Lens development

Abstract

This review gives a brief account of the main
processes of lens development, including
induction, morphogenesis, differentiation and
growth. It describes what is known about the
molecules and mechanisms that control and
regulate these processes. Some of the recent
progress made in understanding the molecular
basis of lens development is highlighted along
with some of the challenging areas for future
research.
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The eye lens has been a popular system for
studying the processes and mechanisms of
development. For example, at the beginning of
this century there was much interest in
embryonic induction and studies on the lens
were crucial for gaining fundamental insights
into the nature and importance of this
phenomenon. In recent years the application of
new molecular technologies has revolutionised
lens developmental research. However, our
understanding of the main processes of lens
development, including induction,
morphogenesis, differentiation and growth,
remains fragmentary. The aim of this short
review is to briefly describe these processes and
to identify some of the recent advances that
have been made in understanding the
molecular basis of their control.

Induction

The lens arises from head ectoderm that is
associated with an outpocketing of the
developing forebrain: the optic vesicle (Fig. 1A).
Shortly after these two tissues become closely
associated, lens morphogenesis begins and the
ectoderm thickens to form the lens placode
(Fig. 1B, C). Because of their close spatial
association embryologists hypothesised that the
optic vesicle was the lens inducer. Whilst early
experiments with amphibians showed that
removal of the optic vesicle primordium
resulted in no lens formation,’ later experiments
produced contradictory results; in some cases a
lens-like structure formed from the ectoderm
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even when the optic vesicle was removed at the
early neurula stage (reviewed in McAvoy?).
One interpretation of these results was that
other tissues besides the optic vesicle were
involved in lens induction.

It was some time before this hypothesis was
investigated. Jacobson and colleagues® provided
evidence from explantation experiments with
amphibians that the endodermal wall of the
future pharynx and presumptive heart
mesoderm had some lens-inducing capacities.
More recently, from a comprehensive series of
transplantation experiments with amphibians,
Grainger and colleagues® emphasised a key role
for the anterior neural plate as an early inducer
of lens ectoderm. Overall their results indicate
that a broad region of head ectoderm acquires a
‘lens-forming bias” well before its interaction
with the optic vesicle, the latter being important
for localising and promoting this lens-forming
ability in the appropriate region.*”

Although it is generally recognised that lens
development depends on a sequence of
inductive interactions, little is known about the
inducing molecules that are involved. More is
known about the consequences of these
inductive interactions and currently there is
much interest in the key regulatory genes that
are activated in the presumptive lens ectoderm.
Among these the highly conserved transcription
factor, Pax-6, has been the focus of much
attention. In Drosophila targeted expression of
Pax-6 to imaginal discs results in the formation
of ectopic eyes and it has been referred to as the
‘master gene for eye development’.® More
recently in Xenopus, Altmann et al 7 showed that
ectopic expression of Pax-6 resulted in
formation of ectopic lenses in whole embryos as
well as in animal cap explants, indicating that in
vertebrates, as well as in Drosophila, Pax-6 can
direct the differentiation of major components
of the eye. They concluded that ‘the
establishment of Pax-6 expression in the
presumptive lens ectoderm during
development is therefore likely to be an
important response of lens-competent ectoderm
to early lens inducers’.” Consistent with this, it
has been shown in the mouse embryo that the
early Pax-6 mRNA expression is in a broad
domain of surface ectoderm. Later Pax-6
appears to be downregulated, disappearing
from regions of the ectoderm but still being
expressed in the presumptive lens regions
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Fig. 1. Mid-sagittal paraffin sections through the optic primordia from E10-14 rat embryos stained with haematoxylin and phloxine showing early
lens morphogenesis. At E10 (A) the lateral neuroepithelium of the diencephalon has evaginated to form the optic vesicle (ov) and this has come into
close proximity with the head ectoderm (e) that is destined to form lens. In early E11 embryos (B) the optic vesicle (ov) is closely associated with the
ectoderm. In late E11 embryos (C) both the ectoderm and the neuroepithelium are thickened along the region of close proximity, forming the lens
placode (Ip) and retinal disc (rd), respectively. Invagination of the lens placode and optic vesicle on day 12 (D) leads to the formation of the lens pit/
vesicle (Iv) and optic cup (oc), respectively. During E13 (E) the lens vesicle detaches from the optic cup (oc) and the posterior lens vesicle cells (Iv)
elongate to form primary lens fibre cells leading to narrowing of the vesicle lumen. Vitreous and hyaloid vasculature is beginning to form between
the developing lens and retina. By E14 (F) the lens vesicle lumen has disappeared and the primary lens fibres (If) have contacted the anterior lens
vesicle cells which form the epithelium (e). The inner layer of the optic cup has begun to differentiate into the neural retina (nr). Adapted from de
Iongh and McAvoy.76 Scale bars represent: (A), 50 um; (B,C), 75 um; (D, E, F), 100 um.

