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In the lens, gap junctions link the cytosols of neighboring cells to form the 

functional syncytium essential for proper organ development and the maintenance of 

fiber cell homeostasis. Gap junctions are aggregates of intercellular channels made from 

transmembrane proteins called connexins. There are three connexins (Cx) present in the 

lens: Cx43, Cx46, and Cx50. Genetic alterations in Cx46 and Cx50 have directly linked 

these genes to the formation of cataracts in both mice and humans. Connexins contain 

four transmembrane domains, linked by a cytoplasmic loop, two extracellular loops, and 

cytosolic amino and carboxyl terminals. Mutations in different Cx50 domains may have 

diverse effects on channel function, and the inherent changes may play a role in cataract 

development in the mammalian lens. This dissertation examines the functional 

consequences of three cataract causing Cx50 mutants: Cx50-G22R (N-terminal), Cx50-
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S50P (extracellular loop 1), and Cx50-R205G (extracellular loop 2). It also analyzes a  

C-terminally truncated Cx50 protein, which mimics a developmentally regulated post-

translational processing event. 

The cataract-inducing Cx50 mutations all exhibited loss of function, as expression 

of these subunits alone failed to induce electrical coupling in vitro. Truncated Cx50 

formed functional channels with significantly reduced coupling. Immunofluorescent 

microscopy revealed that while Cx50-G22R, Cx50-R205G, and truncated Cx50 subunits 

localized to the plasma membrane, Cx50-S50P subunits formed junctional plaques only 

when co-expressed with wild-type Cx46. Mixed expression of any of the mutant proteins 

with wild-type Cx46 facilitated the formation of gap junction channels with unique gating 

properties. Conversely, co-expression of wild-type Cx50 and G22R, S50P, or truncated 

Cx50 subunits induced minor alterations in channel function. In contrast, the mixing of 

wild-type Cx50 and Cx50-R205G abolished coupling, a finding consistent with dominant 

negative inhibition. These findings suggest that each of the cataract-associated Cx50 

mutations uniquely interacted with the wild-type fiber connexins to form gap junctions 

with altered functional properties, a phenomenon that may help to explain the differences 

in lens pathologies observed in vivo. C-terminal truncation of Cx50 resulted in a decrease 

in conductance independent of alterations in gating, a finding consistent with the 

regulated reduction in coupling observed during lens fiber differentiation. 



 v

Table of contents 

 

List of Figures………………………………………………………...................viii 

List of Tables………………………………………………………..…................xi 

List of Abbreviations……………………………………………....….................xii 

Acknowledgements……………………………………………..…....................xvii 

 

I. Introduction…………………………………………………….…….................1 

II. Hypotheses and Specific Aims..........................................................................30 

III. Materials and Methods.....................................................................................35 

IV. The physiological role of Cx50-G22R in lens development and 

homeostasis............................................................................................................42 

 Abstract......................................................................................................43 

 Results……………………………………………………..…..................45 

 Discussion…………………………………………….…….....................52 

 Figures and Tables.....................................................................................56 



 vi

V. The cataract inducing Cx50-S50P mutation dominantly alters wild-type lens 

connexin channel gating...………………………………….................................72 

 Abstract......................................................................................................73 

 Results........................................................................................................74 

 Discussion..................................................................................................83 

 Figures and Tables.....................................................................................88 

VI. The loss-of-function Cx50-R205G mutation dominantly alters wild-type lens 

connexin function.................................................................................................107 

 Abstract……………………………………………………....................108 

 Results………………………………………………………..................109 

 Discussion…………………………………………………....................114 

 Figures and Tables...................................................................................116 

VII. Functional characterization of a naturally occurring Cx50 truncation........126 

 Abstract……………………………………………………....................127 

 Results......................................................................................................128 

 Discussion…………………………………………………....................134 



 vii

 Figures and Tables...................................................................................138 

VIII. Concluding Remarks...................................................................................156 

Summary of alysis....................................................................................157 

IX.  References…………………………………………………....................163 



 viii

List of Figures 

I-1. Peptide map of murine Cx50 protein..............................................................20 

I-2. Structure and diversity of gap junction channels............................................22 

I-3. A diagram of a vertebrate lens cross section...................................................24 

I-4. A diagram of the lens circulation model.........................................................26 

I-5. Cataracts form in connexin knockout lenses...................................................28 

IV-1. Knocked-in Cx46 suppresses the severe cataract of the Cx50-G22R 

mutation........................................................………………..........................…...57 

IV-2. Histology reveals normal fiber morphology in the Cx50(G22R/Cx46)  

Cx46(-/-)...................................................................................................................59 

IV-3. Cx50-G22R does not affect embryonic lens development...........................61 

IV-4. Immunohistochemical staining of lens sections...........................................63 

IV-5. Western blot data show that the Cx50-G22R protein level is increased in the 

Cx50(G22R/Cx46) Cx46(-/-) lens...................................................................................65 

IV-6. Western blot analysis of Xenopus oocytes.………............……..................67 

IV-7. Voltage-gating properties of homotypic and mixed channels......................69 

IV-8. Mutant Cx50-G22R localized to the plasma membrane..............................71 



 ix

V-1. Cx50-S50P fails to form functional intercellular channels...….....................88 

V-2. Voltage gating properties of homotypic wild-type Cx50 channels and 

channels co-expressing Cx50-S50P and wild-type Cx50 subunits........................90 

V-3. Voltage gating properties of homotypic and heteromeric Cx46 channels.....92 

V-4. Comparison of steady state conductance properties......................................94 

V-5. Gating analysis of heterotypic wild-type and coinjected channels................96 

V-6. S50P requires Cx46 to form functional hemichannels in Xenopus 

oocytes..................................................................................................................98 

V-7. Immunofluorescent imaging of Cx50-S50P in vitro and in vivo.................100 

V-8. Description of embryonic and adult lens phenotypes produced by mixing 

Cx50-S50P and wild-type lens fiber connexins…………...................................102 

VI-1. Homozygous mutant lenses develop microphthalmia and cataract............117 

VI-2. Functional expression of wild-type lens fiber connexins and mutant Cx50-

R205G subunits in Xenopus oocytes....................................................................119 

VI-3. Voltage-gating properties of homotypic Cx46, and heteromeric wild-type 

Cx46 and Cx50-R205G channels.........................................................................121 

VI-4. Immunofluorescent imaging of wild-type and Cx50-R205G proteins in 

transfected HeLa cells..........................................................................................123 



 x

VII-1. Western blot analysis of Xenopus oocyte extracts indicates similar 

expression of full-length (Cx50) and truncated (Cx50tr290) proteins.................139 

VII-2. Truncated Cx50 forms functional intercellular channels..........................141 

VII-3. Voltage-gating properties of full-length, truncated, and heterotypic Cx50 

channels.....................……………………….......................................................143 

VII-4. Immunofluorescent imaging of Cx50 in transfected HeLa 

cells.………….....…………………………………………................................145 

VII-5. Cx50tr290 subunits form functional intercellular channels with reduced 

coupling in N2A cell pairs.........…………………………..................................147 

VII-6. Voltage dependence and gating kinetics of truncated Cx50 channels in 

transfected cells....................…………………....................................................149 

VII-7. Cx50tr290 and full-length Cx50 have identical single channel 

properties.....………………………………………………….............................151 

VII-8. pH gating sensitivity of full-length and truncated Cx50 

channels...........................................................................……….........................153 



 xi

List of Tables 

Table I-1. Summary of all reported Cx50 mutations.............................................30 

Table V-1. Boltzmann parameters for wild-type and mixed channels containing 

Cx50-S50P...................................................……………....................................104 

Table V-2. Quantitative analysis of gap junctional plaque formation in transiently 

transfected HeLa cells............................……………..…....................................106 

Table VI-1. Boltzmann parameters for wild-type and mutant channels containing 

Cx50-R205G........................................................................................................125 

Table VII-1. Boltzmann parameters for full-length and truncated Cx50 

channels.........................................................................................…...................155 



 xii

List of Abbreviations 

Aey5  Connexin50 V64A 

ARVO          Association for research in vision and ophthalmology 

ATP             Adenosine triphosphate 

BSA  Bovine serum albumin 

Ca2+  Calcium 

CaCl2  Calcium chloride 

cAMP  Cyclic adenosine monophosphate 

cDNA  Complementary deoxyribonucleic acid 

cGMP  Cyclic guanine monophosphate 

cRNA  Complementary ribonucleic acid 

C-terminal  Carboxy terminus 

Cx38  Connexin38 

Cx43  Connexin43 

Cx46  Connexin46 

Cx50  Connexin50 

CZP  Cataract zonular pulverulent 

DAPI         4', 6-diamidino-2-phenylindole 

DF  Differentiated fiber cells 

DTT  Dithiothreitol 

E1  Extracellular loop 1 

E2  Extracellular loop 2 

E48K  Connexin50 E48K 



 xiii

EDTA  Ethylenediaminetetraacetic acid 

EGFP  Enhanced green fluorescent protein 

EGTA  Ethylene glycol tetraacetic acid 

ENU  Ethylnitrosourea 

F1  First generation  

F32L  Connexin46 F32L 

F-actin  Filamentous actin 

FITC  Fluorescein isothiocyanate 

FURA2 Acetoxymethyl 2-[5-[bis[(acetoxymethoxy-oxo- 
methyl)methyl]amino]-4-[2-[2-[bis[(acetoxymethoxy-oxo- 
methyl)methyl]amino]-5-methyl-phenoxy]ethoxy]benzofuran- 2-
yl]oxazole-5-carboxylate 

G22R  Connexin50 G22R 

Ga  Gauge 

Gj  Junctional conductance 

Gjss  Steady state junctional conductance 

H2O  Dihydrogen Oxide 

HCl  Hydrochloric acid 

HeLa  Immortalized human epithelial cell line 

HEPES  4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

I247M  Connexin50 I247M 

IACUC Institutional Animal Care and Use Committee 

IgG  Immunoglobulin G 

Ij  Junctional current 

Ijss  Steady state junctional current 



 xiv

Im  Membrane current 

IP3  Inositol triphosphate 

K+  Potassium 

KCl  Potassium chloride 

kDa  Kilodalton 

Lop10  Lens opacity 10 

Lp82  Lens calpain protease 

MB  Modified Barth’s Medium 

MF  Mature fiber cells 

MgCl2  Magnesium chloride 

MIP  Major Intrinsic Peptide 

mm  Millimeter 

mM  Millimolar 

MS-222 Tricaine methanesulfonate 

mV  Millivolt 

MΩ  Megaohm 

N188T  Connexin46 N188T 

N63S  Connexin46 N63S 

nA  Nanoamperes 

Na+  Sodium 

Na2CO3 Sodium bicarbonate 

NaN3  Sodium azide 

NaOH  Sodium hydroxide  



 xv

nM  Nanomolar 

No2  Connexin50 D47A 

ODDD  Oculodentodigital dysplasia 

OsO4  Osmium tetroxide 

P187L  Connexin46 P187L 

P59L  Connexin46 P59L 

P88S  Connexin50 P88S 

PBS  Phosphate buffered saline 

PCR  Polymerase chain reaction 

pS  Picosiemens 

PVDF  Polyvinylidene fluoride 

R205G  Connexin50 R205G 

R23T  Connexin50 R23T 

RNA  Ribonucleic acid 

RT-PCR Reverse transcription polymerase chain reaction 

S380FS Connexin46 S380FS 

S50P, L1 Connexin50 S50P 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Tr290  Truncated Connexin50 

Tx-100  Triton X-100 

Vj  Junctional voltage 

Vm  Membrane voltage 

β  Beta crystallin protein 



 xvi

γ  Gamma crystallin protein 

γj  Unitary conductance 

μg  Microgram 

μM  Micromolar 

τ  Channel closure rate 

 



 

Acknowledgements 

Graduate school has provided a great opportunity to meet many interesting and 

exceptional people; my only regret is that there is not enough paper to include them all 

here. To these friends, I would like to convey my most heartfelt and sincere gratitude for 

all they have done for me as I proceeded toward this day.  

I will however, take a moment to acknowledge those closest to me during this 

time. My thesis advisor, Dr. Thomas White, for anyone who knows Tom, they will easily 

realize that he is a truly great scientist, but after four years in his laboratory I am honored 

to say that he is an even more exceptional person and friend. My only hope is that 

everyone has a mentor like Tom.  

To those people in the White laboratory: Gulistan, Dwan, Teresa, and Helen… I 

must thank you all for helping me reach this point in my journey. I would especially like 

to thank Caterina Sellitto, who has, without a doubt, made the lab a more comfortable 

place for me.  

Finally, I have to acknowledge my family for all of their unwavering support. My 

parents, Sal and Mary Ann, who have provided so much for me that I can not even begin 

to list it all here. The amount of gratitude I owe to my parents is unfathomable and I can 

only hope that one day I will be able to repay them for everything they have given me.  

 



1 

Chapter I 
 
 
 
 
 

Introduction 



 2

Gap junction organization and function 

Gap junctions are dynamic intercellular channels that provide a vital pathway for 

transporting many of the ions and small molecules essential for the proper growth and 

development of various multicellular organisms (Bennett, 1994). All gap junctions 

modulate physiological processes by ionically coupling cells via the regulated exchange 

of ions (Ca2+, Na+, K+) between neighboring cells; however, biochemical coupling, or the 

sharing of larger metabolites and nutrients (cAMP, cGMP, IP3) between cells, is 

dependent on the protein composition of these channels (Veenstra et al., 1994) (Goldberg 

et al., 1999) (Valiunas et al., 2002). The structural, and thus physiological, diversity of 

gap junctions depends on the specific connexin subunits contributing to channel 

formation. To date, the connexin gene family contains over 20 members, which are 

expressed in an overlapping, tissue-dependent pattern (Willecke et al., 2002) (Gerido and 

White, 2004). Gap junctions are formed when six connexin subunits oligomerize and are 

trafficked to the plasma membrane to form the connexons or hemichannels (single 

membrane channels) that align in the extracellular space between two adjacent cells to 

create full intercellular channels known as gap junctions (Evans and Martin, 2002). A 

connexin includes cytoplasmic amino and carboxyl termini; thought to mediate channel 

voltage gating (Bennett et al., 1993) (Purnick et al., 2000) (Peracchia et al., 2004) and pH 

sensitivity (Eckert, 2002) (Peracchia et al., 2004), respectively. Additionally, each 

connexin contains four transmembrane domains, linked by a single cytoplasmic loop and 

two extracellular loops, E1 and E2, thought to play a role in connexon docking and 

channel gating (Bukauskas et al., 1995) (Foote et al., 1998) (Figure I-1). Gap junctions 

will vary in complexity according to the connexin composition of each oligomer. Each 
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connexon or hemichannel can be of uniform (homomeric) or varying (heteromeric) 

connexin composition, and neighboring cells may contribute either heteromeric or 

homomeric connexons to form full intercellular channels known as heteromeric, 

heterotypic or homotypic gap junctions (Figure I-2). Recent studies have shown that 

mixing the connexin composition of gap junctions changes both the permeability and 

electrophysiological properties of these channels (Goldberg et al., 1999) (Valiunas et al., 

2002) (Veenstra, 1996) (Cao et al., 1998) (Bevans et al., 1998) (Niessen et al., 2000), 

while mutation, removal, or genetic replacement of specific connexins can lead to distinct 

physiological defects and disease (Willecke et al., 2002) (Gerido and White, 2004) 

(White and Paul, 1999).  

Gap junctions and disease 

 Communication between adjacent cells plays an important role in maintaining 

tissue homeostasis in many organisms. Thus, governing the response to environmental 

stimuli requires that multicellular organisms utilize a variety of intercellular 

communication mechanisms, such as hormone signaling, cell-cell adhesion, or receptor-

mediated signaling cascades. Despite the obvious abundance in communication options 

that each cell type or tissue contains, disruption or loss of any individual pathway can 

result in distinct pathologies and disease. For example, recent studies have implicated 

connexins in a variety of human diseases, including deafness, skin disease, neuropathy, 

and cataract (Anand and Hackam, 2005) (White and Bruzzone, 2000b) (Bergoffen et al., 

1993) (Kelsell et al., 1997) (Gong et al., 2007). Recent evidence has linked two distinct 

principles with connexin-related disease. First is the lack of functional redundancy 

displayed in tissues expressing multiple connexins. For instance, many tissues express a 
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multitude of connexins, yet mutations in any one connexin can lead to disease without 

altering the expression or function of other connexins. Additionally, the degree to which 

a mutated connexin can interact with wild-type connexin isoforms is variable, a 

phenomenon that presents yet another factor to consider when examining the effects of 

connexin mutations on genetic disease. This dissertation will focus on only one connexin 

gene, connexin50, and analyze its role in cataract development in the mammalian lens by 

examining its ability to interact with other connexin isoforms expressed in the lens. 

Gap junction mediated transport in the lens 

The lens is an avascular spherical organ suspended between the aqueous and 

vitreous humors of the eye. The anterior surface consists of a single layer of epithelial 

cells, while the remaining organ mass is made of highly differentiated fiber cells (Figure 

I-3). The lens first forms as a hollow ball of epithelial cells that invaginates from the 

surface ectoderm. The posterior cells then elongate toward the anterior surface, producing 

a solid sphere. Thereafter, the aforementioned epithelial cells proliferate, migrate to the 

equator and elongate until they stretch from the anterior to posterior poles, forming new 

lens fibers (Menko, 2002). Morphological differentiation of fiber cells is accompanied by 

changes in protein synthesis, including the upregulation of a distinct set of lens 

membrane channels and a family of cytoplasmic proteins known as the crystallins 

(Piatigorsky, 1981) (Donaldson et al., 2001). Differentiated fiber cells undergo further 

development as they are transformed into the mature fibers found deeper in the core of 

the lens. These changes include the proteolytic cleavage of the C-terminus of several 

membrane proteins including the connexins (Lin et al., 1997) (Kistler et al., 1990). While 

the precise relevance of this endogenous truncation remains elusive, C-terminus cleavage 
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coincides with gap junctional plaque reorganization, changes in the pH gating sensitivity 

of the channels, and the stabilization of these trans-membrane proteins (Mathias et al., 

1991) (Gruijters et al., 1987) (Zampighi et al., 1992). The first lens fiber cells enter the 

final stages of differentiation on day 12 of mouse embryonic development (Bassnett, 

2002). However, the processes of fiber differentiation persist as the lens continues to 

accumulate new cells throughout the life of the organism.  

One function of the lens is accommodation, a process allowing the eye to focus on 

images at different focal distances. To provide accommodation, the lens requires several 

unique physiological properties. First, high levels of crystallin synthesis must occur to 

increase the refractive index of the fiber cell cytoplasm. Second, it must be devoid of 

light-scattering elements like cytoplasmic organelles, which are degraded during the final 

stages of fiber differentiation. Finally, the extracellular spaces between fiber cells must be 

very thin, even narrower than the wavelength of visible light, to maintain a continuous 

high refractive index throughout the organ. Once fiber cells become crystalline-enriched 

and depleted of all light-scattering organelles, they gain the capacity to provide the lens 

with the clarity and high refractive index necessary to properly focus light onto the retina 

(Piatigorsky, 1981) (Bassnett, 2002) (Goodenough, 1992). 

The extensive specialization of fibers required to provide transparency presents 

unique challenges for these cells. The mature fiber cells contain no cytosolic organelles, 

thereby lacking the mitochondria essential for ATP production, the endoplasmic 

reticulum critical for protein synthesis, and nuclei. Additionally, the lens does not have 

blood vessels for removing harmful cellular waste, necessitating a distinctive mode of 

intercellular transport for exchanging metabolites and ions with the surface epithelium. 
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To address these transport challenges, the lens has developed a unique circulatory system, 

driven by a standing flow of ionic current generated via differences in electromotive 

membrane potentials between surface and core fiber cells (Mathias et al., 1997). 

It is believed that current enters the lens traveling inward at the anterior and 

posterior poles and outward at the equator where it exits the lens (Mathias et al., 1997). 

Na+, the primary ionic courier, enters the extracellular spaces (from the aqueous and 

vitreous humors) at the lens surface and flows inward crossing into the fiber cells in a 

gradient dependent manner. Once internalized, sodium flow reverses direction and is 

transported back to the lens surface via gap junctions (Figure I-4). As the intercellular 

current nears the surface epithelium, it is directed toward the lens equator where gap 

junctional coupling and Na/K-ATP-ase activity are concentrated (Mathias et al., 1997) 

(Gao et al., 2000) (Candia and Zamudio, 2002) (Tamiya et al., 2003). Similarly, fluid 

flow through the lens is believed to follow the same circulation pattern as Na+ and Ca2+, 

facilitating the transport of various metabolites and cellular waste throughout the lens 

(Donaldson et al., 2001). 

Gap junctions play a critical role in the postnatal growth and differentiation of the 

lens. They are also a vital component of the circulating current that ensures lens 

homeostasis and prevents crystallin precipitation and cataract. While these roles have 

previously been postulated for the intercellular communication provided by lens gap 

junctions (Goodenough, 1992), the need for three different connexin subunits, namely 

Cx43, Cx46 and Cx50, has only recently been elucidated.  
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Lens specific connexin expression 

The vertebrate lens is a functional syncytium connected by gap junctions. The 

mammalian lens expresses a unique assortment of connexins: connexin 43 (Cx43, GJA1), 

connexin46 (Cx46, GJA3), and Connexin50 (Cx50, GJA8), which form the intercellular 

channels of the lens (Gerido and White, 2004) (White and Bruzzone, 2000a). These 

channels mediate a substantial portion of the intercellular transport of essential ions and 

molecules between the metabolically active epithelium and the quiescent fiber cell core 

(Mathias et al., 1997) (Jacobs et al., 2001). Cx43, expressed primarily in the epithelium, 

is absent from lens fibers, while Cx46 exhibits the opposite expression pattern, being 

found exclusively in lens fiber cells (Paul et al., 1991) (Gong et al., 1997). Conversely, 

Cx50 is present in both the epithelium and differentiated fibers (White et al., 1992) (Rong 

et al., 2002). This overlapping, yet distinct, pattern of connexin expression contributes to 

a variation in junctional communication based on the connexin composition of specific 

channels. 

