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Abstract

The optics of the eye is key to a functioning visual system. The exact nature of the correlation 

between ocular optics and eye development is not known because of the paucity of knowledge 

about the growth of a key optical element, the eye lens. The sophisticated optics of the lens and 

its gradient of refractive index provide the superior optical quality that the eye needs and which, 

it is thought, has a major influence on the development of proper visual function. The nature 

of a gradient refractive index lens, however, renders accurate measurements of its development 

difficult to make and has been the reason why the influence of lens growth on visual function 

remains largely unknown. Novel imaging techniques have made it possible to investigate growth 

of the eye lens in the zebrafish. This study shows measurements using X-ray Talbot interferometry 

of three-dimensional gradient index profiles in eye lenses of zebrafish from late larval to adult 

stages. The zebrafish lens shows evidence of a gradient of refractive index from the earliest stages 

measured and its growth suggests an apparent coincidence between periods of rapid increase in 

refractive index in the lens nucleus and increased expression of a particular crystallin protein 

group.
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Introduction

The eye lens is one of two optical elements that focus an image on the retina. Lens 

development begins in early embryonic life but is difficult to observe in mammals and most 

vertebrate species [1]. The lens is a complex optical system that provides a high level of 

image quality and a structure/function relationship that maintains transparency for a greater 

part of the lifespan. It is contained within a semi-elastic capsule and grows by laying down 

concentric layers of fibre cells over existing tissue with no concomitant cell loss. Epithelial 

cells proliferate, differentiate and elongate into lens fibre cells at the lens equator [2]. Fibre 

cells contain very high concentrations of structural proteins, collectively called crystallins, 

and these concentrations vary across the lens from periphery to centre to create a gradient of 

protein concentration [3]. Protein concentration is linearly related to refractive index [4], and 

the distribution of the crystallin proteins across the lens creates a gradient refractive index or 

GRIN lens (reviewed in [5]). Such a lens has the superior optical quality required for vision. 

What causes the proteins to be distributed in such a way as to create the requisite GRIN 

profile for the particular eye of any given species is not known because of the paucity of 

studies on the development of the GRIN from very early stages of growth.

Here we provide the first study connecting morphological and functional development 

of the eye using zebrafish, a species widely used to study visual system development. 

The zebrafish provides a number of advantages over mammalian models for studying the 

development of GRIN lens: embryonic development is external and rapid [1], an optokinetic 

response is evident at three days post-fertilization [6]; and both the lens and whole animal 

grow throughout life, allowing assessment of effects of size and age on optics. In addition, 

whilst in the mammalian eye the cornea contributes the greater amount of optical refraction, 

in aquatic species the lens is the major optical component on which the eye depends for 

maintenance of image quality [7].

Materials and Methods

Sample preparation

The animal protocols used in this study adhere to the ARVO (Association for Research 

in Vision and Ophthalmology) Statement for the Use of Animals in Ophthalmic and 

Vision Research and have been approved by the IACUU (Institutional Animal Care and 

Use Committee) of University of California, Irvine. Zebrafish (AB strain) were raised 

and maintained under standard laboratory conditions [8]. Larval or adult zebrafish were 

anesthetized in tricaine (MS-222; Sigma, St. Louis, MO). Eyes were dissected from animals 

younger than a month, and lenses were dissected [9] from animals older than a month. 

During dissection and for transport of tissues to the measurement facility the samples 

were kept in BioWhittakerTM DMEM with 25 mM Hepes and 4.5 g/l glucose, without 

L-Glutamine (Lonza, Morristown, NJ) supplemented with 1ug/ml of penicillin/streptomycin 

at room temperature. For in vivo lens transparency assessment, a fibre optic light source 

(Schott KL 1500; Schott AG, Mainz, Germany) was used for oblique illumination from 

two sides to visualise opacities. Transparency of dissected lenses was visualised with an 

Olympus SZX12 microscope using an Olympus DP70 digital camera with an Olympus DP 

Controller (2.1.1.183) (Tokyo, Japan) under darkfield and brightfield illumination. Prior to 
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data acquisition, lenses in DMEM that turned yellow were discarded, as this indicated lens 

damage. Lenses were transported in DMEM in Eppendorf tubes at room temperature to the 

SPring-8 synchrotron and were measured within a week of dissection. Measurements were 

conducted once a year and data collected in three consecutive years were combined for this 

study.

