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Abstract

Background: Lens morphogenesis, architecture, and clarity are known to be critically dependent 

on actin cytoskeleton organization and cell adhesive interactions. There is limited knowledge, 

however regarding the identity and role of key proteins regulating actin cytoskeletal organization 

in the lens. This study investigated the role of drebrin, a developmentally regulated actin-binding 

protein, in mouse lens development by generating and characterizing a conditional knockout 

(cKO) mouse model using the Cre-LoxP recombination approach.

Results: Drebrin E, a splice variant of DBN1 is a predominant isoform expressed in the mouse 

lens and exhibits a maturation-dependent downregulation. Drebrin co-distributes with actin in 

both epithelium and fibers. Conditional deficiency (both haploinsufficiency and complete absence) 

of drebrin results in disrupted lens morphogenesis leading to cataract and microphthalmia. The 

drebrin cKO lens reveals a dramatic decrease in epithelial height and width, E-cadherin, and 

proliferation, and increased apoptotic cell death and expression of α-smooth muscle actin, together 

with severely impaired fiber cell organization, polarity, and cell-cell adhesion.

Conclusions: This study demonstrates the requirement of drebrin in lens development and 

growth, with drebrin deficiency leading to impaired lens morphogenesis and microphthalmia.
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1. INTRODUCTION

The avascular and transparent ocular lens plays a crucial role in vision by focusing light onto 

the retina. The lens develops from the lens vesicle (LV), which is formed upon invagination 

of the lens placode ectoderm. Following separation of the LV from the surface ectoderm, 

posterior cells of the LV elongate and differentiate into lens primary fibers, while the 

anterior cells form the epithelium covering the anterior surface of the lens. After primary 

fibers fill the LV, epithelial cells at the equator exit the cell cycle and differentiate into 

secondary fibers.1 Both primary and secondary fibers establish apical to apical cell adhesive 

interactions with epithelial cells at the anterior while at the posterior, they form adhesions 

with the extracellular matrix of the capsule.2, 3 Lens fibers undergo terminal differentiation 

and eventually lose all cellular organelles, including the nuclei, and assume a radial packing 

organization with perfect hexagonal symmetry.4, 5 Since development and differentiation of 

secondary lens fibers continues throughout life, this results in newly formed fibers laying 

over older fibers. Moreover, since the lens is enclosed by a thick capsule, all cells formed 

from birth onwards are retained within the organ with no turnover (Fig. 1; A schematic 

illustration of the lens architecture).4 Various transcriptional factors and growth factor 

signaling mechanisms are known to be required for lens specification, morphogenesis, and 

growth.1, 6 Developmental defects in the lens affect not only vision but the morphogenesis of 

many other tissues of the eye as well including tissues of the anterior segment iridocorneal 

angle and the retina, and commonly associating with microphthalmia. These associations 

inform our understanding of the influence and importance of normal lens development and 

growth for the development and function of other tissues of the eye.1, 6

The lens cytoskeleton consists of all three types of cytoskeletal networks including 

microfilaments, microtubules, and intermediate filaments.5, 7, 8 The role and importance 

of actin filament organization and dynamics, and actin cytoskeletal organization in lens 

developmental events has been extensively studied.5 These events include invagination 

of the lens placode, separation of lens vesicle from the surface ectoderm, epithelial 

morphogenesis, polarity, epithelial differentiation and elongation into fiber cells, fiber cell 

migration, maintenance of fiber cell hexagonal shape, membrane organization, and cell-cell 

adhesion.5, 9–17 Further, it is also well recognized that actin cytoskeletal reorganization 

and assembly are involved in the etiology of secondary cataract, which is driven primarily 

by the trans differentiation of epithelial cells into mesenchymal cells.18–20 Despite the 

recognition that the actin cytoskeleton plays a critical role in lens morphogenesis, growth, 

and architecture, our knowledge of actin-binding proteins that play a key role in regulating 

lens actin cytoskeletal organization and dynamics is very limited.5, 16

The transcriptome profile of mouse lens based on RNA-seq analysis revealed expression of 

drebrin.21, 22 Drebrin is a well-characterized actin-binding protein initially discovered as a 

developmentally regulated protein expressed in the brain.23 Drebrin is encoded by a single 

gene (DBN1) that gives rise to two isoforms; Drebrin A (adult) and E (embryonic) via 

transcript alternative splicing.23 While drebrin A expression is highly specific to neurons, 

drebrin E is expressed in various tissues.23–27 In the brain, isoform conversion from drebrin 

E to drebrin A occurs in parallel with synaptogenesis.23 Drebrin-decorated F-actin has been 

shown to slow actin treadmilling, decrease the rate of actin filament depolymerization, 
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and play a crucial role in remodeling and regulating mechanical properties of the actin 

filament.24, 27–33 Drebrin belongs to an actin-depolymerizing factor homology (ADF-H) 

domain protein family,34 containing an actin-binding domain and Homer-binding motifs in 

addition to the ADF-H domain.35 Serving as a multifunctional cytoskeletal regulator, drebrin 

competes against several other proteins for binding to F-actin including tropomyosin, 

fascin, α-actinin, caldesmon, and cofilin. Drebrin interacts with microtubules and localizes 

to focal adhesions, adherens junctions, and gap junctions, to regulate many cellular 

processes.28, 30, 36–40 Drebrin participates in the regulation of actin dynamics during tumor 

development, progression, and metastasis, and drebrin dysregulation and deficiency are 

known to be associated with various neurological diseases.23, 35, 41–43

Based on the known role of drebrin in F-actin stability and microtubule interaction, we were 

interested in exploring the role this protein might play in lens development and growth. To 

this end, we developed and characterized a drebrin conditional knockout mouse model. Our 

study demonstrates that drebrin plays an essential role in lens morphogenesis and that the 

absence of this protein leads to impaired lens development and microphthalmia.

2. RESULTS

2.1. Expression profile and maturation dependent downregulation of drebrin E in the 
mouse lens

The expression profile of drebrin isoforms E and A in the P2 and P21 mouse lens was 

initially evaluated by RT-PCR analysis of RNA and compared to that in brain tissue. This 

analysis revealed that drebrin E is the most abundantly expressed isoform in the neonatal 

mouse lens (P2), with P21 lenses exhibiting much-reduced levels. Expression levels of 

drebrin A were minimal in both P2 and P21 lenses, in contrast, drebrin A was the most 

abundant isoform expressed in both neonatal and adult brain tissue as reported earlier.23 

On the other hand, drebrin E expression was detected only in neonatal brain samples (Fig. 

