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Foreword

This timely book, Lens Epithelium and Posterior Capsular Opacification, brings
together an impressive list of contributions, all from leaders in the respective fields

that relate to the chronic complication of cataract surgery, posterior capsular

opacification (PCO). At the outset it is recognized that despite all the efforts

towards its amelioration, PCO remains a significant eye health issue, with its

most serious consequences impacting on paediatric cataract patients. This book

begins with an excellent compendium of articles covering all the key aspects of lens

epithelial cell biology, both in health and disease. In many cases the researchers

have combined their interest in normal developmental processes with gaining an

understanding of how cells go off track and progress down pathological pathways

that lead to PCO. The contributors describe the great strides that have been made in

identifying some of the key molecular triggers for these processes, as well as

conditions that exacerbate PCO. The underlying principle here is that by furthering

our understanding of how basic cell behaviour is regulated, this will provide the

essentials for developing a molecular toolkit for alleviating this condition. This ties

in very nicely with the analysis of the cellular types present in the capsular bag after

surgery. In addition to all the latest information on the ubiquitous fibroblasts and

myofibroblasts that contribute to the formation of the fibrotic plaques, as well as

other features of PCO, it is refreshing to see some detail of the cells that make up

Elschnig pearls and Soemmering ring. Cells within these discrete clusters exhibit

some of the features of lens fibre cells. Given current knowledge about the factors

that control the normal epithelial to fibre differentiation, future work directed at

generating conditions that promote more normal (and less abnormal) lens cell

behaviour could provide an important stepping stone towards devising strategies

to regenerate lens structure and function after surgery, as is depicted in a number of

experimental animal models.

A further clinical section details approaches that are aimed at preventing or

reducing PCO by ridding the capsular bag of residual epithelial cells, or generating

intraocular lenses (IOLs) or techniques that restrict these cells to domains of the

capsular bag where they do little harm. So far, no treatment that eliminates these

cells without resulting in more serious damaging consequences has been devised.
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On a positive note, experimentation with IOL materials and IOL designs, in

particular the inclusion of IOLs with sharp edges, has clearly provided some relief

from the problem of PCO. However, as always with the march of progress, for

example in the push to design IOLs that restore some accommodative function, this

has led to other unwanted clinical outcomes. There is no doubt that because of the

costs and commercial interests associated with these programs, this area will

continue to receive much attention but will invariably throw up additional problems

that will need to be countered.

As with all medical research, it is important to see that efforts aimed at

alleviating PCO are being vigorously explored from all angles. In future, we can

expect to see continued improvements in IOL designs and associated surgical

procedures. In the longer term, it will be important to continue explorations into

the possibility of regenerating a normal lens after cataract surgery. Surely this field

must advance hand-in-hand with the exciting and burgeoning field of regenerative

biology in general.

The editors should be congratulated for bringing together, in one volume, the

leaders in all the fields relevant to PCO. The result provides a must-read text for all

who wish to avail themselves of much of the latest knowledge on the behaviour of

lens epithelial cells in health and disease.

John McAvoy, Ph.D.

Professor of Experimental Ophthalmology

Director of Laboratory Research

Save Sight Institute, University of Sydney

Sydney, NSW, Australia
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Foreword

This is an impressive collection, notable for its thorough examination of the lens

epithelium in lens development and growth and the essential contribution of the

lens epithelium to posterior capsular opacification (PCO) following cataract

surgery. The book guides the reader through the important functions of the lens

epithelium in the intact lens and the biological mechanisms known to contribute to

PCO. Integrated into this biological story is a thorough treatment of the surgical and

design strategies that have been employed to reduce or prevent PCO.

The book starts by providing the developmental history of the lens progenitor

cells and lens formation. This is followed by a novel assessment of the anatomy and

normal functions of lens epithelial cells. This chapter has several beautiful figures

illustrating the progression of lens epithelial cells to fiber cells and a cogent

assessment of the events that occur during this process. Lens biology is further

dissected to assess the factors that regulate lens growth and differentiation, which

are obvious contributors to PCO. This section of the book is enhanced by thorough

consideration of the structure and biology of the lens capsule, the substrate upon

which PCO occurs, the transcription factors required for early lens development,

and a relevant consideration of lens regeneration, a promising alternative to PCO.

Understanding lens epithelial cell biology offers novel approaches to addressing

PCO in the future.

The collection then moves on to careful consideration of the biological basis

for PCO: wound healing and fibrosis. It also discusses the formation of Elschnig’s

pearls, which can degrade vision although representing a clear “attempt” by the lens

to regenerate. Consideration is then given to the histology and frequency of PCO

and the effects of PCO when occurring with intraocular lenses (IOLs) of different

design. This provides a natural transition to the surgical methods that have been

and are being used to reduce PCO. Included in this section are combination surgical

and biological treatments (expose the posterior capsule to more aqueous humor by

increasing the size of the anterior capsulorhexis or by keeping the capsular bag in a

more open configuration) and strictly surgical innovations (the “bag-in-the-lens”

approach and the use of capsular tensioning and bending rings to prevent the

migration of lens epithelial cells into the visual axis). IOL design and materials
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play a large role in the incidence of PCO and, as expected, these receive

comprehensive treatment. This section concludes with a forward-looking consider-

ation of microincision IOLs and PCO and the special problems associated with

pediatric cataract surgery, in which PCO is the major challenge. Not explicitly

addressed are the future challenges posed by accommodating IOLs and other

potential innovations. However, the in-depth treatment of the biological basis of

PCO should provide valuable clues about how to address this pathology in whatever

context it appears.

David C. Beebe, Ph.D.

Janet and Bernard Becker Professor of Ophthalmology

and Visual Sciences

Professor of cell biology and physiology

Washington University School of Medicine

St. Louis, MO, USA
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Preface

The crystalline lens, like the cornea, is one of the most transparent tissues dedicated

to optical function. I, with my colleagues, have long been engaged in research on

this remarkably unique tissue, in many diverse fields including embryology, physio-

logy, pathology, and others. Disturbance of the optical nature of the crystalline lens

by opacification caused by aging and/or other diseases directly impairs visual

function. Treatment of the opacification of the tissue, primarily through cataract

surgery, has developed into a very precise technique, along with continuous

advances in medicine. Classical whole extraction of the opacified crystalline lens

with an implantation of an iris-fixed intraocular lens (IOL) has long been replaced

by the current modern procedure of extracapsular lens extraction, in association

with a better understanding of the importance of the preservation of the lens capsule

postoperatively. The design of IOLs has also progressively improved to suit this

surgical procedure. After establishing the concept of phacoemulsification and

aspiration of the cataractous lens, further innovation of surgical devices including

the phaco machine, advanced microscopy, and improvement of biomaterials and the

shape of IOLs encompass today’s sophisticated cataract surgery. Modern phaco

surgery has certainly achieved a dramatic recovery of patients’ vision and provided

an enormous contribution to healthy aging in humans.

Modern phaco cataract surgery involving IOL implantation is not yet free from

complications, which still need to be addressed and overcome. Although postoper-

ative infection or loss of accommodative vision occurs, one of the most common

and to-be-prevented complications is posterior capsular opacification (PCO). PCO

impairs the patient’s vision and is associated with a requirement for further medical

treatment, also disturbing the ability for ocular fundus examination by an ophthal-

mologist. Subsequent surgery or laser treatment of PCO also potentially increases

the risk of rhegmatogenous retinal detachment of a “gloomy floater” and remnants

of the PCO tissues.

The residual lens epithelial cells retained after extracapsular lens extraction are

responsible for PCO. This cell is of ectodermal origin during embryonic develop-

ment and lines the inner anterior surface of the lens capsule, the native basement

membrane of the cell. The lens epithelial cell undergoes aberrant behavior post-

phaco surgery. This epithelial cell can migrate posteriorly along the inner surface of

the lens capsule, sometimes reaching the posterior lens pole in line with the optic

portion of an IOL. The cells may then differentiate into lens-fiber-like tissues
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or de-differentiate into a mesodermally derived fibroblastic-like cell, accompanied

by aberrant deposition of extracellular matrix, all of which may contribute to the

development of PCO.

It is timely that we present this publication dedicated to our current knowledge

and understanding of lens epithelial cell biology and PCO, focusing on the key

issues with respect to the basic and clinical sciences. I am so lucky to have friends

who are leading experts in this field to edit the chapters with me: Frank and Liliana.

With their extreme energy and efforts, it is fortunate that the book can deliver

25 specialist chapters by a number of internationally distinguished investigators

leading the research in the basic science aspects of lens cells behavior, as well as the

clinical problems of lens cells leading to PCO. This volume is edited not only as a

series of review articles on cutting-edge findings from researchers, but also as a

primer of basic and clinical research on the lens epithelium and PCO for young

research investigators, residents, and clinicians alike.

We would like to express our deepest appreciation to Makie Kambara and

Mariko Kubota, Springer Japan, as well as our sincerest thanks to the many external

reviewers who kindly spent their invaluable time reviewing the chapters.

Wakayama, Wakayama, Japan Shizuya Saika

Dr. Shizuya Saika is chairman/professor of the Department of Ophthalmology,

Wakayama Medical University School of Medicine, Wakayama, Japan. Dr. Saika

completed his M.D. in 1988 and his Ph.D. in 1993 from this university. He was also

engaged in basic science research in the Department of Ophthalmology, University

of Cincinnati School of Medicine, Ohio, USA, in 1998–1999. He has been engaged

in basic science research in wound healing of lens and cornea besides his clinical

work, especially of surgeries for cataract, glaucoma, and vitreoretinal disorders.
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Preface

This book provides invaluable and updated information on posterior capsular

opacification. It approaches the problem in a very comprehensive manner, from

basic science to clinical outcomes and surgical or intraocular device-related

methods currently used to prevent it. I was very pleased and honored when Shizuya

invited me to join him and Frank in this project, to help develop the clinical/surgical

section of the book represented by Parts II to VI.

Cataract surgical removal with intraocular lens implantation evolved into an

extremely successful procedure. Yet, despite considerable advances in basic sci-

ence research, as well as surgical techniques and intraocular device manufacturing,

posterior capsular opacification remains the most frequent long-term postoperative

complication after cataract surgery. Prevention of any form of opacification within

the capsular bag has actually become a primary research goal, particularly with

the development of specialized intraocular lenses. For example, accommodating

lenses, which are generally designed to move within the capsular bag or have shape

alterations upon efforts for accommodation, could have their functionality impaired

postoperatively by cellular proliferation and fibrosis. It is only through the preven-

tion of this complication that we will be able to enjoy the full potential of these

modern devices.

I would like to thank Shizuya and Frank again for this collaborative opportunity,

as well as Makie Kambara and Mariko Kubota of Springer Japan, for their hard

work in bringing this project to term. I also would like to thank our international

friends and colleagues who contributed with outstanding chapters and who are also

all considered leaders in their respective fields. We sincerely hope that this com-

prehensive report will set the basis for increasing research efforts in the near future

towards the complete eradication of posterior capsular opacification. To my

colleagues and fellows at the John A. Moran Eye Center, as well as my family,

especially my parents, Heron and Nilma, thank you so much for your constant

professional and personal support!

Salt Lake City, Utah, USA Liliana Werner
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Liliana Werner, M.D., Ph.D., is a tenured associate professor of ophthalmology

and visual sciences and co-director of the Intermountain Ocular Research Center at

the John A. Moran Eye Center, University of Utah, Salt Lake City, UT, USA. She

has an M.D. degree from Brazil and a Ph.D. degree (biomaterials) from France.

Dr. Werner’s research is centered on the interaction between ocular tissues and

different intraocular lens designs, materials, and surface modifications. These

include intraocular lenses implanted after cataract surgery, and also phakic lenses

for refractive surgery as well as ophthalmic implantable devices in general.
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Preface

Since the turn of the last century, research on the ocular lens has flourished, with

major advances in our understanding of its normal biology and pathology emerging,

in particular over the last 30 years with the advent and development of powerful

molecular tools. Although many candidate molecules have now been identified to

play essential roles in the induction, growth, and maintenance of the ocular lens,

much more needs to be understood in order to regulate many of the cellular

processes that are essential for maintaining lens transparency and preventing cata-

ract. Medical and surgical advances have also progressed with the years, and vision

has been restored to many blind worldwide suffering from cataract, through what

today seems to be a routine procedure of extracapsular extraction of the cataractous

tissue and implantation of a prosthetic lens. This too, unfortunately, is not without

its complications, one of the main being posterior capsular opacification (PCO).

Much research on this secondary cataract has shown it to arise from lens epithelial

cells remaining after surgery which undergo aberrant fiber cell differentiation

and/or transformation into myofibroblast-like cells that form subcapsular plaques

embedded in extracellular matrix. Although procedures have also been developed to

deal with this secondary complication, much research has focused on its prevention.

It is in this context of better understanding PCO and its cellular origins that this text

was devoted specifically to the lens epithelium and PCO.

This text has allowed us to bring together, for the first time, an international

panel of well-known lens cell biologists and clinicians currently working on

research specifically related to lens induction, development, differentiation, growth,

maintenance, pathology, and surgical practices. The first chapters provide a current

view of basic research on the lens epithelium, serving as a foundation for the

more clinical-based chapters that comprise the remainder of the text. These early

chapters, where relevant, include discussions on lens pathology, such as processes

leading to cataract and even PCO, to complement the basic lens research. From the

establishment of the embryonic lens epithelium, its detailed morphology and

association with its overlying basement membrane, the lens capsule, we cover the

regulation of lens epithelial cell proliferation and their differentiation into fiber

cells. From this we explore many of the key regulatory transcription factors

implicated in congenital cataract before moving on to lens regeneration, a process

unique to some lower vertebrates but with potential application to humans in the

years to come. We conclude the basic science chapters highlighting different
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models investigating the molecules and fibrotic changes to lens epithelia leading to

cataract as well as fibrosis associated with lens wound healing. The remainder of the

text is dedicated to clinical outcomes of PCO, with a heavy focus on the different

modes of its prevention. By showcasing these clinical issues we hope to better

educate and bring together our basic lens researchers who have the knowledge and

expertise to potentially address some of the problems preventing the progression of

this specialist field of research.

This text is unique in its unsurpassed depth of information specifically focused on

the lens epithelium and PCO, written bymany of the very people who lead the field. It

is an invaluable resource for those interested in lens biology and pathology, providing

an entry point into the primary research literature. I am privileged to have taken part

in this endeavor initiated by Professor Saika, and we hope that graduate students,

residents, postdoctoral fellows, principal investigators, and clinicians alike will all

enjoy reading and using this book as much as we have enjoyed editing it.

On a final note, I would like to sincerely thank all of the contributing authors who

made this work possible, as well as the many other lens researchers who have kindly

offered feedback revising the chapters. Last but not least, it has been a great honor

working with Professors Saika and Werner. Their professionalism and work ethic

have made this exercise a most rewarding and pleasurable experience. To my three

sons, Christopher, Alexander, and Matthew Lovicu, thank you for always keeping

me grounded and for giving me the time to work on this project.

Sydney, New South Wales, Australia Frank J. Lovicu

Dr. Frank J. Lovicu is a professor in the School of Medical Sciences, in

the Discipline of Anatomy and Histology, Bosch Institute and Save Sight Institute,

at the University of Sydney, NSW, Australia. He currently heads the Lens Research

Laboratory in Anatomy and Histology, where he primarily studies the role of growth

factor signaling in regulating lens cell behavior. His research promotes the under-

standing of the cellular and molecular processes leading to normal lens development

and growth, as well as those leading to cataract. His research findings have the

potential for development of new strategies to treat and/or prevent cataract.
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Marie-José Tassignon and Sorcha Nı́ Dhubhghaill

23 Posterior Capsule Opacification with Microincision

(MICS) IOLs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 387

David Spalton

Part VI Special Cases

24 PCO and the Pediatric Eye . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 399

Abhay R. Vasavada, Sajani K. Shah, Vaishali Vasavada,

and M.R. Praveen

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419

Contents xvii



Part I

Lens Epithelial Cell Biology



From Zygote to Lens: Emergence
of the Lens Epithelium 1
Michael L. Robinson

Abstract

At the dawn of the twentieth century, Hans Spemann first discovered embryonic

induction when he demonstrated that lenses failed to form in the frog, Rana
fusca, following the destruction of the optic vesicle. Since that time, lens

induction remains at the forefront of investigations of embryonic development.

However, unlike in the early days of vertebrate experimental embryology,

advanced genetic tools and techniques make it possible to paint a detailed

molecular picture of how the lens comes into being. It is this picture, although

not complete, that emerges in the following pages. Drawing from investigations

using a number of different model systems and experimental approaches, this

work traces the journey from fertilized zygote to the differentiation of the lens

epithelium. These transitions from zygote to inner cell mass to epiblast to

ectoderm to neural plate border to preplacodal ectoderm to lens placode to

lens vesicle to lens epithelium occur through sequential paracrine signals that

induce specific transcription factors leading to the production of proteins

characterizing each stage. Understanding the paracrine signals that take place

during normal embryonic development informs much of the current revolution

fueled by the conversion of embryonic stem cells or induced pluripotent stem

cells into differentiated cell types in vitro.

Keywords

Lens induction • Lens placode • Neural plate border • Preplacodal ectoderm

M.L. Robinson (*)
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1.1 In the Beginning

As all animal life begins with the union of sperm and egg, this seems an appropriate,

but perhaps surprising, place to start describing the formation of the lens epithelium.

Developmental and stem cell biologists stand at the precipice of fundamental under-

standing of how uncommitted cells receive and interpret instructions to differentiate

into virtually any cell type. The lens, in fact, provided one of the first compelling

examples of this with the creation of human lens progenitor cells from embryonic stem

cells in 2010 [1]. The accomplishment of this feat entailed the sequential exposure of

pluripotent cells to paracrine factors to mimic the sequence of events that lens

progenitor cells normally experience during embryonic development. These paracrine

factors likely initiate the epigenetic alterations in chromatin structure that ultimately

direct cell fate decisions. Understanding the molecular control of cell type-specific

chromatin structure remains the holy grail of developmental genetics.

The union of sperm and egg to form the totipotent (able to form all embryonic

and extraembryonic cell types) zygote initiates the epic journey of development

that, in the case of humans, results in the formation of over 200 distinct cell types.

Much of the information currently known about early cell fate decisions in

mammals comes from studies of mouse embryos. Although there are subtle

differences in early mouse versus human development [2], these are far outweighed

by the similarities, and given the difficulty of obtaining and observing early human

embryos, the mouse makes a suitable human proxy. Following fertilization, the

zygote initiates a number of cleavages that subdivide the early embryo into multiple

cells without increasing the overall size of the embryo. In contrast to early

cleavage-stage embryos in most animals, which rely on proteins translated from

maternal mRNA transcripts, mammals initiate transcription of the embryonic

genome (derived from the union of sperm and egg) very early in development.

Active zygotic transcription initiates prior to the 2-cell stage in mice and between

the 4- and 8-cell stages in human embryos (reviewed in [3]).

The lens epithelium, as well as all differentiated cell types, derives from the

totipotent zygote, but the precise point at which cell differentiation begins in

mammals remains a controversial topic. In many animals, differentiation begins

immediately upon the initiation of cleavage, with divergent developmental fates

imparted on each of the first two blastomeres. Oftentimes, asymmetric distribution

of cytoplasmic components within the egg, or the point of sperm entry, dictates

polarized development of nonmammalian cleavage-stage embryos. In contrast, the

mouse oocyte lacks any obvious molecular polarity [4]. However, several studies

suggested intrinsic polarity in the early mouse embryo, particularly in determining

the embryonic–abembryonic axis (division of the blastocyst between embryo

forming and extraembryonic tissue forming regions). One of these observed that

the second polar body specifically localized to the embryonic–abembryonic

boundary of the future blastocyst [5], and another suggested that the sperm entry

point always coincided with this boundary in mice [6]. Yet, other investigations

found no bias in the developmental fate of the first two mouse blastomeres [7].

Recently, sophisticated fate mapping experiments demonstrated that a proportion of
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mouse embryos exhibit nonrandom bias of 4-cell stage blastomeres with respect to

contribution to embryonic or extraembryonic portions of the blastocyst [8].

Although there may be factors that bias the development of particular early

blastomeres in the early mammalian embryo toward one developmental fate versus

another, the first definitive differentiation event in mouse takes place subsequent to

the third cleavage when the embryo, now known as a morula, consists of eight

blastomeres. At this point, cells first develop apical–basal polarity and the embryo

undergoes a process known as compaction in which the cluster of eight blastomeres

go from resembling a cluster of marbles to a sphere with no obvious physical

distinction between cells. Uvomorulin (also known as E-cadherin or CDH1),

originally identified as playing an essential role in this compaction process [9],

later distinguishes lens epithelium from differentiated lens fiber cells. Up to the

compaction stage, all of the early mammalian blastomeres maintain totipotency.

Compaction marks an end to this totipotent stage and sets the stage for the first

differentiation event on the road to lens formation.

In the compacted mammalian embryo, some cells reside on the inside of the cell

mass, being totally surrounded by other cells, and the remaining cells have a cell

membrane exposed to the outer surface of the morula. Prior to compaction, all of

the blastomeres co-express the transcription factor genes Oct4 and Cdx2, but by the
time the morula becomes a blastocyst, Oct4 and Cdx2 exhibit mutually exclusive

expression in the inner cell mass and trophectoderm, respectively [10–12]. This

distinction between cells destined for trophoblast and inner cell mass fates may be

mediated by the Hippo (HPO) pathway [13, 14]. The cells lying interior, within the

compacted morula, exhibit active HPO signaling. HPO signaling activates the Lats

kinase which phosphorylates and thereby destabilizes the YAP protein and prevents

YAP from entering the nucleus. However, in cells surrounding the inside morula

cells, lower levels of HPO signaling lead to the nuclear accumulation of YAP where

it acts as a cofactor for the TEAD4 transcription factor. Transcriptional

upregulation of Cdx2 requires theTEAD4/YAP complex and results in both the

inhibition of Oct4 expression and the transcriptional activation of trophoblast

specifying genes including Eomes, Psx1, and Hand1. Likewise, Oct4 expression

in the inner cells suppresses Cdx2 expression and activates the expression of Sox2
and Nanog which, together with OCT4, maintain the pluripotency of the inner cell

mass cells. The trophoblast cells go on to form most of the placenta but do not

contribute to any tissues of the embryo proper.

The Oct4 expressing inner cell mass (ICM) of the developing blastocyst

provides the stem cells for the entire embryo, including the lens. These ICM cells

subdivide into the primitive endoderm and epiblast prior to the implantation of the

blastocyst into the uterus. FGF signaling within the inner cell mass pushes cells

toward primitive endoderm fate [15], leading to the segregation of a layer of Gata6
expressing primitive endoderm cells separating the epiblast cells from the blasto-

coel cavity of the blastocyst (see Fig. 1.1). The primitive endoderm cells will

differentiate into the parietal and visceral endoderm of the yolk sac while the

Nanog-expressing epiblast continues on the path leading to lens and other embry-

onic cell types.
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After the implantation of the blastocyst into the uterus, the epiblast segregates

into the amniotic ectoderm and the embryonic epiblast. The embryonic epiblast

undergoes gastrulation to form the three primary germ layers of the embryo proper:

ectoderm, mesoderm, and endoderm. The lens precursors derive from the embry-

onic ectoderm, that portion of the embryonic epiblast that avoids going through the

primitive streak during gastrulation. The embryonic ectoderm that forms the lens

originates in the head-forming region of the epiblast. Defining the head requires

Fig. 1.1 Journey of the lens-forming ectoderm from zygote to neural plate. The zygote is

pluripotent, capable of generating any cell type including lens. The first differentiation decision

takes place in the morula when the inner cell mass cells (gray), from which the lens originates, are

distinguished from the trophoblast lineage (colorless). At the blastocyst stage, the inner cell mass

has differentiated into the primitive endoderm (black) and the epiblast (gray) which contains the

future lens cells. After implantation, the embryo undergoes gastrulation. The axial mesoderm,

underlying the neural ectoderm, secretes BMP inhibitors including CHORDIN, FOLLISTATIN,

and NOGGIN that allows the overlying ectoderm to adopt a neural fate (beige). The neural crest
cells (yellow) and the preplacodal ectoderm (gray) both receive an intermediate level of BMP

signaling, but these cells are distinguished by Six1/4 and Eya1/2 expression in the preplacodal

ectoderm and Foxd3 expression in the neural crest cells. The tissue expressing high levels of BMP

becomes the epidermal ectoderm. The preplacodal ectoderm is later subdivided into the anterior

preplacodal ectoderm (darker gray), from which the lens is derived, and the posterior preplacodal

ectoderm (lighter gray). Underneath each diagram are listed genes or gene products distinguishing

each tissue. Tissues from which the lens develops are indicated by astricies
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interaction of the embryonic epiblast with the underlying anterior visceral endo-

derm (AVE) derived from the primitive endoderm. The AVE defines the anterior

of the embryo by secreting CERBERUS and LEFTY-1 which protects the

overlying epiblast by antagonizing the WNT3a and NODAL paracrine signals

emanating from the node at the posterior side of the embryo. Thus, initially the

lens-forming ectoderm avoids WNT and NODAL patterning from the node that

would otherwise activate mesodermal fate in this tissue. The foregut endoderm

and anterior-most axial chordamesoderm invade the midline space between the

epiblast and AVE where they secrete BMP antagonists including CHORDIN,

NOGGIN, and FOLLISTATIN. The paracrine signals from the AVE, the foregut

endoderm, and the axial mesoderm suppress BMP, NODAL, and WNT signaling in

the epiblast fated to form the neural ectoderm.

1.2 Subdividing the Ectoderm: Formation
of the Neural Plate Border

As the neural plate forms, the cells that ultimately give rise to the lens reside in a

region of ectoderm between the neural and presumptive epidermal ectoderm known

as the neural plate border (NPB) region. Although suppression of BMP signaling is

required for neural ectoderm specification, the NPB, where the precursors of both

the neural crest (NC) and the preplacodal ectoderm (PPE) reside, requires a low to

intermediate level of BMP signaling. Active research continues to define the signals

and transcription factors that pattern the NC and PPE, and the emerging story

includes complications coming from different types of experiments and interspe-

cies variations in the signals and transcription factors specifying these tissues.

In all vertebrates, induction of the PPE requires FGF signaling as well as

attenuation of both WNT and BMP signaling [16–18]. The PPE, while initially

indistinct, eventually separates into discrete regions where the ectoderm thickens

and develops into specific sensory placodes that differ both in the transcription

factors they express and their ultimate anatomical fate. The lens, olfactory, and

anterior pituitary (adenohypophysis) placodes arise from the anterior PPE, while

trigeminal, epibranchial, and otic placodes form from the posterior PPE. Neurons

ultimately derive from all but the lens and adenohypophyseal placodes. In contrast,

the NC develops from ectoderm medial and posterior to the PPE, ultimately giving

rise to a wide variety of cell types including peripheral neurons and glia, smooth

muscle cells, melanocytes, cells of the adrenal medulla, cardiac cells, and the

cartilage and bones of the face.

Since both PPE and NC come from the NPB region, these cells may initially

share a common potential to develop into either cell type, with subsequent

divergence based on differences in paracrine signaling gradients. The finding

that neural plate grafts into epidermal ectoderm induce the expression of the

definitive placodal marker Six1 on either side of the graft supports this model

[17]. Evidence from chick explants suggests that the cells fated to become the

NBP are specified as NC cells as early as the late blastula stage [19], but no cells
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of sensory placodal identity differentiate from these blastula cells cultured in

isolation. An alternative model from Xenopus studies suggests that cells of the

NBP consist of two distinct populations [16, 20]. One of these derives from

the neural ectoderm and gives rise to the NC while the PPE originates exclusively

from the non-neural ectoderm.

Although neural ectoderm requires a complete blockage of BMP signaling for

early specification, BMP plays a complex role in patterning the remaining ecto-

derm. Complete blockage of BMP signals by 200 or 100 μM dorsomorphin in the

zebrafish late blastula/early gastrula resulted in dorsalization with the complete loss

of non-neural ectoderm, but 50 μM dorsomorphin caused a ventral expansion of NC

ectoderm and loss of both PPE and epidermal ectoderm [21]. However, treatment of

zebrafish embryos with 100 μM dorsomorphin 3 h later (7 h postfertilization) failed

to prevent either NC or PPE formation, and in contrast to the ventral expansion of

the NC with an early exposure to 50 μM dorsomorphin, no concentration of

dorsomorphin expanded PPE at the expense of epidermal ectoderm. The PPE

always formed in a domain stripe between the NC and the epidermal ectoderm

[21]. In these experiments, the expression of the transcription factor genes, AP2α,
Foxi1,Gata3, andDlx3, required BMP signaling at an early stage, but became BMP

independent shortly after their expression initiated. In zebrafish, both NC and PPE

development require AP2α and DLX3, but only the PPE depends on FOXI1 and

GATA3 for subsequent development. AP2α, FOXI1, and GATA3 work together in
zebrafish to provide PPE competence, as placodal derivatives form in morpholino-

mediated knockdown of any one of these transcription factors. Once the expression

of AP2α, Foxi1, and Gata3 initiates, these factors form a cross-regulatory network

that maintains their expression in the absence of further BMP signaling [22]. In fact,

the ectopic expression, in zebrafish, of any two of these transcription factors

activated the expression of Foxd3 and Six4.1, definitive markers of NC and PPE,

respectively, in the absence of any BMP signaling [22]. In mice, the requirement of

FOXI1 and GATA3 in global placodal development remains less clear, although

mice lacking Foxi1 demonstrate specific functional deficiencies in derivatives of

the otic placode [23]. Likewise, null mutations of Gata3 cause deafness in hetero-

zygous mice, and homozygotes fail to develop the ear beyond the otocyst [24].

Whether or not the NPB initially consists of two distinct populations of cells, this

region requires initial BMP signaling and expresses AP2α, FOXI, GATA, and DLX
transcription factors, and these factors cooperate to initiate expression of Six1 and

Eya1/2. Precisely which Foxi, Gata, and Dlx genes are expressed in the NPB

depends on the species. For example, chick Foxi3 replaces zebrafish Foxi1,
and while both zebrafish and Xenopus express Dlx3 in the PPE, chick and mouse

express Dlx5. In contrast to the transcription factors that confer PPE competence

but displaywide expressionwithin theNPB region, only thePPEexpressesEya1/2 and
Six1/4, making the expression of these genes definitive for placodal precursors

(reviewed in [25]).
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1.3 Defining the Preplacodal Ectoderm

The Drosophila genome contains a single eyes absent (Eya) gene, but vertebrates
possess four homologous Eya genes (Eya1–4). All animal Eya genes encode

proteins with several distinct biochemical functions (reviewed in [26]). These

include an N-terminal Pro/Ser/Thr-rich domain containing threonine phosphatase

and transcriptional transactivation activity, and a highly conserved C-terminal EYA

domain containing tyrosine phosphatase activity and a protein–protein interaction

motif. To date, the variant histone, H2AX, represents the only validated substrate

for EYA tyrosine phosphatase activity [27, 28], and substrates for EYA threonine

phosphatases remain unrevealed. EYA proteins possess no DNA-binding affinity.

Therefore, the potential of the transactivation domain depends entirely upon the

interaction with another protein with an intrinsic DNA-binding domain. Both the

homeodomain-containing SIX family and SOX2 transcription factors interact with

EYA proteins and permit EYA-mediated transactivation of their respective

DNA-binding target genes [29–32]. Interestingly, the transactivation activity of

EYA proteins depends on intact EYA tyrosine phosphatase activity [33]. Of the

vertebrate Eya genes, Eya1 and Eya2 specifically play roles in cranial placode

development [34–38].

The Six family of transcription factors derive their name from the sine oculis
homeobox gene of Drosophila. The Drosophila genome encodes three distinct

SIX proteins: SINE OCULIS, OPTIX, and DSIX4. Likewise, vertebrate Six
genes fall into three subfamilies based on similarities to these three Drosophila

genes (reviewed in [39]). As their name suggests, all Six genes encode a

DNA-binding homeodomain and additionally a SIX domain that mediates

protein–protein interactions. Although SIX proteins may possess some intrinsic

transcriptional activation activity [40], their main effect on transcription

depends on interactions with transcriptional cofactors. The SIX domain of

these transcription factors associates with members of the GROUCHO/TLE

[30, 41–43] or DACHSHUND [33, 44] families of proteins to repress transcrip-

tion or with members of the EYA protein family to activate transcription. In the

PPE, SIX1 and SIX4 members of the sine oculis and DSIX4 subfamilies,

respectively, likely regulate cell proliferation and survival. SIX3, a member of

the OPTIX subfamily, expression initiates later during the specification of the

lens placode.

The expression of Six1 and Eya1/2 defines the PPE. In the neighboring NC cells,

AP2α and DLX transcription factors activate Foxd3 expression. FOXD3, in turn,

represses the expression of Six1 and Eya1/2. In the neural tissue, SOX2 represses

the expression of both Six1 and Eya1/2. In the PPE SIX1, in conjunction with

GROUCHO, may repress the expression of genes promoting neural or NC fates.

Simultaneously, SIX1, associated with EYA1 or EYA2, may activate the transcrip-

tion of genes required for placode development (see Fig. 1.1).
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1.4 Distinguishing the Lens Placode

With the PPE specified, individual placodes must adopt their independent fate. The

lens placode arises from the anterior PPE, along with the olfactory and adenohy-

pophysis placodes, and some evidence suggests that the entire PPE adopts an initial

anterior PPE character with lens formation being the default state for all placodes.

Support for this notion comes from explant culture of isolated regions of chick PPE

where both anterior and posterior regions autonomously expressed genes charac-

teristic of lens placode including Pax6, L-maf, δ-crystallin, and FoxC1 [45]. During
gastrulation the anterior–posterior patterning of the neural ectoderm is accom-

plished, in part, by a gradient of WNT signaling. Secretion of Wnt antagonists by

the anterior visceral endoderm, pharyngeal endoderm, and prechordal plate meso-

derm results in a posterior to anterior gradient of WNT signaling. This gradient of

WNT signals also distinguishes anterior PPE from posterior PPE, with the anterior

region expressing Pax6, Six3/6, Otx1/2, and Pitx1/2c/3 transcription factors and the
posterior region expressing Pax3/2/8, Irx1/2/3, Gbx2, and Msx1/2 transcription

factors (reviewed in [46]).

Recent experiments in chick suggest that Pax6 expression in the anterior PPE

depends on somatostatin (SST) secreted from the underlying anterior mesendoderm

during gastrulation [47]. The anterior PPE specifically expresses the somatostatin

receptor, SSTR5, and ablation of the anterior mesendoderm, chemical antagonists

of SST, and morpholinos to SSTR5 all reduce or eliminate the expression of Pax6
in the anterior PPE. In addition to PAX6, SST signaling also initiates the expression

of nociceptin in the anterior PPE and NOCICEPTIN (also known as ORPHANIN

FQ) cooperates with SST to induce Pax6 in lens and olfactory precursors in both

chick and zebrafish [47]. These studies also demonstrated that signals from the

posterior mesoderm including, but not limited to FGF, repress nociceptin and Pax6
expression in the posterior PPE.

Distinguishing individual placodal identity within the anterior PPE also depends

on local paracrine signaling. Hedgehog signaling from the axial mesoderm specifies

the development of the adenohypophyseal placode in the medial anterior PPE. The

cells destined to form the lens and olfactory placodes, though indistinguishable in

the gastrula, begin the process of separation during neurulation. At the neural fold

stage the lens and olfactory precursors commonly express Pax6, Dlx5, Six1, and
Sox2 transcription factor genes, but as these precursors separate, the lens placode

cells maintain Pax6 expression while turning off Dlx5, while the olfactory placode

cells do the opposite. This specification of visual from chemosensory precursors

recalls the similar situation in Drosophila, where the common eye/antennal imagi-

nal disc diverges into Eyeless (the Drosophila Pax6 homolog)-expressing eye

precursors and Distalless (the Drosophila Dlx homolog)-expressing antenna

precursors [48].

Although both olfactory and lens placode precursors require both BMP and FGF

signaling prior to placode formation, the olfactory precursors receive more

FGF signaling from the anterior neural ridge and this increased FGF signaling

may distinguish olfactory from lens precursors. In fact, the induction of FOXG1,
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a transcription factor essential for olfactory development [49], requires FGF8

signaling from the anterior neural ridge [45]. However, exogenous FGF8 fails to

induce the expression of olfactory-specific genes in lens precursors from neural

stage embryos [45, 50]. Other studies suggest that increased BMP signaling in lens

precursors distinguish these cells from those giving rise to olfactory fate [50]. In a

recent review, Gunhaga suggests a model where FGFs and BMPs antagonistically

pattern the neural plate border where FGFs from the neural tissue prevent this

region from becoming epidermis while BMPs from the epidermal ectoderm specify

lens/olfactory progenitor cells in the anterior PPE (reviewed in [51]).

In classical Xenopus embryonic transplantation experiments several different

regions of head surface ectoderm retained competence for lens formation in

response to optic vesicle induction during early development [52, 53]. These

observations, in addition to experiments suggesting the default lens-forming fate

of the PPE [45], imply that lens-forming potential in the ectoderm requires active

restriction to ensure the correct placement of a single lens on each side of the head.

At least some of the lens-forming restriction results from sonic hedgehog (SHH)

signaling from the axial mesoderm. In fact, mutation of either Shh or the SHH

effector Gli2 results in the formation of a third midline lens in zebrafish that

replaces the adenohypophysis [54]. Likewise, increased SHH signaling provides

the mechanism for lens and eye degeneration in the blind cavefish, Astyanax
mexicanus, which results in expanded expression of Pax2 at the expense of

Pax6 [55].

Canonical WNT signaling also appears to restrict lens-forming potential in the

head surface ectoderm. Although WNTs may induce several distinct signal trans-

duction cascades, canonical WNT signaling leads to the stabilization of β-catenin, a
molecule that functions both in the formation of adherens junctions between

epithelial cells and as a transcriptional co-activator in combination with TCF/LEF

transcription factors. The initial canonical WNT signaling complex consists of a

WNT ligand, a FRIZZLED receptor, and an LDL-related coreceptor (either LRP5

or LRP6). This WNT/FRIZZLED/LRP5/6 complex activates DISHEVELLED

(DVL) which subsequently inactivates the β-CATENIN phosphorylation/destruc-

tion complex. The genetic removal of β-catenin in lens cells disrupts lens morpho-

genesis [56–58], but at least some of this disruption results from the adhesion

functions of β-CATENIN rather than its role as a transcriptional effector.

Indeed, abundant evidence suggests that lens induction requires a canonical

WNT-free zone. A number of different canonical WNT signaling reporter strains

fail to detect evidence for β-CATENIN-mediated transcriptional activity in the lens

placode [56, 57, 59, 60–62]. In contrast, canonical WNT signaling characterizes

both the ocular mesenchyme, consisting of a mixture of head mesoderm and neural

crest cells, and the ectoderm surrounding the lens placode (particularly after

invagination of the lens pit). Indeed, removal of β-catenin from the Pax6 expressing
surface ectoderm resulted in ectopic patches of lens formation, particularly in the

ectoderm between the eye and nose [56, 57]. Furthermore, stabilization of

β-CATENIN within the lens placode disrupts lens formation resulting in decreased

expression of both AP2α and Pax6 and increased expression of markers of neural
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ectoderm including β-tubulin [56]. The apposition of the growing optic vesicle with
the overlying presumptive lens ectoderm excludes ocular mesenchyme which

underlies the surrounding surface ectoderm. This contact between the optic vesicle

and surface ectoderm contributes to the WNT-free zone that permits the

upregulation of Pax6 required for the final stage of lens induction.

Although the expression of Pax6 occurs throughout the anterior PPE, Pax6
expression dramatically increases specifically during formation of the lens placode.

This two-phase expression of Pax6 (Pax6preplacode and Pax6placode) plays an impor-

tant role in the development of the lens (reviewed in [63]). Specifically, the increase

in Pax6 expression during lens placode formation marks definitive lens induction.

As discussed above, the lens-forming ectoderm receives numerous inductive

signals before lens placode formation that bias the ectoderm toward lens fate.

While lens development requires these previous inductive signals, controversy

continues as to whether signaling from the optic vesicle plays an essential role in

lens induction. Much of this debate comes from the formation of lenses in the

absence of retinal tissue, primarily in amphibians where the optic vesicle had been

ablated. Lens formation in the absence of retina can also be induced in the anterior

pituitary [54] or in the otic placode [64] by interfering with SHH signaling or

ectopically expressing Six3, respectively. However, at least in mammals, definitive

lens induction requires the optic vesicle.

Perhaps the strongest evidence for the requirement of the optic vesicle for

mammalian lens induction comes from studies of mice and humans with mutations

in the retinal homeobox gene Rax (formally known as Rx). In the absence of RAX,

the optic vesicle fails to approach the presumptive lens ectoderm; neither morpho-

logical retinal development nor retina-specific gene expression occurs [65, 66].

Likewise, lens formation fails with RAX deficiency in both mice and humans

[67]. The optic vesicle secretes BMP4 and lens placode formation fails in BMP4

null mouse embryos [68]. In RAX-deficient mouse embryos, while lens develop-

ment fails, the development of the eyelids, conjunctiva, and lacrimal gland pro-

ceeds rather normally [69]. Although Pax6preplacode expression remains unaltered in

RAX mutant mice, the upregulation of Pax6 (Pax6placode) fails to occur in the

absence of the optic vesicle. Therefore, Pax6preplacode expression suffices for the

development of auxiliary eye structures (eyelids, conjunctiva, and lacrimal gland),

but lens development requires higher levels of Pax6 expression. Notably, deletion

of β-catenin induced the upregulation of Pax6 as well as the expression of definitive
lens markers, Foxe3 and α-CRYSTALLIN, in the presumptive lens ectoderm of

RAX-deficient mice [69]. Consequently, in addition to providing paracrine signals

supporting lens induction, the optic vesicle participates in preventing canonical

WNT signaling in the lens-forming ectoderm.

The extracellular matrix between the presumptive lens surface ectoderm and the

optic vesicle represents a likely mechanism by which lens placode formation

initiates. Studies in the chick observed the deposition of extracellular matrix

between the surface ectoderm and optic vesicle [70, 71] that preceded an increase

in cellular density as placode formation progressed [72, 73]. These observations led

to the hypothesis that the extracellular matrix between the surface ectoderm and
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optic vesicle restricted the lateral movement of ectodermal cells, resulting in a

thickening of the ectoderm as cell proliferation continued in the area of contact

[72]. A genetic mechanism by which this “restricted expansion hypothesis” of lens

placode formation could occur was recently tested in mouse embryos [74]. Mice

missing Pax6 from the surface ectoderm fail to induce a lens placode [75, 76] and,

in contrast to wild-type mice, the cell density of the Pax6-deficient surface

ectoderm fails to increase relative to the surrounding surface ectoderm and spreads

over the optic vesicle surface during development [74]. Microarray analysis

revealed that several extracellular matrix molecules, including FIBRONECTIN,

exhibit reduced expression in the Pax6-deficient surface ectoderm. Furthermore,

depletion of Fibronectin expression from mouse embryos at E8.5 blocked lens

placode formation and lens pit invagination despite the normal localization of

F-ACTIN to the apical ends of the surface ectoderm cells overlying the optic

vesicle [74]. These observations support the “restricted expansion hypothesis”

and suggest that the invagination of the lens placode depends, at least in part, to

the extracellular matrix that initially cements the presumptive lens ectoderm to the

optic vesicle.

There is evidence supporting a continuous role for BMP signaling in the

formation and invagination of the lens placode. As discussed previously, the optic

vesicle secretes BMP4 and the presumptive lens ectoderm secretes both BMP4 and

BMP7 [68, 77, 78]. The role of BMP4 in lens development may not be direct as

exogenous BMP4 could not rescue lens development in the BMP4 null surface

ectoderm in the absence of the optic vesicle [68]. Loss of BMP7 in mouse embryos

results in a range of ocular phenotypes including anophthalmia, and in the most

severely affected mouse embryos, Pax6 expression disappears from the lens

placode [77–79].

In 2009, the Beebe laboratory published the results of conditionally deleting type

I BMP receptors, Bmpr1a and Acvr1, as well as BMP signaling SMAD proteins

Smad1, Smad5, and Smad4 [80]. These studies utilized the Le-Cre transgenic mouse

line which expresses CRE recombinase in the ocular surface ectoderm at E9.0, just

prior to the thickening of the lens placode, to specifically delete loxP-flanked alleles

from the surface ectoderm-derived eye structures [75]. Although lens formation

proceeded in the absence of either Bmpr1a or Acvr1, lens placodes from BMPR1a-

deficient ectoderm exhibited a more than twofold increase in apoptosis while lens

placodes from ACVR1-deficient ectoderm exhibited a significant decrease in the

fraction of cells in S-phase of the cell cycle. Conditional deletion of both Bmpr1a
and Acvr1 in the lens-forming surface ectoderm reduced lens placode thickening

and prevented lens placode invagination [80]. In addition, these double BMP

receptor knockout lens placodes failed to induce the expression of αA-
CRYSTALLIN or FOXE3 and exhibited reduced expression of SOX2. However,

the double BMP receptor knockout ectoderm exhibited the normal upregulation of

PAX6 expression that accompanies lens placode formation. Interestingly, only the

full expression of SOX2 depended on BMP signaling through the common SMAD4

in these studies suggesting that BMP utilizes noncanonical, SMAD-independent

signaling to influence lens formation [80]. The failure of lens placode invagination
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in Bmpr1a/Acvr1 double knockout mice likely results from defective cytoskeletal

reorganization [80].

Cytoskeletal rearrangements play an essential role in the invagination of the lens

placode to form the lens pit, which subsequently pinches off from the overlying

surface ectoderm to form the hollow lens vesicle. Apical constriction represents a

major mechanism by which epithelial cells undergo morphogenetic movements that

create tubes or pits from initially planar sheets. Apical constriction of lens placode

cells requires SHROOM3, an actin-binding protein induced by PAX6 [81]. The

apical localization of both F-ACTIN and MYOSIN II, mediators of the contractile

apparatus leading to apical constriction, in the lens placode cells requires Shroom3
expression. Actin cytoskeletal reorganization in cells depends on signaling through

small Rho GTPase molecules including RHOA, RAC1, and CDC42. In fact, each of

these molecules participate in various aspects of early lens morphogenesis. RAC1

drives lens placode cell elongation while RHOA mediates apical constriction, and

the mutual antagonism of these activities ensures the proper shape of the lens pit

[82]. SHROOM3-mediated apical constriction in the lens placode also requires

RHOA, ROCK, and TRIO, a RHOA guanine nucleotide exchange factor [83]. How-

ever F-ACTIN-rich filopodia that connect the lens placode surface ectoderm to the

underlying optic vesicle require CDC42 activity, and disruption of these filopodia

reduces lens pit invagination [84].

In mice, different experimental approaches led to different conclusions as to the

role of FGF receptor (FGFR) signaling in lens placode induction. In one set of

experiments, E8.5 mouse embryo heads were bisected and cultured for 24 h with

and without the presence of SU5957, a pharmacological inhibitor of FGFR activity.

The SU5957-treated heads specifically expressed reduced levels of PAX6 protein

and displayed reduced expression of a Pax6 reporter gene, suggesting the FGFR

activity participated in the increased expression of PAX6 associated with lens

placode induction [85]. In other experiments where Le-Cre mice were used to

delete Fgfr1 and Fgfr2 specifically from the lens placode-forming ectoderm,

Pax6 levels in the FGFR-deficient lens placode remained normal at E9.5 but

declined by E10.5. In this case, the FGFR-deficient lens placodes displayed normal

proliferative activity but demonstrated massive increases in apoptosis, and in most

cases very little lens tissue remained beyond E10.5 [86]. The deletion of Frs2α, a
key player in FGFR signal transduction, in the lens placode also increased lens cell

apoptosis without affecting the expression of Pax6 during later lens development,

although the phenotype of deleting Frs2α is much less severe than deleting Fgfr1
and Fgfr2 [87]. In fact, recent reports question the relative importance of FRS2α in

the actions of FGFR signaling with respect to lens development [88]. In any case,

Pax6 expression continued in lenses upon deletion of Fgfr1, Fgfr2, and Fgfr3 in the
lens vesicle. Here too, removal of these three Fgfr genes in the lens cells dramati-

cally increased apoptosis [89]. The requirement of FGFR activity for the survival of

lens placode-derived cells remains a consistent theme through these analyses of

genetically engineered mice, but direct involvement of FGFRs in lens placode

formation remains controversial.
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Interestingly, mutations in Ndst1, a gene encoding an enzyme required for the

sulfation of heparin sulfate proteoglycans, caused variable, but severe deficits in

early lens formation that sometimes included a reduction in the lens placodal

upregulation of Pax6 [90]. In particular, heparin sulfate proteoglycans mediate

FGFR signaling, although they may function in BMP and WNT signaling as well.

However, the lens defects observed in Ndst1 mutant mice appeared to specifically

associate with decreased FGF/FGFR signaling [90]. Specifically, the lens placodes

and lens pits of Ndst1 mutants exhibited a marked reduction in the phosphorylation

of ERK1/2, a downstream effector of FGFR signaling, and a reduced expression of

ETV5 (ERM), a transcription factor induced by FGFR signaling [90].

ERK1/2 phosphorylation likewise exhibits a complicated relationship with early

lens formation. In fact, evidence exists that ERK1/2 phosphorylation must be

downregulated during lens induction. Overactive ERK1/2 signaling provides an

explanation behind variable aphakia seen in mice lacking Nf1, a gene encoding a

GTPase-activating protein that counteracts RAS activation [91]. In the absence of

NF1, an initial burst of ERK1/2 phosphorylation upregulates the expression of the

RAS–ERK signaling antagonist SPRY2 which paradoxically leads to reduced

ERK1/2 phosphorylation after lens induction that results in early lens degeneration

[91]. Obviously, precise titration of ERK1/2 activation plays an important role in

lens placode induction and subsequent stages of lens development.

The requirement for NOTCH signaling in lens placode induction may be

species-specific. Foxe3 expression follows the lens placodal upregulation of Pax6
in vertebrates and therefore marks definitive lens placode induction. A 462 bp

noncoding region, about 6 Kb upstream of the Foxe3 gene in Xenopus, exhibits
significant conservation with chicken, mouse, and human genomic sequences

upstream of Foxe3 [92]. An Rbpj (also known as Su(H))-binding motif (for

NOTCH signaling) lies within this conserved noncoding region, and functional

analyses in Xenopus, utilizing a GFP reporter, demonstrated that lens placode

expression of the reporter required this motif. Furthermore, the PPE and the lens

placode express Notch2 while the underlying optic vesicle expresses the NOTCH

ligand genes Delta1 and Delta2 in Xenopus. Injection of dominant negative

mRNAs for Delta1, Delta2, or Rpbj into dorsal blastomeres of cleavage-stage

Xenopus embryos eliminated or dramatically reduced Foxe3 expression in the

lens placode [92]. In contrast, genetic deletion of the NOTCH ligand Jag1,
Notch2, or Rbpj from the lens placode or presumptive lens ectoderm in mice failed

to reduce Foxe3 expression in the lens placode or to inhibit lens placode invagina-

tion [93–96]. However, these mouse studies revealed a role for NOTCH signaling

in the maintenance of the lens epithelium. In the absence of Rbpj1 or Jag1, the
anterior lens epithelium thins and specifically loses lens progenitor cells. During

early lens development disrupted NOTCH signaling drives the entire lens epithe-

lium to begin taking on characteristics of postmitotic transitional zone cells, with

increased expression of p57KIP2 and PROX1, with eventual loss of epithelial

characteristics including FOXE3 and E-CADHERIN, particularly in the Jag1
conditional mutant lenses having the most severe phenotype [93, 95–97].

1 From Zygote to Lens: Emergence of the Lens Epithelium 15



Also, loss of either Rbpj1 or Jag1 from the presumptive lens ectoderm led to a

persistent lens stalk between the corneal epithelium and lens, characteristic of

Peters’ anomaly [93].

Failure to separate the lens from the surface ectoderm that will become the

corneal epithelium occurs with several different mutations in mammals, including

Pax6 [98–100], Foxe3 [101–104], Foxc1 [105, 106], Pitx2 [107], Pitx3 [108],

Sox11 [109], Sip1 [110], Cyp1b1 [111], AP2α [112], Cited2 [113], Msx2 [114],

Spry1 and Spry2 [115], RXRα/RARγ double knockouts [116], activating mutations

of Fgfr2 [117], and transgenic lenses ectopically expressing Fgf3 [118]. Apoptosis

normally removes the lens stalk that connects the lens vesicle to the overlying

surface ectoderm in both mammals [119–124] and nonmammalian vertebrates

[125, 126]. The precise mechanisms inducing apoptosis in the lens stalk remain

unknown but must be tightly controlled to ensure the specific loss of stalk cells

without compromising the survival of either the lens or corneal epithelium. The

large number of genes whose mutation can result in Peters’ anomaly suggests that

this pathway will involve a number of different signal transduction cascades and a

complex interplay of transcription factors. The relative frequency of Peters’ anom-

aly in cases of anterior segment dysgenesis makes this an important area for

elucidation.

Once the lens vesicle forms and separates from the surface ectoderm, the lens

epithelium can differentiate from the cells comprising the anterior hemisphere of

the vesicle. Just as the posterior lens vesicle cells differentiate through the process

of fiber cell differentiation, the anterior vesicle cells must also mature to adopt their

final form. Although initially the entire lens vesicle remains competent for cell

proliferation, this characteristic quickly becomes the exclusive domain of the lens

epithelial cells and ultimately proliferation in the lens epithelium narrows to a band

of cells slightly anterior to the lens equator.

There is evidence that canonical WNT signaling participates in the development

of the lens epithelium. Mice, homozygous for mutations in Lrp6, a coreceptor for

canonical WNT signaling, exhibit defective lens epithelial cell differentiation and

ectopically express β-crystallin, providing some evidence that lens epithelial cells

inappropriately shift to a fiber cell fate [127]. Alternatively, constitutive activation

of WNT/β-CATENIN signaling caused an expansion of lens epithelial cells with

inhibited fiber cell differentiation [128]. As discussed previously, the initial forma-

tion of the lens placode requires a canonical WNT-free zone. The WNT-receptor

antagonist, Sfrp2, is expressed early in lens placode formation [78]. This expression

pattern led to the suggestion that SFRP2 may participate in suppressing canonical

WNT signaling in the lens placode [129]. However, deletion of both Sfrp2 and

Sfrp1 did not lead to increased β-CATENIN signaling in the lens placode but

actually reduced canonical WNT signaling in the lens epithelium in E13.5 mouse

embryos, demonstrating that these classical WNT antagonists maintain canonical

WNT signaling in the lens epithelium [130].

So with the emergence of the lens epithelium from the lens vesicle, our journey

from the fertilized zygote draws to an end. Despite the numerous paracrine signals,

transcription factors and intracellular proteins essential for formation of the lens
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epithelium already identified, the story remains far from complete. In particular,

understanding the epigenetic regulation of lens epithelial development, including

the role of chromatin modifications, DNA methylation, microRNAs, and long

noncoding RNAs, remains in its infancy. The recent examples of creating lens

cells from embryonic stem cells and/or induced pluripotent stem cells derived from

both mouse [131] and human [1, 132, 133] sources represent unique opportunities

to define the temporal and chemical cues required to recapitulate or replace the

normal process of lens generation during development. Perhaps someday

iPS-derived lenses will routinely replace cataractous lenses or provide accommo-

dating lenses to those of us past our youth suffering from presbyopia.
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Cell Biology of Lens Epithelial Cells 2
Steven Bassnett

Abstract

The epithelium of the vertebrate lens plays a critical role in tissue homeostasis

and maintenance of lens clarity. The epithelium is the most metabolically active

region of the lens and contains all the mitotically active cells. Cell division in the

epithelium occurs exclusively in the germinative zone, a swathe of cells

encircling the lens just above the equator. Fibroblast growth factor, a molecule

with a demonstrated role in lens fiber cell differentiation, may promote epithelial

cell division although other growth factors likely contribute. The organization of

cells within the lens epithelium has often been likened to a cobblestone pattern.

However, recent three-dimensional imaging studies have revealed that

individual epithelial cells have a complex, polarized anatomy, with morpholog-

ically distinct apical and basolateral domains. The apical membrane is

delineated by a hybrid junctional complex consisting of adherens junctions

and tight junctions. Adherens junctions play a critical role in epithelial organi-

zation and loss of nectins or cadherins, two core components of adherens

junctions, has catastrophic consequences for lens organization and transparency.

Tight junctions, the apical-most junctional element, restrict the paracellular flow

of ions into the lens but also serve as scaffolds for an assemblage of important

polarity proteins. Targeted disruption of the partitioning defective (Par) family

of polarity proteins results in loss of apical cell junctions and promotes

epithelial-to-mesenchymal transition.
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2.1 Introduction

The anterior hemisphere of the vertebrate lens is covered by a continuous mono-

layer of cells—the lens epithelium. In adult mice, the epithelium consists of

approximately 40,000 cells [1]. The epithelium of the much larger human lens is

believed to contain more than ten times that number [2]. Histologically, the lens

epithelium is classified as a simple epithelium (i.e., every cell is in direct contact

with the overlying basement membrane and extends across the full thickness of the

epithelial layer). In the young lens, the epithelial cells are generally described as

cuboidal (meaning that they are about as high as they are wide). Later in life, when

in many species the epithelium is thinner and the cells less densely packed, the lens

epithelium might be better described as a simple squamous epithelium.

The cellular organization of the vertebrate lens has been the subject of many

investigations over the past 100 years or more. Only recently, however, have

techniques been developed that allow the morphology of living lens cells to be

visualized. One such approach is the induced expression of fluorescent proteins in

individual lens cells. Expressing cells can be optically isolated from their nonfluo-

rescent neighbors by confocal microscopy. Their structure can then be imaged at

high resolution and in three dimensions [3–5]. Applied to cells in the epithelium,

this methodology has provided a new conception of lens cell organization. Viewed

in situ, living lens epithelial cells are shown to have a surprisingly complex and

dynamic morphology (Fig. 2.1a). Although the apical membranes of the epithelial

cells are polygonal in shape, their basolateral membranes are highly folded and

irregular. Numerous lamellipodia-like processes extend from the cell body. In the

lens literature, the epithelium is commonly described as having a “cobblestone”

appearance and individual cells as being polygonal in shape. The discrepancy

between this description and the morphology of cells as revealed in fluorescent

labeling studies (Fig. 2.1a) arises because the junctional complex at the apicolateral

border of the cells (see below) is particularly prominent under conventional phase

contrast microscopy. Since the junctional complex delineates the shape of the

(largely polygonal) apical membrane, conventional microscopy gives the impres-

sion that epithelial cells have a more regular structure than is in fact the case.

At the edge of the epithelium, near the lens equator, epithelial cells terminally

differentiate into fiber cells. Fiber cells account for almost all of the lens volume

and, as their name implies, have a highly elongated form (Fig. 2.1b), quite unlike

the epithelial cells from which they are derived. During the initial stages of terminal

differentiation, the epithelial progenitor is first reshaped into a flat, ribbonlike cell

[4]. As differentiation proceeds, cell length and volume increase and the lateral

membranes of the fiber cells are extensively remodeled (Fig. 2.1b).

Although only accounting for a small fraction of the lens volume, the epithelial

layer contains all the mitotically active cells in the tissue and can, therefore, be

thought of as the “growth engine” of the lens. Cell division within the epithelium

ultimately provides both the fiber cells to fill the tissue volume and the additional

epithelial cells necessary to cover its expanding surface. The mitotic index varies

with latitudinal position. Cells in the central region of the epithelium have a
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relatively low mitotic index. This area lies within the pupillary space and is

therefore exposed directly to light. Considerably higher rates of cell division are

observed in the peripheral lens epithelium. In this location, the proliferating cells

are sequestered in the shadow of the iris and thus protected from potentially

mutagenic exposure to ultraviolet radiation [6].

As with all epithelia, the lens epithelium has an intimate association with its

basement membrane. The basement membrane of the lens is called the lens capsule

and completely envelopes the tissue. The lens capsule is synthesized by the epithelial

cells themselves [7] and its detailed composition and properties will be discussed

elsewhere in this volume. Here, we note merely that the capsule is particularly

enriched in type IV collagen and contains components such as laminin and fibronec-

tin that are common constituents of basement membranes throughout the body.

Although its biochemical composition is not remarkable, the lens capsule is one of

the thickest basement membranes in the body. A typical basement membrane might

be 0.1 μm thick [8]. In contrast, the human lens capsule is approximately 10 μm
thick [9]. Perhaps surprisingly, the lens capsule in mice is even thicker [10]. The

elastic lens capsule helps mold the lens substance at rest and during accommodation.

Near the equator, the capsule also serves as the anchor point for the ciliary zonule

(Fig. 2.2), the rigging of fibrillin-rich fibrils that connects the lens to the adjacent

Fig. 2.1 Morphology of individual mouse lens cells as revealed by expression of green fluores-

cent protein (GFP). Epithelial cells (a, viewed from the capsular surface) have a complex and

irregular morphology. At the lens equator, epithelial cells differentiate into fiber cells (b). The

differentiation process involves a radical restructuring of cellular morphology. Fiber cells are

physically interlinked via a system of tooth-like membrane processes protruding from the lateral

surfaces. The cells are too long to visualize in their entirety at high magnification. At the scale

shown, the cell shown in b would extend for several meters in either direction
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ciliary body and thus centers the lens in the eye [11]. The zonular fibers insert into

the lens capsule and in accommodating species, such as humans, transmit the forces

that flatten the lens when the eye focuses on distant objects.

2.2 Junctional Organization and Polarity in the Lens
Epithelium

In common with all simple epithelia, the lens epithelium is highly polarized. As a

result, the plasma membrane is partitioned into distinct apical and basolateral

domains (asymmetry in the plane of the epithelium, so-called planar cell polarity,

will be dealt with elsewhere). Because the lens epithelium arises from an invagina-

tion of the embryonic head ectoderm, epithelial cells are oriented inwards; their

apical membranes apposed to the apical membranes of the underlying fiber cells.

The highly folded basal membranes of the epithelial cells are in direct contact with

the overlying capsule. The presence of an elaborate junctional complex at the

apicolateral border of the cells allows the distinct compositions of the apical

and basolateral membranes to be established and maintained. Examples of mem-

brane proteins that show a segregated distribution in lens epithelial cell plasma

membranes include ZO-1, which is restricted to the apical membrane domain

[12, 13], and Cadm1, which is localized exclusively to the basolateral domain [14].

Contact points between neighboring cells in simple epithelia usually contain

three distinct types of adhesive structures that can be recognized at the ultrastruc-

tural level. Proceeding from the apical to the basal surface these are tight junctions

(zonula occludens), cadherin-based adhering junctions (zonula adherens), and

desmosomes (macula adherens).

Fig. 2.2 Attachment of the ciliary zonule (green, visualized with anti-Magp1) at the lens equator.

The arrangement of lens epithelial nuclei is visualized with Draq5 staining (magenta). On the left-
hand side of the figure, cell nuclei are aligned in rows, signifying the onset of fiber cell differentia-

tion. Mitotic figures are visible among the interphase epithelial nuclei
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Desmosomes, which impart tensile strength to epithelial sheets, are only

infrequently observed in the lens epithelium [15], although they may be somewhat

more common in the lenses of primates than in those of other species [16].

Transmission electron microcopy reveals that adhering junctions (AJs) are

numerous between lens epithelial cells (Fig. 2.3) [17]. AJs are also found between

epithelial cells and the underlying fiber cells [16], particularly near the edges of the

epithelium [18]. The transmembrane adhesive core of AJs consists of a mosaic of

clustered cadherin and nectin molecules [19]. Lens epithelial cells express both

epithelial cadherin (E-cadherin; Cdh1) [20] and neuronal cadherin (N-cadherin;

Cdh2) [21]. E-cadherin and N-cadherin are single-pass membrane proteins with

five extracellular cadherin domains and are thus defined as “classical” cadherins.

E-cadherin, as its name implies, is widely expressed in epithelial tissues. In the lens,

its expression is restricted to the epithelium, the fiber cell membrane proteome

containing only trace levels of E-cadherin [22]. The presence of N-cadherin in the

lens epithelium is less expected. Elsewhere in the body, N-cadherin expression is

restricted largely to neuronal cell types, the lens being one of the rare epithelial

tissues to express this membrane protein [23]. Cadherins mediate calcium-dependent
cell-cell adhesion through trans-cadherin interactions between neighboring cells.

Conditional deletion of either E- or N-cadherin in the lens leads to profound cellular

Fig. 2.3 Transmission electron micrograph of adhering junctions (AJs) between epithelial cells

( filled arrow), between epithelial and fiber cells (arrowhead), and between fiber cells (open
arrow) in the chicken lens. A band of actin microfilaments (asterisk) is associated with the fiber

cell AJ. EC epithelial cell, FC fiber cell. Image courtesy of Ken Lo
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disruption, testifying to the key roles that AJs play in maintenance of the epithelial

phenotype [24].

The cytoplasmic domain of cadherins contains a juxtamembrane region and a

C-terminal, catenin-binding domain [25]. The juxtamembrane region binds p120

catenin (and associated proteins), while the catenin-binding domain interacts with

β-catenin and γ-catenin (plakoglobin). p120 is thought to regulate cadherin

stability. The pool of AJ-associated β-catenin exists in equilibrium with cytosolic,

membrane, and nuclear pools, reflecting the multifunctional nature of the β-catenin
protein. β-Catenin interacts with α-catenin, an obligate component of AJs. It seems

likely that AJs, which are invariably positioned adjacent to the circumferential actin

belt (see Fig. 2.3), are physically connected to the actin cytoskeleton. Such a link

would generate a transcellular actin network, allowing mechanical forces to be

distributed across the epithelial sheet as a whole. Because it is a bona fide actin-

binding protein in vitro, it has long been suggested that α-catenin represents the

physical linkage between cadherins in AJs and the actin cytoskeleton. However,

the precise role of α-catenin remains controversial [26]. In addition to its role in

regulating cell adhesion, β-catenin also functions as a transcriptional co-activator in
the canonical Wnt signaling pathway [27]. The role of β-catenin in the lens has

been examined in mice by conditionally disrupting the gene using the Cre-lox

approach [28]. Interestingly, specific disruption of the β-catenin (Ctnb1) locus in
lens fiber cells has comparatively little effect on the lens. In contrast, when Ctnb1 is
disrupted simultaneously in epithelial and fiber cells, the lens is profoundly

disturbed, with loss of E-cadherin and disturbed apical/basal epithelial polarity.

This observation underlines the importance of β-catenin in maintenance of the lens

epithelial phenotype.

The second key group of adhesive proteins at AJs is the nectins. Nectins are

members of the immunoglobulin superfamily and, in contrast to cadherins, mediate

calcium-independent cell adhesion. Unlike the cadherins (which undergo only

homophilic interactions in trans), nectins undergo both trans-homophilic and

trans-heterophilic interactions at AJs. There are four members of the nectin family

(nectin-1–4; encoded in humans by PVRL1–4), each of which have three extracel-

lular domains, a transmembrane segment, and a cytoplasmic C-terminal domain

that interacts with the PDZ domain of the scaffolding protein afadin. Afadin is a

large, f-actin-binding protein that connects nectins to the actin cytoskeleton. The

nectin–afadin complex is the first to be assembled at initial intercellular contact

points and may help recruit cadherins to maturing AJs [29]. Both nectins and afadin

are present in lens epithelial cell AJs [30]. Microarray analysis suggests that PVRL3
(which encodes nectin-3) is the most abundantly expressed of the nectin genes in

the eye [23]. In humans, mutations in PVRL3 result in severe congenital cataracts

[30]. Moreover, mice with targeted or spontaneous disruptions of the Pvrl3 locus

exhibit multiple lens defects. These observations underscore the importance of

nectin-3 in lens morphogenesis and homeostasis.

AJs are the first elements of the epithelial junctional complex to be assembled at

sites of intercellular contact. Their assembly triggers the activation of polarity

complexes (see below) that help establish the asymmetric compositions of the
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apical and basolateral membranes. Surprisingly, the polarized organization of

cytoplasmic structures, including the nucleus, Golgi apparatus, and centrosome,

also appear to depend on AJ formation [31].

Tight junctions (TJs) are the apical-most components of the classical tripartite

epithelial junctional complex. By transmission electron microscopy, TJs appear as

close membrane appositions or “kissing points” between neighboring cells. Viewed

in three dimensions, TJs appear as belt-like structures that extend in an

anastomosing network around each cell, connecting cells to their neighbors and

forming a tight seal across the extracellular space. Thus, the central role of TJs is to

regulate paracellular permeability (diffusion, via the intercellular space from one

side of the epithelium to the other). In addition to this barrier function, TJs have also

long been thought to act as a “fence,” preventing the intermingling of apical and

basolateral components in the plane of the membrane, although recent evidence has

cast some doubt on this latter role [32]. A great many proteins have been localized

to the TJ, but the backbone of the TJ appears to be composed of claudins, a family

of intrinsic membrane proteins. Hydropathy plots indicate that claudins have four

transmembrane helices. Claudins interact with other claudins in the same cell

through their N-terminal extracellular loops (cis-interactions) and with claudins

in adjacent cells through their C-terminal extracellular loops (trans-interactions)
[33]. Significantly, transfection of claudins into fibroblasts (a cell type that nor-

mally does not form TJs) is sufficient to trigger the formation of a network of

TJ-like strands [34]. There are a number of other transmembrane protein

components at TJs but these have less well-defined roles. This group includes

occludin, tricellulin, JAM (junction adhesion molecule), and CAR (coxsackievirus

and adenovirus receptor). At the cytoplasmic face of TJs, scaffolding proteins

congregate, including ZO-1, ZO-2, and ZO-3.

For many years the existence of TJs in the lens epithelium was a contentious

issue. Early freeze-fracture experiments gave conflicting results. The anastomosing

strands indicative of TJs in freeze-fracture replicas were seen in some lens epithelia

[35] but not others [36]. However, the use of electron dense tracers has since helped

confirm the existence of TJs at the apicolateral border of lens epithelial cells

[35]. Claudin-1 and occludin are expressed in lens epithelial cells [37]. Jam-1 is

present in the lens, but mice deficient in F11r (the gene encoding Jam-1) do not

have a lens phenotype [38]. In contrast, in humans, frameshift mutations in JAM-3
result in intracranial hemorrhage and congenital cataracts [39]. Similarly, in mice,

disruption of the Jam-3 locus results in nuclear cataracts and other ocular pathology
[40]. These findings are consistent with proteomic studies which show that Jam-3 is

expressed particularly strongly in the lens [22].

Much of what is known about the establishment and maintenance of epithelial

cell apical–basal polarity has come from studies of spindle orientation in Drosoph-
ila neuroblasts [41]. Remarkably, the protein complexes that determine the

polarized distribution of cell fate determinants in dividing Drosophila neuroblasts

are highly conserved and play equally pivotal roles in epithelial morphogenesis in

vertebrates. Three distinct assemblages of polarity proteins are believed to control

epithelial apical–basal polarity. These are the Crumbs complex (consisting of
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Crumbs/Pals1/Patj), the partitioning defective (Par) complex (consisting of Par3/

Par6/atypical protein kinase C (aPKC)/Cdc42), and the Scribble complex

(consisting of Scrib/Dlg/Lgl). Crumbs is localized to the apical side of the AJ and

is required for its formation. Par is associated with the tight junction. Together Par

and Crumbs help specify the apical membrane domain. Scribble localizes to and

helps define the basolateral membrane. In general, the complexes function to

promote the establishment and expansion of the membrane domains with which

they are associated.

The expression of polarity proteins in the lens epithelium has been examined in a

number of studies. The Scribble complex members, Dlg-1 and Scrib, are widely

expressed in the lens, often colocalizing with E- and N-cadherin at AJs [13]. Condi-

tional deletion of Dlg-1 in the lens results in multilayering of the epithelium and

redistribution of ZO-1 and E-cadherin [42].

The Par complex members aPKC, Par3, and Par6β colocalize with claudin-1 and
occludin at lens epithelial cell TJs [37]. Conditional deletion of aPKC disrupts

apical cell junctions and promotes epithelial-to-mesenchymal transition (EMT). At

the edge of the lens epithelium, aPKC is also necessary for the formation of the

“lens fulcrum,” the region in which cells pivot through 180� as they begin the

process of terminal cell differentiation [43].

During EMT, polarized epithelial cells adopt a fibroblastoid, motile phenotype.

In the lens, this phenomenon is associated with posterior capsule opacification

following extracapsular cataract surgery [44]. EMT involves loss of apical–basal

polarity, reorganization of the cytoskeleton, and disassembly of the junctional

complex. The Par polarity complex is targeted directly during TGFβ-induced
EMT. During EMT, TGFβ receptors I and II (TGFβRI, II) associate with Par6 at

TJs. Binding of TGFβ ligand to TGFβRII results in phophorylation of both TGFβRI
and Par6. Phosphorylated Par6 mediates the destruction of RhoA at TJs and

subsequent dissolution of the junctions [45]. Loss of E-cadherin, disintegration of

AJs, and disappearance of the cortical actin ring are other characteristic early

findings in EMT [46].

2.3 Proliferative Compartments in the Lens Epithelium

The lens increases in size and mass throughout life. In most species, growth is rapid

initially but slows subsequently as, later in life, lens weight approaches some

asymptotic maximum value [47]. Primate lenses appear to be an exception in that

they follow a biphasic, growth pattern. During prenatal development in humans, for

example, lens growth is rapid and asymptotic. After birth, however, growth is slow

and linear across the remaining lifespan [48].

The ultimate driver of lens growth is cellular proliferation. Early investigators

used the incorporation of tritiated thymidine by S-phase cells to visualize the

distribution of mitoses in the lens. Such studies quickly established that mitotic

cells are restricted to the lens epithelium [49–51]. In neonatal animals, S-phase cells

are detected throughout the lens epithelium, but with age, cell division is
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increasingly concentrated in a band of epithelial cells that encircles the lens above

the equator (Fig. 2.4). This region is called the proliferative or germinative zone

(GZ) of the lens and contains most of the dividing cells. Between the germinative

zone and the edge of the epithelium proper is a band of epithelial cells� 10 cells

wide. This transition zone (TZ) contains cells that have permanently withdrawn

from the cell cycle. Epithelial cells in the TZ region express the cyclin-dependent

kinase inhibitors p27Kip1 and p57Kip2 [52]. Together, Kip1 and Kip2 ensure timely

exit of TZ epithelial cells from the cell cycle. Expression of both proteins persists in

the fiber cell compartment, and combined knockout of Kip1 and 2 in mice causes an

over-proliferation defect in the lens and attendant apoptosis [53].

The striking, lifelong growth of the lens has led some authors to suggest that

the epithelium may contain a contingent of tissue stem cells. A characteristic of

many stem cells (e.g., limbal stem cells in the cornea) is that they divide only

infrequently. When pre-labeled with BrdU, such cells therefore behave as

“label-retaining cells” because the BrdU staining intensity is not diminished by

multiple rounds of cell division. Cells in the central lens epithelium act as label-

retaining cells, prompting the suggestion that this region harbors lens stem cells

[54]. Other studies, however, have examined the expression of various stem cell

markers and concluded that lens stem cells might instead reside anterior to [55] or

within the GZ [56]. To date, no empirical studies have convincingly demonstrated

the existence of a stem cell niche in the lens. It is equally plausible that lens

epithelial cells are of a single type and that the proliferative behavior of a given

cell is dictated entirely by its latitudinal position on the lens surface and its exposure

to local growth factors. Interestingly, cells in the central epithelium (which are

thought to be arrested in the G0 phase of the cell cycle) reinitiate DNA synthesis

following traumatic injury to the lens [57].

Fig. 2.4 Distribution of proliferating cells in 2-month-old mouse lens. S-phase cells (green) are
labeled with the thymidine analog EdU. Mitosis is rare near the anterior pole (AP) of the lens but

more common near the equator (Eq, left panel). High magnification, en face view of the lens

equator (right panel) shows the proliferatively active germinative zone (GZ), the postmitotic

transitional zone (TZ) at the epithelial margin, and the meridional rows (MR) formed as a result

of nuclear alignment in differentiating fiber cells
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Despite the significant increase in the anterior surface area of the lens that

accompanies postnatal growth, there does not appear to be a corresponding increase

in the number of epithelial cells [55]. Instead, the area covered by individual

epithelial cells increases significantly. To retain epithelial cell constancy, therefore,

cells lost from the epithelium due to fiber cell differentiation (or cell death) must be

continuously replaced by epithelial cell division. Given that in adult lenses the

central cells rarely if ever divide, new cells can only be introduced within the

proliferatively active GZ. Addition of cells to this zone will inevitably result in

posterior displacement of cells situated between the GZ and the lens equator. We

have called this pattern of cellular displacement the “penny pusher” model of lens

growth. Among other predictions, the penny pusher model suggests that the speed

at which lens epithelial cells move will increase as cells approach the equator.

Consider, for example, a cell situated near the anterior border of the GZ. It moves

only slowly because the chance of cells dividing in more anterior regions (i.e.,

within the quiescent central epithelium) is very small. In contrast, for cells located

near the equator, many mitoses are likely to occur in the GZ region that separates

the equatorial cells from the central epithelium. Consequently, equatorial cell

displacement will be much more rapid. A second important prediction of the

penny pusher model is that cells are resident in the GZ long enough for several

rounds of cell division to occur. If this is the case, then clones of cells should be

produced as cells traverse the GZ. This prediction has been validated using induced

expression of GFP in individual lens cell as a lineage tracer [5]. When GFP

expression is triggered in random lens epithelial cells using the Cre-lox system,

individual cells are labeled initially. However, in the succeeding weeks, clusters

(clones) of GFP-expressing cells emerge in the GZ, and clone size gradually

increases (Fig. 2.5). The synchronous differentiation of such clones results in the

deposition of a cuneiform group of fluorescent fiber cells [5].