Lens immunohistochemistry

Dissected adult lenses were fixed and cryo-sectioned as previously described [10]. 

Lens sections were labelled with the plasma membranes marker wheat germ agglutinin 

AlexaFluor 594 (1:50; Life Technologies, Grand Island, NY, USA) and DAPI (1:1000) 

overnight at 4˚C. Images were acquired with a confocal microscope and imaging software 

(Nikon Eclipse Ti-E with NIS-Elements AR; Nikon Corp., Tokyo, Japan). Images were 

viewed and compiled with ImageJ, version 1.51n (http://imagej.nih.gov/ij/; provided in the 

public domain by the National Institutes of Health, Bethesda, MD, USA) and a raster 

graphics editor (Adobe Photoshop CS5, version 12.0; Adobe Systems, San Jose, CA, USA).

X-ray Talbot interferometry

The three-dimensional GRIN distribution of each sample was measured using a phase 

contrast imaging modality: X-ray Talbot interferometry [11, 12, 13]. Experiments were 

conducted at the bending magnet beamline BL20B2 at SPring-8 using monochromatic 

X-ray beam, fine-tuned to 25 keV. The X-ray beam passes through a Si(111) double-crystal 

monochromator and two transmission gratings: a tantalum phase grating (G1) and a gold 

absorption grating (G2) with pattern thicknesses of 2.1 μm and 16.6 μm, respectively. Both 

gratings have a pitch of 10 μm and a pattern size area of 25×25 mm2. Grating G2 has an 

inclination angle of 45 degrees. Moiré fringe patterns generated by X-ray beam passing 

through the sample and two gratings were detected by a scientific CMOS detector (ORCA 

Flash 4.0. Hamamatsu Photonics). G2 was shifted using a 5-step ‘on-the-fly’ fringe-scan 

method with a Piezo stage for phase retrieval. Different phase images obtained from the 

scan were integrated to get the phase shift image. Five different solutions of known density 

[11, 14] were used to calibrate the phase shifts by comparing experimentally obtained 

values to theoretically derived values per pixel. Linear relationships were found over the 

range of tested concentrations and cover the refractive index range measured in this work 

(Supp. Figure 1). Using equations described by Hoshino et al. [11], X-ray refractive index 

difference was determined from the phase shifts per pixel and was further used to calculate 

the protein concentration from which refractive index was calculated. For each lens, the total 

number of scans was 900 with a time of measurement of around 50 minutes.

Zebrafish staging

Due to the asynchronous growth of zebrafish, which depends on a multitude of factors 

such as population density, tank size, food availability, temperature and water quality, age 

is not a good indicator of post-embryonic zebrafish development. Hence, post-embryonic 

animals (after hatching from the chorion, which occurs at 48–72 hours post fertilization 

[15]) were staged by their standard length (snout to base of tail) [16]. Since standard length 

could not be correlated with specific pairs of lenses due to practicality of pooling samples 

from different animals, equatorial lens diameters were used as a measure of developmental 
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stage. Zebrafish lenses are not precisely spherical, and this asymmetry varies with age. 

The lens anterior-posterior dimension is slightly larger at larval and early juvenile stages 

and the equatorial diameter (perpendicular to the optical axis) is larger in older juvenile 

and adult stages (Figure 1). To identify the equatorial diameter, 3D images of lenses were 

analysed in perpendicular planes looking for asymmetries in localization of the lens nucleus 

at younger stages [9, 10] as a landmark for orientation in excised lenses and/or anatomy of 

the surrounding eye tissues. A precise measurement was acquired using SolidWorks (ver. 

2017, Waltham, Massachusetts, USA) by fitting a circle to the contour plot in equatorial 

plane of each lens.

