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Abstract

The guinea pig is becoming an increasingly popular model for studying human myopia, which 

carries an increased risk of glaucoma. As a step towards understanding this association, this study 

sought to characterize the normal, developmental intraocular pressure (IOP) profiles, as well as the 

anatomy of the optic nerve head (ONH) and adjacent sclera of young guinea pigs. IOP was tracked 

in pigmented guinea pigs up to 3 months of age. One guinea pig was imaged in vivo with OCT 

and one with a fundus camera. The eyes of pigmented and albino guinea pigs (ages 2 months) 

were enucleated and sections from the posterior segment, including the ONH and surrounding 

sclera, processed for histological analyses - either hematoxylin and eosin (H&E) staining of 

paraffin embedded, sectioned tissue (n = 1), or cryostat sectioned tissue, processed for 

immunohistochemistry (n = 3), using primary antibodies against collagen types I-V, elastin, 

fibronectin and glial fibrillary acidic protein (GFAP). Transmission and scanning electron 

microscopy (TEM, SEM) studies of ONHs were also undertaken (n = 2 & 5 respectively). Mean 

IOPs ranged from 17.33 to 22.7 mmHg , increasing slightly across the age range studied, and the 

IOPs of individual animals also exhibited diurnal variations, peaking in the early morning (mean 

of 25.8, mmHg, ~9 am), and decreasing across the day. H&E-stained sections showed retinal 

ganglion cell axons organized into fascicles in the prelaminar and laminar region of the ONHs, 

with immunostained sections revealing collagen types I, III, IV and V, as well as elastin, GFAP 

and fibronectin in the ONHs. SEM revealed a well-defined lamina cribrosa (LC), with radially-

oriented collagen beams. TEM revealed collagen fibrils surrounding non-myelinated nerve fiber 

bundles in the LC region, with myelination and decreased collagen posterior to the LC. The 

adjacent sclera comprised mainly crimped collagen fibers in a crisscross arrangement. Both the 

sclera and LC were qualitatively similar in structure in pigmented and albino guinea pigs. The 

well-organized, collagen-based LC of the guinea pig ONH is similar to that described for tree 

shrews and more similar to the human LC than that of other rodents that lack collagen. Based on 

these latter structural similarities the guinea pig would seem a promising model for investigating 

the relationship between myopia and glaucoma.
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1. Introduction

The guinea pig has become a popular model for the study of human myopia (Howlett and 

McFadden, 2006, 2009), which is now epidemic in some populations (Vitale et al., 2009). 

Myopia, or nearsightedness, refers to the condition in which light rays from distant objects 

come to focus in front of the retina, resulting in blurred retinal images when this focusing 

error is not corrected. In most cases, the mismatch between the eye's length and its refracting 

power is a result of the eye being longer than normal. Importantly, the risks of potentially 

blinding pathological complications, including retinal detachment, macular degeneration and 

primary open angle glaucoma (POAG) are closely associated with the amount of myopia 

(Casson et al., 2007; Jonas and Budde, 2005; Liang et al.; Xu et al., 2007b). As the 

prevalence of high myopia, commonly defined as greater than −6 D, has also risen along 

with myopia prevalence overall, high myopia is expected to result in a higher number of 

associated pathologies (Pan et al., 2013; Pierro et al., 1992). In addition, uncorrected myopia 

is a leading cause of functional blindness (Pascolini and Mariotti, 2012).

In relation to POAG, a number of studies have reported increased risks for myopes, by two- 

to three-fold, with high myopes being more at risk (Jonas and Budde, 2005; Mitchell et al., 

1999). In the Beaver Dam study, it was found that compared to emmetropes, myopes 

recorded higher IOPs and were also 60% more likely to have POAG (Wong et al., 2003). 

While glaucoma appears to be a multi-factorial ocular disease, damage to the retinal 

ganglion cells (RGCs) and vision loss represent unifying end-points. Also of note in two 

recent studies, glaucomatous visual field damage and progression were found to be worse 

with increasing myopia (Perdicchi et al., 2007); optic nerve fiber loss was also more 

pronounced in highly myopic eyes than in less myopic eyes, implying greater susceptibility 

for optic nerve fiber damage in more myopic eyes, which also had larger optic discs (Jonas 

and Budde, 2005). Some of the evidence linking myopia with glaucoma and other sight-

threatening pathologies is summarized in a recent review by Flitcroft (Flitcroft, 2012). 

