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ABSTRACT 

 

DEVELOPMENTAL ANALYSIS OF ROD AND CONE PHOTORECEPTOR 
ARCHITECTURE IN THE RETINA OF THE GREEN SEA TURTLE 

(CHELONIA MYDAS) 
 

by Nikia Lynn Rice, B.S, Florida Institute of Technology 

Chairperson of Advisory Committee: Michael S. Grace, Ph.D. 

 

 All sea turtle species are threatened or endangered, some critically so. 

Vision is key to individual success in sea turtles; they use their vision for sea 

finding at hatching, foraging and predator avoidance throughout life, and mating 

and nesting as adults. This research project provides a comprehensive analysis 

throughout development (the first of kind) of the outer retina of the green turtle, 

Chelonia mydas.  

 The research project included characterization of the retina biochemically 

via immunohistochemistry and histologically via light microscopy, both done over 

the course of development from hatchling through adult. At all stages, the retina 

was duplex, containing both rhodopsin and cone opsin types, with similar densities 

of both rods and cones throughout development of C. mydas. Rods were distributed 
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throughout the retina while the cone photoreceptors were more regionalized with an 

increased density in the central region that persisted throughout development.  

 There were no statistically significant differences in the densities of 

photoreceptors by retinal regions or developmental stages. However, the absolute 

density of cones was significantly higher than that of rods. The organization of the 

photoreceptor layer was architecturally distinct with the position of the ROS (rod 

outer segments) closer to the outer limiting membrane (OLM) compared to the 

COS (cone outer segments), which were closer to the retinal pigmented epithelium 

(RPE) in all three developmental stages studied.  

 The results presented here show that sea turtles exhibit visual 

specializations consistent with their behaviors and environmental conditions. Their 

dynamic environment is reflected in the facts that their retinas contain both rods 

and cone photoreceptors with retinal specializations to maximize light capture.   

Evidence of a tiered architecture of the photoreceptor OS positioning in the sea 

turtle retina has not been documented before. This conclusion suggests that sea 

turtles may have a higher optical sensitivity than once thought compensated by this 

tiered architecture favoring the rods. These results indicate that sea turtles are well 

adapted to both bright light and dim light conditions.  
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INTRODUCTION 

 

REPTILIAN VISUAL SYSTEM 

 The visual pathway of reptiles is similar to that of other vertebrates 

consisting of a sensory input of light being captured by photoreceptors at the back 

of the eye and then transduced in the optic nerve to be interpreted into an image by 

the brain. Reptiles have the basic anatomy of vertebrate eye consisting of three 

main layers; the innermost layer being the retinal tunic, which contains the light 

capturing photoreceptors. There are several other aspects that go into their visual 

biology as well including the animal’s life history and their environment.  

 The retina is highly organized into distinct layers, following the general 

vertebrate model; ganglion, inner plexiform, inner nuclear, outer plexiform, outer 

nuclear, photoreceptor layer, and pigment epithelium (Bartol 1999). The 

photoreceptors contain a photosensitive protein known as an opsin that captures 

light signals and transforms them into chemical signals via signal transduction, 

which the brain interprets into an image. However, the retinal structure and 

photoreceptor diversity of reptiles, fishes, and amphibians are far more complex 

than their mammalian counterparts (Granda 1979).   
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 Organization of the reptilian retina is complex and highly variable among 

taxa (Davies 2012). For example, freshwater turtle retinas contain as many as five 

different photoreceptor types –red-sensitive cones, green-sensitive cones, blue-

sensitive cones, ultraviolet (UV) –sensitive cones, and rods. Turtle retina have cone 

photoreceptors containing light-filtering oil droplets, which when paired with 

different opsin types may produce a wide array of functionally distinct 

photoreceptor types (Loew and Govardorskii 2001). 

 There have been several studies indicating that chelonians have the most 

complex visual system of all vertebrates. Retinal studies concluded that the red-

eared turtle, Trachemys scripta elegans, has seven subtypes of cone photoreceptors 

based on morphology, oil droplets, and photopigments (Kolb and Jones 1982, 

Loew and Govardorskii 2001).  Sea turtles have a broad spectral sensitivity but are 

short-wavelength shifted compared to their freshwater counterparts because salt 

water absorbs red and orange (long) wavelengths of light (Levenson et al 2004) 

 Vision is fundamentally important to most vertebrate animals, and is the 

single best-studied system in vertebrates. Even so, vision is poorly studied in sea 

turtles despite the fact that vision in these endangered species guides food 

acquisition, predator avoidance, beach nesting by adult females, and sea finding by 

hatchlings. Vision serves as the primary sensory system for many aspects of sea 
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turtle biology including prey and predator avoidance (Narazaki et al 2013). The 

survival of these marine reptiles depends on the capability of executing these 

critical behavioral tasks in response to the sensory input appropriately.    

  Research on the visual capabilities of sea turtles is limited, in part, as a 

consequence of CITES (Convention on International Trade in Endangered Species) 

protection of all species of marine turtles. In spite of this challenge, previous 

research has demonstrated a great deal of sophistication in sea turtle visual 

capability, including: the ability to discriminate between colors (Levenson et al. 

2004, Forward et al 2012); a broad range of spectral sensitivity from 340-700nm 

(Mathger et al 2007, Horch et al 2008); and distinct cone photopigments with 

sensitivity peaks at 440, 502, and 562nm (Bartol and Musick 2001; Mathger et al. 

2007) with a relatively low optical sensitivity of the eye overall (Mathger et al. 

2007).  

 

RETINAL ORGANIZATION OF SEA TURTLES  

 The organization of the marine turtle retina, in this case, C. mydas from CI, 

can be seen with distinctive layers containing specific cell types (Figure 1). The 

photoreceptors are located in the outer region adjacent to the retinal pigmented 

epithelium (RPE). The inner segments (IS) of the photoreceptor cells are located in 
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the outer nuclear layer (ONL). Phototransduction occurs in the outer segments (OS) 

of photoreceptors, which are attached to the RPE.   

  Short wavelength shifted photoreceptors (most sensitive to blue 

wavelengths of light) with a broad range of spectral sensitivity of the retina is 

indicative of their life history and visual adaptations  (Horch et al 1998, Mathger et 

al 2007). However, their overall eye anatomy (small pupil, lens) paired with their 

long focal length suggests that optical sensitivity is relatively low in sea turtles 

when compared to blue water fishes that inhabit similar photic environments 

(Swimmer and Brill 2006, Mathger et al 2007).  

 The photoreceptor layer containing the light capturing opsins within the OS 

are either rhodopsin or cone opsin-containing photopigments. Rhodopsin functions 

in dim light (scotopic) conditions that are highly sensitive to light capture, but have 

a lower visual acuity and spatial resolution opposed to the cone opsin. Cone opsin 

functions in bright light (photopic) conditions and are responsible for color 

discrimination if multiple cone opsin types are functional.  

 Each photoreceptor contains a distinct opsin protein that absorbs photons. 

There are different opsin protein functionalities based on their response from the 

intensity and wavelength of the light coming through the retina. Sea turtle retinas 

contain a duplex retina with three cone opsin photopigments and a rhodopsin 
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photopigment (Granda and Haden 1970). In addition, the cone photoreceptors are 

associated with different colored oil droplets. These droplets act as ocular filters 

that can shift wavelength excitement, therefore changing the spectral sensitivity 

(Granda and O’Shea 1972).   

 The possibility of up to six different cone photoreceptors has been theorized 

in sea turtles because of the multiple photopigment/oil droplet combinations found 

throughout the retina (Schneeweis and Green 1995, Bartol and Musick 2001, 

Levenson et al 2004). The potential of these photopigment/oil droplet combinations 

increases the complexity of the visual system and may allow the animal to 

discriminate colors better than initially theorized.   
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Figure 1. Light micrograph of Chelonia mydas retinal cross section stained with          

1:1 azure II and methylene blue. Scale bar represents 10 microns. 
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COMPLEX LIFE HISTORY OF THE GREEN SEA TURTLE, C.MYDAS 

Marine turtles have been adapting to a marine lifestyle since they 

evolutionarily diverged from their terrestrial counterparts around 150 mya. There 

are distinct developmental stages a marine turtle passes through during their 

lifetime. Marine turtles encompass several zones of the ocean including the 

terrestrial, neritic, and oceanic zones of the marine world. Recent studies have 

outlined the complexity of their life history including evidence supporting the 

developmental habitat theory, indicating that sea turtles move through distinct 

habitats throughout different developmental stages of their life (Bolten 1993, 

Meylan et al 2011). The life history of C. mydas includes different sized home 

ranges, prey type and habitat with migratory patterns as well (Arthur et al 2008).  

