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Abstract

Myopic children have larger ciliary muscles than non-myopic children, suggesting that the ciliary 

muscle may have an impact on or be affected by refractive error development. The guinea pig 

represents an attractive model organism for myopia development research. The purpose of the 

study was to investigate whether form deprivation-induced myopia in one or more strains of 

guinea pig causes thickening of the ciliary muscle as seen in human myopia. Thirty-nine guinea 

pigs were bred from in-house progenitors obtained from Cincinnati Children’s Hospital 

(Cincinnati) and the United States Army (Strain 13). At 2–4 days of age the right eyes of animals 

were exposed to form deprivation for 7 days while the fellow eyes served as controls. Refractive 

error was determined with retinoscopy while vitreous chamber depth (VCD) and axial length (AL) 

were determined with A-scan ultrasound. Ciliary muscle characteristics (ciliary muscle length, 

cross-sectional area, volume, cell number, cell size, and smooth muscle actin concentration) were 

determined histologically with antibody labeling and analyzed according to whether the animal 

developed axial myopia (anisometropia > −2.00 D with VCD and/or AL differences > 0.1 mm) or 

was unresponsive. This analysis method yielded four groups with Group 1 having no induced 

myopia but with axial elongation (n = 11), Group 2 having myopia without vitreous or axial 

elongation (n = 8), Group 3 having myopia with either vitreous or axial elongation (n = 11), and 

Group 4 having myopia with both vitreous and axial elongation (n = 8). There were no post-

treatment inter-ocular differences between strains or for the overall group of animals for any 

ciliary muscle variable; however, a higher response group number in multivariate ordinal 

regression was related to having a treated compared to fellow eye that had a lower smooth muscle 

actin concentration (p = 0.006), with a shorter ciliary muscle length (p = 0.042), and a less oblate 

eye shape (p = 0.010). Guinea pig ciliary muscle length and smooth muscle actin concentration 
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were significantly less in the treated eyes of axially myopic animals suggesting that 7 days of form 

deprivation induced ciliary muscle cellular atrophy or inhibited ciliary muscle growth. Form 

deprivation myopia in the guinea pig does not result in the increase in ciliary muscle thickness 

associated with human juvenile and adult myopia.
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1. Introduction

The ciliary muscle’s link to myopia development has long been suspected. Historically, near 

work (cumulative accommodative effort) was considered a primary risk factor for myopia 

development (Zylbermann et al., 1993). However, more recently, the relationship between 

the risk of myopia onset and near work has been questioned (Huang et al., 2015; Ip et al., 

2008; Saw et al., 2006; Zadnik et al., 2015). While near work has lost some favor, the 

accommodative system is still relevant to myopia development because myopic individuals 

have increased accommodative lags (Gwiazda et al., 2005; Mutti et al., 2006), higher AC/A 

ratios (Gwiazda et al., 2005; Mutti et al., 2000), and thicker ciliary muscles/bodies (Bailey et 

al., 2008; Oliveira et al., 2005; Pucker et al., 2013). Subsequently, these associations have 

led to the hypothesis that ciliary muscle thickening may play a role in producing the 

relatively less oblate ocular shape found in myopic eyes, specifically that ciliary muscle 

thickening may cause equatorial eye restriction resulting in axial elongation without 

proportional equatorial expansion (Atchison et al., 2006; Atchison et al., 2005; Mutti et al., 

2007).

A less oblate ocular shape in humans is also associated with a more hyperopic relative 

peripheral refraction (Atchison et al., 2006; Atchison et al., 2005; Mutti et al., 2007), a 

feature that is currently believed to be a key regulator of myopia development (Aller and 

Wildsoet, 2013; Anstice and Phillips, 2011; Liu and Wildsoet, 2012; Sankaridurg et al., 

2011; Smith et al., 2009; Walline et al., 2013). Foveal visual cues may be important for 

regulating refractive error development, but the peripheral retina has been shown to guide 

eye growth without input from the fovea in animal models (Smith et al., 2009). Smith et al. 

demonstrated that if one ablates a rhesus monkey’s fovea, peripheral visual stimuli (form 

deprivation and minus lenses) are still able to induce axial elongation and myopic refractive 

error at the fovea (Smith et al., 2009; Smith et al., 2007). The success of treating human 

peripheral hyperopic defocus with orthokeratology and center-distance bifocal contact lenses 

reinforces the peripheral visual defocus theory (Aller and Wildsoet, 2013; Anstice and 

Phillips, 2011; Cho et al., 2005; Sankaridurg et al., 2011; Walline et al., 2013; Walline et al., 

2009). Yet the myopia community currently lacks a mechanistic understanding of how a less 

oblate myopic eye shape is created.

