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ABSTRACT

In this study, I used the zebrafish model system to investigate the functional role

of gap junction proteins, connexins (Cx), in the development of the visual and

cardiovascular systems. Firstly, I cloned the zebrafish Cx48.5 gene by screening a PAC

zebrafish genomic library with arat Cx46 probe. Cx48.5 shares 6lolo amino acid identity

with mouse Cx46, and grouped with the Cx46 subfamily in sequence similarity analysis.

Reverse.transcriptase-Polymerase Chain Reaction (RT-PCR) detected Cx48.5 exprpssion

in both adult and ernbryonic lens and heart, as well as the adult testis. Whole mount riz

situ hybndization (WMISH) detected Cx48.5 expression in the otic vesicles at I days

post fertilization (dpf), and in the lens throughout all developmental stages starting from

1.5 dpf. RT-PCR also showed that Cx44.1, Cx43, and Cx48.5 are the only tkee

con¡exins expressed in the adult zebrafish lens, as is the case in mammals and chicken.

The expression profiles ofall th¡ee zebrafish lens connexins were also compared with the

WMISH technique. Cx43 transcription is restricted to the lateral epithelium and the early

stage differentiating fibers. ln conhast, Cx48.5 and Cx44.l are abundantly expressed in

the differentiating lens fibers with distinct temporal regulation: Cx44.l hanscription

begins during the lens placode stage at 21 hours post fertilization (hpf), while Cx48.5

expression was not detected until 1.5 dpf.

Secondly, the in vivo function of Cx48.5 was analyzed using the morpholino

knockdown technique. The embryos microinjected with Cx48.5 antisense morpholinos

(Cx48.5 morphants) developed small lenses and eyes. Histological analysis revealed

disrupted lens fiber differentiation in 3 dpf morphants, arid cataract formation by 5.5 1.5



dpf. The cx48.5 morphants also exhibited severe abnormalities in cardiac function,

which resulted in blood circulation failure. Finally, an antisense morpholino targeting

cx44.1' and potentially also cx48.5 was microinjected into zebrafish embryos. These

embryos also developed smaller lenses and eyes, and cataracts that we¡e trigged by

apoptosis, a strikingly different mechanism than the non-apoptotic cataract formation in

the cx48.5 morphants. This phenotypic diffe¡ence indicates non-redundant functions of

connexins in the lens.

I conclude that Cx48.5 is the orthologue of mammalian Cx46, and is essential

for lens growth and homeostasis, as well as cardiovascular function in zebrafish. cx44.1

is co-expressed with cx48.5 in the differentiating lens fibers with a distinct temporal

pattem. connexin48.5 and cx,M.1 likely have distinct functions in the zebrafish lens.
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CHAPTERI

GENERÄL INTRODUCTION

1.1 Gap Junctions and Connexins

Gap junctions are cellular structures that provide a direct pathway between

adjacent cells. In transmipsion electron micrographs, gap junctions appear as tight seams

joining the neighboring cells, between which only a small gap of 2 to 3 nm exists

@enedetti and Emmelot, 1965), whereas freeze-fracture elechon micrographs reveal gap

junctions as plaques of hexagonal particles, about 8 to 9 nm in diameter (Chalcroft and

Bullivan! 1970; Goodenough and Gilula, 1974). T\e hexagonal particles represent

individual gap junction inte¡cellular channels, and each plaque contains up to a few

thousand particles.

A gap junction channel is composed of two half cha¡nels termed connexons, or

gap junction hemichannels, each conhibuted by one of the two neighboring cells (Fig.

1.1). Each connexon is conshucted by protein subunits called con¡exins. Six co¡urexins

form a cylinder with an aqueous pore in the center (Makowski et al., 1977). Advances in

the structural analysis of gap junctions have recently been achieved by cryo-microscopy

and image analysis techniques. ln the three-dimensional density map of channels formed

by a recombinant truncated con¡rexin43 (Cxa!,24 closely packed rods of density are

coincident with the four alpha-helical hansmembrane structües of the six connexins. A

continuous wall of protein seals the extracellular part of the chanrrcl (lJnger et al.,



1999a). The aqueous pore of gap junction channels selectively allows ions, nutrients,

second messengers, and electrical signals to traverse between the corurected cells. The

intercellular communication mediated by gap junctions play important roles in tissue

homeostasis, proliferation, differentiation, and response to environmental changes (White

et al.,7995).

The connexins belong to a multi-gene family. To date, 20 or more connexins

have been identified in the mammalian genome (Table 1.1, Solrl and Willecke, 2003).

. The nomenclature of connexins is based on the molecular mass predicted from the

polypeptide sequence (Beyer et al., 1987). For example, coffrexin43, is named by the

abbreviation Cx, followed by the suffix 43 indicating a molecular mass of 43 KDa. To

distinguish corurexin orthologues from different organisms, a suitable prefix can be

appended. For example, in the case of zfCx44.l, zf represents zebrafish. An altemative

nomenclatu¡e system has also been used (but less widely), in which the connexin family

is classified into three subgroups according to the level of amino acid sequence homology

.and the length ofthe cytoplasmic tail: cr, p, and y (O'Brien et a1.,1998).

A connexin protein is constructed of four transmembrane segments, two

exhacellular loops, one N-terminus, one cerihal loop, and one C-terminus (Fig. 1.2). The

highly conserved amino acid residues of the four hansmembrane regions adapt a¡ alpha-

helical conformation and are embedded in the plasma membrane. The amino acids of the

two exkacellular loops are also conserved between connexin membeß and are involved

in docking with its counterpart connexin from the connected cell. Each extracellular loop

has three higbly conserved cysteine residues, participating in the formation of disulfide

bonds within and between the loops, Such a conformation appears to be crucial because



the three cysteine residues a¡e conserved throughout all known connexin isoforms (John

and Revel, 1991). The N-terminus, C-terminus, and the central loop face the cytoplasm.

The amino acid sequences of the C-terminus and the central loop are less conserved than

other parts of the connexin protein, and give uniqueness to each connexin. Gap junction

channels formed from different connexin subunits have different physiological properties,

such as sensitivity to voltage and cytoplasmic pH, selectivity to small molecules, etc.,

that presumably allov/ thern to uniquely fit the needs of various tissues and

developmental processes @ruzzone et al., 1996).

Most cormexin genes have a similar structu¡e consisting of two exons. The fust

exon includes only 5'-unhanslated (UTR) sequences, while the second exon contains the

entire coding region, the remainder of the S'-UTR and 3'UTR sequences. The length of

the inhon between the two exons varies. However, there are exceptions to this standard

gene structure, The mouse Cx45 gene possesses three exons. Both exon 1 and exon 2

contain only 5'-UTR, while exon 3 contains the complete coding region and 3'-UTR

(Jacob and Beyer, 2001). The two exons of Cx35/36 both contain a portion ofthe coding

region, as well as untranslated sequencæ (O'Brien et aL, 1996; Condorelli et al., 1998).

In addition to Cx36, it was recently r€ported that mouse Cx39 (Cx40.1 in the human)

contains a coding region intemrpted by an inhon (Willecke et a1.,2002).

Studies of the transcriptional regulation of the connexin genes have focused on

mammalian Cx43, Cx26, and Cx32. The mouse Cx43 promoter contains a number of

putative transcription factor binding sites including a TATA box, AP-l, AP-2, Spl, CRE

sites, and eshogen response elements (Chen et ø1., 1995). Mutations in the AP-l sites

result in the loss ofc-Fos and c-Jun mediated protein kinase C (PKC) regulation ofCx43



(Geimonen et al., 1996). Human Cx26 has a basal promoter without a TATA box (Kiang

et al., 7997), instead the promoter region between -140 to -1 13 contains Spl and AP-2

binding sites that are responsible for Cx26 up-regulâtion in the myometrum and the

maûrmary gland (Tu et a1'2001). Human Cx32 uses two tissue specific promoters @1

and P2) in liver and pancreas, and in nerve cells, respectively. The Pl promoter is

located 8 kb upsheam of the translational start codon, while the P2 promoter is located

497 bp unpstream from the ûanslational start codon (Neuhaus et al., 1995).

Following translation, several steps must occur before fi¡nctional gap junction

channels are formed, First, cormexins are oligomerized into connexons. This process

usually occurs in the traw-regSon of the Golgi apparatus, not in the endoplasmic

reticulum where multimeric protein assembly typically takes place (B'ruzzone et al.,

1996). A possible explanation for this exception is that if hexamers of corurexins were

already assembled in the ER, which has multiple mernbrane layers, there is a high

probability the cornexons might dock together to form complete channels, which could

lead to leakage between cytosolic and lumenal compartments (Bruzzone et al., 1996).

However, altemative routes for connexin oligomerization and transportation also exist,

for examplg Cx26 is integrated directly into the plasma membrane rather than via the

secretory pathways (Ahmad alrd Evans, 2002). After connexons are transported from the

trans-GolgS network to the plasma membrane, the two connexons from adjacent cells

need to recognize each other and seal together to make a complete channel.

Connexons can be oligomerized from either the same or different t¡ryes of

connexins. A homomeric connexon is composed of a single kind of con¡exin, while a

heteromeric connexon consists of different types of conneúns. Two identical connexons



dock together to form homotypic channels, while different types of connexons dock to

form heterotypic channels. Homomeric connexons and homotypic chan¡rels exist in a

variety of tissues. On the other hand, although extensive studies have shown that many

con¡rexins can form heteromeric connexons and heterotypic charurels, most of these

studies were carried out in cell lines [e.g., (He et al., 1999; Beyer et a1.,2001)1. In vivo

evidence for the existence of heteromeric connexons and heterotypic channels is rare but

does exist. Chemical crossJinking treatrnent and immunoprecþitation with antibodies to

Cx26 and Cx32 revealed that guinea-pig liver gap junctions .a¡e constructed of

hete¡omeric Cx26 and Cx32 cormexons (Diez et al., 1999). The existence of heteromeric

connexons ín vivo is not a su¡prise, because it is commonly observed that several

different connexins are expressed in one cell. This provides an opportunity for them to

oligomerize and form channels composed of different combinations of connexins. On the

other hand, heterotypic channels likely form between two different types of cells that

exprcss different types of connexins. Asymmetric voltage gating of gap junction

channels found in cochlear supporting cells and chicken ernbryo cardiac cells suggest the

existence of heterotypic channels (Chen and DeHaart 1996; Zhao and Santos-Sacchi,

2000). Unidirectional coupling by gap junctions was also found between neuroglia in the

retina. Lucifer Yellow and bioclin we¡e transferred efficiently from ashocytes to

adjacent astrocytes, oligodendrocytes, and Muller cells, but rarely from oligodendrocytes

and Muller cells to astrocytes (Robinson et al., 1993). ln the mouse retina" Cx36 is

expressed in AII amacrine cells, but not in cone bipolar cells. However, the Cx36

immunoreactivity was localized on the denhitic arborizations of AII amacrines ,



indicating that the Cx36 (from AII amacrine cells) forms heterotypic chan¡rels with

another connexin expressed in the cone bipolar cells (Feigenspan et a1.,2001).

Most connexins are phosphorylated as the primary form of post-hanslational

modification. This modification has been implicated in the regulation of many aspects of

connexin function such as trafficking, assembly, membrane insertion, degradation,

channel conductance, channel permeability, and channel gating. Multiple serine and

tyrosine phosphorylation sites are clustered within the C-terminal region, and

occasionally in the cenhal loop. The majoçity of the most extensively studied connexins

(Cx43, Cx32, Cx40, Cx45, Cx37, Cx3l, Cx46, Cx50) are phosphoproteins, except Cx26

(Lampe and Lau, 2000). Many studies have shown that activation of PKC by 12-O-

tetradecanoylphorbol- 13-acetate (TPA) reduces dye propagation through gap junctions

[e.g., (Reynhout et a1.,7992; Tenbroek et al., 1997)]. Regulation of rat Cx43 involves

Cx43 phosphorylation on Ser368 by PKC. Mutation of Cx43 at Ser368 abolished the

negative regulation of gap junction communication by TPA, and accelerated the

degradation of Cx43 (Lampe el al., 2000), Other kinases phosphorylating connexins

include cAMP-dependent protein kinase (PKA), mitogen-activated protein kinase

(MAPK), EGF/PDGF activated ¡ec€ptor tyrosine kínases, and non-receptor tyrosine

protein kinase. (Lampe and Lau, 2000). Another exheme modification of connexins is the

cleavage of the C-te¡minus. This will be discussed in more detail in a later section.

Gap junction channels composed of single connexins have unique

eleohophysiological properties suggesting a unique biological function for each

connexin. The elechophysiological properties ofgap junction chaffiels are assessed in the

paired Xenopus oocytes expression system, o¡ in communication-deficient cell lines



transfected with specific connexins. Charurel conductanc€ and voltage gating behaviour

are quantitatively measured with a double voltage clamp. Channel permeability can be

assessed by the efEciency of transfer of dyes such as Lucifer Yellow, DAPI, and

neurobiotin (White et al., 1995). The opening and closing of gap junction channels

(gating) can be controlled by multiple mechanisms, such as pH, calcium, membrane

potential, and biochemical modifications such as phosphorylation. In an extreme example

of calcium gating, when a cell is damaged, gap junction chamels will close immediately

with the influx gf the calcium. The consequence of this quick response is crucial to

protect adjacent cells ûom further damage (White et al., 1995).

Previousl¡ gap junction channels were regarded as non-selective. This opinion

has been refuted by the accumulating evidence from both in vitro and ¡n vivo studies

showing that intercellular chan¡rels exert selectivity based on the size and charge of the

traversing molecules (Nicholson et a1.,2000).In Hela cells transfected with Cx26, Cx32,

and Cx43, the Cx32 hansfectants showed more efficient permeation of inositol 1,4,5-

trisphosphate (IP3) than the Cx26 and Cx43 hansfectants (Niessen et a1.,2000). Bevans

and colleagues have shown that gap junction channels can even distinguish different

second messenger molecules. Heteromeric channels formed by Cx32 and Cx26 were

significantly more permeable to oGMP than to oAMP (Bevans et a/., 1998).

In vertebrates, almost all cell t)?es express co texins, except a few fully

differentiated ones, such as red blood cells, and spermatozoa. Connexins exhibit a

complex spatial epression pattem. For example, Cx43 is expressed in a variety oftissues

while other connexins are found predominantly in specific tissues, with a certain overlap.

Cx45 and Cx40 are primarily expressed in the heart, the Cx36 subgroup is higbly



expressed in brain and retina, while cx46 and cx50 a¡e primarily expressed in the lens

(saez et a1.,2003). Table 1.1 summarizes the expression pattem of each characteizd

cornexin. The expression of many connexins is also temporally regulated. For examplg

the expression of Cx26 and Cx32 in mouse maûtmary gland during pregnancy and

lactation showed a dynamically regulated pattem. cx26 protein was not detected in the

maÍrmary gland of the virgin mouse. Its expression began during pregnancy and reached

maximum during lactation, but sharply diminished during involution. on the other hand,

Cx32 was only expressed during lactation (Monagþ an et al., 1994).

The importance of gap junctions has been shown by studies of human diseases

and mouse knockout experiments. For example, Cx43 is higlrly expressed in

cardiomyocytes and cx43-knockout mice died ofheart defects after bifh (Reaume ef a/.,

1995). cx32 forms channels that transfer ions and metabolites in the myelinating

Schwarns cells in the peripheral nervous system. Many mutations have been identified in

human cx32 that are related to x-tinked dominant charcot-Marie-Tooth diseasg a

cornmon inherited neurological disorder (Abrams et al., 2000). Mutations in cx26 have

been detected in patients with hereditary hearing loss (McGuirt et at., 1999). Mutations

of cx46 and cx50 have been found in patients with congenital câtaracts ( Berry et al.,

1999; Mackay et al., 1999; Pal et al., 1999; Rees et al., 2000). The phenotypes of

connexin knockout mice and connexín associated human diseases are listed in Table l.l.



1,2 Lens Development

In mammals a¡rd birds, Iens morphogenesis is initiated during late gaskulation

(Fig. 1.3). The surface ectoderm forms the lens placode after interacting with the optic

vesicle, which will eventually develop into retina. The lens placode invaginates and

forms a hollow single layered epithelial lens vesicle, which then separates from the

surface ectoderm (Fig. 1.34). Subsequentl¡ the posterior epithelial cells of the lens

vesicle begin to elongate and reach the anterior part to form the primary lens fibers (Fig.

l.3B & C). The anterior epithelial cells proliferate, and the cells close to the equatorial

region move towards the posterior. After passing through the equatorial region, they also

begin to elongate, and finally form concentric layers, called secondary lens fibers, around

the primary lens fibers (Fig. l.3D &E; Fill et al., 1997). Differentiated lens fiber cells are

devoid of most of the inhacellular organelles and a¡e instead filled with large amounts of

crystallin proteins (Wride, 1996; McAvoy et a1.,1999).

Insight into the genetic control of lens fiber differentiation is just begiruring to

emerge. The lens differentiation process appears to involve two major steps. In the first

step, the mitotic epithelial cells at the bo¡der of the equatorial region exit the cell cycle,

and initiate fiber cell differentiation. This cell fate transition is influenced by a number of

factors including fibroblast growth factors (FGF), insulinJike growth factor-I (IGF-I),

alpha 6 integrin, as well as transcription factors such as Proxl, C-Maf, and Soxl (Lang,

1999; lVigle et al., 1999; Menko, 2002). The cell cycle withdrawal is dependent on the

expression of cyclin-dependent kinase inhibitors p27 and p57, fuhibition of Src kinase



activity, and up-regulation of the exhacellular signal-regulated kinase (ERK) signaling

pathway (Menko, 2002).