While the precise physiological contribution of each connexin is not fully 

understood in vivo, the unique gating properties of all lens connexins have been well 

characterized in vitro through channel electrophysiology using exogenous expression 

systems, such as the mammalian cell or paired Xenopus oocyte systems. All three 

homotypic gap junctions are sensitive to voltage gating, albeit to different extents. 

Variations in voltage dependence are channel-specific, with Cx43 being the least 

responsive to gating by voltage, and Cx50 channels being the most sensitive to voltage 

gating (Ebihara and Steiner, 1993) (White et al., 1994b). The three connexins also exhibit 

differences in single channel conductance (γj): Cx43 generates two distinct conductances 
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of 60 and 90 pS, a difference modulated by protein phosphorylation (Fishman et al., 

1991) (Moreno et al., 1994); Cx46 exhibits a moderate γj of ~140 pS (Hopperstad et al., 

2000); and single homotypic Cx50 channels induce ~220 pS of unitary conductance 

(Srinivas et al., 1999).  

Due to the overlapping expression pattern of Cx50, neighboring cells can 

contribute hemichannels of assorted connexin composition. The ability of Cx46 and Cx50 

to form heterotypic channels in vivo has been well documented (White et al., 1994a) 

(Konig and Zampighi, 1995) (Jiang and Goodenough, 1996), while the capability of 

Cx43 and either Cx46 or Cx50 to form mixed channels is yet to be determined. 

Mammalian and amphibian expression systems have also been used to analyze the 

formation and functional properties of junctions containing two connexons with distinct 

connexin subunits (heterotypic) and of junctions that contain multiple connexin types in 

each connexon (heteromeric). Heterotypic channels containing Cx50 and Cx46 

homomeric connexons exhibit a γj of ~165pS, an intermediate value when compared to 

those of either homotypic channel (Hopperstad et al., 2000). The unitary conductance of 

heteromeric channels is variable, staying above the γj of Cx46, yet never exceeding that of 

Cx50 homotypic channels (Hopperstad et al., 2000) (Srinivas et al., 2005). These intrinsic 

differences in channel gating properties appear to play an essential role in lens 

physiology, a hypothesis further supported by genetic manipulation of mammalian lens 

connexins.  

Genetic manipulation of lens connexins 

The involvement of Cx43, Cx46 and Cx50 in lens development and function has 

been elucidated through the use of transgenic mice. While the genetic knockout of Cx43 
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results in neonatal lethality (Reaume et al., 1995) (White et al., 2001), the physiological 

role of Cx46 and Cx50 in the lens has been well documented (Gong et al., 1997) (Rong et 

al., 2002) (White et al., 1998).  

Connexin 43 is expressed in various tissues throughout the body, such as the 

heart, brain, and adrenal gland (Gerido and White, 2004); thus, genetic knockout of Cx43 

leads to cardiac malformation and neonatal death (Reaume et al., 1995). The examination 

of Cx43’s involvement in lens development has been limited to prenatal studies using 

Cx43 knockout mice. Interestingly, murine Cx43 knockout animals isolated at embryonic 

day 18 exhibit phenotypically normal lenses (White et al., 2001), demonstrating that 

Cx43 is not essential for proper lens fiber cell development. However, these embryonic 

knockout lenses display a reduction in cell-cell communication, a finding that may 

implicate a possible role for Cx43 in postnatal lens development (White et al., 2001).  

Conversely, deletion of Connexin50 produces viable offspring with distinct lens 

phenotypes that can be studied throughout development (White et al., 1998). Genetic 

knockout of Cx50 generates lenses with a mild nuclear cataract and a significant decrease 

in organ size (Figure I-5A). Additionally, these lenses exhibit delayed fiber cell 

maturation, which is a result of slowed denucleation during the DF-MF transition (Rong 

et al., 2002). Interestingly, conductance measurements taken from Cx50 knockout lenses 

exhibit a 50% decrease in differentiated fiber cell coupling, yet coupling remains largely 

unchanged in the mature fibers (Baldo et al., 2001). Furthermore, the decrease in organ 

growth results from a decreased number of lens fiber cells, not altered cell size, a 

phenomenon caused by diminished epithelial cell mitosis and proliferation (White, 2002) 

(Sellitto et al., 2004). These findings maintain that Cx50 plays an essential role in proper 
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lens growth through its ability to recruit epithelial cells into the cell cycle, as well as 

suggest a prevalent role for Cx50 in the coupling of primary lens fibers.  

Similarly, Cx46 deletion produces viable offspring with identifiable lens defects. 

Murine Cx46 knockout lenses develop a distinct nuclear cataract during postnatal week 3, 

found to be the result of aberrant crystallin precipitation in lens fibers (Gong et al., 1997). 

Interestingly, Cx46 knockout lenses (Figure I-5B) exhibit no growth defect, as these 

lenses are comparable in size to wild-type lenses (Figure I-5D), inferring that Cx46 is 

primarily responsible for mediating lens clarity, but not growth. To further determine the 

precise physiological relevance of Cx46 in lens development, genetic replacement 

(knock-in) of Cx50 with Cx46 has been carried out in transgenic mice (White, 2002). 

When the Cx50 gene locus is replaced with the Cx46 coding region (Cx50(Cx46/Cx46) 

Cx46(+/+)), mice develop clear lenses devoid of the nuclear cataract associated with Cx46 

knockout (Figure I-5E). These lenses, however, show a substantial growth defect similar 

to that found in Cx50 knockout mice (Rong et al., 2002) (White et al., 1998) (White, 

2002). Taken together, these data indicate that Cx46 plays a unique and essential role in 

maintaining lens clarity, but is independent of lens growth. 

Heterozygous Cx46 knock-in lenses provide further insight into the importance of 

lens connexin diversity. Interestingly, the presence of Cx46 in the epithelium leads to the 

production of a distinct cataract phenotype, creating lenses with a unique lamellar opacity 

located just below the anterior epithelium (Figure I-5F). Additionally, these heterozygous 

knock-in lenses exhibit normal growth rates when compared to wild-type lenses, 

indicating that the novel mixing of fiber connexins in the epithelium creates a dominant 

cataract distinct from that of the Cx46 knockout lens. 
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Additional support for the crucial function of connexins in proper lens growth and 

homeostasis comes from the creation of double knockout mice lacking both copies of 

Cx46 and Cx50 (Cx50 (-/-) Cx46 (-/-)) (Dunia et al., 2006) (Xia et al., 2006a). Double 

knockout lenses exhibit malformed inner fibers and a dense nuclear cataract, an opacity 

considerably more severe than that of either knockout animal (Figure I-5C). Recent 

studies reveal that the distinct double knockout phenotype is the result of mature fiber 

cell swelling (Dunia et al., 2006) (Xia et al., 2006a). This phenomenon leads to additional 

downstream physiological changes, such as altered γ-crystallin production and a 

deficiency in the ability of mature fiber cells to properly transport fluid and essential 

small molecules throughout the lens core. Taken together, these findings suggest that gap 

junctional communication in the lens is essential for maintaining lens fiber cell 

homeostasis, and thus a loss of gap junction mediated transport in the lens leads to 

cataract.  

Cx46 prevents cataract 

 The research described above has identified a critical role for Cx46 in maintaining 

lens clarity, particularly in the highly specialized mature fiber cells that depend on Cx46-

mediated gap junctional coupling for communication with the metabolically active 

surface epithelium. Furthermore, calcium-dependent proteolytic activity of Lp82 has 

been identified as an important trigger of cataractogenesis in Cx46 knockout mice 

(Baruch et al., 2001). The nature of the connection between Cx46, gap junctional 

coupling, calcium, and lens cataract development has recently been identified by 

integrating data from the numerous studies described above with a novel method of 

calcium measurement in the intact lens (Gao et al., 2004). 
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 Because Cx46 is presumed to be the only connexin providing gap junctional 

coupling in the mature fiber cells (Baldo et al., 2001) (Martinez-Wittinghan et al., 2004), 

it forms a critical component of the lens internal circulation system (Mathias et al., 1997) 

(Donaldson et al., 2001). This model predicts a circulation of Ca2+ in the lens, where the 

Cx46 containing gap junctions coupling the interior fiber cells to the surface cells would 

be an essential component of calcium homeostasis. 

 This hypothesis has been tested by studying calcium homeostasis in wild-type, 

Cx46 knockout, and Cx46 knock-in lenses, which exhibit different degrees of gap 

junctional coupling in their mature fibers. Intracellular Ca2+ is measured by injecting 

FURA2 into fiber cells and mapping the gradient of calcium concentration from center to 

surface in each type of lens (Gao et al., 2004). In wild-type lenses, the Ca2+ concentration 

varies smoothly from 700 nM in the center to 300 nM at the surface. In the knock-in 

lenses, calcium varies from about 500 nM at the center to 300 nM at the surface. As 

described above, knock-in lenses have about twice the coupling conductance in their 

mature fibers compared to wild-type lenses, due to the additional copies of Cx46 being 

expressed from the Cx50 gene locus. When the coupling conductance doubles, the Ca2+ 

concentration gradient halves, suggesting that Cx46 gap junctions represent the limiting 

factor in the Ca2+ efflux pathway. Data from Cx46 knockout lenses further support this 

idea. Their mature fiber coupling conductance is zero, hence the efflux path is blocked 

and calcium accumulates to a concentration of ~2 µM in the mature fibers. As reviewed 

above, this accumulation of Ca2+ in Cx46 knockout lenses correlates with a dense central 

cataract, triggered by activation of the calcium-dependent protease, Lp82 (Gong et al., 

1997) (Baruch et al., 2001) (Gao et al., 2004). Taken together, these data provide a 
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mechanism to describe each step leading to cataract formation: knockout of Cx46 causes 

loss of coupling of mature fiber cells; the efflux path for calcium is therefore blocked; 

calcium accumulates in the central cells; Lp82 is activated; Lp82 cleaves γ-crystallin; the 

cleaved γ-crystallin stimulates crystallin aggregation and precipitation. 

 One caveat to this mechanistic model is that while the knock-in lenses have 

increased coupling in the central fibers, they also show significantly reduced coupling in 

the outer fibers. This suggests that the magnitude of coupling in the differentiating fibers 

is not critical to the circulation, provided that coupling remains concentrated toward the 

lens equator. In wild-type lenses, gap junctional conductance is maximal at the lens 

equator and minimal at the anterior and posterior poles (Baldo and Mathias, 1992). In the 

knock-in lenses, the radial variation in differentiating fiber conductance is preserved, 

with the equatorial differentiating fibers having a greater conductance than the posterior 

pole. Thus, as long as the strong bias of coupling toward the equator is preserved, the 

reduced magnitude of coupling in the differentiating fibers of knock-in lenses does not 

limit the circulating current. 

Connexin mutations cause cataract 

The crucial nature of gap junctional communication in the lens is further 

evidenced by recent reports indicating that mutations in various connexin genes can result 

in hereditary disease in humans and mice (Willecke et al., 2002) (Gerido and White, 

2004) (Evans and Martin, 2002). Autosomal dominant cataracts, CZP1 and CZP3, have 

been associated with mutations in Cx50 and Cx46, respectively (Shiels et al., 1998) 

(Mackay et al., 1999), while genetic alterations within the Cx43 coding region lead to 

oculodentodigital dysplasia, ODDD (Paznekas et al., 2003). These mutations not only 
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demonstrate the importance of gap junctional communication to an organism, but also 

provide a valuable resource for determining the molecular mechanisms behind connexin-

associated genetic disease.  

Mutations within the Cx46 and Cx50 genes are common causes of inherited 

cataracts in humans and mice. The role of Cx50 in lens homeostasis and proper organ 

function has been further elucidated by the association of a variety of mutations in the 

Cx50 coding region with distinct lens pathologies (Table 1) (Runge et al., 1992) (Steele, 

Jr. et al., 1998) (Xu and Ebihara, 1999) (Graw et al., 2001) (Chang et al., 2002) (Xia et 

al., 2006b) (Xia et al., 2006c). The first example of a connexin mutation producing 

cataract in mice is revealed by the analysis of No2 mice. No2 mice exhibit a semi-

dominant, bilateral, congenital, nuclear cataract with a 30% reduction in lens mass 

(Steele, Jr. et al., 1998). The No2 phenotype directly correlates with a single nucleotide 

transversion from A to C within the Cx50 gene locus, resulting in the formation of a 

novel Hha1 restriction site and an aspartate to alanine substitution at amino acid 47, 

Cx50-D47A (in the first extracellular domain). The No2 mutation has been further 

analyzed using the paired Xenopus oocyte assay to compare the electrical properties of 

gap junctions formed by Cx50-D47A mutant subunits alone or in conjunction with 

endogenous lens fiber connexins. These studies show that Cx50-D47A fails to form 

homotypic gap junctions, yet is able to form functional intercellular channels when co-

expressed with wild-type Cx50 or Cx46 (Xu and Ebihara, 1999). Although the 

electrophysiological properties of these channels have not been well characterized, the 

formation of functional heteromeric channels containing wild-type and mutant Cx50 

indicates that Cx50-D47A does not act as a dominant negative suppressor of Cx50 (Xu 
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and Ebihara, 1999). Taken together, these data provide the first evidence that a mutation 

in a lens connexin can result in congenital hereditary cataract. 

A substitution of glycine to arginine at codon 22 in the Cx50 coding region 

(Cx50-G22R) causes autosomal semi-dominant cataracts in Lop10 mutant mice (Runge et 

al., 1992) (Chang et al., 2002). Homozygous Lop10 mice, Cx50 (G22R/G22R) Cx46 (+/+), 

develop microphthalmia and dense cataracts resulting from severely disrupted cortical 

fibers with vacuoles and posterior capsule rupture. Similarly, a recent study by the Gong 

laboratory shows that the homozygous mutant lens fails to produce normal gap junctions 

between lens fiber cells, and that mutant Cx50-G22R subunits reduce the amount of 

phosphorylated wild-type Cx46 subunits (Chang et al., 2002). Interestingly, double 

homozygous Cx50 (G22R/G22R)  

Cx46 (-/-) mutant mice develop severe cataracts with normal cortical fibers (Chang et al., 

2002). These data imply that the interaction of mutant Cx50-G22R proteins with wild-

type Cx46 subunits contributes to the severe phenotype in Lop10 mutant mice, and that 

the presence of endogenous Cx46 modulates the lens phenotypes of Cx50-G22R mutant 

mice. 

A similar study revealing a novel mutation in the first extracellular domain of 

Cx50, Cx50-S50P, identified as L1, displays ruptured, cataractous lenses resulting from a 

T to C missense mutation at position 148 in the Cx50 gene, causing a serine to proline 

substitution at codon 50, Cx50-S50P (first extracellular domain). Histological analysis of 

the L1 lens shows disrupted primary fiber cell formation (Gong et al., 2007) (Xia et al., 

2006c) and vacuole development in the secondary fibers, while investigation of 

heterozygous L1 mice reveals perturbed elongation of primary fiber cells (Xia et al., 
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2006c). These data, taken in conjunction with the finding that Cx50 knockout and 

homozygous L1 mice show normal primary cell development, suggest that an interaction 

between mutant and wild-type Cx50 subunits is necessary to disrupt embryonic fiber cell 

elongation (Dunia et al., 2006) (Xia et al., 2006c). L1 mice crossed with Cx46 knockout 

mice to create mice lacking endogenous Cx46, but containing either mutant Cx50 alone 

or both Cx50-S50P and wild-type Cx50 alleles, further elucidate the role of Cx50-S50P 

in cataractogenesis. Mice heterozygous for the Cx50-S50P mutation and lacking 

endogenous Cx46, Cx50 (S50P/+) Cx46 (-/-), develop a dense nuclear cataract with a 

transparent cortex, while lens histology reveals disrupted nuclear fibers with relatively 

normal cortical fibers (Xia et al., 2006c). This phenotype differs from the Cx50 (S50P/+) 

Cx46 (+/+) mice, indicating a defect in the ability of Cx50-S50P to interact with Cx46 in 

the mature lens fibers. Furthermore, the creation of transgenic mice containing only one 

copy of mutant Cx50, Cx50 (S50P/-) Cx46 (-/-), produces lenses with a large, dense nuclear 

cataract, similar to those exhibited by double knockout mice, Cx50 (-/-) Cx46 (-/-) (Xia et 

al., 2006c) (Gong et al., 2007). Taken together, these data reveal an essential role for gap 

junction-mediated intercellular communication between primary lens fibers during 

embryonic development, as the presence of Cx50-S50P subunits alone fails to induce 

fiber cell growth defects. These findings support the hypothesis that an interaction 

between endogenous lens connexins is required for proper organ growth, function, and 

development in vivo. 

Recently, large scale ethylnitrosourea (ENU) mutagenesis of mice has been 

conducted, giving rise to an F1 generation of mice displaying congenital cataract 

phenotypes.  Genotypic analysis of these cataractous mice reveals many alterations 
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within the γ and β crystallin coding regions, as well as several unique Connexin50 

mutations. One such mutation, initially known as Aey5, is the product of a T to C 

mutation at position 191 in the Cx50 coding region, resulting in a valine to alanine 

substitution at amino acid 64 (in the first extracellular loop) (Graw et al., 2001). This 

mutation, now known as Cx50-V64A, causes a unique lens pathology, specifically a 

nuclear and posterior opacity that progresses from postnatal day 12 through the second 

month of life. Additionally, histological lens sections show the formation of large 

vacuoles that evolve toward the degeneration of the secondary lens fibers. Furthermore, 

Aey5 lenses exhibit a severe growth defect and nuclear remnants in their anterior 

secondary fibers, indicating an aberration in the denucleation process during fiber cell 

maturation (Graw et al., 2001).  

A separate ENU mutagenesis screen provides similar mutant animals, such as 

mice possessing the Cx50-R205G allele, which develop a distinct cataract and ocular 

phenotype. Genome-wide linkage analysis shows the autosomal semi-dominant cataract 

phenotype exhibited in vivo to be the result of a missense C to G mutation in the Cx50 

coding region, causing a single amino acid transition from arginine to glycine at codon 

205 (R205G). Unlike G22R (in N-terminus) and S50P (in the first extracellular loop), this 

point mutation is located in the second extracellular loop of Cx50. 

Throughout life, lens epithelial cells proliferate, migrate to the lens equator, and 

elongate by stretching from anterior to posterior poles, resulting in the formation of lens 

fibers (Menko, 2002). These cells then undergo a series of specialized differentiation 

processes, including proteolytic cleavage of the C termini of fiber cell connexins (Lin et 

al., 1997) (Kistler et al., 1990). Although the functional relevance of this endogenous 
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truncation remains unknown, cleavage coincides with junctional plaque reorganization 

and protein stabilization (Mathias et al., 1991) (Gruijters et al., 1987) (Zampighi et al., 

1992). 

