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Abstract 

The development of transparency in the mammalian eye lens includes complex structural 

reorganization processes during differentiation of lens epithelial to lens fiber cells. By operating 

apoptotic signaling pathways, light-scattering by macromolecular structures is eliminated 

resulting in extensive organelle degradation. Interestingly, the lens fiber cell cytoskeleton is not 

degraded but basically reorganized during that differentiation process. Within this context, we 

studied the fate of the microtubule-organizing center (MTOC) to answer two important 

questions: First, will the MTOC, necessary to nucleate microtubules and maintain the functional 

and structural stability of the microtubule system, resist degradation? Second, would it be still 

functionally active to organize the microtubule network in cortical lens fiber cells? By 

immunofluorescence techniques using anti-γ-tubulin antibodies, we detected that MTOCs were 

separated from cell nuclei both in primary cultured lens epithelial cells and also in isolated 

cortical lens fiber cells. After degradation of their cell nucleus, cortical lens fiber cells still 

contained γ-tubulin complexes. By visualizing the microtubule system in cultured lens epithelial 

cells and isolated cortical fiber cells we could clearly show the alteration of the microtubule 

network from a monocentric array in epithelial to a decentralized organization in fiber cells. 

Microtubules of cortical lens fiber cells were never found to be associated with the detected 

γ-tubulin complexes and did never radiate from a distinct focus. Our immunofluorescence and 

immunoblot results indicate that the reorganization of the cytoskeleton system of differentiating 

lens fiber cells includes the separation of the MTOC from the cell nucleus, its immobilization 

nearby the cell membrane and its subsequent disintegration. 

 

Key words: lens epithelial cells; lens fiber cells; cytoskeleton reorganization; stability; 
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1. Introduction 

The mammalian eye lens is composed of only one cell type that exists at different stages of 

differentiation: A monolayer of undifferentiated lens epithelial cells covers the anterior lens 

surface, forming the dense lens epithelium and providing progenitors for fiber cell 

differentiation. In an equatorial proliferation zone those epithelial cells terminally differentiate 

into highly specialized, highly elongated lens fiber cells. Throughout whole life, lens epithelial 

cells remain mitotically active permanently forming new, regularly arranged layers of polarized 

and symmetrical fiber cells. To obtain and maintain optical transparency, dramatically 

structural and functional modifications occur during fiber cell differentiation. Combined with a 

remarkable cell elongation, apoptotic processes cause the degeneration of all intracellular 

membrane structures and organelles, including the cell nucleus (Bassnett and Mataic, 1997; 

Bassnett, 2002; Nagata, 2005). 

After organelle degradation, the complete cytoskeleton is the only remaining subcellular 

structural complex in cortical lens fiber cells. All three subsystems of the cytoskeleton, the 

microtubule, the actin microfilament and the intermediate filament system, seem to be essential 

components necessary to maintain structural and functional stability of both the fiber cells and 

the entire eye lens (Dejong et al., 1994). 

In cortical fiber cells, actin microfilaments are closely associated with the inner cell membrane 

(Kivela and Uusitalo, 1998). Microtubules forming a non-radial, loosely crossing network 

(Millar et al., 1997). Intermediate filaments develop even a fiber cell-specific filament type, 

called "beaded filament" (Quinlan et al., 1996). 

The optical properties of the eye lens directly depend on the integrity of the lens fiber cell 

cytoskeleton (Perng and Quinlan, 2005; Quinlan et al., 1999). Thus, in adaptation to the function 

focusing light as biological lens, cytoskeletal structures of these fiber cells are arranged in a 

pattern to circumvent light scattering as much as possible (Clark et al., 1999). 

Via the microtubules, the eukaryotic cytoskeleton is functionally and structurally associated 

with the microtubule-organizing center (MTOC). In animal cells, the centrosome operates as 

main MTOC. Generally it is located in very close vicinity to the cell nucleus in order to ensure 

the direct regulation and control of the cell cycle (Nigg, 2004). In interphase as well as during 

mitosis nucleation, topology, and stabilization of microtubules are controlled by the MTOC. 

With an average size of approx. 1.5 µm in diameter and due to its compact structure as 

microtubule focus (Doxsey, 2001), the centrosome is potentially a source of significant light 

scattering. Though the cytoskeleton essentially undergoes a basic structural reorganization 

during fiber cell differentiation, so far there are no microscopic data investigating the 

centrosome/MTOC during the process of cell elongation and organelle elimination. 

In this study, the question is posed whether such an elementary structure like the MTOC is 

affected by apoptotic processes during lens fiber cell differentiation. Is the MTOC completely 

degraded with the nucleus, is it conserved as an autonomous compact center to organize 

microtubules, or is it disintegrated to functionally active microtubule-nucleating elements? 

