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ABSTRACT

Gap junctions are intercellular channels that allow the direct exchange of

molecules up to about 1200 Daltons in size. Six connexins join together to form a

hemichannel termed a connexon, and two connexons from different cells dock to form an

aqueous channel. A gap junction is formed by the aggregation of hundreds of these

channels into plaques. Gap junctions fuirction in a variety of biological processes such as

tissue homeostasis, embryonic development, and tumorigenesis. In the verlebrate

cardiovascular system, gap junctions function in intercellular communication essential for

the co-ordinated propagation of the heartbeat, and the control of vasomotor responses in

the vascular system.

In this study, a connexin gene encoding a polypeptide of 400 amino acids, with a

molecular weight of 45.6 kDa, was cloned from zebrafish genomic DNA. Accordingly,

tlre connexin was named zfCx45.6. ZfCx45.6 exhibits 53Yo amino acid identity to chick

Cx42 which is expressed in the cardiovascular system. With the use of the LN54

radiation hybrid panel, zfCx45.6 was mapped to zebrafish linkage group 9. Northern

blots and RT-PCR revealed the presence of zfCx45.6 mRNA in the embryo before2

lrours post fertilization (hpf), and then againbeginning at about 12hpf, after which time

no major changes in expression levels were detected. In the adult, zfCx45.6 6RNA

continued to be detected in the heart, as well as the brain, liver and ovary, but not the

lens. Whole mount in-situ hybridization revealed zfCx45.6 mRNA r,vas highly expressed

in the major vasculature of the entire embryo, and to a lesser extent in the heart.

The zebrafish (Danio rerio) is an excellent model system to study cardiovascular

developrnent, in part due to its large, externally developing, optically transparent



elnbryos, and the fact that early development can occur in the absence of functional

circulation. With the previous isolation of zebrafish Cx43 and Cx43.4,zebrafish

orthologues have now been isolated for tluee of the four comexins expressed in the

mammalian cardiovascular system. With the advent of antisense technologies and

methods allowing for the measurement of many cardiovascular functions in minute

anitnals and embryos, these studies lay the groundwork for future studies on the role of

connexins in the developing and mature vertebrate cardiovascular system using the

zebrahsh model system.
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CHAPTER 1. INTRODUCTION:

Gap junctions are collections of intercellular channels that allow the direct

exchange of molecules up to about 1200 Daltons in size, such as ions, second

rnessengers, and small metabolites (Wlrite et al.,1995;Bruzzone et at.,1996a). The

structural units of gap junctions are connexins (Cx). Six connexin units joi¡ togetlier on

the cell metnbrane to form a hemichannel termed a connexon, and two connexons fiom

different cells dock to form an aqueous channel (Figure 1). A gap junction is formed by

the aggregation of hundreds of these dodecameric chamels into plaques 1-2 ¡rm in

diameter (Yeager et al.,1998).

The corurexin genes belong to a rnulti-gene family with representatives i1all

vertebrate groups investigated (Yeager et a\.,199g; Bruzzone et al., r996a). Gup

junctions in invertebrates such as C. elegans (Starich et a1.,2001) and Drosophita (Cutin

et a|.,1999) are morphologically and functionally similar to vertebrate gap junctions, but

the constituent proteins do not posses sequence similarity to vertebrate connexins and

therefore are termed innexins (invertebrate connexins)(for a review see phelan a¡d

Starich, 2001). Connexins are identified according to their species of origin and

molecular mass predicted from cloned DNA sequences. For example, the rat connexin

with a molecular mass of 46kDa is termed rCx46. This r-raming system was adopted at

the Gap Junction meeting held in Asilomar in 1987 (Beyer et al.,lg87). Though this is

the most widely used naming method, confusion can often arise when dealing with

orthologous connexins, since they often have very different molecular mass, thus



Figure 1. Gap Junction Structure.

The structural units of gap junctions aÍe connexins. A. The coding seque¡ce of all

connexins consists of four transmembrane domains (Ml to M4) and cytoplasmic NHz-

and COOH- tennini. The resultiug extracellular loops (El and E2) contain three

cysteines in conserved positions. B. Six connexin units join together to form a

hemichannel termed a connexon, and two connexons frorn different cells dock to form an

aqueous intercellular channel. Hundreds of these intercellular channels aggregate into

plaques to form a gap junction. (EC: extracellular, IC: intracellular, pM: plasma

membrane).
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resulting in different names. An alternate rnethod of narning has been adopted by some

researchers based on the identification of structural subfarnilies of connexins and division

into the alpha, beta, or gamma class (willi cke eÍ at.,2002). At this point in time. one

uniform classification scheme has not been adopted.

Generally, the entire coding region of a connexin is contai'ed within one exon.

with an additional one or two exons located in the 5' untranslated region (uTR) (white

and Paul, 1999)' The exceptions to this rule are the cx35/cx36orthologues as they

contain an intron within the coding region (white and paul, lggg). The coding sequence

of all connexins predicts a common topological model with respect to the plasma

membrane (Figure l). This structure consists of four transmembrane domai's (Ml to

M4) and cytoplasmic NH2- and cooH- termini, resulting in a cytoplasmic loop, and two

extracellular loops (81, E2) (yeager et ar., r99g). The extracelrurar loops of a¡

connexins contain th¡ee conserved cysteines in a characteristically conserved sequence:

cx6cx3c in the first extracellular loop, and cx4cxsc in the second extracellular loop.

Tlre exception to this conserved cysteine sequence is found in rcx3l (Holi et al.,1gg1).

The conserved cysteines in the extracellular loops are involved i' the formation of
intramolecular disulfide bonds that are essential for normal folding and/or cha*el
fturction' The transmembrane domains and extracellular loops are also highly conserved

among different connexins (Write et a\.,1995). The third transmembrane domain and

two extracellular domains are thought to contribute to the pore wall (Bruzzone et al..

1996a: Sker¡ett et a1.,2002).

As all connexins share the salne overall structure, theoretically, rnany different

possible cornbinations of connexins joining to form corulexons, or different connexons



aggregating to form intracellular charurels, could arise. connexins can form hornotypic

chamels where only one type of connexin makes the pore, heterotypic channels where

each connexon contributing to the intracellular channel is created from differe't

connexins' or heteromeric channels where two or more types of connexins make the

lrenrichamel (Bruzzone eT a\.,1996a). For example, cx40 and cx43 are expressed in
various locations i'the heart, and have been shown to form current carryi'g heterotypic

clrannels in transfected HeLa ceils (variunas et ar.,2000).

Almost all cell types possess gap junctions at some point i' their.development,

but they are absent in skeletal myocytes, some neurons, rlrost circulating blood cells, and

spermatozoa (Btuzzone et al',1996a). Ma'y comexins can be expressed in more than

one tissue' and a single cell type can express more than one connexin. For example, the

rodent atrial myocytes expresses multiple connexins including cx40 and cx43,whe¡eas

Cx43 is also expressed in the brain, gonads, skin and lens.

Gap junctions allow the direct and rapid exchange of srnall molecules between

cells' and therefo¡e provide a simple, yet critical method for coordinating a wide ra'ge of
cellular behaviors in rnulticellular organisrns (white and paul, lggg).The widespread

expression and molecular diversity of connexins can make the role of gap junctions

difficult to discern, but some of the critical functions of gap junctions have been

eltrcidated by tlie discovery of disease causing mutations (Bruzzone et a;.,1996a). The

associatiotl of connexin mutations with hurnan pathologies such as X-linked charcot-

Marie-Tooth disease (cx32) (Bergoffen et ar.,lg93),nonsyndromic deafness (cx26)

(Kelsell er al.,l9g7), and "zonularpulverulent,,cataracts (cx50) (shiels et ar.,r99g)

demonstrate the importance of gap junctions in growth and development. It has also been



proposed that because action potential propagation in the heart is gapjunction dependant,

iffegular gap junction distribution in the heaft contributes to discontinuous propagation,

thus predisposing the heart to arrhyttunias (Severs ,lgg4). Targeted disruptions of

connexin genes by homologous recombination in embryonic stem cells of rodents have

been used to study specific connexins already implied in disease, and to determine the

roles of connexins not previously linked to a disease (write and paul, lggg).

Interestingly enough, it should be noted that in the majority of cases, mutations in one

connexin tend to result in specific abnormalities, and not all the organ systems expressing

the mutated connexin are affected. For example, mouse Cx37 is detected in many

locations including lung and between the oocytes and granulosa cells (Sirnon, 1997). The

knockout mouse is infertile, but appears not to have any problerns in the lungs, or other

locations of cx37 expression' This could possibly arise from compensation by other

connexins expressed in the lungs and other locations, whereas Cx37 rnay be the o'ly
comrexin expressed between the oocyte and granurosa celrs.

Gap junctions have also been found to play a role in turnorigenesis. In certain

carcinoma cell lines connexin genes are transcriptionally down regulated (Rose et 
'1.,

1993; Hirschi el a\., 1996)' Incorporation of exogenous connexin genes into the genomes

of these cell lines results in decreased tumorigenicity. These findings suggest that the

reexpression of gap junctions in tumor cell lines may play an importa¡t role in

normalizing tumor cell behavior. How connexins function as tulnoï suppressors has not

yet been determined.

Another function of gap junctions is to rapidly coordinate the activity of groups of
cells' For example, gap junctions are irnportant in the contraction of cardiac and smooth



muscle cells. Studies of pregnant rats have shown that Cx43 expression increases in the

uterine myometriurn the day before parturition (Risek e[ a\.,1990). It is thought that the

increased expression of Cx43 leads to the formation of gap junctions that are needed to

synchronize the contractivity of the myometrial cells during parturition. It has also been

found that the expression of three corurexins, Cx43,Cx32 and Cx26,is restricted to

specific cell types within the rodent mammary gland, and to specific times duri¡g the

activity of the gland (Pozzi et a\.,1995). Studies have determined that in the luminal

cells of both the mouse (Locke et a1.,2000) and rat (Yamanaka et a1.,2001) Cx26 levels

start to increase early in pregnancy, and both Cx26 and, Cx32 reached their maximum

expression levels during lactation. These results suggest a possible role for gap ju¡ctions

in the coordination of the secretory epitheliurn of the mammary gland during pregnancy

and lactation.

l. 2. Connexins in the Cardiovascular System

1.2. a. Connexins in the heart

In the heart, contractions are controlled by the coordinated spread ofelectrical

excitation tlirough the cardiac muscle (Gourdie, 1995). A high degree of cell-cell

communication is not only important for conduction of the action potentials, but it is also

essential to achieve the coordinated and rhythmic impulses that are generated by the

pacemaker cells of the sinoatrial node in the right atrium (Bleeker et al.,l9g0). These

impulses are prevented from immediately passing to the ventricles by an insulating

connective tissue layer, but are thought to quickly conduct through the purkinji fibers, i¡
part due to the high density of gap junctions present in the fibers (Kupperman et al.,



2000). Also, the strength and efficiency of the atrial and ventricular muscles depends on

the synchronized contraction of the working myocytes of which they are composed (Gros

and Jongsma, 1996). Gap junctions ensure the propagation of action potentials between

myocytes and are therefore responsible for the coordinated contractions of tlie atria and

ventricles.

The number of gap junctions in the heart varies with the developmental stage and

location within the heart (i.e. atria versus ventricles, etc.) (Gros and Jongsma, 1996). In

the fetal, neonatal, aud infant mammalian heart, numerous small gap junctions are found

evenly distributed throughout the myocyte cell surface (Severs, 1994). Before adulthood

gap junctions are distributed along zones of lateral contact between myocytes (Gourdie er

al., 1990). In the adult mammalian heart, gap junction plaques are prirnarily found in the

ploximity of cell adhesion junctions at intercalated disks (Gourdie, 1995; Angst et al.,

1997), with the largest accumulation at the periphery of the disks, thus forn:ring zones of

end-to-end electrical and mechanical attachment between myocytes. It has been

proposed that this developrnental change in the electrical contact between myocytes

determines maturational changes in the degree and type of propagation signal, in that the

conductiott becomes preferential in the direction of the myocyte long axis (Gourdie et al.,

1 99s).

The main connexins found in heart myocytes are Cx3'7, Cx40, Cx43, and Cx45,

with Cx43 being the most predominant (Davis et a\.,1994) (Figure 2.A). Connexin43

lras been cloned and sequenced frorn many mammals including humans (Bruzzone et al.,

1996b). It is associated with the gap junctions of rnost myocytes (Gros and Jongsma,

1996). In most species Cx43 is not detected in the conducting system of the heart, but it



Figure 2. connexin Expression in the cardiovascurar system.

Tlre main connexins found in the cardiovascular system ar-e cx37,cx40, cx43, and

cx45' A' In the mammalian heart, Cx43 is the predominant connexi¡, cletected in the

myocardiurn of both the atria aud ventricles. connexin4O is also for,rnd in the atrial

myocardiutn, and is the predominant connexin of the His bundle and bundle branches.

connexin45 is detected in the AV node, His bundle, and the peripheral portio' of the

ventricular conduction system. cx37 is detected widely in rnultiple compartme'ts of the

lreart' B' Enclotlielial cells (EC) of blood vessels express cx37,cx40, and cx43, while
the smooth muscle cells (SMC) primarily express cx43 and sometimes cx40 a'd cx45.
(SA node: Sino-atrial nocle, AV node: Atrio-ventricular nocle, RA: riglrt atriur', LA: left
atrium, RV: right ventricle, LV: left ventricle, HB: Bundle of His, BB: bundle branches)
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is co-expressed with Cx40 in the atrium, and is the only connexin expressed in the

ventricular myocardium (Jongsma, 2000). Connexin45 has also been cloned and

sequenced fi'om many organisms (Bruzzone et al.,lgg6b). In the mouse and rat, Cx45 is

undetectable in the major portion of working ventricular myocardiurn (Coppen et al.,

1998)' Connexin45 is prorninently expressed in the AV node and His bundle, and

detected in very low levels in the peripheral portion of the ventricular conductio¡ system,

tlrus being the comexin most widely expressed by the conduction tissue (Coppen et al.,

1999; Kruger et a|.,2000). Connexin4O has also been cloned and sequenced from several

organisms, including humans (Bruzzone et al.,l9g6b). Connexin40 is abundant in the

atrial myocardium of almost all species studied (Jongsma, 2000). It is also the

predominant connexin found in the His bundle and bundle branches of the lieart.

Connexin3T has been cloned and characterized in the mouse, rat, and human (Reed et al.,

1993: Haefliger et al., i992; Willecke et al.,1991). The disrribution of Cx37 in the heart

has been controversial as to the extent and location ofexpression, but a recent study has

found that Cx37 is wiclely distributed in multiple compartments of the cardiovascular

system (Haefliger et o1.,2000). In plenatal developrnent, Cx37 is found predorni¡antly i¡
the endothelial and endocardial cells, but is also visible in srnall arnounts in the

trabeculated and compact layers of the myocardium, and mesenchyme of the conotruncal

ridges and atrioventricular cushions.

1.2. b. Connexins in the vascular system

The cardiovascular system is not only comprised of the heart, but also a closed

system of blood vessels whose main function is to deliver blood carrying nutrients, water

and tnetabolites to the tissues, and metabolic wastes away from the tissues. The basic

t1



structure of the vascular system consists of hollow tubes of squamous endothelial cells

(EC) in direct contact with tlie blood, surrounded by one to many sheets of smooth

muscle cells (SMC). Thus, EC form a continuous monolayer lining the luminal surface

of the entire cardiovascular system (Nilius and Droogrnans, 2001) (Figure 2.8.). Many

fundamental processes in the vascular system are regulated by EC, such as control of

blood flow and blood pressure, coagulation, platelet aggregation, vessel permeability,

wound healing and angiogenesis (lrtrilius and Droogmans, 2001). Endothelial cells also

provide a structural and metabolic interface between the blood and underlying tissue

(Yeh er al',1997). Gap junctions therefore can be considered to have a cornplicated role

in the vascular system as they mediate the direct electrical and metabolic intercellular

communication between EC, EC and SMC, and EC and lymphocytes and monocytes

Qrlilius and Droogrlalls, 2001). Fol exarnple, it is believed that intercellular

communication through gap junctions between SMC and/or EC mediates vasodilation

and vasoconstriction (for a review see Christ et al.,1996).

Not surprisingly, the connexins expressed in the vascular system are similar to

those expressed in the heart. Generally, EC have been found to express Cx40, Cx43 and

Cx37' while the SMC prirnarily express Cx43 and sometimes Cx40, Cx4l,and/or Cx37

(christ e[ a1.,1996; Rumrnery et a\.,2002;Kruger et a1.,2000)(Figure 2.8.). Multiple

studies have shown the expression of gap junctions in the endothelium and smooth

muscle layer is not uniform, but varies in different segments of the vasculature. For

example, Cx40 is the most predominant connexin detected in the murine kidney

vasculature, but its expression is regulated (Seul and Beyer, 2000). Col¡exin4g is

abundant in the EC of the large blood vessels of the kidney, and in the EC of the smaller

l2



interlobular arteries and proximal portion of the afferent arterioles. Expression of Cx40

decreases as the afferent arlerioles reach the glornerulus, and is not detected in the

glomerular isthmus where the afferent and efferent arterioles join the glomeruli.

Expression is patchy but intense in the EC of the glorneruli, and also in the SMC of the

juxtaglomerular apparatus. Connexin40 is not detected in the SMC elsewhere in the

vascular system. These results suggest the importance in coordinating the function of

cells within individual blood vessels, and the absence in the juxtaglomerular region

possibly prevents the conduction of signal between the glomerulus and afferent or

efferent arterioles. This differential expression of comexi¡s may contribute to the

modulation of gap junction function in different segments of the arterial wall (yeh et al.,

1997\.