Several lines of evidence indicate that the carboxyl terminus may play an 

important role in channel gating and permeability. Two calpain cleavage sites have been 

identified at amino acids 290 and 300 within the carboxyl terminus of Cx50 (Lin et al., 

1997); however, conflicting results on the relationship between Cx50 truncation and pH 

gating have been published (Lin et al., 1998) (Xu et al., 2002) (Stergiopoulos et al., 1999) 

(Peracchia et al., 2004). Some reports have shown greatly reduced pH sensitivity after 

truncation of the C-terminus (Lin et al., 1998) (Xu et al., 2002), whereas other data have 

shown the persistence of pH gating after cleavage (Stergiopoulos et al., 1999). This 

dissertation uses the paired Xenopus oocyte system in conjunction with transfected 

mammalian cells to clarify the functional differences in voltage and pH gating between 

gap junctions composed of full-length Cx50 and its naturally occurring C-terminal 

truncation. 
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Figure I-1. Peptide map of murine Cx50 protein. This diagram displays the individual 
amino acids that comprise the full-length Cx50 peptide. The map clearly shows the 
cytoplasmic N-terminus, intracellular loop, and C-terminal domains within the cell. 
Extracellular loops 1 and 2 are seen in the extracellular space, while the four short 
transmembrane domains traverse the plasma membrane.  
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Figure I-2. Structure and diversity of gap junction channels. Connexin subunits determine 
the structural and functional diversity of gap junctions by forming homomeric or 
heteromeric connexons. The alignment of connexons in the extracellular spaces of 
adjacent cells forms various types of intercellular channels such as homotypic, 
heterotypic, or heteromeric gap junctions. (Evans and Martin, 2002)  
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Figure I-3. Diagram of a vertebrate lens cross section cut through the anterior-posterior 
axis. The lens consists of three distinct cellular subsets. The metabolically active 
epithelium (light gray) is a single layer of cells spanning the anterior surface of the lens. 
Below the epithelium are the differentiating fibers (white). The inner core of the lens 
contains the highly specialized mature fiber cells that comprise the remaining 80% of 
organ mass (dark gray). (Taken from DeRosa et al. (2005) Intercellular communication in 
lens development and disease. In Gap Junctions in Development and Disease. E. 
Winterhager, Ed.) 
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Figure I-4. Diagram of the lens circulation model. (A) In an intact lens, current flows in 
the pattern indicated by the arrows. (B) The major ion carrier of the circulating current 
appears to be sodium, which enters the lens along the extracellular spaces between cells, 
then moves down its electrochemical gradient into fiber cells, where it returns to the 
surface via gap junctions. The pattern of gap junction coupling in the differentiating 
fibers directs the intracellular current flow to the lens equator, where the epithelial cells 
transport it out of the lens using Na/K-ATPase activity. (Taken from DeRosa et al. (2005) 
Intercellular communication in lens development and disease. In Gap Junctions in 
Development and Disease. E. Winterhager, Ed.)  
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Figure I-5. Cataracts form in connexin knockout lenses. Views looking down on the 
equatorial edge of Cx50 knockout (A), Cx46 knockout (B), and a Cx46/Cx50 double 
knockout (C) are shown. Deletion of Cx50 produces a small lens with a mild cataract. 
Knockout of Cx46 results in a severe cataract, but normal lens size. Disruption of both 
connexin genes results in dense cataract and small size. Wild-type lenses (D) maintain 
transparency, as do knockover lenses (E), which are smaller than normal, but clear. Thus, 
Cx46 alone can maintain lens clarity when expressed from the Cx50 locus (compare E 
with A and B). Heterozygous knock-in lenses (F) develop dense cataracts in the central 
anterior region of the lens, in addition to an irregular diffraction under the epithelium. 
Therefore, incongruous mixing of Cx46 and Cx50 in heterozygous knock-ins causes 
cataract. (Taken from DeRosa et al. (2005) Intercellular communication in lens 
development and disease. In Gap Junctions in Development and Disease. E. Winterhager, 
Ed.) 
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Table I-1. Summary of all reported Cx50 mutations and their mutant phenotypes 
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Cx50 Mutation 
(Domain) 

Lens Phenotype Reference 

1. D47A (E1 Loop) • Semi-dominant, congenital 
nuclear cataract  

• Smaller lenses 

• (Steele, Jr. et al., 
1998) 

• (Xu and Ebihara, 
1999) 

2. G22R (N-Term.) • Disrupted cortical fibers 
• Dense nuclear cataract 
• Posterior rupture  
• Smaller lenses 

• (Runge et al., 
1992) 

• (Chang et al., 
2002) 

• (Xia et al., 
2006b) 

3. S50P (E1 Loop) • Dominant whole cataract 
• Disrupted fiber cell 

formation  
• Vacuole formation 
• Posterior rupture 
• Smaller lenses 

• (Xia et al., 
2006c) 

• (DeRosa et al., 
2007) 

4. V64A (E1 Loop) • Dense nuclear and posterior 
cataract 

• Malformed secondary fibers 
• Smaller lenses 

• (Graw et al., 
2001) 

5. R205G (E2 Loop) • Dense nuclear cataract 
• Smaller lenses 

• Personal 
communication 
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Chapter II 
 
 
 
 
 

Hypotheses and Specific Aims 
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Specific Aims 

 Cataract is one of the leading causes of blindness worldwide. Thus, it is important 

to find an appropriate model for studying the developmental processes that govern 

cataract formation. Transgenic mice lacking Cx46 and Cx50 demonstrate the importance 

of connexin expression and diversity in the lens.  Additionally, mutations within the 

Cx46 and Cx50 gene loci cause cataracts in both humans and mice. The working 

hypothesis for this dissertation is that mutations in different Cx50 domains may have 

diverse effects on channel function, and these changes may play a role in cataract 

development in the mammalian lens. This hypothesis drives the universal aim of my 

dissertation, which is to analyze the functional consequences of four distinct Cx50 

protein variants: three cataract-causing Cx50 mutants (an N-terminal mutant, Cx50-

G22R; an extracellular loop one mutant, Cx50-S50P; an extracellular loop two mutant, 

Cx50-R205G), and a C-terminally truncated variant, Cx50tr290. The data herein provide 

new insights and further define the functional significance Cx50 in the lens.  

 

Specific Aim 1: Characterize the effects of the Cx50-G22R mutation on gap junction 

channel function. Recent studies reveal that the N-terminus of many connexins, 

including Cx50, plays an important a role in the regulation of channel voltage gating 

(Peracchia and Peracchia, 2005) (Purnick et al., 2000) (Verselis et al., 1994) (Bruzzone et 

al., 2003).   

Thus, I hypothesize that Cx50-G22R mutant subunits alter gap junction channel 

function through unique interactions with wild-type fiber connexins, resulting in the 

mutant phenotypes seen in vivo.  
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The experiments herein analyze the electrophysiological properties of gap 

junctions comprised of various combinations of wild-type lens fiber connexins and 

mutant Cx50-G22R subunits. Additionally, I examine the trafficking abilities of these 

mutant proteins in vitro and in vivo, and describe a possible physiological mechanism for 

the aberrant mutant phenotype caused by the G22R mutation.  

 

Specific Aim 2: Analyze the functional characteristics of a cataract-inducing mutant 

protein, Cx50-S50P. Genetically engineered mice reveal that the combination of mutant 

Cx50-S50P and wild-type Cx50 subunits inhibits the elongation of primary fiber cells 

during embryonic development, while the combination of Cx50-S50P and wild-type 

Cx46 subunits disrupts the formation of secondary fiber cells in the postnatal lens (Xia et 

al., 2006c) (Gong et al., 2007).  

I hypothesize that the mutant Cx50-S50P proteins dominantly alter wild-type Cx50 

channel function, and that the co-expression of wild-type Cx46 and Cx50-S50P will 

form heteromeric gap junctions with unique functional properties.   

This dissertation describes the physiological effects of the extracellular loop one 

mutant, Cx50-S50P, on lens development and function. I use single and dual-whole-cell 

voltage clamp techniques to determine the differences between gap junctions containing 

various combinations of wild-type and mutant connexin subunits. Additionally, I examine 

the localization properties of the S50P mutant protein alone, and in transfected HeLa cells 

expressing both Cx46 and Cx50-S50P subunits.  
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Specific Aim 3: Characterize the functional effects of the Cx50-R205G mutation. 

Recent discovery of a novel cataract-causing mutation in the second extracellular domain 

of Cx50 reveals that homozygous Cx50-R205G mutant mice exhibit lenses with a dense 

nuclear opacity, a mild lamellar cataract, and severe microphthalmia.   

I hypothesize that the Cx50-R205G mutation negatively affects wild-type channel 

function to generate the aberrant ocular phenotypes seen in vivo  

This work details the ability of the Cx50-R205G mutant to alter intercellular 

channel function. My data compare the functional and localization abilities of the mutant 

Cx50-R205G protein to that of either wild-type lens fiber connexin, and characterize the 

electrophysiological consequences of this mutation in vitro.  

 

Specific Aim 4: Identify the functional consequences of Cx50 truncation during 

fiber cell development. Cx50 undergoes proteolytic cleavage of its cytosolic C-terminus 

during the later stages of fiber cell differentiation. It has been previously reported that 

Cx50 mediated coupling is diminished in the mature fibers (Mathias et al., 1991) (Baldo 

and Mathias, 1992). 

Thus, I hypothesize that the endogenous, calpain-mediated truncation of Cx50 

proteins may inhibit coupling abilities, or alter their sensitivity to pH.   

In this document, I characterize the electrical gating properties of the C-terminally 

truncated Cx50 variant, Cx50tr290, and its ability to functionally interact with full-length 

Cx50 subunits in vitro. Additionally, I examine the effects of C-terminal truncation on 

pH gating sensitivity in paired Xenopus oocytes.   
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Chapter III 

 
 
 
 
 

Materials and Methods 
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Molecular Cloning 

Mutant mouse Cx50-G22R, Cx50-S50P, and Cx50-R205G cDNAs were 

generated from total mRNAs of homozygous mutant lenses by RT-PCR using a pair of 

primers: (sense) 5’ cgggatcctagtgagcaatgggcgac 3’ and (anti-sense) 5’ 

ggaattcgtcatatggtgagatcatc 3’. Mutant cDNA was subcloned into pCR-bluntII-TOPO 

vector (Invitrogen, Carlsbad, CA) and sequenced to confirm the single amino acid 

substitutions. Mutant cDNAs were further subcloned into the pCS2+ expression vector 

using the EcoR1 restriction site. Murine Cx50tr290 and Human Cx50tr294 were prepared 

by inserting a stop codon (TGA) after amino acid 290 or 294 by PCR amplification. The 

PCR products were then subcloned into the pCS2+ and pIRES2-EGFP vectors (Clontech, 

Palo Alto, CA) between the EcoR1-Xho1 restriction sites, and sequenced on both strands. 

Murine wild-type Cx50 (White et al., 1992) and Cx46 (White, 2002) were cloned 

between the Xho1-Xba1 or the Xho1-Spe1 sites of the pCS2+ expression vector, 

respectively. 

In vitro transcription, oocyte microinjection, and pairing  

The aforementioned wild-type Cx50, Cx46, mutant Cx50, and truncated 

constructs were linearized using NotI and were transcribed (SP6 mMessage mMachine 

kit; Ambion, Austin, TX). Adult Xenopus females were anesthetized using MS-222, and 

ovaries were removed in a manner that fully conformed to the ARVO Statement for the 

Use of Animals in Ophthalmic and Vision Research. Stage V to VI oocytes were 

collected after ovarian lobes were defolliculated in a solution containing 50 mg/mL 

collagenase B and 50 mg/mL hyaluronidase in modified Barths (MB) medium without 

Ca2+. Cells were cultured in MB medium at room temperature. Cells were first injected 
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with 10 ng antisense Xenopus Cx38 oligonucleotide to eliminate endogenous intercellular 

channels. Twenty-four hours later, oocytes were reinjected with wild-type full-length 

Cx50 cRNA (20 ng/cell), wild-type Cx46 cRNA (5 ng/cell), Cx50tr290 cRNA (80 

ng/cell), human Cx50tr294 cRNA (80 ng/cell), mutant Cx50 transcripts (5 ng/cell), or 

H2O as a negative control. Vitelline envelopes were removed in a hypertonic solution 

(200 mM aspartic acid, 10 mM HEPES, 1 mM MgCl2, 10 mM EGTA, and 20 mM KCl at 

pH 7.4), and oocytes were manually paired with the vegetal poles apposed in MB-

containing Petri dishes.  

Biochemical analysis of oocyte proteins 

 Oocytes were collected in 1 mL buffer containing 5 mM Tris pH 8.0, 5 mM 

EDTA, and protease inhibitors (White et al., 1992), and were lysed with a series of 

mechanical passages through needles of diminishing caliber (20, 22, and 26 gauge). 

Extracts were centrifuged at 1000g at 4°C for 5 minutes. The supernatant was then 

centrifuged at 100,000g at 4°C for 30 minutes. Membrane pellets were resuspended in 

SDS sample buffer (2 µL per oocyte), and samples were separated on 10% SDS gels and 

transferred to nitrocellulose membranes. Blots were blocked with 5% BSA in 1x PBS 

with 0.02% NaN3 for 1 hour and subsequently probed with a rabbit anti-mouse Cx50 

polyclonal primary antibody (White et al., 1992) or a rabbit anti-rat Cx46 polyclonal 

primary antibody (Paul et al., 1991). They were then incubated with an alkaline 

phosphatase-conjugated goat anti-rabbit IgG secondary antibody (Jackson Laboratories, 

Bar Harbor, ME). Band intensities were quantified (1D Image Analysis software; 

Eastman Kodak, Rochester, NY). Values from 3-4 independent experiments were 



 38

normalized to the mean value of band intensity of either the wild-type Cx50 or Cx46 

sample. 

Dual whole-cell voltage clamp 

Gap junctional coupling between oocyte pairs was measured using dual whole-

cell voltage clamp (Spray et al., 1981) (Bruzzone et al., 2003). Electrodes (1.2-mm 

diameter, omega dot; Glass Company of America, Millville, NJ) were pulled to a 

resistance of 1 to 2 MΩ with a vertical puller (Narishige, Tokyo, Japan) and filled with 3 

M KCl, 10 mM EGTA, and 10 mM HEPES, pH 7.4. Voltage clamping of oocyte pairs 

was performed with two amplifiers (GeneClamp 500; Axon Instruments, Foster City, CA) 

controlled by a PC-compatible computer through interface (Axon Instruments). Software 

(pCLAMP 8.0; Axon Instruments) was used to program stimulus and data collection 

paradigms.  

For measurements of junctional conductance (Gj), both cells of a pair were 

initially clamped at –40 mV, and alternating pulses of ±20 mV were applied to one cell. 

Junctional current (Ij) was divided by the voltage to yield the conductance: Gj = Ij/(V1 –

V2). To analyze voltage gating, transjunctional potentials (Vj) of opposite polarity were 

generated by hyperpolarizing or depolarizing one cell in 20 mV steps (over a range of 

±120 mV). Steady state conductance was calculated at the end of the voltage pulse, 

normalized to the values determined at ±20 mV, plotted against Vj, and fit to a Boltzmann 

relation of the form: Gjss = (Gjmax – Gjmin)/1 + exp[A(Vj – V0)] + Gjmin, where Gjss is the 

steady state junctional conductance, Gjmax (normalized to unity) is the maximum 

conductance, Gjmin
 is the residual conductance at large values of Vj, and V0 is the 

transjunctional voltage at which Gjss = (Gjmax – Gjmin)/2. The constant A (= nq/kT) 
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represents the voltage sensitivity in terms of gating charge as the equivalent number (n) 

of electron charges (q) moving through the membrane, k is the Boltzmann constant, and T 

is the absolute temperature.  

To examine pH sensitivity, Gj measurements were taken in 30-second intervals by 

applying voltage steps of 10 mV (1-second duration) to one cell while the voltage in cell 

two was held constant at –40 mV. The oocyte chamber was perfused at a constant flow 

rate with MB medium containing Ca2+ and saturated with 100% CO2 for a period of 5 

minutes, followed by washout with normal MB solution for 12 minutes. 

Electrophysiological recording of hemichannel currents 

Macroscopic recordings of hemichannel currents were obtained from single 

Xenopus oocytes using a GeneClamp 500 amplifier controlled by a Digidata 1320 

interface (Axon Instruments, Foster City, CA). pClamp 8.0 software (Axon Instruments) 

was used to program stimulus and data collection paradigms. To obtain hemichannel I-V 

curves, cells were initially clamped at -40 mV and subjected to 5 second depolarizing 

voltage steps ranging from -30 to +60 mV in 10 mV increments. Membrane currents 

were analyzed by recording hemichannel currents from cells injected with appropriate 

cRNA transcripts and incubated overnight in MB supplemented with 2 mM CaCl2. 

Transient transfection and dual whole-cell patch-clamp electrophysiology 

N2A cells were transiently transfected with Cx50 or Cx50tr290 cDNAs using the 

Lipofectamine 2000 (Gibco BRL) reagent and were plated at low density onto glass 

coverslips. Coverslips were transferred to the stage of a microscope (Diaphot; Nikon, 

Tokyo, Japan) and were bathed in a external solution containing 140 mM NaCl, 2 mM 

CsCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, 4 mM KCl, 5 mM dextrose, 2 mM 
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pyruvate, and 1 mM BaCl2, pH 7.2. Each cell of a cell pair was voltage clamped with 

patch pipettes pulled on a micropipette puller (Flaming/Brown; Sutter P87; Sutter 

Instrument, Novato, CA) with patch-clamp amplifiers (Axopatch1D; Axon Instruments). 

Patch electrodes had resistances from 4 to 7 M  when filled with internal solution 

containing 130 mM CsCl, 10 mM EGTA, 0.5 mM CaCl2, and 10 mM HEPES, pH 7.2. 

All current recordings were filtered at 0.2 to 0.5 kHz and were sampled at 2 to 5 kHz. 

Data were acquired (pCLAMP 8.0 software; Axon Instruments) and analyzed with that or 

another software (Origin 6.1; OriginLab Corp., Northampton, MA). Pairs were initially 

held at a common holding potential of 0 mV. To evaluate junctional coupling and 

macroscopic channel gating, depolarizing and hyperpolarizing pulses to various voltages 

were applied to one cell to establish a Vj gradient, and Ij was measured in the second cell 

(held at 0 mV). Single-channel currents were measured between weakly coupled cell 

pairs. All-point amplitude histograms were constructed, and data were fitted to Gaussian 

functions to determine the mean and variance of the baseline and open-channel current. 

Transient transfection and immunocytochemical staining 

HeLa cells were plated on 22 mm square coverslips and grown to 50% 

confluence, then transiently transfected with 2 μg of connexin DNA subcloned into the 

pIRES2-EGFP (used for single transfections) or pCS2+ vector (used for co-transfection) 

using Lipofectamine 2000 (Gibco BRL, Gaithersburg, MD). After overnight incubation, 

cells were fixed with 1% paraformaldehyde in PBS and blocked with 5% BSA in PBS 

with 0.1% Triton X-100 and 0.02% NaN3. HeLa cells expressing wild-type or mutant 

Cx50 alone were stained with a polyclonal rabbit anti-mouse Cx50 antibody at a 1:1000 

dilution, followed by incubation with a Cy3-conjugated fluorescent goat anti–rabbit IgG 
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secondary antibody (Jackson ImmunoResearch Laboratories). Cells transfected with 

wild-type Cx46 cDNA were stained with a polyclonal rabbit anti-rat Cx46 antibody at a 

1:1000 dilution, followed by incubation with a Cy3-conjugated fluorescent goat anti–

rabbit IgG secondary antibody (Jackson ImmunoResearch Laboratories). 

To examine the ability of Cx50-S50P to co-localize with wild-type Cx46 in gap 

junctional plaques, cells were co-transfected with both Cx50-S50P and wild-type Cx46 

cDNAs, and stained with both a mouse anti-sheep Cx50 monoclonal primary antibody 

and a rabbit anti-rat Cx46 polyclonal primary antibody at a concentration of 1:1000. 

Next, a Cy2-conjugated goat anti-mouse IgG (Jackson Laboratories) secondary antibody 

was used to detect Cx50, and a Cy3-conjugated goat anti-rabbit IgG secondary antibody 

to detect Cx46 protein expression (Jackson Laboratories). Coverslips were mounted using 

media containing DAPI (Vectasheild, Vector Laboratories, Inc., Burlingame, CA) and 

subsequently viewed and photographed on an Olympus BX51 microscope using an 

Optronics MagnaFire digital camera. Gap junctional plaque formation was quantified by 

immunofluorescent microscopy. Images were photographed at either 60x or 100x and 

areas of cell-cell contact were examined for the presence of gap junctional plaques and 

counted. 
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Chapter IV 

 
 
 
 
 

The physiological role of Cx50-G22R in lens development and homeostasis 
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Abstract 

 Mutations in Cx50 and Cx46 have been reported to cause cataracts in both 

humans and mice. To date, the mechanisms for how mutated Cx46 and Cx50 lead to a 

variety of cataracts are not well understood. Here, we tested the hypothesis that Cx50-

G22R mutant subunits would alter channel formation and/or channel gating properties, 

contributing to the formation of the mutant lens phenotypes seen in vivo. It was 

previously found that Cx50(G22R/-) Cx46(-/-) mice developed severe cataracts with 

disrupted inner fibers and posterior rupture, while the Cx50(G22R/Cx46) Cx46(-/-) lens 

contained relatively normal inner fibers without lens posterior rupture. Additionally, 

recent research has indicated a role for connexin50 in embryonic lens development, as 

Cx50-heterozygous Cx50-S50P mutant lenses (Cx50(S50P/+) Cx46(-/-)) exhibited novel 

deficiencies in primary fiber cell elongation. Using the paired Xenopus oocyte system in 

conjunction with the dual whole-cell voltage clamp assay, we demonstrated that Cx50-

G22R subunits alone failed to induce electrical coupling. However, the mixed expression 

of Cx50-G22R and wild-type Cx46 fiber connexins could form functional gap junction 

channels with reduced conductance and altered electrophysiological properties when 

compared to homotypic Cx46 channels. Conversely, co-expression of wild-type Cx50 

and Cx50-G22R mutant subunits did not display any obvious changes in channel function 

when compared to homotypic wild-type Cx50 channels. Taken together, these findings 

suggest that endogenous wild-type Cx46 and Cx50-G22R mutant subunits interact to 

form functional heteromeric gap junction channels with unique gating characteristics, a 

phenomenon that may contribute to the aberrant ocular phenotypes seen in vivo. 

Similarly, our data implied that knock-in Cx46 subunits interact with mutant Cx50-G22R 
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subunits to form heteromeric channels that partially restore intercellular communication 

between lens fiber cells, providing a possible mechanism behind the partial rescue of the 

mutant lens phenotype.   



 45

Results 

In the following chapter, I have included several figures that are the work of close 

collaborators and co-authors from the laboratory of Dr. Xiaohua Gong. These data have 

been incorporated to provide an appropriate context for my dissertation research. For an 

in-depth description of the methodology used to attain Figures IV-1-5, please refer to Xia 

et al. 2006 (Xia et al., 2006b). Figures IV-6, 7, 8 contain data derived from my 

experiments.  