To elucidate the fate of the MTOC during fiber cell differentiation, we established an 

experimentally easy-to-handle primary cell culture model. 



- 3 - 
 

In this in vitro model, lens epithelial cells of the domestic pig gradually formed groups of 

elongated fibrous cells. Additionally, we isolated cortical fiber cells of the pig eye lens to 

investigate the structural linkage of the microtubule cytoskeleton to the MTOC. The in vitro 

elongated lens epithelial cells revealed features similarly found in cortical lens fiber. They were 

termed fiber-like regarding their highly elongated morphology. 

By direct immunofluorescence experiments we could show that a separation of the MTOC from 

the cell nucleus occurred in cultured lens epithelial cells after formation of fiber-like cells. 

Interestingly, cortical lens fiber cells also contained γ-tubulin complexes, even after nucleus 

degradation. Such distinct complexes revealed no association with microtubules and therefore 

cannot be considered functionally active MTOCs. Our results suggest a structural 

reorganization (decentralization) of the microtubule system during lens fiber cell differentiation 

accompanied by a step-by-step fragmentation and loss of function of the MTOC. 

 

2. Materials and Methods 

2.1. Cell sources 

Eyes of the domestic pig (Sus scrofa domesticus; age: 6 months to 1 year = adult) were removed 

immediately after death and kept near body temperature for transportation (30 °C - 37 °C). For 

preparation eyes were disinfected by shortly dipping into 70% ethanol. Eye lenses were 

removed under sterile conditions at room temperature. Prior to all experiments, the lens capsule 

(Capsula lentis) was separated by micro dissection. Within 45 minutes after removal of the eyes 

from the animals, experiments started and lens cells either were fixed or transferred in adequate 

cell culture media. All solutions and buffer media were sterile and free of calcium and 

magnesium ions to avoid activation of specific proteases affecting the stability of the lens cell 

cytoskeleton (Marcantonio, 1996; Siew and Bettelheim, 1996; Wang et al., 2001). 

 

2.2. Preparation and cultivation of lens epithelial cells – Primary cell culture 

To obtain epithelial cells for cell culture, lenses were disintegrated for 6-8 minutes at 37 °C in 

trypsin/EDTA solution (0.25% trypsin, 0.02% EDTA in PBS), washed twice in PBS (phosphate 

buffered saline, 37 °C) and transferred into PBS containing 1 g/l glucose (37 °C). By gently 

rotating them (Rotamixer, ELMI Ltd., Riga, Latvia) for 15 min, epithelial cells separated into the 

buffer. Cells were collected by centrifugation (4 min at 800 rpm ≈ 122 g), resuspended in RPMI 

1640 medium (Biochrom AG, Berlin, Germany) containing 10% fetal bovine serum (FBS, PAA 

Laboratories GmbH, Cölbe, Germany), and cultured in the RPMI 1640 medium (10% FBS, 0.5% 

β-mercaptoethanol, 1% Penicillin-Streptomycin-Mix, Sigma-Aldrich Co., Saint Louis, Missouri, 

USA) at 37 °C with a 5% CO2 atmosphere; modified according to (Churchill and Louis, 2002). 

 

2.3. Preparation of lens fiber cells 

To collect lens fiber cells for immunocytochemistry, lenses were incubated for 12 min at 37 °C in 

the trypsin/EDTA solution (see above 2.2.), washed twice with PBS (37 °C) and gently rotated 

(Rotamixer) in PBS containing 1 g/l glucose, 16 µM paclitaxel (Sigma-Aldrich Co., Saint Louis, 

Missouri USA) for 15 min. 
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Multiple lens fiber cells separated in small packages (according to their layer-by-layer 

organization in the mammalian lens) and were collected in a Nylon Cell Strainer (40 µm pores, 

BD Biosciences, San Jose, CA, USA). The fiber cells were washed twice with PBS (37 °C) and 

applied for immunocytochemistry immediately. 

This technique allowed collecting of both nucleus-containing differentiating and anucleated 

differentiated fiber cells from the outer cortex of the eye lens. Cell vitality and membrane 

integrity was proven by both Trypan blue and fluorescein diacetate (FDA) staining using 

standard protocols. These tests demonstrated that more than 70% of fiber cells survived 

trypsination and separation. 

 

2.4. Immunocytochemistry 

Cultured lens epithelial cells were fixed for 20 min at room temperature (4% paraformaldehyde, 

0.05% glutaraldehyde, 0.1% Triton X-100 in PBS). Fixation was performed directly in the culture 

dishes, after removal of culture medium and rinsing cells with PBS. Likewise, isolated lens fiber 

cell packages were fixed for 45 min at room temperature (in the Cell Strainer). To block free 

aldehyde groups, the cells were washed with PBS containing glycine (10 mg/ml). Unspecific 

antibody-binding was reduced by incubating cells in a blocking solution (1% bovine serum 

albumin, 0.1% Tween 20 and 0.02% Thimerosal in PBS) for 30 min at 37°C. The primary 

antibodies were applied to the cultured lens epithelial cells for 1 h at 37 °C and to the isolated 

lens fiber cells for 90 min at 37 °C, respectively. 