However, note that some studies have reported no relationship between myopia and 

glaucoma progression in normal tension glaucoma (Sohn et al., 2010) and POAG (Hung et 

al., 2015).

In relation to nerve fiber loss in glaucoma, much attention has been paid to the lamina 

cribrosa (LC), which, in the human eye, is comprised of a collagenous meshwork spanning 

the scleral canal, deep in the optic nerve head, through which RGC axons pass to form the 

optic nerve. Changes in its structure have been strongly implicated in glaucomatous damage 

(Burgoyne et al., 2005; Quigley et al., 1983). Specifically, in glaucoma the LC is reported to 

deform, with the entire structure bowing posteriorly and its components compressed 

(Quigley et al., 1983; Yang et al., 2007). The deformation of the LC is postulated to generate 

shearing forces that disrupt critical transport processes within the axons of RGCs (Quigley et 

al., 1979; Sossi and Anderson, 1983). Other possible etiologies of axonal damage include 
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impaired blood flow (Hayreh, 1969), laminar microarchitecture remodeling (Roberts et al., 

2009), and biochemical alterations in extracellular matrix (Morrison et al., 1990). When IOP 

is artificially increased, the LC undergoes an anterior-posterior deformation, along with 

scleral canal expansion (Sigal et al., 2011), consistent with the suggestion that the 

biomechanical properties of the peripapillary sclera play an important role in the ONH 

changes in glaucoma (Girard et al., 2009a). Other glaucoma-related structural changes in the 

LC, specifically, increases in the area of laminar pores as well as shape changes (elongation) 

of the LC pores, have been observed in monkey eyes using advanced in vivo adaptive optics 

imaging (Vilupuru et al., 2007).

Of relevance to the current study, a previous study of enucleated highly myopic human eyes 

with and without glaucoma revealed the LCs of highly myopic eyes to be significantly 

thinner compared to those of less myopic eyes, and even thinner in highly myopic eyes with 

glaucoma (Jonas et al., 2004). The LCs of myopic eyes have also been reported to be more 

have more anterior surface irregularities (Miki et al., 2015). Either or both of these 

differences could contribute to the apparently greater susceptibility of myopes to 

glaucomatous optic disc changes (Fong et al., 1990; Scott and Grosvenor, 1993).

Of animal models used to study myopia, the chicken is one of the most widely used (Troilo 

et al., 1987; Wallman et al., 1987), yet it lacks a collagenous LC, and also lacks a 

concentration of astrocytic filaments in the retinal optic nerve junction (Morcos and Chan-

Ling, 2000). Of animals currently being used for glaucoma research, well-organized 

collagenous LCs are present in the pig (Brooks et al., 1998), cat (Radius and Bade, 1982), 

dog (Brooks et al., 1989), and monkey (Gaasterland and Kupfer, 1974), but only one, the 

monkey, is also used as a myopia model.

While rodent models have been developed for many ocular diseases, including myopia and 

glaucoma (Faulkner et al., 2007; Gross et al., 2003), it is of interest that two of them, the 

mouse and rat, have non-collagenous LCs (Table 1)(Johansson, 1987; May and Lutjen-

Drecoll, 2002). Astrocytes and oligodendrocytes represent the main non-neuronal, support 

component of the optic nerve head of rats and mice (Morcos and Chan-Ling, 2000). In a 

comprehensive study of OHN structures involving 18 different rodent species (Rodriguez-

Ramos Fernandez and Dubielzig, 2013), the presence of an LC was confirmed in 4 species, 

including porcupine, capybara, flying squirrel and western gray squirrel, while the Norway 

rat and three species of mice were found to lack a LC. The lack of relevant histological 

sections of the optic nerve precluded evaluation of the LC for several species, including the 

guinea pig, which along with the mouse, also has application in myopia research. 