Knock-in Cx46 connexin prevents lens rupture and substantially reduces cataract 

caused by the Cx50-G22R mutation 

 To evaluate whether knock-in Cx46 could modulate the lens phenotypes caused 

by the Cx50-G22R mutation in vivo, we generated and characterized three different 

compound mutant mice: Cx50(G22R/-) Cx46(-/-), Cx50(Cx46/-) Cx46(-/-), and Cx50(G22R/Cx46) 

Cx46(-/-). These mice were produced by intercrossing the Cx50(G22R/-) Cx46(-/-) and 

Cx50(Cx46/-) Cx46(-/-) mice. Since these mice were in the Cx46(-/-) background, we 

eliminated the contribution of endogenous wild-type Cx46. The Cx50(Cx46/-) Cx46(-/-) mice 

developed clear lenses (Figure IV-1A) similar to previously described lenses in 

knockover Cx50(Cx46/Cx46) Cx46(-/-) mice (Martinez-Wittinghan et al., 2003). In contrast, 

the Cx50(G22R/-) Cx46(-/-) mice developed severe cataracts and lens posterior rupture 

(Figure IV-1B). Interestingly, the Cx50(G22R/Cx46) Cx46(-/-) mice developed lenses with 

only very mild nuclear cataracts, and no posterior rupture (Figure IV-1C). Representative 

histological data of mice at postnatal day 14 showed that the Cx50(G22R/-) Cx46(-/-) lenses 

developed severely altered inner fibers, fiber degeneration, and lens posterior rupture 

(Figure IV-2A); however, the Cx50(G22R/Cx46) Cx46(-/-) lenses displayed normal fiber cells 
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without lens posterior rupture (Figure IV-2B). Thus, unlike the endogenous wild-type 

Cx46, the knock-in Cx46 subunits suppressed the severe cataract and prevented lens 

posterior rupture that occurred in the Cx50(G22R/-) Cx46(-/-) lenses. 

Mixed expression of wild-type and mutant Cx50-G22R alleles does not affect 

embryonic fiber cell development 

 To determine if the Cx50-G22R mutation interacts with wild-type connexin 

proteins to alter embryonic lens fiber development, histological data from embryonic 

Cx50(+/+) Cx46(+/+) (Figure IV-3A), Cx50(G22R/+) Cx46(+/+) (Figure IV-3B), and 

Cx50(G22R/G22R) Cx46(+/+) (Figure IV-3C) lenses were analyzed. At day 15 of embryonic 

development, there were no discernable differences in fiber cell elongation or 

morphology when comparing heterozygous or homozygous mutant lenses to wild-type 

samples. These data imply that the N-terminal mutant, Cx50-G22R, does not affect 

embryonic primary fiber development in vivo.  

Knock-in Cx46 stabilizes protein expression and restores typical gap junctions 

containing mutant Cx50-G22R subunits in the lens fiber cells 

 To understand the molecular mechanism underlying the ability of knock-in Cx46 

subunits to rescue the lens phenotype, we characterized the distribution and expression of 

mutant Cx50-G22R subunits in the Cx50(G22R/-) Cx46(-/-) and Cx50(G22R/Cx46) Cx46(-/-) 

lenses by immunostaining and immunoblotting with a polyclonal Cx50 antibody that was 

previously shown to recognize the Cx50-G22R subunits (Chang et al., 2002). We first 

examined the subcellular distribution of Cx50-G22R subunits in frozen sections of 

Cx50(G22R/Cx46) Cx46(-/-) and Cx50(G22R/-) Cx46(-/-) lenses during the third week of postnatal 

development. Only very weak fluorescent signals corresponding to expression of the 
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Cx50-G22R protein were found in the most peripheral fiber cells of the Cx50(G22R/-) 

Cx46(-/-) lens (Figure IV-4A and 4C). In contrast, much stronger punctate signals of 

Cx50-G22R were located predominantly in the long side of both the peripheral and inner 

lens fiber cells of the Cx50(G22R/Cx46) Cx46(-/-) lens (Figure IV-4B and 4D). Consistent 

with the immunostaining data, western blotting further confirmed that the Cx50-G22R 

protein was poorly expressed in the membrane-enriched fraction of the Cx50(G22R/-) 

Cx46(-/-) lenses, but was obviously present in much higher amounts in the equally loaded, 

membrane-enriched fraction isolated from the Cx50(G22R/Cx46) Cx46(-/-) lenses (Figure IV-

5). Moreover, immunoblotting showed that the knock-in Cx46 protein level remained 

largely unchanged in the Cx50(G22R/Cx46) Cx46(-/-) lenses compared to that in the 

Cx50(Cx46/-) Cx46(-/-) lenses. Thus, the presence of knock-in Cx46 in the lens restored or 

stabilized the expression of mutant Cx50-G22R subunits and targeted them to fiber cell 

membranes. 

Co-expression of wild-type lens fiber connexins and Cx50-G22R subunits produces 

heteromeric gap junction channels in vitro 

Based on our mouse data, we hypothesized that Cx50-G22R mutant subunits 

would alter channel formation and/or channel gating properties, contributing to the 

formation of the mutant lens phenotypes seen in vivo. To test this hypothesis, we 

examined the electrical properties of Xenopus oocytes expressing Cx50-G22R subunits 

alone or in conjunction with wild-type fiber connexins. Immunoblotting verified that 

wild-type and Cx50-G22R transcripts were efficiently translated in oocytes; protein 

expression was quantified by band densitometry, confirming that all conditions assayed 

expressed equivalent amounts of protein (Figure IV-6A). 
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 We then measured junctional conductance between oocyte pairs injected with 

various combinations of wild-type and mutant transcripts (Figure IV-6B). Homotypic 

wild-type Cx50 and Cx46 channels exhibited mean conductance values of ~30 μS and 19 

μS, respectively. Conversely, junctions comprised of Cx50-G22R subunits alone were 

uncoupled, exhibiting levels of gap junctional conductance indistinguishable from those 

of the water injected control pairs (P > 0.05).  

 Based on our data, we hypothesized that knock-in Cx46 subunits rescue the lens 

phenotype by interacting with Cx50-G22R subunits to form gap junction channels. To 

test this hypothesis, we examined the electrical coupling properties of paired Xenopus 

oocytes expressing Cx50-G22R subunits with or without wild-type Cx50 or Cx46 

subunits. Mean junctional conductance measurements recorded from oocyte pairs co-

injected with both wild-type Cx46 and mutant Cx50-G22R cRNAs developed 

heteromeric gap junctions with a mean conductance value of ~5 μS, a level of coupling 

approximately 75% lower than that of the homotypic wild-type Cx46 channels. This 

reduction in coupling was statistically significant (P < 0.05), and occurred despite equal 

levels of Cx46 protein synthesis (Figure IV-6A).  

Similarly, the mean conductance of channels containing wild-type and mutant 

Cx50 subunits was reduced by 50%, a significant reduction when compared to that of the 

homotypic wild-type Cx50 channels (P < 0.05). Since the levels of mutant and wild-type 

protein expression were nearly identical, the reduction in mean conductance cannot be 

attributed to an aberration in protein expression or increase in degradation. Therefore, we 

propose that this decrease in coupling is the result of the formation of functional 

heteromeric channels with variations in intrinsic channel gating properties.  
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Heteromeric gap junctions containing wild-type fiber connexins and Cx50-G22R 

subunits have altered voltage gating properties 

 If co-injected Cx50-G22R and wild-type Cx50 or Cx46 subunits interact to form 

heteromeric channels, the gating properties of the junctional conductance may be distinct 

from those of homotypic wild-type channels. To test this possibility, we examined the 

kinetics and steady-state properties of gap junctional voltage dependence in homotypic 

wild-type channels and co-injected oocyte pairs expressing both mutant and wild-type 

subunits using the dual whole-cell voltage clamp technique. When wild-type Cx50 

channels were subjected to a series of voltage applications ranging from ±20 mV to ±120 

mV, junctional current declined rapidly during larger voltage applications. Conversely, 

homotypic Cx46 gap junctions displayed a much slower decline in Ij at all comparable 

voltages. Interestingly, oocytes co-injected with both wild-type and mutant Cx50 

transcripts displayed no identifiable change in current decay when compared to wild-type 

Cx50 channels. However, cells co-expressing wild-type Cx46 and Cx50-G22R showed 

junctional currents that declined considerably faster during larger voltage applications 

when compared to homotypic Cx46 channels (Figure IV-7A).  

 To further quantify these alterations in voltage sensitivity, the initial 500 

milliseconds of current decay following a positive 80 mV voltage application was fit by a 

monoexponential function to determine the rate of channel closure (Figure IV-7B). While 

there were no significant changes in the mean time constant, τ, when homotypic Cx50 

channels were compared to mixed channels expressing both mutant and wild-type Cx50 

proteins (P > 0.05), comparison of homotypic wild-type Cx46 and heteromeric channels 

comprised of Cx46 and Cx50-G22R subunits revealed significantly different channel 
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closure times of 240 and 95 milliseconds, respectively (P < 0.05). In a similar fashion, a 

plot of steady-state junctional conductance, normalized to the values obtained at ±20 mV, 

showed that the reductions in conductance for co-injected Cx50-G22R and Cx46 

heteromeric channels were greater at all tested voltages than the reductions in steady-state 

Gj for Cx46 homotypic channels. As expected, our data revealed no drastic change in the 

equilibrium gating properties when homotypic Cx50 gap junctions and channels co-

expressing wild-type and mutant Cx50 were compared (Figure IV-7C). These data clearly 

show that co-expression of Cx50-G22R with wild-type Cx46 results in significantly 

altered gating properties. Since Cx50-G22R is a functionally silent allele, the shifted 

gating properties are most consistent with the formation of heteromeric channels by the 

co-injected Cx50-G22R and Cx46 subunits. Meanwhile, the absence of detectable 

changes in the gating properties of mixed channels expressing wild-type and mutant 

Cx50 proteins indicated that the reduction in electrical coupling exhibited by mixed 

channels may be the result of a reduction in the amount of functional subunits 

contributing to channel formation or an aberration in gap junctional plaque formation. 

Cx50-G22R localizes to form gap junctional plaques in transfected cells  

 It has been previously reported that mutant Cx50 proteins exhibit an altered 

ability to localize to the cell membrane, as well as a reduced capacity to form gap 

junctional plaques (Chang et al., 2002) (Xia et al., 2006b). In order to determine if the 

reductions in junctional conductance shown by channels of mixed connexin expression 

was the result of a failure to efficiently localize connexins to the plasma membrane, wild-

type Cx46, Cx50 or Cx50-G22R cDNAs were subcloned into the pIRES2-EGFP vector 

and transiently expressed in transfected HeLa cells.  
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Immunofluorescent images revealed that all three connexins were sufficiently 

expressed in vitro (Figure IV-8). As expected, wild-type Cx46 (Figure IV-8A) and Cx50 

(Figure IV-8B) subunits were properly targeted to plasma membrane, specifically at 

regions of cell to cell contact, a phenomenon consistent with the formation of gap 

junctions. Interestingly, Cx50-G22R proteins were also able to properly localize to sites 

of cell-cell apposition (Figure IV-8C). These data indicated that the reductions in 

coupling seen in the paired Xenopus assay were not due to a lost ability of Cx50-G22R 

subunits to form gap junctional plaques.  
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Discussion 

 This work directly demonstrates that the interaction of wild-type Cx46 and mutant 

Cx50 connexin subunits changes gap junction channel properties, thereby manipulating 

lens phenotypes. We have shown that the knock-in Cx46 subunits prevent severe 

cataracts and lens posterior rupture by restoring the gap junction structures containing 

Cx50-G22R subunits in vivo. Moreover, mutant Cx50-G22R subunits form functional 

heteromeric channels with wild-type Cx46 subunits in paired Xenopus oocytes in vitro. 

These heteromeric channels show a reduced junctional conductance, but faster gating 

kinetics and increased voltage sensitivity compared to homomeric channels formed by 

wild-type Cx46 subunits alone. Interestingly, the co-expression of wild-type and mutant 

Cx50 does not alter any of the voltage gating parameters assayed. Taken together, these 

findings suggest that the formation of heteromeric gap junctions by knock-in Cx46 and 

mutant Cx50-G22R subunits are part of the mechanism that contributes to the 

suppression of the abnormal lens phenotypes. 

 It is particularly intriguing that the knock-in Cx46 subunits behave differently 

from the endogenous Cx46 subunits in their interactions with the Cx50-G22R mutant. 

Previous publications (Chang et al., 2002) indicate that in Lop10 homozygous mice, 

endogenous Cx46 subunits positively contribute to the severity of cataract formation and 

posterior rupture (Chang et al., 2002). In contrast, the knock-in Cx46 subunits actively 

suppress cataract formation and posterior rupture. Several differences between knock-in 

Cx46 and endogenous Cx46 can be derived from previous studies: 1) knock-in Cx46 

subunits, on the endogenous Cx50 loci, exhibit an earlier expression pattern than the 

endogenous Cx46 subunits; 2) the knock-in Cx46 protein level is higher than that of 
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endogenous Cx46; 3) in the absence of endogenous Cx50, knock-in Cx46, but not 

endogenous Cx46, forms pH-sensitive channels between the lens fiber cells (Martinez-

Wittinghan et al., 2004). This work provides yet another difference, in that only knock-in 

Cx46 subunits functionally interact with Cx50-G22R to suppress lens phenotypes. 

 Both endogenous Cx46 and knock-in Cx46 connexins are phosphorylated in the 

lens. However, mutant Cx50-G22R significantly reduces the phosphorylated forms of 

endogenous Cx46 connexin (Chang et al., 2002), but does not alter the migration of 

knock-in Cx46 (Figure IV-4). Thus, phosphorylation of knock-in Cx46 in the knock-in 

mice may be one of the crucial factors for why only the knock-in Cx46 interacts with 

mutant Cx50-G22R to target it to gap junctions in vivo. Alternatively, the higher 

expression level of knock-in Cx46 could be another important factor that contributes to 

phenotypic rescue in the Cx50(G22R/Cx46) Cx46(-/-) lenses, since gap junction channels 

formed by Cx46 alone are sufficient to maintain lens transparency if mutant Cx50 

subunits are absent in the lens fibers. 

 This work provides direct evidence to support the hypothesis that the N-terminal 

domain of a connexin can modulate both the conductance and gating of gap junction 

channels formed by different subunits. The glycine 22 residue is an evolutionarily 

conserved residue in the N-terminal domain of Cx50 connexin. The N-terminus has been 

reported to form a part of the transjunctional voltage sensor and play a role in the gating 

of gap junction channels (Verselis et al., 1994). Electrophysiological studies of paired 

Xenopus oocytes provide crucial data showing that mutant Cx50-G22R subunits are able 

to form heteromeric gap junction channels with wild-type Cx46 subunits. However, these 

heteromeric channels have reduced macroscopic conductance and faster gating. These 
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observations may explain why the lens phenotypes are not fully rescued in the 

Cx50(G22R/Cx46) Cx46(-/-) mice. 

 The analysis of embryonic heterozygous and homozygous mutant lenses, in 

conjunction with the paired Xenopus oocyte assay examining the electrophysiological 

properties of gap junctions containing both wild-type and mutant Cx50 subunits, reveals 

that the interaction of these two proteins does not inhibit intrinsic channel function or 

cause morphological changes during embryonic development. A recent study 

characterizing the effects of an extracellular loop one mutant, Cx50-S50P, utilizes 

transgenic mice expressing different combinations of mutant and wild-type alleles to 

determine that the interaction of wild-type Cx50 and Cx50-S50P inhibits primary fiber 

cell during embryonic lens development (Xia et al., 2006c). Taken together, these data 

imply that mutations in different Cx50 domains mediate distinct mechanisms to control 

various aspects of lens development and homeostasis.  

 Different Cx46 (GJA3) and Cx50 (GJA8) mutations in humans and mice link 

various types of cataracts to these genes. To date, Cx50 mutations are reported in the N-

terminal domain (G22R and R23T) (Chang et al., 2002) (Willoughby et al., 2003), the E1 

loop (D47A, E48K, S50P, V64G and V64A) (Steele, Jr. et al., 1998) (Berry et al., 1999) 

(Xia et al., 2006c) (Zheng et al., 2005) (Graw et al., 2001), the second transmembrane 

domain (P88S) (Shiels et al., 1998), and the C-terminal intracellular domain (I247M) 

(Polyakov et al., 2001). Cx46 mutations are identified in the first transmembrane domain 

(F32L) (Jiang et al., 2003), E1 loop (P59L and N63S) (Bennett et al., 2004) (Mackay et 

al., 1999) , E2 loop (P187L and N188T) (Rees et al., 2000) (Li et al., 2004), and C-

terminal domain (S380fs) (Mackay et al., 1999). The unique properties of the heteromeric 
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channels containing a mixture of wild-type and mutant subunits suggest a molecular 

explanation for why different mutations of Cx46 or Cx50 cause a variety of cataract 

phenotypes in humans and mice. These data indicate that mutant connexin subunits can 

act as specific molecular tools that change the properties of gap junction channels and 

manipulate the cell-cell communication signals in the lens. Thus, we believe that the 

mouse mutant lines with different point mutations in Cx46 or Cx50 connexins provide 

extremely useful models for investigating the specific communication signals mediated 

by gap junction channels in the lens fiber cells and for understanding how changes in 

fiber-fiber communication leads to distinct cataract phenotypes. Finally, a better 

understanding of the underlying molecular mechanism for cataract formation may lead to 

the development of alternative approaches to prevent or delay cataract.  
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Figure IV-1. Knock-in Cx46 suppresses the severe cataract of the Cx50-G22R mutation. 
Lens photos show a comparison of three compound mutant lenses at the age of 3 weeks. 
(A) The Cx50(Cx46/-) Cx46(-/-) lens is transparent. (B) The Cx50(G22R/-) Cx46(-/-) lens has 
severe cataract with posterior rupture. (C) The Cx50(G22R/Cx46)  Cx46(-/-) lens is intact with 
only a mild nuclear cataract. (Xia et al., 2006b) 
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Figure IV-2. Histology reveals normal fiber morphology in the Cx50(G22R/Cx46) 

Cx46(-/-). (A) The Cx50(G22R/-) Cx46(-/-) lens of a 2-week old mouse has severely 
degenerated inner fibers and a ruptured posterior capsule. (B) Cx50(G22R/Cx46) Cx46(-/-) 
lens section shows relatively normal inner lens fibers without obvious cell degeneration. 
The abnormal central fibers could be due to sectioning artifacts or the mild nuclear 
cataract (Xia et al., 2006b). 
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Figure IV-3 Histology reveals normal embryonic fiber development in wild-type 
(Cx50(+/+) Cx46(-/-)) (A), the Cx50(G22R/+) Cx46(+/+) (B), and Cx50(G22R/G22R) Cx46(+/+) (C) 
lenses at day 15 of embryonic development. All three lenses exhibit normal inner lens 
fibers without obvious cell degeneration or inhibition of primary fiber cell elongation.  
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Figure IV-4. Immunohistochemical staining reveals that the knock-in Cx46 connexin 
restores the gap junctions consisting of the Cx50-G22R mutant subunits in lens fiber 
cells. The upper panel shows Cx50 staining (red) in the Cx50(G22R/-) Cx46(-/-) (A) and the 
Cx50(G22R/Cx46) Cx46(-/-) (B) lens cross sections. The lower panel shows the merged 
images of Cx50 connexin (red) and F-actin (FITC-phalloidin staining in green) in 
Cx50(G22R/-) Cx46(-/-) (C) and Cx50(G22R/Cx46) Cx46(-/-) (D) lens cross sections. Very small 
punctate florescent spots appear in only the peripheral fiber cells of the Cx50(G22R/-) 
Cx46(-/-) lens, while punctate fluorescent signals typical of gap junction channels are 
predominantly seen in the longer sides of the fiber cells of the Cx50(G22R/Cx46) Cx46(-/-) 
lens. Scale bar: 20 μm (Xia et al., 2006b). 
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Figure IV-5. Western blot data show an increase in Cx50-G22R protein level in the 
Cx50(G22R/Cx46) Cx46(-/-) lens. Preparation of membrane protein-enriched samples from the 
lenses of different mice at 3 of weeks age are seen in: Lane 1: wild type Cx50(+/+) 

Cx46(+/+), Lane 2: Cx50(Cx46/-) Cx46(-/-), Lane 3:  Cx50(G22R/Cx46) Cx46(-/-), and Lane 4: 
Cx50(G22R/-) Cx46(-/-). Equal portions of lens samples were loaded onto the gel and probed 
with an anti-Cx46 connexin antibody (A) and with an anti-Cx50 antibody (B). Lane 1 
shows the wild-type control for endogenous Cx46 and Cx50. All three mutant mice 
contain no wild-type Cx46 and Cx50 alleles; the bands in lanes 2 and 3 of panel A are 
knock-in Cx46 proteins and the band in lane 3 of panel B is the Cx50-G22R mutant 
subunit. The molecular weight markers are listed on the left (Xia et al., 2006b). 
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Figure IV-6. (A) Western blot analysis of Xenopus oocytes shows equivalent expression 
of wild-type Cx50, Cx46 or Cx50-G22R proteins when expressed alone or co-injected. 
Quantitation of mean band intensity by densitometry confirms that levels of connexin 
expression are not statistically different (P > 0.05) among all samples analyzed. 
Densitometry values are the mean + the standard error measurement of three independent 
experiments. (B) Cx50-G22R forms functional heteromeric channels with Cx46. 
Junctional conductance recordings from oocyte pairs expressing wild-type Cx46, wild-
type Cx50, or Cx50-G22R alone or oocytes that co-express Cx50-G22R and either wild-
type Cx46 or Cx50. Pairs containing wild-type Cx46 alone (n = 20) or co-injected with 
Cx50-G22R and Cx46 transcripts (n = 57) exhibit conductance values >100 fold higher 
than the water injected background value (n = 40). However, pairs co-expressing Cx46 
and Cx50-G22R show a 75% reduction in mean conductance when compared to 
homotypic Cx46 channels (P < 0.05, Student’s t-test). Cells paired to form homotypic 
Cx50-G22R (n = 55) channels fail to produce levels of coupling significantly higher than 
background (P > 0.05, Student’s t-test). Mixed channels containing both wild-type and 
mutant Cx50 subunits (n = 35) exhibit a statistically significant 50% reduction in 
coupling when compared to homotypic wild-type Cx50 channels (n = 28) (P < 0.05, 
Student’ t-test).  