2A). Subsequent immunoblotting analysis of P1 and P30 mouse lens and brain homogenates 

(800 × g supernatant, 30 μg protein) using a drebrin A specific antibody confirmed the 

presence of drebrin A only in the brain samples (Fig. 2B). Drebrin E was readily detectable 

in neonatal lenses, with levels of the protein gradually decreasing from the P1 to P30 stage 

and being undetectable in P90 lenses (30 μg of 800 × g lens supernatants) as assessed 

by immunoblotting, indicating a postnatal maturation associated downregulation of drebrin 

E expression in the mouse lens (Fig. 2C). Hereafter, drebrin E is referred to as drebrin 

through the rest of this manuscript. Immunoblotting analysis of cytosolic and membrane­

enriched fractions from P30 lenses also revealed that drebrin exists as a predominantly 

cytosolic protein (Fig. 2D), being expressed in both, the lens epithelium (pooled sample 

from n=4 lenses) and fiber mass (pooled sample from n=two lenses) from P1 mice (Fig. 

2E). Additionally, immunofluorescence analysis of E13.5, E16.5, and P1 mouse lens sagittal 

plane cryosections revealed that drebrin exhibits a relatively prominent localization at the 

interface of the apical junctions of epithelial and fiber cells (Fig. 2F, arrowheads), and at 

the fulcrum region (Fig. 2F, arrows). Inserts in Fig. 2F (E16.5 specimen) highlight these 

distribution characteristics of drebrin. In paraffin-embedded, sagittal sections of P21 lenses 

drebrin was found to distribute to both, the epithelium and fiber cells (Fig. 2F).
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2.2. Drebrin co-distributes with actin, ZO-1, and N-cadherin in the lens

Sagittal and equatorial sections (paraffin-embedded) derived from E17.5, P1, and P30 mouse 

lenses were analyzed by immunofluorescence in conjunction with confocal imaging to 

evaluate the cellular distribution pattern and colocalization of drebrin with actin and cell­

cell junctional proteins. The results reveal that drebrin presents a distribution pattern very 

similar to that of β-actin in these lenses. In E17.5 lens sagittal sections, drebrin exhibits co­

localization with β-actin at the apical junctions of epithelial and fiber cells with a prominent 

co-distribution at the fulcrum region (Fig. 3A, arrows). The merged images of drebrin and 

β-actin staining in lens epithelium reveals their co-distribution at the cell-cell junctions as 

well (Fig. 3B, arrowhead). Drebrin similarly colocalized with ZO-1 in P1 lenses (Fig. 3C, 

merged panel). Additionally, drebrin and β-actin were found to exhibit identical distribution 

patterns in P30 lens fibers, with intense localization at the vertices of the hexagonal fiber 

cells from equatorial lens sections (Fig. 3D, arrows; images were captured from the lens 

cortical region, 50 μm from the epithelium). Drebrin was also found to colocalize with 

N-cadherin at the vertices of hexagonal fiber cells in P30 lens equatorial sections (Fig. 3E).

2.3. Conditional deficiency of drebrin impairs lens morphogenesis leading to 
microphthalmia and cataract phenotype

To investigate the role of the actin-binding protein, drebrin in lens morphogenesis and 

architecture, we generated a drebrin (DBN1) conditional knockout (cKO) mouse model 

with the Cre-LoxP recombinant approach using drebrin floxed mice and transgenic mice 

expressing Cre recombinase in a lens-specific manner (Le-Cre). The generation of drebrin 

floxed mouse, which is maintained on a C57BL/6J genetic background, has been described 

previously.44 The Le-Cre transgenic mouse model has been extensively used in prior 

research studies.45 The drebrin cKO mice used in this study were from the seventh or higher 

generation. Fig. 4A shows representative images confirming conditional deletion of DBN1 
based on tail DNA genotyping. Littermate drebrin floxed mice were used as controls for 

the cKO mice. Lenses derived from the cKO mice showed a complete absence of drebrin, 

whereas the drebrin conditional haploinsufficient (cHet) lenses showed much reduced (> 

60%) levels of drebrin compared to littermate control lenses. Fig. 4B shows a representative 

immunoblot of drebrin in littermate control, drebrin cHet, and drebrin cKO mouse lenses. 

Consistent with the immunoblotting data, immunofluorescence analysis of drebrin in P1 lens 

cryosections revealed the absence of drebrin in cKO mice and much-reduced staining in the 

cHet mice relative to that observed in littermate control mice (Fig. 4C). The distribution 

of drebrin in the retina of cKO and cHet mouse was not affected, confirming that the 

conditional deficiency of drebrin is specific to the lens in the cKO mouse. Since expression 

of drebrin was not very prominent in other tissues of the anterior segment of control eyes, 

we could not compare the levels of drebrin in ciliary, cornea, or iridocorneal angle tissues 

of the cKO mice with control mice. Fig. 4D shows impaired lens morphogenesis in both 

drebrin cHet and cKO mice (P1) compared to littermate control mice. Tissue sections 

stained for F-actin using rhodamine-phalloidin (Fig 4D) revealed dramatic reduction of 

phalloidin fluorescence in both drebrin cHet and cKO lenses compared to control lenses 

(Fig. 4E).
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One of the overt and consistent bilateral ocular phenotypes found in both cKO and drebrin 

cHet mice was microphthalmia (reduced eye size) compared to littermate controls (floxed) 

and age-matched Le-Cre mice. This phenotype was evident even in the neonatal (P1) mice. 

Eye weight was significantly decreased in both drebrin cHet and cKO neonatal (P1) mice, by 

~ 54% and 65%, respectively, compared to littermate control mice (Fig. 4F). Fig. 4G depicts 

a representative image of microphthalmic eyes derived from P21 cKO mice compared to 

the respective littermate control mice. Fig. 4H shows the intense nuclear cataract phenotype 

in both P10 cHet and cKO drebrin mouse lenses. Additionally, we periodically compared 

the lens and eye phenotype of drebrin cKO with age-matched Le-Cre transgenic mice. The 

Le-Cre transgenic mice in our study did not show any eye or lens abnormalities compared to 

control mice. The P2 lens morphology of the Le-Cre mouse (stained for β-actin) shown in 

Fig. 4I was also found to be normal and comparable to control lenses.

