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Abstract A major limitation in lens gap junction research
has been the lack of experimentally tractable ex vivo sys-
tems to study the formation and regulation of fiber-type gap
junctions. Although immortalized lens-derived cell lines
are amenable to both gene transfection and siRNA-medi-
ated knockdown, to our knowledge none are capable of
undergoing appreciable epithelial-to-fiber differentiation.
Lens central epithelial explants have the converse limita-
tion. A key advance in the field was the development of a
primary embryonic chick lens cell culture system by Drs.
Sue Menko and Ross Johnson. Unlike central epithelial
explants, these cultures also include cells from the
peripheral (preequatorial and equatorial) epithelium, which
is the most physiologically relevant population for the
study of fiber-type gap junction formation. We have
modified the Menko/Johnson system and refer to our cul-
tures as dissociated cell-derived monolayer cultures
(DCDMLs). We culture DCDMLs without serum to mimic
the avascular lens environment and on laminin, the major
matrix component of the lens capsule. Here, I review the
features of the DCDML system and how we have used it to
study lens gap junctions and fiber cell differentiation. Our
results demonstrate the power of DCDMLs to generate new
findings germane to the mammalian lens and how these
cultures can be exploited to conduct experiments that
would be impossible, prohibitively expensive and/or diffi-
cult to interpret using transgenic animals in vivo.
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Preface

It is a pleasure and privilege to be invited to contribute to
this special issue in honor of Ross Johnson. I have used this
opportunity to write about the contribution that Ross has
made to the gap junction field that has had the most direct
impact on my career as a principal investigator.

In 1979, Willingham et al. 1979 reported that pp60**
from avian sarcoma virus is concentrated at gap junctions
in NRK cells. Sue Menko had studied v-src as a postdoc-
toral fellow with David Boettiger and approached Johnson
about working in his laboratory to investigate the potential
functional significance of its association with gap junc-
tions. The logical system to conduct such studies was the
lens because of the abundance of gap junctions between
lens fiber cells. Unfortunately, at the time there was no
good culture system that met the criteria required for
Menko’s intended studies. During her stay in the Johnson
lab, Menko developed a methodology to make primary
epithelial cell cultures from E8-11 chick lenses. Although
the choice of species was made in part because of practical
considerations (fertilized eggs could be obtained at the
University of Minnesota for free), in retrospect it was an
excellent choice given that the chicken embryo has been
one of the most useful and powerful systems in develop-
mental biology (Stern 2005). In 1984, Menko and Johnson
(Menko et al. 1984) published the initial characterization of
this culture system, describing the remarkable extent to
which these cells undergo the morphological and bio-
chemical changes associated with lens epithelial-to-fiber
cell differentiation in vivo. A subsequent paper (Menko
et al. 1987) focused on gap junctions and showed, using
both thin section and freeze-fracture electron microscopy,
how closely these cultures recapitulate the in vivo process
of fiber-type gap junction formation. I learned a variation
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of the Menko/Johnson prep from Dan Goodenough when I
was a postdoctoral fellow in his laboratory and used these
cultures to carry out the first study of the biosynthesis and
posttranslational processing of a connexin (Cx43) in lens
cells (Musil et al. 1990). In my own laboratory, we have
modified this preparation, which we refer to as dissociated
cell-derived monolayers (DCDMLs) to distinguish them
from related, but functionally distinct, systems such as
central epithelial explants and immortalized lens-derived
cell lines. This article reviews key features of DCDMLs,
summarizes what we have learned about the regulation and
role of lens cell gap junctions and fiber differentiation
using this system and discusses how these findings apply to
the mammalian lens in vivo. Importantly, other lens
researchers continue to use primary cultures of embryonic
avian lens cells in their own work, with very recent
examples from the labs of Drs. Jean Jiang (Liu et al. 2011)
and Menko herself (Basu et al. 2012).

Introduction
Lens Structure and Development

Let us begin with a brief primer on the lens. Although the
time course and anatomical details differ between species,
the general process by which the vertebrate lens develops is
remarkably conserved between amphibians, birds and
mammals including humans (reviewed by Piatigorsky
1981; Wride 1996; Robinson 2006). Following induction,
the embryonic ectoderm overlying the optic vesicle thick-
ens to form the lens placode. The lens placode invaginates
and eventually pinches off as the lens vesicle, a hollow
sphere of epithelial cells. The cells at the posterior of the
lens vesicle then differentiate into the primary fiber cells,
which elongate to fill the lumen of the lens vesicle. The
cells at the anterior pole remain as a monolayer of undif-
ferentiated epithelial cells. All subsequent growth of the
lens is due to differentiation of epithelial cells into so-
called secondary fiber cells and takes place at the border of
the anterior and posterior faces of the organ in a region
referred to as the lens equator (see Fig. 1 for a diagram of
the lens). Secondary fiber differentiation is characterized
by a dramatic increase in cell volume, extensive restruc-
turing of the cell surface and cytosol and upregulation of
fiber-specific proteins including crystallins and fiber con-
nexins. Eventually, intracellular organelles are lost and
synthesis of both DNA and protein ceases. Epithelial-to-
(secondary) fiber differentiation continues throughout life,
and lens cells do not turn over, resulting in the oldest and
most differentiated fiber cells being located in the center
(nuclear region) of the organ. The younger fiber cells that
surround these mature fibers form the lens cortex and are
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referred to as cortical fiber cells. The lens is surrounded by
a capsule of extracellular matrix that forms the thickest
basement membrane in the body and is connected to the
ciliary body via suspensory ligaments anchored to the lens
capsule.

