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Abstract

e AIM: To study the effect of mechanical stress on the
cytoskeleton in lens epithelial cells following conventional
phacoemulsification surgery (CPS) and femtosecond laser-
assisted cataract surgery (FLACS).

e METHODS: The cytoskeleton of the epithelial cells
of the anterior lens capsules (ALC) removed by CPS and
FLACS was examined by immunohistochemistry. Expression
of the intermediate filament, glial fibrillary acidic protein
(GFAP), and glutamine synthetase (GS) immunoreactivity
were detected. In order to map the actin network of cells,
fluorescently labeled phalloidin was used. The samples
were examined using confocal laser scanning microscopy.

e RESULTS: GFAP expression was visible in a larger
number of the epithelial cells after CPS compared to FLACS.
In CPS sample’s epithelial cells, GFAP immunoreactivity
indicated robust morphological change. Regarding the actin
filaments, the presence of tubular elements connecting

epithelial cells, regular actin pattern and marked cortical
network after CPS were found. Following FLACS, the actin
cytoskeleton of the epithelial cells remained densely
structured, and the tubular elements were undetectable,
however, the above-mentioned regular actin pattern and the
marked cortical network were visible.

o CONCLUSION: The conventional removal of the ALC
induces more robust changes of the cytoskeleton of the
lens epithelial cells.
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INTRODUCTION

ataract surgery underwent rapid and significant
C development in the past decades!. In addition to the
conventional phacoemulsification surgery (CPS), the use of
femtosecond laser-assisted cataract surgery (FLACS) gained
acceptance and has become widespread. Based on previous
studies, FLACS has several advantages over conventional
surgical techniques, including the more accurate capsulorhexis,
the reduced phacoemulsification time and the rapid visual
recovery of the patients””. Moreover, FLACS may reduce
the corneal endothelial cell damage and the postoperative
thickening of the cornea™. However in contrast to the above-
mentioned advantages, a constant debate exists on the benefit
of FLACS™.
It is well known that every surgical intervention induces certain
changes at cellular level. Following mechanical stress, various
molecular pathways are activated, and consequently, changes

are induced in the cells including alteration of structure of the
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cytoskeleton. According to the study of Mayer et al””, apoptotic
cell death is induced in both CPS and FLACS. According to
our previous results, the rate of anterior lens capsules (ALC)
epithelial cells’ degeneration is higher following CPS than
after FLACS"". Compared to CPS, FLACS induced lower
rate of cell death, and lower expression of the pro-apoptotic
p53 gene. In contrast, anti-apoptotic bcl-2 gene expression
level is increased after the FLACS. Studies indicate correlation
between the expression of proteins important in the epithelial
cell death and survival, and the changes of actin pattern''" "\
According to Weber and Menko!"

actin network results in decreased anti-apoptotic Bcl-2 protein

] the changes of cortical

level. These results are in harmony with that of Zhang!'”, who
has shown that alterations of actin cytoskeleton are associated
with pro-apoptotic transcription factor pS3 protein level. Thus,
we can hypothesize that CPS and FLACS induce different
cytoskeletal changes. In this study, we compared the effect of
the two surgical methods used for the removal of ALC (CPS
and FLACS) on the epithelial cells. Our main focus was to
reveal cytoskeletal changes due to mechanical stress induced
by capsulotomy. In the epithelial cells of the removed ALC, we
examined the actin pattern and the intermediate filament glial
fibrillary acidic protein (GFAP), which is characteristically
expressed in the immature epithelial cells'”. It is well known,
that due to deleterious effects (mechanical damage, injury, efc.),
proteins which characteristically appear in the cells throughout
embryonic development show an increased expression level

U411 In astrocytes as well

in various organs including the eye
as in retinal Miiller glia, GFAP is colocalized with glutamine
synthetase (GS). In the epithelial cells of the lens, a GS-like
protein, lengsin is present that can be detected with antibodies
against GS, although, lengsin has no enzymatic activity
characteristic to GS"*'". While lengsin is highly expressed
in normal lens epithelial cells, expression is decreased in age-
related cataract!'®'®. In order to get information about lengsin
expression, antibodies against GS were used. We show that
the different surgical techniques affect lens epithelial cells
differently. The goal of this study is to examine the cytoskeletal
changes in the epithelial cells of the ALC due to capsulotomy.
SUBJECTS AND METHODS

Ethical Approval Investigations were carried out according
to procedures approved by the Institutional Ethics Committee
(University of Pécs 7624, Hungary). In all cases, we obtained
written consent of the patients for further examination of the
lens capsule.