adjacent to the optic vesicles.® Pax-6 is expressed in the
lens during morphogenesis and continues to be
expressed in the lens epithelium during embryonic and
postnatal development, indicating that it is a key
regulator throughout this continuous process (Fig. 2).
A number of other transcription factor gene families
are expressed in the lens during eye development. These
include GH6,” Eya,10 Maf/Nrl, 1713 Msx,'*1° Prox, !¢
Pitx/ Rieg,18 Six!*2% and Sox.2"?? Several of these genes
have been shown to be essential for eye induction and
development. For example, sine oculis (so) and eyes
absent (eya), which are the founding members of the
mammalian Six and Eya gene families, are required for
eye development. Eya, like Pax-6, has been shown to
induce ectopic eyes in Drosophila'® and Six-3, ectopic
lenses in fish.>° It has been proposed that these
transcription factors form a complex and act with Pax-6

Fig. 2. Expression of Pax-6 mRNA in the developing mouse eye at
E15. Dark-field microscopy shows hybridisation with the antisense
probe for Pax-6. The signal is strong in the lens epithelium (le) but

to regulate eye development in vertebrates and
invertebrates.”® Overlapping expression patterns of these

disappears during the early stages of fibre differentiation (arrows).
Scale bar represents 250 um.



Fig. 3. Late in the E11 rat embryo, the lens placode (Ip) and optic (ov)
begin invagination. (A) Cytoplasmic processes extend across the space
between the tissues (arrowhead). (B), (C) Cytoplasmic processes extend
from the lens placode (Ip) and optic vesicle (ov). Fibrils are often
associated with the processes. In (C), thin processes branch from a
thicker process and appear to make contact with the optic vesicle.
Adapted from McAvoy ”” Scale bars represents 25 wm.

genes in the eye primordia (optic vesicle and lens
placode) suggest they may also subsequently be involved
in regulating expression of other downstream lens
transcription factors such as L-Maf, Prox-1, Pitx-3 and
Sox-1. Some of these in turn may interact with lens-
specific genes; for example, L-Maf'? and Sox-1?* have
been shown to bind and activate promoter elements on
caystallin genes.

Morphogenesis

As described above, the early stages of lens
morphogenesis are characterised by a close physical
association between the presumptive lens and optic
vesicle (Fig. 1). Outgrowth of the optic vesicle results in
its coming to lie directly under the presumptive lens
ectoderm (Fig. 1A, B). Although they are closely

Fig. 4. Typical distribution of crystallins in the neonatal rat lens.
Immunohistochemistry carried out on serial sections shows
a-crystallin (A) is detected in both lens epithelial cells (e) and fibre cells
(). B-Crystallin (B) is first detected early in fibre elongation just below
the lens equator (see Fig. 9) and ~y-crystallin (C) is first detected in
young fibre cells in the lens cortex. Neither - nor y-crystallins are
detected in the lens epithelium. Adapted from McAvoy.?” Scale bar
represents 50 wm.

