = 0.9 

Mean MRW  

vertical (µm) 

412.4 ± 87.4 R2 = -0.01, β = -15.5, 

P = 0.3 

R2 = -0.01, β = 7.0,  

P = 0.4 

Mean MRW horizontal 

(µm) 

313.2 ± 59.2 R2 = -0.04, β = -0.5, 

P = 0.9 

R2 = -0.04, β = 1.2,  

P = 0.8 

ALCSD (µm) 369.0 ± 85.6 R2 = -0.03, P = 0.7 R2 = -0.04, P = 0.8 

Vertical C/D 0.4 ± 0.1 R2 = 0.1, P = 0.04* R2 = 0.06, P = 0.05* 

Horizontal C/D 0.4 ± 0.1 R2 = -0.01, P = 0.4 R2 < 0.01, P = 0.4 

* = significance at P < 0.05 
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Figure 5-4: Representative point cloud for a 12 year old subject  

 

Figure shows the inner limiting membrane (ILM, red), Bruch’s membrane opening (BMO, 

yellow), and anterior lamina cribrosa surface (ALCS, magenta). 
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Table 5-3: Global and sectoral peripapillary choroidal thicknesses for all subjects (n = 51), for 

non-myopes (n = 28), and for myopes (n = 23); repeated measures ANOVA showed a significant 

difference by sector (P < 0.001) but not by refractive error group (P = 0.09) 

 

 
Peripapillary 

Choroidal  

Region 

All Subjects 

(n = 51) 

Non-Myopes 

(n = 28) 

Myopes 

(n = 23) 

Global 185.4 ± 41.5 177.3 ± 32.3 195.2 ± 49.5 

Temporal 205.5 ± 50.5  196.3 ± 41.4 216.7 ± 58.7 

Superior 188.8 ± 41.5 179.1 ± 36.3 198.8 ± 46.0 

Nasal 179.3 ± 40.8 172.7 ± 29.3 186.8 ± 51.1  

Inferior 166.4 ± 42.7 162.7 ± 35.2 173.3 ± 51.5 
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Global and sectoral peripapillary scaled (i.e. adjusted for lateral magnification) RNFL 

thicknesses, are shown for non-myopes and myopes in Table 5-4. Three subjects were excluded 

due to poor image quality. Mean global raw peripapillary RNFL thickness for the study population 

was 102.34 ± 9.08 µm (range 81 to 127 µm). The mean global scaled peripapillary RNFL thickness 

was 99.74 ± 9.44 µm. Using multiple regression, age adjusted raw RNFL thickness decreased 

significantly with increasing axial length (R2 = 0.11, β = -3.18, P < 0.05). However, when RNFL 

was scaled to account for magnification effects due to axial length and refractive error, the 

relationship with axial length was no longer present (R2 adjusted = 0.07, β = 2.72, P = 0.09). 

Neither raw RNFL nor scaled RNFL were associated with SER when adjusted for age using 

multiple regression (P > 0.05 for all). Repeated measures ANOVA showed that peripapillary 

RNFL thickness varied by sector (P < 0.001), but not by refractive error group (P = 0.57). 
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Table 5-4: Scaled global and sectoral peripapillary RNFL thicknesses for all subjects (n = 49), for 

non-myopes (n = 29), and for myopes (n = 23); repeated measures ANOVA showed that 

peripapillary RNFL thickness varied by sector (P < 0.001), but not by refractive error group (P = 

0.23).  

 

 
Peripapillary Retinal 

Region 

All Subjects 

(n = 49) 

Non-Myopes 

(n = 28) 

Myopes 

(n = 21) 

Global  99.7 ± 9.44 103.8 ± 9.2 100.4 ± 8.8 

Temporal 68.9 ± 9.9 71.2 ± 9.8 70.4 ± 11.5 

Superior temporal 140.1 ± 20.7 148.6 ± 21.0 138.2 ± 23.6 

Superior nasal 124.6 ± 41.5 126.7 ± 16.5 116.4 ± 22.5 

Nasal 99.2 ± 12.2 71.4 ± 11.5 71.9 ± 12.8 

Inferior nasal  120.6 ± 19.4 125.7 ± 21.8 116.4 ± 19.7 

Inferior temporal  142.3 ± 20.6 147.9 ± 20.7 146.4 ± 18.2 
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Optic nerve head parameters were assessed in relation to each other to assess potential 

interactions. The ALCS was deeper in eyes with a thinner MRW (R2 = 0.41, β = -0.83, P < 0.0001). 