Once differentiation is initiated, the lens cells undergo dramatic morphological

changes including cell elongation, degradation of the cellular organelles, and synthesis of

crystallins. Interestingly, the mechanism of fiber cell denucleation has many of the

hallmarks of apoptosis, such as ch¡omatin condensation, DNA fragrnentation, and the

involvement of bcl-2 family and casp¿ßes (Counis el a/., 1998; Wride and Sanders, 1998;

Wride, 2000). However, there are also important difference between lens fiber formation

and apoptosis. Lens fibers retain thei¡ cytoskeleton and the loss of asymmetrical

dishibution of plasma membrane phosphatidylserine is not detected in lens fibers. Non-

caspase proteases have an important role in fibe¡ denucleation. Results from TUNEL

assay are conflicting; both positive and negative results have been reported. Nevertheless,

lens fiber cells provide a unique model for studies of a naturally occurring ..apoptotic"

process (Wridg 2000).

1.3 Connexins In the Lens

The avascular lens is an excellent model fo¡ studying connexin ñrnction, as it is

composed of only two types of cells, and expresses only three types of connexins. Gap

junctions play crucial ¡oles in lens development and homeostasis by providing a pathway

for the movement of nutrients and metabolites between the fiber cells and the aqueous

and vit¡eous humors ( Mathias et al., 1997; White and Paul, 1999)

l0



Th¡ee connexins have been identified in the mammalian lens: Cx43, Cx46, and

Cx50. Cx43 is also expressed in many other tissue and organ systems. In the lens, Cx43

is shongly expressed in the epithelial cells (Musil et al., 7990; Yancey et al., 1992).

During lens cell differentiation, Cx43 expression is down regulated, whereas Cx46 and

Cx50 expression is up regulated (Paul et al., 1991; White et al., 1992; Fiup et al., 1993;

Jiang et al., 1994). Cx46 and Cx50 are most abundantly expressed in the lens fibers and

therefore haditionally regarded as lens specific. Cx50 and Cx46 also coJocalize to the

same gap junction plaques between lens fibers (Paul et a1.,.1991; Lo et al., 1996). The

chicken orthologues of mammalian Cx46 and Cx50, Cx56 and Cx45.6 respectively,

coimmunoprecipitate indicating the existence of heteromeric connexons with a mixture of

Cx56 and Cx45.6 isoforms (Jiang and Goodenough, 1996).

Lens connexins are subjected to post-translational modifications such as

phosphorylation and peptide cleavage. Chicken Cx45.6 is phosphorylated in vivo (Jiang

et al., 1994), most likely by casein kinase (CK) II at Ser363 site. Mutation of Ser363 to

. Ala resulted in a longer Cx45.6 halflife, indicating that phosphorylation regulates

Cx45.6 degradation (Yin et a1.,2000). Othe¡ kinases that appear to phosphorylate lens

connexins include casein kinase I and protein kinase C (Cheng and lnuis, 1999; Saleh el

a1.,2001;Wagner et a1.,2002). ln mature lens fibers, Cx46 and Cx50 are cleaved at their

carboxy-terminals (Kistler et ø/., 1990; Jaa,obs et a1.,2004). This process may be apartof

the fiber te¡minal differentiation process. The proteases responsible for the cleavages of

lens connexins include the calcium-dependent protease calpain and caspase-3 (Ln et al.,

1997;Yn et a1.,2007). The consequence oiCx46 and Cx50 cleavage seems to be a low



resistant fansportation pathway in the mature lens, which may be required for

maintaining the homeostasis of the densg avascular lens (Lin et al., 1998).

Although Cx46 and Cx50 have a similar expression pattem in the lens, they

have distinct fr¡nctions in lens development and homeostasis, as revealed by genetic

manipulation in mouse embryos. Cx46 knockout mice developed cataracts, begiruring at

2-3 weeks of age that became increasingly severe with age (Gong et al., 1997). ln

contrast to the Cx46 knockouts, Cx50 knockout mice developed mild cataracts, but also a

significant reduction in the size of the lens that was not seen in the Cx46 knockouts

(White et al., 1998; Rong et e1.,2002). This phørotypic difference shongly suggests that

Cx46 and Cx50 play different roles during lens development. This notion was confirmed

by the genetic replacement ofCx50 with Cx46. The expression ofCx46 under the conhol

of the Cx50 promoter corrected the cataract, but not the ocular growth phenotype ofCx50

deficient mice (White, 2002). How Cx50 particþates in controlling lens growth is not

clear, although it appeared to be involved in lens fiber maturation @ong er al., 2002).

The role ofCx43 in lens development and fr¡nction is also not clear. Cx43 knockout mice

died at birth with normal sized lens. However, histological analysis of those newboms

revealed some lens cell abnormalities. The fiber cells were separated from the apical

surfaces of the epithelial cells, with large vacuolar spaces in between (Gao and Spray,

1998). Cx43 and Cx50 double knockout mice have also been generated, and the double

knockout lenses developed nomrally up to 818.5, suggesting that connexins are more

important for post-natal, rath€r than pre-natal lens function (White ef al., 2001). ln

addition to ¡etarded lens growth, Cx50 knockouts also had smaller eyes. Eye growth is

known to be influenced by lens growth (Coulombre and Coulombre, 1964). Whether the
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smaller eye in the Cx50 knockouts resulted from the undergrowth of the lens, or if Cx50

has a direct role in eye growth is not clear.

Mutations of human Cx46 and Cx50 have been identified in families with

congenital cataracts (Shiels et al., 1998; Berry et al., 1999; Mackay et al., 1999). Tttts

evidence shongly supports the notion that gap junctions play important roles in lens

development, as well as in the maintenance oflens transparency.

1.4 Connexins In the Heart

The elechical coupling responsible for the rhythmic conhactions of the

myocardium is exclusively fr:lfilled by gap junctions located at the intercalated disk of

the cardiomyocytes. Four conneúns are abundantly expressed in the mammalian heart:

Cx43, Cx40, Cx45 and Cx37 . Cx45 hanscripts were detected by in situ hybridization at

8.5 days post coitum (dpc) in all comparhnents of the developing mouse heart, a time

, when the fust ¡hythmic contractions appear (Alcolea et al., 1999). By 9.5 dpc, Cx43 and

Cx40 hanscripts became detectable in whole-mount in situ hybridized ernbryos in both

the atiral and ventricular primordials @elorme et al., 1995; Delorme et ø1., 1997). Tlls

expression pattem undergoes dynamic changes as development progresses. In the adult

rodent heart, Cx43 is exclusively expressed in the atrial and ventricular working

myocardium, Cx40 is found in the atrial working myocardium, and the conducting bundle

branches and Purkinje fibres, while Cx45 is reshicted to the atrioventricular conduction

system (Van Kernpen et al., 1991; Gourdie et al., 1993; Coppen et al., 1999). Cx37 is

expressed in the cardiac endothelial cells (Reed et al., 1993), ln addition to Cx43, Cx40,

13



Cx45, and Cx37, Cx46 and Cx50 have also been reported to be expressed in the heart,

though their function in the cardiovascular system is not clear (Paul et al., 1991; Gourdie

et a1.,1992;Davis et al., 1995; Verheule et a1.,2001).

Mouse knockout experiments have demonshated that Cx43, Cx40, and Cx45 are

all essential for cardiac ñ¡nction. For instance, connexin43 knockout mice died neonatally

from pulmonary outflow tract obstruction @eaume et al., 1995). Connexin40-deficient

mice on the other hand exhibited slowed cardiac conduction and a partial atrioventricular

block ( Kirchhoff et al., 1998; Simon et al., 1998). Lastl¡ Cx45 knockout mice died by

embryonic day 10 displaying the effects of a conduction block, endocardial cushion

defects and abnormalities of vascular development (Kruger el a1.,2000; Kumai et aI.,

2000). The Cx37 knockout mice had no apparent cardiovascular abnormalities (Simon et

al.,1997).

1.5 The Zebrafish Model System

The zebrafish is a powerful model system for the investigation of vertebrate

development. It is a lowe¡ vertebrate species with relatively simple mechanisms of

development and is therefore easier to study than higher vertebrates such as the mouse.

Atthough the fine details of developmental processes in zebrafish are different than in

humans in many aspects, and ou¡ knowledge of zebraûsh anatomy and physiology still

needs to be extended considerably, the zebrafish has ¡emarkable genetic and anatomic

similarities with both mouse and human, and hence can serve as a valuable model to

study mechanisms of development, as well as a model for human diseases.
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The zebrafish has several unique advantages that are attractive to developmental

biologists. It is small (3-4 cm for adult) and is easy and inexpensive to care for. It has

short generation time (3 months) and each clutch has a large number of eggs. The

zebrafish egg is relatively large and develops extemally, which allows extensive

observations and embryonic manipulations. The transparency throughout embryogenesis

g¡eatly facilitates direct monitoring of developmental events. The above advantages

permit the use of large scale muüagenesis screens to quickly identiff many genes that are

crucial for vertebrate develop¡nent. A number of large scale mutagenesis sc¡eens have

been carried out since Christian Nusslein-Volhard began the pioneering work in 1994,

using chemical mutagens as well as retrovi¡us-mediated insertional mutagenesis (Mullins

and Nusslein-Volhard, 1993; Fishman and Stainier, 1994; Mullins et a1.,7994; Driever e¡

al., 1996; Amsterdam et al., 1999).In the last few years, smaller scale screens have also

been carried out in many labs focusing on specific developmental processes or organs.

The genomic sequencing project, expected to be completed in 2004, will sigrificantly

expedite the cloning ofthe mutated genes.

Complementary to muragenesis, morpholino mediated gene knockdown

methodology has been used as a powerñrl tool to assign functions to cloned genes in vivo.

Morpholinos are low toxicity chemical analogs of oligonucleotides, constructed from

four morpholino subunits, each containing one of the four bases (Pyrimidines and

Purines) and a morpholine ring. The morpholino subunits are oligomerized by

phosphorodiamidate linkages to give the morpholino oligos. The morpholinos bind

complernentary RNA skands, but are ¡esistant to nuclease degradation (Summerton,

1999). Specific targeting of the regions around the mRNA hanslation start codon or
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splice sites usually generates a gene specific phenotype during the first two days of

embryonic development at least (Ekker, 2000; Nasevicius and Ekker,2000; Ekker and

Larson, 2001; Heasman, 2002). Morpholinos can also be used to target two genes

simultaneously, which is particularly useful to analyze genes with redundant functions

(Hewy et al., 2002). Two major potential problems with the morpholino knockdown

method a¡e non-specific toxic side effects and mistargetting. These problems can be

addressed by gene rescue experiments or by using two indçendent morpholinos. Another

limilation of the morpholino method is that the level of gene knockdown c.an usually

only be detected by protein analysis, since, unless the morpholino sequenc€ crosses

splice sites, the mRNA usually rernains intact (Nasevicius and Ekker, 2000; Ek*er ancl

Larson,2001).

Zebrafish have unique advantages for studies of the visual and cardiovascular

systems. The zeb¡afish eye is relatively large and develops quickly. In zebrafish, the lens

placode forms at about 19 hours post fertilization (hpf) (Schmitt and Dowling, 1994;

Kimmel et al., 1995; Li et a1.,2000), a process quite similar to the formation of the lens

placode in birds and mammals. The presumptive lens cells then separate from the

ectoderm as a solid ball of cells at approximately 24 hpf (Schmitt and Dowling, 1994;

Easter and Nicola, 1996; Li et a1.,2000), never forming a hollow lens vesicle as is the

case in birds and mammals. The cells in the detached lens then differentiate into two

distinct cell populations: the iateral cuboidal epithelium (equivalent to the anterior

epithelium in the mammalian lens) and the primary lens fiber cells. Subsequently, lateral

epithelial cells in the equatorial region differentiate into secondary lens fibers. Functional

vision has developed by 3 days post fertilization (dpf) @aster and Nicola,1996).
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The zebrafish cardiovascular system becomes ñ¡nctional by 24 hpf, but it is not

required for the ønbryo to develop and survive for the first few days @elster and

Burggren, 1996; Wanen and Fishman, 1998; Lohr arid Yost, 2000), which allows

abnormalities of cardiac morphology and function to be investigated in live ernbryos. The

zebrafish has a prototypical vertebrate heart composed of four continuous structures

(sinus venosus, atrium, ventricle, and bulbus arteriosus), and shares many developmental

and physiological similarities to the mammalian heart (Chen and Fishman, 2000; Hu et

al., 2000; Hu et al., 2001).

1.6 Objectives of Thesis

The main focus of this thesis is to characterize the functions ofzebrafish Cx48.5

a¡d Cx44.1 (zebrafish orthologues of mouse Cx46 and Cx50 respectively). Cx46 and

Cx50 have been regarded as lens specific, as they are predominantly expressed in the

lens. Mouse knockout experiments and human disease studies have also revealed that

both a¡e crucial for the lens integrity. However, several fundamental biological question

about the roles of Cx46 and Cx50 remain unclear.

Recall how Cx46 and Cx50 have distinct, yet overlapping functions in the lens:

Cx46 solely ñ¡nctions in the maintenance of lens transparency (or homeostasis), while

Cx50 participates in both lens growth and homeostasis (Gong e/ ø1., 1997; White et al.,

1998;Rong et aL, 2002; White, 2002). One importarìt question to be answered is: What is

the molecular mecha¡rism by which Cx50 controls lens e,pithelial cell proliferation and

differentiation, especially how the proliferation or differentiation signals are influenced



by the expression ofCx5O. Another important question is whether or not Cx46 and Cx50

have a role in organs other than lens? Studies have shown that Cx46 is also expressed in

other organs including heart, kidney, alveola¡ epithelial cells, osteoblastic cells, and

degenerating Schwann cells (Paul et al., 1991, Davis et al., 1995, Koval et al., 1997,

Abraham et a1.,2001, Verheule et a1.,2001, Silverstein et a1.,2003). The expression of

Cx46 in the heart has been rçorted in a few studies, while its function in the

cardiovascular system is entirely unknown.

To answer these tntriguing questions, I carried out extensive studies on zebrafish

Cx48.5 and Cx44.l, including the molecular cloning and sequence analysis of Cx48.5,

expression analysis ofCx48.5 and Cx44.1 (as well as Cx43) with a variety oftechniques,

and functional studies with the morpholino knockdown technology. These comprehensive

studies have laid a solid basis for future study. More importantly, key novel insights have

been gained from these studies: 1) Cx44.l is expressed well in advance of Cx48.5 during

lens development, which may partially explain why they have diffe¡ent roles in the lens.

2) Cx48.5 is crucial for cardiovascular function in zebrafish. 3) Cx48.5 also conhibutes to

lens growth, as well as eye growth in zebrafish. 4) Microinjection of a morpholino

potentially targeting both Cx48.5 and Cx44.1 induced cataractogenesis, mediated by an

apoptosis like process that is distinct from the non-apoptotic cataract formation in the

Cx48. 5 knockdown embryos.



Table 1.1. Summary of Mouse and Human Connexin Genes:

Expression and Phenotypes

Mouse Major expression Phenotypes of
connexin Cx-deficient mice

Human he¡editary Human
disease(s) connexin

rncxz3 n.a.

n,a.

mCx26 Breast, skin,
cochleq liver,
Placenta

mcx29 Schwann cells,
oligodendrocytes

mCx30 Skin, brain,' cochlea

mCx30.2 Vascular smooth
muscle cells

mCx30.3 Skin

mCx31 Skin, cochlea,
placenta, uterus

mCx3l.l Skin

mCx32 Liver, Schwann
cells

mCx33 Testis

mCx36 (Inter)-neurons

mCx37 Endothelium

mCx39 n. a-

mCx40 Heart,
endothelium

n.a,

n.a.

Lethal on ED I I
OTOcret: hearing loss

n. a.

Hearing loss

n.a,

n. a.

Placental dysfunction

n, a.

Decreased glycogen
mobilization,
increased liver
carcinogenesis,
CMTX
n. a.

Visual hansmission
defects

Female sterility

n. a,

Ahial anhytlmias

n.a.

n.a.

Sensorineural hearing
loss, palmoplantar
hyperkeratosis

n. a.

Nonsyndromic hearing
loss, hydrotic
ectodermal dysplasia

n.a.

Erytlrokeratodermia
variabilis (EKV)
Hearing impairment,
eryth¡okeratodermia
variabilis (EKþ
n, a,

CMTX, (hereditary
peripheral neurophathy)

n. a.

n. a.

n. a. hCx36

Association with hCx37
atherosclerosis

hCrA3

hcx25
hcx26

hCx30.2
(hcx3l.3)
hCx30

hCx3l.9

hCx30.3

hCx31

hCx31.1

hCx32

hCx40.1

hCx40
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Table 1,1. Summary of Mouse and Hunan Connexin Genes:

Expression and Phenot¡¡pes (continued)

Mouse Major expression Phenotypes of Human hereditary Human
connexin Cx-deficient mice diseas{s) connexin

mCx43 Many cell types Lethal on P0 heart Visceroatrial hCx43
malformations, heterotaxia,
MHCcre2 : arrhfhmias, oculodentodigital
GFAPcre": dysplasia syndrome
dysregulation of (ODDD), syndactyly
spreading depresion type III

mCx45 Heart, smooth Lethal on ED 10.5 n. a-

muscle, neurons

mC.x46 Lens fiber cells Zonular nuclear Congenital cataract
cataract

mCx47 Oligodendrocytes Myelin deformation n. a.

mCx50 Lens fiber cells Microphthalmia, Zonular pulverulent
zonular pulverulent cataract
congenital catafact

hCx45

hCx46

hCx47

hCx50

hCx59

hCx62

n, a. n. a.

mCx57 Retinal n. a.
horizontal cells

n, a-

n. a.