Microtubules were detected by fluorescein isothiocyanate- (FITC) conjugated monoclonal 

mouse anti-α-tubulin IgG (diluted 1:250 in blocking solution). γ-Tubulin and the 

MTOC/centrosome were localized by Cy3-conjugated rabbit anti-γ-tubulin IgG (diluted 1:500 in 

blocking solution). 

F-actin was stained by the phallotoxin phalloidin (FITC-conjugated, Sigma-Aldrich Co., Saint 

Louis, Missouri, USA) which binds specifically to polymeric f-actin. Cultured lens epithelial 

cells were incubated for 1 h at 37 °C and isolated lens fiber cells for 90 min at 37 °C (Phalloidin-

FITC diluted 1:200 and 1:300 in blocking solution, respectively). After incubation cells were 

washed and counterstained by Hoechst 33342 dye (40 µg/ml; Sigma-Aldrich Co., Saint Louis, 

Missouri, USA) to visualize the DNA and the nucleus. 

To control the specific antibody binding, primary lens epithelial cell cultures as well as isolated 

lens fiber cells were incubated with an unspecific FITC-labeled secondary antibody (1:200, 1:500 

for cultured cells and 1:300 for isolated fiber cells; rabbit anti-mouse-IgG+IgM+IgA). All 

antibodies used for direct immunofluorescence analysis were obtained from Sigma-Aldrich Co., 

Saint Louis, Missouri, USA. Samples were analyzed by fluorescence microscopy using a Zeiss 

Axioskop microscope equipped with a Photometrics CCD camera (Model CH250) and by 

confocal laser scanning microscopy using a Zeiss LSM510/Confocor2. 

Images were processed using the Smart Capture VP software (Digital Scientific Ltd., 

Cambridge, UK) and, for contrast and brightness adjustment, the Adobe Photoshop software 

(Adobe Systems Inc., San Jose, USA). 
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2.5. Whole cell protein isolation and immunoblotting (Western blot) 

After dissection and ablation of lens capsules, the bulk of lens fiber cells was transferred into 

homogenization buffer (20 mM PIPES, pH 6.8, 1 mM EGTA, 80 mM NaCl, 0.5 mM MgCl2, 1 mM 

DTT, 10 µl/ml Protease Inhibitor Cocktail, Sigma-Aldrich Co., Saint Louis, Missouri, USA) to a 

final concentration of 0.16 g cells per 1 ml buffer and homogenized (Potter homogenizer) at 

0 °C. To isolate the soluble cytoplasmic proteins and to separate them from the insoluble 

components, the homogenate was centrifuged (90.000 g) for 30 min at 2 °C. The resulting 

supernatant contained the soluble cytoplasmic proteins (soluble fraction). The pellet with the 

insoluble and membrane-bound proteins was resuspended in homogenization buffer and 

centrifuged twice for washing (as above). After washing the pellet was resuspended in SDS-

sample buffer (50 mM Tris-HCl, pH 7.5, 1% SDS, 10% glycerol, 50 mM β-mercaptoethanol, 0.01 

bromophenol blue) and denatured at 95 °C for 10 min. Still insoluble components were 

separated by further centrifugation (90.000 g; 20 min; 25 °C). The resulting supernatant 

contained the primarily insoluble membrane- and complex-bound proteins (bound fraction). 

For SDS gel electrophoresis (SDS-PAGE), the fractions were heated in SDS-sample buffer at 

95 °C for 6 min and separated using 8% polyacrylamide gels (Molecular mass standards: Sigma 

wide range marker 6.5-205 kDa, Sigma-Aldrich Co., Saint Louis, Missouri, USA; Precision Plus 

Protein Standard 37-250 kDa and SDS-PAGE broad range Standard 6,5-200 kDa, Bio-Rad 

Laboratories Inc., Hercules, CA, USA). Additionally a positive control for γ-tubulin (50 µg per 

lane, human cells-8 lysate; Lab Vision Co., Fremont, CA, USA) was run in the SDS-PAGE 

parallel to the samples. Samples were electrophoretically transferred to nitrocellulose 

membranes for immunoblot analysis and blocked for 1 h at room temperature in blocking 

solution (5% low fat milk, 0.05% Tween 20 in PBS). 

