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Introduction

Proper ocular lens function requires biomechanical flexibility, which is reduced during aging. As increasing lens size has been shown to correlate with lens biomechanical stiffness in aging, we tested the hypothesis that whole lens size determines gross biomechanical stiffness by comparing lenses of varying sizes from three rodent species (mice, rats, and guinea pigs).





Methods

Coverslip compression assay was performed to measure whole lens biomechanics. Whole mount staining on fixed lenses, followed by confocal microscopy, was conducted to measure lens microstructures.





Results

Among the three species, guinea pig lenses are the largest, rat lenses are smaller than guinea pig lenses, and mouse lenses are the smallest of the three. We found that rat and guinea pig lenses are stiffer than the much smaller mouse lenses. However, despite guinea pig lenses being larger than rat lenses, whole lens stiffness between guinea pigs and rats is not different. This refutes our hypothesis and indicates that lens size does not solely determine lens stiffness. We next compared lens microstructures, including nuclear size, capsule thickness, epithelial cell area, fiber cell widths, and suture organization between mice, rats, and guinea pigs. The lens nucleus is the largest in guinea pigs, followed by rats, and mice. However, the rat nucleus occupies a larger fraction of the lens. Both lens capsule thickness and fiber cell widths are the largest in guinea pigs, followed by mice and then rats. Epithelial cells are the largest in guinea pigs, and there are no differences between mice and rats. In addition, the lens suture shape appears similar across all three species.





Discussion

Overall, our data indicates that whole lens size and microstructure morphometrics do not correlate with lens stiffness, indicating that factors contributing to lens biomechanics are complex and likely multifactorial.
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1 Introduction

The ocular lens is a clear transparent tissue that is responsible for fine-focusing light onto the retina. The lens is composed of epithelial and fiber cells and is surrounded by a basement membrane called the capsule (1–3). The lens is a unique tissue in that it grows continually throughout life (4, 5). This occurs through lifelong proliferation of epithelial cells, and their differentiation into new fiber cells. These newly formed fiber cells add onto existing generations of fiber cells, resulting in concentric layers of fiber cells forming a radial gradient corresponding to cell age (6–8). Newly formed fiber cells reside at the cortical region of the lens, while the oldest fiber cells that formed the lens during embryonic development, are at the core of the lens. Studies show that this continued accumulation of fiber cells results in increasing lens volume and weight with animal age (9–12).

Previous allometric studies show a wide distribution of lens sizes across more than one hundred of animal species (9, 10). In general, most species exhibited negative allometry, where larger animals have proportionally smaller lenses (9). Like human lenses, those from many different animal species also show continuous growth in size with age (4, 10, 12). However, the lens does not increase in size indefinitely as the growth rate seems to plateau in older animals, likely due to space and size limitations within the eye (10, 12). We have previously performed an in-depth examination of lenses of wildtype mice of various ages that showed that mouse lens volume increases and becomes slightly more spherical with aging (13). Similar to lenses from humans, primates, and other rodents, mouse lenses also become stiffer with aging (13–22). Whether increasing lens size and changes in microstructural components with aging contribute to lens stiffness is not known.

As both lens size and biomechanical stiffness seem to scale with aging, it is conceivable that lens size may contribute to lens mechanical properties (4, 10, 12–22). However, lens size may not solely account for whole lens stiffness as previous studies have shown other lens structures can determine whole lens mechanical properties. For example, removal of the porcine lens capsule significantly decreases the whole lens stiffness and shear viscosity, indicating that the lens capsule plays a crucial role in determining whole lens biomechanical properties (23). Age-dependent changes in microstructural and cellular features, such as lens capsule thickening, epithelial cell area expansion, fiber cell widening, and loss of Y-shape suture, suggest potential contributions to lens stiffening with growth during aging (13, 24). It has also been suggested that the central core of the lens (nucleus) is an important determinant of lens biomechanical properties and ability for shape change (13, 14, 25). The lens nucleus is formed via compaction of fiber cells, resulting in a hardened lens core that is orders of magnitude greater in stiffness than the cortical fiber cells (14). Since the lens nucleus becomes larger and stiffer with aging in humans and mice, it is proposed to be responsible for whole lens stiffening with size and age (13, 14).

In this study, we systematically compared lens stiffness and microstructural features across three species with variations in lens size: mice, rats and guinea pigs. We selected mice, rats, and guinea pigs as representative rodent models with distinct differences in lens size and body mass, enabling an investigation of whether lens biomechanical properties scale with size. Additionally, these species are commonly used in lens research, making comparisons between them particularly relevant. In this study, we tested the hypothesis that lens size is a determinant of lens stiffness and investigated which structural features in the lens might be correlated with size and stiffness. To test this hypothesis, we used an allometric approach by systematically comparing the morphometric and biomechanical properties of lenses from three rodent species – mouse, rat, and guinea pig. Since lens size scales proportionally with organism size, this approach enabled us to investigate the relationship between lens size and biomechanical properties. Our study reveals that the biomechanical properties of lenses from different species are determined by complex multifactorial properties that are not related directly to either lens size or microstructure dimensions.




2 Materials and methods



2.1 Rodent lens dissection

Long Evans Rat and Guinea pig eyes from animals between the ages of 7 and 10 weeks were purchased (BioChemed Services; Winchester, VA). Eyes were shipped overnight in Phosphate-Buffered Saline (PBS, Sigma-Aldrich, P3813, pH 7.4) in conical tubes. The eyes were kept cold by surrounding the conical tubes with cooling packs in a sealed Styrofoam container.

Mouse care and euthanasia procedures were approved by the Institutional Animal Care and Use Committee at the University of Delaware. All procedures were conducted in accordance with the Association for Research in Vision and Ophthalmic and Vision Research (ARVO) Statement for the use of Ophthalmic and Vision Research, and the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health. Mouse eyes were enucleated from wild-type C57BL/6 mice between the ages of 7 and 10 weeks. The mouse eyes were kept cold by surrounding the conical tubes with cooling packs in a sealed Styrofoam container to resemble the shipping conditions of the rat and guinea pig lenses.