(Reproduced from Sohl and Willecke, 2003).

I OTOcre: Otogelin-cre mediated excision of Cx26 in the mouse cochlea.

2MHC"r": myosin heavy chain-cre mediated excisionof Cx43 in mouse cardiomyocytes.

3 GFAP"r": glial fibrillary acidic protein-cre mediated excision of Cx43 in mouse

ashocytes.
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Figure 1,1

Gap junctions are collections of intercellular channels that link the

adjacent cells into a cytoplasmic syncytium. A gap junction channel is

constructed of two half-char¡¡rels termed connexons, each conhibuted by

one of the two neighboring cells. A connexon is composed of six subunits

termed connexins, which polymerize to form a hemi-channel. The aqueous

pore of the channel selectively allows ions, nutrients, second messengers,

and elechical signals to traverse between the cormected cells. (Adapted

ûomWhite¿f ø/., 1995).
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Figure 1.2

A corurexin protein has four highly conserved alpha-helical

kansmembrane segments (Ml, M2, M3, and M4) embedded in the plasma

membrane and two extracellular loops (El and E2) involved in docking

with the counterpart from the cormected cell. The N-terminus CNT), C-

terminus (CT), and a central loop (CL) face the cytoplasm. (Adapted ûom

Zimmer et a1.,1987).

23



E1 E2
Extracellular space

Plasma membrane

Cytoplasm



Figure 1.3

Lens cell differentiation starts after the formation of the lens vesicle (A).

The posterior epithelial cells of the lens vesicle begin to. elongate (B) and

¡each the anterior part to form the primary lens fibers, which are anucleate

and filled with crystallins (C). The anterior epithelial cells keep dividing

throughout life. The daughter cells from this region move toward the

equator of the vesicle. After passing through the equator region, they also

begin to elongate (D), and finally form concentric layers, called secondary

lens fibers, around the primary lens fibers (E). The mature lens is composed

ofthe anterior mitotic epithelial cells, the cenhal primary lens fibers, and the

cortical secondary lens fibers (F). (Figure adapted from Kral, 1998, website:

htþ ://aussie-health.westga. edu/resea¡ch/cataracts/development,hhnl)
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CHAPTER II

EXPRESSION OF CONNEXrN48.5, CONNEXrN44.1, AND CONNEXTN43

DURTNG ZEBRAFTSH (DANIO nnruO) LENS DEVELOPMENT

2.1 Rationale

Previous studies in the mouse have shown that each of the three lens connexins,

Cx43, Cx46, and Cx50, have a specific expression pattem and function in the lens.

However, the relationships between the timing and location of expression of all these

three connexins during lens development have not been directly compared in a single

study previously. Comparison of the expression pattems of the lens connexins in

zebrafish with the expression pattems in other species will allow us to determine which

aspects are conserved and which may be species specific. Ultimately, this comparative

infomration will be essential for establishing whether the zebrafish is a useful model for

the study of the role of connexins in human lens growth and homeostasis. Here we report

whole mount in situ hybridization data on the expression pattems of zebrafish Cx43,

Cx48.5, and Cx44.1 (the orthologues of mammalian Cx43, Cx46, and Cx50 respectively)

from I dpf to 4 dpf. Our analysis showed that the spatial expression pattems of the th¡ee

connexins in the zeb¡afish lens are similar to their orthologues in birds and mammals. In

addition, we found that both Cx44.l and Cx43 transcripts began to accumulate during the
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lens placode stage, whereas the initiation of Cx48.5 expression appeared to be delayed

relative to the other two connexins.

2.2 Materials and Methods

2,2.1Zebrafrsh care

Adult zebrafish were purchased from a local pet shop and maintained a128.5"C

on a 10 hr lighVl4 hr dark light cycle according to standard procedures (Westerfield,

1995). Embryos were raised in egg water at 28.5"C and staged using the time elapsed

since fertilization. Embryos used for WMISH were heated witlt 0.003% l-phøryl-2-

thiourea (Sigm4 Oakville, Ontario) after 24 hpf to prevent pigrnent formation.

2,2.2 Sequence analysis

To construct the phylogeny tree of the corurexin genes expressed in the lens,

,mouse Cx43, Cx46, and Cx50, chicken Cx43, Cx56, and Cx45.6 sequences were

rehieved from GenBank. The amino acid sequences encoded by these genes, together

with the zebrafish Cx43, Cx48.5, and Cx44.l amino acid sequences (all available in

GenBank), were aligned using ClustalX (Thompson et al., 1997), and the phylogenetic

tree was displayed with the TREEVIEW program @age, 1996). Zebrafish Cx35 was used

as an outlier.

28



2.2.3 RT-PCR

Total RNA was isolated from adult tissues using TRIzol Reagent (Invitogen,

Burlington, ON). Total RNA (2 pg) from adult lens and liver was reverse transcribed

using SuperScript II reverse transcriptase (Invihogen Life Technologies, Burlington,

Ontario) according to the manufacturer's suggestions. PCR was perforrned in a 20 pl

reaction volume using 4%o of the volume of the reverse transcription reactions as

template, and 5 pl of the PCR products were loaded onto an agarose gel for analysis. The

sequences of all primers used a¡e shown in Table 2.2. The eFlc¿ primers anneal to exon

sequences flanking an inFon in the zfeF I alpha gene. The expected size ofthe elongation

factor amplicon is 569 bp from cDNA and 733 bp from genomic DNA.

2.2.4 Whole mount ¡r¡ sr'fa hybridization

Probes for WMISH \ryere as follows: the Cx48.5 probe was 775 bp long

extending from 612 nucleotides downsheam of the start codon to 8l nucleotides after the

stop codon; the Cx¿14.1 probe was 840 bp long extending from 348 nucleotides upstream

of the stop codon to 492 nucleotides downsbeam of the stop codon; the Cx43 probe was

1085 bp long extending from 156 nucleotides downsheam of the start codon to 98

nucleotides downsheam of the stop codon. DIG labeled antisense RNA probes were

synthesized according to standard protocols (Jowett, 1999). Sense control RNA probes

were synthesized in the opposite direction using the same templates. The WMISH

protocol was essentially according to Thiesse et a/. (Thisse et al., 1993), with the

following modifications: alkaline hydrolysis of the probe was omitted; ernbryos from I to

4 dpf were frxed n 4% paraformaldehyde in lx PBS ovemight; the hybridization buffer

contained 50% deionized formamide, 5x SSC, I mg/mt ToruløRl{A,100 ¡rglml heparin,



lx Denhart's solution, 0.1% Tween 20, 0.1% CHAPS, and 5 mM EDTA;

prehybridization was carried out for 4-6 hours, and hybridization for 14-18 hours, at

60'C; Torula RNA and heparin were not added to the wash solutions. The alkaline

phosphatase reaction was allowed to proceed for 4-24 hours. After the color reached the

appropriate intensity, the embryos were fixed with 4% paraformaldehyde in lx PBS ûom

overnight to 3 days, then washed 2x10 minutes with lx PBS, and cleared in glycerol. To

obtain plastic sections, WMISH embryos were dehydrated with 70%, 80%, 90%, and

absolute . ethanol, then infilhated and embedded in JB-4 resin (Polysciences,. Inc.,

Wanington, PA). Sections were cut at 3-4 pm thickness.

2.3 Results and Discussion

2,3.1 Sequence similarities between zebralish Cx48,5, Cx44,l, Cx43 and their

orthologues in mouse and chicken

Sequence similarity analysis at the amino acid level showed that zebrafish

Cx48.5, mouse Cx46, and chicken Cx56 belong to one subfamily, zebrafish Cx44.1,

mouse Cx50, and chicken Cx45.6 belong to a second subfamil¡ and all three Cx43

members are in a third subfamily (Fig. 2.1). Zebrafish Cx48.5, Cx44.1, and Cx43 sha¡e

61%,62%, and 80% amino acid identity with their mouse orthologues respectively.

Previously, we have shown that Cx44.l is the zebrafish orthologue of mammalian Cx50

and chicken Cx45.6 (Cason et a1.,2001), and the analysis presented here shows that

zebrafish Cx48.5 is orthologous to mouse Cx46 and chicken Cx56, and that zebrafish



Cx43 is orthologous to mammalian and chicken Cx43. The Cx43 subfamily is clearly

much more conserved than the other two subfamilies.

2,3.2 Cx48.5, Cx44.l, and Cx43 are all expressed in the adult zebrafish Lens

RT-PCR analysis was performed with adult lens and liver RNA (Fig. 2.2). RT-

PCR products of the appropriate size for all th¡ee connexins were amplified from the lens

RNA, but only Cx43 was amplified from the liver RNA. This result is consistent with

previous observations from mammals and birds that the Cx46 and Cx50 subfamilies are

predominântly expressed in the lens (Paul el al., l99l; White e¡ al., 1992; Rup et al.,

1993; Jiang et al., 1994), while Cx43 is expressed in a variety of tissues including the

vascular system (White et al., 1995). RT-PCR analysis of adult lens RNA with primers

specific for the following zebrafish connexins, Cx43.4 (Essner et al., 1996), Cx35

(Mclachlan et al.,2003) and Cx45.6 (Christie et a1,,2004) failed to detect expression

(data not shown). Furthermore, it has previously been shown that Cx27 .5 and Cx55.5 are

'not expressed in the lens @ermietzel et a1.,2000). Zebrafish elongation factor lo primers

that span an intron we¡e used to compare the amount of cDNA included in each reaction

and to confirm the absence of genomic DNA contamination. A band of appropriate size

for cDNA was amplified from both the lens and liver samples, and no bands indicating

genomic DNA contamination were observed. Thus, Cx48.5, Cx44.l, and Cx43 are all

expressed in the adult lens, whereas Cx43.4, Cx35, Cx45.6, Cx27.5 and Cx55.5 are not.



2,3.3 Differential expression of Cx48,5, Cx44.1, and Cx43 during zebrafish lens

development

Whole mount in situ hybridization (WMISH) was performed with Cx48.5,

Cx44.1, and Cx43 DIG labeled antisense RNA probes. Following the WMISH procedure

the embryos were embedded in plastic and sectioned. The lenticular expression pattems

of the three connexins are shown in Fig. 2.3. We previously reported that Cx44.l is

exclusively expressed in the lens (Cason et aL,2001} No signal ì as detected ìrith the

RNA sense conbol probes in any of the stages we investigated (Fig. 2.34-E). The results

of the rr sifu hybridization analyses are summarized in Table 2.1.

Cx48.5 transcripts were not detected in the lens at 24 hpf @ig. 2.3F), but a

shong signal was detected throughout most of the lens at 36 hpf (Fig. 2.3G). The lateral

epithelial cells did not contain Cx48.5 ûanscripts, whereas the differentiating epithelial

cells in the equatorial region did. The bulk of the lens was composed of differentiating

primary fiber cells that expressed Cx48.5 shongly as well. Cx48.5 signals were also

'detected in the ganglion cell layer of the retina, adjacent to the equatorial and medial

portions of the lens. Similar retinal staining pattern was also seen in embryos probed with

Cx44.1 at 36 hpf (Fig. 2.3L), and in embryos probed for the lens markers maß/valentino

and Prox I (data not shown). Prox I is expressed in amacrine and horizontal cells in the

inner nuclear layer of the ¡etina during development (Tomarev et al., 7996; Belecþ-

Adarns et a1.,1997; Jetrery et a1.,200};Ythtelic et a1.,2001), whereas MafB/valentino is

not expressed in the retina (Kajihara et al.,2001). The staining we observed in the retina

adjacent to the lens the¡efore might represents diffi¡sion of the alkaline phosphatase

reaction product away from the lens. The expression pattem of Cx48.5 at 2 dpf (Fig.
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2.3H) was similar to that seen at 36 hpf. At 3 ând 4 dpf the core region of the lens

contained enucleated mature fiber cells that were devoid of Cx48.5 transcripts (Fig. 2.3I,

I). lnstead the Cx48.5 signal was restricted to the differentiating secondary fiber cells at

the equatorial and medial poles of the lens. These data clearly show that Cx48.5 is

expressed in differentiating lens fiber cells and not in mature fibe¡s. Cormexin48.5

expression appea¡s to be most r idespread from 36 hpf to 2 dpf, a period during which the

core primary lens fibe¡s differentiate. We cannot completely rule out the possibility that

the l4ck of a Cx48.5 signal in the lens at 24 hpf is due to the lack of sensitivity of our

WMISH technique. However, the Cx48.5 antisense probe never produced a signal above

the conhol probe at this stage, even when the colour reaction was allowed to proceed for

12 hou¡s longer than for the Cx44.l and Cx43 probes. Therefore, if Cx48.5 is expressed

at all at this stage, it is at a much lower level than Cx44. I and Cx43.

These results confirm and extend the results from previous studies on Cx56 and

Cx46, the chicken and mouse orthologues of Cx48.5. Connexin56 transcripts were

,present in primary lens fibers in lens vesicles at day 3.5 (Mu et al., 2003).

Immunofluo¡escence sfudies using Cx56 specific antisera have also demonstrated Cx56

protein expression in early primary lens fibers @erthoud et al., 7994; Jiang et al., 1995).

Analysis of IacZ expression in Cx46 knockout mice showed expression in primary lens

fibers at 1l dpc and in the differentiating secondary lens fibers in the equatorial region

throughout life (Gong et ø1., 1997). Our data showing the absence of Cx48.5 expression

i¡ the earliest stages of lens formation therefore differs from the chick data" but studies

from mice have not reported the absence ofCx46 expression in the earliest stages of lens
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formation. Whether this reflects a species difference, or that the earlier stages of lens

development in the mouse were not investigated for expression is unclear.

Previously, we detected Cx44.l transcripts in the lens by WMISH at 24 and 36

hpf, but not at later stages (Cason et a1.,2001). We have re-examined Cx44.l mRNA

expression during lens development in the present study using a more sensitive WMISH

protocol. Using this improved protocol Cx44.l expression was detected at 24hpf and later

stages (Fig. 2.3K-O), and the pattem ì¡¡as very similar to that detected for Cx48.5.

However, in agreement with our previous results, butjn contrast to the Cx48.5 expression

reported here, shong Cx44.l expression was also detected in most ofthe developing lens

except the lateral portion at 24 hpf (Fig. 2.3K). These lateral lens cells at 24 hpf are

probably the precursors of the lateral cuboidal epithelium. We also detected Cx44.1

expression in lens placode at 21 hpf (data not shown). Expression of the chicken

orthologue Cx45.6 has been dernonstrated by immunofluoresc€nce in primary lens fibers

while the lens vesicle is still attached to the ectoderm (Jìang et a1.,1995). The expression

of chicken Cx45.6 and zebrafish Cx44.I therefore appear to be initiated at similar stages

of lens development. Evidence from the mouse is conflicting, however. Evans and

colleagues (Evans er at., 1993) showed, using immunohistochønistry, the absence of

Cx50 expression in the early mouse lens vesicle (11 dpc) but as soon as 12 dpc

expression was detected in differentiating primary fibers. At 13 dpc, when the lens

vesicle lumen has closed, expression remained in the fibers but was absent from the

epithelium. However, analysis of lacZ expression in Cx50 knockout mice indicates

extensive expression throughout the epithelium, but when expression is initiated was not

reported (Rong et al.,2002).



The timing difference between the initiation of Cx48.5 and Cx,l4.l expression,

suggests that they might have different roles in zebrafish lens development. In the mouse,

it has been previously suggested that Cx46 and Cx50 have distinct ñ¡nctions in lens

development, although it is not clear whether or not the timing of their initiation of

expression are different. Both Cx46 and Cx50 knockout mice developed cataracts, but the

timing of the appearance of the cataracts differed (Gong et al., 1997; White e, al., 1998;

Rong ef a1.,2002). Furthermore, only the Cx50 knockout mice developed microphakia

and microphthalmia. AIso,þ mice in which the Cx50 coding sequence was replaced with

the Cx46 coding sequenc€ by gene targeting, small but hansparent lenses developed

(White, 2002). In the mouse it seems Cx50 is required for lens growth, while Cx46 is

more involved in fiber homeostatic maintenance. On the other hand the timing difference

between the initiation of Cx48.5 and Cx44.1 expression we detected has not been

previously reported in the chick or mouse, and may indicate more diverse roles for these

two connexins in early zebrafish lens development and homeostatic maintenance.