The guinea pig is an attractive animal model for investigating this mechanism because: 1) 

guinea pigs reach adulthood within about 90 days of life, 2) guinea pigs have the ability to 

accommodate, 3) untreated guinea pig ciliary muscle volume increases 2.5 fold during their 
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first 90 days of life, and 4) guinea pigs have prominent longitudinal ciliary muscle fibers 

(region of muscle associated with human myopia) (Howlett and McFadden, 2006, 2007, 

2009; Ostrin et al., 2014; Pucker et al., 2014; Pucker et al., 2015). However, it is unclear 

whether induced myopia alters the ciliary muscle growth pattern of guinea pigs, which is a 

first step toward understanding whether there may be a causal relationship between ciliary 

thickness and myopia development. Therefore, the purpose of the study was to investigate 

whether form deprivation-induced myopia in one or more strains of guinea pig causes 

thickening of the ciliary muscle as seen in human myopia.

2. Materials and Methods

2.1 Animals

This study utilized Strain 13 guinea pigs (n = 14; Cavia porcellus) that were obtained from 

the United States Army Medical Research Institute of Infectious Diseases (Fort Detrick, 

MD) and a guinea pig strain with unknown origins (Cincinnati strain; n = 25) that is 

currently being maintained by Cincinnati Children’s Hospital (Cincinnati, OH). 

Commercially available guinea pigs from Elm Hill Labs (Chelmsford, MA) were excluded 

because they are known to be resistant to myopia induction (Jiang et al., 2019). The two 

strains in this study were simultaneously sampled to determine their usefulness in myopia 

research and to understand if ciliary muscle strain differences exist. All guinea pigs were 

raised in a 12-hour light/12-hour dark cycle environment. The Ohio State University’s 

(Protocol Number: 2012A00000012-R1) and the University of Alabama at Birmingham’s 

(IACUC-20558) Institutional Animal Care and Use Committees authorized this research, 

and this work was done in accordance with the Association for Research in Vision and 

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

All animals were subjected to form deprivation myopia (Howlett and McFadden, 2006). In 

brief, baseline biometric measurements were collected at two to four days of age (described 

below), and guinea pigs were hooded at this time to allow them to adapt to the treatment 

apparatus (Figure 1) (Schaeffel et al., 1988). The hoods were made of durable couch fabric 

with O-rings attached to the inner side of each eye hole with sewing thread to keep the fabric 

from rubbing over the animal’s eyes (Stewart J, et al. 67th AALAS National Meeting: 

Abstract 2544542). An additional O-ring was attached over the right eye with sewing thread 

to keep the form deprivation diffuser from touching the animal’s eye. Fur around the 

animal’s eyes was trimmed prior to hood application to also keep the eye safe and from 

unintended occlusion or abrasion. Form deprivation diffusers were made from roughed 

human plastic plano spectacle lenses and attached with sewing thread at the superior 

segment of the lens. Floral wire was used to attach the lower segment of the lens to the hood. 

Floral wire allows for the lens to be easily detached for eye inspection and cleaning. A draw 

string was run through the poster segment of the hood, which allowed for easy attachment 

and removal of the hoods.