associated, the optic vesicle and presumptive lens
ectoderm do not make complete contact; a narrow gap,
across which the basal surfaces of the cells face each
other, is maintained (Fig. 3). Mesodermal cells which
generally underlie other regions of ectoderm are largely
excluded from this gap. Once in close proximity to each
other, the presumptive lens ectoderm and optic vesicle
send out thick cytoplasmic processes from their basal
surfaces. Mostly these processes extend only partly
across the gap, although occasionally a process does
appear to bridge the gap.?* A fibrillar network builds up
between the two tissues and appears to be the basis for
the strong adhesion between them. During this time the
presumptive lens thickens to form the placode and then
invaginates together with the optic vesicle to form lens
pit and optic cup, respectively (Fig. 1C, D). Adhesion
between these two tissues is probably important for
coordinating their morphogenetic movements. As the
lens pit deepens it finally breaks away from the ectoderm
to form the lens vesicle. Cell death at the borders of the
lens rudiment may facilitate the separation of the lens
pit/vesicle from the ectoderm.”®

Differentiation and growth

The next major event in lens development involves the
differentiation of two forms of lens cells from the lens
vesicle: cells in the posterior half of the vesicle elongate
and differentiate to form the primary fibres, whereas
cells in the anterior vesicle differentiate into the
epithelium (Fig. 1E, F). In this way the lens acquires its
distinctive polarity. The lens grows rapidly during late
embryonic and early postnatal stages by cell division and
differentiation. Cell divisions predominantly occur in the
epithelial region just above the lens equator known as the
germinative zone.”*”” The progeny of cell divisions
migrate, or are displaced, below the equator into the
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LENS INVERSION

6 DAYS LATER

Fig. 5. Diagrammatic representation of the lens inversion experiment
carried out by Coulombre and Coulombre.>® The lens of a 5-day embryonic
chicken was turned through 180° so that the lens epithelium faced the
posterior segment rather than the anterior segment. Six days later, in this
new environment, the epithelial cells had elongated to form fibre cells.

Ca

transitional zone, where they elongate and differentiate
into fibre cells (see Fig. 9 for definition of these zones). In
this way, new fibre cells are continuously added to the
fibre mass throughout life. Thus, the lens continually
grows and maintains its distinct polarity with the
monolayer of epithelial cells restricted to the anterior
compartment.

Lens differentiation also involves the acquisition of
specialised patterns of protein synthesis. Crystallins are
the most abundant proteins in the lens and these
progressively accumulate during embryogenesis and
growth. In mammals, a-crystallin appears first during
lens morphogenesis and is characteristically present in
all lens cells,”* whereas B- and ~y-crystallins appear
later in morphogenesis and are restricted to fibre cells
(Fig. 4).

A better understanding of how the ocular
environment influences the process of lens fibre
differentiation and lens polarity came from the classical
lens inversion experiments of Coulombre and
Coulombre.* They turned the chicken lens through 180°
so that the epithelial cells, which normally faced the
aqueous and cornea, faced the vitreous and neural retina
instead (Fig. 5). In this new environment, the epithelial
cells elongated and differentiated into fibre cells. Similar
lens inversion experiments using mouse eyes confirmed
that this phenomenon also occurred in mammals.*
These experiments indicated that the lens was receiving a
fibre-differentiating signal from the optic cup
environment.

FGF induces fibre differentiation in vitro

To identify the fibre-inducing influence in the
mammalian eye we used a rat lens epithelial explant
system. This was central to the identification of members
of the fibroblast growth factor (FGF) family as potent
inducers of fibre differentiation. FGF induces
morphological changes characteristic of fibre
differentiation accompanied by the accumulation of
fibre-specific B- and y-crystallins®**** (Fig. 6). Cell
proliferation and migration are also observed as early
responses to FGF.** The explants become multilayered as
attenuated cells migrate over others that retain a normal
epithelial attachment to the capsule.* Cells in FGF-
treated explants also undergo a sequence of structural

Fig. 6. Responses observed in epithelial explants cultured with FGF. Sections of explants cultured without FGF (A) or with FGF (B) for 10 days
and stained with azur II-methylene blue. Without FGF the cells in the explant maintained a characteristic cuboidal epithelial morphology and
remained as a monolayer on the lens capsule (Ca), whereas in the presence of FGF the explant became significantly thicker due to enlargement and
multilayering of the cells. Many were elongated and showed features of fibre cells. Adapted from McAvoy et al °° Scale bar represents 20 pm.