 67

 

 



 68

Figure IV-7. Voltage gating properties of homotypic and mixed channels. (A) The decay 
in junctional current (Ij) induced by transjunctional voltage (Vj) is plotted as a function of 
time for channels containing Cx46 or Cx50 alone or oocytes co-expressing both wild-
type and mutant subunits. Vj is stepped to ± 120 mV in 20 mV increments. At all 
potentials, heteromeric channels containing Cx50-G22R and Cx46 show a more rapid 
current decay of greater magnitude. Conversely, Ij decay across mixed channels 
containing both wild-type and mutant Cx50 are unaltered. (B) Analysis of channel 
closure kinetics. Representative initial current decays for homotypic and heteromeric gap 
junctions after application of a +80mV transjunctional voltage are fit to a 
monoexponential decay to determine the mean time constant, τ. Heteromeric channels 
expressing Cx50-G22R and Cx46 close significantly faster than homotypic Cx46 
junctions (P < 0.05, Student’s t-test). Interestingly, channel closure kinetics do not reveal 
significant changes when we compare the mean channel closure times of homotypic 
Cx50 and mixed channels containing wild-type and mutant Cx50 (P > 0.05, Student’s t-
test). (C) Comparison of equilibrium conductance. Steady state conductance measured 
when current decay reaches equilibrium is normalized to the recordings at ±20 mV, and 
plotted as a function of Vj. The steady-state reduction in conductance for heteromeric 
Cx50-G22R and Cx46 channels is greater than the reduction for homotypic Cx46 
channels. However, steady-state voltage sensitivity is unaltered when homotypic wild-
type Cx50 channels and heteromeric gap junctions are compared.  
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Figure IV-8. Mutant Cx50 localizes to the plasma membrane. Images (100x) of HeLa 
cells transiently transfected with either wild-type Cx46 (A), wild-type Cx50 (B), or 
mutant Cx50 (C) DNA. Blue represents DAPI staining of the nucleus, while red shows 
Cy3 staining of connexins. Overlay images of the transfections indicate efficient 
translation of all of the connexin proteins and their localization to the cell membrane, 
especially at areas of cell to cell apposition (arrows).   
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Chapter V 
 
 
 
 
 

The cataract inducing Cx50-S50P mutation dominantly alters wild-type lens 
connexin channel gating 
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Abstract 

 Mutations within Cx50 have been linked to various cataract phenotypes. To 

determine the mechanism behind cataract formation, we used the paired Xenopus oocyte 

system in conjunction with transfected HeLa cells and genetically engineered mouse 

models to examine the functional characteristics of gap junctions expressing a cataract 

causing Cx50 mutant protein, Cx50-S50P. S50P subunits alone failed to induce electrical 

coupling. However, the mixed expression of S50P and either wild-type Cx50 or Cx46 

subunits, paired to create heteromeric gap junctions, formed functional intercellular 

channels with altered voltage gating properties when compared to homotypic wild-type 

channels. Additionally, immunofluorescent microscopy showed that S50P subunits alone 

failed to localize to the plasma membrane, unlike Cx46, which concentrated at cell-cell 

appositions. S50P co-localized with wild-type Cx46 in both transfected HeLa cells in 

vitro and mouse lens sections in vivo. Taken together, these data define the 

electrophysiological properties and intracellular targeting of gap junctions formed by the 

heteromeric combination of Cx50 or Cx46 and S50P mutant proteins. Additionally, 

mixed channels displayed significantly altered gating properties, a phenomenon that may 

contribute to the cause of cataract associated with this mutation. 
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Results 

The following chapter includes two immunofluorescent lens images incorporated 

as panels E and F of Figure V-7 that have been graciously contributed by our 

collaborators in the Gong Laboratory at the University of California-Berkeley. These data 

provide additional support for the hypotheses of this dissertation. For an in-depth 

description of the methodology used to attain these in vivo lens images, please refer to 

DeRosa et al. 2007 (DeRosa et al., 2007).  

Connexin expression in Xenopus oocytes 

 The production of lens fiber connexins in Xenopus oocytes was examined via 

immunoblot analysis. Oocytes injected with water, wild-type Cx50, Cx46, or Cx50-S50P 

cRNA alone, and cells expressing both mutant and wild-type connexins were analyzed 

using a polyclonal antibody specific for the central cytoplasmic loop of mouse 

Cx50(White et al., 1992) or a polyclonal antibody raised against the extreme carboxy 

terminus of rat Cx46(Paul et al., 1991). Immunoblotting revealed an ~60 kDa band 

corresponding to Cx50 in oocyte samples injected with wild-type or mutant cRNA 

transcripts (Figure V-1A). An antibody specific for Cx46 detected two bands of ~46 kDa 

in samples injected with Cx46 cRNA alone or co-injected oocytes expressing Cx46 and 

Cx50-S50P (Figure V-1B). Expression levels were quantified using band densitometry on 

replicate immunoblots (n=3). A plot of the mean band intensity values (normalized to 

wild-type mean intensity value) (Figure V-1C) showed no significant reduction of Cx50 

expression in oocytes injected with wild-type Cx50 or Cx50-S50P alone, nor was a 

reduction seen in co-injected samples expressing both wild-type and mutant Cx50 

proteins (P > 0.05, ANOVA). Similarly, samples tested for Cx46 expression show 
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equivalent levels of Cx46 production (Figure V-1D) in samples injected with Cx46 alone 

or in conjunction with Cx50-S50P, as band densitometry showed no significant change in 

mean band intensity  

(P > 0.05, ANOVA). Thus, both wild-type and mutant transcripts were synthesized 

equally, and any alteration in channel function cannot be attributed to differences in 

protein expression.  

Cx50-S50P fails to form functional channels in Xenopus oocytes 

 To test the hypothesis that the S50P mutation alters intercellular communication 

in the lens, we measured gap junctional conductance, Gj, in oocyte pairs injected with 

various combinations of lens fiber connexin cRNAs (Figure V-1E). Control oocyte pairs 

injected with anti-sense oligonucleotide and water showed negligible junctional 

conductance. Conversely, homotypic wild-type Cx50 or Cx46 channels displayed mean 

conductance values of ~26 and ~20 μS, respectively, a significant increase in Gj that is 

several hundred-fold greater than that of the background (P < 0.05, Student’s t-test). 

Interestingly, cells injected with both wild-type and mutant Cx50 cRNA transcripts, 

paired to form heteromeric channels, exhibited a mean Gj of approximately 20 μS, which 

was not significantly different compared to homotypic Cx50 channels (P > 0.05, 

Student’s t-test). Similarly, oocytes paired to form heteromeric gap junctions containing 

Cx46 and Cx50-S50P subunits displayed a mean conductance of 17 μS, a decrease in Gj 

not significantly different compared to the homotypic Cx46 channel (P > 0.05, Student’s 

t-test). Homotypic channels comprised of mutant Cx50-S50P subunits produced a level of 

conductance significantly lower than that of homotypic wild-type Cx50, indicating that 

Cx50-S50P proteins alone fail to form functional intercellular channels (P < 0.05, 
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Student’s t-test). Additionally, the heterotypic pairing of oocytes expressing Cx50 or 

Cx46 with those containing Cx50-S50P alone failed to significantly couple cells, as 

levels of junctional conductance were similar to that of the background measured in 

water- injected pairs. Co-injection of Cx50-S50P with wild-type Cx50 or Cx46 facilitated 

the formation of functional intercellular channels that displayed slight reductions in mean 

conductance compared to homotypic wild-type. These results show that mutant Cx50 

subunits fail to form homotypic or heterotypic gap junctions on their own, and do not 

significantly inhibit conductance when co-expressed with wild-type lens fiber connexins. 

Voltage gating behavior of wild-type and heteromeric channels  

 To characterize the electrophysiological properties of homotypic wild-type 

channels or heteromeric channels expressing both wild-type and mutant connexins, 

voltage gating was examined by subjecting oocyte pairs to a series of hyperpolarizing and 

depolarizing transjunctional voltages (Vj). Figure V-2 shows a comparison of 

representative traces of junctional currents (Ij) for oocyte pairs expressing homotypic 

Cx50 (Figure V-2A) and mixed gap junctions expressing wild-type and mutant Cx50 

proteins (Figure V-2B). Ij decreased symmetrically with time in a voltage-dependent 

manner for both channel types and showed a more rapid current decline at greater Vj 

applications. To analyze channel closure kinetics, the initial 250 milliseconds of current 

decay was plotted against time and fit to a mono-exponential function to determine the 

time constant, tau (τ). Representative current decays were recorded during an application 

of a positive 80 mV voltage step for homotypic wild-type (Figure V-2C) and mixed 

channels, expressing both wild-type Cx50 and mutant subunits (Figure V-2D). Mixed 

channels closed 15% faster than wild-type channels with mean channel closure times of 



 77

61 and 52 milliseconds, respectively (P <0.05, Student’s t-test). At a larger 

transjunctional potential of 120 mV, both channel configurations closed faster than at 80 

mV, exhibiting mean tau values of 34 and 25 milliseconds for homotypic wild-type 

(Figure V-2E) and co-injected (Figure V-2F) channels, respectively (P < 0.05, Student’s 

t-test). These slight alterations in channel closure kinetics may indicate an interaction 

between Cx50-S50P and wild-type Cx50 subunits when the two proteins are co-

expressed in cells. 

 The comparison of homotypic channels comprised of Cx46 (Figure V-3A) and 

heteromeric gap junctions containing Cx46 and Cx50-S50P subunits (Figure V-3B) 

revealed that heteromeric channels appeared to be more sensitive at larger voltage 

applications, +80-120 mV, than their homotypic counterparts. Similarly, mixed channels 

expressing wild-type Cx46 and Cx50 (Figure V-3C) showed that larger voltage potentials 

resulted in a more rapid decline toward steady state when compared to heteromeric gap 

junctions containing wild-type Cx46 and S50P subunits. Comparison of the three 

representative Ij decays, Cx46 alone (Figure V-3D), gap junctions expressing both Cx46 

and Cx50-S50P proteins (Figure V-3E), and channels comprised of wild-type Cx46 and 

Cx50 (Figure V-3F), via one-way analysis of variance (ANOVA) during an 80 mV 

voltage application reveal that there were statistically significant differences (P < 0.05) in 

the mean channel closure times for all three channel types analyzed. Similarly, when a 

120 mV potential was applied to oocyte pairs connected by homotypic Cx46 gap 

junctions, a mean channel closure time of 126 milliseconds was recorded (Figure V-3G). 

Comparison of this tau value to channels comprised of wild-type Cx46 and S50P (90 

milliseconds, Figure V-3H), and channels containing wild-type Cx46 and Cx50 (75 
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milliseconds, Figure V-3I), showed that there were statistically significant differences 

between the three mean tau values (P < 0.05, ANOVA). Thus, the behavior of mixed 

channels containing wild-type Cx46 and S50P were functionally distinct from either 

homotypic Cx46 channels or heteromeric gap junctions expressing wild-type Cx46 and 

Cx50 subunits. These data support the hypothesis that Cx50-S50P interacts with wild-

type Cx46 to form functional gap junctions with unique voltage gating properties. 

 The steady state voltage gating behavior of these channels was examined by 

plotting Vj against Gj (normalized to the values obtained at ±20 mV) and fitting the data 

to the Boltzmann equation (Figure V-4, Table V-1). Analysis of the equilibrium gating 

properties showed no drastic changes in the steady-state properties of homotypic Cx50 

channels and mixed gap junctions co-expressing wild-type and mutant Cx50 (Figure V-

4A). Conversely, mixed channels containing both Cx46 and Cx50-S50P subunits (Figure 

V-4B, closed circles) displayed a visible shift toward lower transjunctional voltages in 

the Boltzmann plot when compared to wild-type Cx46 channels (Figure V-4B, open 

squares), indicating that heteromeric channels were more voltage sensitive than the 

homotypic wild-type Cx46 junctions at all tested voltages. Heteromeric channels 

comprised of wild-type Cx46 and Cx50 (Figure V-4B, open diamonds) were similar to 

those containing Cx46 and Cx50-S50P at negative transjunctional potentials, but showed 

a statistically significant alteration in voltage sensitivity at larger positive potentials. 

ANOVA revealed that there were statistically significant differences between all three 

data sets at all positive potentials ≥ 60 mV (P < 0.05). 

 Taken together, these results provide evidence for the heteromeric interaction 

between wild-type lens fiber connexins and mutant Cx50-S50P subunits in vitro. 
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Interestingly, the co-expression of wild-type Cx46 and Cx50-S50P presents strong 

evidence for the functional interaction between these two proteins via the formation of 

functional intercellular channels with decreased junctional conductance, visibly altered 

junctional current decay, and significantly altered channel closure kinetics. In contrast, 

the co-expression of wild-type and mutant Cx50 provides less evidence for the interaction 

of wild-type Cx50 and Cx50-S50P subunits in vitro, as only slight shifts in the 

electrophysiological properties of these channels were seen.  

Voltage-gating behavior of heterotypic channels  

 To determine whether the slight shift in mean channel closure time and the 20% 

reduction in conductance could be attributed to interaction of the S50P mutant with wild-

type Cx50, we analyzed the voltage gating characteristics of heterotypic channels where 

homomeric Cx46 connexons were paired with either Cx50 homomeric hemichannels, or 

heteromeric connexons containing both wild-type and mutant Cx50 subunits. Junctional 

conductance measurements recorded from oocytes paired to form heterotypic channels 

(Figure V-5A) showed that heterotypic gap junctions containing wild-type Cx46 and 

wild-type Cx50 displayed a mean Gj value of ~22 μS, a significant increase in coupling 

when compared to the 10.5 μS exhibited by heterotypic channels containing wild-type 

and mutant Cx50 subunits (P < 0.05, Student’s t-test). Both channel types displayed a 

level of conductance significantly higher than that of the water-injected negative controls 

(P < 0.05, Student’s t-test). Representative current traces for heterotypic oocyte pairs 

derived from cells expressing only Cx46 and paired with oocytes containing wild-type 

Cx50 alone (Figure V-5B), or oocytes co-expressing both wild-type and mutant Cx50 

transcripts (Figure V-5C), exhibited no obvious changes in junctional current decay for 
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all voltage applications assayed. To examine the gating properties of heterotypic gap 

junctions, equilibrium gating properties of these channels were analyzed by applying the 

Boltzmann equation (Figure V-5D). Heterotypic channels expressing both wild-type and 

mutant Cx50 proteins showed a slight, but statistically significant, increase in voltage 

dependence compared to heterotypic channels expressing wild-type Cx46 and Cx50 

proteins alone, as indicated by the downward shift in the Boltzmann curve for positive 

values of Vj (P < 0.05, Student’s t-test, Table V-1). Taken together, these data indicate 

that the reduction in Gj seen in mixed channels comprised of wild-type and mutant Cx50 

proteins, as well as the slight alteration in voltage sensitivity was due to the heteromeric 

interaction of S50P subunits with wild-type Cx50.  

Cx50-S50P requires Cx46 to form voltage sensitive hemichannels 

 Several studies have suggested that abnormal hemichannel activity may play a 

role in the development of connexin-related diseases (DeRosa et al., 2007; Jiang and Gu, 

2005) (Gerido et al., 2007), and Cx46 and Cx50 have both been shown to form 

hemichannels in vitro (Ebihara and Steiner, 1993) (Beahm and Hall, 2002). To test if 

S50P formed functional hemichannels that may have contributed to the mutant lens 

phenotypes seen in vivo, whole-cell currents (Im) were recorded from single oocytes 

expressing wild-type Cx46 or Cx50-S50P proteins alone or in combination (Figure V-6). 

Oocytes expressing wild-type Cx46 alone revealed slowly activated outward currents that 

increased as voltage applications became larger and more positive. Conversely, S50P-

injected oocytes exhibited negligible current flow at all voltage potentials analyzed. 

Mixed expression of wild-type Cx46 and Cx50, or wild-type Cx46 and S50P, similarly 

displayed the presence of intermediate outward currents for both tested conditions. When 
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steady-state currents were plotted against membrane voltage, negligible membrane 

currents were displayed by cells expressing only Cx50-S50P, while cells injected with 

wild-type Cx46 transcripts exhibited large currents that increased with Vm. Reduced 

whole-cell currents were observed for cells expressing both wild-type lens fiber 

connexins and cells containing wild-type Cx46 and S50P proteins. These data suggest 

that S50P fails to form hemichannels alone, but can form heteromeric hemichannels with 

wild-type Cx46. 

Aberrant localization of Cx50-S50P in transfected cells and in the lens 

 It has been previously reported that mutant Cx50 proteins exhibit an altered 

ability to localize to the cell membrane and a reduced capacity to form gap junctional 

plaques (Chang et al., 2002) (Xia et al., 2006c). To determine if the reductions in 

junctional conductance shown by channels of mixed connexin expression were the result 

of a failure to efficiently localize connexins to the plasma membrane, wild-type Cx46 

and/or Cx50-S50P, subcloned into the pIRES2-EGFP and pCS2+ vectors, respectively, 

were expressed in transiently transfected HeLa cells.  

 Immunofluorescent images revealed sufficient connexin expression for both wild-

type Cx46 (Figure V-7B and V-7D) and Cx50-S50P (Figure V-7A and V-7C) proteins. 

Cx50-S50P alone was unable to localize to sites of cell-cell apposition, instead 

accumulating in subcellular compartments surrounding the nucleus (Figure V-7A, arrow). 

Conversely, Cx46 subunits were properly targeted to plasma membrane regions of cell to 

cell interaction in 75% of the cell pairs analyzed (Table V-II), a phenomenon consistent 

with the formation of gap junctions (Figure V-7B). Interestingly, co-transfection of HeLa 

cells with both wild-type Cx46 and Cx50-S50P cDNA facilitated the co-localization of 
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these proteins at cell-to-cell interfaces in 74% of the pairs examined (Figure V-7C and V-

7D, arrowheads). 

 Immunostaining of frozen lens sections further confirmed the notion that Cx50-

S50P mutant proteins were stabilized in gap junction plaques by Cx46 in vivo. 

Fluorescent images showed that Cx50-S50P mutant proteins were only detected in the 

most superficial differentiating fiber cells of Cx50(S50P/S50P) Cx46(-/-) lenses, lacking both 

endogenous wild-type Cx50 and Cx46 alleles (Figure V-7F). Conversely, substantial 

staining was extended deeper into differentiating fibers of Cx50(S50P/S50P) Cx46(+/+) lenses 

that expressed endogenous wild-type Cx46 (Figure V-7E). Thus, both in vivo and in vitro 

findings support the hypothesis that the mutant Cx50-S50P protein has the ability to 

associate with wild-type Cx46 subunits, a phenomenon that may play a role in cataract 

formation. 
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Discussion 

In this study, we use a dual whole-cell voltage clamp method to characterize the 

electrophysiological properties of gap junction channels between paired Xenopus oocytes 

injected with different combinations of wild-type and mutant connexins. Dual whole-cell 

voltage clamp is used extensively to analyze and obtain unique “electrical fingerprints” to 

identify functional differences between intercellular channels containing diverse 

connexin subunits (Bruzzone et al., 1996) (Harris, 2001) (Evans and Martin, 2002). 

While the transjunctional potentials created using this assay may not correlate with the 

endogenous resting potentials present in the mammalian lens, the distinct functional 

characteristics revealed by these techniques facilitate the detection of changes in intrinsic 

channel properties that can only result from the interaction of the Cx50-S50P mutant and 

wild-type Cx46 or Cx50 proteins. These functional interactions help explain the 

physiological pathologies that occur in vivo. 

 The data presented herein provide in vitro and in vivo evidence for the interaction 

between wild-type Cx50, wild-type Cx46 and mutant Cx50-S50P subunits. Furthermore, 

this study provides support for the hypothesis that a unique interaction between mutant 

and wild-type lens connexins modulates the aberrant lens phenotypes displayed by Cx50-

S50P mutant mice (Xia et al., 2006c). Our findings show that while Cx50-S50P subunits 

alone fail to form functional intercellular channels or voltage activated hemichannels in 

Xenopus oocytes, or target to gap junctions in transfected HeLa cells, the mixed 

expression of wild-type lens fiber connexins and mutant Cx50-S50P subunits can form 

functional gap junctions that display levels of electrical coupling comparable to those 

recorded from homotypic wild-type channels. Additionally, heteromeric channels 
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containing S50P proteins and either wild-type Cx46 or Cx50 exhibit distinct voltage 

gating properties, and increase the mutant’s ability to localize in junctional plaques. 

Together, these data imply that unique interactions between connexins in the lens play a 

crucial role in proper organ function and development. 

 Recent studies reveal that connexin diversity plays an integral role in the proper 

development and function of the mammalian lens, contributing to changes in channel 

gating and permeation (Le and Musil, 2001) (Rong et al., 2002) (Martinez-Wittinghan et 

al., 2003) (Gao et al., 2004) (White, 2003). In the past, different Cx50 variants have been 

indicated in the development of several distinct types of dominant cataract in mice 

(Steele, Jr. et al., 1998) (Graw et al., 2001) (Chang et al., 2002) (Xia et al., 2006c). 

Recent publications reveal that the combination of mutant Cx50-G22R (Xia et al., 2006b) 

or Cx50-S50P (Xia et al., 2006c) and wild-type lens fiber connexins leads to unique 

aberrations in lens development and function, and the presence of these mutant subunits 

in gap junction channels leads to alterations in channel gating properties and cell-cell 

communication in vitro. Similarly, mice heterozygous for the S50P mutation show a 

unique deficiency in primary fiber cell elongation, indicating that an interaction between 

the wild-type and mutant Cx50 subunits governs primary fiber cell development. 