Lenses were dissected from eyeballs in PBS (Quality Biologicals, Cat# 114-058-101, pH 7.4) as previously described (26). Briefly, the optic nerve was removed from the eyeballs using microdissection scissors, which were then used to cut from the posterior to the anterior region of the eyes. Finally, the lenses were released by applying pressure to the uncut sides of the eye.




2.2 Biomechanical testing of lenses and imaging

The compressive properties of lenses were assessed using load-controlled, sequential application of glass coverslips onto lenses as previously performed (13, 26–28) with minor modifications. Briefly, dissected lenses were placed into the 200 μm (for mice) or 300 μm (for rats and guinea pigs) deep divot within a bespoke loading chamber to accommodate the lens size of each species (27). Coverslip loads, with an average weight of 121.73 mg, were applied sequentially, two coverslips at a time, onto the lenses. In previous studies, a single coverslip was placed each time onto the lens (13, 26, 28). In this study, two coverslips per step was implemented to standardize compression measurements across species with larger lenses, such as those of guinea pigs, enabling more direct comparisons.

To allow for stress-relaxation equilibration, the lenses were compressed for 2 minutes prior to each image acquisition. Lenses were imaged at three different stages: 1. Before applying any load, 2. During compression after a 2-minute equilibrium period, 3. After load removal. Side view images were captured using a 45° angled mirror that was placed at a fixed distance from the lens, with a Swiftcam 20 Megapixel camera connected to an Olympus SZ11 dissecting microscope. After the removal of the final 20 coverslip load (2,434.60 mg), the wet weights of lenses were measured using an analytical weighing scale (Mettler-Toledo; Columbus, OH). Finally, the hardened nuclear masses (center core region) of the lens were isolated. This was achieved by removing the lens capsule and dissociating the soft cortical fiber cells by gently rubbing between gloved fingertips. The remaining tissue was considered to be lens nucleus. Digital images were then obtained as described above.




2.3 Gross lens morphometric analysis of images

The axial and equatorial diameters of lenses and nuclear regions were measured using FIJI software. Lens strain was calculated using the equation ϵ = (d-d0)/d0, where ϵ is strain, d is axial or equatorial diameter at a given load, and d0 is the initial axial or equatorial diameter before the application of any load (0 coverslips). Lens and nucleus volume were calculated using the equation, volume = 4/3 x π x rE2 x rA, where rE is the equatorial radius and rA is the axial radius. Lens aspect ratio was a ratio of the equatorial to axial diameter. Nuclear fraction was calculated using the formula, nuclear fraction = nuclear volume/lens volume.




2.4 Whole mount imaging preparation of fixed lenses

Whole mount imaging was performed as previously described (26). Dissected lenses were fixed in 4% formaldehyde in PBS at room temperature. After 30 minutes, lenses were washed three times (5 minutes per wash) in PBS and then incubated in permeabilization/blocking solution (PBS containing 0.3% Triton, 3% bovine serum albumin, and 3% goat serum) at room temperature for another 30 minutes. Next, lenses were placed in staining solution containing fluorescent CF640 dye conjugated to wheat-germ agglutinin (Biotium, Fremont, CA) (1:500), Hoechst 33342 (Biotium) (1:500), and rhodamine-phalloidin (Thermo Fisher Scientific) (1:20). After an overnight incubation at 4°C, lenses were washed three times in PBS for 5 minutes before performing confocal microscopy. The staining was performed in 1.7 mL Eppendorf tubes, and lenses were handled/transferred using forceps designed for mouse embryos (Hammacher instrumente, #HSC 702-93, Germany) to prevent damage.




2.5 Confocal microscopy

Confocal microscopy on whole lenses was performed on a Zeiss LSM880 laser-scanning confocal fluorescence inverted microscope (Zeiss, Germany) as previously described (26). To image the anterior capsule and epithelial cells, lenses were placed anterior side down on 10 mm microwell glass-bottomed dishes (MakTek, Ashland, MA). To prevent lens movement while imaging, the lenses were immobilized within a small circular divot that was created in a thin layer of 2% agarose in PBS using a 2mm biopsy punch (Accu-punch, Acuderm inc., Fort Lauderdale, FL). To image the anterior and posterior sutures, lenses were placed with the anterior or posterior side down within the agarose divot. Z-stack images were acquired with a 40x oil Plan-Apo 1.4 NA objective using a step size of 0.3μm. To image the equatorial fiber cells, the lenses were placed in optical glass-bottomed Fluorodishes (World Precision Instruments, Sarasota, FL) and balanced on the side using agarose wedges (26, 29). Z-stack images were acquired with a 20x air 0.8 NA objective using a step size of 0.5μm.




2.6 Analysis of microstructural and cellular features

Raw fluorescent images were processed using Zen Black 2.3SP1 (Zeiss) software. FIJI software was used for lens morphometric analysis and measurements of microstructural features as previously described (26). Anterior capsule thickness was measured by obtaining intensity distributions of capsular (WGA-640) and basal epithelial F-actin (rhodamine-phalloidin) stains using line scan analysis of XZ plane-view reconstructions of the lens anterior and by performing subtractive peak-to-peak analysis of fluorescent pixel intensity to obtain distance (26, 30).

Epithelial cell area was calculated by tracing a population of at least 30 cells (region of interest; ROI) whose boundaries were identified by staining of F-actin, using rhodamine-phalloidin, at cell membranes. The total number of cells within the ROI was determined by counting cell nuclei stained with Hoechst. Average cell number was calculated using the equation, average cell area = ROI area/total number of cells (30).

Fiber cell width was calculated by line scan analysis of fiber cell membranes stained with rhodamine-phalloidin at the lens equator, ~10μm inward from the fulcrum (26, 30). On FIJI, the Distributed Deconvolution (Ddecon) plugin with Z-line predictive model was used to provide high spatial precision when analyzing fiber cell widths.