Lens Gap Junctions

The unique optical properties of the lens are due in part to
the absence of blood vessels and to the extraordinarily tight
cell-to-cell packing of the lens fibers. How, then, does this
solid, ever-expanding mass of cells stay in ionic and met-
abolic homeostasis (and thus transparent) throughout a life
span that can exceed 100 years? A major mechanism by
which this is accomplished is an extensive network of
gap junctional intercellular channels that physically and
functionally link the cells of the lens (for review, see
Goodenough 1992). Gap junctional intercellular coupling
(GJIC) is much higher at the lens equator than at either pole
(Baldo and Mathias 1992; Mathias et al. 1997). This pole-
to-equator gradient in GJIC is believed to direct the overall
pattern of current and solute flow in the lens, allowing
metabolites and ions to be circulated between the periph-
eral (anterior epithelium and cortical fibers) and interior
(nuclear region fibers) cell populations (Mathias et al.
1997; Donaldson et al. 2001). Others have suggested that
the high level of GJIC at the lens equator is required to
facilitate the uptake of essential substances (e.g., cysteine)
into the organ (Sweeney et al. 2003).

In all species examined, lens epithelial cells express
Cx43. During differentiation of epithelial cells to fibers at
the lens equator, Cx43 disappears and two other connexins
are upregulated, Cx46 and Cx50 in rodents and their avian
orthologs Cx56 and Cx45.6 in the chick (Musil et al. 1990;
Paul et al. 1991; White et al. 1992; Rup et al. 1993; Jiang
et al. 1994). Mice with homozygous targeted deletions of
either of the two fiber-type connexins (Gong et al. 1997;
White et al. 1998) and humans with point mutations in
these proteins (Shiels et al. 1998; Mackay et al. 1999)
develop vision-destroying cataracts early in life (reviewed
in Mathias et al. 2010).

The DCDML Prep

It is relatively easy to manually dissect out intact lenses
from the eyes of E10 chick embryos. Any extralenticular
tissue (e.g., suspensory ligaments, ciliary epithelium) is
removed without destroying the capsular barrier by incu-
bating the lenses in 0.08 % trypsin. The cleaned lenses are
then broken by vigorous trituration into a single-cell sus-
pension and filtered through three layers of lens paper to
remove capsule material and any cell clumps. Mature
nuclear and cortical fiber cells do not survive the
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Fig. 1 Schematic of the vertebrate lens, showing its orientation in the eye and identifying key features of lens anatomy. Lens epithelial cells
differentiate into secondary fiber cells at the lens equator. Adapted from Garcia et al. (2005)

dissociation process, leaving behind only less differentiated
lens epithelial cells. These cells are then plated at
1.2 x 10’ cells/well in 96-well tissue culture plates in
M199 tissue culture medium plus BOTS (2.5 mg/ml BSA,
25 pg/ml ovotransferrin, 30 nM selenium) with penicillin
G and streptomycin (Le and Musil 1998). The wells are
precoated with laminin, the major component of the avian
and mammalian lens capsule. As described by Menko et al.
(1984), embryonic chick lens epithelial cells initially pro-
liferate to form a flattened epithelial monolayer. Beginning
at approximately 3—4 days of culture, discrete areas within
these sheets differentiate into multilayered clusters of
enlarged cells referred to as lentoids, which increase in
number and size during the remaining culture period.
Ultrastructural analysis by Menko et al. (1984, 1987)
demonstrated that the cells contained in such lentoids have
acquired many of the defining characteristics of fiber cells
in the intact lens, including increased cell volume, loss of
intracellular organelles and extensive formation of gap
junctions. Thin-section electron micrographs of the lentoid
cells closest to the substrate are indistinguishable from
those obtained from the differentiated region of the
embryonic lens, whereas the lentoid cells farthest from the
plate closely resemble the elongating cells of the equatorial
region. Lentoids also accumulate high levels of fiber-spe-
cific proteins including J-crystallin, the beaded filament
proteins CP49 and CP115 and aquaporin-0/MP28, the latter
of which is expressed in vivo only by differentiating and
differentiated primary and secondary lens fiber cells (Sas
et al. 1985; Yancey et al. 1988).

Advantages of the DCDML System

(1) DCDMLs consist of primary, unpassaged lens cells.
Several investigators have succeeded in establishing
permanent cell lines from mammalian lens epithelial
cells (e.g., N/N1003A, «TN4, HLE B-3). Although
some of these lines maintain features characteristic of
lens epithelial cells in vivo and are valuable for
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certain types of studies (e.g., gene promoter analysis),
to my knowledge none of them undergo appreciable
epithelial-to-fiber differentiation as evidenced by
their inability to synthesize more than nominal levels
of - and y-crystallins and other fiber-specific proteins
even when cultured under differentiation-promoting
conditions (Krausz et al. 1996; Fleming et al. 1998;
Wang-Su et al. 2003). As might therefore be expec-
ted, we have been unable to detect significant
expression of fiber-type connexins in the lens cell
lines we have tested.