The question of the importance of different connexins for cardiac excitation,

vascular integrity, and cardiovascular development are not easy to answer due to the wide

distribution of connexins and their complex properties (Jongsma, 2000). Little was

known about the specific functional roles of individual connexins in normal and

abnormal cardiovascular function and development, but witli the creation of co*exin

knockout mice, some of their roles are being elucidated (Jalife et al.,lggg). Knockout

mice have been generated for the four major connexins expressed in the cardiovascular

system. V/ith the exception of the Cx37-null mouse, the other knockout mice

demonstrate specific defects related to cardiovascular development a¡d/or function (see

Appe'dix I). For example, cx40 knockout mice (cx40-/-) have been ge'erated

1.3. The Role of Gap Junctions in cardiovascurar Develorrment

13



indeperrdently by two labs (Sirnon et a\.,1998; Kirch off et al., l99g),and both groups

found the knockout mice demonstrated partial but not complete concluction block.

Action potentials still passed from the atria to the ventricles, through the His-purkinji

system, but the tirne for the excitation to travel this distance was longer than it was in

wild type mice. It was also noted that intraventricular conduction was slower, most likely

due to slow conduction in the Purkinji fibers. This blockage in the His-purkinji syste'r

resulted in uncoordinated ventricular excitation and spatially altered propagation of

electrical activity throughout the working myocardium (simon et ctl.,l99g). Further

studies (Vanderbrink et al.,1999) demonstrated the Cx40'/- rnice not only possessed

functional abnormalities in the His-Purkinji system (an expected result as this is the

predomiuant site of Cx40 expression), but also in the AV node (Vanderbri nk et al..

2000)' These abnormalities were greater than expected given the trace amounts of Cx40

expressecl in this region. This data suggests a signif,rcant role for Cx40 in atrionodal

conduction and/or proxirnal His-bundle conduction. More studies are needed to localize

the exact site of conduction delay. While it was a surprise fhat Cx40-/- mice did not

demonstrate a complete conduction block, this may be explained by the compensatory

expression of alternative connexins in the region such as cx45 (cop pen er al.,l99g\.

As demonstrated by the above studies on knockout mice, connexins are required

for proper heart development and conduction. It is believed that due to this requirement,

mutations in human heart connexins contribute to the initial pathogenesis and eventual

clinical manifestation of some human cardiovascular diseases (Severs et a1.,2001). For

1Alt



example, in humans, electrocardiograms similar to those of the Cx40-/- mice would be

characteristic of first degree AV block, associated with bundle branch block (simon e/

al'' 1998)' As well, abnormalities in cx43 have been detected in human ischaernic heart

disease (Severs et a\.,1995). In heart tissue, the border zones acljacent to infarct scars

show a disruption of the usual ordered distribution of gap junctions. There is also a

widespreacl down regulation of cx43 in the rnyocardium near the infarct. co'nexi'43
expression is also decreased both at the mRNA and protein level in the left ventricle in

end stage congestive heart failure (Dupont et al.,20or).As well, cx40 expression is

increased in a location consistent with Purkinji fibers in ischemic cardiornyopathy.

chagas heart disease, caused by aprotozoan parasit e Trypansoma cruzi,is one of
the leading causes of sudden deatli in Latin America after coronary heart disease (for a

review r." . In acutely affected rat heart

cells' beating is less synchronous and regular, and cell coupling is reduced (decarva lho et

al'' 1994)' The basis of this decrease in coupling is apparently a rnisloc alizatjonof Cx43

in the infected cells where tlie total amounts of cx43 protein are normal, but the protein

is not found at the membrane. It is believed that the conduction disturbances

characterised by this disease occur as a result of this modification of channels in the

diseased heart.

over the last 50 years' major advances have been rnade in the diagnosis and

treatment of heart disease, yet the incidence of disease is the same or greater tha' in the

past (Lolu and Yost, 2000)' This is due to technological advances allowing for increased

detection rates, and the extended survival time of affected patients. Despite our increased

ability to diagnose and treat heart conditions, we still have alimited understandins of
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heart development. It has become of great importance to understand these processes to

help develop methods to prevent heart disease. When studying cardiovascular

developrnent and disease, one must have a good model systern to pr-ovide insight into the

genetic, molecular and cellular processes that are critical to normal cardiovascular

develooment.

From the above studies it would appear that the lnouse is an ideal vertebrate

system to use for cardiovascular studies, but it does have drawbacks. The major

drawback being that the opacity of the mother and uterus make access to early

developmental stages difficult (Driever and Fishrnan, 1996). A¡other clifficulty is that

mouse ernbryos with severe cardiac deformations die very early in development thus

making detection of the defects difficult (Wanen and Fishmarl 1998). Large-scale

murine mutagenic screens, used to rapidly determine candidate genes important in heart

and other organ development, are also expensive due to the cost of maintailing the large

number of animals needed to perform these sc¡eens (Driever and Fishman, 1996).

Development of the vertebrate heart is a complex process remarkably similar among all

vertebrates, especially in the early stages (Opitz and Clark, 2000). Thus, an alternative

strategy for studying cardiovascular development is to use a rnodel systern, such as the

zebrafish (Danio rerio),that can overcoÍre the above difficulties.

George Streisinger (University of Oregon) was the first to recognize the ma¡y

benefits of using the small freshwater tropical zebrafish as a model system for

clevelopment studies over 20 years ago. Such benefits of the zeb¡afish as a model f-or

Zebrafish as a Model System for Cardiovascular Develo
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vertebrate developrnent include: relatively short generation time, large clutch size, large

optically transparent embryos, and easy access to all developmental stages (Driever and

Fislrman, 1996). A benefit specific to cardiovascular studies is that early development

can continue for a period of time in the absence of functional circr:lation (Lohr and yost,

2000)' Even though the cardiovascular system of the zebrafish is fu'ction alby 24hours

post fertilization (hpf), it is not essential in the early stages, as the embryo is small

enough to obtain the oxygen it requires through simple diffusion (Warren and Fishman,

1998)' Zebrafish cardiovascular mutants can develop norrnally for a few days, and thus

allow for a more thorough evaluation of altered cardiovascular development, and other

organ systems (Lohr and yost, 2000).

Another benefit over the mouse as a model system is that large-scale mutagenesis

screens of the zebrafish genome are relatively inexpensive (Drieve r et a1.,1996). The

large and trausparent zebrafish embryos also facilitate the identification of mutants.

Large-scale screens in zebrafish, conducted by two independent groups, have resulted in

tlre identification of 6447 mutations (Dreiver et a1.,1996;Haffter et al.,1996). About

2000 of these mutations were deemed interesting, and over 50 mutations afîected the

fbrmation and function of the cardiovascular systern (chen et a:.,1996;stanier et al.,

1996)' It is likely that most of the genes involved in zebrafish cardiac development have

human homologues, and therefore are candidates for genes that contribute to clinical

disolders such as arrhythmias and heart failure ('warren and Fishman, 199g). over time,

analysis of these mutant fish may also provide information as to the genetic pathways that

are critical to the establishment of normal cardiovascular developrnent and functio'.
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These mutants could also serve as targets for the development of new, more effective

pharmaceuticals.

1. 6. Zebrafish Cardiovascular Development

The heart is the first organ to develop and become functional, and generally

appears when the need for oxygen and nutrition cannot be met by diffusion alone due to

increased volutne, or metabolic rate (Ht et a\.,2000). The zebraf,rsh hearl is a prototypic

vertebrate heart consisting of four chambers connected in a series: sinus venosus, atrium,

ventricle, and bulbous arteriosus (Hu et a1.,2000). It is a tubular structure with no septa

dividing the atrium and ventricle (Lohr and Yost, 2000). Though the adult zebrafish heart

bears significant dissimilarities anatomically to the adult human heart, embryonic fish

hearts are similar to the embryonic hearts of other vertebrates, including mammals (Lohr

and Yosf 2000). The zebraftsh ernbryonic lieart actually resembles that of a three-week

post implantation human embryo (Harvey, 1999). Only later in cardiac development

does the mammalian heart structure diverge from the fish as mammals generate atrial and

ventricular septae (Hu e/ a|.,2000). Despite the anatomic differences between adult

zebrafish and mamtnalian hearts, many processes involved in early heart formation

appear to be conserved among vertebrates (Lohr and Yost, 2000). It is the absolutely

essential nature of the heart in both the embryo and adult that results in its unique and

liighly constrained characteristics (Opitz and Clark, 2000). The conservation of the

processes involved in heart development among vertebrates are becoming better defined

as more cellular and molecular markers are discovered (Lohr and yosf 2000).
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A closer look at the morphological and physiological descriptions of the

developing zebrafish heart demonstrates the similarity between fish and mammalian

hearts (Hu et a|.,2000). In all vertebrates, myocardial progenitors involute early during

gastrulation and come to occupy bilateral positions in the anterior lateral plate mesoderrn,

ventral to the anterior foregut (Yelon et a1.,2000; Opitzand Clark, 2000; Kupperman e/

al',2000). This process is known asprecardial cell migration (Lohr and yos! 2000). In

zebrafish these cells migrate to the level of the hindbrain by 18 hpf (Lolu and yost,

2000). These cells then form two bilateral myocardial tubes. During somitogenesis, a

second phase of rnigration occurs as the precardial cells move towarcls the ventral midline

where they sur:round endothelial precursor cells and fuse to form a definitive hear.t tube

witlr an outer myocardial layer and an inner endocardial sinus (Lolir a¡d yosl 2000;

Kupperman et a1.,2000; Yelon el a1.,2000). This process is known as cardiac tttbe

formation (Lohr and Yosl 2000). In zebrafish, heartbeat is evident around 22hpf as

unidirectional peristaltic waves propelling the blood through the rudimentary circulatory

system (Warren and Fishmaq 1998). As in all vertebrates, the zebrafish heart tube

undergoes riglitward looping where the ventricular region adopts a pronol¡lced rightward

curvature (Kupperman et a|.,2000). In higher vertebrates this process of cardiac looping

sets the stage for the formation of a four-chambered organ with separate systemic and

pulmonary circuits. In the zebrafish, looping does not bring the venous inflow and atria

as far cranially as in other species and septae do not form (Lohr and yosl 2000). The

process of cardiac looping is complete by 36 hpf iri the zebrafish. At this poilt, the

peristaltic contractions of the heart have developed into sequential contractions of the

atrium and ventricle. In the zebrafish the main differentiation and chamber specifrcation
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of tlre healt is complete by 30 hpf (Gourdie et al.,1995), and by 48 hpf the heart is a

smooth walled tube with 4 segments separated by constrictions (Hu et a\.,2000). Further

differentiation of the tube continues for up to 3 months. During this time the ventricle

increases the number of trabeculae, the atria develops many branched pectinate rnuscles,

and valves between the segments appear, mature, and thicken.

Studies of the developmerit of the zebrafish vascular systern have not been as

thorough as those for zebrafish heart development. As with the heart, the vasculature of

the zebrafish is siniilar to that of other vertebrates, consisting of endothelial cells

surrounded by smooth muscle cells (Parker et al.,1999). The formation of the

vasculature and the molecular pathways controlling this development also appear to be

similar to those of other vertebrates. In general, vascular development can be divided

into two processes: vasculogenesis and angiogenesis (Poole and Coffin, 1989). In

vasculogenesis, cells thought to derive primarily from cephalic and posterior tru¡k

ventrolateral mesoderm differentiate into angioblasts (endothelial cell precursors), and

migrate to sites of blood vessel formation (Fouquet et a\.,1997; Ronian and Wei¡stein,

2000). Here, angioblasts form tubes with other endothelial primordial cells. Vessels that

form by vasculogenesis include: the perineural and yolk sac vascular plexuses, anterior

cardinal vein, major trunk vessels, and vessels that perfuse organs with endoderm derived

epithelial layers (Roman and Weinstein, 2000; Pardanaud et al.,IgS7). In angiogenesis,

capillaries form by sprouting or elongating from existing vessels to form new tubes

(Poole and Coffin, 1989). Vessels that form by angiogenesis include the internal carotid

artery, trunk intersomitic vessels, and vessels that perfuse organs with ectodermally

derived epithelial cells (Roman and Weinstein, 2000).
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Vascularization begins in the zebrafish around rhe 24 somite stage (Fouq :uet et al.,

1997). By the 28 sornite stage (24 hpf) a simple circulatory loop has been set up

consisting, in part, of the ventral aorla, the mandibular arches, the dorsal aorla, and the

caudal artery and vein (Isogai et a1.,2001). Over the next few days, vessel formation in

the zebrafish is very dynarnic as vessel tracts appear and disappear, and links between

vessels sever and reconnect (Isogai et a1.,2001). The formation of the vasculature in the

zebrafish, though dynamic, follows a plan sirnilar to that of other vertebrates with a few

unique featut'es. These unique features are attributed to the necessity of gills, and the

rapid development of the embryo. For example, the primary trunk vessels, dorsal aorta

and posterior caudal vein forrn rapidly and without apparent secondary angiogenic

rernodeling. Also, some intennediate stages of development f'ound in other vertebrates

are missing, such as the transverse vessels and "primitive" subintestinal vei¡.

1. 7. Hypothesis and Ob.iectives

Development of the vertebrate cardiovascular system is a highly complex process,

and many factors need to be expressed in the right place and time for proper

development. Studies of connexin knockout mice demonstrate the importance of

connexins not only in heart and vascular developrnent, but also in the propagation of the

lieartbeat. Though much information has already been obtained from the study of

counexin knockout mice, their complex patterns of expression make understanding

connexin function in the vascular system diffrcult. it is important to understand how

connexins function in the vascular system as improper expression can lead to disease.

Possibly through the use of model systems such as the zebraf,rsh, which are conducive to
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cardiovascular studies, cardiovascular development and function can be better

deciphered' As well, the study of zebrafish cardiovascular devloprnent may provide

insights i'to how to prevent certain fonns of heart disease.

The zebrafish genome has been shown to contain connexins orthologues to known

vertebrate connexins (cason et a\.,200r;Dermietzer et ar.,2000; Essner et ar.,1996).

The zebrafislr ortholouges of mammalian cx43 (valdimarsson,p ersonal comnttmiccttion)

arrd cx45 (Essner el al.,1996), two of the four major connexins expressecl in the

vertebrate heart, have been cloned and charac terized.in the zebrafish. It was

hypothesized that the zebrafish genome contained the other two connexins expressed in

the marnmalian heart, and their expression was deveropmentaily regulated. The

objectives of this study were as follows:

1' To isolate a zebrafish conuexin clone expressed in the cardiovascular system.

2. To analyze the function of the isolated connexin

3. To map the location of the gene.

4' To characterize the spatial and ternporal expression pattern of the isolated zebrafish

connexin
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CHAPTER 2. METHODS

For the composition of colnmonly used buffers and solutions see Appendix II.

For the sequence of primers used, see Appendix III.

2.1. Care of Fish

Fish were cared for by the staff in the University of Manitoba, Department of

Zoology Anirnal Holding facility. Fish were maintained in 20-gallon tanks at2g.5"C,

and kept on a cycle of approximately 14 hours of light, and i0 hours of dark. Fish were

fed Nutrafin@ flakes daily, #3 trout pellets twice a day,and blood worms and frozen brine

shrimp once a week. For breeding puïposes, five to ten fish were transferred to lg-gallon

tanks equipped with special mesh bottomed containers to allow for tlie separation of adult

fislr and eggs' Zebrafish are photoperiodic in their breeding (Westerfield, 1995) and

ernbryos ploduced just after dawn were collected from the bottorn of the tank via

siphoning with a pipette attached to rubber tubing. Debris and unfertilized ernbryos were

removed, and approximately i00 embryos per 100 ml of egg water were maintained in

glass beakers, and incubated in a 28'C water bath. Egg water was changed around g hpf

(day 0), and every morning on subsequent days. When necessary, embryos were treated

with 0.003% 1-plienyl-2-thiourea (pru) (Sigma, sr. Louis, Mo) at 24hpf,and with

every subsequent water change to prevent pigmentation. By the third or fourth day, when

embryos had hatched from their chorions, embryos were anaesthetized with l6.g mg of 3-

amino benzoic acidethylester (Tricane) (Sigrna) per 100 ml of egg water, to aid in

cleaning and collection of the embryos. Wren necessary, embryos weïe snap froze¡ by
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transferring them to RNase free 1.5 ml tubes (Mandel, Guelph, ON) removing the excess

water, and then imrnersing the lower half of the tube into a methanol and dry ice bath.

The embryos were then stored at -80"C until r.equired.

2.2. Isolafion of zebrafish genomic DNA

Zebrafish genornic DNA was isolated for use in the polymerase chain reaction

(PCR) as outlined in Westerf,ield (1995). Briefly, an adult zebrafish was frozen and

ground to a powder in liquid nitrogen, suspended in I 0 rnl of buffer I I 0 mM Tris-HCl pH

8'0,7.0o/o sodium dodecyl sulfate (SDS), 5 mM ethylenediarninetetraacetic acid salt

(EDTA), 100 pg/ml proteinase K (Boehringer Mannheim, Indianapolis IN)1, a¡d

incubated with shaking for 5 hours at37"C. The solution was extracted once with an

equal volume of phenol:chloroform:isoamyl alcohol (25:24:1), and then once with the

satne volume of chloroforrn. The DNA was precipitated overnight at -20"C with 0.3 M

NaCl, and2.5 volumes of 100% ethanol. The DNA was pelleted, washed witl-t 70 yo

ethanol, and air-dried. The pellet was resuspended in l ml of suspension buffer (10 rnM

Tris-IlCl pH 8.0, I rnM EDTA). RNA was removed by the addition of Nacl and

deoxyribonuclease-fi'ee ribonucleaseA (Sigma) to a 100 rnM and 100 pglml fi¡al

concentration respectively, and incubation for 3 hours at37'C. SDS rvas added to a final

concentration of 0.2o/o, and the reaction was phenol-chloroform extracted and precipitated

agarn. The resulting genomic DNA pellet was resuspended in I ml of suspension buffer.