Homozygous mutant mice exhibit lenses with a unique deficiency in secondary fiber cell 

development, a finding that suggests Cx50’s involvement in a separate mechanism 

(Figure V-8) modulating secondary fiber cell development (Xia et al., 2006c) (Gong et 

al., 2007). Since the S50P mutant alone is nonfunctional and fails to properly localize to 

the membrane, we propose that the mutant must dominantly interact with wild-type 

subunits to impair lens development in vivo. This manuscript supports these hypotheses 
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and provides the mechanistic foundation for the unique cataract phenotypes exhibited by 

the S50P mutant mice. 

 Taken together, these data clearly demonstrate that Cx50 plays a crucial part in 

lens fiber cell development. The heterozygous mouse, Cx50(S50P/+) Cx46(-/-), displays a 

large cystic lumen between the anterior primary fiber cells and epithelium during 

embryonic development, while postnatal fiber cell development proceeds normally (Xia 

et al., 2006c). We propose that this phenomenon is governed by the unique interaction 

between the wild-type and mutant Cx50 subunits shown here, which leads to altered 

intercellular communication mediated by channels of mixed connexin expression. 

Similarly, we provide support for the hypothesis that Cx50 also plays a separate, distinct 

role in postnatal fiber cell development in vivo.  

 Interestingly, heterozygous mice, Cx50 (S50P/-) Cx46 (+/+), exhibit normal 

embryonic development in the presence of wild-type Cx46. However, these animals 

exhibit disrupted secondary fiber development as well as the presence of a dense nuclear 

cataract and posterior capsule rupture (Xia et al., 2006c). These findings, taken in 

conjunction with the data shown here, indicate an essential role for connexin diversity 

and Cx50-mediated intercellular communication in postnatal lens development.  

 In summary, these data indicate that mutant connexin subunits can interact with 

wild-type lens connexins to modulate both prenatal and postnatal lens development by 

altering channel function and cell-cell communication. Furthermore, varying the 

expression of wild-type lens connexins in vivo and in vitro demonstrates that wild-type 

Cx50 interacts with mutant Cx50-S50P in a manner that distinctly affects embryonic 

development via a slight alteration in channel gating, while a separate, unique interaction 
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between Cx50-S50P and wild-type Cx46 impairs postnatal lens fiber development via 

more profound alterations in intercellular communication. The distinctive properties of 

the heteromeric channels formed by wild-type and mutant lens connexins provide the 

basic molecular foundation behind a variety of unique cataract phenotypes attributed to 

various Cx50 mutations (Xu and Ebihara, 1999) (Xia et al., 2006c) (Arora et al., 2006) 

(Graw et al., 2001). These data indicate that mutant Cx50 proteins act as the molecular 

mechanism governing altered function of gap junction channels and aberrant intercellular 

communication in the lens. We believe that a better understanding of these underlying 

mechanisms may lead to the identification of molecular approaches to cataract 

prevention.  
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Figure V-1. Cx50-S50P fails to form functional intercellular channels. (A, B) 
Immunoblot analysis of oocytes shows equivalent levels of wild-type and mutant 
connexin expression for all conditions tested. (C, D) Band densitometry quantitatively 
confirmed that mean protein expression was not significantly changed (P > 0.05, 
ANOVA). (E) Junctional conductance measurements recorded from Xenopus oocyte 
pairs injected with wild-type Cx50, Cx46 or S50P transcripts alone or in combination. 
Cell pairs expressing wild-type Cx50 or Cx46 subunits alone form functional gap 
junctions with mean conductance values of approximately 26 and 20 μS, respectively. 
Oocytes co-injected with both wild-type and mutant Cx50 transcripts form channels with 
an ~ 20% decrease in Gj when compared to homotypic Cx50 gap junctions, a level of 
coupling significantly higher than that of the background (P < 0.05, Student’s t-test), but 
not significantly different from homotypic Cx50 channels (P > 0.05, Student’s t-test). 
Similarly, the co-expression of Cx46 and Cx50-S50P subunits does not significantly alter 
junctional conductance (P > 0.05, Student’s t-test), as these channels exhibit a mean Gj of 
17 μS. Heterotypic channels fail to form functional channels with levels of conductance 
significantly higher than that of water-injected negative controls (P > 0.05, Student’s t-
test). Cx50-S50P subunits alone fail to produce functional intercellular channels. Data 
points represent individual conductance measurements. Columns indicate the mean ± 
SEM.  

 



 88

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 89

Figure V-2. Voltage gating properties of homotypic wild-type Cx50 channels and 
channels co-expressing Cx50-S50P and wild-type Cx50 subunits. Junctional current, 
measured and plotted as a function of time, indicates that channels co-expressing both 
wild-type and mutant Cx50 proteins (B) do not visibly alter current decay when 
compared to homotypic Cx50 channels (A). The mean time constant tau, τ, determined 
by fitting representative current traces of the initial 250 milliseconds of Ij recordings to a 
monoexponential decay, is 52 ms (n = 5) when wild-type and mutant Cx50 transcripts are 
co-expressed (C). This value is significantly different (P < 0.05, Student’s t-test) from the 
61 millisecond mean channel closure time (n = 4) seen in the homotypic wild-type 
channel during an 80 mV potential. Ij measurements recorded during a 120 mV voltage 
application show a significant decrease in the mean tau value from 34 milliseconds for 
the (E) homotypic wild-type channel (n = 4) to 25 ms shown by the (F) co-injected gap 
junctions (n = 5, P < 0.05, Student’s t-test).  
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Figure V-3. Voltage gating properties of homotypic and heteromeric Cx46 channels. Ij 
values recorded from oocyte pairs were plotted as a function of time to reveal that 
channels expressing wild-type Cx46 alone (A) and mixed channels containing both Cx46 
and Cx50-S50P proteins (B), as well as channels expressing wild-type Cx46 and Cx50 
subunits (C), display altered voltage gating sensitivity, as co-injected pairs appear more 
responsive at larger voltage applications. Analysis of channel closure kinetics. The initial 
250 mS of junctional current was fit to a monoexponential decay model to determine the 
mean time constant, tau. Representative Ij decays show that during an +80 mV potential, 
channels containing both Cx46 and Cx50-S50P subunits (E) close in 101 milliseconds, a 
value significantly faster than the 132 ms mean tau value exhibited by the homotypic 
Cx46 channel (D) (P < 0.05, ANOVA). Interestingly, channels co-expressing both wild-
type Cx46 and Cx50 close in 85 ms (F), a rate approximately 16 and 36% faster than the 
mixed channels containing Cx46 and S50P or homotypic Cx46 gap junctions. Similarly, 
upon application of a Vj of 120 mV, homotypic Cx46 channels close in 126 ms (G), a 
mean channel closure time significantly slower then the 90 ms exhibited by the mixed 
channels containing wild-type Cx46 and S50P proteins (H) (P < 0.05, ANOVA). 
Heteromeric channels containing both wild-type Cx46 and Cx50 (I) display a mean tau 
value of 75 ms, a closure speed significantly faster than either the homotypic Cx46 or 
heteromeric Cx46 and S50P channel (P < 0.05, ANOVA). All means are derived from 4 
independent experiments.  
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Figure V-4. Comparison of steady state conductance properties. Equilibrium gating 
properties were analyzed by plotting normalized junctional conductance against 
transjunctional voltage and fit to the Boltzmann equation. A comparison of homotypic 
wild-type Cx50 channels (n = 4) and mixed gap junctions containing both wild-type and 
mutant Cx50 subunits (n = 6) shows similar voltage sensitivity, indicated by the 
overlapping pattern of the two Boltzmann plots (A). The steady-state reduction in 
conductance is greater for mixed channels expressing both Cx46 and S50P subunits (n = 
8) than for the homotypic Cx46 channel (n = 4), indicating an increase in voltage gating 
sensitivity for heteromeric channels. Equilibrium gating properties show modest changes 
at positive potentials when mixed channels containing both wild-type Cx46 and Cx50 (n 
= 6) are compared to heteromeric channels expressing wild-type Cx46 and S50P (B). 
Results are shown as the mean ± SEM. 



 94

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 95

Figure V-5. Gating analysis of heterotypic wild-type and co-injected channels. Gj 
measurements were recorded from oocytes paired to form heterotypic wild-type or co-
injected gap junctions. Cell pairs expressing wild-type Cx46 and Cx50 subunits form 
functional gap junctions with mean conductance values of approximately 22 μS, a level 
of coupling significantly higher than that of the water-injected negative control (P < 0.05, 
Student’s t-test). Co-injected heterotypic channels expressing both wild-type and mutant 
Cx50 transcripts form channels with an ~ 50% decrease in Gj as compared to wild-type 
heterotypic gap junctions, a level of coupling significantly higher than that of the 
background (P < 0.05, Student’s t-test). Data points represent individual conductance 
measurements. Columns indicate the mean ± SEM. Junctional currents recorded from 
oocyte pairs were plotted as a function of time to compare heterotypic gap junctions 
expressing wild-type Cx46 and Cx50 subunits (B) and heterotypic channels containing 
wild-type Cx46 and wild-type Cx50 and S50P mutant proteins (C). Representative Ij 
decays reveal that co-injected pairs appear more responsive at greater depolarizing 
voltage applications, and more asymmetric than heterotypic channels comprised of wild-
type lens fiber connexins. Equilibrium gating properties were analyzed by plotting 
normalized junctional conductance against transjunctional voltage and fit to the 
Boltzmann equation. (D) The steady-state reduction in conductance is greater for 
channels expressing both wild-type Cx50 and Cx50-S50P subunits (n = 6) when 
compared to that of the heterotypic wild-type channel (n = 5), indicating an increase in 
voltage gating sensitivity for heterotypic channels containing the mutant protein.  
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Figure V-6. S50P requires Cx46 to form functional hemichannels in Xenopus oocytes. 
(A) Single oocytes expressing wild-type Cx46 were clamped at a holding potential of -40 
mV and subjected to voltage applications ranging from -30 to +60 mV in 10 mV steps. A 
representative trace displays voltage-induced outward membrane currents that increase in 
magnitude with time. In contrast, cells expressing S50P subunits alone show negligible 
membrane currents at all voltages analyzed (C). Voltage-induced membrane currents are 
seen in cells expressing either wild-type Cx50 and Cx46 (E) or wild-type Cx46 and S50P 
(F). Steady-state currents measured after 7 seconds of an initial voltage pulse were 
plotted as a function of membrane voltage. (B) Steady-state currents in wild-type Cx46-
injected oocytes display increasing whole-cell currents at all positive voltage applications 
(n= 10, open squares). (D) Conversely, cells expressing S50P connexins alone exhibit 
negligible membrane currents at voltages analyzed (n= 7, closed triangles). (F) Wild-type 
Cx50 and Cx46 currents show an ~ 2 fold reduction compared to wild-type Cx46 injected 
cells at all voltages analyzed (n= 10, open diamonds) (H). Similarly, oocytes co-
expressing wild-type Cx46 and S50P subunits induce whole-cell currents comparable to 
those exhibited by wild-type Cx50 and Cx46 co-injected oocytes (n= 10, closed circles). 
Data are the mean ± SEM. 
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Figure V-7. Immunofluorescent imaging of Cx50-S50P in vitro and in vivo. Transiently 
transfected HeLa cells expressing Cx50-S50P (A) or wild-type Cx46 (B) proteins alone 
were immunostained and examined by fluorescent microscopy. Merged images exhibit 
Cy3 staining of connexins (red) and DAPI staining of cell nuclei (blue). The images show 
that Cx50-S50P alone fails to properly localize to the cell membrane at areas of cell-cell 
contact (A, arrow). Instead, connexin subunits accumulate in subcellular compartments 
surrounding the nucleus. Efficient translation of wild-type Cx46, and its subsequent 
localization to the membrane, specifically at areas of cell to cell apposition, is seen (B). 
HeLa cells co-transfected with both Cx50-S50P and wild-type Cx46 (C and D) show that 
in the presence of Cx46, S50P subunits co-localize to the membrane and form junctional 
plaques at areas of cell-cell contact (C, Cy2 staining of Cx50, green, D, Cy3 staining of 
Cx46, red, arrowheads). Fluorescent images of Cx50-S50P immunostaining in the bow 
region of homozygous mutant lenses with Cx46 (Cx50 (S50P/S50P) Cx46 (+/+)) (E) and 
without endogenous Cx46 (Cx50 (S50P/S50P) Cx46 (-/-)) (F). Lenses taken from mice on 
postnatal day 7 show more punctate Cx50 staining (green) that extends deeper into the 
differentiating fibers in the presence of wild-type Cx46 proteins (E). Frozen lens sections 
were co-stained with rhodamine-phalloidin (red) and DAPI (blue). A-D, scale bar = 5μm. 
E-F, scale bar=40μm. 
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Figure V-8. Description of embryonic and adult lens phenotypes produced by mixing 
Cx50-S50P and wild-type lens fiber connexins. This model describes the embryonic and 
postnatal phenotypes of various mouse lenses created by breeding heterozygous mutant, 
Cx50(S50P/+) Cx46(+/+), and double knockout, Cx50(-/-) Cx46(-/-), mice. The drawing 
explains the proposed mechanism behind development of each unique phenotype based 
on the electrophysiological interactions documented herein. 

 



 102

 

 



 103

Table V-1. Boltzmann parameters for wild-type and mixed channels. Gjmin represents the 
minimum conductance value, V0 indicates the voltage measured midway through the Gj 
decline, and A denotes the cooperativity constant, reflecting the number of charges 
moving through the transjunctional field. Signs + and – for Vj indicate transjunctional 
membrane potential polarity. 
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Connexon Vj V0 Gjmin A 

Homotypic 

Cx50 + 36 0.21 0.21 

Cx50 - -37 0.23 0.18 

Cx46 + 98 0.31 0.07 

Cx46 - -108 0.13 0.05 

Heteromeric 

Cx50+S50P + 39 0.19 0.15 

Cx50+S50P - -38 0.19 0.14 

Cx46+S50P + 50 0.21 0.07 

Cx46+S50P - -54 0.18 0.07 

Cx46+Cx50 + 63 0.19 0.06 

Cx46+Cx50 - -52 0.17 0.06 

Heterotypic 

Cx46 - -50 0.18 0.07 

Cx50 + 41 0.11 0.07 

Cx50+S50P + 38 0.06 0.09 
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Table V-2: Quantitative analysis of gap junctional plaque formation in transiently 
transfected HeLa Cells. 
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Connexin 
Expressed 

Junctional 
Plaques 
Present 

No Junctional 
Plaques 

Number of cell 
pairs analyzed 

Cx50-S50P 0 18 18 
Wild-type Cx46 12 4 16 

Cx46 + Cx50-
S50P 

14 5 19 
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Chapter VI 
 
 
 
 
 

The loss-of-function Cx50-R205G mutation dominantly alters wild-type lens 
connexin function  
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Abstract 

 Recent discovery of a novel C to G missense mutation in the Cx50 coding region 

was found to cause an autosomal semi-dominant cataract in mice. Here, we used the dual 

whole-cell voltage clamp technique in conjunction with the paired Xenopus oocyte assay 

to analyze the functional consequences of the Cx50-R205G mutation. We found that the 

R205G mutant acts as a dominant negative inhibitor of wild-type Cx50 with regard to 

channel function. Additionally, the Cx50-R205G mutant dominantly altered wild-type 

Cx46 channel gating when the two connexins were co-expressed in vitro to mimic 

heteromeric channel formation. Interestingly, the mutant R205G subunits were able to 

properly localize to the plasma membrane in transfected HeLa cells and showed no 

discernable reduction in translation compared to the wild-type Cx50 homolog. Taken 

together, these findings reveal that the Cx50-R205G mutation acts as a loss-of-function 

mutation with a strong dominant inhibition toward wild-type Cx50. Conversely, this 

mutant is able to interact with wild-type connexin46 to form functional intercellular 

channels with altered electrophysiological properties, a phenomenon that may play a role 

in the development of the unique cataract phenotype seen in vivo.   
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Results 

Figure VI-1 in this chapter is an unpublished result of an ENU mutagenesis screen 

conducted in the laboratory of Dr. Xiaohua Gong. The lens pictures have been 

incorporated to provide a representation of the unique pathology associated with the 

Cx50-R205G mutation. The remaining Figures and Tables are all derived from my 

dissertation research. 

The Cx50-R205G causes microphthalmia and cataract in the homozygous mutant 

mouse. 

 A cataractous mouse was identified from ENU-mutagenized mice by slit-lamp 

examination. This mouse was then bred with wild-type C57BL/6J mice, and half of the 

offspring developed similar ocular phenotypes. The F1 generation was backcrossed to 

generate mice homozygous for the R205G mutation. The homozygous mutant mice 

developed dense cataracts, severe microphthalmia, and a lamellar opacity in the lens 

cortex (Figure VI-1B). This mutation was mapped to a region on mouse chromosome 

three that corresponded to the Cx50 gene locus. DNA sequencing confirmed the presence 

of a single missense mutation (C-G) in the Cx50 coding region, resulting in the 

replacement of arginine by glycine at codon 205, in the second extracellular domain of 

the Cx50 peptide.  

Functional expression of wild-type lens fiber connexins and mutant Cx50-R205G 

subunits in Xenopus oocytes 

 Genomic DNA isolated from homozygous mutant mice was subcloned and 

transcribed in vitro. These cRNA transcripts were then micro-injected into Xenopus 

oocytes, and protein expression was assayed via western blotting. Immunoblot data 
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showed that both wild-type and mutant connexin proteins were produced in oocytes 

injected with wild-type connexin transcripts alone, and in cells co-injected with both 

wild-type and mutant Cx50 cRNAs (Figure VI-2A, B). Connexin protein expression was 

then quantitatively analyzed by band densitometry (Figure VI-2C, D). These data 

confirmed that wild-type and mutant protein levels were not significantly different in 

oocytes injected with wild-type or mutant Cx50-R205G cRNAs alone or in cells co-

injected with both wild-type and mutant connexins (P > 0.05). These findings implied 

that any alteration in channel function seen herein cannot be attributed to a change in 

connexin expression or increase in protein degradation for any of the conditions assayed. 

 We then measured junctional conductance by subjecting paired oocytes 

expressing connexin proteins to dual whole-cell voltage clamp (Figure VI-2E). Data 

showed that homotypic wild-type Cx50 and Cx46 channels displayed mean conductance 

values of 29 and 16.5 μS, respectively, measurements several hundred-fold higher than 

those recorded from water-injected pairs. By contrast, gap junctions comprised of Cx50-

R205G subunits alone failed to electrically couple cells, as these pairs displayed a level 

of coupling not significantly greater than that of the water-injected negative controls (P > 

0.05). Similarly, heterotypic cell pairs that had one cell injected with either wild-type 

Cx50 or Cx46 and the opposing cell expressing Cx50-R205G subunits failed to 

electrically couple. Co-injection of cells with wild-type and mutant connexin cRNAs 

enabled us to assay for any aberrations in electrical coupling between homotypic wild-

type channels and gap junctions containing both mutant and wild-type subunits. A 

quantitative comparison of the mean conductance of homotypic Cx46 channels and 

mixed gap junctions co-expressing Cx50-R205G and wild-type Cx46 proteins revealed 
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no significant reduction in mean Gj for co-injected channels (P > 0.05). Conversely, co-

expression of wild-type and mutant Cx50 in oocytes failed to electrically couple cells, 

indicated by the insignificant increase in junctional conductance when compared to the 

water-injected negative controls (P > 0.05). These data imply that Cx50-R205G acts as a 

dominant negative repressor of wild-type Cx50 in vitro with respect to channel 

formation, a phenomenon that may contribute to cataract development in the mutant 

mice. Since R205G did not abolish intercellular channel formation when co-expressed 

with Cx46, we hypothesize that Cx50-R205G may be capable of forming heteromeric 

channels with Cx46 in Xenopus oocytes, and that these unique gap junctions may display 

altered channel gating properties.  

Heteromeric Cx46 and Cx50-R205G channels exhibit unique voltage gating 

properties 

To determine if the intercellular channels formed by the co-expression of wild-

type Cx46 and Cx50-R205G displayed distinct gating properties, the electrophysiological 

characteristics of homotypic Cx46 channels and gap junctions of mixed connexin 

expression were analyzed (Figure VI-3). The application of a series of transjunctional 

voltages (0 mV to ±120 mV) caused a slow decay of junctional current toward steady-

state at all potentials analyzed in homotypic Cx46 channels (Figure VI-3A). Conversely, 

oocytes co-injected with Cx46 and Cx50-R205G transcripts (Figure VI-3B) exhibited a 

visible change in the rate of Ij decay when compared to homotypic Cx46 channels.  

This finding was further quantified by the examination of channel gating kinetics. 

The initial 300 milliseconds of Ij decay was fit by a monoexponential decay function to 

determine the mean time constant, tau (τ). These data revealed that gap junctions 



 112

containing wild-type Cx46 and Cx50-R205G subunits closed significantly faster than 

homotypic Cx46 channels (P < 0.05), as the mean tau value for co-injected pairs was 

~215 milliseconds (Figure VI-3D), a value over 100 milliseconds faster than that of the 

homotypic wild-type Cx46 channels (Figure VI-3C). These data support the hypothesis 

that a unique interaction between wild-type Cx46 and Cx50-R205G subunits leads to 

alterations in intrinsic channel function.  