Subjects Samples of ALC were taken during CPS (n=32)
and FLACS (n=18; VICTUS" Femtosecond Laser, Bausch+
Lomb’s, USA) with the following parameters: energy, 7.2 pJ;
spot spacing, 6 um; path spacing, 4 pm; time, 400-550fs.
CPS removed ALC were assorted in group 1, while FLACS

928

samples were classified in group 2. Our inclusion criteria were
the following: all patients with cataract, independent of gender
and age.

Light Microscopy and Immunohistochemistry For routine
light microscopy, ALC (n=8 with laser-assisted, n=17 with
manual removal) were fixed in a buffered solution (phosphate
buffer 0.1 mol/L, pH=7.4) of 2% formaldehyde and 2.5%
glutaraldehyde for 24h at 4°C. Specimens were post-fixed with
1% osmium tetroxide diluted in phosphate buffer for 30 min at
room temperature. Following dehydration with ethyl-alcohol,
samples were washed and placed in propylene oxide and then
embedded in Durcupan resin (Sigma, Budapest, Hungary).
Semithin sections or whole mount preparations were stained
with toluidine-blue and studied with Olympus BX50 light
microscopy.

Extracted tissue samples (n=5 ALC in each group) were
immediately fixed in 4% paraformaldehyde (PFA; Sigma,
Budapest, Hungary) diluted in phosphate buffered saline (PBS,
0.1 mol/L, pH 7.4) for two hours at room temperature. The
fixed samples were washed in PBS and Triton-X (1:1000,
Sigma, Budapest, Hungary), and incubated in 10% normal
goat serum (NGS; Vector Laboratories, Burlingame, CA) for
one hour at room temperature. Anti-GFAP (rabbit polyclonal
antibody, 1:1000, Sigma, Budapest, Hungary) and anti-
GS antibodies (GS; mouse monoclonal antibody, 1:1000,
Transduction Laboratories, USA) diluted in PBS were
applied to the samples and incubated for 72h at 4°C. The
bound antibodies were visualized following incubation with
Alexa Fluor” 568-conjugated anti-rabbit and Alexa Fluor”
488-conjugated anti-mouse (1:1000, Life Technologies,
Budapest, Hungary) fluorescent secondary antibodies,
respectively, for 24h. Finally, nuclear labeling was performed
using 4’,6-diamidino-2-phenylindol (DAPI, 1:10 000, Sigma,
Budapest, Hungary) and preparations were coverslipped using
fluoromount-G (Southern Biotech, USA).

In addition, GFAP immunoreaction was also examined with
another, anti-human GFAP antibody (mouse monoclonal
antibody, 1:750, DAKO, Glostrup, Denmark) on whole-
mount preparations of ALC (n=5). Following binding of the
primary antibody overnight at room temperature, anti-mouse
biotinylated secondary antibody (1:100), then the avidin-
biotin peroxidase detection system (Vector, Bulingame,
CA) were used for 2h each. Binding sites were visualized
with the chromogene 3-3’diamino-benzidine (DAB, Sigma,
Budapest, Hungary). Following mounting on glass slides and
dehydration, preparations were coverslipped with DePeX
(Sigma, Budapest, Hungary) and examined under light
microscope.