DCDMLs consist of equatorial as well as central
epithelial cells. It has been well documented that
epithelial cells from the center of the anterior epi-
thelial monolayer (i.e., those at the anterior pole of
the organ) are biochemically, structurally and func-
tionally distinct from more peripherally located
populations (i.e., at or near the lens equator) (Ong
et al. 2003). Notably, central epithelial cells require
higher levels of growth factor to stimulate epithelial-
to-fiber differentiation (Richardson et al. 1992, 1993)
and do not express Cx46 (Rong et al. 2002). Because
it is the cells at the lens equator that are the direct
precursors of cortical fiber cells, it would follow that
equatorial epithelial cells are the most physiologically
relevant population in which to study fiber-type gap
junction formation and fiber differentiation. DCDMLs
contain cells from both the central and peripheral
regions of the epithelial monolayer, with the latter
predominating based on their greater abundance in
vivo (Bassnett and Shi 2010) and on the number of
cells in DCDMLs with early fiber-type features on
day 1 of culture (e.g., low level expression of
aquaporin-0/MP28) (Menko et al. 1984; Le and Musil
1998; Ong et al. 2003). In this regard, DCDMLs are
very different from the other main primary lens cell
culture system, central epithelial explants. Central
epithelial explants are prepared by manually excising
the intact central epithelial monolayer from the whole
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lens and consequently consist exclusively of cells
from the region of the lens where fibers normally
never form (Philpott and Coulombre 1968; Piatigor-
sky 1973). Central epithelial explants may therefore
be best suited for investigations of the initiation of
epithelial-to-fiber differentiation, whereas DCDMLs
are a more appropriate system for the study of the
subsequent steps in this process.

DCDMLs are cultured under serum-free, defined
conditions. A key feature of the lens is the absence
of blood vessels within the organ, a specialization
essential for lens transparency. Lens cells produce
their own survival factors (Ishizaki et al. 1993) and
are stimulated to divide or to differentiate by factors
in their local environment (e.g., either aqueous or
vitreous humor). We therefore believe that culturing
lens cells in more than trace amounts of serum
(regardless of the source) can be considered non-
physiological/pathological. Moreover, exposing lens
epithelial cells even temporarily to the myriad defined
and undefined substances in serum inevitably con-
founds interpretation of experiments intended to study
the response of these cells to individual growth
factors. For these reasons, we culture DCDMLs in
serum-free defined medium. In otherwise unsupple-
mented M199/BOTS, DCDMLs gradually increase
the expression of fiber differentiation markers,
although not to the extent obtained with vitreous
humor or other differentiation-promoting factors (Le
and Musil 1998). It is not yet clear whether this
limited upregulation reflects initiation of fiber differ-
entiation in response to autocrine/paracrine signaling
by endogenously produced growth factors or is
instead attributable to the time-dependent expression
of fiber markers by a population of cells that became
committed to fiber differentiation in vivo.

DCDMLs synthesize functional, fiber-type gap junc-
tions. As demonstrated by Menko et al. (1984, 1987),
using thin-section and freeze-fracture electron
microscopy, lentoids in primary cultures of E9-11
chick lens cells form extensive (covering ~26 % of
the lens cell membrane) gap junctions with fiber-type
characteristics (e.g., loosely packed 9 nm particles on
membrane P-faces). They also documented gap
junction-mediated intercellular transfer of Lucifer
yellow in both lentoid and monolayer epithelial cells.
Later studies showed that these cultures synthesize, in
addition to Cx43, the fiber cell connexins Cx45.6
(considered to be the ortholog of mammalian Cx50)
and Cx56 (the ortholog of mammalian Cx46) (Le
and Musil 1998; Berthoud et al. 1999; Jiang and
Goodenough 1998). As in the lenses of all avian and
mammalian species examined to date, Cx43 in
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DCDMLs is present at cell—cell interfaces throughout
the epithelial monolayer. In contrast, Cx45.6 and
Cx56 are most concentrated in lentoids, consistent
with their accumulation in fiber cells in vivo. Based
on the success of the chick system, several groups
(including our own) have tried to develop a rodent
lens culture system to study fiber-type gap junctions.
Unfortunately, and for unknown reasons, these
attempts have largely failed. Although dissociated
cell-derived primary cultures of P21 rat lens cells
form lentoid-like structures that express fiber cell
markers such as crystallins and aquaporin-0, these
otherwise differentiated lentoid cells rarely formed
gap junctions and consequently did not mediate
intercellular transfer of Lucifer yellow (FitzGerald
and Goodenough 1986).