Cx43 expression was detected throughout the lens at 24 hpf (Fig. 2.3P). The

widespread expression of Cx43 during early lens development has also been observed in

mouse and chicken (Yancey et al., 1992; Wiens e, al., 1995). By 36 hpf, Cx43 staining

was less intense in the core region, compa¡ed to the lateral epithelium and the equatorial

differentiating cells (Fig. 2.3Q). By 2 dpf, Cx43 expression had declined ñ¡rther in the

maturing ñber cells (Fig. 2.3R). At 3 and 4 dpf stages, Cx43 hanscripts were only

detected in the lateral epithelium and the differentiating cells in the equatorial region

@ig.2.3s, T).



2,4 Summary

Cx48.5, and Cx44.l, and Cx43 are the zebrafish orthologues of mammalian

Cx46, Cx50, and Cx43, respectively. These th¡ee zebrafish connexins are all expressed in

the adult lens. Whole mount iz si/u hybridization detected Cx48.5 expression throughout

most of the lens, except the lateral epithelium, at 36 hpf and 2 dpf. Cx48.5 expression

was only detected in differentiating secondary lens fibers in the medial and equatorial

legions by 3 and 4 dpf. Cx44.1 was expressed in a similar pattem as Cx4E.5, except its

transcripts in the lens were detected as early as 2l hpf. Cx43 expression was throughout

the lens at 24 and 36 hpf, but became more ¡estricted to the lateral epithelium and the

equatorial differentiating cells at later stages. Thus in zebrafish, Cx43 hanscription is

reshicted to the lateral epithelium and the early stage differentiating fibers, while Cx48.5

and Cx¿14.1 are abundantly expressed in the differentiating lens ûbers. Cx44.l

hanscription begins during the lens placode stage, while Cx48.5 expression was not

,detected until 36 hpf. This study supplies important information for future studies with

antisense morpholinos and for the interpreüation of lens mutant phenot¡æes that have

already been identified in morphological screens of the visual system Qleisenberg ef ø/.,

1996; Vihtelic et a1.,2001; Vihtelic and Hyde,2002).
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Table 2.1. Summary of Temporal and Spatial Expression Patterns of Cx48.5,

Cx44.1, and Cx43 Transcripts in the Zebraîish Embryonic Lens

24hpf 36hpf 2dpf 3dpf 4dpf

Cx48.5
Lateral epithelium

Differentiating primary fi bers

Differentiating secondary fibers NA

Cx44.l
Lateral epithelium

Differentiating primary fibers +

Differentiating secondary fibers NA

Cx43
Lateral epithelium +

Differentiating primary ñbers +

Differentiating secondary fibers NA

++NANA

+ +I- NA NA

++++

+

+l-

+

+

++

NA NA

+l- +/-

+ indicates a shong signal; - indicates absence ofa detectable signal; +/- indicates a weak

signal; NA indicates not applicable. Differentiated fibers were negative for all three

transcripts.



Table 2,2. RT-PCR Prirners

EFla
F 5'-CAAGGGCTCCTTCAAGTACGCCTG.3'

R 5'-GGCAGAATGGCATCA¡.GGGCA-3'

Cx48.5
F 5'-GCAGACTGTACTTTCTCTCTAG.3'

R 5'-TCTTTCTCCTCCTGGAGC-3'

Cx44.l
F .5'-TTGGAGGAGGACAAATCCAC-3'

R 5'-GGATGATGCCCTGACAGTTT-3'

Cx43
F 5'-CCTACAGGGCTCTCCACTC-3'

R 5'-ACGGTTGAGTTTCTCCTCC-3'

Cx45.6
F 5'-GCTCTGTATCCATGTTCAATGC-3'

R 5'-GCTCTGATACAGATTCTTCCC-3'

Cx35
F 5'-GAGGGCATTCTCCAGGTTTTAC-3'

R 5'-TCACTTACGGTGCTCAGC-3'

Cx43.4
F 5'-GGCTCCAGAGAAGTCTGC-3'

R 5'-TCTGCTCGACAGCAGTGC-3'

F = forward primer

R : reverse primer,



Figure 2.1

The phylogeny of lens connexins. Sequence analysis showed that

zebrafish (zf) Cx48.5, mouse (ms) Cx46, and chicken (ch) Cx56 are

grouped into one subfamily, zfCx44.l, msCx50, and chCx45.6 belong to

another subfamily, and zfCx43, msCx43, and chCx43 are in a third

subfamily. Zebrafish Cx48.5, Cx44.1, and Cx43 share 6l%o, 62Vo, and

80% amino acid identity to their mouse orthologues respectively.

Zeb¡afish Cx35, a non-lens connexin, was used as an outlier.
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Figure 2.2

RT-PCR analysis of connexin expression in the adult lens. RT-PCR was

performed with zebrafish adult lens and liver total RNA. Cx48.5 and

Cx44.1 expression was detected in the adult lens. Cx43 expression was

detected in both lens and liver. Zebrafish elongation factor I o was used as

a positive conhol, and was detected in both tissues.
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Figure 2.3

In situ hybndization analysis of connexin expression in the developing

lens. Panels A-E shows images of eyes from embryos hybridized with

sense control probes. Panels F-J show images of eyes from embryos

hybridized with the Cx48.5 antisense probe. Panels K-O show images of

eyes from embryos hybridized with the Cx44.1 antisense probe. Panels P-

T show images of eyes from embryos hybridized with the Cx43 antisense

probe. Arrowheads indicate the lateral epithelium, long arrows indicate

differentiating primary fibers, short anows indicate differentiating

secondary fibers and asterisks indicates differentiated fibers. Bar, 50 pm,
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CHAPTER III

CONNEXIN48.s IS REQUIRDD FOR NORM,dL CARDIOVASCULAR

FUNCTION AND LENS DEVELOPMENT IN ZEBRÁ,F'ISH EMBRYOS

3.1 Rationale

Mouse knockout experiments have shown that Cx46 is required for lens

homeostasis, but not lens growth (Gong et al., 1997). Whether or not the function of

Cx46 is conserved in other species, such as zebrafish, is unknown. It is also not clear if

Cx46 hàs functions in organ systems other than the lens. Cx43, Cx40, Cx45 and Cx37 arc

the major connexins expressed in the mammalian heart, and mouse knockout experiments

have demonshated that they are all essential for cardiac development and function

(Reaume et al., 1995; Simon ¿¡ al., 1997; Kirchhoff et al., 1998; Simon el al., 1998;

Y'nger et al., 2000; Kumai ef al., 2000). However, evidence also suggests other

connexins may play a role in heart development and function. For example, despite the

fact that Cx45 is the earliest connexin known to be expressed in the heart, cardiac

function is initiated normally in Cx45 knockout mice (Kumai et at., 2000). Also, in

addition to Cx43, Cx40, Cx45 and Cx37, expression of two other con¡rexins has been

reported in the heart. Cx50 was detected in the atrioventrcular valves of the rat heart by

immunohistoche,mistry (Gourdie et al., 1992), whereas Cx46 mRNA was detected in the
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rat heart by northem blotting (Paul et a1.,7991), and Cx46 protein was detected in the

¡abbit sinoatrial node by immunohistochemistry (Verheule et al., 2001). Low amount of

Cx46 protein was also found between occasional ahial and ventricular myocytes in the

human heart (Davis et al., 1995). However, no heart defects have been reported in the

Cx50 and Cx46 knockout mice, and the function ofthese two con¡exins in the heart has

remained a mystery.

In this study, we cloned the zebrafish Cx48.5 (orthologue to mammalian Cx46),

and analyzed its expression. The function of Cx48.5 in the lens and ca¡diovascular

system was examined by the morpholino knockdown technique. The antisense

morpholino injected embryos developed cataracts as predicted. Unexpectedly the

knockdown experiments also revealed two novel functions for this connexin in that the

knockdown embryos also developed both microphakia and microphthalmia" and severe

cardiovascular abnormalities. Our study provides the first functional evidence for a role

for this orthologous group of connexins in ocular growth and cardiovascular function.

3.2 Materials and Methods

3,2.1 Screening of a zebrafÌsh PAC library

A rat Cx46 cDNA probe (Pa'ul et ø1., 1991) was used to screen a zebrafish PAC

library (German Human Genome Project, RZPD) at low stringency according to

insfuctions supplied with the library. Two positive PAC clones were digested with Pst I

and EcoR I and subcloned into the pBluescript II SK */- vector (Shatagene, La Jolla,

CA). Subclones were ¡e-screened with the rat Cx46 probe under the same conditions, and



one positive subclone from each of the two original PAC clones was sequenced

completely on both shands.

3.2,2 RT-PCR analysis with adult and embryonic tissues

Total RNA was isolated from adult tissues and whole embryos using TRIzol

Reagent (Invitrogen, Burlington, ON). Total RNA (2 pg of each sample) was reverse

transcribed using SuperScript II reverse transcriptase (Invitrogen), and a portion of the

reverse transcription reaction was used for PCR with Taq polymerase (Invihogen). For

RT-PCR of 4 dpf embryonic hearts and lenses, tissues were dissected with exha fi¡e

needles and transferred to 200 pl PCR tubes with micropipettes. The tissues were washed

once with PBS, and the¡r immediately processed for RT-PCR with the Cell-to-cDNA II

kit (Ambion, Austin, TX). Two embryonic lenses or hearts were used for each sample

and the tissues were lysed in 6 pl Cell Lysis II buffer. The lysate was split into two parts:

4 pl were used for the reverse transcription and the remaining 2 ¡tl were used as a

negative conhol (no reverse transcriptase added). The total volume of each reverse

hanscription reaction was 8 pl; 4 pl of the reaction was used for Cx48.5 PCR and the

other 4 ¡rl for PCR with eFla control primers. The primers used for Cx48.5 and eFlc¿

conhol are the same ones used in Chapter II, listed in Table 2.2.

3,2.3 r#hole mount ¡r¡ srTø hybridization (WMISH) and whole mount

immr¡nohistochemistry flVMI)

WMISH was carried out as described in Chapter IL The Cx48.5 probe was 775

bp long extending from 612 nucleotides downsheam of the start codon to 81 nucleotides



downstream of the stop codon, and the cmlc2 probe (generous gift from D¡. Didier

Stainier, UCSF, CA) was about I kb long fragrnent from the 3' e¡rd of the crnlc2 oDNA

(Yelon et al., 1999). The alkaline phosphatase color ¡eaction was allowed to proceed for

l0 and 2 hows for the Cx48.5 and the crnlc2 probes, respectively. WMISH embryos were

imaged on a Leica MZB steriomicroscope. WMI with the MF20 monoclonal antibody

@evelopmental Studies Hybridoma Bank, Iowa City, IA) was carried out according to

the whole mount staining protocol in The Zebrafish Book (Westerfield, 1995). The

secondary antibody used was a goat anti-mouse IgG labeled with Alexa Fluor 546

(Molecular Probes, Eugene, OR). The fluorescence images were collected on the Zeiss

Axioskop FS microscope equipped with a rhodamine filter set. All images were captured

with a SONY DXC-950 CCD color video camera and Northem Eclipse software (Empix,

Mississauga, ON).

3.2.4 Microinjection of morpholino oligos

, Cx48.5 antisense and conhol morpholinos were obtained from Gene Tools, LLC

(Philomath, OR). Two non-overlapping antisense morpholinos w€re used. Both were

targeted against non-coding sequences in 5'-UTR. The targeted sequences were

5'-GCTTCACGATîTCTAGCCTAGAGAG.3' and 5'-

AACAGAGAGGAT'ICATTGAGAACTA-3'. The standard conhol morpholino

sequence was 5'-CCTCTTACCTCAGTTACAATTTATA-3'. The standard control

morpholino contains a random sequence, and has no significant antisense activity in the

zebrafish system, as shown by previous studies [e.g., (Nasevicius and Ekker, 2000)].

Morpholino stock solutions were prepared according to (Nasevicius and Ekter, 2000),



and the working solution was I nglnl. l-cell stage zebrafish ernbryos were orientated in a

holding chamber prepared according to The Zebrafish Book (Westerfield, 1995), and

microinjected with a Narishige Pressure Microinjection System (Carsen Medical &

Scientific Co. Ltd.) on a Nikon Eclipse TE300 inverted microscope.

3.2,5 Morphological analyses

For histological analysis the embryos were embedded in JB-4 @olysciences,

Warrington, PA), sectioned at J pm, stained with toluidine blue (1% in aqueous 1%

borax), and imaged with a Zeiss Axioskop FS microscope. Observations of live embryos

were performed with differential interference contrast optics @IC) on a Zeiss Axioskop

FS microscope, and dark field observations of dissected lenses were performed with a

Leica MZ8 stereomicroscope. All images were acquired with a SONY DXC-950 CCD

color video camera and Northern Eclipse Software.

, 3.2.6 Growth and heart rate measurements

Fo¡ the measurernents of the lens, eye, body length, and otic vesicles, ernbryos

were anaesthetiz"¿ ¿sco¡ding to The Zebrafish Book (Westerfield, 1995), and then placed

in a viewing chamber constructed of a microscope slide and a supported cover glass. The

space between the slide and the cover glass was about I mm, so that the zebrafish

embryos were almost parallel to the slide. Images of lenses, eyes, and otic vesicles were

collected as described above, and measured with the Northem Eclipse Software. Body

lengfhs were measured by putting the slides against a ruler on a Leica MZ\

steriomicroscope. For the measu¡ements of heart rates, the embryos were placed in 24-
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well plates and allowed to equilibrate to room temperature (24"C).'t\e plates were then

placed on a Leica MZ\ steriomicroscope and the heart rates we¡e counted. The embryos

destined for heart rate measurements were not anaesthetized because this seerned to raise

variation in the heart rate. Statistical comparisons we¡e made between control and

antisense injected embryos using an unpaired t-test. The default alpha level was 0.05

ur¡less otherwise specified. N=12 for all comparisons except the heart rate where n=15.

3.2.7 -Movies

The movies show the heart beat in a 1.5 dpf Cx48.5 morphant embryo (Movie 1)

and a 1.5 dpf control embryo (Movie 2). The trunk circulation in a 1.5 dpf Cx48.5

morphant embryo (Movie 3) and a control embryo (Movie 4) is also shown.

3.3 Results

3.3.1 Isolation ofthe zebrafish Cx48.5 gene

We are using comparative gene function analysis in our continued effort to

understand the role of specific connexins in the development and frmction of the

vertebrate ocular lens. We previously reported the cloning and cha¡acterization of

Cx44.1, the zeb¡afish orthologue of rodent and human Cx50 (Cason et a1.,2001), and

here we report the isolation and functional characterization of the zebrafish orthologue of

rodent and human Cx46. The isolated genomic sequence contains a coding region of

1305 nucleotides within one single exon, coding for 434 amino acids. The protein has a

predicted molecula¡ wei$rt of 48,492 D4 and is therefore named Cx48.5, Amino acid



sequence comparisons indicated that Cx48.5 belongs to the Cx46 orthologous group of

connexins (61% amino acid identity to mouse Cx46, see chapter II). The amino acid

sequence of Cx48.5 is consistent with the typical structure of a connexin (eager et al.,

1998; Unger et al., 1999), with four transmembrane segments, a cytoplasmic loop

between transmembrane segrnents 2 and 3, cytoplasmic amino and carboxy termini, and

two exhacellular loops with th¡ee conserved cysteines in each. Alignment of the amino

acid sequences of the Cx48.5, mouse Cx46 and chicken Cx56 orthologs (Fig. 3.1)

demonst¡ated conservation in the location of the six e.xt¡acellular loop cysteines, and the

two amino acids that have been shown to be mutated in human Cx46 linked congenital

cataracts (N63 and Pl87) (Mackay et al., 1999; Rees et a1.,2000). Analysis of the amino

acid composition of Cx48.5 revealed that this connexin has an unusually low isoelectric

point (pI; 5.64) and contains an unusually high proportion of glutamic acid (9.4%). Most

members of the Cx46 orthologous group (mousq sheep, cow, chicken) have a

significantly higher pI (7.04-9.85) and much lower proportion of glutamic acid (5.2-

6.7%).In contrast to this, most members of the Cx50 orthologous group (human, mouse,

sheep, chicken, zebrafiÐ have low pI (5.01-5.44) and a much higher content of glutamic

acid (10.0-13.2%). With respect to pI and glutamic acid content Cx48.5 therefore

resembles the Cx50 orthologous group more closely than the Cx46 orthologous group,

despite the fact that overall amino acid comparisons indicate clearly that Cx48.5 belongs

to the Cx46 group.
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3,3,2 Cx48.5 nRNA expression in embryos and adult tissues

RT-PCR was performed with RNA samples isolated from adult tissues, whole

embryos, and embryonic hearts and lenses. Cx48.5 transcripts were not detected in I hpf

whole embryo RNA, but were readily detected at 1 dpf and at later stages (Fig. 3.24). In

adult tissues Cx48.5 hanscripts ¡ ere detected in the lens and heart, and weak RT-PCR

product was also amplified from testis mRNA. Cx48.5 mRNA was not found in the adult

liver, ovary, brain, or retina. We also detected Cx48.5 transcripts in RNA isolated from 4

dpf embryonic hearts and lenses @ig. 3.2B). Zebrafish elongation factor 1o (eFlo)

primers were used to show that comparable amounts of cDNA were included in each

reaction, and the absence of genomic DNA contâmination from all the samples. The eFlo

primers span an intron and produce a PCR product of smaller size from cDNA than

genomic DNA (569 bp vs 733 bp) (Fig. 3.24 and B).