Examination of the Actin Pattern Samples (n=5 ALC
in each group) were washed in PBS (0.1 mol/L, pH 7.4),
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followed by fixation in 4% PFA (Sigma, Budapest, Hungary)
for 10min at room temperature. Fixed tissues were incubated
in permeabilization solution (diluted in PBS containing 0.1%
Triton X-100, 0.1% Na-azide, 5% BSA) for 20min at room
temperature. Then capsules were stained with Alexa Fluor”
488-conjugated fluorescent phalloidin (Life Technologies,
Budapest, Hungary) for 45min, light protected at room
temperature. Samples were washed in PBS and nuclear
labeling was performed by propidium iodide (1:1000, Life
Technologies, Budapest, Hungary), followed by coverslipping
using VectaShield medium (Vector Laboratories, Burlingame,
CA, USA).
Statistical Analysis To determine the percentage of
immunoreactive cells, anti-GFAP and anti-GS immunopositive
cells as well the immunonegative cells were counted on the
full thickness of the whole-mount preparations (n=5 ALC in
each group, 10 images were taken from each sample) using
a Fluoview FV-1000 Laser Confocal Scanning Microscope
(40x magnification). Examination of the actin pattern was
performed by analyzing 5 ALC samples from each group,
taking 10 images from every sample in a Zeiss LSM 710
Microscope (63x magnification) and the number of cells was
determined. Data were presented as mean+SEM and statistical
significance (P<0.05) was set with Student’s #-test analysis,
using GraphPad Prism 5.03 program. Images were processed
with Adobe Photoshop CS6.

RESULTS

Routine light microscopy revealed remarkable morphological
changes in toluidine blue-stained ALC epithelial cells
following CPS capsulotomy (Figure 1A), while morphology
of epithelial cells remained relatively normal following laser-
assisted removal (Figure 1B). The alteration of cells’ shape
indicated robust cytoskeletal changes especially following
CPS capsulotomy (Figure 1C and 1D), therefore, we further
examined components of the cytoskeleton.
Immunohistochemical examinations performed in tissue
samples obtained by different capsulotomy methods showed
intense GFAP and GS immunopositivity of the epithelial cells.
Immunoreactivity, especially following CPS capsulotomy,
was stronger in the peripheral area of the ALC, and the
immunoreactivity became patchy and gradually weaker
towards the central area (Figure 2). The nuclei of the epithelial
cells remained unstained, but the cytoplasm showed GFAP
and GS immunoreactivity (Figure 2 and Figure 3A-3D). Many
GFAP immunoreactive cells contained also GS (Figure 2
and Figure 3E, 3F). Following CPS of the ALC, 48.07% of
the epithelial cells were positive to GFAP immunostaining,
45.18% of them showed immunoreactivity to GS and 28.85%
of the cells displayed colocalization of GFAP and GS.

Figure 1 Toluidine blue-stained epithelial cells in semithin sections
(A and B) and in whole mount preparations (C and D) of ALC
following CPS (A, C, D) and FLACS capsulotomy (B) Semithin
sections as well as whole mount preparations revealed alterations
in cellular morphology (arrows in D) following manual CPS that
indicate cytoskeletal changes. Scale bar: 10 um for A and B, 20 um
for C and D.

Figure 2 Difference in GFAP and GS immunoreaction detected in

the peripherial (**) and more central (*) parts of ALC following
CPS (A, C, E) and FLACS capsulotomy (B, D, F) A, B: GFAP
positivity in the epithelial cells; C, D: Positive staining of epithelial
cells for GS immunohistochemistry; E, F: Colocalization of GFAP
and GS (arrows) in the epithelial cells. Scale bar: 50 um.

In contrast, samples obtained from FLACS showed only 26.38%
immunoreactivity to GFAP, while the GS immunoreactivity
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Figure 3 GFAP and GS detected in lens epithelial cells
using immunohistochemistry, following CPS (A, C, E) and
FLACS capsulotomy (B, D, F) Representative fluorescence
microphotographs taken from whole ALC, processed for
GFAP, GS immunohistochemistry. A, B: GFAP positivity in the
epithelial cells; C, D: Positive staining of epithelial cells for GS
immunohistochemistry; E, F: Colocalization of GFAP and GS
(arrows) in the epithelial cells. G, H: The morphology of GFAP-
immunoreactive cells following CPS. Scale bar: 50 pm for A-F, 40 pm in
G and 15 pm in H.

was observed in 46.78% of the cells. Colocalization of GFAP
and GS was found in 19.07% of epithelial cells. Apparently,
no meaningful difference could be detected in the GS-
immunoreactive cell density between FLACS and CPS
capsulotomy.