2.7 Statistical analysis

Each experiment was conducted using at least four biological replicates. (4-19 lenses depending on the experiment). The sample size (N) of each experiment is indicated in the figure legend. Differences between multiple groups of data (lens mechanical stiffness) were assessed using a two-way repeated measures analysis of variance followed by Tukey’s multiple comparisons post hoc test. Differences between the three groups of data were detected using one-way ANOVA. All analysis was performed and graphs were made using GraphPad Prism and Microsoft Excel.





3 Results



3.1 Lens size scales with rodent size

To characterize the allometric properties of rodent lenses, we used 7-10 weeks old mice, rats, and guinea pigs. The mice are the smallest of the rodents, with an average weight of 28.1 ± 0.6 g. Rats have an average weight of 252.2 ± 25.0 g, which is 9.0-fold more than the mice. Guinea pigs weigh the most of the three species, averaging 571.3 ± 33.9 g, which is 20.3-fold more than the mice and 2.3-fold more than the rats. Next, we dissected the lenses (Figure 1A) and measured their wet weight (Table 1). Mouse lenses weigh the least, with an average wet weight of 5.8 ± 0.01 mg. Rat lenses had a significantly higher wet weight, averaging 43.3 ± 15.69 mg, approximately 7.5 times heavier than mouse lenses. Guinea pig lenses were the heaviest, with an average wet weight of 74.7 ± 4.90 mg, which is 12.8-fold heavier than mouse lenses and 1.7-fold heavier than rat lenses. Overall, the wet lens weights from mice, rats, and guinea pigs account for 0.020%, 0.017%, and 0.013% of total body weights, respectively.




Figure 1 | Lens and nucleus size are significantly different among different rodent models. (A, B) Top view and side view images of lenses and (C) side view images of lens nucleus from mouse, rat, and guinea pig (GP). Scale, 1 mm. (D) Calculated gross lens volumes, (E) equatorial to axial diameter ratio of lenses (aspect ratio), (F) Calculated nuclear volume and (G) nucleus to lens fraction in mouse, rat, and GP. N= 6-14 lenses per species. **p <0.01: ***p <0.001 ****p < 0.0001.




Table 1 | Summary of mouse, rat and guinea pig lens morphology measurements.



Next, we measured the axial and equatorial diameter of lenses and lens nucleus using side view images (Figures 1B, C) to calculate volume. Mouse lenses are the smallest of the three species, with an average volume of 6.66 ± 0.69 mm3 (Figure 1D; Table 1). Rat lenses have an average volume of 37.94 ± 3.19 mm3, which is ~5.7-fold greater than mouse lenses. Guinea pig lenses are the largest of the three species with an average volume of 63.95 ± 7.61 mm3, which is ~9.6-fold larger than mouse lenses and ~1.7-fold larger than rat lenses (Figure 1D; Table 1). In addition, we calculated the lens aspect ratio, revealing that guinea pig lenses have a significantly higher equatorial to axial diameter ratio than mouse lenses (Figure 1E; Table 1).

Next, we investigated potential differences in nuclear size between mouse, rat, and guinea pig lenses by isolating the lens nuclei and calculating their volumes by measuring axial and equatorial diameters. Our findings revealed that the nuclear volumes of rat and guinea pig lenses are significantly larger than those of mouse lenses (Figures 1C, F; Table 1). However, the nuclear volume to whole lens volume ratio (nuclear fraction) is only significantly different between mouse and rat lenses and still is not different between rat and guinea pig or between mouse and guinea pig (Figure 1G).




3.2 Lens biomechanical stiffness is independent of lens size

As the rat and guinea pig lenses were shipped overnight in PBS while mouse lenses were freshly dissected for this study, we first determined whether storage affected lens biomechanical properties. We compared the biomechanical properties of mouse lenses that were dissected from whole eyes immediately after animal sacrifice or that were dissected from whole eyes that had been stored overnight in cold PBS. Our analysis revealed no significant differences in mechanical properties between lenses that were freshly dissected or lenses dissected from stored eyes (Supplementary Figure 1).

To examine if lens biomechanical stiffness scales with lens size, we performed load-controlled (coverslip) compression of lenses followed by calculation of axial compressive strain (negative) and equatorial expansion strain (positive) (Figure 2). Based on their larger size, we hypothesized guinea pig lenses would be the stiffest of the three species, followed by rat then mouse. At both low and high loads, we observe a significantly greater axial compression in mouse lenses compared to both rat and guinea pig lenses (Figure 2B). While the equatorial strain is not different at lower loads, mouse lenses show a significantly greater equatorial expansion at higher loads compared to rat and guinea pig lenses, indicating greater equatorial strain (Figure 2C). Calculated axial and equatorial strains indicate that mouse lenses are the softest, while no difference was observed between rat and guinea pig lens stiffness. Interestingly, when we removed the 20 coverslips, lenses from all three rodents were able to recover to their original shape (Figure 2D). Our data indicate that lens biomechanical stiffness does not necessarily scale with lens size.




Figure 2 | Mouse lenses are significantly softer than rat and guinea pig lenses. (A) Side-view images of mouse, rat, and guinea pig (GP) lenses captured during the coverslip compression assay, under varying levels of compression: 0, 2, 4, 10, 14, 20, and the release of 20 coverslips (-20 CS). Scale bars, 1 mm. The calculated (B) axial and (C) equatorial strain of the lenses under compression indicate that rat and GP lenses exhibit similar biomechanical properties, whereas mouse lenses are notably softer in comparison to both. N= 10-13 lenses per species. (D) % of pre-compression axial diameter reveal that the rodent lenses can recover to near their original size after the removal of 20 coverslips. N=9-19 lenses per species. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Blue and red asterisks indicate that mouse lenses are significantly different from rat and GP lenses, respectively.