Mean ALCSD showed no relationship with scaled RNFL thickness (R2 = 0.06, β = 2.37, P = 0.07).  

BMO area was not associated with global raw RNFL thickness (R2 = 0.001, β = -0.001, P = 0.86), 

global scaled RNFL thickness (R2 = 0.04, β = 0.008, P = 1.49), vertical cup-to-disc ratio (R2 = 

0.01, β = 0.43, P = 0.40), mean MRW (R2 = 0.03, β = -0.001, P = 0.22), or mean ALCSD (R2 = 

0.002, β = -0.0002, P = 0.71). Mean MRW and scaled RNFL measures were not associated with 

each other (R2 = 0.03, β = 0.02, P = 0.23). Raw RNFL and scaled RNFL were also strongly 

correlated to each other (R2 = 0.65, β = 0.85, P < 0.0001).      

5.4.3 Macular Structure 

For all subjects, minimum foveal thickness was 216.90 ± 13.91 µm. The mean total retinal 

thickness within the central 1 mm centered on the fovea was 264.22 ± 21.27 µm. Mean global total 

retinal thickness for the 6 mm annulus centered on the fovea surrounding the central 1 mm and 

total retinal thickness by quadrant are shown by refractive group in Table 5-5. Multiple regression 

analysis showed that minimum foveal thickness increased with increasing age (R2 = 0.14, β = 2.4, 

P < 0.01), but showed no relationship with axial length (P = 0.07) or with SER (P = 0.46). Total 

retinal thickness within the central 1 mm diameter was significantly associated with age (R2 = 

0.11, β = 3.16, P < 0.05), but not axial length (P = 0.12) or SER (P = 0.37). Repeated measures 

ANOVA showed that macular retinal thickness varied by sector (P < 0.001), but not by refractive 

error group (P = 0.79). 
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Table 5-5: Total global and sectoral retinal thicknesses (µm) in the 6 mm annulus for all subjects 

(n = 52), for non-myopes (n = 29), and for myopes (n = 23); repeated measures ANOVA showed 

that macular retinal thickness varied by sector (P < 0.001), but not by refractive error group (P = 

0.79)  

 
6 mm Annulus 

Retinal Region 

All Subjects 

(n = 52) 

Non-Myopes 

(n = 29) 

Myopes 

(n = 23) 

Global 318.1 ± 13.7 309.2 ± 15.6 306.8 ± 12.1 

Temporal 308.3 ± 13.5 308.7 ± 14.3 308.5 ± 11.9  

Superior 321.9 ± 13.3 323.3 ± 14.3 320.9 ± 11.3 

Nasal 328.6 ± 15.9 330.0 ± 0.6 327.5 ± 13.6 

Inferior 313.6 ± 13.7 314.3 ± 15.4 312.9 ± 11.2 
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The mean subfoveal choroidal thickness of the population was 328.82 ± 73.97 µm, and 

was not significantly different between non-myopes (325.75 ± 62.45 µm) and myopes (332.85 ± 

91.26 µm, P = 0.74). Subfoveal choroidal thickness was not associated with age (P = 0.31), axial 

length (P = 0.84), or SER (P = 0.62). The coefficient of variation for subfoveal choroidal thickness 

measured by two observers was 5.54% (95% CI 3.24-7.13), and the intraclass correlation 

coefficient was 0.96 (95% CI 0.91 - 0.98), suggesting excellent agreement of measurements 

between two observers.  

5.3.4 Interocular Symmetry 

The biometric and SD-OCT derived measures between the two eyes of 16 randomly 

selected subjects were assessed for interocular symmetry with coefficient of variation and 

intraclass correlation coefficient. The measures were highly correlated between the two eyes (CV 

range 0.88-13.86, ICC range 0.67 - 0.98). Paired t-tests for measures between the two eyes showed 

no significant difference (P > 0.05 for all).  