To gain further insight into the effects of drebrin absence on lens morphogenesis, growth, 

and architecture, we performed histological analysis (paraffin-embedded sagittal sections) 

of embryonic (E13.5, and E17.5), neonatal (P1), and weanling (P8) drebrin cKO mouse 

eyes and littermate control eyes using hematoxylin and eosin staining. Starting from E13.5, 

drebrin cKO mouse lenses exhibit overt abnormalities in lens fiber cell organization and 

the distribution pattern of nuclei in fiber cells. These abnormalities increased progressively 

between the E13.5 to P8 stages and are characterized by disorganization and degeneration 

of lens fibers, together with large gaps and accumulation of vacuoles within the fiber mass 

of drebrin cKO lenses, relative to the littermate control mouse lenses. Starting at E17.5, in 

addition to the progressive and dramatic decrease in lens size in the drebrin cKO mice, the 

lens was found to be fused with the cornea, iris and iridocorneal angle leading to disruption 

of the development of iridocorneal angle (arrow) compared to the control eyes (Fig. 5A), 

although the lens capsule appears to be intact. Fig. 5A shows representative images of 

lens histological changes in the drebrin cKO mouse relative to lenses from corresponding 

littermate controls of different age groups.

Since both the drebrin conditional haploinsufficient and cKO mice exhibit a severe lens 

phenotype evident starting from the embryonic stages, this impeded our ability to isolate 

intact lenses for analysis. Most of the analyses described in this study were therefore based 

on the immunofluorescence analyses using either embryonic or P1 lens specimens.

We also examined lens epithelial integrity and primary fiber cell elongation in the E11.5 

drebrin cKO lens using cryosections stained for E-Cadherin and using rhodamine-phalloidin. 

As shown in Fig. 5B, at E11.5, there seems to be no obvious difference in the epithelium, 

and primary fiber cell elongation between drebrin cKO and littermate control lenses. 

Fulcrum formation was evident in the control lens (arrow) but not in the drebrin cKO lens.

2.4. Impaired actin and spectrin cytoskeletal organization, cell-cell junctions, and 
epithelial phenotype in drebrin cKO lens

One of the well-recognized activities of drebrin is its interaction with actin to stabilize 

the actin filament network and cell adhesive interactions.24, 28, 38, 46 To determine how 

the absence of drebrin may influence these interactions, paraffin-embedded sagittal sections 

from P1 lenses of drebrin cKO and littermate control mice were immunostained for β-actin 
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and β2-spectrin. Staining for both actin and spectrin was markedly reduced in the drebrin 

cKO lens, being pronounced in drebrin cKO lens fiber cells compared to control lens fibers 

(Fig. 6A and C). The reduction in actin and spectrin staining of lens fibers is associated with 

fiber cell disorganization (loss of the typical concave orientation of fiber cells required for 

lens suture formation at both the anterior and posterior regions) and alteration in lens shape 

from spherical to conical in drebrin cKO mice compared to control lenses (Fig. 6A and C). 

Another prominent phenotype observed in the drebrin cKO lenses was a significant decrease 

in lens epithelial height (≥50% of control; indicated with double-headed arrows in Fig. 6B, 

D and E) and epithelial sheet length (~40% of control; marked with yellow line drawing in 

Fig. 6C and F) along with an apparent reduction in the number of nuclei compared to control 

mouse lenses (Fig. 6B and D).

In addition to assessing actin and spectrin cytoskeletal organization, we evaluated 

distribution profiles of cell-cell junctional proteins including ZO-1, E-cadherin, and N­

cadherin, each of which is known to play a vital role in regulating lens morphogenesis, 

polarity, and growth.2, 47–49 As shown in Fig. 7, the distribution pattern of ZO-1 (arrows), 

E-cadherin, and N-cadherin was markedly disrupted in the drebrin cKO lenses (E17.5, or P1, 

paraffin-embedded sagittal sections) with a dramatic reduction in the immunostaining for 

both E-cadherin and N-cadherin compared to control lenses, indicating impairment of cell­

cell junctional integrity under the deficiency of drebrin. Moreover, the drebrin cKO lenses 

revealed expression of α-smooth muscle actin in the E18.5 epithelium which is completely 

absent in the control lenses (Fig. 7F, arrows). This latter finding together with loss of 

E-cadherin and the disruption of ZO-1 distribution indicates disruption of the epithelial 

phenotype and initiation of trans differentiation of epithelial cells into α-smooth muscle 

actin expressing myofibroblasts under the absence of drebrin. Images shown in Fig. 7 are 

representative of four biological replicates.

2.5. Drebrin deficiency impairs lens epithelial proliferation and survival

Having found a dramatic reduction in lens size, microphthalmia, and an abnormal lens 

epithelial phenotype in drebrin cKO mice, we evaluated for a plausible impairment in lens 

epithelial proliferation and cell survival under the absence of drebrin. For this, we performed 

a quantitative analysis of nuclei number in both the lens epithelium and fiber mass based 

on propidium iodide staining, TUNEL positive cells to score for apoptotic cell death, and 

Ki-67 positive nuclei to identify proliferating cells in sagittal cryosections from E18.5 and 

P1 drebrin cKO and control mouse lenses. Enumeration revealed a significant decrease in 

propidium iodide-stained nuclei in the lens epithelium and fiber mass of drebrin cKO lenses 

by ~80% and ~70%, respectively, compared to the corresponding controls (Fig. 8A and 

B). TUNEL labeling (green fluorescence) for apoptotic cells showed a significant increase 

in TUNEL positive cells (indicated with arrows) in both epithelium and fiber cells of the 

drebrin cKO mouse lenses (E18.5) compared to control lenses, indicating increased cell 

death under the absence of drebrin in the lens (Fig. 8C and D). Finally, immunostaining 

analysis of cryosections from drebrin cKO P1 mouse lenses for Ki-67, a marker of cell 

proliferation, revealed a significant decrease (~80%) in the number of Ki-67 positive cells in 

the epithelium, compared to the respective control lenses (Fig. 8E and F), which exhibited a 

relatively much higher number of Ki-67 positive cells in the equatorial epithelium (Fig. 8E, 
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arrow) relative to the central epithelium (Fig. 8E, arrowhead). The inserts in Figs. 8C and E 

show a magnified area of epithelium indicated with square boxes. Collectively, the analysis 

of these parameters implicates impaired lens epithelial proliferation and increased cell death 

in the decreased lens size found in the drebrin cKO mice.

2.6. Absence of drebrin disrupts lens fiber cell organization

Lens fiber cell differentiation was evident under the absence of drebrin as confirmed by the 

presence of fibers expressing differentiation-specific marker proteins including aquaporin-0 

(APQ0), γ-crystallin and NrCAM in drebrin cKO mice (P1), refer to Fig. 9. However, fiber 

cell organization was clearly disrupted in drebrin cKO lenses relative to control lenses. 