Fig. 7. Expression of FGF-1 and FGF-2 mRNA in the embryonic rat lens at E20. Dark-field micrographs show hybridisation with the antisense
probe for FGF-1 (A) and FGF-2 (C) and the sense probe for FGF-1 (D). (B) Bright-field micrograph of an adjacent section. Both FGF-1 and FGF-2
are expressed in anterior lens epithelium (le) and equatorial region of the lens, with the strongest signal found in early lens fibres of the transitional
zone (arrowheads). Signal was almost absent in the more mature fibres near the centre of the lens (asterisk). For both FGFs signal was detected in

eyelids (e), cornea (c), ciliary body (cb), iris (i), various layers of the retina, particularly the ganglion cells (g) and choroid/sclera (cs). Onéy
background signal was detected with the sense probe for FGF-1 (D). (nl), neuroblast layer; (r), pigmented epithelium. From Lovicu et al,*

permission. Scale bar represents 200 um.

changes: cell elongation, reduction in cytoplasmic
organelles, formation of specialised cell-cell junctions
and nuclear pyknosis with distinctive nucleolar
changes.>*” These changes are all features of lens fibre
differentiation in the lens in situ.?®*°

In situ, B-crystallin appears before y-crystallin as lens
cells undergo fibre differentiation®”*® (Fig. 4). A similar
progression of events was observed in studies of

with

neonatal rats cultured with FGF.*'*? Subsequently it was
shown that, in explants cultured with FGF, mRNAs for
the various crystallins show a similar sequential
increase.*®> The pattern of accumulation of a-, B- and
y-crystallins observed consistently in these studies
reproduces the pattern of expression of these proteins
that is part of the lens fibre differentiation process

in situ.”’
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Fig. 8. Diagram illustrating the three different responses to FGF observed in lens epithelial explants in vitro and their sequential stimulation by
increasing concentrations. From Chamberlain and McAvoy,* with permission.

A role for FGF in vivo

The results of explant studies in our laboratory showed
that FGF-induced fibre differentiation faithfully
reproduces many of the molecular and structural events
associated with this process in vivo. However, for FGF to
be involved in fibre differentiation in situ it must be
available to lens cells.

Distribution of FGF

Currently there are 18 members of the FGF family: FGF-1
to FGF-18.** FGF-1 and FGF-2 were the first FGFs to be
identified and their distribution in the eye has been
studied extensively; for most of the more recent
additions to the family, detailed distribution studies have
not yet been carried out. Using immunohistochemical
and biochemical methods we showed that, in addition to
being present in lens cells and lens capsule, FGF-1 and
FGF-2 are present in the ocular media that bathe the lens
and tissues near the lens including the retina, cornea,
ciliary body and iris (reviewed in Chamberlain and
McAvoy™®). In situ hybridisation studies showed that
FGF-1 and FGF-2 mRNAs have a ubiquituous
distribution in eye tissues similar to that of their
respective proteins*® (Fig. 7). FGF-12 is the only other
FGF so far reported to be expressed in the lens.*” FGF-3,*
FGF-5% and FGF-12* are also expressed in retina. Thus a
number of FGFs are potentially available to lens cells. As
a result of the wide distribution of FGF in both anterior
and posterior segments of the eye the question arises as
to how fibre differentiation is spatially restricted to the
posterior segment. Normally the only cells that undergo
fibre differentiation are those below the lens equator; this
is crucial for maintaining lens polarity during the lifelong
process of lens growth. Indications as to how FGF may be
involved in influencing these growth patterns arose from
dose-response analyses of lens epithelial explants.

Proliferation, migration and fibre differentiation:
EGF dose-dependence

Detailed analysis of explants cultured with FGF
identified three distinct cellular responses: proliferation,
migration and fibre differentiation (reviewed in
Chamberlain and McAvoy*’). Experiments carried out to

determine the dose-response characteristics showed that
half-maximal stimulation of proliferation, migration and
fibre differentiation occurred at 0.15, 3 and 40 ng/ml of
FGE-2, respectively34 (Fig. 8). Therefore, the
concentration of FGF in the culture medium influences
the nature of the response of lens epithelial cells both
qualitatively and quantitatively, with proliferation,
migration and fibre differentiation being induced
sequentially as the concentration is increased. At fibre-
differentiating concentrations, this response soon
overrides the proliferation and migration responses.

Development of the FGF gradient hypothesis

Cellular behaviour in the lens is spatially ordered.
Proliferation, migration (or displacement) and fibre
differentiation occur in an anteroposterior sequence in
distinct compartments of the lens. On the basis of our
findings that FGF induces proliferation, migration and
fibre differentiation in a progressive dose-dependent
manner, we put forward the hypothesis that normal lens
cell behaviour is determined by an anteroposterior
gradient of FGF stimulation®**° (Fig. 9). It needs to be
emphasised that, while the sequence of cellular
responses indicated in Fig. 8 could be achieved in vitro
simply by using increasing concentrations of FGF, the
situation in vivo is likely to be more complex.
Consequently, the term ‘FGF stimulation’ is used in the
gradient hypothesis, rather than "FGF concentration’.
FGF stimulation takes into account the fact that many
different modulatory influences are likely to be involved
(reviewed in Chamberlain and McAvoy™).

Support for the gradient hypothesis

Support for the FGF gradient hypothesis comes from a
range of studies (reviewed in Chamberlain and
McAvoy®). These include studies of the distribution of
FGF and FGF activity in the ocular media, the expression
of FGF receptors, and the effects of disturbing normal
patterns of FGF expression and FGF signalling by genetic
manipulation.



Fig. 9. Diagram of the eye indicating how anteroposterior patterns of
lens cell behaviour may be determined by a gradient of FGF
stimulation. In the mature lens, the epithelium can be divided into two
main zones: the central epithelium (CE) and the germinative zone
(GZ), which extends to the equator (EQ). Immediately posterior to the
equator is the transitional zone (TZ). These zones coincide with
compartments defined by the anatomy of the eye: the central epithelium
is exposed to aqueous of the anterior chamber, the germinative zone is
exposed to aqueous of the posterior chamber which is demarcated by the
ciliary body (cb) and iris (i). The transitional zone extends into the
compartment that contains the vitreous. The cellular behaviours
indicated are observed both in vivo and in lens epithelial explants
cultured with increasing concentrations of FGF. Adapted from
Chamberlain and McAvoy.*

Differential distribution of FGF and FGF activity in the ocular
media

In vivo, patterns of lens cell organisation and activity
correlate with the distribution of the ocular media. The
anterior region of the lens is bathed by aqueous, while
the region of the lens below the equator (where fibres
differentiate) is bathed by vitreous (Fig. 9). We tested the
hypothesis that the polarity of the lens is a reflection of
differences in the way in which these ocular media
influence the lens cells. Lens epithelial explants were
cultured in either aqueous or vitreous. In explants
exposed to vitreous the cells elongated, lost organelles,
showed the appearance of plasma membrane
interdigitations such as finger-like processes and ball-
and-socket junctions, and nucleolar changes
characteristic of early fibre denucleation®® (Fig. 10A).
These explants became multilayered and also
accumulated fibre-specific B-crystallin. In contrast, the
cells in explants cultured with aqueous maintained an
epithelial morphology (Fig. 10B) and accumulated little,
or no, [3-crystallin.51’52

Thus vitreous induced changes characteristic of fibre
differentiation but aqueous did not. One obvious
explanation for these different responses is that vitreous
has a higher concentration of FGF than aqueous. For
example, both FGF-1 and FGF-2 have been reported to be
present in ocular media and biochemical analysis
indicates that vitreous contains substantially more FGF
than aqueous (reviewed in Chamberlain and McAvoy*°).
Fractionation of vitreous and testing fractions by both

B Ca

Fig. 10. Transmission electron micrographs of neonatal rat lens
epithelial explants cultured with ocular media for 5 days. (A) In the
presence of vitreous, explants thickened and many cells showed early
fibre elongation characteristic of cells in the transitional zone (see
Fig. 9). (B) In the presence of aqueous, cells remained in a monolayer
on the lens capsule (Ca) and retained a cuboidal epithelial morphology.
Fresh bovine aqueous and vitreous were diluted with an equal volume
of culture medium before use. Adapted from Lovicu et al > Scale bar
represents 5 pm.

FGF ELISA and biological assay confirmed that most of
the fibre-differentiating activity of vitreous is FGF-
associated.>

Thus a higher concentration of FGF in the vitreous
than in the aqueous may help to ensure that fibre
differentiation is restricted to the posterior compartment;
however, as indicated above, the ability of the vitreous to
promote fibre differentiation may not be due solely to its
relatively high concentration of FGF. Other factors
present in the vitreous may positively modulate the
effects of FGF (reviewed in Chamberlain and McAvoy
As one example, members of the insulin/IGF growth
factor family may be involved as they can potentiate the
fibre-differentiating effects of FGF in lens epithelial
explants®*™° and are present in the vitreous.”®

45) .

Distribution of FGF receptors

Cellular responses to FGF are mediated via a family of
four distinct, but highly homologous receptor genes
(FGFR1-4; reviewed in Johnson and Williams57).
Alternative splicing of these genes, particularly of
immunoglobulin domain III, gives rise to numerous
subtypes. Lens cells have been shown to express three of
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the FGFR genes: FGFR1, FGFR?2 (splice versions IIIb and
Illc) and FGFR3.*®! Detailed analyses of the expression
patterns in the developing lens indicate that the three
receptors are expressed in distinctly different spatio-
temporal patterns during lens development.®*¢! After
the lens has formed, FGFR1 and FGFR2(IIIb) have very
similar patterns in that they are weakly expressed in the
anterior epithelium and become increasingly strongly
expressed in the germinative and transitional zones
(Fig. 11). The FGFR3 gene also showed such an
anteroposterior gradient of expression, except that peak
expression of this receptor was found in the cortical

fibres. In contrast, the FGFR2(Illc) receptor was most
strongly expressed in the epithelial cells and decreased
as fibres differentiated. These results suggest that
different combinations of FGFR may be involved in
regulating different stages of FGF-induced fibre
differentiation. The high expression levels of FGFR1,
FGFR2(IlIb) and FGFR3 below the lens equator suggest
that these cells are highly responsive to FGF. In addition,
experiments on lens explants showed that FGF induces
upregulation of FGFR1 mRNA, indicating that as cells
become exposed to FGF they upregulate receptors and
become more sensitive to FGF stimulation.*’

Fig. 11. Expression of FGFRs in the embryonic rat lens at E20. Dark-field micrographs show expression of mRNA for FGFR1 (A), FGFR2(IlIc)
(B), FGRFX(IIIb) (C), FGFR3 (D). (A) There was weak signal for FGFR1 in the central epithelium (e), which increased towards the lens equator in
the germinative zone. The strongest signals were in the transitional zone of the lens (arrowheads). See Fig. 9 for definition of lens regions. (B)
FGFRI1(1llc) showed a uniform distribution throughout the epithelium and transitional zone. (C) FGFR2(IIIb) showed weak signal in the epithelium
and stronger signal in the transitional zone (arrowheads). For FGFR1 and FGFR?2 the signal decreased progressively in the inner and outer cortical
fibres. (D) Signal for FGFR3 was detected in the central epithelium and increased in the germinative and transitional zone. Strongest signals were
detected in the cortical fibres (arrowheads). No significant signal above background was detected for any of the receptors in the mature fibres
(asterisk). Adapted from de Iongh et al.®*? Scale bar represents 50 um.



Disruption of lens polarity by alteration of FGF gradient

Studies with transgenic mice provide strong support for
the hypothesis that FGF influences the behaviour of lens
cells in vivo. Using the aA-crystallin promoter, transgenic
mice were generated that express high levels of various
FGFs specifically in the lens. In these transgenic mice
FGF-1, FGF-3, FGF-4, FGF-5, FGF-7, FGF-8 or FGF-9
induced the anterior epithelial cells to undergo
premature fibre differentiation (Fig. 12). They lost their
typical cuboidal epithelial morphology, became
elongated and accumulated B-crystallin, which is
normally restricted to the fibre mass. In most cases the
lens lost its characteristic cellular polarity.®*> Using this
transgenic model, FGF-2 is the only member of the FGF
family tested so far that did not induce differentiation in
the epithelium.®®

Further evidence for FGF involvement in fibre
differentiation comes from studies on transgenic mice
expressing a mutant form of FGFR1.5”%® Using the
aA-crystallin promoter to express high levels of this
mutant FGF receptor in the lens has a dominant-negative
effect and inhibits FGF function. These transgenic mice
displayed defective fibre differentiation. The most severe
phenotype was a small abnormal lens consisting of a
large central vacuole surrounded on the anterior side by
a layer of epithelial cells and on the lateral and posterior
sides by short, swollen, nucleated fibre cells.%®

Results from these transgenic studies lend strong
support to the hypothesis that in the normal situation
members of the FGF family are involved in regulating
fibre differentiation and determining lens polarity. Thus,
it is proposed that lens epithelial cells in the anterior
segment normally receive insufficient FGF stimulation to

Fig. 12. Induction of fibre differentiation by FGF-4 in transgenic mice.
Sections of embryonic day 15.5 non-transgenic (A, C) and transgenic
(B, D) eyes either stained with haematoxylin and eosin (A, B) or
immunolabelled for B-crystallin expression (C, D). In transgenic mice,
anterior lens epithelial cells undergo extensive elongation (B),
differentiating into fibres as shown by the expression of B-crystallin
(D). Small regions of epithelial cells did not express B-crystallin, unlike
therr more differentiated neighbouring cells, (D, arrowheads). In non-
transgenic mice, the lens maintains its distinct polarity with a
monolayer of cuboidal epithelial cells (A, le) overlying a full
complement of fibre cells (If) reactive for B-crystallin. In these mice,
B-crystallin is not expressed in the anterior lens epithelium (c, le,
arrowheads). Adapted from Lovicu and Overbeek °* Scale bar
represents 60 pm.

induce fibre differentiation; however, when they shift
below the equator and enter the vitreous compartment
they receive a higher level of FGF stimulation and fibre
differentiation is the result (Fig. 13). The transgenic
studies show that most of the FGFs tested exhibit a
capacity to induce fibre differentiation. This is consistent
with the observation that lens cells express three of the
four FGF receptor genes, thereby conferring on lens cells
the capacity to bind a wide range of FGF family
members. However, it is not clear yet which of the
currently known 18 FGFs are involved in this process in
the normal lens.

Pathological development

Growth factors are also commonly involved in
pathological development. Work in our laboratory has
shown that members of the transforming growth factor-
beta (TGFpB) family have a disruptive influence on lens
cellular architecture and can induce changes that are
characteristic of some forms of human cataract. Using
our rat lens epithelial explant culture system and
cultured whole lenses, we have shown that TGFB
induces lens epithelial cells to undergo a pathway of
differentiation that is distinctly different from that
induced by FGF. TFGP induces the formation of distinct
opacities in the lens that correspond to plaques of
spindle-shaped cells which contain a-smooth muscle
actin and desmin, and accumulations of extracellular
matrix that contain collagen types I and III, fibronectin
and tenascin. Apoptotic cell death and localised capsule
wrinkling are also features of TGFB-induced changes®*”
(Fig. 14). Some or all of these changes are typically found
in subcapsular cataracts and in after cataract (also known
as posterior capsular opacification) that often arises from
epithelial cells left behind after cataract surgery. In
general, these features are atypical of epithelial cells but
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Fig. 13. Diagram of the eye illustrating the proposed role of FGF in
determining lens polarity. Lens cells receive a strong enough stimulus
to promote fibre differentiation only when they enter the vitreous
compartment. Adapted from Chamberlain and McAvoy.*
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Fig. 14. The effect of TGF on lens transparency and morphology. Lenses from 21-day-old rats were cultured for 5 days in medium 199 (A, C;
controls) or with 5 ng/ml TGFB2 (B, D). Lenses were photographed through the posterior pole (A, B) or embedded, sectioned sagittally and stained
with haemotoxylin—eosin (C, D). In (C) and (D), the equator of the lens is at the bottom edge of the micrograph (arrow in C; arrowhead in D). Lenses
cultured with TGF B developed distinct anterior opacities (B). These appeared to correspond with plaques (arrowheads) that lay immediately beneath
the lens capsule (ca) and disrupted the normal architecture of the lens (D). These changes were not observed in control lenses cultured without

TGFB, which maintained a normal monolayer of epithelial cells (ep) covering the fibre mass (fm). Adapted from Chamberlain and McAvoy.*® Scale

bars represent: (A, B), 400 um; (C, D), 250 wm.

are typical of myofibroblastic/fibroblastic cells. This
indicates that TGFB-induced cataract is characterised by
lens epithelial cells differentiating along a mesenchymal
pathway, in other words, undergoing an
‘epithelial-mesenchymal transition’.”?

TGEFp is present in and near the lens and lens cells
express TGFB receptors.”>”* Therefore, in the normal eye
its bioavailability must be tightly regulated. Investigating
this regulation has been a major focus of our recent
research. Besides the widely known fact that TGFB is
generally produced in a latent form, we have shown that
there are important additional levels at which it might be
regulated in the eye. For example, the ocular media
contain molecule(s) that inhibit TGFB activity and block

its cataractogenic effects on lens cells.”” Vitreous was
particularly effective in this respect. The serum protein
a2-macroglobulin, a known TGFB inhibitor in some other
systems, was also shown to protect the lens against
TGFB-induced changes and substantial amounts of this
protein were found in vitreous. The sensitivity of lens
cells to TGFB may also be modulated by various factors.
For example, experiments with ovariectomised rats have
shown that oestrogen protects lens cells from the
cataractogenic effects of TGFB.”! These studies with rats
are consistent with epidemiological studies that also
suggest female hormones have a role in protecting
against cataract.
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Fig. 15. Diagram illustrating the key roles played by FGF and TGF in modulating the lens cell phenotype. FGF induces processes that are features
of normal lens growth and differentiation, whereas TGFB induces pathological changes.

Thus, the ability of TGFB to induce lens epithelial cells
along the pathological pathway of differentiation may be
influenced by various factors. These will be important to
identify as they may play a role in making lens cells
more, or less, susceptible to undergoing cataractous
changes. It will also be important to characterise fully the
phenotypic changes induced by TGFB. Currently it is not
clear if the myofibroblastic/fibroblastic cells retain any
normal lens epithelial markers or whether they lose all
epithelial features and represent a distinct cell type with
different patterns of cellular behaviour.

Summary

This brief review of lens development serves to remind
us that there are many processes involved in the
formation and maintenance of a normal lens. It is only
relatively recently that researchers have begun to
investigate the molecular basis of lens development so
there is much to be done. Important areas for research
include: determining the hierarchy of transcription
factors involved in lens induction and differentiation,
and identifying the mechanisms whereby they influence
complex patterns of gene expression. Growth factors are
clearly important regulators of lens cell behaviour and
there is now strong evidence that FGF has a key role in
inducing fibre differentiation and maintaining normal
cellular architecture (Fig. 15). In contrast, TGFB induces
an abnormal phenotype and disrupts normal cellular
architecture in a way that is characteristic of major forms
of cataract (Fig. 15). More information is needed on how
FGF and TGFR bioavailability are regulated and how
their effects are mediated so that we can understand
better how they influence the progress of lens cells along
normal or pathological pathways of growth and
differentiation. This will also be important for the
identification of factors, or conditions, that favour
transition from one pathway to the other. Finally,
understanding the interplay between growth factors and
transcription factors in normal and pathological lens
development is a challenging and important area for
future study.

Thanks go to Richard Stump and Roland Smith for their
assistance with preparing the figures for this manuscript.
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