The concentration of DNA was determined spectrophotometrically by measuring UV

absorbance at260 rim with an Ultrospec40O0 (Pharmacia Biotech, Baie d'Urfé, eC)
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assuming 1 unit of optical density (OD) : 50 ¡rglrnl DNA. Tlie DNA was diluted with

suspension buffer to a concentration of 0.5 pglpl and stored at 4"C.

2.3. PCR genomic clone

2.3.a. PCR

Prirners for PCR were designed based on conserved regions of connexin

nucleotide sequellces obtained frorn GenBank (www.ncbi.nlm.nih. gov/). Nucleotide

sequences were aligned using the Clustal W Multiple sequence alignment program

(Canadian Bioinformatics Resource) (www.ca.embnet.org/). For the forward prirner,

areas of high nucleotide identity were located and translated into amino acid sequences.

For the reverse primer, areas of high identity within the nucleotide seque¡ce were

difficult to locate, so nucleotide sequences were translated into arrrino acid sequences and

areas of high amino acid identity were located. With the lielp of a zebraf,rsh codon usage

table (www.kazusa.orjp/codon), these areas of amino acid sequence were back-translated

into nucleotide sequence. The forward and reverse primers (alpha3lFll and alpha3/R/l)

were designed against areas corresponding to the nucleotides coding for regio¡s in tlie

NH2- terminus and the fourth transrnembrane region, respectively. Primers were

purchased from Life Technologies (GibcoBRL, Burlington, oN).

Hotstart PCR was performed with genomic zebrafish DNA, and the above

primers. The following reagents were combined in a total volume of 40 ¡-rl and brought to

80oc: 1 ¡-rl of 2'deoxynucleoside 5'-triphosphates (dNTpX10 mM each; dATp, dGTp,

dCTP, dTTP), 1 pl of each primer (10 pM), 3pl of 50 mM MgCl2, and 0.1 pg of zebrafish

genornic DNA. When the above reagents reached 80oC, 2 units of Taq (Invitroge¡,
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Carlsbad, CA), and lx PCR buffer (20 mM Tris-HCl pH 8.4, 50 rnM KCl)(lnvitrogen)

were added to result in a final reaction vohune of 50 pl. The following PCR program

r.vas tlren ruu: denaturation aL94"C for 2 minutes, followed by 35 cycles of: 94"C for 45

seconds to denature the DNA, 52"C for 45 seconds for primer annealing, and 72"C for I

nrinute for elongation of the DNA. A final 8 minutes at72C was added for further

elongation of the PCR products. To confirrn amplification of the zebrafish genomic

DNA, a 10 pl sarnple of the PCR with 1x DNA loading buffer was run on a I yo agarose

gel in 1x Tris-Borate EDTA (TBE) buffer, alongside I pLg of the 1 Kb Plus DNA Ladder

(Invitrogen) as a size reference. The gel was stained with 0.5 pLglrnl ethidium bromide

(EtBr) in 0.1 M ammonium acetate, and visualised witrr uv lisht.

2.3.b. Cloning

Tlie PCR product was cloned using the pCR@2.1 cloning kit (lnvitrogen). Fresh

PCR product was obtained, and purified with the QIA quick PCR purification kit

(Qiagen, Mississauga, ON). The purified PCR product was eluted with 50 pl elution

buffer (10 mM Tris-HCl pH 8.5). The following ligation reaction was set up in a rotal

volume of 10 pl and incubated overnight at l4"C: I ¡r.l of fresh, purified PCR product, lx

ligation buffer (6 rnM Tris-HCl pH 7.5, 6 rnM MgCl2, 5 mM Nacl, 0.I rng/rnl BSA, 7

rnM B-rnercaptoethanol, 0.1 mM ATP,2 mM dithiothreitol (DTT), 1 mM spermidine)

(Invitrogen), 50 ng pCR@2.1 vector (Invitrogen), and 4 Weiss units of T4 DNA ligase

(Invitrogen). A2 pl sample of the ligation reaction was transformed into INVc¿F' One

ShottLD competent cells (Invitrogen). Briefly, one vial of frozen competent cells (50p1) was

thawed on ice prior to the addition of 2 p,l of 0.5 M B-rnercaptoethanol, and,Z pl of the

ligation reaction. The vials were incubated on ice for 30lninutes, and then heat shocked
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for exactly 30 seconds in a 42"c water bath. The cells were removed and placed on ice

for 2 minutes, and 250 ¡tl of soc medium was added to each tube. The cells were

slraken at225 rpm for one hour at37"c in a lotary shaking incubator. As a positive

control, 1 pl of control PCR product from tlie Qiagen kit was also transfonned into

lNVc¿F' one Shottì'cells in the same manner. various amounts of the transfomration

reactions were plated onto 90 mm Luria-Bertani (LB) plates supplemented with 50 ¡rglrnl

anrpicillin (Amp), and grown overnight at 37"c. prior to innoculation, the plates were

spread with 40 ¡"rl of 40 pglrnl 5-bromo-4-chloro-3-indolyl-B-D-galactosidase (X-gal i'
dimethyl formamide) (Invitrogen) for color selection. white colonies from the

experimental transformation were selected and grown overnight i¡ 9 rn¡. of LB medium

supplemented witli 50 ¡rglrnl Amp QrlorE: all LB-Amp plates and overnight cultures

were supplemented with 50 pglrnl Arnp unless otherwise stated). plasmid DNA was

isolated from 1'5 ml of each overnight culture using the High pure plasmid isolation kit
(Boehringer Mannheim). The concentration of DNA in each eluate was determined

spectrophotolnetrically' As EcoRI restriction sites are present on either side of the

rnultiple cloning site, a restriction digest was performed with EcoRI to determine the size

of the cloned PCR product. In a total vorume of 10 ¡rr, 0.g pg of plasmid DNA, 5 units of
EcoRI (Gibco BRL), and rx React 3 buffer (50 mM Tris-HCl pH g.0, l0'rM Mgcr2, r00

mM Nacl)(Gibco BRL) were combined and digestion was allowed to proceed for two

hours at 37"c' The full digest was run on a lo/o TBE agarose gel. o'e positive clone was

maintained and sequenced, using the vector primers M13/puc/F/1 (M13 forward) and

M13 reverse, at the University Core DNA and protein Services at the University of
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calgary. Sequence obtained was entered into BLAST@ (Basic Local Alignment Search

Tool) (www.ncbi.nlm.nih'gov/BLAST) to determine arly sequence relationships.

2.4. PAC genomic clone #l

2.4.a. Probe preparation

To obtain the entire coding sequence, as well as up and downstream sequence, a

clone was isolated from a zebrafish Pl artificial chromosome (pAC) library. A probe

ternplate was created by digesting 8 pg of the PCR clone with 20 units of EcoRi (Gibco

BRL) and 1x React 3 buffer at37"C for 2 hours. The digest was run o¡ a 0.goá low

melting point agarose gel in 1x TAE buffer. The insert band was clrt out of the gel using

a fiesh razor blade, and water was added to obtain a concentration of about 5 nglpLl.

To create a labeled probe, tlie following reaction was set up in a total volurne of

50 pl and incubated at37"C for two hours: i0 ¡rl oLB, 35 ng of the heat-denatured pCR

clone template, 5 pg of bovine serum albumin (BSA) (New England Biolabs, Beverly

MA), 6'5 units Klenow (DNA Polymerase) (Invitrogen), and g ptl of 370 MBq/ml alpha
32P 2'-deoxycyticline 5'-triphosphate (dcTP) (Perkin ElmerrM Life science, Boston. MA).

The labelled probe was purified by running the sample through a NICK column

(Phannacia Biotech), eluting the probe with 400 ¡,rl of buffer (10 mM Tris-HCl pH 7.5, I

mM EDTA)' To determine the strength and labelling efficiency of the probe, the counts

per minute (CPM) from I pl of the probe prior to purification, and I pl of the probe after

purification were read with a Beckman LS 6000T4 scintillation counter. Immediately

before use, the probe was denatured for 5 minutes with 40 pl of 3 M NaoH. and then

neutralized with 40 ¡rl of 3 M HCl.
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2.4.b. PAC Library Hybridizarion

The PAC library (German Human Genome Project, RZPD), consisting of 110,600

clones spotted in duplicate on four filters, was prepared for liybr.iclization duri¡g the

probe incubation. The filters wele brought to loom temperature, rolled up into glass

bottles, and prehybridized in l0-15 ml of PAC HYB solution for one hour at 55.C. The

labelled, purified, and denatured probe was added to the tubes containing the hlters with

euough PAC I{YB solution to obtain 3-5 x 106 CPM per ml of hybridizatio¡ solution, and

hybridized overnight at 55"C. The frlters were washed three times for 1 hour each at

65"C in 10 ml of PAC wash solution, and then rinsed with 4x standard saline-citrate

(SSC)' The PAC filters were placed on filter paper, pre-wet with 2x SSC, and wrapped

tightly in plastic wrap. The edges of the filter paper were marked with distinctive

fluorescent stickers to aid with later aligmnent. The wrapped filters were placecl in

autoradiography cassettes with intensifying screens (Fisher-Biotech, Nepean, ON), a'd

exposed to Kodak BioMax Light film at -80'c. Following exposure, the cassertes were

allowed to come to room temperature, and the fihn then developed by rocking for 5

tninutes in each of the following solutions: Kodak GBX developer, water, Kodak GBX

fixer, and water. The films were checked for positive clones and re-exposed a¡d

developed as necessary u'til the location of the positive clones was clear.

2.4.c. Isolating PAC clone

Clones were ordered from RZPD based on the coordinates of the positive sig'als,

and then re-screened. To re-screen, each clone was diluted in LB media, and plated o'to

LB plates, both supplemented with 50 ¡rglrnl kanamycin (Kari). (NorE: all LB_Kan

plates and ovemight cultures were supplemented with 50 pLglml Kan gnless otherwise
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stated). The plates were incubated overnight at 37"C. A 1 cm x 1 cm grid was narked

aud numbered in duplicate on two 150 mm diameter nitrocellulose membranes (0.45

nticrons, Millipore, Bedford, MA). Using sterile toothpicks, approximately Z0 individual

colonies fi'om each clone were streaked on the filters in duplicate and then i¡cubated

ovenright at3ToCon LB-Kan plates. After the incubation, one of the duplicate plates

was wrapped in parafìhn and stored at4"C for use later. The other filter was pre-treated

for lrybridization in the following solutions: r) 25% sucrose, r.5 mg/rnl lysozyme

(sigrna), 50 mM Tris pH 7.5,2) 0.2yoTritonx-l00 (BDH, Toronto, oN), 0.5 M NaoH,

3) 0'5 M NaoH, 4) 1 M Tris pH 7.5, s) 0.15 M Nacl, 0.1 M Tris pH 7.5. For each

solution two blotting papers were set up, one dry, and one wet with the appropriate

solution' The filter was placed on the wet blotting paper for one rninute, and the¡ on the

dry blotting paper for one minute. This process was repeated two more times (6 minutes

in total). This whole process was then repeated with the four other solutions. When

finished, the treated filter was left to air dry, and then baked for one hour at ggoC to

crosslink tlie DNA to the membrane.

The processed filter was wet in 2x SSC prior to prehybridization for 2 hours at

42"C in lrybridization (HYB) solution. The filters were hybridized overnight at 42C witlt

tlre same 32P-dCTP 
labeled PCR clone probe as in sectio n2.4.a.,in enough HyB solution

to obtain 3-5 x 106 CPM/rnl. The f,rlters were washed three times for 20 minutes each at

55'C in 0.lx SSC and 0'1% SDS, and then rinsed with 4x SSC before placing on filter

paper pre-wet with 2x SSC. The filter was wrapped and marked with fluorescent

stickers, and then exposed to Kodak BioMax Light film and developed as described

previously (section 2.4'b.). Each of the original clones were scored for the proportio¡ of
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colonies hybridizing to the probe, and one positive colony was randomly selected for

further amplification.

The clone selected for arnplification was streaked fi'om the original unprocessed

filter onto a new LB-Kan plate and incubated overnight. A single colony from this plate

was inoculated into 3 ml of LB-Kan media, and incubated for 8 hours shaking at37"C. A

0'5 rnl aliquot of this starter culture was added to 500 rnl of LB-Kan media and incubated

in a37"C room with shaking for 16 hours. Plasmid DNA was isolated fi.om this

overnight culture using tlie Qiagen Large Construct kit. DNA was eluted frorn the

column with l5 ml of Buffer eF (1.25 MNacl, 50 mM Tris-HCl pH g.5, l5%

isopropanol), prewarmed to 65"C. The DNA was precipitated, pelleted, and washed as

described previously (section 2.2.). Thepellet was allowed to air clry for 5-10 
'rinutes

prior to being redissolved in water. The amount of PAC plasrnid DNA obtained was

determined spectrophotometrically. The clone was sequenced with prirners based on

PCR clone sequence (zfCx45.6/F/1, zfCx45.6lRJl) to confimr the identity of the clone.

2.5. PAC Genomic Clone #2

To confirm the sequence obtained from the first PAC clone, a second pAC clone

was isolated using a different method. The original PAC clones were replated a'd

screened as for the first PAC isolation. Two colonies were randomly chosen to restreak

onto fresh LB-Kan plates' A single colony from each clone was inoculated irúo 2ml LB

medium supplemented with 25 mg/mlKan, and incubated overnight at37oCin a rotary

shaking incubator' PAC plasmid DNA was isolated using a rnodification of the standard

QIAGEN-tip method used to isolate the first pAC clone (***."rr".1.".g¡u".
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mini'ht - Children's Hospital Oakland Research Institute, Oakland, CA). The overnight

cttlture was centrifuged, the supernatants were decanted, and the pellet resuspend in 300

pl of P1 solution [15 rnM Tris-HCl pH g, 10 mM EDTA, 100 prglml RNase A (sigrna)].

The cells were lysed with 300 pl of P2 solution (0.2 N NaOH, l% SDS) and incubared

for 5 lninutes at room tetnperature. Genomic DNA was precipitated with 300 pl of p3

solution (3 M KOAo, pl{ 5.5) and incubation on ice for 5 minutes. The tube was

centrifuged, and the supernatant containing the PAC DNA was transferred to a 1.5 ml

tube. The PAC DNA was precipitated with 800 pl of ice-cold isopropanol overr-right at

-20oC, and then pelleted. The pellet was washed with l}Yo ethanol, and air-dried. The

PAC DNA was resuspended iri 40 ¡rl of TE buffer, ancl the amonnt of DNA obtained was

determined spectrophotometrically. Prior to sequencing, the PAC clone was subcloned

as described below.

2.6. PAC HindIII Subclones

Both PAC clones were subcloned to obtain the coding region, as well as some

utpstream and dowrstream sequence, in a more manageable sized fragme¡t. Test

restriction digests were perfornted on samples of the PAC plasmicl with an excess of

HindIII (Promega, Madison, wI), BamHI (New England Biol.abs), or Xbal (GibcoBRL)

to determine an enzyme which would cut the PAC clone optimally for subcloning. A'
aliquot of each digest was ïur1 on a 1 % TBE agarose gel to determine tlie digestion

pattern. After choosing a suitable enzyme, 5 pg of the pBluscript vector (Stratagene,

Lalolla, CA) was digested overnight at 37"C with the same enzyme selected to digest the

PAC clone. The vector was treated for 20 minutes at 37"C with 1 unit of Calf Intestinal
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Alkaline Phospliatase (cIAP) (GibcoBRL) per 25 pl of sample to remove phosphares

fron-r the ends of the vector, and thus prevent self-ligation. To stop the reaction, I pl of
0'5 M EDTA was added for every 25 pl of sample, and the reaction was incubated for I

minute at 65"c' Both the plasmid and vector digests were phenol-chlorofo'n extracted

(section 2.2.), andprecipitated at -80'C for a few hours by adding l/lOrh of the estimated

volume of 3 M sodium acetate pH 5.2, and double the estimated volume of lxIo/oice cold

etlranol' The precipitate was pelleted, washed in75%ethanol, and dissolved in 11 pl of
water' The amount of product obtained was estimated based on S}%orecovery from the

extraction.

PAC clone restriction fragments were cloned into pBluescript (Stratagene), ancl

transformed into SoloPack@ Golcl cells (Stratagene). The following ligatio¡ reaction was

set Llp in a microfuge tube in a total volume of 15 ¡rl and incubated over¡ight at l4oC:

-500 ng of digested PAC clone, - 450 ng of digested pBluescript, lx ligation buffer

(Invitrogen), and 4 units of 14 ligase (Invitrogen). The plasmid was transformed into

soloPack@ Gold cells by the addition of I ¡rl of the ligation reaction to one tube of cells

(50 pl), following a method similar to that outlined in section 2.3.b. plasmids containing

all or a portiotl of the coding region of the connexin were isolated by screening white

colonies from the experimental transformation in the same fashion as the original pAC

clones were screened (section 2.4.c.) Q.{OTE: Amp was used as the antibiotic instead of
Kan).