The nitrocellulose membranes were incubated over night at 4 °C with the primary antibody, 

diluted in blocking solution. Primary antibodies were detected by peroxidase (HRP, 

horseradish peroxidase) conjugated secondary antibodies (diluted in blocking solution), applied 

for 1 h at room temperature. After washing, signals were visualized in a chemiluminescence 

(ECL) reaction using the Lumigen PS-3 detection reagent kit from Amersham (Amersham 

Biosciences UK Ltd., Buckinghamshire, UK). 

Primary antibodies were monoclonal mouse anti-α-tubulin IgG (1:1000; Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA, USA), rabbit polyclonal anti-γ-tubulin IgG (γ-tu 1, 1:800; 

Lab Vision Co., Fremont, CA, USA), polyclonal rabbit anti-γ-tubulin IgG (γ-tu 2, 1:1000; Sigma-

Aldrich Co., Saint Louis, Missouri, USA) and monoclonal mouse anti-β-actin IgG (1:5000; 

Sigma-Aldrich Co., Saint Louis, Missouri, USA). The positive control for γ-tubulin (50 µg per 

lane, human cells-8 lysate; Lab Vision Co., Fremont, CA, USA) was detected by the primary 

polyclonal rabbit anti-γ-tubulin antibody γ-tu 1 (1:800; Lab Vision Co., Fremont, CA, USA). 

Secondary antibodies were polyclonal HRP-conjugated goat anti-mouse IgG (1:10000; Sigma-

Aldrich Co., Saint Louis, Missouri, USA) and polyclonal HRP-conjugated goat anti-rabbit IgG 

(1:5000 for γ-tu 1 and 1:8000 for γ-tu 2; Sigma-Aldrich Co., Saint Louis, Missouri, USA). 
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Fig. 1 Lens epithelial, fiber-like and cortical lens fiber cells of the pig eye lens. In a full medium 
containing 10% FBS cultured lens epithelial cells (A) started a spontaneous elongation to fiber-like cells 
after 7 to 14 days of cultivation (B, C). Dashed lines in image B mark the poles of one fiber-like cell. This 
morphology clearly differed from the fibroblastic-like mode of growth of the epithelial cells prior to 
elongation (A). In contrast, isolated cortical lens fiber cells offered a homogenous transparent cytoplasm 
without a nucleus or any other intracellular, macromolecular structure (D). (E) Prove of intact cell 
membranes by fluorescein diacetate staining after isolation of cortical lens fiber cells. All images were 
recorded by phase contrast microscopy, combined with fluorescence microscopy in E. 
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3. Results 

3.1. Detection of MTOCs in cultured lens epithelial cells 

Animal cells normally have one centrosome, located in close vicinity to the cell nucleus and 

functioning as MTOC. γ-tubulin as a ubiquitous component of the MTOC is a key protein 

nucleating microtubules and linking them by their slow-growing minus ends (via α-tubulin) to 

the organization complex (Draber and Sulimenko, 2003; Kellogg et al., 1994). 

Previous reports suggest that lens epithelial cells possess a γ-tubulin-containing MTOC 

(Prescott et al., 1991b; Prescott et al., 1991a) as usually found in other types of epithelial cells. 

Our results confirm these findings and further reveal a separation of the MTOC from the cell 

nucleus during elongation of lens epithelial to fiber-like cells in primary cell culture. The MTOC 

was released out of the close association to the nucleus. Cultured epithelial cells started a 

spontaneous elongation from fibroblastic to spindle-shaped, highly elongated, fibrous cells 

within 14 days after cell culture onset (Figs. 1A-C). This elongation occurred in vitro in a 

density- and contact-dependent manner: prior to the stretching process, epithelial cells 

proliferated and migrated to develop dense monolayer groups (Fig. 1A). Adjacent cells within 

such local confluent growing groups started to arrange regularly along one main axis. Within 

the next 24 hours, several adjoining epithelial cells elongated to parallel aligned fiber-like cells 

(Fig. 1B,C; the term “fiber-like” was chosen to describe the morphological state, which differed 

significantly from that of cultured lens epithelial cells before their elongation). The close cell-to-

cell contact seemed to be essential to trigger the elongation process. 

During that elongation process a remarkable reorganization of the actin microfilament and 

microtubule system occurred (Fig. 2). Cultured epithelial cells developed a complex network of 

microfilaments and dense f-actin stress fibers as previously described (Nagamoto et al., 2000) 

(Fig. 2A). As typically found for animal cells, radiating microtubules formed a network 

throughout the whole cytoplasm (Joshi, 1993; Moritz and Agard, 2001; Schiebel, 2000) (Fig. 2B). 

Visualized by antibodies against γ-tubulin, lens epithelial cells contained the MTOC in close 

vicinity to the cell nucleus (Figs. 3A,B). After stretching to fiber-like cells, the arrangement of 

f-actin changed to an array of dense stress fibers parallel aligned to the inner cell membrane 

(Fig. 2C). Likewise the majority of microtubules were adapted to the highly elongated cell 

morphology (Figs. 2D; 8B). 