 If wild-type Cx46 and Cx50-R205G proteins interact to form functional gap 

junctions with unique electrophysiological properties, an analysis of the equilibrium 

gating properties of cells expressing Cx46 and Cx50-R205G subunits may show distinct 

changes in the steady-state reduction in junctional conductance when compared to 

homotypic Cx46 channels. To test this hypothesis, the steady-state junctional 

conductance was measured during the application of voltage pulses ranging from ± 20 to 

± 120 mV. Recordings were then normalized to the values obtained at ± 20 mV and 

plotted against Vj. These data showed that the reductions in equilibrium conductance for 

co-injected Cx50-R205G and Cx46 heteromeric channels were greater than the 

reductions for Cx46 homotypic channels at all tested voltages (Figure VI-3E). The co-

expression of Cx50-R205G and wild-type Cx46 resulted in significantly altered gating 

properties. Since Cx50-R205G is functionally silent with regard to channel function, 

these shifted gating properties are most consistent with the formation of heteromeric 

channels by the co-injection of Cx50-R205G and Cx46 subunits. 

Cx50-R205G is efficiently translated and properly localizes to the plasma membrane 

Some mutant Cx50 proteins are deficient in their ability localize to the cell 

membrane, and also exhibit a reduced capacity to form gap junctional plaques (Chang et 
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al., 2002) (Xia et al., 2006c) (Xia et al., 2006b). To determine if the failure to form 

functional intercellular channels is due to a deficiency in the ability of Cx50-R205G 

subunits to efficiently localize to the plasma membrane, wild-type and mutant fiber 

connexins (subcloned into the pIRES2-EGFP vector) were expressed in transiently 

transfected HeLa cells and analyzed via immunofluorescent microscopy. Transfected 

HeLa cells were fixed and treated with either a polyclonal rabbit anti-mouse Cx50 

antibody (White et al., 1992) or a polyclonal rabbit anti-rat Cx46 antibody followed by 

the application of a Cy3-conjugated fluorescent secondary antibody. These cells were 

then viewed and photographed to determine any changes in connexin protein expression 

and localization. These data qualitatively showed that the Cx50-R205G mutant and wild-

type lens fiber connexins were efficiently translated in vitro and localized to the plasma 

membrane specifically at areas of cell to cell apposition (Figure VI-4). Additionally, the 

capability of Cx50-R205G mutant connexons to properly localize to the plasma 

membrane indicated that the inability of these subunits to form functional intercellular 

channels when co-expressed with wild-type Cx50 in paired Xenopus oocytes was not due 

to a deficiency in mutant protein trafficking.  
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Discussion 

 Gap junctions formed by Cx43, Cx46, and Cx50 subunits provide the lens with an 

intercellular network that governs the transport of essential small molecules, cellular 

waste, and fluids between the metabolically active epithelium and the mature fibers found 

at the lens core. Lens fiber cells are coupled by gap junctions comprised of both Cx50 

and Cx46, while lens epithelial cells are joined by channels expressing Cx43 and Cx50 

subunits. Cx50-R205G was identified as a non-functional subunit that not only acts as 

dominant negative repressor of wild-type Cx50, but also dominantly alters wild-type 

Cx46 channel function in vitro. These unique functions may directly mediate primary and 

secondary fiber cell development and promote cataractogenesis in vivo.  

 These data reveal that the combination of Cx50-R205G and wild-type Cx50 

subunits inhibits channel gating without preventing gap junctional plaque formation in 

vitro. Thus, we hypothesize that the developmental anomalies seen in the secondary lens 

fiber cells, specifically the lamellar opacity seen in the cortical fibers, may be attributable 

to a loss of gap junction-mediated coupling between epithelial cells and secondary fiber 

cells in vivo. Additionally, we have found that while co-expression of Cx50-R205G and 

wild-type Cx46 subunits forms functional intercellular channels that display a mean 

junctional conductance similar to that of the homotypic wild-type Cx46 channel, these 

channels exhibit significant changes in intrinsic channel gating properties. These results 

suggest that gap junctions formed by Cx50-R205G and wild-type Cx46 subunits alter a 

unique mechanism required for the maintenance of primary fiber cell development and 

homeostasis. These data, taken in conjunction with the in vivo lens data, indicate that the 

formation of heteromeric gap junctions by wild-type Cx46 and mutant Cx50-R205G 
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subunits may provide part of the mechanism that contributes to the development of the 

dense nuclear cataract seen in the mature fibers of homozygous mutant lenses. Further 

elucidation of the interactions between Cx50-R205G and wild-type Cx46 and Cx50 could 

be obtained by interbreeding these mutant animals with the connexin knock-in and 

knockout mice. 

 Currently, six Cx50 mutants have been linked to dominant cataracts in humans 

(Xia et al., 2006c) (Polyakov et al., 2001) (Rees et al., 2000) (Shiels et al., 1998) 

(Willoughby et al., 2003) (Zheng et al., 2005), and four Cx50 mutants have been shown 

to cause different dominant cataracts in mice (Steele, Jr. et al., 1998) (Graw et al., 2001) 

(Chang et al., 2002) (Xia et al., 2006c). This work characterizes the functional properties 

of a novel Connexin50 mutation and identifies the second extracellular loop domain as a 

possible location for an important docking site for other Cx50 subunits, and a possible 

location for a voltage gating sensor that dominantly alters heteromeric channel formation 

with wild-type Cx46 subunits. Moreover, these data provide further support for our 

general hypothesis that mutated connexins may act as molecular tools for changing the 

physiological properties of gap junctions and altering intercellular communication in the 

lens.  
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Figure VI-1 Homozygous mutant lenses develop microphthalmia and cataract. Whole 
lens images, looking down on the equatorial edge of a wild-type mouse lens (A) and a 
homozygous mutant lens (Cx50(R205G/R205G) Cx46(+/+)) (B) at postnatal day 21, show that 
the mutant lens displays severe microphthalmia, dense nuclear cataract, and a mild 
lamellar opacity in the lens cortex. (Dr. Xiaohua Gong, unpublished data) 
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Figure VI-2 Functional expression of wild-type lens fiber connexins and mutant Cx50-
R205G subunits in Xenopus oocytes. Immunoblot analysis of oocytes shows equivalent 
levels of wild-type and mutant Cx50 when expressed alone or in co-injected cells (A). 
Similarly, western blotting demonstrates similar levels of wild-type Cx46 in both 
conditions assayed (B). Band densitometry quantitatively confirms that mean protein 
expression does not change significantly (C, D) (P > 0.05). (E) Junctional conductance 
measurements recorded from Xenopus oocyte pairs injected with wild-type Cx50, Cx46 
or R205G transcripts alone or in combination. Cell pairs expressing wild-type Cx50 or 
Cx46 subunits alone form functional gap junctions with mean conductance values of 
approximately 30 and 17 μS, respectively. Oocytes co-injected with both wild-type and 
mutant Cx50 transcripts fail to form functional gap junction channels, exhibiting a level 
of coupling not significantly higher than that of the background (P > 0.05). Conversely, 
the co-expression of Cx46 and Cx50-R205G subunits do not significantly alter junctional 
conductance (P > 0.05), as these channels exhibit a mean Gj of 16 μS. Heterotypic 
channels fail to form functional channels, with levels of conductance not significantly 
higher than that of the water-injected negative controls (P > 0.05). Cx50-R205G subunits 
alone fail to produce functional intercellular channels. Data points represent individual 
conductance measurements. Data are the mean + SEM of four individual experiments. 



 119

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 120

Figure VI-3. Voltage gating properties of homotypic Cx46 and heteromeric wild-type 
Cx46 and Cx50-R205G channels. The decay in junctional current (Ij) induced by 
transjunctional voltage (Vj) was plotted as a function of time for gap junctions comprised 
of Cx46 (A) and Cx50-R205G and Cx46 (B). Voltage was stepped to  
± 120 mV in 20 mV increments. At all voltage applications > ± 20 mV, mixed channels 
showed a more rapid current decay toward steady-state. Analysis of channel closure 
kinetics. Representative traces displayed the initial 250 ms of current decay recorded 
after application of a +120 mV transjunctional voltage for gap junctions containing wild-
type Cx46 alone (n=5) (C), and heteromeric channels expressing both Cx46 and Cx50-
R205G (n=5) (D). Current traces were fit to a monoexponential decay function to 
determine the mean time constant, τ. Heteromeric Cx46 and Cx50-R205G channels 
closed ~25% faster than homotypic Cx46 junctions, displaying a significant increase in 
mean channel closure time (P < 0.05). Comparison of equilibrium conductance (E). 
Steady-state conductance was measured when current decay reached equilibrium, 
normalized to the values at ±20 mV, and plotted as a function of Vj. The steady-state 
reduction in conductance for heteromeric Cx46 and Cx50-R205G channels (n=8) was 
greater than the reduction for homotypic wild-type Cx46 channels (n=5). 
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Figure VI-4. Immunofluorescent imaging of wild-type and mutant connexins in 
transiently transfected HeLa cells. Transiently transfected HeLa cells expressing Cx50-
R205G (top), wild-type Cx50 (middle) or wild-type Cx46 (bottom) proteins were 
immunostained and examined by fluorescent microscopy. Merged images taken at 100x 
displayed Cy3 staining of lens connexins (red) and DAPI staining of cell nuclei (blue). 
Overlay images showed that all three connexins were efficiently translated and localized 
to the membrane, specifically at areas of cell to cell apposition (arrows). 
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Table VI 1. Boltzmann parameters for wild-type and mixed channels. Gjmin represents the 
minimum conductance value, V0 indicates the voltage measured midway through the Gj 
decline, and A denotes the cooperativity constant, reflecting the number of charges 
moving through the transjunctional field. Signs + and – for Vj indicate transjunctional 
membrane potential polarity. 
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Connexon Vj V0 Gjmin A 

Cx46 + 107 0.21 0.04 

Cx46 - -105 0.28 0.04 

R205G+Cx46 + 56 0.19 0.05 

R205G+Cx46 - -59 0.21 0.06 
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Chapter VII 
 
 
 
 
 

Functional characterization of a naturally occurring Cx50 truncation 
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Abstract 

 Lens connexins undergo proteolytic cleavage of their C-termini during fiber 

maturation. While the functional significance of this is unknown, cleavage has been 

correlated with changes in channel gating properties. This study evaluates the functional 

consequences of this endogenous truncation by characterizing the properties of a C-

terminally truncated Cx50 protein. Our data show that Cx50tr290 channels exhibited an 

86-89% reduction in mean macroscopic conductance compared to full-length Cx50. 

Heterotypic channels formed functional gap junctions, displayed an intermediate level of 

coupling, and exhibited unaltered voltage gating properties. C-terminal truncation did not 

alter single channel gating characteristics or unitary conductance. Interestingly, both 

truncated and full-length Cx50 channel conductance was reversibly blocked by 

cytoplasmic acidification. C-terminal truncation of Cx50 did not inhibit formation of 

homotypic or heterotypic channels. However, a significant decrease in conductance was 

observed for truncated channels, a phenomenon independent of alterations in voltage 

gating sensitivity, kinetics, or chemical gating. These results provide a plausible 

explanation for the 50% decrease in junctional coupling observed during lens fiber 

maturation. 



 128

Results  

In the following chapter, I have included several figures that are the work of a 

close collaborator, Dr. Miduturu Srinivas. These data provide support for the main 

hypothesis of this chapter. For an in-depth description of the methodology used to obtain 

Figures VII-5-7, please refer to DeRosa et al. 2006 (DeRosa et al., 2006). Figures VII-1-4 

and 8 are from my own experimental data. 

Expression of Connexin Proteins in Xenopus Oocytes 

Translation of connexin cRNAs was quantified by immunoblot analysis of 

oocytes injected with full-length Cx50, Cx50tr290, or water, using a polyclonal Cx50 

antibody raised against an epitope in the central cytoplasmic loop of mouse Cx50 (White 

et al., 1992). The antibody recognized a 63-kDa band corresponding to full-length Cx50 

(◄) and a 32-kDa band corresponding to Cx50tr290 ( ) in oocyte samples injected with 

their respective cRNAs (Figure VII-1A). The antibody also detected a nonspecific band in 

all three samples (denoted by the asterisk). Expression levels were quantified by 

measuring band densitometry, and a plot of the mean band density values (Figure VII-1B) 

showed no significant difference in full-length Cx50 and Cx50tr290 protein expression (P 

> 0.05; Student’s t test). Thus, both proteins were synthesized at equal levels, and any 

alteration in channel function caused by truncation could not be attributed to differences 

in protein expression.  

Truncated Cx50 Channel Formation in Xenopus Oocytes 

The ability to form intercellular channels was tested by whole-cell voltage clamp 

of paired Xenopus oocytes (Figure VII-2). As expected, full-length Cx50 pairs formed 

functional channels with a mean intercellular conductance of 23.8 µS, a value several 



 129

hundred-fold higher than the water-injected negative control pairs (0.06 µS). Cells 

injected with Cx50tr290 cRNA exhibited a mean conductance value of 3.4 µS, which was 

approximately 50-fold higher than background, but significantly decreased compared to 

full-length Cx50 (86% reduction; P < 0.05). Heterotypic cell pairs, in which one cell 

contributed full-length Cx50 and the other expressed Cx50tr290, displayed a mean 

conductance of 6.2 µS. This 100-fold increase over background was intermediate between 

the homotypic full-length and truncated measurements. The level of heterotypic coupling 

was significantly decreased compared with full-length Cx50 (P < 0.05), but not 

Cx50tr290, homotypic channels (P > 0.05). These results show that Cx50tr290 forms 

functional gap junctions in homotypic and heterotypic pairs, but the mean gap junctional 

conductance was significantly decreased in both channel configurations. 

Voltage Gating Behavior of Full-Length and Truncated Cx50 Channels in Xenopus 

Oocytes 

To characterize the functional properties of full-length and truncated Cx50 

proteins, voltage gating was examined by subjecting oocyte pairs to a series of 

hyperpolarizing and depolarizing transjunctional voltages (Vj). Figure VII-3 shows a 

comparison of representative traces of junctional currents (Ij) for oocyte pairs expressing 

homotypic Cx50 (Figure VII-3A), homotypic Cx50tr290 (Figure VII-3B), or heterotypic 

Cx50/Cx50tr290 (Figure VII-3C) gap junctions Ij decreased symmetrically with time in a 

voltage-dependent manner for all channel types, with a more rapid decline in current at 

greater transjunctional potentials. To analyze channel-closure kinetics, the initial 200 ms 

current decay was plotted against time and fit to a mono-exponential function to 

determine the time constant tau (τ). Figure VII-3 shows representative current decays 
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after application of a positive 80 mV voltage step for truncated (Figure VII-3D), full-

length (Figure VII-3E), and heterotypic (Figures VII-3F and 3G) Cx50 channels. All 

channel types exhibited a mean τ of 44 to 46 ms at this Vj step, and no significant 

changes in channel-closure kinetics resulted from truncation of the C-terminus of Cx50 (P 

> 0.05). The steady-state voltage gating behavior of these channels was examined by 

plotting Vj against Gj (normalized to the values obtained at ±20 mV), and fitting the data 

to the Boltzmann equation (Figure VII-3H). Equilibrium voltage conductance was 

similar; Boltzmann parameters are listed in (Table VII-1). These data show that C-

terminal truncation of Cx50 did not alter voltage gating in homotypic or heterotypic 

channels. 

Localization and Functional Expression of Cx50tr290 in Mammalian Cells 

The expression and intracellular targeting of connexin proteins was further 

analyzed in HeLa cells transiently transfected with full-length Cx50 or Cx50tr290 DNA. 

Immunofluorescent images revealed qualitatively similar levels of connexin expression 

for full-length (Figure VII-4A and 4C) and truncated (Figure VII-4B and 4D) Cx50 

proteins. Punctate staining (Figure VII-4, arrows) indicated that Cx50 and Cx50tr290 

were properly targeted to the plasma membrane, especially at regions of cell-to-cell 

apposition. Thus, truncated Cx50 proteins were expressed and successfully trafficked to 

the cell membrane in a manner indistinguishable from that of full-length Cx50. The 

ability of Cx50tr290 to form functional channels in mammalian cells was tested by dual 

whole-cell patch-clamp measurements of transiently transfected N2A cell pairs (Figure 

VII-5). All green fluorescence protein (GFP)–positive cell pairs expressing full-length 

Cx50 were electrically coupled, with a mean conductance of 17.5 nS. Most (68%) GFP-
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labeled cell pairs expressing Cx50tr290 also formed functional channels, though with a 

mean level of coupling an order of magnitude lower (1.9 nS) than the full-length Cx50 

value. This 89% reduction in mean Gj was statistically significant (P < 0.05), and 

correlated well with the 86% coupling decrease recorded between Xenopus oocyte pairs 

(Figure VII-2). These results indicate that cell pairs expressing truncated Cx50 have 

significantly decreased coupling even though expression or localization of the protein was 

unaltered. 

Electrophysiological Properties of Truncated Cx50 Channels in Mammalian Cells 

Voltage gating characteristics of Cx50tr290 channels expressed in N2A cells were 

determined with dual whole-cell patch clamp. A recording of junctional currents from an 

N2A cell pair expressing truncated Cx50 channels (Figure VII-6A) indicated that Ij 

decreased symmetrically over time in a voltage-dependent manner, with a swifter current 

decay at larger transjunctional voltage applications. Examination of Cx50tr290 gating 

kinetics revealed a τ of 44 ms after an 80 mV potential was applied (Figure VII-6B). 

Analysis of the steady state Gj/Vj relationship (Figure VII-6C) showed that truncated 

channels displayed voltage gating similar to that previously reported for full-length Cx50 

(Srinivas et al., 1999), as indicated by the Boltzmann parameters provided in (Table VII-

1). Taken together, these data suggested that C-terminal truncation did not alter voltage-

dependent gating in transfected mammalian cells, a finding consistent with our data from 

paired Xenopus oocytes (Figure VII-3). 

Unitary Conductance and Single-Channel Gating of Cx50tr290 

To examine the functional role of the carboxyl tail of Cx50 in single-channel 

conductance and gating, current traces were recorded from paired N2A cells transfected 
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with full-length or Cx50tr290 cDNA using dual whole-cell patch clamp. Representative 

Cx50tr290 and full-length Cx50 single-channel current traces are illustrated in (Figure 

VII-7). Amplitude histograms for the single-channel currents recorded at the Vjs of –25 

mV (Figure VII-7A) and –50 mV (Figure VII-7B) had distinct peaks that corresponded to 

the open-channel levels at 5.2 and 10.4 pA, respectively, and yielded a unitary 

conductance of 210 pS, a value similar to that found for full-length Cx50 channel currents 

(see Figure VII-7E for a recording of Cx50 channels at a Vj of –40 mV). Gating of Cx50 

channels was also unaffected by cleavage. The Cx50tr290 channels were primarily in the 

fully open state at the smaller Vj pulse of –25 mV, but transitioned to a subconductance 

state at the larger driving voltage (–50 mV), as previously described for full-length Cx50 

channels (Srinivas et al., 1999). Additionally, (Figure VII-7C) shows that during a 100-

second recording of a single Cx50tr290 channel at a Vj of –30 mV, the truncated channels 

spent long periods of time in the fully open state, with only brief transitions into 

subconducting or nonconducting states. An expanded portion of the 100-second record 

(Figure VII-7D) showed that the truncated channel spent 88% of the time in the fully 

open state, similar to full-length Cx50 channels (Srinivas et al., 1999). Therefore, 

truncation did not affect the single channel conductance or gating properties of Cx50. 

pH Gating Sensitivity of Truncated Cx50 Channels 

The functional significance of the Cx50 carboxyl tail on pH gating was examined 

by perfusing Xenopus oocyte pairs with 100% CO2-saturated external solution. Full-

length and Cx50tr290-injected oocyte pairs exhibited a rapid decline in Gj over time on 

perfusion with 100% CO2 (Figure VII-8A). Junctional coupling recovered when the 

extracellular medium was switched back to the original MB medium. These data 
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indicated that C-terminal truncation of murine connexin50 at amino acid 290 did not 

inhibit the chemical gating properties of gap junction channels in paired Xenopus oocytes. 

Human Cx50 has been reported to be insensitive to cytosolic acidification on 

truncation (Xu et al., 2002), a discrepancy with our data that may have resulted from the 

use of an ammonium exchange technique to produce a calculated reduction in 

intracellular pH (Xu et al., 2002), or from intrinsic differences between the human and 

murine truncated Cx50 proteins. To distinguish between these two possibilities, we made 

a human Cx50tr294 construct and expressed it in Xenopus oocytes. Like its mouse 

counterpart, human Cx50tr294 induced coupling between paired oocytes with a mean 

conductance of 5.9 µS (Figure VII-8B). Perfusion of human truncated Cx50 pairs with 

100% CO2-saturated medium resulted in a greater than 90% reduction in coupling that 

recovered on washout of CO2 (Figure VII-8C) . These data show that truncation of human 

Cx50 did not abolish pH sensitivity.  
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Discussion 

 We mimic the naturally occurring C-terminal cleavage of Cx50 and characterize 

the functional properties of the resultant channels in vitro to further elucidate the role of 

truncation in lens fiber maturation. Immunoblotting confirms that full-length and 

truncated Cx50 expression levels are not statistically different, and immunocytochemistry 

shows that truncated proteins target to sites of cell–cell contact. Interestingly, intercellular 

conductance measurements show that Cx50tr290 proteins form functional gap junctions 

with an 86% to 89% reduction in junctional conductance from that of the full-length 

channel, a phenomenon that has not been reported. This reduction in coupling does not 

result from decreased unitary conductance, improper targeting, or dramatic alterations in 

voltage or chemical gating.  