Positive subclones were cultured overnightat37"Cin LB-Anip media, and

plasrnid DNA was isolated using the High Pure Plasmid Isolatio¡ rniniprep kit

(Boehri'ger Ma''heim). The amount of DNA isolated was determined
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spectrophotometrically. To determine the size of the cloned insert, an aliquot of the clone

was digested with an excess of EcoRI (GibcoBRL), and run on a Io/o TBE agarose gel.

Subclones were sequenced over the entire coding region, each region at least twice, usi¡g

primers designed frorn PCR and pAC clone sequence.

2.7. Functional Analysis

2.7.a. Cloning

To determine the functional properties of the cloned connexin, the coding region

of tlre connexin was cloned into the pCS2+ vector (Turner and Weintr ab, 1994). As the

pCS2+ vector does not have the required elements for color selection, tire codi¡g region

of the connexin was first subcloned into pDrive (Qiagen). To obtain a pCR product of

the coding regiotl for cloning, primers were designed approxirnately 10 bp upstream from

tlre start codon, and 1Obp downstream frorn the stop codon (zfCx45.6/F/5 and

zfCx45.6/Rl6 respectively). The following reagents were combined in a microfuge tube

in a total volume of 50 pl: 0.4 rnM of each dNTp, 0.6 ¡rM of each primer, and 0.5 pg of

the HindIII PAC subclone (section2.3.c.) as template. To this mixture tlie following

reagents were added in a volume of 50 ¡rl: 2.5 units of Pwo polymerase (a proof reading

polymerase) (Roche), and l0 pl of l0x Pwo PCR buffer (100 rnM Tris HCI pH g.g5, 250

mM KCI' 50 rnM (I'{H4)2SO4, 20 rnM MgSOa) (Roche) resulting in a total reaction

volume of 100 pl. A second reaction without template was set up as a negative control.

The following PCR program was performed on both samples: 94oC for 2 minutes, and 14

cycles of:94"C for 15 seconds, 60'C for 30 seconds,TzC for I minute. This was

followed by l9 cycles of: 94"C for 15 seconds,60'C for 30 seconds,TZoCfor I minute
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with 5 seconds added at each cycle, followed by an elongation step of 72"C for 7

tninutes' A 10 pl sample of the PCR was ïun on a 1% TBE gel to confirm arnplification.

A 3'-A overhang, required for cloning into tlie pDrive vector, was added to the pCR

product by incubating the remaining 90 prl of the PCR with 2 units of Taq (l'vitroge'),

0'2 nrM of each dNTP, and lx PCR buffer (Invitrogen) atT2cfor g mi'utes. The

reaction was iced briefly and purif,red using the QIA quick pcR purification kit (eiagen).

Tlre product was eluted with 30 ¡,rl of elution buffer and a portion was run on a l%o TBE
agarose gel to estimate the amount of DNA present.

The 1'2 kb purified and Taq extended PCR product was ligated into tlie pDrive

vector (Qiagen)' Approxirnately 50 ng of pDriv e, 140 ng of the pCR product (a 5- I 0x

molar excess), and lx ligation master mix were combined in a l0 pl volurne. The

reactiotr was incubated at 6oc for 30 minutes and then stored at -20oc.The cloned pcR

insert was transformed into Qiagen EZ cornpetent cells by the addition of 2 ¡tlof the

ligation reaction into one tube of cells. various amounts of the reaction were plated onto

LB plates sttpplemented with 100 pglrnl of Amp, and spread with 40 ¡.rl of 40 rng/ml X-
gal plus 40 ¡-tl of 100 mM IPTG for color selection. The plates were incubated overnight

at 37oc' Individual colonies were grown overnight at 37ocin LB culture supplemented

with 100 pglml Amp. Plasrnid DNA was isolated with the elA prep spi' Miniprep kit
(Qiagen)' one positive clone was maintained and sequenced at the university of calgary

with the Ml3 forward and reverse vector primers.

The full coding region of the connexin was digested out of 7 pg of the pDrive

clone with 25 units of EcoRI (Gibco BRL) and rx Reacr3 buffer (Gibco BRL), for 3

lrours at 37"c' The full digest was run on a 7%oTBE agarose gel, and the insert band was
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cut out of the gel using a fi'esh razor blade. The insert band was purified using Biolab's

Geneclean spin kit, eluting the purified product in 20 ¡rl. The amount of DNA recovered

from the column was estimated as 50% of the original amount. The pCS2+ vector had

previously been digested with EcoRI, tleated with CIAP, and phenol-chloroforrn

extracted (by a labmate). The following ligation reaction was set up in a microfuge tube

in a total volume of 20 ¡rl and incubated overnight at 14oC: 0.26-0.4 ¡Lg of the purif,red

insert, 1 unit of T4ligase (Invitrogen), 0.075 ¡rg of the digested pCS2+ vector, and 1x

ligation buffer (Invitrogen). The cloned comexin in pCS2+ was transformed into

Solopack@ Gold Competent cells (Strategene) by the addition of i pl of the ligation

reaction to one tube of cells as outlined in section 2.6. Various amounts of the

transformation reaction were plated onto LB-Arnp plates (100 pg/rnl of Arnp) and

incubated at 37"C overnight. Overnight cultures and minipreps were performed as

previously described to isolate the plasmid. As the pCS2+ vector does not have the

required elements for color selection, a test digest with EcoRI was performed and run on

a 1%o TBB-agarose gel to verify the presence of an insert of expected size. To deterrnine

the orientation of the cloned corurexin, 1.5 pg of plasmid DNA was digested at 50oC for

3.5 hours with 10 units of BstXI (Prornega), lx buffer D (6 rnM Tris-HCl pH7.9, 150

mM NaCl, 6 mM MgCl2, 1 mM DTT) (Promega), and 5 ¡,rg of BSA (Promega) in a 20 ¡rl

volume, and run on a 7o/o TBE-agarose gel. The plasmid was sequenced using

pCS2+lF/l and internal primers previously created for sequencing of the HindIII PAC

subclone.

To ensure the cloned connexin transcribed in pCS2+, an in vitro transcriptiolt was

performed following the same method as used to create a probe for whole-mount ISH
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(section 2. 10.b.). Ten micrograms of the cloned connexin in pcs2+ was lineari zed, to

create an antisense ternplate with 35 units of XbaI (GibcoBRL) and lx React2 buffer (50

nrM Tris-HCl pH 8.0, 10 mM Mgcl2, 50 mM Nacl)(GibcoBRL) for 5 hours at37"c.

Tlre digestion was phenol-chloroform extracted and precipitated, and an in vitro

transcription was set up with 1 ¡rg of linearized ternplate and 40 units Sp6 polymerase

(NOTE: DIG-11-UTP was not added to the reaction). The reaction was run on a

denaturing forrnaldehyde agarose gel to observe transcription products.

2.7 .b. Electrophysiology

Fifteen micrograms of uncut plasmid was dried down using a Savant Centrivap

and sent to Dr. T. White (SUNY, Stoney Brook, NY) so functional properties of the

cloned connexin could be analyzed using the paired Xenopus oocyte system (Cason et al.,

2001).

A LN54 RH panel consisting of genornic DNA from 93 cell lines and 3 controls

(generously supplied by Marc Ekker, Loeb Institute) was used to map the chromosomal

location of the cloned connexin. A test PCR was first performed to ensure the primers

chosen did not arnplify regions frorn the mouse chrornosomes. The f,rrst primer set

amplified a 536 bp nucleotide sequence encoding for the region encompassi¡g parts of

tlre COOH- terminus (C{ail) and the 3' UTR (zfCx45.6lF/3, zfCx45.6/R/3). The second

primer set arnplified a3I7 bp nucleotide sequence encoding for the region exte¡ding

from the 5' UTR into the first transmembrane region (zfCx45.6lF/2, zfCx45.6/R/1). The

following reagents were combined in a20 ¡tl volume for each primer set: lx pCR buffer

2.8. Chromosomal Mapping: LN54 Radiation Hvbrid panel
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(20 mM Tris-HCl pH 8.4, 50 mM KCl)(Invitrogen), 0.2 mM of each dNTp, 0.25 pM of

each primer, 1 unit of Taq (Invitrogen), and varying amounts of Mgcl2 (1.5 mM, 0.75

ntM, or 3 mM). To these reagents, either 0.1 pg of mouse genomic l)NA (ge¡erously

supplied by Dr. R. McGowan, University of Manitoba), or 0.5 pg of zebrafish genomic

DNA was added, thus resulting in six different PCRs for each primer set. The fbllowi¡g

PCR was performed with all samples: 94oC for 3 minutes, and then 30 cycles of 94"C for

45 seconds, 65"C for 45 seconds, 72C for 75 seconds, followed by l0 minutes of 72C.

A 5 pl sample of each reaction was run on a lo/o TBE agarose gel to determine the

optimal primer set and concentration of MgCl2 to use for PCR with the pa¡el.

The panel PCR was run in essentially the same fashion as above, but 100 ¡g of

DNA from each cell line was used as template. A 5 pl sarnple of each pCR was rlrn on a

1% TBE agarose gel to determine the cell lines containing positively amplified pCR

products' Each cell line was scored as follows: 1-positive, O-negative, 2-ambiguous or

missing data' PCR was re-run and scored two more times in the same fashion. Results

frorn all three runs were compiled and entered into the LN54 panel web page

(lrttp://rngchdl'nichd.nih.gov:8000/zfrh/beta.cgi), and the chromosomal location of the

gene was statistically determined.

2.9. Northern Anal)'sis

2.9.a. Poly A" blot

A polyA* rnRNA blot was created by a lab-rnate to use for Northern analysis,

Total RNA was isolated from embryos staged 0 days post fertilization (dpf) to 5 dpf, as

well as adult brain, eye (minus the lens), liver, and ovary using TRIzol@ Reagent
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(Invitrogen)' The embryos or tissue were homogenized in 1ml of TRIzol@, and incubated

for 5 minutes at room temperature. The organic phase and the aqueous phase containing

tlre RNA were separated by the addition of 0.2 rnl of chloroform followed by

centrifugation. The aqueous phase was transferred to a fresh tube and the RNA was

precipitated with 0.5 ml of isopropyl alcohol. The samples were incubated for ten

tninutes at room ternperature, and then centrifuged to pellet the RNA. The resulti¡s

pellet was washed once with75%o ethanol, dried, ancl dissolved in l1 pLl of

diethylpyrocarbonate (DEPC) (Sigma) treated water. The amount of RNA isolated was

detennined spectrophotometrically. PolyA+ mRNA was isolated frorn total RNA using

the oligotex mRNA Mini kit (Qiagen). Using this kit, 100 to 200 p,gof total RNA was

mn through an Oligotex column that contained beads covalently linked with dC¡6T36

oligonucleotides. The poly-Atail of the mRNA hybridized to rhe beads while rhe tRNA

and rRNA was washed off. PolyA* rnRNA was eluted with low salt conditions, and then

precipitated with glycogeu and NaOAc in absolute ethanol. Two micrograms of polyA"

nRNA from each satnple, with the addition of lx RNA loading buffer, were run on a lv,

agarose denaturing forrnaldehyde gel (see appendix). The gel was rinsed in l0x SSC and

then blotted by capillary action onto a nylon Magnacharge membrane (0.45 microns,

Ostnonics, Minnetonka, MN) (Sambrook et a\.,1989). The blot was dissassembled and

washecl for 5 minutes in 2x SSC at 65oC to remove any gel stuck to the membrane. The

blot was dried a'd crosslinked with uv, and stored at room temperature.

2.9.b. PstI probe

A clone containing a portion of the coding region was created to use as a probe

for Northern analysis. A 10 pg sample of the first HindIII PAC subclone was disested
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with 10 units of Pstl (GibcoBRL), and 1x React2 buffer (50 rnM Tris-HCl pH g.0, l0

mM MgCl2, 50 mM NaCl)(GibcoBRL) for 2 hours at37 "C. Computer-aided restriction

mapping (BCMs Web cutter, http://searchlauncher.bcm.tmc.edu/seq-util/seq-util.ht¡rl)

determined that digestion with PstI would result in about a 600 bp fragme¡t

encompassing nucleotides coding for the 4tl'transmembrane region and a portion of the

c-tail (base pairs 449 to 1052 of the coding region). The full digest was rlln on a l% TAE

agarose gel. Using a fresh razor blade, a band of approxirlately 600 bp was cut out of the

gel and purified using the Gene Clean spin kit (Bio 101, Carlsbad, CA), eluti'g the

sample iri 20 pl. Recovery frorn the column was estimated as 50% of tlie origi¡al

amount' The vector, pBluescript (Strategene), was prepared for cloni¡g as previously

desclibed (section 2.6.),bufwas digested with an excess of Pstl before bei'g treated with

CIAP. The vector was phenol-chloroform extracted, and precipitated as described

previously.

The insert was cloned by ligation into the pBluescript vector, and transformation

into Solo Pack Gold cells (Stratagene). The following ligation reaction was set up in a i0

pl volurne in a rnicrofuge tube, and incubated overnight at 14"C: 167 ngof tlie purif,red

600 bp band, 20 ngof cligested p'Bluescript, lx ligation buffer (invitroge¡), and I unit T4

DNA ligase (Invitrogen). The ligation was transformed into Solopack@ Gold cells as

described previously (section 2.6.). Yarious amounts of the transformation were plated

onto LB-Amp plates and incubated overnight at 37"C. Three white colonies were

selected and cultured overnight in LB-Amp media. Plasmid DNA was obtai'ed from

ovemight cultures using the QIA prep Spin Miniprep kit (Qiagen). Samples were run on

a I%o TBE agarose gel to estimate the concentration of DNA obtained. The orientation of
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the ligated insert was determined by test digests with 3 pg of DNA and an excess of

either BstXI (Promega), or HincII (GibcoBRL). The reactions were digested at 55oC and

37"c respectively for 2 hours, and run on a ryo TBE agarose gel.

2.9.c. Hybridization and detection

An antisense probe template was created by linearizing 10 pg of the pstl clone

with an excess of BamHI O{ew England Biolabs), and 1x BamHI buffer (150 rnM NaCl,

10 mM Tris-HCl pH 7 .9, 1 0 mM MgCl2, 1 mM DTT) (Ì.{ew England Biolabs) for 2 hours

at 37"C. A sample of the digest was run on a lYo TBE agarose gel to verify digestio¡.

The digest was phenol-chloroform extracted, precipitated, and dissolved in 11 ul of

water' The arnount of template recovered was determined spectrophotometrically. The

following trarrscription reaction was set up in a total volume of 20 pLl and incubated for 30

nrinutes ar-37"c: 1xT7 buffer (40 mM Tris-HCl pH g.0, g mM Mgcl2, 2 mM

sperrnidine-(Hcl)3, 25 mM NaCl) (Invitrogen), 0.1 M DTT (Invitrogen), 20 units RNasin

(Prornega), 0.5 mM of each NTp, 1 pg of linearized and purified template, 5 pl of 370

MBq/ml 32P uridine 5'- triphosphate (UTP) (Perkin ElmerrM), and 50 units of T7 RNA

polymerase (GibcoBRL). To digest the DNA template, the reaction was incubated with 1

unit of RQl RNase-Free DNase (Promega) for 15 minutes at37"C. To stop the digestion

reaction 1 ¡rl of 0.5 M EDTA was added. The 32P-labelled RNA probe was purified using

the mini Quick Spin RNA Column (Boehringer Mannheim), diluting the sarnple to 75 ¡rl

with DEPC water prior to addition to the column. The labelling of the probe was

assessed with a Beckman scintillation counter as outlined in section 2.4.a.

The polyA* blot was prepared for hybridization in the same fashion as described

for the PAC clone rescreeuing (section 2.4.c.), but was incubated in HyB solution fbr 2
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hours at 55'C. The RNA probe was denatured by heating for 5 minutes at 65oC,

imrnediately before addition to the tube with enough hybridization solution to obtair-r 5 x

106 CPM/ml. The blot was hybridized overnight at 55"C. Unbound probe was removed

with 3 washes of at least 30 rninutes each in 0.1x SSC and 0.1% SDS at 68.C. The blot

was then rinsed in 2x SSC, prior to wrapping and exposing to film as for the origi¡al

PAC genornic clone (section 2.4.b.).

As a loading control, the same blot was probed by a lab-rnate in the same fashion

as above with a 
3'P-UTP labeled antisense RNA probe created from tlie zebrafish

elongation factor I alpha (ZfeFlalpha) (a generous gift from Dr. Ross .Iohnson,

Minneapolis, MN). This gene is transcribed at arelatively constant level in all tissues

and in embryos at all stages. The vector was linearized with EcoRi and transcribed with

T3 RNA polymerase, and the blot was hybridized overnight at 55oC with 5x106 CpM/ml

of probe. The blot was then rinsed and exposed to fihn as above.

2.10. Reverse Transcriptase - PCR

2.10.a. Obtaining cDNA

Reverse Transcriptase-PCR (RT-PCR) was performed to confirm the expression

pattern of the cloned connexin in the adult and embryonic zebrafish. Total RNA was

isolated from various ernbryonic zebrafish stages (1.5 lipf to 5 dpÐ, and adult tissue

(heart, lens, liver, brain and ovary) using TRIzol@ Reagent (Invitrogen) (section 2.8.a).

Residual DNA was removed with RQ1 RNase-free DNase (Promega). In a total reaction

volume of 10 prl, 3 pg of RNA was treated for 30 minutes at37"C with 3 units of Re1

RNase-free DNase (Promega), and lx RQ1 RNase-free DNase buffer (40 rnM Tris-HCl
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pH 8.0, l0 mM Mgsoa, 10 mM cacl2)(Promega). DNase treatment was stopped by

incubation for 10 minutes at 65oC with 1 prl of RQI DNase stop solution (promega). The

reaction was phenol-choloroform extracted, precipitated, and dissolved in 10 pl of DEpC

treated water. The amount of RNA recovered from the extraction was estirnated as half

the original amount.