Starting from E13.5, lens fiber cell orientation was found to be abnormal, with P1 lenses 

exhibiting gross distortion and impairment of secondary fiber cell suture formation (arrows, 

Fig. 9C) suggesting defects in fiber cell migration and cell-cell junctions under the absence 

of drebrin (Figs. 6 and 9). Moreover, as described earlier (Fig. 7), the drebrin cKO lenses 

revealed disruptions in ZO-1 organization and fulcrum establishment which play a crucial 

role(s) in maintaining polarity, anterior to posterior alignment, and migration pattern of lens 

fiber cells.51

3. DISCUSSION

This study explored the role of drebrin, a multifunctional cytoskeletal regulator in lens 

morphogenesis and growth. The ocular lens, which is a simple and transparent organ, has 

been considered as a model system to interrogate mechanistic aspects of developmental 

biology in general.1 The Le-Cre transgenic mouse used to create a drebrin cKO mouse 

model in this study has been shown to express Cre recombinase prior to lens vesicle 

formation, and starting from day E8.75.52 The drebrin cKO mouse lens was found to exhibit 

abnormalities starting at E13.5 indicating that drebrin might not be required for the lens 

vesicle formation, separation, or initiation of lens fiber cell differentiation. However, starting 

from E13.5, drebrin cKO lenses exhibited progressive growth defects, epithelial phenotype 

abnormalities, and fiber cell disorganization and degeneration, leading to microphathalmic 

eyes in affected animals by the pre-weanling stage. These phenotypes were evident even 

in drebrin haploinsufficient lenses suggesting that the normal expression of drebrin and its 

actin-associated cellular activities are a requirement for lens morphogenesis, growth, and 

architecture. To the best of our knowledge, there have been no prior studies illuminating a 

vital role for drebrin in lens development and growth.

The lens is developed from a single cell type consisting of the epithelial cells, during the 

differentiation of which, cells at the equatorial zone elongate and differentiate into long 

ribbon-like secondary fiber cells constituting the bulk of the organ in the adult eye.6 Lens 

epithelial apical-basal elongation, polarity, and cell adhesive interactions, and fiber cell 

polarity, migration, hexagonal geometry, and compaction, which are critical for normal 

lens morphogenesis, growth, and architecture, are in turn dependent on the integrity of 

actin cytoskeletal and actomyosin organization, and cell adhesive interactions.1, 3, 5, 51 

Drebrin, which belongs to the superfamily of actin-depolymerizing factor homology (ADF­

H) proteins, and couples actin filaments to microtubules,26, 38, 39 has been demonstrated to 
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regulate neuronal development, dendritic spine morphogenesis, synaptic function, migration, 

spermatogenesis, and myoblast differentiation through its actin-binding and F-actin bundling 

activities.23, 28, 38, 53 The predominant isoform of drebrin expressed in the lens is drebrin 

E, known to be expressed in various other non-neuronal tissues.23, 24, 37 Interestingly, 

drebrin expression was found to be downregulated in a maturation-dependent manner in the 

mouse lens, with almost no protein being detected in mature (three-month-old mice) lenses, 

indicating that a key role for drebrin in the developing and differentiating but not the mature 

lens. This conclusion was also further supported by the developmental phenotype recorded 

in the drebrin cKO mouse lenses.

The distribution pattern of drebrin appears to be very similar to that of actin in both 

the epithelium and fibers, with evidence for colocalization of the proteins throughout the 

lens. Drebrin is phosphorylated by CDK5 and plays an important role in epithelial cell 

apical-basal elongation.32, 37 In the lens epithelium, drebrin was distributed at both the 

apical and basal regions and the lateral side of the plasma membrane. Significantly, the 

drebrin cKO lens epithelium reveals abnormalities very similar to those we have previously 

observed in mouse models with impairments in molecular mechanisms regulating actin 

cytoskeletal dynamics in the lens. These include alterations in epithelial apical-basal height 

and sheet length, E-cadherin-based junctions, and induction of epithelial to mesenchymal 

transdifferentiation,13, 17 further confirming the importance of proteins including drebrin 

that regulate actin cytoskeletal organization and actin dynamics in maintaining the 

lens epithelial phenotype. What is surprising about drebrin is that unlike many other 

prominently expressed cytoskeletal and cytoskeleton interacting proteins in the lens,1, 5 

even haploinsufficiency of the protein results in impairment of lens morphogenesis and 

growth, indicating an absolute requirement for normal levels of drebrin expression in lens 

development and growth.

The prominent phenotype found in the drebrin cKO mouse eye included a markedly 

reduced size of the eye and lens, and the fusion of lens with the cornea, iris, and lack 

of an established iridocorneal angle. Although Pax6 P0 enhancer/promoter-driven Cre 

recombinase expression is prominent in the lens of the Le-Cre mouse, Cre recombinase has 

also been reported to be expressed in other tissues of the eye anterior chamber.52 Whether 

the deletion of drebrin expression in the iris, presumptive ciliary muscle, and trabecular 

meshwork and cornea played a role in the observed abnormalities of the anterior chamber 

tissues is debatable but we could not confirm or rule out this possibility because drebrin 

expression in other eye anterior segment tissues was very low relative to the lens and retina, 

in wild type mice. Lens developmental defects have been found to be commonly associated 

with microphthalmia as seen with the drebrin cKO mice in our study.1, 6, 9 This is largely 

due to the developmental dependence of other ocular tissues on the growth-promoting 

factors produced and secreted by the lens.6 In the drebrin cKO lens, the increased cell death 

due to enhanced apoptosis together with decreased epithelial proliferation and degeneration 

of fiber cells could be responsible in part, for the observed growth and size defects in the 

lens.

Unlike the lens growth and epithelial defects recorded in the absence of drebrin, lens fiber 

cell differentiation per se was not adversely impacted, based on the formation of both 
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primary and secondary fibers and the expression of fiber specific proteins in the cKO mouse 

lens. The absence of drebrin however, impaired establishment of fiber cell polarity based 

on the overt defects noticed in the establishment of apical junctions with epithelial cells 

and fulcrum, and alterations in the distribution profile of ZO-1, N-cadherin, actin, spectrin, 

and N-cadherin. Additionally, fiber cell orientation and migration pattern which are critical 

for the establishment of lens sutures and compaction were found to be defective in drebrin 

cKO lenses, confirming the importance of drebrin-regulated actin cytoskeletal dynamics 

and associated cellular processes for lens architecture and growth. Due to the severe and 

progressive degeneration of lens fibers in drebrin cKO mice, our ability to examine fiber cell 

hexagonal geometry, fiber cell-cell junctions, gap junction organization, and the membrane 

skeleton organization has been hampered.