Whole mount in situ hybridization (WMISH) was performed with embryos from

24 hpf to 4 dpf A shong sigrral was detected in the otic vesicles in 24 hpf embryos (Fig.

3.2C and D). The otic vesicle expression appeared to be transient since it was not

detected at any of the later stages (36 hpf to 4 dpÐ. To our knowledge the expression ofa

Cx46 family mernber in the auditory system has not been reported before. In conhast to

the signal in the otic vesicles, expression of Cx48.5 in the lens was barely above

background at 24 hpf (Fig. 3.2C). Instead, shong expression of Cx48.5 in the lens was

observed at 36 hpf (Fig. 3.2E and F), and later stages. Although, by WMISH, Cx48.5

expression was only detected in the otic vesicles and the lens, we caffiot exclude the

possibility of expression in other tissues, due to the sensitivity of the TilMISH p¡otocol

used.



3.3.3 Antisense morpholino loockdown of Cx48.5 expression

Microinjection of antisene morpholinos into 1-2 cell stage zebrafish embryos has

been widely used for targeted inhibition of zebrafish gene expression (Ekker and Larson,

2001; Heasman, 2002; Nasevicius and Ekker, 2000). Embryos that have had the

expression of a specific gene inhibited with morpholinos are termed morphants (Ekker,

2000). In this studf two non-overlapping antisense morpholinos (MO-l and MO-2) were

targeted against sequences upsheam of the Cx48.5 coding sequence. Comparisons of the

morpholino sequenc€s to all zebrafish sequences in GenBank failed to identifr any

sequenc€s with significant similarities to either morpholino. ln preliminary dose-response

experiments the effective dose for producing a specific phenot)?e (see below) was 3-5

ng, ì hen eith€r MO-l or MO-2 was injected individually. However, the same phenotype

was produced with only 1 ng of each morpholino when the two morholinos rtrete co-

injected. The morphants data presented in the following sessions were analyzed with

embryos co-injected with 1 ng of each antisense morpholino. Synergistic effects between

two non-overlapping morpholinos are frequently observed in zebrafish embryos (Ekker

and Larson, 2001). Whether individually injected or co-injected, the morpholinos clearly

produced the same phenotype, while embryos injected with the same amount of non-

specific control morpholino never displayed any developmental abnormalities. Hence we

conclude that the phenotype obtained is specific for Cx48.5 targeting. However, the age

at which the phenotype became detectable and the severity of the phenotype varied

slightly between individual embryos, presumably due to slight variability in the volume

injected and individual differences in the rate ofdevelopment.

53



3.3.4 Cataract formation, microphakia and microphthalmia in Cx48.5 morphants

The center region of the lens in Cx48.5 morphants became visibly abnormal in

live ønbryos by 3-4 dpf. The le¡rses in live Cx48.5 morphants appeared uneven and

rough when viewed with DIC optics, in conhast to the very smooth appearance of the

lenses in the control embryos (Fig. 3.34 and B). Sectioning of the morphant eyes also

revealed histological abnormalities. In the control lenses at 3 dpf, the primary lens fibers

in the center region were mature, and less intensely stained with toluidine blue than the

cortical fibers. The less intense staining in the cenþal fibers in the normal control lenses

reflects the loss of basophilic materials such as ribosomes and nuclei during the

differentiation process. The differentiating secondary fiber cells elongate medially from

the equatorial region, and form the long, smooth and tightly packed fibers of the normal

lens (Fig. 3.3D). However, this differentiation process was disrupted in the Cx48.5

morphants. The primary and secondary fibers in the Cx48.5 morphants did not gain the

. same long, thin, and smooth shape by 3 dpf. Instead most of the fibers remained

nucleated and the entire core of the lens appeared disorganized (Fig. 3.3C). Cx48.5

morphant and control lenses were dissected from embryos at a s€ries of stages, and

observed with a microscope equipped witl darkfield optics. Nuclear opacities (cataracts)

first appeared in the Cx48.5 morphant lenses by 5.5- 7.5 dpf. The cata¡actous lens shown

in figure 3.3E was photographed at 9.5 dpf. The size of the cataracts in the lenses of the

Cx48.5 morphants also varied. The retina also appeared to be abnormal in the Cx48.5

morphants. All the retinal cell layers were present in the Cx48.5 morphants, but they

appeared to be thirurer and less well developed than in the conkol retinas (Fig. 3.3C).
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Previous work has demonstrated that Cx50, but not Cx46, is required for the

development of normal lens and eye size ín mice (Gong et al., 1997; White ¿¡ al., 1998;

Rong et a1.,2002; Maftnez-Wittinghan et a1.,2003). To determine if this was an ancient

or derived feature of the function of these genes in the lens we investigated the size of

ocular structures in the Cx48.5 knockdown zebrafish embryos. Measurements of lens and

eye size revealed that both were significantly smaller in the Cx48.5 morphants than in the

controls þ<0.001). At 3.5 dpf, when the lens abnormality was first becoming noticeable,

the Cx48.5 morphant le.nses were 6.3% smaller in diameter than the control lenses (Fig.

3.3G). By using the lens diameter measurements to calculate lens volume (assuming a

that the lens is a sphere), the lenses in the Cx48.5 morphants were found to be l7.7Vo

smaller in volume than the conhols at 3.5 dpf. By 6.5 dpf the morphant lenses were

13.7% smaller in diameter than the controls, and 35.7% smaller in volume (Fig. 3.3G).

The size of the eye was also significantly smaller in the Cx48.5 morphants (Fig. 3.3H).

The anterior-posterior diamete¡ of the morphant eyes was 10.5% and 7.2olo smaller than

the diameter of the control eyes at 3.5 and 6.5 dpf, respectively. No sigrrificant difference

was observed in the length of the whole embryo between the Cx48.5 moprhants and the

conhols (Fig. 3.3I), indicating that the smaller lens and eye in Cx48.5 morphants was not

due to undergrowth of the embryo as a whole. Since we observed Cx48.5 expression in

the otic vesicles only early on, we measured their size at 2.5 and 3.5 dpf. No sigrrificant

difference was found in the size of otic vesicles between the Cx48.5 morphants and the

controls (Fig. 3.3I).
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3.3.5 Abnormal cardiac contractions and ci¡culation blockage in Cx48.5 morphants

In addition to the ocular abnormalities described above, we also observed severe

cardiovasculff dysfunction in the Cx48.5 morphants (Fig. 3.a). The abnormal

cardiovascular function became apparent about 1.5 dpf, much earlier than the lens

dysmorphology. Prior to 1.5 dpf cardiovascular development in the Cx48.5 morphants

appeared normal, including the initiation ofcardiac conhactions around 22-24 hpf. At 1.5

dpf the normal zebrafish heart is a simple tubular structure, and neither the bulbus

arteriosus, nor the cardiac valves, have developed yet. Blood is pumped unidirectionally

through the heart by altemate atrial and ventricular confractions. In each chamber

conhactions are initiated caudally and a wave of contractions then travels anteriorly \ryhile

the posterior portion of the chamber remains contracted. This process culminates in the

near obliteration of the chamber lumen, thereby minimizing backflow (this study, and

(flu et e1.,2000; Hove et a1.,2003)) (Fig. 3.4F-J; Movie 1). By cont¡ast, contractions in

the morphant abia appeared less coordinated and as a consequence the ñ¡ll conhaction of

the entire atrium as seen in the controls was never achieved. Frequently the posterior end

of the ahium was aheady relaxing by the time the conhactile r ave reached the anterior

end, thereby causing the blood to move back and forth within the atrium @ig. 3.44-C)

(see Movie 2). In control embryos the ventricles could be seen to expand in volume and

fill very rapidly and forcefully during diastole (Fig. 3.4I-J; Movie l). This is likely aided

by the rapid fall in inhaventricular pressure to near zero that occurs at the end of systole

(f\t et a1.,2000). Contractions in the morphant ventricles appeared very uncoordinated.

In addition the ventricle appeared to expand much less than the contuol ventricles during
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diastole and as a result the extent of ventricluar filling was much lower than normal (Fig.

3.4D-E) (Movie 2).

Accompanying the cardiac abnormality was a block in the systemic circulation

(compare Movies I and 2, and Movies 3 utd 4) that was evident between 1.5 and 3.5 dpf.

Blood cells did not move through the heart during this period, and starting from 1.5 dpf,

blood accumulation was seen in the coÍtmon cardinal vein distal to the atrium in the

Cx48.5 morphants @ig. 3.54 and B). Between 2 and 4 dpf, blood accumulation was seen

in the trunk veins of the morphant ernbryos and in the atria of some of them (Fig. 3.5C).

Arrhythmia, tachycardia, enlarged atria, and pericardial edema developed frequently

between 3 and 5 dpf; these are possibly secondary effects of the primary cardiac

dysfunction evident at 1.5 to 2 dpf. However, most of the Cx48.5 morphants recovered

from the cardiovascular symptoms by 5 to 6 dpf. The recovery of the Cx48.5 morphants

from cardiac dysfunction is possibly due to withdrawal of the antisense morpholino

effects. Antisense morpholinos are typically effective for the knockdown of hanslation of

the targeted mRNA during first a few days of zebrafish development only (Ekker and

Larson, 2001; Heasman, 2002).

Overall, the duration ofeach cardiac cycle appeared longer in the morphant hearts

(compare Movies I and 2). We quantified this difference by comparíng the heart rates in

the Cx48.5 morphants and the control embryos. The Cx48.5 morphants had significantly

slower heart rates than the control ernbryos at 1.5 and 2.5 dpf þ<0.001), but at 3.5 dpf

the rates had become faster than the conbols (Fig. 3.5G) (p<0.01). Heart rate

measurements were not carried out with older embryos because the morphant cardiac

phenot)?e ì as much more varied in later stages (including anhythmia, tacþcardia,



pericardial edem4 and occasional bradycardia), rendering group comparisons less

meaningful. The lengthening of the cardiac cycle in the morphants appeared to arise

primarily from the slowing of the caudal to cephalic waves of ahial and ventricular

conhactions.

Although the cardiovascula¡ flrnction of the Cx48.5 morphants was severely

impaired, no gross morphological abnormalities were seen in the morphant hearts in the

early stages (1.5 to 3 dpf). However, some of the morphant hearts became

morphologically atJæical latef on (3 to 5 dpf), possibly induced by the early stage heart

dysñrnction. To confirm whether the morphant hearts were morphologically normal and

had reached norrnal extent ofdifferentiation at the time of the cardiovascular dysfunction

onset, we examined the expression of two cardiac markers in the Cx48.5 morphants:

cardiac myosin light chain 2 (cmlc2)(Yelon et al., 1999), and myosin heavy chain

(MF20)@ader et al., 1982; Alexander et el., 1998). These markers are expressed in both

the atrium and the ventricle (Yelon et al., 1999). We carried out a whole movît in situ

hybridization with a cmlc2 antisense RNA probe at 1.5 dpf, and the MF20 antibody was

used in whole mount immunohistochemistry at 1.75 dpf. The expression of crnlc2 and

MF20 appeared to be typical in the Cx48.5 morphants (Fig. 3.64 and C). Hence we

conclude that the ñ¡nctional cardiovascular defect displayed by the Cx48.5 morphants at

the early stages is not caused by abnormal cardiac morphology nor defective

differentiation of the myocardium.



3.4 Discussion

'We report here the identification a¡rd characterization of Cx48.5, a novel

membe¡ of the zebrafish cormexin gene family. Cx48.5 is predicted to possess all the

typical features of connexin family members, such as four o-helical hansmembrane

segments and two extracellula¡ loops with three conserved cysteine residues in each.

Sequence comparisons indicated that Cx48.5 shares the highest degree of sequence

identity with the Cx46 orthologous group of connexins. The. elecEophysiological

properties of the gap junction channels composed of Cx48.5 we¡e also found similar to

the Cx46 group (appendix B), supporting the notion that Cx48.5 belongs to the Cx46

subfamily. An unusual feature of Cx48.5 is its low isoelectric point and high content of

glutamic acid residues. With regards to these two features Cx48.5 resembles more closely

the Cx50 orthologous group of connexins than the Cx46 subgroup. How these diffe¡ences

might influence the function of Cx48.5 relative to its orthologs is not clear, but they may

contribute to some of the phenotypic differences between Cx46 knockout mice and our

Cx48.5 knockdown zebrafi sh.

Previous research on the ¡n vivo function of Cx46 family members has primarily

focused on the expression and role of this co¡rnexin in the development and maintenance

of the ocula¡ lens. ln fact, Cx46 has frequently been considered a lens specific connexin.

This view has been reinforced by the apparent absence of non-ocular abnormalities in

Cx46 knockout mice (Gong et al., 1997). However, several studies, including ours, have

documented the expression of Cx46 members in tissues other than the lens, including:

heart @aul et al., 1991; Davis et al., 1995; Verheule et a1.,2001), kidney @aul et ø/.,
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1991; Silverstein et al., 2003), alveolar epithelial cells (Abraham et al., 2001),

osteoblastic cells (Koval et al., 1997) and degenerating Schwann cells (Chandross el ø/.,

1996). In this study we demonstrate that in addition to the lens, Cx48.5 is expressed in

the embryonic and adult heart, ín the early otic vesicles, and adult testes. We have

recently reported a detailed description of the Cx48.5 WMISH expression pattem in the

developing zebrafish lens (Chapter II). We did not observe any gross morphological

abnormality in the otic vesicles of the Cx48.5 morphants and the question of whether

Cx48.5 has a role in inner ear development and function is yet to be answered. Neither do

we know what possible role Cx48.5 might play in the testis as the antisense morpholino

effects will have wom offby the time the testes fully develop.

The Cx48.5 knockdown embryos reproduced the cataract phenotype seen in the

Cx46 knockout mice (Gong et al., 1997). Somewhat surprisingly however, the Cx48.5

morphants also developed abnormally small lenses and eyes, features that were observed

in the Cx50, but not the Cx46 knockout mice (Gonget a1.,7997;Wtlte et a/., 1998; Rong

et a1.,2002). Further insight into the contribution ofCx46 and Cx50 to ocular growth has

been gained from ¡ecent knockin and knockover experiments. Homozygous replacement

of the Cx50 coding sequence with the Cx46 coding sequence did not rescue the growth

defect, regardless of whether the native Cx46 locus was intact or not (White, 2002;

Martinez-Wittin$tan et a1.,2003). On the other hand lens growth was normal in mice

with one native Cx50 allele intact, whether the second allele was deleted, or replaced

with Cx46 (White, 2002; Martinez-rtrittinghan et a1.,2003). Thus it appears that the role

of connexins in lens growth in mice is primarily served by Cx50, and that the role of

Cx46 in this proc€ss is negligible. From the present study it is clear that zebrafish Cx48.5,
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by several criteria a Cx46 orthologue, has a growth regulatory role in the lens. Whether

or not Cx44.1, the zebrafish ofhologue ofmouse Cx50, also plays a role in lens growth is

currently under investigation in this lab. My preliminary data (see appendix Fig. 1)

suggest that Cx44.l conhibutes to both lens growth and homeostasis. Our data also

suggest a role for Cx48.5 in retinal development, since smaller retinas developed in the

Cx48.5 morphants. Currently we do not know the undetlying cause of the retinal defect,

but it may be that the aberrant development of the Cx48.5 knockdown lenses interferes

with signaling between the lens and the ¡etina. A numbe¡ of studies have demonshated

that signals emanating from the lens are required for normal growth of the retina

(Coulombre and Coulombre, 1964; Breihnan et a1.,1987; Yamamoto and Jeffery, 2002)

Although Cx46 mRNA or protein has been detected in the adult rat, rabbit and

human heart (Paul el al., 1.991; Davis e¡ al., 1995; Verheule et al., 2001), no cardiac

defects were r€ported in the Cx46 knockout mice (Gong et al., 1997). This is in conhast

to the cardiac dysñrnction we observed in the Cx48.5 knockdown embryos. Several

possible explanations exist for the apparent discrepancy between the mouse and zebrafish

data with respect to cardiac function. The most staightforward explanation is that Cx46

is either not expressed, or does not carry out an essential physiological function in the

fetal, neonatal or adult mouse heart. We are currently investigating this possibility.

Altematively, Cx46 may have an essential role in the heart at some stage in the life of the

mousg but in its absence this role can be covered by one of the other connexins

expressed in the hea¡t. Another possibility is that the Cx46 knockout mice may have

suflered a ca¡diac abnormality in early fetal life that was both transient and non-lethal,

and therefore went undetected. We can not exclude the possibility that the role ofCx48.5
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in zebrafish cardiovascular function is transient and non-essential as well, because we do

not know whether the recovery of function we observed is due to reduction in the

knockdown effect caused be cellular dilution of the morpholino, or due to a diminished

role for Cx48.5 in cardiac function as the heart matures.

The cause ofthe abnormalities we observed in the cardiovascular systern is most

consistent with a defect in some ospect of the generation or propagation of chamber

activation. The underlying molecular and cellular mechanisms are not known at this time

but it is interesting to note that several of the mutants identified in the initial large scale

screens displayed cardiovascular defects resembling the cardiovascular problems of the

Cx48.5 morphants (Chen et al., 1996; Stairner et al., 1996). Adult zebrafish hearts do not

appear to contain a histologically discrete conduction system such as the His-Purkinje

system of mammals. Instead, the ventricular habeculae appear to be the functional

equivalents of the specialized conduction system in mammals (Sedmera et al., 2003).