The form deprivation diffuser was attached to the hood over the right eye (experimental/

treated eye) the following day by taking off the original hood, attaching the diffuser, and 

reapplying the hood; the left eye (control/fellow eye) was allowed unrestricted vision. The 

goggles were cleaned daily to maintain a consistent level of exposure to form deprivation. 
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The form deprivation diffusers with their associated hoods were removed after one week of 

treatment, ocular measurements were repeated, and the eyes were collected for analysis as 

described below. Animals were grouped according to the increasing severity of their 

response to form deprivation: Group 1 showed no induced myopia (less than −2.00 D more 

myopic in the form-deprived eye than the fellow eye); n = 11; Group 2 showed an inter-

ocular difference in refractive error that was at least −2.00 D more myopic in the form-

deprived eye, but without vitreous or axial elongation of at least 0.1 mm longer than the 

fellow eye; n = 8; Group 3 were at least −2.00 D more myopic in the form-deprived eye 

along with either vitreous chamber or axial elongation of at least 0.1 mm; n = 11; and Group 

4 were at least −2.00 D more myopic in the form-deprived eye along with both vitreous 

chamber and axial elongation of at least 0.1 mm; n = 8.

2.2 Biometry & Ocular Shape Measurements

Refractive error, ultrasound, and photographic ocular shape measurements were performed 

as previously described (Pucker et al., 2014; Pucker et al., 2015). In brief, two trained 

examiners obtained cycloplegic refractive error measurements (1.0% cyclopentolate) via 

retinoscopy, and the mean of the two values was reported (Pucker et al., 2014; Pucker et al., 

2015). Axial length and vitreous chamber depth measurements were taken with an A-scan 

ultrasound (10 MHz; Sonomed 5500) after anesthetizing the animals with 1–3% isoflurane 

and applying one drop of 0.5% proparacaine to each eye (Pucker et al., 2015).

Eyes were then enucleated after the animals were euthanized with carbon dioxide exposure 

and a secondary pneumothorax. The eyes were stored in phosphate buffered saline until 

imaging was performed, which happened only a few minutes after enucleation (Pucker et al., 

2014). Each eye was photographically analyzed to determine limbal circumference 

(established preprocessing benchmark for histologically-based ciliary muscle volume 

measurements used to compensate for histologically-induced changes) and ocular shape 

(ocular length/equatorial diameter) (Pucker et al., 2014). Refractive error and ultrasound 

measurements were taken at baseline and at the experimental endpoint while photographic 

information was only obtained at the experimental endpoint after euthanasia with carbon 

dioxide.

2.3 Histology

Cell number, cell size, fluorescent labeling intensity (brightness/smooth muscle actin 

concentration), and histologic dimensions (cross-sectional area, length, volume) were 

generated using methods similar to those previously described (Pucker et al., 2014; Pucker et 

al., 2015). In brief, both right and left enucleated eyes were fixed with 4% paraformaldehyde 

for one hour and transferred to 20% sucrose overnight (Pucker et al., 2014; Pucker et al., 

2015). Eyes were divided into nasal and temporal halves, embedded in Optimal Cutting 

Temperature (OCT) compound, and cut (30 μm thick) into serial sections (Pucker et al., 

2014; Pucker et al., 2015). Two slides from the center of each slide deck were labeled with 

FITC-conjugated, anti-α-smooth muscle actin (SMA) antibody (1:80 dilution; F3777, 

Sigma, St. Louis, MO) to visualize the concentration of that protein within the smooth 

muscle fibers, and Draq5 (1:1000 dilution; Thermo Scientific, 62251, Waltham, MA) was 

used to identify cell nuclei. High resolution 20x magnification images of both labels were 
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then captured with a wide-field epi-fluorescence microscope and a digital camera (Figure 2) 

(Fischer et al., 2015). All SMA images from a single animal were taken on the same day 

with the same microscope and camera settings while the Draq5 images were taken in a 

similar manner, but with exposure settings that allowed for single nucleus resolution (Pucker 

et al., 2015). Images were merged using Adobe Photoshop™ (San Jose, CA) (Fischer et al., 

2015) and coded prior to morphological analysis to prevent investigator bias. Stereo 

Investigator software (MBF Bioscience, Williston, VT) was used to enumerate cell number 

and measure ciliary muscle cross-sectional area, mean SMA brightness (measure of smooth 

muscle actin concentration), and ciliary muscle length via a protocol established by our 

laboratory (Figure 2) (Pucker et al., 2014; Pucker et al., 2015). Mean cell sizes (cross-

sectional area / mean cell number) and ciliary muscle volumes (cross-sectional area * limbal 

circumference) were derived from the above measurements (Pucker et al., 2014; Pucker et 

al., 2015).