Previously, we found that the dimensions of certain lens microstructural and cellular features, such as capsule thickness, epithelial cell area, fiber widths, and nucleus size, increase as the lens continues to grow in size with age, along with alterations in suture morphology (13). These age-related changes in lens microstructural features prompted us to question whether differences in these microstructural/cellular features could account for differences in lens stiffness between species. Therefore, we compared the microstructural and cellular features of lenses from mice, rats, and guinea pigs




3.3 Assessment of lens microstructural features in mice, rats, and guinea pigs

We analyzed lens capsule and cell sizes in mouse, rat, and guinea pig lenses. Whole lenses were fixed and incubated in WGA to stain the lens capsule matrix (26), and Phalloidin to stain the F-actin associated with the epithelial cell basal membranes (Figure 3A). This allows us to measure the anterior capsule thickness by performing line scan analysis on sagittal (XZ plane) optical sections of reconstructed images (13, 26). We determined that mouse lenses have an average capsule thickness of 11.10 + 0.7 μm, while guinea pigs have an average lens capsule thickness of 14.8 ± 2.1 μm. Surprisingly, rat lenses have the thinnest capsule with an average capsule thickness of 8.1 ± 1.7 μm (Figure 3B and Table 1)




Figure 3 | Capsule thickness is significantly different among different rodent models. Fixed lensed were labeled with WGA (green) for lens capsule and phalloidin (red) to visualize basal F-actin in epithelial cells at the epithelial-capsule interface. (A) representative (XZ reconstruction) confocal images of the mouse, rat, and guinea pig (GP) anterior lens capsule. Scale bar, 20 µm. (B) The anterior capsule is significantly thicker in GP compared to mice and rats, with rats having the thinnest anterior capsule among the three species. The plot represents the mean ± SD of 6 lenses per species. *p<0.05; **p<0.01; ****p < 0.0001.



Underlying the capsule at the anterior region of the lens are the epithelial cells. Phalloidin staining also allows us to visualize F-actin associated with cell membranes at the lateral boundaries of the anterior epithelial cells (Figure 4A), enabling us to measure epithelial cell areas. We found that the average epithelial cell area was 144.7 + 14.7 μm2 for mouse lenses, 180.3 + 34.9 μm2 for rat lenses, and 346.7 ± 28.2 μm2 for guinea pig lenses (Figures 4A, C). Thus, while anterior epithelial cell sizes did not differ significantly between mice and rats, they were approximately 2.4 times larger in guinea pig lenses compared to mouse lenses and 1.9 times larger in guinea pig compared to rat lenses. Therefore, the anterior epithelial cell area appears to scale with relative lens size in mice, rats, and guinea pigs, similar to previous observations of epithelial cell size scaling with increased lens size during mouse lens aging (13, 24).




Figure 4 | Lens epithelial cell and fiber cell widths are greater in guinea pig lenses. Fixed whole lenses were labeled with phalloidin (gray scale) to visualize F-actin at cell boundaries, and Hoechst (blue) to visualize epithelial cell nuclei. Representative confocal images of (A) anterior epithelial cells and (B) equatorial fiber cells from mouse, rat, and guinea pig (GP) lenses. In B, the yellow letter indicates the number of fiber cells. (C) The average anterior epithelial cell area measurements reveal that GP cell area is significantly higher than both mouse and rat cell area. (D) Fiber cell width measurements reveal that GP lenses have wider fiber cells compared to mouse and rat lenses. Additionally, mouse fiber cell widths are significantly greater than those of rat lenses. N=4-6 lenses per species. ****p < 0.0001.



Next, we measured the cortical fiber cell widths at the equator in three rodent lenses (Figures 4B, D). The fiber cell widths appear smallest in the rats, followed by mice, and then guinea pigs as there are more fiber cells in rat lenses within the same region of interest compared to mice and guinea pigs (Figure 4B). We observed that cortical fiber cells in mouse lenses have an average width of 11.30 + 0.47 μm, whereas those in guinea pigs have an average fiber cell width of 13.79 + 0.91 μm. The smallest fiber cell width is observed in rat lenses, with an average of 8.70 + 0.44 μm (Figure 4D; Table 1). Thus, while the epithelial cell areas scale with the lens size for mice, rats, and guinea pigs, the lens capsule thickness and fiber cell widths do not scale with size (Figures 3, 4).

Finally, since a high level of suture branching, as seen in primate lenses, may be indicative of lens flexibility and propensity for lens shape change (7, 31–33), we examined whether suture branching was different between mouse, rat, and guinea pig lenses. Our analysis revealed that the anterior and posterior suture organization in these species is similar, with 3-4 suture branches present in both regions of the lens (Figure 5).




Figure 5 | Suture organization in mouse rat and guinea pig lenses are similar. Lenses were stained with phalloidin (grayscale) to stain F-actin at cell boundaries and Hoechst (blue) to stain nuclei (only present at the anterior region of the lens). This revealed that Y-shaped sutures at the lens’s anterior (top panels) and posterior (bottom panels) regions are similar in mouse, rat, and guinea pig (GP) lenses. Scale bars, 100 µm.







4 Discussion

In this study, we tested the hypothesis that lens biomechanical stiffness scaled with lens size and/or microstructures by comparing the whole lens morphology, biomechanics, and microstructural features of 7-10 weeks old mice, rats, and guinea pigs. Our findings are summarized in Figure 6, which reveals that mouse lenses, which are considerably smaller than those of rats and guinea pigs, are also mechanically softer (Figures 1, 2, 6). However, while guinea pig lenses are significantly larger than rat lenses (Figures 1, 2, 6), there is no difference in whole lens biomechanical properties between rat and guinea pig lenses, suggesting that lens size does not account for lens biomechanical properties across different rodent species. This raises the question- what lens features contribute to a stiffer lens in rats and guinea pigs compared to mice?




Figure 6 | Summary diagram of the lens morphometrics and microstructural features in mouse, rat, and guinea pig. Lens volume is smallest in the mouse, followed by the rat and guinea pig (GP), while the nuclear fraction is highest in the rat. The mouse lens exhibits the highest axial and equatorial strain under compressive load, indicating a softer lens compared to the rat and GP. The lens capsule is thickest in the GP and thinnest in the rat. Anterior epithelial cell area is largest in the GP, while fiber cell width is smallest in the rat, followed by the mouse and then the GP. Created with BioRender.com.