 C. mydas hatchlings begin life on land and then swim to an epipelagic 

environment in the open ocean exhibiting an opportunistic, omnivorous diet on 

neustonic material (Meylan et al 2011). After about ten years they transition to 

coastal waters to feed benthically on a mostly herbivorous diet consisting of sea 

grasses and macro algae as they mature into adults. This drastic switch in prey type 

is unique to C. mydas (Oliver et al 2000). These developmental stages have varying 

habitats, behavioral requirements, and physiological requirements. Sea turtles are 
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adapted to both dim light and bright light conditions indicative to their 

environmental habitats.  

 Experiments have shown that sea turtles have retinal adaptations similar to 

those of blue water fish, which they share a photopic habitat with (Swimmer and 

Brill 2006).  These factors include, but are not limited to containing a duplex retina 

with a broad spectral sensitivity of photoreceptors. Sea turtle visual anatomy differs 

from blue water fish by their extremely small lens diameter compared to the 

relatively large lens diameters of fishes.  Sea turtles have a long focal length with 

small lenses comparatively to eye size which both decreases the optical sensitivity 

of the eye.  For example, the blue tusk fish (Choerodon albigena) shares the same 

habitat as sea turtles but has an optical sensitivity ten times higher than C. mydas 

(Swimmer and Brill 2006).  

The developmental characteristics of their environment were predicted to 

affect the visual system of the sea turtle throughout development. Sea turtles 

encounter crucial visual challenges necessary for guiding nesting females, mate 

finding, sea finding by hatchlings, as well as foraging behaviors and predator 

avoidance throughout their life span. Developmental stages differ in several 

ecological ways that influence the necessary visual requirements needed for a 

particular habitat (Eckert et al 2006, Swimmer and Brill 2006, Crognale et al 2008). 
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Understanding their life history will help form a basis and rationale for the 

expected distributions of photoreceptors throughout the retina.   

There have not been any studies to give evidence in favor of or against 

persistent neurogenesis of the reptilian retina throughout their lifespans (Hitchcock 

et al 2004). The mammalian eye is static in nature with minimal tissue growth 

throughout development and does not regenerate neurons throughout life. However, 

reptiles along with all other vertebrates have non-static, growing eyes with tissue 

size growth of the eye in proportion to their body size. As the sea turtle grows the 

eyes also continue to grow through adulthood and presumably throughout their 

lifetime. Previous studies have shown that as the sea turtle grows the photoreceptor 

cell size and oil droplet size increases along with the overall size of the eye (Bartol 

and Musick, Oliver et al 2000). These factors make for a unique set of 

developmental capabilities within the vertebrate visual system.   

Photoreceptor density and distribution was expected to change throughout 

development based on a combination of these environmental and genetic factors. 

The striking differences of their visual ecology, dynamic lighting conditions of the 

marine environment along with their unique retinal capabilities gave rise to the idea 

that sea turtle retinas would have some type of retinal plasticity throughout 

development.  
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RETINAL SPECIALIZATIONS IN SEA TURTLES  

 The photoreceptor distribution, density, and opsin type within the dorsal, 

nasal, ventral, and temporal regions of the retina differ in many species because 

each region corresponds to their visual directionality. Dorsal is for downward 

looking, ventral region is for upward looking, nasal for backward looking, and 

temporal region for forward looking (Taylor and Grace 2005).  

 Across all major classes of vertebrates there have been evidence of spatial 

and temporal variation in these photoreceptor variables (Temple 2011). These 

retinal variations can be categorized as a form of sensory plasticity, specifically in 

the retina. Evidence of retinal plasticity is apparent in several species including 

freshwater turtles and sea turtles. It is theorized that intraretinal variability 

functions by shifting the spectral sensitivity induced by a selective pressure for 

specific behavioral tasks (Temple 2011).  

 Sea turtles have several specializations demonstrating intraretinal variability 

in various mechanisms from oil droplet containing cones to regional visual streaks 

(Bartol and Musick 2001). Oliver and others found significant variation in visual 

streak location, shape, and ganglion cell numbers among different hatchling species 

(2000). The variation in the visual streaks reflected the various environmental 

conditions of each species’ visual ecology and unique behavioral tasks.   
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 The visual streak is a region of high-density ganglion and cone 

photoreceptor cells functioning as an area of increased visual acuity in that 

particular region of the retina. The visual streaks are named differently (e.g. area 

centralis, area temporalis) because they can vary with location and shape within the 

retina. These retinal specializations have been correlated with life history 

characteristics including habitat and feeding ecology in three species of hatchling 

sea turtles (Oliver and other 2000).  

 An area centralis was found in the retina of C. caretta in the dorsal region, 

predicted by their behavior and habitat (Levenson and others 2004). The dorsal 

region had a higher visual acuity in the downward direction necessary for shallow 

feeding on benthic invertebrates. However, it is not known if there are any 

differences in intraretinal variability throughout development.  

 There is much less evidence on the visual adaptations of sea turtle to dim-

light conditions, except that sea turtles have a relatively low optical sensitivity. 

Optical sensitivity, S, is defined as a measurement of the sensitivity of the eye to 

light taking into consideration the pupil size, focal length, and dimensions of the 

photoreceptors (Land 1981, Swimmer and Brill 2006, Mathger et al 2007, Jonsen 

2012). Mathematically the equation for optical sensitivity is a sum of three factors; 

N, the number of photons absorbed by the photoreceptor, Ω, the field of view, and 
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F, the fraction of photons entering a photoreceptor that are actually absorbed by it 

(Johnsen 2012). Therefore, the higher the optical sensitivity the more sensitive the 

eyes are to dim light conditions.  

 Vision in dim light is especially important is sea turtles because it is the 

primary sensory system utilized for sea finding behaviors in hatchlings along with 

nesting females for orientation while on a terrestrial environment (Ehrenfeld 1968, 

Witherington and Salmon 1991). These nocturnal activities are occurring 

throughout the breeding season and are not limited to only the females either. In 

water research has found that green males will actively seek a female throughout 

the night as well as swimming and foraging being documented during other times 

of the year (Jessop et al 2002).  In addition, other tasks like predator avoidance 

does not simply cease to be necessary during the nighttime or in areas of poor light 

availability.  

 There are various ocular and neuronal strategies that vertebrate classes use 

to maximize light capture across the retina including pupillary light reflexes, 

tapetum lucedim (“eye shine”), and a myriad of other visual specializations. One 

retinal strategy generally seen throughout vertebrate groups of fishes, amphibians, 

and birds is the retinomotor movement phenomenon of the photoreceptor outer 

segments. The retinomotor response is a non-muscle (instead motor proteins) cell 
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motility mechanism that occurs in the myoid region of the photoreceptor cell to 

maximize the functionality of the photoreceptors depending on light availability 

input as well as regulated by an endogenous circadian clock (Yokoyama and 

Yokoyama 1996). When the specimen is dark-adapted the cones are extended 

distally so the rods are closer to the outer limiting membrane and vice versa in light 

adapted specimens.  Therefore, the rods appear in front of the cones to be in the 

optimal position in dim light conditions. The inner segment of the photoreceptor 

cell is what is actually moving to either elongate or contract the outer segment of 

the photoreceptor cell.  

 Little is known of the regulation and mechanism of this movement and 

certainly not in sea turtles. In addition, retinomotor capabilities in reptiles seem to 

be much more complex than in other vertebrate classes. In the eighties, Drenckhahn 

and Wagner further concluded that fish, frog, turtle, and chick exhibit retinomotor 

movements, but not exhibited in mouse, rat or gecko (1985). More specifically, the 

turtle exhibited retinomotor movement slightly in the cone photoreceptors in a 

dark-adapted retina, but the rod photoreceptors were stationary throughout 

experiments and the lizard species of reptile did not exhibit any retinomotor 

capabilities (Drenckhahn and Wagner 1985). However, there has been no evidence 

for or against retinomotor capability in sea turtles that we know of thus far.  
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 If retinomotor movement is absent in the retina, it is widely accepted that a 

tiered positioning of the outer segments (OS) is present in at least portions of the 

retinal area. The tiered positioning functions to maximize the light capture area of 

the rods and cones, simultaneously (Miller and Snyder 1977). Tiered positioning of 

the OS of photoreceptors in the retina has been documented in several species 

across vertebrate classes that lack retinomotor capabilities including the human 

retina at the periphery (Miller and Snyder 1977). Furthermore, there are varying 

degrees of tiering seen among species as well as throughout the retinal area (Miller 

and Snyder 1977, Land 1981).  