2.4 Statistical Analysis

Microsoft Excel (Microsoft, Redmond, WA), Stata 15.0 software (StataCorp LP, College 

Station, TX), and SPSS (v.24; IBM, Armonk, NY) were used to perform all statistical 

calculations. Descriptive statistics (means and standard deviations) were used to understand 

general data trends. Unpaired t-tests were used to determine if there were ciliary muscle 

differences between guinea pig strains. Paired t-tests were used to determine if there were 

differences between treated and fellow eyes in the sample as a whole and in each of the four 

response groups. Inter-eye differences in ciliary muscle and ocular variables were analyzed 

for whether or not they were associated with being in a more severe response group using 

ordinal regression. Analyzing the four different groups in a single model allowed the 

investigators to discern if increasing severity of induced myopia and elongation were 

associated with ciliary muscle or other morphological changes. Morphological values were 

considered to be significantly different or significant in their association with response group 

when p < 0.05.

3. Results

3.1 Biometric Measurements

All guinea pigs were able to successfully wear the form-deprivation hoods. The lenses 

stayed on all hoods, though four of guinea pigs had their hood fall off between one and two 

times. Hood removal did not result in a discernible link to being responsive to the treatment. 

There was no substantial variation in the percentages of animals in each response group 

between the two strains. The Cincinnati guinea pigs were between 50% and 73% of the 

animals in each of the four response groups, similar to the 63% (24/38) of that strain in the 

study (Table 1; p = 0.79, chi-square df = 3). Histological data from one unresponsive 

Cincinnati guinea pig was excluded due to a tissue processing malfunction. There were no 

post-treatment inter-ocular differences between strains for any ocular biometric variable 

(Table 2, p-values between 0.25 and 0.99), so data from the two strains were analyzed 

together from this point forward.
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At baseline, there were no statistically significant differences in refractive errors (p = 0.93), 

crystalline lens thickness (p = 0.98), axial lengths (p = 0.083), or vitreous chamber depths (p 

= 0.46) between treated and fellow eyes for the sample as a whole, and there were not any 

significant differences within any of the four response groups (p-values between 0.26 and 

0.48). Treated eyes were more myopic than fellow eyes by −2.36 ± 1.61 D (p<0.0001) for 

the sample as a whole, and had longer vitreous chamber depths by 0.080 ± 0.13 mm (p = 

0.001) at the completion of the study (Table 3). No other biometric inter-ocular difference 

was significantly different after treatment (Table 3; p-values between 0.077 and 0.91). By 

definition, biometric variables differed by response group. Group 1 animals showed axial 

elongation by 0.27 ± 0.23 mm (Table 4; p<0.01) but no induced myopia. Group 2 animals 

were more myopic in treated compared to fellow eyes by −3.41 ± 1.70 D (p<0.01) with 

paradoxically shorter axial lengths by −0.14 ± 0.17 mm (p<0.05). Group 3 animals were 

more myopic in treated compared to fellow eyes by −3.02 ± 0.97 D (p<0.001) with longer 

vitreous chamber depths of 0.15 ± 0.10 mm (p<0.001) but with no significant axial 

elongation. Group 4 animals were more myopic in treated compared to fellow eyes by −3.03 

± 0.70 D (p<0.001), had longer vitreous chamber depths by 0.16 ± 0.056 mm (p<0.001), and 

longer axial lengths by 0.36 ± 0.24 mm (p<0.01). Group 4 animals also had a less oblate 

shape ratio by 0.033 ± 0.037 (p<0.05).

3.2 Between Group Morphological Ciliary Muscle Differences

After combining the two strains, there were no inter-ocular difference between treated and 

fellow eyes for any ciliary muscle variable for the overall group or by animal group (Tables 

5 and 6; p-values between 0.55 and 0.99). Ciliary muscle inter-ocular differences were 

related to response group (Table 7). A higher response group number in multivariate ordinal 

regression was related to having a treated compared to fellow eye that was less bright (lower 

smooth muscle actin concentration; p = 0.006), with a shorter ciliary muscle length (p = 

0.042) and a less oblate ocular shape ratio (p = 0.010). The coefficients from the multivariate 

ordinal regression are shown in Table 7 (Nagelkerke R2 = 0.39). Regression analysis 

subsequently found that a shorter ciliary muscle length was associated with a lower number 

of ciliary muscle cells (r = 0.38, p = 0.02) and a smaller ciliary muscle cross-sectional area (r 

= 0.45. p = 0.004).