Previously, we have shown that mouse lenses become larger and stiffer with aging (13). Age-related changes in lens microstructure components, such as lens capsule thickening, epithelial cell area expansion, fiber cell widening, and enlargement of the lens nucleus, are all correlated with increased lens stiffness in mice (13, 34, 35). While previous research has shown that epithelial cell area increases with lens size and age in mice (13, 24), our findings indicate that this feature does not scale with lens size across species. Specifically, although mice had the smallest epithelial cell area and guinea pigs had the largest, there was no difference in epithelial cell area between mice and rats despite the increased size of rat lenses compared to mouse lenses (Figure 4).

The increase in fiber cell width and capsule thickness is hypothesized to contribute to an increase in lens stiffness with aging (13). However, our results showed no correlation between these parameters and lens size or stiffness (Figures 3, 4). Rats had the thinnest capsule and narrowest fiber cells, while guinea pigs had the thickest capsule and widest fiber cells, yet both rat and guinea pig lenses had similar biomechanical stiffness (Figures 3, 4). It is worth noting that mice from different genetic backgrounds have different capsule thicknesses (35). For example, 2 months old mice of 129X1 background have an average capsule thickness of 7.0 ± 0.6 μm (35), which is similar to the capsule thickness observed in rats (Figure 3). Therefore, genetic background and capsule composition most likely play a major role in determining capsule thickness and overall whole lens mechanical stiffness. It is also plausible that the relative contributions of microstructure components to lens mechanical stiffness vary across species. For example, the thicker lens capsules observed in guinea pigs may contribute to increased lens stiffness (Figure 3), while reduced fiber cell compaction, as evidenced by wider fiber cells, may counteract the stiffness provided by thicker lens capsule. Thus, despite the thinner lens capsule in rats, the increased fiber cell compaction indicated by reduced fiber cell width may enhance resistance to lens deformation under compressive loads, thus resulting in lenses with similar stiffness in rats and guinea pigs.

The suture organization was similar between mice, rats, and guinea pigs (Figure 5). While the relationship between suture organization and lens biomechanics has not been examined in detail, previous research suggests that altered suture organization in EphA2 and EphA5 null mouse lenses may enhance lens shape recovery after coverslip removal (36). In our study, lenses from all three species nearly completely regained their original shape following coverslip removal, suggesting similar elastic properties (Figure 2D). Given that the overall suture morphology appears similar among mice, rats, and guinea pigs, and all three exhibit comparable resilience (Figures 2D, 5), it is unlikely that suture organization significantly influences lens mechanical properties in these species.

Fiber cells in the innermost center (nuclear) regions of the lens become compacted (14, 37), forming a hardened spherical nuclear structure in mouse, bovine, sheep, and aged human lenses (27, 38–40). The lens nucleus has long been suggested as one of the main determinants of lens biomechanical properties. This idea is suggested by observations that increased lens nuclear stiffness and nuclear size parallel elevated whole lens stiffness with age in mice and humans (13, 14). Just as the lens biomechanics of guinea pigs and rat lenses are not different, the lens nucleus size is not different between rat and guinea pig lenses, while the size of the mouse lens nucleus is significantly smaller (Figures 1C, F, 2). However, the nuclear fraction is not different between mouse and guinea pig lenses, despite the mouse lens being less stiff than the guinea pig lens. On the other hand, the rat lens nuclear fraction is significantly higher than that of the mouse lens, correlating with increased stiffness of the rat with respect to the mouse lens (Figure 1G). Thus, there is no consistent relationship between lens nuclear size and lens stiffness across these three species.

Overall, our findings indicate that lens stiffness arises from a complex interplay of multiple structural features rather than being determined by one factor alone, and lens morphometrics does not appear to provide a simple explanation of differences in lens biomechanical stiffness between these three species (Figure 6). Previous work has shown that loss of actin cytoskeleton components such as Tropomyosin (Tpm) 3.5, Ankyrin B, and Tropomodulin (Tmod) 1 reduce lens biomechanical stiffness by disrupting F-actin networks (27, 40–43). Additionally, knockout of specialized intermediate filament protein CP49 (phakinin) and deletion of both CP49 and Tmod1 reduces mouse lens stiffness (27, 44). These findings suggest that the cytoskeleton organization is a key determinant of lens mechanical properties and may differ among these three species.

Lens stiffness is also affected by hydrostatic pressure, maintained by sodium channels, gap junctions, and water channels and increased with aging (45–47). Previous studies have shown loss of connexin and aquaporin 0 disrupts the lens hydrostatic pressure and causes altered lens mechanical stiffness (46, 48–50). Interestingly, intracellular hydrostatic pressure gradients from different-sized lenses from 4 different species (mice, rats, rabbits, and dogs) show that the intracellular pressure gradient decreases as lens size increases (51). However, when the pressure was graphed as a function of normalized distance from the lens center to account for lens size differences, the intracellular pressure gradient was indistinguishable between all four species (51). This suggests that different-sized lenses possibly have different numbers of open ion channels that regulate hydrostatic pressure, which could affect lens stiffness in differently-sized lenses. Future studies should focus on comparing the actin cytoskeleton structure and organization in addition to hydrostatic pressure gradients between these different rodent species.

This is the first study to systematically compare lens morphometrics parameters and lens stiffness among differently sized and shaped lenses from three different species. Mice, rats, and guinea pigs all reach sexual maturity and are considered adults between 8 to 10 weeks (52–55). While our study accounted for biological age, the time to maturity and overall lifespan of each species may influence the development and structural properties of the lens. For instance, while mice and rats have relatively short lifespans of around 2-3 years and reach maturity rapidly, guinea pigs have longer lifespans and slower developmental trajectories. These differences in growth and aging patterns could contribute to variations in lens morphometry and stiffness (53, 54, 56, 57).