First strand oDNA was created frorn the RNA of each embryonic stage and adult

tissue using Superscript rM II RNase H- Reverse Transcriptase (Invitroge¡). For each

RNA sample, 500 ng of oligo (dr)rz-rs (Invitrogen), approximarely 1.5 pg of purifred

RNA, and 0.5 rrM of each dNTP was mixed in a total reaction volume of l2 pl, and

heated for 5 minutes at 65oC. To the mixture,4 pl of 5x first strand buffer (50 mM Tris-

HCI pH 8.3,75 mM KCl, 3 mM Mgcl2)(nvitrogen), 2 ¡tl of 0.1 M DTT (lnvitrogen), and

I pl (a0 units) of RNaseOUT Recombinant Ribonuclease inhibitor (Invitrogen) were

added. The reaction was mixed gently, and incubated for 2 minutes at 42"C. To create

cDNA, the reaction was incubated with 1 pl (200 units) of Superscriptll for 50 rnin'tes at

42C (ftnal reaction volume of 20 ¡rl). The Superscript enzyme was inactivated by

heating at70"C for 15 minutes. The volume of the reaction was brought to 50 ¡rl by the

addition of 30 ¡rl of DEPC treated water, and then phenol-chloroform extracted to remove

residual enzyrnes and reagents.

2.10.b. PCR

PCR was perforrned using cDNA obtained frorn the various embryonic stages and

adult tissues, and primers (zfCx45.6/F14, zfCx45.6/zu3) arnplifying abour a775 bpregion

of nucleotides coding for a region extending frorn within the C-tail into the 3' UTR. pCR

was performed using the same Hotstart program used to isolate the PCR clone (section
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2'3'a.). In a total reaction volume of 50 pl the following reagents were combined: 1x

PCR buffer (Invitrogen), 1.5 mM Mgcl2, 0.2 rnM of each dNTp, 0.2 p.Mof each primer,

2 units of Taq (Invitrogen), and 10% of the first strand cDNA. As a control, pCR was set

up in a sirnilar fashion using prirners designed against a region of the zebrafish elo'gation

factor 1 alpha that sparis an intron (ZfeFlalph a/F/1, ZfeFlalphalR/l). The expected size

of tlre amplicon frorn cDNA is 569 bp, and 733 bp fiom genomic DNA. This ge'e is

transcribed at a relatively constant level in all tissues and in embryos at all stages. A l0

pl sanrple of each PCR reaction was run on a 1%o TBE agarose gel to visualise the

amplification product.

2.10.c. Blotting and probing

To increase sensitivity and conf,rrm the identity of the RT-pCR product, the

experimeutal sarnples were blotted onto a nylon membrane and probed with a 
32p-labeled

DNA probe. Fresh PCR products were obtained and 10 ¡rl aliquots of each reaction were

nu1 on a lYo TBE agarose gel. The gel was prepared for blotting by washing it in the

followi'g solutions: l) 0.25 M HCI for 15 minutes to fragment the DNA,2) 1.0 M

NaCli0'5 M NaOH for 30 minutes to denature the DNA, and 3) 0.5 M Tris-HCl pH g.0,

0'5 M NaCl for 30 r.ninutes to neutralize the gel. The gel was then blotted onto a nylon

membrane as outlined in section 2.9.c. After blotting, the rnembrane was probed with a

32P-labeled DNA probe, created from the original PCR clone, as outlined in section 2.4.

Tlre membrane was prepared for hybridization by incubating in HyB solution at 42"C for

a few hours, and then liybridized with 5-7 x i 06 CPM per ml of labeled probe i' HyB

solution overnight at 42"C. The membrane was washed 3 times for 30 minutes each at
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55'c in 0.1% sDS, 0.1x ssc, and then exposed to Kodak BioMax Lieht f,ilm as

previously described (section 2.4.b.\.

- DIG labeiled

2.ll.a. Heart cDNA clone

A new probe template of the isolated connexin was created frorn adult zebrafish

heart cDNA. RNA was isolated fi'om the adult zebrafish heart, and fìrst strand cDNA

was created as outlined in section 2.9.a. Púmers used to create the cDNA pr-obe template

were located 151 bp upstream frorn the starl codon, and 150 bp downstream from the stop

oodon of the cloned connexin (zfCx45.6lF/2 andzfCx45.6/N3 respectively). RT-pCR

was performed in the same lnanner as outlined in section2,9.b. using 5 pl of the adult

zebrafìslr heart first strand cDNA. An aliquot of the PCR reaction was run on a I%oTBE

agarose gel to verify amplification.

The PCR product was ligated into the pCRII@-TOPO vector (Invitrogen) by

cornbining 4 ¡rl of the PCR product, 1 ¡rl of salt solution (1.2 M Nacl, 60 mM Mgcl2)

(Invitrogen), and l0 ng of the vector in a microfuge tube, and incubati¡g for 30 minutes

at rootn temperature' A2 pl aliquote of the ligation reaction was transformed into one

vial of TOP l 0 One Shot@ cells (Invitrogen) in a method similar to that outlined in section

2'3'b. Aliquots of the transformation were spread onto LB-Amp plates, with the addition

of 40 ¡rl of 40 mg/rnl X-gal (Invitrogen) for color selection, and incubated overniqht at

37"C.

A test PCR reaction was performed to isolate positive colonies. Usi¡g a sterile

probe, 20 colonies were picked and stir:red into 20 pl of the following solution in
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individual tubes: 1x PCR buffer (Invitrogen), 0.2 rnM of each dNTP. 0.2 ¡twof both the

M13 reverse primer and the M13 forward primer,2 units of Taq (lnvitrogen), and 3 mM

of MgCl2' The tubes were heated for 10 minutes at94"C to lyse the cell membranes and

denature the DNA. The following PCR program was then performed: 35 cycles of 94.C

for 30 seconds, 53"C for 30 seconds,72"C for I rninute, and a final g minutes of

elongation at 72C. An aliquot of the PCR was run on a lo/o TBE agarose gel to

determine which of the 20 colonies contained vectors with an insert of expected size.

one colony was selected and grown overnight in LB-Amp, and plasmid DNA was

obtained fi'om the overnight culture using the QIAprep Spin Miniprep Kit (eiagel). The

amount of DNA obtained was determined spectrophotometrically. The clone was

sequenced using internal primers designed from PAC clone sequence. The sequence

obtained frorn the cDNA clone was compared to the sequence obtained frorn tlie pAC

clones and subclones.

2.ll.b. DIG-labelled probe

Templates for antisense and sense probes were created by linearizing l0 pg of the

lieart cDNA clone with 80 units of BamHI Q.Jew England Biolabs) and lx NEBaTnHI

buffer (l'Jew England Biolabs), or 80 units of EcoRV (New England Biolabs) a¡d 1x NE2

buffer (50 mM Nacl, 10 mM Tris-HCl pH7.9,10 mM Mgcl2, I rnM DTT) (Ì.{ew

England Biolabs) respectively. Both reactions were digested overnight at 37oC, and

samples of the digestion were run on a lo/o TBE agarose gel to verify complete digestion.

The reactions were phenol-cliloroform extracted and precipitated, and the pellet was

dissolved in l1 pl of DEPC treated water. The amount of template recovered was
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determined spectrophotometrically. DEPC treated water was added to brine the final

concerfration of the template to 0.2 pglWl.

An in vitro transcription was set up to create a digoxygenin (DIG)-11-urp-

labelled probe by combining the following reagents in a 20pl volume and incubating for

2 lrours at37"C:1 pLg of linearizedtemplate, 2 p,l of l0x NTPs (10 mM each ATp. CTp.

GTP, and 6.5 rnM UTP + 3.5 rnM DIG-II-UTP) (Roche, Laval, eC), 4 pl of 5x

transcription buffer (200 rnM Tris-HCl pH7.9,30 mM MgCl2, l0 rnM spermidi¡e, 50

nrM NaCl) (Promega), 2 ¡l of 100rnM DTT (Invitrogen), 40 units of RNasin (Promega),

and 40 units of T7 RNA polymerase (for the antisense probe) (GibcoBRL), or 40 units of

Sp6 RNA polymerase (for tlie sense probe) (Roche). Residual ternplate was removed by

tlie addition of 1 pl of RQl RNase free DNase (Prornega) for 15 minutes at 37'C. Tlie

reaction was stopped and the probe precipitated ovemight at -80'C by the additiol of

75 ¡,Ll of 100% ice-cold ethanol, 2 p,l of 0.2 M EDTA, and,2.5 ¡rl of 4 M LiCl. The RNA

probes were pelleted, washed once with 75%o ethanol and left to air dry. The pellet was

clissolved in 50 pl DEPC treated water with the addition of 1 pl RNasin.

To check the efficiency of the transcriptio t't,2-5 prl samples of the probes were run

on a mini 1% formaldehyde gel and blotted onto a nylon membrane as for the Northern

atralvsis (section 2.8.a.). The rnembrane was dried and the RNA was cross-linked to the

tnembrane with l20000 ¡-tJ/cm2 from a SpectrolinkerrM XL-1000 UV Crosslilker

(Spectronics Corporation, Lincoln, NE). The membrane was wet in 2x SSC and rinsed in

TBS-T prior to being blocked for t hour in3Yo skirn milk powder in TBS-T at roorn

temperature. The blot was probed with sheep anti-digoxigenin alkaline phosphatase

conjugated Fab fragments (anti-DIG antibody) (Boehringer Mannheim) (1:5,000 in block
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solution) for 1 hour at room tetnperature. Antibody was rerroved with 3 washes of 10

minutes each iu TBS-T. The blot was rinsed once in NTM buffer, and developed with

3'5 pllml of 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (Boehringer Mannheim), and

4.5 p'llml of nitroblue tetrazoliurn QIIBT) (Boehringer Mannheim) in NTM buffer. The

color reaction was stopped by rinsing with 50 mM Tris pH 7.0. The intensity of the

incorporation of DIG into the sense and antisense probes was compared, and if necessary

the amount of each probe used for liybridization was altered so as to obtain similar color

intensity.

2.ll.c. Embryo preparation

Wrole-rnount in-sftu hybridization (ISH) was performed on various stages of

embryos between 0 dpf and 5 dpf following the protocol set out by Thisse er at. (1993)

witlr slight modifications. Ernbryos were fixed overniglit in 4%o parafomraldehyde (pFA)

in PBS at4"C, and washed twice in PBS at room temperature for at least 5 minutes each.

Chorions were removed during the first wash using watchmaker's forceps. Embryos

were stored in90o/o methanol at -20"C for at least I hour to help reduce background. For

ISH, embryos were allowed to reach room temperature, transferreci to 1.5 ml microfuge

tubes, and rehydrated by incubating for 5 minutes in each of the following solutions: l)
75%o methanol/25o/" PBS, 2) 50% methanoll5}Yo PBS, 3) 25o/o metl-tano;/j5 % pBS.

Ernbryos were rinsed briefly in PBS, and then washed twice for 5 rninutes each in 100 o/o

PBS-T. Ernbryos were fixed again for 20 minutes in 4YoPFA, rinsed briefly in pBS-T,

and then washed twice in PBS-T for 5 minutes each. To permiabilize the plasrla

tletnbranes, embryos were treated with 1O¡rg/rnl of proteinase K (Boehringer Mamrheim)

in PBS-T at room temperature as follows: 0 dpf - no treatment, 1 dpf - 15 mi¡utes ,2 and
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3 dpf - 20 minutes,4 and 5 dpf - 30 rninutes. Embryos were then rinsed in pBS-T and

washed in PBS-T for at least 5 minutes. Embryos were fixed again in 4o/o pFA in pBS-T

for 20 minutes at room temperature. The embryos were then washed three times in

PBS-T fbr 5 rninutes each.

At this point, pre-aclsorption of the antibody (see section 2.10.e.) was initiated by

combining I pl of the anti-DIG aritibody (Boehringer Mannheim), approximately 50 prl of

rehydrated fixed embryos, 400 pLl of PBS-T, 2 mg/ml BSA (Promega) a¡d 2yo nortnal

goat serum (NGS) (Zyned, San Francisco, CA). The tube was incubated with shaki's at

roorn temperature for 2 hours, and then stored at 4"c until needed.

2.ll.d. Whole-mount ISH

The tubes containing embryos were placed on a rotary shaker (25 rprn) for l0

minutes at 60"C in 400 pl of ISH hybridization (HYB*) buffer. The HyB* buffèr was

replaced with 700 pl of fresh HYB+ buffer, and the embryos were left rocking slowly for

3-5 lrours at 60"C. Ernbryos were hybridized overnight at 60.C with about 2 nglpl of

either the sense or antisense DiG-labelled connexin probe in HYB*. U'bou'd probe was

removed by washing embryos briefly in l00o/o HYB*, and then l5 minutes at 60"C in

each of tlre following solutions: l)75% HYB- (HYB* minus Heparin andTorulct

RNAy25% 2x SSC, 2) 50%HyB'tso% 2x SSC, 3)25%HyB-/75%2x sSC, 4) 2x sSC.

The embryos were then washed twice in 50Yo formamide/O.2x SSC for 30 minutes at

room temperatute, followed by the following washes for l0 minutes each at room

temperature: l) 75%o 0.2x sSC/25% PBS-T,2) 50o/o 0.2x sSC/50% PBS-T,3,t 25%o 0.2x

ssc/7s% PBS-T, 4) 100%PBS_T.
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2.ll.e. Detection of probe and observation of embryos

Embryos were rinsed in PBS with the addition of 2 rng/ml BSA (Promega) and

2% NGS (Zymed), and then blocked in the sarne solution for I hour at rooln temperature.

Embryos were incubated with the preabsorbed anti-DIG antibody (1:4,000 - 1:5,000

dilution) in the above block solution rocking slowly overnight at 4"C. Unbound antibody

was relnoved by rinsing embryos in PBS-T, and then washing in pBS-T at room

temperature 6 times for at least 15 rninutes each. Embryos were transferred to glass well

plates and washed twice in NTM buffer with tlie addition of 5 mM levamisole (Sigma) at

room temperature for 10 minutes each. The last wash was replaced with the same

solution plus the addition of 4.5 pl/rnl NBT, and 3.5 pllrnl BCIP. Color was allowed to

develop for anywhere from l0-48 hours. To stop the color reaction, embryos were rinsed

in PBS, and then fixed overniglrt at 4"C in 4%pF Awith the addition of ro/o

glutaraldehyde.

Embryos for whole-mount observations were washed twice in PBS at room

temperature for 5 minutes each. The embryos were dehydrated by the gradual additio¡ of

100% methanol. Ernbryos were incubated in 100% methanol for 5 minutes, and then

cleared with 100% glycerol. Embryos were Írounted in glycerol on glass microscope

slides, and observed with aZeiss Axioskop light microscope (Carl Zeiss, Toronto, ON)

using Nornarski optics. Images were captured and saved in Northern Eclipse 6.0 (Empix

Imaging lnc., Mississauga, ON).

Ernbryos for sectioning were infiltrated with multiple washes of catalyzed JB-4rr/

Solution A (Polysciences Inc., Waruington, PA)(one of the infiltration washes was

overnight at 4"C). Embryos were then placed in flat bottomed BEEM@ capsules, the
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infiltration solution was replaced with a l:25 mixture of JB-4 Solution B: Solution A. and

the capsules capped. The blocks were left for a few hours at room temperature to

polyrnerize. The capsules were cut open and exposed to air overnight prior to sectioning

into 3-5 prn sectiotls with a microtome. The sections were heat fixed to a glass slide, ancl

observations were made as for whole-mounts.

2.12.a. Cmlc2 DNP-labelled probe

A dinitrophenol (DNP)-labelled probe was created to aid in orientation of

staining by the DlG-labelled comexin heart cDNA probe. Plasrnid containing about a 1

kb oDNA fi'agment of the 3' end of the cardiac myosin light chain 2 gene (cmlc2), in the

pGEM-T vector (Prornega) was obtained from Dr. D. Stainier (University of California

San Franscisco) (Yelon et a|.,1999). The plasmid, spotted on filter paper, was eluted by

heating the filter in 100 pl of TE buffer for 5 to10 minutes at 65'C. The plasmid was

transformed into SoloPack@ Gold Cornpetent cells (Strategene) as in section 2.6. Various

atnouuts of the transformation were plated onto 100 ¡rglml Anip-LB plates, and incubated

at37"C overnight' Individual colonies were grown overnight in LB culture supplernented

with 100 rng/ml Amp. Plasmid DNA was isolated using the QIAprep spin mi¡iprep kit

(Qiagen), and the concentration of plasmid obtained was determined

spectrophotometrically. To verify the presence of an insert, 1 prg of plasmid was

linearized with 15 units of Notl (L'rvitrogen), and 1x React 3 buffer (50 rnM Tris-HCl pH

8.0, 10 nrM MgCl2,100 mM NaCl) (Invitrogen), and run on a |YoTÌEasarose sel. The

2.12. Whole-mount 1z situ Hybridization _ Double Staini

Jf



digested transcript was then phenol-chloroform extracted, precipitated, and dissolved in

1l ¡rl of water.