4. Discussion

An association between thicker human ciliary bodies/muscles and myopic refractive errors 

in children and adults is well established in the literature, yet the mechanism leading to a 

thicker ciliary body/muscle is currently unknown, motivating the need to study ciliary 

muscle development in animal models (Bailey et al., 2008; Oliveira et al., 2005; Pucker et 

al., 2013). The purpose of the study was to investigate whether form deprivation-induced 

myopia in one or more strains of guinea pig causes thickening of the ciliary muscle as seen 

in human myopia.

The main findings from this study suggest that axial elongation from form deprivation-

induced myopia results in inhibition of ciliary muscle growth and not the increase in 

thickness or volume seen in human myopia. The length of the ciliary muscle was 
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significantly shorter and the brightness of the cells was significantly less (indicates lower 

concentration of ciliary muscle fibers) in the treated eyes of axially myopic animals. This 

ciliary muscle length difference is likely the result of their being fewer ciliary muscle cells 

and the muscle having a smaller cross-sectional area. This result is consistent with work 

from Browrey et al. who found that defocus-induced myopia in the guinea pig appears to 

accelerate peri-papillary elongation with little change in the periphery (Bowrey et al., 2017). 

Perhaps form deprivation has a similar effect of sparing the ocular periphery from changes 

that might have accelerated ocular elongation and myopic refractive error through restriction 

of equatorial growth. The unexpected inhibition of ciliary muscle growth or atrophy of the 

ciliary muscle from form deprivation myopia argues against its use as a model of the ciliary 

muscle in human myopia. Potential ciliary muscle differences between humans and guinea 

pigs that may have produced these contrary results could be that humans (well-developed 

circular, radial, and longitudinal ciliary muscle fibers) and guinea pigs (primarily 

longitudinal ciliary muscle fibers) have differing ciliary muscle morphologies and that 

humans and guinea pigs have different eye locations within the skull (anterior vs lateral, 

respectively). Another possible reason for the difference between guinea pig and human may 

be that form-deprivation myopia does not mimic the process of human myopia development 

that involves the ciliary muscle; this difference suggests the need for a future study involving 

lens-induced myopia. Nevertheless, the effects on eye length and refractive error of visual or 

other manipulations that do produce ciliary muscle hypertrophy in the guinea pig would still 

be of interest. While the primary findings of this study were in the opposite direction than 

the association noted in humans, the results of this study are still important because they 

used an established myopia animal model (guinea pig) to provide evidence that ciliary 

muscle morphology can be influenced by a change in the visual environment that affects 

refractive error and eye length (Howlett and McFadden, 2006, 2007; Pucker et al., 2014; 

Pucker et al., 2015).

The findings from this study suggest that seven days’ of form deprivation inhibited ciliary 

muscle growth or induced ciliary muscle atrophy (smaller cells with less smooth muscle 

actin) in eyes that developed axial myopia. This study also found multiple non-significant 

trends that perhaps may have become significant if the treatment were applied for a longer 

duration, if a greater amount of myopia was induced, or if the sample size were increased. 

Past work has demonstrated in humans that there are no significant between-eye ciliary 

muscle differences with low amounts of anisometropia (> 1.00 D), while there are 

significant between-eye differences with high amounts of anisometropia (> 5.00 D) 

(Kuchem et al., 2013; Muftuoglu et al., 2009). Furthermore, this study should be repeated 

with defocus-induced myopia to determine if the two myopia induction procedures produce 

similar or discordant results (Howlett and McFadden, 2009). This step may prove to be 

important in understanding the relationship between myopia and the ciliary muscle because 

the two myopia induction techniques have previously produced discordant results (e.g., a 

monkey’s ocular growth response to high light conditions) (Smith et al., 2013; Smith et al., 

2012).