A limitation of our study is that the compressive coverslip assay was originally developed and optimized for mouse lenses (28). As the coverslips are added at a slightly oblique angle, the contact between the coverslip and the lens anterior surface may vary across different-sized lenses (28). It raises the possibility that these different-sized lenses with different radii of curvature are not experiencing similar loads. We have previously examined how mouse lens microstructure responds to different degrees of coverslip compression, where addition of 5-10 coverslips (23-29% axial strain) resulted in a significant increase in the epithelial cell area, widening of peripheral fiber cells, flattening of the capsule and increased suture gap, suggesting that the mechanical load was transferred to lens microstructures (26). It is worth noting that the degree of changes in these microstructural features in mouse lenses depended on the number of coverslips, in which higher loads cause increased changes (26, 58). In the future, a comparison of the lens microstructures under different degrees of coverslip compression in mice, rats, and guinea pigs may provide insight into the relative extents of load transfer for these lenses and the effectiveness of the coverslip method to study the stiffness of large lenses. In addition, alternative methods not dependent on lens size, such as laser-induced microbubble-based assay, atomic force microscopy, spinning lens test, stress-strain measurement systems, and mechanical lens stretching devices, could be used in the future to compare biomechanical properties (16, 20, 59–62).

In summary, we explored how lens morphometrics and microstructural characteristics relate to its mechanical properties. Our findings suggest that determinants of lens stiffness are complex and not determined by one single component. Future research is needed to further elucidate molecular components and other morphological attributions determining lens stiffness among different species.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal study was approved by Institutional Animal Care and Use Committee at the University of Delaware. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

SC: Investigation, Visualization, Writing – original draft, Writing – review & editing. SI: Investigation, Visualization, Writing – original draft, Writing – review & editing. HM: Investigation, Writing – original draft. KA: Investigation, Writing – original draft. SA: Investigation, Writing – original draft. KF: Investigation, Writing – original draft. JP: Conceptualization, Writing – original draft, Writing – review & editing. VF: Conceptualization, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by a grant from the National Institutes of Health (NEI R01EY017724) (VF and JP). SI was supported by a predoctoral fellowship from the Chemistry-Biology Interface Training Grant (NIH/NIGMS T32GM133395) and a Doctoral Fellowship for Excellence Award from the University of Delaware. KA received an undergraduate Summer Scholar Award from the Delaware INBRE (NIH/NIGMS P20GM103446). This research also benefitted from the BioStore data management services of the Delaware Biotechnology Institute and Center for Bioinformatics and Computational Biology at the University of Delaware ((RRID: SCR_017696), supported by NIH (NIGMS S10OD028725) and DE-INBRE (NIH/NIGMS P20GM103446).




Acknowledgments

We thank Dr. Melinda Duncan (University of Delaware) and Dr. Catherine Cheng (Indiana University School of Optometry) for helpful discussions pertaining to this work.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fopht.2025.1562583/full#supplementary-material




References

1. Lovicu, F, and Robinson, M. Development of the Ocular Lens. Cambridge: Cambridge University Press (2004).

2. Robinson, ML. “Lens Fiber Cell Differentiation”. In: Encyclopedia of the Eye. Elsevier, Academic Press (2010).

3. Cogan, DG. Anatomy of lens and pathology of cataracts. Exp Eye Res. (1962) 1:291–5.

4. Augusteyn, RC. Growth of the human eye lens. Mol Vision. (2007) 13:252–7.

5. Bassnett, S, and Šikić, H. The lens growth process. Prog retinal eye Res. (2017) 60:181–200.

6. Kuszak, JR, Zoltoski, RK, and SiveRTSON, C. Fibre cell organization in crystalline lenses. Exp Eye Res. (2004) 78:673–87.

7. Kuszak, JR, Mazurkiewicz, M, Jison, L, Madurski, A, Ngando, A, and Zoltoski, RK. Quantitative analysis of animal model lens anatomy: accommodative range is related to fiber structure and organization. Vet Ophthalmol. (2006) 9:266–80.

8. Bassnett, S, Missey, H, and Vucemilo, I. Molecular architecture of the lens fiber cell basal membrane complex. J Cell Sci. (1999) 112:2155–65.

9. Augusteyn, RC. Growth of the eye lens: II. Allometric studies. Mol Vis. (2014) 20:427–40.

10. Augusteyn, RC. Growth of the eye lens: I. Weight accumulation in multiple species. Mol Vis. (2014) 20:410–26.

11. Augusteyn, RC. On the growth and internal structure of the human lens. Exp Eye Res. (2010) 90:643–54.

12. Augusteyn, RC. Growth of the lens: in vitro observations. Clin Exp Optom. (2008) 91:226–39.

13. Cheng, C, Parreno, J, Nowak, RB, Biswas, SK, Wang, K, Hoshino, M, et al. Age-related changes in eye lens biomechanics, morphology, refractive index and transparency. Aging (Albany NY). (2019) 11:12497–531.

14. Heys, KR, Cram, SL, and Truscott, RJ. Massive increase in the stiffness of the human lens nucleus with age: the basis for presbyopia? Mol Vis. (2004) 10:956–63.

15. Weeber, HA, Eckert, G, Soergel, F, Meyer, CH, Pechhold, W, and Van Der Heijde, RG. Dynamic mechanical properties of human lenses. Exp Eye Res. (2005) 80:425–34.

16. Fisher, RF. Elastic properties of the human lens. Exp Eye Res. (1971) 11:143.

17. Manns, F, Parel, JM, Denham, D, Billotte, C, Ziebarth, N, Borja, D, et al. Optomechanical response of human and monkey lenses in a lens stretcher. Invest Ophthalmol Vis Sci. (2007) 48:3260–8.

18. Besner, S, Scarcelli, G, Pineda, R, and Yun, S-H. In Vivo Brillouin Analysis of the Aging Crystalline Lens. Invest Ophthalmol Visual Sci. (2016) 57:5093–100.

19. Zhang, X, Wang, Q, Lyu, Z, Gao, X, Zhang, P, Lin, H, et al. Noninvasive assessment of age-related stiffness of crystalline lenses in a rabbit model using ultrasound elastography. BioMed Eng Online. (2018) 17:75.

20. Glasser, A, and Campbell, MC. Presbyopia and the optical changes in the human crystalline lens with age. Vision Res. (1998) 38:209–29.

21. Baradia, H, Nikahd, N, and Glasser, A. Mouse lens stiffness measurements. Exp Eye Res. (2010) 91:300–7.

22. Wu, C, Han, Z, Wang, S, Li, J, Singh, M, Liu, CH, et al. Assessing age-related changes in the biomechanical properties of rabbit lens using a coaligned ultrasound and optical coherence elastography system. Invest Ophthalmol Vis Sci. (2015) 56:1292–300.