 In duplex retinas the tiers are separated by opsin type, therefore the light has 

to pass through one type of photoreceptor before the next. When the rods are in 

front of the cones the retina was termed permanently dark adapted, as seen in the 

cat eye snake, Leptodiera and positioning vice versa in the permanently light 

adapted retina with cones in front on the rods, as seen in the pig (Miller and Snyder 

1977).  

 

GOALS AND SIGNIFICANCE OF RESEARCH  

 The goals of the project provide a comprehensive comparative analysis of 

retinal structure over the course of development (the first of its kind) in the green 
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sea turtle (Chelonia mydas). A two-prong approach was implemented to ensure 

proper characterization of the retina, specifically the photoreceptors. In order to 

characterize the retina, immunohistochemical techniques were conducted (L eye) to 

localize opsin proteins along with light microscopy techniques (R eye) to test these 

hypotheses:  

 

(1) both rod and cone-opsin-immunolabelable photoreceptors exist in the 

retinas of green sea turtles, 

(2) both rod- and cone-like photoreceptors exist in retinas as defined by 

morphological features and position 

(3) the distribution of rods and cones is non-random, with cone cells 

predominating over rod cells within the visual streak of the retina (at least in 

hatchling turtles)  

(4) the distribution of rod and cone photoreceptors changes over the course of 

sea turtle development. 

 The significance of the research lies in the lack of literature knowledge of 

sea turtle sensory systems in general along with the visual system being the primary 

sensory modality for these species.  There are almost limitless implications of 

understanding their retinal anatomy and visual capabilities throughout development 
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pertaining from a physiological, ecological, and conservation standpoint to these 

endangered species. The visual system specifically is a highly dynamic sensory 

system with more complexity and plasticity than we once thought (Temple 2011). 

Photoreceptor organization in particular was primarily studied because the most 

important predictor of visual acuity is the regionalization of photoreceptor 

distribution and absolute density of the photoreceptors (Bartol et al. 2002).  

 The goals of this study will lead to a better understanding of the visual 

capabilities of sea turtles throughout development along with: 

(1) Leading to a better understanding of the evolution of the visual system and its 

capacity for change.  

(2) Improving mitigation efforts for reducing fisheries bycatch rates, marine debris 

ingestion rates and entanglement rates.  

(3) Effects of light on behavior in captivity (head-start programs, experimental 

analyses, turtles in rehabilitation centers, etc.). 

(4) Effects of artificial light sources on turtle behavior and well-being (lights on 

nesting beaches, lights on hatching beaches, and lights on water). 

(5) Effects of eutrophication on optical qualities of water and therefore turtle 

vision. 
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MATERIALS AND METHODS 

 

SAMPLE COLLECTION 

Green Sea Turtle eye tissue was imported from The Cayman Island Turtle 

Farm (1983; Grand Cayman, British West Indies; (CITES Export Permit 2012-KY-

000595)) to the Department of Biological Sciences, Florida Institute of Technology 

(CITES Import Permit 12US4847A-9). All tissues were collected from animals 

destined for euthanasia or recently deceased (i.e. injured animals collected in 

Florida under authority of the Florida Fish and Wildlife Conservation Commission, 

or were obtained through a collaborative research relationship with Roger 

Pszonowsky of the Sea Turtle Preservation Society (STPS), Indialantic FL and with 

Dr. Scott Taylor and Dr. Walter Mustin at the Cayman Island Turtle Farm.  In 

addition, Florida Tech’s Institutional Animal Care and Use Committee (IACUC) 

have approved all laboratory procedures.   

The eye tissues collected from the turtle farm were from captive bred, 

freshly dead C. mydas. The limitations of using captive bred turtles with varying 

causes of death were taken into consideration, including other covariates such as 

nutrition. The turtles at the Cayman turtle farm were fed a high protein diet. The 

turtle hatchlings were fed Aquamax Grower 400 at a 45% crude protein content 
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(min.) (PMI Nutrition International, LLC), then switched to a Aquamax Grower 

500 at a 41% crude protein content  (PMI Nutrition International, LLC) as juveniles 

and as adults they were fed a Custom Green Turtle Feed at a 36% crude protein 

(South Fresh Feeds). At the farm, trained professionals place all sea turtles outside 

in an artificial habitat with natural light conditions immediately after egg yolk 

absorption.  

 Three developmental stages of sea turtle tissue were used including 

hatchling, juvenile and adult. The hatchling stage specimens had a MCL of 5.3cm, 

MCW of 4.1cm, and were all less than one month of age (N= 4). The juvenile stage 

specimens had a MCL of 17.8cm, MCW of 14.3cm, and an approximate age of 0.8 

years (N= 3).  The adult stage specimens had an MCL of 80cm, MCW of 57 cm, 

and an approximate age of four years (N=4).  The left eyes of all specimens were 

for light microscopy work and the right eyes of all specimens were for 

immunohistochemistry work (Table 1). The total samples size was 12, however one 

of the adult tissue samples was too severely damaged during processing resulting in 

a nonviable sample for analysis (Total N=11). 
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Table 1: Experimental design for retinal tissue collection of C. mydas collected 
from the Boatswain’s Bay Cayman Turtle Farm of Grand Cayman, 
Cayman Islands (enucleation occurred during the day). 

 

Activity Stage # specimens # eyes N 

Double label 

IHC (L eye)  

Hatchling 4 4 11 

 
Juvenile 3 3 

 

 
Adult 4 4 

 

LM (R eye) Hatchling 1 1 
 

 
Juvenile  1 1 

 

 
Adult 1 1 
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SPECIMEN PREPARATION 

 The eyes of freshly euthanized or sacrificed sea turtles were enucleated and 

the anterior segment (cornea, iris, and lens) of the eye was cut out to ensure proper 

infiltration of fixative into the eye for proper preservation of the retinal tissue.  A 

small “v” was cut through the sclera on the dorsal portion of the eye to mark for 

later orientation along with optic nerve position (slightly ventral).  The adults were 

sacrificed with a bolt gun early in the morning (~7AM).  The hatchling and juvenile 

stage tissues were collected immediately after euthanasia forced by injury 

(conspecifics have occurred) or disease. The causes of death for each individual of 

the hatchlings and juveniles were not obtainable information and the adults were 

assumed to be healthy.  

 Enucleation occurred during the daylight for all specimens and the entire 

eye with the anterior segment removed was immediately placed in the proper 

fixative according to tissue processing. The gross anatomy of the sea turtle eye was 

examined prior to experiments. Morphometric data was collected including 

measurement of the overall eye diameter. The mean diameter was taken for each of 

the three developmental stages.  
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LOCALIZATION OF RHODOPSIN AND CONE OPSIN PROTEINS 

 The right eye of every specimen was stored in Histochoice fixative 

(Electron Microscopy Sciences) until IHC was performed. When tissues were ready 

to be processed the eye was infiltrated in 25% sucrose in 0.1M-phosphate buffer, 

pH 7.4 overnight. Frozen cross sections were prepared on the LEICA CM1850 

Cryostat, set at -20°C, to slice 18-μm frozen cross-sections of the retina. The cross-

sections were thaw-mounted onto gelatin-coated microscopy glass slides and air-

dried.  

The slides were rinsed with five changes of Tris-buffered saline (TBS—0.5M 

Trizma® buffer, 0.9%NaCl, pH7.4). After rinsing, the slides were incubated 

overnight (or a minimum of 8 hours) with 1:500 polyclonal rabbit anti-bovine 

CERN-906 rhodopsin and 1:500 monoclonal mouse anti-bovine MAB5356 cone 

opsin antisera diluted in TBS containing 0.25% y-carrageenan, 1%BSA and 0.3% 

Triton X-100 (yCBT).  

 After five changes of TBS rinsing the slides were incubated with a 

secondary antibody conjugated to the respective fluorophore. The fluorphores used 

were Alexa Fluor 555 (goat anti-mouse) for red rods or Alexa Fluor 488 (goat anti-

rabbit) for green cones (Life Technologies, Grand Island, NY). Slides were 
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coverslipped with Slowfade Gold antifade reagent with DAPI blue-fluorescing 

nucleic acid stain.  

 Primary and secondary antibodies were tested in a variety of vertebrate 

species in my lab, including freshwater turtles and locally collected marine turtle 

samples.  The antibodies were successful, demonstrating specific staining of the OS 

of their respective opsin containing cells. Controls included (1) omission of 

primary or secondary antibody (2) single labeling of each primary/secondary 

combination. Acquisition of the high-resolution immunofluorescent images was 

performed on site with a Nikon CISi laser-scanning confocal microscope. Retinal 

cross-sections were analyzed with the Nikon EZ C1 software associated with the 

Nikon confocal microscope. Additional measurements and photoreceptor counts 

were performed on Bitplane’s IMARIS 64 or Nikon’s NIS-ELEMENTS 3.16. All 

presets during image acquisition were kept consistent throughout the experiments.  
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Figure 2. Schematic of the immunohistochemical (IHC) technique with antisera and 
secondary fluorophore details used in all IHC experiments of C. mydas 
retinal tissue.  
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Table 2. Primary antisera information for all C. mydas tissue at all stages. 
 