GRIN analysis

Mathematical computational software MatLab (ver. 2018a, Natick, Massachusetts, USA) 

was used to a) process raw refractive index values in the three-dimensional spatial domain; 

b) generate two-dimensional iso-indicial index contours and three-dimensional meshed 

index profiles in the equatorial plane of each lens and c) calculate parameters describing 

shapes of refractive index profile of each lens. Parameters used to describe varying shapes 

and magnitudes of the GRIN profiles along the optical axis of each lens at different ages 

include: the maximum index value at the peak of each index profile, the steepness of the 

peripheral part of each profile and the width of the central plateau region. The steepness 

of the peripheral region of each index profile was obtained by fitting the normalised index 

profile of each lens to an exponential power model [17]:

n r = nc + ns − nc rg (1)

where n is the refractive index, nc is the refractive index at lens centre, ns is the refractive 

index at lens surface, r is the normalised distance from the lens centre, g is the power 

exponent depicting the steepness of the index profile. A steeper profile is normally fitted to a 

higher g value [17]. An example of the original GRIN profile of a 157-day-old lens is shown 

in Figure 2a and its normalised profile fitted to the exponential power model is given in 

Figure 2b. The central plateau region of the index profile was determined from the gradient 

of the original GRIN profile, selecting the region for which the gradient is within the range 

of −0.3mm−1 to 0.3mm−1. An example of how the plateau region of the GRIN profile was 

determined for a 157 day old lens is shown in Figures 2c–e.

In the measurement of refractive index, the resolution of points along the refractive index 

profile is 15.5 μm. At any given point, refractive index is linearly related to the local protein 

concentration as described by the Gladstone-Dale formula [4]:

n = ns + dn
dC C (2)

where n is the measured refractive index of each lens at various points, ns=1.333 is 

the refractive index of the solvent (water), dn/dC=0.19ml/g [5] is the specific refractive 

increment of the crystallin proteins, C is the protein concentration of a local cubic volume of 

15.5μm3. This calculation can be used to obtain total protein content in any given lens.
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Results

Development of GRIN in zebrafish lenses

We measured GRIN throughout zebrafish development to study effects of age versus lens 

size on its optical properties. Since lens diameter and zebrafish standard length are linearly 

related [10,18] we used lens diameter as an indicator of developmental stage. Growth in 

either parameter (Figure 3a–b) was fitted to an exponential growth model, which shows an 

initial rapid increase and the rate of increase gradually decreases with age, plateauing after 

471 dpf. We observed a range of lens diameters and standard lengths in some cohorts of fish 

of the same age, highlighting the growth variability.

Measurements of two-dimensional refractive index contours in the equatorial plane and 

three-dimensional mesh plots of GRIN distribution are shown for selected lenses with 

diameters ranging from 160 to 790 μm (Figure 4). Lens diameters were measured using the 

second outermost (Figure 4a) or the outermost (Figure 4b–h) contour. All refractive index 

contours are approximately circular (Figure 4); the youngest lens deviates slightly from 

this because it was measured in an intact eye (Figure 4a). Both the lens diameter and the 

size of its inner index plateau region increase with age (Figure 4a–h). Lenses at all stages 

exhibit smooth and symmetrical three-dimensional GRIN profiles, with the magnitude of 

refractive index increasing progressively from the lens surface to the lens centre (Figure 

4a–h) where it plateaus. The extent of this plateau increases with lens size and age (Figure 

4d–h). The minimum index value found at the lens surface remains essentially unchanged 

across different ages, but the peak index value at the lens centre increases with age from 

approximately 1.43–1.44 for small lenses of 160 μm diameter (Figure 4a) to around 1.58 

when the diameter reaches 540 μm (Figure 4e). The peak index value at the lens centre 

remains at this maximum value for lens diameters greater than 540 μm (Figure 4e–h).

Maturation of shaping components of the GRIN profile

To quantify how the GRIN profile changes with growth and ageing, an exponential power 

model (Equation 1) was fitted to GRIN profiles along the central lens optical axis (Figure 

5a). The slope of the GRIN profile becomes steeper (the power exponent g increases) with 

development (Figure 5). The smallest, youngest lens at 140 μm diameter (15 dpf), has a 

GRIN profile that is approximately linear (Figure 5b). As the lens diameter grows and the 

power exponent g increases to around 2, the GRIN profile approaches a parabolic form. 