23. Mekonnen, T, Zevallos-Delgado, C, Zhang, H, Singh, M, Aglyamov, SR, and Larin, KV. The lens capsule significantly affects the viscoelastic properties of the lens as quantified by optical coherence elastography. Front Bioeng Biotechnol. (2023) 11:1134086.

24. Shi, Y, De Maria, A, Lubura, S, Šikić, H, and Bassnett, S. The penny pusher: a cellular model of lens growth. Invest Ophthalmol Vis Sci. (2014) 56:799–809.

25. Zhou, H, Yan, H, Yan, W, Wang, X, and Li, Q. In vivo ultraosound elastographic evaluation of the age-related change of human lens nuclear stiffness. BMC Ophthalmol. (2020) 20:135.

26. Parreno, J, Cheng, C, Nowak, RB, and Fowler, VM. The effects of mechanical strain on mouse eye lens capsule and cellular microstructure. Mol Biol Cell. (2018) 29:1963–74.

27. Gokhin, DS, Nowak, RB, Kim, NE, Arnett, EE, Chen, AC, Sah, RL, et al. Tmod1 and CP49 synergize to control the fiber cell geometry, transparency, and mechanical stiffness of the mouse lens. PloS One. (2012) 7:e48734.

28. Cheng, C, Gokhin, DS, Nowak, RB, and Fowler, VM. Sequential Application of Glass Coverslips to Assess the Compressive Stiffness of the Mouse Lens: Strain and Morphometric Analyses. J Vis Exp. (2016) (111):e53986.

29. Cheng, C, Fowler, VM, and Gong, X. EphA2 and ephrin-A5 are not a receptor-ligand pair in the ocular lens. Exp Eye Res. (2017) 162:9–17.

30. Emin, G, Islam, ST, King, RE, Fowler, VM, Cheng, C, and Parreno, J. Whole Mount Imaging to Visualize and Quantify Peripheral Lens Structure, Cell Morphology, and Organization. J Visualized Experiments. (2024) (203):e66017.

31. Kuszak, JR, Zoltoski, RK, and Tiedemann, CE. Development of lens sutures. Int J Dev Biol. (2004) 48:889–902.

32. Sivak, JG, Herbert, KL, Peterson, KL, and Kuszak, JR. The interrelationship of lens anatomy and optical quality. I. Non-primate lenses. Exp Eye Res. (1994) 59:505–20.

33. Kuszak, JR, Bertram, BA, Macsai, MS, and Rae, JL. Sutures of the crystalline lens: a review. Scan Electron Microsc. (1984) 33(Pt 3):1369–78.

34. Balaram, M, Tung, WH, Kuszak, JR, Ayaki, M, Shinohara, T, and Chylack, LT. Noncontact specular microscopy of human lens epithelium. Invest Ophthalmol Vis Sci. (2000) 41:474–81.

35. Danysh, BP, Czymmek, KJ, Olurin, PT, Sivak, JG, and Duncan, MK. Contributions of mouse genetic background and age on anterior lens capsule thickness. Anat Rec (Hoboken). (2008) 291:1619–27.

36. Cheng, C. EphA2 and Ephrin-A5 Guide Eye Lens Suture Alignment and Influence Whole Lens Resilience. Invest Opthalmology Visual Sci. (2021) 62:3–3.

37. Al-Ghoul, KJ, Nordgren, RK, Kuszak, AJ, Freel, CD, Costello, MJ, and Kuszak, JR. Structural evidence of human nuclear fiber compaction as a function of ageing and cataractogenesis. Exp Eye Res. (2001) 72:199–214.

38. Kuwahara, K. Visco-elasticity of bovine lens (author's transl). Nippon Ganka Gakkai Zasshi. (1980) 84:1360–6.

39. Hozic, A, Rico, F, Colom, A, Buzhynskyy, N, and Scheuring, S. Nanomechanical characterization of the stiffness of eye lens cells: a pilot study. Invest Ophthalmol Vis Sci. (2012) 53:2151–6.

40. Cheng, C, Nowak, RB, Amadeo, MB, Biswas, SK, Lo, W-K, and Fowler, VM. Tropomyosin 3.5 protects the F-actin networks required for tissue biomechanical properties. J Cell Sci. (2018) 131. doi: 10.1242/jcs.222042

41. Bennett, V, and Healy, J. Membrane domains based on ankyrin and spectrin associated with cell-cell interactions. Cold Spring Harb Perspect Biol. (2009) 1:a003012.

42. Maddala, R, Walters, M, Brophy, PJ, Bennett, V, and Rao, PV. Ankyrin-B directs membrane tethering of periaxin and is required for maintenance of lens fiber cell hexagonal shape and mechanics. Am J Physiol Cell Physiol. (2016) 310:C115–26.

43. Cheng, C, Nowak, RB, Biswas, SK, Lo, W-K, Fitzgerald, PG, and Fowler, VM. Tropomodulin 1 Regulation of Actin Is Required for the Formation of Large Paddle Protrusions Between Mature Lens Fiber Cells. Invest Ophthalmol Visual Sci. (2016) 57:4084–99.

44. Fudge, DS, Mccuaig, JV, Van Stralen, S, Hess, JF, Wang, H, Mathias, RT, et al. Intermediate filaments regulate tissue size and stiffness in the murine lens. Invest Ophthalmol Vis Sci. (2011) 52:3860–7.

45. Cheng, C. Tissue, cellular, and molecular level determinants for eye lens stiffness and elasticity. Front Ophthalmol (Lausanne). (2024) 4:1456474.

46. Gao, J, Sun, X, Moore, LC, White, TW, Brink, PR, and Mathias, RT. Lens intracellular hydrostatic pressure is generated by the circulation of sodium and modulated by gap junction coupling. J Gen Physiol. (2011) 137:507–20.