According to the morphological changes of the microfilament and microtubule cytoskeleton 

during in vitro elongation of lens epithelial to fiber-like cells, the MTOC structure was altered. 

In contrast to the very definite position and morphological compact appearance of the MTOC in 

epithelial cells (Fig. 3), the vast majority of examined fiber-like cells showed a MTOC separated 

from the nucleus in an average range of more than 15 µm (Figs. 4A-D). This separation seemed 

to proceed always along the long axis with direction to one of the cell poles. The co-localization 

of microtubules with those remote MTOCs declined with the increase of their distance to the 

cell nucleus. The function of this dislocated MTOC to bind and organize microtubules 

apparently was reduced, due to a reorganization process.  



- 8 - 
 

In cultured lens epithelial cells, γ-tubulin could be detected in the cytoplasm exclusively as 

MTOC-bound accumulations (Figs. 3A-D). In later stages of fiber-like cells the MTOCs were 

separated step-by-step from the nucleus (as summarized in Fig. 8). 

 
Fig. 2 Reorganization of the lens cell cytoskeleton (direct immunofluorescence microscopy). Immuno-
cytochemical analysis of the microfilament (f-actin, A, C, E) and microtubule network (B, D, F) in cultured 
lens epithelial cells (A, B), cultured fiber-like cells (C, D) and isolated cortical lens fiber cells (E, F). 
Phalloidin-FITC was used to detect filamentous actin (A, C, E) and monoclonal antibodies (FITC-

conjugated) against a conserved C-terminal region of α-tubulin were used to visualize microtubules (B, 
D, F). Prior to in vitro elongation, epithelial cells developed the common pattern of actin microfilaments 
and stress fibers (A) as well as microtubules radiating from an organizing centre nearby the nucleus (B). 
After in vitro elongation to fiber-like cells, actin stress fibers (C) were aligned to the inner cell membrane 
and most of microtubules (D) were running parallel to the long axis of the fiber-like cells. Cortical fiber 
cells revealed f-actin microfilaments just at the inner cell membrane (E) and never in the cytoplasm. 
Microtubules in cortical fiber cells (F) showed a decentralized and random network topology, without 
any detectable focus or main organizing centre. 



- 9 - 
 

 
Fig. 3 Localization of the MTOC in cultured lens epithelial cells by direct immunofluorescence 

microscopy. Detected by primary Cy3-conjugated anti-γ-tubulin antibodies, the MTOCs (arrowheads) 
appeared as compact complexes in close association to the nucleus (A, B), representing as foci of 

microtubule radiation the center of microtubule organization (B). Lens epithelial cells revealed γ-tubulin 
only within the MTOC (A, B) and later, during mitosis, as part of the poles of the mitotic spindle (C, D) 

Microtubules were detected by monoclonal FITC-conjugated anti-α-tubulin antibodies, DNA was 
visualized using Hoechst 33342. 

 

3.2. γ-tubulin complexes in isolated cortical lens fiber cells 

Vitality tests with both Trypan blue and fluorescein diacetate staining demonstrated that 

approx. 70% of freshly isolated lens fiber cells (from the outer cortex of the pig lens, Figs. 1D,E) 

survived trypsin treatment and mechanical disintegration. Cortical fiber cells also revealed 

positive immunofluorescence signals for γ-tubulin, even if the nucleus was already degraded. If 

γ-tubulin was detectable, it predominantly occurred as one or two distinct compact complexes 

in close vicinity to the fiber cell membrane (Figs. 5A,B). Those dot-like complexes appeared 

similar to the MTOC we detected in the cultured fiber-like cells, but without any co-localization 

to microtubules. In nearly all explored cortical fiber cells with a nucleus still present, the γ-

tubulin complexes were located far away from it (more than 50 µm). The detected γ-tubulin 

complexes were not active as microtubule organizing centers in cortical lens fiber cells. 
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Fig. 4 The separation of the MTOC in fiber-like epithelial cells in vitro (direct immunofluorescence 
microscopy). At an early stage after elongation, the distance between cell nucleus and MTOC increased 
(arrowheads in A and B). A co-localization with microtubules was still detectable (B). In later stages of 

fiber-like cell formation, the remote γ-tubulin-containing MTOCs were located more than 15 µm away 
from the nucleus (arrowheads in C and D). The association with microtubules was strongly decreased 

(lack of co-localization in D). Microtubules were detected with monoclonal anti-α-tubulin antibodies 

(FITC-conjugated); MTOCs with anti-γ-tubulin antibodies (Cy3-conjugated); DNA was visualized using 
Hoechst 33342. 