5.5 Discussion 

Findings from the current study show that optic disc area, calculated from Bruch’s 

membrane opening, is larger in myopic children, and that vertical cup-to-disc ratio decreases with 

increasing axial length and myopic refractive error. Additionally, central retinal thickness and 

minimum foveal thickness increase with age. These findings suggest that the retina and optic nerve 

head undergo remodeling in school age children during the late stages of emmetropization and 

during early stages of myopia development.  

 Optic nerve head structure is known to be altered in myopic adults, which may contribute 

to the increased risk of glaucoma in myopic individuals.23, 25, 242 We were interested to understand 

if myopia-related changes in the optic nerve head are evident in children. In the population of 
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school age children studied here, anterior lamina cribrosa surface depth was not associated with 

axial length or refractive error. We found that mean anterior lamina cribrosa surface depth in 

children was similar to previous reports in adults.228, 243 Our findings showed that the anterior 

lamina cribrosa surface was deeper in eyes with a thinner minimum rim width, suggesting that 

retinal ganglion cell axons are packed more closely along the rim of the optic nerve head in eyes 

with deeper anterior lamina cribrosa surface.  

Optic disc area increased with myopic refractive error, being 0.09 mm2 larger per diopter. 

Consistent with other studies, there was no association of optic disc area with age.244-246 Mean disc 

area in our study population was 1.88 ± 0.37 mm2, similar to previous studies in children (1.68 to 

2.30 mm2).245, 247 Although it has been suggested that optic disc size is largely independent of 

refractive error in the range of -8 D to +4 D,248 our findings, and those of others,54, 245, 247 suggest 

that changes in disc area can be detected across a smaller range of refractive errors. Additionally, 

the vertical cup-to-disc ratio decreased in eyes with a longer axial length and increased myopic 

refractive errors. The association of only the vertical cup-to-disc ratio may represent a 

disproportionate stretching or expansion of the disc relative to the cup margins with increasing 

axial length and myopic refractive error.   

Few studies have evaluated neural rim width in children.249 The mean minimum rim width 

found here in children (371 ± 64 µm) was greater than previous reports in adults (303 to 366 

µm).250, 251 Age-related decreases in minimum rim width have been reported;246, 250 thus, children 

might be expected to have a greater minimum rim width than adults. We did not find a relationship 

between minimum rim width and axial length or refractive error. There was not a significant 

relationship between minimum rim width and age in our population, likely due to the narrow age 

range included in this study.  
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Retinal thickness within the central 1 mm diameter showed a small but significant increase 

with age for this population, similar to other studies in children.252-255 Retinal thickness was not 

associated with axial length or refractive error. Significant associations with age suggest that the 

organization of the central retinal continues to change even after the paracentral retina has reached 

developmental maturity.255  

There were no associations between nerve fiber layer thickness and axial length or 

refractive error. Similar to previous reports, we found that the inferior-temporal peripapillary 

retinal nerve fiber layer was thickest, followed by the superior-temporal region.256, 257 Previous 

studies have reported a negative association between retinal nerve fiber layer thickness and axial 

length;258 however, not all studies have corrected for magnification effects inherent with OCT 

imaging. The thickness of the peripapillary retinal nerve fiber layer decreases with increasing 

distance from the optic nerve head rim margin.259 The circular scan used for imaging has a fixed 

angular size of 12 degrees and assumes an axial length of 24 mm. Therefore, the scan lands closer 

to the optic nerve head margin in shorter eyes and farther from the margin in longer eyes. This 

theory is supported in the current study, as the relationship between retinal nerve fiber layer 

thickness and axial length was lost after scaling retinal images for lateral magnification. These 

results demonstrate that adjusting for ocular magnification effects is important before interpreting 

the results of retinal nerve fiber layer thickness relationships with axial length or refractive error. 