The current study also attempted to understand if two different United States-based guinea 

pig strains were susceptible to form deprivation myopia. This approach was necessary 

because the only commercially available (Elm Hill Laboratory) pigmented guinea pigs in the 
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United States are known to be resistant to myopia induction. Jiang et al. 2019 specifically 

found that unresponsive Elm Hill guinea pigs had a thicker, multilayered choroid while 

responsive New Zealand guinea had thinner, unilayered choroids (structural differences that 

may play a role in induced-myopia susceptibility) (Jiang et al., 2019). The current study 

found that only about half of the guinea pigs (both strains) used in this study were 

susceptible to form deprivation-induced myopia, that the Cincinnati and Strain 13 guinea pig 

strains had a similar susceptibility to form deprivation-induced myopia, and overall, both 

guinea pig strains had similar histological ciliary muscle characteristics. While not 

specifically tested in this experiment, structural choroidal variations may be responsible for 

the variability seen related to the amount of induced myopia (Jiang et al., 2019). The choroid 

or potentially the cornea or crystalline lens may also be responsible for the non-significantly 

longer axial lengths seen in the myopic animals with the inconsistent vitreous or axial 

elongation response (Groups 2 and 3). The ciliary muscle was the primary emphasis of the 

study and lack of complete biometry was a study limitation. Nevertheless, a future study will 

be needed to fully evaluate the underlying ocular characteristics resulting in the induced-

myopia variability seen in this study. It is likewise currently unknown if a similar 

susceptibility to myopia or if a similar ciliary muscle response would be seen in both strains 

if defocus induced myopia was employed. Again, it might be worthwhile exploring defocus 

lens induced myopia because it has the potential to result in a more dependable myopia 

animal model. When employing these experiments, it might be best to select a single guinea 

pig strain since they had a similar susceptibility to induced myopia, especially if studying 

genetics because other strain differences may exist.

While guinea pig strains with variable susceptibility to myopia induction may seem like a 

limitation, variable susceptibility may actually prove to be a useful quality because these 

guinea pigs could potentially be used to determine what genetic or histological features 

make some of these animals susceptible to myopia and others not susceptible to myopia. 

Chen et al. used a similar approach in chicks to demonstrate that genetics play an integral 

part in induced-myopia susceptibility (Chen et al., 2011). Repeating such an experiment in a 

mammal could prove to be medically important because it could lead to a new myopia 

treatment or prevention strategy that is more easily translated to humans than one developed 

in chicks. Additional research with guinea pigs will determine if such a strategy is fruitful.

In conclusion, this study found that seven days’ worth of form deprivation resulted in shorter 

ciliary muscle length and decreased SMA concentration in guinea pigs that became axially 

myopic. This ciliary muscle morphological change most likely resulted from ciliary muscle 

atrophy or inhibited ciliary muscle growth, an induced change that provides some evidence 

that a visual manipulation that affects ocular growth and refractive error can also affect 

ciliary muscle characteristics. The information collected in this experiment can also be used 

to help guide the selection of animal models for studying myopia, and may help provide a 

better understanding of how the anterior eye responds to ocular elongation. Since 

responsiveness to induced myopia and induced ciliary muscle characteristics between the 

two guinea pigs strains were equivocal, the authors simply suggest that future experiments 

use one of the two strains to decrease potential variability. Overall, gaining a better 

understanding of the relationship between the ciliary muscle and myopia, as well as other 

key areas of myopia research, such as time outdoors, are vital to fully understanding the 
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mechanism(s) underlying myopia development and developing novel therapeutic 

intervention strategies (Bailey et al., 2008; Cho et al., 2005; Ip et al., 2008; Jones et al., 

2007; Oliveira et al., 2005; Pucker et al., 2013; Walline et al., 2013; Walline et al., 2009).
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Highlights:

• Induced axial myopia results in concomitant ciliary muscle morphological 

changes, but ones that differ from the thickening seen in human myopia

• Ciliary muscle changes suggest atrophy or inhibited muscle growth (shorter 

muscle length and lower smooth muscle actin concentration)

• New guinea pig strains were described for myopia development research
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Figure 1: Guinea Pig Form Deprivation Mask with Lens Over Right Eye.
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Figure 2: Representative Post-Treatment Stained Ciliary Muscle Images (20x objective).
Images are from the treated (A) and fellow (B) eyes of the same animal. The ciliary muscle 

has been outlined in red, smooth muscle fibers have been stained green (anti-smooth muscle 

actin conjugated with FITC), and cell nuclei have been stained red (Draq5). Note that ciliary 

muscle cell nuclei have been labeled with blue Xs.