47. Gao, J, Wang, H, Sun, X, Varadaraj, K, Li, L, White, TW, et al. The effects of age on lens transport. Invest Ophthalmol Vis Sci. (2013) 54:7174–87.

48. Stopka, W, Libby, T, Lin, S, Wang, E, Xia, CH, and Gong, X. Age-related changes of lens stiffness in wild-type and Cx46 knockout mice. Exp Eye Res. (2021) 212:108777.

49. Sindhu Kumari, S, Gupta, N, Shiels, A, Fitzgerald, PG, Menon, AG, Mathias, RT, et al. Role of Aquaporin 0 in lens biomechanics. Biochem Biophys Res Commun. (2015) 462:339–45.

50. Varadaraj, K, Gao, J, Mathias, RT, and Kumari, S. C-Terminal End of Aquaporin 0 Regulates Lens Gap Junction Channel Function. Invest Ophthalmol Vis Sci. (2019) 60:2525–31.

51. Gao, J, Sun, X, Moore, LC, Brink, PR, White, TW, and Mathias, RT. The effect of size and species on lens intracellular hydrostatic pressure. Invest Ophthalmol Vis Sci. (2013) 54:183–92.

52. Quinn, R. Comparing rat's to human's age: how old is my rat in people years? Nutrition. (2005) 21:775–7.

53. Dutta, S, and Sengupta, P. Men and mice: Relating their ages. Life Sci. (2016) 152:244–8.

54. Jackson, SJ, Andrews, N, Ball, D, Bellantuono, I, Gray, J, Hachoumi, L, et al. Does age matter? The impact of rodent age on study outcomes. Lab Anim. (2017) 51:160–9.

55. Genzer, SC, Flietstra, T, Coleman-Mccray, JD, Tansey, C, Welch, SR, and Spengler, JR. Effect of Parental Age, Parity, and Pairing Approach on Reproduction in Strain 13/N Guinea Pigs. Anim (Basel). (2023) 13.

56. Riggs, SM. Guinea pigs. In: Manual of Exotic Pet Practice (2009) Saunders; 1st edition.

57. Sengupta, P. The Laboratory Rat: Relating Its Age With Human's. Int J Prev Med. (2013) 4:624–30.

58. Cheheltani, S, Shihan, MH, Parreno, J, Biswas, SK, Lo, WK, and Fowler, VM. Depth and Strain-Dependent Structural Responses of Mouse Lens Fiber Cells During Whole Lens Shape Changes. Invest Ophthalmol Vis Sci. (2025) 66:53.

59. Yoon, S, Aglyamov, S, Karpiouk, A, and Emelianov, S. The mechanical properties of ex vivo bovine and porcine crystalline lenses: age-related changes and location-dependent variations. Ultrasound Med Biol. (2013) 39(6):1120–7. doi: 10.1016/j.ultrasmedbio.2012.12.010

60. Gs, W, Hj, B, and Sj, J. Shear modulus data for the human lens determined from a spinning lens test - PubMed. Exp eye Res. (2012) 97:36–48. doi: 10.1016/j.exer.2012.01.011

61. Weeber, HA, Eckert, G, Pechhold, W, Van Der Heijde, RGL, Weeber, HA, Eckert, G, et al. Stiffness gradient in the crystalline lens. Graefe's Arch Clin Exp Ophthalmol. (2007) 245.

62. Batchelor, WM, Heilman, BM, Arrieta-Quintero, E, Ruggeri, M, Parel, JM, Manns, F, et al. Measuring the effects of postmortem time and age on mouse lens elasticity using atomic force microscopy. Exp Eye Res. (2021) 212:108768.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Cheheltani, Islam, Malino, Abera, Aryal, Forbes, Parreno and Fowler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fopht-05-1562583-g002.jpg
20CS -20CS

B

% of pre-compression o
axial diameter

0 500 1000150020002500 0 500 1000150020002500
Applied Load (mg) Applied Load (mg)

-~ Mouse -o- Rat GP





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comparative analysis of rodent lens morphometrics and biomechanical properties

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Rodent lens dissection

          



          		

            2.2 Biomechanical testing of lenses and imaging

          



          		

            2.3 Gross lens morphometric analysis of images

          



          		

            2.4 Whole mount imaging preparation of fixed lenses

          



          		

            2.5 Confocal microscopy

          



          		

            2.6 Analysis of microstructural and cellular features

          



          		

            2.7 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Lens size scales with rodent size

          



          		

            3.2 Lens biomechanical stiffness is independent of lens size

          



          		

            3.3 Assessment of lens microstructural features in mice, rats, and guinea pigs

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fopht-05-1562583-g004.jpg
*kkk

*kkk

*kk*k

(9] o (9]
-—

~

(wrl) YIpIA 118D J8qi-

o o o o o
o o o o
< ™ N -~

(zwr) eauy |120 [eleyyd3

s||99 Jaqi4





OEBPS/Images/fopht-05-1562583-g006.jpg





OEBPS/Images/fopht-05-1562583-g003.jpg
Phalloidin (F-actin) Merge B

>

Capsule Thickness (um)
- - N N
a o (3] o (3]

o

Mouse Rat GP






OEBPS/Images/fopht-05-1562583-g001.jpg
o o
o o © <

<  Mmalp doj sueT M Mol OpIS SUST O MOIASPISSNOONN O (W) SwnjoA susT






OEBPS/Images/logo.jpg
’ frontiers | Frontiers in Ophthalmology





OEBPS/Images/fopht-05-1562583-g005.jpg
Mouse

alnins Jouauy

2.injns 10L8)S0d

200 pm

Scale bars





OEBPS/Images/fopht.2025.1562583_cover.jpg
& frontiers | Frontiers in Ophthalmology

Comparative analysis of rodent lens
morphometrics and biomechanical
properties





OEBPS/Images/table1.jpg
Morphometrics
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Animal weight 28.1+0.6 g (4) 2522 +25.0 g (6) 571.3 + 339 g (6)
Lens wet weight 5.80 + 0.13 mg (8) 43.29 + 15.69 mg (11) 74.68 + 4.90 mg (10)
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All data are represented as mean + standard deviation.
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