Previous studies in adult human subjects have reported a significant thinning of peripapillary 

retinal nerve fiber layer with age of approximately 0.3 µm per year.260 Additionally, studies have 

reported that age-related thinning of the peripapillary retinal nerve fiber layer varies by sector,261 

suggesting a redistribution of axons with age. However, here in children, we did not observe a 

relationship between retinal nerve fiber layer thickness with age, either globally or by sector. 
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Several studies have reported that eyes with longer axial lengths and increasing myopic 

refractive error have thinner subfoveal choroidal thicknesses.21, 262 Additionally, some studies have 

reported an increase in choroidal thickness with age,21 while others reported a decrease.52, 262 The 

pattern of choroidal thickness distribution by quadrant around the optic nerve head is also variable 

in the literature.232, 233, 263 Here, there were no significant associations between subfoveal or 

peripapillary choroidal thickness with age, axial length, or refractive error. We found that the 

inferior peripapillary choroid was the thinnest, while the temporal quadrant was the thickest, 

followed by the superior and nasal quadrants. We did not observe regional variations in 

peripapillary choroidal thickness between refractive error groups. Conflicting results between 

studies may be attributed to choroidal thickness variability, which is known to be influenced by 

numerous factors, such as time of day264 and physical activity.265  

Limitations of the current study include the fact that OCT imaging was not performed at 

the same time of the day for all subjects, which may have resulted in variation due to diurnal 

rhythms in choroidal thickness.266 Additionally, subjects were dilated with tropicamide, an 

antimuscarinic cycloplegic agent, which may have affected choroidal thickness. However, while 

recent studies have shown that the antimuscarinic agents atropine and cyclopentolate result in 

choroidal thickening,267 tropicamide was reported to have no effect on choroidal thickness.268 The 

fact that this study had a small sample size with a limited number of subjects with moderate to 

high refractive errors may also have contributed to the insignificant relationships found between a 

majority of the measured parameters, including choroidal thickness with age, axial length, and 

refraction. Additionally, there was difference in age between the myopes and non-myopes, 

although age was included as independent variable in multiple regression analysis. Furthermore, 
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this was a cross-sectional study; a longitudinal study following subjects over time might better 

elucidate relationships between ocular parameters.   

In conclusion, we report normal values for retinal and optic nerve head parameters in non-

myopic and myopic school age children, which will be useful when evaluating structural changes 

in ocular pathology. This study highlights the importance of OCT image scaling to account for the 

effects of axial length on retinal nerve fiber layer thickness measures in order to accurately assess 

relationships between parameters, such as with refractive error. Findings provide evidence that 

ocular structural remodeling occurs in school age children, which may help in understanding the 

retinal and optic nerve head changes associated with refractive error development and other ocular 

pathologies.  
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CHAPTER 6: DISCUSSION 

 

 In this chapter, I will summarize the overall results from the experimental studies described 

in chapters 2, 3, 4, and 5, discuss their implications, and provide thoughts for future studies derived 

from the current work.  

6.1 A brief summary of results of the specific study aims 

In chapter 2, retinal function was assessed in normal adult guinea pigs (n = 6) using full 

field flash and pattern ERGs. We demonstrated the presence of a photopic negative response 

(PhNR) in guinea pigs, and found that the responses were similar in morphology and time course 

to human PhNR responses. We also demonstrated the presence of pattern ERG responses in guinea 

pigs, which were again similar in morphology to other mammalian pattern ERG responses. We 

determined the optimal stimulus size for the P1N2 component of the guinea pig pattern ERG to be 

0.05 cycle per degree. The ERG measures, both flash and pattern, showed good repeatability across 

sessions. We determined the spatial frequency discrimination in guinea pigs with custom 

optomotor setup, and demonstrated the presence of directional sensitivity in this species, albeit 

less strong than in rats and mice. We also confirmed the location of visual streak in guinea pigs, 

using selective marker for retinal ganglion cells, the RBPMS. 

In chapter 3, normal retinal, choroidal, and optic nerve head structures were described 

using in vivo imaging technique with OCT imaging in guinea pigs. The thickness values for the 

guinea pig retina found in this study were comparable to those from other studies, and additional 

analysis for thickness of different retinal layers and optic nerve head parameters was presented. 