A DlG-labeled cmlc2 antisense RNA probe was created in the same fashio¡ as

described in section 2.I0.b. using I pg of tlie NotI linearized. cmLc2template, andTT

RNA polymerase (GibcoBRL). A DNP-labeled crnlc2 antisense RNA probe was created

by essentially following the protocol set by Long and Rebagliati (2002). A transcription

reaction was set up by combining the following reagents in a20 pLl volurne: I pg of

purified linearized template, I mM of each NTP, 1x T7 transcription buffer (GibcoBRL),

10 mM DTT (Invitrogen), 40 units RNaseOUT (Invitrogen), and 40 units of T7 RNA

polymerase (GibcoBRL). Tlie transcription reaction was incubated at 37'C for 2 hour-s.

To remove the DNA template, I pl of RQI RNase free DNase (Promega) was adcled a¡d

tlre rnixture incubated at37"C for 15 minutes. The transcription products were purified

by running the reaction through a G50 RNA Quick spin column (Boehringer Mannheim).

A2 p"l sample of the purified product was run on a IYo formaldehyde gel to estimate

recovery. The remaining reaction (about 50 ¡rl) was precipitated overnight at -80'C with

the addition of 100 ¡il of 100% ice-cold ethanor, 2 p"l of0.2 mM EDTA, and2.5 pl of 4 M

LiCl' Tlie RNA was pelleted, washed in7íYo ethanol, and DEPC water was added to

result in a dilution to approximately 0.2 p"g/p,\.

In a20 pl volume, 2 ¡rg of the transcript was combined with lx labeli¡g buffer A

(MIRUS, Madison, WI), and 4 pl of reconstituted LctbelIT reagent (MIRUS), and then

incubated for 1 hour at37"C. This reaction results in DNP tags covalently attaching to

noubasepairing sites on the guanine ring within the probe. Unbound labelling reagent

was rerìoved by running the reaction tluough a G50 spin colurn¡ provided with tlie kit.

52



Prior to adding the product to the colurnn, the volume of the reaction was brought to

50 pl with 30 ¡^tl of lx labeling buffer A. The DNP-labelled transcripr was precipitated,

waslred, and dried. Tlie probe was diluted to approximately 0.2 pg/¡rl witli DEpC treated

water, and stored at -80"C.

2.12.b. WM-ISH double staining

Initial tests with either the DIG- or DNP-labeled cmlc2 probes were performed on

various staged embryos (as in sections 2.10.c-e.) to determine the location and strength of

staining with each probe. Two-color V/M-ISH was performed with the DIG-labelled

connexin probe, and the DNP-labelled cmlc2 probe, esserfially as outlined by Lo¡g a¡d

Rebagliati (2002). The embryos were prepared and probes hybridized as described

previously (section 2.10.c. and2.10.d.), except both probes were added to the overnight

hybridization. As well, unbound probe was rernoved by washing embryos briefly in

I00% HYB-, and then at 60"C in each of the following solutions: l) 2 washes of 30

nrì nutes each in 5 jYo formamide/2xs S c I 0 .3% (3 - [(3 -chol amidopropyl) -

dirnethylammonio]- I propanesulfonate) (CHAPS) (Sigrna), 2) 2 washes of l5 minures

each in 2xSSC/0.3%CHAPS, and 3) 2 washes of 30 minutes each in 0.2x SSC/0.3%

CHAPS, and a f,rnal wash in PBS-T at room temperature for 15 minutes. After the DIG

color reaction, embryos were fixed overnight in 4%PFAand then washed in the

following solutions: 1) 2 washes of 20 minutes each at roorn ternperature in MAB-T,2)

l0 nrinutes at70"C in MAB-T and 10 mM EDTA. The embryos were dehydrated in

100% methanol for 10 minutes at room temperature, and then rehydratecl with a graded

methanol/MAB-T series. This was followed by 4 washes of 10 rninutes each at room

temperature in MAB-T. The embryos were blocked in i0% heat inactivated goat serum,
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and lyo blocking reagent (Boeliringer Mannheim) in MAB-T for I -4 hours at room

temperature. Embryos were incubated in preadsorbed anti-DNP antibodies (1:1,000)

overnight af 4"C. Antibody was rernoved with multiple washes of MAB-T. To prepare

for the DNP color reaction, the embryos were rinsed 3 tirnes in NTM buffer for 5 minutes

each, and then stained in NTM buffer with the addition of 3.5 ¡rl/ml BCIp (Boeluinger

Mannheim) and 0.2 rng/rnl p-Iodonitrotetrazolium (lNT) violet (Sigrna). Embryos were

prepared for whole-mount observation as desclibed previously (sectio¡ 2.10.e.).
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CHAPTER 3. RESULTS

3.1. Cloning

A genomic clone coding for the zebrafish orthologue to rnammalian connexin4O

was obtained by taking advautage of the high degree of sequence similarity between the

connexins. PCR was pelformed using prirners, designed with the help of a zebrafish

codon usage table, and based on conserved regions ofconnexin nucleotide sequence

obtained from GenBank. Hotstart PCR, with a low stringency amealing ternperature of

52"C, resulted in amplification of an approxirnately 650 bp fragrnent from zebrafish

genomic DNA. This product was cloned, and 634 bp of sequence was obtained usi¡g

vector primers (Figure 4) (see Figure 3 for a representation of the location of this and

other clones, and amplicons, with respect to the coding region of the cloned connexin). A

BLASTN search of the non-redundant division of GenBank, using the 634 bp fragrnent as

the query sequence, determined the clone shows the highest sequence sipilarity to the

connexin40 orthologues (the u5 group), and to a lesser extent the connexin46 orthologues

(the cr3 group). This clone was used to probe a zebrafish PAC library at high stringency.

A total of I strong and 40 very weak clone signals were observed on the radiographs.

The PAC clones corresponding to the seven strongest signals were ordered and screened

once by streaking approxirnately 20 individual colonies of each clone onto a

nitrocellulose filter, and probing the filter with the PCR probe. Because the clones sent

from DHGB are prepared as stabs picked directly from the rnicrotitre plate containing the

requested clone, there is a possibility that the stab could contain mixed colonies.

Screening of the ordered clones in the above manner confirms their identity prior to

subcloning. Two positive clones from the screen were rand.omly chosen. and
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Figure 3. Clones and Amplicons of ZfCx45.6.

The coding region of zfCx45.6 is 1203 bp. This figure depicts the relative location and

size of all clones and amplicons of zfCx45.6. The gray and black bars represent the clone

or amplicon position in relation to the coding region or UTRs of zfCx45.6 (grey : in the

coding region, black : in the 5' or 3' UTR). On either side of the bars, the primers used

to create the clone or amplicon are noted. Tlie numbers above the gray bars represent the

approxitnate location of the primers with negative numbers (-) representing the distance

into the 5' UTR. For example, the RT-PCR amplicon extends from within the coding

region (520 bp), into the 3'urR (92bp) with an approximate size of 775bp.
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Figure 4. ZfCx45.6 Nucleotide Sequence.

A total of 1560 bp of nucleotide sequence was obtained from genomic pCR (bold

underline) and PAC clones of zfCx45.6 (no underline, underline and bold underline).

The start (ATG) and stop (TAG) codons (bold) encompassed an open reading frame of

1203 bp. Additional 161 bp of upstream sequence and 195 bp of downstream sequence

were also obtained (no underline).
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TCTTGGGTAATTTCCTC AGTGCAGGAGCACTCTA

TTTGTCTTAGGACAACTTTGAAGTAATTTTTTGATCC CCTTCAAACGCTGA
CTACTGTATATC TTACTCAAAAGTACATTAATGTTATTGTTGTTTTTGTTCT

TCTTGTTGTTC CTCAGCAGTGTAGGTGAGGAGTAATG GGGGACTGGAGTC

CCTTGGATGGAAACAGTGCAAAAAATG-ÇçITAGG-AAAC*AT-Gç-TGA-çA4.EC

A-C^GCCAATGAç-AA-AATTCAAAAC*G-TCAAAGCTGTTTCTGCAATTGAACCG

ATCAGGACAAGCATTCCAATGGATçIEççTGAGAACAACCAGCCTC GTCT

ÇT_CTCAAACCTGCACTC C4CCTQçAEAITIçAACCAGTGCTTAAGATCAA

ACCAAGGTCCAACATCTCCTCCAçAIÇIIçATTCTCACCATCTTCATCACA

T C C A C C AA A C C T G C C A G C C C T T C¿çç 4 4çç4T C T G G C A C A C C A G C A G AA C
TC C GTC AA C AT G GC C G C C GA GC ESç,AIçAÇ CA C A G C CAT GAT G G C C TG GA
G C C A G C C GT G GA C TT C C TG CA G,{T q Ç.{TI4T G G GA G T C C TGA G G C T C G G G

Trc*c--AêcTG_AAAr_G_AC*AC*cC"A-GTACCC-C_TrC-CACAC_ÇAr_c_CfcÇ_ç.trÇÇA_ç

G-GTTC-TTCA-*G-AgA-C-AAçCG-CA-G*G-C-TTA-GC-AAgA-CCAçTG*GTAçT.A-GJAG-T

AACC GACTCAGACCAAGTGATCTGGCC GTGTA GATC GTGAAAGTGGCAG
TTTCTGAGGAAAAGAAGCTGGAAGCCTTAAGATGAGAGATGTGAGTGTGT

GTGTGTGTGTGTGTTTGAATATGCTTGTTTGTTGGTACTATGAAATGGGAT

TTGGAATGAGAAAGGACTAAATAC CACCATAAAACCAA GGCTAATTAGA
ATAAGATG GGAAGAATCTGTATCAGA GC



plasmids isolated by two different methods. Both plasmids were subcloned into more

nranageable portions, containing the full coding region of the connexin within a12kb

HindlII restriction fragment. The first subclone was sequenced over the entire coding

regiotl, each region at least twice, and some regions rnultiple times. The seco¡d subclone

was sequenced only once over the last three quarters of the coding region, as the

sequence obtained confirmed that of the first subclone. Sequencing of the subclones was

first perfonned with primers based on the PCR clone sequence, and then with primers

based on PAC subclone sequence. A total of 1560 bp of sequellce, including a predicted

open reading frarne of 1203 bp within olle exolì, was obtained from the PAC subclones

(Figure 4). An additional 161 bp of sequence upstrearn frorn the start coclon (ATG), and

195 bp of sequence downstream from the stop codon (TAG) was also obtai¡ed. A

BLASTN search of the non-redundant division of GenBank, using the 1203 bp coding

region ofthe connexin as the query sequence, confinned the cloned connexin possesses

tlie highest degree of sequence sirnilarity to connexin4O orthologues,

Tlie coding region of the cloned connexin translates into 400 amino acids with an

estinrated molecular weight of 45.6 kiloDaltons. In accordance ,"vith the standard naming

system (Beyer et a|.,1987) the cloned connexin was named zebrafish connexin45.6

(zfCx45.6)' ZfCx45.6 demonstrates typical connexin membrane topography with four

transmembrane regions, and internal NH2- and cooH- termini as depicted by a

hydrophobicity plot of the amino acids (Figure 5). The high degree of similarity between

zfCx45.6 and the connexin4O orthologues is liighlighted by an alignment of their amino

acid sequences (Figure 6). In this alignrnent,zfCx45.6 is shown to possess the three

conserved cysteines present in the extracellular loops of all connexins. The hiehest
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Figure 5. Hydrophobicify Plot of ZfCx4S.6.

Tlie lrydrophobicity of the amino acid sequence of zfCx45.6 was plotted using the

TMPRED program (Hofmann and Stoffel, 1993) to predict the rnernbrane topology of the

connexin' Amino acids plotted above zero indicated hydrophobic regions of the protein,

while amino acids plotted below zero indicated liydrophilic regions of the protein.

ZfCx45.6 demonstrates typical connexin membrane topology with four liydrophobic

transmembrane regions (TM1 ,TM2, TM3, TM4), and internal hydrophilic NH2- and

cooH- termini (l.JHz-, c-tail), resulting in two extracellular loops (E1, E2), and an

internal cytoplasmic loop (IC).

61



Tl'lpned output fs¡ Zftx45. Ê,

t50 eEB Ê50

Amino Acids

+øttø

EOE E

-6980

-ÚFE ø

(J
¡q

(rì
(t)

hP.E -ÌAÃn
CJ

ë -4ÊoE

Þr
l"r1

-10080

40ølEIE

TM4
..:

i_)o _
o-ii -- ".-

TMl T\/12
TM3

EI
E2

NH2-

C-tail

TC



Figure 6. Amino Acid Alignment of ZfCx45.6 and the Connexin40 Orthologoues.

A BLASTN search of the non-redundant division of GenBank, using the 1203 bp coding

region of the coluexin as the query sequence, confirmed zfCx45.lpossessed the highest

degree of similarity to the connexin4O orthologues. This similarity is demonstrated by an

alignment of the amino acid sequences of this group, whereby stars (*) denote identical

amino acids, and semicolons (:) denote similar amino acids. Spaces represented by

dashed lines have been added to optimize alignrnent. The shaded regions highlight the

four predicted transmembrane regions, and the black circles highlight the tluee conserved

cysteiues in the extracellular loops. The highest divergence in similarity betwee¡ the

menrbers of the group occurs in the cytoplasmic tail, where zfCx45.6 also possess extra

sequence. Possible conserved regulatory phospliorylation sites are highlighted by open

circles (o).
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divergence in sequence between zfCx45.6 and the connexin4O orthologues occurres in

tlre C-tail. ZfCx45.6 also possesses extra sequence in this region, thus resulting in a

higher predicted molecular weight than the marnmalian connexin40 orthologues.

ZfCx45.6 possesses the highest amino acid similarity to chick Cx42 with 53% ide¡tity,

and 63%o sirnilarity. This is followed by human Cx40 (52%1630/0), dog Cx40 (51%162%),

rat Cx40 (50%162%), and mouse Cx40 (49%162%). This sirnilarity is graphically

depicted in Figule 7, which represents the structural relationships between connexins

expressed in the cardiovascular system. ZfCx45.6 clearly groups with the mammalian

connexin40 orthologues.

Possible zfCx45.6 regulatory serine (Ser), thleonine (Tlu), and tyrosine (Tyr)

phosphorylation sites were predicted using NetPhos2.0 (www.cbs.dtu.dk/services

/ltretPhos/). In total, 19 Ser, 5 Thr, and 1 Tyr phosphorylation sites were predicted. The

majority of the predicted sites were within the cytoplasmic regions, with only 6 of these

sites being conserved across the connexin4O ortliologues (Ser18, Ser383, Ser386, Tlirlg,

Tlrr99, Tyrl24) (Figure 6). All couserved sites had high "phosphorylatio¡ potential"

scores of 0.82 and above, except for Thrl9, which had a low score of 0.56 suggesting it

may not be a potential phosphorylation site. These predicted sites are located in all of the

cytoplasrnic regions of the zfCx45.6 Qrl terminus, cytoplasmic loop, and C-tail).

3.2. Functional Analysis

The basic biophysical properties of zfCx45.6 channels were determined in studies

performed by Dr. T. White using the paired Xenopus oocyte system. In all studies, oocyte

pairs were injected with an oligonucleotide antisenseto Xenop¿¿s Cx38 to mi¡imize any
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Figure 7. Phylogenetic Tree of Connexins Expressed in the Cardiovascular System.

Plrylogenetic analysis was performed with CLUSTALX (1.4) (Thompson et al., 1997)

and TreeView (1.5) (Page, 1996). The phylogram graphically represents the structural

relationships between connexins expressed in the cardiovascular system, whereby the

litrear distance between sequences is inversely proportional to the level of amino acid

similarity. The distance indicated by tlie scale bar represents 0.1 arnino acid substitutions

per site. ZfCx45.6 clearly groups with the connexin4O orthologues.
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contributions of this endogenous connexin to recorded conductance values (Bruzzone et

al.,1993).

in the first set of experiments, two Xenoptts oocytes were injected with zfCx45.6

nrRNA, paired, and clamped at a set voltage to ensure the transjunctional voltage (Vj)

was zero. A voltage step was applied to one oocyte, and the resulting macroscopic

junctional current passing from the first to the second oocyte was recorded, and the

junctional couductance (Gj) was plotted (Gj : junctional current / Vj). For zfCx45.6, the

cells were found to be electrically coupled with a mean Gj : 33.57 +/_ lL 95 ¡rS (n:30),

wlrile control oocytes injected with water were not electrically coupled (Gj : 0.12 +l-

0.13 pS, n:24) (Figure 8.4.). Thus, zfCx45.6 fonns functional gap junction channels.

In a second set of experitnents, hyperpolarizing or depolarizing transjunctional

voltage (Vj) steps of +/- 20 rnV were applied to one oocyte, while the second oocyte was

clarnped at a set voltage. The resulting junctional current (Ij) between both oocytes was

recorded. The junctional current was found to rapidly decay over time to a steady state

within 0.5 seconds, in a symmetrical and exponential lnanner (Figure 8.8.). Thus,

zfCx45.6 channels are voltage sensitive.

3.3. Mapping

To detennine the cluomosomal location of zfCx45.6, PCR was perforrned using

the LN54 RH panel. As this panel consists of genomic DNA frorn fused mouse and

zeblafish cells, and orthologous connexins possess a high degree of sequence similarity,

initial tests were run to determine optimal PCR conditions that would amplify a region of

zfCx{l.6 from zebrafish DNA, but not Cx40 frorn mouse DNA. It was deterrnined that
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Figure 8. Functional Analysis of ZfCx45.6

The basic biophysical properties of zfCx45.6 channels were determined using the paired

Xenopus oocyte system. A. ZfCx45.6 forms functional chamels with a junctional

conductance (Gj) : 33.57 +l- 11.95 pLS (n:30) (conrrol Gj : 0. 12 +l- 0.13 ¡rS, n:24). B.