In conclusion, this study uncovers a requirement for drebrin, an actin-binding protein in 

lens morphogenesis, and growth. Importantly, the absence of drebrin impairs lens epithelial 

phenotype, proliferation, polarity and survival, and fiber cell orientation and organization, 

collectively leading to defective lens morphogenesis, growth, integrity, and microphthalmia.

4. EXPERIMENTAL PROCEDURES

4.1 Mice

Mice used in this study were maintained in a pathogen-free vivarium under a 12-hour dark 

and light cycle with ad libitum food and water. All experiments using mice were carried out 

in accordance with the recommendations of the Guide for the Care and Use of Laboratory 

Animals of the National Institutes of Health and the Association for Research in Vision and 

Ophthalmology. The protocol (A213-19-10) was approved by the Institutional Animal Care 

and Use Committee (IACUC) of the Duke University School of Medicine.

4.2 Generation of the drebrin conditional knockout mouse model

The drebrin cKO mouse model was developed by mating drebrin floxed mice (with loxP 

sites flanking coding exons 3–8 of the DBN1 gene; maintained on C57BL/6J background),44 

with lens-specific Cre recombinase expressing transgenic mice (Le-Cre mouse model) as 

described earlier.13 The Le-Cre transgenic mice used in this study express Cre recombinase 

at embryonic day 8.75 under the control of a Pax6 P0 enhancer/promoter, with Cre being 

expressed in the lens epithelium and fiber cells as well as in other surface ectoderm-derived 

eye structures.45, 52 For comparative analyses, drebrin cKO mice (generation F7 and above) 

were compared to littermate drebrin floxed controls that were negative for the Cre transgene. 

Tail DNA derived from the respective groups of animals was screened for drebrin floxed 

alleles and the Cre transgene by PCR using the following oligonucleotide primers.

Mouse DBN1 forward: GGCTCTGTACACATACGAGGATGGCTCAGAT

Mouse DBN1 reverse: AGTTGATGAGCACATATTTTGGCAGGGCAGCT

Cre primers: forward: GCATTACCGGTCGATGCAACGAGTGATGAG, and reverse

GAGTGAACGAACCTGGTCGAAATCAGTGCG.
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Pregnant dams were anesthetized, and fetuses were extracted by hysterectomy at the 

appropriate gestational ages.

4.3 RT-PCR

To determine the relative expression level of drebrin isoforms (A and E) in mouse lens, total 

RNA was extracted from pooled neonatal (P2) and adult (P30) mouse lenses using a RNeasy 

Micro kit (Cat. No. 74004; Qiagen, Inc., Valencia, CA, USA) and reverse transcribed using 

the Advantage RT-for-PCR Kit (Cat. No. 639506; Takara Bio USA, Inc., Mountain View, 

CA, USA). Isoform-specific oligonucleotide PCR primers of DBN1:

(Drebrin A: forward-5’-AACTCGAGGCATGGCCGGCGTCAGCTTCAGCG-3’, 

reverse-5’-AGGGATCCTTACCCCACCCTGCCGAGGCCT-3’.

Drebrin E: forward-5’-ATCTCCAGGGCTTGCTGCAGGTGAGGTGTG-3’, reverse-5’­

GGCACCCAGCACTTGGGATGCAGTGTCAGG-3’) and Titanium® Taq PCR Kit (Cat 

no. 639210; Takara Bio USA, Inc., Mountain View, CA, USA) were used to amplify the 

drebrin specific DNA products from the reverse-transcribed single-stranded cDNA. The 

DNA products were separated by agarose gel electrophoresis and visualized using Gel 

Red Nucleic Acid Stain (Cat. No. 41002; Biotium, Hayward, CA, USA) and viewed with 

Bio-Rad ChemiDoc™ Touch Imaging System; Hercules, CA. DNA products were sequenced 

to confirm identity.

4.4 Tissue Fixation and Sectioning

Embryonic (E11.5, E13.5, E16.5, E17.5, and E18.5), neonatal (P1), and postnatal (P21 

and P30) mouse eyes were fixed for cryostat or paraffin sectioning. For frozen tissue 

sectioning, embryonic heads (E11.5, E13.5, E16.5, E18.5, and P1) were fixed in 4% 

paraformaldehyde for 24 hours at 4 °C, and transferred into 5%, and 30% sucrose in PBS 

(phosphate-buffered saline) on successive days at 4 °C. Tissues were then embedded in 

optimal cutting temperature (OCT) media (Tissue-Tek, Torrance, CA, USA), and cut into 

10-μm-thick sections (sagittal plane) using a Microm™ HM550 Cryostat (GMI, Ramsey, 

MN, USA) as described by us previously.12

For paraffin sections, tissue specimens (E17.5, P1, P21, and P30 mouse eyes) were fixed in 

3.7% buffered formalin for 48 hours at room temperature, embedded in paraffin, and used to 

generate 5-μm-thick sections (both sagittal and equatorial plane) as we described earlier.54

4.5 Immunofluorescence and Imaging

Sagittal and equatorial plane sections derived from cryofixed and paraffin-embedded 

mouse eyes were used for immunofluorescence analyses. Paraffin tissue sections were 

deparaffinized and rehydrated using xylene and absolute ethyl alcohol, respectively, as we 

described earlier.54 Specimens were then placed in preheated antigen retrieval solution (0.1 

M sodium citrate buffer, pH 6.0) and heated for 20 minutes at 100 °C in a water bath. 

After rinsing, the tissue sections were blocked for 10 minutes in a humidified chamber 

using medical background Sniper reducing solution (Cat. No. BS966H; Biocare Medical, 

Concord, CA).
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For paraffin sections, primary antibodies in Tris-buffered saline containing 1% bovine serum 

albumin were incubated overnight with tissue sections in a humidified chamber at 4 °C, 

either individually or in combination with other primary antibodies for double labeling (as 

described in Table 1).

Air-dried tissue cryosections were treated with Image-iT FX signal enhancer (Invitrogen, 

Eugene, OR, USA) and blocked using blocking buffer (5% globulin-free BSA and 5% 

filtered goat serum in 0.3% Triton X-100 containing PBS) for 30 minutes each. Primary 

antibodies (as described in Table 1) were added in blocking buffer and incubated with tissue 

sections overnight at 4 °C in a humidified chamber.