With the steepening of the GRIN profile in larger and older lenses, the exponent g increases 

further, rising above 3.0 (Figure 5b).

The maximum refractive index increases rapidly in smaller lenses and the rate of increase 

slows down at older stages (Figure 6a). The power exponent g increases sigmoidally with 

lens diameter: rapid growth occurring when the lens diameter is between 250–450 μm and 

reaching a maximum value of around 3–3.5 as the lens diameter increases beyond 500 μm 

(Figure 6b). In contrast to the growth related trends in maximum refractive index and slope 

of GRIN profile, the initial increases in net protein weight and central plateau size are slow 

in lenses of diameters less than 300 μm and become more rapid in larger lenses (Figures 6c, 

d).
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Effects of age and size on lens optics

The maximum refractive index appeared to be reached at 120 dpf with no further increase 

(Figure 6e). This fit is similar to that seen plotted as a function of lens diameter (Figure 6a). 

We therefore analysed maximum refractive index as a function of age and size. The power 

exponent, g, demonstrates a similar trend with age to that seen for maximum refractive 

index (Figure 6f). There is considerable variability in g value within age cohorts. The GRIN 

profiles from eight age groups (15, 32, 63, 66, 119, 472, 648, 880 dpf) are shown in 

Figure 7. The greatest spread of points occurs in samples aged 63–66 dpf, with a noticeable 

difference in the GRIN profile over this short time (Figure 7c, d), and this would account 

for the spread of values of exponent g in Figure 6f. Variability reflects the range of standard 

lengths from ~8–15 mm (Figure 3a). The profiles within all sets are very similar and this 

highlights the fact that even though the g exponent, which represents the slope of the 

GRIN profile, varies with age, there is very little divergence of the GRIN profile within a 

given age cohort. A comparison across cohorts emphasises that the GRIN profile changes 

systematically with age.

Discussion

The refractive index of the eye lens is critical for optical quality in the visual system. 

Measurement of the GRIN requires an intact lens, ideally within its natural environment in 

the eye, and non-invasive techniques that can determine the refractive index in any plane 

[5]. Here we use X-ray phase contrast tomography with a Talbot grating interferometer to 

measure the spatial profile of the refractive index in dissected zebrafish eyes and lenses 

across larval, juvenile and adult stages. Our principle findings include: 1) a progressive 

increase in the slope of the GRIN with age, 2) attainment of a large maximum index 

of refraction, and 3) an increase in the size of the plateau region of index of refraction 

profile. Such developmental data have not previously been available for any species over 

such a large fraction of lifespan. This detailed optical analysis together with previous 

characterization of the centralization of the lens nucleus from anterior to central in the 

optical axis [10] as well as the changing geometry of the zebrafish eye throughout 

development [19,20], adds valuable insights into how the zebrafish eye develops at different 

stages.

X-ray Talbot interferometry can provide the requisite image contrast for biological 

specimens [14] and reveal density differences at a resolution of 5–50μm [11]. The technique 

has been able to detect small fluctuations and kinks in the GRIN profile from several 

terrestrial species including human, porcine and murine lenses [11,21] and these appear 

to be absent in the zebrafish lens (Figure 4). Such discontinuities most likely result from 

structural irregularities [11,21]. Kröger et al. [22] have noted ‘depressions’ in the outer part 

of GRIN profiles of African Cichlid fishes, Haplochromis burtoni. Whether or not these are 

of similar nature to the discontinuities seen in terrestrial species is not known. Zebrafish 

lenses have completely smooth GRIN profiles at all measured developmental stages (Figure 

4). Subtle fluctuations in GRIN profile of eye lenses have provided an explanation of the 

optical zones of discontinuity [17], seen in living human eye [23]. These have been linked 

to age [23] and postulated to be linked to a stepwise growth pattern [5]. The absence of 
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discontinuities in the GRIN profiles in the zebrafish lens could reflect their small size, such 

that any fluctuations are too minute to detect. The African cichlid fish lenses measured 

by Kröger et al. [22] were considerably larger, at around 2.4–2.6 mm diameter, than the 

largest zebrafish lens in this study, of ~800 µm. Alternatively, the zebrafish lens may lack 

the periodic growth spurts found in terrestrial species, if indeed these are the cause of 

discontinuities.