ZfCx45.6 forms voltage-dependant channels that close upon hyperpolarizing or

depolarizing voltage steps. This is illustarted by the rapidly decaying junctional curuent

(lj) within 0.5 seconds.
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PCR using either primer set tested, ar-rd a high annealing temperature of 65"C, arnplified a

band of expected size from zebrafish, but not mouse DNA. The prirner set that amplified

a 536 bp nucleotide sequence, encoding the region cornprising parts of tl-re C-terminus

and tlre 3' UTR (zfCx45.6lF13, zfCx45.6lRl3), was randomly chosen to use for PCR

screening of the panel. As well, it was determined that a final concentration of L5 rnM

MgCl2 was optirnal for the PCR. PCR was performed tluee times with the panel using

the same conditions each time. An aliquot of the PCR from each cell line was run on a

gel and scoled as positive (containing a portion of zfCx45.6), negative, ol ambiguous. A

cell line was scored positive if a strong band was observed in at least two of the three

PCRs, and negative if a very faint band, or no band at all was observed. A cell line was

scored as arnbiguous if a strong band was observed only once out of the three runs.

Cornpilation of the results revealed that20 cells lines were positively arnplified, only one

cell line scored ambiguous, and PCR with seven cell lines resulted in faint bands, but

r,vere counted as negative in compliance with the above scoring criteria. The results were

entered into the LN54 web page, and the program statistically determined that the best

overall marker linked to zfCx45.6 was found on linkage group (LG) 9 with a lod score of

6.9 (Figure 9). The program mapped zfCx45.6 zero centirays from fb36h}2, a previously

mapped marker on LG9. The sequences of zfCx45.6 and this marker did not show any

significant sirnilarity. The best marker in the second best LG linked zfCx45.6 to LGl5

witlr a lod score of 4.6.
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Figure 9. ZfCx45.6 Maps to Linkage Group 9.

Using the LN54 RH panel, zfCx45.6 was mapped zero centirays frorn fb36h02, a

previously mapped marker on zebrafish LG9 (LOD score 6.9). Sequence of zfCx45.6

and fb36h02 did not signihcantly line up.
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3.4. Northern Analysis

To determine the ernbryonic and adult expression of zfCx45.6, a Northern blot

cotnposed of polyA* rnRNA fi'om 0 to 5 dpf embryos, and adult brain, eye (mi¡us the

lens), liver, and ovary was probed with a zfCx45.6 specific RNA probe. After l0 days of

exposure, zfCx45.6 was detected on this blot as a2.38 kb transcript in 1 to 5 dpf

embryos, and all of the tissues tested (Figure 10). The signal intensity appeared to

increase from 0 to 5 dpf, but the intensity also increased from 0 to 5 dpf iri the loading

cotrtrol (zebrafish elongation factor 1 alpha - ZfeF l alpha), thus the incr-eas e in zfCx45.6

signal is probably not signif,rcant.

3.5. RT-PCR

To coufirm the Northern blot results, RT-PCR was performed with gDNA

generated fi'om 0 to 5 dpf embryo RNA. In the first trial, zfCx45.6 was detected in 0 to 5

dpf embryo samples. A second trial was performed witli cDNA isolated from new

embryonic RNA, and zfCx45.6 was detected in I to 5 clpf embryo samples, but not from

the 0 dpf sample. In both trials, about a 570 bp band was amplified with the zebrafish

elongation factor I alpha primers from all the samples (i.e. there was no genomic DNA

contamination). To confirm the band amplif,red by the test primers was zfCx45.6,and to

obtain a higher sensitivity, the PCR products from the second trial were blotted onto a

nylon membrane and probed with a zfCx45.6 specific DNA probe. A faint signal was

detected on 0 dpf, and strong signals were detected frorn 1 to 5 dpf (Figure 11).

As it appeared zfCx45.6 could be detected at some point prior to 24 hpf, RT-pCR

was performed with cDNA samples generated from various staged embryos throughout 0
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Figure 10. Northern Analysis - polyA* BIot.

To deternrine the expression patterns of zfCx45.6. Northern analysis was performed with

a blot composed of polyA* mRNA isolated from various embryonic stages and adult

tissues. ZfCx45'6 was detected as a 2.38 kb transcript in embryos 1 to 5 dpf, and i¡ adult

brain, eye (minus lens), liver, and ovary. The loading control (ZfeFlalpha) indicated that

polyA* mRNA was present in all of the lanes tested, but not necessarily in equal

amounts.
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Figure 11. RT-PCR - 0 to 5 dptl

To confirm temporal expression pattern of zfCx45.6, RT-PCR was perforrned with

cDNA generated from 0 to 5 dpf embryos. Products were blotted onto a membrane and

probed with a zfCx45.6 specific DNA probe. A faint signal was detected on 0 dpf, and

strong signals were detected from I to 5 dpf. In all samples tested a 570 bp band was

arnplified with the ZfeFlalphaprimers indicating cDNA was present, and thele was no

genomic DNA contamination.
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dpf (1.5-2 hpf, 2-2.5hpf,3.5-a hpf, 4-4.5hpf,5-5.5 hpf, g-g.5 hpf, t2-r2.5 hpf, 12.5-13

hpf, t5-15.5 bpf,22-23 hpf). Unlike the previous experiments where embryos were

collected randomly throughout a specific day, embryos were collected and staged as

accurately as possible according to Kirnmel et at. (1995). For each stage, RT-pCR was

performed at least twice using RNA isolated fi'om different batches of embryos, though

not every stage was tested in a single trial. Over all, zfCx45.6 expression was detected

prior to 2.5 hpf (i.e. in fbe 7.5-2 hpf and 2-2.5 hpf stages), and in 12.5-13 hpf a¡d larer

stages' ZfCx45.6 expression was not detected between 3.5 and 12.5 hpf. pCR was

repeated with one sample of oDNA fi'om every stage tested, and the products were run on

a gel' In this case, zfCx4í.6 expression was only detected in the 1 .5-2 hpf samples, and

from 12.5 to 23 hpf (i.e. zfcx45.6 was not detected in the 2-2.5 hpf sarnple). pcR

products were blotted onto a nylon membrane and probed with a zfCx45.6 specific DNA

probe as before to confirm the identity of the amplified products, and obtain a higher

sensitivity (Figure 12). Results of the blot were the same as the gel with strong signals

detected in the 1.5-2 hpf sample, and from 12.5 to 23 hpf. Faint ba¡ds could also be seen

in most of the samples between 2 and 12.5 hpf, though the signals were significaltly

lower. Control PCR with the zebrafish elongation factor 1 alpha primers resulted i¡
arnplification in all but one stage (3.5-4 hpf) where the signal was lower.

RT-PCR was also performed multiple times using cDNA from adult heart, lens,

liver, brain, and ovary . ZfCx45.6 expression was always strongly detected in the heart (6

positives/6 trials, where each trial PCR used template oDNA created from new RNA).

ZfCx45.6 expression was also detected in the liver (3/3), brain (313), and ovary (212), but
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Figure f 2. RT-PCR - f .5 to 23 hpf.

To nrole accurately determine when zfCx45.6 is expressed, RT-PCR was performed with

cDNA isolated from various staged embryos throughout 0 dpf. Products were blotted

onto a membrane and probed with a zfCx45.6 specif,rc DNA probe. Overall, zfCx41.6

was detected before 2hpf, and after 12.5 hpf . ZfCx45.6 expression was not strongly

detected between 2 and l2 hpf. The loading control (ZfeFlalpha) indicated cDNA was

present in all sarnples tested, and there was no genomic DNA contaminatio¡.
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not in the lens (6 negatives/6 trials). As with the other trials, PCR products were blotted

and probed to increase resolution and confirm the identity of the products (Figure 13).

3.6. Whole-mount ISH

3.6.1. DIG whole-mount ISH

To spatially localize the expression of zfcx45.6, whole-mount ISH was

performed rnultiple titnes with 0 to 5 dpf ernbryos. Embryos were probed witl-r sense (S)

and antisense (AS) DIG-labeled RNA probes encoûìpassing the entire coding region of

zfCx45.6, as well as -150 bp of upstream and -150 bp of downstrealn sequence (about

1500 bp in total). Following hybridization with the DlG-labeled probes, embryos were

incubated with an alkaline phosphatase conjugated anti-DIG antibody, which binds to the

DiG moiety on the probe. This antibody was chromogenically detected witl-r alkaline

phosphatase substrates (BCIP, NBT) that produced a blue precipitate, resulting in specific

blue staining patterns corresponding to the location of zfCx45.6 expression.

The color reactions were allowed to proceed for l0 to 24 hours in the younger

embryos (0 to 3 dpf and 15 to 30 hours in the older embryos. Specific expression

patterns were not observed in the 0 dpf embryos (Figure 14.4), but the 0 dpf AS-embryos

(probed with the zfCx4í.6 AS-DIG probe) were geneïally darker than the S-embryos

(probed with the zfCx45.6 S-DIG probe). By 1 dpf, the ventral portion of the tail of the

AS-enrbryos was tnuch darker than the dorsal portion, and specific patterns of zfCx45.6

expression were beginning to emerge. In the majority of cases, a darker band, possibly

corresponding to the location of vasculature in the tail, could be detected in a lateral view

just below the notochord (Figure 14.8, F). The location of this structure most closely
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Figure 13. RT-PCR - Adult Tissues.

To cotrfirm the adult spatial expression pattern of zfCx45.6, RT-PCR was performed with

cDNA generated from various adult tissues. Products were blotted onto a membrane and

probed with a zfCx45.6 specific DNA probe . ZfCx45.6 expression was detected in the

lreart, liver, brain, and ovary . ZfCx45.6 expression was not detected in the lens. The

loading control (ZfeFlalpha) indicated cDNA was present in all samples tested, and there

was no frenomic contamination.
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Figure 14. Whole-mount ISH - ZfCx45.6 Expression in the Tail.

'fo localize the embryonic expression of zfCx45.6, whole-mount ISH was perforrned

witlr DlG-labelled S- and AS-probes encompassing the entire coding region of zfCx45.6

as well as up and downstream sequence. This figure highlights zfCx45.6 expression in

the tail region. In the youngest stages, zfCx45.6 expression was restricted to the ventral

half of the embryo (A). As the ernbryos developed, a distinct band of expression was

located in the tail, just below the notochord (B,E,F,G). The location of this structure

most likely corresponds to the dorsal aorta (arrow in E,F,G). Embryos probed with the S-

probe showed very little background (C,D). In all cases, anterior is to the left. The scale

bar represents 400 ¡ln in B, 200 pm in A and G, 100 ¡rm in C,D,F, and 50 pun in E.

A. 0 dpf (-i9lipf), whole embryo (AS)

B. I dpf (-24hpf), whole embryo (AS)

C. 1 dpf, lateral view head (S)

D. 1 dpf, lateral view tail (S)

E. 1 dpf, ventral view tail (AS)

F. I dpf, lateral view tail (AS)

G. 5 dpf, Iateral view tail (AS)
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coffesponds to the dorsal aorta, but other candidate vessels include the posterior (caudal)

cardinal vein, the caudal aftery, and/or the caudal vein. In a ventral view, this band

appeared as two bands on either side of the notochord (Figure 14.E). ZfCx45.6

expression in the tail continued to be visible in the 5 dpf embryos (Figure 14.G). This

area of tlie tail was always clear in the S-embryos (Figure 14,D). Tlie heads of the AS-

ernbryos (Figure 14.8) were also darker than those of the S-embryos (Figure 14.C), but

specific expression patterns were not visible until later stages of development.

By 2 dpf and through to 5 dpf, very distinct expression patterns were visible in

areas that appeared to correlate with the location of major blood vessels of the embryo.

More specifically , zfCx45.6 expression was visible around the eyes, in the branchial arch

region, in the limb buds, in the tail, and over the yolk sac. The identity of the zfCx45.6

positive vessels in the zebrafrsh was provisionally determined with the aid of confocal

nricroangiograph figures of developing zebrafish vasculature (Isogai et ct1.,2001) a¡d

"The interactive atlas of zebrafish vascular auatomy" web page (http://eclipse.nichd.nih.

gov/nichd/Im g.redirect.html).

Expression of zfCx45.6 around the eyes was visible in three rnajor ar.eas. A

structure was visible surrounding the medio-ventral portion of the eye, just outside the

retina, in embryos 2 dpf and older. This structure was best observed from a ventral view

(Figure 15.8), but was also visible in the lateral view as a small line just below the eye

(Figure 15'D)' As there are many vessels surrounding the eye, the ideltity of this

structure was uot clear. Two possibilities include the optic vein (a vessel surrounding the

ventral portion of the eye), and tlie primitive intemal carotid artery (located ventral and
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Figure 15. Whole-mount ISH -ZfCx45.6 Expression in the Anterior Portion of the

Embryo.

ZfCx45.6 ernbryonic expression was observed in three major locations of the ernbryonic

zebrafish head. Expression of zfCx4l.6 was detected in a structure surrounding the

ventro-medial ll3 of the eye in embryos 2 dpf and older (arrow in B, also visible in D and

E). ZfCx45.6 was also detected as "dots" at the posterior/ventral corner of the eye in

embryos 2 dpf and older (arrow in C). The most distinct expression patterns of zfCx45.6

were visible in the branchial arch region of embryos 2 dpf and older (A-E). ZfCx45.6

expression was also apparent in the limb bud of ernbryos 1 dpf and older (D,E). There

was no significant staining in ernbryos probed with the S-probe (F). In all cases anterior

is to the left. The scale bar represents 100 ¡-rm.

A. 2 clpf, head ventral view (AS)

B. 3 dpf, head ventral view (AS)

C. 3 dpf, head ventral view (AS)

D. 4 dpf, head oblique view (AS)

E. 5 dpf, head ventral view (AS)

F. 3 clpf, head ventral view (S)
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tnedial to the optic vein). The location of both of these structures corresponds most

closely to the expression pattern of zfCx45.6 in this area.

ZfCx45.6 expression was also visible as "dots" of DIG precipitate at the

posterior/ventral corner of the eye in embryos 2 dpf and older (Figure l5.C). At2 dpf,

only one "dot" was visible, but by 3 and a dpf, three "dots" were visible. This expressio'

pattern was evident in both the ventral and lateral view. Though the iclentity of these

structures is not clear, there are connections between vessels, and expansions of vessels,

identified in angiograms of the area around the eye, that appear to correlate with the

location of zfCx45.6 expression. The expression pattern observed most likely

corresponds to connections between and around the ophthalmic vein, the prinordial

midbrain channel, and the cranial division of the internal carotid aftery.

Though not visible in all cases, a third expression pattern visible around the eyes

appeared as a "dot" of DIG precipitate in the dorsal/posterior corner of the eye. This

"dot" was visible in the lateral and dorsolateral view in 3 dpf and 5 dpf ernbryos (results

are not shown as this structure did not show up clearly in the images captured). By 5 ctpf

this area had expanded. The identity of this structure is unclear.

Some of the rnost distinctive expression patterns of zfCx45.6 occurred in the

branchial arch region. Expression was visible by 2 dpf as bands through this area (Figure

15.4). As the embryo grew and the branchial areaenlarged, the expression pattern of

zfCx45-6 changed, corresponding to branchial arch remodeling and development. By 3

dpf, clear bands that appeared to correspond to the location of the branchial arches were

visible (Figure 15.8). The most intricate staining was visible by a dpf, when expression

of zfCx45.6 appeared to correspond to the location of tlie hypobranchial artery, the
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opercular artery, and the 3"1, 4tl' 5tl', and/or 6tl'branchial arches (Figure l5.D). The

expression of zfCx45.6 continued to be visible in this area through to 5 dpf (Figure 15.E).

ZfCx4S -6 expression was also distinct in other areas of the embryo such as the

limb buds (from 1 to 5 dpf) (whole-rnount Figure 15.D, E and section Figure 16.C), and

the common cardinal vein over the yolk sac in the I dpf embryos (figure not shown as the

location of the yolk sac interfered with capturing images).

Expression of zfCx45.6 in the embryonic zebrafish heart was generally difficult to

detect. Clear images could only be captured from the 2dpf embryos of one trial. I¡ this

case, arl atea of zfCx45.6 expression outlined the location of the heart fi.om both the

lateral and ventral view (Figure 16.4, B). In the majority of cases, the heart appeared to

express zfCx45'6, but visualization was difficult due to the location of the heart with

respect to the yolk (see below). To confirm expression of zfCx45.6 in the heart and other

locations in the zebrahsh embryo, semi-thin plastic sections were obtained from 3 dpf

enrbryos' in general, zfCx45.6 was detected in very low arnounts in the myocardium and

possibly the endocardium of the heart (Figure 16.D), but staining was not as distinct as

througli areas such as the limb buds (Figure 16.C), or branchial arch vessels (Figure

l6.D).

In all cases, very little background staining was observed in the head a¡d body of

tlre S-ernbryos (Figure 14.C,D and Figure 15.F). The exception to this was that in all

cases the lenses and yolk of both S- and AS-embryos darkened with increased exposure

to the NTM color reaction. This staining was viewed as background, as a DIG precipitate

was not visible in sections of these areas (Figures 16.D) suggesting instead that the
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Figure 16. Whole-mount ISH and Sections: ZfCx45.6 Expression in the Heart and

Limb.

ZfCx45.6 expression in the embryonic zebrafish heart was generally diff,icult to detect,

but was visible in the 2 dpf ernbryos of one trial. In an oblique view zfCx45.6 expression

outlined what appeared to be the entire heart (arrow in A), while in the ventral view a

tubular structure in the same location as the heaft was visible (arrow iri B). Sernithin

plastic sections of the heart region showed zfCx45.6 was detected in very low amounts in

the myocardium and possibly endocardium (arrow in D). Expression in the heart was not

as distinct as sections through the vessels of the branchial arches (arrow in D), or limb

buds (arrow in C). The scale bar represents 100 pm in A, B, and D (anterior is to the

left), and 20 prm in C.