The slides were washed and incubated with either Alexa fluor 488 or 568 conjugated 

secondary antibodies (Invitrogen; at 1:500 dilution) or both (for double labeling) under 

dark conditions for 2 hours at room temperature. Slides were then washed and mounted 

using Vectashield® Antifade Mounting Medium (Cat. No: H-1000; Vector Laboratories, 

Burlingame, CA), with images being captured using a Nikon Eclipse 90i confocal laser 

scanning microscope. For all immunofluorescence analyses described in this study, a 

minimum of three independent specimens (biological replicates) was analyzed, with three 

serial sections from each specimen.

The fluorescence intensity of lens area in Figure 4E are analyzed and quantified using 

ImageJ software. The lens area in each image is specified using freehand ROI tool. For 

quantification, the mean pixel fluorescence value of the freehand ROI regions is used. It 

is defined as the sum of fluorescence values in the region normalized by its area. The 

mean pixel fluorescence value is measured using the analyze/measure tool. For images in 

all the groups, the lens region and background region (no fluorescence region) are selected. 

The mean pixel fluorescence values for both the lens region and background region are 

measured. The mean pixel fluorescence value of background region is then subtracted from 

that of the lens region. The graph is plotted with the mean fluorescence pixel intensity (in 

arbitrary units) per unit area of lens for all the groups.

To measure the change in lens epithelial cell height, the distance from the basal to apical 

regions of the epithelium was measured (in microns) using the measure/length tool in the 

images captured with Nikon Eclipse 90i confocal laser scanning microscope. Similarly, to 

measure the length of lens epithelial sheet, a line was drawn from the left to the right 

equatorial epithelial regions using a freehand ROI tool and the distance between these two 

regions was measured in microns using the measure/length tool.

4.6 Histological analysis

Embryonic heads (E13.5, and 18.5) and whole eyes (from postnatal P1, and P8 mice) 

were fixed for 48 hours at room temperature in 3.7% buffered formalin. Drebrin cKO 

and respective littermate control (drebrin floxed) specimens were subsequently dehydrated, 

embedded in paraffin, and cut in 5 μm thick sections with a rotary microtome (Leica 

Biosystems, Buffalo Grove, IL, USA). Tissue sections were deparaffinized and rehydrated 

using xylene and ethyl alcohol. Sections were immersed in Harris hematoxylin for 5 minutes 

and rinsed with water for 5 minutes. Sections were then stained with eosin for 2 minutes, 
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washed with water, and dehydrated with ethyl alcohol and xylene. Slides were mounted 

using Permount and air-dried at room temperature. Images were captured using Zeiss Axio 

Imager equipped with a Hamamatsu Orca ER monochrome CCD camera.

4.7 Immunoblotting

To analyze the distribution profile of drebrin in membrane rich and cytosolic fractions, 

whole lenses (P30) were dissected free of other tissue. Lens tissue (4–5 lenses/pooled 

sample) was homogenized using a Dounce glass homogenizer and cold (4 °C) hypotonic 

buffer containing 10 mM Tris buffer, pH 7.4, 0.2 mM MgCl2, 5 mM N-ethylmaleimide, 2 

mM sodium orthovanadate, 10 mM sodium fluoride, 60 μM phenylmethylsulfonyl fluoride, 

0.4 mM iodoacetamide, EDTA-free protease inhibitor cocktail and PhosSTOP phosphatase 

inhibitor cocktail (one tablet of each per 10 ml buffer; Roche, Manheim, Germany). Lysates 

were centrifuged at 800 × g for 20 minutes and the resulting supernatants further centrifuged 

at 100,000 × g for 1 hour at 4 °C using a Beckman tabletop ultracentrifuge. The pellets 

were suspended in a sample buffer containing 8 M urea, 20 mM Tris, 23 mM glycine, 0.5 M 

dithiothreitol, and saturated sucrose, further sonicated and used as the membrane-enriched 

fraction, while the supernatant was used as the cytosolic fraction. To determine changes 

in protein levels of drebrin in neonatal and postnatal lenses, and the distribution profile of 

drebrin in the lens epithelium and fiber mass, lens lysates were prepared in the hypotonic 

buffer and centrifuged at 800 × g for 20 minutes to derive supernatants for analysis. 

To evaluate for the presence of drebrin A in the brain, P1 and P30 whole brains were 

homogenized in hypotonic buffer and centrifuged at 800 × g for 20 minutes to derive 

supernatants for analysis.

Protein concentration was determined in 800 × g supernatants of brain and lens, lens 

epithelium and fiber samples, and lens cytosolic fractions using the Pierce™ BCA Protein 

Assay Kit (Cat. No. 23225; Thermo Fisher Scientific). The protein concentration of 

membrane-enriched fractions was determined using the Pierce™ 660nm Protein Assay 

Reagent (Cat. No. 22660; Thermo Fisher Scientific). Thirty micrograms of protein from 

lens and brain cytosolic, membrane fractions and 800 × g supernatants were thoroughly 

mixed with freshly prepared 4x Laemmli buffer containing 40 mM dithiothreitol and 

boiled for 5 minutes at 100 °C. Protein samples were separated on 8% acrylamide gels 

and electrophoretically transferred to nitrocellulose membranes (Bio-Rad). Nitrocellulose 

membranes were probed with drebrin monoclonal antibody (Cat. No. BM5537; Origene 

Technologies Inc, Rockville, MD; Dilution 1:1000), Drebrin-A polyclonal antibody (Cat. 

No. 28023; Immuno-Biological Laboratories Co., Ltd. Gunma, Japan; Dilution 1:300) and 

subsequently with appropriate secondary antibody. GAPDH (Glyceraldehyde 3-phosphate 

dehydrogenase) (Cat. No. 60004-1; Proteintech Group, Chicago, IL; Dilution 1:5000) was 

immunoblotted as a loading control. Blots were developed by chemiluminescence using 

Chemidoc™ Touch (Bio-Rad), and protein bands were quantified using ImageJ Software.

4.8 TUNEL assay

To evaluate and compare apoptotic cell death in drebrin cKO and littermate control mouse 

lenses, embryonic E18.5 and P1 stage tissue cryosections were subjected to in-situ Terminal 

deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) using an ApopTag Plus 
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Fluorescein Kit (EMD Millipore, Burlington, MA, USA) as we described earlier.12 TUNEL 

labeled tissue sections were counter-stained with propidium iodide. Imaging was performed 

using a Nikon Eclipse 90i confocal microscope in conjunction with manual counting of 

TUNEL positive cells.