 

In both, the nucleus-containing and nucleus-free cortical fiber cells, the visualized microtubules 

did never radiate from the observed γ-tubulin complexes and were not organized in a radial or 

mono-centric array. Instead, they were arranged in a decentralized order with a random 

network topology (Figs. 2F; 6B-D). 

After nucleus degradation, in some of the analyzed cortical lens fiber cells, the γ-tubulin 

complexes lost their compact, dot-like structure and showed a disintegration or dispersion (Fig. 

5A), indicating the degradation of the former MTOC. In addition, anti α-tubulin antibodies 

were found to intensely label sites of distinct crosspoints where just very few microtubules 

interlinked (Figs. 6B-D). Such crosspoints were not identical to the observed γ-tubulin 

complexes and did not contain γ-tubulin (on the level of fluorescence microscopic resolution). 

Cortical lens fiber cells featured two different types of distinct cytoplasmic tubulin complexes: 

first, α-tubulin-positive foci with few associated microtubules. Second, γ-tubulin-complexes 

associated to the cell membrane and never co-localized to microtubules. 
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Fig. 5 Immunofluorescence detection of γ-tubulin complexes in isolated cortical lens fiber cells. γ-tubulin 
appeared as compact complexes (arrowheads) exclusively in close association to the fiber cell membrane 

(A, B). The asterisk in image A indicates a disintegration of a compact γ-tubulin complex, probably 

relating to a degradation process. α-tubulin was detected by monoclonal anti-α-tubulin antibodies (FITC-

conjugated), γ-tubulin by polyclonal anti-γ-tubulin antibodies (Cy3-conjugated). 

 

In contrast to microtubules, the staining of cortical fiber cells for f-actin revealed neither 

microfilaments nor stress fibers distributed within the cytoplasm. The f-actin specific drug 

Phalloidin (FITC-conjugated) just indicated clustered actin filaments directly at the cell 

membrane, forming a sub-membranous network (Figs. 2E; 6A). 

Supporting the immunofluorescence studies, the presence of α-tubulin, actin and γ-tubulin in 

lens fiber cells was demonstrated in Western blot analysis after whole cell protein extraction 

(Fig. 7). After homogenization of lens fiber cells, we investigated both the cytosolic (soluble 

proteins) and the remaining insoluble protein fraction (proteins bound to membranes or 

macromolecular complexes). We detected α-tubulin as a single band in each fraction with the 

expected molecular weight of approx. 55 kDa (Fig. 7A). 
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Fig. 6 The reorganized microfilament and microtubule cytoskeleton of cortical lens fiber cells (confocal 
laser scanning microscopy). Microfilaments (f-actin, A) were never detected in the central cytoplasm but 
always in direct association to the fiber cell membrane. Microtubules run along the axis of the fiber cells 
in a wavy, helical-like distribution, forming a random, decentralized network structure (B, C, D). Primary 

monoclonal anti-α-tubulin antibodies (FITC-conjugated) revealed several intracellular crosspoints where 

just few microtubules interlinked (arrowheads in C and D). Those crosspoints never contained γ-tubulin 
(on level of image resolution of this detection method). 

 

Actin, detected by monoclonal antibodies against β-actin, emerged also in both protein fractions 

at its molecular weight of approx. 42 kDa (Fig. 7B). 

Using antibodies against different epitopes of γ-tubulin, we detected for the first time γ-tubulin 

in lens fiber cell protein extracts by western blotting. γ-tubulin is usually known to have a 

molecular weight of approx. 50 kDa (Sulimenko et al., 2002). The Lab Vision anti-γ-tubulin 

antibody (γ-tu 1) recognizes an epitope corresponding to the C-terminal region of human 

γ-tubulin (amino acids 432-451). The Sigma anti-γ-tubulin antibody (γ-tu 2) recognizes a highly 

conserved sequence corresponding to the N-terminal region of human γ-tubulin (amino acids 

38-53). 
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Both anti-γ-tubulin antibody types were found to detect γ-tubulin at approx. 50 kDa in the 

insoluble (membrane/complex bound) protein fraction, consistently with the positive control 

(Fig. 7B). Surprisingly and in contrast to the insoluble protein fraction, both antibody types 

identified γ-tubulin as band remarkably below 50 kDa, at approx. 42 kDa in the fraction of 

soluble cytosolic proteins (Fig. 7B). 

 
Fig. 7 Western blot analysis of α-tubulin, β-actin and γ-tubulin in protein extracts of pig lens fiber cells. 
The soluble cytosolic protein fraction (soluble) and the insoluble membrane-bound protein fraction 

(bound) were checked for cytoskeletal proteins. α-tubulin (approx. 55 kDa) emerged in a single band in 

each fraction (A). The two different antibodies used to detect different γ-tubulin epitopes revealed the 

common γ-tubulin isoform as band at approx. 50 kDa just in the membrane-bound fraction (B). 

In contrast, γ-tubulin positive bands appeared in the soluble cytosolic fraction solely at 42 kDa 

(remarkably below its common molecular weight of 50 kDa), parallel to β-actin (42 kDa). 

γ-tu 1 = antibody against the C-terminus of human γ-tubulin; γ-tu 2 = antibody against the N-terminus of 

human γ-tubulin; β-act = β-actin; pc = positive control for γ-tubulin (γ-tubulin from human cell-8 lysate). 

 

4. Discussion 

Our results present new insights in the complex processes of cytoskeleton and MTOC 

reorganization during lens fiber cell differentiation. The cytoskeletal organization of cultured 

lens epithelial cells essentially differed from that of both elongated fiber-like epithelial cells (in 

vitro) and isolated lens fiber cells (in vivo). The fiber-like epithelial cells offered features which 

were similarly found in differentiated cortical lens fiber cells. During differentiation of lens 

epithelial to lens fiber cells the actin microfilament and microtubule patterns are transformed, 

the MTOCs become disintegrated suggesting that the complete organization of the microtubule 

system is basically modified. In addition, our study provides information that the process of 

cytoskeleton reorganization might be induced in vitro in primary cultures of lens epithelial 

cells.  

 

4.1. Elongation of lens epithelial to fiber-like cells in primary cell culture affects the MTOC 

It is known that cultured lens epithelial cells can undergo a differentiation step to form groups 

of so called lentoids (Churchill and Louis, 2002; Gu et al., 2003). Such lentoids show features of 

differentiated fiber cells by expressing specific cellular markers as for example crystallin 

proteins (Berthoud et al., 1999). 
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Combined with our findings this indicates that the differentiation of lens epithelial to lens fiber 

precursor cells might be induced in primary cell culture. We assume that the in vitro model of 

primary lens epithelial cell cultures might be adequate to study early levels of cytoskeleton and 

MTOC reorganizations in the context of lens fiber cell differentiation. Furthermore, basic 

cellular processes like elongation and polarization of cells can be studied as well in this model. 

 

4.2. Progressive disintegration of a compact MTOC in cortical lens fiber cells 

So far, there have been no clear data answering the question of whether a centrosome or MTOC 

is still existent in cortical lens fiber cells or not. In a work of Millar et al. (1997), γ-tubulin as well 

as other MTOC-related proteins could not be detected in lens fiber cells by confocal 

immunofluorescence microscopy. Millar et al. (1997) concluded that during fiber cell 

differentiation and organelle degradation the centrosome gets lost. This would be consistent 

with the physiological requirement to increase lens cell transparency. 

Our results indicate that during fiber cell differentiation, accompanied by organelle degradation 

and cytoskeleton reorganization, the close alliance of the MTOC with the cell nucleus becomes 

abrogated. From our investigations of fiber-like lens cells in cell culture and isolated cortical 

lens fiber cells we suppose that this separation starts in early stages of fiber cell differentiation, 

even before degradation of the nucleus. Detachment of the MTOC from the nucleus is very 

unusual and even in highly migrating cells the MTOC is found close to the cell nucleus (Schutze 

et al., 1991). 

The question arises what kind of mechanism drives this separation and to what extent does it 

affect the structural and functional unity of the centrosome and MTOC? Parallel to the 

increasing distance between nucleus and MTOC, the association with microtubules was 

drastically reduced. Alterations in the MTOC structure most likely have a direct impact on the 

integrity and topology of the microtubule cytoskeleton. 

We could not determine a functional active MTOC as focus or origin of radiating microtubules 

in isolated cortical lens fiber cells. But we found γ-tubulin complexes, however not in the central 

cytoplasm but always in close association to the plasma membrane. γ-tubulin is a highly 

conserved component of the MTOC (Joshi, 1994; Kellogg et al., 1994). Due to its elementary 

function to bind the αβ-tubulin dimer and to nucleate microtubules (Schiebel, 2000) it is very 

unusual that the observed γ-tubulin complexes were never associated with microtubules. 

For pig brain tissue divers γ-tubulin isoforms and several γ-tubulin complexes, showing 

multiple bands in protein blots, were discussed (Draber and Sulimenko, 2003; Sulimenko et al., 

2002). In fiber cell protein extracts we found the common γ-tubulin band at approx. 50 kDa just 

in the fraction of insoluble membrane-bound proteins. Contrary to this, in the fraction of soluble 

cytosolic proteins γ-tubulin was detected exclusively at 42 kDa (Fig. 7B). We assume that the 

process of organelle degradation also affects the MTOC resulting in a proteolytically altered 

γ-tubulin protein. This might be a fiber cell-specific strategy to gradually inactivate the MTOC, 

by blocking its function to nucleate, bind, and organize microtubules. The inactivation of the 

MTOC prevents the formation of a light-scattering focus of converging microtubules. 
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Furthermore, remnants of the MTOC are removed out of the optical axis and shifted nearby the 

plasma membrane where they are finally degraded (Fig. 8). 

 

4.3. The decentralized microtubule network in cortical lens fiber cells 

We could not identify a functionally active MTOC in cortical lens fiber cells. Without an active 

MTOC the observed microtubule system has to be organized in a different way than in lens 

epithelial cells. As a consequence, functions of the former MTOC, including nucleating, 

stabilizing and anchoring microtubules, must be transferred to other structures. At least in 

cortical lens fiber cells which are still in the differentiation process, the concept of other 

structures taking over the role of the MTOC is plausible. As binding partner for the αβ-tubulin 

heterodimer at microtubule minus ends, γ-tubulin would have to be replaced by another 

anchoring protein or complex. Microtubule-associated proteins could adopt the function to 

determine the topology of microtubule patterns and stabilizing/capping them at their minus 

and plus ends. For several types of polarized epithelial cells (e.g. mammalian cochlear epithelial 

cells), acentrosomal anchoring and stabilization of microtubules were reported to develop non-

radial, apico-basal microtubule arrays (Mogensen, 1999). The distinct microtubule crosspoints 

observed in the fiber cells (Figs. 6C,D) perhaps represent specialized docking domains to 

provide an efficient microtubule system during the differentiation process. It is worth 

mentioning that a microtubule-based motor system including kinesin and dynein as motor 

proteins was found in elongating rat lens fiber cells (Lo et al., 2003). The intracellular transport 

system is necessary to govern such a complex reorganization process, including separation of 

the MTOC from the nucleus and displacement of degradation products out of the central 

cytosol. To establish the organelle-free homogeneity of the lens fiber cell cytoplasm, 

microtubules and transport mechanisms have to be maintained as a functional active unit. The 

reorganization of the microtubule network structure during differentiation of lens epithelial to 

lens fiber cells seems to be a compromise of modifying a structure without completely 

disrupting it. There is evidence from literature that at later stages of fiber cell differentiation, the 

microtubule cytoskeleton is ultimately lost (Millar et al., 1997). This is consistent with the fact 

that fiber cells have to deal with a reduced energy flow, promoting depolymerization of 

microtubules and shifting microtubule dynamics more and more to a pool of unbound tubulin 

dimers. 

 

5. Conclusion 

We conclude that with the proceeding fiber cell differentiation a progressive structural 

disintegration of the main MTOC occurs, resulting in the final degradation of this structure 

(summarized in Fig. 8). The observed γ-tubulin complexes are very likely remnants of the 

former MTOC of fiber cell pre-stages that derived from lens epithelial cells. 

Due to the fact that all intracellular organelles essential to allow protein biosynthesis are 

degraded, de novo biosynthesis and accumulation of γ-tubulin is improbable in cortical fiber 

cells. 



- 16 - 
 

Beyond, the eukaryotic cell cytoskeleton is functionally linked to the MTOC by the 

microtubules. After organelle degradation and loss of mitotic activity the elimination of one cell 

centre, including the MTOC, might be necessary to minimize light scattering by 

macromolecular structures and to facilitate the complex reorganization of the fiber cell 

cytoskeleton. 

 

 
Fig. 8 MTOC degradation and microtubule cytoskeleton reorganization in eye lens cells. The diagram 
represents our essential results. 
(A) Cultured lens epithelial cells display the classical radial microtubule organization with a nucleus-
associated MTOC as origin of microtubule radiation. 
(B) After elongation to fiber-like cells in cell culture, the MTOC starts to separate from the cell nucleus. 
The close association to the nucleus becomes disbanded. With that proceeding separation, the quantity of 

associated microtubules decreases. The displaced γ-tubulin accumulations still appear compact and 
constitute the residual MTOC. Curvilinear microtubules are arranged in long arrays parallel to the axis of 
the fiber-like cells. 
(C) During lens fiber cell differentiation in the living lens (in vivo), the MTOC is separated from the 
nucleus before its degradation. Microtubule-binding is drastically reduced. The remnants of the former 

MTOC persist as γ-tubulin complexes and become immobilized at the inner fiber cell membrane. 

(D) After nucleus degradation, the remaining γ-tubulin complexes have no capability anymore to 

nucleate, bind or organize microtubules. Anuclear cortical lens fiber cells disintegrate the γ-tubulin 

complexes and γ-tubulin becomes dispersed alongside the inner fiber cell membrane. 
(C, D) The decentralized microtubule network persists in cortical lens fiber cells without any connection 

to the residual γ-tubulin complexes. For further differentiation this reorganized microtubule system is 
maintained stable, probably by specialized microtubule-associated proteins. 
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