DCDMLs are amenable to many of the same tools and
techniques routinely used to study gap junctions,
signal transduction and cellular differentiation in
mammalian systems. We have reported that transient
transfection of DCDMLs is efficient (>70 %) and
long-lasting (>6 days) (Boswell et al. 2009). Most
signaling molecules relevant to the lens are highly
evolutionarily conserved, thereby allowing mamma-
lian forms to be functionally expressed in chick cells
and antibodies raised against mammalian proteins to
recognize their avian counterparts. Among the anti-
bodies that were raised against mammalian signaling
proteins that we routinely use to detect their chick
orthologs are polyclonal and monoclonal reagents
against total or phosphorylated forms of ERK, p38,
AKT, GSK3p, MEK, Raf-1, INK, FRS2, S6 kinase 1,
Smad1/5/8, Smad2, Smad3 and CREB. Recently, we
have developed techniques to carry out RNA inter-
ference in DCDMLs. Proof-of-principle experiments
are shown in Fig. 2. DCDMLs were transfected on
day 1 of culture with an EGFP-encoding plasmid in
the presence of either a chemically synthesized
21-mer siRNA duplex (GFP-22 siRNA) (Castel et al.
2007) designed to silence EGFP (siGFP) or a mixture
of four similarly sized scrambled (scr) siRNA
duplexes. The anti-GFP siRNA very strongly knocked
down expression of cotransfected EGFP, but not that
of cotransfected LacZ, on day 3—6 of culture (Fig. 2a).
We also conducted experiments in which DCDMLs
were cotransfected on day 1 with a LacZ expression
plasmid (pcDNA1.2/V5-GW/lacZ) and a plasmid
(PENTR-GW/H1/TO-lacz2.1°"®N*) encoding a SIRNA
(short hairpin RNA) designed to silence expression of
LacZ, constructed using the Invitrogen (Carlsbad, CA)
BLOCK-iT H1 RNAi entry vector kit (the RNA
polymerase III promoter H1 effectively drives expres-
sion of shRNAs in primary chicken cells) (Yuan et al.
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2006). Two to 5 days later, anti-LacZ immunostaining
and immunoblotting (inset) demonstrated that expres-
sion of LacZ was much lower (by >85 %) in pENTR-
GW/H1/TO-lacz2.15"™NA (shLacZ)-cotransfected cells
than in cells cotransfected with an irrelevant pENTR-
GW/H1/TO-based construct designed to silence
human (but not chick) survivin (shSur) (Fig. 2b). All
samples had the same protein content. Importantly,
transfection of siRNA duplexes or shRNA-encoding
plasmids into DCDMLs had no detectable effect on:
(1) cell survival, morphology or proliferation; (2)
basal or growth factor-induced expression of the fiber
cell marker d-crystallin or CP49; or (3) FGF-induced
activation of ERK (not shown). We conclude that si-
and shRNA-efficiently and specifically block expres-
sion of their target in DCDMLs under serum-free
conditions, without any evidence of the toxic effects
reported after electroporation of siRNAs into very
early (<48 h) intact chick embryos (Mende et al.
2008). Using this methodology, we have also suc-
cessfully and specifically knocked down the function
of an endogenous protein in DCDMLs, the TGFf-
dependent transcription factor Smad3 (unpublished
results).

Potential Limitations of the DCDML System

(1) DCDMLs contain cells from the central as well as the
peripheral regions of the lens epithelium. Because
peripheral epithelial cells predominate in DCDML
cultures, it is likely that central epithelial cells make
only a small contribution to results obtained in most
experimental paradigms. Nonetheless, it is conceivable
that central epithelial cells could have a dispropor-
tionate influence on some aspects of DCDML culture
behavior. In some cases, this possibility could be
addressed by comparing results obtained in DCDMLs
with those from experiments conducted in lens central
epithelial explants. Methodology for the use of such
explants for studies of GJIC has been developed by
Tom White and colleagues (DeRosa et al. 2009).

(2) DCDMLs are plated as a monolayer with a free apical
surface. In vivo, the lens consists of concentric layers

of cells, with the oldest, most differentiated fiber cells
in the center. Thus, any aspects of lens cell biology
that require the architecture of the intact lens cannot
be recapitulated in DCDMLs. These cultures are
therefore unlikely to be a good model system to study
the final stages of fiber differentiation in which
cortical fibers are transformed into mature (nuclear)
fiber cells. Unfortunately, attempts to induce epithe-
lial-to-fiber differentiation in cultured intact isolated
lenses have failed (personal communication, Steve
Bassnett, Washington University School of Medi-
cine), eliminating them as an alternative system.

(3) DCDMLs are derived from embryos. Although the
processes of epithelial-to-fiber differentiation and
fiber-type gap junction formation continue throughout
life, it could in principle be argued that DCDMLs
might behave differently from cells of postnatal
origin.

(4) DCDMLs are derived from chicken. Despite the
similarities in their formation and function, the avian
lens has at least one histological feature not present in
mammals, the annular pad. This population of lens
epithelial cells is located immediately anterior to the
anatomic equator of the lens and is defined as
“postmitotic cells committed to and undergoing
initial stages of lens fiber formation” (Ireland and
Mrock 2000). By these criteria, they are develop-
mentally equivalent to other more differentiated
epithelial cells in the equatorial region and would
therefore be expected to have similar properties.

Most mammalian cells, including lens epithelial cells,
synthesize both ERK1 and ERK?2, whereas chick cells have
only ERK2. FGF receptor 2 (FGFR2) is reportedly not
expressed in chick lens, unlike in rodents (Walshe and
Mason 2000). There could be concern that these species-
specific differences in gene expression could have some
bearing on lens cell differentiation and/or function. How-
ever, genetic ablation studies have shown that neither
ERKI1 nor FGFR2 appears to have a unique, essential role
in mammalian lens formation that cannot be compensated
for by coexpressed isoforms that are present in chick (i.e.,
ERK?2, FGFR3 and/or FGFR1) (Reneker et al. 2007; Zhao
et al. 2008).