Ours is the first study to describe the development of the lens refractive index in zebrafish 

and among the first in any species. In foetal bovine lenses the GRIN starts to form at around 

4–5 months gestation, prior to which it has no particular form [24]. Although light has been 

suggested to influence the magnitude of refractive index in fish lenses [25], it is not known 

what factors trigger the development of lens optics. A GRIN lens reduces optical aberrations 

[26, 27, 28] and provides the eye with high image quality.

Shape and magnitude of refractive index vary among eye lenses of different species, and 

this is related to species-specific visual requirements [5]. Visually-guided behaviour appears 

shortly after hatching in clownfish [29] and visually evoked body twitch responses in 

zebrafish are detected as early as 68–79 hours post-fertilization [6]. After 5 dpf, zebrafish 

rely on vision for survival, hunting and evading predators.

Refractive index profiles of aquatic lenses have been fitted to a number of functions 

including: higher-order polynomials [30, 31], parabolic [22, 32] and elliptical profiles [33]. 

Exponential power models used to fit the GRIN profiles of zebrafish lenses in the present 

study have previously been applied to porcine [34] and human lenses [17]. This power 

model has the advantage of containing fewer coefficients and provides an optimal fit to the 

refractive index profile in porcine [34] and human lenses [17]. The steepness of the GRIN 

profile in zebrafish lenses changes greatly with development (Figure 6b and 6f) as evidenced 

by the range of the power exponent g across the range of samples measured (Figure 5b). 

The steepening of GRIN profile in lenses with larger diameters (Figure 6b) will increase the 

refractive power and contribute to decreasing the focal length [22].

The spatial and temporal changes we observed in refractive index also correlate with 

changes in lens protein concentration. A recent protein analysis on zebrafish lenses aged 

from several days to 27 months post-fertilisation shows that the expression of crystallins, 

including all three α-, βB3- and γS-crystallins, increases dramatically between 6 weeks 

and 4 months post-fertilisation [35]. This corresponds well to the period, up to 120 dpf, in 

which there is a rapid increase in maximum refractive index and in steepening of the GRIN 

(Figures 6e and 6f). Refractive index is highest in the lens centre and, as the lens grows, both 

the magnitude and size of this peak index region increase (Figures 4–6). The peak index 

values measured in adult zebrafish lenses are around 1.57–1.58, and this is the highest value 

found amongst all animals measured so far [11, 21, 27, 36, 37] (and reviewed in [5]). The 

lens protein, γ-crystallin has the highest refractive increment of the lens crystallins [38], and 

likely contributes more to refractive index than the others. Higher γ-crystallin levels occur in 

the central lens [39] and are more prevalent in species that have high refractive index values 

(reviewed in [5]). Aquatic lenses usually have much higher refractive power than those of 

land animals [22, 40] to compensate for the negligible refractive contribution by the cornea 
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due to the water-cornea interface. Results in the present study show that the GRIN changes 

with lens growth, particularly the proportions of the central plateau region to the total lens 

size and the steepness of refractive index in the lens periphery, both critical parameters that 

contribute to lens focusing power.

The lens grows by continuous accrual of lens fibres cells with no concomitant cell loss 

resulting in an increase in cells and in their cytoplasmic proteins. This correlates with the 

rise of peak refractive index (Figure 6a), steepness of the GRIN profile (Figure 6b), protein 

weight (Figure 6c) and plateau size (Figure 6d). Immunohistochemical analysis reveals that 

indeed, zebrafish cortical fibre cells, are very flattened (Supp. Figure 2), reminiscent of 

human cortical lens fibre cells [41]. However, whilst compaction has been cited as a possible 

cause of refractive index increase [42] and may explain the flattening in the cortical cells 

(Supp. Figure 2), the nature and force of such compaction has not been properly described. 