Pucker et al. Page 14

Exp Eye Res. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pucker et al. Page 15

Table 1:

Included Guinea Pigs by Strain and Group

Group Strain 13 n (%) Cincinnati n (%) Total

1) Non-myopic 4 (36) 7 (64) 11

2) Myopic but no elongation 4 (50) 4 (50) 8

3) Myopic with elongation in VCD or AL 3 (27) 8 (73) 11

4) Myopic with elongation in both VCD and AL 3 (37.5) 5 (62.5) 8

Total 14 (37) 24 (63) 38

Chi-square df = 3; p-value = 0.79; VCD = Vitreous Chamber Depth; AL = Axial Length
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Table 2:

Post-Treatment Guinea Pig Ciliary Muscle Characteristics by Strain

Strain 13 Inter-ocular 
difference (mean ± SD)

Cincinnati Inter-ocular 
difference (mean ± SD)

Strain difference (mean ± 
SEM) p-Value

Ciliary Muscle Length (μm) −3.54 ± 106.0 12.8 ± 110.5 −16.35 ± 36.62 0.66

Ciliary Muscle Cross-Sectional 
Area (mm2)

0.0011 ±.010 0.0012 ± 0.014 −0.000060 ± 0.0043 0.99

Ciliary Muscle Volume (mm3) 0.034 ± 0.22 −0.016 ± 0.27 0.050 ± 0.087 0.57

Ciliary Muscle Cell Number (cells) −2.16 ± 36.21 8.41 ± 55.31 −10.57 ± 16.57 0.53

Ciliary Muscle Cell Cross-
Sectional Area (μm2/cell)

8.35 ± 44.8 −13.8 ± 64.3 22.18 ± 19.51 0.26

SMA Concentration (Brightness) 3.74 ± 19.75 −2.27 ± 25.8 6.01 ± 8.00 0.46

Refractive Error (D) −2.31 ± 1.49 −2.38 ± 1.70 0.068 ± 0.55 0.90

Vitreous Chamber Depth (mm) 0.057 ± 0.14 0.093 ± 0.12 −0.036 ± 0.044 0.42

Axial Length (mm) 0.17 ± 0.31 0.047 ± 0.31 0.12 ± 0.10 0.25

Limbal Circumference (mm) 0.15 ± 0.55 −0.083 ± 0.86 0.24 ± 0.26 0.37

Ocular Shape (Ratio) 0.0090 ± 0.047 0.0093 ± 0.028 −0.00025 ± 0.013 0.98
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Table 3:

Summary of Post-Treatment Biometric Measurements for all Animals.

Treated (Right Eye) (Mean ± 
SD)

Fellow (Left Eye) (Mean ± 
SD)

Mean Difference (± SD) P-Value

Refractive Error (D) −2.23 ± 3.33 0.13 ± 3.26 −2.36 ± 1.61 <0.0001

Vitreous Chamber Depth (mm) 2.87 ± 0.14 2.79 ± 0.13 0.080 ± 0.13 0.001

Axial Length (mm) 7.08 ± 0.37 6.99 ± 0.27 0.092 ± 0.31 0.077

Limbal Circumference (mm) 18.9 ± 1.9 18.9 ± 1.9 0.014 ± 0.75 0.91

Ocular Shape (Ratio) 0.92 ± 0.044 0.91 ± 0.052 0.0092 ± 0.036 0.15

*
Ocular shape ratios less than 1.00 indicate an oblate ocular shape.
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Table 4:

Summary of Post-Treatment Biometric Measurements by Animal Group.