Nonetheless, several other studies have suggested that the guinea pig does have a LC, 

although its structure has not been studied in detail (Fujita et al., 2000; Furuta et al., 1993; 
Johansson, 1987). The study described here aimed to correct this deficiency – using a variety 

of microscopy techniques to fully characterize the ONH and adjacent sclera of nonmyopic 

guinea pig eyes, as well as to establish developmental intraocular pressure (IOP) profiles for 

the same.
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2. Methods and Methods

2.1 Animals

Pigmented and albino guinea pigs were obtained from Elm Hill Labs (MA, USA). Albino 

animals were included because of their availability, reports of refractive error abnormalities 

(Jiang et al., 2014; Wang et al., 2007), and use in other ocular studies (Pucker et al., 2014). 

Animals were maintained on a 12-hour light/dark cycle and provided food and water ad 

libitum. For in vivo imaging, animals were anesthetized with ketamine (30 mg/ml) and 

xylazine (3 mg/ml). For in vitro studies of ocular tissue, animals were euthanized with an 

intracardial injection of sodium pentobarbital and eyes then enucleated and processed as 

described in detail below. The procedures used and numbers of animals used in each case are 

summarized in Table 2. Protocols were approved by the UC Berkeley and University of 

Houston Animal Care and Use Committees and conformed to the ARVO statement for the 

Use of Animals in Ophthalmic and Vision Research.

2.2 Intraocular pressure measurements

Pigmented guinea pigs (n=6) underwent intraocular pressure (IOP) measurements on a 

weekly basis from ages 2 to 7 weeks, then monthly up to 3 months of age. Measurements 

were always taken at the same time of day (afternoon), to avoid any confounding effect of 

diurnal rhythms. Guinea pigs were awake and handheld for measurement, which made use 

of a rebound tonometer, following manufacturer instructions and set to the rat calibration 

(TonoLab, Colonial Medical Supply, NH, USA). At each time point, three sets of six 

measurements were recorded on the right and left eyes, and averaged for each eye.

Diurnal IOP rhythms were evaluated in 12 adult pigmented guinea pigs (age 12-18 months). 

Using a rebound tonometer as described above, IOPs were recorded from their right eyes at 

two-hour intervals across a 24-hour period. Ten measurements were recorded at each time 

point and averaged. During the dark phase when lights were off (7:00 pm – 7:00 am), 

measurements were made in the dark using a dim red LED headlamp.

2.3 In vivo imaging

One 4 month-old pigmented guinea pig underwent in vivo fundus imaging. After pupil 

dilation with 2.5% phenylephrine and 1% tropicamide, fundus images were captured with a 

Visucam Pro NM fundus camera (Zeiss, Dublin, CA). Another 2 month-old pigmented 

guinea pig was imaged in vivo with spectral domain optical coherence tomography (SD-

OCT, Bioptigen, NC, USA), which uses a wavelength of 840 nm, and a scan rate of 

approximately 32,000 A-scans per second, yielding a resolution better than 3 μm. Scan 

parameters included a 14 mm × 14 mm rectangle with 1000 A-scans per B-scan, 100 B-

scans, and 3 B-scans per frame. For imaging, the guinea pig was anesthetized and positioned 

on a custom-built stage. A speculum was inserted in the eye to be imaged; the eye was then 

aligned with the optics of the instrument, the position of the reference arm adjusted 

appropriately to obtain a flat B-scan, a fundus image captured, and the retina then scanned 

using a custom rectangular volume protocol centered over the optic nerve head. Images were 

registered and averaged off-line.
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2.4 Histology, Immunohistochemistry and Ultrastructure

Four different techniques were applied to characterize the optic nerve head architecture – 

standard histology with hematoxylin and eosin (H&E) staining applied to paraffin-embedded 

sections (n=1 pigmented eye), immunohistochemistry applied to cryostat sections (n=3 

pigmented eyes), transmission electron microscopy (TEM; n=1 pigmented eye, n= 1 albino 

eye), and scanning electron microscopy (SEM; n=2 pigmented eyes, n= 3 albino eyes).

For H&E staining, one eye of a pigmented euthanized guinea pig was enucleated and fixed 

overnight in 4% paraformaldehyde. The eye then underwent dehydration and paraffin 

infiltration. Following sectioning, the slides were de-paraffinized with xylene and hydrated. 

The slides were stained with hematoxylin, rinsed, and stained with eosin. After a final 

dehydration, slides were mounted with coverslips and imaged.