Although extensive network of ventricular trabeculae have begun to form by 5 dpf, at2

dpf when the ca¡diovascular abnormalities in the Cx48.5 morphants were at their peak,

the venhicle is devoid of habeculae (Ht et a1.,2000). The conduction requirements ofthe

2-3 dpf zebmfish hearts may therefore be quite different from 5 dpf hearts in which

habeculae have formed. Perhaps this early requirement is partially ñrlfilled by Cx48.5,

but once habeculae form, impulse conduction can proceed through gap junctions

composed of other connexins. A similar situation may exist in mice. Cx45 is the earliest

known connexin to be expressed in the heart tube, yet cardiac contractions are initiated at

the cor¡ect time in Cx45 knockout mice (Kumai et al., 2000). It will be interesting to

dete¡mine if the cardiac contractions in the early Cx45 knockout embryos are mediated



by Cx46.In this report we have placed less emphasis on the cardiovascular abnormalities

observed in later stage Cx48.5 morphants, because it is not possible based on our data to

distinguish whether these were primary effects due to Cx48.5 knockdown or secondary

effects arising from the earlier defects in blood flow. In particular, it has been shown that

the fluid forces fiom the blood circulation are necessary for the zebrafish heart to develop

properly (Hove et al.,2003). Hence, the developmental and ñ¡nctional abnormalities

observed at later stages were possibly at least partially due to secondary effects, and

therefo¡e less indicative to the function of Cx48.5 in the zebrafish heart.

3.5 Summary

Sequence analysis showed that Cx48.5 is is the zebrafish orthologue of

mammalian Cx46. RT-PCR detected Cx48.5 expression in both adult and embryonic lens

and heart, and adult testis. Whole mount in situhybidization detected Cx48.5 expression

in the otic vesicles by I dpf, and the lens starting from 1.5 dpf. Cx48.5 expression was

disrupted in the embryos microinjected with antisense morpholinos. Cx48.5 morphants

developed cataracts by 5.5 to 7.5 dpf, as well as smaller lenses and eyes. The heart of the

Cx48.5 morphant developed normally at the early stage, but exhibited severe

abnormalities in the cardiac contraction, and resulted in a failu¡e ofblood circulation.

These ¡esults are the first indication that members of the Cx46 orthologous group of

connexins play a significant role in ocular growth regulation and cardiovascular function.



Figure 3.1

Sequence alignment of Cx46 orthologs from mouse, zebrafish, and

chicken. Solid lines over the sequences delineate the four transmernbrane

regions of connexins. The X symbols indicate the six conserved cysteines

within the two extracellular loops. The two bold black dots above the

sequences show the conserved Asn and Pro residues that are mutated in

humans with congenital cataracts (N63 and P187). Amino acid identity

between all three sequences is indicated with (*), strong conservation with

(:), and weak conservation with (.).
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Figure 3.2

Cx48.5 expression in embryos and adult tissues. RT-PCR was performed

with RNA samples isolated from çmbryos and adult tissues. Cx48.5

specific products were amplified from RNA isolated from lto 5 dpf whole

embryos (A), the adult lens, heart, and testis, and the embryonic (4 dpf)

lens and heart (B). The eFlo primers amplified a single 569 bp fragment

in all the samples, demonshating the presence of oDNA, a¡rd the absence

of genomic DNA from all samples. Whole mount in situ hybridizatioî

detected Cx48.5 hanscripts in the otic vesicles (OV) in 24 hpf embryos (C

and D), but not in 36 hpf embryos. Cx48.5 transcripts were not detected in

the lens until 36 hpf(E and F). In the 36 hpf lens, Cx48.5 is transcribed in

the differentiating primary lens fibers (PF), but not in the lateral

epithelium (LE).
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Figure 3,3

Cx48.5 morphants developed cataracts and smaller lenses and eyes.

Microscopic observations of the Cx48.5 morphants with DIC optics

revealed marked irregularities and roughness in the lens core by 3 dpf (A),

which was in shong contÍast to the smoothness of the conhol lenses (B).

Sections of those lenses ¡evealed that lens fiber differentiation was

abnormal and immature in the Cx48.5 morphants (C), while the lens ñbers

in the core region of the control lenses had fully differentiated by this time

(D). Note also that the retina in the Cx48.5 morphants (C) is smaller than

in the controls. Lenses were dissected from 9.5 dpf embryos, and observed

with a darkfield microscope. The morphant lenses developed nuclear

opacities (cataract, E), while the control lens is transparent @). Lens, eye,

and otic vesicle size, as well as body length, were compared between the

Cx48.5 morphants and the controls. The Cx48.5 morphant has

sigrificantly smaller lenses and eyes at 3.5 and 6.5 dpf (G and H,

p<0.001). However, no significant difference in whole body length was

detected between the Cx48.5 morphants and the conhols at 3.5 and 6.5 dpf

(I), and neither does the size of the otic vesicles differ between the

morphants and the conkols at 2.5 and 3.5 dpf (J). The * sign indicates

significant difference existing between the morphant and conhol groups.

Data are presented as means { SD. Bar, 50 pm.
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Figure 3.4

Cx48.5 morphants exhibited ca¡diac abno¡malities by 1.5 dpf. All panels

are ventral views, head up. Panels A-C (Cx48.5 morphant embryo) and F-

H (conhol embryo) show images of atria at diffe¡ent stages of the cardiac

cycle. The atria are demarcated with dashed lines. The conhactile wave in

the Cx48.5 morphant is initiated normally at the posterior end of the

atrium @) but as it travels towards the anterior end the posterior portion of

- the atrium begins to relax (C), so that contractions in the anterior and

posterior regions of the atrium are not synchronized. Ar¡owheads show a

region of the morphant atrium undergoing contraction, while other parts of

the atrium are in a relaxed state. In contrast, the posterior portion of the

atrium in the control embryos remains conFacted as the wave havels in

the anterior direction such that the entire atrium is contracted at the end of

the cycle (G and H). Panels D-E (Cx48.5 morphant embryo; ûom Movie

2) and I-J (control ernbryo; from Movie 1) show images of ventricles at

two stages of the cardiac cycle. The ventricles a¡e outlined with dash lines.

The ahia are labelled with a small font letter A. Panel I shows a fully

distended ventricle in a conhol embryo at the end of diastole and panel J

shows the same ventricle at the end ofsystole. These panels show that the

volume of the ventricle increases significantly during diastole. However,

in the Cx48.5 morphant the ventricular volume difference between

diastole and systole was greatly reduced and the ventricle became

somewhat misshapen @ and E). Bar, 100 pm.
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Figure 3,5

Cardiac dysfunction and blood circulation blockage in the Cx48.5

morphants. By J.5 dpf blood had begun to accumulate in the common

cardinal vein in the Cx48.5 morphants (A and B, arrowhead). The

morphology of the heart appeared normal at this stage (B and E). Blood

accumulation was also seen in the caudal vein and other vessels in the

trunk (C). Blood ci¡culation was almost completely blocked at this stage

(see Movie 3). The Cx48.5 morphants had significant slower heart rate

than the conhols at 1.5 and 2.5 dpf (G, p<0.001), but had faster heart rates

than the controls at 3.5 dpf (G, p<0.01). Panels A-F a¡e lateral views with

the head to the left. The * sign indicates significant difference existing

between the morphant arìd conhol groups.
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Figure 3.6

The expression of cardiomyocyte markers is no¡mal in the early Cx48.5

morphant hearts. The expression of the cardiomyocyte differentiation

markers cmlc2 and MF20 was examined at 1.5 and 1.75 dpf, respectively.

Both markers were expressed normally in the Cx48.5 morphants (A and

C), indicating that differentiation of the myocardium was not disrupted by

the knockdown of Cx48.5 expression. V = ventricle, A = ahium. A1l

panels are ventral views with the head pointing up.





Movie 3.1

Cardiac conbactions in a Cx48.5 morphant. Movie shows the ca¡diac

cycle in a Cx48.5 morphant. Notice that the contractions are disorganized

in both ahium and ventricle, and the reduced ventricular filling (compare

to Movie 2). Movie was collected at 33 frames/second and played at one

fifth of the original speed. Figure 3.4D-E are still images from Movie 1.



Movie 3.2

Cardiac contractions in a control embryo. Movie shows cardiac cycles in

the control embryo. Notice the large ventricular volume increase during

diastole. Movie was collected at 33 frames/second and played at one fifth

of the original speed. Figure 3.4I-J are still images from Movie 2.
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Movie 3.3

Blood ci¡culation in a Cx48.5 morphant. Movie shows blood circulation in

the caudal vein of a Cx48.5 morphant. Notice the nea¡ absence of blood

cell movement through the vein (compare to Movie 4). Movie was

collected at 33 frames/second and played at one fifth of the original speed.
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Movie 3.4

Blood circulation in a control embryo. Movie shows blood circulation in

the caudal vein of a control embryo. Notice the fast movement of blood

cells through the vein. Movie was collected at 33 frames/second and

played at one fifth ofthe original speed.

79



CHA.PTER IV

POTENTIAL DOT]BLE KNOCIil)OWN OF CONNEXIN44.1

AND CO¡INEXIN48.s IN ZEBRÄF'ISH LENS LEADS TO REDUCED LENS

GROWTH AND TEE I'ORMATION OF CATARACTS BYAPOPTOSIS

4,1 Rationale

Whether or not Cx44.1 ånd Cx48.5 have ¡edundant functions in lens

development and homeostasis can be determined by creating zebrafish embryos deficient

for both connexins. ln the study presented in this chapter, I used an antisense morpholino

targeting Cx44.l, but that potentially also targeted Cx48.5. The first 25 nucleotides (nt)

of the two cor¡nexins are higlrly conserved, and this antisense morpholino is

complementary to this region. Westem analysis showed that the expression of Cx44.1

was knocked down in the antisense injected embryos, while Cx43 expression ¡emained

intact. Whether or not the expression of Cx48.5 protein was also knocked down still

needs to be determined, once antibodies become available (cunently being developed).

The antisense morpholino injected embryos exhibited reduced lens growth and cataract

formation that resembled the phenotype of the'þure" Cx48.5 knockdowns. However the

underlying pathology was shikingly diffe¡ent. These embryos exhibited severely

disrupted lens fiber differentiation, and an apoptosis like process \¡/as triggered in the lens

nuclear region. As a consequence, lens g¡owth was delayed and nuclear cataracts

formed.



4.2 Materials and Methods

4.2.1 Microinjection of morpholino

A¡ antisense morpholino complementary to the sequence of the Cxzl4.l mRNA

ûom the start codon to the 25th nucleotide (

5'-TGCCCAAGAAACTCCAGTCACCCAT-3') was obtained from Gene Tools, LLC

@hilomath, OR). This morpholino has a I nt mismatch with Cx48.5 within the fust 24 nt

(see below). The preparation of morpholino solutions, control morpholino, and the

protocol of microinjection was the sarne as described in Chapter III. Each embryo was

injected with 2 ng of morpholino.

CX44.7'ETCGGIGACTGGAG-TTTCTTGGGCA2s
|||l|||t|||||

Cx48.5 ATGGGTGACTGGACCTTTCTTGGGCG

4,2.2 DNA Constructs

To create a Cx44.l expression construct, a 1.7 kb DNA fragrnent, including the

I,176 bp coding sequence and flanking regions, was PCR amplified (forward primer: 5'-

TCTGCCTGCTTTCAAACATC-3' ; reverse primer: 5'-

GGATGATGCCCTGACAGTTI-3') from genomic DNA with Pwo DNA polymerase

@oche Diagrostics, Laval, Quebec,), cloned into the pCR2.1 cloning vector (Invihogen,

Carlsbad, Califomia), and then subcloned into the pCS2+ expression vecto¡ with BamHI

and XbaI (Cason et a1.,2001; Turner and Weintraub, 1994). Positive clones we¡e verified

by reshiction enrryme digestion and sequencing. The verified clone was named

pCS2+44.1. Prior to microinjection pCS2+44.1 was linearized with PvuII, phenol-
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chloroform extraited and ethanol precipitated. Its hanscriptional capability was tested

with the mMESSAGE mMACHINE Large Scale In Viho Transcription Kit (Ambion,

Austin, Texas). To obtain a green fluorescent protein (GFP) tagged Cx44.l, the coding

region of Cx44.l was PCR amplified from the pCR2.1-44.1 clone with Pwo DNA

polymerase. The forward primer was zfCx44.lß /3, 5'-TCTGCCTGCTTTCAAACATC-

3', starting 53 bp upstream of the start codon. The reverse primer zfCx44.l/N8, 5'-

TCTAGAACCGTCAAGTCATCTGAC-3', matched the last 19 nucleotides of the

coding sequence of Cx44.l, except that an XbaI site was added to the 5' end, replacing

the stop codon. The PCR product was subsequently cloned into the pCR2.l vector, and

verified by sequencing. This clone was digested with XbaI, yielding the entire 2frx44.1

coding region, exc€pt the stop codon. This fragment was subcloned ínto the GFP tagged

expression vector, pCS2PeGFPXÆ (a generous gift from Robert Davis, Harvard Medical

School), linearized with XbaI, 13 bp upstream of the GFP coding region. The reading

frames of the two coding regions were identical. This construct was named pCS2+44.1-

GFP.

4,2.3 lYestern blot analysis

For each of the stages examined, 30-40 embryos were collected, the chorion and

yolk were removed, and the embryos were homogeni zed tn a buffer containing 0.1M

NaCl, 20¡nlr4 HEPES (pH 7.2), 2nrJM EDTA, 0.5m phenyl methylsulfonyl tuoride

(PMSF), and protease inhibitor cocktail (Roche Diagnostics). The homogenates were

spun at 3,000 g for 5 minutes to remove large debris, and the supematant was used for

analysis, P¡otein concenhations were determined by the DC Protein Assay kit @io-Rad
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Laboratories, Missisauga, Ontario). The proteins were sçarated by electrophoreses in a

12% SDS-polyacrylamide gel (30%T,2.67%C), with 40 pg of sample loaded per lane.

The proteins were elechoblotted onto Immobilon-P Transfer Membrane (Millipore,

Nepean, Ontario). For the Cx44.1 exþression analysis, the blot was incubated with l:300

dilution of the monoclonal primary antibody 6-4-82-C6 (Kistler el ø/., 1985) ovemight at

4oC. The primary antibody was detected with a HRP-goat anti-mouse IgM secondary

antibody (Zymed Laboratories, lnc., San Francisco, Califomia), and visualized with a

Renaissance Westem Blot Chemiluminescence Reagent Plus kit (NEN Life Science

Products, lnc., Boston, Massachusetts). Equal loading ofprotein samples was assessed by

Ponceau S staining. For Cx43 expression analysis, a primary antibody raised against a

mouse Cx43 peptide (aa. 302-319, sequence highly conserved between mouse and

zebrafish; De Sousa et al., 1993) was used at 1:200 dilution, and detected by a HRP-

F(ab')2-goat anti-rabbit Igc (H+L) antibody (Zymed Laboratories, Inc., San Francisco,

Califomia), and visualized as above. To assess the loading of protein samples, the same

blot was then reused to detect a-Tt¡bulin protein expression with a monoclonal anti-

acetylated tubulin clone 6-l I 1B-1 antibody (Sigrna Chemical Co.).

4.2.4LiStmicroscopy

Morphological studies of lenses ¡z si¿n in live embryos were carried out at a

series of stages (1, L5,2,2.5, 3.5, 4.5, 5.5,7.5 dpf) on a Zeiss Axioskop FS microscope

with differential interference conhast optics (DIC). GFP fluorescence was observed with

the fluorescein filter set. To obtain semi-thin sections for histological study, embryos

were fixed in a modified Kamovsþ's fixative containin g 7%o panformaldehyde, 3Yo
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glutaraldehyde, and,0.2% CaCl2 in O.lM phosphate buffer þH 7.3) ovemight at 4"C, and

errbedded in JB-4ru Embedding Medium (Polysciences, Inc., Vr'arrington, Pennsylvania)

according to the manufacturer's instructions. Sections were obtained at 1.5 pm and

stained with toluidine blue (1% in aqueous 1% borax). Images of tissue sections we¡e

obtained ìvith a 63X objective (NA=l.4).

4.2.5 Measurements and statistics

. For measurements of lens and eye diameter, and body length, the zebmfish

embryos were dechorionat ed at 24 hpf . At the desired stages, embryos were anesthetized

according to the Zebrafish Book (Westerfield, 1995), and then placed in a vie\'{ing

charnber composed ofa microscope slide and a supported cover glass. The space between

the slide and the cover glass was about 1 mm, so that the zebrafish ernbryos were almost

parallel to the slide. Lens size was estimated from the maximum lens diameter. Eye size

was estimated by the anterior to posterior diameter. The data were analyzed with a 3

(Group: knockdown (KD), Wild Type, Control) X 8 (Stage: 1, 1.5,2,2.5,3.5,4.5, 5.5,

7.5 dpf) analysis of variance (ANOVA) with repeated measures on the second factor.

Significant effects and interactions we¡e followed up with Tamhane's T2 Post Hoc Tests.

Each group included 10 embryos. An aþha level of 0.05 was adopted for all analyses.