Previous studies of truncated lens connexins have shown that cleavage of the C-

termini does not abolish channel-forming ability (Lin et al., 1998) (Stergiopoulos et al., 

1999) (Xu et al., 2002) (Eckert, 2002), a finding that coincides with the data described in 

this study. However, we report a significant decrease in macroscopic gap junctional 

conductance produced by Cx50tr290 as compared to full-length channels in two different 

expression functional systems. Furthermore, we observe a 210-pS unitary conductance for 

Cx50tr290 channels, a value very close to the 220-pS conductance previously reported for 

full-length mouse Cx50 channels (Srinivas et al., 1999). Thus, C-terminal cleavage is 

seen to reduce macroscopic coupling without affecting unitary conductance, a 

phenomenon that may link the endogenous cleavage of Cx50 to the observed 50% 

decrease in junctional coupling at the differentiating-to-mature fiber transition during lens 

fiber maturation. This idea is further supported by coupling measurements in Cx46 and 
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Cx50 knockout lenses, which show the deletion of Cx46 to eliminate coupling in the 

mature fibers, whereas knockout of Cx50 produces only a marginal reduction (Baldo et 

al., 2001) (Gong et al., 1998). These data have been interpreted to link the 50% drop in 

coupling during fiber maturation to a loss of functional Cx50 channels. The large 

reduction in macroscopic coupling seen in Cx50tr290 is consistent with the idea that the 

endogenous cleavage of Cx50 could negatively regulate channel activity, possibly 

through a reduction in the number of functional channel subunits.  

No role for the carboxyl terminus in voltage gating has been identified by 

previous studies of cleaved lens fiber connexins (Xu et al., 2002) (Stergiopoulos et al., 

1999) (Lin et al., 1998) (Eckert, 2002). In agreement with this earlier work, we find 

channel gating and kinetics to be nearly identical when full-length and truncated 

electrophysiology data are compared. Transjunctional current recordings collected at 

different transjunctional potentials reveal indistinguishable symmetrical traces for both 

channel sets, supporting the conclusion that the endogenous C-terminal truncation does 

not affect voltage-dependent gating. This has been further confirmed by studies of 

heterotypic channels displaying no asymmetry in their junctional currents, suggesting that 

Cx50tr290 can interact with full-length Cx50 without alteration of gating properties.  

In marked contrast to voltage gating, previous studies of truncated lens connexins 

have reached conflicting conclusions regarding the role of the C-terminus in chemical 

gating of junctional conductance by pH (Lin et al., 1998) (Stergiopoulos et al., 1999) (Xu 

et al., 2002) (Eckert, 2002). The intracellular pH in the lens core is more acidic than that 

in the cortex, and impedance studies have shown that junctional coupling in the mature 

fibers of the core is less sensitive to pH (Mathias et al., 1997). One hypothesis is that 
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cleavage of lens fiber connexins reduced sensitivity to pH gating. This is supported by 

some studies showing that cleavage of the carboxyl terminus of Cx50 abolishes pH gating 

in vitro (Lin et al., 1998) (Xu et al., 2002). However, others have found that truncated 

lens connexins retain their sensitivity to cytosolic acidification, and that pH gating is 

largely unaffected by carboxyl terminal cleavage (Stergiopoulos et al., 1999) (Eckert, 

2002). 

One source of variation in the aforementioned studies may be the Cx50 isoform 

being assayed. We report that the murine and human truncated Cx50 retain pH sensitivity, 

a finding that agrees with Stergiopoulos et al. (Stergiopoulos et al., 1999), who also tested 

mouse Cx50. In contrast, the human and ovine isoforms have both been reported to be 

insensitive to the effects of cytosolic acidification on truncation (Lin et al., 1998) (Xu et 

al., 2002). Although the Cx50 orthologs are highly conserved, the exact sites of truncation 

vary among species. In mice, the endogenous truncation sites are at amino acids 290 and 

300, corresponding to positions 284 and 294 in human Cx50. Our data suggest that 

truncated Cx50 channels retain pH sensitivity regardless of species, and imply that 

differences in experimental design underlie the conflicting results. In this context, it is 

worth noting that early reports of pH insensitivity of chick lens connexins (Rup et al., 

1993) were subsequently shown to be premature on further analysis (Jiang et al., 1995). A 

greater source of variability may come from the methodology used to reduce intracellular 

pH. Xu et al. (Xu et al., 2002) used an ammonium exchange technique, while the other 

studies relied on superfusion of CO2-saturated solution (Lin et al., 1998) (Stergiopoulos et 

al., 1999); the efficiency and degree of acidification could vary between methods. 

Although we did not directly verify the acidification of the cytoplasm, our results are in 
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good agreement with those of Stergiopoulos et al., (Stergiopoulos et al., 1999) the only 

study that directly measured intracellular pH, and indicate that truncated Cx50 is still pH 

gated, though with a modest shift in pKa.  

The greatest consequence of Cx50 truncation is a significant reduction in 

macroscopic conductance. This correlates well with the ~50% drop in gap junctional 

conductance observed in vivo during fiber maturation. Further experimentation on the 

functional significance of C-terminal cleavage may benefit from the generation and 

analysis of genetically engineered animals expressing forms of Cx50 that are either 

permanently truncated, or have mutated calpain cleavage sites that prevent truncation.  
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Figure VII-1. Western blot analysis of Xenopus oocyte extracts indicates similar 
expression of full-length (Cx50) and truncated (Cx50tr290) proteins. (A) Oocytes were 
collected and membrane fractions were prepared. Equal amounts of the preparations were 
loaded into each lane for each condition. Western blots were probed with a polyclonal 
rabbit anti–mouse Cx50 antiserum. Full-length ( ) and truncated ( ) Cx50 proteins 
were efficiently translated. *Antibody detection of a nonspecific band. (B) Quantitation 
of protein expression by densitometry showed equivalent levels of connexin expression. 
Levels of synthesis of full-length and truncated Cx50 proteins were not statistically 
different (P > 0.05). Densitometry values are the mean ± SE of four independent 
experiments that were normalized to the mean band intensity of the full-length sample. 
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Figure VII-2. Truncated Cx50 forms functional intercellular channels. Junctional 
conductance values were measured between oocyte pairs injected with full-length Cx50, 
Cx50tr290, or water. Full-length Cx50 and Cx50tr290 channels exhibited mean 
conductance values 400- or 50-fold greater than water-injected controls. Heterotypic 
channels formed by pairing two oocytes-one expressing full-length Cx50, the other 
injected with truncated Cx50 cRNA displayed an intermediate level of coupling that was 
100-fold higher than background. Columns are the mean ± SE. Data points within each 
column represent the individual conductance values for each condition tested. 
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Figure VII-3. Voltage-gating properties of full-length, truncated, and heterotypic Cx50 
channels. Junctional currents (Ij) induced by transjunctional voltages (Vj) were plotted as 
a function of time. For homotypic channels composed of full-length Cx50 (A), Cx50tr290 
(B), and heterotypic (C) channels, rapid current decay was seen at large voltages (±80–
120 mV), whereas modest voltages (±20–60 mV) exhibited a slower decline in junctional 
current. No qualitative changes in channel voltage gating were seen among the three 
channel types. Channel kinetics were analyzed by fitting the initial 200 ms of current 
decay recorded at +80 mV to a monoexponential model for cell pairs expressing 
truncated (D), full-length (E), and heterotypic channels (F, G). Channel closure kinetics 
were not affected by C-terminal truncation. Tau (τ) values represent the mean ± SE of six 
independent Ij traces. Equilibrium-gating properties were analyzed by plotting 
normalized steady state conductance against transjunctional voltage and fitting to the 
Boltzmann equation (H). Comparison between full-length and truncated channels showed 
similar voltage sensitivity. Boltzmann parameters are given in Table VII-1. 
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Figure VII-4. Immunofluorescence imaging of Cx50 in transfected HeLa cells. 
Transiently transfected HeLa cells expressing full-length Cx50 (A, C) or Cx50tr290 (B, 
D) proteins were immunostained and examined by fluorescence microscopy. Merged 
images taken at x100 (A, B) and x60 (C, D) exhibited Cy3 staining of connexins (red) 
and DAPI staining of cell nuclei (blue). All images showed that full-length and truncated 
Cx50 were efficiently translated and localized to the membrane, specifically at areas of 
cell-to-cell apposition (arrows). 
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Figure VII-5. Cx50tr290 subunits form functional intercellular channels with reduced 
coupling in N2A cell pairs. Gj was measured using dual whole-cell patch clamp on 
transiently transfected N2A cells expressing either full-length or truncated Cx50 proteins. 
Full-length Cx50 channels displayed a mean conductance of 17.5 nS, a significantly 
higher level of coupling than the 1.9 nS shown by truncated Cx50 channels (P < 0.05). 
Columns are the mean ± SE. Symbols within each column represent individual 
conductance values. Uncoupled pairs are represented on the x-axis. 
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Figure VII-6. Voltage dependence and gating kinetics of truncated Cx50 channels in 
transfected cells. Representative current traces recorded from transiently transfected N2A 
cell pairs expressing Cx50tr290 subunits (A). Junctional currents recorded during a series 
of transjunctional voltage applications ranging from +120 to –120 mV in 20 mV intervals 
were plotted as a function of time. Gating properties were symmetrical at positive and 
negative polarities. Cx50tr290 channel closure kinetics were analyzed at a transjunctional 
potential of 80 mV by fitting to a monoexponential decay (B) and were similar to full-
length and truncated Cx50 channels expressed in oocytes. Normalized steady state 
conductance was plotted against transjunctional voltage and analyzed using the 
Boltzmann equation (C), whose parameters are given in Table VII-1. Voltage gating 
sensitivity of Cx50tr290 channels was largely unchanged when compared with full-length 
Cx50 junctions. Voltage dependence and gating kinetics of truncated Cx50 channels in 
transfected cells. Representative current traces recorded from transiently transfected N2A 
cell pairs expressing Cx50tr290 subunits (A). Junctional currents were recorded during a 
series of transjunctional voltage applications ranging from +120 mV to -120 in 20 mV 
intervals and plotted as a function of time. The gating properties were symmetrical at 
both positive and negative polarities. Cx50tr290 channel closure kinetics were analyzed 
at a transjunctional potential of 80 mV by fitting to a monoexponential decay (B) and 
were similar to full-length and truncated Cx50 channels expressed in oocytes. 
Normalized steady state conductance was plotted against transjunctional voltage and 
analyzed using the Boltzmann equation (C) whose parameters are given in Table VII-I. 
The voltage gating sensitivity of Cx50tr290 channels was largely unchanged when 
compared to full-length Cx50 junctions. 
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Figure VII-7. Cx50tr290 and full-length Cx50 have identical single-channel properties. 
Junctional currents recorded from single channels containing of Cx50tr290 at three 
different transjunctional voltages. Cx50tr290 channels were primarily open at  
–25 mV (A), but transitioned to lower conductance states at –50 mV (B) and showed a 
unitary conductance of 210 pS. During an extended recording of a single Cx50tr290 
channel at –30 mV (C), the truncated channels remained in the fully open state, with only 
brief transitions into lower conducting states. An expanded portion of the record (D) 
showed only two brief transitions (asterisk) to substates. Full-length Cx50 single-channel 
current recordings at –40 mV had a peak at 8.4 pA, corresponding to a unitary 
conductance of 210 pS (E). All-point histograms are plotted on the right. 
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Figure VII-8. pH gating sensitivity of full-length and truncated Cx50 channels. (A) Full-
length and Cx50tr290 channels rapidly closed during cytoplasmic acidification, 
indicating that C-terminal truncation did not eliminate pH gating sensitivity. On washout, 
transjunctional conductance recovered. Human truncated Cx50 forms pH-sensitive 
intercellular channels. Human Cx50tr294 channels exhibited a mean conductance of 5.9 
µS, a value 100-fold higher than water-injected controls (B). Human Cx50tr294 channels 
reversibly closed during cytoplasmic acidification indicating that, like murine Cx50, C-
terminal truncation did not abolish pH gating (C). Data are the mean ± SE of 3 to 10 
pairs. 
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Table VII-I. Boltzmann Parameters for Full-length and Truncated Cx50 Channels 

Gjmin represents the minimum conductance value, V0 indicates the voltage measured 

midway through the Gj decline, and A denotes the cooperativity constant, reflecting the 

number of charges moving through the transjunctional field. Plus and minus signs for Vj 

indicate transjunctional membrane potential polarity. * Data taken from (Srinivas et al., 

1999). 
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Connexon Vj V0 Gjmin A 

Xenopus Oocytes 

Cx50 + 34 0.16 0.06 

Cx50 - -40 0.20 0.09 

Cx50tr290 + 28 0.14 0.11 

Cx50tr290 - -30 0.16 0.12 

N2A cells 

Cx50* + 38 0.21 0.16 

Cx50* - -37 0.22 0.15 

Cx50tr290 + 35 0.24 0.11 

Cx50tr290 - -35 0.29 0.22 
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Chapter VIII 
 
 
 
 
 

Concluding remarks 
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Summary of analysis 

 Gap junctions link the cytoplasms of adjacent cells, creating a regulated pathway 

that governs numerous biological processes such as tissue homeostasis in many 

organisms. While great strides have been made in revealing the structural organization, 

docking process, and biochemical or electrical properties of gap junction channels, much 

remains undiscovered. Previous studies have identified more than 20 highly homologous 

members of the connexin gene family in humans and mice, as the primary component of 

gap junction channels (Willecke et al., 2002). Each connexin is arranged with two 

conserved extracellular loops, four transmembrane domains, and a cytoplasmic 

intercellular loop, as well as internal amino and carboxyl termini that vary greatly across 

connexin orthologs. Three-dimensional electron crystallography reveals that gap 

junctions form via the association of two hexameric transmembrane channels called 

connexons (Leube, 1995) (Traub et al., 1998) (Unwin, 1989) (Unger et al., 1999). Within 

the channel, each of the aforementioned connexin domains is expected to play a unique 

role in gap junction function. The transmembrane domains will undoubtedly contribute to 

lining the channel pore, and some may even participate in hexamer oligomerization. The 

N-terminus is highly conserved across species and was found to play a role in membrane 

insertion, voltage gating, and calmodulin binding (Torok et al., 1997) (Purnick et al., 

2000) (Rubin et al., 1992) (Peracchia and Peracchia, 2005). The amino acid composition 

of a connexin’s cytoplasmic loop is highly variable, and recent evidence implies that the 

intracellular loop may govern channel permeability, a finding that coincides with data 

showing that channel permeability is connexin dependent (Koumi et al., 1995). The 

presence of three conserved cysteines in each of the two extracellular loops of all 
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connexin species is presumably crucial for connexon docking in the extracellular space 

between neighboring cells (Foote et al., 1998) (Hennemann et al., 1992). The cytosolic C-

terminus is the most variable domain among connexins. Due to variation in peptide 

length, the universal role of this domain remains unclear. However, in alpha connexins 

(Cx43, Cx46, Cx50), the C-terminus contains many phosphorylation sites that may 

govern electrical coupling (Lampe and Lau, 2000) (Lampe et al., 2000) (Fishman et al., 

1991), as well as endogenous truncation sites correlating with an alteration in channel pH 

gating sensitivity (Stergiopoulos et al., 1999) (Xu et al., 2002) and electrical coupling 

(DeRosa et al., 2006). The variability and overlap in the functions of each connexin 

domain suggest a need for the functional characterization of these specific protein 

domains.  

 This dissertation utilizes four different Cx50 protein variants containing 

alterations in the cytosolic amino or carboxy termini, as well as both extracellular loops. 

Through the use of disease-causing mutations and naturally occurring post-translational 

modifications, we provide further insight toward uncovering the physiological relevance 

of these distinct connexin50 protein domains.  

Analysis of Cx50 amino-terminal mutants reveal that mutation of this domain 

affects channel voltage gating (Peracchia and Peracchia, 2005). Thus, we hypothesize 

that Cx50-G22R mutant subunits will alter the electrical gating properties of gap junction 

channels in the lens. Our electrophysiological data indicate that Cx50-G22R is a loss of 

function mutation, as expression of this protein alone fails to electrically couple cells. 

However, the mixed expression of Cx50-G22R and wild-type Cx46 fiber connexins 

creates functional gap junction channels with significant reductions in conductance and 
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distinct alterations voltage gating properties when compared to homotypic Cx46 

channels. Conversely, co-expression of wild-type Cx50 and Cx50-G22R mutant subunits 

does not produce any obvious changes in channel function when compared to homotypic 

wild-type Cx50 channels, other than an attenuated ability to electrically couple cells. The 

unaltered gating properties of mixed channels expressing wild-type and mutant Cx50 

subunits, in conjunction with the G22R mutant protein’s ability to localize to the plasma 

membrane and form junctional plaques, suggests that decreased mixed channel coupling 

may result from fewer functional connexin subunits contributing to channel formation. 

Additional support for this hypothesis may come from dye permeation studies using 

transfected cells or transgenic mouse lenses expressing both wild-type and mutant Cx50 

proteins. Presumably, these studies will show discernable differences in the diffusion 

rates of molecular or ionic tracer dyes when homotypic and mixed channels are analyzed. 

Conversely, the data herein suggest that endogenous wild-type Cx46 and Cx50-G22R 

mutant subunits interact to form functional heteromeric gap junctions with unique gating 

characteristics, a phenomenon that may contribute to the aberrant ocular phenotypes seen 

in vivo. Similarly, our data imply that knock-in Cx46 subunits interact with mutant Cx50-

G22R subunits to form heteromeric channels that partially restore intercellular 

communication between lens fiber cells, providing a possible mechanism behind the 

partial rescue of the mutant lens phenotype. These findings add to the growing body of 

literature establishing the N-terminal domain of numerous connexins as a significant 

regulator of channel voltage gating (Peracchia and Peracchia, 2005) (Purnick et al., 2000) 

(Verselis et al., 1994) (Bruzzone et al., 2003), as we definitively describe changes in the 

electrical properties of gap junctions containing Cx50-G22R mutant subunits.  
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 Genetic mutations in either of the two extracellular loops have revealed that these 

domains play a critical role in the docking of two hemichannels between adjacent cells 

(Foote et al., 1998) (Martin et al., 2000) (Yeager and Nicholson, 1996). The extracellular 

domains of α-connexins are highly conserved and mutations of charged amino acids in 

either of the extracellular loops are associated with congenital cataracts in both mice (Xu 

and Ebihara, 1999) and humans (Berry et al., 1999). Electrophysiological examination of 

these mutant connexins imply a possible role for the first extracellular domain of Cx50 in 

channel gating (Xu and Ebihara, 1999).  

 This dissertation analyzes the effects of two extracellular loop mutants, Cx50-

S50P (E1) and Cx50-R205G (E2) on channel gating, gap junctional plaque formation, 

and lens development and function. The data herein imply that the extracellular domains 

of Cx50 govern an interaction with other Cx50 proteins, as co-expression of Cx50-S50P 

and wild-type Cx50 subunits inhibit embryonic fiber cell development by dominantly 

altering wild-type channel gating. Additionally, mutant Cx50-R205G acts as a dominant 

negative inhibitor of wild-type Cx50 channel function in vitro. Similarly, we show that 

mutation of either of Cx50’s extracellular loops does not inhibit interaction with wild-

type Cx46 subunits, but co-expression of these mutant subunits and Cx46 results in 

significant alterations in channel function. These findings support prior suppositions 

stating that the extracellular domains of α-connexins play a role in connexin 

oligomerization, electrical coupling and gap junctional plaque formation (Steele, Jr. et al., 

1998) (Berry et al., 1999) (Graw et al., 2001) (Shiels et al., 1998) (Foote et al., 1998) 

(Martin et al., 2000) (Yeager and Nicholson, 1996) (Xu and Ebihara, 1999).  
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 There is a growing amount of literature regarding the physiological relevance of 

numerous connexin family members’ carboxy-termini (Lampe and Lau, 2000) (Kwak et 

al., 1995) (Stergiopoulos et al., 1999) (Xu et al., 2002) (Lin et al., 1998) (DeRosa et al., 

2006) (Revilla et al., 2000). The high variation in amino acid sequences in the C-terminus 

implies that the functional differences exhibited by connexins may manifest in this 

domain. Previous studies of α-connexins containing genetic or post-translational 

variations in their C-termini have reveal many roles for this cytoplasmic domain, such as 

regulation of voltage-dependent gating (Revilla et al., 2000), protein phosphorylation 

(Lampe and Lau, 2000) (Kwak et al., 1995), and chemical gating by H+ ions 

(Stergiopoulos et al., 1999) (Xu et al., 2002) (Lin et al., 1998) (DeRosa et al., 2006). This 

dissertation helps clarify several of the discrepancies created by previous laboratories 

regarding the endogenous truncation of Cx50’s carboxy terminus.  

 Here we reproduce the naturally occurring C-terminal cleavage of Cx50 and 

characterize the functional properties of the resulting channels in vitro to verify the role 

of truncation during lens fiber cell maturation. Junctional conductance measurements 

reveal that truncated Cx50 subunits form functional intercellular channels that exhibit an 

86-89% reduction in electrical coupling when compared to that of the full-length protein. 

Dual whole-cell patch clamp analysis shows that this reduction does not result from 

decreased unitary conductance, improper targeting, or dramatic alterations in voltage or 

chemical gating. Thus, C-terminal truncation appears to cause a reduction of macroscopic 

coupling without intrinsic channel function, a phenomenon that could link the 

endogenous cleavage of Cx50 to the observed 50% decrease in junctional coupling at the 

DF-MF transition during lens development (Mathias et al., 1991) (Baldo and Mathias, 
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1992). Furthermore, our data suggest that both human and mouse isoforms of Cx50 retain 

pH sensitivity after truncation. Interestingly, the intracellular pH in the lens core is more 

acidic than in the cortex, and impedance studies show that junctional coupling in the 

mature fibers of the core is less sensitive to pH (Baruch et al., 2001). Dye permeation and 

electrophysiological examination of transgenic mice lenses expressing only truncated 

Cx50 subunits may vastly improve the current understanding of the precise physiological 

relevance of the C-termini of lens fiber connexins.  
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