Comparing the results of the quantification, significant
differences were found between the two groups (CPS and
FLACS) in the expression of GFAP (P=2.24x10°), as well as
GFAP and GS coreactivity (P=0.003). In conclusion, GFAP
expression can be an indicator of mechanical damage in case
of CPS and FLACS (Figure 4).

The morphology of GFAP immunoreactive cells following
CPS was examined with anti-human GFAP antibody, using
DAB as chromogene (Figure 3G, 3H). In addition to the
normal morphology of GFAP-positive ALC epithelial cells,

cells with altered shape and long thin processes were observed
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Figure 4 Quantification of immunohistochemical data In CPS
removed ALC on the whole mount preparations, GFAP positive
cell density was significantly higher than in FLACS capsulotomy
specimens (“P=2.24x10°).

Figure 5 The organization of actin filaments visualized by phalloidin
labeling following CPS (A, C, E) and FLACS capsulotomy (B, D,

F) Representative fluorescence microphotographs taken from ALC.

Marked cortical network (A) and regular actin pattern (C) could be
observed after CPS removal, like in case of FLACS capsulotomy (B, D).
Remarkable difference was visible regarding the compactness of the
actin pattern after CPS removal of ALC (E). In contrast, the actin pattern
remained compact after FLACS capsulotomy (F). Scale bar: 10 pm.

that supported robust change of their cytoskeleton proposed on
the base of toluidine blue staining. Therefore, another, a more
dynamic component of the cytoskeleton, microfilaments were
also studied.

Examination of the actin pattern revealed a marked cortical
network (Figure 5A, 5B) as well as regular actin filaments
(Figure 5C, 5D) both in CPS and FLACS capsulotomy
samples. However, a difference was found between the
two groups when the compactness of the actin pattern was
studied (Figure 5E, 5F). In case of FLACS capsulotomy,
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the compactness of the actin pattern was similar that seen in
control epithelial cells. In contrast, the epithelial cells after
CPS capsulotomy showed a reorganization of the actin pattern.
Instead of compact actin filaments, actin islands appeared and
gap formation was observed between them (Figure 6A). In
these gaps, tubular elements connecting epithelial cells were
visible (Figure 6B). The tubular elements appeared only after
CPS of the ALC.

Quantitative measurements using analysis of variance from
whole ALC resulted in a significant difference (P<0.0001)
between the two capsulotomy methods when the presence of
tubular elements was examined (Figure 7).

DISCUSSION

Due to the introduction of femtosecond laser technology, the
critical points of cataract surgery have become automated.
Macroscopic changes, and postoperative refractive consequences
are in the center of interest of the studies on femtosecond laser-
assisted and manually performed capsulotomy'**”. The goal
of our study was to compare cytoskeletal changes associated
with CPS and FLACS capsulotomy.

Several mild injuries including mechanical damage cause stress
to the cells. We suppose that all surgical interventions have
an influence on the affected cells, and induce stress signaling
pathways which results in the change of cytoskeleton.

GFAP is one component of intermediate filaments that is found
in astrocytes of the central nervous system. Due to various
damages including stress, GFAP expression is increased” ™.
In addition to astrocytes, GFAP can also be detected in many
non-glial cells under normal conditions such as renal capsule,
chondrocytes of epiglottic cartilage as well as in various types
of tumors” ), Moreover, GFAP can be observed during the
embryonic development of the lens. Following differentiation
it cannot be detected in lens epithelial cells anymore!*?***,
and cytokeratin characteristic for epithelial cells is present
instead. It is known, that due to damage or stress on the cells,
proteins being characteristically present during embryonic
development show an increased expression in adults in many
organs including the eye!"*"”. Our results revealed that after
ALC removal, the intermediate filament GFAP can be detected
in epithelial cells. We used two different antibodies to verify
the presence of GFAP and both indicated the expression of it.
Boyer et al'” described the presence of GFAP-immunoreactive
fibers only during development. Based on our knowledge,
there is no data in the literature about GFAP expression in the
adult’s ALC epithelial cells, and we suggest that re-expression
of GFAP occurred in our samples may be due to the stress
caused by mechanical damage.