4.2.6 TIJNEL analysis

Embryos were fixed in ZYo paraformaldehyde in PBS for 6 hours and then

processed for paraffin embedding according to standard protocols. Slides containing 7

Fm sections were obtained and processed for the TUNEL assay according to the



manufactu¡er's instructìons (In situ Cell Death Detection Kit, TMR red; Roche), and

images were obtained ìilith the rhodamine filte¡ set. Following the TUNEL reaction, the

sections were incubated with lOpgiml Hoechst 33452 (stains nuclei) for 15 minutes and

washed with PBS. All images were captured with the Zeiss Axioskop FS microscope

equipped with the appropriate filter set and the Northem Eclipse imaging software.

4.3 Results

4.3,1 Connexin expression in antisense morpholino injected embryos

Each 1-2 cell zebrafish ernbryo was injected with 2 ng of the antisense

morpholio. Westem analysis was carried out to assess the protein levels of coffiexins in

the injected embryos. Since an antibody against Cx48.5 is not available yet, only Cx44.1

and Cx43 protein expression levels were assessed.

We assessed the effects of the antisense morpholino on Cx44.I protein levels by

western blotting using the monoclonal antibody 6-4-82-C6 (Kistler er a/., 1985). This

monoclonal antibody ìilas originally raised against sheep MP70 (Cx49), but also cross-

reacts with rat and mouse Cx50 (White et al., 1992), as well as bovine Cx¿14 (Konig and

Zanlrpigfi, 1995). Figure 4.14 shows Cx44.1 protein levels at 2 and 3dpf in the

morpholino injected embryos, control morpholino injected ernbryos, and wild type (non-

injected) embryos (lane I to 6). A 48 KDa band, corresponding to Cx44.l, was detected.

Cx44.1 protein was shongly detected in both control morpholino injected and wild tpe

embryos (Fig.4.14 lane 3 to 6). In the antisense morpholino injected embryos, Cx44.I

protein was barely detectabl e at 2dpf, and while the levels had inc¡eased by 3 dpf (Fig.
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4.14 lane 1 and 2), they were still substantially lower than in the controls. To provide

fu¡ther evidence that this 48 KDa band truly represent Cx44.1, the Cx44.l expression

plasmid, pCS2+44.1, was injected into I to 2 cell stage embryos. Protein extracts from

injected embryos were obtained at 8 hpf and used for westem analysis. Wild type (non-

injected) embryos were used as a negative conhol. A shong 48 KDa band was detected in

the injected embryo protein exhact, and but not in the wild type embryos (Fig. 4.14 lane

7 and 8).

The efficiency of gene knockdown was furthe¡ tested by co-injecting the

antisense morpholino with a GFP tagged Cx44.l expression construct, pCS2+,{4.1-GFP.

The GFP fluorescence was greatly reduced in the embryos co-injected ì ith antisense

morpholino and pCS2+44.1-GFP (Fig.4.1C and E), compared to the embryos injected

with pCS2+44.1-GFP alone (Fig. 4.18 and D). The difference in the intørsity of GFP

fluorescence between the two groups w¿rs reduced after 3 dpf. The above results

demonsfate that the antisense morpholino was effective in targeting Cx44.1 expression

in the early stage ernbryos.

To test if the Cx43 expression was unaltered in the morpholino injected

embryos, westem analysis was also carried out with a Cx43 antibody (Fig. 4.1F). The

embryos in this westem analysis were collected at 1.5, 2.5, and 3.5 dpf, and the piotein

level of o-tubulin was used as the loading conhol. No apparent change in Cx43

expression was detected in the morpholino injected embryos (Fig. 4.lF lane 1, 3, and 5),

compared to the controls (lane 2, 4, and 6).
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4,3.2 Cataract formation in the knockdown zebrafish

The morphological development of th¡ee groups of zebrafish embryos was

compared: embryos injected with the antisense morpholino ftnockdown (KD) group),

embryos injected with the conhol morpholino (control group), and non-injected wild type

embryos (wild type group). Development in these three groups of embryos appeared to be

identical, except thât cataracts and small lenses developed in the knockdown embryos.

No.differences were observed between the control morpholino injected ernbryos and non-

injected wild-type embryos. Hence, only figures of knockdown and control embryos are

presented. Figures 4.24-D are DIC images of lenses ar 2.5 dpf,3.5 dpf, 4.5 dpf, and 5.5

dpf, respectively, from embryos injected with the conhol morpholino. Throughout this

developmental period the control lenses exhibite.d the same smooth apþearance that is

typical of non-ínjected wild type lenses. This smoothness \{as evident in all focal planes

through the lens. No lens abnormalities were observed in the knockdown embryos before

2dpf. However, beginning at2.5 dpf, the surfaces of the knockdown lenses lost some of

their smoothness compared to the control lenses (Fig. 4.28). At 3.5 dpf, abnomlalities

appeared in the nuclear region of the knockdown lenses. The fibers became dysmorphic,

with sipificant loss of smoothness and the acquisition of a rough, uneven appearance

(Fig. 4.2F). This feature reached a maximum at about 4 dpf. At 4.5 dpf, the bumpy region

had lost some of its roughness, especially in the core area (Fig. 4.2G). This process

continued along the following day. At 5.5 dpf, the uneven region was almost completely

smooth agafu! with only some sporadic, mino¡ unevenness left in the previously bumpy



region (Fig. 4.2H). This pattem remained unchanged up to 12 dpf when observations

were discontinued,

Lenses dissected from antisense morpholino injected embryos at both 5.5 dpf

and 12 dpf and viewed with darkfield optics showed nuclear opacities, also known as

nuclear cataracts @ig. 4.2I). The lenses from the conhol morpholino injected embryos

were transparent (Fig. a.2I). The penefance of the cataractous phenotype was over 95%

in the antisense marpholino injected embryos. The timing of the morphological changes

in the nuclear region differed slightly between individual embryos, by a maximum of half

a day. The severity ofthe opacity also differed slightly between individuals. However, no

differences were observed in the two lenses ofan individual enbryo, suggesting that any

differences in the extent of cataract formation between individual embryos were due to

either slight variation in the rate of development between individual embryos, or the

amount of antisense morpholino injected. These ¡esults suggest that coffiexin expression

is required for normal lens development.

4.3.3 Abnormal lens fibers differentiation in the knockdown embryos

To examine in more detail the morphologic¿l çþanges we observed in the lenses

of live knockdown embryos, semi-thin sections of 1.5-5.5 dpf lenses were obtained to

examine the histology. The sections revealed changes in cellular morphology begiruring

as early as 2 dpf. At 1.5 dpf, both the knockdown lenses and the c¿ntol lenses were

composed of elongated fiber cells in the core region @ig. 4.34 and E). There was no

apparent difference in fiber shape or numbers. Fibe¡ cells with vacuolated nuclei and

condensed chromatin we¡e evident in the nuclei of both tlryes of lenses. However,
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starting from 2 dpf, the nuclear fibers in the knockdown lenses became abnormal

compared to the lenses from the conûol morpholino injected embryos. In the cont¡ol

lenses (Fig. 4.34-D and I-L), the nuclei of the core fibers were vacuolated, many with

sparse or no visible condensed chromatin. Fa¡ fewer fiber cell nuclei were present in the

anterior region of the lens core than the posterior core, although these latte¡ nuclei

eventually disappeared. At the same time, the equatorial epithelial cells elongated, adding

new fibe¡s around the primary fibers. As the enucleated primary fiber cells matured they

became less densely stained by toluidine blue compared to the differentiating fibers in the

cortical region. This less densely stained region enlarged as development proceeded. By

4.5 dpf, most of the lens fibers had matu¡ed and stained only faintly in the sections. Only

the çithelium and the differentiating fibers in the outer cortical region were shongly

stained by toluidine blue. This staining pattern remained at 5.5 dpf as well as 12 dpf

(data not shown). This suggests that the zeb¡afish lens has functionally matured by 4.5

dpf. The absence of staining in the core ofthese lenses was not due to poor fixation as we

. were able to clearly see fibers in these sections with DIC optics. The explanation for the

lack ofstaining is probably that toluidine blue is a basic dye, and as such stains acidic cell

components such as RNA and DNA and these cell components are largely absent in

mature fibers.

In the knockdown lenses two separate phenomena were observed (Fig. 4.3E-H

and M-P). In the nuclea¡ region at 2 dpf the vacuolated fiber cell nuclei cont¿ined mo¡e

condensed chromatin than the controls. No difference in the number of fiber nuclei was

evident between the anterior and posterio¡ core areas. Both the fiber nuclei, and the fiber

c€lls as a whole, became more condensed with time. This reached maximum severity at
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3.5-4 dpf (Fig. 4.3M-Ð. The nuclear abnormality observed in the sections corresponds to

the abnormal morphology observed in the DIC images (Fig. 4.2). T\e abnormal lens

fibers stained strongly with toluidine blue when compared to the contols. At 4 dpf, the

fibers in the center of the lens appeared to be dying, leaving a less densely stained core

a¡ea. This pattem became more evident at 4.5 dpf. From this stage onward, more new

fibers were added from the cortical region, and the pace of lens growth increased. At 5.5

dpf, the knockdown lens sections ¡evealed a oore area largely free of cells and debris,

. instead it was occupied by pale staining, amorphous material, with shongly staining

punctuate spots, which may be the direct cause of the nuclear opacity. Lens sections at 12

dpf were also examined (data not shown). At 12 dpf clifferentiation of the knockdown

lens cortical fibers was indistinguishable from the conhols. However, the punctatg

amorphous material in the nuclear region and the nuclear opacity rønained. Thus the

histological analysis revealed abnormal fiber differentiation in the knockdown embryos.

. 4.3.4 Lens growth is retarded in the knockdown zebralìsh

From the DIC ímages, knockdown lenses appeared to be smaller than the conhol

lenses. To quantiff these differences the diameters oflenses from non-injected wild type,

conhol morpholino a¡ld antisense morpholino injected embryos were measured and

compared, from 1 to 7.5 dpf (Fig. 4.44). Statistical analysis showed the knockdown

lenses to be growth ¡etarded. The lens growth retardation first became sigrificant at 2 dpf

(n:10; p<0.05; ANOVA). The lens diameter diffe¡ence between the knockdown and

conhol morpholino injected zebrafish embryos became greater as development

continued, and reached maximum at 3.5 dpf. At this stage, the lens diameter of the
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knockdown embryos was 18.1% smaller than the lens diameter in the control morpholino

injected embryos. Assuming equal mass density, the knockdown lenses had 45.1% less

mass than the cont¡ols at this stage. The difference in lens size stabilized after 3.5 dpf and

was maintained up until 12 dpf, when observations were discontinued. No size difference

was found between the lenses from confrol morpholino injected embryos and non-

injected wild type embryos. From the growth profile of the knockdown lenses, it

appeared the smaller lenses of the knockdown zebrafish were due to a slower growth rate

during the 1.5-3.5 dpf stage. We confirmed this by calculating growth rates. It can be

seen in Figure 4.48 that the growth rate of the lenses from knockdown embryos was

slower than conhol morpholino injected and non-injected wild type lenses at 1.5-3 dpf,

but after this period the growth rates were similar in all three groups. These results

suggest that the lens growth in the knockdown ernbryos was mainly disrupted during the

early stages, possible due to the loss of morpholino effect as the cellular concentration of

the morpholino was reduced as the ernbryos grew.

To determine whether the retardation of lens growth was associated with any

effect on eye growth, eye size in the thre€ groups of embryos was measured at the 3.5 and

7.5 dpf stages (Fig. a.ac). We observed a small, but significant, reduction in eye size in

the knockdown embryos compared to the conhol morpholino injected embryos, and the

non-injected wild tpe embryos at 3.5 dpf (n=10; p<0.05' ANOVA). However, no

significant difference was found at 7.5 dpf (n=10; p>0.05; ANOVA). The slower growth

of the eye might be due to two factors. One is a reduction in Cx44.1 and Cx48.5

expression in the developing retina, another factor is a possible disruption in signaling

ûom the lens to the retina that is essential for norrnal eye growth. However, the
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mechanism underlying the eye growth retatdation is not the focus of this study. Semi-

thin sections also revealed that the impairment in the retina is very mild compared to the

Iens. Figure 4.48 and F showed that the lens in the knockdown zebrafish is severely

affected in the nuclear region, while the retinas developed normally except that they were

slightly smaller than in the conhol embryos. Retinas from both antisense and conhol

morpholino injected embryos had fully developed layers of rods and cones, outer and

inner plexiform layers, bipolar layers, amacrine cell layers, and ganglion cell layers.

The overall. growth of the embryos was assessed by total body length (Fig.

4.4D). There was no significant difference in body length between the three groups of

embryos at either 3.5 dpf or 7.5 dpf (n=10; p>0.05; ANOVA). No other gross

dysmophology was obsewed in the knockdown embryos except pericardial edema was

seen in some cases.

4.3.5 TIINEL labeling in the knockdown lenses

To investigate whether the abnormal lens fibers in the knockdown zebrafish

were undergoing an apoptosislike process, 1.5 to 5.5 dpf embryos were processed for

TUNEL labeling. The TUNEL assay is based on the ability of terminal deoxynucleotidyl

hansferase (TdT) to add labeled nucleotides to the 3'-OH ends of DNA fragments

generated in the later stages of apoptosis (Gavrieli et al., 1992). The TUNEL labeled

sections were also labeled with the general DNA stain Hoechst to locate all nuclei. For

each time point and treatment condition we examined lenses from 3-5 embryos. Fig. 4.5

shows the results from 2.5, 3.5, and 4.5 dpf ernbryos. Shong signals were observed in the

nuclear region of all the lenses from 3.5 and 4.5 dpf knockdown zebrafish @ig. 4.5I and
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K). Only occasional, weak signals were detected in 5.5 dpf knockdown zebrafish lenses

(data not shown), and no TUNEL positive nuclei were observed in the knockdown

zebrafish lenses at 1.5 (data not shown) or 2.5 dpf (Fig. 4.5G). Al1 the non-injected wild

typg zebrafish lenses were TUNEL negative throughout the developmental stages we

investigated (Fig. 4.54, C, and E). These data, coupled with the morphological

observations in Fig. 4.3, indicate that extensive cell death occurred during the 3.5-4.5 dpf

period in the knockdown embryos, immediately preceding the appearance of the lens

nuclear opacity. The cellular mechanisms responsible for the fiber cell death appear to

involve certain hallmark features of apoptosis, such as accumulation of nuclear DNA

breakdown products with 3'-OH ends. The fact that we did not observe any TUNEL

labeling in the non-injected wild type lenses also suggests that the normal lens fiber

differentiation process is different from apoptosis in some respects, although they clearly

share some similar featu¡es such as degradation ofcellular organelles and nuclei.

, 4.4 Discussion

In this study, we used an antisense morpholino to target the expression ofboth

Cxzl4.l and Cx48.5. The antisense morpholino injected embryos developed severe lens

abnormalities. The western analysis showed that the level of Cx44.I protein was

substantially reduced in the knockdown embryos during the early stages, while Cx43

expression appeared intact. Since the sequence of the antisense morpholino is higbly

conserved between Cx44.1 and Cx48.5 (96% over the fust 24 nt), it is to be expected that

Cx48.5 would also be knocked down by this morpholino. However, the Cx48.5 protein
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level in the knockdown embryos needs to be determined in the future when antibodies

become available.

The injected embryos developed a similar lens phenotype as seen in the Cx48.5

knockdowns described in chapter IIL Those similarities included small lens, cataract

formation, small eye, and abnormal lens fiber differentiation. However, in general, the

phenotypes seen in this knockdown study were more severe than in the Cx48.5

knockdown. Firstly, the lens size vr'as more reduced (18.1% in this study vs. 6.3% in the

Cx48.5 knockdown). Secondly, the rough appearance of the knockdown lens under DIC

microscopy was more pronounced, and cataracts formed earlier (5-5.5 dpf in this study,

vs. 5.5-7.5 dpf in the Cx48.5 knockdown). Finally, a shong TUNEL signal was detected

in the knockdown lenses in the present study, but not in the Cx48.5 knockdown lenses,

indicating a different pathological mechanism underlying the cataract formation in these

lenses. The phenotypic difference between this knockdown and the Cx48.5 knockdown

suggests that Cx44.1 and Cx48.5 both have unique ñrntions during zebrafish lens

. development.

The TUNEL result shongly suggests that the abnormal lens fiber differentiation

and the associated loss of these fibers ûom the nuclear region involve cell death by a

process similar to apoptosis. Indeed, studies have shown that an imbalance of growth

signals during lens fiber differentiation leads to cataract formation via an apoptotic

pathway (Chen et a1.,2000). E2Fl and E2F2 arc hanscription factors involved in cell

cycle regulation and generally stimulate cell proliferation. E2F1 a¡d E2F2 transgenic

mice have been generated in which lens fiber specific E2F1 and E2F2 overexpression

was driven by the oA-crystallin promoter. This induced post-mitotic lens fibers to re-
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enter the cell cycle, and stimulated pS3-dependent apoptosis. These hansgenic mic€ also

had small lenses and disordered fibers (Chen et al., 2000). ln our experiments we

observed a sharp increase in the number ofTUNEL positive nuclei in knockdown lenses,

suggesting the involvement of apoptosis-like cell death. However, several studies have

shown that the normal lens differentiation process shares some features with apoptosis,

including the formation of TUNEl-positive nuclei (Wride and Sanders, 1998; Cole and

Ross, 2001), and the activation of the caspase family proteases (Wride er al., 1999;

Wride,2000; Yin et a1.,2001) The fact that we never detected TIJNEL labeling in the

non-ínjected wild type zebrafish lenses during the developmental period investigated

(1.5-5.5 dpf) demonshates that the TUNEL labeling we observed in the knockdown

lenses did not arise from norrnally differentiating fiber cell nuclei. We therefore regard

the positive TLJNEL staining in the knockdown lenses as evidence that these cells are

apoptotic like. With regard to this last point it is worth noting that several research groups

have reported the absence of TUNEL staining in normally differentiating lens fibers

, (Morgenbesser et al., 1994; Chow ¿/ al., 1995; Robinson et al., 1995; Stolen and Griep,

2000). In Cole and Ross's study (2001), apotototic nuclei were frequently detected in

zebrafish lens cells during a time window from 22 hpf to 1.5 dpf. However in the present

stud¡ TUNEL labeling did not detect any apoptoticJike cells at 1.5 dpfl This

discrepancy might have arisen from variability in the rate of development between the

embryos in these two studies, especially considering that Cole and Ross (2001) reporte.d

the complete absence of TUNEL positive cells after 1.5 dpf.