Antigen Rhodopsin  

MAB5356 

Cone Opsin 

CERN 906 

Manufacturer  Millipore W.J. DeGrip  

(Netherlands) 

What animal raised 

against  

Mouse Rabbit 

Dilution 1:500 1:1000 

Antibody type Monoclonal  Polyclonal  
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LIGHT MICROSCOPY 

 Left eyes were placed in a 2.5% glutaraldehyde, 2.5% paraformaldehyde, 

and 0.008% CaCl2 in 0.1M sodium cacodylate buffer Karnovsky’s fixative (pH 

7.4) until LM was performed. The tissues were dehydrated through a series of 

increasing concentrations of acetone and then infiltrated with mixtures of acetone 

and Durcupan ACM epoxy resin (Electron Microscopy Sciences, Hatfield, PA). 

Tissues were embedded in Durcupan resin blocks for thin sectioning on a LEICA 

EM UC6 Ultramicrotome. One-micron thick retinal cross sections were taken at the 

center of each region of the eye.  Once sectioned the slides were allowed to dry 

overnight. Slides were stained with 1% azure II in D.I. water, 1% methylene blue in 

1% sodium borate and cover slipped. One eye from each stage was analyzed. 

Photoreceptor type was deduced by oil droplet presence in the cone photoreceptors 

along with the positioning of the photoreceptor nuclei.  

 

PHOTORECEPTOR DENSITY 

 Photoreceptor density was quantified in different regions of the retina from 

cross sections in all developmental stages- hatchling, juvenile, and adult. 

Quantitative tests were conducted to find any differences in photoreceptor density 
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among opsin types, regions of the retina, and among the three developmental stages 

described.  

 Counts were taken at the widest point of the eye  (most central opposed to 

nasal or temporal side) for each retinal cross section. Regionality was divided up 

into Dorsal, Central, and Ventral regions (Fig. 3). The number of intact 

photoreceptor cells were counted as either a rhodopsin or cone opsin photoreceptor 

indicated by their respective fluorophore designated color. Immunolabelling of the 

respective opsin along with nuclei staining allowed suffice identification of an 

individual cell at 400x level on the confocal microscope. All statistical tests 

analyses were performed on IBM SPSS v20. Including any descriptive data.  All 

statistical tests ran at a 95% confidence interval.  
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Figure 3. A graphical representation of the photoreceptor density methodology 
shows how sections were randomly chosen. Photoreceptor counts of rods 
and cones were taken from each strip of the retinal cross section. Each 
“strip” counted from was 50um or 0.05 mm. 
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RESULTS 
 

GROSS ANATOMY OF THE EYE 

 The gross anatomy of the eye showed obvious growth of the eye as a whole 

throughout development (Fig. 4).  The diameter of the eye almost tripled from 

hatchling to juvenile and then continued to double from juvenile to adult (Table 1). 

During enucleation of the eye the position of the optic nerve appeared to be in the 

same position as most other vertebrates, about the middle of the eye, slightly to the 

ventral side.  

 The lens of the eye was characteristically small compared to the size of the 

eye. The lens size could not be compared throughout development because the 

anterior segments of the eye were removed prior to shipment and lenses were 

discarded in most cases. The retinal layer appeared as a thin whitish sheet across 

the back of the eye. The retina was delicately attached to the pigmented epithelial 

layer. It was not uncommon for the retina to disassociate from the RPE, typically 

because the anterior segment of the eye was removed prior to processing. However, 

there was minimal retinal tissue damage seen under the microscopes in most cases.  
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Figure 4. Gross anatomy of the enucleated retina with anterior segment removed. 

One representative from each stage of C. mydas- enucleated eye of 
hatchling, juvenile and adult, respectively. 
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Table 3: Morphometric data of C. mydas eye tissue collected from the Boatswain’s 
Bay Cayman Turtle Farm of Grand Cayman, Cayman Islands. 

 
 

Stage  Carapace 

Length 

Carapace 

Width 

Estimated age Eye diameter 

Hatchling 5.3cm 4.1cm <1 month 5.1mm 

Juvenile 17.8cm 14.1m <0.8 years 13.9mm 

Adult 80.0cm 57.0cm 4 years 24.1mm 
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DISTRIBUTION OF PHOTORECEPTORS 

 Positive cone immunoreactivity (CIR) and rhodopsin immunoreactivity 

(RIR) was concluded from the Cayman Island (CI) tissues samples. Non-specific 

labeling was not present, only the OS of the respective opsin type containing 

photoreceptor was immunolabelled (Fig. 5). The rods and cones were 

morphologically similar and were only discernable in LM by the cone’s 

characteristic oil droplet.  

 Retinal architecture showed a fairly even distribution of rods and cones 

among the retinal regions as well as throughout development. There were cross 

sections with relatively more cones while the rods continued to have similar density 

numbers in all regions. The photoreceptors began to taper towards the distal ends of 

the retinal cup.  

 The outer segments (OS) of the specific opsin types were arranged in the 

retina on slightly different focal planes. In all cases the cone opsins were closer to 

the RPE (towards the back of the eye) and the rhodopsin was closer to incoming 

light through the eye (Fig. 6). The cross sections were taken at one focal plane, 

therefore only a two dimensional image was analyzed for specimens. However, 

three-dimensional images were taken and stacked together to form a two-
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dimensional image of the three dimensional rendered image (z stack) to obtain a 

better picture of the actual retinal architecture.  

 During analysis, the rod OS were consistently closer to the OLM compared 

to the cone OS throughout the different developmental stages (Fig 7, 8, 9). There 

was variation in the extent of tiering organization throughout individuals as well. 

The rods were consistently closer to the OLM throughout the entirety of the retina 

analyzed (Fig 10, 11). Upon closer inspection by performing “z stacks” on the 

Nikon confocal software, the tiered positioning was more apparent with the OS 

neatly organized into tiers separated by opsin type (Fig. 12). This tiering 

architecture was observed in all three developmental stages (Fig. 12).  

The photoreceptor OS appeared to be arranged in multiple tiers 

architecturally throughout the different regions of the retina. The rod OS appear in 

front (in reference to direction of incoming light) of cones overall allowing light to 

be absorbed by the rods first. Multiple tiers, four in total alternating between opsin 

types with rods closer in relation to the incoming light were observed in the z 

stacks. Several z stacks were performed on various stages and regions showing a 

tiering organization of the OS of the photoreceptors with the rods consistently in 

front of the cones relative to the direction of incoming light into the retina.  
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Figure 5. Retinal cross section of C. mydas showing the different layers of the 
retina with outer segments double immunostained with a fluorophore 
tagged secondary; 1:500 diluted CERN-906 cone opsin (green), 1:500 
diluted MAB5356 rhodopsin (red) under 400X magnification using 
NIKON 90i confocal microscope.  

RODS 

CONES 
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Figure 6. Double immunostained retinal cross sections from the central region of C. 
mydas retina from each stage, hatchling, juvenile, and adult, respectively. 
A fluorophore tagged secondary; 1:500 diluted CERN-906 cone opsin 
(green), 1:500 diluted MAB5356 rhodopsin (red) under 200X 
magnification using NIKON 90i confocal microscope.  
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Figure 7. Retinal cross section of C. mydas hatchling from dorsal region with 

opsins double immunostained with a fluorophore tagged secondary; 1:500 
diluted CERN-906 cone opsin (green), 1:500 diluted MAB5356 rhodopsin 
(red) under a NIKON 90i confocal microscope. 
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Figure 8. Retinal cross section of C. mydas juvenile from dorsal region with opsins 

double immunostained with a fluorophore tagged secondary; 1:500 
diluted CERN-906 cone opsin (green), 1:500 diluted MAB5356 rhodopsin 
(red) under a NIKON 90i confocal microscope. 
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Figure 9. Retinal cross section of C. mydas adult from dorsal region with opsins 
double immunostained with a fluorophore tagged secondary; 1:500 
diluted CERN-906 cone opsin (green), 1:500 diluted MAB5356 rhodopsin 
(red) under a NIKON 90i confocal microscope. 