Our immunohistochemical and light microscopic qualitative
and quantitative examinations of GFAP-immunoreactivity
revealed that the rate of GFAP-immunoreactive epithelial

Figure 6 Gap formation and tubular elements connecting

epithelial cells following CPS capsulotomy (A, B) and the lack
of tubular elements following FLACS (C, D) Representative
fluorescence photomicrographs taken from whole ALC, processed for
actin labelling with phalloidin. In CPS capsulotomy, gap formation
was observed (A). Image B shows a magnified image of gap with

connecting tubular elements. Scale bar: 10 pm.
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Figure 7 Quantification of data obtained from studying
phalloidin-labeled actin-cytoskeleton Total epithelial cell number
(nr.), and number (nr.) of cells connected by tubular elements were
expressed in an area of 1240 um’. *Significant difference between the
density of tubular element connecting epithelial cells following CPS
and FLACS.

cells were significantly higher after CPS removal of the
ALC compared to FLACS capsulotomy. Repair mechanism
following cellular damage involve recapitulation of developmental
processes in various organs including the eye and induce
elevated expression of those gene that are expressed during
embryonic development!*'”. Some of these proteins such
as growth factors and their receptors can promote recovery
processes™*". Others, like cytoskeletal proteins (such as GFAP,
vimentin or nestin) indicate the presence of cell damage”' .

Part of the GFAP-positive cells revealed GS-immunoreactivity
indicating the presence of lengsin in those cells!'*',
Apparently, no meaningful difference could be detected in

the GS-imunoreactive cell density between FLACS and
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CPS capsulotomy. Since expression of lengsin decreases
in age-related cataract, the similarity in the rate of GS-
immunoreactivity of lens epithelial cells indicates similar
lengsin expression, and consequently, similar severity of
cataract. Thus, it signifies the homogeneity of our cataract
patients’ groups treated by the two different surgical methods
and even highlights the difference found in GFAP expression.
In harmony with the strongly significant difference in GFAP-
immunoreactive cell density, the GFAP and GS double-
labelled cell density revealed significant differences between
the groups, although only part of GS-immunoreactive cells co-
expressed GFAP. The higher density of GFAP positive cells
observed after CPS capsulotomy than following FLACS ALC
removal may suggest that CPS capsulotomy exerts stronger
mechanical stress on the epithelial cells than the laser-assisted
method.

This is important because during capsulotomy a part of the
anterior capsule is not removed, and wound healing process
will begin on the residual epithelial cells. We suggest that
similar alterations can occur in the residual lens epithelial cells
following the surgical removal of ALC and the damage caused
by surgery may induce those pathways that can trigger the
epithelial-mesenchymal transformation of residual capsular
epithelial cells that eventually results in fibrosis and posterior
capsule opacification””. By the migration and proliferation
of residual lens epithelial cells after extracapsular cataract
extraction, secondary cataract can appear due to surgical
trauma”*. The alteration of the cytoskeleton of epithelial cells
around capsulorhexis showed not only changed morphology,
but the alteration observed, especially in actin pattern may
indicate a change in contractility and in ability to migrate.

In addition, due to stress, direct cell-cell communication can
also be changed. Until recently, direct cell-cell communication
was supposed to happen via gap junctions and different
paracrine mechanisms. In 2004 Rustom and co-worker’s"”
described a new-actin containing-tubular structure of intercellular
communication that provides continuity between distantly
positioned cells. Since then similar tubular structures have
been reported in many cell types (astrocytes, various tumour
cells, immune cells, erc.)”**". By comparing the two types of
capsulotomy, we have identified cytoskeletal changes that may
indicate different rates of mechanical stress on ALC epithelial
cells, therefore we focused onto the examination of the actin
pattern in our investigations.