Given the evidence from chapter III that Cx48.5 is required for the heart

ñ¡nction in zebrafish ernbryos, it is worth noting that ca¡diovascular abnormalities we¡e
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not b?ically seen in the knockdown embryos reported in this chapter.. One explanation is

that the morpholino dosage (2 ng) used to trigger the lens phenotype in the "double

knockdown" embryos was not high enough to set off the cardiac phenotype. Abnormal

cardiac ñ¡nction did emerge when higher doses, such as 3 to 4 ng morpholino, was

microinjected into 1-2 cell embryos.

4.5 Summarv

Gap junctions are crucial for the proper lens development and function. Here we

microinjected an antisense morpholino potentially targeting the expression of both

Cx44.1 and Cx48.5 in the developing zebrafish. Westem analysis found that the protein

level of Cx44.l was significantly reduced during early embryonic development, while

Cx43 expression was not affected. The knockdown embryos developed nuclear cataracts

and small lenses. The lens growth retardation stârted al2 dpf, reached a maximum at 3.5

dpf and was maintained thereafter. The cataractous lenses were 18.1 % smalle¡ than the

conkol lenses at 3.5 dpf. The growth ofthe eye was also retarded at 3.5 dpf, but not at 7.5

dpf. Dramatic morphological changes were observed in the cataractous lenses that

reached a maximum at about 4 dpf in living embryos. Tissue sections ñ¡rther revealed

that the lens fibers in the nuclear region had differentiated abnormally and eventually

died. TUNEL labeling showed that the death of the fiber cells was by apoptosis-like

process,
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Figure 4.1

(A) The level of Cx44.l protein was greatly reduced at 2 dpf (2d), and

moderately reduced at 3 dpf (3d) in the antisense morpholino injected

embyos (MO), but was intact in the control morpholino injected embryos

(conhol) and wild type Om) non-injected embryos. The same band (48

KDa) was also detected in 8 hpf embryos microinjected with a Cx44.1

expression vector, pCS2+44.1,.but not in the conhol 8 hpf ernbryos. The

native Cx44.l is not expressed at this stage. The lower panel shows the

Ponceau S staining of the yolk proteins as the loading conhol (loading).

(B-E). The efficiency of Cx44.1 knockdown was also assessed by

coinjecting the antisense morpholino with a GFP tagged Cx44.l

expression plasmid, pCS2+,{4.I-GFP. The GFP fluorescence was shong in

2 and 3 dpf embryos injected with pCS2GFP+,14.1 alone (B and D). In

embryos injected with both pCS2+44.1-GFP and antisense morpholinos,

the fluorescence was barely detectable at2 dpf (C), and onty slightly more

intense at 3 dpf (E). (F) Westem analysis of Cx43 protein expression at

1.5 dpf (1.5d), 2.5 dpf QSd), and 3.5 dpf (3.5d). No apparent change in

Cx43 protein expression w¿N seen in the antisense morpholino injected

embryos (MO) compared to the conhols. Lower panel shows the level of

o-tubulin as an assessment the even loading of protein samples. Scale bar

= 500¡rn
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Figure 4.2

Morphological abnormalities and cataract formation in knockdown

embryos. (A-H). DIC images of lenses in live embryos. Control embryos

at 2.5,3.5, 4.5, 5.5 dpf are shown in A, B, C and D, respectively.

knockdown unbryos at2.5,3.5,4.5, 5.5 dpf are sholvn in E, F, G and H,

respectively. The lenses in control embryos grew in size gradually, and

appeared very smooth in all focal planes throughout this period (A-D). In

the knockdown embryos, the lenses were smaller and not as smooth as the

conhols, beginning at 2.5 dpf (E). At 3.5 dpf, the center region of the

lenses appeared very uneven (F). This feature then became reduced in

severity at 4.5 dpf (G) and 5.5 dpf (H). Arrow shows the nuclear

abnormality. (I-J). Lenses dissected at 72 dpf visualized with darkfield

microscopy. (I) The control lenses were fully hanspârent. (Ð The

knockdown lenses were smaller, and opaque in the center region

(arrowhead). The nuclear cataracts became visible with darkfield

microscopy beginning at 5.5 dpf. The peripheral reflected light is due to

light leaking from around the edge ofthe lenses. Scale bar : 50pm.
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Figure 4.3

Time course and histology of cataractogenesis. Tissue sections show lens

development in conhol morpholino injected and knockdown embryos. A-

D and I-L show sections of lenses from conhol injected embryos at 1.5,

2.0,2.5,3.0, 3.5, 4.0,4.5 and 5.5 dpf, respectively. E-F and M-P show the

corresponding stages in the knockdown embryos. In control lenses, the

qpre lens fibers have already begun to elongate at 1.5 dpf (A) indicating -

that the differentiation process has begun. As differentiation proceeds new

fibers are continuously added (B-D and I-L). At 2.5 dpf, some of the

nuclear fibe¡s have already completed denucleation (C). After this the core

region consisting of mature fibers enlarges (D, and I-L). In the

Knockdown lenses, elongation of core fibers also began at 1.5 dpf (E). At

2-3 dpf, the nuclei of the core fibers are more condensed than in the

conhols and the differentiation process has become abnormal. Fewer new

fibers are added (F-H). The abnormal core fibers die at 3.5-4 dpf (M and

N), and many have disappeared by 4.5 dpf (O). Finally, by 5.5 dpf a

number ofnew lens fibers have been added, but the nuclear region of the

lens still contains punctate, amorphous material (P). The dissected lens at

this stage shows a nuclear opacity with the darkfield microscope @igure

4B). Arrow shows the nuclear, amorphous material. Scale bar:25 ptn,
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Figure 4.4

Growth in knockdown embryos. (A) There was no sigrrificant lens size

diffe¡ence between the control and wild type embryos from 1-7.5 dpf. The

knockdown (KD) lens diameters were sigrificant smaller starting from 2

dpf (n=10; p<0.05; ANOVA). @) Lens growth rates were calculated Aom

the data in (A). The lens growth rate in the knockdown embryos was lower

than in the controls during 1-3 dpf, which led to an increasing difference

in lens size. The lens growth rate in the knockdown embryos then caught

up with the controls útnng 4-7 dpf. (C) Eye size was estimated by

measuring the diameter of the eye in the anterior-posterior axis. At 3.5

dpf, the knockdown embryos had significantly smaller eyes than the

control (n=10; p<0.05; ANOVA), but no significant difference was

observed at 7.5 dpf stage (n=10; p >0.05; ANOVA). @) The body length

were measured and compared at 3.5 and 7.5 dpf. There was no significant

difference between the th¡ee groups of fish at either stage (n=10; p>0.05;

ANOVA). (E) Conhol eye at 4 dpf: the nuclear and irurer cortical lens

fibers are fully differentiated, and the ¡etina has also undergone cell

differentiation to form rod and cone layers, outer and inner plexiform

layers, a bipolar layer, an amacrine cell layer, and a ganglion cell layer.

(F) Ifuockdown eye aL 4 dpf: the lens is smaller and the nuclear region is

abnormal and undergoing cataractogenesis. The development of the retina

appears unaffected, except that it is overall smalle¡ than in the controls.

Data are presented as means * SEM. Scale bar = 50pm.
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Figure 4,5

TTINEL labeling in zebrafish lenses at 2.5, 3.5 and 4.5 dpf. The upper

panel shows lenses from non-injected wild type embryos and the lower

panel lenses from knockdown embryos. Parts A, C, E, G, I and K are

TUNEL labeled sections (red) and B, D, F, H, J and L are the

corresponding Hoechst stained sections (blue). TLINEL positive nuclei

were only detected in 3.5 and 4.5 dpf knockdown lenses. Scale bar =

50pm.





CONCLUSIONS

In this thesis, I investigated the detailed expression profiles of three connexins in

the zebrafish lens, and have drawn a partial picture of the function of these connexins

during development. I found that the zebrafish lens expresses the orthologues of all three

cormexins that have been found in the mammalian and chicken lens with similar, yet

slightly different functions.

. Zebrañsh Cx43 is expressed in the lens epithelium and the differentiating lens

fibers, as is the case in mammals and chicken. The function of Cx43 in the ocular lens is

not clear. In the mouse, Cx43 expression in the anterior lens epithelium does not seern to

be required for epithelial cell proliferation, since the embryonic lens growth was normal

in the Cx43 knockout mice (Gao and Spray, 1998). However, the lens abnormality

revealed by histological analysis in the mice suggests an essential role for Cx43 mediated

intercellular communication between the çithelial and fiber cells.

, Although sequence analyses and electrophysiological studies clearly indicate that

Cx44.1 md Cx48.5 are the orthologues of mouse Cx50 and Cx46 respectively, their

function in the zebrafish seems somewhat diffe¡ent than in the mouse. Firstly, we have

observed that the Cx44.l gene is tumed on sigrrificant earlier than Cx48.5. The window

of time when Cx44.1 is expressed in the absence of Cx48.5 expression coincides with the

initiation of primary lens fiber differentiation. Hence, Cx44.1 might have a role during

the initiation of primary lens fibe¡ differentiation that is not shared with Cx48.5. Whether

or not this scenario exists in the mouse is not clear. Secondly, in the mouse both Cx50

a¡d Cx46 contribute to lens homeostasis, but only Cx50 is required for lens growth

r07



(Gong et al., 1997; White e¡ al., 1998). ln conhast, Cx48.5 is required for both lens

growth and homeostasis in zebrafish. My preliminary knockdown analysis of Cx44.1

function has revealed that Cx44.1 is also required for lens growth and homeostasis (see

appendix A, Fig. l). Thus, it appears that unlike in the mouse, Cx44.1 and Cx48.5 sha¡e

roles in both lens growth and homeostasis. Simila¡ pI and glutamic acid content has also

been found between Cx44.l and Cx48.5, but not between the other Cx46 and Cx50

members, suggesting a possible molecular basis for their functional overlap. However,

regardless of the fl¡nctional overlap between Cx44.l and Cx48.5, the expression ofboth

connexins is required for no¡mal lens development and homeostasis, because embryos

injected with an antisense morpholino targeting both Cx44.1 and Cx48.5 developed more

severe lens phenotype than the Cx48.5 specific knockdowns.

Then, what are the unique contributions of Cx44.1 and Cx48.5 to lens

development and homeostasis? As has mentioned above, Cx44.1 is transcribed

significantly ea¡lier than Cx48.5, which might be crucial for the initiation of primary lens

fiber differentiation. In addition, my preliminary data from Cx44.1 knockdown

experiments ¡evealed that Cx44.1 is also required for retinal development (appendix A).

The role of Cx44.1 in retinal development is independent of lens development, since

retinal specific antisense morpholinos generated small retinas with intact lenses. In

addition to its role in the ocular lens Cx48.5 also has an essential role in the

cardiovascular system in zebrafish. Cardiac conduction was severely impaired in the

Cx48.5 knockdown embryos. These novel functions ofCx44.1 and Cx48.5 have not been

reported for the knockout mice. ln addition to the lens and heart, Cx48.5 is also expressed

in the zebrafish testis and otic vesicles, and the function ofCx48.5 in these organs is still



unknown. A scheme of the function of Cx48.5 and Cx44.1 in the ocular lens is outline in

Figure 5.1.
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Figure 5.1

Functional roles ofCx44.1 and Cx48.5 in zebrafish lens development. Cx43,

Cx44.l, and Cx48.5 are the th¡ee connexins expressed in the zebrafish lens.

Cx43 is mainly expressed in the epithelial cells, while Cx,l4.I and Cx48.5

are expressed in the lens fibers. Cx44.1 starts its expression when the

primary fibers initiate differentiation at 21 hpf, while Cx48.5 is not

transcribed until 36 hpf. Interference with the expression of either Cx44.l or

Cx48.5 resulted in disruption of lens fiber differentiation, lens growth, and

lens transparency. These data suggest that Cx44.l might has a unique role in

the initiation of primary lens fiber differentiation, and both Cx44.l and

Cx48.5 conhibute to primary and secondary lens fiber diffe¡entiation. Both

Cx44.1 and Cx48.5 are required for lens growth and homeostasis. In

addition to the lens, Cx44.l has a role ín retinal development, and Cx48.5 in

the cardiacvascular system. (Figure adapted from Kral, 1998, website:

htþ ://aussie-health.westga. edu/research/cataracts/development.htnl)
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APPENDIXA

To ínvestigate the role of Cx44.1 during zebrañsh lens development, Cx44.l

specific morpholinos were microinjected into 1-2 cell zebrafish ernbryos (ongoing

project). Figure I shows the prelimilary analysis of the phenotype in the Cx44.l

morphants. The Cx44.1 morphants developed small lenses and eyes, suggesting a role of

Cx44.1 in zebrafish lens and retinal development.



Figure 1

Lens and retinal development was abnormal in the Cx44.1 knockdown

embryos. (A) Cx44.1 specific antisense morpholinos were microinjected

into 1-2 cell zebrafish embryos. These embryos had ¡educed lens and

retinal size. Abnorrnal lens morphology was observed by 3 dpf. (B)

Control eye. Panels show DIC images taken at 3 dpf. Scale bar = 50pm.





,A,PPENDIX B

This wo¡k was performed to determine the physiological properties of the gap

junction chan¡rels composed of Cx48.5 using the Xenopus oocytes expression systern.

This work wris done in collaboration with Dr. Thomas \ü, rilhite (Departrnent of

Physiology and Biophysics, SUNY, Stony Brook). The results show that Cx48.5 formed

fi¡nctional channels (Fig. 2), and the voltage gating behavior of these channels was

similar to the Cx46 group (Fig. 3 & 4). Connexin48.5 also formed hemichannels in the

single Xenopus oocytes (Fig. 5 & 6). This feature is conserved in the Cx46 group, but not

the Cx50 group. These studies suggest that Cx48.5 belongs to the Cx46 subfamily of

connexins.
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Figure 2

Cx48.5 fo¡ms funclional channels between pairs of Xenopus oocytes.

Junctional conductance (G) developed between pats of Xenopus oocyles

as measured by dual voltage clamp. Oocytes were co-injected with the

Cx48.5 cRNA and an oligonucleotide antisense to mRNA for Xenopus

Cx38 to eliminate the possible contribution of endogenous coupling to the

recorded conductances. A¡tisense treated water-injected cells were used

as negative controls. Cells were then stripped of the vitelline envelope in

hypertonic medium and paire.d with the vegetal poles facing each other 24-

48 hr prior to electrophysiological measurements. Bars show the mean *

SD of the number of pairs índicated, symbols show the clustering of all

data points,
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Figure 3

Voltage gating behavior of gap junction charurels formed by Cx48.5. A

time dependent decay of junctional cunents (I) was índuced by

hansjunctional voltage (V3) steps. At V¡ steps > +40 mV, I¡ decayed

symmehically over the time course of the voltage step. The voltage gating

of intercellular channels composed of zebrafish Cx48.5 displayed a high

degree of conservation to other GJA3 orthologs such as chicken Cx56 and

rat Cx46.
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F igure 4

Quantitation of Cx48.5 voltage gating. The relationship of V.¡ to steady-

state junctional conductance (G¡*") normalized to the values obtained at

+20 mV fo¡ Cx48.5. Solid lines represent the best fits to Boltzmann

equations, whose parameters are given in Table Y. The voltage gating of

inte¡cellular channels composed of zebrafish Cx48.5 displayed a higher

degree of conservation to the Cx46 orthologs than the Cx50 orthologs.
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Figure 5

Single Xenopw oocytes injected with Cx48.5 oRNA o¡ water were studied

by voltage clamp. Cells were initially clamped at -40 mV. Depolarizing

voltage steps of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV were

imposed, and the whole-cell currents were recorded. Cx48.5 induced

rapidly activating outward currents that exhibited a slower partial

inactivation at higher membrane potentials (> 10 mV). In contrast, oligo-

injected conbol cells showed negligible mernbrane cuÍents.





Figure 6

Current-voltage relationships in Cx48.5 and water injected oocytes. Whole

cell memb¡ane currents (Im) were measured at the end of a voltage step.

At membrane potentials (Vm) > -10 mV, Cx48.5 injected cells displayed

whole cell cunents not seen in oligo-injected conhols. Results are shown

as the mean + SD of the indicated number of cells.
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