.  
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Figure 10. Retinal cross section of C. mydas hatchling with opsins double 
immunostained with a fluorophore tagged secondary; 1:500 diluted 
CERN 906 cone opsin (green), 1:500 diluted MAB5356 rhodopsin (red). 
4x magnification demonstrating rhodopsin consistently closer to the 
OLM throughout the retina. 
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Figure 11. Double immunostained retinal cross section of C. mydas juvenile with a 

fluorophore tagged secondary; 1:500 diluted CERN-906 cone opsin 
(green), 1:500 diluted MAB5356 rhodopsin (red); (Nuclei-DAPI (blue)). 
Scale bar represents 10um. 
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Figure 12. Double immunostained retinal cross sections of hatchling, juvenile, and 
adult z stacks showing OS tiering of C. mydas with a fluorophore tagged 
secondary; 1:500 diluted CERN-906 cone opsin (green), 1:500 diluted 
MAB5356 rhodopsin (red); (Nuclei- DAPI (blue)). Scale bar represents 
10um. 
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IMMUNOSTAINING CONTROLS  

 Two negative controls were performed to ensure the antibodies were 

working properly. Omission of 2° antisera and pre-absorption of 1° antisera with 

immunogen control experiments concluded there was not any non-specific 

immunolabelling within the retina. This further demonstrated that the obvious 

immunolabelling of the OS of the photoreceptor cell containing the specific opsin 

protein the antisera were targeting was functioning properly.  

 The control micrographs show no labeling for all developmental stages and 

demonstrated that positive immunolabelling was from the specific binding of 

respective opsin proteins to the antisera (Fig. 13). In all cases, any background 

fluorescence was clearly distinguishable from true labeling from the fluorophore 

tagged antibody. In addition, any background noise observed was very minimal 

further demonstrating the specificity of the antibodies.  
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Figure 13. C. mydas hatchling, juvenile, and adult retinal cross sections (top left to 
bottom right). Negative control incubated with both Alexa secondary 
fluorophore tagged secondary antibodies alone with DAPI nuclei stain in 
blue (primary antibodies omitted) show no immunolabelling. 
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MORPHOMETRICS OF THE PHOTORECEPTORS 

 Cell bodies of the distinct opsin type photoreceptors were morphologically 

not discernable in confocal micrographs. The cell bodies were not organized in a 

single row, but were linearly organized throughout the outer nuclear layer (ONL), 

which was consistent throughout development (Fig. 14). The cell bodies of both 

rods and cones had similar widths of 5.1 microns and 4.6 microns, respectively 

with no difference in shape at the light microscopy level. The light micrographs 

were not able to visually distinguish between opsin types by morphology of cell 

bodies alone. The presence of the distinctive oil droplet in the cone photoreceptor 

identified either rhodopsin or cone opsin containing photoreceptors (Fig. 15). The 

oil droplet was not seen in confocal micrographs because of the tissue processing 

undergone during IHC methodology.  

 The light micrographs supported the IHC results showing a trend of a 

higher cone density in the central region of the retina seen by the relatively high 

densities of oil droplets in that region of the retina throughout developmental stages 

(Fig. 16). There was difficulty in obtaining clear and focused micrographs of both 

photoreceptor types, especially at higher magnifications because the rod and cone 

photoreceptors appeared to be in slightly different focal planes. There was also 
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damage to the retinal tissue in some of the juvenile and adult cross sections from 

the logistics of processing larger sized tissues for light microscopy.  

 A random subsample was taken of twenty retinal cross sections from each 

of the three developmental stages to analyze further measurements of the 

photoreceptor layer. The outer segment of each opsin type was measured (length 

and width in microns) to determine if there was a significant difference in either 

length or width of the outer segment throughout development.  

 The average hatchling cone and rod OS width was 2.2 microns (1.02 SD) 

and 2.1 microns (1.14 SD), respectively. The average hatchling cone and rod OS 

length was 10.8 microns (1.05 SD) and 13.0 microns (1.04 SD). The average 

juvenile cone and rod OS width was 2.8 microns (1.12 SD) and 2.7 microns (1.18 

SD), respectively. The average juvenile cone and rod OS length was 11.1 microns 

(1.05 SD) and 13.0 microns (1.8 SD).  

 The average adult cone and rod OS width was 3.7 microns (1.12 SD) and 

3.3 microns (1.01 SD), respectively. The average adult cone and rod OS length was 

12.1 microns (1.10 SD) and 12.0 microns (1.40 SD). There was not a significant 

difference in the length or width of outer segments between cone and rod 

photoreceptor types (p>0.05). Also, there were no significant differences in lengths 

and widths of OS among the three developmental stages. However, there was an 
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increasing trend of both length and width of the OS of both photoreceptor types 

with individual variation of OS dimensions as well. It was apparent in the 

micrographs that photoreceptor cells were increasing in their size throughout 

development.  
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Figure 14. Light micrographs of C. mydas retinal cross section of the ventral region 
stained with 1:1 azure II and methylene blue. Top at 400x magnification 
and bottom at 1000x magnification. 
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Figure 15. Light micrograph of juvenile C. mydas retinal cross section of   the 
central region stained with 1:1 azure II and methylene blue. There were 
several oil droplets present in the central region of the eye compared to 
other regions. 
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Figure 16. Light micrograph of C. mydas cross section through the central region of 

the retina showing a high density of cone photoreceptors indicated by the 
oil droplets. Magnification at 600x. 
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 As stated in the previous subsections, the position of the OS of rod 

photoreceptors were in front of the cone photoreceptor OS in relation to the 

direction of incoming light for all CI specimens. This distributional trend of the OS 

termed as, tiering, where in the case the OS of the rod photoreceptors are closer to 

the OLM while the cones are closer to the RPE occurred in all cross sections 

analyzed. The retinal tiers were divided by opsin type with overlap in all but one 

specimen. One individual showed a striking degree of variation in this outer 

segment separation without any overlap of opsin type in tiers (Fig. 17). The outer 

segments of the rods ended where the cones began; a larger separation compared to 

the other specimens that can be clearly seen in the zoomed in micrograph (Fig. 18). 

The complete separation of photoreceptor outer segment positioning was exhibited 

throughout the entire retinal area analyzed for that individual. There was a degree 

of variation in positioning of the OS among individuals, but the rods were always 

in front of the cones. In addition, the positioning of the rod OS in front of the cones 

OS in relation to the direction of incoming light was seen in the salvaged wild 

C.mydas specimens as well (Fig. 19).  
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Figure 17. (L) Double immunostained retinal cross-section of juvenile C. mydas 
(eye diameter of 15.88mm), tiering seen by location of the rods (red) 
retracted towards the outer nuclear membrane while the cone (green) 
were extended distally to the back of the eye. (R) Identical 
immunohistochemical methodology, but in a different individual juvenile 
C. mydas (eye diameter= 13.9mm). 
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Figure 18. Double immunostained retinal cross section of C. mydas juvenile with a 

fluorophore tagged secondary; 1:500 diluted CERN-906 cone opsin 
(green), 1:500 diluted MAB5356 rhodopsin (red); (nuclei-DAPI (blue)). 
Scale bar represents 10um. 
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Figure 19. Double immunostained retinal cross-section of local hatchling C. mydas 
from the center region with location of the rods (red) retracted towards 
the outer nuclear membrane while the cones (green) were extended 
distally to the back of the eye. Magnification 200x. 
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PHOTORECEPTOR DENSITY  

  The descriptive statistics indicated that overall there were similar counts 

when comparing cone opsin and rhodopsin containing photoreceptors. The highest 

mean of cone counts was in the central region of the juvenile stage and the highest 

mean of rod counts was in the hatchling ventral region. The range of mean counts 

for rods throughout each region and each developmental stage were very small 

(Table 4, 5, 6).  

  A two-way ANOVA test was conducted on photoreceptor density data 

among the three variables of opsin type, retinal region (dorsal, central, or ventral) 

and developmental stage (hatchling, juvenile, and adult). Photoreceptor density 

data was first tested to meet parametric assumptions.  The Shapiro-wilk test and Q-

Q plots for normality and the Levene test for homogeneity of variances both passed 

with a p value greater than 0.05.  Parametric assumptions were met after 

transforming the data to meet the requirements.  

 The ANOVA test results showed there was only a significant difference in 

the opsin type factor (p<0.05) (Table 7).  There was not a significant difference in 

photoreceptor density neither among the regions nor among the stages of 

development.  
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Overall cone density within the retina was significantly higher than the rod density 

throughout the three developmental stages (p<0.05). The cone and rod densities 

were similar throughout the three regions of the retina analyzed (Fig. 21). However, 

when the rhodopsin containing photoreceptor cell counts were taken out, the trend 

of regionalization of cones was observed (Fig. 22). Cone density was highest in the 

central region compared to the dorsal and ventral region consistent with 

observational trends, but results were not statistically significant. In addition, there 

was an observational trend toward the periphery of the retina for density of 

photoreceptors in general to taper off.  