The in vivo measurements from OCT were comparable to those obtained from histological 

measures in the same eyes.  
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In chapter 4, we determined the contribution of retinal ganglion cells to the 

electrophysiological responses from the guinea pig retina and provided a quantification of the 

structural and functional measures that would occur with major ganglion cell loss in   end stage 

glaucoma in this species. For this purpose, retrograde degeneration of retinal ganglion cells was 

induced with unilateral optic nerve crush in right eyes. Spatial frequency discrimination was lost 

in experimental eyes after the crush injury, while having no effect in control eyes. The PhNR was 

found to be the earliest affected measure of ERG following the crush, suggesting the contribution 

of retinal ganglion cells to this component of ERG in guinea pigs. We also found significant 

reduction in the first oscillatory potential (OP1) in the experimental eyes compared to contralateral 

control eyes, while OP2 and OP3 were unaffected.  Other components of flash ERG, as well as all 

waves of pattern ERG, were relatively unaffected. Structural measures with OCT showed 

approximately 38% thinning of the circumpapillary RNFL thickness in experimental eyes within 

4 weeks following the crush, with no effect on the contralateral control eyes. Approximately 78% 

of the retinal ganglion cells were lost within 4 weeks following the nerve crush in the experimental 

eyes, when compared to control eyes, and the reduction in following weeks was not significant 

from that in 4 weeks. 

 Chapter 5 aimed to assess retinal, choroidal, and optic nerve head parameters in school age 

children as a function of age, axial length, and refraction, and to compare these parameters among 

non-myopic and myopic children. Significant thinning of retinal nerve fiber layer with increasing 

axial length was observed; however, this relationship was lost following correction of the RNFL 

thickness for magnification effects, thus illustrating the importance of applying magnification 

adjustments before deriving conclusions about relationships with axial length or refraction. 

Myopic children were found to have larger optic nerve head area and diameter than non-myopic 
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children. Central retinal thickness and minimum foveal thickness increased with age in both 

groups. 

6.2 Visual function in guinea pigs  

 One of the main purposes of this dissertation was to further explore visual function in 

guinea pigs using electrophysiological and behavioral methods, and to assess their relationship 

with retinal ganglion cell integrity. We wanted to know whether guinea pig retinal ganglion cell 

function could be described with electrophysiology, as demonstrated in other species, such as 

mice, rats, non-human primates, and humans. The presence of the PhNR and pattern ERG 

waveforms, including the N1, P1, and N2 components, were demonstrated in chapter 2. These 

waveforms had similar morphology to those from other mammalian retina.  

With the work presented in chapter 4, we confirmed that the PhNR depends on the 

functional integrity of retinal ganglion cells for about half of its maximum amplitude, while pattern 

ERG waves seemed to be independent of ganglion cell function.  Figure 4-5 A shows 

approximately 40% reduction of the PhNR amplitude from baseline to 2 weeks following optic 

nerve crush, which reached a maximum reduction of approximately 50% in 4 weeks. However, 

still a significant amount of PhNR amplitude remained despite loss of around 80% of the retinal 

ganglion cell population at 12 weeks following the crush, suggesting that PhNR receives input 

from other retinal neurons besides the ganglion cells. Contributions of other retinal cells, such as 

amacrine and glial cells, to the PhNR have been suggested in non-human primtes.69 Similarly, even 

after 15 weeks of optic nerve transection, a significant amount of PhNR persisted in rats,72 further 

suggesting the likelihood of other retinal neurons contributing to the PhNR. Further experiments 

with pharmacology, blocking the activity of specific pathways and neurons in the retina, are 

necessary to determine other generators of the PhNR in guinea pigs. With the work from chapter 
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4, it was also found that the pattern ERG in guinea pigs does not largely depend on the functional 

integrity of retinal ganglion cells (figure 4-6 A, B; table 4-4). This independence of pattern ERG 

responses from retinal ganglion cells integrity was surprising, as pattern ERG in mammalian retina 

has been shown to depend on the functional integrity of retinal ganglion cells.74, 101, 124, 269 Pattern 

ERG has been shown to remain unaffected following optic nerve transection in chicks and 

pigeons,104, 106 although they are not mammalian species. It is likely that pattern ERG in guinea 

pigs reflects the functional integrity of other retinal neurons in addition to retinal ganglion cells. 

For example, in human subjects, the pattern ERG was reduced, but not completely eliminated, 

even after 30 months following surgical resection of the optic nerve,270 suggesting that retinal 

neurons other than retinal ganglion cells might be contributing to human pattern ERG responses. 

Like the PhNR, further studies with pharmacology are needed to better understand the retinal 

source of origin of the pattern ERG in guinea pigs. 

An additional aim of the work presented in chapter 2 was to confirm the location of visual 

streak in the guinea pig retina. Previous studies showed conflicting results on the location of visual 

streak in guinea pig retina; while Choudhury, et al. suggested that visual streak in the guinea pig 

retina was located inferiorly below the optic nerve head,112 Do-Nascimento, et al. reported that it 

was in the superior retina above the optic nerve head.111 Both of these studies used a non-specific 

marker for retinal ganglion cells, and relied on morphometric measures for quantification of cells. 

This limitation was addressed as a part of the work in chapter 2 by using selective marker for 

retinal ganglion cells, retinal binding protein with multiple splicing (RBPMS),125 and the location 

of visual streak was confirmed to be in the superior retina in guinea pigs, 1-2 mm above the optic 

nerve head.   
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6.3 Retinal structural change with optic nerve crush in guinea pigs 

 Guinea pig normal retinal and optic nerve head structure was described using non-invasive 

in vivo imaging using optical coherence tomography in chapter 3. We found a mean retinal 

thickness of 152 µm for the guinea pig retina, which is comparable to the retinal thickness of 142 

µm at a distance of 3 mm from the optic nerve head from a previous study.158 The in vivo 

measurements found here were comparable to histological measurements obtained at similar 

locations in the retina in the same eyes (figure 3-8, table 3-5). Using a similar OCT imaging 

technique, the retina is reported to be much thicker in mice (approximately 215 µm)271 and rats 

(approximately 242 µm).157 However, the guinea pig retina is avascular, except for the vascular 

tuft at the optic nerve head, and it has been suggested that avascular retinas are generally much 

thinner compared to vascular retinas.178  

We found a progressive reduction in RNFL thickness starting at 4 weeks following optic 

nerve crush. This reduction was approximately 35% compared to baseline thickness. Significant 

reduction of the retinal ganglion cell nerve fiber layer of approximately 54% was reported within 

a week following optic nerve crush in mice63, and a reduction in RNFL thickness of 54% at 2 

weeks following the crush was reported in rats.214 Difference in species and retinal vascularity 

could be a factor for different rates of reduction of RNFL thickness following the optic nerve crush. 

Additional reduction of RNFL thickness in subsequent time points of 6, 8, 10, and 12 weeks was 

observed in this study, with a maximum of 65% reduction from baseline at 12 weeks following 

the crush. These results indicate that progressive thinning of RNFL in guinea pigs can be monitored 

with in vivo imaging using OCT. 
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6.4 Retinal and optic nerve head structure with age, axial length and refraction in school age 

children   

 In addition to the guinea pig studies, we also aimed at to evaluate retinal and optic nerve 

head structure in school age children in relation to age, axial length and refraction, using similar 

imaging analysis techniques developed in chapter 3. This work is presented in chapter 5. With this 

work, we investigated whether these structures changed with age, axial length, or refraction in 

these young subjects and if there were differences in these structures among non-myopic and 

myopic children. Earlier studies in children suggested a thinning of retinal nerve fiber layer with 

increasing axial length, and the relation was described to disappear after magnification effects were 

corrected.236 Similarly, in chapter 5, we reported a thinning of RNFL thickness with increasing 

axial length, and the relation disappeared once magnification effects were corrected. This result is 

not surprising, as the thickness of peripapillary retinal nerve fiber layer decreases with increasing 

distance from the optic nerve head rim margin,259 and the circular scan used for peripapillary retinal 

nerve fiber layer thickness measurement having a fixed angular size of 12 degrees lands closer to 

the optic nerve head rim margin in shorter eyes and farther from the rim margin in longer eyes, 

thus resulting in thicker measurements in shorter eyes, such as in hyperopes, and thinner 

measurements in longer eyes, such as in myopes. Accordingly, such associations of retinal nerve 

fiber layer thickness with axial length and refraction disappeared with correction for magnification 

effects in this study. These findings highlight the importance of correcting for magnification 

effects before drawing conclusions on the relation of RNFL thickness with axial length. 

 Optic disc size, represented by the Bruch’s membrane opening diameter and area, was 

found to be significantly larger in myopic children compared to non-myopic children. Optic nerve 

head diameter also increased with significantly with increasing axial length and myopic refraction. 
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The most likely mechanism for these observations is stretching of the posterior pole with 

increasing axial length, which would stretch the scleral tissue around the optic nerve head, thus 

increasing the optic nerve head size. Optic disc size has been found to be associated with refraction, 

with smaller size in hyperopes and larger size in myopes.54, 247 Magnification effects can influence 

the measurements, however, our measurements and those from the previous studies were corrected 

for lateral magnification. Although Jonas, et al. suggested that optic disc size can be largely 

independent of refractive error in the range of -8 D to +4 D,248 the measurements were based on 

optic disc photographs and not on estimation of disc size from Bruch’s membrane opening 

calculations. The results from our study, and the aforementioned studies, suggest that small but 

significant associations between optic disc size and axial length and refraction can be detected 

from OCT based magnification corrected measurements.     

 The associations between peripapillary choroid and axial length or refractive error are not 

clear in the literature. Some studies have suggested thinner subfoveal choroid with increasing axial 

length and myopic refractive error.21, 262 Interestingly, we did not find an association of choroidal 

thickness, either subfoveal or peripapillary, with age, axial length, or refractive error. Although 

subfoveal choroidal thickness was measured manually in this study, the measurements were in 

good agreement between two observers masked to the refractive status of the subjects. Several 

studies have suggested no association of peripapillary choroidal thickness with axial length or 

refractive error, although sectoral differences between non-myopic and myopic children for 

peripapillary choroid have been suggested.232, 233 However, it is important to note that since 

peripapillary choroidal thickness varies with increasing distance from the optic nerve head 

margin,232 the measurements must be obtained at same distance from the optic nerve head margin 

to confirm whether or not a relationship between peripapillary choroidal thickness and axial length 
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and refractive error exists. Our measurements of peripapillary choroidal thickness were obtained 

within an annulus of 1.7 mm from the optic nerve head margin in all subjects, thus standardizing 

the measurement distance across all subjects. However, our choroidal measurements have some 

limitations. We did not acquire images for all our subjects at the same time of the day, as most of 

them were recruited from the clinic and their appointment schedule and examination duration at 

the clinic were variable. As literature suggests, there is significant diurnal variation in choroidal 

thickness, which may have influenced our measurements.266 There is also evidence that 

antimuscarinic agents, such as cyclopentolate and atropine, can affect choroidal thickness,267 

although another study suggested no effect of tropicamide, an antimuscarinic agent, on the 

choroidal thickness measurements.268 It is unclear whether the dilating agent may have affected 

choroidal thickness in the current study.      

6.4 Future directions 

 In this section, I propose additional future studies that will complement the work that I 

have described in my dissertation.  

1. The contribution of retinal ganglion cells to the flash and pattern ERG was investigated, 

showing that the PhNR significantly reduced following optic nerve crush, while the pattern 

ERG remained largely unchanged. We also showed that retinal thinning following retinal 

ganglion cell degeneration can be assessed longitudinally with OCT imaging in guinea pigs.  

Future studies using other methods of retinal ganglion cell dysfunction would provide further 

insight into guinea pig retinal function. For example, an elevated intraocular pressure (IOP) 

model in guinea pigs could be used to study structural and functional changes as a model of 

human glaucoma. Microbead injection and laser trabeculoplasty techniques to raise IOP in 

guinea pigs were carried out as part of this dissertation; however, the treatments were not 
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successful. Other techniques, such as episcleral vein cauterization or steroid injections, may be 

more successful to elevate the IOP in guinea pigs.  

2. The retinal thinning following optic nerve crush was assessed with circumpapillary circular 

scan centered on the optic nerve head. Future studies evaluating the thickness profile of nerve 

fiber layer around the optic nerve with volumetric scans would be useful to assess the presence 

of localized patterns of retinal nerve fiber layer thinning. Our results for retinal NFL 

thicknesses following optic nerve crush show greatest reduction in the inferior sectors (figure 

4-3, C and D).   

3. The loss of retinal ganglion cells was shown with a selective marker for retinal ganglion cells 

in guinea pigs. This effect with optic nerve crush was assessed for different end points in the 

study period, from 4 to 12 weeks. The guinea pig retina possesses different subtypes of retinal 

ganglion cells with different sizes.125 By including more animals per end point in the study, a 

pattern of specific subtypes of retinal ganglion cell degeneration following optic nerve crush 

may be evident. Different subtypes and sizes of retinal ganglion cells might show different 

kind of response with the retrograde degeneration. Towards the end of the study period, at 12 

weeks following the optic nerve crush, there were still approximately 15% of the retinal 

ganglion cells that survived, compared to approximately 22% survival at 4 weeks following 

the crush. It appeared from the pictures that cells had shrunk in size, although it was not 

quantified. It would be interesting to study the types of retinal ganglion cells that survived until 

the end of 12 weeks with the injury; whether they were small cells that were immune to the 

injury from the beginning or they were large retinal ganglion cells that had shrunken in size 

progressively. It is also possible that different retinal eccentricities show different rate of 
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degeneration, which could be better assessed by having more animals per end point in the study 

period. 

4. The results from chapter 3 demonstrated significant changes in PhNR amplitude within 2 

weeks following optic nerve crush, with approximately 40% reduction from baseline. This 

reduction increased further to approximately 50% at 4 weeks and remained relatively constant 

for the rest of the study period, suggesting that the PhNR receives significant contribution from 

other retinal neurons. OP1 was also significantly reduced in the experimental eyes compared 

to control eyes following the crush, while OP2 and OP3 were relatively unaffected. 

Furthermore, there was no significant change in the pattern ERG responses following the crush 

injury. Future studies to assess what other retinal neurons might be contributing to these 

components of the ERGs in guinea pigs would be valuable, potentially through 

pharmacological studies with blocking of specific ON and OFF pathways of the retina. For 

example, intravitreal injection of L-AP4/APB (2-amino-4-phosphonobutyric acid) blocks ON 

bipolar cells light responses and thus the activity in the ON pathway,272 and PDA (cis-2,3-

piperidine dicarboxylic acid) blocks the activity in the hyperpolarizing second-order and all 

third order neurons.75, 273 Similarly, TTX, which has been shown to block Na+ dependent 

spiking activity in the retinal ganglion cells and amacrine cells,274 and also in cone bipolar 

cells,275 could be used to further study the retinal source of origin of the ERG components in 

guinea pigs.  

5. The ultimate aim of this project is to evaluate susceptibility to glaucoma in myopic eyes. Future 

studies aimed at monitoring retinal structure and function in guinea pigs with both elevated 

IOP and myopia would provide insight into potential mechanisms that increase the risk of 

glaucoma in myopic individuals. The higher prevalence of glaucoma in myopic eyes might 
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reflect changes in retinal structure and function secondary to myopic eye growth, which can 

assessed in guinea pigs using the imaging and electrophysiological methods developed in this 

dissertation. It has been demonstrated in guinea pigs that reduction of intraocular pressure 

slows myopia progression.276 It would be really interesting to further evaluate retinal structure 

and function in this model with elevation of IOP to test the hypothesis that elevation of IOP 

increases myopia progression.     

7.  In children, relationships were observed with age, axial length, and refraction for some retinal 

and optic nerve head parameters. As age was related to axial length and refraction, future 

longitudinal studies would be valuable to better elucidate the retinal and optic nerve head 

structural changes as school age children grow older. Such longitudinal study will be able to 

show better the pattern of refractive changes with age in school age children along with 

structural changes, if any. Additionally, it would be interesting to assess the peripapillary 

choroidal thickness in more controlled conditions, such as obtaining OCT images prior to using 

dilating agents and accounting for diurnal variations, as choroidal thickness has been found to 

have significant diurnal variation and may be affected by the use of topically instilled dilating 

agents.266, 267    
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