Fig. 2.5 Multiple rounds of cell division within the GZ result in formation of epithelial cell

clones. GFP expression was induced in lenses of 3-week-old mice by tamoxifen treatment (see Shi

and Bassnett [3]). Lenses were examined 3 days (a), 2 weeks (b), or 13 weeks (c) later. Note that

although individual labeled epithelial cells are present initially, over time, only clusters of

GFP-labeled cells (arrowheads) are detected within the GZ
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In young rodent lenses, the labeling index (percent of S-phase cells) in the GZ

is 3–5 % [58, 59]. This is >20-fold higher than in the central epithelium.

What accounts for the relatively high mitotic rate in the GZ? An attractive early

hypothesis was that low concentrations of FGF might serve to stimulate epithelial

cell proliferation in this zone [60]. The ability of high levels of FGF to stimulate

lens fiber cell differentiation had been amply demonstrated in previous studies

[61]. In vitro experiments suggested that at lower concentrations, FGF stimulates

cell migration and proliferation rather than differentiation [60]. FGF levels are

known to be higher in the vitreous humor than in the aqueous humor. Conceivably,

therefore, a gradient of a single growth factor, FGF, might account for both the

proliferative and differentiation behavior of cells in various locations on the lens

surface. More recent studies have suggested that although FGF may indeed be

implicated in the control of lens cell proliferation, it is unlikely to act in isolation.

Work in several laboratories has established that lens epithelial cells express many

growth factor receptors including the PDGF and EGF receptors. The distribution of

some of these receptors parallels the proliferative behavior of the cells (i.e., the

receptors are most abundant in the equatorial epithelium). Functional imaging

studies have also shown that otherwise evenly distributed receptors often show

enhanced responsiveness in the GZ [62]. Explanted lens epithelial cells retain the

capacity to proliferate in response to treatment with FGF-depleted aqueous humor

or with a range of growth factor ligands in vitro [63]. Based on these and other

studies, it seems likely that no single growth factor is responsible for epithelial cell

proliferation. Finally, recent studies have visualized the attachment of the ciliary

zonule to the lens surface and correlated this with the distribution of S-phase cells in

the underlying epithelium. Significantly, the GZ is located in the region spanned by

the zonular fibers [11]. Cells that exist in physically dynamic environments often

both sense and transduce the forces acting upon them. Thus mechanical stress can

be transduced into signaling cascades that activate transcription factors and stimu-

late cell proliferation [64]. It would, perhaps, be surprising if cells near the lens

equator were not sensitive to the forces generated by the zonular suspension system,

particularly in species like humans, where the lens tissue is physically distorted

each time we focus our eyes.
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The Lens Capsule: Synthesis, Remodeling,
and MMPs 3
Judith A. West-Mays and Anna Korol

Abstract

The lens capsule is an amorphous, elastic structure that encapsulates the ocular

lens. It is secreted by cells of the lens and is composed primarily of type IV

collagen and laminin along with additional extracellular matrix (ECM)

components such as entactin/nidogen, heparin sulfate proteoglycans (HSPG),

and secreted protein acidic and rich in cysteine (SPARC), which act to stabilize

the lens capsule structure. As the lens grows during development and with age,

new capsular lamellae are synthesized, deposited, and organized by the lens

epithelial and fiber cells. The main receptors of lens cells that adhere them to the

ECM of the capsule are the integrins, heterodimeric transmembrane cell adhe-

sion molecules. These adhesion molecules also act as bidirectional signaling

molecules, mediating signals between the lens and the surrounding ocular

media. The composition and arrangement of both the ECM of the lens capsule

and the integrins are altered in fibrotic cataracts such as posterior capsule

opacification (PCO) and anterior subcapsular cataract (ASC). This includes the

aberrant deposition of ECM components not normally expressed in the lens

capsule and a corresponding change in the profile of integrins expressed in the

lens. The matrix metalloproteinases (MMPs), a family of matrix-degrading

enzymes, have been shown to release growth factors from the lens capsule and

activate receptors. They are also aberrantly expressed in PCO and ASC and their

inhibition has been shown to suppress events involved in fibrotic cataract

formation including lens epithelial cell migration, capsular contraction, and

the transformation of cells into myofibroblasts.
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3.1 Lens Capsule Synthesis and Composition

3.1.1 Synthesis

As the lens pinches off from the overlying ectoderm during embryonic develop-

ment, it becomes encapsulated by a basement membrane, known as the lens

capsule. The lens capsule is an acellular, transparent elastic structure that surrounds

the ocular lens, separating it from the surrounding ocular media. In addition to its

function in compartmentalizing the lens, it is responsible for maintenance of the

lens structures, control of fluid, and substrate exchange and regulation of normal

lens epithelial cell growth and differentiation [1]. The capsule is formed through the

deposition of multiple layers of basal lamina, predominantly composed of the

extracellular matrix (ECM) components type IV collagen and laminin [2–8]. It is

secreted by the lens epithelial and fiber cells, and as the lens grows rapidly during

embryogenesis and throughout adult life, so must the capsule and this is accom-

plished by the ongoing deposition of matrix lamellae to its inner surface [9]. Once

development is completed, the anterior lens epithelial cells continue to synthesize

capsule matrix, whereas the posterior fiber cells are more limited in their ability to

secrete new basal lamina. As a result, in the adult lens, the anterior capsule is

thicker than the posterior capsule, the latter of which is thinnest at the posterior pole

of the lens [9].

Lens epithelial cells and lens fiber cells in the outer cortical region remain in

contact with the lens capsule and only when fibers cells reach the lens suture do they

lose contact with it. Interestingly, as the lens differentiates, the matrix of the lens

capsule also changes suggesting that it plays an active role in development and

differentiation of the lens. For example, the ECM component fibronectin, which is

known to control cell migration, is expressed during earlier stages of lens develop-

ment but is absent in the lens during later stages of differentiation [7]. Cell–ECM

interactions are known to be important for facilitating a variety of morphogenetic

events during development and differentiation of tissues. In the lens it has been

shown that ECM components of the capsule, such as laminin and nidogen, among

others are required for normal lens development [10–12], while other ECM

molecules such as type IV collagen are important for maintenance of the lens

epithelial phenotype in the adult lens [1, 7, 13, 14]. Other matrix molecules are

important for promoting lens cell differentiation, including laminin and heparan

sulfate proteoglycan [15].

3.1.2 Composition

The lens capsule is a structurally complex ECM structure consisting of a meshwork

of various glycoproteins and proteoglycans [16]. The ECM composition of the lens

capsule has been determined for a number species and includes predominantly type

IV collagen and laminin, as well as entactin/nidogen, heparin sulfate proteoglycans

(HSPG), fibronectin, tenascin, and secreted protein acidic and rich in cysteine
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(SPARC) [2–8, 17–19]. The mature lens consists of all of the α subunit chains of

type IV collagen, which form a cross-linked network that provides stability to the

capsule [20]. The importance of type IV collagen in maintaining lens capsule

structure is demonstrated by the fact that patients with mutations in the α5 chain

of type IV collagen have Alport syndrome and present with thinning of and fragility

of the capsule, which can lead to capsular rupture [21]. Type IV collagen in the lens

capsule has also been shown to be important in regulating lens epithelial signaling

and cell survival. For example, primary LEC and lens cell lines cultured on type IV

collagen have been shown to be protected against FAS-induced apoptosis [13].

Laminin is another major ECM component of the developing and adult lens

capsule. It is a heterotrimeric protein comprised of α, β, and γ chains, and while all

of these chains are expressed in the developing lens, the α1 chain has mainly been

detected in the adult lens capsule [2, 6, 7, 22, 23]. Laminin, like type IV collagen,

has been shown to promote and maintain lens epithelial cell survival and their

normal phenotype. Indeed, mutations in the β2 chain of laminin in humans have

been shown to cause Pierson syndrome in which ocular anomalies include posterior

lenticonus [24, 25]. Studies in zebrafish have demonstrated that a knockdown of the

α1 chain of laminin results in arrested lens development at the lens vesicle stage

further suggesting that laminin is important in regulating lens differentiation [12].

Entactin (nidogen) is an additional constituent of the lens capsule and it binds to

type IV collagen, laminin, and HSPG to help stabilize the supramolecular structure

of the capsule [26, 27]. In particular, entactin 1 is the main type detected in the adult

lens capsule. It has been shown that mice lacking entactin 1 exhibit a posterior lens

capsule that is invaded by fiber cell processes, and the fiber suture is disrupted

[10]. HSPG are lens capsule components that also bind to the other capsule

molecules and also play a role in presenting growth factors, such as the fibroblast

growth factors (FGFs), to lens epithelial and fiber cells [28].

SPARC is a more recently identified component of the capsule. It plays a role in

ECM secretion and binds to ECM components such as collagen [17, 18]. SPARC

has anti-adhesive properties reducing focal contacts and cell–cell and cell–matrix

adhesion [29]. Its expression is highest in the peripheral lens epithelium,

terminating in the equatorial region where cells differentiate into lens fiber cells

[17, 19, 30–34]. In SPARC-null mice cataracts are evident by 3–4 months and the

lens phenotypes consist of abnormal cell protrusions in the lens capsule as well as

abnormal expression of laminin and type IV collagen [35].

Finally, the expression of additional ECM components, fibronectin, tenascin,

and vitronectin is thought to occur in the developing lens capsule and not in the

normal adult lens capsule [16]. Expression of these ECM constituents, however, is

detected in the lens during cataract formation as discussed in a subsequent section

(Sect. 1.3).

The lens capsule is not a static structure and is thought to undergo continuous

remodeling. Matrix is produced anteriorly by the lens epithelial cells and posteri-

orly by the newly differentiated fiber cells [36]. As SPARC regulates the production

of ECM proteins and binds to several collagens including the capsule type IV

collagen, it is thought to be an important regulator of the organization and assembly
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of the components in the lens capsular matrix [37–42]. Less is known about the

degradation and turnover of the ECM of the capsule. However, enzymes such as the

matrix metalloproteinases (MMPs), which are known to remodel the ECM, are

secreted constitutively by lens epithelial cells and further induced during lens

fibrosis (see Sect. 1.4 for more on MMPs).

3.2 Cell–ECM Interactions of the Lens Capsule (Integrins)

Integrins are the main receptors for the ECMmolecules in the lens capsule and have

been associated with critical events in development and differentiation, morpho-

genesis, and migration [1, 16, 43]. They are a family of glycosylated, heterodimeric

transmembrane cell adhesion molecules that form an interaction with their respec-

tive ECM ligands, enabling lens cells to adhere and migrate across the ECM. Each

integrin is a heterodimer consisting of an α and β subunit and currently 18 α and 8 β
subunits have been identified in mammals that together form 24 different integrin

receptors, which bind to a specific ligand or set of ligands [1, 16, 43]. As signaling

receptors they are considered to act bidirectionally due to their transmembrane

nature and their interaction with the actin-based cytoskeleton. Thus, integrin sig-

naling has been described as both “inside-out” (transmitting signals from within the

cells to the integrin activity on the cell surface) and “outside-in” (transmitting

extracellular signals into the cell) [1, 16, 43]. Based on the complex nature of the

lens capsule matrix and the importance of this matrix in signaling it is not surprising

that the lens expresses a number of different integrin receptors during development

and in adulthood.

During development, the lens expresses an extensive array of integrins that

corresponds to the ECM ligands that are present. Thus, it is likely that each integrin

has a unique function in regulating lens differentiation. Embryonic mouse and chick

lenses were shown to express α2, α6A, α3, and β1 subunits [44, 45]. More recent

reports describe the expression of α9, α10, α11, αV, β5, and β8 subunits as well

[16]. In the adult lens, integrins include the laminin receptors, α3β1, α6β1, and
α6β4, type IV collagen receptors, α1β1 and α2β1, fibronectin receptor α5β1, and the
tenascin receptor αVβ3 [16]. Microarray analyses of human lens epithelial cells

revealed that the β1, β2, β3, β5, and β6 subunits are expressed with the β1 integrin

subunit being the most abundantly expressed [46]. With regard to the α subunits,

these cells expressed α1, α2, α3, α4, α5, α6, α7, α10, α11, αE, αM, and αV [46].

β1 integrins serve as heterodimeric partners for twelve different α integrin

subunits and are expressed in many regions of the developing and adult lens. For

example, they are found along the basal surfaces of lens epithelial and fiber cells

where they contact ECM ligands in the capsule, as well as along the epithelial–fiber

cell interface and in these cases likely involved in cell–cell interactions [47–50].

In cell cultures, function blocking antibodies to β1-integrin attenuate the ability of

lens cells to bind to collagen and laminin suggesting that this molecule is important

for lens cell–capsule communication [51]. However, β1-integrin is also found on

the lateral and apical sides of lens cells in regions lacking lens capsule
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components [48, 49]. In the equatorial zone, β1-integrin’s partner, α6, interacts with
the IGF receptor and regulates ERK phosphorylation suggesting that integrin–

growth factor receptor crosstalk is important for lens morphogenesis [23, 52].

The importance of integrins in lens development and maintenance of the capsule

is further shown by studies of null mutations in mice. For example, mice with a

double deletion of the α3 and α6 subunits (α3/α6�/�) exhibit a lens phenotype

consisting of a disrupted capsule and epithelium at E13.5, along with fiber cells

extruding into the cornea [53]. In addition, conditional deletion of the β1 subunit in
all cells of the lens at the vesicle stage of development results in a disorganized lens

epithelium that expresses fiber cell markers, such as the β and γ crystallins [54]. The
mutant lens epithelial cells also undergo epithelial-to-mesenchymal transition

(EMT) as determined by the expression of α-smooth muscle actin (αSMA). These

data demonstrated that β1-integrin is required to maintain the lens epithelial

phenotype.

3.3 Altered ECM and Integrins of the Lens Capsule During PCO

3.3.1 Aberrant ECM in PCO

During lens pathologies, such as posterior capsular opacification (PCO) and ante-

rior subcapsular cataract (ASC), lens cells begin to secrete aberrant amounts of

ECM that are not normally detected in the lens capsule, including type I collagen,

fibronectin, and vitronectin [55–59]. Both PCO and ASC are considered to be

fibrotic cataracts with overlapping features yet distinct etiologies. PCO occurs

when LECs remain within the capsule after cataract surgery and are triggered to

proliferate and migrate to the posterior lens capsule [55, 57, 60, 61]. A proportion of

these cells undergo a transition into myofibroblasts, through a phenomenon known

as epithelial-to-mesenchymal transition (EMT). This is accompanied by the

upregulation of filaments, such as α smooth muscle actin (αSMA) and desmin

[58, 59]. As the myofibroblasts accumulate they deposit aberrant types and amounts

of ECM and cause capsular wrinkling and as a result opacities develop. ASC is a

primary cataract that develops following a pathological insult such as ocular

trauma, surgery, or, systemically, as with diseases like atopic dermatitis and retini-

tis pigmentosa [1, 42]. Similar to PCO, in ASC, LECs are triggered to proliferate

and transform into myofibroblasts, through EMT [55–57]. These myofibroblasts

also deposit aberrant amounts and types of ECM and as a result, fibrotic plaques are

formed directly beneath the anterior lens capsule, which cause light scattering.

The cytokine, transforming growth factor-β (TGFβ), is one of the most important

modulators of these fibrotic cataracts and is also considered to be a critical

modulator of the ECM. Indeed treatment of LECs with active TGFβ results in an

aberrant production and deposition of matrix molecules such as collagen types I and

III, fibronectin, and tenascin [62]. In turn, the accumulation of this aberrant matrix

has also been shown to influence cell behavior, further promote EMT and cell

migration and thereby exacerbate the fibrotic pathology. Thus, the preservation of
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the normal ECM environment for LECs, namely the ECM of the native lens

capsule, is important for maintaining the normal lens phenotype and preventing

LEC apoptosis and EMT. Classic experiments have demonstrated that when lens

epithelial explants (lens cells remaining adhered to their capsule) were placed in a

3D type I collagen gel, the cells that made contact with the type I collagen

underwent EMT, whereas those that remained in contact with their native basement

membrane were protected and retained their epithelial phenotype [63]. Interestingly,

the cells that underwent EMT no longer expressed laminin, a major component of

the normal lens capsule.

A number of in vitro and in vivo models of PCO and ASC have been developed

in order to understand the mechanism underlying these pathologies. Models for

ASC have been developed in rats and mice, including rat lens explants treated with

TGFβ, transgenic mice expressing active TGFβ in the lens (driven by a crystallin

promoter), a lens puncture model, and adenoviral-mediated TGFβ overexpression

in the lens of both rats and mice [64–68]. The subcapsular plaques that develop in

these models closely resemble what has been reported for human ASC including the

aberrant expression and elaboration of collagen types I and III, tenascin, and

fibronectin [69]. Interestingly, the proteoglycan lumican is another ECM compo-

nent implicated in promoting ASC formation, since lumican-null mice have

delayed expression of αSMA, the marker of transdifferentiation [70]. Similarly,

in PCO-related events, the ECM components vitronectin and fibronectin are depos-

ited and have been shown to stimulate migration and induce αSMA expression.

ECM players such as type I collagen have also been shown to provide a more rigid

environment that provides further cues to promote fibrosis. For example, rigid

microenvironments have been shown to cause myofibroblasts to release latent

TGFβ from the ECM, demonstrating that mechanotransduction from the matrix

contribute to the progression of lens fibrotic diseases like PCO [43].

3.3.2 Altered Integrins in PCO

Along with changes in the lens matrix that occur during PCO and ASC,

corresponding changes in their receptors, the integrins, have also been well

documented. In the classic study outlined earlier, in which lens epithelial cells are

plated in an environment of type I collagen and undergo EMT, these cells also exhibit

an altered profile of integrins: the laminin ligand α6 integrin is downregulated, while
the α5 integrin, the ligand for fibronectin, a typical marker of mesenchymal cells, is

induced [63]. Treatment of human lens epithelial cells with TGFβ resulted in

increased expression of α5, α11, αV, and β5 integrin subunits [46]. Of particular

interest, α5β1 integrin is upregulated by TGFβ in a human capsular bag model (PCO

model) and a human lens cell line [46, 71]. This is not surprising since its ligand,

fibronectin, is upregulated in these models and the interaction of this integrin with

fibronectin is thought to contribute to αSMA expression and LEC transdiffer-

entiation. Patients with ASC also exhibit a colocalized expression of α5β1 with

fibronectin and αSMA in plaque cells [72]. The expression of β1-integrin is also
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upregulated during EMT occurring as a consequence of lens epithelial cell

suspension in collagen I gels [63] and in response to TGFβ treatment. In fact, it has

been proposed that interference with β1-integrin function may be clinically useful to

block EMT of lens cells leading to PCO, a common side effect of modern cataract

surgery [73, 74].

In other models of ASC and PCO, the αV integrins, which are subunits of

integrin receptors for tenascin, vitronectin, and fibronectin, are also upregulated

following TGFβ-induced EMT in the lens [43]. The αVβ5 integrin is thought to be

important in the development of fibrotic pathologies due to its role in

mechanotransduction signals from the ECM, which causes transdifferentiation of

cells to myofibroblasts [75, 76]. Injury by mechanical trauma is thought to modulate

expression of this integrin, which has relevance to the fibrosis that occurs after

cataract surgery (PCO). In human capsular bags, αVβ6 integrin expression was

increased compared to cultured, intact whole lenses that have not been injured

[77]. Interestingly, αVβ6 is thought to activate TGFβ through its association with an
RGD peptide in the latency-associated peptide [78]. Thus, both αVβ5 and αVβ6
may have important roles in sustaining TGFβ activation and further promoting

fibrotic events like PCO.

Finally, integrin-linked kinase (ILK), a serine–threonine kinase that binds to the

cytoplasmic tails of β1, β2, and β3 subunits, is weakly expressed in the lens, but has
found to be upregulated in TGFβ transgenic lenses and correlated with LEC EMT

[62, 79]. Also, ILK has been shown to colocalize with α5β1 and this was enhanced

in the presence of fibronectin, suggesting that ILK may be involved in EMT via this

interaction [79].

3.4 MMPs in Lens Capsule Remodeling and PCO

Beyond lens capsule-associated integrin signaling, lens cell proliferation and sur-

vival are also dependent upon the availability and presence of growth factors and

cytokines. The lens capsule houses a multitude of growth factors and cytokines,

which are normally ECM-sequestered in an inactive state and upon their release are

free to activate signaling sequences that are propagated to the cell nucleus [80, 81].

The matrix metalloproteinases (MMPs) are a family of zinc-dependent

endopeptidases responsible for the degradation of the structural components of

the ECM, including that found in the lens capsule. From their initial discovery in

the eye in corneal wound healing [82], MMPs have since been implicated in a

number of ocular pathologies including proliferative retinopathies [83, 84],

glaucomatous optic neuropathy [85], corneal disorders [86], scleritis [87], uveitis

[88], pterygium [89], and macular degeneration [90]. More recently, MMPs have

been studied in the lens and have been shown to play an integral role in the

development of fibrotic cataracts, such as ASC and PCO [64, 91].

The MMP family consists of at least 23 structurally related members that can be

classified as membrane-bound (MMP-14, MMP-15, MMP-16, MMP-17, MMP-24,

MMP-25) or membrane-secreted proteins, which are further subdivided into four
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categories: collagenases (MMP-1, MMP-8, MMP-13), gelatinases (MMP-2,

MMP-9), stromelysins (MMP-3, MMP-10, MMP-11, MMP-12, MMP-28), and

matrilysins (MMP-7, MMP-26). MMPs are primarily regulated at the transcrip-

tional level by growth factors, hormones, and cytokines, as well as cell–cell and

cell–matrix interactions [92, 93]. Their activity is localized near the cell surface and

depends upon the balance between MMP activators and inhibitors, such as tissue

inhibitors of metalloproteinases (TIMPs), in the extracellular space [94, 95]. Each

MMP selectively degrades components of the ECM leading to alterations in the

surrounding microenvironment.

In the lens, multiple MMPs and TIMPs are constitutively expressed in a variety

of species (Table 3.1) [91]. Human LEC lines exhibit endogenous expression

of MMP-2, MMP-9, MMP-14, TIMP-2, and TIMP-3 [46, 101, 108]. The role of

constitutively expressed MMPs in the lens is not well understood; however, one

study demonstrated that LECs grown on bovine lens capsules were protected from

stress-related apoptosis due to MMP-2-dependent FGF-2 release from the lens

capsule, facilitating cell survival [113]. This revealed MMP-2 as a potential sur-

vival factor and demonstrated a need for proteolytic processing of the capsule for

the release of growth factors necessary for LEC viability and survival.

The majority of work on MMPs in the lens has focused on their induction

following treatment with growth factors or in response to injury or stress (Table 3.1)

[91]. For example, induced secretion of MMPs occurs from LECs following lens

injury by ultraviolet irradiation, oxidative stress, or cataract surgery [91, 96, 97, 106,

110, 114, 115]. In addition, increased levels of MMPs are detected in the media

of cultured cataractous lenses compared to normal non-cataractous lenses, as well

as capsular bags following sham cataract surgery [110]. Following cataract surgery,

the migration of residual LECs from the anterior lens to the posterior capsule

requires ECM contraction that is triggered and mediated byMMPs. Correspondingly,

inhibition of MMP activity results in reduced LEC migration and capsule contraction

both in vitro and in in vivo capsular bag cultures [98, 107, 116–118].

The main structural components of the lens capsule, collagen IV and laminin, are

substrates for the gelatinases, MMP-2 and MMP-9 [92, 119, 120] (Fig. 3.1). Thus,

the gelatinases are the most widely studied MMPs in the lens, where normally they

are expressed at low levels (Table 3.1) [100]. The induction of both MMP-2 and

MMP-9 expression was demonstrated in primary chick lens cells as well as whole

rat lenses following, and specific to, treatment with TGFβ [99, 111]. MMP-2 and

MMP-9 are also induced by TGFβ (human) in lens capsular bags [59, 107]. To test

whether MMPs promote PCO, a broad-spectrum MMP inhibitor, GM6001, was

utilized on human donor lens capsules and revealed a significant inhibition in the

migration of LECs [107]. A significant reduction in capsular contraction was also

observed in the GM6001-treated capsular bags. In addition, MMP inhibitors have

been shown to suppress ASC formation [64]. For example, using the excised rat

lens model in which whole lenses were cultured with TGFβ, it was shown that

co-treatment of the excised lenses with TGFβ and either GM6001, the broad MMP

inhibitor (MMPI), or a MMP-2/MMP-9 specific inhibitor significantly suppressed

the formation of ASC plaques [64]. Importantly, it was further shown that inhibition
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of these MMPs prevented EMT of the LECs that is typically observed in the

development of ASC as well as PCO [64].

A potential target of MMPs, and particularly MMP-2 and MMP-9, in TGF-

β-induced EMT is the adherens junction constituent, E-cadherin, essential for

proper formation and maintenance of epithelial cell junctions. Cleavage and loss

of E-cadherin, and thus a loss of intercellular contacts, correlate with EMT, and

recent studies are focusing on the proteolytic activity of MMPs to explain this

correlation [121]. The loss of E-cadherin associated with TGFβ-mediated EMT

has been demonstrated using mouse and rat lens epithelial explants, in which TGFβ
treatment induced the loss of E-cadherin expression and its delocalization from the

cell junctions [122, 123]. MMPs are able to cleave the N-terminal extracellular

domain of E-cadherin releasing a unique fragment ranging in size from 50 to

84 kDa, a phenomenon known as E-cadherin shedding [64, 124–126]. Using the

whole lens model, it was further shown that TGFβ causes E-cadherin disruption

resulting in E-cadherin shedding, and extracellular E-cadherin fragments were

detected in the conditioned media [64]. Interestingly, co-treatment with MMPIs

reduced the appearance of the E-cadherin fragments suggesting that this may be the

mechanism by which MMPIs suppress ASC formation.

MMPs are a diverse family with multiple roles in matrix remodeling, cell

invasion, and migration as well as cellular transformation and evidence suggests

that they are involved in promoting fibrotic cataracts such as PCO and ASC.

However, further studies are required to determine the mechanism(s) by which

MMPs participate in lens capsule remodeling and lens fibrosis.

Fig. 3.1 Schematic diagram of the ocular lens. Integrins form a transmembrane heterodimer

consisting of an α and β subunit responsible for adhering lens epithelial (LECs) to the extracellular

matrix (ECM) of the lens capsule, which is composed primarily of collagen IV, laminin, and

proteoglycans
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3.5 Summary

The lens capsule is an avascular basement membrane that surrounds the lens and is

important in regulating its development and differentiation. In this chapter we have

provided an overview of the literature regarding lens capsule synthesis, composi-

tion, and its receptors, the integrins. Importantly, we also discuss how the capsule is

not a static structure and during lens fibrotic disease including PCO and ASC is both

altered and actively participates in disease progression. Finally, remodeling

enzymes, such as the MMPs, have been shown to release growth factors and

activate receptors of the lens capsule and participate in the development of PCO

and ASC.
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Abstract

Cell proliferation in the vertebrate ocular lens is essential for its establishment,

development and growth. Lens cell proliferation features very early in its

morphogenesis and results in rapid tissue growth, but becomes increasingly

restricted, both spatially and temporally, with age. As the lens is established, so

are defined growth zones characterised by polarised regions of cell proliferation

and subsequent fibre cell differentiation. These growth zones are tightly regulated

by growth factors in the surrounding ocular environment. Although lens epithe-

lial cell proliferation persists throughout life, albeit at a markedly reduced rate

with increased age, the majority of epithelial cells in the adult lens remain

quiescent. If perturbed, as a result of various ocular pathologies, normal lens

cell proliferation is deregulated as epithelial cells re-enter the cell cycle; such

cellular hyperplasia often compromises lens function and subsequently results in

cataract formation. Identifying the key ocular factors, and understanding the

underlying mechanisms regulating lens cell proliferation, will further advance

our understanding of the aetiology of cataracts that are characterised by aberrant

lens cell proliferation.
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4.1 The Cell Cycle

Cell proliferation underlies the growth and development of all living organisms [1]

and is involved in embryogenesis, tissue formation and patterning, postnatal growth

and maintenance as well as replacing ageing or damaged cells [2]. Many aspects of

abnormal development, disease, healing and ageing are related to changes in the

abilities of cells to divide [2]. Cell division is mediated via the cell cycle [1], with

both entry into the cell cycle from a state of quiescence and exit from the cell cycle

requiring precise regulation for normal tissue growth and differentiation to be

maintained (see [3]).

The mammalian cell cycle is divided into four phases, G1, S, G2 and M (see [3]).

DNA synthesis and replication occur in the S-phase of the cell cycle before segrega-

tion into two daughter cells during mitosis, the M-phase of the cell cycle. DNA

synthesis and mitosis are separated by two gap phases, G1 and G2. In multicellular

organisms, most differentiated cells remain in the G1 phase [2] but can also enter a

G0 state, where they become quiescent. Cell proliferation is primarily regulated at

G1 prior to entry into S-phase and at G2 prior to entry into mitosis [4]. Commitment

to cell division or exiting the cell cycle is decided at the “restriction point” in G1 [5].

Exit from G0 and the majority of G1 are growth factor-dependent phases [4]. Once

this point is passed, cells are committed to the S-phase and the remainder of the cell

cycle can progress in the absence of growth stimuli [5]. Thus, the restriction point is

the primary event controlling cell proliferation (see [3, 4]).

Progression through different cell cycle phases is monitored by protein

complexes, the cyclins and cyclin-dependent kinases (cdks; [6]). Cyclins are

considered “periodic” proteins, synthesised during defined cell cycle movements

and then quickly degraded [7]. In contrast, cdks are regulatory proteins, constitu-

tively expressed and active only when cyclin-bound [8]. When activated by their

cognate cyclin, the cdk is responsible for phosphorylating, and thereby inactivating,

specific targets such as the retinoblastoma (Rb) protein that is considered a critical

molecular factor in controlling the restriction point in the G1 phase of the cell

cycle [8]. Acting in opposition to the cyclins as negative cell cycle regulators are the

cyclin-dependent kinase inhibitors (CKIs), including members of the p21CIP1

family, such as p27KIP1 and p57KIP2, that function to inhibit cdks involved in

G1 to S transition (see [3]).

4.2 Lens Epithelial Cell Proliferation

Cell proliferation is an important cellular process that regulates the growth and

architecture of the ocular lens. As described in Chap. 1, the lens placode invaginates

as a result of inductive interactions with the optic vesicle neuroectoderm. During
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this time, the majority of lens precursor cells actively proliferate as the lens pit

invaginates and ultimately separates from the overlying ectoderm to form the lens

vesicle [9–13]. High levels of proliferation occur throughout the lens vesicle, but as

development progresses, proliferative activity becomes compartmentalised; cells in

the anterior layer of the lens vesicle (facing the presumptive cornea and aqueous

humour) continue to maintain their high proliferative capacity, as they differentiate

into a cuboidal epithelial monolayer, whereas cells in the posterior half of the

vesicle (facing the presumptive retina and vitreous humour) display a reduced level

of cell proliferation, as they withdraw from the cell cycle and are driven to elongate

and differentiate into primary lens fibres [9–11, 14, 15]. In this way, the lens

acquires its distinct polarity, which is maintained throughout life.

4.2.1 The Ocular Environment

The importance of the ocular environment for determining and maintaining lens

polarity is best illustrated by the pioneering work of Coulombre and Coulombre

[16]. In this study they surgically inverted the lens of a 5-day-old chick embryo so

that the epithelial monolayer that normally faces the presumptive cornea now faced

the presumptive retina. In this new environment, the lens repolarised, forming a

new epithelial sheet over its now new anterior surface, while the original central

epithelial cells that now faced the presumptive retina elongated and differentiated

into a new fibre mass [16]. This experiment not only highlights the importance of

the ocular environment in regulating lens cell behaviour, but that epithelial cell

proliferation is maintained and regulated by the anterior compartment, laying

the foundation for future studies on the influence of ocular growth factors in

lens biology.

4.2.2 Lens Growth Patterns

As embryonic development proceeds, mitotic activity in the lens progressively

decreases and during postnatal growth the pattern of cell proliferation is further

modified, becoming restricted to a narrow band of epithelial cells localised above

the lens equator, in the germinative zone (Figs. 4.1 and 4.2) [12, 13, 15]. While most

of these studies were conducted on rats and mice, the human lens appears to follow

a similar pattern of proliferative activity [17]. The estimated cell cycle time is

shortest in the germinative zone while cells in the central epithelium remain

relatively quiescent throughout life [12]. The progeny of these cell divisions at

the lens equator migrate and/or are displaced posteriorly, into a region known as the

transitional zone, where they exit the cell cycle and initiate the fibre differentiation

process (Fig. 4.2) [14, 15, 18].

The expression pattern of cell cycle regulators is consistent with lens polarity,

with positive cell cycle regulators, the cyclins and their corresponding cdk

counterparts, restricted to the proliferative epithelial cells [19–23], while negative
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cell cycle regulators such as CKIs are restricted to the post-mitotic cells in the

transitional zone that are undergoing early fibre differentiation changes [14, 21].

4.2.3 Regulation of Lens Cell Proliferation

Cell proliferation in the lens occurs throughout embryogenesis, into postnatal

growth, and continues throughout life. The tight regulation of this cellular process

is critical for proper lens functioning as aberrant levels and patterns of cell

proliferation can perturb lens transparency, resulting in cataract (see Sect. 4.6).

Normal patterns of lens cell proliferation are thought to be orchestrated by the

ocular environment, namely the aqueous humour that bathes the lens epithelium

(see [24]). The ocular environment is a rich source of growth and regulatory factors

(see [25, 26]). Although the factor(s) in the vitreous humour that stimulate fibre cell

elongation and differentiation has been well documented (see [26]), the specific

factors in the aqueous humour considered to promote and maintain lens cell

proliferation in situ are not as well defined. In vitro, a multitude of growth factors

Fig. 4.1 Patterns of epithelial cell proliferation during murine lens morphogenesis. Midsagittal

eye sections labelled for BrdU incorporation, counterstained with haematoxylin. BrdU labelling

(brown nuclei) was used to mark cells in the S-phase of the cell cycle during lens development,

from early embryonic day 11.5 (a, a0), 12.5 (b, b0) and E13.5 (c, c0). In the early lens vesicle (a, a0),
as primary fibre (pf) cells begin to elongate, most lens cell proliferations are observed in the

anterior lens vesicle cells (a0, arrows). b, b0 Once the primary fibre cells make contact with the

overlying epithelium (le), and the lens vesicle lumen is lost, cell proliferation is evident throughout

the epithelium with more marked expression at the lens equator (arrows), adjacent to the anterior

margin of the optic cup (oc). c, c0 As the lens continues to grow, the peripheral cells of the

epithelium still display the most pronounced cell proliferation (arrows), and this gives rise to the

germinative zone. lf lens fibre cells. Scale bar: a–c, 200 μm, a0–c0, 100 μm (adapted from

Kallifatidis [15])
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have been shown to affect lens growth, but given the potential redundancy in their

activities, it is not clear if some or all of these ocular-derived mitogens are involved

in aqueous-induced lens epithelial cell proliferation.

4.3 The Aqueous Humour and Aqueous-Derived Mitogens
(Growth Factors)

Growth factors within the aqueous and vitreous humours regulate lens growth. The

primary source of the aqueous humour is the blood flowing through the ciliary

arterial system, which allows small amounts of plasma proteins (including growth

factors) to permeate into the ocular anterior chamber [27], making the aqueous

humour functionally and biochemically distinct from the plasma [28]. The

growth factors found in the aqueous humour of different species are largely

conserved [29, 30] and have been shown to directly influence lens cell proliferation

(see [25]). Some of these include members of the insulin and insulin-like growth

factor (IGF), platelet-derived growth factor (PDGF), epidermal growth factor

(EGF, including its related ligand transforming growth factor-α, TGFα), hepatocyte
growth factor (HGF) and the fibroblast growth factor (FGF) families. Other

molecules in the aqueous such as transforming growth factor-β (TGFβ) have also

been shown to be involved in epithelial maintenance and growth (see [26]).

Fig. 4.2 Pattern of lens epithelial cell proliferation in the murine foetal lens. Midsagittal eye

sections labelled for BrdU incorporation, counterstained with haematoxylin. (a) At murine embry-

onic day 18.5, BrdU-labelled (brown) cells are localised to the lens epithelium (le). At higher

magnification (a0), above the lens equator (broken line), proliferating (BrdU-labelled) epithelial

cells are localised to the germinative zone (gz), followed more posteriorly by another defined

region of epithelial cells, the transitional zone (tz), that have exited the cell cycle as they begin to

elongate and differentiate into secondary fibre cells (lf). Scale bar: a, 200 μm, a0, 100 μm (adapted

from Kallifatidis [15])
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4.3.1 Insulin and Insulin-Like Growth Factor (IGF)

Members of the insulin family of peptides include insulin, insulin-like growth

factor-I (IGF-I) and insulin-like growth factor-II (IGF-II). There are two IGF

receptors, IGFR-I and IGFR-II, that are both expressed in mitotically active regions

of the lens epithelium, the germinative zone [31, 32]. While insulin is mainly

involved in the regulation of cellular metabolism, IGF-I and IGF-II are involved

in promoting growth and differentiation. IGFs play a crucial role during embryo-

genesis and are essential during the regulation of postnatal growth (see [33]). The

primary source of IGFs is the liver, although significant quantities are also produced

in extra-hepatic tissues, including the eye [34, 35]. There is also a well-established

association of IGFs with specific binding proteins (insulin-like growth factor

binding proteins; IGFBPs) that are also found in the eye [34, 35], which function

to stabilise IGF and deliver it to target tissues [34].

Radioimmunoassays indicate that the IGF-I and IGF-II concentrations in aque-

ous and vitreous are in the sub-nanomolar range [34] but are sufficient to allow

binding to ocular IGFBPs and IGF-I receptors on lens epithelial cells [31, 34]. Inter-

estingly, the levels of IGF-I and IGF-II in the aqueous are approximately twice

those found in the vitreous [34], suggesting that IGF may play a more prominent

role in the anterior chamber, bathing the epithelial cells. In vitro studies have

indicated that IGF can induce proliferation in a range of lens culture systems

including lens epithelial explants [36, 37], whole lens cultures [38, 39] and lens

cell lines [40]. When combined with other growth factors found in the eye, such as

EGF [39] or FGF [36], IGF can synergise with these factors to produce an enhanced

lens cell proliferation response and in some instances (with FGF) fibre cell differ-

entiation [36]. In vivo studies using transgenic mice that overexpressed IGF-I in the

lens showed increased proliferation in the germinative zone and an expansion of the

transitional zone posteriorly toward the retina [41]. This led to the hypothesis that

the distribution of IGF in the eye may provide a spatial cue that defines the extent of

the germinative zone and the location of the transitional zone, thus regulating the

patterns of lens cell proliferation in vivo [41].

4.3.2 Platelet-Derived Growth Factor (PDGF)

PDGF is a potent mitogen released most prominently by platelets but also present to

a lesser extent in other cell types [42]. The PDGF family is composed of four

ligands, PDGFA-D. All PDGF isoforms form homodimers, but PDGF-A and

PDGF-B can also be secreted as a heterodimer (PDGF-AB; [42]). The PDGF

receptor consists of α and β subunits that dimerize to form three distinct receptor

combinations (αα, αβ, ββ), differing in their ability to bind the various PDGF

isoforms (see [42]). The importance of PDGF signalling during development is

highlighted by the patch mutation in mice (which harbours a deletion of the PDGF

receptor α gene), resulting in a range of anomalies, including perturbed lens

development [43, 44]. The pattern of lens cell proliferation in situ correlates with
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PDGFα receptor and PDGF-A ligand expression [45]. PDGF is strongly expressed

in the iris and the ciliary body, ocular structures juxtaposed to the germinative zone.

During embryogenesis, PDGFα receptor expression is detected throughout the lens

epithelium [45]. In the postnatal lens, as the central epithelial cells reach mitotic

quiescence, PDGFα receptor expression is lost in these cells and becomes restricted

to the mitotically active lens epithelium of the germinative zone [45].

The first in vitro studies with PDGF showed that it could maintain lens growth

and transparency in whole lens cultures when delivered in a pulsatile fashion [46];

however, insulin, which can independently stimulate lens growth, was also present

in the culture medium. More recently, in studies with rat lens epithelial explants,

PDGF-A was shown to promote cell proliferation [37, 47], as well as potentiate

FGF-induced fibre differentiation [47, 48], similar to IGF. Overexpression of

PDGF-A in lenses of transgenic mice increased the levels of DNA synthesis in

lens epithelial cells [45], supporting a mitogenic role for PDGF. More recent studies

by Ray and colleagues [49] have shown a role for PDGF-D in lens cell proliferation

as an antibody that sequestered PDGF-D could strongly inhibit lens cell prolifera-

tion in anterior segment organ culture, whereas other antibodies for PDGF-A,

PDGF-B or FGF-2 could not [49].

4.3.3 Fibroblast Growth Factor (FGF)

FGF has been shown to play an important role in regulating many aspects of growth

and development [50]. There are 22 known members of the FGF family (FGF1-

FGF23, with mouse FGF15 being the ortholog of human FGF19; [51] that are

highly conserved [52, 53] and their distribution in the eye has been studied

extensively [54–57]. Cellular responses to FGF are mediated via a family of four

receptor genes ( fgfr1-4: [53, 58, 59]) with lens cells shown to express all four

FGFR genes [60–63]. Over the years, both in vitro and in vivo models support a

pivotal role for FGF in regulating lens fibre differentiation (see [26]). The develop-

ment of the rat lens epithelial explant system [64, 65] was central to the identifica-

tion of the dose-dependent responsiveness of lens epithelia to FGFs; with higher

doses of FGF (100 ng/mL) serving as a potent morphogen for lens fibre differentia-

tion, with much lower doses (1–5 ng/mL) sufficient for its mitogenic ability on

these same cells [37, 66].

4.3.4 Epidermal Growth Factor (EGF)

Epidermal growth factor (EGF) influences development of the eye through its

ability to induce early eye opening in mice [67] and has been localised to several

ocular tissues [68]. The EGF family of receptor tyrosine kinases consists of four

receptors: EGFR (ErbB-1, HER-1), HER-2/neu (c-erbB-2), HER-3 (c-erbB-3) and

HER-4 (c-erbB-4). Fifteen members of the endogenous EGF ligand family have

been identified, including amphiregulin, betacellulin, biregulin, EGF, epiregulin,
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heparin binding-EGF (HB-EGF), heregulin α/β, neuregulin (NRG) 1α/1β/2α/2β/3/4
and TGFα [69–71]. While the ligands overlap with respect to binding to the various

EGF receptors, they have their own specificities and affinities for their respective

receptors [72]. Many of the EGF ligands are present in the ocular media

surrounding the lens [73] and lens cells of a number of species have been shown

to express functionally active EGF receptors [38, 74–76]. Studies have indicated

that EGF can induce proliferation in whole lens cultures [39], as well as cultures of

various transformed epithelial cell lines [77, 78]. As mentioned earlier, EGF has

also been reported to act synergistically with other growth factors such as IGF, to

produce an enhanced mitotic response in whole lens cultures [39].

In addition to EGF, its related mitogen TGFα binds and mediates its effects

specifically through the EGF receptor. TGFα shares a high degree of structural

homology to EGF due to conservation of the cysteine residues involved in receptor

binding [79]. In lens explants, TGFα and EGF have been shown to induce prolifer-

ation and migration of epithelial cells [37, 80]. Furthermore, EGF may play a

significant role in contributing to posterior capsular opacification (PCO), a common

problem associated with cataract surgery/trauma that results from the abnormal

proliferation of lens epithelial cells as they undergo a wound healing response [81];

see also Sect. 1.6 and Chaps. 8 and 9).

4.3.5 Hepatocyte Growth Factor (HGF)

Hepatocyte growth factor has recently been shown to induce lens epithelial cell

proliferation and migration in human lens capsular bags (a model system used to

study PCO) and rabbit cells [81, 82] by activating its receptor c-met, which has been

shown to be expressed in both human and rabbit lens epithelial cells [75, 83]. It has

been found in abundance in human capsular bag cultures suggesting that it may

contribute to the development of aberrant cell proliferation associated with

PCO [81].

4.3.6 Transforming Growth Factor-b (TGFb)

TGFβ has been shown to induce aberrant growth and differentiation of the lens

epithelial cells causing them to undergo an epithelial-mesenchymal transition

(EMT: see Chaps. 8 and 9), characteristic of the changes seen in the cataractous

lens [84, 85]. TGFβ1, 2 and 3 are present throughout the lens epithelium during

embryonic and postnatal development [86, 87]; however, although little reactivity

for TGFβ receptor (TGFβRI and RII) expression is detected in newborn rats

(postnatal day 3, P3), there is a substantial increase in immunoreactivity for the

receptors in weanling rats (P21; [87]). As TGFβR expression inversely correlates

with patterns of cell proliferation in the lens, it has been suggested that TGFβ
signalling may act as a negative regulator of lens growth, similar to other cell types

(see [88, 89]).
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4.4 Cellular Signalling Pathways

Cell proliferation is a complex developmental process that undoubtedly requires

numerous signals, and a cascade of signalling molecules are involved in this

process. With respect to cell proliferation, the signal transduction pathways that

have arguably been best studied in the lens include the MAPK pathway and the

PI3-K pathway.

4.4.1 Mitogen-Activated Protein Kinase (MAPK) Signalling

Mitogen-activated protein kinases control many cellular events, from complex

programmes such as embryogenesis, cell differentiation, cell proliferation and

cell death, as well as short-term changes required for homeostasis and acute

hormonal responses [90]. The MAPK family consists of four distinct signalling

modules: the extracellular signal-regulated kinase (ERK1/2) pathway, the c jun-N

terminal kinase (JNK) pathway also as known as the stress-activated protein kinase

(SAPK) signalling pathway, the p38 pathway and ERK5, otherwise known as the

big MAPK 1 (BMK1) signalling module. While the ERK1/2 signalling pathway is

primarily associated with the mitogenic responses of a cell, being strongly activated

in response to growth factor stimulation, the p38 pathway and JNK/SAPK pathway

are more commonly recruited in response to cellular stress, inflammation and

apoptosis, activated by interleukins, cytokines and other such inflammatory

molecules [91]. ERK5 signalling has been shown to play a role in cell proliferation

and survival although the exact role of this kinase is yet to be elucidated [92].

Although each MAP kinase has unique characteristics, a feature shared by the MAP

kinase pathways studied to date is the fact that the terminal kinases are activated by

protein kinase cascades that contain at least two upstream kinases that serve to

ensure signal amplification and regulation [93]. Interestingly, ERK1/2 are also the

most abundant MAPKs in lenses of a number of species [94].

There are numerous downstream targets of ERK1/2. Over 150 substrates of

ERK1/2 have been reported so far, which are involved in several distinct functions.

These include transcription factors, protein kinases and phosphatases, cytoskeletal

and scaffold proteins, receptors, signalling molecules and others [95]. Interestingly,

about 50 % of these proteins are localised in the nucleus, with the others found in

the cytosol, plasma membrane and within cellular organelles, supporting a role for

ERK1/2 in the regulation of both cytosolic and nuclear processes [95]. Within a few

minutes of ERK1/2 activation and translocation to the nucleus, the most significant

effect of ERK1/2 activation is immediate early gene (IEG) expression (e.g. c-fos,

c-myc; see [96]). The protein products of these genes are involved in multiple

aspects of cell proliferation, growth and differentiation. The transcription of IEGs is

regulated by serum response elements (SRE), activated by transcription factors

(e.g. serum response factor; SRF) that are direct substrates of the ERK1/2-

signalling cascade (see [96]). Other targets include some of the better characterised

transcription factors known as ternary complex factors (TCFs), including Elk-1
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which is directly phosphorylated by ERK1/2 on multiple sites [96]. Upon complex

formation with SRF, phosphorylated TCFs transcriptionally activate numerous

mitogen-inducible genes regulated by these serum response elements [96]. ERK1/

2 signalling has also been shown to directly link growth factor signalling to

ribosome biogenesis by activating ribosomal S6-kinase-1 (RSK1), suggesting a

role in protein synthesis which is necessary for proper cellular growth and prolifer-

ation [97, 98].

4.4.2 Akt/PI3-Kinase Signalling

Similar to MAPK/ERK signalling, the PI3-K signalling pathway has received

considerable attention with respect to cell proliferation, survival and growth

(see [99]). Unlike the ERK1/2 signalling pathway whose primary role is to regulate

cell proliferation and differentiation, PI3-K has additional roles in maintaining

cellular homeostasis, including insulin metabolism, and glycogen, fatty-acid and

nitric oxide syntheses [99]. PI3-K is a heterodimeric molecule composed of a

binding subunit (p85) and a catalytic subunit (p110). As a consequence of growth

factor stimulation, activation of P13-K results in the generation of lipid second

messengers, which serve as docking sites for proteins that harbour pleckstrin

homology domains, notably Akt. Phosphorylated Akt can modulate the function

of numerous substrates involved in the regulation of cell proliferation, such as

glycogen synthase kinase-3 (GSK3), mammalian target of rapamycin (mTOR) and

Cdc25B. Akt can also enhance cell cycle progression by blocking the activity of

negative cell cycle regulators such as cyclin-dependent kinase inhibitors,

p21/Waf1/Cip1 and p57/Kip2, and directly stimulate genes involved in cell

proliferation [99].

4.5 Regulation of Cell Proliferation in the Lens

Cell proliferation is a tightly controlled process in the developing and adult

vertebrate lens. While bone morphogenetic protein (BMP)-/activin-mediated sig-

nalling has been reported to be required for cell proliferation during lens morpho-

genesis [100], in vitro findings emphasise an important role for multiple growth

factors, with particular emphasis on a key role for FGF signalling in lens cell

proliferation. Although many growth factors have been shown to induce lens cell

proliferation in vitro, little is known about how they relate to aqueous-induced lens

cell proliferation. Interpretation and synthesis of data from numerous studies has

been complicated by the fact they have been conducted in diverse culture systems

from different species. In an earlier study, in the embryonic chick lens (prior to the

formation of the aqueous humour), Hyatt and Beebe [101] demonstrated that serum

proteins readily enter the anterior chamber of the eye and regulate lens cell

proliferation. In this extensive study, it was shown that not one particular growth

factor or combination of growth factors could replace the high proliferative
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capacity of embryonic serum [101]. Since this finding, the growth factors involved

in aqueous-induced lens cell proliferation have been explored, including the signal-

ling pathways involved in mediating this growth. As mentioned, an earlier study has

shown a role for PDGF-D in the regulation of lens cell proliferation in the postnatal

lens, as an antibody that sequestered PDGF-D could strongly inhibit lens epithelial

cell proliferation in anterior segment organ culture [49]. Given that a multitude of

growth factors are detected in the eye and have been shown to play a role in lens cell

proliferation [39, 41, 45, 47, 73, 102], this prompted further investigations into cell

proliferation in the postnatal lens. By comparing the signalling pathways induced

by different ocular growth factors with those induced by aqueous, more recent

studies have identified key aqueous-derived lens mitogens and their associated

signalling mechanisms involved in mediating lens growth [37, 103, 104].

4.5.1 ERK1/2 and Akt Signalling in Lens Proliferation

Since the seminal experiments of the Coulombres [16, 105, 106], although the

aqueous was considered to be the endogenous source of lens mitogens, this was

only recently demonstrated in vitro [37]. By applying aqueous directly onto lens

epithelial explants, and using the bromodeoxyuridine (BrdU)-incorporation assay,

aqueous-induced proliferation of lens epithelial cells was shown to be similar to that

induced by various growth factors. Both aqueous-induced proliferation and that

induced by a number of growth factors were shown to be dependent on bothMAPK/

ERK1/2 and PI3-K/Akt signalling [37, 107, 108]. By utilising specific inhibitors for

these signalling molecules, a strong correlation was observed between cell prolif-

eration and both PI3-K/Akt- and ERK1/2-signalling activity, with ERK1/2 signal-

ling likely being the key downstream mediator of this activity [37]. More recent

studies in situ, examining mice with conditional deletions of ERK1/2 in the lens,

demonstrate that phosphorylation of ERK2 (MAPK1) is required for lens epithelial

cell proliferation in the germinative zone, with both ERK1 and ERK2 being

required for proliferation of central epithelia [108]. This is consistent with increased

levels of phosphorylated ERK1/2 in equatorial lens epithelial cells (most likely

ERK2), associated with regions of higher levels of proliferation [74, 107]. Interest-

ingly, although a number of mitogens could induce cell proliferation via ERK1/2

signalling in lens epithelial explants, they each differentially impacted on the

phosphorylation of ERK1/2 (Fig. 4.3). While FGF typically showed induction of

ERK1/2 phosphorylation for up to 6 h, similar to aqueous, other mitogens tested,

including PDGF, IGF or EGF, only individually stimulated ERK1/2 phosphoryla-

tion for up to 1 h (see Fig. 4.3; [109]). By specifically blocking any one or a

combination of high-affinity receptors for FGF, PDGF, EGF and IGF, in aqueous-

treated lens epithelial explants, it was shown that aqueous-induced cell proliferation

also appears to be due to a combination of growth factor signals, of which FGF

plays a central role [109]. Moreover, there appears to be at least two phases of

ERK1/2 phosphorylation, with an early phase dependent on IGF and/or PDGF and

the later phase dependent on FGF [109]. By blocking FGF signalling, aqueous
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could still induce lens cell proliferation; however, aqueous-induced ERK1/2 signal-

ling was altered, now only transiently activated for less than 1 h (see Fig. 4.3).

In contrast, blocking PDGFR signalling could block this initial phase of ERK1/2

phosphorylation induced by aqueous, but not proliferation (Fig. 4.3), highlighting

the notion that growth factors such as PDGF and FGF may act together as primary

mediators of aqueous-induced ERK1/2 signalling. Overall, different combinations

of inhibitors selective for high-affinity growth factor receptors could block

aqueous-induced cell proliferation, provided that FGF receptor signalling was one

of those abrogated (Fig. 4.3; [109]). It can thus be hypothesised that while FGF and

PDGF signalling may render cells competent in order to initiate a proliferative

response, IGF and EGF may act as progression growth factors, allowing these

Fig. 4.3 Contribution of growth factor-stimulated phosphorylation of ERK1/2 in aqueous

(AQU)-induced cell proliferation in rat lens epithelial explants. All growth factors examined

induced lens cell proliferation comparable to aqueous humour; however, only FGF induced the

phosphorylation of ERK1/2 (blue bars) for up to 6 h, comparable to aqueous. In the presence of

any one of the selective receptor tyrosine kinase (RTK) inhibitors (Inh) for the respective growth

factors: FGFR Inh (SU5402), PDGFR Inh (AG1296), IGFR Inh (AG1024) or EGFR Inh

(PD153035), not one could completely block the ability of aqueous to stimulate cell proliferation,

although ERK1/2 phosphorylation was compromised with the PDGFR inhibitor (early phase only)

and more completely with the FGFR inhibitor. When different combinations of inhibitors were

applied, aqueous-induced ERK1/2 phosphorylation and cell proliferation were completely

blocked, providing that the FGFR inhibitor was included. All other inhibitor combinations did

not perturb aqueous-induced lens cell proliferation, for example, IGFR- and PDGFR-inhibitor

combinations. (Asterisk) Cell proliferation was assessed using BrdU incorporation and/or tritiated

thymidine incorporation. This figure was compiled from data obtained from [37, 104]
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“competent” cells to progress through the cell cycle, supporting a role for multiple

growth factors in aqueous-induced lens cell proliferation in situ [110].

Consistent with FGFs being required for lens proliferation in situ, a more recent

study has shown that conditional ablation of Shp2, an adaptor protein critical for

FGF receptor signalling, resulted in a decrease in both ERK1/2 phosphorylation

and epithelial cell proliferation in murine embryonic lenses, as well as increased

apoptosis in these cells [111]. As multiple growth factors are involved in

regulating lens cell proliferation, further insight into the role of other signalling

pathways is imperative to gaining a better understanding of lens cell proliferation.

Some of the more notable pathways include mammalian target of rapamycin

(mTOR), phospholipase Cγ (PLCγ), PKC, 12(S)-HETE, 12-lipoxygenase,

JAK-STAT, Wnt, Hedgehog and Notch signalling, as well as cPLA2α reactive

oxygen species (ROS) generation from NADPH oxidase [77, 78, 112–116]. For

example, conditional knockout of the Notch signalling regulator, the DNA-binding

protein RPB-Jk, results in premature exit of lens epithelial cells from the cell cycle

and a reduced number of epithelial progenitor cells for secondary fibre differentia-

tion [117]. Evidence from several studies now indicates that this regulation is

mediated by unidirectional Notch signalling, activated by Jag-1-expressing fibre

cells [118–120].

Given the different roles of these functionally distinct growth factors, a better

understanding of growth factor signalling at different stages of the cell cycle will no

doubt shed light on the factors regulating lens cell proliferation in situ.

4.6 Cell Proliferation in Cataract

The majority of epithelial cells are quiescent in the adult vertebrate lens, dividing

infrequently or when perturbed [121]. Cataract can occur as a result of deregulated

proliferation, resulting from aberrant growth factor-mediated signalling. Elevated

levels of many ocular growth factors are found in the aqueous in various ocular

pathologies suggesting that growth factor-mediated signalling may play a signifi-

cant role in aberrant growth that compromises lens function and results in cataract

[30, 122–125]. Abnormal proliferation of the lens epithelium is most commonly

associated with posterior subcapsular cataract (PSC) [126]. Steroid use is the

primary risk factor for PSC; however diabetes and therapeutic radiation treatment

have also been implicated [126]. The defining characteristics of steroid-induced

PSC include an association only with steroids that possess glucocorticoid activity

and the posterior migration of aberrant lens epithelial cells from the lens equator to

the posterior lens pole [127]. Histologic studies of steroid cataracts describe the

presence, at the posterior lens pole, of nucleated cells with the characteristics of

epithelial cells, together with rounded Wedl or bladder cells, that contain

degenerating nuclei [128, 129]. The presence of these cells is consistent with

disruption to normal equatorial lens epithelial cell proliferation and differentiation.

Although the cellular and molecular mechanisms of PSC formation are not well

defined, recent investigations have focused toward discerning how glucocorticoid
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(GC) steroids affect the regulation of lens proliferation. In a recent study utilising a

rodent lens in vitro model, the GC dexamethasone (DEX), enhanced FGF-induced

cell proliferation and coverage of the lens capsule [130]. Other studies on primary

cultures of human lens epithelial cells and on a human lens cell line have also

described changes in gene expression induced by DEX [131, 132]. The analysis

indicated regulators of cell proliferation and apoptosis and components of signal-

ling pathways such as MAPK/ERK were markedly changed by GC receptor

activation. As discussed earlier in this chapter, ERK1/2 has been shown to be a

key regulator of FGF- and aqueous-induced lens epithelial cell proliferation [104];

thus, one possible mechanism whereby GCs may alter regulation of lens cell

proliferation is through modulation of ERK1/2 activity.

Cataracts characterised by aberrant proliferation of the lens epithelium are also

associated with several human pathological syndromes. Most commonly, anterior

polar cataract (APC) is associated with congenital eye diseases including Aniridia

and Peters’ anomaly and may present in certain systemic diseases such as Alport

syndrome [133]. It has been postulated that APC is a product of abnormal lens

epithelial proliferation causing the formation of a mass in the region of the anterior

pole; however, imperfect separation of the lens from surface ectoderm during

embryonic development may also contribute to its aetiology [133]. APC is

recognised as a varying sized, white plaque at the anterior pole of the lens; it may

project forward into the anterior chamber forming a pyramidal cataract and may

further extend into the lens where degenerated cortical fibres are observed [134]. A

histologic examination of human pyramidal opacities following cataract surgery

showed lens epithelial hyperplasia, with some cells showing a fibroblast-like

appearance that appeared embedded in dense collagenous connective tissue [135].

It is not clear as to what promotes the exacerbated proliferative response of lens

epithelial cells to form polar opacities. In a rodent APC model, it was observed that

degeneration of cortical lens cells preceded proliferation and invasion of epithelial

cells into the degenerated anterior cortex, leading the investigator to hypothesise

that proliferation of the epithelium is stimulated by degeneration of adjacent lens

cells [135]. Both clinically and histologically, APC appears similar to anterior

subcapsular cataract (ASC). Anterior subcapsular cataract is often associated with

the ocular trauma that accompanies an impact injury and the inflammation or

irritation of the eye that is characteristic of atopic dermatitis [136]. Following

trauma to the anterior pole, epithelial cells become necrotic, after which adjacent

cells migrate into the subcapsular area and proliferate to form an epithelial plaque.

The proliferative lens epithelial cells undergo an epithelial to mesenchymal

transition (EMT) to form myofibroblasts along with an excessive production and

deposition of extracellular matrix proteins collagen I, III and fibronectin [137]. The

hyper-proliferation of lens epithelial cells that precedes fibrotic metaplasia in ASC

is also a key characteristic of posterior capsule opacification (or secondary

cataract), the most common complication of cataract surgery [138].

Following cataract surgery residual lens epithelial cells attached to the anterior

capsule hyper-proliferate onto the previously cell-free posterior capsule underlying
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the intraocular lens and encroach onto the visual axis; subsequent fibrotic changes

at the posterior capsule lead to opacification [138]. Key in vitro investigations using

BrdU labelling and detection of cells in the process of DNA synthesis revealed that

once the human lens capsule has been breached and the fibres removed, the mitotic

index is dramatically increased [139]. Moreover, disruption to postmortem capsular

bags (generated following cataract surgery) by removal of a prosthetic intraocular

lens (IOL) and fibres that form Soemmering’s ring led to a significant increase in

cell division [140]. Rakic and colleagues hypothesised that the restoration of

proliferative activity that follows removal of fibres is likely due to differentiated

fibres suppressing the proliferative activity of lens epithelial cells. However, more

recent findings suggest unidirectional signalling from fibre cells to the overlying

epithelial cells of the germinative zone permits proliferation [120]. To date it is

unclear as to whether differentiated fibres that form in PCO have a key role in

regulating lens cell proliferation. What is most apparent after cataract surgery is a

phase of intensive lens cell proliferation and migration that decreases over time.

Therefore, as a means to prevent PCO formation, several drugs that block lens cell

proliferation and induce apoptosis have been investigated [141, 142]; however, the

risk of toxic effects on surrounding tissues has inhibited their potential for human

clinical trials. To date there is no effective biological agent that is used clinically to

prevent the excessive lens cell growth that follows cataract surgery. In order to

selectively inhibit proliferation post-cataract surgery, an understanding of those

proteins and signalling mechanisms that promote the proliferative response is vital.

During the surgical removal of a cataract, the blood-aqueous barrier is breached

which can result in increased levels of proteins in the aqueous humour such as

inflammatory mediators, cytokines and growth factors [143]. In particular, levels of

thrombin [144], FGF [145] and HGF [81], are likely to increase following damage

to the blood-aqueous barrier and induce lens cell proliferation. Much evidence also

suggests autocrine signalling to be important in regulating the proliferative events

that give rise to PCO particularly as the level of protein in the aqueous humour

slowly returns to basal levels after cataract surgery [143]. A key investigation by

Wormstone and colleagues demonstrated that after cataract extraction in vitro, adult

human lens epithelial cells were able to proliferate in a medium without serum or

added growth factors [146]. Protein expression analysis of the human native lens

epithelium and the in vitro human capsular bag culture system has identified

autocrine signalling systems for FGF, HGF and EGF (reviewed by [138]). Most

importantly, in a capsular bag model, lens cell proliferation was significantly

reduced following the application of receptor inhibitors to the growth factors and

inhibition of their downstream signalling components ERK, p38 MAPK and JNK

[74, 82, 147, 148]. Consistent with earlier in vitro reports, these studies highlight

that multiple signalling pathways are responsible for promoting proliferative

activity of lens epithelial cells following cataract surgery. Future investigations

focused on inhibiting either multiple signalling components or regulators common

to signalling pathways may be of importance in ablating lens cell proliferation and,

as a result, prevent the development of PCO.
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Growth Factor Signaling in Lens
Fiber Differentiation 5
Robb U. de Iongh and Melinda K. Duncan

Abstract

Since the first reports of experimental lens inversion causing changes in lens cell

fate in the 1960s, various factors including the mitogens IGF, EGF, PDGF, as

well as Wnts, Notch, and BMPs have been implicated in the regulation of lens

fiber cell differentiation, although the preponderance of evidence suggests that

FGFs provide the major signal for this process. It is becoming increasingly

apparent that complex interactions between the signaling pathways activated

by these factors are required to generate functional fiber cells. Disruption of

these signaling cascades usually results in the formation of congenital lens

defects, including cataracts, and it is likely that these signaling cascades also

regulate lens “regenerative” processes that follow extracapsular cataract extrac-

tion and lead to Soemmering’s ring and Elschnig’s pearls. Improved knowledge

of the signaling processes that occur in normal lens development as well as in the

lens epithelial cells (LECs) remaining in the capsular bag following cataract

surgery may not only improve the outcomes of cataract treatment but may also

eventually lead to the capacity to regenerate functional lenses either from

“induced pluripotent stem cells” or from the patient’s own remnant LECs.
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Abbreviations

BMP Bone morphogenetic protein

Dvl Dishevelled

EGF Epidermal growth factor

EMT Epithelial–mesenchymal transition

ERK Extracellular-regulated kinase

FGF Fibroblast growth factor

FGFR Fibroblast growth factor receptor

Fzd Frizzled

HSPG Heparan sulfate proteoglycan

IGF Insulin-like growth factor

JAK Janus kinase

LEC Lens epithelial cell

MAPK Mitogen-activated protein kinase

NICD Notch intracellular domain

PCO Posterior capsule opacification

PCP Planar cell polarity

PDGF Platelet-derived growth factor

PI3K Phosphatidylinositol-3-kinase

PLC Phospholipase C

STAT Signal transducer and activator of transcription

TGF Transforming growth factor

TNF Tumor necrosis factor

5.1 Introduction

The ocular lens is a transparent, cellular tissue that has two cell types: an anterior

epithelial monolayer and the highly elongated lens fibers, which comprise the bulk

of the lens. The lens is enclosed by a thick basement membrane, the lens capsule

(see Chap. 3), which serves as the basal anchor for both lens epithelial and cortical

fiber cells [1]. During embryonic development, the ocular lens arises from the head

ectoderm which, under the influence of the neuroepithelium of the optic vesicle,

invaginates and forms a spheroidal vesicle that is positioned within the anterior

margins of the optic cup. Within the vesicle, the cells that face the optic cup

undergo extensive elongation to form the primary lens fiber cells. By contrast, the

vesicle cells that face the overlying ectoderm (the presumptive corneal epithelium)

form the cuboidal lens epithelial cells (LEC). This allocation of different fates to

anterior and posterior lens vesicle cells gives rise to the distinct polarity of the

embryonic lens [2].

During subsequent embryonic and postnatal development, and indeed through-

out life, the lens continues to grow by distinct patterns of cell proliferation,
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migration, and differentiation. Essentially all of the proliferative potential of lens

cells resides in the lens epithelium, while lens fibers exhibit terminal cell cycle

arrest [3] (Fig. 5.1). During embryonic development, cell proliferation is detected

throughout the lens epithelium; however, from perinatal stages to the adult, rapidly

dividing epithelial cells become restricted to a region just above the lens equator

known as the “germinative zone” [5–7]. However, there is evidence for a popula-

tion of slowly dividing “stem-like cells” in the central epithelium [8]. Daughter

cells arising from divisions in the germinative zone migrate or are displaced

below the equator into a region called the “transitional zone” where they withdraw

from the cell cycle and start to differentiate into secondary fiber cells. As addi-

tional fiber cells elongate and differentiate, the earlier generated fibers are buried

beneath them so that the oldest lens fibers are found at the center of the lens

[2]. Differentiation of fiber cells is characterized by dramatic changes in length

with concomitant increases in membrane area and protein synthesis (particularly

soluble crystallins, specific membrane, and intermediate filament proteins that

contribute to lens clarity). Fiber cells also acquire membrane specializations

(e.g., ball and socket junctions, membrane protrusions, and furrowed membranes)

that ensure the close association and packing of the fiber cells required to establish

the internal circulation of the lens, necessary for the homeostasis of this avascular

tissue [9]. At later stages of differentiation, fiber cells destroy their cell nuclei and

Fig. 5.1 The vertebrate eye and lens. (a) The highly polarized lens has two cell types: epithelial

(e) and fiber cells (lf) contained with a thick basement membrane, the lens capsule (lc). It is

suspended between the cornea and retina by collagenous zonular fibers that arise from the ciliary

body (cb) and bathed by the aqueous and vitreous humors, including aqueous of the posterior

chamber (pca). (b) The anterior epithelium (e), bathed by aqueous humor, is relatively quiescent;

cell proliferation occurs mainly in the germinative zone (gz). Daughter cells contribute to the

epithelium or, if they are displaced across the equator (eq), undergo extensive elongation and

differentiation into secondary fiber cells in the transitional zone (tz), under the influence of the

vitreous humor. Central lens fiber cells lose organelles and nuclei to form an organelle-free zone

(OFZ). An anterior–posterior gradient of FGF stimulation, combined with other growth factors in

the ocular media, is involved in regulating lens cell behavior. Adapted from Martinez et al. [4]
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other organelles, forming an organelle-free zone in the central region of the lens to

reduce light scatter [10]. Finally, a cascade of regulated proteolytic events enables

the lens fiber cells to pack tighter and the lens core to exclude water [11–19], while

fiber cells within the same growth shell fuse [20, 21], contributing to the lens

refractive index.

The notion that growth factors from the ocular media and surrounding ocular

tissues are involved in regulating lens fiber differentiation was reinforced by studies

in chick embryos [22] and postnatal mice [23], where the lens was inverted in the

eye so that the fibers faced the anterior chamber and cornea, whereas the epithelial

cells faced the vitreous chamber and neural retina. This resulted in the reestablish-

ment of an anterior epithelium and differentiation of the posterior facing epithelial

cells into elongating fiber cells. Since then, numerous in vitro studies, using

cultured lens epithelial explants or primary cells isolated from rodents and chick

lenses, combined with transgenic mouse studies, have identified several growth

factor and cell–cell signaling pathways that are involved in lens fiber differentia-

tion, including the IGFs, FGFs, BMPs, TGFβ, TNF, Notch, and Wnts [24]. While

each of these has been shown to contribute to the fiber differentiation process, the

FGFs are the only factors that seem to be essential and sufficient to initiate lens fiber

differentiation in mammals [25]. Indeed, many of the other factors shown to affect

fiber differentiation appear to interact with FGF signaling pathways and are partic-

ularly required to fine-tune the intracellular signaling pathways activated by FGF to

ensure precise regulation of fiber cell differentiation [24] (Fig. 5.2).

5.2 The Fibroblast Growth Factor (FGF) Family

The FGF family comprises 22 structurally related polypeptides that can function as

secreted paracrine (Fgf1–10, Fgf16–18, Fgf20, Fgf22) and endocrine signals (Fgf15/
19, Fgf21, Fgf23) or as intracellular molecules (Fgf11–14) that are not secreted and

function independently of FGF receptors [26]. Paracrine FGFs have high affinity for

and require heparan sulfate proteoglycans (HSPGs) for optimum receptor binding.

The endocrine FGFs, unlike paracrine FGFs, have a low affinity for HSPG and thus

can diffuse through the extracellular matrix more easily. As they have a low binding

affinity for the cognate FGF receptors, they rely on co-receptors of the Klotho family

to activate FGFR signaling [26, 27]. Various members of the FGF family have been

found to be expressed in the vertebrate eye during embryonic development or in the

adult, including Fgf1, Fgf2 [28], Fgf3 [29], Fgf5 [30], Fgf6 [31, 32], Fgf8, Fgf9, and
Fgf15/19 [33–35]. A recent screen of the family, using real-time PCR, identified

mRNA expression of all FGF family members in the adult mouse eye except Fgf4,
Fgf5, Fgf15, Fgf16, Fgf21, and Fgf23 [36]. Members of the intracellular FGF11

subfamily (Fgf11–14) were also detected; however, the functions of these molecules

in the eye or in the lens have not been investigated.

There are five mammalian FGF receptor (FGFR) genes (Fgfr1–Fgfr5), of

which Fgfr1–Fgfr4 encode receptor tyrosine kinases, with an extracellular ligand-

binding domain comprising three immunoglobulin-like domains (I, II, and III),
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Fig. 5.2 Signaling pathways in lens fiber differentiation. Diagram of epithelial cells at the lens

equator, highlighting key growth factor and cell–cell signaling pathways implicated in fiber cell

differentiation. These include the FGFs acting via FGFRs to activate the MAPK and Ras–MAPK

pathways, Wnts activating Frizzleds to activate the β-catenin or PCP pathways, BMPs engaging

specific receptors to activate Smad-dependent and Smad-independent pathways, and activation of

the Notch pathway resulting in release of the Notch intracellular domain (NICD). The outputs of

these pathways often involve transcriptional changes but also affect cytoskeletal organization and

membrane protein localization. See text for details. Adapted from Martinez et al. [4]



a transmembrane domain, and a split intracellular tyrosine kinase domain [26, 37, 38].

Alternative splicing of mRNAs for Fgfr1–Fgfr3 can result in receptors with

variations (IIIb or IIIc) of immunoglobulin-like domain III, which can alter the

ligand-binding specificity of the receptor. Fgfr5 lacks a tyrosine kinase domain and

its C-terminal domain contains a histidine-rich motif. It binds with high affinity to

paracrine FGFs and heparin and has negative effects on cell proliferation but

positive effects on differentiation [38]. It has been shown to play a role in kidney

and diaphragm development, but, despite being expressed (www.genepaint.org), its

function in lens is unknown. Thus, to date, representatives of all five FGFR genes

are expressed in the lens [39, 40].

FGF binding results in FGFR dimerization, causing juxtaposition and trans-

phosphorylation of the intracellular tyrosine kinase domains (Fig. 5.3). Signaling

downstream occurs by the recruitment of two substrates (Frs2α and PLCγ), leading
to activation of predominantly the MAPK and the PI3K–Akt pathways [24] but also

the JAK–STAT pathways [37, 41].

5.2.1 FGFs as Inducers of Lens Cell Proliferation
and Fiber Differentiation

Proliferative and fiber cell-inducing activity was first identified in extracts of retina

and in retina-conditioned medium in assays using rodent lens epithelial explants

[42] and dissociated bovine lens cells [43, 44]. However, the pivotal finding

that this activity corresponded to fibroblast growth factor (FGF) [45–47], which

induced concentration-dependent lens cell responses (proliferation, migration, and

differentiation) [48], led to the proposal of an anterior–posterior gradient of FGF

Fig. 5.3 Soemmering’s ring and PCO. (a) Lens capsular bag and intraocular lens with a

prominent Soemmering’s ring obtained from a human cadaver who underwent cataract surgery

several years earlier. (b) Section through the periphery of the capsular bag shown in a showing that

the Soemmering’s ring material robustly expresses the lens fiber cell marker aquaporin 0 (red).
Images courtesy of Fahmy A. Mamuya, a member of the M.K. Duncan laboratory
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stimulation within the eye that controls these lens cell behaviors in vivo [49]

(Fig. 5.1). Similar FGF concentration-dependent effects on chick lens cell prolifer-

ation and differentiation have been documented [50]. The FGF-gradient hypothesis

posits that very low levels of FGF signals in the aqueous of the anterior chamber are

sufficient to maintain epithelial cell survival, whereas increasing levels in the

posterior aqueous chamber initiate cell proliferation in the germinative zone and

that cells in the transition zone are exposed to high levels of FGF that initiate fiber

cell differentiation [48]. Support for this FGF gradient comes from various studies,

demonstrating different levels of FGF in the ocular media and lens capsule [51, 52],

expression of FGF receptors in lens [40, 53, 54], and various FGFs in ocular tissues,

particularly the retina [28, 33, 52, 55, 56], as well as transgenic studies, which

disrupted the normal levels of FGF by overexpression and induced aberrant fiber

differentiation in the epithelium [57–59]. Finally, the requirement for FGF in fiber

differentiation was demonstrated by transgenic studies in which expression of

dominant-negative receptors [60] or deletion of multiple FGF receptor genes [39]

disrupted or inhibited fiber cell differentiation. There is a considerable redundancy

of FGFR function in the lens, with only null mutation of Fgfr2 resulting in a

phenotype [39, 61], characterized by small lenses with impaired cell survival, cell

cycle regulation, and fiber differentiation. By contrast, mice with null mutations of

Fgfr1 [62], Fgfr3 [63], and Fgfr4 [64] show normal lens development and differ-

entiation. Indeed, lenses lacking two of the four FGFRs (Fgfr1/Fgfr3 or Fgfr3/
Fgfr4) showed normal lens development [64, 65], and it was not until three of the

FGFRs (Fgfr1–3) were deleted that profound effects were observed on lens

development [65].

The identification of numerous FGFs expressed in the eye has made it difficult to

ascertain which FGFs regulate lens differentiation. Consistent with the idea that

FGFs act redundantly, most knockouts of FGF gene show no phenotype (reviewed

in [39]). However, studies of mice [66, 67] with Fgf9 mutations showed attenuated

fiber differentiation, suggesting that FGF9 is a key contributor to murine lens fiber

differentiation. In zebrafish, knockdown of Fgf19 attenuated fiber cell differentia-

tion [68], but loss of its ortholog, Fgf15, in mice had no apparent effects on lens

development [69]. Moreover in chick, Fgf19 has been implicated in a negative

feedback loop during early eye induction [34], suggesting that there are species

differences in the way FGFs are utilized during ocular development.

5.2.2 Requirement for Heparan Sulfate Proteoglycans (HSPGs)
for FGF Activity in Lens

Paracrine FGFs have a high affinity for heparin and heparan sulfate proteoglycans

(HSPGs), a feature that was used in their initial isolation [70], and FGF binding to

HSPG modulates its activity [71]. The lens capsule is rich in HSPGs [72, 73], which

bind and co-localize with FGFs [55, 73, 74] and are required for presentation of

FGF to receptors on the surface of lens cells, resulting in subsequent receptor

dimerization and internalization [75]. The importance of HSPGs for lens
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differentiation is highlighted by studies showing disrupted fiber differentiation in

lenses of mice that lack the heparan sulfate side chains on a major form of HSPG,

perlecan [76], or that lack the enzymes (Ndst1 and Ndst2) required to add sulfate

groups to HSPG core proteins [77, 78].