Fig. 2 RNA interference in B LacZ (day 3) LacZ (day 6)
DCDMLs. Knockdown of GFP day 3 day 6 I
using siRNA duplexes (a, si GFP LacZ GFP LacZ 8 — .

GFP) or of LacZ after
transfection with shRNA-
encoding plasmid (b, shLacZ).
See text for details
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Results

Role of Gap Junctions in Epithelial-to-Fiber
Differentiation

In mammalian and avian lenses, both fiber-type gap junc-
tion formation and epithelial-to-secondary fiber differenti-
ation take place at the lens equator. In other organs, gap
junctions have been shown to play an important role in
tissue development and differentiation, raising the possi-
bility that this may also be the case in the lens. We
examined the role of gap junctions in lens fiber formation
in DCDMLs using fGA, one of several glycyrrhetinic acid
derivatives that have been used to block gap junction
permeability in cultured cells (Davidson et al. 1986;
Goldberg et al. 1996; Guan et al. 1996). SGA has been
shown (as were two other unrelated inhibitors of gap
junction function) to inhibit cell-cell coupling and myo-
genesis of cultured rat L6 myoblasts and of primary
embryonic chick myoblasts, illustrating the utility of this
compound for addressing the role of gap junctions in dif-
ferentiation processes in vitro (Mege et al. 1994; Proulx
et al. 1997). As documented for other cell types, fGA
rapidly (within 30 min) and continuously (if replaced every
2 days) suppressed gap junction-mediated intercellular
transfer of Lucifer yellow and biocytin in DCDMLs
without noticeable toxic effects (Le and Musil 1998).
Inhibition of GJIC with SGA did not affect the expression
of lens connexins or of molecules associated with other
types of cell—cell junctions (N-cadherin, f-catenin, NCAM,
aquaporin-0/MP28, ZO-1, occludin). Most importantly,
there was also no effect on upregulation of markers of fiber
differentiation (formation of aquaporin-0/MP28-positive
lentoids and increased J-crystallin synthesis). Gap junction
blockade also failed to inhibit epithelial-to-fiber differen-
tiation in E6 chick central epithelial explants as assessed by
cell elongation, aquaporin-0/MP28 expression and J-crys-
tallin synthesis (Le and Musil 1998). This study provided
the first evidence that secondary fiber formation is not
dependent on the high level of GJIC characteristic of the
lens equator. This concept has subsequently been supported
by the phenotype of knockout mice in which expression of
one, two or all three lens connexins has been eliminated
(White et al. 1998, 2001; Xia et al. 2006). Upregulation of
gap junctions at the lens equator may therefore primarily
play a role in lens physiology.

Although proving that the massive upregulation of GJIC
at the lens equator is not an absolute requirement for epi-
thelial-to-fiber differentiation, our findings did not rule out
the possibility that gap junctions could play a more subtle,
secondary role in this process. Indeed, Rong et al. (2002)
reported that fiber maturation is delayed in Cx50 knockout
mice. A role for low levels of gap junctional coupling in
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facilitating optimal fiber differentiation would have been
missed in our studies because fGA does not totally abolish
all gap junction-mediated intercellular communication in
DCDMLs, in keeping with results in nonlenticular cells
(Martin et al. 1991; Goldberg et al. 1996).

Role of FGF in Epithelial-to-Fiber Differentiation

In addition to being the region in which fiber differentiation
and GJIC are upregulated, the equator of the lens is where
lens epithelial cells are first exposed to the high levels of
FGF in the vitreous body (the vitreous body contains vit-
reous humor, a heparin sulfate-rich gel in which growth
factors produced by other ocular tissues, especially the
retina, accumulate). Over 20 years of research has led to
the widely accepted concept that one or more FGFs play a
central role in the early stages of epithelial-to-fiber dif-
ferentiation in the mammalian lens and that the presump-
tive in vivo source of this FGF is the vitreous humor
(reviewed by McAvoy et al. 1999; Lovicu and McAvoy
2005; Robinson 2006). FGFs have been purified from chick
vitreous humor (Mascarelli et al. 1987), and avian lenses
express FGFR1 and FGFR3 (Potts et al. 1993; Ohuchi et al.
1994). It is therefore remarkable that the prevailing view in
the literature for over a decade had been that chick lens
epithelial cells are unresponsive to FGF and are instead
induced to differentiate by IGF-I or an IGF-like growth
factor (Beebe et al. 1987; Caldes et al. 1991; Lang 1999).
Using DCDMLs and central epithelial explants, we showed
that chick lens cells in fact undergo differentiation when
cultured in the presence of purified FGF1 or FGF2 for
periods longer than the 5 h used in prior investigations (Le
and Musil 2001a). Such longer-term treatments have been
routinely used in studies with mammal-derived lens cul-
tures and are physiologically relevant given that the lens is
continuously exposed to growth factors in the ocular
environment. We showed that a factor with the defining
properties of an FGF is capable of diffusing out of the
intact vitreous body and inducing fiber marker expression
(Le and Musil 2001a). The importance of FGF in second-
ary fiber differentiation has largely been supported by the
phenotype of mice in which FGF signaling has been altered
at the lens equator by either dominant negative inhibition
of FGF receptor function (Chow et al. 1995; Robinson
et al. 1995; Stolen and Griep 2000; Govindarajan and
Overbeek 2001), exogenous overexpression of various FGF
isoforms (reviewed in Lovicu and Overbeek 1998) or
conditional deletion of FGFR 1, 2 and 3 (Zhao et al. 2008).
In contrast, overexpression of IGF-I in transgenic mice
does not promote fiber differentiation (indeed, differentia-
tion is delayed; Shirke et al. 2001) and lens defects have
not been reported in IGF-I receptor knock-out animals. The
in vivo significance of IGF-I in the lens remains unclear.
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Role of FGF in Lens GJIC

As assessed by immunofluorescence microscopy, none of
the known fiber connexins are markedly more concentrated
throughout the equatorial axis of the lens than at the poles
(Gruijters et al. 1987; Berthoud et al. 1994; Dahm et al.
1999). A study in human lens using freeze-fracture electron
microscopy failed to reveal quantitative differences in gap
junction channel content between equatorial region and
polar fiber cells (Vrensen et al. 1992). There is therefore no
compelling evidence that the estimated 14- to 335-fold
increase in intercellular electrical conductance in the lens
equatorial region (Baldo and Mathias 1992; Rae et al.
1996) is accompanied by a proportional increase in the
number of channels assembled from either previously
characterized or novel connexin species. Instead, the
enhanced coupling at the equator appears to be due at least
in part to greater flux through gap junctional channels in
this region. The evolutionarily conserved response of lens
cells to FGF and the high concentrations of this growth
factor in vitreous humor led us to consider whether FGF
might be involved in the upregulation of gap junctional
function in the lens equatorial region thought to be essen-
tial for lens homeostasis and clarity (Le and Musil 2001b).
We showed that FGF (either recombinant FGF 1 or 2 or
purified from vitreous body-conditioned medium) upregu-
lated gap junction-mediated intercellular communication in
DCDMLs in a reversible manner that does not involve an
increase in either connexin expression or gap junctional
assembly. Upregulation of GJIC by FGF in DCDMLs
occurs prior to, and is not a prerequisite for, fiber differ-
entiation. Moveover, insulin and IGF-I, as potent as FGF at
inducing lens cell differentiation, have no effect on gap
junctional coupling in DCDMLs. These observations
demonstrated that enhanced intercellular coupling in FGF-
treated DCDML cultures is not a passive downstream
consequence of increased fiber differentiation.

Which of the three connexin species expressed in
DCDMLs (Cx43 and the fiber-type connexins Cx45.6 and
Cx56) are functionally upregulated by FGF? Dong et al.
(2006) reported that gap junction channels composed of
Cx43, but not of Cx45.6, are permeable to the dye
Alexa594 (Cx56 was not assessed). Unlike in fibroblastic
cells expressing only Cx43, we found that cell-to-cell
transfer of Alexa594 was very low in DCDMLs cultured
either with or without purified FGF or vitreous body con-
ditioned medium despite robust growth factor-stimulated
intercellular transfer in the same cells of the less connexin
type-specific, gap junction—permeant Lucifer yellow
(Boswell et al. 2009). We concluded that Cx43 plays a
minor role in GJIC in chick lens epithelial cells, in keeping
with a report that most gap junction coupling in newborn
mouse lens epithelium is due to Cx50 (the mammalian

ortholog of Cx45.6) instead of Cx43 (White et al. 2007).
FGF must therefore enhance GJIC in DCDMLs by acting
on one or both fiber connexins. This is also likely to be true
in the mammalian lens, given that FGF increases inter-
cellular coupling mediated by Cx50 (Shakespeare et al.
2009; Cx46 was not assessed).

If FGF is responsible for upregulation of GJIC at the
lens equator in vivo, then it would be expected that
inhibiting FGF-FGFR interactions in the lens would dis-
rupt the pole-to-equator gradient of cell coupling. Unfor-
tunately, experimental manipulations that block FGF
signaling in transgenic mice cause severe defects in lens
development (including epithelial-to-fiber differentiation),
thereby precluding a meaningful evaluation of gap junction
function (Pan et al. 2006; Zhao et al. 2008).

Role of ERK in FGF Signaling in Lens GJIC and Fiber
Differentiation

FGF is the main activator of the ERK MAP kinase in the
lens in vivo (Govindarajan and Overbeek 2001; Zhao et al.
2008). At concentrations at which it upregulates GJIC and
epithelial-to-fiber differentiation in DCDMLs and is able to
diffuse out of the vitreous body, FGF induces sustained
(>24 h) activation of ERK as assessed by elevated levels
of phospho-ERK. In contrast, FGF at the lower levels
thought to be present in the aqueous humor activates ERK
only transiently (<1 h) (Le and Musil 2001b). It has been
well established in other cell types that one of the most
important determinants of the biological outcome of MAP
kinase signaling is the length of time that a stimulus acti-
vates ERKs (Marshall 1995). We therefore examined
whether the duration of ERK phosphorylation played a role
in the upregulation of GJIC in DCDMLs. In the first set of
experiments, DCDMLs were exposed to GJIC-inducing
levels of FGF for various periods of time before the
addition of UO126, a highly specific inhibitor of the kinase
immediately upstream of ERK in the MAPK cascade
(MEK 1/2). In other experiments, DCDMLs were tran-
siently transfected with a constitutively active form of
MEK. Together, these studies revealed that sustained
(=12 h) activation of ERK is necessary for FGF to enhance
gap junctional coupling in DCDMLs as well as sufficient to
increase GJIC in the absence of FGF (Le and Musil 2001b).

The stimulatory effect of ERK on GJIC in DCDMLs
was initially surprising given that lens epithelial cells
express high levels of Cx43, a connexin that is phosphor-
ylated and inactivated by ERK in other cell types (Hossain
et al. 1998; Warn-Cramer et al. 1998; Zhou et al. 1999).
This paradox was resolved when it was shown that lens cell
coupling does not rely on Cx43 activity (see above) and
is instead predominantly mediated by a fiber conn-
exin whose channel function is apparently enhanced by
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FGF-stimulated ERK. Subsequently published studies by the
White group (Shakespeare et al. 2009) reported that elec-
trical coupling mediated by Cx50 (the mammalian ortholog
of Cx45.6) between paired Xenopus oocytes is increased by
coexpression of constitutively active MEK, whereas cou-
pling by Cx46 (the ortholog of Cx56) is insensitive to ERK.
In the same system, FGF enhanced GJIC mediated by Cx50
in an ERK-dependent manner. Although the mechanism by
which ERK increases the function of Cx50/Cx45.6 is not
known, it is not associated with an increase in connexin
expression (Le and Musil 2001b; Shakespeare et al. 2009). It
is also unlikely to involve direct modification by ERK, given
that the avian, murine and human forms of Cx50 do not
contain high-probability sites for ERK binding or phos-
phorylation (Obenauer et al. 2003; Shakespeare et al. 2009).

Studies with whole chick lenses demonstrated that FGF-
induced activation of ERK is much higher in the equatorial
region than in polar cortical fibers or in the lens core (Le
and Musil 2001b), similar to the distribution of phospho-
ERK reported in the mammalian lens (Lovicu and McAvoy
2001; Pan et al. 2010). These and additional results led to a
novel model of the role of FGF in establishing the asym-
metry in gap junctional coupling in the vertebrate lens
believed to be required for lens clarity (Le and Musil
2001b): (1) cells in the central epithelium only have access
to the low levels of FGF in the aqueous humor and con-
sequently have relatively low levels of GJIC; (2) cells in
the equatorial region of the lens respond to the FGF that
diffuses out of the vitreous body by sustained activation of
ERK and upregulation of GJIC, most likely at the level of
gap junction channel gating; and (3) fiber cells at the lens
posterior pole activate ERK in response to FGF only
poorly, most likely because of downregulation of FGF
receptors or of downstream signaling components.

Long-term activation of ERK by FGF was also shown to
play a role in GJIC-independent processes in DCDMLs,
including upregulation of expression of the beaded inter-
mediate filament proteins CP49 and CP115. In contrast,
synthesis of certain other markers of fiber cell differentia-
tion such as crystallins is UO126-insensitive (Le and Musil
2001a). Similar studies conducted by others using rat
central epithelial explants (Lovicu and McAvoy 2001)
came to the same conclusion, demonstrating that the role of
ERK in FGF-regulated gene expression in the lens is
evolutionarily conserved. Genetic ablation of ERKI1/2
signaling in the mouse lens blocks fiber differentiation and
severely inhibits cell proliferation after E15, leading to lens
degeneration and microphthalmia (Reneker 2008). Trans-
genic overexpression of constitutively active MEK in the
lens also causes pleiotropic structural and developmental
abnormalities that precluded an interpretable analysis of
GIJIC or epithelial-to-fiber differentiation in the postnatal
lens (Gong et al. 2001).
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Role of BMPs in Lens GJIC and Fiber Differentiation

First identified as inducers of ectopic bone formation, bone
morphogenetic proteins (BMPs) have since been shown to
be key regulators of the development and function of a
wide variety of tissues and organs (reviewed by Whitman
1998). Both the ligands and their receptors are highly
conserved across animal species. Although the components
of the canonical FGF and BMP signaling pathways are
distinct, cross-talk between the two classes of growth fac-
tors has been described in many systems. In the large
majority of cases, FGF inhibits BMP signaling, regulating a
myriad of processes including limb growth, neural induc-
tion and digit formation (Massague 2003). In contrast, we
found that FGF and BMP positively cooperate in lens cells
via a unique nonreciprocal interaction (Boswell et al.
2008a, 2008b; reviewed in Lovicu et al. 2011; Mathias
et al. 2010). We found that the ability of FGF to upregulate
gap junction-mediated dye coupling (Boswell et al. 2008a)
or expression of markers of epithelial-to-fiber differentia-
tion (Boswell et al. 2008b) is blocked by coincubation with
the function-blocking anti-BMP2, -4 and -7 antibodies or
with noggin, a highly specific protein antagonist of BMP2,
-4 and -7 binding to BMP receptors (Fig. 3). This effect is
attributable to inhibition of BMP4 and -7 produced by the
lens cells themselves. Importantly, neither noggin nor anti-
BMP antibodies induce cell death, block cell proliferation
or prevent upregulation of GJIC or fiber marker expression
by the nonphysiological activator fetal calf serum, dem-
onstrating the specificity of their effect. In other studies, we
showed that treating DCDMLs with relatively high levels
of purified BMP2, -4 and -7 (>4 ng/ml) upregulates GJIC
(Boswell et al. 2008a) and fiber differentiation (Boswell
et al. 2008b) in a process that does not require signaling
from endogenously produced FGF. We are not aware of a
precedent for this type of nonmutual interaction between
FGF and BMP in any system. More recent work demon-
strated that two types of mechanisms are operative. In the
first, signaling from lens-derived BMPs is required to
maintain lens cells in an optimally FGF-responsive state. In
the second, FGF potentiates endogenous BMP signaling to
a level approaching that obtained when BMP is added
exogenously (Musil and Boswell 2010).

It has been well established that differentiation of the
lens placode, as well as formation of primary lens fibers,
requires BMPs (Furuta and Hogan 1998; Wawersik et al.
1999; Faber et al. 2002). Consequently, mice in which
BMP signaling has been blocked at early stages of lens
development are unsuitable to address the role of BMP in
lens GJIC or in secondary fiber differentiation. We there-
fore used a previously generated strain of transgenic mice
(OVE1196; Zhao et al. 2002) in which noggin is exoge-
nously overexpressed under the control of a lens-specific
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Fig. 3 Inhibition of BMP signaling with noggin blocks FGF from
enhancing expression of fiber differentiation markers and upregulat-
ing gap junction-mediated dye transfer. DCDMLs were cultured for
6 days (a, b) or 48 h (c¢) without additions (control), with 10 ng/ml
BMP4 or with 15 ng/ml FGF2 in either the absence or the continuous
presence of 0.5 pg/ml noggin. a Cells were labeled with *°s]
methionine for 4 h, and SDS-solubilized lysates were analyzed
by SDS-PAGE followed by phosphorimaging. b SDS-solubilized

promoter that becomes active after the formation of the
lens placode and primary fibers. We found that these ani-
mals displayed a postnatal block of epithelial-to-fiber dif-
ferentiation, with loss of the equatorial bow region and
extension of the epithelial monolayer to the posterior pole
of the organ (Boswell et al. 2008b). Morphological
abnormalities were also obvious in other ocular tissues
(e.g., ciliary body, absence of the vitreous body), likely due
to the fact that noggin is a secreted protein and therefore
has access to other organs. Because of these extralenticular
effects, a direct cause-and-effect relationship between
disruption of BMP signaling in the lens and inhibition of
secondary fiber formation could not be drawn. Moreover,
the rapid onset and severity of noggin-induced defects
within and outside of the lens prevented a meaningful
assessment of the role of lens-derived BMP in gap junc-
tional coupling. These studies provide another example of
the current limitations to the use of transgenic mice to
study growth factor signaling in the lens. Although lacking
the context of the whole animal, DCDMLs provide a sys-
tem in which lens epithelial cells that developed within a
wild-type eye can be manipulated in the absence of any
confounding nonlenticular effects.

Conclusion

As illustrated by the aforementioned studies, results
obtained using the DCDML system are consistent with

(o] Lucifer Yellow

+ noggin

control

FGF

BMP

whole-cell lysates (2 pg protein/lane) were probed for CP49 by
immunoblotting. ¢ DCDMLs were assessed for their ability to
mediate the intercellular transfer of the gap junction tracer Lucifer
yellow using the scrape-loading/dye transfer assay. Each panel
depicts a portion of the right half of the scrape/load wound. Although
not shown, M, = 10 kDa rhodamine dextran remained confined to the
cells at the wound edge into which dye had been directly introduced
during the scrape-loading process

(and, in several cases, predictive of) experimental findings
acquired in the mammalian lens in vivo or with mamma-
lian connexins expressed ex vivo. We conclude that
DCDMLs are an appropriate and powerful system to study
processes localized to the equatorial region of the lens in
vivo, including epithelial-to-fiber differentiation and fiber-
type gap junction formation, regulation and function.
Importantly, there is no convincing justification for the
concern that the embryonic or avian origins of DCDMLs
preclude their use as a model system for the mammalian
lens in vivo. In principle, the most direct test would be to
compare results obtained in transgenic/conditional knock-
out mice with those from comparably modified chickens.
Unfortunately, current limitations in genetic engineering in
poultry make such experiments untenable. The closest
alternative would be to prepare dissociated cell-derived
monolayer cultures from mice on day E16 (roughly
equivalent to E10 in the chick). Given that an adult mouse
lens contains ~40,000-50,000 epithelial cells (Bassnett
and Shi 2010) and assuming that the number of epithelial
cells in a mouse lens is proportional to lens diameter, one
would have to harvest the lenses of ~400 mouse embryos
to obtain as many cells as we do from eight dozen E10
eggs, even if the yield approached 100 %. The outlay of
time and money required to generate such murine cultures
on a weekly basis would exceed most NIH budgets (cer-
tainly mine). A potentially promising system is currently
being developed by Ales Cvekl and colleagues (Yang et al.
2010). They reported that human embryonic stem cells can
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be differentiated in vitro to lens progenitor-like cells using
a mixture of BMP4/7 and FGF2 and that these cells can
then be induced to form lentoid bodies that express many
of the key markers of fiber differentiation (e.g., CP49,
CP115, aquaporin-0, - and y-crystallins). However, more
than 28 days of culture was required for most of these
proteins to become detectable by Western blot, and nonlens
cell fates were also induced (mostly of neuroectodermal
and mesodermal origin). We anticipate that DCDMLs will
continue to be a useful system for the study of gap junc-
tions and other fundamental aspects of lens cell biology for
the foreseeable future.
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