Group 1 Inter-ocular 
difference

(mean ± SD)

Group 2 Inter-ocular 
difference

(mean ± SD)

Group 3 Inter-ocular 
difference

(mean ± SD)

Group 4 Inter-ocular 
difference

(mean ± SD)

Refractive Error (D) −0.43 ± 0.66 −3.41 ± 1.70** −3.02 ± 0.97*** −3.03 ± 0.70***

Vitreous Chamber Depth 
(mm) 0.032 ± 0.13 −0.031 ± 0.12 0.15 ± 0.10*** 0.16 ± 0.056***

Axial Length (mm) 0.27 ± 0.23** −0.14 ± 0.17* −0.11 ± 0.25 0.36 ± 0.24**

Limbal Circumference 
(mm) 0.022 ± 0.89 −0.17 ± 0.55 −0.046 ± 0.83 0.26 ± 0.73

Ocular Shape (Ratio) −0.0072 ± 0.032 0.0053 ± 0.037 0.0066 ± 0.035 0.033 ± 0.037*

*
p<0.05;

**
p<0.01;

***
p<0.001;

*
Ocular shape ratios less than 1.00 indicate an oblate ocular shape.
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Table 5:

Comparison of Treated (Right Eye) and Untreated (Left Eye) Ciliary Muscle Differences for All Animals.

Treated (Right Eye) 
(Mean ± SD)

Fellow (Left Eye) (Mean 
± SD)

Mean Difference (± SD) P-Value

Ciliary Muscle Length (μm) 718.4 ± 157.9 711.7 ± 147.0 6.8 ± 107.7 0.70

Ciliary Muscle Cross-Sectional Area 
(mm2)

0.049 ± 0.022 0.047 ± 0.019 0.0011 ± 0.012
0.58

Ciliary Muscle Volume (mm3) 1.00 ± 0.27 0.99 ± 0.30 0.0048 ± 0.25 0.91

Ciliary Muscle Cell Number (cells) 180.9 ± 44.5 176.4 ± 58.9 4.5 ± 48.9 0.57

Ciliary Muscle Cell Cross-Sectional 
Area (μm2/cell)

271.2 ± 74.5 276.9 ± 64.0 −5.7 ± 58.2
0.55

SMA Concentration (Brightness) 51.9 ± 32.1 52.0 ± 32.7 −0.057 ± 23.7 0.99

*
SMA = Smooth muscle actin
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Table 6:

Comparison of Treated (Right Eye) and Untreated (Left Eye) Ciliary Muscle Differences by Group.

Group 1 Inter-ocular 
difference (mean ± SD)

Group 2 Inter-ocular 
difference (mean ± SD)

Group 3 Inter-ocular 
difference (mean ± SD)

Group 4 Inter-ocular 
difference (mean ± SD)

Ciliary Muscle Length (μm) 37.5 ± 97.7 62.6 ± 100.5 −45.0 ± 88.8 −20.1 ± 127.4

Ciliary Muscle Cross-
Sectional Area (mm2)

0.0050 ± 0.014 0.0018 ± 0.011 −0.0041 ± 0.013 0.0023 ± 0.0097

Ciliary Muscle Volume (mm3) 0.045 ± 0.24 0.040 ± 0.25 −0.097 ± 0.29 0.056 ± 0.21

Ciliary Muscle Cell Number 
(cells) 16.1 ± 49.5 −4.3 ± 42.2 −13.8 ± 57.7 22.7 ± 37.4

Ciliary Muscle Cell Cross-
Sectional Area (μm2/cell)

0.33 ± 90.0 16.15 ± 29.28 −14.38 ± 41.86 −23.70 ± 43.63

SMA Concentration 
(Brightness) 8.17 ± 19.2 0.32 ± 23.8 2.33 ± 22.2 −15.03 ± 28.0

p-values range from 0.12 to 0.99;

*
SMA = Smooth muscle actin
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Table 7:

Factors Significantly Associated with Induced-Myopia

Inter-ocular variable Coefficient (standard error) p-value

SMA Concentration −0.047 (0.017) 0.006

Ciliary Muscle Length −0.007 (0.004) 0.042

Ocular Shape 27.8 (10.8) 0.010

Nagelkerke R2 = 0.39;

*
SMA = Smooth muscle actin
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