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SUMMARY

Members of the fibroblast growth factor (FGF) family
induce lens epithelial cells to undergo cell division and
differentiate into fibres; a low dose of FGF can stimulate cell
proliferation (but not fibre differentiation), whereas higher
doses of FGF are required to induce fibre differentiation. To
determine if these cellular events are regulated by the same
signalling pathways, we examined the role of mitogen-
activated protein kinase (MAPK) signalling in FGF-induced
lens cell proliferation and differentiation. We show that
FGF induced a dose-dependent activation of extracellular
regulated kinase 1/2 (ERK1/2) as early as 15 minutes in
culture, with a high (differentiating) dose of FGF stimulating

a greater level of ERK phosphorylation than a lower

cell proliferation and fibre differentiation. Interestingly,
inhibition of ERK signalling can block the morphological
changes associated with FGF-induced lens fibre
differentiation; however, it cannot block the synthesis of
some of the molecular differentiation markers, namelyf3-
crystallin. These findings are consistent with the in vivo
distribution of the phosphorylated (active) forms of ERK1/2
in the lens. Taken together, our data indicate that different
levels of ERK signalling may be important for the regulation
of lens cell proliferation and early morphological events
associated with fibre differentiation; however, multiple
signalling pathways are likely to be required for the process
of lens fibre differentiation and maturation.

(proliferating) dose. Subsequent blocking experiments using
UO0126 (a specific inhibitor of ERK activation) showed
that activation of ERK is required for FGF-induced lens
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INTRODUCTION McAvoy, 1997; McAvoy et al., 1999). The FGFs constitute a
large family of at least 23 distinct polypeptide growth factors
The vertebrate ocular lens is a useful model system to examifieGF1 to FGF23) (Yamashita et al., 2000) that play pivotal
the molecular mechanisms by which growth factors regulate kayles in a variety of developmental events (Ornitz and Itoh,
developmental processes such as cell proliferation an2001). Support for the hypothesis that FGF signalling plays an
differentiation (McAvoy et al., 1991; Hyatt and Beebe 1993;important role in development and growth of the lens was
Robinson et al., 1995a; Lovicu and Overbeek, 1998; Le aniditially proposed from findings in our laboratory (McAvoy
Musil, 2001; Shirke et al., 2001). The distinctive architecture ond Chamberlain, 1989). Using rat lens epithelial explants,
the lens is established early in development, with a monolay®&GF was shown to be a potent inducer of lens fibre
of epithelial cells overlying the anterior surface of the elongatedifferentiation, as well as an inducer of lens epithelial cell
fibre cells that make up the bulk of the lens. Growth of the lengroliferation and migration. Interestingly, these different
throughout life involves proliferation of the epithelial cells andcellular events could be stimulated in a dose-dependent
their subsequent differentiation into secondary fibre cells. Thmanner: for example, a low dose of FGF induced only lens cell
process of fibre differentiation in the mammalian lens igroliferation, whereas a high dose also induced fibre
characterised by distinct molecular and morphological changekfferentiation (McAvoy and Chamberlain, 1989). Further
including exit from the cell cycle, cell elongation, the loss ofsupport for a role for FGF in normal lens biology stems from
cytoplasmic organelles and nuclei, as well as the accumulatigtudies in vivo that demonstrated that overexpression of FGF
of fibre cell-specific proteinsf- and y-crystallins as well in lenses of transgenic mice could induce inappropriate
intermediate filaments, such as filensin and CP49 (Blankenshififferentiation of epithelial cells, disrupting the normal polarity
et al., 2001). of the lens (Robinson et al.,, 1995a; Lovicu and Overbeek,
There is now compelling evidence from numerous studies ih998). Furthermore, using a similar transgenic approach, the
vitro and in vivo, that members of the fibroblast growth factoprocess of lens fibre differentiation could be impaired by
(FGF) family play an important role in the regulation of lensoverexpressing either a signalling-defective, truncated FGFR
cell proliferation and fibre differentiation (Chamberlain and(Robinson et al., 1995b; Chow et al., 1995; Stolen and
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Griep, 2000) or as reported in more recent studies, a speciidATERIALS AND METHODS

secreted FGF receptor (FGFR3) (Govindarajan and Overbeek,

2001). All procedures involving animals were in accordance with the National
Like most growth factors, members of the FGF familyHealth and Medical Research Council (Australia) guidelines and the

mediate cellular signalling through high-affinity cell surfaceAssociation for Research in Vision and Ophthaimology Handbook for

receptors. The binding of FGF to its receptor ieads to ligandh® Use of Animals in Biomedical Research (USA). All protocols were

induced receptor dimerisation, subsequently activating itgpproved by the A_nlmal Ethical Review Committee of the University

L . . L o . ... of Sydney, Australia.

intrinsic tyrosine kinase activity, which is concomitant with

tyrosine autophosphorylation (Fantl et al., 1993). Activation oPreparation of lens epithelial explants

the membrane-bound tyrosine kinase receptors may lead toad tissue culture was performed in Medium 199 with Earle’s salts

variety of downstream effects, including the elevation of(Trace Scientific, NSW, Australia), supplemented with 0.1% bovine

intracellular C&* levels, activation of target substrates, includingserum albumin (BSA), 0.5 mM L-glutamine, 100 IU/ml penicillin, 100

phospholipase ¥(PLCy) (Sa and Das, 1999; Browaeys-Poly etHg/ml streptomycin and 2.3ug/ml Amphostat (all from Trace

al., 2000), as well as the activation of distinct signallingScientific). .

pathways such as the PI3-kinase/Akt pathway (Chen et al., ZOOO.U_ntrlmme_o_I lens epithelial explants_, were prepared as follows: under

Browaeys-Poly et al., 2001) and the mitogen-activated proteiﬂéme conditions, for each culture dish, two eyes were removed from

. . neonatal (P3-P4) Wistar rats and placed in culture medium. Using a
kinase (MAPK) pathway (Lin et al., 1998). The MAPK pathV""’lydissecting microscope, lenses were dissected from eyes and transferred

plays an important role in modulating many cellular eventsy, fresh culture medium. With fine forceps, the posterior lens capsule

including cell cycle progression, cell differentiation and thewas torn and peeled from the fibre cell mass, which was discarded. The
regulation of embryonic development in a variety of biologicakemaining lens capsule (containing the adherent epithelial monolayer)
systems (Marshall, 1995; Lewis et al., 1998; Schaeffer andas gently pinned out flat by pressing the forceps around the edge of
Weber, 1999). The MAPK pathways are typically organised irthe explant. Culture medium was then removed and replaced with 1 ml
a conserved three-kinase architecture, consisting of a MAf fresh, equilibrated (37°C, 5% Gmedium.

kinase, an activator of the MAP kinase (MAP kinase kinase; For proliferation assays, explants were exppsed to 5_ng/m| of FGF2
MEK) and an activator of the MAP kinase activator (MAP (PeproTech, Rocky Hill, NJ) and cultured for either 15 minutes, 2 hours

; ; ; . ; ; ; .0r 2 days at 37°C in 5% CQOAt the end of the culture period, explants
kinase kinase kinase; MEKK). This signaling cascade I?o be used for immunofluorescent labelling were fixed in 10% neutral-

|n|t|_ate_d and Progresses by the sequenual phosphorylatl(_)n "iggﬁered formalin (NBF) for 20 minutes and rinsed in phosphate
activation of its components, leading to the phosphorylation qftered saline (PBS) before immunolabelling. Explants to be used for
a conserved Thr-X-Tyr motif of the MAPK. This activated SpS-PAGE and western blotting were rinsed in cold PBS and lens
MAPK is then translocated from the cytoplasm to the celproteins extracted in lysis buffer (1 mM EDTA, 10 mM Tris-HCI (pH
nucleus (Hulleman et al., 1999) where it activates nucleat.5), 0.15 M NaCl, 1% IGEPAL, 1 mM NdO4 and protease inhibitor
transcription factors leading to changes in gene expression. Tocktail (Roche, Basel, Switzerland)) for 50 minutes. Protein levels
date, at least three distinct mammalian MAPKs have beefere determined using the Micro-BSA protein assay according to
characterised: the extracellular-regulated kinases (ERKs), Jun Rianufacturers instructions (Pierce, IL). o

terminal kinases/stress-activated protein kinase (JNK/SAPK u';glreg:gi:‘égt'\?vti't%” 1%?%%%';“;%lf'zs?g:p‘;g?teé::'ﬂ')”gnzxgﬁl‘{‘ﬁeg"%f
and p38. The mammalian ERKs (ER.K1/p44 anq ERK2lp42 ither 15 minutes, 2 hours, 3 days or 5 days. At the end of the culture
are generally thought to play a role in cell proliferation an

. S . . eriod, explants were processed as described above.
differentiation, while the JNK/SAPK and p38 kinases have rqr inhibitor studies, 2 hours before addition of growth factors,

predominantly been implicated in responses to cellular stresgp126 (a specific MEK1/2 inhibitor for ERK signalling (Promega,

inflammation and/or apoptosis. NSW, Australia)) was added to give a final concentration ranging from
As mentioned, work in our laboratory has shown that FGP.1 to 10QuM. The inhibitor and growth factors were only added at the

can induce proliferation and differentiation in lens cells,start of the culture period and once added were present for the duration

depending on its concentration; however, the signa®f the culture. Control dishes, with no inhibitor added, were

transduction pathways by which FGF induces these differerstiPplemented with an equivalent volume of dimethylsulfoxide (DMSO;

cellular responses is still not clear. Early insights into the typ§'e recommended solvent for UO126), which was added at the same

of signalling pathways involved in the process of lens fibré™® the inhibitor was added to the remaining dishes.

differentiation stem from transgenic studies mentioned earli@mmunolabelling

(Chow et al., 1995; Govindarajan and Overbeek, 2001), whicBetection of phosphorylated ERK1/2

show that impaired FGF signalling (and the associategly tissye culture studies, phosphorylated ERK1/2 was detected by
Impalrment of fibre dlﬁerentlatlon) in the mouse lens results IBDS-PAGE and western b|otting 15 minutes or 2 hours after the
reduced phosphorylation of ERK. In contrast to this, moreddition of growth factors. Inmunofluorescence was also used to detect
recent studies by Le and Musil (Le and Musil, 2001), havehosphorylated ERK1/2 after 2 hours, 2, 3 or 5 days.

reported that although FGF can ‘robustly activate’ ERKs NS PAGE and western blotting

cultured lens cells, FGF-induced proliferation @acrystallin , o ,
stimulation (a marker for fibre differentiation in chicks) doesT'he phosphorylation status (activation) of ERK1/2 in explant extracts

not require ERK activation. In light of these findings, we havd'as assayed using SDS-PAGE and western blotting with commercially

set out to identify the role of the MAPK signalling pathway inavallable antibodies (New England Biolabs, NEB, MA) specific for

. . Shosphorylated and non-phosphorylated forms of ERK1/2. In brief, for
the mammalian lens. More specifically, we have used the ralqp lane, up to fig of protein was electrophoresed through a 10%

lens epithelial explant system to directly examine the role 0§ps-PAGE gel before being transferred to a PVDF membrane for
ERK signalling in FGF-induced lens cell proliferation andwestern blot analysis. The membrane was blocked with 2.5% BSA
differentiation. before overnight incubation at 4°C with a monoclonal antibody specific
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to phospho-ERK1/2 (NEB, diluted 1:1000) or a polyclonal antibodylens explant histology

specific for phosphorylation-independent ERK1/2 (NEB, dilutedat the end of the culture period, lens explants were processed for either
1:1000). The membrane was then incubated for 2 hours at roofight or scanning electron microscopic analysis. For light microscopy,
temperature with a secondary antibody; for colorimetric detection wexplants were fixed in NBF, rinsed in PBS and pre-embedded in 3%
used alkaline-phosphatase-conjugated rabbit anti-mouse I9G or gq@dble agar. Embedded explants were then dehydrated through a series
anti-rabbit IgG (Sigma) and for chemiluminescence we used a HRRyf ethanol and cleared in xylene before embedding in paraffin wax.
conjugated rabbit anti-mouse 19G (Silenus, Hawthorn, Vic., Australia)sections (6um) were cut, de-waxed, hydrated and stained with
Immunocomplexes were visualised by exposure of the membrane fgaematoxylin and Eosin. For scanning electron microscopy, explants
NBT-BCIP substrate (Sigma) for colorimetric detection, whereas fojvere prepared based on earlier methods (Lovicu and McAvoy, 1989)
chemiluminescence, Super Signal® (Pierce) was used. Using thegth the exception that tissues were also fixed in 1% osmium tetroxide

same procedures, we also immunolabelled for phosphorylated p38 apfor to dehydration and critical point drying.
JNK/SAPK using specific polyclonal antibodies (NEB).

Immunofluorescence

For immunofluorescent labelling of explants for phospho-ERKs, fixecPESULTS

explants were rinsed in PBS supplemented with BSA (PBS- . . o

BSA), followed by two rinses in PBS-BSA supplemented with 0.05%Ve monitored the responsiveness of lens epithelial cells exposed
Tween 20 (PBST) and another rinse in PBS-BSA. Note that afio different doses of FGF in the presence or absence of a specific
washes, labelling and visualisation of explants was carried out in tHghibitor for ERK1/2 (MAPK) signalling. The responsiveness of
original culture dish. Explants were incubated with 3% normal goathese cells was analysed using routine histological evaluation
serum (NGS) to reduce nonspecific labelling. Excess NGS walight and electron microscopy) and immunofluorescence to
removed and explants were incubated overnight & With a  assay for cell proliferation (using BrdU-incorporation) and for

monoclonal antibody specific to phospho-ERK1/2 (NEB, dilutedfihre differentiation (examining the accumulation of lens fibre-
1:250 with PBS-BSA). After a brief rinse in PBS-BSA, explants were, pecific proteins3-crystallin and filensin).

incubated for 1 hour at room temperature with an anti-mouse Ig
antibody conjugated to fluorescein-isothiocyanate (FITC, Silenus ; At Hhali
rinsed again in PBS and counter-stained wifigdml bisbenzimide FGF induces ERK act_lvatlon inlens epithelial cells .
(Hoechst dye, Calbiochem, La Jolla, CA) to label nuclei. Sectionén advantage of using the rat lens explant system is that
were then rinsed with PBS, mounted and examined using fluorescen@pithelial cells in these explants can be stimulated to undergo
microscopy. a specific cellular process (either cell proliferation or fibre
For in vivo immunolabelling of phospho ERK1/2, freshly dissecteddifferentiation), depending on the dose of FGF to which they are
eyes of neonatal Wistar rats were immersed in Tissue Tek OC@xposed. In the present study, using lens epithelial explants, a
compound (Miles, IN) and frozen in liquid nitrogen-cooled isopentanelow dose (5 ng/ml) of FGF2 was used to induce cell proliferation
Specimens were stored in liquid nitrogen until sectioned. Fresh frozeflyg a high dose (100 ng/ml) was used to induce fibre
Segﬂons E)l@m(})fweg%b”eﬂy fixed in é‘;‘d g‘etham' (—20°ﬁ), air drisd differentiation. By western blotting, low levels of the
and incubated for minutes in NGS. Sections were then incubat '
overnight at 4C with a monoclonal antibody specific for phospho- osphorylated forms of p42 (ERK2) and 'p4.4 (ERKI) were
ERK1/2 or polyclonal antibodies specific for either phospho-p38 ogeteCted in control explant.s (no FGF add‘?‘.j’ Fig. 1,' lane 1). By
phospho-JNK/SAPK (NEB, all diluted 1:250). After a brief rinse in contrast, as early as 15 minutes after addition of elt_her a low or
PBS, sections were incubated for 1 hour at room temperature with &gh dose of FGF2, the levels of phosphorylated (active) p42 and
anti-mouse Ig (for phospho-ERK1/2 labelling) or an anti-rabbit Ig (forp44 increased markedly over levels observed in control explants
phospho-p38 or phospho-JNK/SAPK labelling) antibody conjugated t¢Fig. 1). Interestingly, the level of ERK activation correlated with
FITC (Silenus), rinsed again in PBS and counter-labelled with Hoechshe dose of FGF2 that the cells were exposed to. FGF2 induced
dye (Calbiochem). Sections were then rinsed with PBS, mounted argldose-dependent increase in ERK phosphorylation, with a fibre
examined using fluorescence microscopy. differentiating dose of FGF stimulating a greater level of ERK
Lens epithelial cell proliferation assay activation (Fig. 1, lane 3) than a proliferating dose of FGF (Fig.

To examine the patterns of cell proliferation (cells in S-phase of th%’ Ian_e 2). Thlsllab(_alllng pattern persisted with prolonged .culture
cell cycle) in explants treated with growth factors, incorporation e.g.inlens eplt.hellal cel_ls exposed to FGF fqr 2 hours, Fig. 2A),
of 5-bromo-2-deoxyuridine  (BrdU) was analysed  using and was consistent leh the pattern of immunofluorescent
immunofluorescence. Explants to be assayed for cell proliferation wef@belling of lens epithelial cells for phosphorylated ERK1/2
cultured for 2 days with FGF2 (5 ng/ml). Six hours before the collectiofFig. 2B-G). In control explants, few cells labelled for the
of explants, BrdU (15Qug/ml) was added and at the end of the phosphorylated ERK (Fig. 2B); however, after a 2 hour culture
culture period, explants were fixed in NBF and processed for

immunofluorescent labelling as described above. The only difference

were that before washing with PBST, explants were pre-treated wi

1M HCI for 20 minutes to allow epitope recognition by the anti-BrdU j‘;“‘““/': == == phospho-p42/p44 MAPK
monoclonal antibody (Bioclone, Sydney, Australia) diluted 1:100 with
PBS-BSA. M —

42— — T total p42/p44 MAPK
Lens fibre differentiation assay 1 2 3

To assay for the accumulation of markers for lens fibre differentiatio

(B-crystallin and filensin), explants were immunolabelled in the samFig. 1.FGF2 induced phosphorylation of p42/p44 MAPK in a dose-
manner as for the phospho-ERK1/2, with the exception that we usedependent manner. Representative immunoblots of phospho-ERK
polyclonal primary antibodies f@-crystallin and filensin (both diluted (upper panel) and total ERK (lower panel) from lens epithelial

1:100 with PBS-BSA) in place of the anti-phospho-ERK1/2explants exposed to no FGF2 (lane 1), 5 ng/ml FGF2 (lane 2) or 100
monoclonal antibody. ng/ml FGF2 (lane 3) for 15 minutes at 37°C.
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Fig. 3.U0126 blocks FGF-induced phosphorylation of p42/p44

MAPK. (A) Representative immunoblots of phospho-ERK (top) and

total ERK (bottom) from lens epithelial explants exposed to no FGF2

(lanes 1 and 3) or 100 ng/ml FGF2 (lanes 2 and 4) for 15 minutes at

37°C, in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of

UO126. (B) Lens explant exposed to 100 ng/ml of FGF2 in the

presence of UO126, immunolabelled for phospho-ERK (right),

counterstained with Hoechst dye (left). Control explants were treated

Fig. 2. FGF2-induced phosphorylation of p42/p44 MAPK. with an equivalent volume of DMSO without UO126. Scale bar:

(A) Representative immunoblot of phospho-ERK from lens epithelia#0 um.

explants exposed to different concentrations of FGF2 for 2 hours at

37°C. Lens explants exposed to either no FGF2 (B,E), 5 ng/ml FGF2

(C,F) or 100 ng/ml FGF-2 (D,G) for 2 hours at 37°C, : T .

immunolabelled for phospho-ERK (B-D) or counterstained with U.0126 W.Ith LY294002 (an inhibitor for the PI3 kinase pathway)

Hoechst dye (E-G). Scale bar: 4. did not influence the levels of ERK1/2 phosphorylated in
response to FGF2 (data not shown).

with a low dose of FGF2, an increased labelling in explants wadsGF-induced lens cell proliferation
observed (Fig. 2C). After a 2 hour culture with a high dose ofo determine whether FGF-induced ERK activation plays a role
FGF2, the majority of cells were labelled (Fig. 2D). Notein FGF-induced lens cell proliferation, we cultured lens explants
that the predominantly cytoplasmic labelling shown here isvith or without UO126 for 2 hours before the addition of FGF.
characteristic of the early stages of ERK activation (sed low dose of FGF was then added to half the dishes, with the
Introduction). other half left untreated (control explants). All explants were
In contrast to the results with ERK, no significant labellingcultured for 2 days. Immunofluorescent labelling with anti-
was detected in lens cell extracts of explants exposed to FGPRospho-ERK1/2 antibodies demonstrated that in control
for 15 to 120 minutes when using antibodies specific for thexplants, even after 2 days in culture, a few cells continued to
phosphorylated forms of other MAPKs, such as p38 anthbel for phospho-ERK1/2 (Fig. 4B) indicating low level
JNK/SAPK (data not shown). activation of endogenous ERKSs. In the presence of FGF,
To test the specificity of the phospho-specific antibodies foincreased levels of ERK activation were observed, with an
ERK as well as the activity of the MEK1 inhibitor (UO126), we increased number of cells immunolabelling for phospho-
exposed explants to a high dose of FGF2 (100 ng/ml) with dERK1/2 (Fig. 4E), indicating that FGF could still induce ERK
without a 2 hour pre-culture in the presence of inhibitor. Notectivation after 2 days in culture. The potency and stability of
that the inhibitor was present throughout the culture period arttie MEK1 inhibitor was also confirmed after 2 days culture, with
that explants not treated with UO126 were treated with atittle to no labelling for phospho-ERK1/2 observed in control or
equivalent volume of DMSO (the manufacturer's recommendeBGF-treated explants cultured in the presence of UO126 (Fig.
solvent for the inhibitor). This was the case for all subsequedC,F). To assay for cell proliferation, we immunolabelled for
experiments when testing the effects of UO126. UO126 waBrdU incorporation which was administered to the cells 6 hours
shown to block FGF-induced activation of ERK (Fig. 3A,B), inbefore collection of explants for analysis. Control explants
a dose-dependent manner (data not shown) with completeemonstrated low levels of BrdU-reactive cells (Fig. 4H);
inhibition at a concentration between (28 and 50uM. In all however, in the presence of a low dose of FGF2, a marked
subsequent experiments, we useduB0 of U0126 to block increase in the number of cells labelled for BrdU-incorporation
activation of ERK. Under the same conditions, substitutingvas observed. Consistent with the reduced labelling for
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Fig. 4.U0126 blocks FGF-induced
+ UO0I126 phosphorylation of p42/p44 MAPK
and BrdU-incorporation.
Representative micrographs of cells in
lens explants exposed to no FGF (A-
C,G-I) or 5 ng/ml FGF-2 (D-F,J-L) in
the presence of DMSO
(A,B,D,E,G,H,J,K) or DMSO with
UO0126 (C,F,I,L), immunolabelled for
phospho-ERK (B,C,E,F) or BrdU-
incorporation (H,I,K,L),
counterstained with Hoechst dye
(A,D,G,J). After 2 days culture, a low
dose of FGF could still induce an
increase in ERK phosphorylation (E),
together with a marked increase in
BrdU-incorporation (K). In the
presence of UO126, however,
phosphorylation of ERK and the
number of cells that incorporated
BrdU was markedly reduced both in
control explants (C,l), and in explants
treated with a low dose of FGF2 (F,L).
Scale bar: 4gum.

phospho-ERK1/2 in the presence
of UO126, FGF-induced lens cell
proliferation was shown to be ERK
dependent, with explants cultured

in the presence of UO126
demonstrating little to no labelling

for BrdU incorporation. In control
explants, no BrdU-labelled cells
were observed in the presence of
UO126 (Fig. 41) indicating that the
endogenous mitogen active in these
explants is ERK dependent. In
FGF-treated explants exposed to UO126, we noted a marked
reduction in the number of BrdU-labelled cells (Fig. 4L) with
only a small number of reactive cells for BrdU-incorporation
occasionally observed. It was noted that these few cells were
predominantly found at the explant periphery (data not shown).

FGF-induced lens fibre differentiation

Adopting a similar approach used to examine the role of ERK
signalling in FGF-induced lens cell proliferation, we examined
the role of ERK signalling in FGF-induced lens fibre

Fig. 5. FGF-induced fibre cell elongation and multilayering
accompanied phosphorylation of ERK and could be blocked by
UO126. Representative micrographs of cells in lens explants not
exposed to FGF2 (A,B) or exposed to 100 ng/ml FGF2 (C-F) in the
presence of DMSO (A-D) or DMSO with UO126 (E,F),
immunolabelled for phospho-ERK (B,D,F) or counterstained with
Hoechst dye (A,C,E). After 5 days culture with FGF, cells have
elongated and multilayered as shown by the overlapping large ovoid
nuclei (C). These cells also displayed a marked increase in phospho-
ERK labelling (D) compared with epithelial cells of control explants
(B). This FGF-induced activation of ERK was blocked in the
presence of UO126 (F), which not only resulted in inhibition of cell
elongation (compare D with F) but also multilayering of the cells
(compare C with E). Scale bar: ffn.
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Fig. 6.U0126 blocks FGF-
induced cell multilayering in
lens explants. Representativt
sections of explants cultured
for either 3 (C,D) or 5 days
(A,B,E,F) with no FGF2 (A,B
or 100 ng/ml of FGF2 (C-F) i
the presence of DMSO
(A,C,E) or DMSO with
U0126 (B,D,F). FGF2 induce
a progressive thickening of
lens explants over the culture
period, as cells elongated an
multilayered (C,E). In the presence of UO126, the multilayering could be blocked with cells remaining as a monolayersocaibsulen
(D,F), similar to control explants (A). Abbreviations: ca, lens capsule. Scale hamn.20

differentiation by culturing explants over 5 days in the presencday culture period (Fig. 6A). In the presence of UO126, explants
of UO126, only now with an increased dose of FGF2 (100emained as a monolayer of epithelial cells whether FGF was
ng/ml) to induce lens fibre differentiation. We found that after ladded (Fig. 6D,F) or not (Fig. 6B). Scanning electron
days in culture, a fibre-differentiating dose of FGF induced anicroscopy analysis demonstrated that only explants cultured
marked activation of ERK in lens cells (Fig. 5). Unlike cells inwith FGF in the absence of UO126, underwent cell elongation
control explants which remained in a monolayer (Fig. 5A,B)characteristic of the fibre differentiation process (Fig. 7C,
cells in explants cultured for 5 days in the presence of FG&rows). Cells in explants cultured in the presence of a
elongated and multilayered, and this was accompanied Hifferentiating dose of FGF and UO126, retained an epithelial-
increased immunolabelling for phospho-ERK1/2 (Fig. 5C,D)Jike morphology (Fig. 7D), similar to that of cells in control
indicating that this pathway plays a role in this processexplants (Fig. 7A,B).

Consistent with earlier findings, in the presence of UO126, no To confirm that we were indeed inhibiting FGF-induced lens
labelling for phospho-ERK1/2 was evident in these explantfibre differentiation by blocking the activation of ERK
after 5 days culture (Fig. 5E,F), confirming the activity andsignalling, we assayed for changes in the expression of other
stability of this inhibitor even during extended periods of culturefibre differentiation markers, namely, the accumulation of
It was also noted that in the presence of UO126, cells culturddiensin andB-crystallin. Filensin is an intermediate filament, a
with FGF appeared to remain as a monolayer (similar to contrabmponent of the beaded filament, unique to fibre cells of the
explants) and did not show any signs of elongation. This wdsns (Blankenship et al., 2001). Expression of this cytoskeletal
confirmed in histological sections of these explants (Fig. 6)structure accompanies the elongation of fibre cells. This is
Explants cultured in the presence of FGF over 5 days underwetiearly shown after 5 days culture with a fibre-differentiating
a marked increase in thickness, owing to multilayeringdose of FGF, which induces a marked increase in filensin
associated with fibre differentiation (Fig. 6C,E). Controlreactivity in lens explants (Fig. 8D,E), when compared with
explants remained as a monolayer of epithelial cells over thedantrol explants (Fig. 8A,B). Consistent with our earlier
findings that showed that the
morphological changes associated
with FGF-induced fibre
differentiation were dependent
on ERK signalling, little to no
labelling for filensin was apparent
when explants were cultured in the

Fig. 7.U0126 blocks FGF-induced
cell elongation in lens explants.
Representative scanning electron
micrographs of cells in explants
cultured for 5 days in the absence of
FGF2 (A,B) or with 100 ng/ml of
FGF2 (C,D) in the presence of
DMSO (A,C) or DMSO with

U0126 (B,D). FGF2 induced the
elongation of lens epithelial cells (C,
arrows). In the presence of UO126,
this elongation could be blocked
(D), with cells demonstrating a
similar morphology to cells in
control explants (A,B). Scale bar:
5pum.
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Fig. 8.U0126 blocks FGF-
induced upregulation of filensin
expression, which accompanies
fibre differentiation.
Representative micrographs of
cells in lens explants cultured for
5 days in the absence of FGF2
(A-C) or with 100 ng/ml FGF2
(D-F) in the presence of DMSO
(A,B,D,E) or DMSO with

U0126 (C,F), immunolabelled
for filensin (B,C,E,F) or :
counterstained with Hoechst dyef&
(A,D). FGF2 induced a marked
increase in filensin expression
(E). In the presence of UO126,
no reactivity was observed in
response to FGF2 (F), with
levels comparable with control
explants (C). Scale bar: {0n.

presence of both FGF and UO126 (Fig. 8F). No differences iRibre cells slightly deeper in the lens cortex demonstrated a
filensin labelling was observed in control explants either in thenarked reduction in labelling with no reactivity apparent in these
presence (Fig. 8C) or absence (Fig. 8B) of UO126. In contrastaturing cells (Fig. 10A,B, arrow). Note that we could not detect
to the ERK-dependent expression of filensin in response to FGiay labelling for the phosphorylated forms of p38 (Fig. 10C) or

in lens explants, we found that FGF-inducBetrystallin ~ JNK/SAPK (data not shown) in the lens.

accumulation associated with fibre differentiation was

independent of ERK activation (Fig. 9). FGF-induced fibre

differentiation in lens explants is accompanied by theDISCUSSION

accumulation of3-crystallin (Fig. 9D,E) as cells elongate and

multilayer. Control explants demonstrate little to no reactivityOver the past decade, there has been increasing support for a
for B-crystallin (Fig. 9B). In the presence of a fibre-role for growth factors in regulating the cellular events involved
differentiating dose of FGF and UO126, consistent with earliein lens differentiation and growth, namely cell proliferation
findings, lens cells remain in a monolayer and retain epitheliaknd fibre differentiation (Chamberlain and McAvoy, 1997).
like packing. However, unlike other fibre cell markers weMembers of the FGF family have been shown to induce both
examined, these cells retain

the ability to synthesise a
accumulatep-crystallin (Fig
9F). No differences
B-crystallin labelling wa
observed in control explat
either in the presence (F
9C) or absence (Fig. 9B)
U0126.

In vivo expression of
phospho-ERK1/2

To determine the labellir
pattern of the phosphorylat
ERKs in Vivo, We
immunolabelled froze
sections of whole neona
lenses with anti-phospt
ERK1/2 antibodies. W
detected strong punct

nuclear reactivity througha
; : ty ghc Fig. 9.U0O126 does not block FGF-inducBetrystallin expression, which accompanies fibre differentiation.
the epithelial cells, extendi . . . ;
into the transitional zo Representative micrographs of cells in lens explants cultured for 5 days in the absence of FGF2 (A-C) or
! . 201 with 100 ng/ml FGF2 (D-F) in the presence of DMSO (A,B,D,E) or DMSO with U0126 (C,F),
where Ce”S, are undergoi immunolabelled fof3-crystallin (B,C,E,F) or counterstained with Hoechst dye (A,D). FGF2 induces a
the . earliest ) Chaﬂg marked increase if-crystallin expression (E) with little to no reactivity detected in control explants (B). In
a_SSOCIat_ed_ W_lth flb‘ the presence of UO126, although the cells retain an epithelial morphology in response to FGF2, they express
differentiation (Fig. 10A,B.  B-crystallin (F). Scale bar: 40m.
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Fig. 10.Representative frozen
sections of neonatal lenses
counterstained with Hoechst d
(A) or immunolabelled for
phospho-ERK (B) or phospho-
p38 (C). Strong punctate nucle
reactivity for phospho-ERK wa:
detected throughout the epithe
cells, extending into the
transitional zone where cells al
elongating into fibres (A,B).
Fibre cells deeper in the cortex
demonstrated a marked reduct
in labelling with no reactivity
apparent in these maturing cell
(A,B, arrows). No labelling for
phospho-p38 was detected in t
lens (C). Abbreviations: le, lens
epithelium; If, lens fibres. Scale bar: go.

lens cell proliferation and differentiation; however, to date, thdens cell proliferation and differentiation, we employed a highly
signal transduction pathways by which FGFs exert their effecisotent and specific inhibitor of MEK1/2 (UO1216) (Favata et
on the lens are poorly understood. As a means of addressing thls 1998) in our tissue culture studies. By immunolabelling for
issue, we used a rat lens epithelial explant system to examine thi@ospho-ERK, we demonstrated that with a single 2 hour pre-
signalling pathways activated in response to FGF, and the rolecubation of explants with UO126, we could not only block the
that these pathways play in lens cell proliferation and fibréasal levels of phosphorylated ERK in control explants but
differentiation. effectively block FGF-induced ERK activation in a dose-

Earlier studies from our laboratory using lens explantslependent fashion. Using immunofluorescence, we found that
have shown that FGF can induce lens cell proliferation an80 uM UO126 was the lowest dose we found to block
differentiation in a dose-dependent manner: a low dose of FGEproducibly and effectively most, if not all, ERK activation
induces lens cell proliferation but not fibre differentiation,induced by a fibre-differentiating dose of FGF. Providing the
whereas a high dose of FGF can also induce fibre differentiationhibitor was present throughout the culture period, we found
(McAvoy and Chamberlain, 1989). This observation that a singléhat FGF-induced ERK activation could be continually blocked
growth factor can induce different responses in a single cell typ&r up to 5 days (see Fig. 5). In light of this, we assayed for FGF-
led us to investigate how each of these cellular events may beluced lens cell proliferation and differentiation in the presence
regulated. As a first step in identifying the intracellular signallingor absence of UO126.
pathways involved in this process, we have shown that FGF is aWe used immunolabelling of BrdU-incorporation as a marker
potent inducer of ERK activation in lens epithelial cells.for cell proliferation induced in rat lens explants cultured for up
Consistent with a recent study by Le and Musil (Le and Musilto 2 days with a low dose of FGF. As with earlier studies in our
2001), we report that with a 15 minute exposure to FGF, lerlaboratory, we demonstrated a marked increase in the levels of
epithelial cells demonstrate a marked increase in ERK activationell proliferation in explants incubated with FGF when
In addition, in our study we found that a fibre-differentiatingcompared with control explants (see Fig. 4). This increased cell
dose of FGF can stimulate a greater increase in ERHroliferation was shown to be ERK dependent. Consistent with
phosphorylation than a lower proliferating dose of FGF. Thigarlier studies that have shown that inhibition of ERK signalling
dose-dependent differential activation of ERK was mordeads to inhibition of DNA synthesis (Pagés et al., 1993;
pronounced after a 2 hour exposure to FGF using both westeBnondello et al., 1995; Hulleman et al., 1999), we found that
blotting and immunofluorescent detection of the phosphorylateth the presence of UO126, virtually all FGF-induced cell
forms of ERK. Activation of ERK was also monitored over proliferation could be blocked, as assessed by the marked
longer periods of culture by immunofluorescent labelling taeduction in the number of cells incorporating BrdU, with only
examine its relationship with FGF-induced proliferation anda few cells at the explant periphery still BrdU positive. These
differentiation. Explants exposed to a proliferating dose of FGFindings are in contrast to a recent study showing thatM5
continued to demonstrate an increased number of lens epithelid®126 did not diminish the ability of FGF to stimulate cell
cells with increased levels of ERK phosphorylation, comparegroliferation in a monolayer culture of dissociated chick lens
with control explants (not exposed to FGF), after 2 days. lepithelial cells (Le and Musil, 2001). The difference between the
explants exposed to a fibre differentiating dose of FGF for findings of this study and the present study may be attributed to
days, elongating cells displayed strong immunoreactivity foseveral factors, including the source and type of cell culture
phospho-ERK. At this stage of the study, it appeared that thsystem used (dissociated chick lens cells primarily derived from
events involved in both FGF-induced lens cell proliferation andhe peripheral regions of the epithelium) as well as the lower
differentiation may be initiated by a common MAPK (ERK) concentration of UO126 employed. In our system (intact rat lens
signalling pathway. epithelial explants) we found that 12 to @M UO126 was

To more directly address the issue of whether FGF-induceabt sufficient to block FGF-induced ERK phosphorylation
activation of ERK signalling was required for the induction ofcompletely. Interestingly, consistent with the fact that basal
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levels of phosphorylated ERK were blocked in our controfibre-specific marker that we have adopted in this study. As
explants in the presence of UO126, we also observed thmeported in many earlier studies, accompanying the
inhibition of basal levels of cell proliferation in these explantsmorphological changes characteristic of fibre differentiaften,
This indicates that the endogenous mitogen active in the lersystallin expression is upregulated in explants cultured with a
explant system is dependent on ERK activation, supporting oligh dose of FGF. In the present study, we have shown that we
finding that ERK signalling is important for lens cell can uncouple the fibre differentiation process by blocking the
proliferation. activation of ERK. In the presence of both UO126 and FGF,
To assess if UO126 was having a similar inhibitory effect oralthough the cells retain an epithelial-like morphology, they
FGF-induced fibre differentiation, we examined the morphologgontinue to expreqs-crystallin, indicating that FGF-induc¢
of cells in explants treated with or without this inhibitor, as wellcrystallin expression is independent of ERK activation. Le and
as assayed for the presence of lens fibre-specific moleculsiusil (Le and Musil, 2001) also showed that FGF-induged
markers, filensin andg3-crystallin. Our first indication that crystallin (a chick fibre differentiation marker) expression in
UO126 was having a profound effect on FGF-inducecthick lens cells is ERK independent. Earlier indications that
differentiation was when we examined explants labelled witlerystallin  gene expression and fibre elongation could be
Hoechst dye, which stained cell nuclei. The nuclei of epithelialincoupled arose from experiments where explants were pulsed
cells in control explants are notably round, typical of thewith FGF for a short period and then exposed to insulin or IGF
cuboidal epithelial cell morphology (Fig. 5). As these epitheliafor the remainder of the culture period. Cells in these explants
cells differentiate in response to FGF, the cells multilayer as thaypregulated the expression of the fibre-spedicand y-
begin to elongate into fibre cells. The elongation of the cells isrystallins but did not elongate, instead they became large and
accompanied by the nuclei also becoming larger, more elongageollen and formed clumps (Leenders et al., 1997; Klok et al.,
and ovoid in shape (see Fig. 5). We found that in the present898). Similarly, when explants were cultured in the presence of
of UO126, the cells in explants cultured with a high dose of FGE low (proliferating) dose of FGF in combination with PDGF
did not multilayer but remained as a monolayer. Furthermorganother lens epithelial cell mitogen), they upregulated
the size and shape of the cell nuclei did not change and appeaeegression off3-crystallin but did not present the elongate
similar to that typically seen in control explants (see Fig. 5). Tanorphology normally associated with fibre differentiation,
further examine this, we carried out a histological analysis afather they appeared as large rounded cells and formed clusters
explants cultured with a high dose of FGF, in the presence dnroughout the explant (A. Kok, F. L., C. Chamberlain and J. M.,
absence of UO126. In the presence of UO126, cells cultured witinpublished). In these studies, it appears that the fibre
a fibre-differentiating dose of FGF remained as a monolayer artifferentiation process has been uncoupled by application of a
did not elongate, as assessed by scanning electron microscogymbination of factors that predominantly induce an increase in
By contrast, explants exposed to FGF in the absence of tifiecrystallin expression, rather than the morphological changes
inhibitor, progressively thickened as a result of cell multilayeringhormally accompanying this differentiation event. Taken
and elongation. Thus, although other studies have reported together with results from the present study, these findings
association between ERK signalling and FGF-mediated leriadicate that FGF-induced lens fibre differentiation may involve
fibre differentiation (Chow et al., 1995; Govindarajan andseveral independent signalling pathways, with some pathways
Overbeek, 2001; Le and Musil, 2001), this is the first report thge.g. the ERK signalling pathway) important for initiating the
the morphological changes associated with FGF-induced lemsorphological changes associated with this process and other,
fibre differentiation are directly dependent on ERK activation. yet to be identified pathways, regulating the expression of the
Further characterisation of the inhibitory effects of UO126 orfibre-specific crystallins.
FGF-induced fibre differentiation led us to examine the The in vivo expression of phosphorylated ERKs in the
expression of filensin, an intermediate filament comprising thaeonatal rat lens lends further support to our in vitro findings
cytoskeleton of lens fibre cells (Blakenship, 2001). We report fathat the processes of lens cell proliferation and the early
the first time that filensin expression is upregulated in responseorphological changes associated with secondary fibre
to FGF, as epithelial cells elongate into fibre cells. Consisterifferentiation are dependent on ERK activation. In fresh frozen
with our earlier findings, in the presence of UO126, the increasdens sections, we detected immunoreactivity throughout the
expression of filensin accompanying FGF-induced celproliferative population of epithelial cells, extending into the
elongation can be blocked as cells retain their epithelial-likéransitional zone where cells elongate and undergo the earliest
characteristics. This accords with recent findings by Le andhorphological changes associated with fibre differentiation (see
Musil (Le and Musil, 2001), who reported a role for ERKFig. 10). This is consistent with the increased labelling for the
activation in FGF-induced upregulation of CP49 expressiophosphorylated ERKs observed in elongating cells induced by
(another cytoskeletal fibre differentiation marker) in chick lend=GF in our explants. As the cells continue to elongate and
cells. While our in vitro result indicates that FGF-inducedare displaced slightly deeper in the lens cortex where they
filensin expression may be directly mediated via ERK signallingexpress 3-crystallin, a marked reduction in phospho-ERK
it should be noted that our in vivo labelling of phosphoERK (seénmunolabelling is observed. Such a reduction in ERK
Fig. 10) shows that labelling diminishes in the elongatingohosphorylation in this region of the lens indicates that this
cortical fibres which is where filensin expression is initiatedsignalling pathway may not be essential for the induction and/or
(Blankenship et al., 2001). This raises the possibility that thenaintenance of expression of some differentiation markers,
maintenance, and even perhaps the induction, of filensincluding B-crystallin, and accords with findings from our in
expression may be an indirect effect of ERK-mediated FGFWitro study. In light of this, the later stages of the fibre
signalling. differentiation process may be dependent on additional
The expression ofi-crystallin is another well established signalling pathways such as those induced by members of the
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TGH3 family. Using a dominant negative approach, recent irfavata, M. F., Horiuchi, K. Y., Manos, E. J., Daulerio, A. J., Stradley, D. A.,

vivo studies in transgenic mice have shown that@&gnalling Feeser, W. S., Van Dyk, D. E., Pitts, W. J., Earl, R. A., Hobbs, F. et al.
is essential for later stages of the fibre differentiation process (d _1998). Ideptlflcatlon of a novel inhibitor of mitogen-activated protein kinase
| h et al 2001) mase.J: Biol. Chem273 18623-18632.

ong “ . Govindarajan, V. and Overbeek, P. A.(2001). Secreted FGFR3, but not

Overall, in the present study we have shown that FGF canrGFRu, inhibits lens fiber differentiatiobevelopment.28 617-1627.
stimulate activation of ERK in a dose-dependent manner, with faulleman, E., Bijvelt, J. J. M., Verkleij, A. J., Verrips, C. T. and Boonstra
fibre differentiating dose of FGF stimulating increased activation J- (1999). Nuclear translocation of mitogen-activated protein kinadé¢ 542

. . . during the ongoing cell cycld. Cell. Physiol180, 325-333.
of ERK compared with a lower prollferatlon dose of I:GF'Hyatt, G. A. and Beebe, D. C(1993). Regulation of lens cell growth and

Con_siste_nt With the fact th‘"_ﬂ growth factor-indut?ed (_39” polarity by an embryo-specific growth factor and by inhibitors of lens cell
proliferation in many cell types is dependent on ERK signalling, proliferation and differentiatiorDevelopment17, 701-709.

we report for the first time a similar dependency of FGF-induceljlok, E. J., Lubsen, N. H., Chamberlain, C. G. and McAvoy, J. W(1998).
lens cell proliferation on ERK activation. Our findings also Induction and maintenance of differentiation of rat lens epithelium by FGF-
indi hat EGF-ind dl I lf " ili imil 2, insulin and IGF-1Exp. Eye Re$7, 425-431.

'r,] |cat¢t at -inauced lens (,:e proliferation uti |§es asimi ar_e, A. C. and Musil, L. S.(2001). FGF signaling in chick lens development.
signalling pathway to that required for cell elongation, but not pev. Biol.233 394-411.

for specialisation of crystallin gene expression, during théeenders, W. P, van Genesen, S. T., Schoenmakers, J. G., van Zoelen, E.
process of lens fibre differentiation. The differential cell J- and Lubsen, N. H.(1997). Synergism between temporally distinct

responsiveness induced by different concentrations of FGF may%%"_ggiacmr& bFGF, insulin and lens cell differentiativtech. Dev 67,

be reglﬂlateq by the intensity and/or duration of the activateghyis, T.'s., Shapiro, P. S. and Ahn, N. G1998). Signal transduction through
ERK signalling pathway (Marshall, 1995). Furthermore, the MAP kinase cascadesdv. Cancer Reg4, 49-139.

uncoupling of the fibre differentiation process demonstrated ikin. H. Y., Xu, J., Ischenko, I., Omitz, D. M., Halegoua, S. and Hayman,

this study leads us to conclude that other yet to be identified M. J. (1998). Identification of the cytoplasmic regions of fibroblast growth
factor (FGF) receptor 1 which play important roles in induction of neurite

si_gnallin_g pathways are likely to also be involved in the lens fibre outgrowth in PC12 cells by FGF-Mol. Cell Biol 18, 3762-3770.
differentiation process. Lovicu, F. J. and McAvoy, J. W.(1989). Structural analysis of lens epithelial
explants induced to differentiate into fibres by fibroblast growth factor (FGF).
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