HSPGs and other proteoglycans have also been detected in human samples of

posterior capsule opacification (PCO), suggesting a possible role for FGF signaling

during development of PCO [79]. Consistent with this, human capsular bags

contain FGF [80, 81], either sequestered in the capsule or produced by the epithelial

cells, that is sufficient to promote cell migration across the posterior capsule [81].

5.2.3 Other FGF Co-receptors

Recently, a novel secreted molecule, equarin (CCDC80 in mammals), has been

implicated as a modulator of FGF signaling and cell adhesion during chick lens

development by its interaction with HSPG [82–84]. Equarin binds heparin and

HSPG and is expressed at the lens equator of the chick lens, where cells exit the cell

cycle and initiate fiber differentiation. Exogenous equarin promotes fiber cell

differentiation by increasing FGF-mediated activation of the ERK–MAPK path-

way, whereas knockdown of equarin inhibits fiber differentiation [82]. Intriguingly,

equarin is also responsive to BMP signaling (see below), and it has been proposed

that a balance of BMP and FGF signals regulates proliferation and cell cycle exit

via equarin expression at the chick lens equator [83].

The Klotho family of transmembrane glycoproteins has been identified as

co-receptors for endocrine FGFs. One member, the lactase-like (Lctl) gene, is

highly expressed in the adult eye but has not yet been detected in lens per
se. Intriguingly, Lctl, which is a membrane-bound glycosidase-like protein, appears

to function as a co-receptor for FGF15/19 with FGFRs and can activate ERK

signaling pathways in cells [36]. While FGF15/19 is known to be involved in

early lens differentiation in zebrafish [68] and chicken [34], it remains to be

determined if Lctl is involved.

5.2.4 FGF Signaling Pathways in Lens

Investigation of the FGF downstream signaling pathways in the lens has provided

strong evidence for the activation of the MAPK–ERK [50, 85–90], PI3K–Akt

[87, 88, 91–93], and STAT [94, 95] pathways during fiber differentiation. More-

over, negative regulation of these pathways in the lens epithelium by intracellular

(Sprouty) or transmembrane (Sefs) antagonists of FGF signaling plays an important

role in maintaining the anterior epithelium and preventing inappropriate fiber

differentiation [96–98]. Experiments using specific small molecule antagonists of

the MAPK pathway in rat lens explants [85, 87] indicate that activation of ERK via

the Ras–MAPK pathway is required for epithelial cell proliferation and fiber cell

elongation but not for fiber-specific crystallin expression. Consistent with this,

88 R.U. de Iongh and M.K. Duncan



studies in transgenic mice using dominant-negative [99] and oncogenic [100] forms

of Ras as well as conditional deletion of Mapk1 in the lens [101] show that the Ras–

MAPK pathway is sufficient and required for epithelial cell proliferation but not for

fiber differentiation.

Studies using small molecule antagonists of the PI3K–Akt pathway in the lens

show that inhibition of signaling via this pathway blocks cell proliferation [102] and

fiber differentiation, including the expression of β- and γ-crystallins [87].
Intriguingly, the activation profiles of pERK and pAkt in response to aqueous

and vitreous humors are similar to low and high concentrations of FGF and

correlated with proliferation and fiber differentiation responses, respectively [86,

87]. This suggested that the duration of pathway activation may determine whether

cells proliferate or differentiate. However, further studies using antagonists for

various receptors known to be present in the lens show that while various factors

(IGF1, EGF, PDGF-A) contribute to pathway activation, FGF signaling was

required for differentiation responses, notwithstanding any extended duration of

ERK or Akt phosphorylation that could be achieved by other factors [88].

While the STAT pathways are activated in cultured lens cells following various

growth factor (FGF, PDGF-A, IGF1) treatments [94], deletion of either of the Stat1
and Stat3 genes in mice suggests either that the JAK–STAT pathway is not essential

for lens development or that there is functional redundancy among STAT

genes [95].

5.3 TGFb Superfamily Signaling in Lens Fiber Differentiation

The transforming growth factor superfamily comprises more than 30 secreted

growth factors, including the prototypic TGFβ and bone morphogenetic protein

(BMP) families. These factors elicit a plethora of responses and are involved in an

extraordinarily diverse range of cellular functions and processes during embryonic

development as well as adult tissue homeostasis and wound repair. While ligands

and receptors are remarkably promiscuous, the mechanism of signaling is highly

conserved and involves ligand dimers binding to type I and type II receptors, with

type II receptors phosphorylating type I receptors (Fig. 5.3). Receptor-specific

Smads (Smads2/3 for TGFβs or Smads1/5/8 for BMPs) bind to and are

phosphorylated by the activated type I receptor leading to the formation of Smad

heterodimers with the ubiquitous common co-Smad (Smad4), which then enter

the nucleus to activate specific gene transcription [103–106]. In addition to

Smad-dependent signaling, there are Smad-independent pathways that utilize

small GTPases, the p38-MAPK, ERK–MAPK, and the PI3K pathways, and also

apicobasal polarity proteins such as Par6 [106].

The ectopic expression of dominant-negative TGFβ receptors (Tgfbr2 and

Tgfbr1) in lens fibers of the murine lens abrogated Smad2 activation and indicated

a requirement for TGFβ signaling during lens terminal differentiation

[107]. Remarkably though, null mutations of various TGFbeta family receptors or
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of Smad4 and Smad2 have not recapitulated this phenotype [7, 108, 109]. Given the

promiscuity of ligands and receptors [105], it is plausible that the dominant-

negative receptors effectively block all signaling (Smad dependent and nondepen-

dent); however, the possibility that overexpression of mutant receptors within the

secretory pathway caused nonspecific fiber cell death, perhaps via an unfolded

protein response [110, 111], cannot be discounted.

A requirement for BMPs in lens induction and morphogenesis was originally

demonstrated in mice that lack BMP7 or BMP4 (reviewed in [112]). Since then,

several studies have demonstrated a requirement for BMP signaling during lens

fiber differentiation in vitro and in vivo (reviewed in [24]). More recently, cross

talk between FGF and BMP signals has been demonstrated, particularly in

differentiating fiber cells, with BMPs contributing to the activity of vitreous-

induced fiber cell differentiation, initiating the expression of key lens fiber differ-

entiation marker genes, and regulating the gap junction-mediated coupling between

fiber cells [83, 113, 114]. BMPs also combine with FGFs at the lens equator to

regulate equarin expression and mediate cell cycle exit as epithelial cells differen-

tiate into fiber cells [83]. Analysis of mice lacking Smads 1, 5, and 4 and various

type I receptors indicates that BMPs mediate cell proliferation and probably

crystallin expression by Smad-dependent signaling but that cell cycle exit and

cytoskeletal changes during lens development are mediated via Smad-independent

pathways [7, 109].

TGFβ signaling via both the canonical Smad-dependent and noncanonical

Smad-independent pathways has been shown to mediate epithelial–mesenchymal

transition (EMT) changes in the lens during formation of anterior subcapsular

cataracts, in PCO and in response to injury [115] (see Chaps. 8 and 9). By contrast,

adenoviral induction of BMP7 in lens cells suppresses EMT induced by injury

[116], suggesting that BMP signaling antagonizes the EMT-promoting effects of

TGFβ. However, the contribution of BMP (or TGFβ) signaling to aberrant fiber

differentiation that occurs during the formation of Soemmering’s rings or

Elschnig’s pearls is not known.

5.4 Wnt Signaling in Lens Fiber Differentiation

Wnts are a family of 19 highly glycosylated, secreted growth factors that have been

shown to have a broad range of roles in embryonic development and in particular

regulate stem cell populations and cell fate decisions as well as cancer cell biology.

Wnts bind to seven-pass transmembrane proteins, called Frizzleds (Fzds), and the

Lrp5/6 co-receptors. Recently, the transmembrane Lgr4–6 family of proteins,

which complex with R-spondin, has been shown to facilitate and amplify

Wnt/Frizzled/Lrp signaling in stem cells [117, 118]. Depending on which Wnt

and Frizzled proteins are present in the membrane complex, different domains of

the cytoplasmic scaffold protein, Dishevelled (Dvl), are utilized to activate either

the canonical Wnt/β-catenin pathway or the noncanonical planar cell polarity (PCP)
pathway (Fig. 5.3). In the canonical pathway, the Wnt/Fzd/Dvl complex inhibits a
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complex of cytosolic proteins that functions to phosphorylate and degrade

β-catenin. Accumulated and stabilized β-catenin can then enter the nucleus to

activate gene transcription. The Wnt/PCP pathway is less well understood but is

known to utilize a different Dvl domain to activate small GTPases, such as Rho and

Cdc42, and mediate changes in the cytoskeleton and asymmetric localization of

various proteins (Fzd6, Vangl, Strabismus, Prickle) to different lateral membrane

domains in epithelial cells [119–121]. Both pathways have been shown to play roles

during lens development. While antagonism of the canonical Wnt/β-catenin path-

way is required for lens induction [122, 123], the pathway appears to at least be

transiently active during differentiation of the embryonic lens and be involved in

regulating epithelial cell proliferation and modulating crystallin expression during

early primary fiber differentiation [124–126]. However, it appears to not have a role

in later differentiation of secondary fibers [24, 127]. Components of the Wnt/PCP

pathway are expressed in the developing lens at various stages [128–130], and a

recent report indicates that Wnt signaling, particularly the PCP pathway, is

regulated by FGF in lens explants and that inhibition of Wnt signaling by the

secreted extracellular antagonist Sfrp2 or by a small molecule inhibitor (IWP-2),

which blocks cellular Wnt production, blocked FGF-induced crystallin

expression [127].

There is also increasing evidence that aberrant Wnt signaling may be involved in

cataract formation. TGFβ signaling, which is a known inducer of LEC fibrosis

(see Chap. 8), can also upregulate Wnt pathway expression [131]. Moreover,

overactivation of the Wnt pathway in transgenic mouse lens [132] and in lens

cells in vitro [133] results in epithelial–mesenchymal transition (EMT) of LEC.

It remains to be determined how Wnt signaling contributes to aberrant fiber

differentiation and/or fibrosis in human lens capsules postsurgery, although in

other systems, canonical Wnt and TGFβ signaling can cooperate to drive fibrosis

[134–136].

5.5 Notch Signaling in Lens Fiber Differentiation

Notch proteins are transmembrane receptors that regulate cellular identity during

development [137] and disease [138, 139]. Canonically, Notch receptors bind

transmembrane ligands (Jagged or Delta-like) expressed by adjacent cells, resulting

in Notch proteolysis (Fig. 5.3). The released Notch intracellular domain (NICD)

then translocates to the nucleus to form a complex with Rbpj and Maml, which

activates target gene transcription [140]. Notch activity can set up feedback loops

leading to either lateral inhibition [137] (ligand concentration in the Notch-

expressing cell is maintained at low levels) or lateral induction (ligand expression

is activated in the Notch-expressing cell [141] leading to cis-inhibition of Notch

activity [142]). These feedback loops often regulate the boundaries between

proliferative (or stem cell) cell populations and those fated to differentiate

[137]. In the lens, Notch 1 and 2 are expressed in the lens epithelium and engage

with Jagged1, which is expressed by lens fibers [143, 144]. In the central
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epithelium, Notch signaling maintains cell proliferation during development and

prevents LECs from transitioning to fibers [145, 146]. However, at the lens equator,

where FGFRs are activated, Jagged1 levels increase due to cross talk between

Notch and FGFR signaling. This leads to Notch 2 and Jagged1 co-expression in

transition zone cells, a process necessary for lens fiber cell differentiation

[147]. Notably, since the anatomical division of the eye into anterior and posterior

chambers occurs much later than the initial segregation of lens epithelial and fiber

cell fates in the lens vesicle, the FGF gradient is unlikely to be sharp during early

development. Since FGF receptors are expressed in all cells of the lens vesicle,

including early fibers [53, 54], it is likely that cross talk between Notch and FGFR

signaling is crucial to fine-tune the position of the border between differentiating

lens fibers and cells fated to be LECs.

5.6 The Role of Other Mitogens in Fiber Differentiation

Various other growth factors (PDGF, EGF, IGF), mitogenic for lens cells, have

been identified in ocular media/tissues and been implicated in fiber cell differentia-

tion (see [24] for review). While experiments in various systems indicate that they

are mitogenic for lens epithelial cells (see Chap. 4), their role in fiber differentiation

appears to be predominantly synergistic with FGF signaling (see above and [24]),

particularly via the ERK–MAPK and Akt pathways. A key point that this highlights

is that while FGFs may be the preeminent differentiation factor, it is the combined

action of numerous factors that fine-tune the signaling pathways that control fiber

differentiation [88], and their relative contributions to such fine-tuning appear to

vary between species.

Historically IGF1/insulin or “lentropin” (an IGF-like molecule), rather than the

FGFs, was considered to be the fiber-inducing factor(s) for the chick lens. This

stemmed from several studies that documented an early cell elongation response

(after 3–5 h) in lens explants and induction of δ-crystallin expression in response to
IGF or insulin [148–151]. As a result, it was long considered that there were distinct

differences in the factors that regulate fiber differentiation in avians as opposed to

mammals. Recent studies comparing FGF2 and IGF1 responses in chick explants

indicated that while IGF1 and insulin induced fiber cell differentiation marker

(CP49 and δ-crystallin) expression, the cell fiber elongation response in 6-day

cultures was variable. Moreover, the fiber differentiating activity of chick and

bovine vitreous on chick explants was attributed to an FGF-like activity [50]. Simi-

larly, rat lens explants have subpopulations of IGF1-responsive epithelial cells that

express β- and γ-crystallin [152, 153] but do not elongate unless FGF is present. It

thus appears that IGFs have the capacity to induce a limited set of fiber differentia-

tion events in vitro and that the effects are more pronounced in chick than in rat.

Intriguingly, in rat explants, insulin or IGF, in combination with FGF, alters the

expression ratio of the α-, β-, and γ-crystallin genes, compared to FGF alone

[154]. Thus, one way that IGFs may fine-tune FGF-induced fiber differentiation

in mammals is to regulate crystallin expression and thus could be involved in the
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massive shifts in the ratio of the different crystallins produced by lens fiber cells at

different stages of lens development [19, 155]. The evolutionary switch in birds to

the use of δ-crystallin rather than β- and γ-crystallins in differentiating fibers may

explain the different sensitivity of chick cells to IGFs and insulin. However, mouse

transgenic studies indicate that IGF1 and insulin are insufficient to induce fiber

differentiation and that insulin may actually inhibit fiber differentiation [156,

157]. In the case of ectopic expression of IGF1, the transgenic lenses showed

expansion of the epithelium posteriorly into the transitional zone and there was

increased proliferation, but not differentiation, of the epithelium [157].

PDGF has been implicated in lens growth and maintenance of lens clarity

in vitro culture of whole lenses [158]. Like IGF1, PDGF on its own induces cell

proliferation in rat lens epithelial explants [159] and induces a restricted repertoire

of β- and γ-crystallin isoform expression in a subpopulation of cells within explants

[160] but potentiates low doses of FGF to cause epithelial cells to proliferate and

differentiate [159] via activation of ERK–MAPK and PI3K–Akt pathways

[88]. Consistent with this, transgenic expression of PDGF-A in mouse lenses results

in increased cell proliferation as well as a limited elongation response and

β-crystallin expression [161]. The effects of PDGF on chick lens cells have been

reported to stimulate proliferation [162] and activate JAK–STAT signaling but

have no effect on δ-crystallin expression, despite activation of the PI3K–Akt

pathway [92]. To our knowledge, interactions between FGF and PDGF in chick

lens fiber differentiation have not been investigated.

5.7 Clinical Implications for PCO

During the most commonly performed cataract operation, extracapsular lens extrac-

tion (ECCE), the central lens capsule and the attached epithelium are removed by

capsulorhexis, and the lens fibers are removed by phacoemulsification. While every

attempt is made to remove all residual cellular material from the capsular bag by

“polishing,” the peripheral LECs are nearly impossible to remove due to their

location and tight adherence to the lens capsule. As discussed above, these cells

have the highest proliferative and differentiation potential and, in the intact lens,

normally respond to ocular FGFs and other growth factors, by proliferating and

differentiating into lens fiber cells.

Consistent with this, it was first reported in the nineteenth century that morpho-

logically recognizable lenses can reform from the remaining capsule and epithelial

cells, following lens fiber cell removal in mammals, if the capsule does not collapse

and inflammation is minimized [163]. In the twentieth century, these findings were

confirmed in mice [164], monkeys, and rabbits [163], and, in the twenty-first

century, with refinements of surgical technique and use of biodegradable

hyaluronic acid or refractive silicone scaffolds, combined with hyaluronic acid,

almost complete lens regeneration, with a well-organized transparent cortex, has

been achieved [165]. The use of such “natural regeneration” of lenses has not yet
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been applied clinically, but has been proposed as a potential method to restore

accommodation after cataract surgery [165].

In current clinical practice, the implantation of an intraocular lens in the capsular

bag during cataract surgery is often associated with the subsequent proliferation and

differentiation of remnant LECs into lens fibers, presumably in response to FGFs

and other ocular growth factors. This results in the formation of Soemmering’s ring,

when the cells remain at the periphery of the capsular bag), or Elschnig’s “pearl-

type” PCO, when the cells escape from this area [166]. However, in contrast to the

transparent “regenerated” cortical fibers obtained in the rabbit experiments [165],

Soemmering’s rings (Fig. 5.1a) are usually opaque, despite the robust expression of

fiber cell-specific genes such as aquaporin 0 (Fig. 5.1b). Similarly, while Elschnig’s

pearls are ultrastructurally similar to fiber cells [167], these structures also scatter

light, probably due to a lack of the strict organization necessary for transparency

[166]. Some reports propose that “pearl-type” PCO is more destructive to patient

vision than “fibrotic” PCO due to its ability to robustly scatter light [168, 169],

although it appears that Elschnig’s pearl morphology is very dynamic in PCO [170,

171] and complete spontaneous regression of subclinical Elschnig’s pearl-type

PCO has been reported [172] (see Chap. 12).

Few studies have investigated specifically the molecular mechanisms driving

Soemmering’s ring/Elschnig’s “pearl-type” PCO formation, although it is likely

that it occurs when remnant LECs encounter not only the growth factors within the

eye that drive fiber cell differentiation in the intact lens (see above) but also

cytokines that are activated postsurgery. The fibers that form in the capsular bag

after cataract are often misaligned or fail to elongate properly and are thus not

transparent, likely due to a lack of appropriate directional cues. Investigations using

rat lens epithelial explants have shown that when LECs are sandwiched between

two layers of lens capsule, they are able to elongate and organize into a parallel

alignment similar to the intact lens. However, when the apical surfaces of these

cells are directly exposed to culture media containing FGF, they are more globular

and irregularly arranged although they still express lens fiber cell markers. More-

over, explants exposed to culture media, containing 50 % vitreous humor v/v,

differentiated into lens fiber cells and maintained a cell population resembling the

lens epithelium, leading to a transparent structure morphologically similar to a

normal lens [173, 174]. This maintenance of an epithelium in apposition to the lens

fibers is likely to be critical to this cellular organization as it is clear that lens fibers

require signals from the lens epithelium including planar cell polarity [175] and

Notch signaling [146, 147] for their correct orientation and function.

Notably, this robust fiber cell differentiation response following cataract sur-

gery is commonly accompanied by the epithelial–mesenchymal transition (EMT)

of other LECs to myofibroblasts to form “fibrotic” PCO (see Chaps. 8, 9, and 10)

leading to mixed populations of cells expressing either fiber cell or myofibroblast

markers in the capsular bag. While little is known about how different fates are

acquired by remnant lens cells, this may reflect intrinsic differences between LEC

populations [8, 176, 177] and their stochastic responses to the cytokine/growth
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factor milieu present in the eye after cataract surgery, or both. Further improvements

in the long-term visual outcomes of cataract surgery, including the prevention of PCO

and the reestablishment of accommodation following cataract surgery, will likely

require either that the phenotypic changes in the lens epithelium after surgery be

blocked (which would allow “lens refilling” strategies for refractive replacement

[178]) or that the lens epithelium is directed to undergo a regulated differentiation

process that is compatiblewith long-term stabilization of an IOL andmaintenance of a

clear visual axis (as proposed in [165]). Both of these goals will require an improved

understanding of the normal regulation of lens fiber cell differentiation and how this

response is both enhanced and inhibited after cataract surgery.
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Lens-Specific Transcription Factors
and Their Roles in Diagnosis and Treatment
of Human Congenital Cataract

6

Ales Cvekl, Ilana B. Friedman, and Elena V. Semina

Abstract

Specific DNA-binding transcription factors (TFs) are critical components of

gene regulatory networks (GRNs) that govern lens growth and differentiation.

Lens placode formation is controlled by Pax6, Six3, and Sox2. Lens vesicle

formation and its separation from the surface ectoderm are regulated by AP-2α,
Foxe3, and retinoic acid/retinoid-activated nuclear receptors. The lens precursor

cells exit cell cycle via a coordinated action of Gata3, Pitx3, and Prox1. Lens

fiber cell differentiation is controlled by ATF4/CREB2, c-Maf, Gata3, Hsf4,

Pax6, Pitx3, Prox1, and Sox1. Lens morphogenesis requires intricate temporal

and spatial control of gene expression that is executed through multiple links

between TFs and extracellular signaling, including BMP, FGF, Notch, and Wnt

pathways. Disrupted function of lens-preferred TFs results in multiple lens

developmental abnormalities that range from the lack of lens formation, lost of

primordial lens (aphakia), incomplete separation of the lens vesicle from the

surface ectoderm (corneal-lenticular stalk), disrupted lens fiber cell differentia-

tion, and retention of subcellular organelles including the nuclei. These devel-

opmental abnormalities are not compatible with lens transparency and result in
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congenital cataracts. These cataracts affect 1:2,500 individuals and are difficult

to manage due to the age of the child and eye growth considerations, possible

associated microcornea or microphthalmia, and risks of glaucoma and ambly-

opia. For example, up to ~40 % of children with bilateral cataracts develop

glaucoma following surgery, particularly when cataracts are removed early in

life. This review describes normal and abnormal lens formation through the

perspective of TFs preferentially expressed in the lens, their contributions to the

human pediatric cataracts, and current strategies in human genetic and clinical

studies to identify novel cataract-associated genes to better understand molecu-

lar basis of these defects and its treatments.

Keywords

Cataract • FOXE3 • HSF4 • MAF • PAX6 • PITX3

6.1 Introduction

The function of ocular lens is to focus and transmit light onto the retina. In contrast

to the lens made from polished glass or other man-made materials, the ocular lens is

exclusively comprised from highly specialized cells that appear and function like

the “biological glass” [1]. The biological lens is more than an engineered transpar-

ent/refractive material. Lens cellular design enables multiple additional functions,

including accommodation and correction of spherical aberration, through the use of

a gradient of refractive index and flexibility of the lens surface. Lens evolution has

to follow basic laws of optics. The critical lens property is to prevent light

scattering. The majority of biological tissues scatter and/or absorb light: the trans-

parent tissues are limited to the cornea, lens, and retina. Transparency of lens

cytosol is a result of short-range order interactions between the proteins dissolved

[1]. However, this is not sufficient as the light-scattering organelles in lens fibers are

eliminated from this compartment [2]. In addition, scattering at the cell borders is

abolished through tight alignments of lens fiber cells and minimal space

between them.

Cataract is defined as opacification or cloudiness of the ocular lens [3]. Break-

down of the lens microarchitecture, including formation of protein precipitates and

damage of lens membranes, leads to fluctuation of the optical density that results in

light scattering and these processes ultimately obstruct vision. Congenital cataracts

are a special subgroup of cataracts that scatter light already at birth or shortly

afterwards. Although this condition occurs with a relatively low incidence rate of

1.8 cases per 10,000 births [4], the majority of instances are isolated abnormalities.

Juvenile cataracts are identified within the first decade of life. The genotypic basis

as well as the phenotype can vary and can have varying degrees of impact on the

visual outcome for the child.

Congenital cataract is the leading cause of treatable childhood blindness in

the world. It accounts for between 5 and 20 % of blindness in children worldwide.

The prevalence of cataracts has been studied and varies by geography with the

106 A. Cvekl et al.



highest percentage of blindness occurring in the developing world. This numbers

about 1–4 per 10,000 children [5, 6]. In Sweden, the incidence of congenital

cataract is 36 per 100,000 births, similar to that in the UK [6]. In Australia, Wirth

et al. report an incidence of 2.2 per 10,000 births [7].

Genetic studies of congenital cataract already identified 38 genes that carry

specific mutations and seven additional genetic loci, with the number constantly

growing [3]. A significant portion of these genes involves either lens regulatory or

fiber cell-specific structural proteins. In addition, studies in mouse and rat models

have identified mutations in similar types of genes further demonstrating evolution-

ary conservation of lens-specific genetic programs and show that these model

organisms are relevant to studies of human congenital cataract. The focus of the

present review is to summarize our current knowledge about the lens regulatory

genes and their role in developmental cataract formation and to explain lens

abnormalities that lead to lens opacities. We provide an updated list of transcription

factors and discuss possible downstream molecular mechanisms that induce these

cataracts. Next, we summarize clinical aspects of the pediatric cataract, strategies to

ameliorate this problem, and current approaches to map the mutations. Finally, we

discuss future research in the identification of candidate genes, perspectives of

genetic screening, and strategies to correct these early cataracts in young patients.

6.2 Embryonic Lens Formation, Lens Developmental
Abnormalities, and Cataract Classification

6.2.1 Embryonic Lens Formation and Lens Developmental
Abnormalities

Congenital cataracts can be also termed “developmental” cataracts as they are

formed during lens embryonic development. In human, the beginning of lens

formation occurs during the third week of gestation. By the end of the fourth

week, lens nucleus is already formed. Mouse is considered as an excellent model

to study genetic, epigenetic, and molecular mechanisms of human lens develop-

ment [8–17]. In this book, Chaps. 4 and 5 include detailed descriptions of normal

mammalian lens formation and differentiation. In this chapter we are focused on the

lens developmental abnormalities, identified in human and mouse, and how these

defects are linked to cataract formation.

The first stage of lens formation is the formation of lens progenitor cells resulting

in the formation of the lens placode. Failure of lens placode formation results in

severe eye abnormalities and congenital blindness and is referred as congenital

anophthalmia. Pax6 (see Sect. 6.3.1) is a gene that is essential for lens placode

formation and multiple subsequent steps in lens development [18]. The lens placode

can be normally formed; however, during the process of lens vesicle formation,

disrupted function of multiple genes, including Six3 (see Sect. 6.3.2) and Mab21l1,

induces programmed cell death of the cells forming the lens vesicle leading to its

regression [19, 20]. Lens vesicle is formed through the reciprocal invagination of
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the lens placode and optic vesicle/optic cup. The completion of the lens vesicle

formation requires its detachment from the surface ectoderm, the prospective

corneal epithelium. Incomplete separation of these cell layers, through tightly

controlled apoptosis, results in the formation of corneal-lenticular stalk. Although

this structure obstructs vision, it cannot be classified as cataract. In human patients,

this condition is referred as Peters’ anomaly (see Sects. 6.3.1 and 6.3.3). Specific

mutations linked to Peters’ anomaly have been identified in a number of human

regulatory genes, including AP-2α (Sect. 6.3.3), FOXE3 (Sect. 6.3.3), PAX6

(Sect. 6.3.1), and PITX3 (Sect. 6.3.4). Gene targeting in mouse also produced

corneal-lenticular stalk in additional genes, including Notch2, RBP-J/CBF1/Su

(H), and Sox11 [21–23].

It is also possible that following the normal lens vesicle formation, this structure

is subsequently lost and this condition is known as lens aphakia. The model locus

(ak) first identified and linked to this condition contains Pitx3 gene (see Sect. 6.3.4).
A range of lens abnormalities can form during the primary and secondary lens fiber

cell differentiation. These differences include formation of lens vacuoles. These

vacuoles represent a space between the lens fibers or inside of the cells. The lens

fiber cells may not form proper sutures and “ball-and-socket” contacts between the

adjacent lens fibers [24]. At the molecular level, crystallin gene expression is often

disrupted in mouse models of these genes [25]. From these studies it is inferred that

crystallins are also deregulated in human lens. In addition, it is likely that other lens

structural proteins, including lens membrane protein MIP/aquaporin 0, and

connexins, including Cx45, Cx43, and Cx47, are not properly expressed. In

mouse, these lens differentiation defects are caused by mutations in AP-2α,
c-Maf, Hsf4, Pax6, Prox1, RARβ/RXRγ, Sox1, and other genes [16]. A special

case of cataracts can be caused by disrupted and/or incomplete degradation of lens

fiber cell nuclei and possibly other subcellular organelles. These conditions were

found in mouse models of Brg1/Smarca4, Dnase2b, Ncoa6, Notch2, and others

[22, 26–28]. These abnormalities are not compatible with lens transparency and are

direct causes of lens opacities as described earlier.

A “secondary” aphakia may occur as apparently normal lens differentiation can

pass through the primary lens fiber cell differentiation and reach the phase of

secondary lens formation. Lens degeneration becomes evident prior the onset

of the lens fiber cell denucleation, the lens fiber cell compartment will display

signs of apoptosis, and this condition is caused by loss of ATF4/CREB2 [29].

Over the time, lens is completely destroyed in these mutants. Reduced lens size is

typically associated with the reduced size of the eye (“small eye,” Sey), and this

condition is also called microphthalmia. Smaller lenses often exhibit signs of

cataract formation. The prototypic gene of Sey mutation is Pax6 (see Sect. 6.3.1).

Taken together, abnormal lens development often leads to changes in the lens

fiber cell compartment that produce opacities and cataract. Mouse genetic studies

generated a growing list of mutants with many of the identified at the molecular

level [30–32]. Human genetic studies identified many of these genes as causative

genes of congenital cataracts as described below (see Chap. 3). Identification of

novel cataract-causing genes is described in Sect. 6.3.5.
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6.2.2 Cataract Classification Based on Opacity Position

There have been many attempts to classify congenital cataracts, and many systems

have been developed; however, many of them include cataracts that are associated

with systemic disorders as opposed to purely heritable forms. In addition, many

classifications have been named for the ophthalmologist or families in which the

cataracts were first described. Because of this, there is no universal classification

system, which may limit the ability of investigators to compare phenotypes directly,

as well as cause difficulty in predicting prognosis. This may hamper genetic

counseling for families in whom these lens changes are prevalent [33]. One method,

which will be used here, is to discuss the phenotypes based on the position of the

opacity.

The anterior polar cataract (APC) is situated in the anterior pole of the lens and is

usually a discrete lesion seen in both eyes. These lesions may vary among family

members, and the visual prognosis is usually consistent within a family but may

differ among pedigrees. Because of the location in the visual axis, and their distance

from the retina, they often do not have a significant impact on vision and may be

followed for many years prior to needing extraction.

The posterior cataracts are located in the posterior pole of the lens and may be

both static or progressive. They are usually easily identified at birth and are

generally symmetrical. The progressive form is usually associated with the need

for surgical extraction. These can be associated with persistent fetal vasculature,

and the affected eye is usually microphthalmic. In the case of posterior lenticonus,

the cataract usually develops after the critical period of visual development and is

usually unilateral. Nuclear cataracts refer to opacification within the embryonal or

fetal nuclei of the lens. They can vary in appearance from small dustlike (pulveru-

lent), punctate dots, cerulean (blue dot), or complete nuclear opacification. These

cataracts are generally vision threatening, nonprogressive, present at birth or early

infancy, and require prompt removal in order to increase the chances of useful

vision. Morphologically, the eyes are usually smaller than normal, and the inherited

forms are usually autosomal dominant.

In the lamellar cataract, the lamellae are formed from concentric layers of

secondary lens fiber deposition around the embryonal nucleus. These opacities

are generally discrete and are surrounded by normal lamellae, which is suggestive

of a transient disruption of normal lens development during gestation. The

surrounding cortex and the embryonal nucleus are clear. The later in development

the insult occurs, the larger the lamellar cataract is found. The majority of these

cataracts, though already present at birth, may not obstruct visual development

immediately. In many cases, they may be followed by serial examination and only

require removal if vision deteriorates. They are generally bilateral, autosomal

dominant, and the eyes are of normal size.

Pulverulent cataract has both an autosomal dominant and autosomal recessive

form of inheritance. The recessive form is usually associated with later onset of

opacities. The cataracts appear as powdery opacities that are present throughout the
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lens. There are some families in which they may be confined to one area of the lens

and may be classified as nuclear or lamellar, respectively, based on their location.

The lens changes in cerulean cataract are distinctive in both appearance and

prognosis. They are not present at birth, but rather appear in childhood and

progress, not requiring surgery until adulthood in many cases. The appearance is

that of discrete pinhead-shaped blue and white dots that are located throughout the

lens, with a predilection for the cortex.

In total (complete) cataract, complete opacification of the fetal nucleus is found

at birth, followed by opacification of the cortex, shortly after birth. They require

surgery early in infancy to attempt to restore visual development. They are rarely

autosomal dominant. A rare form is cortical cataract, in which opacification occurs

in the outer cortex adjacent to the capsule. The other regions of the lens are clear,

including the visual axis, and as such the prognosis is excellent, rarely requiring

removal. Finally, sutural cataracts usually manifest as prominent opacification of

the anterior and posterior sutures. They are most often associated with other forms

of inherited cataract such as nuclear, cerulean, pulverulent, and lamellar.

6.3 Transcription Factors and Congenital Cataract

This section relates to nine DNA-binding TFs (FOXE3, HSF4, MAF, OTX2,

PAX6, PITX3, SIX3, SOX2, and TFAP2A/AP-2α) (Table 6.1) and three transcrip-

tional coactivators, including phosphatase EYA1 (Table 6.1), and two histone

lysine acetyltransferases CBP/KAT3A and p300/EP300/KAT3B (see Sect. 6.3.4).

When these genes are linked together via molecular biology studies, evidence exists

that they regulate the expression of crystallin genes (see Sect. 6.3.6). For the

purpose of this review, we define these proteins as “lens specific,” as they play

significant roles in lens formation and cataract. However, their expression should be

rather called “lens-preferred” as they are expressed outside of the lens, in many

cases in the retina, central nervous system, as well as in other organs and tissues.

Correspondingly, mutations in these genes cause isolated defects in the lens (e.g.,

HSF4 and FOXE3) and/or more pleiotropic effects (e.g., PAX6 and AP-2α).
These proteins can be organized into smaller groups depending on their struc-

ture/function and molecular mechanisms. Herein, we used a classification based on

similarity of defects and molecular mechanisms of cataract formation. This

corresponds to earlier Sect. 6.2 and the aforementioned lens developmental defects.

Three important features pertinent to their genes involve the gene dosage of effect,

i.e., “haploinsufficiency,” “dominant” effects, and nonsense RNA-mediated decay.

Haploinsufficiency is defined as a type of gene dosage effect in which loss of

function of one allele such as complete gene deletion is displayed by mild

abnormalities, and loss of both alleles results in more severe phenotype. Dominant

effects are mostly linked to gain-of-function missense mutations that increase

activity of the protein. Nonsense RNA-mediated decay relates to nonsense

mutations followed by degradation of mRNA without the synthesis of truncated

proteins that could potentially act as dominant-negative repressors.
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6.3.1 PAX6

The DNA-binding TF PAX6 is a central regulator of eye development [18] and a

focus of human genetic studies of congenital ocular abnormalities [44, 45]. Pax6

regulates all critical stages of lens development starting with the regulation of lens

placode formation and culminating with the regulation of terminal differentiation

and organelle degradation in the differentiating lens fiber cells [9, 18]. PAX6 ranks

among the best-studied genes through human genetic studies as well as in model

organism studies. The majority of PAX6 mutations cause aniridia, a panocular

disease that is manifested by reduced iris, lens cataract, corneal and retinal

abnormalities, glaucoma, and nystagmus.

PAX6 encodes a 422 amino acid (aa) protein (Table 6.1). PAX6 binds to DNA

via 128 amino acid paired domain and an internal 60 amino acid homeodomain

[46]. A major splice variant, PAX6(5a) is 14 amino acids longer due to an insertion

in the paired domain [47]. The PAX6/PAX6(5a) ratio in lens is approximately 8:1.

Pax6 proteins recognize 13–20 bp sequences on the DNA [25, 46, 47]. In mouse,

small eye (Sey) alleles [48] carry mutations in Pax6 gene [31]. Several hundreds of

Table 6.1 Transcription factors and human cataract

Gene MIM Locus

Cataract type/

locus/AD, AR Other eye phenotype References

EYA1 601653 8q13.3 Congenital ASD [34]

FOXE3 601094 1p33 Congenital ASD, aphakia,

sclerocornea

[35]

HSF4 602438 16q22.1 Congenital, age-

related, progressive/

cataract 5

– [36]

MAF 177075 16q22 Congenital,

juvenile/

cataract 21

Microcornea,

coloboma

[37]

OTX2 600037 14q22.3 Congenital Microphthalmia,

coloboma

[38]

PAX6 607108 11p13 Congenital,

presenile

Aniridia, ASD, foveal

hypoplasia, keratitis,

corneal

dystrophy, optic nerve

coloboma/hypoplasia

[39]

PITX3 602669 10q24.3 Congenital/

cataract 11

ASD [40]

TFAP2A 107580 6p24.3 Congenital Microphthalmia,

coloboma, ASD

[41]

SIX3 603714 2p21 Presenile Microphthalmia,

coloboma, strabismus

[42]

SOX2 184429 3q26.3 Congenital Microphthalmia,

coloboma,

sclerocornea

[43]

The inheritance is AD for all genes, except of HSF4 (both AD and AR; see text)

AD autosomal dominant, AR autosomal recessive, ASD anterior segment dysgenesis
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mutations have been discovered in human PAX6 coding and noncoding

sequences [49, 50]. The majority of nonsynonymous mutations include nonsense

mutations that predict premature protein termination; however, these mutated

mRNAs are likely degraded via the nonsense-mediated decay [45]. It has been

shown recently in mouse that through a nonsense mutation suppression strategy

using a topical drug formulation, including Ataluren, it is possible to reverse the Sey
phenotype to nearly normal eye [51]. The “minor” missense mutations are mostly

found in the paired domain and typically cause moderate eye defects, including

cataract (mutations: G18W, A33P, and G64V) [52, 53]. In the majority of patients,

cataract develops in teens or early adulthood [54]. The noncoding regulatory

mutations (i.e., deletions) in PAX6 locus were identified in the 30-distal regions
[55, 56]. Interestingly, an increased dosage/duplication of PAX6 has also been

associated with various ocular defects, including congenital cataracts in one

family [57].

The molecular mechanisms of PAX6 in lens development, lens epithelial

homeostasis, and cataractogenesis are not well understood. Pax6 is an essential

gene for lens formation; homozygous mutations in Pax6 prevent the formation of

the lens placode [18]. Conditional inactivation of Pax6 in the prospective lens

ectoderm further supports its critical function. However, conditional deletion of

Pax6 in the differentiating secondary lens fibers disrupted their cell cycle exit

regulation, arrested their differentiation, and induced apoptosis [58]. Several

hundreds of Pax6-regulated genes have been identified in the lens placode

[59–61], E14.5 embryonic [62], and in newborn Pax6 heterozygous [63] lens.

These Pax6 target genes include both regulatory (e.g., c-Maf, Prox1, Sfrp2, and

Mab21l1) and structural genes (e.g., crystallins). Thus, it is likely that disrupted

profile of crystallins in lenses of heterozygous carriers of PAX6 mutations is

responsible for the cataract formation in young human patients. Another possibility

is that reduced levels of PAX6 proteins in the lens epithelium are not compatible

with the epithelial homeostasis required to support the lens fiber cell compartment

that triggers lens opacification. Finally, it is also possible that PAX6 haploinsuf-

ficiency accelerates “natural” ageing of the lens epithelium and in lens fibers.

6.3.2 OTX2, SOX2, SIX3, and EYA1

These four proteins are linked together by their early expression in the prospective

lens ectoderm, and this group includes two homeodomain-containing proteins

OTX2 and SIX3, HMG-box factor SOX2, and transcriptional coactivator/phospha-

tase EYA1, an obligatory partner of SIX3 (Table 6.1).

OTX2 represents a homeobox-containing TF related to the Drosophila
orthodenticle [64]. Complete knockout of mouse Otx2 results in early embryonic

lethality due to abnormal primitive streak formation while heterozygous embryos

show numerous abnormalities of head structures including anophthalmia/

microphthalmia, micrognathia, holoprosencephaly, and even acephaly [65, 66].

Human OTX2 mutations were first identified in probands affected with

anophthalmia/microphthalmia along with brain malformations and other features
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in some individuals [38]; since then, multiple additional cases were reported

[67]. Cataracts were documented in several OTX2-positive cases in association

with microphthalmia [38, 68].

SOX2 represents a TF that interacts with DNA through the high-mobility group

(HMG) domain. SOX2 and other HMG proteins were shown to have low

DNA-binding affinity and therefore require additional proteins to facilitate the

interaction [69]. Sox2 deficiency in mice results in variable phenotypes [70–72].

Taranova and coauthors [72] demonstrated a gene dosage-dependent variation in

ocular phenotypes in Sox2 mutant mice. The variable expressivity of ocular defects

was also supported by Kelberman and coauthors (2006) who reported pituitary and

male fertility defects but normal eye development in mice carrying heterozygous

Sox2 deletion allele. In humans, SOX2 mutations represent the most common cause

of anophthalmia/microphthalmia, accounting for 10–20 % of cases [38, 73].

Cataracts were reported in some cases affected with SOX2mutations, in association

with microphthalmia and/or coloboma [38, 73, 74]. The SOX2 and OTX2 proteins

were found to co-regulate the expression of the RAX gene, thus connecting these

factors in the same pathway during retina development [75]. Sox2 and Pax6 were

shown to act independently during lens fiber differentiation in mice [58]; at the

same time, some studies demonstrated interaction between Sox2 and Pax6 in the

regulation of chicken δ1-crystallin gene expression in lens [76].

SIX3 represents a homeobox-containing TF related to Drosophila sine oculis,
which was shown to be required for eye development. In various vertebrate species,

ectopic Six3 expression induces the formation of ectopic lens and retina tissue in

specific areas of head territory [77–79]. Complete inactivation of Six3 locus in mice

results in a severe phenotype characterized by telencephalic and opto-preopto-

hypothalamic truncations and partial caudalization of the homozygous mutant

head, while no obvious phenotype is observed in heterozygous embryos

[80]. Six3 expression in the developing lens placodal ectoderm was shown to be

regulated by Pax6 [79]. Human mutations in SIX3 lead to holoprosencephaly, which
is a relatively common severe brain malformation [81]. The reported ocular

phenotypes include proptosis of the eyes, microphthalmia, colobomas, deformed

lens with attachment to retina, and presenile cortical cataracts [42, 81].

The EYA1 encodes a homologue of theDrosophila eyes absent (eya) and belongs
to a family of proteins that possess tyrosine phosphatase and threonine phosphatase

activities and, in cooperation with a DNA-binding factor, transactivation ability

[82, 83]. Inactivation of mouse Eya1 results in severe anomalies of craniofacial,

skeletal, kidney, and ear development [84]. The human EYA1 mutations are

associated with branchio-oto-renal (BOR) and branchio-oto (BO) syndromes,

which are characterized by craniofacial and hearing defects with or without kidney

anomalies; ocular phenotype is normal in most cases [85, 86]. EYA1 role in isolated
cataract/anterior segment dysgenesis is currently supported by two reports that

described three different missense changes [34, 87]. Functional analysis of EYA1
mutations demonstrated that changes associated with BOR syndrome result in a loss

of phosphatase activity, while mutations linked to cataracts and anterior segment

defects demonstrate normal or higher levels of catalytic activity [88].
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6.3.3 TFAP2A (AP-2a) and FOXE3

Although AP-2α and Foxe3 are structurally different TFs, their mutations cause

similar defects, including the incomplete separation of the lens from the surface

ectoderm.

Transcription factor AP2A or AP-2α (activating enhancer binding protein

2 alpha) belongs to a family of retinoic acid-inducible transcriptional activators

which are involved in a wide range of developmental processes (Table 6.1). The

Tfap2a homozygous knockout mice display neural tube defects as well as severe

craniofacial and body wall abnormalities consistent with Tfap2a expression in

tissues of ectodermal origin [89]. In respect to vertebrate eye development,

Tfap2a deletions lead to a range of ocular phenotypes including anophthalmia,

lenticulo-corneal adhesions, retinal coloboma, optic stalk abnormalities, and other

anomalies [90, 91]. Human mutations in TFAP2A result in branchio-oculo-facial

syndrome (BOFS), which is characterized by distinctive facial features,

malformations of the eyes and ears, cutaneous anomalies, and other variable

features [41]. Ocular phenotypes most commonly include microphthalmia,

coloboma, and nasolacrimal duct stenosis; cataracts, aphakia, or other lens defects

have been observed in some cases [92–94].

FOXE3 belongs to the family of forkhead box (FOX) containing TFs (Table 6.1).

The forkhead box encodes 100 highly conserved amino acids domain that mediate

interaction of FOX proteins with a consensus DNA response element. The Foxe3
gene was first connected to lens development through its association with the

recessive mouse phenotype dysgenetic lens (dyl) that involves microphthalmia,

small lenses, lenticular-corneal adhesions, and corneal opacity; the phenotype is

caused by homozygous mutations in the forkhead domain of Foxe3 [95, 96]. Het-

erozygous dyl embryos were originally reported as unaffected, but further studies

detected lenticular-corneal adhesions, cataract, and other ocular defects in ~40 % of

heterozygous animals [97]; Ormestad and coauthors proposed a complete loss of

function or haploinsufficiency as mechanisms behind dyl homozygous or heterozy-

gous phenotypes, respectively, because of an apparent loss of DNA binding ability

by the mutant protein. Recently, the Rinshoken cataract (rct) mouse mutant,

characterized by recessive congenital cataracts, was shown to be caused by a

22-bp deletion located ~3.2-kb upstream of Foxe3 start site and associated with

reduced expression of Foxe3 during lens development [98]. In situ hybridization

studies in animal models including mouse and zebrafish demonstrated that Foxe3
expression is limited to the developing lens and presumptive midbrain regions [95,

96, 99]. Expression studies of human FOXE3 detected transcripts in the developing
lens only, with the strongest expression in the anterior lens epithelium, in embry-

onic coronal head sections (Carnegie stages 16 and 17) [100]. Human FOXE3
mutations are associated with both recessive and dominant lens phenotypes; domi-

nant mutations in FOXE3 have been seen in patients with isolated congenital

cataract and/or anterior segment dysgenesis [35, 100] while recessive mutations

have been identified in families with nonsyndromic microphthalmia, aphakia, and

sclerocornea [101–103]. In fact, FOXE3 mutations make a significant contribution
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to bilateral microphthalmia explaining up to 15 % of cases in some studies

[101]. TFAP2A and FOXE3 appear to act independently as studies of a conditional

deletion of Tfap2a in the developing mouse lens demonstrated that Foxe3 (as well

as Pitx3 and Pax6) is not directly affected by the absence of this transcription

factor [104].

6.3.4 PITX3

PITX3 (Table 6.1) represents a member of the PITX family of homeobox-

containing TFs that is essential to normal embryonic development in vertebrates;

all three members of this family are associated with developmental human

disorders. The PITX homeodomain, the DNA-binding [105] domain of this tran-

scription factor, belongs to the paired-like and the bicoid-like subfamilies based on

sequence similarity [40, 106, 107] and was shown to interact with 50-TAATCC-30

and to other bicoid sites [106, 108]. Another conserved domain, a 14 amino acid

motif, is located in the C-terminal region and is shared by many paired-like
homeodomain proteins [105, 107]; function of this motif remains to be defined.

The link between Pitx3 and lens development was first established through

studies of murine Pitx3 gene that was localized to chromosome 19 to the recessive

aphakia (ak) locus [109]; subsequently, two deletions, removing a noncoding exon

1and an additional upstream sequence of Pitx3, were identified in the ak genomic

DNA [110, 111]. Pitx3 is normally expressed in the developing lens starting from

lens pit stage and can still be detected in adult lens. Rieger and associates showed

that the expression of the Pitx3 is diminished to 5 % of normal level in ak/ak
embryos [110]. The ak mice demonstrate abnormal lens development resulting in

the formation of a small and disorganized eye [112]. In ak mice, the lens vesicle

fails to detach from the overlying ectoderm and the cells at the posterior region do

not elongate/differentiate into lens fibers; likely secondary to this, no signs of

anterior segment development can be observed in these mutants. A complete

knockout of Pitx3 was also generated and demonstrated similar abnormalities in

lens development [113]. The Pitx3/pitx3 genes have also been identified in various

other vertebrates and displayed conserved expression and function during lens

development [99].

The first human PITX3 mutation, a 17-bp insertion C-terminal of the

homeodomain was found in a dominant six-generation pedigree that was diagnosed

with anterior segment mesenchymal dysgenesis [40]. All the affected members

carried a mutant allele and demonstrated cortical cataracts and corneal opacities

with or without iris adhesions. Later studies identified the same mutation in five

additional dominant pedigrees affected with congenital posterior polar cataract,

with anterior segment dysgenesis in some patients [114–118]. Other PITX3
mutations reported to date include an N-terminal missense change in a family

with congenital total cataract [40], and three additional C-terminal frameshift

mutations, including deletion of the same 17-bp region duplicated in the recurrent

insertion mutation [114, 119, 120]. All insertions result in a frameshift in the 30 end
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of the coding region so that the resultant proteins are expected to contain intact

N-terminal and homeodomain but abnormal C-terminal regions of varying length.

Homozygous PITX3 mutations result in severe microphthalmia and corneal

opacification and were reported in two consanguineous pedigrees [119].

Functional studies of PITX3 mutations so far included only two disease-

associated alleles and uncovered defects in DNA-binding and/or transactivation

activities for both mutants, with 17-bp recurrent insertion mutant being more

severely affected [108]. In addition, the PITX3 protein associated with the 17-bp

insertion demonstrated varied residual activity between lens (~50 % of wild type)

and corneal (~80 % of wild type) ocular cell lines, thus suggesting contribution

from secondary factors to functional and phenotypic effect(s) of this mutation;

these findings seem to be consistent with the observed higher penetrance of cataract

phenotype in comparison to corneal/anterior segment features in carriers of this

mutant allele [108].

Studies of PITX3 pathway identified links with some other TFs involved in lens

development/cataract phenotype. Pax6 was proposed as an upstream regulator

because of the decreased Pitx3 expression in Pax6 heterozygous mutant mouse

lenses [121] and in Pax6 homozygous prospective lens ectoderm [122]; at the same

time, downregulation of Pax6 expression was detected in Pitx3-deficient Xenopus
laevis embryos suggesting that some aspects of Pax6 expression may be dependent

on Pitx3 [123]. Pitx3 has been positioned upstream of Foxe3 during lens develop-

ment by several studies [124–127]. Also, human and zebrafish PITX3/pitx3 were

demonstrated to directly regulate lens expression of the major intrinsic protein of

lens fiber,MIP/aquaporin 0, associated with human congenital cataracts [128], and

finally, the expression of another cataract gene, Crybb1, was found to be

downregulated in Pitx3-deficient Xenopus laevis embryos [123].

6.3.5 HSF4 and MAF

HSF4 and MAF (mouse c-Maf) are essential regulatory genes responsible for lens

fiber cell differentiation. They function as important regulatory genes of crystallin

gene expression. c-Maf appears to regulate all crystallins [129]. In contrast, Hsf4

regulates γ-crystallins but not α- and β-crystallins [130]. Hsf4 is truly a lens-specific
factor while c-Maf is more ubiquitously expressed. Several mutations in these

genes were identified in human cataract patients.

HSF4/Hsf4 (the major splice variants are 463 and 493 amino acid proteins,

Hsf4a and Hsf4b, respectively) is a member of heat shock family of TFs that

recognize trimeric heat shock elements, 50-GAANNTTCNNGAA-30, including its

shorter or longer derivatives [131]. Mouse Hsf4 is expressed from E12.5 in

differentiating lens fibers and its expression culminates prior the lens fiber cells

denucleation (E16.5–E18.5). Deletion of Hsf4 causes lens cataract mainly due to

the retention of nuclei that would be otherwise degraded to form the organelle free

zone [130]. Hsf4 regulates the expression of DNase IIβ, an enzyme essential for the

degradation of nuclear DNA [26, 132].
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HSF4 mutations were found in autosomal dominant lamellar and Marner

cataract [36] and recessive cataract [133]. The dominant mutations are located in

the N-terminal DNA-binding domain. In contrast, the recessive mutation was found

near the C-terminus (Table 6.1).

MAF is a member of a family of four large Maf genes, including MafA, MafB,

c-Maf, and NRL, all of them expressed in the eye [134]. However, only mutations

in c-Maf cause lens developmental abnormalities in mouse [135]. MAF is a basic

leucine zipper TF comprised of 386 amino acids. It recognizes a 13 bp consensus

site, 50-TGCTGANYCNGCA-30 that is found in all crystallin promoters. It can bind

to DNA as homodimer or heterodimer with other Maf and AP-1/CREB proteins

[136]. The expression of c-Maf is initiated in the lens placode, continues in the lens

vesicle, and is upregulated in the posterior part of the lens vesicle from which the

primary lens fibers are formed. Its expression continues in the differentiating

secondary lens fibers [129]. Although c-Maf was first identified as an oncogene,

it works as a differentiation factor in lens [134].

Several cataract-causing mutations were identified both in human MAF [37,

137] and mouse [138, 139]. Heterozygous mutations in MAF were found in patients

with pulverulent and cerulean cataracts accompanied with defects in the cornea and

iris [137, 140, 141]. Disruption of distal regulatory region of the MAF locus

(16q23) also resulted in human cataract [37, 137].

Two histone lysine acetyltransferases, including CBP/KAT3A and p300/EP300/

KAT3B, are obligatory coactivators of AP-2α, ATF4/CREB2, c-Maf, Pax6, Prox1,

Sox1, Sox2, and likely other DNA-binding factors that regulate lens development

[16]. They are expressed throughout the lens development [142]. Mutations on

these genes can cause human cataracts [143]. Recent studies in mouse have shown

that loss of three alleles of these genes produces lens cataract [61]. In contrast,

deletion of all four alleles is not compatible with the process of lens placode

formation from the specified prospective lens ectoderm [61].

6.3.6 Novel TFs: iSyTE Database

Additional DNA-binding TFs that regulate crystallin gene expression, including

GATA3, PROX1, and SOX1, are reasonable candidates for cataract genes. In the

post-genomic era, novel gene discoveries are mostly driven by a combination of

bioinformatics approaches and massively parallel (“next generation”) DNA and

RNA sequencing. There are several resources that can assist in the analysis/identi-

fication of novel cataract factors by providing information about gene expression or

structural variation and possible phenotypic associations. The gene expression

resources include iSyTe (Integrated Systems Tool for Eye gene discovery; http://

bioinformatics.udel.edu/Research/iSyTE) that provides data about embryonic lens

expression of mouse orthologs of human genes [144] and BioGPS (Biology Gene

Portal System; http://biogps.org) that contains microarray-analysis-based expres-

sion information from various species including mouse lens and six other ocular

tissues. The DECIPHER (Database of Chromosomal Imbalance and Phenotype in
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Humans using Ensemble Resources; http://decipher.sanger.ac.uk/) allows access to

human copy number variation data and associated phenotypes, including cataracts

and other eye anomalies, and therefore may provide additional useful information

to ocular researchers. The OMIM (Online Mendelian Inheritance in Man; www.

omim.org) database contains comprehensive reports on human disease-associated

loci including multiple regions linked to various cataract phenotypes still awaiting

causative gene(s) identification.

6.3.7 Gene Regulatory Networks

Gene regulatory networks (GRNs) provide system-level description of embryonic

development and cellular differentiation. GRNs are comprised from a repertoire of

subcircuits that govern individual cellular processes. The key regulatory genes of

these processes include DNA-binding TFs, including a special class of signal-

regulated factors [145]. This design allows formation of new cell types in response

to extracellular signaling in a 3D space of the developing embryo. The formation of

lens progenitor cells that comprise the lens placode is regulated by Pax6, Six3, and

Sox2 with multiple autoregulatory loops [Six3⇄ Pax6⇄ Sox2] and is reminiscent

of the “core” embryonic stem (ES) network of [Oct3/4 ⇄ Nanog ⇄ Sox2] [146,

147]. The expression of Pax6 and Sox2 is regulated by BMP signaling through the

activity of Lhx2 in the optic vesicle [148]. Two neuropeptides, somatostatin and

nociceptin, control Pax6 expression in lens and olfactory progenitors [149]. Recent

studies have also shown that lysine acetyltransferases CBP and p300 are required to

complete the process of lens induction from the prospective lens ectoderm [61].

Lens fiber cell differentiation and crystallin gene expression is regulated via a

feedforward loop between Pax6, c-Maf, and crystallins that includes Pax6 and

c-Maf autoregulation [25]. Hsf4, Prox1, and Sox1 also regulate specific

γ-crystallins. CREB and ArH regulate αA- and αB-crystallins, respectively. In
addition, evidence exist that CBP and p300, through the interaction with c-Maf,

also regulate lens fiber cell differentiation via activation of crystallin genes [150].

6.4 Evaluation and Treatment of Congenital Cataract

6.4.1 Cataract and Amblyopia

Amblyopia is the poor development of vision secondary to abnormal visual stimu-

lation during the critical period of visual development. The ability to reverse

amblyopia depends on the development of the visual system at the time of the

insult, the duration of the deprivation, and the point at which therapy is instituted.

The most critical period is when patients are younger than 2 months. If the

amblyopia is not managed properly, it can lead to severe and permanent visual

loss as well as nystagmus. After 2–3 months of age the amblyopia can be reversed,

but to varying extents. This risk of amblyopia continues to decrease as the patient
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gets older. Aside from the timing of the visual insult, such as cataract, the size and

location of the lens opacity also plays a role in the severity of amblyopia. Larger

and denser lesions are at higher risk of causing severe visual loss than those that are

smaller. If a cataract is small, and the physician chooses to follow it with serial

examination, this must be done at regular intervals to prevent amblyopia. In

addition, those children with unilateral cataracts must engage in occlusion therapy.

Children with bilateral cataracts may have developmental delay as well as impaired

vision, while those with monocular cataracts present with strabismus and are often

diagnosed later than their bilateral counterparts. If manifest nystagmus is present at

presentation, this is an indication of poor visual prognosis.

6.4.2 Cataract Examination and Surgery in Children

The examination of children with cataracts often requires sedation or general

anesthesia. It is imperative to examine both eyes when they are dilated, as often

the fellow eye in monocular cataracts may exhibit anatomic abnormalities. Mea-

surement of the corneal diameter, as well as intraocular pressure, is performed. In

addition, indirect ophthalmoscopy should be done to detect persistent fetal vascu-

lature or other posterior segment anomalies [151]. Surgery for visually significant

cataract should be performed as soon as possible to increase the chances for a useful

visual outcome. These cases are performed under general anesthesia. In bilateral

cases, the surgeries are usually performed within a few days of each other, to

minimize the development of a strong ocular preference by allowing one eye to

become dominant.

The lens can be extracted by either a limbal or pars plana approach. The lens is

generally fairly soft and can be removed using irrigation and aspiration and

traditional adult phacoemulsification is not employed in these cases. An intraocular

lens may be inserted depending on the size of the eye, as well as whether the

cataract is unilateral or bilateral. Care is taken to perform a posterior capsulorhexis

at the time of surgery, as the incidence of secondary membrane formation is

approximately 80 %. If formation of the after-cataract occurs and obscures vision,

a second surgery is required to remove it, as traditional laser treatment that is

performed in adults cannot be employed in the case of children. An anterior

vitrectomy is often performed at the time of the posterior capsulorhexis and it is

important to check the anterior chamber for the presence of vitreous [152]. Prophy-

lactic antibiotics in the form of a subconjunctival injection are often used to reduce

the risk of endophthalmitis, the dreaded complication of cataract surgery. Patients

are treated vigorously with antiinflammatory and antibiotics in the postoperative

period. Unlike adults, where steroid therapy is instituted about 4–5 times a day and

tapered over 1 month, pediatric patients require much more intensive treatment

starting with drops 8–10 times per day and tapering slowly over 2–3 month [153].

Occlusion therapy in children with unilateral cataract should be instituted as

soon as possible after aphakia is corrected. The decision about postoperative

correction of aphakia varies with the age of the child at surgery and whether
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the cataract is unilateral. Today, most older children receive intraocular lenses,

particularly in unilateral cases, and the power calculation is set to achieve

emmetropia. These patients will require bifocals for reading, as well as spectacles

for any residual refractive error that remains after about 1 month postoperatively.

In younger infants, the decision for refractive correction can be more compli-

cated. The question of whether to implant an intraocular lens to aid in visual

rehabilitation is one that has been debated extensively in the ophthalmic commu-

nity. Prior to the use of IOLs, patients with unilateral cataract used contact lenses

for correction of visual acuity. These contact lenses can be difficult to insert,

remove, and clean in infants, and the question arose as to whether the visual

outcomes using an intraocular lens would be superior to those with contact lens

use. In both cases, occlusion therapy for amblyopia must be instituted. Additional

questions arose, as to whether there was a difference in the complication rate and

the need for secondary surgery using one modality over the other, as well as, what

lens power to implant in young children, whose eyes would continue to grow, with a

shifting refractive error. Would it be preferable to leave them undercorrected,

anticipating that the eyes would lengthen and eventually they would “grow into”

their implanted lenses? Or would it be preferable to aim for emmetropia at the time

of surgery to better allow for immediate clear vision without the use of spectacles?

This could potentially have the advantage of more rapid improvement and tolerance

of amblyopia therapy. To that end, the Infant Aphakia Treatment Study (IATS) was

developed as a multicenter randomized control trial to evaluate the question of

whether there was any difference in the visual outcome at 1 and 4.5 years of age

using IOL vs. contact lens in unilateral cataract in children less than 6 months of

age. In addition, it looked at other secondary outcomes such as the incidence of

secondary glaucoma and secondary surgery [154].

To date, the group has published the 1-year results, showing that there was no

significant difference in visual acuity between the two groups at 1 year. However,

they did find a statistically significant difference in the need for secondary

procedures, with the IOL group having a higher incidence of these procedures

[155]. The IATS study performed IOL calculations and implanted lenses that were

undercorrected by between 6 and 8 diopters with over-refraction for amblyopia

therapy.

6.4.3 Postoperative Complications

Secondary opacification of the visual axis is the most common complication of

cataract surgery. The younger the patient, the higher the risk of opacification. This

can occur even when posterior capsulotomy has been previously performed. If

opacification occurs, a laser capsulotomy can be attempted, but in young children

and infants, surgical intervention is necessary and must be done promptly to

avoid amblyopia. Topical steroid therapy must be used after surgery to prevent

recurrence.
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Secondary glaucoma is very common and the most sight-threatening

complication of cataract surgery. A recent study that included analysis of

101 patients with bilateral and unilateral congenital/infantile cataracts reported

incidence of glaucoma in ~30 % of cases, with this number increasing to ~40 %

for patients with bilateral cataracts; the incidence rate was also higher when

cataracts were removed early in life [156]. It is generally a form of open-angle

glaucoma and can occur within months to years after surgery. The earlier in life the

surgery is performed, the higher the incidence. Glaucoma in the infant eye can be

detected by edema of the cornea, photophobia, and buphthalmos. These patients

must be treated promptly and often this requires surgical intervention. In the IATS,

the incidence of glaucoma-related events at 1 year was 12 % overall in both groups,

with neither group showing a significant difference. However, there seemed to be a

trend toward those patients with persistent fetal vasculature and microphthalmia

[157, 158].

The ultimate goal of cataract extraction is to improve visual outcome in the

affected eye(s). In Birch et al., a prospective study looking at visual acuity

outcomes in IOL vs. contact lens implantation found that there was no significant

difference in visual acuity in the two groups at 4 years. This was when IOL was

compared to good-to excellent compliance with contact lenses. In the moderate-to-

poor compliance contact lens group the visual acuity was worse when compared to

those patients that had implanted IOLs. In addition, at 4 years, the individuals who

received IOLs after unilateral cataract extraction prior to 6 months of age had the

same visual outcomes as those using contact lenses. Those individuals who had IOL

implantation with cataract extraction after 1 year of age enjoyed better visual

outcome than those with contact lenses [159].

6.5 Conclusions and Perspectives

Since the initial cloning of human aniridia and mouse Sey genes as Pax6 in 1991,

over two decades of research resulted in many novel insights into the lens and

cataract formation. In the next decade, it is very likely that novel genes and novel

mutations in known genes will be identified. These studies will fill current gaps

between predicted cataract loci and actual gene identification. Through the studies

of lens epigenome, novel information will be added to understand the process of

DNA methylation in normal and cataractous lenses and during lens ageing. These

data will be connected with dysregulated gene expression. Since cataract is a

multifactorial disease with a significant environmental component, large-scale

epidemiological studies will be required to assess the risks in different populations

followed by the dietary and other environmental factors that contribute both to

congenital and age-onset cataract.

Studies in model organisms play major role to understand molecular

mechanisms of individual genes and their interactions and to elucidate processes

and gene regulatory networks that control lens fiber cell differentiation, including

degradation of their organelles. Although the focus of this review is cataract, studies
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of presbyopia and its genetic and environmental factors should be accelerated in the

upcoming years.

Suppression of nonsense-mediated mRNA decay is a potential therapy for those

eye and lens diseases related to the premature termination codons, not just for

PAX6 [51] as described in Sect. 6.3.1. A number of compounds have been

identified, including non-aminoglycoside Ataluren [160] that suppress translational

termination via increasing the ability of near-cognate aminoacyl tRNAs to block the

action of two release proteins, eRF1 and eRF2 [161]. This in turn allows a

“readthrough” until the wild-type stop codon is encountered. Eye diseases caused

by this type of mutations can be treated by topical formulas that deliver the drug(s)

to the tissues of interest [51].

The induced pluripotent stem (iPS) cell technology now allows to produce lens

cells that carry the original mutation and study these materials [162, 163] to

understand cataract formation cause by known mutations in genes summarized

here. To achieve this goal, it is necessary to improve the current methods to

generate lentoid bodies and convert them into more advanced lens-like structures.

Another novel area in cataract formation includes studies of noncoding RNAs

that regulate early stages of lens development [62] in combination with studies of

age-onset cataract, posterior subcapsular opacification, and dysregulation of

miRNAs [164, 165].

The significance of pediatric cataract on the clinical practice is going to increase

due to the increasing number of families where parents carry on mutations. Ongo-

ing research is aimed to target the nonsense RNA-mediated decay to increase the

expression of protein from the nonsense allele.
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Lens Regeneration 7
Konstantinos Sousounis, Kenta Nakamura,
and Panagiotis A. Tsonis

Abstract

Lens regeneration after complete lens removal (lentectomy) has mainly been

studied in amphibians. Adult newts or axolotl larvae regenerate the lens from

the iris while frog tadpoles from the cornea. Transdifferentiation is the term used

to describe the cellular and molecular events that underlie lens regeneration,

which involves a terminally differentiated tissue (iris) to change and give rise

to a different differentiated tissue (lens). This chapter starts with general

comparisons among the three amphibians competent for lens regeneration

focusing on how these animals have been used as models to study the process.

We focus on newt lens regeneration as it can provide a more broad understand-

ing of the process. We concentrate on current knowledge about the mechanism

of lens regeneration by presenting the classical histological stages together with

molecular signatures that accompany each stage. We address questions regard-

ing the nature of the contributing cells and their relationship to stem cells.

We conclude by presenting high-throughput data including the first newt

transcriptome and its application during newt lens regeneration. All this infor-

mation obtained from lower vertebrates is essential for translation research in

higher vertebrates where lens regeneration does not occur.
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7.1 Introduction to Lens Regeneration

Regeneration is the process where a lost tissue or organ is remade. Partial damage to

an organ, like removing the differentiated fibers from the lens, is usually repaired by

stem/progenitor cells, cells that reside in the area near the damage [1]. In the case of

the lens, repair is conducted by epithelial cells which retain the ability to proliferate

and differentiate to lens fibers throughout their life. Lens repair by lens epithelial

cells, after removing the lens fibers, is a common model studied in higher

vertebrates and is discussed in Chap. 9. In this chapter we will focus on the research

that has been conducted in amphibians where the lens is fully removed, a surgical

procedure called lentectomy. This procedure involves opening of the cornea using a

scalpel and removing the whole lens with forceps. It is critical to note that the lens is

fully removed including the lens capsule without rupture, so no trace of lens tissue

is left behind which might contribute to lens regeneration as happens in some higher

vertebrates.

7.2 Models for Lens Regeneration

The most common animal models for lens regeneration after lentectomy are the

frog Xenopus laevis, the newts Notophthalmus viridescens and Cynops
pyrrhogaster, and more recently the axolotl Ambystoma mexicanum. Gene gain

and loss of function experiments, including transgenesis and use of morpholinos,

signaling manipulation through drug treatments, and transplantation experiments,

are mostly used in these animal models to elucidate the mechanism of lens

regeneration [2, 3].

Frogs have a small window, when they are tadpoles, where they can regenerate

the lens. They lose this ability later in development. After lentectomy, the lens is

regenerated from the cornea [4], a process that, with some differences in crystallins,

is recapitulating normal lens development [5–8]. (Note that during development,

the lens is induced by the surface ectoderm which later forms the cornea.) Frogs

have been used extensively for studies of organism development and organogene-

sis, so there is a lot of genomic information as well as molecular and genetic tools

available, making this organism more accessible in research.

Newts have the ability to regenerate the lens throughout life. In contrast to frogs,

lens regeneration in newts is conducted by the iris, specifically the dorsal side of the

iris and never from the ventral [9]. (Note that developmentally, the iris is part of the

neural ectoderm.) This discrepancy has been utilized in induction experiments.

Signaling pathways and other genes including transcriptional factors are tested for

their role in lens regeneration by manipulating them in the ventral iris, in an attempt

to induce lens regeneration from this noncompetent-for-regeneration side of the iris

[10, 11]. This is a gold standard for proving whether a gene is able to promote lens

regeneration. The newt regenerative ability of the lens from the iris does not seem to

be affected by the development or metamorphosis from larval to adult or during

aging [12, 13]. This makes them suitable to be studied in the stage that is more
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convenient and suitable for the researcher. For example, a gain of function experi-

ment of a certain gene can be studied by transgenesis, while the effects on lens

regeneration can be seen during the larval stages [2]. This provides an advantage

since the life cycle of N. viridescens and C. pyrrhogaster, the most studied newts,

exceeds 3 years. Furthermore, recent reports add valuable genomic information for

newts that was not available previously, making common molecular techniques

easier to apply [14]. In addition, since lens regeneration is not affected by aging,

newts are suitable for studies on the relationship between aging, regeneration, and

tissue homeostasis [12].

A recent study shows that axolotls have also a small window of 2 weeks post

hatching where they can regenerate their lens. The lens seems to be regenerated

from the iris as shown by BrdU incorporation of dividing cells [15].

In the remainder of this chapter, we will focus on the mechanism of lens

regeneration in newts. We will explore the stages of lens regeneration and charac-

terize the cells that are responsible for it and the signaling and transcriptional

factors that drive the process. Similarities and differences between newts and

frogs can be found in a recent review [16]; however, additional comments will be

made when appropriate.

7.3 Classical Morphological Stages of Lens Regeneration

Following lentectomy in newts, 13 morphological stages (I–XIII) of lens regenera-

tion have been determined by Sato [17] as shown in cross sections of the eyeball

(Fig. 7.1). Four days post-lentectomy, the iris thickens (I), and 1 day later the dorsal

iris thickens further, creating a space between the inner and outer lamina (II). Six

days post-lentectomy, the first depigmented cells appear in the dorsal iris (III) that

1 day later will form a hollow vesicle (IV). The cells are still cuboidal in shape.

Columnar cells appear from the inner lamina 9 days post-lentectomy (V), which

will differentiate into lens fibers (VI). These primary lens fibers will change the

morphology and topology of their nucleus (VII) and will fill the hollow vesicle

11 days post-lentectomy (VIII). Secondary fibers are starting to develop from the

lens equator 16 days post-lentectomy (IX), approximately when a lens suture

appears (X). Eighteen days post-lentectomy, the regenerated lens is round in

shape, with the secondary lens fibers surrounding symmetrically the primary lens

fibers (XI). Twenty days post-lentectomy, the primary lens fibers are fully

differentiated with loss of their nuclei (XII) and the lens appears fully developed

10 days later when cell nuclei are present only in anterior epithelia and in the newly

formed secondary fibers at the lens equator (XIII). The lens may take up to 3 months

to reach the size of the original lens in the adults. Note that between newt species,

the timing of the events might be slightly different. These stages are marked by

expression of genes that will be mentioned in the next section.
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Fig. 7.1 Morphological and molecular stages of newt lens regeneration. Images are schematically

representing cross sections of a newt eye in three time periods, the dedifferentiation, the transdif-

ferentiation, and the lens regeneration. Arrows indicate the different eye structures. The morpho-

logical and molecular changes are presented on the left and right of each cross section, respectively
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7.4 Stages of Lens Regeneration Marked by Molecular Events

7.4.1 Early Events

One of the first observations following lens removal is the formation of a blood clot,

which is more prominent in the dorsal iris. This event has been attributed to the

expression of tissue factor in the dorsal iris, a protein that also mediates thrombin

activation. The sequential deposition of fibril allows macrophages and growth

factors, like FGF and Wnt, to start the transdifferentiation process in the dorsal

margin. Thrombin activation has also been shown to be responsible for cell cycle

reentry [18, 19]. FGFs and FGFRs are expressed throughout the process of lens

regeneration mediating several stages. FGF signaling acts in the initial stages of

lens regeneration since a single FGF2 treatment can initiate the process, even

without lentectomy. Experiments where the retina was removed along with the

lens resulted in a reduced rate of lens regeneration, which indicates that this is the

source of FGF as in normal development, though macrophages cannot be excluded

as an additional source of FGF [20–24]. Furthermore, 1 day post-lentectomy, the

expression of matrix metalloproteases is highly upregulated, an event that modifies

the extracellular matrix, thus changing cell–cell and cell–environment interactions

that are essential for transdifferentiation (see Fig. 7.1) [25].

7.4.2 Dedifferentiation

Nucleostemin, a protein associated with stem cells and proliferation, and the

pluripotency factors Sox2, c-Myc, and Klf4 are starting to be expressed 2 days

post-lentectomy. These proteins are important for the dedifferentiation process

since gene expression needs to change from that of a terminally differentiated

pigmented iris cell type [26, 27]. In addition, histone modifications are dynamically

changing during dedifferentiation in favor of activating marks that can aid the

expression of important genes [28]. These events are also accommodated with

increased nucleus size, with increasing RNA content starting around 5 days post-

lentectomy (see Fig. 7.1) [29, 30].

7.4.3 Transdifferentiation

During the time of transdifferentiation, when the iris cells are not pigmented and are

more lenslike, lens-related genes including Six3 and Pax6, with known roles in

ectopic lens formation during embryogenesis, are found to be expressed and are

involved in the process. Pax6, the master eye gene, has been found to be expressed

during lens regeneration in the iris, starting 5 days post-lentectomy and later in the

regenerating lens. The role of Pax6 was attributed to proliferation and the expres-

sion of crystallin genes [31, 32]. Six3, along with retinoic acid (RA), plays a role in

the transdifferentiation. The ventral iris was induced to regenerate a lens, an effect
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that was related to Six3 overexpression and concomitant treatment with retinoic

acid. Similar results were obtained with BMP inhibitors that are known

determinants of the dorsal–ventral axis during embryogenesis [10, 31, 32]. The

role of retinoic acid in the transdifferentiation process has also been determined by

the expression of retinoic acid receptor alpha and delta in the regenerating lens.

Blocking this signal led to abnormal regeneration, including reduced ability for lens

formation and fiber differentiation [33, 34]. Moreover, another protein with known

roles in fiber differentiation during lens development, Prox1, is expressed in the

dorsal iris throughout regeneration [35]. Coinciding with the transdifferentiation

process, around 8–10 days post-lentectomy, histone B4 is highly expressed and

replaces histone H1 in the nucleus. This event is also found during reprogramming

of oocytes, and as such, it is important for the transition of gene expression during

transdifferentiation [36]. At the same time, Wnt-related genes, Wnt2b and Friz-

zled4, are expressed in the dorsal iris. This expression has been correlated with the

ability of the dorsal iris to transdifferentiate to lens, as shown in vitro using ventral

iris aggregates treated with Wnts; however, it might be correlated to the lenslike

cell type since normal lens epithelial cells express Wnts [37, 38]. Ten days post-

lentectomy, expression of C3 and C5 complement proteins is found in the iris and

lens vesicle, respectively [39]. At later stages when the lens vesicle has formed and

fibers start to differentiate, expression of alpha, beta, and gamma crystallins appears

[40]. Crystallin expression has been used as a marker to detect whether lens

regeneration was successful. Lens regeneration is complete when a fully

differentiated lens is made, an exact replica of the original (Fig. 7.1).

7.5 Cell Source of Lens Regeneration

An important aspect of regeneration is to identify the source of it. This task is

accomplished by tracking experiments using transgenesis and BrdU incorporation,

in combination with immunohistochemistry, transplantation, or in vitro cultures. In

newts, histological examination and transplantation of different cell types from the

eye in newts without a lens showed very early that the pigmented epithelium was

responsible for lens regeneration. Interestingly, the entire dorsal iris-pigmented

epithelium can transdifferentiate to lens cells in vitro. The same happens for the

ventral iris-pigmented epithelium in prolonged in vitro cultures. This indicates

that all pigmented iris cells have the ability for transdifferentiation. Gene and

signaling regulation must restrict this process only in the dorsal margin. BrdU

and 3H-thymidine incorporation reveal that cells from all around the iris reenter

the cell cycle early after lentectomy (see Fig. 7.2a) [42]. However, only the dorsal

iris shows positive labeling for phosphoH3, a marker that indicates dividing cells

(Fig. 7.2b). This shows that cells are responding to a signal, reenter the cell cycle,

even in the ventral iris, but progressively dividing cells are restricted only in the

dorsal tip where regeneration will occur (Fig. 7.2c) [41].
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7.6 Cell Potency During Lens Regeneration

Other questions to address are: What is the potency of these cells? Do they have the

ability to differentiate to cell types other than lens? How many times can a lens be

regenerated from the same newt? Iris cells have some characteristics of stem cells:

they express some of the pluripotency factors, and they remodel their extracellular

matrix to a more cancer stem cell niche-like environment that aids cell migration,

proliferation, dedifferentiation, and finally the transdifferentiation to lens cells.

From this aspect, these cells should become more potent. However, aggregation

Fig. 7.2 Reentry to the cell cycle and ability of the iris to regenerate a lens. (a) Whole-mount

BrdU-incorporation detection in the iris cup 8 days post-lentectomy. Many cells from the whole

iris are reentering the cell cycle. Colors are used to indicate the different sections of the iris. (b)

PhosphoH3 staining in the iris cup 8 days post-lentectomy. Few cells concentrated in the dorsal iris

margin are positive for phosphoH3, which indicates dividing cells.White-dotted lines mark dorsal

and ventral iris margins. Red-dotted oval circles indicate the dorsal iris margin. (c) An iris cup

divided in colored sections and the potential (percentage) for lens regeneration is shown therein

(modified from [41]). Note that while all areas from the dorsal iris have the potential to regenerate,

the highest is at the tip of the dorsal iris. Colors in (a) and (c) are indicating the same areas
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and transplantation of these cells to other parts of the body, for example, in a limb,

results in them regenerating a lens [43]. This indicates that these cells might only be

able to transdifferentiate to lens cells, being unipotent. This also shows that the cells

are strictly reprogrammed to serve lens regeneration in a very straightforward way.

In addition, a 16-year experiment where lens was removed 18 times showed that

newts do not decline in their ability to regenerate a normal lens comparable to

young ones. This ability might be retained due to expression of DNA repair genes

like Rad1 and ROS-related genes such as glutathione peroxidase 1 that can alleviate

mutations and stress from the cells, leading to their prolonged ability for regenera-

tion [12, 25].

7.7 Omics Data During Lens Regeneration

Research on lens regeneration in amphibians has kept up with new methods and

technologies that could study and analyze the expression of many genes simulta-

neously. Expressed sequence tags, custom microarrays, and proteomics have been

used in order to obtain clues about the mechanism of lens regeneration. Although

the scale and the depth of these techniques were low, certain concepts were

discovered, including that both dorsal and ventral irides can initiate the process of

lens regeneration. Expression of genes was detected in both sides of the iris, also

validated with polymerase chain reaction [25, 44–46]. In the last decade, the study

of gene expression was revolutionized with the introduction of RNA sequencing.

This technique can sequence and quantify the expressed RNAs of a sample. Most

importantly it has this ability without requiring prior knowledge on gene sequences,

something that in newts is very important and beneficial [47]. The newt

transcriptome and its analysis during lens regeneration revealed that dorsal–ventral

differences are indeed mostly quantitative. However, by grouping the genes based

on function, it revealed patterns of expression. Specifically, cytoskeleton, gene

expression, cell cycle, and immune response genes were upregulated in the dorsal

iris, 4 and 8 days post-lentectomy, while transposon-related genes were upregulated

in the ventral iris at the same time points. These differences are pinpointing how

transdifferentiation occurs since iris cells need to change their morphology and

gene expression and proliferate in order for the lens to be regenerated [14, 48].

7.8 Lens “Regeneration” in Higher Vertebrates

Vertebrates other than newts do not have the ability to regenerate the lens following

complete removal during adulthood. As discussed in Chap. 9, there are animal

model systems that study wound healing responses after damaging the lens. In

humans, the most common disease of the lens is cataract which affects mostly the

elderly. However, when human iris is removed and cultured in vitro, it was found to

have the ability to transdifferentiate to lens cells positive for crystallins

[49]. This indicates that human iris retains the ability for lens regeneration,
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but the process is potentially inhibited by an as yet unknown cause [50]. By

studying the dorsal–ventral iris differences in newts, this can reveal factors that

play a role in the mechanism of lens regeneration and may ultimately unlock the

process also in humans.

7.9 Concluding Remarks

Lens regeneration is the remarkable process of rebuilding a lost lens. Amphibians

have this ability and are subject to extensive research for finding the mechanism by

which it is accomplished. Lens regeneration can ultimately be used in humans to

treat cataract, without the side effects and secondary complications that patients

face with today’s procedures. Advances in technology can aid towards finding the

mechanism of lens regeneration, with important potential therapeutic applications.
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Fibrotic Modifications of the Lens
Epithelium 8
I.M. Wormstone, J.A. Eldred, and L.J. Dawes

Abstract

Maintaining lens integrity is a lifetime ambition of the lens. However, if this

integrity is breached through an altered ocular environment or physical disrup-

tion, such as cataract surgery, then fibrotic modifications to the lens can occur

that are ultimately detrimental to vision. Fibrotic changes involve hyperproli-

feration, transdifferentiation from an epithelial to a myofibroblast phenotype,

matrix deposition and matrix contraction. Fibrotic conditions of the lens include

anterior subcapsular cataract and posterior capsule opacification, which affect

millions. In this chapter we will discuss the regulatory mechanisms that facilitate

fibrotic events, which will involve the intimate relationship between growth

factors (especially transforming growth factor beta—TGF-β), signal transduc-
tion pathways and the extracellular matrix.

Keywords
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8.1 Fibrosis and the Lens

The lens epithelium is a critical component in the maintenance of the normal

healthy lens; however, fibrotic modifications can occur that are disruptive to visual

quality [1–3]. Fibrosis affects many tissues and has been described as “a patholog-

ical condition in which tissue structure is disrupted by production of excessive
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extracellular matrix (ECM)” [4, 5]. Fibrotic disorders are linked to a number of

pathological processes, which include hyperproliferation, matrix deposition, matrix

contraction and expression of myofibroblast cells (transdifferentiation). It has been

assumed for many years that myofibroblast formation is a critical process in the

early stages of tissue fibrosis and through the associated generation of a

pro-contractile apparatus is required for matrix contraction. Studies carried out

on lens cells have begun to question the established dogma and suggest that rather

than be profibrogenic, myofibroblasts may in fact play a protective role to regulate

the degree of fibrotic response [6, 7]. Further clarification of the role

myofibroblasts play in fibrosis and the signalling pathways regulating different

facets of fibrotic disease is vital to gain a greater understanding of lens fibrotic

disorders, of which the most common are anterior subcapsular cataract (ASC) and

posterior capsule opacification (PCO) (Fig. 8.1). ASC is characterised by the

development of fibrotic regions underneath the anterior capsule. ASC is often

linked to trauma of the eye, which includes impact injury, inflammation or irrita-

tion of the eye [8–10]. PCO progressively forms following cataract surgery and is

the most prevalent lens fibrotic disorder [11]. PCO results when lens epithelial cells

that remain following cataract surgery grow onto the previously cell-free posterior

capsule. These cells exhibit classical fibrotic modifications including cell transdif-

ferentiation, matrix deposition and contraction of the lens capsule, which give rise

to light scatter and secondary visual loss. Currently, surgical intervention is the

only treatment for cataract, initially restoring visual quality. Unfortunately, PCO

develops in a significant proportion of patients to such an extent that a secondary

loss of vision occurs.

8.2 Regulatory Mechanisms of Fibrosis

A number of experimental tools are available to study and evaluate fibrotic events

in the lens [3]. These include cell lines [12], transgenic animals [13, 14], lens

explants, whole lens cultures [15], in vitro capsular bag models (generated

by simulated cataract surgery) [16–19] and analysis of post-mortem specimens

[16, 20]. As with all experimental systems there are limitations with each, but

through their collective use, we have gleaned valuable understanding of how lens

fibrotic events are regulated.

8.2.1 Inflammation

There is a well-established link between inflammation and fibrotic changes; how-

ever, the fundamental regulatory systems that mediate this link are poorly under-

stood. Tissue damage or injury including surgery results in an inflammatory

response with the aim of repairing and protecting surrounding tissues. Damaged

tissues release chemo-attractants, inducing cells such as the lymphocyte T helper

cells that assist in the ensuing immune response by releasing cytokines such as
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interleukins. These inflammatory signals can activate resident macrophages, which

in turn lead to increased production of cytokines and chemokines and recruitment of

monocytes [21]; the objective of such responses is to return injured tissue back to its

normal state.

Fig. 8.1 Schematic illustrations showing the cellular arrangement in the normal human lens (a)

and a lens presenting anterior subcapsular cataract (b). Treatment of ASC, along with all other

cataracts, is surgery, which produce a lens capsular bag that can house an artificial intraocular lens

(c). At the point of surgery a clear uninterrupted light path is observed within the visual axis. Due

to fibrotic modifications to the lens epithelial cells and consequent matrix alterations, the posterior

capsule exhibits light scattering structures that reduce visual quality (d); this condition is known as

posterior capsule opacification. First published in Eldred et al. [3] with permission from the Royal

Society and Wormstone [2] with permission from Experimental Eye Research
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There are two types of lymphocyte T helper cells. The Th1-type are typically

associated with tissue restoration [22] through reduced cell proliferation rates,

collagen synthesis and suppressing expression of pro-fibrotic cytokines [23].

In contrast Th2-type lymphocytes promote fibrosis through promotion of cell

growth and matrix deposition. Th2-type cells also initiate M2 macrophages to

release PDGF and IL-10 (a pro-inflammatory interleukin that decreases IFN-γ
and TNF-α). Class M2 macrophages also secrete TGF-β and inhibitors to MMPs,

which can contribute to fibrosis [24]. Inflammation is therefore likely to play an

important role in fibrotic changes within lens tissue.

Anti-inflammatory regimes are employed during cataract surgery, but curiously

these treatments appear to increase the likelihood of developing fibrotic PCO

4 years post-surgery [25]. Interestingly, Symonds et al. [26] have shown that

dexamethasone, a steroid often administered to patients during cataract surgery,

increased collagen synthesis and aided cell survival in a rat lens explant model.

These studies infer that lens epithelial cells are susceptible to the actions of anti-

inflammatory molecules. Chandler et al. [27], using a canine capsular bag model,

investigated the effects of disrupting inflammatory signals within lens cells through

application of cyclooxygenase 2 (COX-2) inhibitors rofecoxib or celecoxib; both

COX-2 inhibitors suppressed fibrotic change. Careful consideration must be taken

in the management of inflammation following surgery to maintain homeostasis of

specific subsets of lymphocytes as an imbalance can have detrimental effects on

ECM production (Th2) and loss (Th1).

8.2.2 Growth Factors

A variety of cytokines are elevated in response to injury (both accidental and

prescribed, i.e. surgery). A number of cytokines can drive proliferation or mediate

matrix deposition, transdifferentiation or matrix contraction. Growth factors such as

FGF, EGF and PDGF promote growth [12, 28, 29], but the foremost regulator of

fibrotic changes is TGF-β [4]. As a means of regulating the degree of inflammatory

response within the eye, elevated TGF-β is reported to suppress white blood cell

activity, which in turn limits the degree of inflammatory response observed

[30]. Unfortunately the actions of TGF-β are not limited to white blood cells and

thus active TGF-β can stimulate receptive cells that can promote fibrosis in these

tissues, including the lens. Improving our understanding and knowledge of TGF-β
in lens fibrosis is of great importance.

The cytokine transforming growth factor beta is strongly implicated as a key

regulator in the fibrotic response [4] (Fig. 8.2). TGF-β can be found in the aqueous

humour of the eye and under normal conditions is largely present in a latent,

inactive form [31, 32]. Activation of TGF-β from its latent form occurs through

protease cleavage via degradation of pro-segments. In the normal eye the active

form is of low abundance, and in fact activity is further regulated by proteins in the

ocular humours such as α2-macroglobulin, which have a high affinity for free active

TGF-β [33]. Following trauma to the lens, e.g. by surgical injury, active levels of

TGF-β can be dramatically elevated. This occurs because the trauma of surgery
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can induce expression of many TGF-β activators, such as plasmins, cathepsins,

MMPs [34] and thrombospondin-1 [35] which cleave latent TGF-β precursor

protein. Furthermore, TGF-β itself is capable of increasing expression of MMPs,

including MMP2 which could further accelerate conversion of latent TGF-β to its

active form [16, 36, 37]. In addition, elevated numbers of reactive oxygen species

are also reported to promote TGF-β activity [38, 39].

Fig. 8.2 A schematic overview of TGF-β signalling and the control of fibrotic events in the lens
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A large body of evidence is reported that demonstrates the ability of active

TGF-β to promote cellular responses that define fibrosis, namely, epithelial to

myofibroblast transdifferentiation; increased extracellular matrix production and

deposition and matrix contraction [4, 11, 40].

Transdifferentiation of lens epithelial cells to a myofibroblast phenotype can be

promoted by TGF-β. Analysis of human tissue specimens from anterior subcapsular

cataract patients revealed increased levels of the myofibroblast markers α-SMA and

fibronectin [41]. In addition, TGF-β has been shown to induce anterior subcapsular

cataract in a rat lens culture model [42]; these appear as plaques on the anterior

surface of the lens and also express transdifferentiation markers. Interestingly,

sensitivity to TGF-β is influenced by age and gender. In the case of sex differences,
female rat lenses demonstrated better protection against TGF-β-induced fibrotic

changes than their male counterparts; oestrogen was identified as the protective

component [43]. In addition, post-mortem analysis of a capsular bag received from

a donor 1 month following cataract surgery demonstrated increased levels of

α-SMA and matrix contraction/wrinkling of the posterior capsule [16]. Exposure

of in vitro human capsular bags to TGF-β gave rise to increased expression of

α-SMA and marked wrinkling of the posterior capsule. It has been assumed that

TGF-β-induced transdifferentiation is critical for inducing the extracellular matrix

synthesis and contraction [44]. Contraction of the extracellular matrix of the

lens capsule causes a deformation, which is seen as “wrinkles” that cause light

scatter and with increasing severity can lead to visual loss [45, 46]. Human lens cell

lines have been utilised to allow detailed investigations of the signalling pathways

regulating fibrotic events in the lens. Using this experimental tool, assays have been

developed to determine matrix production, transdifferentiation and matrix contrac-

tion [7, 12, 47]. Using inhibition studies the pathways regulating TGF-β-induced
fibrosis have become clearer. Dawes et al. [7] performed a study using human lens

epithelial cells to investigate the relationship between the transdifferentiation and

matrix contraction. In contrast to the commonly held view that transdifferentiation

is a prerequisite for matrix contraction, it was found that α-SMA expression and

fibronectin/fibronectin receptors are not essential for TGF-β-induced matrix con-

traction to occur. These findings do not however sit in isolation as data presented in

lung cells also suggests a reduction in α-SMA expression can promote matrix

deposition [48]. Consequently, the links between matrix production, deposition,

contraction and myofibroblast involvement needs additional study in a variety of

experimental systems.

A number of reports have identified the classical TGF-β/Smad signalling path-

way in the pathogenesis of lens fibrotic disorders [6, 13, 14, 20]. Saika et al. [20]

have identified Smad3 and Smad4 in cell nuclei of postoperative human lenses,

which indicates an active signalling pathway [49]. In addition, murine lenses

subjected to injury demonstrated increased myofibroblast expression [49].

Pretreatment of murine lenses with TGF-β-neutralising antibodies in advance of a

puncture wound injury prevented Smad3 and Smad4 translocation to the nucleus

[49]. Smad3 in preference to Smad2-dependent signalling is generally implicated in

fibrotic changes throughout the body [50]. For example, in model systems assessing
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bleomycin-induced fibrosis, increased detection of activated Smad3 has been found

during hepatic stellate cell activation and at the leading edge of scleroderma lesions

[51–53]. Consequently, Smad3 knockout transgenic models have been used to

establish the relevance of TGF-β/Smad3-dependent pathway in regulating fibrotic

events in the lens [14, 13]. Saika et al. [13] utilised the Smad3 knockout transgenic

mouse and observed that both TGF-β2-induced and injury-induced α-SMA

expressions were inhibited in the lens epithelium of Smad3 knockout mice relative

to wild type. Interestingly, Banh et al. [14] still identified some α-SMA expression

in a TGF-β1/Smad3�/� mouse; however, the degree of α-SMA expression was

relatively low compared to Smad3 expressing TGF-β1/Smad3+/� lenses. Loss of

Smad3 in mice also reduces the expression of trauma-induced type I collagen in

the lens [13]. In a Smad4 knockdown human lens epithelial cell line, Dawes

et al. [6] observed a significant inhibition of TGF-β-induced fibrotic markers,

α-SMA and fibronectin, which suggests that TGF-β Smad3-Smad4 signalling is

likely to control transdifferentiation of human lens epithelial cells. Curiously, this

study found TGF-β-induced matrix contraction and Smad7 expression to be inde-

pendent of Smad4 expression, suggesting that TGF-β-Smad-independent pathways

may also regulate lens fibrosis.

It is now well established that TGF-β can signal independently of Smad func-

tion [54]. For instance, TGF-β type I receptor can phosphorylate both serine and

tyrosine residues in the SHCA adaptor, recruiting adaptor protein GRB2 and the

Ras guanine exchange factor (GEF) son of sevenless (SOS) to activate Ras-Raf-

MEK-ERK mitogen-activated protein kinase (MAPK) in mammalian cells [55].

The tyrosine kinase Src can phosphorylate the cytoplasmic domain of the TGF-βRII
leading to GRB2 and SHC recruitment allowing the activation of the p38 MAPK

pathway [56]. Moreover, TGF-β can also activate the JNK MAP kinase and Rho

kinase signalling pathways [57]. Smad-independent ERK and p38 MAP kinase

signalling pathways are activated by TGF-β in human lens epithelial cells [6]. The

concept that TGF-β-induced matrix contraction by human lens epithelial cells is

regulated by Smad-independent signalling [6] is given weight by findings in

non-ocular systems where Rho/Rho kinase [58], ERK [59] and p38 MAP kinase

[60] promote matrix contraction. In addition, the ERK signalling pathway can

increase matrix contraction through activation of myosin light chain kinase

(MLCK), a key enzymatic regulator of contractile force [59]. The role of Smad-

independent signalling in TGF-β-mediated fibrotic events and matrix contraction in

particular requires continued investigation.

The Wnt signalling pathway is reported to play a key role in TGF-β-induced
transdifferentiation and has also been implicated in fibrotic disorders [61–64]. The

canonical Wnt signalling pathway regulates β-catenin activity. Wnt ligand binding

to receptors (Frizzled) and co-receptor low-density lipoprotein receptor-related

protein (LRP) leads to the phosphorylation of LRP6, by glycogen synthase

kinase-3β (GSK-3β) and casein kinase γ, in its cytoplasmic region. This leads to

the recruitment of cytosolic proteins, dishevelled and axin (93). As a result of the

association of GSK-3β with Frizzled receptors and LRP, β-catenin phosphorylation
is reduced. In this form, β-catenin is no longer targeted for degradation and
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consequently accumulates in the cytoplasm before translocating to the nucleus

where it associates with DNA binding factors T cell factor (TCF) and lymphoid

enhancer factor (LEF) to regulate gene expression [62]. It is believed that TGF-β
regulates the canonical Wnt signalling pathway through Smad-dependent and

Smad-independent mechanisms. It has been reported that TGF-β/Smad signalling

can induce ILK, which suppresses E-cadherin at the transcriptional level, poten-

tially through the transcriptional repressor SNAI-1 [64]. Furthermore, ILK can

phosphorylate GSK directly or by active Akt. Phosphorylation of GSK leads to

its inactivation, which again promotes β-catenin translocation [64]. In both cases

the result is to promote transdifferentiation. An investigation using transgenic mice

overexpressing TGF-β1 and whole rat lens cultures exposed to TGF-β2
demonstrated elevated levels of Wnt ligands and Frizzled receptors compared to

controls; this was associated with increased nuclear β-catenin in cataract forming

cells, expression of α-SMA and plaque formation [65].

Future lines of research investigating fibrotic changes to the lens will need to

consider both Smad-independent and Smad-dependent pathways and the interactions

between them.

8.2.3 Extracellular Matrix

The extracellular matrix (ECM) was once thought of as a static structure that merely

served as a scaffold to maintain tissue integrity. This opinion has changed dramati-

cally over the years and we can now appreciate that the ECM regulates many

aspects of cell function, which in the lens include proliferation, migration and

differentiation. Alterations of the ECM by increased synthesis and deposition of

ECM proteins are a key aspect in the pathogenesis of fibrotic disorders [4]. Lens

epithelial cells and lens fibres are associated with a basement membrane termed the

lens capsule, which is largely composed of collagen IV, along with laminin, heparin

sulphate proteoglycans and tenascin [66]. These ECM components provide a

physical framework to ensure structural integrity of the lens capsule and permit

lens cell attachment and migration. In lens fibrosis, cells over-synthesise and

deposit new ECM components, which include fibronectin, vitronectin and collagen

types I and III; these deposits contribute to the fibrotic plaque formation and light

scattering regions.

Cells from explant cultures are reported to adhere and migrate on vitronectin and

fibronectin matrices. These cells, however, demonstrated a more elongated/fibro-

blast-like cell appearance, increased α-SMA staining and nuclear Smad expression

[67]. ED-A domain of fibronectin is believed to play a crucial role in the induction

of α-SMA expression [68]; treatment of corneal fibroblasts with an RGD peptide

prevents the interaction of fibronectin and its integrin receptor and reduced expres-

sion of α-SMA. It is therefore likely that fibronectin expression will play a pivotal

role in transdifferentiation events that take place in lens fibrosis. The proteoglycan

lumican has also been identified in post-mortem capsular bag specimens [69]. It has

also been shown in lumican knockout mice that following injury to the anterior lens
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capsule by a needle puncture, there was a delay in expression of α-SMA and the

appearance of transdifferentiated cells [69]. These studies provide firm evidence

that modifications in ECM constituents will influence lens cell characteristics that

permit the development of fibrotic lens pathologies.

Secreted protein acidic and rich in cysteine (SPARC) may play a role in lens

fibrotic events by altering the expression of ECM proteins [70]. Reports indicate

that SPARC null mice develop cataracts by 3–4 months of age because of reduced

lens cell growth [71]. SPARC knockout mice exhibit decreased laminin deposition

relative to wild-type lenses [72]. Additional studies investigated the effects of

TGF-β in lens epithelial cells from wild-type and SPARC null mice [73]. TGF-β
was found to promote expression of both fibronectin and α-SMA in both groups, but

this was greatest in the SPARC null group, which implies SPARC, to some extent,

suppress TGF-β-induced transdifferentiation. In addition, dexamethasone was

found to increase SPARC expression in lens cells, which was associated with a

decline in fibronectin and collagen type IV. This again suggests SPARCmodulation

of the ECM can suppress transdifferentiation events.

The actions of a number of growth factors are regulated by matrix interactions.

For example, FGF and HGF require heparin binding to facilitate interaction with

their associated receptor; as a result, the distribution of heparin sulphate

proteoglycans and potentially other ECM components within the lens capsule

could play important roles in FGF- and HGF-regulated fibrotic events

[74–76]. FGF is reported to exacerbate the effects of TGF-β in a rat whole lens

culture model. FGF alone was not capable of inducing anterior capsule plaques, but

the severity of response observed with TGF-β was increased when FGF was also

added [77]. TGF-β itself can also bind to several matrix components including

decorin and collagen type IV [78]. As the level of many growth factors within the

eye is elevated following surgery, matrix components within the lens capsule have

the capacity to adsorb these proteins and thus provide an enriched environment that

is likely to promote fibrotic events [79, 80]. Direct presentation of ligands to

receptors or through slow release resulting from proteolytic cleavage of this

reservoir is therefore likely to provide long-term contributions to fibrotic change.

Two-way communications between the cell and its underlying matrix are ongo-

ing and can have a marked influence on the ultimate behaviour of the cell. This

process is generally mediated by integrins, which are a group of distinct cell surface

receptors, composed of α and β subunits. The interaction of specific integrins with

their corresponding ECM ligands allows cells to adhere to and migrate across the

ECM [81]. In addition, integrins function as cell signalling centres allowing signal

transduction to and from the microenvironment [81]; therefore, dys-regulation of

integrin expression or function can give rise to fibrotic changes.

Microarray analysis of the human lens epithelial cell line FHL 124 has been

performed to identify which integrins are expressed in human lens epithelial cells

and identify those of potential importance in lens fibrosis [47]. It was found that

human lens epithelial cells express integrin β1, β2, β3, β5 and β6 subunits. The β1
integrin was the most abundant and is the most promiscuous integrin subunit; it is

known to associate with 12 different α integrin chains [82] and is the most widely
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expressed integrin throughout the body [82]. With regard to the alpha subunits, α1,
α2, α3, α4, α5, α6, α7, α10, α11, αE, αM and αV were detected in human lens

epithelial cells [47]. Exposure of cells to TGF-β resulted in an increased expression
of α5, α11, αV and β5 integrin subunits.

Of particular interest to fibrotic changes in the lens epithelium is the expression

of α5β1 integrin, which together with its matrix ligand fibronectin demonstrates

enhanced expression in response to TGF-β exposure in both the human capsular bag

and lens epithelial cell line [7, 47]. Fibronectin interaction with α5β1 integrin is also
reported to regulate the expression of α-SMA and transdifferentiation of corneal

fibroblast cells to myofibroblasts [83]. As suggested earlier, it is a commonly held

view that α5β1 integrin and fibronectin form a putative contractile apparatus with

α-SMA [83, 84]. This theory is questioned through experiments using lens cells.

Application of an RGDS peptide to block the RGD binding site of α5 integrin

revealed that the fibronectin/fibronectin receptor interaction was not required to

promote matrix contraction by human lens epithelial cells in response to TGF-β
[7]. In addition, Marcantonio et al. [85] demonstrated that following TGF-β expo-

sure, expression of α5β1 integrin was altered in FHL 124 cells, such that a diffuse

pattern across the cell was observed, with membrane-bound α5β1 integrin having

no association with actin filaments. These findings infer that in the human lens the

α5β1 integrin distribution in response to TGF-β could provide multiple sites of

attachment to the underlying matrix to counter matrix contraction.

Integrin αVβ5 is reported to play an important role in fibrotic pathologies. This is

mainly because it permits mechanotransduction in response to extracellular

microenvironments [86] and is implicated in the transdifferentiation of cells to

myofibroblasts [87]. Exposure of TGF-β to lens epithelial cells gives rise to an

increase in αVβ5 integrin expression [47] in association with increased levels of

transdifferentiation markers [7, 16]. On the basis of these findings it has been

proposed that αVβ5 integrin can play a bidirectional role in lens fibrosis

[88]. Firstly, it could mediate TGF-β-induced transdifferentiation following trauma

to the lens and secondly act by facilitating signals from myofibroblasts back to the

ECM, which results in the activation of matrix-associated TGF-β. Disruption to lens
integrity through injury can alter integrin expression in lens epithelial cells. Sponer

et al. [89] showed that expression of αVβ6 integrin was up-regulated in cells

residing in vitro human capsular bags cultured in protein-free medium compared

with cultured intact lenses. αVβ6 integrin can activate TGF-β through its associa-

tion with an RGD peptide in the latency-associated peptide [90]. Integrin αVβ6 and
αVβ5 are likely to play important roles in regulating the levels of active TGF-β and
the formation of microenvironments capable of driving fibrotic modifications of

lens epithelial cells.

Integrin-linked kinase (ILK), a serine threonine kinase that binds to the cyto-

plasmic tail of β1, β2 and β3 integrin subunits, has been detected in lens cells of

both murine and human origins [91]. ILK is a multidomain focal adhesion protein

that regulates ECM adhesion and signal transduction. Evidence supports the notion

that ILK is a regulator in myofibroblast formation [91–93]. For example, expression

of ILK in cultured mouse and human lens cells is associated with elevated
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expression of transdifferentiation markers, fibronectin and α-SMA. In addition, the

introduction of ILK-expressing constructs resulted in an altered morphology that

was fibroblast-like in nature [92]. Moreover, it has been observed that ILK

co-localises with α5β1 integrin; the presence of fibronectin further promoted this

association [91]. ILK appears to be a potentially important protein in the regulation

of transdifferentiation and is likely to involve association with integrins and matrix

components classically linked with fibrosis. Elucidating the role of ILK in the grand

scheme of lens fibrotic changes would be an interesting line of investigation.

8.3 Summary

Fibrotic modification of the lens epithelium is likely to result from a disruption to

lens integrity. This could result from a change in the ocular environment as a

consequence of diseases, external injury or surgical trauma, such as cataract

removal. Once lens integrity is breached alterations to lens cells occur, which

renders them susceptible to elevated proteins introduced to the aqueous humour

and to autocrine factors, which through matrix association provide rich

microenvironments capable of driving fibrotic changes. Fibrotic changes involve

hyperproliferation, transdifferentiation from an epithelial to a myofibroblast phe-

notype, matrix deposition and matrix contraction. Growth factors, and in particular

transforming growth factor β, drive many of these events. Changes to the matrix

composition and integrin expression of lens cells as a consequence of injury and

growth factor-induced responses alter the characteristics of the cells, such that they

exhibit a contractile phenotype and exhibit myofibroblast properties. It would

however appear that the expression of myofibroblast markers is not a prerequisite

for matrix contraction. Over the past couple of decades our knowledge of fibrotic

modifications of the lens epithelium has grown dramatically and due to its impor-

tance in lens pathologies will remain a key area of research for many years to come.
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Abstract

The process of tissue fibrosis is characterized by the appearance of

myofibroblasts, the key cell type involved in the fibrogenic reaction, and by

the excess and disorganized accumulation of extracellular matrix, with resultant

tissue contraction and impaired tissue function. Local inflammation is involved

in this process with the supply of profibrogenic factors. This is also the case in

posterior capsular opacification (PCO). In PCO, tissue myofibroblasts are

generated from lens epithelial cells, the only cell lineage in the crystalline

lens, through epithelial–mesenchymal transition (EMT), a process through

which an epithelial cell changes its phenotype to become more like a mesenchy-

mal cell, with the exception of fibroblast-derived myofibroblasts. Transforming

growth factor β (TGFβ) is one of the major growth factors/cytokines involved in

the process of EMT, although various other factors expressed by injured tissues

orchestrate the EMT process. Among TGFβ signaling cascades, Smad signaling

is considered to play a critical role, although other classical mitogen-activated

protein kinases also have important roles in modulating lens EMT. The lens

epithelium also has the ability to form other types of PCO, regenerated lentoid

structures of Soemmering’s rings and Elschnig’s pearls, both containing crystal-

line lens-like components. PCO tissue is also characterized by the accumulation

of EMT-lens cell-derived matricellular components, i.e., tenascin C,

osteopontin, and lumican, that further modulate Smad signaling and EMT of

these cells. Fibroblast growth factor reportedly also plays an important role in

lens tissue regeneration. PCO-related signal transduction cascades, such as

Smad signaling, could be a putative target for the prevention or treatment of

unfavorable PCO.
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9.1 Tissue Fibrosis and Epithelial–Mesenchymal
Transition (EMT)

Following injury or surgery, the damaged tissue undergoes primary wound healing

in order to recover tissue integrity [1]. A complex interplay of cells and extracellu-

lar matrix (ECM) takes place for restoration of normal structure and function (tissue

remodeling). During this process of tissue repair, growth factors and cytokines

orchestrate the behavior of cell types [2, 3]. The main source of such factors is

inflammatory cells, although tissue-resident cells also express them. However,

failure to restore the normal remodeling process results in the development of

tissue fibrosis/scarring and organ dysfunction, characterized by excess and disorga-

nized accumulation and contraction of extracellular matrix [4, 5]. A fibrotic lesion

is characterized by persistence of inflammation and presence of myofibroblasts

[4, 5], both of which must decrease for the healing process to complete and for the

restoration of normal tissue structure and function.

In mesenchymal tissues, myofibroblasts are derived from a local mesenchymal

cell, i.e., a fibroblast, through fibroblast–myofibroblast conversion [6–8].

Myofibroblasts are characterized by the expression of α-smooth muscle actin

(αSMA), which produces contractile force in a scarred tissue [6–8]. Besides this

process, the myofibroblast is also produced through the process of transdiffer-

entiation, in which an epithelial cell changes its phenotype to a (myo)fibroblast,

better known as EMT [9–11]. Various ocular and non-ocular tissues/organs are

susceptible to diseases related to EMT. In the development of fibrotic lesions in

renal or pulmonary fibrosis, myofibroblasts are derived from local fibroblasts and

organ-specific epithelial cells. Circulating bone marrow-derived cells (so-called

fibrocytes) are also considered to be a part source of tissue myofibroblasts [12]

(Fig. 9.1). The crystalline lens is an ectodermal-derived tissue and thus myo-

fibroblasts found in the intact lens must be derived from lens epithelial cells through

EMT, as discussed in detail below.

9.2 Roles of EMT in Posterior Capsular Opacification (PCO)

Ocular lens tissue is susceptible to EMT-based fibrotic diseases. Post-cataract

surgery fibrosis in lens capsule (PCO) and anterior subcapsular cataract are both

caused by EMT of the lens epithelium [13, 14]. In vitro experiments reportedly

show evidence that TGFβ is one of the most critical growth factors involved in the

EMT of cultured epithelial cell types. The blockage of TGFβ signaling prevents

fibrotic behaviors of EMT cells in cell culture [15], although the fibrogenic process
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of EMT is regulated by other growth factors and cytokines. For example, connec-

tive tissue growth factor or platelet-derived growth factors are involved in the

generation of myofibroblasts and tissue fibrosis [16]. In cell culture studies that

utilize a uniform cell type or a cell line, it is easier to identify the specific signaling

cascade(s) downstream of growth factor receptors that are involved in the EMT

process [17]. However, such in vitro studies may not accurately reflect the in vivo

situation given the heterogeneity of cellular components in one specific organ; an

organ may be composed of epithelial cell lineages and mesenchymal cell lineages.

The crystalline lens is solely of ectodermal origin, has a relatively simple

structure, and is wrapped by a specific basement membrane, the lens capsule (see

Chap. 3) [18]. During embryonic development, the lens is formed by the invagina-

tion of surface head ectoderm overlying the optic cup. The lens basement mem-

brane, the lens capsule, envelopes its outer surface and the lens epithelial cells line

the inner surface of the anterior hemisphere of the capsule. Any damage or break to

basement membranes could induce transdifferentiation of epithelium towards a

mesenchymal-like phenotype and/or cell motility in various tissues, leading to

malignant neoplasm [19]. This is also true for the crystalline lens. Once injured

(including through surgical trauma), a rupture of the anterior lens capsule breaks

Myifibroblast

Chemokine

Epithelial cell Fibroblast Fibrocyte (bone marrow)

Macrophage

Extracellular Matrix

Fibronectin
Lumican

Osteopontin
Tenascin C

TGFβ
etc

TGFβ

Fig. 9.1 Myofibroblast is derived frommultiple origins. The myofibroblast, the main player in the

process of tissue fibrosis, is derived from either a local fibroblast or an epithelial cell. Circulating

bone marrow-derived cells (fibrocytes) are also presumed to be one of its origins. The

myofibroblast exerts a critical role in the process of tissue fibrosis and extracellular matrix

reconstruction. Accumulated matrix components and cytokines/chemokines expressed by

infiltrated inflammatory cells further modulate myofibroblast generation and tissue fibrosis

(reproduced from Saika et al. [70])
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cell–cell contact among the lens epithelium and subsequently results in the forma-

tion of fibrous tissue that contains significant numbers of myofibroblasts [20]. The

dissociation of cell–cell contact evokes intracellular signaling in response to growth

factors [21]. The myofibroblast in an injured lens or in the human capsular bag

following cataract extraction is generated through the process of EMT of lens

epithelial cells (Fig. 9.2). During the developmental process of this PCO, fibrous

extracellular matrix components, including collagen types I and III, proteoglycans,

laminin, etc., are accumulated by EMT-derived myofibroblasts on the inner surface

of the residual lens capsule [22]. This newly formed tissue in the fibrous PCO is

very similar to that observed in the anterior subcapsular cataract.

9.3 Quick Review of TGFb Signal Transduction

Although EMT in epithelia and subsequent tissue fibrosis are orchestrated by

growth factors and cytokines, it is widely believed that, especially, the fibrogenic

cytokine transforming growth factor β (TGFβ) is largely involved in various organs
[23]. TGFβ family members, i.e., TGFβ1–β3, utilize the Smad (Smad2, Smad3, and

Smad4) signaling pathway that is specific to these members of TGFβ superfamily,

as well as classical signaling cascades of the mitogen-activated protein kinase

(MAP kinase), c-Jun N-terminal kinase (JNK), and p38 MAPK [24, 25]. Other

TGFβ superfamily members, such as bone morphogenetic proteins (BMPs), also

Lens epithelium

Epithelial-mesenchymal
transition

Lens fiber 
regeneration

ECM deposition/ tissue contraction)

Sommerring’s ring 
Elschnig’s pearl 

Anterior lens capsule

Fig. 9.2 Lens epithelial cells transform two ways upon external stimuli, i.e., trauma and excess

growth factor exposure. One is the process of lens structure restoration, which leads to the

formation of Soemmering’s ring and Elschnig’s pearls in human posterior capsular opacification.

Another way is the generation of myofibroblasts through a process called epithelial–mesenchymal

transition. Myofibroblasts derived from the lens epithelium express fibrous extracellular matrix

components and also exert a contractile characteristic
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utilize different Smad members (Smad1, Smad5, and Smad8) for transmitting their

signaling [26].

TGFβ family members exist in tissues or in aqueous humor as latent forms and

are rapidly activated by various stimuli. The activation of TGFβ2 that predominates

in the aqueous humor [27] seems to be different from that of TGFβ1 and TGFβ3, as
latent TGFβ2 lacks the RGD sequence that is required for its activation on the cell

surface. Upon ligand (TGFβ) binding to its receptor, a pair of transmembrane

receptor serine–threonine kinases are activated. Receptor-activated Smad proteins,

Smad2 and Smad3, are phosphorylated (at their C-terminals) by the TGFβ receptor
type I kinase (ALK5). Smad2 and Smad3 then partner with the common mediator,

Smad4, and translocate to the nucleus where they modulate the expression of

TGFβ-/Smad-dependent gene targets (Fig. 9.3). The roles of Smad2 and Smad3

differ given the loss of Smad2 is required for embryonic mouse viability, whereas

mice lacking Smad3 survive [28]. In vitro cell culture studies using fibroblasts

derived from mouse embryos lacking either Smad2 or Smad3 provided detailed

data concerning the difference of gene expression modulation by each of Smad2 or

Smad3 signaling [29]. For example, TGFβ1-mediated induction of matrix

metalloproteinase-2 was selectively dependent on Smad2, whereas induction of

c-fos, Smad7, and TGFβ1 auto-induction relied on the expression of Smad3. Smad6

and Smad7 are known to be the inhibitory Smads that block the phosphorylation of

Smad2/Smad3 [24]. Besides the phosphorylation of the C-terminal of Smad2 or

Smad3, the middle-linker region of each Smad is also susceptible to the

Smad2/3

Smad2/3P
Smad4

Smad2/3
P

Smad4

Type I receptor Type II receptor Cell membrane

Nuclear membrane

DNA 
binding 
protein

Gene expression

Proliferation

Differentiation

Stress response

Apoptosis

TGF β

Migration

P

Fig. 9.3 TGFβ activates Smad2/Smad3 signaling cascade besides classical mitogen-activated

protein kinase pathways. Smad2 or Smad3 is phosphorylated at its C-terminal region upon TGFβ
binding to its specific receptor. Phosphorylated Smad2 or Smad3 binds Smad4, the common Smad,

and forms a Smad complex that then translocates to the nucleus to bind to gene promoters. Various

cofactors, i.e., AP-1 and β-catenin, modulate Smad-dependent gene expression (reproduced from

Saika et al. [71] with a minor modification)
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phosphorylation by MAP kinase. However, the roles of the phosphorylation of this

Smad2/Smad3 middle-linker region in the process of EMT are not fully understood.

In general, the phosphorylation in the middle-linker region of Smads inhibits

signaling mediated by the phosphorylation of the Smad C-terminal, i.e., leading

to EMT and apoptosis. However, the roles of this middle-linker Smad region in

EMT are still controversial [30, 31]. EMT in lung epithelial cells is mediated by

both the C-terminal and the middle-linker phosphorylation of Smad3, leading to

c-Jun N-terminal kinase activity [32].

As mentioned earlier, the BMPs, members of the TGFβ superfamily, bind to

their own receptors and phosphorylate Smad1, Smad5, and Smad8, which then bind

to Smad4 for translocation to the nucleus. BMP signaling upregulates Id2 or Id3,

both of which attenuate Smad2/Smad3 signals [33] (Fig. 9.6). In vitro experiments

showed that various signal transmitters including Smad2 or Smad3 are critical in

the EMT process. However, no reliable in vivo data on the roles of these signaling

molecules is available. This results from the fact that it is not easy to define the

origin of local myofibroblasts in fibrosis/scarring lesions.

Wnt/β-catenin signaling is also involved in TGFβ-mediated EMT of cultured

renal epithelial cells via cross talk with the TGFβ/Smad pathway and is involved in

the profibrotic process [21, 34]. The molecular mechanism of this cross talk

between TGFβ/Smad3 and Wnt/β-catenin signaling pathways involves the

C-terminal Smad3 interacting with both the N-terminal region and the middle

region of β-catenin protein in a TGFβ-dependent manner. The interaction of

β-catenin with Smad3 and Smad4 protects β-catenin from an ubiquitin–

proteasome-dependent degradation, promoting signaling [35].

9.4 Modulation of Lens Epithelium EMT by TGFb Signaling

In vitro experiments reportedly show evidence that TGFβ is one of the most critical

growth factors involved in the EMT of cultured lens epithelial cells, and the

blockage of TGFβ signaling prevents fibrotic behavior of cells [36]. The role of

TGFβ signaling in the lens epithelium in situ was not fully investigated until its role

in wound healing in mouse lines was reported [37]. Postoperative EMT in the lens

epithelium and formation of fibrotic tissue inside the lens capsule can be modeled

by a puncture injury in the mouse lens. Following this puncture injury in the mouse

lens, Smad4, the common Smad in TGFβ/Smad signaling, translocates to the

nucleus of the lens epithelium within 12 h post-injury [20] (Fig. 9.4), indicating

that TGFβ signaling is activated during this period. The Smad4 nuclear transloca-

tion is blocked by intraocular administration of anti-TGFβ2 neutralizing antibody,

indicating that TGFβ2 is the TGFβ family member that activates the lens epithelium

post-injury also in mice [20]. Given TGFβ2 predominates in the aqueous humor in

humans and that it does not possess the RGD sequence-dependent activation of its

latent form, this indicates that TGFβ2 is activated in the aqueous humor in a

different mode to TGFβ1 or TGFβ3, although the exact mechanism of its activation

upon puncture injury is still not clear. The lens epithelial cells adjacent to the injury
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undergo EMT and form fibrotic tissue at this site. The lens is unique in that it

contains an epithelial cell lineage, with the lens epithelium and lens fibers derived

from the epithelial cells. Therefore, myofibroblasts observed in an injured lens are

most likely derived from EMT cells. This puncture injury-induced EMT and

fibrotic tissue formation is not observed in Smad3-null mice (Fig. 9.5), indicating

that such an EMT is mediated by Smad3 signaling [38]. However, high level of

active TGFβ1 overexpression under the αA-crystallin promoter in a Smad3-null

lens can still induce EMT of the epithelium, leading to the formation of subcapsular

fibrotic plaque lesions [39]. The detailed signaling mechanism that allows the cells

to bypass Smad3 signaling to the induction of an EMT is still unknown. However,

forced overexpression of TGFβ1 might utilize Smad2 or other signaling cascades.

TGFβ/non-Smad signaling is also involved in steps during the EMT process.

Signals such as Rho kinase, PI3 kinase, or Src are reported to modulate the process

of EMT in lens cells in culture [40–42]. However, the in vivo involvement has not

been fully uncovered.

Not only Smad but also other signaling cascades are involved in EMT and

PCO formation as reviewed by Martinez and de Iongh [14]. TGFβ also activates

MAP kinases, the classical growth factor signals, upon ligand binding to the

receptor. Like other growth factor signaling TGFβ-signaling cascades via MAP

kinases include three subfamilies, i.e., p42/44 ERK (external regulated kinase),

c-Jun N-terminal kinase (JNK), and p38 MAP kinase. These signaling pathways

mediate different biological responses. The p42/44 MAP kinase/Erk signal is

Fig. 9.4 Immediate activation of Smad4 signal upon breaking injury in the anterior capsule in a

mouse crystalline lens. In an uninjured mouse lens, Smad4 locates to the cytoplasm of in vivo

mouse lens epithelial cells (not shown). Once the center of the anterior capsule is broken using a

needle, Smad4 translocates to the nuclei within 12 h in the area adjacent to the capsular break (a)

and then Smad4 nuclear translocation is observed in the mid-peripheral area of the lens epithelial

cells by 24 h post-injury (b). Arrow indicates a break in the anterior lens capsule. Bar: 50 μm
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Fig. 9.5 Injury-induced epithelial–mesenchymal transition as examined by the expression of

α-smooth muscle actin was blocked by Smad3 gene ablation in a mouse crystalline lens. The

Smad3-null mouse develops a crystalline lens of a normal structure (not shown). Frame (a) shows

the central anterior lens capsule. At week four post-puncture/post-injury, the cells form a multi-

layer (asterisk) of elongated fibroblast-like cells that are generated through epithelial–mesenchy-

mal transition in wild-type mice (a), whereas such tissue is not observed in Smad3-null injured

lens (b). Immunohistochemical examination shows that the elongated cells in the multilayer

(asterisk) are labeled for α-smooth muscle actin, the marker for myofibroblast (c). No such

accumulation of myofibroblasts is observed in a Smad3-null injured anterior lens (d). Bar: 50 μm

II II II III I I I

ALK-4, 7 ALK-5 ALK-1 ALK-2, 3, 6

Activin
Nodal

TGF β BMPs
AMH

Smad2/3 Smad1/5
Smad4

Id2/3

Fig. 9.6 Smad and Id (inhibitory factor of differentiation)2/Id3 expression. Smad signaling

network and expression of Id2 and Id3. Signaling cascades derived from TGFβ or activin suppress
the expression of Id2 and Id3. On the other hand, Smad1 upregulates the expression of these two

genes, Id2 and Id3. Id2 and Id3 block TGFβ/Smad signaling and thus exhibit an inhibitory effect

on epithelial–mesenchymal transition. In certain cell types, TGFβ transduces Smad1/Smad5

activation though ALK1 (reproduced from Saika [72])
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involved in the regulation of cell proliferation, whereas JNK and p38 are activated

upon cellular stresses and modulate cell survival/cell death or control expression

of stress-response genes [43]. MAP kinases modulate Smad signaling via cross

talk. Besides the canonical phosphorylation of Smad molecules in the C-terminal

region, the middle-linker region of Smad2 or Smad3 can be phosphorylated by JNK

or p38 MAP kinase following the activation of various ligands and/or external

stimuli. It is quite possible that such phosphorylation in the Smad middle-linker

region by such signals might further modulate Smad function during the processes

of wound healing or tissue fibrosis in vivo, as observed in vitro [30]. Smad signals

can also be modulated by cross talks between non-MAP kinase signals. For

example, the upregulation of Smad7, nuclear factor-κB, and interferon-γ inhibit

the TGFβ/Smad signal [44–47]. In vivo lens epithelium expresses Sprouty 1 and

Sprouty 2, family members of endogenous receptor tyrosine kinase inhibitors.

Sprouty counteracts TGFβ activation of Smad and Erk and subsequently blocks

EMT of the lens epithelium in in vivo that was shown by using conditional

mutant mice. On the other hand, the deletion of Sprouty 1 and Sprouty 2 leads to

spontaneous EMT–fibrosis in a mouse lens [48]. EMT-related signaling cascades

finally modulate the expression of EMT-related transcription factors, i.e., ZEB

(Sip1/δEF1), bHLH (E47/Twist), and Snail1/Snail2 [49].

Smad utilizes β-catenin as a cofactor during gene expression regulation. Wnt5a,

Wnt5b, Wnt7b, Wnt8a, and Wnt8b and their frizzled receptors are upregulated

in association with TGFβ-induced EMT and cataract development in animals

[50]. EMT of lens epithelial cells is also observed in the process of PCO formation.

In vitro studies showed that the overexpression of Wnt3a resulted in the upregulated

expression of β-catenin, c-Myc, and cyclin D1 [51]. Wnt signal is also involved in

EMT of lens epithelial cells, like in TGFβ-induced EMT in other systems. The

expression of the epithelial marker E-cadherin was downregulated in Wnt3a-

overexpressing HLE B-3 cells, whereas that of the mesenchymal marker fibronectin

was upregulated [14, 51]. Wnt3a promotes epithelial–mesenchymal transition,

migration, and proliferation of lens epithelial cells [51]. Together, it is quite

possible that Wnt/β-catenin signaling is involved in the EMT of PCO development

by the lens epithelium in humans.

9.5 Modulation of Lens Cell EMT by Extracellular
Matrix Components

During the process of development of PCO, EMT myofibroblasts express various

fibrogenic extracellular matrix components, i.e., fibrillar or basement membrane-

type collagens, proteoglycans, laminin, fibronectin, hyaluronan, etc. [13, 52]. Cell

culture studies report that such extracellular matrix macromolecules affect

behaviors of cells, i.e., adhesion, migration, proliferation, and cell death (apoptosis)

[53]. Similar effects of extracellular matrix components on lens epithelial cell

behavior, e.g., EMT, were reported. Overall non-collagenous matricellular proteins

modulate EMT and fibrogenic response of lens epithelial cells via affecting
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TGFβ/Smad signaling and/or other signaling cascades. For example, osteopontin or

tenascin C is expressed in tissues as a wound healing-related component [54]. The

former protein is originally found as an immune modulator and the latter is known

to be an anti-adhesive wound healing-related molecule. The lens epithelium begins

to express osteopontin or tenascin C following injury or cataract surgery in patients,

as well as in mice. In mice, the loss of osteopontin or tenascin C delayed the

activation of Smad2/Smad3 and subsequent injury-induced EMT in the lens epithe-

lium [55, 56]. Lumican is a core protein component of keratan sulfate proteoglycan.

Although lumican (keratan sulfate proteoglycan) is detected in corneal stroma and

required for the maintenance of corneal transparency, lumican glycoprotein is

expressed in other tissues as a wound healing-related component, like tenascin C

or osteopontin [57]. Lumican is also expressed in human PCO and mouse lens

epithelium post-injury. The loss of lumican impairs injured EMT of lens epithelial

cells in mice [58]. Cell culture studies showed that vitronectin, fibronectin, and

collagen type I can also promote lens epithelial cell EMT through enhancement of

Smad signaling [59, 60]. However, the exact mechanism by which such ECM

molecules affect Smad signaling and the process of EMT is unknown. An explana-

tion may include that integrin-mediated cytoplasmic signaling might affect Smad

signaling or other signal(s) that is (are) involved in the process of EMT or

that extracellular matrix components modulate TGFβ binding to its cell surface

receptor. The expression pattern of matrix receptors might also be altered

during tissue repair process in the lens. For example, CD44, a receptor for

hyaluronan, is upregulated in human PCO samples or in an injured mouse lens

epithelium [61, 62]. Integrin expression patterns are also affected by a puncture

injury in animal lens, suggesting this may be the case in human lens epithelium

post-cataract surgery.

Signaling mechanisms that promote lens fiber-type PCO are yet to be uncovered.

However, the lens fiber differentiation system might be related to the development

of this type of PCO, namely, Soemmering’s ring and Elschnig’s pearls. Both

fibroblast growth factor signaling and Wnt–frizzled signaling are reportedly

required for lens fiber differentiation in the physiological condition [63]. It is to

be investigated if Wnt–frizzled system is also involved in postoperative lens fiber

differentiation that forms Elschnig’s pearls and Soemmering’s rings. Recently, it

was reported that a novel protein, Equarin, which is a secreted molecule expressed

at the equatorial region of the lens, also plays an important role in chick lens fiber

differentiation through fibroblast growth factor signaling [64].

9.6 Inhibiting EMT-Related PCO by Targeting TGFb Signals:
Experimental Approaches

The inhibition of proliferation and EMT of the lens epithelium migt be included in

future strategies for the prevention of fibrous post-cataract surgery PCO. Various

experimental trials have been tested to block the cell proliferation on the residual

lens capsule post-cataract extraction. Antiproliferative agents, e.g., mitomycin C,
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reportedly exhibited anti-PCO effects in animals, but have not yet been applied to

human patients [65]. Cell culture studies suggest that blocking growth factor

receptors or signaling cascades may also be effective [38]. As for the strategies

that focus on anti-EMT effects, the inhibition of Smad signaling might be a possible

concept for the prevention of PCO formation. Blocking antibodies against specific

growth factors/cytokines is widely applied in the treatment of inflammatory

diseases or pathological neovascularization. For example, neutralizing antibodies

against vascular endothelial growth factor (VEGF) are clinically used in the

treatment of malignancy or in VEGF-involved eye diseases, i.e., diabetic retinopa-

thy or age-related macular degeneration. Antibodies against tumor necrosis factor α
(TNFα) have anti-rheumatoid arthritis effects and therapeutic effects against per-

sistent uveitis of Behcet’s disease. Fibrogenic effects, including induction of EMT,

can be suitable targets for the prevention of PCO, although they are not yet

clinically applied.

The loss of Smad3 markedly impairs injury-induced EMT in the lens epithelium

in mice, suggesting that blocking the Smad2/Smad3 signal might be a reasonable

strategy to inhibit EMT in the lens epithelium post-injury [38]. Adenoviral gene

transfer of anti-Smad components, i.e., Smad7, bone morphogenetic protein-7

(BMP-7), or inhibitors of differentiation 2/3, also blocks injury-induced lens

epithelium EMT in mice [33, 66] (Fig. 9.7). These findings suggest that we will

Epithelial cell Tissue fibrosisMyofibroblast

Smad2/3

Activation of
TGFβ

Anti-Smad
(e.g., Smad7)

Anti-TβR

Anti-ligand
(e.g., antibody)

Fig. 9.7 Strategies of inhibition of epithelial–mesenchymal transition (EMT) by targeting TGFβ
actions. Lens epithelial cells acquire a myofibroblastic phenotype in association with the expres-

sion of α-smooth muscle actin and extracellular matrix components upon injury, surgery, or

exposure to excess growth factors. This process is regulated mainly by TGFβ/Smad signaling.

Therapeutic strategies against EMT include deletion of a ligand by administration of neutralizing

antibodies, for example, blocking ligand binding to its specific receptor using anti-TGFβ receptor
antibodies or by signaling inhibition using anti-Smad gene transfer techniques (reproduced from

Saika et al. [70])
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be able to use natural compounds that possess anti-Smad effects, for the purpose of

prevention of PCO. Natural compounds that have anti-Smad effects may also be

candidates for anti-fibrotics. Halofuginone, otherwise known as 7-bromo-6-chloro-

3-[3-(3-hydroxy-2-piperidinyl)-2-oxopropyl]-4(3H)-quinazolinone (one of the

quinazolinone derivatives), reportedly blocks tissue fibrosis by the upregulation

of Smad7, the inhibitory Smad [67]. Constituents of herbal medicines are also

potential candidates for anti-fibrogenic/inflammatory effects. For example, an

herbal medicine, Inchin-ko-to, and its constituents, genipin and emodin, have

anti-TGFβ effects, as revealed by experiments using cultured fibroblasts or

α-TN4 mouse lens epithelial cell line [68–70].

9.7 Concluding Remarks

It is well recognized that inhibiting TGFβ/Smad2/Smad3 signals is one of the most

promising therapeutics in the prevention/treatment of EMT-related fibrotic

diseases. Although PCO is currently surgically treated by Nd:YAG laser, the

procedure potentially increases the risk of rhegmatogenous retinal detachment.

PCO in children and infants has to be blocked to escape the development of

amblyopia. Gene therapy or strategies of non-gene therapy are to be clinically

established to inhibit the development of PCO [71, 73].
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Abstract

Lens epithelial cells (LECs) undergo tissue repair reaction following cataract-

intraocular lens (IOL) surgery. However, the reaction in turn produces

opacification of the lens capsule that potentially impairs vision. Histology and

immunohistochemistry are employed for characterization of the tissues of cap-

sular opacification. LECs transform into regenerated lens fiber structures and

myofibroblasts. The former behavior develops Soemmering’s ring in the periph-

eral capsular bag and Elschnig’s pearls on the inner surface of the posterior

capsule. Histology shows lens-like cellular arrangement in these structures. The

latter response is called epithelial-mesenchymal transition (EMT) and generates

fibrous tissue accumulation on the capsule. EMT-derived cells no longer exhibit

an epithelial feature, but accumulate fibrous extracellular matrix around them-

selves. Contraction of EMT myofibroblasts shrinks the postoperative lens cap-

sule around an IOL.
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10.1 Overview of Tissue Repair Reaction

When a tissue is damaged, local tissue repair (or wound healing) reaction takes

place. Tissue-specific resident cells and influx of inflammatory cells are involved in

the reaction. Following initial inflammation and subsequent primary tissue repair,

tissue resident cells proliferate and differentiate for the purpose of restoration of

normal tissue architecture and its function (tissue remodeling process) [1, 2]. For

example, the wound is first closed by blood clot in cutaneous wound healing

following an incision injury. Then polymorphonuclear leukocytes and macrophages

invade the tissue adjacent to the wound. Inflammatory cells secrete growth factors

and cytokines that modulate tissue resident cell behaviors and activate further

invasion of inflammatory cells. Epidermal keratinocytes migrate for the purpose

of recovering the wound surface and fibroblasts transform into myofibroblasts that

possess contractile characteristic and express various extracellular matrix involved

in tissue repair and fibrosis. Neovascularization also occurs in a newly formed

granulation tissue, promoted by angiogenic growth factors, e. g., vascular endothe-

lial growth factor (VEGF). Suppression of neovascularization impairs wound

healing, which further supports the critical roles of newly formed vessels there.

Once tissue is primary healed with granulation tissue, inflammatory cells and

myofibroblasts undergo presumably apoptosis and the inflammation and fibrotic

process decline, followed by tissue remodeling and restoration of normal cutaneous

structure. Neovascularization also gradually regressed. Complex machinery of

growth factor system has to mediate the regression of inflammation and the

granulation tissue [3, 4]. For example, the loss of tumor necrosis factor blocks the

regression on tissue inflammation caused by wound healing reaction.

This is also the case in a crystalline lens tissue, although different from skin as

the lens tissue lacks fibroblasts and blood vessels and is structured only by lens

epithelium and lens fibers. Following cataract extraction the residual LECs prolif-

erate and regenerate lenticular tissues [5–8]. However, such behavior fails to restore

whole functional crystalline lens, but forms immature lens structure of

Soemmering’s ring and Elschnig’s pearls (discussed below). LECs also produce

mesenchymal-type cells and fibrous tissue of capsular opacification (Fig. 10.1)

(discussed in detail below).

10.2 Behaviors of Postoperative Lens Epithelial Cells

Lens tissue is developed from invaginated surface ectoderm above the optic cup of

the neural tissue during embryonic development. Therefore, the basement mem-

brane locates at the surface of the crystalline lens, which finally forms the lens

capsule (Fig. 10.2a, b). The components of the lens capsule are quite similar to

those of the epidermal basement membrane; type IV collagen, laminin, and differ-

ent kinds of proteoglycans are detected [12]. The embryonic ectodermal cells on

the inner surface of the anterior capsule differentiate into LECs and those on the
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Fig. 10.1 Excess fibrosis at

the edge of the anterior

capsulotomy and posterior

capsular opacification in a

patient with pseudo-

exfoliation syndrome

Fig. 10.2 (a) Outline of posterior capsular opacification following cataract-intraocular lens (IOL)

surgery. In normal human crystalline lenses, a monolayer of lens epithelium locates beneath the

anterior capsule, being packed by anterior lens cortical fibers. Posterior capsule lacks inner

epithelium unlike anterior capsule (reproduced from Saika et al. [9] with a minor modification).

(b) Histological section stained by hematoxylin and eosin shows a flattened monolayer of the

epithelium beneath the capsule. Bar: 50 μm (Paraffin section) (reproduced from Saika [10] with a

minor modification). (c) An intraocular lens is observed inside an opaque capsular bag. The edge

of the anterior capsulotomy is more opaque as compared with the anterior capsule attaching to the

anterior surface of the lens optic part (reproduced from Saika [11] with a minor modification).

(d) A scheme of lens capsule post-cataract-IOL surgery. Fibroblastic lens cells generated through

epithelial-mesenchymal transition and fibrous extracellular matrix are observed on the inner

surface of the capsule. Peripheral capsular bag is occupied with regenerated lenticular fibers of

Soemmering’s ring. Lentoid structures of Elschnig’s pearls are also formed on the posterior

capsule, although not included in the scheme (reproduced from Saika et al. [9] with a minor

modification)



posterior capsule form lens fibers that are well organized for the purpose of the

maintenance of the tissue transparency.

Once lens tissue is injured by cataract-IOL surgery, the residual lens capsule

may become opaque during the long-term healing interval, which potentially

impairs patients’ vision (Fig. 10.2c). LECs take charge of the wound healing

reaction. The main finding of the developing process of posterior capsular

opacification (PCO) is an accumulation of abnormal tissue formed by the residual

LECs on the inner surface of the lens capsule [13–17], although the lens capsule

itself remains transparent. The lens capsule does not regenerate even though LECs

produce matrix components of the capsule, i.e., laminin, type IV collagen, and

proteoglycans. The LECs on the inner surface of the residual anterior lens capsule

migrate onto the inner surface of the posterior capsule and transform their pheno-

type into others much different from the original ones. As summarized above,

the LECs (de)differentiate in two ways; regeneration of lenticular structure and

fibroblastic transformation (or EMT) (Fig. 10.2d) [18, 19]. The former reaction

yields Soemmering’s ring and Elschnig’s pearls. The latter behavior causes fibrous

change of the residual capsule, but the capsule is not reformed. In infants

both fibrous PCO and lens regeneration are very significant. However, the exact

mechanism of the modulation of lens cell behavior toward either way (fibrous or

lens regeneration) is still to be uncovered; even one patient with infantile cataract

may exhibit fibrous PCO in one eye and lens regeneration-type PCO in another

eye [20]. Such reaction is further influenced by the material and shape of the IOL

implanted in the capsule [21, 22].

10.3 Histopathology of PCO

Although the lens capsule is quite thin (around 20 μm in the anterior and about 5 μm
in the posterior capsules), a healing-opacified capsule containing an IOL is thick.

The central portion of the residual posterior capsule of the crystalline lens

containing an IOL may become opaque with an accumulation of fibrous tissue on

the inner surface of the capsule during the long-term healing interval.

Scanning electron microscopy shows that cells of a fibroblast-like elongated

morphology are observed on the outer (anterior) and inner surface of the residual

capsule (Fig. 10.3a–c) [23, 24]. Such fibrotic contraction is also formed at the edge

of the anterior capsulotomy. Higher-magnification observation of the inner surface

of the posterior capsule behind the optic part of the IOL shows accumulation of

fibroblast-like cells and fibrous components in fibrous PCO tissue and spherical

lentoid structures of Elschnig’s pearls (Fig. 10.3d, e). Posterior lens capsule is

originally free from cells and therefore both fibroblast-like cells and Elschnig’s

pearl-type cells are considered to be derived from LECs that had located to the inner

surface of the anterior lens capsule (Fig. 10.4) [23, 24]. Regenerated lens-like tissue

may grow in the peripheral bag of the capsule, which is called as Soemmering’s

ring (Fig. 10.5). Fibrous opacification produced by EMT-lens cells is more marked

on the inner surface of the anterior capsule that covers the optic portion of an IOL
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implanted in the capsular bag as compared with the posterior capsule behind the

IOL optic (Fig. 10.6).

Transmission electron microscopy shows that fibrous capsular opacification

contains elongated cells and abundant extracellular matrix (Fig. 10.6e) [28, 29].

The matrix consists of classical collagenous fibers and basement membrane-like

structures surrounding cells. On the other hand, non-collagenous extracellular

matrix is observed in the area of lenticular structure regeneration. The cells there

are much more similar to the original LECs in terms of intracellular structure and

the packed arrangement of each cell.

10.4 Immunohistochemical Analysis of the Nature
of PCO Tissue

Histology has a limitation in the characterization of tissues. Immunohistochemistry

is therefore utilized in tissue specimens to gain further knowledge on the nature of

the PCO tissue and cells therein [12, 30–33]. Fibrous tissue accumulated between the

Fig. 10.3 Scanning electron micrographs of a human lens capsule following cataract-intraocular

lens (IOL) surgery. (a) Removing the IOL allows observation of the inner surface of the posterior

capsule. Bar: 500 μm. (b) Observation at a higher magnification shows fibrous change at the edge

of the anterior capsulotomy and the presence of fibroblast-like-shaped cells on the outer surface of

the anterior capsule. Bar: 50 μm. (c) Anterior portion of zonular bundles is seen on the outer

surface of the peripheral capsule. Bar: 100 μm. (d) Lentoid structures of Elschnig’s pearls are

detected on the inner surface of the posterior capsule. Bar: 50 μm. (e) Accumulation of collage-

nous fibers and presumed presence of a cell beneath the fibrosis are also observed on the inner

surface of the posterior capsule. Bar: 5 μm
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IOL optic and the inner surface of the capsule has been stained for various types of

fibrillar collagen types, fibronectin, laminin, hyaluronan, etc. (Figs. 10.6 and 10.7).

These extracellular matrix components were the ones detected in the tissue under

wound healing process, i.e., in granulation tissue of the skin wound. The lens cells

after an injury or surgery alter the expression pattern of integrins, the receptor family

of extracellular matrix ligands. The fibroblast-like cells in the fibrous tissue in the

capsule stained for α-smooth muscle actin, the marker of myofibroblasts [34]. The

presence of myofibroblasts explains the gradual contraction of the residual capsule

during healing following cataract extraction because of the contractile characteristic

of the cells. Although in tissues a myofibroblast is in general derived from a

fibroblast upon stimulation, i.e., specific cytokine binding to the receptor, such cell

in the lens capsule is produced from a LEC through the process of EMT [9, 35–37].

Fig. 10.4 Histology of Elschnig’s pearls. (a) Elschnig’s pearls are observed at the edge of a

posterior capsulotomy performed by Nd:YAG laser (reproduced from Saika [25] with a minor

modification). (b) Light microscopic histology of Elschnig’s pearls and elongated lens cells

accumulated on the inner surface of the posterior capsule in a rabbit eye following healing after

an experimental cataract extraction and implantation of an intraocular lens. Elongated fibroblast-

like cells presumed generated through epithelial-mesenchymal transition of lens epithelial cells

and homogenous Elschnig’s pearls are observed. Bar: 10 μm (Epon section with toluidine blue

staining) (reproduced from Saika [26] with a minor modification). (c) Scanning electron micros-

copy shows accumulation of regenerated lenticular structures on the inner surface of the posterior

capsule in a human case of posterior capsular opacification. Bar: 50 μm. (d) High magnification

observation in the frame C indicates velutinous surface of the structure. Bar: 10 μm
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Detailed examination also detected the expression of transforming growth factor

β (TGF-β) subtypes on the cell surface receptors in healing LECs in human PCO

specimens. Aqueous humor also contains abundant TGF-β2. TGF-β activates signal
transduction cascades, i.e., Smad and non-Smad signals, and are considered to

modulate behaviors, i.e., EMT of LECs (discussed in Chap. 9). Behaviors of

LECs around an implanted IOL are further affected by the nature of the material

of the IOL [6, 13] (discussed in detail below).

10.5 Cell Adhesion to the Anterior Surface of an Implanted IOL

In usual cases the peripheral part of the anterior surface of the implanted IOL is

covered by the edge of the anterior lens capsule. Macrophages and foreign-body

giant cells are usually observed on the IOL surface through slit-lamp biomicroscopy

Fig. 10.5 (a) Observation of Soemmering’s ring formed between the peripheral capsular bag and

an intraocular lens (IOL). (b) Hematoxylin and eosin staining shows presence of lens fiber-like

cells in peripheral lens capsular bag. Bar: 1 mm. (c) Higher-magnification examination showed

that regenerated lenticular fibers are packed beneath a line of lens epithelium attaching to the inner

surface of the lens capsule. Bar: 100 μm (Frames B, C, paraffin section). (d) Transmission electron

microscopy demonstrates each lenticular fiber cell connected to each other. Cytoplasmic

organelles seem to be poorly developed. Bar: 5 μm (a–c, reproduced from Saika [10] with a

minor modification)

10 Histology of Posterior Capsular Opacification 183

http://dx.doi.org/10.1007/978-4-431-54300-8_9


as well as under histological examination of an extracted specimen [38, 39].

However, the foreign-body reaction by macrophages and macrophage-derived

giant cells fails to rap an implanted IOL and the IOL maintains optical function.

LECs also migrate onto the anterior IOL surface (outgrowth) besides moving

toward the equator of the lens capsular bag and posterior capsule (Fig. 10.8). The

degree of the outgrowth of the LECs is affected by the characteristics of the IOL

material [13]. Lens epithelium outgrowth is less common with a silicone IOL as

compared with an IOL made of PMMA or hydrophobic acrylic material. On the

other hand, fibrosis and subsequent tissue contraction is more marked with a

silicone IOL as compared with other IOL materials as discussed below.

Fig. 10.6 (a) Observation of fibrous opacification of the anterior capsule that covers the periphery

of the optic of an intraocular lens (IOL). (b) Hematoxylin and eosin staining shows presence of

elongated cells in the accumulation of eosinophilic matrix substance beneath the anterior capsule.

Immunohistochemical examination of the specimen reveals the cells are myofibroblasts positive

for α-smooth muscle actin (c) and the matrix is labeled with anti-collagen type I antibody.(d)

(frames b–d, paraffin section) Bar: 50 μm in frames b–d. (e) Transmission electron microscopy

showed the presence of elongated cells in the matrix. Each cell is surrounded by basement

membrane-like relatively homogenous matrix layer. Bar: 5 μm (a–d, reproduced from Saika

[27] with a minor modification)
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10.6 IOL Materials and PCO

Surface characteristics of artificial materials affect cell behaviors, i.e., cell migra-

tion, proliferation, and cell death as revealed by in vitro cell culture studies [13].

This is considered to be the case in in vivo conditions when a foreign-body material

is implanted in tissue [40–42]. Clinical observation indicates that the degree and

nature of PCO or fibrosis of the anterior lens capsule at the capsulotomy edge

following cataract extraction and implantation of an IOL is affected by the

characteristics of the IOL material surface, i.e., hydrophilic or hydrophobic.

A hydrophobic material, i.e., silicone, reportedly more markedly activates fibroblas-

tic reaction, i.e., EMT of LECs as compared with other materials. On the other hand,

a hydrophilic material of hydrogel accelerates proliferation of LECs, but affects the

Fig. 10.7 (a) Immuno-detection of collagen type I on the inner surface of the capsular bag. IOL,

intraocular lens. Bar: 25 μm (cryosection) (reproduced from Saika S et al. [12] with a minor

modification). (b) During postoperative healing, lens epithelial cells transform into fibroblastic-

shaped cells and migrate to the inner surface of the posterior capsule behind the optic of an

intraocular lens in association with accumulation of extracellular matrix. Bar: 50 μm (paraffin

section). (c) Immunohistochemistry detected the expression of α-smooth muscle actin in the cells,

indicating that the cells are myofibroblasts generated through epithelial-mesenchymal transition.

Bar: 50 μm (paraffin section)
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process of EMT minimally. Histopathology of the healing lens capsule supports the

clinical findings. Histology and immunohistochemistry of the fibrotic tissue at the

capsulotomy edge of the anterior capsule with a silicone IOL show that the cells are

more fibroblastic in morphology as compared with the cells with a hydrophilic IOL

and labeled for α-smooth muscle actin, the hallmark of an EMT-derived

myofibroblast [43].
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PCO Rates in a Large Series of Human Eyes
Obtained Postmortem 11
Shannon Stallings and Liliana Werner

Abstract

A significant amount of information can be obtained from pathological analyses

of pseudophakic human eyes obtained postmortem in terms of interactions

between an intraocular lens material/design and surrounding ocular tissues.

The ability to perform direct analyses of an entire organ containing an artificial

implant, obtained at different intervals after implantation and in large numbers,

is unique to Ophthalmology. In our laboratory located at the Moran Eye Center,

University of Utah, we have analyzed more than 600 donor eyes implanted with

different lenses. In this chapter we describe some of our major studies using

these important specimens, which focused on capsular bag opacification. Rela-

tively large series of eyes were used to compare 1- and 3-piece hydrophobic

acrylic lenses in terms of posterior capsule opacification. The outcome of this

complication was also compared between 3-piece silicone lenses with round

or square posterior optic edges. Furthermore, we had the opportunity to evaluate

a small number of eyes implanted with the bag-in-the-lens, which is not avail-

able in the United States. We expect to gain better knowledge on preventative

measures for posterior capsule opacification and other complications as

our series increases and new intraocular lens designs become available in

the market.
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11.1 Introduction and Background

Posterior capsule opacification (PCO) remains the most frequent complication

affecting cataract surgery with intraocular lens (IOL) implantation [1, 2]. While

better understanding of the mechanisms involved in lens epithelial cell (LEC)

proliferation and migration across the posterior capsule has led to development of

preventive measures, a clear, definitive answer to this problem has yet to emerge.

Therefore, it is important to continually evaluate the effectiveness of such

measures. Although animal studies have provided significant data, especially with

regard to evaluation of new IOL designs and their effect on PCO prevention, and

are the preferred method when an appropriate nonanimal model is unavailable, no

model exists that duplicates a human eye unerringly. Furthermore, it is often

difficult to study long-term effects of a new surgical technique or new implantable

device in living patients. They may be lost to follow-up or decide to withdraw from

participation, for instance. Complete pathological assessment is also not possible in

clinical studies.

Human eyes obtained postmortem from donors who underwent device implan-

tation during their lifespan may provide some of the most accurate insights into the

effects of the implant to the eye. The ability to perform direct analysis of an entire

organ containing an artificial implant, obtained at different intervals after implan-

tation and in large numbers, is unique to Ophthalmology. Pathologic evaluation of

pseudophakic human eyes obtained postmortem is of utmost importance in under-

standing the interactions between the IOL biomaterial and the IOL design and the

intraocular structures.

11.1.1 Moran Eye Center Database of Pseudophakic Human Eyes
Obtained Postmortem

At the time of this writing, 661 pseudophakic human eyes mostly obtained post-

mortem from eye banks within the United States have been evaluated in our

laboratory at the Moran Eye Center [3, 4]. The donor eyes had been implanted

with different IOLs. In this chapter we describe PCO results from this large eye

bank series. To accomplish this, once enucleated, globes were placed into a solution

of 10 % neutral buffered formalin for at least 48 h. The staff of the participating eye

banks was instructed to attempt to obtain the date of the implantation procedure

whenever possible, generally through interaction with the donor family. Gross

measurements were obtained using a digital metric ruler; measurements included

anterior–posterior length, equatorial diameter, and corneal diameter. Each whole

eye then had anterior segment scanning with a very-high-frequency (VHF) ultra-

sound system with digital enhancement (Artemis, ArcScan). The system uses a

broadband 50 MHz transducer (bandwidth 10–60 MHz), which sweeps in a reverse

arc high-precision mechanism to acquire B-scans [5]. Information, such as the

position of the IOL in relation to intraocular structures, IOL tilt, and IOL
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decentration, was therefore obtained before disruption caused by sectioning

(Fig. 11.1a).

Each eye was then sectioned at the equator. Gross examination of the anterior

segment was performed from the posterior aspect (Miyake–Apple view) to assess

the degree of capsular bag opacification. The intensity of anterior capsule

opacification (ACO) was scored from grades zero to four. The intensity of central

PCO (behind the central 3.0 mm of the IOL optic), peripheral PCO (behind the

periphery of the IOL optic), and Soemmering’s ring formation (equatorial region of

the capsular bag, outside the IOL optic area) was also scored from grades zero to

four, according to previous studies [6–9]. The area of Soemmering’s ring formation

was noted from zero to four (according to the number of quadrants involved). Other

aspects analyzed from the posterior view were coverage of the IOL optic periphery

by the anterior capsule (noted from 0� to 360�) and IOL fixation (e.g., bag–bag,

bag–sulcus, sulcus–sulcus) (Fig. 11.1b).

Eyes with any degree of PCO were further analyzed for the site of peripheral

PCO initiation (initial PCO). After gross examination, the anterior segment of

selected eyes was sectioned in the pupil–optic nerve plane, with the cuts oriented

parallel to the axis passing through the optic–haptic junctions (in the case of looped

Fig. 11.1 Very-high-

frequency ultrasound scan

from a human eye obtained

postmortem (a), obtained

before sectioning of the eye,

and corresponding gross

photograph obtained from the

posterior or Miyake–Apple

view (b). The eye was

implanted with a 1-piece

hydrophobic acrylic lens,

which is overall centered in

relation to the capsular bag.

The lens is symmetrically

fixated within the bag, the

capsulorhexis edge covers the

optic periphery for 360�, and
the capsular bag is overall

clear
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single-piece lenses). This secured the entire IOL in the entire capsular bag and

ensured that histopathologic cuts would pass through the optic–haptic junctions.

Other axis orientations were used in some eyes, according to the IOL model. After

dehydration and embedding in paraffin, the eyes were sectioned and stained with

different methods such as periodic acid-Schiff (PAS) and Masson’s trichrome

stains. Multiple 3-micron thick sections of each eye were then examined under a

light microscope, and photomicrographs were taken for photodocumentation.

11.2 Evaluation of Hydrophobic Acrylic Lenses
in Human Eyes Obtained Postmortem

In vitro [10, 11], animal [7–9], and clinical studies [12–14] have found that an

important design feature for PCO prevention is a sharp (square) edge on the

posterior optic IOL surface, which creates a more effective barrier against PCO

(more details on the role of the square edge on PCO prevention can be found in

Chap. 17). Numerous studies have shown that this modification results in lower

PCO rates, and modern IOLs generally include this feature. It has been

hypothesized that because of this barrier effect from the square edge, a 3-piece

IOL would be more successful in preventing PCO than a 1-piece lens. The optic–

haptic junction of a 1-piece lens remains vulnerable to PCO formation, because it

lacks barrier protection if the lens has a smooth transition between the optic and the

haptics. Additionally, rabbit studies performed previously have found that when-

ever PCO started with such 1-piece IOLs, it had a tendency to start at the level of the

optic–haptic junctions [7–9]. On the other hand, a 3-piece lens lacks this vulnera-

bility at the optic–haptic junction and should be able to maintain a 360-degree sharp

edge along the posterior optic. However, most available prospective randomized

clinical studies report no statistically significant difference in PCO rates between

1- and 3-piece hydrophobic acrylic IOLs [15–21].

In a study done in our laboratory comparing 219 human eyes with hydrophobic

acrylic lenses obtained postmortem, no difference was found in terms of peripheral

or central rates of PCO among eyes with 1-piece versus 3-piece lenses [4]. The

study included 119 eyes with a 1-piece hydrophobic acrylic lens of the AcrySof

design (Alcon Laboratories) and 100 with a 3-piece hydrophobic acrylic lens of

either the AcrySof or the Sensar AR40e design (Abbott Medical Optics, Inc.).

Initial peripheral PCO was found in 84 eyes (71 %) with 1-piece IOLs, which

was statistically similar to 61 eyes (61 %) with 3-piece IOLs. There was no

statistically significant difference in peripheral or central PCO rates or degrees of

continuous curvilinear capsulorhexis (CCC) coverage over the optic between these

two groups of eyes, although there were statistically significant higher rates of ACO

and Soemmering’s ring in eyes with 3-piece IOLs. In 63 (75 %) of the 84 eyes with

1-piece IOLs and peripheral PCO, the site of PCO initiation was at the optic–haptic

junction (Figs. 11.2 and 11.3). Furthermore, the authors hypothesized at the begin-

ning of the cadaver eye study that the site of initial PCO in eyes with 3-piece IOLs

would be in areas of the optic periphery not covered by the CCC. However, no
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statistically significant correlation between the site of initial PCO formation and

sites lacking anterior CCC coverage over the optic periphery in these eyes was

found (Fig. 11.4).

A comparison of thirty-three 1-piece IOLs with less than 3 years of postoperative

time (mean 20.7� 8.7 months) and twenty-two 1-piece IOLs with 3 or more years

of postoperative time (mean 59.1� 21.5 months) showed that the postoperative

time had no statistically significant effect on the rate of ACO or central PCO.

However, the rate of peripheral PCO and Soemmering’s ring formation was

Fig. 11.2 Gross photographs from human eyes obtained postmortem implanted with 1-piece

hydrophobic acrylic lenses, obtained from the posterior or Miyake–Apple view (a and b). The

arrows show the site of initial posterior capsule opacification. Both eyes have complete

capsulorhexis coverage of the optic periphery and posterior capsule opacification started at the

optic–haptic junctions. Published in Ness et al. [4]

Fig. 11.3 Photomicrographs of histopathologic sections cut from human eyes obtained postmor-

tem implanted with 1-piece (a) and 3-piece (b) hydrophobic acrylic lenses. The material within the

Soemmering’s ring (S) started to proliferate onto the posterior capsule (P) in the 1-piece lens, at the

level of the optic–haptic junction. The arrow indicates the capsular imprint of the square edge of

the optic of the 3-piece lens. Published in Ness et al. [4]

11 PCO Rates in a Large Series of Human Eyes Obtained Postmortem 193



statistically higher with longer postoperative times. Similar results were observed

in a comparison of fifteen 3-piece IOLs with less than 3 years of postoperative time

(mean 20.5� 10.9 months) and twenty-seven 3-piece IOLs with 3 or more years of

postoperative time (mean 85.2� 41.9 months) with the exception of peripheral

PCO, in which comparison did not reach statistical significance, only a trend toward

more peripheral PCO with longer postoperative times. In conclusion, in this series

of postmortem pseudophakic human eyes, there was no difference in PCO forma-

tion between 1- and 3-piece hydrophobic acrylic IOLs.

11.3 Evaluation of Silicone Lenses in Human Eyes Obtained
Postmortem

In 2004, Nixon showed the advantage of the square-edged design in vivo in silicone

lenses [22]. In general, the edges of silicone IOLs are thought to be sharper than

those of hydrophobic acrylic and hydrophilic acrylic IOLs ([23–25]; see Chap. 17).

Nixon implanted a square-edged silicone IOL (SoFlex SE, Bausch & Lomb) in

25 patients who had had a conventional round-edged version of the same IOL

(SoFlex LI61U, Bausch & Lomb) implanted in the contralateral eye [22]. The IOLs

were sequentially photographed between 1 week and 9 months after surgery under

high-magnification slit-lamp examination using a high-resolution digital camera.

At 1 week, both designs had evidence of LEC migration along the posterior capsule.

At 1 month, both IOL designs showed 360� of anterior and posterior capsule

adhesion to the edge of the optic. At 1 month, however, migrating LECs encoun-

tered a “damming” effect at the square posterior edge, but not at the round edge.

Fig. 11.4 Gross photographs from human eyes obtained postmortem implanted with 3-piece

hydrophobic acrylic lenses, obtained from the posterior or Miyake–Apple view. The arrows show
the site of initial posterior capsule opacification in all eyes. (a) The eye has incomplete

capsulorhexis coverage of the optic periphery; posterior capsule opacification started at an

uncovered optic site. (b) Although the eye has complete capsulorhexis coverage of the optic

periphery, initial posterior capsule opacification can be observed. Published in Ness et al. [4]
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A thin fibrotic ring began to form around the SoFlex SE edge at 2 months and was

complete for 360� at 3 months. At 9 months, there was no evidence of LEC

migration beyond this ring. With round-edged IOLs, the fibrotic ring never fully

formed and LEC migration continued posterior to the optic.

In the following study performed in our laboratory evaluating silicone IOLs, the

authors hypothesized that rates of PCO would be lower in cadaver eyes with square-

edged IOLs, assuming both groups of silicone IOLs would induce similar amounts

of fibrosis and considering the overall superior sharpness of the edge of square-

edged silicone IOLs on the market [3]. In this study, the rate of PCO in round versus

square-edged silicone IOLs was compared. Donor eyes that had symmetric in the

bag fixation of silicone IOLs were included in the analysis. 43 eyes contained a

3-piece silicone square-edged lens, while 87 contained a 3-piece silicone lens with a

rounded edge. The 3-piece round-edged IOLs consisted of the SI-30 and SI-40

(both Abbott Medical Optics, Inc.), the LI61U (Bausch & Lomb), and 3-piece

silicone models with polyimide haptics (Staar Surgical) (Fig. 11.5). The square-

edged group consisted of Clariflex IOLs (Abbott Medical Optics, Inc.) and CeeOn

Edge IOLs (Pharmacia) (Fig. 11.6).

The authors found that there was a statistically significant difference in central

and peripheral PCO formation between 3-piece IOLs with round edges and square

edges (Fig. 11.7). Of the 43 eyes with 3-piece square-edged silicone IOLs, 15 had

initial peripheral PCO and 9 of them had incomplete capsulorhexis coverage of the

optic periphery. Peripheral PCO started at the site without capsulorhexis coverage

in eight of nine eyes. Performance of a centered capsulorhexis with a diameter

slightly smaller than the IOL optic, providing coverage of the optic periphery for

360� is apparently beneficial in terms of PCO prevention, and most available

clinical studies found that this capsulorhexis configuration decreases the rate of

PCO formation [26]. However, a study by Vasavada et al. could not confirm such a

benefit [27]. The capsulorhexis coverage of round-edged and square-edged silicone

Fig. 11.5 Gross photographs from the posterior or Miyake–Apple view of cadaver eyes

implanted with round-edge, 3-piece silicone lenses. All eyes exhibit significant Soemmering’s

ring formation and variable degrees of peripheral posterior capsule opacification and anterior

capsule opacification. (a) SI-30 (Abbott Medical Optics, Inc.), with Prolene haptics. (b) SI40

(Abbott Medical Optics, Inc.), with PMMA haptics. (c) AQ series (Staar Surgical), with polyimide

haptics. Published in Maddula et al. [3]
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IOLs was essentially similar in the study, but eight of the nine eyes with incomplete

capsulorhexis coverage, exhibited peripheral PCO initiation at this site [3].

Eyes with 3-piece square-edged silicone IOLs were further divided into two

subgroups according to the postoperative period (<3 or �3 years). There was no

statistically significant difference in central and peripheral PCO or in

Soemmering’s ring formation. However, there was a trend toward more

Soemmering’s ring formation and peripheral PCO with longer postoperative time.

Finally, a smaller subset, consisting of 26 silicone plate lenses was received in

addition to the 3-piece lenses. All of the eyes generally exhibited significant ACO,

central and peripheral PCO, Soemmering’s ring formation, and capsular bag con-

traction, including capsulorhexis phimosis. Out of 26 eyes, 21 had Nd:YAG

posterior capsulotomy for central PCO (80.76 %). Mild to moderate IOL

decentration was observed in this group, especially in association with asymmetric

capsular fibrosis (Fig. 11.8). The results confirm those of previous studies with this

lens design [6, 28, 29].

11.4 Evaluation of the Bag-in-the-Lens in Human Eyes
Obtained Postmortem

The “bag-in-the-lens” (BIL) concept theoretically prevents PCO by changing the

relationship between the IOL and the capsular bag, eliminating contact between the

lens and the inner surface of the latter [30–40]. It involves the use of a twin

capsulorhexis lens design and performance of anterior and posterior capsulorhexes

of the same size. According to this concept, if both capsules are well stretched

around the optic of the lens, any remaining LECs will be captured within the

remaining space of the capsular bag, and their proliferation will be limited to this

Fig. 11.6 Gross photographs from the posterior or Miyake–Apple view of cadaver eyes

implanted with square-edge, 3-piece silicone lenses. Both eyes exhibit significant Soemmering’s

ring formation, variable degrees of anterior capsule opacification, but no central or peripheral

PCO. (a) Clariflex (Abbott Medical Optics, Inc.), with PMMA haptics. (b) CeeOn Edge

(Pharmacia), with PVDF haptics. Published in Maddula et al. [3]
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space, so the visual axis will remain clear. More details on the BIL are presented

in Chap. 22.

We had the opportunity to receive in our laboratory six eyes implanted with the

BIL from patients of Dr. Marie-José Tassignon, inventor of the concept.

The patients had terminal cancer and donated their eyes for postmortem research

[39, 40]. Capsular bag diameter, pupil diameter, average space in the periphery of

Fig. 11.7 Light photomicrographs obtained from pseudophakic cadaver eyes. (a) Eye implanted

with an SI-30 (Abbott Medical Optics, Inc.). (b) Eye implanted with a Clariflex (Abbott Medical

Optics, Inc.) lens. Although both eyes exhibit significant Soemmering’s ring formation, there is a

lack of material proliferating onto the posterior capsule in (b). Published in Maddula et al. [3]
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the capsular bag, decentration of the lens in relation to the capsular bag, and

decentration of the lens in relation to the pupil were measured, using a program

created in MatLab 6.5 for this purpose. All BILs implanted were Morcher

(Stuttgart, Germany) type 89A, single-piece lenses manufactured from a hydro-

philic acrylic material (28 % water content). This lens has a round biconvex optic

with an equatorial groove defined by two oval flanges (haptics). The anterior flange

is a continuation of the anterior surface of the optic, and the posterior flange is a

continuation of the posterior surface. Both flanges are perpendicularly oriented to

each other to promote stability and prevent tilt. All but one case had uneventful BIL

procedures. The postoperative time in this series ranged from 4 to 39 months.

Because the special design of the BIL renders its centration and postoperative

stability primarily dependent on the position of the two capsulorhexes, performance

of centered capsulorhexes of appropriate sizes is of utmost importance in BIL

implantation. In each case but one cadaver eye, ultrasound examination revealed

the presence of a well-fixated, well-centered IOL located at the level of the capsular

bag. The maximal BIL decentration observed in the specimens included in this

study with uneventful surgery was 0.301 mm (in relation to the capsular bag) and

0.532 mm (in relation to the pupil). In one eye, the anterior capsulorhexis was torn

off, and although BIL implantation was still possible, a relatively large degree of

decentration was observed postoperatively [40]. The degree of decentration

observed was, however, not clinically significant with implantation of a monofocal,

spherical lens. Previous studies have estimated the mean decentration in relation to

the limbus at 0.304� 0.17 mm, and decentration in relation to the pupil at

0.256� 0.15 mm by measuring 180 eyes from 125 patients examined at 5 weeks

and 6 and 12 months after surgery. The geometric center of the IOL, measured on

Fig. 11.8 Gross photographs from the posterior or Miyake–Apple view of cadaver eyes

implanted with silicone plate lenses. Both eyes exhibit Soemmering’s ring formation, significant

capsular bag and capsulorhexis contraction, anterior capsule opacification, and peripheral poste-

rior capsule opacification. They also underwent Nd:YAG posterior capsulotomy for central

posterior capsule opacification. (a) Silicone plate with small fixation holes. (b) Silicone plate

with large fixation holes. Published in Maddula et al. [3]
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a red reflex slit-lamp photograph, was compared with the geometric center of the

limbus and the pupil by using the same computer program mentioned earlier [36].

In a donor eye with a postoperative time of 4 months, 3 patches of regenerative/

proliferative whitish material were observed in the equatorial region of the capsular

bag (beginning of Soemmering’s ring formation). The capsular bag was otherwise

clear. The bag was also mostly clear in two other donor eyes with a postoperative

time of 9 months (Fig. 11.9a). More significant Soemmering’s ring formation was

observed in a donor eye with a postoperative time of 27 months, occupying

approximately one half of the periphery of the capsular bag (Fig. 11.9b). Abundant

Soemmering’s ring formation was observed for 360� in the capsular bag of two

donor eyes with postoperative times of 38 and 39 months (Fig. 11.9c). In all

instances, the visual axis remained perfectly clear [40].

Whenever the anterior and posterior capsules were properly secured in the

peripheral groove of the IOL, BIL implantation has been proven to be highly

effective in preventing PCO. In this series, histopathologic sections passing through

the center of the capsular bag showed anterior and posterior capsule openings

directed to the groove at the periphery of the lens. In this configuration, any

regenerative/proliferative material would remain confined to the intercapsular

space of the capsular bag remnant outside the optic rim/groove, which was

observed in the gross analysis of the eyes and confirmed by histopathologic

evaluation. Cortical material and pearls were found within the Soemmering’s ring

formation. Tissue composed of LECs and fibrosis was present on the inner surface

of the anterior capsule, apparently mediating adhesion between anterior and poste-

rior capsules at the rhexis sites (Fig. 11.10).

It appears that a fibrocellular tissue develops during the first postoperative year

on the inner surface of the anterior rhexis margin (rhexis fibrosis), which mediates

adhesion between anterior and posterior capsules at that site, inside the IOL groove.

This most likely helps enhance the postoperative stability of the lens and the

confinement of any regenerative/proliferative material to the remaining space of

Fig. 11.9 Gross photographs from the posterior or Miyake–Apple view of cadaver eyes

implanted with the bag-in-the-lens. From (a) to (c) the proliferative material within the capsular

bag forming the Soemmering’s ring increases with increasing postoperative time. The area behind

the optic remains perfectly clear. Published in Werner et al. [40]
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the capsular bag. Indeed, this was clearly observed during gross and histologic

analyses of eyes that exhibited significant amounts of Soemmering’s ring formation

[40]. These results confirm previous studies on preclinical (in vitro studies using a

human capsular bag model and studies in rabbit eyes) and clinical evaluations of the

BIL in adult and pediatric eyes [30–38].

Fig. 11.10 Histopathologic sections cut through the anterior segment of a pseudophakic cadaver

eye implanted with the bag-in-the lens (BiL). (a) The outline of the lens can be seen behind the iris.

Anterior and posterior capsule openings are directed to the peripheral groove of the lens. (b) The

arrow shows the presence of proliferative/regenerative material confined to the equatorial region

of the capsular bag. Published in Werner et al. [39]
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11.5 Summary

In conclusion, factors in PCO prevention have been described as IOL related or

surgery related [6]. In terms of IOL design, this chapter has examined 1- versus

3-piece designs and square versus round edges. In the first series of postmortem

pseudophakic human eyes, there was no difference in PCO formation between

1- and 3-piece hydrophobic acrylic IOLs [4]. When PCO occurred with the

1-piece design, it had a tendency to start at the optic–haptic junctions. It has

previously been proven that square edges are more beneficial in preventing PCO

than round edges, but this feature has to be present for 360� around the optic edge

for maximal efficiency [7–9]. This particularly cadaver eye study did not show any

statistically significant correlation between the site of initial PCO formation and

sites lacking anterior CCC coverage over the optic periphery in eyes with 3-piece

hydrophobic acrylic lenses [4]. In the large series of eyes obtained containing

silicone lenses, a statistically significant difference in central and peripheral PCO

between round-edged IOLs and square-edged 3-piece silicone IOLs was found

[3]. This confirms that the role played by the IOL design in PCO prevention is

more preponderant than the role of the IOL material, as lenses manufactured from

other than hydrophobic acrylic can also be effective in preventing PCO provided

they have a square (and continuous) optic edge. Contrary to the study on hydropho-

bic acrylic lenses [4], the study on silicone lenses showed a trend toward initiation

of PCO in areas without CCC coverage over the optic periphery [3]. We also had

the opportunity to analyze the first series of human eyes implanted with the BIL,

obtained postmortem at different postoperative times [39, 40]. BIL centration

depends on the performance of centered capsulorhexes, of appropriate size. The

results confirm the concept of the lens design in that any proliferative/regenerative

material remains confined to the intercapsular space of the capsular bag remnant

outside the optic rim. We hope to be able to analyze other, more recently commer-

cially available IOLs as our series of pseudophakic human eyes obtained postmor-

tem increases. It would be particularly interesting to evaluate eyes implanted with

specialized IOLs, such as accommodating lenses.
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Natural Course of Elschnig Pearl Formation
and Disappearance 12
Nino Hirnschall and Oliver Findl

Abstract

This book chapter summarizes different observational studies to show morpho-

logical short-term changes of Elschnig pearls. Firstly, a classification of different

types of regeneratory posterior capsule opacification is given. In a second part,

the natural course of Elschnig pearls within days and weeks without treatment is

explained. Elschnig pearls disappear and appear within days. The degree of

progression and regression varies greatly between the eyes. These morphologi-

cal changes were observed to an even greater extent in Elschnig pearls that

survived a Nd:YAG capsulotomy. Even after low-energy Nd:YAG laser

treatments with and without opening the posterior capsule, rapid morphological

changes of Elschnig pearls were observed. Within the years after Nd:YAG

capsulotomy groups of Elschnig pearls at the capsulotomy margin were

observed, so-called pearl strings.

Knowledge about Elschnig pearl turnover with and without treatment could

be of importance for attempts to modulate lens epithelial cell regeneration or

lens regrowth as well as for lens refilling procedures.
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12.1 Introduction

A better understanding of the natural course of posterior capsule opacification

(PCO) development may be of critical importance to tackle PCO, which is still

the main long-term complication after cataract surgery and an obstacle for lens

refilling or Phaco-Ersatz, the ultimate attempt to treat presbyopia. Since it has not

yet been possible to remove all lens epithelial cells (LECs) during cataract surgery

and a complete depletion may compromise lens capsule integrity in the long term,

modulating LECs is a possible solution. To attempt to do this, however, a better

understanding of the dynamics of PCO change and Elschnig pearl turnover are

needed.

Clinically, PCO has two different components: a regeneratory and a fibrotic

component (Fig. 12.1). Regeneratory PCO has more clinical impact and is the main

reason for a decrease in visual function after implantation of an intraocular lens

(IOL) [1–3].

12.2 Classification of Regeneratory PCO

12.2.1 Elschnig Pearls

Clinically the most important cells of PCO are the (Hirschberg) Elschnig pearls,

which form lentoid bodies. Kappelhof and coauthors [4] stated that these pearls

show a nucleus sometimes located within the basal and slender part of the cell.

The morphology of the nuclei was found to vary from round to oval to lobulated.

Fig. 12.1 Two different types of posterior capsule opacification (PCO) are shown. The left image
shows regeneratory (Elschnig pearl) type, and the right one shows fibrotic PCO
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Apart from the nucleus a rare vesicular body was found. The pearls appeared

as globular structures with an elongated form of the basal part, and the structures

of the pearls varied, from smooth to covered with microvilli. The abnormal globular/

spherical shape of the Elschnig pearls is thought to be a result from the absence of the

normal internal lenticular pressure. Elschnig pearls are interconnected by gap

junction and desmosome-like structures. The membranes of the most superficial

Elschnig pearls exhibited a microvillous surface and between the posterior capsule

and the Elschnig pearls there was a space measuring 0.5–2 μm wide [5].

12.2.2 Soemmering’s Ring

First the Soemmering’s ring was described in connection with ocular trauma [6]. Its

morphology was described as a dumbbell or donut-shaped lesion of lens remnants,

the E-cells, that may occur after rupture of the anterior lens capsule or anterior

capsulotomy during extracapsular cataract extraction (ECCE). After the implanta-

tion of an IOL, the Soemmering’s ring is often localized in the capsule bag fornix,

where the haptics of the IOL are located.

In the mid-periphery the opened anterior capsule adheres to the intact posterior

capsule and due to the mitosis and proliferation of the remaining epithelial cells the

space in between is filled up by lens fibers [6].

12.2.3 Monolayer and Acellular Spaces

Monolayers are fine relatively transparent layers of LECs that sometimes contain

acellular spaces, appearing like “cheese holes” (Fig. 12.2) [7].

Fig. 12.2 Cheese holes

(acellular spaces) surrounded

by bridges of lens epithelial

cells on the posterior lens

capsule
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12.3 Morphological Changes of Elschnig Pearls

12.3.1 Natural Course

In a recent study [8], morphological short-term changes of more than 6,000

Elschnig pearls in 85 eyes were analyzed and pronounced changes of pearls

between each follow-up examination were found. The degrees of increase and

decrease (Fig. 12.3) in pearl size and also the number of disappearing (Fig. 12.4)

and newly formed pearls were quite heterogeneous among eyes and among patients.

On the one hand, there were eyes with a highly active progression and also

regression of pearls, so a high turnover of pearls, and on the other hand there

were eyes with little progression and regression. Fusion (Fig. 12.5) and separation

(Fig. 12.6) were found in less than 2 % of all pearls in a time period of 2 weeks.

It was shown that in about 70 % of all eyes, pearls increased in size during a

2-week period [8, 10]. Newly appearing pearls are always small, but pearls that

Fig. 12.3 Retroillumination images were taken 2 weeks (left image), 1 week (middle image), and
10 min (right image) before Nd:YAG capsulotomy and demonstrate the increase in pearl size

(white arrow) and the decrease in pearl size (yellow arrow) in the same eye

Fig. 12.4 The arrow points at a large round Elschnig pearl that disappears within 2 weeks [9]
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disappear range from large to small indicating a different mechanism for loss of

pearl volume than apoptosis. Osmotic variations seem likely as the mechanism,

with rapid change in pearl size instead of pearl death. However, an extreme

decrease in pearl volume does not necessarily mean the complete disappearance

of the pearl, since it may still be present in a very small size, but not identifiable in

retroillumination photography.

Fig. 12.5 Retroillumination images taken 10 min (left image) and 1 (middle image) and 2 (right
image) weeks before the Nd:YAG capsulotomy of the same eye to demonstrate the fusion of pearls

Fig. 12.6 Box plot of the solidity of all pearls. The higher the solidity, the less frayed and the

more regular the pearl as also illustrated by the sample photographs. Representative pearls chosen

at each quartile are depicted for better understanding. The upper most pearl has a high solidity of

1 (perfect circle), whereas the lower most pearl shows a very frayed shape [8]
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Even within single days, pronounced changes of pearls were found showing

increase or decrease in size and even appearance or disappearance of pearls in

numerous cases [9, 11]. Single cases of significant spontaneous regression or

disappearing Elschnig pearls were reported by Nakashima et al. [12] and Caballero

et al. [13]. Caballero et al. assumed that the most likely cause of pearl regression

was cell death. They hypothesized, that after several years of proliferation and

migration, the cells may lose their capacity to proliferate and begin to die by

apoptosis. In long-term studies [14] it was shown that Elschnig pearls migrate

from the periphery towards the center of the posterior lens capsule. It was shown

that in the second year after IOL implantation about 100 % of all patients have PCO

in the peripheral zone, but only 8.3 % in the central zone, and 66.6 % in the

mid-periphery.

Even the shape of pearls is quite variable among eyes (Fig. 12.6), but in general

newly formed pearls and pearls shortly before disappearing showed a higher

solidity and roundness than pearls during the middle part of their life span

(Fig. 12.7) [8]. Pearls that disappear are typically quite round with a smooth

shape. Similar characteristics were found for newly appearing pearls. This raises

the question whether these are different subsets of pearls than those that are more

stationary showing little change and have a more frayed shape that also deviates

from the round form or this change and transition in shape is actually part of the life

cycle of a pearl.

In a previous pharmaceutical study [15] the effect of anti-inflammatory drugs on

Elschnig pearls was tested. In this study significant short-term changes were found

in the treatment group, but these changes were not significantly different to the

placebo-control group. Therefore, testing of pharmaceuticals on Elschnig pearls

should always be tested against placebo.

Fig. 12.7 Illustration of the typical morphological changes of a pearl during its life span. Size and

shape characteristics taken from different pearls to fit the mean values. On the right side two

possible pathways at the end of a pearl’s lifetime are depicted: growth to a large pearl and then

disappearance (a) or alternatively shrinking of the pearl until undetectable (b). Also, the question-
able fragmentation of a pearl is shown (c) [8]
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12.3.2 Morphological Changes After Nd:YAG Capsulotomy

Posterior capsulotomy seems to influence the formation of the remaining PCO

structures outside of the capsulotomy opening, especially the formation of Elschnig

pearls. Cases of proliferation and ensuing regression of Elschnig pearls after Nd:

YAG capsulotomy were published [15–18]. Hollick and coauthors [7] mentioned a

higher regression of LECs in patients with polyacrylic IOLs than in PMMA or

silicone IOLs. Georgopoulos and coauthors [16] mentioned a spontaneous regres-

sion of Elschnig pearls after Nd:YAG capsulotomy with a loss of pearls in the areas

outside the YAG opening in 45 % of the cases.

In a larger and more detailed study [17], observing short-time changes immedi-

ately and within weeks after Nd:YAG capsulotomy, a similar percentage of pearls

outside the capsulotomy opening disappeared and survived the capsulotomy

(Fig. 12.8). The number of disappeared pearls on the remaining capsule was several

orders of magnitude higher compared to the normal turnover of pearls, especially

taking into account that this change was observed in a short time span of only

20 min. The reason could be a reduced contact pressure between the posterior

capsule and the IOL surface that could facilitate posterior migration of the cells

towards the margin of the posterior capsulotomy opening and, in consequence,

pearls may fall into the vitreous cavity. In single cases an Elschnig pearl survived

the Nd:YAG capsulotomy on the posterior surface of the IOL within the Nd:YAG

Fig. 12.8 Retroillumination

images taken 10 min

before and 10 min after

Nd:YAG laser

capsulotomy. On the

remaining posterior

capsule pearls disappeared

(hexagon) or survived
(circle). Inside the
Nd:YAG opening

all Elschnig pearls

disappeared [17]
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capsulotomy opening, but these cells were shown to disappear soon or to migrate to

the margin of the Nd:YAG capsulotomy (Fig. 12.9).

Another possible explanation could be the direct mechanical detonation of the

laser shock wave. In this case, a higher number of disappearing pearls around the

Nd:YAG opening would be expected compared with pearls more peripheral in

location. However, although pearls that were adjacent to the rhexis showed a

slightly higher stability, no significant differences were found concerning the

distance to the Nd:YAG opening and number of disappearing pearls. No correlation

between the used Nd:YAG laser energy and the pearl size changes was observed

[17]. Alternatively, apoptosis of the pearls could be induced by cytokines of the

aqueous humor, which has gained access to the LECs through the opened posterior

capsule, although this would be expected to take longer than just minutes. Also,

phagocytosis of pearls by macrophages, probably having migrated from the vitre-

ous, could cause these changes.

Alternatively, osmotic processes could lead to bursting of cells when aqueous

from Berger’s space rushes into the subcapsular room once the capsule is opened.

It was observed that many new pearls appeared within the first week after Nd:

YAG capsulotomy. Probably the increase in space between the posterior capsule

and the IOL due to the released tension in the posterior capsule after capsulotomy

leads to the higher number of newly formed pearls. Another possible reason for this

increase in the number of Elschnig pearls could be an inflammatory process

following the capsulotomy. The remaining pearls showed a sudden decrease in

size and displayed a significantly increased turnover during the weeks following

capsulotomy [18, 19]. This decrease could be due to the fact that the pearls were

flattened between the posterior capsule and the surface of the IOL prior to

capsulotomy. After Nd:YAG capsulotomy, the space between the posterior capsule

and the IOL surface is larger, and the pearls change from a flattened into a more

Fig. 12.9 The Elschnig pearl in the rectangle inside the Nd:YAG opening after Nd:YAG

capsulotomy is very active in migration
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spherical shape. Alternatively, as mentioned above, osmotic changes due to an

altered milieu in the subcapsular region around the pearls as a result of aqueous

inflow from Berger’s space could cause a rapid change in pearl size. This change

in milieu would need to be hyperosmolar compared with the usual capsular

bag milieu.

The clinical importance of these findings may be to attempt to find new

strategies of laser “polishing” of PCO without opening the posterior capsule.

12.3.3 Morphological Changes After Modified
Nd:YAG Laser Treatment

In a recent study the effect of a “mini Nd:YAG” laser treatment in the periphery and

“polishing” of the posterior lens capsule without opening the posterior lens capsule

with a modified low-energy Nd:YAG laser was examined [17–20]. Performing a

very small Nd:YAG capsulotomy in the periphery of the posterior lens capsule

resulted in a significant reduction of Elschnig pearls on the entire lens capsule

(Fig. 12.10). Therefore, mini Nd:YAG appears to alter regeneratory PCO also in an

area where the capsule is still intact outside of the small opening. These findings

were also observed to a smaller extent, when the posterior lens capsule was

“polished” with a modified low-energy Nd:YAG laser without opening the poste-

rior lens capsule (Fig. 12.11).

Different theories may explain this phenomenon: one of these explanations is the

direct influence by the mechanical forces of the laser shock wave [18, 19]. The laser

creates a plasma that leads to a pressure wave. The break of the capsule is caused by

amplified and focused infrared light that rips away the electrons from their nuclei

[21]. This would suggest that the plasma itself should not lead to the disappearance

Fig. 12.10 Retroillumination images were taken before (left) and immediately after (right)
capsulotomy. The dotted line in the right image depicts the mini YAG opening. Note the

significant changes in pearl density far from the opening, such as in quadrant 1 [20]
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of Elschnig pearls located at a larger distance to the YAG opening, since they

should be far out of reach, but possibly the laser shock wave could have this effect.

The laser shock wave expands into all directions with the same velocity. It is likely

that a factor additional to the laser shock wave is responsible for the disappearance

of Elschnig pearls immediately after Nd:YAG laser treatment.

Probably, the combination of two factors such as the reduced contact between

the posterior capsule and the IOL surface together with the effect of the laser shock

wave could be a reason for the reduction of PCO immediately after the Nd:YAG

capsulotomy. The energy plasma created by the laser leads to the breakdown first,

so that the tension of the capsule is reduced and the pressure wave follows and leads

to a kind of “bounce” effect of the posterior capsule. This “bounce” effect could be,

in combination with the direct pressure wave of the laser, the reason for the

reduction of regeneratory PCO.

If it would be possible to remove PCO and to keep the posterior lens capsule

intact, the functional properties of the capsule such as its elasticity and its function

as separating posterior from anterior segment, as a result, concepts that allow

restoration of accommodation, such as lens refilling, or “Phaco-Ersatz,” where

PCO appears to be the main limiting factor, may be possible [22]. Furthermore,

the combination of very low Nd:YAG energy and maintaining an intact posterior

capsule may result in a decreased risk of complications as seen with conventional

Nd:YAG capsulotomy, such as cystoid macula edema or retinal detachment.

Additionally, remnants of the Elschnig pearls would not be dissipated into the

posterior segment of the eye after Nd:YAG laser treatment.

Fig. 12.11 Retroillumination images taken before (left) and immediately after (right) gentle Nd:
YAG. One quadrant was treated and the post-YAG image shows a relevant decrease of Elschnig

pearls [20]
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12.3.4 Morphological Changes of Pearl Strings

Kurosaka and coauthors [19] observed a probability of developing formations of

Elschnig pearls at the Nd:YAG capsulotomy margin, so-called pearl strings

(Fig. 12.12), in 77 % of all cases within the first 2 years after Nd:YAG capsulotomy.

The implantation of an IOL and continuous curvilinear capsulorhexis increased

the development of pearl strings, whereas age, sex, total YAG energy, diabetes

mellitus, or high myopia had no effect on the morphology of pearl strings [18].

Caballero et al. [13] reported that Elschnig pearls on the capsulotomy margin

were not only located between the posterior capsule and the IOL, but also on the

posterior face of the posterior capsule [23]. Elschnig pearls may undergo hyperpro-

liferation at the edge of the YAG capsulotomy, which may even close it in

rare instances.

Georgopoulos and coauthors [16] observed the correlation between pearl strings

and IOL materials: silicone and PMMA IOLs led to significant pearl formation on

the capsulotomy margin, often combined with a reduction of peripheral

regeneratory PCO (silicone). On the other hand, hydrogel IOLs led to a higher

incidence of reclosure of the YAG-capsulotomy opening.

12.4 Remaining Questions

Several questions remain to be answered. What are the factors influencing the

dynamics of change of PCO? There is a great variability between patients, but

factors, such as IOL material, age, or gender, did not have an effect on pearl

turnover [8, 16, 17].

Fig. 12.12 Formations of

Elschnig pearls (pearl strings)

at the Nd:YAG capsulotomy

margin
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The question remains, what is an Elschnig pearl morphologically? In the literature,

Fagerholm [24] compared lens fiber cells with Elschnig pearls. His analysis showed

that Elschnig pearls may be cells that are differentiating to lens fiber cells. However,

contrary to lens fiber cells, Elschnig pearls still contained a nucleus and few cell

organelles. These so-called lens fiber-like cells may form extracellular vacuoles that

appear as transparent spheres. These vacuoles were found to be surrounded by very

thin lens fiber-like cells. The theory was based on amodel by Sakuragawa [25] that the

intact lens may respond, when exposed to extracellular fluid, by increasing the

transport of sodium and thereby water into the extracellular space with the resulting

formation of a cyst-like cavity. Kappelhof et al. [4, 6] described Elschnig pearls in

rabbits as subcapsular epithelial cells originally from the Soemmering’s ring that

escape and migrate towards the center of the posterior capsule. A contrary theory by

Jongebloed et al. [26] is based on transmission electron microscopy (TEM) after

collecting Elschnig pearls with a glass cannula onto a Millipore filter. In his study,

no cell membrane remnants were found indicating that Elschnig pearls are biophysical

products of a slowly developing process of degradation of lens fibers and having no

cellular origin. One argument that confirms this theory is that the TEM images showed

erythrocytes close to Elschnig pearls. These erythrocytes were deformed because of

the osmium staining before using the TEM, whereas Elschnig pearls retained their

shape. The explanation was that Elschnig pearls are products of the ballooning of

the cell membrane, emerging from the cytoplasm of the lens fibers. Similar formations

are found in cataractous lenses. The origin of the Elschnig pearls could be the cell

membrane of the degenerating lens fiber that consists of unsaturated lipids. Thiswould

explain why the osmotic staining had no effect on the pearl size and shape, whereas

real cells were deformed.

Marcantonio et al. [27] describe the phenomenon of epithelial mesenchymal

transition of LECs as the cellular substrate of PCO including Elschnig pearls driven

by cytokines, such as TGF-beta.

In fact, the literature to date has conflicting theories on what Elschnig pearls

actually are. From our clinical findings, there are some characteristics that speak in

favor of the pearl being a cyst-like structure. Firstly, the rapid change in size is seen

in some cases, especially the disappearance of large pearls within few days.

Secondly, the very large size of some of the pearls would make these extremely

large cells. Thirdly, the very low rate of fragmentation/division of Elschnig pearls.

Also, in these cases of questionable fragmentation/division, it is feasible that a large

pearl has decreased in size with a concomitant increase in size of a previously not

detectable small neighboring pearl.

On slit lamp examination using indirect illumination and a method to assess the

refractive index of round structures, as described by Brown [28], Elschnig pearls

appear to be filled with material of higher refractive index than the surrounding

tissue. This would speak in favor of a solid and cellular origin of pearls or,

alternatively, a cyst-like formation filled with lens fiber material.
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Effect of Posterior Capsule Opacification
and Anterior Capsule Contraction on Visual
Function

13

Ken Hayashi

Abstract

In this chapter, a study done to examine the effect of (1) the size of Nd:YAG

laser posterior capsulotomy for posterior capsule opacification (PCO) and

(2) anterior capsule contraction (ACC) on visual function is described.

(1) Eyes with PCO first underwent posterior capsulotomy smaller than pupillary

size, after which the capsulotomy was secondarily enlarged to greater than

pupillary size. Visual acuity (VA), contrast VA, and that with glare (glare VA)

under photopic and mesopic conditions were measured after the small and large

capsulotomies (in the same eyes). After enlargement, the mean capsulotomy

area increased from 4.8 to 15.3 mm2. Mean corrected-distance VA (CDVA) did

not improve significantly after enlargement, but photopic contrast VA and glare

VA at moderate-to-low-contrasts and mesopic contrast VA and glare VA

improved significantly. (2) Eyes with ACC underwent Nd:YAG laser anterior

capsulotomy. The anterior capsule opening area was measured before and after

capsulotomy and was correlated with VA and contrast sensitivity. The mean

anterior capsule opening area increased from 8.2 to 18.0 mm2 after capsulotomy.

The mean contrast sensitivity at most visual angles improved significantly after

capsulotomy, although CDVA did not. The anterior capsule opening area before

capsulotomy was correlated significantly with contrast sensitivity, but not with

CDVA. In conclusion, in eyes with PCO, contrast sensitivity was worse with a

small capsulotomy than with a large capsulotomy, suggesting that a capsulotomy

larger than the pupil is necessary to restore contrast sensitivity. ACC impairs

significantly contrast sensitivity in proportion to the opening area, but does not

worsen CDVA markedly.
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13.1 Introduction

Posterior capsule opacification (PCO) after cataract surgery impairs various visual

function parameters, including visual acuity (VA), contrast sensitivity, and glare

disability [1–7]. The impairment of visual function parameters is related to the

degree of PCO. In eyes with dense PCO that require neodymium:yttrium–

aluminum–garnet (Nd:YAG) laser posterior capsulotomy, all visual function

parameters are impaired. When PCO is slight, contrast sensitivity or glare disability

may deteriorate with no marked loss of VA [6].

Nd:YAG laser posterior capsulotomy improves these visual function parameters.

However, surgeons are perplexed about what size of posterior capsulotomy should

be made. When a large capsulotomy is made, adverse effects of the posterior

capsulotomy such as retinal detachment [8–10], cystoid macular edema [10, 11],

or an elevation in intraocular pressure (IOP) [12, 13] tend to occur. However, if the

capsulotomy is too small, visual function may not be recovered. Previous studies

showed that glare disability in eyes with a small capsulotomy is worse than that in

eyes with a large capsulotomy despite no significant difference in VA [14–16].

However, to date, there is no study about the relationship between capsulotomy size

and contrast sensitivity.

Furthermore, anterior capsule contraction (ACC) occurs within several months

after cataract surgery [17–20]. The degree of ACC varies from patient to patient [21]

and depends on the presence of comorbidity such as pseudoexfoliation syndrome

[22], retinitis pigmentosa [23], or diabetes mellitus [24]. Previous studies showed

that the anterior capsule opening occasionally becomes smaller than the pupillary

area or, in some cases, even occludes completely [25–30]. When the area of the

anterior capsule opening becomes smaller than the pupillary area, the light entering

the eye is limited, which leads to impairment in visual function. However, there is

no report showing how ACC is associated with deterioration of visual function.

The aim of the study described in this chapter was twofold: the first was to

examine the effect of Nd:YAG laser posterior capsulotomy size on visual function

parameters. Because contrast sensitivity and glare disability vary from patient to

patient, we made the Nd:YAG laser posterior capsulotomy smaller and then larger

than the pupillary size in each eye, and the visual function with small capsulotomy

was compared to the visual function with large capsulotomy in the same eye. The

second aim was to examine the effect of ACC on visual function. VA and contrast

sensitivity in eyes with severe ACC that required Nd:YAG laser anterior

capsulotomy were examined, and the degree of ACC was correlated with these

visual function parameters.
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13.2 Methods

13.2.1 Patients

Pseudophakic patients with monofocal intraocular lens (IOL) who were consecu-

tively scheduled for Nd:YAG laser posterior and anterior capsulotomy were

screened for inclusion in this study. An Nd:YAG laser capsulotomy was scheduled

when an eye lost two or more decimal lines of VA or when the patient complained

of blurred vision. The author verified the presence of PCO or ACC (usually when

the anterior capsular rim was seen within the pupillary area) on slit-lamp

biomicroscopy and performed patient screening. When both eyes were affected,

only the eye that was scheduled for Nd:YAG laser capsulotomy first was included.

Pre-laser exclusion criteria were any pathology of the macula or optic nerve,

previous history of inflammation, or liquefied aftercataract. Post-laser exclusion

criteria were corrected-distance VA (CDVA) of less than 0.5 due to any pathology

of unknown cause, media opacities other than PCO, and any difficulties with data

collection or analysis.

13.2.2 Procedures of Nd:YAG Laser Posterior Capsulotomy

A physician first made an Nd:YAG laser capsulotomy smaller than the pupillary

diameter using a Q-switched Nd:YAG laser (YC-1300; Nidek, Gamagori, Japan).

After topical anesthesia, a contact lens was applied to enhance power density at the

level of the posterior capsule. The central posterior capsule within the pupillary area

was cleared as much as possible without pupil dilation by emitting laser energy on

the posterior capsule; energy levels were between 0.5 and 1.5 mJ. Special care was

taken to not pit the IOL optic. Approximately 2 weeks after the first capsulotomy,

after full pupil dilation, the capsulotomy opening was enlarged to greater than the

pupillary area (approximately 5.0 mm in diameter) by the same surgeon who used

almost the same technique as used for the smaller capsulotomy.

13.2.3 Procedures of Nd:YAG Laser Anterior Capsulotomy

After full dilation of the pupil, all patients underwent Nd:YAG laser anterior

capsulotomy with a Q-switched Nd:YAG laser (YC-1300; Nidek). After topical

anesthesia, a contact lens was applied to enhance power density at the level of the

anterior capsule. Either four or six relaxing incisions were made from the margin of

the anterior capsule opening to the edge of the IOL optic by emitting laser energy on

the anterior capsular rim; energy levels were between 1.0 and 2.5 mJ. Special care

was taken to not pit the IOL optic.
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13.2.4 Outcome Measures

In eyes with PCO, CDVA was measured using decimal charts, while contrast VA

and that in the presence of a glare source (glare VA) were measured 2 weeks after

the first posterior capsulotomy and 2 weeks after the enlargement. Contrast VA and

glare VA were examined using the contrast sensitivity accurate tester (CAT-2000;

Menicon, Tokyo, Japan) [6]. This device measures the logarithm of the minimal

angle of resolution (logMAR) VA using five contrast visual targets (100, 25, 10,

5, and 2.5 %) under photopic and mesopic conditions. Measurement under photopic

conditions was made with chart lighting of 100 cd mm�2, and that under the

mesopic conditions was done with chart lighting of 3 cd mm�2. A glare light source

of 200 lx was located in the periphery at 20� along the visual axis. In eyes with

ACC, contrast sensitivity was measured using the contrast glare tester (CGT-1000;

Takagi Seiko) before and approximately 2 weeks after Nd:YAG laser anterior

capsulotomy [5]. The CGT-1000 measures 12-step contrast thresholds using con-

centric ring-shaped visual targets that are equivalent to visual angles of 6.3�, 4.0�,
2.5�, 1.6�, 1.0�, and 0.7� at 0.35 m. Contrast sensitivity is calculated as a logarithm

of the inverse value of the contrast threshold.

The area of the posterior capsulotomy opening was measured using the

Scheimpflug photography system (EAS-1000; Nidek, Gamagori, Japan) 2 weeks

after the small capsulotomy was created and 2 weeks after its enlargement. The area

of the anterior capsule opening was also measured using the EAS-1000. The

refractive status and keratometric cylinder were measured using an

autorefractometer (KR-7100; Topcon, Tokyo, Japan). The manifest spherical

equivalent was determined as the spherical power plus half the cylindrical power.

The pupillary diameter under photopic and mesopic conditions was examined using

an electronic pupillometer (FP-10000; TMI, Saitama, Japan). The central retinal

(foveal) thickness was measured using the Stratus optical coherence tomography-3

(OCT-3; Carl Zeiss Meditec, Dublin, California, USA). Intraocular pressure (IOP)

was measured using an applanation tonometer before and 2 h after the Nd:YAG

laser capsulotomy.

13.2.5 Statistical Analysis

Decimal VA was converted to a logMAR scale for statistical analysis. Contrast VA

and glare VA were also converted to the logarithm of inverse values for statistical

analysis. CDVA, contrast VA, and glare VA, area of the posterior capsulotomy and

anterior capsule opening, and other continuous variables were compared using the

Wilcoxon signed-rank test or Mann–Whitney U test. Univariate associations

between visual functions and the area of the anterior capsule opening were

evaluated using Pearson’s correlation coefficient. Any differences showing a

P value of less than 0.05 were considered to be statistically significant.
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13.3 Results

In eyes with PCO, the mean area of posterior capsulotomy opening was

4.8� 1.5 mm2 after small capsulotomy and 15.3� 4.7 mm2 after enlargement

(P< 0.0001). Mean CDVA was 0.49� 0.27 before Nd:YAG posterior

capsulotomy, 0.95� 0.14 after the small capsulotomy, and 0.96� 0.14 after

enlargement. Mean CDVA improved significantly after the small capsulotomy

(P� 0.0001), and it did not improve significantly more after enlargement

(P¼ 0.1729).

Under photopic conditions (Fig. 13.1), contrast VA and glare VA at moderate-

to-low-contrast visual targets were significantly better after enlargement than those

before enlargement (P� 0.0242), although no significant difference was found at

high-contrast visual targets. Under mesopic conditions (Fig. 13.2), contrast VA and

glare VA at high to moderate visual targets improved significantly after enlarge-

ment to the large capsulotomy size (P� 0.0136), but no significant difference was

found in the contrast VA and glare VA at low contrasts because it was immeasur-

able in most of the patients.

The mean foveal thickness as determined with the OCT-3 was almost the same at

the baseline (before the small capsulotomy), before the large capsulotomy, and at

Fig. 13.1 Mean contrast visual acuity (contrast VA) and that in the presence of a glare (glare VA)

under photopic conditions after small posterior capsulotomy and large posterior capsulotomy

using the Nd:YAG laser. Mean contrast VA and glare VA under photopic conditions at moder-

ate-to-low-contrast visual targets after small capsulotomy were significantly worse than that after

large capsulotomy. Asterisk, statistically significant difference
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2 weeks after the large capsulotomy. During the follow-up, no eye showed cystoid

macular edema or retinal breaks and retinal detachment due to the Nd:YAG laser

capsulotomy. The mean IOP was similar just before the small capsulotomy, at 2 h

after the small capsulotomy, immediately before enlargement of the capsulotomy,

and at 2 h after enlargement to the large capsulotomy size. The increase in IOP

before and after the small capsulotomy and before and after enlargement to a large

capsulotomy size was also similar (Table 13.1).

Fig. 13.2 Mean contrast visual acuity (contrast VA) and that in the presence of a glare (glare VA)

under mesopic condition after small posterior capsulotomy and large posterior capsulotomy using

the Nd:YAG laser. Mean contrast VA and glare VA under mesopic conditions at high to moderate

visual targets after small capsulotomy were significantly worse than that after large capsulotomy,

and that at low visual targets could not be measured. Asterisk, statistically significant difference

Table 13.1 Mean (�SD) foveal thickness, intraocular pressure (IOP), and increase in IOP after

small capsulotomy and large capsulotomy

After small

capsulotomy

After large

capsulotomy P value

Foveal thickness (μ) 174� 23 175� 20 0.8590*

IOP (mmHg)

Before capsulotomya 14.0� 3.1 13.1� 2.7 0.2189*

After capsulotomyb 15.7� 3.5 15.1� 3.5 0.0926*

Increase in IOP (mmHg) 1.7� 2.0 2.0� 3.5 0.5349*

*No significant difference
aJust before Nd:YAG capsulotomy
bAt 2 h after Nd:YAG capsulotomy
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Figure 13.3 shows a representative eye that underwent this 2-step Nd:YAG laser

capsulotomy. The Elschnig pearl type of PCO was seen 38 months after cataract

surgery. An Nd:YAG laser posterior capsulotomy smaller than the pupillary area

was first made; then 2 weeks after the small capsulotomy, the capsulotomy opening

was enlarged to greater than the pupillary area.

In eyes with ACC, the mean area of the anterior capsule opening increased

significantly from 8.2� 3.6 mm2 to 18.0� 7.4 mm2 after YAG laser anterior

capsulotomy (P< 0.0001). Mean CDVA did not improve significantly after ante-

rior capsulotomy (P¼ 0.1729). The mean threshold at most visual angles, except

for that at 0.7�, improved significantly after anterior capsulotomy (Fig. 13.4).

Both before and after anterior capsulotomy, no significant correlation was found

between the opening area and CDVA. There was also no significant correlation

between increase in the opening area and improvement in CDVA (Table 13.2).

Before anterior capsulotomy, significant correlations were found between the area

of opening and contrast threshold at visual angles of 6.3�, 4.0� (Fig. 13.5), 2.5�,
1.6�, or 1.0� (all except 0.7�). However, after anterior capsulotomy, no significant

correlation was found between the opening area and contrast sensitivity. There were

also significant correlations between the increase in the opening area and improve-

ment in contrast sensitivity.

Fig. 13.3 Photographs of a

representative eye that

underwent a 2-step Nd:YAG

laser capsulotomy. The

Elschnig pearl type of

posterior capsule

opacification is seen before

Nd:YAG laser capsulotomy

(top). An Nd:YAG laser

posterior capsulotomy

smaller than the pupillary size

was first made (middle). At
2 weeks after this small

capsulotomy, the

capsulotomy opening was

enlarged to greater than

pupillary size (bottom)
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Fig. 13.4 Changes in mean contrast sensitivity before and after Nd:YAG laser anterior

capsulotomy. Mean contrast threshold at most visual angles, except for 0.7�, improved signifi-

cantly after anterior capsulotomy. Asterisk, statistically significant difference

Table 13.2 Simple correlation between area of anterior capsule opening (ACO) and contrast

sensitivity (CS) before and after Nd:YAG laser anterior capsulotomy and between the increase in

ACO area and improvement in CS

Visual angle (�) Correlation coefficient (r) P value

Between ACO area and CS

Before anterior capsulotomy

6.3 0.598 0.0003*

4.0 0.725 <0.0001*

2.5 0.609 0.0002*

1.6 0.590 0.0004*

1.0 0.521 0.0023*

0.7 0.193 0.2890

After anterior capsulotomy

6.3 0.042 0.8190

4.0 0.040 0.8286

2.5 0.005 0.9797

1.6 0.120 0.5121

1.0 0.197 0.2803

0.7 0.216 0.2346

Between the increase in ACO area and improvement in visual acuity

6.3 0.640 <0.0001*

4.0 0.532 0.0017*

2.5 0.464 0.0075*

1.6 0.455 0.0089*

1.0 0.493 0.0042*

0.7 0.192 0.2932

*Statistically significant correlation
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Figure 13.6 shows photographs of a representative eye that underwent Nd:YAG

laser anterior capsulotomy. The anterior capsule opening was severely constricted

6 months after cataract surgery. Six relaxing incisions were made by Nd:YAG laser

shots directed to the margin of the anterior capsule opening to the edge of the IOL

optic. Two weeks after anterior capsulotomy, the anterior capsule opening was

enlarged markedly.

13.4 Discussion

The study described in this chapter has shown that in eyes with PCO, CDVA with

Nd:YAG laser posterior capsulotomy smaller than the pupillary area did not differ

significantly from that with capsulotomy larger than the pupillary area. However,

photopic contrast VA and glare VA at moderate-to-low-contrasts and mesopic

contrast VA and glare VA with the large capsulotomy were significantly better

than were those with the small capsulotomy. This suggests that Nd:YAG laser

posterior capsulotomy of diameter larger than the pupillary area is necessary to

recover the contrast sensitivity and to lessen substantially glare disability in eyes

with PCO.

When surgeons make a large Nd:YAG laser posterior capsulotomy, they are

often concerned about the occurrence of adverse effects, such as retinal detachment

[8–10], cystoid macular edema [10, 11], or an increase in IOP [12, 13]. However, in

this series, retinal breaks and retinal detachment did not occur during follow-up.

The foveal thickness did not increase after enlargement to a large capsulotomy size,

Fig. 13.5 Scatterplots of simple correlation between the area of the anterior capsule opening and

contrast threshold at the visual angle of 4.0� before Nd:YAG laser anterior capsulotomy. Prior to

capsulotomy, a smaller area of the anterior capsule opening was associated with worse contrast

threshold at the visual angle of 4.0�
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and no cystoid macular edema was seen. In addition, the increase in IOP after either

the small or large capsulotomy was slight, and there was no significant difference in

increase in IOP between the small and large capsulotomies. Furthermore, it has

been shown that the incidence of retinal detachment and cystoid macular edema

after Nd:YAG laser capsulotomy is uncommon in eyes that have previously

undergone phacoemulsification and in-the-bag implantation of an IOL [5, 31–34].

These findings suggest that the incidence of adverse effects does not differ mark-

edly between eyes with a small capsulotomy and those with a large capsulotomy.

In eyes with a marked ACC, the area of the anterior capsule opening before Nd:

YAG laser anterior capsulotomy was correlated significantly with contrast sensitiv-

ity, but was not correlated with VA. After anterior capsulotomy, contrast sensitivity

improved significantly, although VA did not. The opening area after capsulotomy

was correlated with neither contrast sensitivity nor VA. In addition, the increase in

the opening area was correlated significantly with improvement in contrast sensi-

tivity. These results indicate that extensive ACC after cataract surgery worsens

substantially the contrast sensitivity, but does not markedly decrease VA.

The mean area of the anterior capsule opening was increased by Nd:YAG

laser anterior capsulotomy. 96.8 % of the eyes that underwent radial anterior

Fig. 13.6 Photographs of

a representative eye that

underwent Nd:YAG laser

anterior capsulotomy. The

anterior capsule opening

was constricted

substantially by 6 months

after cataract surgery (top).
Six relaxing incisions were

made from the margin

of the anterior capsule

opening to the edge of

IOL optic. Two weeks

after anterior capsulotomy,

the anterior capsule

opening was enlarged

markedly (bottom)
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capsulotomy showed an increase in the opening area. In this study, either four or six

radial incisions were made to the anterior capsule rim by Nd:YAG laser emission,

but the increase in the opening area did not differ between four and six incisions,

suggesting that four or more radial relaxing incisions using the Nd:YAG laser

increase significantly the opening area, leading to improvement in contrast

sensitivity.

Many studies showed that PCO impairs various visual function parameters,

including VA, contrast sensitivity, and glare disability [1–7]. Our previous studies

showed that VA is correlated most strongly with the degree of PCO when it is so

dense as to require an Nd:YAG capsulotomy [5], while contrast sensitivity

is deteriorated most prominently, without significant loss of VA, when PCO is

slight [6]. Thus, it is clear that all of the visual function parameters improved

after Nd:YAG capsulotomy, but the degree of improvement may depend on the

size of the capsulotomy. Several studies assumed that glare disability was worse

with a small capsulotomy than with a large capsulotomy [14, 15]. The study

described in this chapter has shown that both contrast sensitivity and glare disability

recovered in eyes that underwent capsulotomy of diameter larger than the

pupillary size.

The worse contrast sensitivity and glare disability with a small posterior

capsulotomy for PCO can be explained as follows. The amount of light entering

into the eye is dependent on the pupillary size. When the Nd:YAG laser

capsulotomy opening is smaller than the pupillary size, the light entering into the

eye, and finally reaching the macula, is intercepted by the unopened part of the

opaque posterior capsule, which may lead to the worsening in contrast sensitivity.

Furthermore, as the entering light passes through the residual capsule, it will be

scattered, which may cause glare disability. However, even when the capsulotomy

is small, the optical center of the pupillary area is not occluded, and light entering

along the visual axis may thus not be restricted enough to markedly decrease

the VA.

The ACC occurs within several months after cataract surgery [17–20]. The

degree of ACC varies depending upon the individual and factors inherent to the

IOL. Individual risk factors for marked contraction have been reported to be older

age [21] and comorbidity including pseudoexfoliation [22], retinitis pigmentosa

[23], and diabetes mellitus [24]. Previous studies including ours showed that an IOL

factor that may affect anterior capsule contraction is the optic material [35, 36].

When the size of the anterior capsule opening becomes equal to or smaller than the

pupillary area, the ACC may impair visual function. However, no study has shown

to date how the ACC is related to visual function. The study described in this

chapter verified that severe ACC impairs contrast sensitivity.

PCO generally progresses from the periphery to the central pupillary area and,

therefore, obstructs the entrance of light into the pupil, which results in impairment

of both visual acuity and contrast sensitivity even in its early stages. On the other

hand, because ACC stops within several months after surgery, the optical center of

the pupillary area is not usually occluded. Accordingly, light entering along the

visual axis and ultimately reaching the macula may not be limited enough to
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markedly decrease the visual acuity. However, portions of the entering light are

surely intercepted by the constricted anterior capsule rim, which may lead to a

decrease in contrast sensitivity.

13.5 Conclusions

Contrast sensitivity and glare disability with a posterior capsulotomy larger than the

pupil size is better than that with a capsulotomy smaller than the pupillary size,

although the size of the capsulotomy does not affect significantly the VA. The

incidence of adverse effects did not differ between eyes with a small posterior

capsulotomy and eyes with a large capsulotomy. To restore contrast sensitivity and

to lessen glare disability, an Nd:YAG laser posterior capsulotomy larger than pupil

size is recommended. The ACC also worsens significantly contrast sensitivity in

proportion to the anterior capsule opening area, but does not affect VA markedly.

When patients with a marked ACC complain of blurred vision, performing an Nd:

YAG laser anterior capsulotomy is recommended.
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Part IV

Surgical Methods for PCO Prevention



Size of Continuous Curvilinear
Capsulorhexis for Prevention of PCO 14
Yong Eun Lee and Choun-ki Joo

Abstract

Several systemic and ocular associations have been cited as influencing the

development of posterior capsule opacification (PCO). Surgical methods such

as the size of CCC, in-the-bag IOL implantation, and sealed capsule irrigation

also can influence the formation of PCO.

Size of the CCC is discussed in this chapter. Between large and small

capsulorhexis, significantly greater wrinkling of the posterior capsule and

worse posterior capsular opacification are seen in the large capsulorhexis

group than with small capsulorhexis group. Visual acuity is worse with large

capsulorhexis. Both equatorial and anterior capsule lens epithelial cells are

important in the production of posterior capsular opacification, and their relative

contribution depends on the relationship of the anterior capsule edge to the lens

optic.

A well-centered capsulorhexis smaller than the lens optic is preferable to a

large capsulorhexis, so that the edge lies completely on the surface of the

implant.
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14.1 Background

Continuous curvilinear capsulorhexis (CCC) is a routine part of cataract surgery

since its introduction by Gimbel and Neuhann in 1990 [20, 45]. Because CCC

makes true capsular bag fixation of the intraocular lens (IOL) possible with better

centration [2, 6, 49]. An intact capsulorhexis reduces the severity of the blood–

aqueous barrier breakdown and the foreign-body reaction on the intraocular lens

surface and prevents contact between the intraocular lens and uveal tissue. It also

produces a safer environment during phacoemulsification and results in a more

predictable refractive outcome [52, 59, 60].

However, there is much debate as to what the ideal diameter of the capsulorhexis

should be. Smaller capsulorhexis is easier to perform but makes removal of

the cataract more difficult and has the major disadvantage that the anterior

capsular opening can shrink, leading to phimosis, which causes decreased vision

[14, 22, 74]. Large capsulorhexis makes the subsequent phacoemulsification and

removal of soft lens matter easier and enables a wide fundal view, which is an

important consideration when undertaking surgery for patients with diabetes or

patients at risk of retinal detachment. The effect of the size of the capsulorhexis on

posterior capsular opacification (PCO) is unclear.

PCO is caused by residual lens epithelial cells that remain in the capsular bag

after cataract surgery and proliferate and migrate over the capsule to produce

Elschnig pearls or transform into myofibroblasts to cause capsular fibrosis

[11, 51]. After surgery, these residual cells are found in the equator of the capsular

bag and under the anterior capsule. Many surgeons believe that the lens epithelial

cells at the equator of the capsular bag are the most important in the pathogenesis of

posterior capsular opacification [5, 72]. They postulate that a large capsulorhexis

with a diameter greater than the intraocular lens optic will allow fusion of the

anterior capsular flap to the posterior capsule, setting up a mechanical barrier to lens

epithelial cell (LEC) migration from the equator, leading to less PCO [33, 72].

Mechanical separation of the anterior capsule leaf from the posterior capsule by the

intraocular lens as occurs with a capsulorhexis opening smaller than the lens optic

might then lead to an increase in lens epithelial cell ingrowth [27].

An alternative view is that lens epithelial cells originating from the anterior

capsule make an important contribution to the production of PCO [51]. If this were

the case, a large CCC would allow anterior capsular lens epithelial cells access to

the acellular posterior capsule with the subsequent production of PCO. Other views

are that a larger capsulotomy will reduce PCO by removing more LEC and

increasing the distance for the cells to migrate [51]. Another hypothesis is that

lens epithelial cells proliferate after capsulotomy because they have been released

from contact inhibition and that a smaller anterior CCC will release fewer cells

from this inhibition and therefore decrease cellular proliferation [30].

PCO usually occurs in between <5 and 50 % of uncomplicated senile cataracts

during the first 2 years following cataract surgery [64, 67].

PCO develops over a clear posterior capsule from a few months to a few years

after uncomplicated cataract surgery. PCO is caused by residual equatorial lens
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epithelial cells proliferation and migration from the equatorial region of the

lens capsule to the posterior capsule surface. In regions of the anterior and posterior

capsule junction, Elschnig pearls (Fig. 14.1) can form, located behind the iris

or filling the pupil space. The formation of Elschnig pearls causes a decrease

in visual acuity and sometimes double vision following the implantation of an

intraocular lens.

Capsular fibrosis type is less common and usually appears earlier than Elschnig

pearls; it is thought to be caused by LEC metaplasia with myofibroblast develop-

ment. Clinically, capsular fibrosis type PCO is seen as wrinkling, haze, gray-white

streaks and plaques on the surface of the posterior capsule (Fig. 14.2). Mixed type

of Elschnig-pearl and capsular fibrosis can also appear (Fig. 14.3). Symptoms

reported by patients include distortion of image, glare, and reduction of visual

acuity [40, 73].

Fig. 14.1 Elschnig-pearl-type PCO (left) with high magnification (right). Anterior capsule is

covered 360� on the optic of IOL

Fig. 14.2 Fibrosis-type PCO
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Several authors suggest using a primary posterior continuous curvilinear

capsulorhexis (PCCC) to prevent this complication [10, 37, 39]. The PCCC tech-

nique is frequently used in children to prevent PCO, but is rarely used in adults

[8, 18, 19, 38]. The question of the efficacy of PCCC in preventing PCO remains

unanswered.

14.2 Risk Factors

Several systemic and ocular associations have been known as influencing the

development of PCO. The incidence of PCO is more common in young patients

and those with pseudoexfoliation, uveitis, or traumatic cataracts [41]. Myopes have

been postulated to increase the risk of PCO; this probably occurs because IOL

implantation was deferred in them, but a study of IOL implantation in myopic eyes

showed no association between the degree of myopia and the degree of PCO [48].

When compared with nondiabetic patients, diabetic patients had more PCO after

cataract surgery, but the stage of diabetic retinopathy and the systemic status of the

diabetes do not seem to correlate with the degree of PCO [26]. Patients with retinitis

pigmentosa showed a higher incidence and density of PCO [70]. Patients with

myotonic dystrophy required multiple capsulotomies following cataract surgery

due to PCO and progressive capsulorhexis contracture [21].

Other factors that influence PCO development are the intraocular lens type

(material, design, optic size and edge, haptic design), accurate hydrodissection

and removal of cortical masses, anterior capsule polishing, in-the-bag fixation of

the optic and the haptic part of IOL, and anterior capsulorhexis localization and

diameter. Numerous studies have examined the influence of physical properties of

the IOL and accurate surgical lens removal technique on the formation of the PCO

[1, 12, 16, 17, 24, 71]. Relatively few studies have investigated the influence of

Fig. 14.3 Mixed type of

PCO with fibrous and pearl-

type areas
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anterior capsulorhexis on the development of PCO [7, 28, 65]. So in this chapter,

evaluation for the impact of anterior capsulorhexis diameter, localization, and

shape on PCO development following cataract extraction with phacoemulsification

will be discussed.

14.3 Surgical Techniques for the Prevention of PCO

Current research on the prevention of PCO focuses on surgical techniques, changes

in IOL material and designs, and pharmacologic methods. Researchers have exam-

ined extensive intraoperative polishing of the anterior and posterior capsules [58],

the use of lenses with posterior convexity to ensure closer IOL–capsule contact

[9, 68, 69], and application of several antimitotic drugs or anti-LEC immunologic

agents [46, 63].

The ideal diameter of the capsulorhexis is particularly important. After surgery,

a wound healing response with cellular proliferation and laying down of extracel-

lular matrix is induced and these residual cells proliferate and migrate over the

capsule. It has been shown that the anterior epithelial cells in both rabbits and

humans initially undergo proliferation and by 4 days after surgery transform into

myofibroblasts starting at the cut edge of anterior capsule and by 1 week a ring of

fibrosis forms around the rhexis where it touches the posterior capsule in the

aphakic eye [50, 51].

14.3.1 About the Size and Shape of the CCC

A study of posterior capsule changes in monkeys after extracapsular cataract

extraction showed fibroblasts, which appeared to be transformed lens epithelial

cells, in the region where the anterior capsular remnant was in contact with the

posterior capsule [11]. Histopathologic findings from 10 cases of fibrosis-type PCO

have shown that anterior lens epithelial cells at the capsulotomy edge undergo

fibrous metaplasia, causing wrinkling of the posterior capsule [51]. These cells then

migrated over the posterior capsule. The ultrastructure of transformed cells found in

the posterior capsule folds of postmortem pseudophakic eyes showed that they

contain microfilaments (contractile capabilities), reflected in the wrinkling of the

capsule. α-smooth muscle actin is a marker for myofibroblastic differentiation.

Kurosaka have shown that LECs remaining in the capsular bag after cataract

extraction in rabbits become positive for a smooth muscle actin around the rim of

the anterior capsule, whereas the lens epithelial cells at the equatorial region and on

the central posterior capsule were only transiently positive for α-smooth muscle

actin [42]. These authors showed that these myofibroblastically differentiated cells

produced wrinkling of the capsule. These observations support the hypothesis that it

is the contact of the anterior capsule edge with the posterior capsule that is

important in the production of wrinkling of capsule. When the capsulorhexis is

small, most of these anterior capsular lens epithelial cells are held away from the
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posterior capsule by the lens optic, and wrinkling is much less likely to occur.

However, equatorial lens epithelial cells are now able to migrate across the capsule,

and consequently lens epithelial cell sheets are seen with this size of capsulotomy.

When a large capsulorhexis is eccentric on the intraocular lens surface, a mixed

picture is seen, with a fine sheet of lens epithelial cells without wrinkles on the side

where the lens optic holds the capsulotomy margin away from the posterior capsule

and fibrosis with wrinkles in the area where the anterior capsulotomy edge comes

into contact with the posterior capsule off the lens optic. The adhesion of the

anterior capsule to the posterior capsule does not produce a complete barrier to

the migration of lens epithelial cells, which can be seen extending underneath the

lens optic.

The increase in PCO with large capsulorhexes is reflected by a poorer visual

performance in this group of patients. Visual acuity was significantly worse with

large CCC, and there was a trend toward worse contrast sensitivity in this group

compared with patients with small capsulorhexes. Wrinkling of the posterior

capsule is important optically because light scattering is caused by the

wrinkles [47].

There was a trend for patients with large capsulorhexis to have higher anterior

chamber flare and significantly greater anterior chamber cell readings compared

with the small capsulorhexis group. Increased postoperative inflammation was not a

result of more difficult surgery, as the phacoemulsification times and powers were

lower for the large capsulorhexis group because the phacochop technique used is

quicker and easier to perform with a large capsulorhexis. We believe that the

increased blood–aqueous barrier breakdown with the patients in the large

capsulorhexis group is caused by the increased turbulence of the infusion fluid in

the anterior chamber and the lens fragments coming into contact with uveal tissue.

In a small capsulotomy, the anterior capsule may act as a protective barrier, keeping

the fluid and fragments mainly in the capsular bag and away from the iris.

This study demonstrated significantly greater wrinkling of the posterior capsule

and worse PCO with large capsulorhexis than with small capsulorhexes. Visual

acuity was worse with large capsulorhexes. Both equatorial and anterior capsule lens

epithelial cells are important in the production of PCO, and their relative contribu-

tion depends on the relationship of the anterior capsule edge to the lens optic.

Here is an interesting result of a study [43]. In Fig. 14.4, 86.79 % of the patients

with a small capsulorhexis had no or mild PCO, whereas 68.18 % of the patients

with a large capsulorhexis had moderate or severe PCO. Patients with a small

capsulorhexis had significantly less PCO than those with a large capsulorhexis

( p< 0.001).

The amount of PCO in the groups with central (66 patients) and paracentral

(33 patients) capsulorhexis localization was similar (Fig. 14.5)—89.4 % of the

patients with a central capsulorhexis had no or mild PCO, whereas 75.75 % of the

patients with a paracentral capsulorhexis had moderate or severe PCO.

In Fig. 14.6, patients with a regular anterior capsulorhexis rim had significantly

less posterior capsular opacification than those with an irregular anterior

capsulorhexis rim ( p< 0.001). In conclusion, small capsulorhexis diameter
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Fig. 14.4 The amount of PCO in the groups with small and large capsulorhexis at 6 months

follow-up

Fig. 14.5 Patients with a central capsulorhexis had significantly less posterior capsular

opacification than those with a paracentral anterior capsulorhexis ( p< 0.001)
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and its central localization and regular shape result in less PCO following

phacoemulsification.

Randomized prospective study of Emma J. Hollick shows the mean logMAR

visual acuities at each visit for the two groups (Fig. 14.7) [28]. Patients were

refracted at 90 days, and the mean refracted visual acuity over the 1-year follow-

up was 20.02 for the patients in the small capsulorhexis group, which is worse than

20/15 on the Snellen chart but better than 20/20 (95 % confidence interval, 20.04–

20.002). For the large capsulorhexis group the mean refracted visual acuity was

0.02 over the year, which is slightly worse than 20/20 but better than 20/30 (95 %

confidence interval, 20.01–0.26). The patients with small capsulorhexis had signifi-

cantly better mean refracted visual acuity than the patients with large capsulorhexis

(P¼ 0.025). The amount of posterior capsular wrinkling at 3 months was signifi-

cantly different between the two groups (Fig. 14.8).

In the study of Joo et al., 3 months after surgery, most eyes with an initial

capsular opening diameter of less than 5.5 mm had an opening diameter smaller

than 5.0 mm. In most eyes with an initial capsular opening larger than 5.5 mm, the

opening remained larger than 5.0 mm. There results suggest that the ideal CCC size

is 5.5–6.0 mm or larger to prevent progressive capsular opening shrinkage [32].

In the prospective study of Aykan et al., 496 eyes of 367 patients underwent

standardized phacoemulsification with capsulorhexis and capsular bag foldable

Fig. 14.6 The amount of PCO in the groups with regular and irregular anterior capsulorhexis rim

shapes—86.44 % of the patients with a regular rim of the anterior capsulorhexis had no or mild

PCO and 13.55 % had moderate or severe PCO, while 69.04 % of the patients with an irregular

capsulorhexis rim had moderate or severe PCO
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acrylic IOL implantation [7]. The patients were randomly assigned to receive either

a small capsulorhexis of 4.5–5 mm to lie completely on the IOL optic or a large

capsulorhexis of 6–7 mm to lie completely off the lens optic. Retroillumination

photographs were taken at 6 months and then yearly. Throughout the follow-up,

there was less PCO in the small capsulorhexis group than in the large capsulorhexis

group. Small capsulorhexis was associated with less wrinkling of the posterior

Fig. 14.7 The logMAR visual acuities for small and large capsulorhexis (CCC) groups over the

year (error bars represent 95 % confidence intervals) (P¼ 0.025)

Fig. 14.8 The percentage of patients with each grade of wrinkling at 3 months postoperatively for

small and large capsulorhexis groups (P¼ 0.0001)
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capsule and less PCO than was large capsulorhexis. PCO after IOL implantation has

a multifactored pathogenesis. Small (4.5–5.0 mm) capsulorhexis and capsular bag

implantation of 5.5 mm acrylic IOL are likely to reduce the PCO incidence when

compared with the 6.0–7.0 mm capsulorhexis. This study indicates that the fre-

quency of PCO is much lower in cases with small capsulorhexis where the anterior

capsule was 360� on the optic than with large capsulorhexis.

Ravalico et al. reported that capsulorhexis with slightly smaller diameter than

the IOL optic decreased PCO incidence when compared to large capsulorhexis [65].

The complete in-the-bag fixation provides an accurate lens centration and enhances

the IOL optic barrier effect. In cases where one or both haptics are out of the bag, a

potential space exists that allows for ingrowth of cells and PCO formation. Instead,

a tight fit of the capsule around the optic may be provided by creating an ideal CCC

with edge on the IOL surface. In one study, the tight adhesion of capsulorhexis edge

around the lens optic was concluded to help sequester the interior compartment of

the capsule, containing the IOL optic from the surrounding aqueous humor and any

potentially deleterious factor [31]. IOL implantation in the capsular bag was also

suggested to cause less inflammation and PCO formation when compared with

sulcus fixation [44].

14.3.2 Effect of the Capsular Tension Ring

The capsular tension ring has been used for the role of structural support when lens

subluxation or lens zonulysis occurs, and it has been reported to play a role in the

fixation of stable IOL position by preventing anterior capsular contracture. In

addition, it has been expected to have a preventive effect on PCO that is currently

accepted as an unavoidable side effect after cataract surgery.

Posterior capsular opacification is classified by morphology into two types:

fibrosis and pearl. In the former, A cells remaining in the anterior capsule prolifer-

ate through fibrous metaplasia, express α-smooth muscle actin, have elasticity, and

form cell membrane by secreting extracellular matrix components and basal lamina

analog, thereby inducing the fold and PCO that result in vision reduction. E cells in

the equator of the lens capsule are germinal cells that normally and throughout their

life time migrate from the lens equator to the medial side and form the nucleus,

epinucleus, and cortex. They are important cells causing PCO after cataract surgery

and are a major cause of the pearl-type posterior capsular opacification. However,

since both A cells and E cells can cause the two types of PCO, and thus cause PCO

developed after cataract surgery, these two types may be mixed. Based on the

assumption that PCO is the phenomenon of the migration of remnants cells to

the posterior capsule, and since a capsule tension ring contacts the entire 360� of the
lens equator, it has been known to physically block the migration of lens epithelial

cells and the posterior invasion of deformed fibroblasts and thus to effectively

suppress PCO [55, 56].

In Fig. 14.9, which was studied by Joo et al., three cases (7.3 %) developed PCO

in insertion group A and ten (25 %) in control group B [34]. The development
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frequency in the insertion group was significantly lower ( p¼ 0.037). All three eyes

in insertion group A were pearl dominant type and among the ten eyes in control

group B, 3 were fibrosis dominant type and seven were pearl dominant type.

For prevention of PCO, the factors important to surgery are the removal of the

cortex that can be strengthened by hydrodissection, the in-the-bag fixation of IOL

and the incision smaller than the optics that barely covers the IOL surface, whereas

the factors pertinent to IOL are the biocompatibility that can suppress the prolifer-

ation of lens epithelial cells, the maximal IOL optic-posterior capsule contact, and

the barrier function of the optic itself and the square truncated edge [3, 4, 61, 62].

This last factor is based on the capsular bend theory that explains the preventive

effect of the capsule tension ring on PCO [53, 57]. Conclusively, the capsule

tension ring is effective and safe for the reduction of the incidence of PCO. And

the ring insertion not only reduced the incidence but also delayed the development

time in this study.

14.3.3 Pharmacologic Methods to Prevent PCO

Recently, several reports have recommended that PCO might be prevented by

inhibiting the proliferation and migration of the LECs remaining after cataract

surgery. Among these studies, Behar-Cohen et al. reported that FGF2-saporin is

bound to heparin surface PMMA IOLs and prevents the growth of epithelial cells

on the surface of the lens in vitro and in vivo [75]. IOLs coated with thapsigargin,

a hydrophobic inhibitor of endoplasmic reticulum (Ca2+)-ATPase, were also

reported to greatly reduce human lens cell growth in the capsular bag [15].

Nishi et al. reported that the sustained release of ethylenediaminetetraacetic acid

(EDTA) and Arg–Gly–Asp (RGD) peptide can inhibit LEC migration because

EDTA can disrupt LEC adhesions by chelating Ca2+, which is important for integrin

function and that RGD peptide can competitively inhibit for cellular integrin

binding to the lens capsule [54]. Joo et al. reported that salmosin was shown to

specifically inhibit LEC migration and proliferation in an animal model [35].

Fig. 14.9 Comparison

of the incidence and type

of posterior capsular

opacity between groups

A and B. Asterisks:
statistically significant

difference ( p¼ 0.037

on Fisher’s exact test)
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Antimetabolites and other pharmacological agents inhibited the development of

LECs and prevent PCO. Several previous studies have found that antimetabolites

such as methotrexate, mitomycin-C (MMC), 5-fluorouracil (5-FU), and colchicines

inhibit the development of LECs in vivo and in vitro [23, 25, 29, 66]. However,

these agents may be harmful and toxic to surrounding intraocular tissues. Another

study found that DDW resulted in extensive lysis of LEC when exposed for 120 s

in vitro [13]. MMC and DW (distilled water) significantly inhibited the develop-

ment of PCO 3 months after surgery using the sealed capsule irrigation (SCI) device

compared with controls (BSS) in the study of SY Kim et al. [36]. MMC was

significantly more effective in preventing PCO compared with the DW

(Fig. 14.10). MMC and DW did not cause significant toxicity. These results suggest

that the MMC is more effective in reducing PCO than DW and that the SCI device

can protect the surrounding ocular tissues from MMC toxicity in rabbit eyes.

14.4 Conclusion

The standard treatment for PCO is Nd:YAG laser capsulotomy, which is expensive

and has been associated with retinal detachment, intraocular pressure increase,

cystoid macular edema, and IOL damage. Several techniques have been advocated

Fig. 14.10 (a) Slitlamp photographs 3 months postoperatively in rabbit eyes. (b) PCO score with

POCOman software. The severity score is calculated according to the formula: (Blue� 1

+ Yellow� 2 +Red� 3)/total area. The grade of PCO in the MMC group was less prominent

than in the other groups 3 months postoperatively. BSS, balanced salt solution; DW, distilled water
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to reduce the incidence of PCO, including intraoperative polishing of capsules, the

use of lenses with square edge and posterior convexity to ensure closer IOL–

capsule contact, and application of several antimitotic drugs or anti-LEC immuno-

logic agents.

The complete in-the-bag fixation provides an accurate lens centration and

enhances the IOL optic barrier effect. IOL implantation in the capsular bag was

also suggested to cause less inflammation and PCO formation when compared with

sulcus fixation. The capsulorhexis should be continuous and of a diameter that will

just overlap the lens edges completely. Small capsulorhexis covers the edges of the

lens and increases contact between the IOL and the posterior capsule and reduces

the incidence of PCO. Researchers suggest that 360-degree full interaction of

anterior capsular flap to the lens has an important role in reducing PCO develop-

ment. A possible mechanism may result from full capsule-IOL interaction yielding

LEC inhibition.
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Effect of Anterior Capsule Polishing
on Capsule Opacification and YAG Laser
Capsulotomy

15

Rupert Menapace

Abstract

Lens epithelial cells (LECs) at the rhexis edge and in the area surrounding the

optic (A-LECs) are the main cause not only for fibrotic whitening and contrac-

tion of the capsule but also for permanent collagenous sealing of the capsule bag

following intraocular lens (IOL) implantation.

Anterior capsule polishing (ACP) mainly removes these A-LECs. Methods

differ in efficiency of LEC removal and in the trauma thereby exerted on

capsule, zonules and ciliary body.

Even after thorough removal, fibrosis does partly occur. Regarding the impact

on regeneratory posterior capsule opacification (PCO) formation, no increase in

PCO rates was found when evaluating retroilluminated photographs. In spite of

this, a considerable increase in YAG laser capsulotomy rate was found by one

study group. As the cause, accumulation of amorphous LEC material was

detected in the retrolental space. Bending and collagenous bonding of the

capsules which provide for a lasting barrier effect at the optic circumference

was found to be compromised. Thus, ACP though decreasing capsular whitening

and shrinkage apparently interferes with barrier formation. ACP also changes

the morphology of LECs accumulating in the retrolental space, causing a

decrease of contrast vision while not picked up upon retroillumination.

Thus, ACP is not recommended with standard in-the-bag IOL implantation.

ACP is a useful adjunct to the posterior optic buttonholing technique where

retrolental LEC invasion is independent from capsule bending and thus cannot

be affected.

The impact of ACP on capsular bag closure and cellular reaction as visualized

by biomicroscopy elucidates the physiology of after-cataract formation and the

mechanism of barrier formation at the IOL optic barrier.
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15.1 The Lens Epithelial Cell and After-Cataract

Removal of the lens contents by phacoemulsification and cortex aspiration creates

an empty capsular bag with residual lens epithelial cells (LECs) left behind in the

equatorial region and on the undersurface of the peripheral anterior capsule. These

LECs proliferate to form monolayers on the capsular surfaces which continue to

line the anterior capsule leaflet many years after surgery. Some LECs, however,

differentiate or undergo a transition to another cell type. LECs located in the
capsular fornix differentiate to fibre-like structures that lead to Soemmering’s

ring formation and peripheral thickening of the capsular bag. LECs located closer
to the rhexis, termed as equatorial LECs, or E-LECs in the following, exhibit a

strong potential to migrate and swell to form globules (Elschnig pearls). LECs

located at the rhexis edge and in the area surrounding the optic, in the following

addressed as anterior LECs, or A-LECs, show less potential to migrate and swell

but instead exhibit an exquisite propensity for epithelial-mesenchymal transition by

myofibroblastic transdifferentiation. The resulting cells are fibroblastic in morphol-

ogy, express the smooth muscle isoform of actin and secrete extracellular matrix

containing proteins not normally present in the lens [1]. Contraction of muscle

fibres leads to shrinkage, and deposition of collagen-like matrix causes whitening

and bonding of the capsules. Whitening and shrinkage of the anterior and posterior

capsule caused by A-LECs is also termed fibrotic after-cataract, while swollen

E-LECs accumulating in the capsular bag are addressed as regeneratory after-

cataract. Regardless of its type, after-cataract is called anterior and posterior

capsule opacification (ACO, and PCO) according to its location.

Posterior capsule opacification (PCO) in eyes with in-the-bag implanted intra-

ocular lenses (IOL) is mainly caused by proliferating equatorial LECs migrating

unto the posterior capsule behind the IOL optic. Depending on the width of the

interspace between the IOL optic and posterior capsule, these proliferating cells

may form flat syncytial or honeycomb structures when narrow or mono- or

multilayers of pearls of different sizes sometimes interspersed with large globular

(“bladder”) cells when wide (Fig. 15.1) [2]. Depending on the structure, these

accumulating cells more or less interfere with the patient’s vision, globular

Elschnig pearls representing the main substrate of vision-disturbing PCO, which

may finally prompt YAG laser capsulotomy (YAG-LCT).

Anterior capsule opacification (ACO) occurs when the anterior capsule or rhexis
leaf touches down on the anterior IOL surface [3]. The IOL material then initiates

and catalyses the process of myofibroblastic transdifferentiation ending up in

anterior capsule fibrosis (Fig. 15.2). The various IOL materials differ in the

“fibrogenetic potential”, silicones generally exhibiting the strongest potential to
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Fig. 15.1 “Regeneratory after-cataract” results from E-LECs invading the retro-optical space

(a through f); depending upon its width, optically homogeneous cell syncytia or inhomogeneous

pearl agglomerates may form

Fig. 15.2 “Fibrotic after-cataract” derives from A-LECs located at and around the rhexis edge

(a through f); upon contact to the IOL, they transdifferentiate into myofibroblast-like cells which

contract and deposit collagen
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induce capsular shrinkage [4–9]. Posterior capsule fibrosis occurs when A-LECs

migrate around the optic rim unto the retro-optical posterior capsule (Fig. 15.2b) or

when the anterior capsulorhexis edge directly contacts the posterior capsule

(Fig. 15.2e, f). In the latter case, firm collagenous gluing may ensue between

the capsulorhexis edge and the posterior capsule [10]. IOLs with rounded optic

edge profiles readily allow for A-LEC migration around the optic rim even when

the optic is properly overlapped by the rhexis leaf (Figs. 15.2b and 15.5b-right).

Primary capsulorhexis contact to the posterior capsule is established when the

capsulorhexis diameter exceeds that of the IOL optic (Fig. 15.3-left). However,

such contact may also occur with proper circumferential rhexis-optic overlap: It

may happen at the conclusion or shortly after the surgery when chamber flattening
makes the IOL optic pop through the capsulorhexis (Fig. 15.4) or delayed when

Fig. 15.3 Primary contact

of a capsulorhexis edge

evading the optic rim

(upper-left) results
in lack of capsule

bending and barrier

formation;

LECs quickly invade

retro-optical space

Fig. 15.4 “Primary

anterior buttonholing”:

Chamber flattening makes

the IOL optic pop through

the capsulorhexis; direct

contact of capsulorhexis

edge to the posterior

capsule and the catalysing

effect of silicone cause

massive fibrosis of

central capsule

256 R. Menapace



fibrotic retraction of the anterior capsule causes the capsule edge to flip around and

settle down on the posterior capsule (primary and secondary rhexis leaf retraction)
resulting in partial (Fig. 15.2e) or complete “anterior optic buttonholing”

(Figs. 15.2f and 15.4) [2]. Delayed retraction occurs when the contraction forces

of fibrotic PCO (f-PCO) exceed those of ACO. This is only seen with rounded

posterior optic edges (Figs. 15.2e, f, 15.5a, b), since sharp posterior edges withhold

LEC migration and thus block f-PCO formation (Fig. 15.5b-left). Migration of

A-LECs unto the posterior capsule reduces and mechanically counteracts the

contraction forces of anterior capsule fibrosis by decreasing the total number of

A-LECs left back on the rhexis leaf and by exerting countertraction when transdif-

ferentiating. This is why acrylic and silicone IOLs with round posterior optic edges

allow for significantly more f-PCO, but less ACO than their sharp-edged

counterparts, and why rounded-edged silicone IOLs led to significantly less anterior

capsulorhexis contraction than sharp-edged silicone IOLs [9]. Thus, the edge

profile of IOLs greatly influences fibrosis itself and the configuration of the capsular

bend [11, 12].

Since A-LECs migrating from the rhexis leaf overlapping the optic periphery

around the optic rim unto the posterior capsule beneath the optic readily undergo

myofibroblastic transdifferentiation, f-PCO is usually confined to the very periph-

ery. With the edge of a capsulorhexis larger than the optic and thus contacting the

posterior capsule, however, A-LECs migrating from the rhexis edge directly unto

the posterior capsule tend to cause more pronounced fibrosis (Fig. 15.3-left). With

the capsulorhexis rim lying beneath an anteriorly buttonholed silicone optic, how-

ever, massive fibrosis may be induced which may fully encroach upon the centre

(Figs. 15.2e, 15.4, and 15.5a).

Fig. 15.5 (a) Anterior rhexis leaf retraction and “secondary anterior buttonholing”: Scarcely

overlapping rhexis leaf establishes contact to the posterior capsule when retracted, giving rise to

massive retrolental fibrosis emerging from rhexis edge. (b) Fibrotic PCO as the cause of retraction

only forms along rounded edge (right) while blocked by sharp edge (left circumference of hybrid

optic silicone IOL)
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15.2 Capsular Fusion and Bending, Barrier Formation
and Barrier Failure

When implanted with an IOL, the capsule bag starts closing with the posterior

capsule wrapping around the implant. Capsular fusion begins at the capsular

periphery and progresses towards the optic, thus inducing a posterior capsule

bend as the posterior capsule is usually pulled anteriorly towards the rhexis leaf

(Fig. 15.6a, b), provided the optic is properly overlapped by the rhexis leaf

(Fig. 15.3-right). The posterior capsule bend thus induced along the posterior

optic edge constitutes a barrier against centripetal migration of E-LECs. It is

unclear whether this is a cell-biological or mechanical effect or both [13–15]. The

process of capsular closure is finalized after about 4 weeks.

The process of capsular bending takes place during the first 4 weeks after surgery.

Progress and extent of capsular fusion is highlighted by the “capsular fusion line”,

which delineates the border between fused and non-fused capsule areas (Fig. 15.7).

Speed and completeness of capsular fusion depend on various factors: IOL design,

specifically width of the optic-haptic junction, haptic bulk as well as haptic diameter

and rigidity, but also the IOL material [16]. Large and oversized haptics ovalize and

stretch out the capsular bag, causing stress folds and preventing capsule closure

and fusion along the IOL axis (“Capsular distension syndrome” (Fig. 15.8)), resulting

in barrier failure and retrolental LEC invasion. Independent from the implant

characteristics, capsular fusion may be incomplete, or totally absent, resulting in a

lack of capsular bending and thus barrier formation. Regardless whether caused by

the implant or idiopathic, this is termed “primary barrier failure”.

Alongside with capsular fusion, myofibroblastic transdifferentiation of A-LECs

starts when the anterior capsule takes up contact with the implant surface. When the

process of capsular fusion is finalized, transdifferentiating myofibroblasts contract

the capsule and deposit collagen, resulting in “shrink-wrapping” and collagenous

“capsular sealing” of the capsular bag. Both are highlighted under oblique slitlamp

illumination (Fig. 15.9). In cases where the capsular bag remains partly or fully

patent, fibrosis of the anterior capsule will also be incomplete or absent in the areas

where capsule-implant contact is lacking.

Later on, capsular fusion and bending may be reversed by Soemmering’s ring

formation and delayed E-LEC proliferation, which start in the periphery to progress

centrally to form an annular mass that mechanically separates the once fused

capsules. If collagenous bonding of both capsules along the optic rim is not strong

enough, the sealing line may be broken open and posterior capsular bending

reversed, and E-LECs allowed to access and fill the retro-optical space (“secondary

barrier failure”) (Figs. 15.10, 15.11, and 15.12). This typically starts after 3–5 years.

Proficiency of Soemmering’s ring formation and E-LEC proliferation varies

greatly between individuals. While it generally decreases with age, younger

patients usually showing strong and older patients weak “proliferative potential”,

old patients may occasionally also express considerable proliferative forces.

If collagenous bonding is strong enough, the barrier effect will be preserved.

With capsular sealing along the optic rim strong enough, re-division is halted
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along the sealing line (Figs. 15.9 and 15.13-right) even with a rounded optic edge.

With a sharp posterior edge, the sealing line may be discontinuous and the barrier

effect still preserved as long as the posterior capsule between the sealed areas is

pulled anteriorly and bent around the posterior optic edge (“capsular suspension

effect” (Fig. 15.14)). Delayed-onset regeneratory PCO (r-PCO) formation due to

Fig. 15.7 “Capsular

fusion line” delineates

fused and non-fused

areas of the capsule bag

Fig. 15.8 “Capsular

distension syndrome”:

Large and oversized

haptics ovalize and

stretch out the capsular

bag, causing stress folds

and preventing capsule

closure and fusion along

the IOL axis, resulting

in barrier failure and

retrolental LEC invasion
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delayed secondary barrier failure because of inadequate collagenous capsule

sealing is particularly observed with IOLs made from materials with low potential

of inducing myofibroblastic transdifferentiation, specifically acrylics, while less

with silicone IOLs with high such potential.

This two-stage development of after-cataract formation explains why

differences in r-PCO and YAG-LCT rates do not become obvious before 3 years

Fig. 15.9 When the process

of capsular fusion is finalized,

transdifferentiating

myofibroblasts contract

the capsule and deposit

collagen, resulting in

“shrink-wrapping” and

collagenous “capsular

sealing” of the capsular

bag. Both are highlighted

under oblique slitlamp

illumination

Fig. 15.10 If collagenous bonding of both capsules along the optic rim is not strong enough, the

sealing line may be broken open and posterior capsular bending reversed, and E-LECs allowed to

access and fill the retro-optical space
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Fig. 15.11 Time course of delayed secondary barrier failure as documented by HR-OCT: (a)

Soemmering’s ring and proliferating LECs having already re-divided the anterior and posterior

capsule and pushing towards the fusion line at the optic rim; (b) fusion line being progressively

opened and bending of posterior capsule at posterior optic edge reversed to (c) finally allow LEC

ingrowth beneath the posterior IOL optic; (d) situs after YAG-LCT

Fig. 15.12 “Secondary barrier failure” with sharp-edged acrylic IOL; capsular re-division

highlighted by slitlamp illumination
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Fig. 15.13 If collagenous sealing along the optic rim is strong enough, however, re-division is

halted along the sealing line even with a rounded optic edge. Note annular cell mass encased in

peripheral bag and demarcated by sealing line

Fig. 15.14 “Capsular suspension effect”: With a sharp posterior edge, the sealing line may be

discontinuous, and the barrier effect still preserved as long as the posterior capsule between the

sealed areas is pulled anteriorly and bent around the posterior optic edge
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after surgery. While rates with sharp-edged acrylic and silicone IOLs were similar

after 3 years [17], a continuous increase was found with sharp-edged acrylics

between 3 and 5 years (Fig. 15.15), representing secondary barrier failure due to

inadequate collagenous capsule sealing along the optic. The fact that differences

were no longer found between one- and three-piece acrylic IOLs after 5 years

simply reflects the general propensity of acrylic IOLs for delayed secondary barrier

failure even if equipped with a sharp posterior edge [18], while silicone IOLs

continue to provide an excellent barrier effect even with round-edged optics due

to the pronounced collagenous capsular sealing [19]. It also explains why the

significantly better performance of acrylic IOLs with sharp versus round edges at

3 years [20] levels out in the years to follow [21] (Fig. 15.16: by Berger et al. 2008,

unpublished data).

Fig. 15.15 While PCO rates with sharp-edged acrylic and silicone IOLs were similar after

3 years, a continuous increase was found with sharp-edged acrylics between 3 and 5 years
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15.3 ACO and Capsular Shrinkage

While regeneratory PCO takes years to fully develop, fibrotic ACO and PCO reach

their final stage during the first 3–6 months [22, 23]. A-LECs may repopulate areas

where cells have been scraped off during the surgery. From the edge of the

capsulorhexis opening, cells may migrate unto the anterior optic surface (“LEC

out- or ongrowth”) when overlapping the optic or unto the posterior capsule where

such overlap is lacking. With full capsule-optic overlap, fibrotic contraction of the

anterior capsule creates a strong encasement (“shrink-wrapping”) of the IOL optic,

thus maximizing the barrier effect of the posterior optic edge by firmly pulling

the posterior capsule around a sharp posterior edge (Fig. 15.17), while the collagen

deposited by the A-LECs along the contact line between the capsule leaves

adjacent to the optic rim creates a permanent sealing line resisting reopening of

the bag by Soemmering’s ring formation and delayed E-LEC proliferation when

strong enough [2].

Thus, the barrier is initiated by the posterior sharp optic edge. It is effectuated by
capsular bag fusion and depends on both the speed and completeness of bend

formation and the sharpness of the edge. Later on capsular bending is maintained
and supplemented by the collagenous capsular sealing along the capsular fusion

line which is a function of A-LEC transdifferentiation catalysed by the optic

material. The barrier effect of collagenous capsular sealing then is largely indepen-

dent of the posterior edge profile of the IOL optic. Three-piece IOLs with sharp

silicone optics provide the most sustained barrier effect of all IOLs on the market.

Apart from the exquisitely sharp optic edge they can be fitted with, it is the

catalysing effect of silicone material on A-LEC transdifferentiation. This results

in the formation of a strong collagenous sealing of both capsules along the optic rim

which is not readily broken up by Soemmering’s ring formation and delayed-onset

Fig. 15.16 While acrylic IOLs exhibit a propensity for delayed secondary barrier failure after

3 years even if equipped with a sharp posterior edge, silicone IOLs continue to provide an

excellent barrier effect even with round-edged optics due to the pronounced collagenous capsular

sealing
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E-LEC proliferation. Reducing fibrosis by whatever means will thus inherently

interfere with the long-term barrier effect of IOLs [24].

Fibrotic contraction of the anterior capsule leaf, or rhexis opening, depends on

the area of contact between the rhexis leaf and the IOL optic, which is not

necessarily identical with the amount of capsule-optic overlap when not in full

contact. With the anterior capsule fully contacting the optic surface, though,

shrinkage will be enhanced as the rhexis diameter decreases and the degree

of overlap increases. Whitening and shrinkage also depends on the optic material,

and contraction on zonular countertraction, eyes with weak zonules

(e.g. pseudoexfoliation—PEX) being prone to excessive capsular contraction

(“rhexis phimosis”, “capsular contraction syndrome” (Fig. 15.2c), [25]). Shrinkage

is more prominent with silicone IOLs: When comparing 3-piece IOLs with identi-

cal design, Sacu et al. [9] found contraction with a silicone optic IOL to be

significantly more prominent than with its otherwise identical acrylic counterpart.

Eyes implanted with monobloc silicone IOLs are especially prone to capsule

shrinkage [6] since plate haptics increase the area of IOL-capsule contact. Capsular

shrinkage is not different with polypropylene and poly-(methyl methacrylate)

loops [26]. However, strong loops with a broad contact angle may counteract the

contraction forces of silicone IOLs [27]. Contact of the A-LECs to the IOL

initiates a breakdown of the blood-aqueous barrier [28] which may enhance shrink-

age and contraction.

15.4 Rationale, Techniques and Instrumentation
for Anterior Capsule Polishing

Capsular whitening or shrinkage can be counteracted either by removing the

A-LEC layer as the cellular substrate for ACO or by withholding the anterior

capsule leaf from establishing contact to the optic surface, thereby preventing the

A-LECs from getting into contact with the IOL material as a prerequisite for

initiating transdifferentiation. The latter can be achieved by adding an elevated

Fig. 15.17 With full

capsule-optic overlap, fibrotic

contraction of the anterior

capsule creates a strong

encasement (“shrink-

wrapping”) of the IOL optic,

thus maximizing the barrier

effect of the posterior optic

edge by firmly pulling the

posterior capsule around a

sharp posterior edge
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ridge along the anterior optic rim, by additionally implanting a capsular bending

ring (“capsular distance ring” [29, 30]) or by using the surgical technique of

posterior optic entrapment into a posterior capsulorhexis opening [31, 32]. While

the former mechanically holds the anterior capsule at a distance to the anterior optic

surface, the latter results in sandwiching of the posterior capsule in between

the anterior capsule and anterior optic surface, thus avoiding direct contact to the

IOL optic.

When after capsulorhexis and lens removal the capsule bag is exposed to

infusion fluid and viscoelastic substance, the oedematous A-LEC layer can be

seen as a greyish concentric zone and its peripheral border is well discriminated

(Fig. 15.18). This band-shaped area must be fully covered by any polishing

instrument used to ascertain complete A-LEC removal. The various techniques

and instruments described for anterior capsule polishing, cannulas (Kratz), scrapers

(Koch), curettes (Rentsch [33]), sleeved aspiration/irrigation (A/I) tips with or

without ultrasound [34] and ultraviolet irradiation probes (Raut [35]), significantly

differ in efficiency and safety [36]: Efficiency is defined by the percentage of cell-

free areas found on capsule specimen retrieved from the eye after polishing, the

amount of remaining cell structures (borders, junctions) on the capsule and the time

needed to achieve this. Methods also differ in the capsular lesions they may induce.

These vary between lamellar separation of superficial capsule layers and deep

almost penetrating lacerations.

Menapace [37] described an aspiration curette with a slit-shaped superior open-

ing with sharp parallel edges and rounded ends and a bypass opening that allows

gentle docking unto the undersurface of the anterior capsule (Fig. 15.19),

maximizing efficient polishing while avoiding capsular injuries. The slit-shaped

opening allows for removing broad bands of A-LECs at a time and reaching behind

the iris while still having control of how far the probe tip and slit reach into the

periphery.

Fig. 15.18 After

capsulorhexis and lens

removal, because the capsule

bag is exposed to infusion

fluid and viscoelastic

substance, the oedematous

A-LEC layer can be seen as a

greyish concentric zone and

its peripheral border well

discriminated
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15.5 Efficiency and Impact of Anterior Capsule Polishing
on Anterior Capsule Opacification

Several studies have been performed to elucidate efficiency and impact of anterior

capsule polishing (ACP) by comparing postoperative anterior capsule shrinkage

and/or whitening with and without polishing.

Tadros et al. [38] investigated the impact of ACP on capsulorhexis size with a

silicone IOL. Six months postoperatively, the size of the capsulorhexis significantly

increased in the study group (mean increase 1.07� 1.70 mm; P¼ 0.01) and signifi-

cantly decreased in the control group (mean decrease 3.38� 2.37 mm; P< 0.0001).

The difference in changes in the capsulorhexis areas between the two groups was

also highly statistically significant (P< 0.0001). Hanson et al. [39] studied the

impact of ACP on capsulorhexis aperture after AcrySof (Alcon) acrylic IOL

implantation. Three months postoperatively, the mean decrease in aperture was

1.9 % in the polished and 5.6 % in the non-polished group (P¼ 0.02). Grade 2 ACO

at 3 months was found in 44 and 61 %, respectively (P¼ 0.13). After careful ACP

using biaxial I/A instrumentation for 5 min, Shah et al. [40] found a significant

difference in ACO intensity 1 month postoperatively. When disregarding the grade

of ACO, only 43 % of the polished eyes developed any grade of ACO compared to

90 % of the controls ( p¼ 0.001). At 6 months, however, no statistically significant

difference was found ( p¼ 0.5). Overall, polished eyes tended to develop lower

Fig. 15.19 The aspiration curette described by Menapace features a slit-shaped superior opening

with sharp parallel edges and rounded ends and a bypass opening that allows gentle docking unto

the undersurface of the anterior capsule
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grades of ACO, and grade 4 ACO was only detected in control eyes. In a

non-randomized study comparing 180� and 360� ACP with the Rentsch curettes,

Kruger et al. [41] found no statistical difference between ACO 2 years after surgery.

Liu et al. [42] found a statistically significant decrease in fibrotic ACO after

aggressive 360� polishing using an I/A probe and including the anterior capsule

and equatorial capsule, with a mean ACO score of 1.2� 0.5 versus 3.2� 0.6 on a

scale of 1–5 year. Svancarova et al. [43] also found a significant difference after

2 years. Sacu et al. [44], in a randomized intraindividual comparison study using the

Menapace aspiration curette for polishing and a standardized slitlamp photographic

technique for reproducible documentation [45], also found a statistically significant

difference 3 years after surgery. Two silicone IOL models had been implanted: one

with a blunted-edge profile (SI-40, Allergan) and the other with a fully rounded rim

(Silens6, Bausch & Lomb). The mean ACO score (scale 0–100 %) was 17 % in the

polished eyes and 26 % in the control eyes (P< 0.0001). In the polished SI-40 eyes

mean ACO was 15 % and 26 % in the control SI-40 eyes (P< 0.01). In the polished

Silens6 eyes mean ACO was 19 % and 26 % in the control Silens6 eyes (P< 0.003).

As described by Shah et al. [40], the striking initial effect of polishing seen after

1 month (Fig. 15.20) also decreased later on, but was still significant after 3 years.

Bolz et al. [46], in a similar trial with silicone IOLs featuring a truncated rim with

sharp edges, again found a statistically significant decrease of ACO after 1, 2, 3 and

5 years in eyes that had undergone ACP (P< 0.01–0.03).

How can the differences in the findings be explained? ACO results when resident

A-LECs on the undersurface of the anterior capsule leaf transdifferentiate upon

contact with the IOL optic. When removing these cells, fibrosis should not occur. If

it still occurs, this can have two causes: First, LEC abrasion was incomplete, and/or

second, the abraded areas have been repopulated by LECs from non-polished areas.

The more thoroughly it abrades the LEC layer, and the more peripherally it reaches

out, the more effective ACP should be. With the vented slit-cannula designed by

Menapace, LEC abrasion is extensive, since the capsule is attracted towards the

sharp edge of the slit-shaped aspiration port which removes a broad band of LECs at

a time and reaches far out into the capsular periphery behind the iris with still good

Fig. 15.20 Anterior

capsule of an eye polished

with a Menapace

aspiration curette (left)
versus the control eye

of the same patient
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visual control by viewing the proximal end of the slit. With other aspiration

instruments, the small port removes only narrow straits of LECs at a time while

the location of the aspiration opening cannot be judged when manipulating behind

the iris. With the Rentsch curettes and other non-aspiration devices, power coupling

is inadequate since it is only effectuated by elevating the capsule instead of

aspirating it. This significantly decreases efficiency of LEC abrasion, leaving

LECs behind in the treated areas and/or reducing the treated area itself.

The fact that ACO again increases after month 1 to reach the same grade as the

controls after 6 months, as reported by Shah et al. [40] or fails to show any

difference, as reported by Kruger et al. [41], while Hansen et al. [39], Liu

et al. [42], Sacu et al. [44] and Bolz et al. [46] demonstrated a lasting significant

reduction, obviously reflects differences in the efficiency of the polishing

instruments and techniques applied. However, some grade of ACO did develop in
all studies even with most efficient polishing. This may be explained by repopula-

tion of the polished areas either by residual resident A-LECs or by equatorial LECs

from the germinative zone. Though Kruger et al. [41] did not specifically address

the difference between the polished and non-polished semi-circumference in one

and the same eye, the lacking difference in overall ACO in their study indicates that

there may be secondary LEC invasion from the equator towards the capsulorhexis

edge and even further unto the anterior optic surface. These E-LECs then seem

capable of expressing a potential of myofibroblastic transdifferentiation as resident

A-LECs. Liu et al. [42] investigated the LEC growth in capsular bags implanted

with an IOL in cadaver eyes with the iris removed using inverse phase-contrast light

microscopy. One day after surgery, large patches of cells remained under the

anterior capsule and the equatorial zone in the unpolished cadaver eyes while the

anterior capsule was clear in the polished eyes. After 3 days in culture, many

patches of dead cells had formed in the unpolished eyes. After 7 days, cell growth

was minimal in the unpolished eyes, while robust cell proliferation was observed in

the polished eyes. This corroborates that ACP cannot remove all LECs, particularly

those around the equatorial zone, and that ACP itself may stimulate robust prolif-

eration of residual LECs in vitro, while live cells in unpolished eyes tend to die,

resulting in less LEC proliferation. In addition, repopulation of the once polished

anterior capsule areas by equatorial LECs may be triggered by mechanical trauma

to the capsule equator by the polishing instrument. This may be particularly true for

bulky non-aspiration curettes like that designed by Rentsch.

15.6 Impact of Anterior Capsule Polishing on Posterior Capsule
Opacification and YAG Capsulotomy Rates

The Vienna IOL Study Group conducted several clinical studies to elucidate the

impact of ACP on PCO using randomized intraindividual comparison.

Menapace et al. published the 3 years results of regeneratory PCO formation

with and without ACP [47]. They found no statistically significant difference in

r-PCO scores as evaluated subjectively and objectively in retroilluminated images.
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Svancarova et al., in their study, also did not find differences in PCO rates after 2 or

more years [43]. However, when Menapace et al. looked at the YAG rates after
3 years, 54 % of the eyes that had undergone ACP required YAG-LCT as compared
to only 36 % eye without ACP. During the first year, no YAG-LCT had been

necessary in either group. Between years 1 and 3, however, 11 YAG-LCTs were

performed in the polished eye group while only 4 in the control group. This suggests

early barrier failure caused by lacking collagenous capsule sealing along the optic

rim. YAG-LCTs had been performed in the hospital on a non-profit basis based on

specified criteria, i.e. a drop of best corrected high-contrast visual acuity to 0.8 or

less in eyes with full macular potential and subjective complaints of blur and
reduced contrast vision. Of the latter patients, all patients reported a substantial
increase in visual quality even when high-contrast visual acuity had been still good.
The difference between the grade of r-PCO in retroillumination and the quality of

vision reported by the patient was particularly pronounced in the polished eye

group, suggesting an obvious mismatch between the two parameters. When

scrutinizing the interspace between optic and posterior capsule in these eyes before

performing the YAG-LCT using oblique, high-intensity slitlamp illumination, the

interspace was seen to be filled with amorphous LEC material lacking well-defined
cell borders, which was obviously not adequately picked up by retroillumination
photography [48]. When looking at pairs of eyes with prominent regeneratory PCO,

the capsule bag was typically patent with fusion and bending typically incomplete
or absent in the polished eyes and E-LEC ingrowth typically more profuse without

signs of having been halted at the optic edge (Fig. 15.21).

Fibrotic PCO was significantly reduced in the polished eyes [44]: Overall mean

f-PCO score was 0.5 in the polished and 1.0 in the unpolished eyes (P< 0.0007). In

the polished blunted-edge SI-40 eyes mean f-PCO score was 0.4 and 1.1 in the

SI-40 control eyes (P< 0.0006). In the polished rounded-rim Silens6 eyes, mean

f-PCO was 0.6 and 0.9 in the Silens6 control eyes (P< 0.08).

15.7 ACP and Impact of the Optic Edge Profile
on Regeneratory and Fibrotic PCO

Menapace et al. [47] found a significant increase in YAG-LCT rates after ACP in

eyes implanted with silicone IOLs lacking a sharp posterior optic edge. When

analysing the YAG-LCT rates of the two subgroups of IOLs, however, they

found lower YAC-LCT rates with the IOL featuring blunted edges, profile

(SI-40) than with the model equipped with a fully rounded optic rim (Silens6).

Bolz et al. [46], in a similar setting, evaluated the impact of ACP on PCO and

YAG-LCT rates with a truncated silicone IOL (911A, Pharmacia) with very sharp

edges. They again found no difference in r-PCO but also not in YAG-LCT rates,

and Sacu et al. [11] found no difference in f-PCO.

How can these differences between the two studies be explained? When

addressing f-PCO, the Vienna IOL Study Group reported differences dependent

upon the optic edge profile: While f-PCO was most accentuated with the IOL with a
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fully rounded optic rim, it was almost absent with the IOL featuring a truncated rim

with sharp edges. With the IOL featuring rounded edges, f-PCO formation was

intermediate. In the course of capsular bag closure and capsular fusion, the posterior

capsule is typically bent around the posterior optic edge (Fig. 15.6). The sharper the

posterior optic edge, the higher the pressure on the capsule along its contact line

with the optic edge, and the more acute the bent formed in the posterior capsule.

Whatever the prevailing mechanism [13–15], the barrier effect will increase with

the sharpness of the posterior optic edge, incrementally preventing migrating

A-LEC from the peripheral anterior capsule leaf and/or E-LECs from the capsular

bag periphery from accessing the retro-optical space where they quickly transdif-

ferentiate, forming the typical circular zone of f-PCO inside the optic rim. This may

explain why the differences observed in f-PCO with and without polishing

decreased with increasing sharpness of the posterior optic edge. Since silicone

triggers myofibroblastic transdifferentiation more than any other IOL material,

these differences have been highlighted by the silicone IOL models used in

aforementioned studies by Sacu et al. [11, 44], Menapace et al. [47] (rounded)

and by Bolz et al. [46] (sharp edge profile).

Fig. 15.21 Early barrier failure after ACP (left) compared to the control eye (right); the rhexis

leaf in the ACP eyes is still clear, while that in the control eyes shows fibrotic ACO and f-PCOwith

radial folds and concentric wrinkling
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15.8 Impact of ACP on Capsular Closure and Sealing

When specifically looking at the interplay between the anterior and posterior

capsules along the IOL optic rim, the following can be observed: After polishing,

the capsular bag tends to remain open with the two capsule leaves staying at a

distance to each other and the capsular fusion line halting more peripherally if at all

present. Early LEC ingrowth is seen to invade the posterior capsule behind the IOL

optic, and the patent interspace between the capsules and the retro-optical space

readily fills up with ill-defined cellular material. With the latter forming, patients

start complaining of subjective decrease of visual quality while they still may have

good high-contrast visual acuity.

ACP thus not only interfereswith collagenous capsular sealing and the formation of

a lasting barrier formation by removing the cellular substrate for collagenous sealing

and shrink-wrapping of the IOL optic following myofibrillar contraction of the

capsules but also interferes with the process of capsule bag closure and capsular

bending. This becomes obvious when observing the interplay between the capsular

leaves and the formationof the capsular fusion line and its progression towards the IOL

edge. ACP also changes the morphological characteristics of the LEC itself. Bothmay

reflect changes in thebiochemical environment and physiological characteristics of the

residual LECs when abraded or traumatized. As a result, the capsular bag tends to

remain patent, reflected by amore peripheral or even lacking fusion line. LECs quickly

invade the retro-optical interspace and form poorly discernible layers of ill-defined

cells as opposed to the well-defined globular cells seen in non-polished control eyes.

While these amorphous cell agglomerates are not picked up by retroillumination, but

only by oblique high-intensity slitlamp illumination, they do cause vision-disturbing

light scatter. This explains the mismatch between the low PCO readings and the high

YAG capsulotomy rates in the polished eyes implanted with IOLs lacking a sharp

posterior optic edge. Though capsular fusion and sealing is also compromised with

sharp posterior edge optics, the sharp edge seemingly still prevents LECs from

invading the retrolental space. This is especially true for IOL models featuring

angulated and resilient “capsular-C” haptics that permanently push the optic posteri-

orlywhile still preserving the circular shape of the capsule bag like the IOLmodel used

in the study by Bolz et al. [46], thus inducing a lasting circular posterior capsule bend.

15.9 Anterior Capsule Opacification and Polishing
with Posterior Optic Buttonholing (POBH)

Menapace [31, 32] looked at the impact of additional ACP in conjunction with his

posterior optic buttonholing (POBH) of round-edged open-loop IOLs for PCO eradi-

cation. When entrapping the optic of a looped IOL into a posterior capsulorhexis

opening, the remaining peripheral posterior capsule slips anteriorly to be sandwiched

between the anterior capsule and the optic surface (Fig. 15.22a), thereby precluding

direct contact between the anterior capsule leaf and the optic except in the area

adjacent to the base of the optic-haptic junction where the posterior capsulorhexis

overcrosses the haptic insertion. While the fibrosis of the anterior capsule leaf is
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most prominent in this area of direct contact to the optic adjacent to the haptic insertion

and often remains restricted to this area (Fig. 15.22b), it may extend to the sandwiched

posterior capsule between the junctions. Fibrosis of the latter originates from the

contact line between the rhexis edge of the anterior capsule and the residual peripheral

posterior capsule leaf or from the area of direct contact between the anterior capsule

leaf and the optic surface adjacent to the haptic-optic junction.

When combining POBH with ACP, a significant further reduction of capsule

fibrosis was seen, but again some grade of residual fibrosis often formed. The latter

may again emerge from either residual resident A-LECs or from peripheral E-LECs

migrating centripetally and taking on the characteristics of A-LECs. While ACP,

though decreasing ACO, increases PCO with standard in-the-bag implantation,

there is no such negative trade-off with POBH. Since ACP with POBH

carries the potential to decrease peripheral LEC reaction (Fig. 15.23) without

compromising its efficacy in precluding central capsule opacification, ACP is

considered a valuable adjunct to POBH.

Fig. 15.22 Optic entrapment into a posterior capsulorhexis prevents anterior capsule from

contacting the optic except in the area adjacent to the haptic base (a); this is where fibrosis

primarily forms (b)

Fig. 15.23 Since the mechanism of POBH to avoid central opacification is independent of barrier

formation at the optic edge, ACP is a valuable adjunct to reduce peripheral LEC reaction without

compromising its efficacy: left¼ non-polished, right¼ polished
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Laser Photolysis System
and PCO Prevention 16
Erica Liu, Nick Mamalis, and Liliana Werner

Abstract

Posterior capsule opacification (PCO) is the most common complication following

modern cataract surgery. PCO is caused by proliferation of lens epithelial cells

(LECs) that remain in the capsular bag following cataract removal. Various

methods for preventing PCO by LEC removal have been developed including

pharmacological treatments and mechanical methods for LEC removal. A laser

photolysis system has been developed for the removal of LECs from the lens

capsular bag.AmodifiedNd:YAGhandpiece has been evaluated in human cadaver

eyes to document removal of LECs. In addition, extracellular matrix glycoproteins

such as laminin and fibronectin, which may play a role in the development of PCO,

were shown to be removed from the lens capsular bag by the photolysis system.

Preliminary clinical studies have found that the laser was successful in removing

the LECs from the anterior portion of the capsular bag with subsequent clear

anterior and posterior capsules in the area of treatment for 2 years. In conclusion,

the Nd:YAG laser photolysis system shows promise for prevention of PCO by

removal of LECs as well as removal of adhesion glycoproteins.

Keywords

Laser photolysis system • Lens epithelial cells • Posterior capsule opacification

16.1 Introduction and Background

Posterior capsule opacification (PCO) and fibrosis is the most common complica-

tion following successful cataract surgery due to the proliferation of lens epithelial

cells (LECs). The incidence of PCO approaches 30 % in the first several years after
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cataract surgery [1] and occurs at an even higher percentages of the pediatric

population [2].

Significant PCO can be successfully treated by a neodymium:YAG (Nd:YAG)

laser capsulotomy. However, there remain significant cost and potential

complications associated with the procedure. With one in four cataract patients

eventually developing PCO the cost of PCO treatment in the United States is second

only to the cost of the initial cataract surgeries [3]. Possible complications include

intraocular lens (IOL) dislocation, postoperative intraocular pressure elevation,

cystoid macular edema, and an increased incidence of retinal complications,

including retinal detachment [1, 4].

PCO is caused by the proliferation of LECs that remain in the capsular bag after

phacoemulsification for cataract removal [5]. Residual LECs cloud the capsule by

proliferating and migrating along the internal surface of the anterior and posterior

lens capsule. Sometimes referred to as a “secondary cataract,” PCO causes signifi-

cant reduction in visual acuity and contrast sensitivity, increased glare, and optical

aberrations [6, 7]. LECs can be divided into two main morphological types: anterior

epithelial cells and equatorial epithelial cells. When stimulated, anterior epithelial

cells tend to proliferate, undergo fibrous metaplasia, and form fibrous tissue. The

equatorial epithelial cells are the primary cells responsible for PCO and

Soemmering’s ring formation. When stimulated, they tend to migrate onto the

posterior capsule and proliferate, forming PCO. They can also form regenerative

epithelial pearls in the capsular bag fornix termed Soemmering’s ring. Occasion-

ally, the LECs can cause fibrosis and contraction with reduced vision and disruption

of the position and function of the IOL [8–12]. This phimosis and subsequent need

for IOL explantation is of increasing concern with highly flexible thin lenses,

particularly those designed for microincision cataract surgery [8].

The development of capsule opacification and fibrosis with contraction poten-

tially becomes an even more disruptive complication with the continued advance-

ment of IOL design. Specialty IOLs, to correct astigmatism and to treat presbyopia

with multifocal and accommodating IOLs, are particularly sensitive to position and

movement within the capsular bag. Furthermore, patients with these newly devel-

oped IOLs may require higher degrees of capsule clarity and require earlier Nd:

YAG laser capsulotomies. These new IOL technologies highlight the importance of

developing consistent and safe methods to prevent capsule opacification.

16.1.1 Surgical Techniques for PCO Prevention

Techniques used during surgery to prevent PCO rely on two main mechanisms:

(1) cleaning and removing the maximum amount of LECs and (2) using barriers to

block any proliferation of the remaining LECs. Hydrodissection is a surgical

technique that uses a fluid wave to separate the lens cortex from the lens capsule

[13, 14]. Fluid is injected directly under the anterior capsule and spreads past the

equator to the posterior surface of the lens. This action releases the lens for easier

and safer removal and also removes LECs that may contribute to anterior capsule
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opacification, fibrosis [15], and PCO after surgery. Rotation of the lens is often

performed by surgeons to confirm the complete separation of the lens and capsule

but can also potentially provide a physical scraping mechanism to remove the

remaining LECs from the capsule [14].

Anterior capsule polishing is a controversial technique used to remove LECs

from the inner surface of the anterior capsule (more details on its role in PCO

prevention can be found in Chap. 15). Multiple studies have shown that removal of

LECs by polishing will delay PCO development [16–18]. Other studies, however,

have shown either no benefit or even an increase in proliferation of LECs after

anterior capsule polishing [19, 20].

In-the-bag fixation involves proper placement of the IOL completely in the

capsular bag. This holds the IOL firmly in place and prevents damage to the

surrounding uveal tissue. It also keeps the IOL optic flush against the surface of

the posterior capsule. Without the potential space between the optic and the

posterior capsule, a barrier effect prevents LECs from entering the gap and

proliferating, causing PCO [21–23].

Similarly, the capsulorhexis size, shape, and centration matter in acting as a

physical barrier to migrating and growing LECs. The ideal size of the capsulorhexis

is just smaller than the optic size [24–26] with central alignment in relation to the

optic [27]. The shape of the capsulorhexis also plays a role in equal force distribu-

tion. Symmetrically round-shaped capsulorhexis shows the least amount of PCO

[28]. Large and asymmetric capsulorhexes are associated with increased posterior

capsular folds which may play a role in increasing PCO [26, 28]. It is also

worthwhile to note, however, that a very small and intact capsulorhexis can lead

to increased capsular fibrosis and shrinkage [29, 30]. More details on the role of the

capsulorhexis in PCO prevention can be found in Chap. 14.

16.1.2 IOL Design

One of several methods that have been used in an attempt to prevent PCO

incorporates changes in IOL material and design (more details on their respective

role in PCO prevention can be found in Chap. 17). Based on the theory that

apposition of the posterior lens capsule to the IOL may have a barrier effect,

successful IOL design modifications have incorporated a sharp posterior optic

edge. The sharp edge of the IOL causes the capsular bend, in which the posterior

capsule changes configuration to tightly wrap against the posterior, square edge of

the IOL [31]. The edge is thought to prevent proliferating LECs from extending

across the posterior lens capsule, causing PCO [32, 33]. This configuration, a

discontinuous sharp square bend with tight wrapping of the posterior capsule

around the sharp posterior lens optic, effectively inhibits LEC migration onto the

posterior lens capsule. New IOL designs incorporating this feature must have a

sharp posterior edge for 360� without interruption by the haptics. Three-hundred

sixty-degree coverage can help delay or prevent PCO proliferation from breaching

the barrier at the optic–haptic junction [34].
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16.1.3 PCO Prevention by LEC Removal:
Pharmacological Treatments

Other methods aim to completely eliminate the LECs from the lens capsular bag

using capsular irrigation with drugs, such as antimetabolites, toxic monoclonal

antibodies, and other agents. Early attempts to clean the capsule from LECs

included irrigation with ethylenediaminetetraacetic acid (EDTA) and trypsin.

EDTA is a calcium chelator agent and acts by disrupting the connection between

epithelial cells and the basement membrane. Trypsin is a proteolytic enzyme that

also disrupts cell bonding. These were both effective but did unacceptable damage

to the surrounding structures [35]. Using a closed bag technique with EDTA, acetic

acid, 5-fluorouracil, mitomycin C, and distilled water produced similar results in

rabbits at the end of the study without eliminating complicating factors of inflam-

mation, fibrosis, and edema [36]. Additional studies used the proteolytic enzyme

Dispase to loosen cell junctional complexes in addition to EDTA and minimal

irrigation and aspiration; negligible damage to zonules and corneal endothelium

was found [37, 38]. Another promising route targets cell signaling at the molecular

level. Inhibition of growth and migration modulator, Src kinase, effectively blocked

proliferation and migration of LECs, as well as the fibrous metaplasia transition of

PCO in chick lens capsular bags [39].

The PerfectCapsule is a device that attaches to and seals the anterior capsule

opening and isolates the capsule from the remainder of the anterior chamber. This

allows positive inflation of the capsule and a closed system for irrigation of the

capsular bag with pharmaceutical solutions to treat residual LECs. Sealed irrigation

of the bag would protect the remainder of the anterior segment and minimize

damage to additional intraocular structures. It also allows the pharmaceutical

solutions to reach the LECs in the fornices of the capsule by expanding the entire

bag with positive pressure [40, 41]. However, vacuum seal may not be possible in

all patients depending on anterior chamber depth and pupil size [42]. In the first

clinical attempts of this device, distilled water was chosen as an irrigant for minimal

collateral damage in case of vacuum failure. Distilled water has been shown to lyse

LECs in previous studies [43, 44]; however, it was not shown to be effective in

clinical use [42].

16.1.4 PCO Prevention by LEC Removal: Mechanical Methods

LECs can also be mechanically removed during cataract surgery. Hydrodissection

separates the cortex from the capsule [14]. Standard irrigation/aspiration (I/A)

phacoemulsification instruments can be used to polish the lens capsule of LECs.

Rough phacoemulsification tips or round cannulas [45] can also manually scrape

LECs off the anterior lens capsule and the fornix. Various loop-type devices

have also been tried to scrape the LECs from the inside surface of the capsular

bag. Ultrasound cleaning is considered to be the most effective technique when

mechanically removing the LECs [46]. Another promising development is the
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AquaLase, a liquefaction device for the Infiniti Vision System (Alcon Laboratories)

that is thought to be safer in extraction of softer cataracts. The AquaLase uses

micropulses of heated balanced salt solution to break up the cataract and uses

technology that eliminates incision burn [47]. Additionally, the pulse method

may physically wash LECs off the capsule [48]. The increased safety of the

AquaLase makes breaking the capsule more difficult, allowing for better capsule

polishing. Together, these features may help prevent or delay PCO. The challenge

remains, however, to reach the regenerative cells in the capsular fornix. During

surgery, the iris blocks the visualization of these cells, prohibiting their complete

mechanical removal.

16.2 Laser Removal of LECs

A modified Nd:YAG handpiece has been used to remove LECs [49, 50]. The

modified Nd:YAG laser photolysis handpiece is coupled with a modification of

the laser photolysis system (ARC Laser GmbH). Preliminary porcine studies using

the modified laser photolysis system showed confocal laser scanning microscopy

and histological evidence of complete ablation of LECs from the anterior lens

capsule [51].

16.2.1 Laser and Mechanism

The present design of the laser photolysis unit was developed to treat the inner

surface of the lens capsular bag. It is based on a modification of the Dodick Laser

PhotoLysis System designed initially for laser cataract phacoemulsification [49]

and also used in laboratory experiments to clean the lens capsule. A sheathed fiber-

optic bundle leaves the laser console and is connected to the handpiece. Infusion

fluid is connected through tubing to the handpiece. The Q-switched Nd:YAG laser

has an 8 ns pulse length. The energy per pulse can be set from 4 to 12 mJ, commonly

used at 7 mJ. The application frequency of the laser pulses is also variable from 1 to

20 Hz in 1 Hz increments, commonly used at 2 Hz. The laser light is delivered into

the handpiece via a fiber-optic cable with a diameter of 283 mm in conjunction with

an irrigation channel.

The fiber terminates opposite an oblique titanium plate mounted adjacent to the

exit aperture. The laser light travels down the cable, hits the surface of the titanium

plate with a spot size of 400–500 nm, is absorbed, and creates plasma with a shock

wave that exits the handpiece through a 0.65 mm round opening. The same opening

functions as the irrigation port, with the infusion fluid entering the handpiece and

flowing around the cable and out the opening. The handpiece tip is 1.05 mm in

diameter (Fig. 16.1). The laser photolysis beam itself does not exit the handpiece

and does not interact with the tissue directly. The titanium surface, which is hit by

the laser radiation, does not come in contact with the tissue. Laboratory

experiments with this unit show that with 10 mJ laser power, the shock wave is
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able to impact and remove cells within a 10.0 mm2 area with the tip held 1.0 mm

from the surface. This equals a treatment area of more than 3.0 mm diameter. Thus,

when the tip of the instrument is placed through a capsulorhexis beneath the

anterior capsule, the shock wave is likely to reach the capsule fornix, where it

can destroy the germinal LECs. With less than 4 mJ pulse energy, the shock wave

formation is negligible and not efficient. More than 10 mJ laser energy leads to fast

destruction of the fiber.

16.2.2 Cadaver Eye and Immunohistochemistry

In a study of human eye-bank eyes [52], the modified Nd:YAG laser photolysis

system removed LECs from the inner surface of the anterior lens capsule and the

capsular fornix (Fig. 16.2). This was confirmed by light microscopy (LM) and

transmission electron microscopy (TEM). In the control-untreated areas, the normal

anatomy of LECs and capsular bag were present on both LM and TEM. In areas in

which the lens epithelium was treated but not effectively removed by aspiration,

small blebs formed within the LECs and cellular debris persisted at the base of the

blebs. Similarly, in areas in which the LECs were treated with attempted aspiration

Fig. 16.1 Schematic

drawing (a) and gross

photograph (b) showing the

handpiece tip of the laser

photolysis system (provided

by ARC Laser GmbH)
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using standard bimanual I/A handpieces, there was remnant cellular debris from the

LECs where the epithelium was not completely removed (Fig. 16.3). These findings

show the importance of using laser treatment and I/A in combination to effectively

treat and remove LECs.

In contrast, areas of the lens capsule in which the LECs were treated by the laser

photolysis system and aspiration were completely clear, with no LECs or cellular

debris on LM or on TEM (Figs. 16.4 and 16.5). In areas treated by the Nd:YAG

photolysis system, neither laminin nor fibronectin was present on the surface of the

lens capsule when evaluated by immunohistochemical analysis (Fig. 16.6). In a

clinical setting, this indicates that the cells would have no “carpet” on which to slide

and migrate and no adhesion molecules upon which to take up residence [52].

16.2.3 Clinical Studies

Clinical studies of the use of the modified Nd:YAG laser photolysis capsule

cleaning device in cataract surgery found the laser was successful in removing

LECs from the anterior portion of the capsular bag. The inner surface of the nasal

half of the capsule in 17 eyes was treated with the laser after standard phacoemul-

sification under direct visualization through the dilated pupil; the temporal half of

the bag was not treated. When one half of the capsular bag was treated, the anterior

and posterior capsule remained clear in most eyes for 2 years; the untreated half of

the capsular bag became opaque within a few months after surgery (Fig. 16.7). In

the clinical series, treatment with the laser photolysis system prevented not only the

capsule from opacifying in the areas that received treatment prevented LEC

migration onto the posterior capsule, preventing PCO from spreading from the

untreated areas of the capsule to the treated capsule [53].

Fig. 16.2 Removal

of lens epithelial cells

from a human cadaver

eye prepared according

to the Miyake–Apple

technique, by using the

laser photolysis system.

Published in Mamalis

et al. [52]
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16.3 Laser Photolysis and PCO Prevention

Posterior migration of LECs after cataract surgery causes opacification of the

posterior capsule. Basement membrane and extracellular matrix (ECM)

glycoproteins play a role in the development of PCO by providing a substrate for

LEC adhesion and may promote LEC migration. Laminin interacts with LECs and

is one of the major constituents of the lens basement membrane, the thickest

basement membrane in the body. Migration and adhesion of LECs occur in

response to lens capsule proteins collagen type IV and laminin. Maximum LEC

migration is also promoted by the ECM glycoprotein fibronectin [54], which is not

typically found in the adult lens capsule. However, fibronectin can be found in the

Fig. 16.3 Transmission electron photomicrographs (a and b) showing the inner surface of

capsular bags of a cadaver eyes which were treated with the laser photolysis system. Remnant

cellular debris were not effectively removed by aspiration (provided by Hans Grossniklaus, M.D.,

Emory Eye Center, Emory University, Atlanta, GA)
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anterior segment after cataract surgery due to the inflammatory response. Addition-

ally, the inflammatory response in which LECs transform into myofibroblasts can

produce additional fibronectin. LEC integrin adhesion receptors can migrate by

binding to fibronectin and gaining traction [55].

Fig. 16.5 Transmission electron photomicrograph showing the inner surface of a cadaver eye

capsular bag which was treated with the laser photolysis system. Remnant cellular debris were

effectively removed by aspiration (provided by Hans Grossniklaus, M.D., Emory Eye Center,

Emory University, Atlanta, GA)

Fig. 16.4 Light photomicrograph of a cadaver eye capsular bag showing successful removal of

lens epithelial cells from the fornix by treatment with the laser photolysis system. Persistent cells

can be seen in the untreated anterior subcapsular area (arrow). Published in Mamalis et al. [52]
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Collagen type IV is a normal basement membrane component of the lens

capsule. Fibronectin has a functional domain that binds to collagen. Because

the lens capsule is made of collagen [56], fibronectin could be a mediator for

adhesion. Fibronectin, laminin, and collagen type IV also adhere to the surface of

IOLs. Furthermore, fibronectin mediates adhesion between IOLs and the lens

capsule. Proliferative connective tissue that grows between the capsule and

implanted IOLs has shown the presence of these proteins [55]. Interestingly,

these adhesion-type molecules are found interposed between the lens capsule and

the surface of IOLs, particularly hydrophobic acrylics. The direct adhesion may

prevent the potential space that LECs can grow in. This “sandwich theory” may

contribute to the decreased PCO noted in the eyes with a hydrophobic acrylic IOL

in the capsular bag [57, 58]. The presence of fibronectin and laminin on or in the

Fig. 16.6 Light photomicrographs of a cadaver eye capsular bag after removal of lens epithelial

cells with the laser photolysis system. No immunohistochemical staining is shown for laminin (a)

or for fibronectin (b). (a and b) published in Mamalis et al. [52]
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lens capsular bag may explain how capsule opacification still occurs despite

cleaning of the majority of the capsule using I/A. Even a few residual LECs that

are not removed from the lens capsule can migrate across an area of previously

clear capsule and cause visually significant capsular opacification.

Evaluation of control and untreated areas in the human eye-bank eye study

showed positive staining for laminin in the lens capsule basement membrane area

with intact LECs. Some epithelial cells themselves also stained positive for laminin.

The entire lens epithelium and some zonular fibers stained positive for fibronectin.

In areas in which the LECs were treated solely with Nd:YAG photolysis but were

not aspirated or removed, the remnant cellular debris stained positive for laminin

and fibronectin. In areas in which LEC removal was attempted using solely

bimanual I/A, remnant cellular debris also stained positively for fibronectin and

laminin. Areas treated by both Nd:YAG photolysis and aspiration were clear of

cellular debris and did not stain for fibronectin or laminin.

The results in the cadaver eye study clearly show that the laser photolysis system

facilitates complete removal of LECs from the inner surface of the anterior lens

capsule as well as the capsular fornix without leaving LEC debris. Immunohisto-

chemical staining did not stain for fibronectin or laminin, confirming the absence of

the two adhesive proteins in treated areas. This is thought to be the mechanism of

Fig. 16.7 Clinical

photographs (a and b) taken

approximately 2 years

after surgery show capsule

opacities on the untreated

side (left) and clinically

clear anterior and posterior

capsules on the treated

side (right) (provided
by Wolfram Wehner, M.D.,

ARC Laser GmbH)
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inhibition of the proliferation of residual LECs along the treated lens capsule, thus

preventing the subsequent generation of PCO. Use of aspiration without the laser

left LEC debris, which contains laminin and fibronectin and may explain

re-epithelialization of the capsule and the onset of PCO [52].

16.4 Summary

The conclusions reached in the cadaver eye study are reinforced clinically in the

clinical studies discussed above [53]. The halves of eyes treated with Nd:YAG laser

photolysis and aspiration remained clear for 2 years post-cataract surgery while the

untreated halves opacified within a few months. The Nd:YAG laser photolysis

system is a promising treatment for the removal of LECs as well as adhesion and

migration of glycoproteins, and this may prevent opacification of the capsular bag.

The surgical technique and the results in the clinical trial were not definitive.

Questions remain whether the shock wave reaches the capsule fornix, if there is

complete removal of all LECs capable of regeneration, and if the resulting lens

capsule will retain its elasticity. Nevertheless, the results indicate that the Nd:YAG

photolysis laser has the potential to prevent capsule opacification and fibrosis after

phacoemulsification of the lens. The adhesion-type molecules, laminin and fibro-

nectin, likely play a key role in the development and prevention of PCO. The safety

and efficacy of the laser photolysis technique can be determined by a formal

prospective clinical trial with bilateral design in which the eyes of patients with

similar cataracts are randomized to laser photolysis or standard I/A, with photo-

graphic comparison of capsule opacities.
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28. Langwińska-Wośko E, Broniek-Kowalik K, Szulborski K (2011) The impact of capsulorhexis

diameter, localization and shape on posterior capsule opacification. Med Sci Monit 17:CR577–

CR582

29. Hayashi K, Hayashi H, Nakao F, Hayashi F (1997) Reduction in the area of the anterior capsule

opening after polymethylmethacrylate, silicone, and soft acrylic intraocular lens implantation.

Am J Ophthalmol 123:441–447

30. Kimura W, Yamanishi S, Kimura T et al (1998) Measuring the anterior capsule opening after

cataract surgery to assess capsule shrinkage. J Cataract Refract Surg 24:1235–1238

16 Laser Photolysis System and PCO Prevention 291



31. Nishi O, Nishi K, Akura J (2002) Speed of capsular bent formation at the optic edge of acrylic,

silicone and poly(methyl methacrylate)lenses. J Cataract Refract Surg 28:431–437

32. Auffarth GU, Golescu A, Becker KA et al (2003) Quantification of posterior capsule

opacification with round and sharp edge intraocular lenses. Ophthalmology 110:772–780

33. Nishi O (1999) Posterior capsule opacification. Part I: experimental investigations. J Cataract

Refract Surg 25:106–117

34. Nixon DR, Apple DJ (2006) Evaluation of lens epithelial cell migration in vivo at the haptic-

optic junction of a one-piece hydrophobic acrylic intraocular lens. Am J Ophthalmol

142:557–562

35. Humphry RC, Davies EG, Jacob TJC et al (1988) The human anterior lens capsule – an

attempted chemical debridement of epithelial cells by ethylenediaminetetracetic acid (EDTA)

and trypsin. Br J Ophthalmol 72:406–408

36. Fernandez V, Fragoso MA, Billotte C et al (2004) Efficacy of various drugs in the prevention

of posterior capsule opacification: experimental study of rabbit eyes. J Cataract Refract Surg

30:2598–2605

37. Nishi O, Nishi K, Hikida M (1991) Removal of lens epithelial cells by dispersion with

enzymatic treatment followed by aspiration. Ophthalmic Surg 22:444–450

38. Nishi O, Nishi K, Hikida M (1993) Removal of lens epithelial cells following loosening of the

junctional complex. J Cataract Refract Surg 19:56–61

39. Walker JL, Wolff IM, Zhang L et al (2007) Activation of SRC kinases signals induction of

posterior capsule opacification. Invest Ophthalmol Vis Sci 48(5):2214–2223

40. Maloof AJ, Neilson G, Milverton EJ et al (2003) Selective and specific targeting of lens

epithelial cells during cataract surgery using sealed-capsule irrigation. J Cataract Refract Surg

29:1566–1568

41. Maloof AJ, Pandey SK, Neilson G et al (2005) Selective death of lens epithelial cells using

demineralized water and Triton-X-100 with PerfectCapsule sealed-capsule irrigation; a histo-

logic study in rabbit eyes. Arch Ophthalmol 123:1378–1384

42. Rabsiber TM, Limberger IJ, Reuland AJ et al (2007) Long-term results of sealed capsule

irrigation using distilled water to prevent posterior capsule opacification: a prospective clinical

randomized trial. Br J Ophthalmol 91:912–915

43. Crowston JG, Maloof AJ, Healey PR et al (2003) Water modulation of lens epithelial cells

during cataract surgery. J Cataract Refract Surg 29:2464–2465

44. Crowston JG, Healey PR, Hopley C et al (2004) Water-mediated lysis of lens epithelial cells

attached to lens capsule. J Cataract Refract Surg 30:1102–1106

45. Isakov I, Madjarov B, Bartov E (1995) Safe method for cleaning the posterior lens capsule.

J Cataract Refract Surg 21(4):371–372

46. Mathey CF, Kohnen TB, Ensikat HJ et al (1994) Polishing methods for the lens capsule:

histology and scanning electron microscopy. J Cataract Refract Surg 20(1):64–69
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PCO Prevention: IOL Material Versus
IOL Design 17
Caleb Morris, Liliana Werner, and Manfred Tetz

Abstract

Intraocular lens characteristics may influence the outcome of posterior capsule

opacification. Different studies have described the possible roles of material and

design on the prevention of this complication, which are discussed in this

chapter. These include studies evaluating material properties, particularly adhe-

sive properties leading to different patterns of protein adsorption on the lens

surfaces. The most important intraocular lens feature in posterior capsule

opacification prevention with in-the-bag fixated intraocular lenses was found

to be the presence of a square edge on the posterior optic surface. Nevertheless,

studies evaluating the microstructure of the edges of currently available foldable

intraocular lenses found that all square edges in the market are not equally

square. As a group, hydrophilic acrylic lenses were found to have less square

edges than hydrophobic acrylic and silicone lenses. Furthermore, animal and

clinical studies demonstrated that the square edge should be present for

360 around the lens optic, for maximal efficiency in terms of prevention of

posterior capsule opacification.
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17.1 Introduction and Background

Apple et al. identified 6 factors considered instrumental in the prevention of

posterior capsule opacification (PCO) after evaluating more than 5,000

pseudophakic human eyes obtained postmortem [1]. Three of the factors were

related to the surgical technique, while the other 3 were related to the intraocular

lens (IOL) choice. The IOL-related factors were as follows: biocompatible IOL to

reduce stimulation of cellular proliferation, maximal IOL optic-posterior capsule

contact (angulated haptic; “bioadhesive” biomaterial to create a “shrink wrap”), and

IOL optic geometry with a square, truncated optic edge. It appears therefore that

both, IOL material and IOL design, may influence the outcome of PCO. However, it

is important to understand their relative roles and participation in the prevention of

this complication.

17.2 IOL Material in the Prevention of PCO

After the introduction of the hydrophobic acrylic AcrySof lens (Alcon

Laboratories) in the market, with reported low rates of PCO and neodymium:

YAG (Nd:YAG) laser posterior capsulotomy, great attention was placed on the

adhesive characteristic of this hydrophobic acrylic material. Oshika et al. found that

soft hydrophobic acrylic IOLs adhere better to the lens capsule than polymethyl-

methacrylate (PMMA) IOLs; silicone IOLs did not adhere at all in their study

[2]. Linnola et al. found the same attachment pattern in a rabbit corneal tissue

culture study in which hydrophobic acrylic AcrySof IOLs attached better than

PMMA, heparin-surface-modified (HSM) PMMA, silicone, or hydrophilic acrylic

IOLs [3]. In an in vitro study by Nagata et al., IOLs were pressed against a collagen

film in a fortified balanced salt solution; the pulling out force was measured at the

moment the lens detached from the film as it was pulled up [4]. Hydrophobic acrylic

IOLs adhered more strongly to a collagen film than PMMA IOLs.

17.2.1 “Sandwich” Theory

The “sandwich” theory postulated by Dr. Linnola stated that an IOL made of a

bioadhesive material allows a single layer of lens epithelial cells (LECs) to bond to

the IOL and the posterior capsule at the same time, producing a sandwich pattern

that includes the IOL, a cell monolayer, and the posterior capsule [3, 5–7]. The

sealed sandwich structure would prevent further LEC proliferation. Therefore, the

degree of bioactivity/bioadhesivity could explain the differences in PCO and Nd:

YAG rates among IOL materials.

Different patterns of protein adhesion to the surfaces of different IOLs were

found to be related to adhesive properties of certain materials. In an in vitro study,

Linnola et al. used 75 PMMA, HSM PMMA, silicone, hydrophobic acrylic, and
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hydrophilic acrylic IOLs, which were incubated with radioactive iodine-labeled

soluble fibronectin, laminin, or collagen type IV [5]. The amount of absorbed

protein was measured with a gamma counter. Hydrophobic acrylic IOLs (AcrySof)

showed the highest binding to fibronectin; the difference between the hydrophobic

acrylic and the other materials, except PMMA, was significant. The adsorption of

fibronectin to the IOL surfaces was confirmed in another in vitro study by Johnston

et al. [8]. They found that surface adsorption of fibronectin was significantly greater

on hydrophobic acrylic IOLs than on PMMA IOLs after 1 day and 1 week.

In two follow-up studies using pseudophakic human eyes obtained postmortem,

Linnola et al. also found that the protein fibronectin is the major extracellular

protein involved in the adhesion between the hydrophobic acrylic AcrySof IOL

and the capsular bag [6, 7]. In the first study, 38 autopsy eyes containing PMMA,

silicone, hydrophobic acrylic, or hydrophilic acrylic IOLs were assessed [6]. Histo-

logical sections were prepared from each eye, and immunohistochemical analyses

were performed for fibronectin, vitronectin, laminin, and collagen type IV. One

hundred fifty-two specimens (sections) were analyzed. A sandwich-like structure

(anterior or posterior capsule/fibronectin/1 cell layer/fibronectin/IOL surface) was

seen in 12 of 14 autopsy eyes with hydrophobic acrylic lenses, 3 of 10 with a

PMMA IOL (P¼ 0.0094), 1 of 10 with a silicone IOL (P¼ 0.0022), and 0 of 4 with

a hydrophilic acrylic IOL (P¼ 0.0041). The thicker fibrocellular tissue on the inner

surface of the anterior or posterior capsule that was in contact with silicone IOLs

was lined with collagen type IV. Vitronectin and laminin were not found at the

fibrocellular tissue-IOL interface in any specimen.

In the second study, 32 autopsy eyes containing PMMA, silicone, hydrophobic

acrylic, or hydrophilic acrylic IOLs were assessed [7]. The IOLs were explanted

from the capsular bag, and both sides of the IOLs were immunohistochemically

stained for fibronectin, vitronectin, laminin, or collagen type IV. The number of

cells on the IOL surfaces was also counted. Hydrophobic acrylic IOLs had signifi-

cantly more fibronectin adhering to their surfaces than PMMA (P < 0.01) or silicone

(P< 0.01) IOLs. Silicone IOLs had more collagen type IV adhesion than the other

IOLs (P< 0.05–0.06). Collective protein adhesion differed significantly between

hydrophobic acrylic IOLs and PMMA and silicone IOLs, but not between PMMA

and silicone IOLs. Hydrophobic acrylic IOLs also had significantly more LECs on

their surfaces. This is consistent with the finding that these IOLs adhere to the

capsule better than PMMA or silicone IOLs, confirming that adhesion is likely

mediated and promoted through LEC production of fibronectin or comparable

proteins that bind the lens to the capsular bag (Fig. 17.1).

Collagen type IV lined the cells and tissue on the surface of silicone IOLs. This

might be a factor in the higher rate of anterior capsule contraction (phimosis) with

silicone IOLs than with hydrophobic acrylic IOLs [9–11]. The fibrocellular tissue

under the anterior capsule was encapsulated from the IOL surface by collagen type

IV in eyes with silicone IOLs. This probably does not produce the same kind of

capsule-IOL surface attachment as fibronectin does.
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17.3 IOL Design in the Prevention of PCO

After evaluation of adhesive properties of IOL materials and their effect on PCO,

the focus shifted towards the possible role of the lens design in the prevention of

this complication. Different studies suggested a more significant role of the square

posterior optic edge as a barrier to LEC proliferation behind the lens optic, a design

feature that was present in the AcrySof lens [12]. Later, other studies have shown

that modern posterior chamber IOLs with a square posterior optic edge, regardless

of the material used in their manufacture, have been associated with better results in

terms of PCO prevention [13–17]. According to experimental studies, this may be

due to the mechanical barrier effect exerted by the square edge [18, 19], contact

inhibition of migrating LECs at the capsular bend created by the sharp optic edge

[20, 21], higher pressures exerted by IOLs with a square-edged optic profile on the

posterior capsule [22, 23], or perhaps to various mechanism combinations.

This IOL design feature has generally been incorporated into modern

foldable IOL designs, and it can be appropriately assessed in morphological studies

using scanning electron microscopy (SEM). A series of SEM studies done in

Germany at the BERI aimed to evaluate and describe different IOLs at the

microedge level.

Fig. 17.1 Gross photographs of intraocular lenses explanted from cadaver eyes, manufactured

from different materials. Immunohistochemical stain for fibronectin (arrows) on the surface of the
lenses shows the presence of a more significant amount of the protein attached on the surface of the

hydrophobic acrylic lens. Published in Linnola et al. [7]

300 C. Morris et al.



17.3.1 Preliminary Study on the IOL Microedge Structure

Tetz and Wildeck made the first attempt to evaluate and quantify, at the micro-

scopic level, how sharp the optic edge must be to effectively prevent LECs from

growing onto the posterior capsule [24]. Plano +0.0 D PMMA IOLs with 11 defined

edge designs were especially manufactured for use in this in vitro preliminary

study. Different edge designs were obtained by removal from the tumble-polishing

machine at different times. The edge’s ability to stop cell growth was evaluated by

placing each IOL into cell culture and observing bovine LEC growth over 18 days

on average. Experimental PMMA IOLs with different edge profiles were imaged

under SEM with a standard magnification of �500, and the area above the edge,

representing the deviation from an ideal square, was calculated with a digital

system based on the Evaluation of Posterior Capsule Opacification System

(EPCO 2000 program). Only three groups of PMMA IOLs, those with the sharpest

edge design, prevented the growth of LECs onto the visual axis of the IOL. The

edge design that effectively stopped cell growth was characterized by an area above

the edge, measured with the EPCO system, of 13.5 μm2 at most.

17.3.2 Microedge Structure of Commercially Available
Hydrophobic IOLs

In follow-up studies, Werner et al. used an improved methodology to evaluate the

optic microedge structure of currently available IOLs manufactured from different

materials and marketed as square-edged IOLs [25, 26]. In the first study, commer-

cially available lenses manufactured from hydrophobic acrylic and silicone

materials were obtained through letters sent to IOL manufacturers [25]. Generally,

2 IOLs of each design were evaluated: a +20.0 D and a +0.0 D whenever available

for a particular design. In case a +0.0 D was not available, the lowest dioptric power

was used for that particular design. The methodology used in that study was as

follows: Each IOL was carefully removed from its original packaging with a

toothless forceps and mounted on a support for SEM analysis. During SEM

examination, the analysis of each optic edge was done from a perpendicular

view. Photographs of the optic edge of each IOL were obtained at three

magnifications: �25 or �100, �300, and �1,000. The first two magnifications

were used to document the overall orientation of the specimen, and the �1,000

magnification photographs were used for the microedge analysis. The SEM

photographs of each IOL were saved as electronic, high-resolution JPEG files.

They were then imported into the AutoCAD LT 2000 system (Autodesk). This

program, which is commonly used in engineering and architecture, allows accurate

area calculations. The first step was to adjust the scale of the photograph into the

program using the reference bar incorporated on the right bottom corner of each

SEM photograph. After the scale on each photograph was confirmed by measuring
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the reference bar and obtaining the corresponding value, a reference circle of

known radius, divided into 4 quadrants by 2 perpendicular lines passing through

its center, was projected onto the photograph. The position of the circle was

adjusted so that the end of both perpendicular lines touched the lateral and posterior

IOL optic edges. The area of the lateral-posterior IOL edge deviating from a perfect

square defined by the 2 perpendicular lines inside the reference circle was easily

delineated using the computer mouse. The measurement of the area was then

calculated by the program and provided in square microns. The minimum circle

radius size of 40 μm was chosen as a function of the size of the human LEC

(Fig. 17.2).

The commercially available IOLs were compared with an experimental square-

edged PMMA IOL (reference IOL) manufactured for use in the preliminary in vitro

Fig. 17.2 Scanning electron microscopy and AutoCAD analyses of one intraocular lens used in

the evaluation of the microedge study of commercially available lenses. (a) Perpendicular view of

the optic edge obtained with a magnification of �25. All IOLs were oriented with the lateral edge

up and the anterior and posterior surfaces on the right and left sides, respectively. The scanning

electron microscopy photographs of �25 and �300 helped to control the orientation of the

specimens. In this case, the silicone lens is equiconvex; that is, the distance between the right
edge and the anterior surface and between the left edge and the posterior surface (bottom of

photograph) is the same. (b) Perpendicular view of the lateral-posterior optic edge obtained with

�1,000 magnification. The 30-μm bar was used to adjust the scale of the photograph into the

AutoCAD program. (c and d) AutoCAD screens of the analyses of the photograph in B using a

40-μm radius circle. The magnification of the photographs on the screens was adjusted to

incorporate the entire bottom-right quadrant of each circle. The area in red corresponds to the

deviation from the ideal square. Published in Werner et al. [25]
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study [24]. The edge design of the experimental IOL effectively stopped cell

growth in culture. Two silicone IOLs (+20.0 D and +0.0 D) manufactured with

round optic edges were used as controls. For the square-edged PMMA IOL, the

value of the area measured with the AutoCAD system with the 40-μm radius circle

was 34.0 μm2. The respective value for the +20.0 D control silicone IOL was 729.3

and for the +0.0 D control silicone IOL, 727.3 μm2.

There was a large variation in the deviation area from a perfect square, not only

between different IOL designs but also between different powers of the same design

(Figs. 17.3 and 17.4). Considering the measurements done with the 40-radius circle,

the values for hydrophobic acrylic (N¼ 19) and silicone (N¼ 11) lenses were

183.38� 82.18 and 74.39� 88.54 μm2, respectively (all dioptric powers evaluated

included). The hydrophobic IOLs used, labeled as square-edged IOLs, had an area

of deviation from a perfect square ranging from 4.8 to 338.4 μm2. Of the 30 com-

mercially available square-edged, hydrophobic IOLs evaluated, only seven silicone

lenses of five designs had area values that were smaller than, or close to, those of the

reference square-edged PMMA IOL [25].

Fig. 17.3 Photographs from AutoCAD screens of the analyses of scanning electron microscopy

photographs of four different hydrophobic acrylic intraocular lenses. The area delineated in red
shows the deviation from the ideal square, which varies among the lenses. Published in Werner

et al. [25]
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17.3.3 Microedge Structure of Commercially Available
Hydrophilic IOLs

In the second study on commercially available IOLs marketed as square-edged

lenses, hydrophilic acrylic lenses were evaluated using the same methodology as

described above [26]. However, it is important to highlight that an environmental

SEM technique was used for the hydrophilic acrylic lenses in order to evaluate them

under low vacuum conditions, preventing dehydration and thus artifactual alter-

ation of the edge. The microedge structure of modern hydrophilic IOLs, most of

which have water content in the vicinity of 26 %, may be significantly modified

during the vacuum required in standard SEM procedures.

The study of hydrophilic acrylic lenses had an area of deviation from a perfect

square ranging from 60.84 to 871.51 μm2 for the +20 D lenses (379.01� 188.26;

N¼ 24), and from 35.52 to 826.55 μm2 for the low diopter lenses (281.71� 241;

N¼ 23), as measured with the 40-μm circle (P¼ 0.12; not significant). The area of

deviation from a perfect square ranged from 35.52 to 826.55 μm2 for the single-

piece lenses (280.44� 189.85; N¼ 33), and from 130.2 to 871.51 μm2 for the three-

piece lenses (451.51� 242.29; N¼ 14), as measured with the 40-μm circle

(P¼ 0.01; significant). Considering all lenses included in the study (N¼ 47), the

Fig. 17.4 Photographs from AutoCAD screens of the analyses of scanning electron microscopy

photographs of four different silicone intraocular lenses. The area delineated in red shows the

deviation from the ideal square, which varies among the lenses. Published in Werner et al. [25]
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area of deviation from a perfect square ranged from 35.52 to 871.51 μm2

(331.39� 218.90) (Fig. 17.5). The area measurement values of hydrophilic acrylic

lenses, as a group, were found to be higher than the values reported for hydrophobic

acrylic or silicone lenses in the first study on commercially available lenses. As a

group, however, hydrophilic acrylic lenses also showed the largest variations

(largest standard deviations). The differences among the three groups of materials

were found to be statistically significant (Fig. 17.6).

Nanavaty et al. also performed a SEM study comparing the edge profile of

commercially available square-edged IOLs [27]. Their study included a total of

17 square-edged designs of +20.0 D, with five hydrophobic acrylic, seven hydro-

philic acrylic, and five silicone lenses. Perpendicular images with a magnification

of �500 were obtained and analyzed by using a purpose-designed software to

produce a line tracing of the edge profile of the lenses. The sharpness of the edge

profile was then quantified by measuring the local radius of curvature at the point on

the posterior edge with the smallest radius. Their conclusions are similar in that as a

group, hydrophilic acrylic lenses appear to have relatively rounder edges in com-

parison to hydrophobic acrylic and silicone lenses. This is probably due to the

Fig. 17.5 Photographs from AutoCAD screens of the analyses of environmental scanning

electron microscopy photographs of four different hydrophilic acrylic intraocular lenses. The

area delineated in red shows the deviation from the ideal square, which varies among the lenses.

Published in Werner et al. [26]
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manufacturing process of hydrophilic acrylic lenses, which involves lathe cut from

dehydrated blocks, which are then rehydrated. Water absorption by the IOL mate-

rial may render the final aspect of the edge rounder as the IOL swells.

17.3.4 Clinical Significance of Microedge Structure Studies

The factor that may play the most important clinical role in evening out the

differences in the microedge profiles observed in the abovementioned studies is

shrink wrapping of the IOL by the capsular bag, which enhances contact between

the posterior IOL surface and the posterior capsule. However, this factor may not

even out large differences in edge profile.

The results of microedge structure studies are interesting in the light of

some clinical studies comparing square-edged IOLs manufactured from

different materials, reporting higher rates of PCO with hydrophilic acrylic lenses.

As an example, Kugelberg et al. evaluated 120 eyes of 120 patients who had

phacoemulsification and were prospectively randomized to receive a square-

edged hydrophobic acrylic (Alcon SA60AT) or a square-edged hydrophilic acrylic

Fig. 17.6 Graph showing the variations in the area of deviation from a perfect square (measured

in μm2) among three groups of intraocular lenses: hydrophilic acrylic, hydrophobic acrylic, and

silicone. All lenses included were commercially available and marketed as having a square

posterior optic edge. As a group, silicone lenses showed less deviation from a perfect square

(therefore, squarer edges), with less variation among the lenses evaluated
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IOL (Bausch & Lomb BL27) [28]. Both IOLs are 1-piece designs with an optic

diameter of 6.0 mm and no optic-haptic angulation. At the 1-year follow-up, there

was a statistically significant difference in PCO between the two groups, with the

hydrophilic acrylic group having a greater area and severity of PCO as analyzed

with POCOman software. At the 2-year follow-up of the same study, patients with

the SA60AT hydrophobic acrylic IOL still had less PCO as well as better high- and

low-contrast visual acuity than patients with the BL27 hydrophilic acrylic IOL [29].

Richter-Mueksch et al. evaluated the uveal and capsular biocompatibility of

86 eyes in 78 patients with pseudoexfoliation who had cataract surgery [30]. In a

nonrandomized protocol, the eyes received 1 of the following squared-edged IOLs:

OphthalMed Injectacryl F3000 (hydrophilic acrylic), Alcon AcrySof MA60MB

(hydrophobic acrylic), or Pharmacia CeeOn 911 (silicone). PCO was statistically

greater in the hydrophilic acrylic group, according to semiquantitative analyses.

In a meta-analysis including 23 prospective randomized controlled clinical

trials, the authors concluded that hydrophilic acrylic IOLs were significantly

associated with higher rates of PCO and Nd:YAG laser posterior capsulotomies

than IOLs of other materials [31]. However, the majority of the studies included in

the analysis hydrophilic acrylic IOLs not marketed as square-edged IOLs. Finally,

in a prospective randomized study, Heatley et al. evaluated 106 eyes of 53 patients

with bilateral cataract. One eye was implanted with an SA60AT IOL and the other

with a Rayner Centerflex 570H IOL (1-piece design with square edges and no optic-

haptic angulation) [32]. The percentage PCO area, measured with the POCOman

system, was higher in the hydrophilic IOL group than in the hydrophobic IOL group

at 1 month (P< 0.05), 6 months (P< 0.001), and 12 months (P< 0.001). At 1 year,

the median PCO values were 50.3 % in the hydrophilic IOL group and 4.9 % in the

hydrophobic IOL group. Incorporation of an “enhanced” square edge into this IOL

design clearly improved PCO results, as shown in more recent rabbit and clinical

studies [33–35].

As shown above, in many instances the authors concluded that higher PCO rates

with hydrophilic acrylic lenses were related to a “material” effect; however, the

edges of the lenses included in the clinical studies were perhaps just not compara-

ble. Evaluation of the microedge structure of commercially available lenses showed

that all square edges in the market are not the same, and perhaps large variations in

edge profile may account for differences in clinical outcomes of postoperative PCO.

17.3.5 Optic-Haptic Junctions of Single-Piece Designs

Most available prospective, randomized clinical studies have shown no statistically

significant difference between 1-piece and 3-piece hydrophobic acrylic IOL in

terms of PCO rates [36–38]. Rabbit studies performed in our laboratory

demonstrated that whenever PCO started with single-piece lenses, it had a tendency

to start at the level of the optic-haptic junctions [19, 34]. This was observed with

single-piece hydrophobic or hydrophilic acrylic lenses. It has been hypothesized

that the sharp, square posterior optic edge of those single-piece lenses was
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interrupted at the optic-haptic junction, allowing proliferating, migrating LECs to

enter the area between the posterior capsule and the optic at that site. These findings

led to a design modification of a single-piece hydrophilic acrylic lens, incorporating

an enhanced edge, which improved the barrier effect at the level of the optic-haptic

junctions (Figs. 17.7 and 17.8). This has been confirmed in rabbit [33, 34] and

clinical studies [35] with the same hydrophilic acrylic lens. In a study using

pseudophakic human eyes obtained postmortem also performed in our laboratory,

75 % of eyes implanted with 1-piece hydrophobic acrylic lenses with initial

peripheral PCO had the initiation site at the optic-haptic junctions [39]. A new

hydrophobic acrylic IOL design, which has recently entered the US market,

addressed the lack of barrier effect at the junctions by creating a full 360� square
posterior optic edge while maintaining a 1-piece configuration. We have not yet

received in our laboratory cadaver eyes implanted with this design. However, a

recently published paired-eye clinical study showed significantly less PCO with this

new design in comparison with a 1-piece interrupted-edge hydrophobic acrylic IOL

2 years after implantation [40].

Fig. 17.7 Gross photograph (Miyake-Apple view; a) and corresponding histopathological

correlation (b) of a rabbit eye implanted with a looped, single-piece hydrophilic acrylic intraocular

lens with a smooth transition at the optic-haptic junctions (shown in the scanning electron

microscopy photographs; c and d). Cell ingrowth causing peripheral and central posterior capsule

opacification formation appears to have started at the optic-haptic junction (arrows). Published in

Werner et al. [34]
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17.4 Summary

As described above, there is convincing evidence that both material and design

may play a role in preventing PCO formation. Some hydrophobic acrylic IOLs

appear to form the best bioactive bond with the posterior capsule, and these lenses

also exhibit a square optic edge. Both of these factors are likely to contribute to

the success of this IOL type in preventing PCO. However the studies listed

above have shown that silicone, PMMA, and hydrophilic acrylic IOLs, which

have less favorable bioactive bond formation, can also achieve low levels of

PCO formation if they incorporate a square optic edge. These findings provide

evidence that while material type and bioactive bond formation can play an

important role in PCO prevention, a sharp (true to square)-edged optic may play

a more preponderant role.

Fig. 17.8 Gross photograph (Miyake-Apple view; a) and corresponding histopathological corre-

lation (b) of a rabbit eye implanted with a looped, single-piece hydrophilic acrylic intraocular lens

with an enhanced square edge at the optic-haptic junctions (shown in the scanning electron

microscopy photographs; c and d). The edge profile of the optic-haptic junction of the lens can

be seen in the histological section. The material that originated from Soemmering’s ring was

blocked at the extra ridge of the optic-haptic junction of this lens design (arrow). Published in

Werner et al. [34]
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Capsular and Uveal Biocompatibility
of Different IOLs in Eyes With
and Without Associated Conditions

18

Michael Amon and Guenal Kahraman

Abstract

High biocompatibility is one of the main features expected of an intraocular lens

(IOL) implant. In terms of anatomical position an implant is close to, or in

contact with, uveal tissue and the capsule. Therefore, uveal reactions of the eye

must be distinguished from capsular reactions. As both reactions are influenced

by the implant, one should rightly address the subjects of uveal biocompatibility

and capsular biocompatibility separately. The iris, the ciliary body, and the

choroid are composed of vascularized tissue and are close to the implant. In

cases of iridolenticular synechiae or sulcus position of the IOL, portions of the

lens come into direct contact with uveal tissue. Changes in blood-aqueous

barrier due to surgical trauma and the implanted foreign body cause leakage of

proteins and macrophages from blood.

The main parameters of capsular biocompatibility are lens epithelial cell

(LEC) outgrowth, anterior capsule opacification (ACO), posterior capsule

opacification (PCO), and contraction of the capsule; IOLs that perform well in

these respects may be said to possess high capsular biocompatibility.

The foreign-body cell reaction is the most important parameter of uveal

biocompatibility; IOLs causing a very mild foreign-body reaction could be

rightly referred to as IOLs with uveal biocompatibility. Implants with high

uveal biocompatibility are especially suitable for eyes with a compromised

blood-aqueous barrier (BAB).
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18.1 Capsular and Uveal Biocompatibility

Biocompatibility is one of the most important prerequisites of an intraocular

implant [1]. This term is frequently used to describe specific characteristics of

intraocular lenses (IOLs).

Biocompatibility is the capability of a prosthesis implanted in the body to exist in

harmony with tissue without causing deleterious changes [2]. As an implant reacts

with different tissues in the eye, a specific IOL may prove to be favorable with

reference to a specific tissue reaction of the body, but may perform less effectively

in respect of a different reactive pattern. Therefore, it has become necessary to

systematize the terminology of biocompatibility in a tissue-dependent manner.

In terms of their anatomic position, intraocular implants are mainly in the

immediate vicinity of, or in contact with, uveal tissue and lens tissue. The implant

itself causes a specific pathophysiological reaction in the uvea and in lens epithelial

cells (LECs) [3–5]. Therefore, a distinction should be made between uveal and

capsular reactions of the eye [6]. As both of these reactive processes are influenced

by the implant, it would be appropriate to introduce the terms uveal and capsular

biocompatibility. The reactive pattern of both types of tissues influences blood-

aqueous barrier (BAB) changes with all of its consequences [7].

A further tissue-specific subdivision into corneal and vitreal biocompatibility

would be plausible, but appears to be of secondary importance for IOLs compared

to the significance of the two above mentioned types of tissue. The term “retinal

biocompatibility” would be meaningful in connection with IOLs.

18.1.1 Capsular Biocompatibility

In most cases the capsular bag and the LECs are the only ocular tissues in direct

contact with the IOL. Contact between the LECs and lens material causes prolifer-

ation, myofibroblastic metaplasia, and the production of cytokines (IL-1, IL-6, IL-8,

FGF, TGF-β, TNF-α, PGE2, etc.) [5]. The secretion of cytokines may compromise

the BAB, which, in turn, influences LEC metaplasia. Due to proliferation, LECs

may spread onto the “capsule-free” anterior lens surface [8, 9]. The severity of this

reaction appears to be mainly dependent on IOL material [10–12]. However, the

principal complications of capsular reactions to the implant are the development of

opacities of the anterior (anterior capsule opacification, ACO) and posterior capsule

(posterior capsule opacification, PCO) and contraction of the capsular bag

[13]. ACO and PCO appear to be influenced by lens material as well as lens

design [5].

Thus, as the main parameters of capsular biocompatibility are LEC outgrowth,

ACO, PCO, and capsular contraction, IOLs that perform well in these respects

could be said to possess high capsular biocompatibility.

The terms uveal and capsular biocompatibility of intraocular implants would be

useful to make more specific statements about IOLs and select the most suitable

implant for a specific indication.
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18.1.2 Uveal Biocompatibility

The iris, the ciliary body, and the choroid are composed of vascularized tissue and

are close to the implant. In cases of iridolenticular synechiae or sulcus position of

the IOL, portions of the lens come into direct contact with uveal tissue. Changes in

BAB due to surgical trauma and the implanted foreign body cause leakage of

proteins and macrophages from blood [3, 4].

Protein adsorption occurs on the lens surface shortly after implantation of an

IOL [14]. This membrane is composed of various proteins (albumin, fibrinogen,

fibronectin, etc.). Its composition is also influenced by lens material [15]. The

membrane, in turn, influences cell adhesion and activation on the implant. Initially,

small round cells and fibroblast-like cells adhere to this membrane. Later on, as a

result of fusion of macrophages, they develop into epithelioid cells and foreign-

body giant cells [16–18].

Macrophages themselves produce various cytokines (IL-1, TGF-β, TGF-α,
PDGF, etc.), which again influence the subsequent course of inflammation and

result in BAB changes of varying intensity. The foreign-body reaction described

above was found to be influenced by lens material and lens design [3, 16].

Since the foreign-body cell reaction is the most important parameter of uveal

biocompatibility, IOLs causing a very mild foreign-body reaction could be rightly

referred to as those with uveal biocompatibility.

Implants with high uveal biocompatibility are especially suitable for eyes with a

compromised BAB (uveitis, pseudoexfoliation—PEX, diabetes, etc.).

Selection of the best IOL, suited to a patient’s initial situation, is of fundamental

importance for the outcome of surgery. This is especially true in critical cases. Even

today—several decades after the development of intraocular implants—this deci-

sion is a major challenge for the ophthalmological surgeon. In addition to a large

number of objective criteria (such as various lens materials and designs), the

surgeon is confronted with a number of subjective criteria associated with the

marketing of lenses.

The influence of different IOL designs and IOL materials on capsular biocom-

patibility, and the importance of preexisting conditions such as PEX or uveitis, will

be discussed in this section.

We will also try to establish a system that will serve as an aid in decision-making

with regard to selecting the optimal lens for various initial situations.

18.2 Intraocular Lens Selection

Basically, every type of lens reacts differently in the eye because of its material

and/or design. Nevertheless, it was found that mutually associated lens materials

and similar lens types react in a similar way. Hence it would be meaningful to

divide IOLs into groups of material and lens designs because lens material as well

as lens design influence biocompatibility [3].
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In this chapter, silicones (silicone of the new generation), hydrophobic acryls,

and the very large group of hydrophilic acryls (including heparin-coated foldable

lenses; only thoroughly tested and evaluated IOLs without lens opacification) will

be differentiated and their intraocular behavior discussed.

The results of several studies have shown that silicone lenses lead to ACO and

the development of rhexis phimosis [17]. Hydrophobic acryl demonstrates a stron-

ger uveal reaction while hydrophilic acryl causes a greater capsular reaction [18]

(Figs. 18.1 and 18.2).

With reference to lens design, all three groups of materials perform better in

respect of PCO rates when the optic edge is sharp [8] and the optic-haptic junction

narrow. Uveal reaction is mainly influenced by lens material [19].

Prospective studies focusing on lens biocompatibility in senile cataract, cataract

with PEX, and cataract with uveitis showed that the uveal as well as capsular

biocompatibility of implants reduce as their inflammatory disposition rises

(Fig. 18.3). Furthermore, it was found that lens-specific differences become evident

only in eyes at risk [20].

In summary, hydrophilic acryl and silicone are associated with greater uveal

biocompatibility for “compromised eyes,” whereas hydrophobic lens material

(silicone, acryl) with a sharp-edged optic and a narrow optic-haptic junction

shows greater capsular biocompatibility [17].

Fig. 18.1 Course of median relative flare values in the three IOL groups in uveitic and control

eyes (hydrophilic acrylic (Hydroview, Bausch & Lomb), hydrophobic acrylic (AcrySof, Alcon), or

silicone (CeeOn911, Pharmacia))
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Fig. 18.2 Course of median relative cell counts in the three IOL groups in uveitic and

control eyes

Fig. 18.3 Foreign-body giant cell reaction on a hydrophobic acrylic IOL after 4 months of

implantation (PEX eye)
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The laser flare cell measurement (LFCM) shows significant differences between

patients with senile cataract, PEX, or uveitis, but lens-specific differences have not

been observed with the LFCM [12]. This fact underlines the unspecific nature of

quantifying “flare” for the evaluation of biocompatibility.

Based on the results presented here in summarized form, a few interesting

aspects and selection criteria may be derived with regards to the selection of the

optimal implant for a specific situation. It should be emphasized that, in addition to

the intraocular implant, the postoperative outcome is influenced by the patient’s

underlying disease, perioperative therapy, and surgical trauma. The use of a mini-

mally traumatic and precise surgical technique utilizing the entire armamentarium

of ophthalmic surgery (meticulous small incision surgery; MSIS) is a prerequisite

for achieving satisfactory results. The implant itself cannot compensate for surgical

or therapeutic errors. The success of treatment depends on the optimal interplay of

all of these factors. These aspects will be discussed in the following with reference

to specific baseline situations.

18.3 Uveitis

The optimal treatment of complex cataract is a major challenge for the ophthalmol-

ogist. Accurate preoperative diagnostic investigations are more important here than

in any other setting. Further crucial aspects include the establishment of the

indication for surgery at the correct point in time, an appropriate perioperative

therapy concept, the use of a nontraumatic surgical technique, finding the optimal

lens implant, and monitoring the patient very carefully postoperatively in order to

treat potential complications on time.

In patients with chronic recurrent uveitis, surgery should be performed during

the disease-free interval. However, even in these cases and especially in chronic

forms of the disease, local and even systemic anti-inflammatory therapy should be

started on a timely basis before surgery.

As uveitis is associated with a preexisting disorder of the BAB, it is most

important to minimize surgical trauma and thus avoid additional complications.

The selected lens type determines the incision technique. Basically, one may select

a scleral incision or even a corneal incision.

As long as phacoemulsification can be performed in a controlled manner, one

should not perform iatrogenic pupil dilatation. However, if the pupil is very narrow,

techniques to dilate the pupils in a dosed manner (high-viscosity ophthalmic

viscosurgical devices—OVDs, iris retractors, pupil dilatation) should be given

preference over iridotomy. Pupillary membranes and posterior synechiae should

be exposed and removed completely as far as possible.

The surgeon should perform an exactly dimensioned capsulorhexis (circumfer-

ential overlap of the IOL optic periphery). Trypan blue dye may be used to stain the

anterior capsule. The rhexis margin is less stable after high-frequency capsulotomy.

The technique of phacoemulsification does not differ from the standard technique,

but one may anticipate higher rates of miosis and zonulopathy in uveitic patients.
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Selection of the implant is especially important in uveitic patients, as they

frequently develop recurrent foreign-body giant cell membranes and posterior

synechiae. Since these cell membranes produce cytokines, which then lead to

cystoid macular edema (CME) and massive functional impairment, and they also

cause massive optical impairment, uveal biocompatibility should be given prime

importance when selecting the lens.

18.3.1 Lens Material

Thoroughly tested and evaluated hydrophilic lens surfaces (no superficial or

“intrastromal” calcifications; heparin-coated PMMA, hydrogel) and modern

silicones are more biocompatible and therefore indicated in uveitic patients.

Foreign-body giant cells develop much less frequently on hydrophilic lenses and

silicone than on hydrophobic acryl [18, 21]. The implantation of heparin-coated

PMMA lenses was regarded as the gold standard until recently. As these implants

do demonstrate similar uveal biocompatibility as foldable hydrophilic acryl lenses

(with or without a heparin coating), but are not foldable, the foldable lens should

now be given preference because of the smaller incision.

18.3.2 Lens Design

In addition to lens material, lens design is obviously of enormous significance in

uveitic patients. The creation of a sufficient distance between the iris and the lens is

especially important to avoid synechiae. Therefore, haptic angulation and a sharp-

edged optic with a narrow optic-haptic junction are essential to minimize PCO

rates, which are basically higher in uveitic patients.

Finally, due to advances in the treatment of the underlying disease, cataract

surgery, and IOL technology, the prognosis of cataract surgery has been improved

in uveitic patients. As a result, the indication for cataract surgery can be established

earlier in many cases.

18.4 Pseudoexfoliation Syndrome (PEX)

Eyes with PEX are susceptible to more severe postoperative inflammation (less

than in the presence of uveitis) and more pronounced alterations of the capsule than

eyes with senile cataract alone. For this reason, uveal and capsular biocompatibility

of the implant is of great significance in this setting as well. As these patients are

inclined to develop zonulopathies and massive capsular bag contraction, it is very

important to perform optimal surgery without straining the zonular apparatus and

by creating an ideal rhexis (360� overlap of the optic periphery, not too small).
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18.4.1 Lens Material

In this situation the surgeon may select any of the three lens materials. As rhexis

phimosis has been frequently observed in connection with silicone, it is important

to size the rhexis correctly [22]. One may additionally use a capsular tension ring.

18.4.2 Lens Design

Lens design should be similar to that used in uveitic patients. The creation of a

sufficient distance between the iris and the lens appears to be important here as well

(it is also important in combined surgery for cataract and glaucoma). Angulation of

the haptic and a sharp-edged optic with a narrow optic-haptic junction is needed to

minimize the high PCO rates associated with PEX. Besides, the lens design should

permit the use of a nontraumatic implantation technique.

18.5 Vitreoretinopathy, Silicone Oil Filling

The visibility of the fundus after lens implantation is especially important in these

patients. Capsular biocompatibility is clearly of prime importance in this setting.

18.5.1 Lens Material

Silicone and hydrophobic acryl are given preference because they have yielded

better results in respect of PCO. However, as silicone oil is spread over a large area

on a silicone lens and adheres to its surface, silicone lenses are contraindicated in

this setting. Yet, the contraindication is not absolute because a silicone lens can be

easily replaced if necessary.

18.5.2 Lens Design

A large optic diameter (6.5–7 mm) improves the visibility of the fundus and would

theoretically be associated with a plane or concave posterior optic surface in the

silicone-filled eye, thus influencing refraction to a lesser degree. A sharp-edged

optic and a narrow optic-haptic junction ensure greater capsular biocompatibility.

18.6 Sulcus Fixation

As the entire capsular bag or at least central portions of the capsule are no longer

present in eyes requiring IOL sulcus fixation, and the IOL is in direct contact with

the uvea (fixed with sutures or by portions of the capsule in the ciliary sulcus), only

uveal biocompatibility is important in these cases.
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18.6.1 Lens Material

Hydrophilic acryl is the lens material of choice in this specific situation. Heparin-

surface-modified (HSM)-PMMA would also be an alternative, but due to the larger

incision required for this lens it would be more reasonable to give preference to a

foldable lens. Silicone is associated with greater uveal biocompatibility; however, if

one needs to apply silicone oil, the latter could be in direct contact with the

silicone lens.

18.6.2 Lens Design

The lens haptic should be of sufficient overall diameter (more than 13 mm) to

prevent decentration and rotation. To avoid iridolenticular synechiae it should be

angulated. The optic edge should be rounded or matted to minimize glare

phenomena.

18.7 Trauma

In the heterogeneous group of trauma patients, cataract is frequently associated with

other complex pathologies, such as coloboma, aniridia, zonulopathy, changes in the

vitreous body, glaucoma, etc. Therefore, selection of the best IOL in these cases

depends on the additional functions of the implant (aniridia lens, eyelet for the

sulcus suture, etc.). Lens material and lens design should be aligned to the indica-

tion and the respective situation. The range of special products available in the

market is now quite extensive.

18.8 Congenital Cataract

A review of recent studies data showed that, in these patients, the surgical technique

is the prime factor that influences the success of the operation. Particularly in

children less than 5 years of age, a surgical technique combined with posterior

capsulorhexis, vitrectomy, and if necessary “posterior optic capture” should

be used.

The time of lens implantation and selection of the appropriate refraction should

be considered with great care. As refraction is subject to enormous change espe-

cially in the first 12 months of a child’s life, and the eye’s uveal and capsular

reaction to the implant are more intensive during this time, in most cases it would be

advisable to implant an IOL after the age of 1 year. Due to the preexisting strong

postoperative inflammation and massive capsule alterations in children, the implant

should possess high uveal as well as capsular biocompatibility.

The use of a blue-light filter is controversially discussed at the present time. The

existing body of data is not sufficient to make a conclusive statement in this regard.
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Obviously, one should expect the implant to show a high degree of retinal

biocompatibility (protects the retina from phototoxicity), because children have to

keep the implant for several decades. Assuming that the additional blue-light

protection has no disadvantages (color vision, contrast vision, etc.), the use of

implants with better light protection in these young patients is worthy of discussion

(“in dubio pro reo strategy”).

Due to the changes in refraction that occur in the course of a child’s life, it may

be necessary to replace lenses or use additional IOLs. The use of a capsule spacer

ring would be meaningful in this setting. It would facilitate explantation as well as

renewed capsular bag implantation. However, the currently available models are

not suitable for use in children.

18.8.1 Lens Material

Hydrophilic acryl (a thoroughly tested and evaluated product with no demonstrable

opacification) may be used because one has to perform posterior capsulorhexis and

vitrectomy in any case. To balance the lower capsular biocompatibility of this

product, a posterior optic capture would be useful when this material is used.

Hydrophobic acryl is employed today in the majority of cases and yields satisfac-

tory results. Basically one may also use silicone, but one can never entirely rule out

the possibility of vitreoretinopathy in children at a later point in time. It may be

necessary to use silicone oil in these cases.

18.8.2 Lens Design

The haptic should not be too rigid because the diameter of the capsular bag is

usually much smaller than it is in adults. The optic should have a sharp edge and be

of sufficient diameter (6 mm), because young patients usually have a wide pupil.

A narrow optic-haptic junction facilitates “optic capture.”

18.9 Senile Cataract and Maculopathy

Cataract surgery as such is liable to worsen preexisting maculopathy. Therefore, it

is very important to use a nontraumatic surgical technique (MSIS) and minimize

intraoperative exposure to light. Since uveal as well as capsular reactions are

associated with the production of cytokines, which in turn are important for the

propagation of maculopathy, high uveal and capsular biocompatibility are essential

for the optimal outcome of surgery. Whether IOLs with a blue filter have a

protective effect in patients with preexisting damage of the macula has not been

proven yet. However, an “in dubio pro reo strategy” could be adopted in these

patients as well.
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18.9.1 Lens Material

Basically IOLs may be selected from all three groups of materials, provided they

have been thoroughly tested and evaluated.

18.9.2 Lens Design

To ensure optimal capsular biocompatibility and avoid secondary interventions

in the lens capsule in this risk group, the lens optic should be sharp-edged and the

optic-haptic junction narrow. Addressing concepts of prismatic optics and

“magnifying lenses” would exceed the limitations of this chapter.

18.10 Clear Lens Extraction

Obviously, one should use implants with high uveal and capsular biocompatibility

in patients without senile cataract as well, because one never knows whether

additional pathologies may develop at a later point in time (endophthalmitis,

diabetic retinopathy, uveitis, etc.). Particularly in these patients one may select

special additional optical functions (multifocal lens, toric IOL, aberration-

corrected IOLs, etc.) and/or other properties (microincision lens, for instance).

Generally it should be noted that there is a clear trend towards injector systems,

which have many advantages (less contamination of the implant, length of the

incision, etc.)

18.10.1 Lens Material

Basically, IOLs may be selected from any of the three materials, provided they have

been thoroughly tested and evaluated.

18.10.2 Lens Design

To ensure optimal capsular biocompatibility the lens optic should be sharp-edged.

The optic design should be selected to ensure minimal dysphotopsia (configuration

of the edge, refraction index, surface radiuses, deposits, etc.). When no alternative

strategy is used (“enhanced square edge,” capsular spacer ring) to compensate the

weak point of the optic-haptic junction, the latter should be as narrow as possible.

The lens haptic should not be angulated because this will ensure more rapid

postoperative refractive stability.
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18.11 Conclusion

In summary, given the development of modern lens technology, the surgeon is able

to achieve satisfactory postoperative results in complicated cases provided the

surgeon uses thoroughly tested implants. However, lens biocompatibility is not

sufficient in all cases. Further effort in basic research, implantology, and ophthal-

mology is required to achieve optimal results in patients with any associated

conditions in the future.
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Capsule-Bending Ring for the Prevention
of Posterior Capsule Opacification 19
Okihiro Nishi, Kayo Nishi, and Rupert Menapace

Abstract

In 64 patients, a capsule-bending ring (CBR), an open poly(methyl methacrylate)

(PMMA) ring with a truncated edge profile that should create a sharp bend in the

equatorial capsule, was implanted in one eye of patients with a hydroxy(ethyl

methacrylate) (HEMA) intraocular lens (IOL). The contralateral eye received

only the IOL as control. Anterior capsule opacification (ACO) and shrinkage

were significantly reduced in the eyes with the ring. Posterior capsule

opacification (PCO) score (EPCO) was 0.235� 0.215, 0.287� 0.200, and

0.398� 0.248 with the ring and 0.530� 0.190, 0.670� 0.225, and

1.111� 0.298 without the ring, at 6 months, 1 year, and 2 years, respectively

(P< 0.01 at each period). Nd:YAG laser posterior capsulotomy was performed

in 4 eyes with ring and 17 eyes without the ring, respectively, after 2 years

(P< 0.01). The CBR significantly reduced anterior capsular fibrosis and shrink-

age as well as PCO. The ring may be useful for those patients who are at high risk

of developing eye complications from capsular opacification requiring Nd:YAG

laser capsulotomy, for those who are expected to undergo vitreoretinal surgery

and photocoagulation by facilitating better fundus visualization, and for those

who have pediatric cataracts.
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19.1 Introduction

To prevent posterior capsule opacification (PCO) by removing or killing lens

epithelial cells (LECs), various mechanical, physical, or immunological methods

have been developed, but none of the methods proved to be satisfactorily practical,

effective, and safe as a routine clinical procedure [1, 2]. The introduction of

intraocular lenses (IOLs) with posterior sharp edges has, however, significantly

reduced the formation of PCO and the subsequent need for neodymium:YAG (Nd:

YAG) laser capsulotomy. To explain the effect, we proposed a new concept based

on our experimental and clinical observations that the migration of LEC is inhibited

[3, 4] at the sharp, “discontinuous”1 capsular bend which is created by the sharp

edge of the optic, due to contact inhibition [5].

However, the sharp edge effect of IOLs, in other words, the formation of a sharp,

discontinuous capsular bend, can fail in several circumstances, which may explain

the reason that the sharp edge is not able to prevent PCO in 100 % of the cases. The

first is that the discontinuous capsular bend at the posterior optic edge is formed

only when there is circumferential overlap of the optic by the anterior capsule leaf,

which is not always achieved. Second, LECs migrate posteriorly in 1–2 weeks [6]

and the capsular bend is formed in 2–4 weeks after surgery [7], i.e., some LECs can

migrate posteriorly over the capsular bend, before it is formed and will proliferate

causing later PCO. Once the bend is formed, the subsequent migration of LECs will

be stopped. Third, LECs at the capsular bend were found to be in the G0 phase of

the cell cycle, indicating that they were contact inhibited [5], while other LECs

apart from the capsular bend proliferate, forming Soemmering’s ring. This padded,

increasingly stuffed after cataract can break up the capsular bend years after surgery

by spreading the capsular bag, and may awake contact-inhibited LECs at the bend

from the G0 phase, which will then commence to re-proliferate, migrating posteri-

orly. This may explain the high 10-year cumulative rate of Nd:YAG laser

capsulotomy for the most widely used hydrophobic acrylic IOL [8]. In a long-

term follow-up, PCO appears not to be prevented but rather delayed by the IOL

with sharp edges.

These observations suggest the need for a reevaluation of the sharp edge effect of

the IOL optic. Such a bend can be obtained by an optic with sharp edges like that of

an acrylic IOL or a capsule tension ring with a certain width and sharp edges. Such a

ring can create the capsular bend immediately at the time of cataract surgery, as

opposed to the sharp optic edge that requires 2–4 weeks for the bend formation. The

formation of Soemmering’s ring could, therefore, be reduced and delayed, because

1 “Discontinuous” is a mathematical concept describing a curve that is not continuous; that is, a

curve that, at some point, is abruptly broken or interrupted and can no longer continue to be

continuous. In other words, at that point, tangential curves cannot be continuously drawn. With

regard to the posterior capsule, this point of curve interruption or “discontinuity” is where the

posterior capsule and its contact with the sharp edge of the optic are abruptly bent, thus creating a

capsular bend.
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the bend formation takes place much more peripherally toward the equatorial zone

of the lens capsule, so that it does hardly break up the bend in the late postoperative

period. Pursuing the latter possibility, we confirmed in an experimental study using

rabbits [9] that the capsule-bending ring (CBR), a modified capsule tension ring

with a sharp edge, significantly inhibited the LEC migrating on the posterior

capsule and prevented PCO.

19.2 Animal Experiments

19.2.1 Capsule-Bending Ring for Animal Experiments

The CBR [9] is an open, band-shaped poly(methyl methacrylate) (PMMA) ring

measuring 11 mm in diameter with pre-tension (13-mm diameter when the ring is

open), 0.2 mm in thickness, and 1.0 mm in width (Fig. 19.1a, b). The ring is

polished minimally in order to keep the edges sharp and rectangular, thus

facilitating the creation of a sharp, discontinuous bend in the equatorial capsule.

A crooked eyelet is provided at both ring ends to avoid possible spearing of the

capsular fornix and to facilitate manipulation during insertion.

An animal study investigated the inhibitory effect of a discontinuous capsular

bend created by a CBR on migrating LECs. This CBR was implanted into the

capsular bag in the rabbit eyes. In the histopathological examinations 8 weeks after

surgery [9], LECs accumulated at the equatorial corner outside the ring, showing

the inhibition of LEC migration. No LECs were found on the posterior capsule. In

some eyes, a remarkable finding was observed. Besides LECs at the equatorial

corner outside the ring, other LECs accumulated inside the ring forming a mass of

LECs, whereby no LECs migrated onto the posterior capsule, although these LECs

were in a wide contact with the posterior capsule (Fig. 19.2).

Fig. 19.1 Left: Schematic of capsule-bending ring type 14E. Right: The figure shows a type 14E
ring for clinical use. Note the square-edged cross section (Reprinted with permission [10])
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19.3 Capsule-Bending Ring for Humans

Based on the animal study, Nishi and Menapace modified the ring for humans [10]

(CBR type 14E, Morcher, Germany) (Fig. 19.1a, b) and performed a clinical trial

with the ring at two institutions: Nishi Eye Hospital, Osaka, and Department of

Ophthalmology, University of Vienna. The two-year clinical results in Nishi Eye

Hospital and 3-year results in Department of Ophthalmology, University of Vienna,

are compiled here, and the underlying pathophysiological mechanism of the pre-

ventive effect of the ring on PCO is discussed.

Basically, the ring is the same as that for animals, but thewidth is reduced to 0.7mm.

19.4 Patient Selection

The ring and a foldable IOL made from hydroxy(ethyl methacrylate) (HEMA)

(Hydroview H60M, Storz, USA) were implanted in one eye with senile cataract

without any ocular abnormalities in the anterior segment. The patients were sched-

uled to undergo similar surgery in the contralateral eye within 1 month, and the

contralateral eye received only the IOL without the ring. Sixty-four patients with

informed consent underwent this surgery between February 1997 and August

1997 at Nishi Eye Hospital. In the Vienna Study, 60 patients were involved.

Inclusion criteria were non-high myopic, bilateral senile cataract, no ocular

abnormalities, immature nuclear or cortical cataract, and good pupil dilation.

Fig. 19.2 Histopathological sections. Top: Rabbit lens capsule section containing a capsule-

bending ring (CBR) 4 weeks after surgery. The posterior capsule is clean. The LECs (black
arrows) proliferated on the CBR (yellow arrows), yet they never migrated onto the posterior

capsule. LECs are found in a rectangular angle between the CBR and anterior and posterior

capsules, indicating that the sharp discontinuous capsule bend induced contact inhibition as

in vitro on a well bottom. Bottom: In the control eye, the LECs formed a Soemmering’s ring

cataract and migrated onto the posterior capsule (Reprinted with permission [9])
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19.5 Surgical Technique

After phacoemulsification following a self-sealing corneoscleral incision 3 mm in

length and continuous curvilinear capsulorhexis (CCC) approximately 4.5 mm in

diameter, Healon GV® was injected into the capsular bag and anterior chamber. To

ensure that the optic edge was entirely and securely covered by the anterior capsular

margin, we created a CCC with a rather small diameter. One end of the ring was

inserted into the capsular bag, and the ring was inserted slowly using a forceps, so

that the ring end glided along the capsular fornix until the outer end reached the

corneoscleral incision. Then the edge of the ring was grasped by a Simcoe IOL

forceps and placed into the capsular bag by compression. As an alternative tech-

nique, a special inserter that we designed can be used (Geuder, Heidelberg,

Germany). Then a foldable Hydroview was implanted into the capsular bag.

19.6 Results

The results shown here are from the Osaka Study [10, 11], unless they are indicated

to be from the Vienna Study [8].

19.6.1 Posterior Capsule Opacification

PCO was classified as Elschnig pearl type in all cases. PCO in the eyes with the ring

was much less marked in general, compared to that in the eyes without the ring

(Fig. 19.3).

Fig. 19.3 Retroillumination photographs of anterior capsule fibrosis and PCO in an eye with the

ring (left) and the contralateral eye without the ring (right) after 2 years. The capsule with the ring
is clear. The capsule without the ring is opacified by Elschnig pearls. The anterior capsule fibrosis

in the eye without the ring (indicated by the arrows) is difficult to be appreciated under retroillu-

mination (Reprinted with permission [11])

19 Capsule-Bending Ring for the Prevention of Posterior Capsule Opacification 331



19.6.2 Nd:YAG Laser Capsulotomy Rate

The cumulative number of patients who underwent capsulotomy was 0 with the ring

and 5 without the ring at 1 year and 4 and 17 at 2 years, respectively. The difference

was significant at both 1 year and 2 years (P< 0.01) (Fig. 19.4).

19.6.3 Nd:YAG Laser Capsulotomy Rate (Vienna Study)

In the no-CBR group, 1 Nd:YAG laser capsulotomy was performed before the

1-year follow-up and 2 capsulotomies were performed after the 1-year follow-up;

no eye in the CBR group required Nd:YAG laser capsulotomy. After the 2-year

follow-up, seven additional patients in the no-CBR group and one in the CBR group

required a capsulotomy. At the 3-year follow-up, four additional eyes in the

no-CBR group had an Nd:YAG laser capsulotomy.

19.6.4 PCO Score by EPCO

The score did not significantly differ among eyes with the ring, but did significantly

differ among eyes without the ring. The score also significantly differed between

eyes with and without the ring at each time point (Table 19.1).

Fig. 19.4 Survival curve of Nd:YAG laser capsulotomy. The difference was significant at 1 and

2 years (P< 0.01) (Reprinted with permission [11])
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19.6.5 Postoperative Inflammation

On the evaluation of postoperative inflammation by laser flare cellmetry, there was

no significant difference in aqueous flare intensity between the subject and the

control eyes at day 3, 2 weeks, and 1 month after surgery (Mann–Whitney U test).

19.6.6 Pupil Diameter (Vienna Study)

At all examinations, except preoperatively, there was a statistically significant

difference between groups in pupil diameter under full medical dilation

(tropicamide 1 %, phenylephrine 10 %). The mean diameter was 6.1 mm in the

CBR group and 6.6 mm in the no-CBR group.

19.6.7 Anterior Capsular Fibrosis

Fibrosis was seen in 100 % of eyes without the ring after 1 year, whereas nearly

70 % of the eyes with the ring did not show any fibrosis up to 2 years. There was a

significant difference between the eyes with and without a ring at each time point

(P< 0.01, Mann–Whitney U test).

19.6.8 Anterior Capsular Shrinkage

Table 19.2 shows the results.

The preventive effect of the ring on anterior capsular shrinkage was evaluated

by measuring the area within the CCC using a Scheimpflug camera (EAS-1000,

Nidek, Gamagori, Japan). The area of anterior capsular opening was significantly

Table 19.1 PCO

score evaluated

by EPCO (n¼ 22)

Post-op period Eyes with ring Eyes without ring

0.235 ± 0.2156 mons.

1 yr.

2 yr.

0.530 ± 0.190

0.287 ± ± 0.225

0.398 ± 

0.200 0.670 

0.248 1.111 ± 0.298

There was a significant difference in the score between the two groups

at each period. The score was significantly different among eyes with-

out the ring. * indicates P< 0.01 (Reprinted with permission [11])
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greater in the eyes with the ring at 1 and 3 months after surgery (P< 0.01,

Mann–Whitney U test).

As capsular fibrosis was noted in around 30 % of the eyes with the ring and

100 % without the ring, anterior capsular shrinkage was generally much less

marked in the eyes with the ring. The difference in area was not significant at

6 months, 1 year, and 2 years within the eyes with the ring as well as within those

without the ring, but was significant between the eyes with the ring and those

without the ring at each time point.

19.6.9 Capsulorhexis-Optic Clearance

There was no space noted in any eye without the ring except for one eye after

6 months and that eye eventually lost the space after 1 year. However, nearly 80 %

of the eyes with the ring showed still a distance between the rhexis and the IOL

optic after 2 years.

19.6.10 Posterior Capsular Stress Folds

19.6.10.1 Osaka Study
The folds that were seen at 6 months disappeared with time in many eyes without

the ring. In the only eye with the ring in which a capsular fold was seen, the fold

disappeared at the 1 year examination (Table 19.3).

Table 19.2 Anterior

capsular shrinkage (area

within CCC) (n¼ 22)

Post-op period Eyes with ring Eyes without ring

6 mons. 0.996 ± 0.058 0.607 ± 0.122

(27.3 mm2) (17.2 mm2)

1 yr. 0.935 ± 0.073 0.575 ± 0.113

(26.4 mm2) (16.2 mm2)

2 yrs. 0.906 ± 0.071 0.529 ± 0.102

(23.2 mm2) (14.5 mm2)

The score indicates the index of the CCC area to 1 that corresponds

to the area within the 6 mm optic, i.e., 28.3 mm2. Accordingly, the

area of each mean index is given with each parenthesis. Between the

two groups, there was a significant difference at each period

(P< 0.01). Within the same group there was no difference.

*indicates P< 0.01 (Reprinted with permission [11])
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19.6.10.2 Vienna Study
One week postoperatively, 2 eyes (3.3 %) in the CBR group and 47 eyes (78.3 %) in

the no-CBR group had traction folds in the posterior capsule; the difference was

statistically significant. Of the 40 eyes evaluated after 1 year, none in the CBR

group and 21 (42 %) in the no-CBR group had haptic-induced stress folds in the

posterior capsule (P< 0.001).

19.6.11 Lens Epithelial Cell Outgrowth onto the IOL Optic

No outgrowth was noted in the eyes with the ring during the whole postoperative

period, whereas a significant number of eyes without the ring showed LEC

outgrowth (Table 19.4).

19.6.12 Distance of Eyelets (Vienna Study)

Eyelet distance measurements were obtained in 23 eyes (46 %) in the CBR group

evaluated at 1 week and 1 year by gonioscopy. At 1 week, close eyelet apposition

(distance 0.0–0.5 mm) was found in 6 eyes (26 %). A distance of 0.5–1.0 mm was

found in 7 eyes (30 %) and a distance of 1.0–2.0 mm in 9 eyes (39 %). One eye had

eyelet apposition. By 1 year, the number of eyes with close eyelet attachment had

risen to 16 (70 %) and the number of eyes with a distance greater than 1.0 mm

had decreased to 3 (13 %). Three eyes had eyelet overlap of less than 0.5 mm. In the

only eye with an overlap exceeding 0.5 mm, extensive capsulorhexis-optic contact

had caused substantial fibrotic shrinkage of the capsulorhexis.

Table 19.3 Posterior

capsular folds
Post-op period Eyes with ring Eyes without ring

6 months 1/52 25/52

1 year 0/48 15/48

2 years 0/42 12/42

Reprinted with permission [11]

Table 19.4 Lens

epithelial cell outgrowth

onto the IOL optic

Post-op period Eyes with ring Eyes without ring

6 months 0/52 20/52

1 year 0/48 16/48

2 years 0/48 11/42

Reprinted with permission [11]
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19.6.13 Intraocular Pressure (Vienna Study)

Postoperatively, intraocular pressure decreased by approximately 4 mmHg in both

groups but did not change thereafter. There was no statistically significant differ-

ence at any time between the two groups.

19.6.14 Best Corrected Visual Acuity (Vienna Study)

There was no difference between the CBR group and the no-CBR group in mean

best corrected visual acuity (BCVA) 1 week after surgery. From 1 to 3 years,

BCVA was better in the CBR group; the difference was statistically significant at

1 and 2 years.

19.7 Comments and Discussions

19.7.1 Posterior Capsule Opacification

Because the criteria for YAG laser capsulotomy were mostly subjective, and there

was no assurance that the criteria were applied consistently, we evaluated PCO by

EPCO which should be more objective. PCO in terms of Nd:YAG laser

capsulotomy rate as well as EPCO score was also significantly reduced by the ring.

PCO, however, could not be completely prevented by the ring, though the PCO

seen in these eyes was not very marked. This may be due to several factors. The

LECs most distal from the anterior capsule center could remain within the ring and

later proliferate onto the posterior capsule. The possibility of this condition may

depend on the anatomical structure of the individual anterior segment and the width

of the ring. A wider ring might affect all the peripheral LEC outside the posterior

capsular bend that is created by the posterior ring edge, but a wider ring may cause

iris or ciliary body chafing.

Another possibility is that the two ends of the open ring were not overlapped or

closely apposed within the capsular bag due to the discontinuous nature of the ring,

and the LEC migrated between the two ring ends onto the posterior capsule. The

condition of the ring ends could be observed by gonioscopy, and we found such a

condition in some eyes. Therefore, Nishi and Menapace have modified the ring; the

eyelet at one end was abolished and the end slightly elongated, so that this end can

overlap the crooked eyelet of the other ring end in the capsular bag.

19.7.2 Anterior Capsular Fibrosis and Shrinkage,
Capsular Folds, and LEC Outgrowth

Our results clearly showed that anterior capsular fibrosis and shrinkage, capsular

folds, and LEC outgrowth were significantly prevented by the CBR compared to
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those in the control eyes at 2 years in the Osaka Study and 3 years following the

Vienna Study, respectively. Anterior capsular fibrosis and shrinkage can cause a

decrease in the visual acuity, IOL decentration, or capsular block syndrome.

Although posterior capsular folds are mostly visually insignificant, they can be

regarded as PCO causing visual disturbance under certain circumstances.

We evaluated LEC outgrowth, because hydrogel IOLs as used in this study

should show an enhanced response to LECs that grow over the anterior optic

surface to a much greater extent [12, 13]. Although the functional consequences

of anterior LEC outgrowth are as yet unclear and the visual acuity or contrast

sensitivity are not affected when the LECs do not cover the visual axis, IOLs that

are associated with increased LEC outgrowth could be anticipated to have worse

PCO [12, 13]. In fact, hydrogel IOLs were found to develop significantly more PCO

compared with PMMA and silicone IOLs [13].

The 0.7 mm width and stretching effect of the ring on the capsule prevented the

anterior capsule from coming into contact with the IOL. This open capsule effect

was first described by Hara [14] and recently by other authors [15, 16]. As a result,

LEC outgrowth was prevented and LECs underneath the anterior capsule were not

induced to undergo fibrous pseudometaplasia. Anterior capsular fibrosis and

subsequent shrinkage were, thus, prevented. As for capsular shrinkage in terms of

the area of capsular opening, it decreased significantly in the eyes without ring,

whereas the decrease in capsular opening area in the ring eyes was far less marked,

as the early results (up to 3 months) showed. The results showed also that capsular

shrinkage progressed up to 3–6 months after surgery and then remained rather

stable in both groups. The ring effect appeared to be almost persistent as the rate of

capsular fibrosis, shrinkage, and positive distance formed almost a plateau 1–

2 years after surgery in the eyes with the ring, compared to control eyes.

19.7.3 Complications

We did not encounter any serious complications that were related to the ring

implantation in the early postoperative period in both Osaka and Vienna studies.

Postoperative inflammation was not significantly different, and intraocular pressure

was also within the normal range compared to those in the control group. In the

subsequent 2-year follow-up and 3-year follow-up in the Vienna Study, we never

observed any adverse complications. The ring was well tolerated by the eyes.

19.7.4 Indication

Though both anterior and posterior capsule opacifications were significantly

inhibited, routine use of the ring may be questionable. There may be potential

complications; implantation requires additional surgical time and there is concern

regarding cost. However, those patients who are at high risk of developing

complications from capsular opacification requiring Nd:YAG laser capsulotomy
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might benefit from ring implantation, such as younger patients with high myopia,

patients with retinitis pigmentosa which tends to promote anterior capsular shrink-

age, and children. For pseudoexfoliation syndrome, we do not recommend ring

implantation. The ring may effectively prevent capsular fibrosis and subsequent

capsular shrinkage, but ring implantation may be risky for those eyes with weak and

defective zonules that might be damaged by the surgical maneuvers during implan-

tation of a very rigid ring. The ring could spear the capsule or cause further damage

to zonules leading to possible luxation. Dick et al. [17] modified the ring for

children by decreasing the overall diameter and implanting it in pediatric eyes.

The results may be encouraging, but longer follow-up will be necessary. Those who

are going to or expected to undergo vitreoretinal surgery also might benefit from the

ring implantation. Vitreous surgery or photocoagulation may be facilitated by

providing better visualization of the ocular fundus.

19.7.5 Pathophysiology of LECs on the Preventive
Effect of the CBR

There appears to be two pathophysiological mechanisms for the inhibition of

migrating LECs: sharp edge effect and open capsule effect.

19.7.5.1 Sharp Edge Effect
In a large number of our experimental studies on the preventive effect of an IOL

with sharp edges [3, 4, 18, 19] on PCO, the IOL, whether acrylic, silicone, or

PMMA, created a sharp, discontinuous capsular bend at its sharp edge, and the LEC

migration was stopped at the capsular bend (Fig. 19.5). Likewise, the present

capsule-bending ring created a sharp discontinuous capsular bend which is located

more peripherally toward the equatorial zone of a lens capsule, as shown in the

animal study (Fig. 19.2). This phenomenon is comparable to cell cultures. In cell

culture, cells cease to proliferate when they reach the rectangularly standing wall on

a well bottom, the condition being called “confluent” (Fig. 19.6). These cells never

climb on the wall, but occasionally form cell layers in long-term culture. Conceiv-

ably, such a cell within the confluent cell layer is pressed out from the cell row due

to the increasing pressure within the cell layer (by the growth of each cell, not by

cell division that is suppressed by contact inhibition). The cell is pushed out on the

confluent original cell layer and begins to proliferate forming another layer. This

process is repeated so that the cultured cells can eventually form several layers on

the bottom of a well (Fig. 19.6). But even in such a long-term culture forming

layers, LECs never climb onto and ascend the wall. This phenomenon can explain

the reason that the cells found on the central side of the ring do not migrate onto

the posterior capsule (Fig. 19.2). The cells in the corner formed by the CBR and

both anterior and posterior capsules are analogous to those on the cell culture

forming cell layers, whereby the cells never climb on the cell wall. We have
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immunohistochemically shown that the sharp discontinuous bend of the capsule on

which LECs migrate induced contact inhibition of the migrating LECs: They were

in the G0 phase of the cell cycle [5] (Fig. 19.7).

19.7.5.2 Open Capsule Effect (Avoidance of the Contact
Between Anterior Capsule and IOL)

This effect is analogous to that reported by Hara [14]. In the more recent reports,

Nagamoto [15] and Werner [16] described the same effect. In this effect, two

mechanisms can be considered.

Fig. 19.5 Capsular bend formation of various degrees. The sharp bend is formed at the sharp

optic edge (left column) regardless of the material composition. The truncated optic rim with round

edges (top right) creates a bend, but one that is less sharp; the rounded optic rim (two figures on the

bottom right) is not able to form a bend (Reprinted with permission [16])

Fig. 19.6 Left: Migration and contact inhibition of LECs cultured in a well. Right: Migration and

contact inhibition in the capsular bag, which is analogous to that observed in culture (drawing on

the left) (Reprinted with permission [4])
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19.7.5.3 Decreased Production and Dilution of Cytokines
Which Stimulate LEC Proliferation

LECs beneath the anterior capsule can first proliferate when they come into contact

with the posterior capsule or IOL optic. Upon the contact, these LECs produce

various cytokines [20, 21] which stimulate and promote cell proliferation [22]

working in an autocrine or paracrine manner [1] (Fig. 19.8). This stimulus will be

Fig. 19.7 Lens epithelial cells at the capsular bend 7 weeks after surgery in a rabbit eye that

received a CeeOn Edge IOL. All cells before the capsular bend were Ki-67 negative, indicating

these LECs were contact inhibited. At the bend, there were no LECs. In contrast on the posterior

capsule after the bend, there were ample LECs that stained brownish, thus positive for Ki-67,

indicating they were proliferating. These LECs must have migrated before the formation of the

capsular bend (Reprinted with permission [5])

Fig. 19.8 Two modalities in the intercellular signaling and apoptosis of the cell. While secreted

cytokines (dots) (IL-1, 6, 8, TGF-β, b-FGF, etc.) act in an autocrine or paracrine manner, cell

adhesion molecules (CAMs) transduce signals as plasma membrane-bound molecules. Any

detachment of the LEC from the underlying ECM, i.e., lens capsule, leads to apoptosis of the

cells by activating apoptosis signals or blocking survival signals (Reprinted with permission [1])
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further spread toward the equatorial zone (paracrine manner, i.e., to the neighboring

cell), so that the neighboring cells are further stimulated to proliferate. When the

capsular bag is open so that the anterior capsule does not come into contact with

the IOL, LECs cannot proliferate, as cytokine production may be insufficient due to

the lack of the contact between the anterior capsule and the IOL. LEC proliferation

may be also suppressed, because the cytokines they produce will be diluted and

cleared by continuous aqueous humor circulation due to the open capsular bag. Thus,

the cytokine production that is required to LEC proliferation is reduced and diluted.

19.7.5.4 Inhibitory Effect of Aqueous Humor
It is speculated that an as yet unknown factor is present that inhibits LEC prolifera-

tion. Its detection awaits future studies.

19.8 Conclusion

In conclusion, the capsule-bending ring effectively inhibited ACO and PCO. The

concept that a discontinuous capsular bend may induce contact inhibition of

migrating LECs and reduce PCO appeared to be proven by the ring. The ring

cannot be recommended for routine use due to its potential risks during its insertion,

but may be clinically useful in the eyes of children or in the eyes anticipated to

require retinal laser or vitrectomy where fundus visualization is of paramount

importance.
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PCO Prevention with Endocapsular
Equator Rings 20
Tsutomu Hara

Abstract

An endocapsular equator ring (E-ring), a closed ring with a square edge, is made

of flexible silicone. The loops of the intraocular lens (IOL) are fixed in the inner

groove of the E-ring. The ring prevents development of posterior capsular

opacification (PCO) by stopping the posterior movement of postoperative

metamorphosed lens epithelial cells at the equator. There is no contact between

the IOL and the posterior capsule. The posterior capsule retains transparency

without touching the IOL. The ring, which has a 9.5-mm outer edge diameter,

fits most eyes except those of patients with high myopia. Besides the high

success of the device in preventing PCO, the E-ring has another important

potential, that is, it facilitates late IOL exchanges. In addition, the developmental

process of PCO is shown through histochemical observation.

Keywords

Endocapsular equator ring (E-ring) • IOL exchange • Lens epithelial cells

(LECs) • Posterior capsular opacification

Lens epithelial cells (LECs) cause posterior capsular opacification (PCO). After

routine phacoemulsification, the LECs begin to change in the pericapsulorhexis

area earlier than in the periphery [1] (Fig. 20.1). One layer of static LECs gradually

develops into multiple layers of mobile fibroblastic-like cells [2] (Figs. 20.2

and 20.3).

Using an in situ hybridization technique, Azuma et al. found that the postopera-

tive histochemical changes at the anterior lens capsule (ALC) and equator

were similar to the changes associated with conventional wound healing [3]
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(Figs. 20.4 and 20.5). This means that the postoperative changes under the ALC are

similar to the normal wound-healing process, indicating that this is a physiologic

process and almost impossible to prevent completely. Three possible procedures to

prevent PCO can be considered, i.e., removal of all LECs intraoperatively,

Fig. 20.1 Panoramic specular microscopy of LECs in a human eye 14 days postoperatively.

Original magnification� 29. The vertical line in each square is 100 μm. The actual size of the hole

in the IOL is 400 μm in diameter, and the distance between the outer rim of the hole and the rim of

the IOL optic is 300 μm. The cell density is 1,480 cells/mm2 near the margin of the continuous

curvilinear capsulorhexis and 4,030 cells/mm2 near the equator

Fig. 20.2 Transmission electron microscopic view of an opacified anterior capsule excised from a

human eye. Multilayered cells surrounded by fibers are seen on the inner surface of the anterior

capsule (original magnification� 1,200). (Reprinted from Hara et al. [2]. Reproduced with

permission of SLACK Incorporated)
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mediation of the proliferative process as much as possible if it is impossible to

prevent, and allowing the process to continue and stopping it before it reaches the

posterior lens capsule (PLC). The endocapsular equator ring (E-ring) was designed

based on the last possibility. We previously addressed these three possibilities. In

this chapter, we briefly describe the results.

20.1 LEC Removal

Many trials have been performed to remove the LECs from under the ALC. Besides

the studies of the E-ring, from 1985, we conducted experiments with Drs. Nishi,

Sakka, Hayashi, and Iwata and Menicon Co to restore accommodation using lens

refilling after cataract removal; ultimately about six diopters of accommodation

were obtained [4–6]. In those studies, preventing opacification in the ALC and PLC

was indispensable. We tried many procedures to remove LECs by simple aspira-

tion, aspiration with ultrasound [7], and double cryopexy [8, 9]. However, it was

impossible to remove all the LECs, and dense ALC opacification developed. The

reason for the failure is shown in Fig. 20.6. After cataract surgery, the LECs become

activated. We have to understand that numerous LECs were posterior to the

geographic equator. Clinically, it is almost impossible to remove all LECs from

that location, especially superiorly. If some cells remain, these activated cells can

proliferate more freely in the newly provided cell-free area (Fig. 20.7).

Fig. 20.3 Transmission electron microscopic view from static LECs to mobile fibroblast-like

cells. Fibroblast-like cells transformed from the LECs and fibril formation in a human eye

25 months postoperatively. The cells contain many cytoplasmic microtubules and underwent

amoeboid processes at their surfaces (arrows). In some places, tight junctions are seen

(double arrows) (original magnification� 250). Bar¼ 1,000 μm. (Reprinted from Hara et al. [2].

Reproduced with permission of SLACK Incorporated)
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Fig. 20.4 Postoperative proliferative tissue in the peripheral area. (a) Fibrous tissue between the

anterior capsule (AC) and the posterior capsule (PC) after extracapsular cataract extraction in a

control autopsy eye stained with Mallory-Azan. Soemmering’s ring (SR) resulted from prolifera-

tion of the LECs. The fibrous tissue is immunohistochemically positive for (b) chondroitin-6-

sulfate, (c) dermatan sulfate, (d) keratin sulfate, (e) type I and (f) type III collagen, (g) cytokeratin,

(h) vimentin, and (i) α-smooth muscle actin. (Original magnification �20). (Reprinted from

Azuma et al. [3]. Reproduced with permission of Springer-Verlag)



Fig. 20.5 Postoperative proliferative tissue in the central area. An opacified central anterior

capsule after endocapsular phacoemulsification and aspiration. (a) Mallory-Azan staining. The

fibrous tissue (arrows) is underneath the anterior capsule (AC). The opacity is immunohisto-

chemically positive for (b) chondroitin-6-sulfate, (c) dermatan sulfate, (d) keratin sulfate, (e) type

I and (f) type III collagen, (g) cytokeratin, (h) vimentin, and (i) α-smooth muscle actin. (Original

magnification �20). (Reprinted from Azuma et al. [3]. Reproduced with permission of Springer-

Verlag)
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20.2 Mediation of the Grade of Metamorphosis

20.2.1 Contact with Fresh Aqueous Humor

Nagamoto et al. later invented a special ring that allowed the LECs to be in contact

with fresh aqueous humor [11]. Although we did not notice this initially, retrospec-

tively our E-ring already had adequate space for this purpose. Miyata et al. also

reported a study on the use of a fravonoid compound to inhibit LEC proliferation

[12]; however, we were not involved in those experiments.

Fig. 20.6 LECs around the equator. Residual LECs remain posterior to the geographic equator

(arrow). AC anterior capsule, PC posterior capsule. (Reprinted from Hogan, Alvarado, Weddell.

W. B. Histology of the Human Eye. p 649, Happer & Row, Philadelphia [10]. Reproduced with

permission of Elsevier Inc.)

Fig. 20.7 A specular microscopic view of LECs after intensive removal from a human eye. After

intensive intraoperative removal of the LECs, the cells begin to proliferate under the retained

central anterior capsule. (Original magnification �18)
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20.2.2 Compression of LECs (Compression Inhibition)

At one time, we had been interested in pursuing mechanical restriction to inhibit

development of LECs in order to maintain the capsular transparency. We

hypothesized that space limitation was one reason for the slow and steady prolifer-

ation of the normal LECs inside the capsule throughout life. It was commonly

observed that after most LECs were removed, the residual LECs proliferated more

and irregularly [13]. During an accommodation study, to prepare for future lens

refilling to inject a flexible material into a void capsular bag through a 1.5-mm

anterior capsular opening and later seal it, we completed a new technique to remove

a hard human cataract through both a 1.5-mm scleral incision and a 1.5-mm anterior

capsular opening using a bent sleeveless ultrasound tip and separate bent infusion

needle (Fig. 20.8). This was the beginning of the current small-incision procedure.

At that time, we often observed the fate of ALCs that were almost completely

retained. At that time, it was too premature to inject an experimental material inside

an empty human capsular bag. Then, we used conventional hard intraocular lens

(IOL). When we implanted a conventional IOL into a void capsular bag, most

ALCs later opacified. The adhesion between the capsules and IOL optics was loose.

However, when an IOL was not implanted, the ALC and PLC adhered more tightly

than their adhesion with the IOL optic. Then, in many cases the ALC remained

relatively transparent [2, 13]. In the early 1990s, in other experiments of postoper-

ative accommodation, we invented a flexible double-optic accommodative IOL

with spring action (referred to as the spring IOL) [15, 16] (Fig. 20.9) and compared

Fig. 20.8 Pioneering technique of endocapsular phacoemulsification with a sleeveless bent

ultrasound tip and sleeveless bent irrigation/aspiration tip in 1989. The two tips are used. (Right)
A 0.9-mm bent fragmatome. (Left) A bent 20-gauge May infusion needle. A human cataract is

removed through a 1.5-mm scleral incision and 1.5-mm anterior capsular opening. (Reprinted

from Hara and Hara [14]. Reproduced with permission of SLACK Incorporated)
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two types of spring IOLs. When the capsule was pressed tightly from inside by a

large expanding IOL, the ALC and PLC remained transparent. However, later

cellular proliferation occurred from the free equatorial area. When the internal

compression was weak because of a loose small spring IOL, the entire capsule

opacified (Fig. 20.10). We did not implant the IOL in the human eye at the time.

Fig. 20.9 An accommodative IOL with spring action. Due to a unique loop structure, by

torsionally compressing the obliquely arranged loops, a 10 mm 3-dimensional IOL can be reduced

to 6 mm and inserted in the capsular bag through a 3.5 mm capsular opening. (Reprinted from

Hara et al. [15]. Reproduced with permission of SLACK Incorporated)

Fig. 20.10 PCO based on the grade of internal compression. (a) Severe PCO is seen in the eye in

which a small spring IOL was implanted. (b) Transparency is maintained in the eye that received a

large spring IOL. (This figure was published in Hara et al. [13], Copyright European Society of

Cataract and Refractive Surgeons)
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However, the basic concept was succeeded to a dual-optic accommodative IOL,

which was implanted in the human eye and is currently undergoing clinical trials

[17]. An endocapsular balloon, which also was used for lens refilling to restore

accommodation, seemed ideal for achieving even compression of the entire capsu-

lar bag from inside. However, the results were unsatisfactory [5] (Fig. 20.11). It was

difficult to conduct further trials in humans at the time.

20.3 Preventing the Process at the Equator: E-Ring

In 1991, we introduced our new idea for the E-ring.

20.3.1 E-ring Structure

The device is a flexible silicone closed ring with a square edge (Fig. 20.12). The

height and the width are both 1 mm (1,000 μm). Through subsequent repeated trials,

it became clear that the outer diameter of the 9.5-mm ring fit all human eyes except

those with high myopia. The ring has a groove in the inner surface where both IOL

loops are engaged. The total weight of the 9.5-mm E-ring (23.6 mg) and IOL

(10.6 mg) is 34.2 mg, which is only about one-sixth of the 230 mg of the human

crystalline lens in an 80-year-old patient [19].

Fig. 20.11 PCO in eyes with an endocapsular balloon. Proliferative tissue in the space between

the capsule and the balloon. The balloon filled with silicone was lost during tissue preparation

(original magnification �7). (Reprinted from Hara et al. [5]. Reproduced with permission of

Elsevier Inc.)
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20.3.2 Surgical Technique

Using a conventional IOL injector, the E-ring can be inserted into an empty

capsular bag through a 3.2-mm sutureless limbal incision.

20.3.3 History of the E-Ring

After the first report of the E-ring [20] was published, rabbit eyes were studied

[21]. The E-ring maintained the circular shape of the equator and successfully

prohibited development of PCO (Figs. 20.13 and 20.14). The results were con-

firmed in monkey eyes [22]. The anterior chamber angle remained wide, in contrast

to the narrow anterior chamber angle in the rabbit eyes (Fig. 20.15). Ultimately, the

first case report of a young man with atopic eye was published in 2007 (Fig. 20.16)

[23]. In 2011, we reported the results achieved with 14 patients with 2–7 years of

follow-up [18]. These patients received an E-ring and IOL in one eye and only an

IOL in the fellow eye. The mean� standard deviation PCO values in the eyes with

an E-ring centrally, nasally, and temporally were 4.4� 2.47, 2.0� 0.95, and

3.3� 5.75, respectively. The values in the control eyes were 11.4� 5.42,

25.5� 13.31, and 20.0� 10.11, respectively. The eyes with an E-ring had signifi-

cantly (P¼ 0.005, P¼ 0.001, and P¼ 0.001, respectively) lower values. No eyes

with an E-ring required Nd:YAG laser posterior capsulotomy postoperatively

compared with six (43 %) of 14 control eyes. The study proved the ability of the

E-ring to prevent PCO.

Fig. 20.12 The E-ring. (a) The endocapsular equator ring is a closed silicone ring with a

square edge, an outer diameter of 9.5 mm, and width and thickness of 1.0 mm respectively.

(b) A groove on the inner surface facilitates fixation of the IOL loops. (Reprinted from

Hara et al. [18]. Reproduced with permission of American Medical Association)
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Fig. 20.14 A failed case. On the left, the equatorial cells proliferated under the ring onto the PLC
(toluidine blue, original magnification �7). (Reprinted from Hara et al. [21]. Reproduced with

permission of American Medical Association)

Fig. 20.13 An E-ring in rabbit eyes. (a) A Miyake view of a rabbit eye implanted with a 13.0-mm

IOL alone. The superior and inferior equator is pushed slightly outward by the loop (arrow). Both
the ALC and PLC are severely opacified. (b) An eye with an E-ring. The circular shape of the

equator is well retained. Proliferation is prohibited and capsular transparency is retained. The iris

root is elevated. The follow-up period was 2.2 months (original magnification �7). (Reprinted

from Hara et al. [21]. Reproduced with permission of American Medical Association)
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Fig. 20.15 E-ring in a monkey eye. (a) A monkey eye with only an IOL. The PLC is moderately

opacified as a result of LEC proliferation, and the capsular bag is deformed by compression of the

IOL loops. (b) A monkey eye with an E-ring and an IOL. The PLC is clear, and the capsular

equator is round. The IOL loops are in the groove, and there is an open space between the IOL and

the PLC. The anterior chamber angle remains wide. (Reprinted from Hashizoe

et al. [22]. Reproduced with permission of Springer-Verlag)

Fig. 20.16 E-ring in a human eye. (Right) This is a view of an E-ring in a 22-year-old man with

an atopic eye, obtained 2 years after implantation. (Left) A control eye. In the eye with the E-ring,

the device and the IOL remain in the correct position and the PLC is clear over an area wider than

the IOL optic. There is no contact between the ring and the iris and ciliary body. The IOL optic and

loops are not in contact with the PLC. No PCO has developed. (Reprinted from Hara

et al. [23]. Reproduced with permission of American Medical Association)



20.3.4 Mechanisms of the E-Ring for Preventing PCO

The benefits of the E-ring include the highly preventive effect of the square edge; at

a narrow equator the effect doubled by the presence of an anterior and posterior

square edge; the sufficient width (1,000 μm) of the device to suppress 71 LECs

(14 μm each) around the equator (Fig. 20.6); and the maintenance of adequate space

in the bag for easy contact between the postoperative LECs and fresh aqueous fluid.

20.3.5 E-Ring Features

The device retains capsular transparency without touching the IOL optic. Late IOL

exchange becomes a possibility. The device has a possible application for pediatric

cataract.

Because the circular shape of the bag equator is almost completely retained,

postoperative capsular bag contraction is minimized, which consequently prevents

IOL dislocation and retinal detachment. Thus, it is highly indicated for young

patients with or without atopy.

Despite being a closed ring, the 9.5-mm outer diameter ring fits most eyes,

except highly myopic eyes. The device can be implanted through a 3.2-mm

sutureless incision and can be used during most routine cataract procedures without

zonular and PLC disorders.

The E-ring makes possible the exact adjustment and easy modification of the

axis orientation of a toric IOL.

Besides preventing PCO, the E-ring also facilitates late IOL exchanges. In light

of this, we believe that the IOL and the E-ring should remain separate and not be

combined into one product.

The E-rings for animal experiment were produced by Menicon Co., Nagoya,

Japan, and those for human eyes were produced by Morcher GmbH, Stuttgart,

Germany. The E-ring is available commercially from Morcher GmbH.
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PCO Prevention with IOLs Maintaining
an Open or Expanded Capsular Bag 21
Anne Floyd, Liliana Werner, and Nick Mamalis

Abstract

Postoperative capsular opacification is a multifactorial physiological

consequence of cataract surgery. Opacification may involve the anterior or

posterior capsules and may have a significant impact on visual function. Capsular

opacification, composed of cortical/pearl and/or fibrotic components, can disrupt

the proper functioning of an intraocular lens, particularly specialized ones such as

accommodating lenses. It has been hypothesized that intraocular lens designs that

maintain an open or expanded capsular bag are associated with better bag clarity.

This may be due to mechanisms that include mechanical compression of residual

lens epithelial cells within the capsular bag by a relatively bulky device/intraoc-

ular lens with overall inhibition of residual lens epithelial cells metaplasia and

migration/proliferation of these cells. Another factor may be the mechanical

stretch of the bag at the level of the equatorial region, maintaining the overall

bag contour. Lastly, constant irrigation of the inner capsular bag compartment by

the aqueous humor may also have an influence on the prevention of proliferation

of residual cells. This chapter discusses devices that have been designed to

minimize or prevent the development of anterior and/or posterior capsule

opacification. Devices described include capsular rings and different designs of

intraocular lenses which are intended for implantation within the capsular bag

after phacoemulsification. The commonality among these devices is to maintain

an open or expanded capsular bag, which effectively prevents capsular

opacification. While some of the devices are already in clinical use, others are

currently under investigation in animal studies.
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21.1 Introduction and Background

Posterior capsule opacification (PCO) is the most common long-term complication

of cataract surgery resulting in visual impairment and necessitating additional

procedures, such as Nd:YAG laser posterior capsulotomy [1, 2]. The material

opacifying the posterior capsule may have cortical/pearl and/or fibrotic components

[1, 2], whereas anterior capsule opacification (ACO) is essentially a fibrotic entity

[3, 4]. Prevention of overall capsular bag opacification has become one of the

primary goals of intraocular lens (IOL) design and development, particularly in

specialized IOLs such as multifocal or accommodating lenses [5, 6]. Prevention of

any form of fibrosis within the capsular bag is particularly important for accommo-

dating IOLs, which are generally designed to move within the bag or have their

optical shapes altered in response to accommodating stimuli [6]. The capsular rings

and IOLs discussed in this chapter are designed to maintain an open or expanded

capsular bag and have demonstrated a relative lack of PCO and ACO.

21.2 Previously Described Intraocular Devices Maintaining
an Open or Expanded Capsular Bag

21.2.1 Capsular Bending Ring

A specially designed capsular tension ring (CTR), developed by Nishi and

Menapace, has proven efficacious at decreasing ACO and PCO formation

[7, 8]. This open capsular ring implant, named capsular bending ring (CBR), is

made from polymethylmethacrylate (PMMA) and has a rectangular profile with a

thickness of 0.15–0.20 mm, a height of 0.7 mm, and a diameter of 11.0 mm. The

CBR is placed in the bag, such that the capsular bend is created at the equator. This

placement prevents the capsular bag from collapsing and the anterior capsule from

contacting the IOL optic or posterior capsule. One way this device prevents

capsular bag opacification is by minimizing or entirely preventing growth or

migration of the equatorial lens epithelial cells (LECs) onto the posterior capsule

or around the IOL optic. The other mechanism is by minimizing or preventing any

fibrosis or shrinkage of the anterior capsule. The ring also prevents formation of

striae or folds in the posterior capsule. These features work together to maintain a

transparent capsular bag after cataract surgery with appropriate in-the-bag IOL

placement. More details on the CBR can be found in Chap. 19.

21.2.2 Endocapsular Equator Ring

Hara and coauthors designed the endocapsular equator ring to be compatible with

modern small-incision surgical techniques and to maintain the shape of the capsular

bag after cataract extraction [9–13]. The equator ring, named the E-ring, is a closed,

silicone ring that is 1.0 mmwide and 1.0 mm thick with an outer diameter of 9.0 mm.
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The edge of the ring is square and there is a groove on its inner aspect that allows for

IOL loop fixation. This device was able to effectively maintain the circular contour

of the capsular bag equator and prevent the invading LECs from migrating toward

the center along the posterior capsule. This design validated that the square edge

preserves capsular transparency by preventing posterior movement of the stimulated

LECs. When the E-ring is properly placed at the equator, the anterior and posterior

capsules are separated and ample space is retained in the capsule. In rabbit and

monkey studies, eyes receiving the IOL and the ring had significantly less capsular

bag opacification than eyes receiving the IOL only, and the circular contour of the

bag was maintained by the ring [10, 11]. Dimensions of the ring were later optimized

for human implantation, and clinical studies confirmed its PCO prevention effect.

Postoperative Scheimpflug photography performed in the clinical studies clearly

showed no contact between the IOL and the posterior capsule in the presence of the

ring [12, 13], demonstrating that contact between the IOL optic and the posterior

capsule may not be necessary for PCO prevention in this circumstance.

Because this CTR maintains an open capsular bag, it allows for sufficient

endocapsular flow of the aqueous humor. The aqueous humor contains some

inhibitory growth factors to prevent the transformation and subsequent proliferation

of the LECs. Studies have shown that maintaining contact between fresh aqueous

humor and the LECs and maintaining an ample endocapsular aqueous humor

exchange have been effective at decreasing the development of ACO and PCO

[14–20]. The E-ring effectively maintains the circular contour of the capsular bag

and inhibits the cells at the capsular bag equator from proliferating toward the

center of the posterior capsule. More details on endocapsular equator rings can be

found in Chap. 20.

21.2.3 Capsular Adhesion-Preventing Ring

Nagamoto and coauthors introduced a thin, open capsular adhesion-preventing ring

(CAPR) made of PMMA that measures 2.0 mm in height with an inner diameter of

6.5 mm and outer diameter of 8.5 mm [21]. This CTR contains four grooves for IOL

loop fixation and four distinct holes to allow enhanced endocapsular circulation of

the aqueous humor. It holds the posterior capsule away from the anterior capsule,

preventing adhesion of the capsules and further allowing the aqueous humor to

circulate into the capsular bag through the grooves and holes. When the CAPR was

evaluated in animal studies there was a reduction in PCO formation when the

appropriate placement was achieved within the bag.

It is still unknown whether enhanced endocapsular flow alone with increased

exposure to inhibitory growth factors is sufficient to prevent PCO development.

Achieving complete anteroposterior capsular separation may be a critical compo-

nent to inhibit the formation of PCO as well. A combination of anteroposterior

capsular separation and increased endocapsular aqueous humor circulation with

associated growth-inhibitory factors may be required for the reduction of PCO.

Although aqueous humor at the early postoperative period was shown to stimulate
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proliferation of LECs in rabbit models [14, 15] the growth-promoting effect of

postoperative aqueous humor gradually decreased and disappeared approximately

1 month after the surgery [14]. Results in previous studies [16, 17] indicate that

transforming growth factor beta2 (TGF-β2) in the normal aqueous humor inhibits

proliferation of LECs and corneal endothelial cells. In a recent letter to the editor,

Nishi [18] stated that constant irrigation by the aqueous humor may prevent certain

cytokines involved in stimulating LEC proliferation from reaching a threshold

concentration level in the bag compartment. According to a study by Nishi and

coauthors [18–20] interleukin-1 would be one such cytokine. Therefore, increasing

the endocapsular flow and exposure to fresh aqueous humor may have a role in the

prevention of LEC proliferation and subsequent capsular bag opacification

formation.

The use of the CAPR effectively reduced the development of PCO in the rabbits

when the complete anteroposterior capsular separation and increased aqueous

humor circulation were achieved [21].

21.2.4 Spring-Loaded IOL

Hara and coauthors also developed a spring-loaded lens to provide sufficient

accommodation through dual optics and flexible loops [22]. Hara’s lens had two

6.0 mm PMMA optics connected with obliquely arranged poly(vinylidene fluoride)

(PVDF) loops, with a horizontal length of 10.0 mm. Lenses with anteroposterior

lengths of 4.0 and 8.0 mm were implanted in rabbit eyes. The surgical technique

involved endocapsular phacoemulsification through a small upper central anterior

capsulotomy. After complete evacuation of the capsular bag, cryopexy was applied

to the entire anterior capsule in an attempt to remove the LECs. The anterior

capsule opening was extended to 6.0 mm on both horizontal sides for the IOL

implantation; thus, almost complete capsular bags were retained. Rabbit eyes

receiving the thin (4.0 mm) spring-loaded lenses had opacified anterior capsules

over its entire area, while rabbit eyes receiving thick (8.0 mm) spring-loaded lenses

retained transparent anterior capsules. The authors postulated that the anterior

capsules retained their transparence in the eyes implanted with thick spring-loaded

lenses because of mechanical compression against the LECs [22, 23].

21.3 Newly Described IOLs Maintaining an Open
or Expanded Capsular Bag

21.3.1 Concept 360

The Concept 360 (Corneal Laboratoire) is a single-piece IOL manufactured from a

foldable hydrophilic acrylic material with water content of 26 %. The lens has an

optic diameter of 6.0 mm, an overall diameter of 11.5 mm, and square optic and

haptic edges. Its overall design is that of a disc-shaped lens, with six haptic
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components having a 10� posterior optic–haptic angulation that gives the lens the

appearance of a propeller. The design of this IOL keeps the anterior capsule away

from the optic surface and when the haptic components contact each other without

any gaps between them, there is also a CTR peripheral effect (Fig. 21.1). A prelimi-

nary clinical study of this IOL found that the lack of anterior capsule–optic contact

prevented anterior capsule-related complications [24, 25].

It has been demonstrated that the anterior capsule opacifies postoperatively

where it remains in contact with the anterior IOL surface [3, 4]. This has been

particularly observed with silicone plate lenses, because of the large area of contact

between the anterior surface of the lens and the inner surface of the anterior capsule

(Fig. 21.2). The configuration of the haptic components of the Concept

360 simulates the presence of a broad, band-shaped capsular ring, which helps to

keep the anterior capsule away from the anterior optic surface. This configuration,

associated with the 10� posterior optic–haptic angulation, prevented contact

between the anterior lens surface and the anterior capsule in four cadaver eyes in

a preliminary study, in which the capsulorhexis margin was at distance from the

Fig. 21.1 Concept

360 intraocular lens. (a)

Schematic drawing showing

the design of the lens. The

overall design is that of a

disc-shaped lens with the

appearance of a propeller; the

space between the haptic

components will decrease as a

function of the diameter of the

capsular bag. (b) Gross

photograph of the lens

experimentally implanted in a

cadaver eye (Miyake–Apple

view). Published in: Werner

et al. [26]
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anterior lens surface for 360� [26]. An IOL with a CTR effect may have significant

advantages in the prevention of capsular bag opacification. As described in

Sect. 21.2.1, a CTR designed to prevent opacification in the capsular bag was

evaluated in two centers, one in Japan and the other in Austria [7, 8]. Both centers

reported a significant reduction in ACO and PCO with the rings compared with the

contralateral eyes implanted with the same lens design. Equatorial CTRs have the

ability to maintain the contour of the capsular bag and to stretch the posterior

capsule [27]. In high-resolution laser interferometric studies, a space between the

IOL and the posterior capsule was found with different lens designs [28]. With a

CTR in place, this space was found to be smaller or nonexistent. CTRs also produce

a circumferential stretch on the capsular bag, with the radial distention forces

equally distributed. Formation of traction folds in the posterior capsule, which

may be used as an avenue for cell ingrowth, is thus avoided. The absence of

capsular striae with the Concept 360 was confirmed in the preliminary study

using cadaver eyes [26].

In smaller eyes, the distance between the haptics of the Concept 360 is

minimized as they come close together to conform to the capsular bag diameter.

In this situation, the contact between the periphery of the lens and the equatorial

region of the capsular bag may produce the effect of a complete CTR. However, in

capsular bags with larger diameters, the haptics of the Concept 360 are not close

together. The gaps between them may represent avenues for migration or prolifera-

tion of any residual cells or cortical material in the capsular bag equator, eventually

forming PCO. The influence of excess overlapping between the haptic components

of the lens (possibly observed in very small eyes, also creating gaps) on the CTR

effect needs to be assessed.

Association of various factors within the design of the Concept 360 may help in

PCO prevention. Spontaneous rotational movements of this disc-shaped lens during

irrigation/aspiration may help in the dislocation of residual cortical material and

cells out of the equatorial region of the capsular bag. This would make the material

more accessible to the surgeon’s view and therefore promote a more complete

Fig. 21.2 Gross photograph

of a pseudophakic human eye

obtained postmortem,

obtained from the posterior or

Miyake–Apple view of the

anterior segment. The eye had

an in-the-bag silicone plate

lens. A central, square-shaped

posterior capsulotomy was

done to treat posterior capsule

opacification. The anterior

capsule is opacified where it

keeps contact with the lens’

anterior surface (arrow)
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cortical cleanup. The square haptic edge profile, in association with contact of the

haptic periphery around the equatorial region of the capsular bag (CTR effect), may

promote a significant barrier effect against cell proliferation. The contact between

the square posterior optic edge of the lens and the posterior capsule, further

enhanced by the posterior optic–haptic angulation, is likely to represent another

significant barrier against cell proliferation and thus PCO formation [26].

Evaluation of new lenses in cadaver-eye studies with the Miyake–Apple view is

useful to assess their fit within the human capsular bag and their possible interaction

with capsular bag structures. With respect to aspects such as prevention of ACO and

PCO and the absence of posterior capsule striae, the preliminary clinical results

with this lens are encouraging [25], but only further long-term clinical studies can

confirm these findings.

21.3.2 Synchrony

The Synchrony (Visiogen, Inc./Abbott Medical Optics) is a foldable, single-piece,

dual-optic IOL manufactured from silicone. The IOL has two optic components

(anterior and posterior); each has the general design of a plate-haptic silicone IOL

and the two are connected by a bridge through the haptics with a spring function.

The posterior aspect is designed with a significantly larger surface area than the

anterior aspect and it has two tabs to maintain stability in the capsular bag during

the accommodation/unaccommodation process. The anterior optic has two

expansions oriented parallel to the haptic component that lift the capsulorhexis

edge up, preventing complete contact between the anterior capsule and the anterior

surface of the IOL (and therefore preventing opacification of the anterior capsule).

In this dual-optic IOL system, the anterior IOL has a high plus power beyond that

required to produce emmetropia, while the posterior IOL has a minus power to

return the eye to emmetropia [29–35]. The degree of capsular bag expansion

provided by the Synchrony IOL may have played a role in the maintenance of

capsular bag transparency and the prevention of capsular bag contraction and

capsulorhexis phimosis, as observed in rabbit and clinical studies (Fig. 21.3).

The presence of two IOL optics in the capsular bag raises concerns about the

possibility of ingrowth of regenerative/proliferative crystalline lens material

between them, with formation of interlenticular opacification (ILO) [36–41]. It is

expected that the thickness of the interlenticular space will experience dynamic

changes, as a function of efforts of accommodation. Whether this will influence the

outcome of postoperative ILO formation still needs to be assessed in long-term

clinical studies. In a series of 25 patients implanted with the Synchrony lens and

followed for 12 months, no ILO formation was observed [33].

During the clinical follow-up of rabbits implanted with the dual-optic accom-

modating IOL, pairs of silicone plate lenses, or pairs of hydrophobic acrylic lenses,

we observed ILO formation in the hydrophobic acrylic control lenses, which started

at the level of the optic–haptic junctions [35]. It has to be considered that the rabbit

is an accelerated model for PCO. Progressive regrowth of the crystalline lens
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material is observed in the postoperative period; thus, Soemmering’s formation is

generally abundant with this animal. The ILO development confirms previous

observations in rabbit studies, in which the optic–haptic junctions of a single-

piece hydrophobic acrylic design and those of a single-piece hydrophilic acrylic

design were the sites of the beginning of ingrowth of material causing PCO [42–44]

(Fig. 21.4). The same study also showed that ILO was not an issue with the dual-

optic accommodating lens.

21.3.3 Zephyr

The Zephyr IOL (Anew Optics, Inc.) is a single-piece, disc-shaped hydrophilic

acrylic IOL with an overall diameter of 10.02 mm [45, 46]. The lens is suspended

between two complete haptic rings connected by a pillar of the haptic material, such

that the anterior ring rests against the anterior capsule at some distance from the

capsular equator and the posterior ring rests against the posterior capsule also at

some distance from the capsular equator. This particular disc-shaped IOL has been

Fig. 21.3 Synchrony

intraocular lens. (a) Gross

photograph of the lens

showing its different

components (provided by

Visiogen/AMO). (b) Clinical

photograph of a Synchrony

lens taken approximately

2 years after implantation.

The capsular bag remained

remarkably clear (provided

by Ivan L. Ossma, MD, MPH,

Bucaramanga, Columbia)
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modified to incorporate features to enhance the endocapsular flow of aqueous

humor. The haptic perforations allow circulation of the aqueous throughout the

capsule, both anteriorly and posteriorly to the optic as well as in the fornix of the

capsular bag. In rabbit studies, the peripheral rings of the disc-shaped IOL

prevented ACO and PCO by expanding the capsular bag and preventing IOL

surface contact with the anterior capsule. Soemmering’s ring formation was

observed in localized areas around the equatorial region of the capsular bag

between the peripheral rings. In these studies, the anterior capsule showed a distinct

separation from the anterior IOL surface, which was associated with complete

clarity of the anterior capsule throughout the studies [45, 46] (Figs. 21.5 and 21.6).

In the same abovementioned rabbit studies, some of the Zephyr lenses exhibited

the optics bulging anteriorly instead of toward the posterior capsule, with a lack of

contact between the optic and the posterior capsule. This could have been caused by

the fact that the lens diameter was slightly too large for the capsular bags of the

rabbits. In any event, capsular bag opacification scoring in these eyes was no

different than in the eyes exhibiting posterior bulging of the optic, and the preven-

tative PCO effect was maintained. This fact provides further evidence that contact

Fig. 21.4 Gross photographs

of enucleated rabbit eyes

taken 6 weeks postoperatively

(Miyake–Apple view). (a)

The eye was implanted with a

Synchrony lens and exhibits

an overall clear capsular bag.

(b) The eye was implanted

with a pair of single-piece

hydrophobic acrylic lenses.

Besides posterior capsule

opacification, the arrows
show interlenticular

opacification, generally

starting at the level of optic–

haptic junctions. Published

in Werner et al. [35]
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between the optic and the posterior capsule is not required for PCO prevention,

providing the overall IOL design configuration is disc-shaped with a large CTR

effect around the equator, keeping the bag open and/or expanded.

21.3.4 FluidVision

The FluidVision (PowerVision) is a new accommodating lens composed of a

hollow, fluid-filled hydrophobic acrylic optic and oversized, hollow, fluid-filled

haptics. The relatively large haptic elements of this lens keep the anterior and

posterior capsules apart [47]. The fluid in the optic and haptics is an index-matched

silicone oil which flows back and forth between the haptics and optic to change

curvature and hence the power of the optic (Fig. 21.7). An initial clinical evaluation

of an earlier prototype of this lens conducted in a limited number of sighted eye

subjects demonstrated the potential to achieve more than five diopters of power

change [48].

Cellular proliferation within the capsular bag after implantation of an accommo-

dating IOL could potentially impair its function. Postoperative fibrosis with

Fig. 21.5 Zephyr intraocular

lens. (a) Gross photograph

showing the overall design of

the lens. (b) High-frequency

ultrasound scan of an

enucleated rabbit eye that had

been implanted with the lens.

The arrow shows the anterior

capsule, which is kept at

distance from the anterior

surface of the lens. Published

in Leishman et al. [46]
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contraction of the capsular bag could also be detrimental. The FluidVision lens

practically fills the entire capsular bag, with significant bag expansion. It is unlikely

in this configuration that constant irrigation of the inner compartment of the

capsular bag by aqueous humor occurs and plays any role in preventing LEC

Fig. 21.6 Slit-lamp

photograph (a) and gross

Miyake–Apple view

photograph (b) of a rabbit

eye taken 5 weeks after

implantation of the Zephyr

lens. The eye has clear

anterior and posterior

capsules. Published in

Kavoussi et al. [45]

Fig. 21.7 Photograph

showing the overall design

of the FluidVision

intraocular lens (provided

by PowerVision)
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proliferation. Other factors such as mechanical compression and/or stretching of the

capsular bag are probably responsible for the significant prevention of capsular bag

opacification in comparison to eyes implanted with control, standard lenses.

Mild amounts of proliferative material, limited to the fornix of the capsular bag,

were seen in some instances in rabbit eyes with the FluidVision [47]. The presence of

the haptics generally blocked extension of the proliferative material toward the optic,

with the exception of the haptic gap sites. In those two areas, there was a lack of

mechanical compression of the inner surface of the capsular bag; the shape/contour of

the bag was also not maintained. However, the optic edge blocked the access of the

material to the posterior capsule. The anterior capsule remained remarkably clear with

the FluidVision IOL throughout the same abovementioned rabbit study [47]. The only

contact between the study lens and the anterior capsule was at the periphery of the

capsular bag, at the level of the haptic components. A fine wrinkling of the anterior

capsule was observed in some instances at that area. The anterior capsule at and

around the capsulorhexis edge was generally devoid of any fibrosis, as it was kept at

a distance from the anterior IOL surface (Figs. 21.8 and 21.9). The clarity of the

capsular bag with the silicone oil-filled IOL 6 weeks postoperatively was remarkable

Fig. 21.8 Slit-lamp photographs (a and b) and gross Miyake–Apple view photographs (c and d)

of rabbit eyes taken 6 weeks after implantation of the FluidVision lens (a and c) or a control

standard single-piece hydrophobic acrylic lens (b and d). The eye with the FluidVision shows clear

anterior and posterior capsules, while the eye with the control IOL developed diffuse posterior

capsule opacification, starting at the optic–haptic junctions. Published in Floyd et al. [47]
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in the rabbit model, both clinically and pathologically [47]. This was in marked

contrast to the control standard IOL (single-piece looped design), which showed a

large amount of proliferative material with significant PCO, generally starting at the

optic–haptic junctions.

21.4 Summary

Prevention of opacification of the capsular bag after cataract extraction and IOL

implantation, especially the fibrotic types, appears to be even more important now

with the increased interest in the development of accommodating IOLs. There are

concerns that late postoperative capsular bag fibrosis might prevent long-term

functioning of these lenses. This may be associated with not only PCO but also

ACO. Prevention of capsular bag collapse with maintenance of bag clarity has been

described with various devices and IOLs, such as the CBR of Nishi and Menapace

[7, 8], Hara’s equator ring [9–13], Nagamoto’s acrylic CAPR [21], a PMMA-PVDF

dual-optic accommodating IOL with spring action also designed by Hara [22, 23],

Fig. 21.9 Representative light photomicrographs from histopathologic sections cut from both

eyes of the same rabbit. (a) Eye implanted with the FluidVision lens. (b) Eye implanted with a

control IOL. Note the expanded capsular bag and limited Soemmering’s ring formation in the

study eye compared to the control eye. Significant PCO is observed with the control IOL, whereas

PCO is absent with the study IOL. The arrows in the photographs show the posterior capsule.

Published in Floyd et al. [47]
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the Concept 360 IOL [25, 26], the Synchrony IOL [29–35], and the FluidVision lens

[47, 48]. Prevention of bag collapse leading to bag clarity has also been

demonstrated with two different versions of a modified disc-shaped, single-piece,

hydrophilic acrylic IOL suspended between two complete haptic rings connected

by a pillar of the haptic material [45, 46]. Further research on the proposed

mechanisms of capsular bag opacification prevention by IOLs or devices

maintaining an open of expanded capsular bag is warranted.
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Lens Epithelium and Posterior Capsular
Opacification: Prevention of PCO
with the Bag-in-the-Lens (BIL)

22

Marie-José Tassignon and Sorcha Nı́ Dhubhghaill

Abstract

The bag-in-the-lens (BIL) cataract surgery technique is a unique approach to

prevent posterior capsular opacification. Insertion of the lens requires a primary

posterior continuous curvilinear capsulorhexis. The lens is positioned entirely

suspended by the anterior and posterior capsules. This unique placement confers

stability and predictability, but most significantly it results in a 0 % rate of PCO.

Lens epithelial cells may continue to proliferate between the two capsules, but

the design of the BIL implant seals any point of entry. We conclude that BIL

technique of cataract extraction is an optimal approach to prevent PCO in all

patients.

Keywords

Anterior interface • Bag-in-the-lens (BIL) • Posterior capsule opacification

(PCO) • Primary posterior circular continuous capsulorhexis (PPCCC) • Ring

caliper

22.1 Introduction

From the earliest days of lens implantation in cataract surgery, posterior capsular

opacification (PCO) has been the most frequently encountered postoperative com-

plication [1]. Progress in intraocular lens (IOL) design has focused on lens shape
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and material composition predominantly, but despite high expectations, these

lenses deliver modest benefit over their predecessors, and PCO still occurs fre-

quently [2]. The advances and limitations of IOL material and design are covered

elsewhere in this volume (Chap. 18). The most optimized lens-in-the-bag approach

seems to delay PCO development rather than entirely prevent it. It appears therefore

that while lens epithelial cells (LEC) can freely proliferate behind the IOL, there is

still a risk of PCO.

22.1.1 Nd:YAG Capsulotomy

The mainstay of PCO treatment is currently neodymium-doped yttrium aluminum

garnet (Nd:YAG) laser capsulotomy where a series of high-intensity laser pulses

are directed at the posterior capsule. The laser energy perforates the capsule, which

results in an opening behind the IOL. Although this technique is simple to learn and

easy to tolerate, it is by no means a complication free intervention. In fact, there are

significant variations on how the technique is performed and a lack of

evidencebased clinical guidelines [3]. The rate of Nd:YAG laser capsulotomy is

approximately 24 % only 5 years after phacoemulsification [4]. This rate, however,

only represents eyes where PCO formation has resulted in reductions in visual

acuity. It is likely that an additional proportion of patients experience deterioration

in quality of vision due to posterior capsular changes, though this was not detected

by standard visual acuity assessment.

Complications observed with Nd:YAG capsulotomy range from the common to

the extremely rare but severe [5–8]. The more frequently seen complications

include lens pitting, cystoid macular edema (CME), and retinal breaks and detach-

ment which are increased, particularly in younger and myopic patients [9–12].

Moreover, proliferation of residual LECs and subsequent closure of the

capsulotomy have also been reported [13, 14].

Even uncomplicated capsulotomies can undermine a previously optimal surgical

procedure. The original reports on the negligible effect of Nd:YAG capsulotomy on

vision used standard visual acuity as a parameter. As technology has improved, the

capacity to detect visual aberrations not seen by previous means has shed a new

light on the eye post Nd:YAG. Aberrometric analysis has been performed compar-

ing PCO patients post a 2.5 mm Nd:YAG capsulotomy and a control group of

pseudophakic patients who had no evidence of PCO [15]. While the best-corrected

visual acuity was the same in both groups, mean total higher-order aberrations were

higher in the post-Nd:YAG groups. Persistent wave-front aberrations have also

been detected particularly in hydrophilic IOLs even after a larger 4.5 mm to 5.0 mm

capsulotomy [16]. Both studies indicate that, despite treatment, visual outcomes

post Nd:YAG laser capsulotomy are not ideal and not comparable to outcomes if

PCO had never developed.

High-quality refractive outcomes may also be compromised after capsulotomy.

Vrijman et al. reported a cohort of patients with multifocal apodized diffractive

pseudophakia in whom 7 % had a significant change in subjective refraction after
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capsulotomy [17]. There is also an additional cost and patient burden associated

with Nd:YAG and access to the equipment is limited in the third world, so the ideal

cataract surgery would not routinely require a secondary intervention [3]. Finally,

in patients who require subsequent IOL exchange, the presence of an Nd:YAG

capsulotomy increases the difficulty of the procedure and the risk of vitreous

loss [18].

22.1.2 The Posterior Capsule

Gimbel and Neuhann originally described a technique to remove a portion of the

posterior capsule as a means of preventing PCO [19]. Removing the posterior

capsule via this primary posterior continuous curvilinear capsulorhexis (PPCCC)

was thought to remove the scaffold structure whereby LECs could proliferate and

cause PCO. This does not appear to be the case [20]. Although PPCCC openings

may be relatively stable in uncomplicated elderly patients [21], a two-year follow-

up study showed a PCO rate of 2 % over 2 years [22]. In high-risk PCO cases such

as children, young adults, and uveitic patients, 23–40 % will experience partial or

complete closure of the PPCCC [23, 24]. In vitro evidence supports this observation

by showing that LECs cells retain the capacity to proliferate even in the absence of a

capsular scaffold [25]. It is unclear whether the LECs grow using anterior hyaloid

as support or whether it is on a matrix secreted by the cells themselves. Regardless,

it appears that simply performing a PPCCC is not sufficient to entirely

prevent PCO.

Gimbel and DeBroff subsequently described a technique that combined PPCCC

with optic buttonholing (“posterior optic buttonholing” or POBH) to reduce the

rate of visual axis reopacification in the pediatric population [26, 27]. In this

technique, the lens haptics remain in the bag, but the optic itself is positioned

behind the posterior capsule with the margin of the posterior capsule overlying the

anterior surface of the optic [28]. This should prevent ingress of migrating LECs

into the retrolenticular space. The seal is not complete, however, and LECs may

enter the retrolenticular space through the haptic crossover points. The anterior

capsule also lies free over the optic and may be prone to LEC accumulation over the

anterior surface of the lens in the long term. The concern in regard to rotation

behind the posterior rhexis made this approach unsuitable for standard toric

IOLs [28].

22.2 The Bag-in-the-Lens Technique

The BIL technique represents a significant change in the approach to PCO preven-

tion [29]. Standard PCO prevention strategies have focused on surgical technique,

IOL shape and material, pharmacological reduction of LEC, and use of additional

implants such as capsular tension rings [2]. In the BIL technique, the IOL itself

forms the barrier to PCO development. The lens is composed of a monofocal
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spherical hydrophilic material and designed as a biconvex optic with two elliptical

flanged haptics (Fig. 22.1). The plane haptics are aligned perpendicularly, the

posterior haptics lying on the horizontal meridian, and the anterior oriented on

the vertical (Fig. 22.2). Between the two haptics lies a channel, which when sited/

positioned contains the anterior and posterior capsules. The haptics are 0.15 mm

thick and the groove between them is 0.25 mm. The total diameter ranges from 6.5

to 8.5 mm depending on the case requirements.

Fig. 22.1 Structure and

profile of the BIL intraocular

lens [30]

Fig. 22.2 Centrally sited

IOL with side-on

schematic view

376 M.-J. Tassignon and S. Nı́ Dhubhghaill



22.2.1 The Anterior Rhexis

The creation of the anterior and posterior calibrated continuous curvilinear

capsulorhexes is a crucial step in the BIL technique. The success of the lens is

dependent on an accurately centered, well-fitting anterior rhexis which can be

assisted by the use of a ring-shaped caliper (Fig. 22.3) [31]. The phacoemulsi-

fication is performed as standard. The size of the PPCCC may be then gauged using

the anterior rhexis as a guide. A slightly undersized rhexis allows a firm seal on

the BIL.

22.2.2 The Posterior Rhexis

The PPCCC is commenced with a small incision into the capsule. Ophthalmic

viscosurgical device (OVD) is injected into the small defect and under the

capsule into Berger’s space (Fig. 22.4) [32]. This is a gentle technique and at the

one-year follow-up of 60 patients, not a single case experienced vitreous loss [32].

Fig. 22.3 Ring caliper for

accurate sizing of anterior

rhexis

Fig. 22.4 Injection of OVD into Berger’s space through small perforation in PC
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Reluctance in performing a PPCCCmay stem from concern for disturbing the anterior

hyaloid and potential complications. A planned PPCCC, unlike accidental capsular

rupture, with no disturbance of the anterior hyaloid face retains the diffusion properties

across the vitreous and aqueous interface of an eye with an intact posterior capsule

(PC) [33]. Clinically, PPCCC does not appear to cause any higher postoperative risks

than the standard approaches [34]. In a series of 1,000 cases of POBH, no case of CME

was reported and the rate of retinal detachment was not higher than standard cataract

surgery [35].Menapace suggests that theuseofOVDinBerger’s space combinedwith a

watertight seal between the rhexis and optic may impede the access of cytokines and

stabilizes the anterior vitreous preventing the CME observed in accidental PC rupture

[28]. The seal also reduces the amount of anterior chamber flare seen postoperatively,

likely due to prevention of residual OVD in the Berger space from entering the anterior

chamber over time [36].

22.2.3 Insertion of the Lens

The foldable BIL is inserted through a 2.8 mm corneal incision into the anterior

chamber. It is maneuvered into a position on top of the anterior capsule with the

lens apposed to the capsule at the six o’clock position. The lens is gently

manipulated temporally and nasally to slide the posterior haptic under the posterior

rhexis. The lens haptic design prevents lens tilting and subluxation and when it is

moved into position, the anterior and posterior capsules are aligned and apposed.

The OVD is removed from the anterior chamber and acetylcholine is injected into

the anterior chamber to prevent iris capture.

The BIL functions to prevent PCO in two ways. Firstly, the posterior capsule in

the visual axis is removed and any residual LECs in that region are eradicated

acting much in the same way as a PPCCC. Secondly, once the lens is correctly sited,

the anterior and posterior capsules are sandwiched together (Fig. 22.5). The only

opening through which LECs could enter the anterior hyaloid space is sealed within

the interhaptic groove of the lens. This highlights some crucial points of the surgical

technique. Although it is important to maintain the anterior chamber stability with

OVD, during the surgery, it is important not to fill the bag itself with OVD at any

stage. Filling the bag creates a concave shape in the posterior rhexis which increases

the risk of PPCCC ripping and puncturing the anterior hyaloid. Separating out the

Fig. 22.5 Anterior and posterior capsular edges positioned in the lens optic groove
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anterior and posterior capsule edges also significantly hampers the correct insertion

of the lens.

In addition, both the anterior and posterior rhexes should be sized to fit snugly

around the lens optic. The inherent elasticity of the capsule allows for undersizing

of both rhexes. Positioning the 5 mm optic into a 4.5–5 mm rhexis allows for a very

firm and secure apposition of the capsule margin and the lens groove. A loose

capsule-lens apposition would result in IOL instability and openings in the bag

through which LECs may migrate. It is important not to size the capsulorhexes too

small however as excessive pressure and manipulation in positioning the lens can

cause stress to the zonular fibers. The lens is suspended entirely by the anterior and

posterior capsular edges. The capsule provides considerable support with less than

0.3 mm decentration over time consistent with that seen in standard lens-in-the-bag

surgery without excessive capsular fibrosis and contraction [37]. In cases of weak

zonular fibers and large axial lengths (�26 mm), the positioning of a capsular

tension ring can add stability to the anterior vitreo-capsular interface.

The potential for lens rotation made the POBH a poor approach for insertion of

toric lenses. The unique position of the BIL confers a high resistance to rotation

(1�), making it one of the most rotationally stable lenses available [38]. Therefore,

unlike POHB, BIL is a very viable option for toric lens correction [39–41]. Results

for the first 52 eyes treated with a toric BIL implant have been reported and shown

that 82 % of patients achieved correction of the astigmatism [42].

22.3 Bag-in-the-Lens PCO Results

Initial histological examination of human donor eyes that had been implanted

in vitro with the BIL technique showed that even after 6 weeks culture LECs did

not proliferate over the anterior or posterior surface of the IOL [43]. Similarly, in

the rabbit animal model, no evidence of LEC proliferation was found outside of the

residual capsule [43].

The follow-up results of the subsequent patients are equally promising. A direct

comparison of the BIL with the standard lens-in-the-bag (LIB) technique for

100 cases illustrates the efficacy of the lens to prevent PCO in 100 % of cases

[44]. In this study, uncomplicated age-related cataracts were treated and, in both the

BIL and LIB groups, lens material was matched, both being comprised of hydro-

philic acrylic biomaterial (Morcher). Visual acuity outcomes were similar at

6 months in both groups. Nd:YAG capsulotomy was only performed if Snellen

visual acuity dropped by two lines or more and at this threshold, 28 % of standard

LIB cases required treatment within 48 months with a median interval to treatment

of 20 months. Over a comparable 3-year period, no patient who had undergone BIL

surgery required capsulotomy.

The problem of PCO is significantly higher in the pediatric population, but the

results of the BIL approach in these patients are similarly encouraging. The results

of 34 eyes in 22 children have been reported [45]. The mean age of the children

treated was 6 years and 2 months (range 2 months to 14 years). A wide range of
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cataract type was treated including nuclear fetal cataract and spherophakia. In

patients with persistent fetal vasculature (PFV), an anterior vitrectomy was

performed at the time of cataract surgery until the vascular cord was retracted.

Patients were followed for up to 68 months postoperatively and the visual axis

maintained its clarity in all patients who had a successful BIL procedure [45].

22.4 Complications

The largest cohort of BIL outcomes has recently been reported [46]. In a report of

807 cases of cataract treated with the BIL technique, retinal detachment was reported

in 10 eyes (1.24 %). Iris was captured in 19 (2.35 %), hypopyon in 3 (0.37 %), and

toxic anterior segment syndrome in one patient (0.12 %). CME was found in one

patient, which is a rate significantly lower than reported rates in standard cataract

surgery. Most crucially, there were no reports of PCO in cases of uncomplicated

primary surgery. The main reason for the development of secondary cataract was due

to incorrect placement of the lens. In cases where both capsular edges are not

positioned within the interhaptic groove, a communication is formed whereby the

LECs may gain access to the posterior chamber resulting in proliferation and

opacification (Fig. 22.6). These cases were treated by a secondary surgery with

anterior subluxation of the lens, aspiration of proliferative material, and repositioning

of the lens. There were three pediatric patients in whom the lenses had not been

optimally sited. In all three cases visual axis reproliferation did occur within a time

span of 6 months postoperatively. These were treated in an approach similar to the

adult surgery. Pupillary block was observed in one child (Fig. 22.7). The iris may

become caught around the optic edges and the resulting pupil block requires urgent

intervention. Based on experience, we recommend a primary iridectomy as a matter

of course in children (Fig. 22.8). This is not, however, routinely required in adults.

Fig. 22.6 Secondary

cataract in a pediatric

case in which the PPCCC

was not performed and

the BIL positioned within

the anterior capsulorhexis.

PCO occurred within

the first 6 months

postoperatively
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22.5 Histology of the BIL Approach

Immunohistochemical staining has illustrated some fundamental differences

between capsular bags of the BIL and the LIB techniques [47]. Capsules incubated

with lenses consistent with an in vitro model of LIB show significant staining for

α-SMA, a marker of LEC transformation. Conversely, the comparative BIL model

showed no staining indicating while LEC proliferation was occurring, no evidence

of transformation was found. Subsequent analysis of the first postmortem eye

donated from a patient who had undergone the BIL procedure showed that the

LECs were confined between the anterior and posterior capsules as expected though

this lens had been in situ for only 5 months [48]. Analysis of further examples

confirmed that the rhexis openings stayed perfectly clear [49]. LEC proliferation

and transformation was confirmed by the presence of Soemmering’s ring formation

and opacification of the capsule around the optics (Fig. 22.9). The most significant

finding, however, was that all of this regenerative material was completely confined

by the edges of the capsules sealed by the groove of the BIL implant (Fig. 22.10).

Fig. 22.7 Iris capture. (a) Partial. (b) Complete

Fig. 22.8 Iridotomy

in a pediatric case

22 Lens Epithelium and Posterior Capsular Opacification: Prevention of PCO. . . 381



22.6 Future Directions

There are still a number of areas that must be addressed in this technique. The use of

the BIL technique in complicated cases has not yet been fully validated and

comorbidities such as high myopia and diabetic retinopathy that complicate stan-

dard LIB surgery are currently under assessment. Cataract surgery is also associated

with a decline in corneal endothelial cells as a result of phacoemulsification,

surgical time, and IOL type [50]. The effect of the BIL implant on long-term

corneal endothelial cell density is currently under investigation. CME is also a

complication seen relatively frequently after phacoemulsification surgery, though

the exact rate is not yet known. Rates of postoperative CMEwill soon be reported as

part of a large-scale multicenter investigation, the ESCRS PREvention of Macular

EDema (PREMED). This study will allow direct comparison of the BIL postopera-

tive rates with standard surgery.

22.7 Conclusion

The BIL surgical technique was originally designed to combat the challenges posed

by PCO in the high-risk pediatric population; however, over time it has been found to

have a number of advantages over standard LIB cataract surgeries in adults. The lens

design is the first, and currently only, that allows the surgeon to control IOL

centration with long-term certainty. LEC proliferation over time occurs in a concen-

tric 360� pattern ensuring that secondary LEC growth will not influence BIL

Fig. 22.9 Soemmering’s ring forming peripherally but a centrally clear optic [49]
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centration and stability in the posterior chamber. In complicated cataract cases where

capsular ripping or zonular dehiscence occurs, this stability may naturally be

compromised otherwise stability is assured. Because of these centration capabilities,

the lens alignment can be considered objective and independent, and the BIL

approach can be considered ideal for complex optics (the so-called premium IOLs).

Lastly, although the BIL technique requires a high degree of surgical accuracy,

the skill levels required should not be considered prohibitive. However, the appli-

cation of newer femtosecond laser techniques may provide an even further level of

accuracy. All surgical steps in the BIL technique that can be performed with higher

precision will likely improve long-term stability and outcomes.

Fig. 22.10 Histology of BIL 3 years after implantation with corresponding schematic (a)

magnification (�20) showing the BIL in situ. (b) Magnification (�40) demonstrating restriction

of proliferation within the interhaptic groove. (c) Magnification (�100) showing fibrotic plaque at

the interhaptic groove sealing the proliferation within anterior and posterior capsules [49]
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Posterior Capsule Opacification
with Microincision (MICS) IOLs 23
David Spalton

Abstract

The history of cataract has been of continual evolution towards smaller and

smaller incision sizes, but there is, however, little point in reducing incision size

unless intraocular lenses (IOLs) can be designed to be inserted without the need

to enlarge the incision. The demands are great because the microincision cataract

surgery (MICS) IOLs must perform as well as a conventional IOL. They must be

able to withstand the pressures and forces required to compress it enough to

withstand the trauma of injection. They must also be rigid enough to withstand

the forces of postoperative bag contraction. IOL design and materials, as well as

inserter technology, using coatings to facilitate injection, have advanced so that

IOLs can now be inserted through 1.8 mm incisions or even 1.4 mm using

wound-assisted techniques. Early MICS IOLs used hydrophilic polymers as

these are more compressible and have a plate-haptic configuration, but clinical

experience has shown these suffered from high rates of posterior capsule

opacification (PCO). More recently hydrophobic materials and open-loop haptic

designs have become available but still have increased PCO compared to

conventional IOLs, possibly due to their reduced thickness.

MICS IOL design continues to advance and the importance of objective

comparable fellow-eye-controlled PCO studies cannot be overemphasized if

we are to achieve a good MICS IOL design.
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23.1 Introduction

One of the major themes in the development of cataract surgery over the last

30 years has been the ever-decreasing incision size required to perform surgery.

Intracapsular surgery required a 10 mm incision; with extracapsular surgery and

PMMA intraocular lenses (IOLs), this decreased to 6 mm and with foldable IOL

materials to less than 3 mm. The reduction in incision size has been driven by the

benefits of quicker visual rehabilitation, reduced blood aqueous barrier damage,

less wound-related complications and reduced astigmatism so that now virtually all

phaco surgery is performed through less than a 3 mm incision. Microincision

cataract surgery (MICS) is defined as an incision size of less than 2 mm and this

can be achieved by separating the infusion from the phaco and aspiration hand

piece, wound burn from the phaco hand piece being prevented by using short pulsed

phaco bursts so that the temperature never increases enough to damage and shrink

collagen. MICS proponents cite advantages of quicker visual rehabilitation, virtu-

ally no surgically induced astigmatism and technical advantages from separating

the aspiration and infusion, for example, in floppy iris or small pupil cases.

Conversely, MICS demands a change to a biaxial technique and coaxial forceps

for capsulorhexis and generates wound problems from ‘oar locking’ whereby the

pivoting movement of the hand pieces in the cornea to reach lenticular fragments

traumatizes the wound making it more difficult to self-seal at the end of surgery.

The future role of MICS therefore still remains a matter of debate.

Biaxial MICS makes no sense unless the IOL can be delivered through the

surgical wound without enlargement and a number of European companies now

make such IOLs. Aspheric, toric, multifocal and toric multifocal designs are all

available. In general these IOLs are made from hydrophilic polymers and have

variations on a plate-type platform design (Fig. 23.1), the reason being that hydro-

philic polymers are more compressible than hydrophobic materials and the plate-

haptic design allows easier injection without tearing or damaging the IOL. Good

visual outcomes have been reported with all designs; however, the demands on

these IOLs are high because they must perform as well or better than a traditional

IOL:

• The IOLs are thin and fragile but must be able to resist tearing during insertion.

• These IOLs are thinner and more flexible than conventional IOLs but must be

rigid enough to withstand the decentering and distorting effects of capsular bag

fibrosis and shrinkage postoperatively. This proved to be a problem with one of

the initial MICS IOL designs. The ThinOptX UltraChoice 1.0 IOL (ThinOptX

Inc.) (Fig. 23.2) had reduced thickness by incorporating a Fresnel prism-type

design to reduce optic thickness, but unfortunately postoperative bag fibrosis

caused the lens to buckle in the bag and it was withdrawn from the market.

• PCO performance should be equivalent to standard IOL designs.

Posterior capsule opacification (PCO) remains the most common complication

of cataract surgery. It is a multifactorial problem influenced by patient factors (e.g.,

age, concurrent ocular disease), surgical technique [1] and IOL design. The contri-

bution of lens design to the development of PCO is well established; factors include
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optic diameter, haptic design and biomaterial, but the most critical factor is the

square posterior edge design [2–5]. Edge design and biomaterial are particularly

relevant to MICS IOLs. Many studies suggest that PCO is increased with hydro-

philic IOLs [6]; however, although hydrophilic IOLs have a ‘square edge’ when in

the dry state, environmental scanning electron microscopy shows this is inferior to

hydrophobic edges [7]. The reason for this is that hydrophilic IOLs are machined

Fig. 23.2 The ThinOptX

IOL was the first IOL

specifically developed for

MICS. It used Fresnel rings to

reduce thickness for insertion

but unfortunately tended to

buckle in the capsular bag

with postoperative fibrosis.

The photo shows a scanning

electron photomicrograph of

the lens

Fig. 23.1 Early designs of MICS IOLs were based on a plate-haptic platform
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from the dehydrated polymer which is then rehydrated and tumble polished to

remove lathing marks and burr but also blunt the edge in the process. Newer

techniques can prevent this.

Most of MICS studies have concentrated on the surgical aspects of bimanual

surgery compared with conventional coaxial phacoemulsification; few comparative

studies have evaluated MICS IOLs specifically and fewer still have used objective

techniques in prospective fellow-eye-controlled randomized trials to compare PCO

results with a standard IOL or different MICS designs.

23.2 Comparative Studies

In a randomized and controlled prospective fellow eye study we evaluated the

HumanOptics MC611MI IOL in comparison to the Alcon AcrySof MA60AC

which have very different designs [8]. Three-piece AcrySof IOLs have a long

history of excellent PCO performance. The HumanOptics IOL was a hydrophilic

plate-designed lens with a complex haptic designed to absorb capsular shrinkage

postoperatively (Fig. 23.3a–c). An identical coaxial phacoemulsification and a

similar wound were utilized for both groups; thus, the only variable was the two

different IOLs. Interestingly, the haptic of the HumanOptics MC611MI could be

seen to fold towards or under the optic, although this did not appear to have either

an effect on vision or subsequent PCO (Fig. 23.3b). Although both IOLs have good

PCO performance overall, our results demonstrated that the PCO performance of

the HumanOptics MC611MI IOL was not as good as that of the Alcon MA60AC.

Percentage area PCO increased steadily in the MC611MI group and was greater

than in the MA60AC group from 3 months of follow-up onwards, achieving

statistical significance at 12 and 24 months. The difference in PCO performance

between these IOLs is likely to reflect their differences in biomaterial and design.

The HumanOptics IOL had a square edge design, but the haptics of the IOL were

each joined to the optic by two broad-based attachments. The absence of the square

edge barrier at the optic–haptic junction of an IOL has been described as the

Fig. 23.3 (a–c) The haptics of the HumanOptics MC611M1 MICS IOL (a) were designed to

collapse and absorb the force of capsular contraction, but these tended to buckle under the IOL (b).

Lens epithelial cells can be seenmigrating into the posterior capsule along the plate-type haptic axis (c)
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‘Achilles heel’ for PCO prevention as it provides unhindered migration for lens

epithelial cells (LECs) from the equatorial region of the capsule onto the central

posterior capsule [9]. A ‘through haptic’ pattern of PCO was observed in 55 % of

eyes implanted with the HumanOptics MC611MI IOL and was the most likely

cause of greater PCO in this group (Fig. 23.3c). As a corollary to greater PCO in the

HumanOptics MC611MI group, we also observed better visual acuity in the

MA60AC group which was significant at 3, 6 and 12 months postoperatively.

One patient in the MC611MI group required an Nd:YAG laser capsulotomy, whilst

no MA60AC eyes required a capsulotomy. Visual acuity was observed to progres-

sively improve in the MA60AC group over the period of follow-up and this may

relate to regression of PCO membranes frequently observed with AcrySof IOLs

when sequential retroillumination images are assessed subjectively.

Two prospective studies have demonstrated poor PCO performance with another

MICS IOL, the ThinOptX UltraChoice 1.0 (Fig. 23.2). In a non-comparative study,

64 % of 50 eyes required an Nd:YAG capsulotomy for visually significant PCO

after 15 months of follow-up [10]. A comparative study found that the ThinOptX

IOL demonstrated worse PCO and consequently visual performance than the Alcon

AcrySof MA30AC 1 year postoperatively [11]. Poor PCO performance thus

outweighed the benefits of a smaller incision with these MICS IOLs.

In another prospective randomized trial, which is of particular interest because

the MICS IOL used had arguably a better design of a hydrophilic IOL with a

hydrophobic surface and 360� square edge barrier, Gangwani et al. compared PCO

between the MICS IOL and a standard single-piece AcrySof IOL [12]. Each patient

received the MICS IOL (Idea 613 XC, Croma Pharma, Germany) in 1 eye and an

AcrySof SA60AT (Alcon Laboratories, USA) as a control in the contralateral eye to

allow intraindividual comparison. The MICS IOL was a single-piece hydrophilic/

hydrophobic copolymer IOL with a water content of 25 %, an optic diameter of

6.0 mm and overall diameter of 13.0 mm. It had broad open-loop haptics with a

broad optic–haptic junction, creating a monoblock-like appearance (Fig. 23.4). The

optic had a 360� double-square edge and 9� stepped angulated haptics for increased
pressure of the optic against the posterior capsule. PCO 2 years after surgery was

greater in the MICS IOL group than in the AcrySof IOL group (mean AQUA score

2.6� 2.0 versus 1.9� 1.9, p¼ 0.02). Four eyes in the MICS IOL group and no eye

Fig. 23.4 The Croma Idea

613XC MICS IOL has a more

conventional open-loop

haptic design
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in the AcrySof IOL group required Nd:YAG capsulotomy ( p¼ 0.03). One patient

in the MICS IOL group had severe bag contraction, with both haptics folding

inward. There was no difference in anterior capsular opacification between the

two IOLs and interestingly no difference in average tilt or decentration either,

suggesting the MICS IOL was stable in the bag and resisted capsular contraction.

In another prospective, randomized, fellow-eye comparison [13] we evaluated

the difference in PCO performance between two aspheric MICS IOLs: one of plate-

haptic design and the other of a rather different design although still based on a plate

principle. The lenses used were the AcriSmart 36A (Carl Zeiss Meditec, Germany,

now renamed as the CT ASPHINA® 509M) and the Akreos MI60 (Bausch & Lomb,

Rochester, Minnesota, USA) (Fig. 23.5). The AcriSmart 36A IOL is a hydrophilic

IOL with a hydrophobic surface and is used as a platform for widely used toric,

multifocal and multifocal toric designs (so it is likely that these variations will have

a similar PCO performance). The Akreos MI60 IOL is also a hydrophilic MICS IOL

with four haptics designed to be resistant to decentration from capsular fibrosis.

Both IOLs can be implanted through a 1.8 mm incision. We also compared the PCO

performance of these two MICS IOLs to that of a conventional single-piece

hydrophobic acrylic IOL (AcrySof SN60AT Alcon Fort Worth, Texas, USA)

using information from our database. Mean percentage PCO score was significantly

less with AcriSmart 36A at 1, 3 and 12 months compared to Akreos MI60

( p¼ 0.03, 0.02 and 0.05, respectively). At 1 month, AcrySof SN60AT showed

more PCO, whereas at 12 months Akreos MI60 IOL showed more PCO (Fig. 23.6).

At 24 months, mean PCO score remained under 11 % with AcrySof SN60AT,

whereas mean PCO score increased linearly with time in both the AcriSmart 36A

and Akreos MI60 groups, with a maximum of up to 16 % and 23 %, respectively.

Spyridaki and Höh [14] also found high Nd:YAG capsulotomy rates for patients

implanted with hydrophilic MICS IOLs, with rates as follows: for AcriSmart

(Zeiss) 20 %, Thinlens (Technomed) 33 %, Acriflex (Oculentis) 11 % and Careflex

(Medizintechnik) 32 % at 850 days postoperatively.

MICS IOL platforms continue to progress and open-loop hydrophobic designs

are becoming available. A recent study found no difference in PCO between a Hoya

Fig. 23.5 The AcriSmart 36A IOL has a plate-haptic design (a). The Akreos MI60 has a novel

4 haptic configuration (b)
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3-piece or single-piece hydrophobic MICS IOL at 1 year after surgery; furthermore,

PCO rates appear to be lower than those found for hydrophilic IOLs although these

results can only be preliminary as follow-up was only for 1 year [15]. Interestingly,

both IOLs had a high incidence of buttonholing through the rhexis, something

which remains unexplained. Another study compared an open-loop MICS IOL to a

standard single-piece Alcon AcrySof IOL [16]. One hundred patients were

randomized in a fellow-eye-controlled study to implantation of an iMics1 NY-60

IOL (Hoya Corp.) in one eye and an AcrySof SN60WF IOL (Alcon Laboratories) in

the other eye. PCO was assessed objectively at 3 years after surgery. The objective

PCO score (mean� standard deviation) was 3.0� 2.0 for the iMics1 NY-60 IOL

and 1.9� 1.4 for the AcrySof SN60WF IOL (P< 0.001). Three years after surgery

35.6 % of patients underwent a capsulotomy in the iMics1 NY-60 eye and 13.7 %

underwent a capsulotomy in the AcrySof SN60WF eye (P¼ 0.001). There was no

statistically significant difference in best-corrected visual acuity, rhexis–IOL over-

lap, capsular folds or anterior capsule opacification between the IOLs. PCO scores

were similar to those found using the same technology to measure PCO as

Gangwani’s study [12]. This is a well-controlled long-term study with objective

PCO measurement and suggests that a well-designed hydrophobic MICS IOL still

has inferior PCO performance than a gold standard IOL. The reasons for this are

unclear but could imply that IOL thickness is a significant factor.

23.3 Conclusion

Quite clearly, whilst MICS IOLs can have a good visual performance, quantitative

PCO studies show that hydrophilic MICS IOLs of various designs have more PCO

in comparison to a ‘gold standard’ hydrophobic IOL. Possible explanations are the

plate-haptic design which allows LEC migration through the broad optic–haptic

Fig. 23.6 Graph comparing PCO scores of the two MICS IOLs with that of a conventional

AcrySof single-piece IOL—this has significantly lower PCO
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junction, the hydrophilic material or the quality of the square edge. Using scanning

environmental electron microscopy, which does not distort hydrophilic materials,

we were able to image the IOL edge and quantify the sharpness of this by measuring

the local radius of curvature [4]. Furthermore, we were able to correlate the edge

sharpness with clinical studies and determine the parameters for PCO

protection [17].

The development of MICS IOLs demonstrates again many of the principles and

problems of IOL design. The Bausch & Lomb MI60 IOL used in one of our studies

(Fig. 23.7), described in this chapter [13], was found to have excessively high PCO,

both by ourselves and other authors, and retroillumination images show LECs

migrating through the optic–haptic junctions (Fig. 23.7c). This IOL has now been

completely reengineered and remarketed as the Incise IOL using a lower water

content polymer and now has a superb 360� square edge of equal quality to those

seen with the best hydrophobic IOLs (Fig. 23.8). Clinical experience with this lens

should answer the question of whether it is the edge or the polymer that is

responsible for high PCO rates with hydrophilic IOLs.

Fig. 23.7 (a–c) The Bausch & Lomb Akreos MI60 has poor-quality ‘square’ edge profiles at the

optic–haptic junction (a) and at the optic edge (b). Lens epithelial cells can be seen migrating

through the optic–haptic junction (c)
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PCO and the Pediatric Eye 24
Abhay R. Vasavada, Sajani K. Shah, Vaishali Vasavada,
and M.R. Praveen

Abstract

Posterior capsule opacification (PCO) still remains one of the biggest deterrents

to visual rehabilitation in pediatric eyes, particularly in infants and young

children. Different patient-related factors, ocular and systemic conditions, and

surgical techniques influence the development of PCO. In children, the manage-

ment of the posterior capsule and anterior vitreous during cataract surgery plays

a vital role in ensuring a clear visual axis and thereby successful technical and

functional outcomes. Meticulous use of surgical techniques and appropriate

IOLs remains the mainstay for retarding the development of PCO in children.

Alternative approaches to retard or delay PCO include bag-in-the-lens implan-

tation, optic capture of IOL without anterior vitrectomy, and devices like sealed

capsule irrigation. Further, timely and age-appropriate management of this

visual axis opacification is essential to reduce amblyopia and allow good visual

development.

Keywords

Anterior vitrectomy • Intraocular lens (IOL) implantation • Pediatric cataract

surgery • Posterior capsule management • Posterior capsule opacification

24.1 Introduction

The primary goal of pediatric cataract surgery is to ensure an anatomically safe eye

and achieve binocular single vision that lasts for the child’s lifetime. Visual axis

obscuration (VAO) is a significant obstacle to visual rehabilitation after pediatric
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cataract surgery [1–4]. In the last decade, there have been a number of noteworthy

changes in the field of pediatric cataract extraction with intraocular lens (IOL)

implantation. Despite these improvements in techniques and technologies, manage-

ment of pediatric cataract poses a challenge to cataract surgeons. Posterior capsule

opacification (PCO) is the most frequent complication after pediatric cataract

surgery and its onset deters visual rehabilitation. If PCO is left untreated, it obscures

the central visual axis, especially during the critical period of postnatal growth. This

can lead to stimulus deprivation amblyopia and can hamper the development of

binocular single vision. It is reported that correlated binocular vision is essential for

successful recovery from experimentally induced amblyopia [5–8] and that the

absence of correlated binocular vision may play a critical role in the development of

amblyopia [6].

Therefore, while surgeons are planning the management of the posterior capsule

in pediatric eyes, special attention needs to be paid to the maintenance of a clear

visual axis. In recent times, primary posterior capsulectomy (with or without

anterior vitrectomy) is considered a “routine surgical step” to prevent PCO, espe-

cially in young children.

Apart from PCO, another factor that has a great bearing on the outcome of

pediatric cataract surgery is the management of the anterior vitreous [9–11]. It is an

accepted fact that the anterior vitreous face (AVF) is more “reactive” in infants and

young children. The AVF provides a scaffold across which the lens epithelial cells

(LECs) migrate, resulting in opacification of the intact AVF. This can lead to VAO

even when the posterior capsule is not present.

Ideally, the aim of pediatric cataract surgery is to delay the onset of VAO

including PCO and to treat it promptly. This chapter describes the risk factors for

PCO in pediatric eyes, its impact on the growing eye, strategies to minimize or

delay the onset of PCO and VAO, clinical presentation, and treatment modalities.

24.2 Risk Factors for PCO in Pediatric Eyes

Unlike cataract surgery in adults, an intact posterior capsule predisposes children to

a higher rate of PCO following cataract surgery even without coexisting ocular

comorbidities [12]. In children, the high activity of LECs and exaggerated postop-

erative inflammation induce a greater propensity for PCO [13].

An in vitro experiment of human capsules with a central hole of 5 mm (posterior

capsulotomy) placed in a culture showed that even in the absence of the posterior

capsule which is their natural substrate, the LECs that remain after cataract extrac-

tion have the potential to proliferate and form a monolayer of LECs on a basal

lamina of vitreous origin. These LECs are able to close the posterior capsulorhexis

partially or totally in approximately one-third of the cases [14].

A traumatic surgery, an incomplete cortical aspiration, inappropriate manage-

ment of the posterior capsule in accordance with the age of child at the time

of cataract surgery, and inadequate anterior vitrectomy increase the risk of VAO.

Eyes with associated ocular anomalies (e.g., anterior segment dysgenesis, iris
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hypoplasia, or persistent fetal vasculature) are at a ninefold higher risk of develop-

ing VAO compared with eyes without associated ocular anomalies [2].

There are several other contributing factors for PCO formation after cataract

surgery [15–22].

These include:

• Age of the patient at the time of cataract surgery (the younger the age at the time

of surgery, the faster is the onset, and the more severe is the PCO)

• Associated ocular anomalies

• Surgical technique

• IOL (design, material, and site of fixation)

24.3 Magnitude of the Problem

PCO occurs more frequently when the posterior capsule is left intact [23–31]

(Fig. 24.1). With an intact posterior capsule, various articles have reported that

PCO ranges from 14.7 to 100 % (average 25.1 %; excluding eyes with 100 % PCO)

in children younger than 4 years of age. Further, PCO is much more common when

an IOL is implanted, and when surgery is performed in the first year of life, despite

posterior capsulotomy and vitrectomy being performed [2, 32]. In eyes that have

Fig. 24.1 Postoperative images of PCO with intact posterior capsules. (a) At 1 year. (b) At

2 years. (c) At 3.5 years. (d) At 5 years
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been operated upon in infancy, PCO tends to occur within the first 6 months after

cataract surgery [2]. Using hydrophobic acrylic IOLs, the rate of PCO was reported

to range from 8.1 % when children under 2 years of age were reviewed to 80 %

when children below 6 months of age were included [2, 30, 32, 33], the average

PCO rate being 44 %. In children older than 2 years of age at the time of cataract

surgery, the PCO rate after primary posterior capsulectomy and vitrectomy varied

from 0 to 20.6 % (average 5.1 %). The average rate of secondary intervention in

these eyes was 13.8 % (range 0–68 %). Thus PCO is one of the biggest deterrents of

a successful visual outcome following an excellent technical outcome.

24.4 Strategies to Reduce or Delay PCO in Children

Creating an anterior continuous curvilinear capsulorhexis (ACCC) allows a stable

and predictable in-the-bag IOL fixation. An ACCC smaller than the size of the optic

allows the anterior capsule leaflet overlying the optic edge to fuse well with the

optic’s anterior surface. This results in the formation of a closed environment,

which can restrict the migration of LECs toward the visual axis. Cortical cleaving

hydrodissection should be done in multiple quadrants if a breach in the posterior

capsule is not suspected, as it ensures a cleavage between the lens capsule and the

cortex [19, 21, 22]. Multiple quadrant cortical cleaving hydrodissection can delay

the onset of PCO. Hence hydrodissection should be performed as a routine surgical

step during pediatric cataract surgery if no breach in the posterior capsule is

suspected.

24.4.1 Posterior Capsule Management

A crucial step in pediatric cataract management for delaying or retarding the onset

of PCO is management of the posterior capsule (Fig. 24.2). It is this that

differentiates pediatric cataract surgery from surgery in adult eyes. Parks and others

suggested making a posterior capsulotomy during the primary procedure [16, 34–

36]. The posterior capsule opening can be created using various approaches includ-

ing manual posterior continuous curvilinear capsulorhexis (PCCC), vitrectorhexis,

radiofrequency diathermy, and Fugo plasma blade. Manual PCCC, although tech-

nically challenging, remains the gold standard for posterior capsule management.

A PCCC of around 3.5–4 mm is aimed at so as to allow stable in-the-bag fixation of

the IOL. However, in these highly elastic capsules, it is not always possible to

control the size of the PCCC. The use of a femtosecond laser has great potential for

successful performance of precisely centered, circular, continuous anterior

and posterior capsulotomies in these eyes [37]. Currently, our preferred

approach is manual PCCC, even when we are planning to perform vitrectomy.

While performing manual PCCC, however, there is a possibility that AVF distur-

bance may occur due to the attachment of the posterior capsule to the AVF through

the hyaloidopatellar ligament [38, 39]. However, AVF disruption often goes
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unnoticed because of the transparent nature of the vitreous and because the surgeon

is not critically looking for AVF disruption. AVF disruption should be dealt with,

even in older children where a PCCC is planned without anterior vitrectomy. We

have described a few subtle signs to identify disruption of the AVF during PCCC

[39]. Moreover, the use of preservative-free triamcinolone acetonide injected

intracamerally helps in identifying AVF disruption and the presence of residual

vitreous strands in the anterior chamber [40]. An AVF disturbance is generally

accompanied by a postoperative scaffold response [10], in addition to the risks for

glaucoma and posterior segment complications.

24.4.2 Anterior Vitrectomy

While PCCC can delay the onset of VAO, it cannot eliminate it [17, 41]. Even when

the central posterior capsule is removed, the AVF provides a scaffold across which

LECs and their products migrate, resulting in opacification. This response also

provides a scaffold to inflammatory debris and exudates, leading to VAO. The rapid

and severe obscuration of the visual axis would require an early surgical interven-

tion, which is undesirable. Performing an anterior vitrectomy eliminates the possi-

bility of a scaffold response of the AVF, subsequently delaying central VAO.

Fig. 24.2 Postoperative images of clear visual axis with PCCC. (a) At 1.5 years. (b) At 2 years.

(c) At 3 years. (d) At 4 years
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This also effectively negotiates the duration when the chances of amblyopia setting

in are the maximum. Surgical removal of the posterior capsule and anterior vitreous

has long been considered the gold standard in pediatric cataract surgery. It is

essential to perform an anterior vitrectomy during the primary procedure in chil-

dren, especially those under 3 years of age, since the proliferation and migration of

LECs are extremely fast and aggressive, and fibrous membranes may form on the

intact AVF. A study of existing literature has revealed that reported rates of VAO

after vitrectomy are less than 6 % (Fig. 24.3). Anterior vitrectomy can be performed

via the limbus after posterior capsulotomy or through the pars plana following IOL

implantation. Lensectomy with anterior vitrectomy is also a popular approach when

IOL implantation is not planned.

The occurrence of VAO following PCCC and anterior vitrectomy is often

attributed to an inadequate vitrectomy. This throws up the question: “how can the

endpoint of vitrectomy be determined?” Residual vitreous strands can lead to all

kinds of complications in the eye. They can cause irregularities in the pupil,

glaucoma, and IOL displacement and may even lead to VAO. Therefore

Fig. 24.3 Images of a clear visual axis after PCCC and anterior vitrectomy during congenital

cataract surgery: (a) 1 year postoperatively, (b) 2 years postoperatively, and (c) 4.5 years

postoperatively
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identification and removal of residual vitreous strands play a crucial role in ensuring

successful outcomes after pediatric cataract surgery.

Performing an anterior vitrectomy is not as important in older children as in

young ones and also when considering AcrySof® IOL implantation [30]. However,

the concerns while performing anterior vitrectomy include possibility of glaucoma

[42], increased inflammation, and occurrence of posterior segment complications

like late-onset retinal detachment and vitreous traction. Occurrence of macular

edema, however, appears to be less in children. In our surgical approach, we have

stratified posterior capsule management according to the age of the child [17, 30,

31]. Children under 3 years are subjected to PCCC and anterior vitrectomy;

children between 3 and 6 years are subjected to PCCC but not to vitrectomy; in

children over 6 years, PCCC is not performed.

24.4.2.1 Choosing Between the Limbal and the Pars Plana/Plicata
Approaches for Anterior Vitrectomy

While carrying out vitrectomy, the goal is to remove only the central anterior

vitreous without attempting to remove the peripheral or posterior vitreous. This

kind of limited vitrectomy is performed either through the limbal approach or the

pars plana approach. Although it is commonly referred to as pars plana approach,

the majority of surgeons make an entry closer to the limbus through the “pars

plicata” region. However, in small eyes or in eyes of young children, it is

recommended that pars plana capsulectomy or capsulorhexis along with anterior

vitrectomy be performed.

24.4.2.2 Approaches for Posterior Capsulotomy
Different surgeons prefer different techniques for performing posterior

capsulotomy. A survey done by the American Society of Cataract and Refractive

Surgeons revealed that manual PCCC and posterior vitrectorhexis were preferred

by an almost equal number of respondents (41.3 and 43.2 %, respectively) [43].

However, the anatomy of the pars plana may not be well defined in these

young eyes.

24.5 IOL Implantation Techniques

24.5.1 In-the-Bag IOL Fixation

By maintaining the anatomical compartments of the eye, bag fixation reduces the

risk of chronic inflammation and pupil capture. Additionally, it enhances the barrier

effect offered by the sharp, square-edged IOLs in preventing the development of

PCO [44]. In young children, in whom anterior vitrectomy is planned, an in-the-bag

IOL may be implanted following manual PCCC and limbal anterior vitrectomy.

Alternatively pars plana vitrectorhexis may be performed after implantation of the

IOL in the capsular bag.
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24.5.2 Optic Capture

Although anterior vitrectomy is part of the surgical strategy in very young children,

vitrectomy has its own complications, including retinal breaks, retinal detachment,

and higher incidence of glaucoma [42]. Therefore, an alternative technique pro-

posed to solve the problem of PCO without performing anterior vitrectomy is

posterior capsulorhexis with optic capture of the IOL. Gimbel et al. [45–48] first

described the technique of posterior capsulorhexis with optic capture in pediatric

eyes. They were of the opinion that placing the optic behind the primary PCCC and

fixing the haptics in the bag (optic capture through posterior capsulorhexis) mini-

mize the risk of VAO. This, they believed, may allow surgeons to avoid planned

anterior vitrectomy.

It has been hypothesized that obliteration of the capsular bag and the posterior

location of the IOL optic prevent migration of the LECs along the vitreous face.

Optic capture fuses the anterior and posterior leaflets of the capsular bag almost

completely in a 360 � position, except at the haptic-optic junctions. Theoretically,
capsular fusion anterior to the IOL optic might reduce central LEC migration or at

least direct the cell movement anteriorly over the lens optic, which is presumably an

unsuitable substrate for LEC survival. During pediatric cataract surgery, the main

advantage of performing optic capture through PCCC is its ability to achieve a well-

centered IOL and prevent or retard VAO (Fig. 24.4).

Although optic capture through PCCC is believed to prevent the need for

vitrectomy, the role of anterior vitrectomy is controversial [49–51]. In a few

studies, the authors have proven that posterior capsulorhexis and optic capture

without vitrectomy cannot eliminate secondary opacification completely, espe-

cially in patients more than 5 years old [50, 51]. However, further studies with

acrylic IOLs of suitable designs may improve the results with this technique.

24.5.3 Posterior Capsulorhexis Combined with Optic Buttonholing

Recently Menapace and coauthors introduced posterior optic buttonholing (POBH).

This is a remarkably safe and effective technique offering several advantages. It not

only excludes retro-optical opacification, but also withholds capsular fibrosis by

obviating direct contact between the anterior capsular leaf and the optic

surface [52].

24.5.4 Posterior Vertical Capsulectomy with Optic Entrapment

Grieshaber and coauthors [53] introduced primary posterior vertical capsulotomy

with optic entrapment. After lens aspiration, a small hole is made in the posterior

capsule at the 12 o’clock position followed by gentle injection of sodium
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hyaluronate through the initial hole to separate the posterior capsule from the

anterior hyaloid face. A straight Sutherland microscissor is used to perform poste-

rior vertical capsulotomy along the 12 to 6 o’clock meridian. The IOL is implanted

with the inferior haptics inserted in the bag with a Sinskey hook, followed by

insertion of the optic and superior haptic. The optic is captured through a vertical

posterior capsulotomy. The haptic-optic junction is positioned to be in line with the

vertical capsulotomy in a 12 to 6 o’clock position.

24.5.5 Bag-in-the-Lens Implantation

Tassignon and colleagues have crafted a surgical procedure for pediatric catarac-

tous eyes, which they have dubbed “bag in the lens.” Here the anterior and posterior

capsules are placed in the groove of a specially designed IOL after a capsulorhexis

of the same size is created in both capsules. The principle behind this IOL design is

to ensure a clear visual axis by mechanically tucking the two capsules into the IOL,

thereby preventing any migration of proliferating LECs [54–57].

Fig. 24.4 (a) Image of a mild PCO after performing optic capture without vitrectomy at the

5.5 years postoperative follow-up with single-piece PMMA IOL. (b) A central clear visual axis

after performing optic capture with vitrectomy at the 6 years postoperative follow-up with single-

piece PMMA IOL. (c and d) A central clear visual axis after performing optic capture at 1-month

and 1-year postoperative follow-up with three-piece hydrophobic acrylic IOLs
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24.6 IOL Factors to Reduce or Delay the Development of PCO

The material and design of the IOL implanted can influence the occurrence of PCO

in children. In adults, it is widely recognized that rates of PCO are significantly

lower with acrylic IOLs than with polymethyl methacrylate (PMMA) or silicone

IOLs. It has been suggested that heparin surface-modified IOLs may reduce the

incidence of inflammatory precipitates on the lens surface [58]. However, these

IOLs do not show a favorable response in capsular behavior [58, 59]. Although

PMMA and surface-modified PMMA IOLs have been used for several years, during

the last decade, many reports have supported the use of hydrophobic acrylic IOLs in

children [2, 30, 31, 33, 60–63]. When primary PCCC and anterior vitrectomy were

performed, the onset of PCO was later in eyes with AcrySof® IOLs as compared

with those with PMMA IOLs (6–8 months in eyes with AcrySof® IOLs versus

3 months in PMMA IOLs). This duration is sufficient to negotiate the amblyogenic

period in young children. In older children who are above 6 years of age, implanta-

tion of an AcrySof® IOL may obviate the need to perform an anterior vitrectomy

[31, 64, 65] (Fig. 24.5).

Reports from published literature suggest that when the posterior capsule is left

intact, pediatric eyes with hydrophobic acrylic IOLs have a similar or lower PCO

rate than eyes with PMMA IOLs. However, PCO after acrylic IOL implantation is

Fig. 24.5 Images of a clear visual axis after congenital cataract surgery with single-piece

hydrophobic acrylic IOL: (a) 1 month postoperatively, (b) 1 year postoperatively, and (c)

2 years postoperatively
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more “proliferative” than the “fibrous” reaction commonly seen in conjunction with

PMMA IOLs. After a primary PCCC and an anterior vitrectomy, VAO rarely

occurs in older children with acrylic IOLs. When it does occur, it is usually in a

patient operated on in the first year or 2 years of life.

In a 2001 survey conducted by members of the American Society of Cataract and

Refractive Surgeons (ASCRS) and the American Association for Pediatric Oph-

thalmology and Strabismus (AAPOS), 66.8 % of ASCRS respondents and 71.7 %

of AAPOS respondents said that they preferred hydrophobic acrylic IOLs for

pediatric eyes. A survey by AAPOS members conducted in 2006 showed that

for in-the-bag fixation, 93.3 % of the respondents (95.9 and 85.2 % of USA and -

non-USA respondents, respectively) preferred hydrophobic acrylic IOLs [58].

AcrySof® hydrophobic acrylic IOLs were preferred by 90.2 % of the overall re-

spondents (94.2 and 77.8 % of USA and non-USA respondents, respectively) [66].

The biocompatibility of IOL materials should be assessed in terms of uveal and

capsular biocompatibility. Bioactive materials are those which allow a single LEC

layer to bond both with the IOL and the posterior capsule. This produces a sandwich

pattern that includes the IOL, the cell monolayer, and the posterior capsule. This

sealed sandwich structure might avert further epithelial ingrowth and prevent PCO.

Linnola proposed a bioactive-based explanation known as the sandwich theory

[67]. This theory suggests that the hydrophobic acrylic material is the most impor-

tant factor in PCO prevention. Fibronectin and other proteins are theorized to give

the acrylic lens a “sticky” property that allows a monolayer of LECs to form

between the IOL and the posterior capsule, thereby preventing migration of addi-

tional cells behind the IOL [68]. Furthermore, this barrier effect and the inhibition

of PCO have been under study for several years.

In one of our studies, we evaluated the combined effect of the surgical technique

used and AcrySof® IOL implantation on PCO [31]. When an AcrySof IOL was

implanted following PCCC, it was possible to maintain a clear visual axis in 64.3 %

of eyes at the end of 3-year follow-up. Visual obscuration in eyes with AcrySof®

IOLs is less severe than that in eyes with PMMA IOLs and is therefore less

amblyogenic. PCO sets in at a later stage, typically at 14–16 months. On the

contrary, with PMMA IOLs, the PCO is fibrous. It is fierce, not only in its

appearance, but also in its impact on the development of amblyopia. The

opacification sets in rapidly in the first few weeks.

24.7 Clinical Presentation and Characteristics
of VAO in Children

Opacification in children is extremely rapid, and therefore, it warrants frequent

follow-up, especially in very young children who cannot communicate. When IOLs

are implanted in eyes with PCCC, obscuration has been reported to occur as early as

2 weeks after surgery [69]. This opacification progresses with time and a visually
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significant obscuration can be seen by 6 months [69]. There are several forms of

VAO in pediatric eyes apart from PCO such as anterior vitreous face opacification

and anterior vitreous reticular response.

24.7.1 Anterior Vitreous Face Opacification

VAO in the form of anterior vitreous face opacification is unique to pediatric eyes.

When the AVF is left intact following PCCC, it comes in close apposition to the

IOL optic leading to opacification of the vitreous [10]. This is a secondary response

of the AVF, which provides a scaffold for the migrating LECs, inflammatory debris,

and exudates, resulting in opacification. This opacification is predominantly of the

fibrous type with thick, dense, white fibrous tissue producing moderate to severe

obscuration of the visual axis. The response depends on the material of the IOL. It

was observed within 2 months in eyes implanted with PMMA IOLs, in comparison

with its conspicuous absence in eyes implanted with AcrySof IOLs.

24.7.2 Anterior Vitreous Reticular (AVR) Response

In children about 5 years of age, we observed a reticular response with AcrySof®

IOLs when the AVF was left intact [70]. We believe that this is a primary response

rather than a secondary scaffold response and is different from the visual obscura-

tion that occurs due to the migration of proliferated cells. Morphologically, it

appears as a fine reticular meshwork of fibrils with intervening clear spaces and

has little impact on visual axis obscuration. Therefore visual acuity is not impaired.

The fibrils are so fine that they may be difficult to even document (Fig. 24.6).

24.8 Newer Approaches for PCO Prevention/Reduction

24.8.1 Sutureless Vitrectomy

The 25-gauge as well as the 23-gauge high-speed vitrectomes have found a growing

number of applications in pediatric surgery via a pars plana/pars plicata approach or

a limbal approach [71, 72]. The 25-gauge system offers several advantages when

used in infantile cataract extraction, including sutureless incisions and faster

rehabilitation.

24.8.2 Sealed Capsule Irrigation

Maloof and associates have designed a sealed capsule irrigation device (Perfect

Capsule™) that can help in selectively irrigating the capsular bag. Pediatric cataract

surgeons can use this device to inject certain chemicals thereby eliminating or
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delaying the onset of VAO [73, 74]. This allows selective and direct intraoperative

targeting of LECs with pharmacomodulating agents to control their activity and

thereby reduce PCO. However, future studies with long-term follow-up are required

to demonstrate the efficacy and safety of drugs used for this purpose in

pediatric eyes.

24.8.3 Manual PCCC via the Pars Plicata Approach

Manual PCCC can be performed via the pars plicata [75]. After implantation of the

IOL in the capsular bag, all the incisions are sutured with 10–0 nylon and residual

ophthalmic viscosurgical device (OVD) is left in the anterior chamber. The pars

plicata entry is made 1–1.5 mm behind the limbus. An initial puncture is made in

the center of the posterior capsule. Later, a coaxial capsulorhexis forceps is

introduced and a flap generated. The edge of the flap is grasped and then regrasped

every 2 clock hours fashioning the PCCC in a clockwise manner. This approach is

Fig. 24.6 (a) “Anterior

vitreous reticular response”

after PCCC in oblique

illumination with single-piece

hydrophobic acrylic IOL. (b)

“Anterior vitreous reticular

response” after PCCC in

retroillumination with single-

piece hydrophobic acrylic

IOL at 1.5 years
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helpful particularly in smaller eyes where the surgeon would like to implant an IOL

prior to performing PCCC so as not to jeopardize the stability of the IOL in the

capsular bag. It allows a controlled PCCC opening with regular, strong margins,

similar to manual PCCC performed through the limbal approach.

24.9 Management of PCO in Children

24.9.1 Nd:YAG Laser Capsulotomy

An Nd:YAG laser capsulotomy is preferred in children over 5 years as they can

follow instructions and cooperate during the procedure. The optimal interval for

performing this procedure has not been studied. However, this procedure has been

done as early as 3 weeks [76] and 1 month after cataract surgery and IOL

implantation [77]. Nd:YAG laser capsulotomy is an acceptable option for the

management of PCO after IOL implantation in children and only in rare cases

leads to complications [62]. Retinal detachment after Nd:YAG capsulotomy for

PCO was rare in eyes that had previously undergone uneventful phacoemulsi-

fication and IOL implantation [78]. In children older than 4 years, this procedure

has been shown to effectively maintain a clear visual axis in 86 % of patients for a

mean of 13 months post-Yag [27].. The re-opacification rate following an Nd:YAG

procedure is not influenced by either the delay in performing the primary Nd:YAG

procedure or the amount of laser energy used primarily [79]. Repeated laser

treatments have been reported in 17–57 % of children.

24.9.2 Secondary Surgical Membranectomy with Vitrectomy

In eyes in which the opacified capsule is too thick and not amenable to Nd:YAG

capsulotomy, a secondary surgical membranectomy/capsulotomy is done [80]. The

pars plana approach is preferred to avoid damage to the IOL-capsule-zonule

complex [81]. This approach also provides access to the vitreous posterior to the

margins of the PCCC, which would be difficult to access with the limbal approach.

The Vitrectome is introduced through the pars plana, while irrigation is maintained

through the limbus. An inadequately performed membranectomy and vitrectomy

would act as a scaffold even in the absence of the posterior capsule or intact AVF or

both, leading to rapid re-opacification [80].

It has been observed that young patients are usually noncompliant to Nd:YAG

capsulotomy. Further young children seem to be at greater risk of requiring

repeated interventions for PCO. Hence, this option is not advisable for very

young children. The incidence of laser-induced IOL damage is quite high and

laser capsulotomy often becomes ineffective in the presence of fibrous PCO.

Therefore, for young children, surgical capsulotomy combined with anterior vitrec-

tomy is recommended, rather than Nd:YAG laser capsulotomy.
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24.10 Summary

Different patient-related factors, ocular and systemic conditions, and surgical

techniques influence the development of PCO. Further, in literature, various

alternatives have been suggested to achieve the goal of a clear visual axis. Primary

posterior capsulorhexis and anterior vitrectomy should be regarded as mandatory in

young children. Optic capture provides an option to reduce or delay VAO and yet

avoid anterior vitrectomy. The bag-in-the-lens IOL implantation technique can be

considered to avoid re-opacification of the visual axis. Finally the management of

the posterior capsule during cataract surgery plays a vital role in ensuring successful

technical and functional outcomes. At present, meticulous use of surgical

techniques and appropriate IOLs remains the mainstay for retarding the develop-

ment of PCO in children.
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