A.2 dpf, head oblique view (AS)

B. 2 dpl head ventral view (AS)

C. 5 dpf, limb bud (AS), 5 prn plastic section

D. 3 dpf head sagital section (AS), 5 pm plastic section
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appearance of a precipitate in the whole-mounts occurred due to the inherent stlucture of

the lens and yollc. Also, these structures stained equally with the S- and AS-probes.

3.6.2. Two-color whole-mount ISH

Two-color whole-mount ISH was performed in an attempt to confirm the

localization of zfCx45.6 expression in the embryonic zebrafish healt. Whole-rnount ISH

was performed in essentially the same fashion as above, but two different probes were

used. The first probe was the same DlG-labeled zfCx45.6 probe used in the one color

ISH, thus resulting in a blue precipitate during the color reaction. The second probe was

a DNP-labeled cmlc2 probe. Cmlc2 is a marker specific to heart muscle (Yelon et al.,

1999). The method of detection for this rnoiety is essentially the same as for DIG, but the

alkaline phosphatase substrates used for antibody detection (BCIP, INT violet) result in a

red precipitate during the color reaction. If both the DlG-labeled and DNP-labeled

probes were detected in the same location, a brown product would result, thus confirming

expression of zfCx45.6 in the zebrahsh embryonic heart.

Initial tests were performed with the cmlc2 probe alone to confirm its specificity.

Test whole-mount ISH with a DlG-labeled cmlc2 probe showed a very restricted

expression pattern in the embryonic zebrafish heart as described previously by Yelo¡ e/

al. (1999). It was noted that cmlc2 was detected very quickly as colnpared to the rate of

detection of zfCx45.6, and a strong blue precipitate was visible after only 2 hours in the

color reaction (Figure 17.4, B). Test whole-mount ISH with the DNP-labeled cmlc2

probe lesulted in a slightly different effect. At least twice as long a time was required to
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Figure 17. Two-color Whole-mount ISH.

Initial tests were performed with DIG-labelled cmlc2 probes (A,B) and DNP-labelled

cmlc2 probes (D). A strong blue precipitate was visible in the heart of all embryos tested

with the cmlc2-DIG probe (A), and expression was localized to the heart tissue as seen in

sections (B). Tests with the crnlc2-DNP probe resulted in a spotty recl precipitate

tluoughout the heart, and increased background (D). Two-color whole-mount ISH with a

DIG-labelled zfCx45.6 probe, and the DNP-labelled crnlc2 probe showed overlapping

expression in the embryonic zebrafish heart (E,F), though this was best seer-r by

comparing sections of the hearts of the cmlc2-DIG embryos (B) and flte zfCx45.6 DIG-

embryos (C). The arrow in C is highlighting the myocardium of the heart. The scale bar

represents 100 microns in A,B,D, and 50 microns in C and F. In all cases, anterior is to

tlie left.

A. 3 dpf, head lateral view, cmlc2-DIG

B. 3 dpf, heart semi-thin plastic section, cmlc2-DIG

C. 5 dpf, heart semi-thin plastic section, zfCx45.6-DIG

D. 5 dpf, head lateral view, cmlc2-DNP

8.2 dpf, head ventral oblique view, two-color ISH

F. 2 dpt heart lateral view, two-color ISH
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obtain an intense red precipitate. A side effect of this longer color reaction was higher

background staining. The background staining looked like red melanophores throughout

the skin (Figure 17.D). Another difference between the DIG and DNP precipitate was

that the DNP precipitate was not visualized homogeneously throughout the heart. The

red precipitate appeared in spotty patches in the heart, versus the DIG staining, which

resulted in a homogeneous blue precipitate.

Overall, two color whole-mount ISH worked best in the I to 3 dpf embryos as

compared to the 4 and 5 dpf embryos. In these younger embryos both DIG (zfCx45.6)

and DNP (crnlc2) staining was observed in the areas observed in the single probe tests.

Areas of expression of cmlc2 and zfCx45.6 did appear to overlap in the embryonic heart

(best seen when comparing sections of the single probe ISH tests with either the DiG-

labeled cmlc2 probe or the DlG-labeled-zfCX45.6 probe), but a brown product (clearly

indicating overlapping expression in the same cells) was not visible. As well, the specific

cell types with overlapping expression could not be determined from whole-mounts

(Figure 17.E, F). Sections were attempted, but the DNP precipitate appeared to dissolve

during the infiltration process.

Two-color ISH was also attempted with 4 and 5 dpf embryos, but results were not

as good. The need for a longer staining time and increased background (more-so for the

DIG staining) appeared to interfere with visualizingany overlap in DIG a¡d DNP

staining. Again, sections were not feasible due to the DNP precipitate dissolving during

tlie infiltration process.
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CHAPTER 4. DISCUSSION

4.1. Cloning of ZfCx45.6

To learn more about the role connexins play in heart and vascular development

and function, one of the four major connexins expressed in the veftebrate cardiovascular

system was cloned from zebrafish. This was accolnplished by taking advantage of the

high degree of sequence similarity between connexins to obtain a pCR clone, and then

using the PCR clone to isolate a PAC clone containing the full coding region of the

connexin. The cloned connexin is predicted to possess the sequence topology of a typical

connexin with four transmembrane regior-rs, internal NH2- a¡d COOH- termini, and three

cysteine residues in conserved positions on each extracellular loop. As with the majority

of connexins, the coding region is contained within one exon. The sequence of the

cloned connexin encodes a polypeptide with a predicted molecular weight of 45.6 kDa,

and tlrus was named zfCx45.6 according to standard protocol. ZfCx45.6 shows the

highest degree of sequence similarity to the mammalian connexin4Q orthologues, and

also has similar RNA expression patterns. This sequence and expression similarity

indicates a new member of the connexin4O orthologous group has been cloned.

The PCR clone of zfCx45.6 was obtained by taking advantage of the high degree

of sequence sirnilarity between orthologous connexins, combined with the use of a

zebraf,rsh codon usage table. A codon of three nucleotides encodes an amino acid, and

different codons may encode the same amino acid. For example, Glycine is encoded by

the synonymous codons: GGU, GGC, GGA, or GGG. The frequency of use of these

synonymous codons varies from one gene to another, both within species, and between

species (for a review see Yarden, ZFIN: http:llzfin.orglcgi-bin/webdriver?MIval:aa-
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ZDB_horne.apg). Therefore, codon usage for a particular amino acid can be biased in a

species-specific manner, and in cornpiling these biases, a codon usage table can be

created for a particular species. Many codon usage tables have been created and are

readily available on the web. In this study, a codon usage database compiled frorn the

GenBank DNA sequence database was used to aid in creating the primers that were used

to obtain the PCR clone (Nakamura el a\.,2000). Interestingly enough, a PCR clone was

successfully obtained, but upon later inspection, the sequence of the primers used to

obtain the PCR fragment, and the full connexin sequence (obtained from PAC clones) did

not line up significantly. It is possible that regions of the primer sequence were similar

enough to amplify a fragment under optimal PCR conditions, but not similar enough for

current computer programs to line up. Another possibility is that thele may be sequence

differences between the strains of zebraf,rsh used to isolate the genomic DNA from for

PCR, and the strains used to create the PAC library.

4.2. Functional Analysis of ZfCx45.6

Most cells express more than one type of connexin therefore making it difficult to

determine the unique channel properties of gap junctions formed by specific connexins ln

vivo. One rnethod employed to study these unique properties involves expressing

connexins inXenopus oocytes, where the endogenous connexin expression has been

minimized, and testing the gating parameters and permeability of tlie resulting chan¡els

(Dalrl el al., 1987). Studies of this sort have shown that gap junctions fonned by

different connexins have distinct conductance states, voltage sensitivities and ionic and

dye penneabilities. These differences can be used to confirm orthology between
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connexins when sequence similarity alone does not allow unequivocal assignrnent of

orthologous relationship. Understanding the properties of channels composed of one type

of conuexin may also help to understand the function of intercellular communication in

systems expressing multiple connexins.

Interestingly enough, studies with the paired Xenopus oocyte system have

determined that some connexins do not form functional channels, for example, Atlantic

croaker (Micropongoniq undularus) Cx32.7 (Bruzzone et a1.,1995), ancl rat Cx33 a¡d

Cx33.1 (Bluzzone et al., 1994). It is speculated that these connexins do not form

functional channels for one of three reasons. They may not form homotypic channels,

they may act as dominant-negative inhibitors of other connexins, or cell-specific post-

translational events required for functional competence are not carried out in Xenoptts

oocytes. Further studies will need to be performed to determine the exact reason some

connexins do not appear to form functional channels.

Preliminary studies utilizing the paired Xenopus oocyte expression system have

determined that zfCx45,6 forrns functional, voltage sensitive channels in a manner

similar to other connexins. For example, the macroscopic junctional conductance of

zfCx45.6 mRNA injected oocytes is 280x higher than control values. This reveals that

tlre channels forrned by zfCx45.6 readily conduct current. Studies using the paired

Xenopzts oocyte system also show that the nìean levels of conductance of chan¡rels

forrned by mouse Cx40 are 200 - 1000x higher than those of controls (I{ennernan et al.,

1992). Studies on mouse Cx40 also showed that the decay ofjunctional current in

response to incremental changes in transjunctional voltage was described by a simple

exponential function with a decreasing time constant for increasing transjunctional
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voltage. Though a time constant for zfCx45.6 is not available for comparison, the same

exponential function is observed. Both results demonstrate that each connexin forms

channels that are voltage sensitive, and close upon application of a voltage stimulus.

Studies on rat Cx40 revealed similar results to that of the mouse (Beblo et a\.,1995).

Though these preliminary results do not provide enough detail to establish a

relationship between zfCx45.6 and the mammalian Cx40 orthologues, they are distinct

from results obtained from other fish connexins. For example, zfCx55.5 shows a voltage

induced channel opening in response to hyperpolarizing or depolarizing voltage steps,

setting it apaft from other connexins studied to tliis point (Derrnietzel et a\.,2000).

ZfCx44.l, zfCx27.5, and carp Cx43 have also been tested and show a similar, yet distinct

respotlse to zfCx45.6 with voltage induced channel closure. As appears to be the case

witlr zfCx4 5.6, zfCx44.1 is more sensitive than zfCx27 .5 and carp Cx43, and closes more

rapidly upon application of voltage steps (Dermietzel et a\.,2000; Cason et a\.,2001).

Further studies may provide more evidence for similarities or differences in voltage

dependant closure to help establish the relationship between zfCx45.6 and the Cx40

orthologues.

Studies have shown that the C-tail region of a connexin is important in

regulating properties of the channel, and this regulation can be altered by an increase in

intracellular acidification and phosphorylation. For example, mammalian Cx40

experiences a considerable drop in pH sensitivity of the channels, and the lower

conductance state (representing the residual conductance through the closed channel)

disappears when the C-tail (CT) domain is removed (Stergiopoulos et al.,Ig9g). Norrnal

function (or gating) and the unitary conductance profile ofthe channel can be restored by
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tlre re-expression of the CT domain fragments of either Cx40 or Cx43 (Anumonwo et al.,

2001). From these and other studies, a ball and chain model has been proposed

describing how some connexins are gated, whereby the CT domain is predicted to act as a

gating particle under certain conditions to bind to a receptor in the pore and close the

channel. The highest degree of divergence between zfCx45.6 and the connexin4O

ortlrologues occurs within the C-tail, where zfCx45.6 contains more sequence, thus

resulting in a higher predicted molecular weight. The reason for the disparity in length of

the C-tail is unknown, though through other studies it appears that there is not a direct

relationship between the pH sensitivity and the CT domain length (Stergiopol ous et al.,

1999) therefore the extra sequence in the tail region of zfCx45.6 may not be functionally

significant. Any significance could possibly be determined by creating clones that are

missing one, or both of these "extra" regions, followed by functional analysis. Any

functional changes would suggest the irnportance of this region in gating properties.

The permeability and single channel conductance of gap junctions composed of

distinct types of connexins are also regulated differently by similar phosphorylating

conditions (Kwak and Jongsma 1,996; Kwak et al., T995a). For example, in sKHepl

cells, a decrease in transjunctional conductance through rat Cx43 channels was observed

after treatment with protein kinase G (PKG) activators, while the same treatment had no

effect on the transjunctional conductance of hurnan Cx43 channels (Kwak et a\.,1995b).

Connexin45 charutel properties are also modulated under different phosphorylating

conditions in HeLa cells such that activation of PKA decreases cell coupling, activation

of PKC increase cell coupling, and activation of PKG has no effect on cell coupling (van

Veen et al',2000). Studies have also shown that activation of PKA strongly increases the
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macroscopic conductance and permeability of human Cx40 gap junctions in a

communication-deficient SKHepl cell line (van Rijen et a\.,2000). It is believed that

these results suggest a role in the regulation of intercellular communication in the heart

and vasculature by different phorphorylating conditions.

All predicted cytoplasmic regions of zfCx45.6 contain possible phorpholylation

sites. Six of these sites are conserved, and2 serine sites occur within the C-tail. Further

studies need to be performed to deterrnine if these sites are significant (such as site

directed mutagenesis followed by functional studies), and if so, how they affect

intercellular communication.

4.3. chromosomal Mapping of Zfcx45.6 to Zebrafish Linkage Group 9

ZfCx45.6 was mapped to zebrafish LG9 with a first lod score of 6.9. The lod

score is the logarithm of the likelihood ratio for linkage, with the first lod score

representing the probability of the gene in question being found on the selected linkage

group. ZfCx45.6 was rnapped to zebrafish LGl5 with a second lod score of 4.4. The

second lod score represents the probability of the gene in question being found on any of

tlre other 24lir-ú<age groups. For these results to be significant, the first lod score must be

greater than 5, and the second lod score must be at least 3 units away from the first. One

of the possible reasons for the lack of significance with the second lod score (there was a

difference of only 2.5 units between the lod scores) could lie in the fact that the panels

may not have been scored consistently each time (i.e. human error). For example, a cell

line rnay have been scored as positive one time, and ambiguous the next. Caution is

required when scoring the panel, as the donor chromosomal fragments (i.e. the zebrafish
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chromosome fragments) are present at various molarities among the hybrid cell lines,

therefore detection of the PCR products will depend on the sensitivity of each PCR assay

(Hukriede et al.,1999). ZfCx45.6 was also mapped to the end of LG9, resulting in fewer

distal markers to aid in mapping . ZfCx45.6 was mapped zerc centirays from the

previously mapped marker fb36h02, but no significant sequence similarity was found

between zfCx45.6 and fb36h02. This is not unusual as for this panel, 1 centiray equals

118 kb (Hukreide et a1.,200I), and the sequence obtained from zfCx45.6 was only 1.5

kb.

Radiation hybrid panels are one of the best methods for mapping genes to

chromosomes or chromosome segments because, unlike meiotic mapping, mapping with

cell hybrids does not require gene polymorphisms. In the case of the RH panel, the

frequency of breakpoints between two markers is proportional to the distance between

them. In 1999, Hukriede and associates produced a zebrafish RH panel by fusing

iradiated zebrafish fin AB9 cells with lnouse 878 melanoma cells. At tliat point, the

map covered 88% of the zebrafish genome, and showed 96Yo concordance with markers

in meiotic maps and other RH maps. Recently, another 31 19 expressed sequence tags

(ESTs) and cDNA sequences have been placed on the map, joining the previously

mapped 748 simple sequence length polymorphism (SSLP) markers, and 459 genes and

ESTs (Hukriede et a1.,200I). Mapping ESTs and cloned genes with the LN54 RH panel

should prove to be a valuable method for identifying candidate genes for specific

mutations in zebrafish (Hukriede et al.,1999).

It may seem redundant to have greater than one map for each model organism, but

as already mentioned, each map does not necessarily cover 100% of the genome. On
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ZFIN, a consolidated map of the zebrafish genome based on all the known zebrafish

maps has been created. This Z}/rAP currently contains over 20,00 markers. This map

will be a useful tool for researchers to compare the position of their gene or EST of

interest, mapped via their method, to the position on the higher resolution consolidated

ZMAP.

A study by Barbazuk et al. (2000) analyzed and compared over 500 zebrafish

genes and ESTs mapped with the LN54 RH panel, and the corresponding mapped human

genes. In this analysis, it was found that over 80% of the genes anaLyzed fell into

syntenic groups (two or more genes that are found on the same chromosoute in zebrafish

are also found in one ch.romosome in humans) (Barbazuk et q1.,2000). Their analysis

suggested that syntenic comparison between zebraf,rsh and hulnans could be used to aid

in positionally cloning zebrafish mutant genes, and/or to predict homology. Syntenic

cornparisorts would also be especially useful in establishing orthologous relationships in

the case of connexins, where the structure and sequence of connexins can be quite

sirnilar.

In the case of zebrafish LGg, nine genes have apparent orthologues, and a tenth

gene a close homologue on the long arm of human chromosome 2 (Postlethwait et al.,

1998). Zebraftsh LG9 also has syntenic regions with human chromosomes 1 1,2I andX

(Barbazuk et a1.,2000). Human Cx40 has been mapped to chromosome 1 (Willecke ar

a1.,1990). At this point, zfCx45.6 and human Cx40 do not appear to be in a syntenic

group, therefore one cannot conf,trm their orthology witli this method. Genes not in a

syrfenic gloup are referred to as singletons (Barbaziul< et a\.,2000). These singletons

may reflect errors in orthology determination, or mapping. