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Abstract The lens is an avascular organ that transmits

and focuses light images onto the retina. Intercellular gap

junction channels, formed by at least three different

connexin protein subunits, a1 (connexin43 or Gja1), a3

(connexin46 or Gja3) and a8 (connexin50 or Gja8), are

utilized to transport metabolites, ions and water in the lens.

In combination with physiological and biochemical anal-

yses, recent genetic studies have significantly improved our

understanding about the roles of diverse gap junction

channels formed by a3 and a8 connexin subunits during

lens development and cataract formation. These studies

have demonstrated that a3 connexin is essential for lens

transparency while a8 connexin is important for lens

growth and transparency. Diverse gap junction channels

formed by a3 and a8 subunits are important for the dif-

ferentiation, elongation and maturation of lens fiber cells.

Aberrant gap junction communication, caused by altera-

tions of channel assembly, channel gating or channel

conductance, can lead to different types of cataracts. These

findings provide some molecular insights for essential roles

of connexins and gap junctions in lens formation and the

establishment and maintenance of lifelong lens transpar-

ency.
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Introduction

Intercellular gap junction channels provide pathways for

metabolic and electrical coupling between cells in excit-

atory and nonexcitatory tissues. Gap junction channels

consist of connexin protein subunits. Most of cells utilize

more than one type of connexin subunits to form gap

junction channels, and different cells also express various

types of connexin subunits from a gene family that has

more than 20 members. One of the main subjects in the gap

junction research is to understand why and how different

connexin isoforms are utilized in cells for the physiological

needs of a given organ. The eye lens is one of the simplest

developmental models to understand cell proliferation,

differentiation and maturation in vivo. The transparent lens

is also a unique aging model for investigating cell physi-

ology and protein chemistry. Multiple isoforms of the

connexin gene family are expressed in the lens. In addition,

mouse lens and human lens share many similar features in

anatomy, physiology, biochemistry, development and dis-

ease (such as cataract). Therefore, we select the mouse lens

as our model system and investigate the function of gap

junction channels by using a modern genetic approach in

combination with techniques of molecular and cellular

biology, electrophysiology and biochemistry.

Functional Differences between a3 and a8 Connexins in

Lens Development

A mature lens is composed of elongated lens fiber cells

covered with a monolayer of epithelial cells on the anterior

hemisphere. The lens is formed through several sequential

events: (1) the lens vesicle forms at an early embryonic

stage, (2) posterior lens vesicle cells elongate to become
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lens primary fibers that fill in the lumen and (3) surface

epithelial cells at the lens equator differentiate and elongate

to become lens secondary fiber cells (Bassnett, 2004; Pi-

atigorsky, 1981). Interior fiber cells, including both pri-

mary and secondary fiber cells, undergo a maturation

process to eliminate all intracellular organelles, thereby

minimizing light scattering and ensuring lens transparency.

The lens continues to grow throughout life as new sec-

ondary fiber cells form from equatorial epithelial cells.

Lens cells communicate through intercellular gap junc-

tion channels formed by at least three different connexin

proteins, a1 (Cx43), a3 (Cx46) and a8 (Cx50), encoded by

the Gja1, Gja3 and Gja8 genes, respectively (Goodenough,

1992). Connexin a1 is mainly expressed in lens epithelial

cells (Beyer et al., 1989), a3 is predominantly expressed in

lens fiber cells and a8 is expressed in both lens epithelial

and fiber cells (Rong et al., 2002). Connexin proteins have

four transmembrane domains with three intracellular re-

gions (the N terminus, a cytoplasmic loop and the C ter-

minus) and two extracellular loops (E1 and E2) (Yeager &

Nicholson, 2000). Six connexin protein subunits oligo-

merize to form one connexon. A gap junction channel is

formed by the docking of extracellular loops of two

opposing connexons (hemichannels) in the plasma mem-

brane. Hundreds of gap junction channels come together to

form gap junctions that are morphologically defined as

specialized punctate ‘‘plaques’’ of cell-to-cell contacts or

pentalamellar structures, detected by thin-section trans-

mission electron microscopic examination. These channels,

with pore diameters of about 10-15 angstroms, provide a

pathway for the direct exchange of small molecules be-

tween adjacent cells (Fleishman et al., 2004; Unger et al.,

1999).

It has been hypothesized that lens homeostasis is

maintained by a circulation current propagated through gap

junction channels in the lens (Mathias, Rae & Baldo,

1997). Genetic studies indicate that a3 connexin is essential

for maintaining lens transparency. The lens of a3–/–

knockout mice grows normally but displays dense opacity

in the center, called a ‘‘nuclear cataract’’ (Gong et al.,

1997). The nuclear cataract in a3–/– lenses is associated

with an elevation of intracellular calcium concentration and

the subsequent increase of calcium-dependent protein

degradation in lens fiber cells (Baruch et al., 2001; Gao

et al., 2004). Connexin a8 has been shown to be important

for lens growth and transparency (Rong et al., 2002; Sel-

litto, Li & White, 2004; White, Goodenough & Paul,

1998). Lenses of a8–/– knockout mice are smaller (about

60% the wet lens weight of wild-type lenses) and have mild

nuclear cataracts. The smaller lens in a8–/– knockouts is

associated with delayed fiber cell maturation and reduced

epithelial cell proliferation. The mechanism for how the

loss of a8 connexin leads to small lenses remains unknown.

Lenses of knockin a3 (50KI46/50KI46) mice, where a3

connexin is expressed under the endogenous a8 connexin

locus, are transparent but smaller than wild-type lenses

(White, 2002). These data suggest that a3 connexin cannot

substitute for a8 connexin in lens growth but can prevent

Fig. 1 Lens phenotypes of different connexin knockout and knockin

mice. The wild-type (a3+/+a8+/+) lens is a normal control. Connexin

a3 (Cx46) knockout (a3–/–a8+/+) lenses develop nuclear cataracts, and

connexin a8 (Cx50) knockout (a3+/+a8–/–) lenses are smaller with

mild nuclear cataracts. Double knockout (a3–/–a8–/–) lenses have

severe cataracts with degenerated inner fibers, and a3 knockin (ki/ki)

with or without endogenous a3 (Cx46) (a3+/+a8 ki/ki or a3–/–a8ki/ki)

lenses are clear but smaller than wild-type lenses
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lens opacity caused by a lack of a8 connexin. Lens phe-

notypes of different knockout and knockin mice are sum-

marized in Figure 1. Electrophysiological studies of intact

lenses confirm that a3 connexin is essential for the cou-

pling of interior fiber cells while a8 connexin is needed for

the coupling of both peripheral and interior fiber cells

(Baldo et al., 2001; Gong et al., 1998; Martinez-Wittinghan

et al., 2004).

Connexin Point Mutations Affect Diverse Gap Junction

Channels to Cause Different Types of Cataracts

Coexpression of a3 and a8 connexin subunits allows the

formation of diverse gap junction channels, including

homomeric channels (consisting of one type of subunit),

heteromeric channels (consisting of two types of subunits),

homotypic channels (docking of the same type of hemi-

channels) or heterotypic channels (docking of two different

types of hemichannels) (Kumar & Gilula, 1996). Diverse

gap junction channels display different electrophysiologi-

cal properties in vitro (White et al., 1994). However, it has

been difficult to investigate the distinct functions of diverse

gap junction channels during lens development.

Mutations of a3 (Gja3) and a8 (Gja8) connexin genes are

one of the common causes for different types of inherited

cataracts in humans (Addison et al., 2006; Hansen et al.,

2006; Vanita et al., 2006). Interestingly, we have found that

mice with heterozygous and homozygous a8 connexin point

mutations display different types of cataracts, such as

nuclear cataracts, cortical cataracts or lens posterior rupture

(Chang et al., 2002; Xia et al., 2006c). The presence or

absence of a3 connexin alters lens phenotypes caused by a8

point mutations. Thus, we hypothesize that different types

of cataracts are caused by altered intercellular communi-

cation mediated by diverse gap junction channels consisting

of mutant and wild-type connexin subunits in the lens.

Electrophysiological studies of the a8-G22R mutation at the

N-terminal region have confirmed that mutant subunits alter

the gating and conductance of gap junction channels in vitro

(Xia et al., 2006b). In addition, an elevated level of wild-

type a3 connexin can facilitate the stability or formation of

gap junction channels that contain a8 mutant subunits

in vivo (Xia et al., 2006b).

Fig. 2 Different types of cataracts caused by mixing mutant and

wild-type connexins. The a8-S50P mutation is located in extracellular

loop 1. The drawing shows the development of a wild-type lens (a8-

WT + a3-WT, black arrows), a8-S50P heterozygous mutant lens (a8-

S50P + a8-WT + a3-WT, blue arrows), a8-S50P heterozygous

mutant lens without wild-type a3 (a8-S50P + a8-WT - a3-WT, red
arrows), a8-S50P heterozygous mutant lens without wild-type a8 (a8-

S50P + a3-WT - a8-WT, green arrows) and a8-S50P heterozygous

mutant lens without wild-type a3 and a8 (a8-S50P - a8-WT - a3-WT,

pink arrows)
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Moreover, our genetic studies of the a8-S50P point

mutation, in extracellular loop 1, further support this

hypothesis (Fig. 2) (Xia et al., 2006c). Connexin a8-S50P

mutant subunits require the presence of wild-type a8 su-

bunits to specifically inhibit the elongation of primary fiber

cells in the embryonic lens, but this combination does not

affect the elongation of secondary fiber cells. In contrast,

the a8-S50P mutant subunits need wild-type a3 subunits to

disrupt the differentiation and elongation of secondary lens

fibers, but this combination does not affect the primary fiber

cells. In addition, without wild-type a3 and a8 connexin

subunits, the mutant a8-S50P subunit itself is a loss-of-

function mutant. The a8-S50P mutant mice without a3 and

a8 connexins have an identical lens phenotype to a3/a8

double homozygous knockout lenses (Xia et al., 2006a).

In summary, our work reveals that diverse gap junctions

mediate distinct mechanisms to control the formation of

lens primary and secondary fiber cells. This explains why

and how various cataracts can result from altered diverse

gap junctions during lens development. Ion concentration,

synthesis of crystallin proteins and cell volume regulators

are speculated to be involved in the regulation of fiber cell

elongation. However, mechanisms that drive the elongation

of lens fiber cells remain unknown. Future studies will be

directed to elucidate the mechanism for how altered gap

junction communication inhibits fiber cell elongation.
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