 The ANOVA confirmed that there was not a significant difference in 

photoreceptor density among any of the three retinal regions. Therefore, the opsin 

type variable was separated to see if the overall ubiquitous distribution of the 

rhodopsin photoreceptors were skewing the results of potential regional density 

distribution of the cones. However, cone density did not significantly differ among 

regions of the retina by itself. The boxplot showed that the central region of the 

retina did have a higher mean of cone photoreceptors opposed to the dorsal and 

ventral regions of the retina. It was concluded the rod density was masking the 

underlying trend of the cone cell regionalization at least in the central region of the 

retina throughout development.  
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 The statistical results were consistent with qualitative observances 

throughout analysis. It did not appear that the retina was adding any photoreceptor 

cells throughout development. There were distributional variations observed as 

described including the absolute cone density being significantly more when 

compared to the absolute rod density (Figure 23).  However, there was no 

significant difference in the overall density of cells within the retina throughout the 

developmental stages (Fig. 24).   
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Table 4. Photoreceptor density table of the dorsal region of the C. mydas retina 
throughout each stage of development. 

 

Region Stage Opsin type Mean Std. Deviation 

Dorsal 

Hatchling 

Rods 13.78 4.458 

Cones 16.82 4.506 

Total 15.33 4.699 

Juvenile 

Rods 13.67 4.328 

Cones 19.39 4.263 

Total 16.94 5.121 

Adult 

Rods 11.75 3.524 

Cones 18.36 5.173 

Total 15.05 5.508 

Total 

Rods 13.00 4.157 

Cones 18.19 4.727 

Total 15.73 5.155 
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Table 5. Photoreceptor density table of the central region of the C. mydas retina 
throughout each stage of development. 

 

Region Stage Opsin type Mean Std. Deviation 

Central 

Hatchling 

Rods 13.50 3.921 

Cones 17.86 5.764 

Total 15.37 5.219 

Juvenile 

Rods 9.67 3.440 

Cones 23.29 4.870 

Total 16.48 8.052 

Adult 

Rods 11.43 3.970 

Cones 16.76 4.392 

Total 14.10 4.938 

Total 

Rods 11.73 4.075 

Cones 19.30 5.732 

Total 15.32 6.207 
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Table 6. Photoreceptor density table of the ventral region of the C. mydas retina 
throughout each stage of development 

 

Region Stage Opsin type Mean Std. Deviation 

Ventral 

Hatchling 

Rods 16.00 4.389 

Cones 19.34 5.324 

Total 17.86 5.171 

Juvenile 

Rods 10.57 4.456 

Cones 23.79 3.745 

Total 15.86 7.758 

Adult 

Rods 13.42 4.122 

Cones 15.54 3.357 

Total 14.52 3.820 

Total 

Rods 13.62 4.930 

Cones 19.55 5.346 

Total 16.61 5.924 
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Table 7. Photoreceptor density of C. mydas based on quantifying cells in three 
random 0.05mm strips of retina of each region of the retina. The fixed 
factors were retinal regions (dorsal, central, ventral), developmental stage 
(hatchling, juvenile, adult), and opsin type (rhodopsin or cone opsin) with 
a 95% confidence interval. 

 

ANOVA TABLE 

Photoreceptor density 

Factor Sum of 

Squares 

df Mean Square F Sig. 

Region 90.585 2 45.292 2.055 .129 

Stage  26.428 2 13.214 .596 .551 

Opsin type  6459.419 1 6459.419 663.813 .000 
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Figure 20. Box and Whisker plot of photoreceptor density (y axis) among the three 
retinal regions of the retina of C. mydas. Photoreceptor density based on 
quantifying random cells. Photoreceptor counts are taken from three 
random 0.05 mm strips of retina from each cross section. No significant 
difference between regions (dorsal, central, and ventral). 
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Figure 21. Box and whisker plot of cone photoreceptor density (y axis) among the 
three retinal regions of the retina of C. mydas. Photoreceptor density 
based on quantifying random cells. Photoreceptor counts are taken from 
three random 0.05 mm strips of retina from each cross section. No 
significant difference between regions (dorsal, central, and ventral). 
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Figure 22. Box and whisker plot of photoreceptor counts (y axis) among the three 
developmental stages of C. mydas. Photoreceptor density based on 
quantifying random cells. Photoreceptor counts are taken from three 
random 0.05 mm strips of retina from each cross section. No significant 
difference between stages (hatchling, juvenile, and adult). 
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Figure 23. Box and whisker plot of photoreceptor counts between the two-opsin 
types (cones and rods) in the retina of C. mydas. Photoreceptor density 
based on quantifying random cells. Photoreceptor counts are taken from 
three random 0.05 mm strips of retina from each cross section. A 
significant difference was observed between opsin types (rhodopsin or 
cone opsin). 

 

 

  



64 

 

 

 

DISCUSSION 

 

SUMMARY OF RESULTS 

 There were not any striking anatomical differences in the retinal tunic of C. 

mydas or photoreceptor density among hatchling, juvenile, and adult stages of 

development. In addition, there were no significant differences in photoreceptor 

density among the three retinal regions (dorsal, central, ventral) studied within the 

center of the retinal area. There was a significant difference in the photoreceptor 

density between the two opsin types with roughly 1.4 cones to every rod. This is 

slightly higher than the overall 1:1 ratio found in previous studies (Oliver et al 

2000, Bartol and Musick 2001). However, this study only analyzed the largest 

section of the eye (center of the eye) for each region, which has the highest density 

of cones as opposed to the entire retinal area. Confocal microscopy revealed outer 

segment organization of the photoreceptors were distinct with a layer of rod OS in 

front of cone OS in relation to the direction of incoming light throughout the 

regions studies and throughout development. 
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ADVANCEMENTS IN RETINAL CHARACTERIZATION  

 Several technological advancements allowed studying the retinal 

organization in a three-dimensional way while producing high resolution 

micrographs through confocal laser scanning microscopy techniques. Confocal 

microscopy produced high-resolution micrographs for tissue sections up to 20 

microns thick. Successful light microscopy and electron microscopy results must 

slice semi –thin (one micron thick) and ultra-thin cross sections of tissue, 

respectively. Confocal microscopy allowed the observer to analyze a thicker area of 

tissue at a time, including focus stacking (z stack) capabilities to further analyze the 

retina along the Z axis. A z stack is a confocal laser scanning microscopy imaging 

technique that merges multiple images from different focal planes to create an 

image with a greater depth of field. Confocal microscopy allowed us to see obvious 

visual trends of the photoreceptor OS positioning that was not nearly as evident in 

light microscopy cross sections.  

 The morphology of cell bodies and outer segments is one way to identify 

rods from cones, however in some species (e.g. C. mydas) it can be difficult to 

discern based on morphology alone at the light microscopy level (Walls 1942, 

Bartol 1991, Taylor et al 2008). Opsins were localized and identified by 

immunofluorescence (IF) in retinal cross sections to distinguish between them. IF 
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was achieved by tagging the cone opsin and rhodopsin proteins with their 

respective anti-opsin antisera and then attaching a fluorophore tagged secondary 

antibody (high antibody-antigen specificity). Incorporating a secondary antibody 

tagged with a fluorophore was chosen to increase the sensitivity, therefore 

increasing the accuracy of protein localization because it was utilized in a non-

mammalian species. 

 In addition, the successful utilization of immunohistochemical methods on 

sea turtles demonstrated that antibodies available today could be used to localize 

specific proteins in sea turtle tissues. There are almost limitless applications to this 

because antibodies are extremely specific and can be used for tagging all types of 

proteins from actin to melanin, not just opsin proteins. IF techniques tagging the 

OS of either the cone opsins or rhodopsin allowed easy identification of the 

consistent layered appearance of OS positions separated by opsin type, which we 

identified as evidence of a tiered photoreceptor layer.  

 The cone antibody, CERN 906 has been used in targeting cone opsin in 

several species, including turtles (Foster et al 1993, Yoshida and Tonosaki 1993, 

Grace and Taylor 2005). Working antibody dilutions were optimal when antisera 

produced a robust, specific cone type-specific and rod specific immunoreactivity, 

which was exhibited in all of the experimental results. There are multiple cone 
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types, so it is possible that only a subset of cone types would be labeled. However, 

a polyclonal antibody was used that did not indicate any subset of photoreceptors 

not being labeled- if there was an OS intact, there was immunolabelling. It cannot 

go without saying that this is indeed a biochemical study based on histology and 

additional behavioral studies need to be performed to show on an organismal level 

that these sea turtles are indeed perceiving what the molecular biology is indicating.  

 

RETINAL ARCHITECTURE OF SEA TURTLES: EVOLUTIONARY AND 

ECOLOGICAL IMPLICATIONS  

 The reptilian eye is not static in nature with continual growth of the eye and 

the cells within it throughout development. However, there is no evidence in the 

literature to neither support nor refute evidence of persistent neurogenesis in 

reptiles as far as we know (Hitchcock et al 2004). Retinal variability throughout 

development is a mechanism for producing evolutionary change. It was expected to 

see significant retinal variability of photoreceptor distribution and/or density based 

on their complex life history as well as the relatively high increase in eye diameter 

throughout developmental stages, but that was not the case here. Only a small 

portion of the overall retinal area can be studied in retinal cross sections and could 

be a factor in the insignificance density results among regions of the retina studied 
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in this project. However, the results indicate that there are no extreme changes in 

photoreceptor density or distribution throughout development in C. mydas.  

 There is evidence of retinal specializations among several classes of 

vertebrates that coincide with their visual ecology and behavioral tasks. It is not 

surprising that the visual system has been optimized for visual capabilities 

necessary for their particular ecological niches. Therefore, it is important to 

understand the photosensory capabilities of sea turtles in varying lighting 

conditions throughout development.  

 However, it was surprising that there weren’t more obvious changes in the 

retina over the course of development (marine fish like the tarpon undergo dramatic 

changes in the retina as they migrate through a series of habitats over the course of 

development).  Perhaps marine turtles are undergoing change, but that change may 

be biochemical, genetic or physiological (shifts in vitamin A type, sensitivity of 

photoreceptors, and/or expression of new opsin genes etc.). On the other hand, sea 

turtle retina may not be capable of such retinal plasticity and retinal regeneration 

and instead are utilizing other strategies to increase the efficiency of their visual 

system to their photic environments and necessary behavioral tasks.   

 The visual system accommodates a trade-off between sensitivity and spatial 

resolving power. Cone photoreceptors function in photopic conditions 
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independently from rhodopsin photoreceptors and they are physiologically separate 

functionalities. The rhodopsin’s major function being light sensitivity, while the 

cone opsin being visual acuity counteracts each other and must be able to 

functionally compensate for this trade-off. Previous studies on sea turtles have 

concluded that photopic vision was more of a priority than scotopic vision with 

sacrifices to their optical sensitivity in favor of their spatial resolution capabilities 

(Bartol and Musick 2001, Swimmer and Brill 2006, Mathger et al 2007). Previous 

studies suggest that sea turtles are not as well adapted to scotopic vision because of 

the low optical sensitivity of their eye. However the tiered architecture of 

photoreceptor OS seen in the results of this study would be a strategy to increase 

the overall sensitivity of the retina to dim light conditions. The rod OS are in the 

optimal position to absorb the light while the cones are behind them not taking up 

space of the photon capture area, therefore allowing more rods to occupy the area 

to absorb the photons.  

 There are several broader impacts of this work including the ecology, 

conservation, and management of these endangered species.  For example, it was 

concluded that one of the major factors in by-catch of various fisheries was the 

indistinguishable techniques of catching target animals versus non target animals 

especially between the similar visual systems of blue water fish and sea turtles 
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(Swimmer and Brill 2006, Southwood et al 2008). This research can be utilized to 

apply the visual specializations unique to sea turtles to improve current mitigation 

efforts through more species-specific lures to reduce bycatch, but not deter target 

species.  

Another aspect involving their visual system and survivability is light 

pollution and sky glow in general, which is in the forefront of conservation efforts 

with sea turtle friendly lighting recently beginning to be manufactured by 

commercial companies. Nesting females and hatchlings can be easily disorientated 

from anthropogenic sources of light while trying to execute important behavioral 

tasks dependent on their survivability. In addition, understanding marine turtle 

vision and its capacity for change should allow scientists and regulatory agencies to 

better predict the potential effects of pollution and eutrophication- through their 

effects on optical qualities of water- on the ability of marine turtles to execute 

critical behaviors in varying lighting conditions.  

 

ENVIRONMENTAL PARAMETERS SURROUNDING A CAPTIVE 

POPULATION OF C.MYDAS  

The captive population status of the CI samples limited the results from 

correlating any developmental changes in retinal architecture to be directly 
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extrapolated to their habitat shifts because that only occurs in the wild. However, 

the visual system is a very robust system that is a highly conserved evolutionary 

pathway. In addition, the CI population was from a controlled/isolated environment 

under natural lighting conditions, but with an artificial habitat and diet.  

 The differences in their everyday behaviors in captivity have to be taken 

into consideration while interpreting the results of this study. These factors include 

an artificial habitat and diet along with not performing their natural migratory 

patterns or developmental habitat transitions in captivity. However, the hatchlings 

are born on an artificial beach setting in natural lighting. The artificial diet changes 

as the animal grows throughout their development. The feeds given are very 

different from their natural diet including an increase in protein intake compared to 

wild populations.  

 The nutritional difference could also affect their vision in ways that we do 

not yet know. For instance, a Vitamin A deficiency was speculated in the CI 

population, but was never tested. A potential vitamin A deficiency could result in 

night blindness or other visual limitations because opsin proteins are Vitamin A 

based.  The visual pigment could be altered by opsin mutations causes from 

inadequate vitamin A. There was a high acceleration of growth and maturity from 

the high protein diet as well. Sexual maturation along with average carapace 
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lengths of 80 centimeters were reached at approximately five years of age as 

opposed to approximately 20-30 years for wild populations.  

For these reasons, choosing to work on tissue samples from a captive 

population was not the first option for this project. However, the feasibility and 

logistics of relying on opportunistic sampling did not allow an adequate sample 

size or tissue quality necessary for the project. Local sample collection from the 

wild population was not consistent enough and obtaining multiple samples from 

multiple stages were not feasible with the timeframe allotted.  

A few local samples were successfully processed using the same IHC 

methodology performed on the CI samples included. There were no striking 

differences in overall gross anatomy of neither eyes nor retinal architecture when 

comparing the CI samples with the viable local samples. In addition, the 

positioning of the outer segments were in the same tiered pattern with rods in front 

of cones in relation to the direction of incoming light (Figure 20). Local samples 

were not quantitatively included because the sample size was deemed too small 

along with the quality of tissue being inadequate for this study.  

 It would be ideal to collect viable local samples from multiple stages and 

perform these experiments along with comparing them to the captive sample results 

in the future. This would allow researchers to correlate any intraretinal variability 
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trends throughout development to their environment. Even though the captive 

population limits the extrapolations of this project, it is still applicable to wild 

populations in several different ways. For example over 30,000 animals were 

released (varying size classes) since the 1980s as part of a head-starting program at 

the CI farm. Furthermore, since then several tagging efforts have shown that the 

head started individuals can survive and reproduce in the wild (Bell et al 2005).  

Local samples were not included in this project because local stranding 

events did not yield viable tissues samples over an extended period of time (12 

months), due to degradation of the retinal tissue prior to fixation. The difficultly 

level is extremely high in estimating the time of death for sea turtles based on body 

condition (Thomson et al 2009). In addition, retinal tissue is the first to be damaged 

by predators along with natural degradation. Other local sources, including 

rehabilitation centers that are able to perform euthanasia was not consistent enough 

for the sample size and developmental stages of tissue necessary for this project.  

 

VISUAL ADAPTATIONS OF SEA TURTLES TO THEIR ENVIRONMENT  

 Organisms must have sensory mechanisms capable of some type of 

plasticity to be adaptable to their ever-changing environment. The architecture of 

the retina is one way to maximize visual capabilities necessary for the visual 
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ecology of that species based on their life history.  Overwhelming evidence from 

fish studies indicated that the photic environment of the fish was much more 

important in determining their visual specializations than their species relatedness 

(Yokoyama and Yokoyama 1996).  

 A study on loggerhead and green sea turtles concluded a well sophisticated, 

cone dominated retina with a small lens is characteristic of animals living in 

photopic conditions (Levenson et al 2004). Sea turtles have a generally broad range 

of spectral sensitivity much like other reptiles with marine adaptations to the 

underwater environment that they occupy for most of their lives concluded by 

several ERG studies (Granda and O’shea 1972, Levenson et al 2004, Crognale et al 

2008, Horch et al 2008). In addition, a previous study performed 

microspectrophotometry (MSP) on the green sea turtle’s photoreceptors concluding 

spectral sensitivity peaks for a rod visual pigment and three peaks for cone visual 

pigments at 440, 502, and 562 nm (Liebman and Granda 1971).  

 There are retinal specializations of cone photoreceptor distribution as well 

seen in previous studies such as visual streaks that correlate with their visual 

ecology and environment (Bartol 1991). The visual streak is an area of increased 

acuity based on the density of ganglion cells, which is positively correlated with the 

density of cone photoreceptors. The evidence of a central visual streak seen here 
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was supported by previous results performed on C. mydas hatchlings (Oliver et al 

2000).  

 Previous research has mostly focused on the functionalities of the cone 

photoreceptors. There is much less evidence on the adaptations of sea turtle to dim-

light conditions, except that sea turtles have a relatively low optical sensitivity. Past 

studies concluded the optical design of the eye was not suitable for dim light 

conditions (Mathger et al 2007). It is not known how sea turtles may compensate 

for this low sensitivity to light in dim light conditions. Vision in dim light is 

important is sea turtles because it is the primary sensory system used for critical 

behavioral tasks including sea-finding behaviors in hatchlings along with nesting 

females (Ehrenfeld 1968, Witherington 1991).  

 Several vertebrate species have the ability to maximize light capture 

without affecting visual acuity in varying conditions depending on the limiting 

factors posed by the anatomical features of the eye along with the retinal 

architecture. One common method that occurs prior to the retina in the visual 

pathway is the pupillary light reflex, which controls the amount of light entering 

the eye and is one way to control the number of photons reaching the 

photoreceptors in the back of the eye. Sea turtles have a slight pupillary light reflex 

unlike diapsid reptiles (Drenckhahn 1985). Even a strong pupillary light reflex 
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would be negligible to increasing their optical sensitivity because of their small 

pupil and lens size paired with their long focal length (Mathger et al 2007). 

However, the retinal strategies for maximizing light capture in a duplex 

retina is not known for sea turtles. It was concluded that C. mydas did not exhibit 

retinomotor capability in at least the rod photoreceptors by the evidence found in 

this study against it. The position of the rod OS in front of the cones in a light 

adapted eye was concluded to be a different retinal strategy because the cone OS 

would appear at the front of the photoreceptor layer (not the rods as seen here) in 

relation to the direction of incoming light. Although we did not have any dark 

adapted retinas to compare to, the architecture did not coincide with the 

architecture of retinomotor capable retinas. It would be interesting to analyze a dark 

adapted retina of C. mydas, but is expected to have stationary photoreceptor OS. 

However, it is possible that only the rod OS are stationary and that the cone OS 

move slightly.  

   

TIERED ARCHITECTURE OF THE C.MYDAS RETINA  

 All specimens analyzed had a consistent trend of the positioning of the cone 

and rod photoreceptor outer segments, spatially with the rods being closer to the 

OLM compared to the cones, indicative of a dark adapted retina. This was not 
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expected because all of the tissues were assumed to be light adapted because they 

were enucleated in the daylight. If retinomotor capability was present then we 

would see evidence of the cones closer to the OLM to be in the optimal position to 

capture light in bright light conditions.  

 The non-photomechanical retinas have a tiered retina instead to maximize 

the light capturing area of the retina- in at least portions of the retinal area. Most 

vertebrates fall into one of these two categories with fish, amphibians, and birds 

exhibiting retinomotor movements and reptiles and mammals generally do not 

(Walls 1942).  In addition, there are various ways the photoreceptor OS can be 

arranged. In the duplex retina, the tiered OS layers are separated by opsin type. The 

positioning of the photon capturing OS of the cell into tiers was one way increase 

overall sensitivity of the eye and maximize light capture space simultaneously. A 

previous study on a species of snake, Leptodiera, retina showed architectural 

tiering of the retina with rod OS consistently in front on the cones, while the pig 

retina showed tiering in the reverse direction (Miller and Snyder 1977).    

 The photoreceptor OS of C. mydas were arranged into tiers to maximize 

light and space availability for both rod and cone OS at the same time. The 

positioning of the rod photoreceptors was closer to the outer limiting membrane 

(OLM) while the cones are closer to the retinal pigment epithelium (RPE). This 
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study concluded the first evidence of architectural tiering of the photoreceptors in a 

species of sea turtle.  

 This photoreceptor organization was structurally counterintuitive because 

all specimens were light adapted and therefore expected cone OS to be positioned 

either in line with or in front of rods in relation to the direction of incoming light.  

 The rods consistently being in front of the cones relative to the direction of light in 

the light adapted retina indicated sea turtles do not exhibit a photomechanical 

response to light availability, but rather have a tiered architecture to compensate for 

this inability.  

A tiered retina is one example of a strategy to increase the efficiency of the 

visual system, specifically in this case photon capture.  To maximize the absorption 

of light by the photoreceptor by having the cones situated in a position to capture 

any leftover light that was not absorbed by the rod photoreceptors. The evidence of 

a tiered retina suggested that the sea turtle is more adapted to dim light conditions 

than we thought. The rods are in a position for the light to pass through them first 

and then the cones. Therefore, the rods are able to capture light necessary for 

functionality while still enough light go through the cones for their functionality. It 

is important to note that during bright light conditions the rods bleach out and do 

not function anyway.  
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Additional studies on the retina of sea turtles is needed in general and 

throughout their development to better understand how sea turtles compensate for 

their relatively low optical sensitivity in such a dynamic photic environment 

including important nocturnal activities that occur. Also, the functionality of these 

retinal specializations in relation to their behavioral tasks is largely unknown in sea 

turtles. Additional behavioral based studied need to be performed to relate the 

visual cues necessary for their feeding behaviors and habitat usage to their retinal 

capabilities and specializations.   
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CONCLUSION 

 

 The sensory systems of species are difficult to study and therefore the 

techniques for characterizing tissue such as the retina must be consistent and 

reliable. A two-prong approach utilizing light microscopy and 

immunohistochemical techniques with confocal microscopy was executed to 

properly characterize the retinal architecture.  

Advancements in tissue processing and confocal microscopy enabled the 

use of immunoflourescent tagging to successfully study and characterize the retina 

of the sea turtle throughout development. In addition to being able to analyze the 

outer segment positioning for specific opsin types throughout the retina.  Because 

the retina is the first stage in seeing, understanding retinal organization is critically 

important to understanding visual function (Bartol and Musick 2001).  

There are a variety of applications from a physiological, ecological, 

economical and conservational standpoint pertaining to the visual system of this 

globally distributed, migratory, endangered megaherbivore. Broader implications 

of this project include but are not limited to conservation of endangered marine 

turtles through improved mitigation of beachfront lighting on nesting adult turtles 

and sea-finding hatchling turtles. This work will also form a foundation for science-
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based policy and design decisions related to light pollution and the construction of 

tolls used in the marine environment (nets, trawls, long lines, intake canals, traps, 

etc.).  In addition, understanding the capabilities and limitations of their visual 

system allows better predictions of the effects of light related pollution on sea 

turtles and their behavior.  

 Extreme architectural changes of photoreceptor distribution or density are 

not present in the sea turtle retina throughout development based on evidence from 

this study. Sea turtles must be able to adapt to a dynamic environment including 

their primary sensory system, their vision, within the limiting factors of the 

anatomical features of the eye and neuronal capabilities. There are a myriad of 

retinal specializations that species have in order to execute necessary behavioral 

tasks based on their visual ecology. These include but are not limited to visual 

streaks, a tiered photoreceptor organization, and light filtering oil droplets.  

 There must be ways the sea turtle retina compensates for a relatively low 

optical sensitivity and the notion that sea turtles are not well adapted to dim light 

conditions. The results in this study indicated that architectural tiering of the 

photoreceptor OS with rods before cones is evidence for a retinal strategy sea 

turtles use to compensate for the low optical sensitivity posed by the anatomical 

features of the eye (small lens, long focal length).  A tiered retina increases the 
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optical sensitivity of the eye by allowing more photoreceptors to capture light in a 

given area. Architectural tiering of photoreceptors in C. mydas shown in this study 

would increase the overall optical sensitivity in the eye that would be required to 

execute behavioral tasks necessary in dim light conditions. Therefore, sea turtles 

may be better adapted to dim light conditions than once thought, at least in this 

species.  

 These results supported the importance of two critical tasks sea turtles must 

perform in dim light conditions: sea-find in the hatchling stage as well as in nesting 

females for visual orientation while on land (Salmon and Witherington 1995). In 

addition, previous in water research revealed that is was not unusual to find males 

seeking females throughout the night (Jessop et al 2002). Other nocturnal activities 

included observing foraging and actively swimming greens as well. The 

conclusions of this study can be extrapolated for a variety of applications from 

issues of bycatch and light pollution mitigation, to adding to the overall 

understanding of their visual capabilities, to their ability to discern marine debris 

from prey items. 
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