Indeed, recent work in fish lenses shows that fibre cells retain their thickness across the lens 

in nine piscine species including the zebrafish [43, 44]. Another explanation is that some 

protein synthesis continues to occur in inner regions of the lens and, given the relatively 

rapid development and growth of the zebrafish, in contrast to many larger species, the 

organelles required for protein synthesis within inner layer cells may still be viable.

Taken together, our results suggest a model for the developing zebrafish lens in which, as the 

slope of the GRIN increases with age, the index of refraction plateaus but ultimately attains 

a large maximum index of refraction critical for lens function. This correlates with the 

functional demands on the lens in an aquatic organism in which the lens grows throughout 

life. In addition, the zebrafish provides the opportunity to investigate the genetic control of 

lens development, and the connection between the development of optical properties of the 

lens with sensory function and physiological changes with age. A detailed knowledge of the 

progressive establishment of the lens refractive index provides an essential descriptive basis 

for further studies of zebrafish models for lens disorders, including those originating from 

genetic, as well as environmental causes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Zebrafish lens orientation for GRIN analysis
Examples of a larval lens (a) and an adult lens (b) in vivo illuminated by a transverse 

external light showing no opacities. Drawings of cross-sectional sagittal plane in larval lens 

(c) and adult lens (i). Dissected larval lenses (e-h) and adult lenses (j-n) were oriented in 

sagittal direction (perpendicular to the optical axis) with sutures (found at the anterior and 

posterior poles of lenses) visible (arrow in d) (d-e, j-k) or imaged from front direction (f-h, 

l-n). Lenses were imaged by bright field (BF, d, f-g, j, l-m), dark field (DF, e, h, k, n) 

illumination, or focussed onto a grid place below the lens to assess its ability to focus an 

image (f, l).
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Figure 2. Parameters characterizing gradient refractive index (GRIN) profiles of zebrafish lenses
(a) GRIN profile plotted against position along the optic axis for a 157 day old lens and 

(b) GRIN profile of the same lens normalised to the half length of the optic axis and points 

showing fits to the power exponent model with the value of the power exponent g for 

the best fit given (c) full GRIN profile of a 157 day old lens, (d) first order derivative of 

GRIN profile at 157dpf to show over which parts of the profile it shows a plateau and (e) 

determined plateau region of the GRIN profile.
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Figure 3. Zebrafish lens growth
(a) Zebrafish standard length and (b) lens diameter plotted against age in days post-

fertilisation (dpf). The lens diameter peaks and remains around 750 µm after the age of 

471dpf.
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Figure 4. 2D and 3D refractive index distribution plots
(a-h) Two-dimensional contour plot (left panels) and three-dimensional mesh plot (right 

panels) of the GRIN profile in the equatorial plane of eight selected lenses aged 

15,32,63,66,119,157,471 and 648 days post-fertilisation (dpf) with diameters ranging from 

160 to 790 μm. The magnitude of refractive index is colour coded as shown in the colour bar 

displayed on the right side of each contour plot.
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Figure 5. Fits of normalised GRIN profile to the exponential power model
(a) Nested GRIN profiles for five selected lenses (b) slopes and exponents g that give best 

fit to GRIN profiles for each lens showing that with increase in age the slope of the GRIN 

profile becomes steeper. Normalized lens position is expressed as distance from centre of the 

lens r over lens radius a. The power exponent g (see Equation 1) depicts the steepness of the 

GRIN profile.
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Figure 6. Growth of GRIN profile parameters and lens net protein weight with development
(a) Maximum refractive index value plotted against lens diameter, (b) fitted power exponent 

g plotted against lens diameter, (c) net protein weight plotted against lens diameter, (d) size 

of central plateau region of each lens plotted against lens diameter, (e) maximum refractive 

index value plotted against age in dpf and (f) fitted power exponent g plotted versus age in 

dpf.
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Figure 7. GRIN profiles with age
Nested GRIN profiles of lenses at (a) 15 (b) 32, (c) 63, (d) 66, (e) 119, (f) 471, (g) 648 and 

(h) 880 dpf showing little variability within age groups.
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