4.9 Statistical analysis

Student’s t-test was performed to determine the significance of differences (P<0.05) between 

data derived from control and drebrin cKO lens specimens. One-way analysis of variance 

with post hoc Holm-Sidak’s multiple comparison test was used to compare between the 

groups. Values are represented as mean±SEM (standard error of the mean) of 4–10 samples.
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Key findings

• Drebrin E distributes to the lens epithelium and fibers and is downregulated in 

the mature lenses.

• Conditional deficiency of drebrin impairs lens morphogenesis, leading to 

microphthalmia.

• Drebrin deficiency affects lens epithelial phenotype, proliferation, and 

survival.

• Drebrin deficiency disrupts lens fiber cell polarity, organization, and adhesion.
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Fig. 1: 
A schematic illustration of lens structure.
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Figure 2: The expression and distribution profile of drebrin E in the mouse lens.
A) RT-PCR analysis of P2 and P21 mouse lenses and brain. The GAPDH DNA product 

confirms the normalization of a single-stranded cDNA used from the P2 and P21 specimens. 

B) Immunoblotting-based detection of drebrin A in P1 and P30 mouse lens and brain 

lysates. C) Immunoblotting of drebrin in P1, P15, P21, P30, and P90 mouse lenses. 

D) Immunoblotting of drebrin in the cytosolic and membrane-enriched fractions of P30 

lenses. For cytosolic and membrane fractions, protein samples from the respective fractions 

separated on SDS-PAGE were stained with Gelcode blue with the staining intensity of the 

indicated protein band used as a loading control (LC). Data are shown for three biological 

replicates. Cyto.F: Cytoplasmic fraction, Mem.F: Membrane fraction. E) Immunoblotting 

analysis of drebrin in P1 mouse lens epithelial and fiber fractions showing drebrin 

distribution in both fractions. F) Immunofluorescence-based analysis of E13.5, E16.5, 

and P1 mouse lens cryosections revealed relatively intense distribution of drebrin at the 

apical-apical junctions of lens epithelial and fiber cells (arrowheads) and the lens fulcrum 

(arrows). Inserts show magnified areas of apical-apical junctions at the central and equatorial 

epithelial regions of the lens. In P21 lenses (paraffin section), drebrin expression is evident 

in both epithelial and fiber cells. LE: Lens epithelium, LF: Lens fibers. Scale bar; Image 

magnification. In panels B-E, GAPDH was immunoblotted as a loading control.
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Figure 3: Distribution and colocalization of drebrin with β-actin and cell adhesion proteins in the 
mouse lens.
A) Immunofluorescence-based analysis of sagittal paraffin-embedded sections from the 

E17.5 eyeball, exhibiting co-localization of drebrin and β-actin at the apical-apical junctions 

of lens epithelial and fiber cells (arrowheads), and the lens fulcrum region (arrows). B) 
Enlarged images of the area boxed in panel A shows distribution and colocalization of 

drebrin with β-actin at the basal and apical regions, and to the lateral membrane of the 

lens epithelium (arrowheads). C) P1 sagittal paraffin-embedded sections of the lens showing 

co-localization of drebrin with ZO-1 (immunofluorescence, arrows). D) Equatorial lens 

sections derived from P30 mice reveal that drebrin distributes intensely at the vertices 

(arrows) of hexagonal fiber cells similar to the pattern exhibited by β-actin, and colocalizes 

with β-actin as evidenced by immunofluorescence analysis. Images were taken from the 

cortical region of the lens (50 μm from the epithelium). E) Drebrin exhibits colocalization 

with N-cadherin at the vertices of hexagonal lens fibers of the P30 mouse based on 
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immunofluorescence analysis. Images were captured from the outer cortical region of the 

lens. LE: Lens epithelium, LF: Lens fibers. Scale bars; Image magnification.
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Figure 4: Impaired lens morphogenesis, cataract formation and microphthalmia in the drebrin 
conditional deficient mouse.
A) PCR based genotyping of drebrin (DBN1)/Le-Cre conditional mutant mice. B) 

Immunoblotting analysis confirming the deficiency of drebrin by > 99% and ~60% in 

P1 DBN1 cKO and cHet mouse lenses, respectively, relative to littermate control (floxed) 

mice. GAPDH was immunoblotted as a loading control. C) Immunofluorescence analysis 

of P1 lens cryosections derived from the DBN1 cHet and cKO mice revealed much 

reduced and undetectable drebrin staining, respectively, compared to control lenses. In 

contrast, expression of drebrin in the retina (arrow) of drebrin cHet and cKO mice was 

not suppressed. D) Eyes derived from the DBN1 cHet and cKO P1 mice reveal an 

overt phenotype including markedly reduced lens size and abnormal lens shape along 

with significantly reduced staining for actin. E) Immunofluorescence quantification of 

rhodamine-phalloidin staining (n=3) compared to controls. F) A significant decrease in 

eyeball-wet weight was noted in P1 DBN1 cHet (~54%) and cKO (~65%) mice relative to 
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control eyes. G) Representative images of the microphthalmic eyes of P21 DBN1 cKO mice 

(>F7 generation) and control mice. H) Representative images of cataractous lenses of P10 

cHet and cKO drebrin mice compared to transparent lenses from control mice. I) P2 Le-Cre 

transgenic mouse lens exhibits a normal morphology (stained for β-actin) comparable to 

control lens. The data in panel F represent mean±SEM of >10 biological replicates. ***P < 

0.001. LE: Lens epithelium, LF: Lens fibers. Scale bar; Image magnification.
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Figure 5: Drebrin cKO mouse lenses reveal progressive and extensive histological abnormalities.
A) To evaluate drebrin deficiency-induced effects on lens morphogenesis and integrity, 

paraffin-embedded sections (sagittal plane) derived from E13.5, E17.5, P1, and P8 DBN1 
cKO and littermate control (floxed) mouse eyes were stained with hematoxylin and 

eosin for histological analysis. Representative images are shown to depict the progressive 

histological changes in lens integrity at different stages from E13.5 to P8. Starting at stage 

E13.5, abnormalities were recorded in lens shape, size, fiber cell organization, and nuclei 

distribution in the fibers of drebrin cKO specimens, together with accumulation of large 

vacuoles and gross degeneration of fibers in the P8 drebrin cKO mouse lens compared 

to those from control mice. Additionally, as can be seen in the P1 and P8 drebrin cKO 

specimens, there is a fusion of the iris and lens with the cornea along with a lack of a 

well-developed iridocorneal angle (arrows) compared to control specimens. Scale bar; Image 

magnification. B) To assess the effects of drebrin deficiency on lens epithelium and primary 

fiber cell elongation, cryosections derived from the E11.5 cKO drebrin and littermate control 

mouse eye specimens (sagittal section) were stained for E-cadherin and F-actin. The E11.5 
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cKO drebrin mouse lens exhibits a normal epithelial phenotype similar to control lens based 

on E-cadherin distribution whereas development of the fulcrum in the drebrin deficient lens 

appears to be impaired compared to the control lens (arrow).
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Figure 6: Drebrin deficiency impairs lens epithelial height, length, and disrupts spectrin-actin 
cytoskeletal organization in the mouse lens.
Sagittal sections of paraffin-embedded P1 eyes from DBN1 cKO and littermate control mice 

were immunostained for β-actin (A) and β2-spectrin (C), and changes in lens epithelial 

height (double-headed arrows; B, D, E) and epithelial sheet width (yellow line; C, F) were 

evaluated. Both lens epithelial height and sheet width were significantly decreased (by ~50% 

and 40%, respectively) in drebrin cKO lenses compared to control lenses. Additionally, 

β-actin and β-spectrin immunostaining were also markedly decreased in lens fibers of 

drebrin cKO lenses compared to control lenses. The data in panels E and F present the 

mean±SEM values from 3–7 biological replicates. ***p < 0.001. LE: Lens epithelium, LF: 

Lens fibers. Scale bars; Image magnification.
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Figure 7: Drebrin deficiency disrupts cell-cell junctions and induces epithelial to mesenchymal 
transition in the mouse lens.
A) P1 drebrin cKO lenses reveal disruption in ZO-1 organization (immunofluorescence; 

arrows) relative to that noted for control lenses. Immunostaining of N-cadherin (B and C) 

in P1 and E-cadherin (D and E) in E17.5 drebrin cKO lenses reveals significantly reduced 

N-cadherin staining in both epithelium and fibers, and undetectable E-cadherin staining in 

the lens epithelium compared to control lenses. On the other hand, drebrin cKO lenses 

(E18.5) exhibit expression of α-SMA (immunofluorescence, arrows) in the epithelium (F), a 

marker of epithelial to mesenchymal transition, with α-SMA being undetectable in control 

lenses. These specimens were also co-stained for nuclei with DAPI (blue stain). LE: Lens 

epithelium; LF: Lens fiber cells. Scale bar; Image magnification.
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Figure 8: Impaired lens epithelial proliferation and survival in drebrin cKO lens.
A) Representative images of propidium iodide (PI) staining in control and drebrin cKO 

mouse lenses. B) Bar graphs showing a significant decrease in the number of total nuclei 

in the lens epithelium (by ~80%) and fibers (by ~70%) in drebrin cKO mice, compared to 

corresponding controls. C) Representative images of TUNEL staining (green fluorescence, 

arrows) in drebrin cKO and control mouse lenses with a magnified area of epithelium 

(insert). D) Quantitation of TUNEL positive cells in the lens epithelium and fiber cells 

of drebrin cKO mice showed a significant increase (by ~350% and 600% increase, 

respectively) in apoptotic cells (arrows) compared to control lenses. These specimens 

were also co-stained with propidium iodide (PI) to label cell nuclei. E) Representative 

immunofluorescence images of Ki-67 staining (green, arrows) in drebrin cKO and control 

mouse lenses. Inserts show a magnified area of epithelium. F) Quantitation of Ki-67 positive 

nuclei revealed a significant decrease (by ~ 80%) in proliferating cells in the epithelium of 

drebrin cKO lens compared to controls. Values are mean±SEM of ≥ 4 biological replicates. 

*P<0.05, **P<0.01 and ***P<0.001. LE: Lens epithelium; LF: Lens fiber cells. Scale bars; 

Image magnification.
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Figure 9: Impairment of fiber cell organization in drebrin deficient mouse lens.
To determine the possible involvement of drebrin in lens differentiation, P1 drebrin cKO, 

and control mouse lens specimens were immunostained for the fiber cell differentiation­

specific markers AQP0, γ- crystalline and NrCAM. A, B and C) While the generation 

of differentiated fiber cells and positive immunostaining for AQP0, γ- crystallin and 

NrCAM are observed in drebrin cKO lenses, although not as robust as seen in the control 

lenses, indicating that drebrin deficiency does not, per se, affect the initiation of fiber cell 

differentiation. However, fiber cells are quite abnormal in length and organization in drebrin 

deficient lenses compared to control lenses. Arrows indicate suture formation in control 

lenses. LE: Lens epithelium; LF: Lens fiber cells. Scale bars; Image magnification.
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Fig. 10: Cover image:
Image of ocular lens defects in the neonatal drebrin conditional deficient mouse.
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Table 1.

Antibodies used in immunostaining analysis

Antibodies Cat. No. Source Dilution Sections

Drebrin (Mouse Monoclonal) BM5537 Origene Technologies Inc, Rockville, MD. 1:100 Paraffin

Drebrin (Rabbit Polyclonal) ab60933 Abcam, Cambridge, UK 1:200 Cryo & 
Paraffin

β-Actin (Mouse Monoclonal) 8H10D10 Cell Signaling Technologies, Inc. Danvers, 
MA.

1:200 Paraffin

β2-Spectrin (Mouse Monoclonal) 612563 BD Biosciences, San Jose, CA. 1:200 Paraffin

E-Cadherin (Rabbit Polyclonal) 3195S Cell Signaling Technology, Inc. Danvers, MA. 1:200 Paraffin

N-cadherin (Mouse Monoclonal) 33–3900 Life Technologies Corporation, Grand Island, 
NY

1:200 Paraffin

ZO-1 (Rabbit Polyclonal) 13663 Cell Signaling Technologies, Inc., Danvers, 
MA

1:200 Cryo

α-smooth muscle actin- Cy3 conjugated C6198 Sigma-Aldrich, St. Louis, MO 1:200 Cryo

Ki-67 (Rabbit Polyclonal) 9129 Cell Signaling Technologies, Inc, Danvers, MA 1:200 Cryo

NrCAM (Rabbit Polyclonal) ab24344–200 Abcam, Cambridge, UK 1:500 Paraffin

γ-Crystallin (Rabbit Polyclonal) The Sam Zigler Laboratory, Johns Hopkins 
University School of Medicine. Baltimore, MD

1:500 Cryo

Aquaporin-0 (Rabbit Polyclonal) The Joe Horwitz laboratory, Jules Stain Eye 
Institute, UCLA. CA

1:500 Cryo

Phalloidin–Tetramethylrhodamine B 
isothiocyanate (TRITC)

P1951 Sigma-Aldrich, St. Louis, MO 1:500 Cryo
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