It is known that stress leads to the reorganization of the actin
pattern with the appearance of stress fibers”**". According
to Weber and Menko!'"!, stress fibers convert to normal
actin pattern in epithelial cell culture. The change in actin
cytoskeleton can trigger the expression of different signaling
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proteins playing a role in the epithelial cells’ response and
survival''. Examination of the actin pattern revealed similar
cortical networks in cell after CPS and FLACS as well. This is
important, because changes in the cortical actin network can
influence different molecular biological signaling pathways. By
contrast we have found a marked difference in the compactness
of the actin pattern.

In CPS capsulotomy, remodeling of the actin cytoskeleton
of epithelial cells was observed. Instead of compact actin
filaments, actin “islands” appeared. Between these actin
“islands” gap formation was found. These gaps were not
visible after FLACS capsulotomy. Gap formation can
presumably be explained with the higher mechanical effect
of CPS capsulotomy, which is supported with our previous
light and electron microscopic results and the increased GFAP
expression found in this study"”. Between the gaps, actin-
containing tubular elements could be seen. These structures were
only observed after CPS removal of the ALC. Both after CPS and
FLACS capsulotomy, regular actin filaments were visible.

Our results suggest that FLACS capsulotomy causes milder
mechanical stress on epithelial cells, than CPS. The robust
cytoskeletal changes detected following CPS indicate the
possibility of altered cell-cell communication and increased
ability to migration that may result in epithelial-mesenchymal
transformation and consequently, development of secondary
cataract. The milder cytoskeletal changes following FLACS
allows us to suggest that following laser-assisted method
fewer residual epithelial cells undergo epithelial-mesenchymal
transformation, which may decrease the risk for the formation
of posterior capsule opacification.
ACKNOWLEDGEMENTS

The authors appreciate the assistance of surgeons and theatre
nurses in sample collections, and the support of volunteers.
The work was presented in WOC (World Ophthalmology
Congress of the International Council of Ophthalmology),
2016. February 5-9, Guadalajara, Mexico.

Foundations: Supported by EFOP-3.6.3-VEKOP-16-2017-
00009 and GINOP-2.3.2-15-2016-00036 to University of Pécs
Medical School; EFOP-3.6.1-16-2016-00004 project; The
Higher Education Institutional Excellence Programme of the
Ministry for Innovation and Technology in Hungary, within the
framework of the 5. thematic programme of the University of
Pécs.

Conflicts of Interest: Siikosd AK, None; Szabadfi K, None;
Szabd6-Meleg E, None; Gaspar B, None; Stodulka P, None;
Sétalo G Jr, None; Gabriel R, None; Nyitrai M, None; Biré
Z, None; Abraham H, None.

REFERENCES

1 Davis G. The evolution of cataract surgery. Mo Med 2016;113(1):58-62.



Int J Ophthalmol, Vol. 13, No. 6, Jun.18, 2020 www.ijo.cn
Tel: 8629-82245172  8629-82210956  Email: ijopress@163.com

2 Sharma B, Abell RG, Arora T, Antony T, Vajpayee RB. Techniques
of anterior capsulotomy in cataract surgery. /ndian J Ophthalmol
2019;67(4):450-460.

3 Qian DW, Guo HK, Jin SL, Zhang HY, Li YC. Femtosecond laser
capsulotomy versus manual capsulotomy: a Meta-analysis. /nt J
Ophthalmol 2016;9(3):453-458.

4 Chen H, Lin HT, Chen W, Zhang B, Xiang W, Li J, Chen WR, Liu
YZ. Femtosecond laser combined with non-chopping rotation
phacoemulsification technique for soft-nucleus cataract surgery: a
prospective study. Sci Rep 2016;6:18684.

5 Ang RET, Quinto MMS, Cruz EM, Rivera MCR, Martinez GHA.
Comparison of clinical outcomes between femtosecond laser-assisted
versus conventional phacoemulsification. Eye Vis (Lond) 2018;5:8.

6 Chen XY, Chen KL, He JL, Yao K. Comparing the curative
effects between femtosecond laser-assisted cataract surgery and
conventional phacoemulsification surgery: a meta-analysis. PLoS One
2016;11(3):e0152088.

7 Ranka M, Donnenfeld ED. Femtosecond laser will be the standard
method for cataract extraction ten years from now. Surv Ophthalmol
2015;60(4):356-360.

8 Lipner M. Forgoing the femtosecond laser. Eye World 2015;50-51.

9 Mayer WJ, Klaproth OK, Ostovic M, Terfort A, Vavaleskou T,
Hengerer FH, Kohnen T. Cell death and ultrastructural morphology of
femtosecond laser-assisted anterior capsulotomy. Invest Ophthalmol Vis
Sci 2014;55(2):893-898.

10 Siikosd AK, Rapp J, Feller D, Sétalo G Jr, Gaspar B, Pongracz JE,
Abraham H, Bir6 Z. Cell death and survival following manual and
femtosecond laser-assisted capsulotomy in age-related cataract. Int J
Ophthalmol 2018;11(9):1440-1446.

11 Weber GF, Menko AS. Actin filament organization regulates the induction
of lens cell differentiation and survival. Dev Biol 2006;295(2):714-729.

12 Zhang Y. Tunneling-nanotube. Commun Integr Biol 2011;4(3):324-325.

13 Boyer S, Maunoury R, Gomeés D, de Néchaud B, Hill AM, Dupouey P.
Expression of glial fibrillary acidic protein and vimentin in mouse lens
epithelial cells during development in vivo and during proliferation
and differentiation in vitro: comparison with the developmental
appearance of GFAP in the mouse central nervous system. J Neurosci
Res 1990;27(1):55-64.

14 Gallina D, Palazzo I, Steffenson L, Todd L, Fischer AJ. Wnt/p-catenin-
signaling and the formation of Miiller glia-derived progenitors in the
chick retina. Dev Neurobiol 2016;76(9):983-1002.

15 Mader MM, Cameron DA. Photoreceptor differentiation during retinal
development, growth, and regeneration in a metamorphic vertebrate. J
Neurosci 2004;24(50):11463-11472.

16 Grassi F, Moretto N, Rivetti C, Cellai S, Betti M, Marquez AJ, Maraini
G, Ottonello S. Structural and functional properties of lengsin, a
pseudo-glutamine synthetase in the transparent human lens. Biochem
Biophys Res Commun 2006;350(2):424-429.

17 Wistow G, Bernstein SL, Wyatt MK, Behal A, Touchman JW,
Bouffard G, Smith D, Peterson K. Expressed sequence tag analysis of

adult human lens for the NEIBank Project: over 2000 non-redundant
transcripts, novel genes and splice variants. Mo/ Vis 2002;8:171-184.

18 Hawse JR, Hejtmancik JF, Huang Q, Sheets NL, Hosack DA,
Lempicki RA, Horwitz J, Kantorow M. Identification and functional
clustering of global gene expression differences between human age-
related cataract and clear lenses. Mol Vis 2003;9:515-537.

19 Kohnen T, Klaproth OK, Ostovic M, Hengerer FH, Mayer W1.
Morphological changes in the edge structures following femtosecond
laser capsulotomy with varied patient interfaces and different energy
settings. Graefes Arch Exp Ophthalmol 2014;252(2):293-298.

20 Ostovic M, Klaproth OK, Hengerer FH, Mayer WJ, Kohnen T. Light
microscopy and scanning electron microscopy analysis of rigid curved
interface femtosecond laser-assisted and manual anterior capsulotomy.
J Cataract Refract Surg 2013;39(10):1587-1592.

21 Oblinger MM, Singh LD. Reactive astrocytes in neonate brain
upregulate intermediate filament gene expression in response to axonal
injury. Int J Dev Neurosci 1993;11(2):149-156.

22 Brenner M. Structure and transcriptional regulation of the GFAP gene.
Brain Pathol 1994;4(3):245-257.

23 Budka H. Non-glial specificities of immunocytochemistry for the glial
fibrillary acidic protein (GFAP). Triple expression of GFAP, vimentin
and cytokeratins in papillary meningioma and metastasizing renal
carcinoma. Acta Neuropathol 1986;72(1):43-54.

24 Alliot F, Pessac B. Macrophages express glial markers. Biol Cell
1988;63(1):109-111.

25 Gard AL, White FP, Dutton GR. Extra-neural glial fibrillary acidic
protein (GFAP) immunoreactivity in perisinusoidal stellate cells of rat
liver. J Neuroimmunol 1985;8(4-6):359-375.

26 Boyer S, Montagutelli X, Gomés D, Simon-Chazottes D, Guénet JL,
Dupouey P. Recent evolutionary origin of the expression of the glial
fibrillary acidic protein (GFAP) in lens epithelial cells. A molecular and
genetic analysis of various mouse species. Brain Res Mol Brain Res
1991;10(2):159-166.

27 Hatfield JS, Skoff RP, Maisel H, Eng L. Glial fibrillary acidic protein is
localized in the lens epithelium. J Cell Biol 1984;98(5):1895-1898.

28 Hatfield JS, Skoff RP, Maisel H, Eng L, Bigner DD. The lens
epithelium contains glial fibrillary acidic protein (GFAP). J
Neuroimmunol 1985;8(4-6):347-357.

29 Fischer AJ, Scott MA, Ritchey ER, Sherwood P. Mitogen-activated
protein kinase-signaling regulates the ability of Miiller glia to
proliferate and protect retinal neurons against excitotoxicity. Glia
2009;57(14):1538-1552.

30 Fischer AJ, Scott MA, Zelinka C, Sherwood P. A novel type of glial
cell in the retina is stimulated by insulin-like growth factor 1 and may
exacerbate damage to neurons and Miiller glia. Glia 2010;58(6):633-649.

31 Xue LP, Ding P, Xiao LB, Hu M, Hu ZL. Nestin, a new marker,
expressed in Miiller cells following retinal injury. Can J Neurol Sci
2010;37(5):643-649.

32 Noristani R, Kuehn S, Stute G, Reinehr S, Stellbogen M, Dick HB,

Joachim SC. Retinal and optic nerve damage is associated with early

933



Cytoskeletal changes in lens epithelial cells following capsulotomy

glial responses in an experimental autoimmune glaucoma model. J Mol
Neurosci 2016;58(4):470-482.

33 Marcantonio JM, Vrensen GF. Cell biology of posterior capsular
opacification. Eye (Lond) 1999;13(Pt 3b):484-488.

34 Marcantonio JM, Rakic JM, Vrensen GF, Duncan G. Lens cell
populations studied in human donor capsular bags with implanted
intraocular lenses. Invest Ophthalmol Vis Sci 2000;41(5):1130-1141.

35 Rustom A, Saffrich R, Markovic I, Walther P, Gerdes HH.
Nanotubular highways for intercellular organelle transport. Science
2004;303(5660):1007-1010.

36 Onfelt B, Davis DM. Can membrane nanotubes facilitate

communication between immune cells? Biochem Soc Trans

934

2004;32(Pt 5):676-678.

37 Rostami J, Holmqvist S, Lindstrom V, Sigvardson J, Westermark GT,
Ingelsson M, Bergstrom J, Roybon L, Erlandsson A. Human astrocytes
transfer aggregated alpha-synuclein via tunneling nanotubes. J
Neurosci 2017;37(49):11835-11853.

38 Pavalko FM, Chen NX, Turner CH, Burr DB, Atkinson S, Hsieh
YF, Qiu J, Duncan RL. Fluid shear-induced mechanical signaling in
MC3T3-E1 osteoblasts requires cytoskeleton-integrin interactions. 4m
J Physiol 1998;275(6 Pt 1):C1591-C1601.

39 Liou W, Rafferty NS. Actin filament patterns in mouse lens epithelium:
a study of the effects of aging, injury, and genetics. Cell Motil
Cytoskeleton 1988;9(1):17-29.