For immunohistochemistry, the eyes of three euthanized pigmented guinea pigs (aged 2 

months) were enucleated and fixed overnight at 4°C in a solution of 4% paraformaldehyde 

and 3% sucrose, then cryoprotected in 20% sucrose at 4°C for 6 h, before being embedded 

in a 1:1 solution of OCT and 20% sucrose and snap frozen with liquid nitrogen. Eight μm 

cryostat sections were cut from the posterior segment of the eye, which included the ONH. 

Sections including the proximal optic nerve were stained with primary antibodies for 

collagen types I-V, elastin, fibronectin and glial fibrillary acidic protein (GFAP), selected on 

the basis of the known composition of human, non-human primate, and tree shrew ONHs. 

After incubation in primary antibodies, the sections were then incubated in appropriate 

secondary AlexaFluor 488 antibodies. Images were captured using a DeltaVision Spectris 

deconvolution microscope (Applied Precision, Issequah, WA), as z-stacks through 

appropriate filters for DAPI and FITC fluorescence. Z-stacks were later deconvolved and 

shown as projections. As a control for nonspecific muscarinic staining, additional sections 

were prepared by omitting the primary antibody, then incubating the sections in the 

secondary antibody.

2.5 Optic nerve head ultrastructure

For both transmission and scanning electron microscopy (TEM and SEM, respectively), the 

optic nerve and surrounding 2 mm ring of sclera was collected from individual eyes and 

fixed with 2% gluteraldehyde. For TEM, the tissue underwent a 1% osmium tetroxide 

fixation followed by dehydration. Samples were then embedded in resin using a vacuum 

microwave infiltration method. Ultrathin sections were cut with a diamond knife and placed 

on grids. Samples were viewed using TEM (FEI Tecnai 12).

For SEM, the tissue then underwent alkali maceration with 10% NaOH for 48-76 h to 

remove cellular components, was rinsed and stained with 1% osmium tetroxide for 2 h, and 

then dehydrated through a graded ethanol series and critical point drying. Samples were 

mounted on aluminum stubs and imaged with an SEM (Hitachi TM-1000, Japan). Images 

were analyzed off-line with ImageJ (NIH, MD, USA), to determine maximum and minimum 

diameters and areas.
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3. Results

3.1 Intraocular pressure

IOP data for right and left eyes are presented in Figure 1a. Values for the two eyes of 

individual animals were similar (p>0.05). Across the age range studied here, 2 weeks to 3 

months, IOPs showed an early small increase and thereafter appeared to stabilize. This 

pattern is reflected in the following mean values of 17.6 ± 2.65 mmHg (mean ± SD) at 2 

weeks of age and 22.7 ± 2.3 mmHg at 3 months of age. The means for individual eyes of 

individual animals ranged over the course of the 3-month study period from 17.3 to 25.7 

mmHg.

Diurnal IOP data for right eyes of adults are shown in Figure 1b. The highest average IOP of 

25.8 ± 2.5 mmHg (mean ± SE), was recorded at 9:00 am, with IOP thereafter decreasing 

across the day to a minimum at 9:00 pm of 20.1 ± 0.9 mmHg.

3.2 In vivo imaging of ocular fundus & ONH

A representative normal fundus picture from a 4 months-old pigmented guinea pig is shown 

in Figure 2. The retina is largely avascular, allowing an uninterrupted view of the nerve fiber 

striations radiating from the optic nerve head (disc). In this example, the camera was focused 

on the nerve fiber layer, rendering the optic disc rim and cup slightly out-of-focus. The optic 

disc has distinct margins and a barely visible cup, with a network of fine blood vessels, 

which in this case, did not extend onto the neural retina.

Representative images captured using the Bioptogen SD-OCT instrument from another 

younger (2 months-old) pigmented guinea pig are shown in Figure 3. The low resolution, 

fundus image (Figure 3a) shows the optic nerve head and surrounding avascular retina, while 

the cross-sectional OCT image shows the various retinal layers, including the nerve fiber 

layer, which are readily visible, as is the retina-optic disc boundary, where Bruch's 

membrane terminates. The fine structural organization of the optic nerve cannot be resolved 

but were subsequently characterized from fixed tissue samples.

3.3 Histology & Immunostaining of ONH & adjacent Sclera

Nerve fibers traverse through the scleral opening to form the optic nerve, which expands in 

diameter after exiting the globe. The organization of retinal ganglion cell axons into 

fascicles begins in the prelaminar region, becoming more clearly defined in the laminar 

region, as evident in the H & E-stained sections of the ONH (Figure 4). Immunostained 

sections of the optic nerve head confirmed the presence collagen types I, III, IV and V, as 

well as elastin, GFAP and fibronectin in the structural elements of the ONH (Figure 5). 

Collagen also predominates in the fibrous sclera, which lies external to the choroid and is 

continuous with the dura mater surrounding the optic nerve.

3.4 Ultrastructure of ONH

TEM images of the guinea pig ONH revealed many parallels with the organization of the 

human ONH. In the prelaminar LC region, there are bundles of non-myelinated nerve fibers 

(retinal ganglion cell axons), surrounded by collagen fibrils (Figures 6A, D), while in the 
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post-laminar region, the nerve axons are myelinated (Figures 6B, E). In the adjacent sclera, 

densely packed collagen fibrils are arranged in a criss-cross pattern. Images from the eyes of 

albino and pigmented animals were qualitatively similar in all respects.

SEM images of digested ONH preparations provided additional insight into the structural 

organization of the ONH, revealing a well-defined, multilayered lamina cribrosa, with 

radially-oriented bundles of connective tissue, including collagen beams (Figure 7). The 

central aggregation of collagen corresponds to the location of blood vessels visible in fundus 

images (Figure 2b), and presumably representing supporting collagenous sheaths. The 

scleral canals (openings) are elliptical in shape, with average dimensions of the longest and 

shortest axes of 352.4 ± 57.41 μm and 285.4 ± 34 μm respectively, corresponding to an 

average scleral canal area of 3.15 × 105 μm2. The orientation of the long and short axes of 

the ONH in the intact eye is not known, the nature of tissue processing precluding 

orientation markers being applied and retained in dissected optic nerve specimens. Here also 

there were no qualitative or quantitative differences between measurements obtained from 

pigmented and albino animals.

4. Discussion

This study, which was largely focused on the structure of the optic nerve head in the guinea 

pig, found it to share many similarities in structure and biochemical composition to that of 

higher order mammals, non-human primates and humans. Specifically, the optic nerve head 

has a well-defined collagenous lamina cribrosa (LC), spanning the scleral opening, with the 

axons of retinal ganglion cells organized into fascicles, beginning in the pre-laminar region, 

and becoming myelinated as they emerge from the distal side of the LC. We elaborate on 

these comparisons in the following discussion as the basis for arguing that the guinea pig is a 

potentially valuable model for investigating the association between myopia and glaucoma.

Our findings for the guinea pig optic nerve head contrast with the descriptions for the mice 

and rats of non-collagenous optic nerve heads. Interestingly, while all belong to the rodentia 

class, it has often been argued that the guinea pig is, in fact, not a rodent (D'Erchia et al., 

1996; Frederiksen and Heeno Andersen, 2003; Graur et al., 1991), with some suggesting that 

the guinea pig may have diverged before the separation of the primates from other rodents 

(Graur et al., 1991). It has also been noted that the mitochondrial genome of the guinea pig 

contradicts rodent monophyly (D'Erchia et al., 1996).

In terms of biochemical composition and structural organization, the optic nerve head of the 

guinea pig bears closest resemblance to the optic nerve head of the tree shrew. For example, 

the collagenous beams of the guinea pig LC were found to be radially arranged, similar to 

the pattern described for the tree shrew (Albon et al., 2007), although qualitatively, the 

beams appear to be less dense in the guinea pig ONH (Albon et al., 2007). As in the tree 

shrew, the guinea pig LC contains collagen types I, III, IV and V, and the ONHs of both 

species include elastin and glial fibrillary acidic protein (GFAP). Elastin is commonly found 

in connective tissue, where it plays an important role in allowing tissue to return to their 

usual shape after stretching. In the ONH, elastin may help to minimize the stress generated 

by the deforming influence of IOP on axons passing through the LC. GFAP, an intermediate 
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filament protein, is a marker of glial cells. This protein is thought to contribute to the 

resilience and strength of astrocytes (Cullen et al., 2007), which have been shown to undergo 

reorientation in response to elevated IOP (Tehrani et al., 2014). It has thus been speculated 

that they play an important role in early glaucomatous optic nerve head changes. All of the 

above proteins have also been described in human ONHs (Albon et al., 1995; Hernandez et 

al., 1986; Morrison et al., 1989). These parallels are also important in the context of primary 

open angle glaucoma models; in humans, this disease causes elastin within the LC collagen 

beams to become disorganized and diminished (Quigley et al., 1991), and collagen type IV, 

normally localized to the septa, to extend into the nerve fiber bundles (Hernandez et al., 

1990). While the magnification of antibody-labeled images in the current study (i.e., Figure 

5) precluded localization of these various biochemical components, it was sufficient to 

confirm their presence in the optic nerve head.

In both humans and non-human primates, the collagen beams of the LC are surrounded by 

glial cells, forming channels that support the bundles of nerve fibers traversing the LC 

(Anderson, 1969; Furuta et al., 1993). H&E stained sections show numerous darkly stained 

nuclei outlining the surfaces of nerve fascicles, consistent with abundant GFAP labeling 

observed and thus a similar arrangement in the guinea pig ONH.

From SEM images, we were able to measure the dimensions of the scleral canal in a normal 

juvenile guinea pig; recorded diameters were also used to calculate a scleral canal area. 

However, these values are likely to underestimate in vivo dimensions, because of tissue 

shrinkage following fixation and dehydration, which may be as high as 20-30 percent 

(Johansson, 1987). Follow-up studies are warranted to characterize both changes in scleral 

canal size with age and with myopia, given that large ONHs, corresponding to large scleral 

canals, are known to be associated with early onset of glaucoma (Bellezza et al., 2003).

The LC is continuous with the sclera, which is intimately involved in myopic eye “growth” 

(enlargement), being the outer coat of the eye and ultimately the determinant of eye size 

(Rada et al., 2006). It thus seems plausible that the structure of the LC is also altered during 

myopic eye growth, and results from a number of different studies tend to be supportive of 

this idea. For example, like the LC, the parapapillary sclera of highly myopic human eyes is 

thinner than normal (Jonas et al., 2011) and the optic nerve heads of highly myopic eyes are 

reported to be different in appearance from those of eyes with lower myopia (Jonas et al., 

1988; Xu et al., 2007a). In addition, longer eyes are associated with shallower LC depths, 

presumably due to changes in the scleral configuration with axial growth (Seo et al., 2014). 

It has been speculated that the posterior sclera exerts important biomechanical influences on 

the LC (Girard et al., 2009b; Norman et al.; Sigal et al.), and thus, it is of interest that in 

experimental myopia, increased eye elongation is associated with changes in both scleral 

composition (Gentle et al., 2003) and biomechanical properties (Siegwart and Norton, 

1999). However, the LC has not been studied in a model of experimental myopia to-date.

One of the primary motivators for the current study was interest in finding a suitable animal 

model for studying the mechanism(s) underlying the apparent increased risk of primary open 

angle glaucoma in human myopes compared to non-myopes. The mouse, rat, rabbit and 

rhesus monkey are among the most widely used animal models of glaucoma and all have 
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also been used in experimental myopia studies, albeit only on a limited scale in the case of 

the rabbit and rat (Barathi et al., 2008; Pickett-Seltner et al., 1988; Smith et al., 1987; 
Tokoro, 1970). Because the LC has been implicated in glaucomatous nerve damage, an 

animal model that possesses a collagenous LC is most relevant. However, of the above-

mentioned animal models of glaucoma, neither the mouse, nor rat nor rabbit possess a 

collagenous LC. Although glaucoma can be induced in chickens through exposure to 

constant light (Kinnear et al., 1974), the chicken has not been widely used in glaucoma 

research, despite its wide use in myopia research. The presence in the chicken of an ocular 

pecten, which precludes direct visibility of the optic nerve head in vivo, represents one 

obstacle to its adoption. Thus by a process of elimination alone, it can be argued that the 

guinea pig represents a most promising model for investigating the link between myopia and 

glaucoma. While yet to be tested directly, it is expected that methods used to increase IOP in 

other animal models, for example, the microbead method used in mice (Frankfort et al., 

2013), and laser trabeculoplasty, as used in non-human primate (Ivers et al., 2015), can be 

adapted for use in guinea pigs.

The majority of experiments described here involved relatively young, 2-4 month-old guinea 

pigs. Nonetheless, guinea pigs are precocial animals, being well developed at birth, and 

reaching sexual maturity early, around 2 months of age. Studies have shown that visual 

function is also well developed by 2 months of age (Ostrin et al, 2011, IOVS E-Abstract 

6296)(Huang et al., 1990). Thus it is likely that the ONH structural characteristics closely 

approximate those of healthy adult animals.

As a side note, it must be acknowledged that the guinea pig possesses a largely avascular 

retina. However, in terms of glaucoma, the vascularity of the ONH is likely of greater 

importance. In this context, blood vessels have been described in the laminar beams of the 

guinea pig ONH in a previous study (Furuta et al., 1993), and the fundus image captured for 

this study (i.e., Figure 2b), represents further supporting evidence that the ONH of the 

guinea pig is vascularized. In addition, the fundus image shows a barely visible cup. It is yet 

to be established whether the cup becomes more visible with axonal loss, as observed in 

humans. Nonetheless, OCT imaging of nerve fiber layer was shown to be feasible in the 

guinea pig (i.e., Figure 3), and potentially offers an important, additional method of 

following the course of glaucomatous changes as well as evaluating structural changes 

associated with myopic eye growth.

A suitable animal model for glaucoma requires that IOP can be measured in an efficient, 

reliable manner and that the range of normal IOPs are similar to those reported in humans, 

as they determine, at least in part, the stresses experienced by the retinal ganglion cell axons 

as they pass through the LC. Our study made use of the TonoLab, a rebound tonometer 

calibrated for the rat eye, whereas another study involving guinea pigs made use of the 

TonoVet, a rebound tonometer calibrated for much larger animal eyes, i.e., dog, cat and 

horse (Tao et al., 2013). In that study, absolute values were also not reported, IOP data being 

described only in terms of statistical significance of differences between treated and fellow 

control eyes for given conditions. Two other studies involving guinea pigs made use of 

applanation tonometers (Coster et al., 2008; Williams and Sullivan, 2010). In the first study 

using a Tonopen applanation tonometer to measure 100 normal guinea pigs (age unknown), 
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an average IOP of 16.5 ± 3.2 mmHg was reported (Williams and Sullivan, 2010), similar to 

the mean IOP of our 2 weeks-old animals (17.6 ± 2.6 mmHg), but significantly lower than 

our mean value for older animals (22.7 ± 2.3 mmHg). The other study using applanation 

tonometry reported a mean IOP of 18.27 ± 4.55 mmHg for 31 normal guinea pigs (age 

unknown)(Coster et al., 2008). In both of these studies, measurements were made in awake 

animals using a topical anesthetic. Note that while our study used a TonoLab, we found 

results to be no different from those collected with a Tonopen in a study of 30 guinea pig 

eyes (data not shown, p = 0.87). While manometric calibration for the guinea pig eyes is 

currently lacking for both instruments, the range of recorded IOP values are consistent with 

normal ranges reported for other animals. In our study, we also avoided the use of general 

anesthesia, after confirming in a pilot study that general anesthesia induced with ketamine/

xylazine has a profound hypotensive effect, just as reported in other animals; measurements 

made on guinea pigs recovering from this anesthesia averaged 13.17 mmHg. Our choice of 

instrument had the added advantage of avoiding the need for topical corneal anesthesia.

In summary, this study showed that the ONH of guinea pig has a well-organized, collagen-

based LC, similar in composition to that of humans. Thus, as a substitute for primate 

models, the guinea pig shows promise as a model for human ocular diseases that are known 

to affect the ONH, including myopia and glaucoma.
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Highlights

• The guinea pig possesses a radially oriented collagenous lamina cribrosa

• Protein content of the guinea pig lamina cribrosa is similar to humans and non-

human primates

• Intraocular pressure in the guinea pig is readily measured in awake animals and 

ranges from 17.3-22.7 mmHg, undergoing a diurnal fluctuation that peaks in the 

morning.

• The guinea pig represents a promising model for human ocular disease 

including myopia and glaucoma
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Figure 1. 
A) Mean IOP (± SE) of right eyes, recorded over a 3-month period from pigmented guinea 

pigs (n = 6), starting at 2 weeks of age. B) Mean IOP (± SE) of right eyes measured at 2 

hour intervals over a 24 hour period (n = 12), gray area represents the dark phase
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Figure 2. 
Representative fundus photos taken from a 4 month-old pigmented guinea pig; A) low 

magnification, 30° field of the right eye; B) higher magnification, 15° field centered on optic 

nerve head of the left eye. The principal fundus landmark is the optic nerve head, which has 

a well define rim (arrowhead) and a central concentration of blood vessels (arrow); the retina 

is otherwise largely avascular.
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Figure 3. 
In vivo SD-OCT images from a 2 month-old pigmented guinea pig: A) low resolution en 

face volume intensity projection, indicating location of cross-sectional image in B (dotted 

line); and B) corresponding OCT image through optic nerve head (14 mm line scan, 

arrowhead: chorioretinal border; asterisk: termination of Bruch's membrane).
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Figure 4. 
H & E stained sections of the optic nerve head of a 9 weeks-old pigmented guinea pig; low 

magnification A) en face view at the level of the lamina cribrosa, cut at a slight angle with 

visible sclera superiorly and retina inferiorly, and B) cross-sectional view, including pre-

laminar (*), laminar (+) and post-laminar regions (‡). Laminar region represents the section 

shown in (A); high magnification cross sectional views of C) pre-laminar and laminar 

regions (arrow: nerve fiber bundles) and D) the post-laminar region (arrowhead: presumed 

glial cells). Scale bars represent 100 μm (A & B) and 50 μm (C & D).
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Figure 5. 
Immunostained sections of the optic nerve head of a pigmented guinea pig, taken at the level 

of the lamina, showing the presence of collagen types I, III IV and V, as well as elastin, 

fibronectin and GFAP. Collagen II was not found in this region. Scale bar represent 100 μm. 

* vascular sheath; + surrounding meninges
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Figure 6. 
TEM images of the optic nerve from the pre-laminar region (A & D; scale bars represent 0.5 

& 0.2 μm respectively), and post-laminar region (B & E; scale bars represent 1 & 0.2 μm, 

respectively), as well as peripapillary sclera (C & F; scale bars represent 1 & 0.2 μm, 

respectively); * non-myelinated nerve fiber bundles; + myelinated nerve bundles; arrows 

identify collagen fibrils.

Ostrin and Wildsoet Page 21

Exp Eye Res. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Representative images of optic nerve heads subjected to alkali maceration and subsequent 

processing for SEM, from the eyes of a 4 months-old pigmented guinea pig (A & C) and an 

older (>1 year) albino guinea pig (B & D). Arrows identify laminar beams, + vascular 

sheath, * peripapillary sclera; Scale bars represent 200 μm (A & B) and 50 μm (C & D).
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Table 1

Summary of findings from various studies characterizing the structure of the lamina cribrosa (LC) in various 

species.

Investigators Species Lamina Cribrosa

(May and Lutjen-Drecoll, 2002) Lab mouse non-collagenous

(Rodriguez-Ramos Fernandez and Dubielzig, 2013) deer mouse, Norway rat, dwarf hamster, meadow vole

(Morcos and Chan-Ling, 2000) rabbit, quail, chicken

(Johansson, 1987) hamster, pvg hooded rat simple collagenous

(Rodriguez-Ramos Fernandez and Dubielzig, 2013) porcupine, capybara, flying squirrel, western gray 
squirrel

(Johansson, 1987), gerbil, guinea pig well developed collagenous

(Morcos and Chan-Ling, 2000) marmoset, flying fox, cat, sheep

(Albon et al., 2007) tree shrew

(Brooks et al., 1998) pig

(Brooks et al., 1989) dog

(Radius and Bade, 1982) cat

(Vilupuru et al., 2007) rhesus monkey

(Jonas et al., 1991) human
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Table 2

Number, type and age of guinea pigs used in each component of this study.

Procedures & measurements Number & type of guinea pig (age)

IOP (development) 6 pigmented (2-20 weeks)

IOP (circadian) 12 pigmented (12-18 months)

Fundus photography 1 pigmented (4 months)

OCT imaging 1 pigmented (2 months)

Histology: Immunostaining 3 pigmented (2 months)

Histology: H& E staining 1 pigmented (2 months)

TEM 1 pigmented (2 months)
1 albino (2 months)

SEM 2pigmented (2 months)
3albino (2 months)
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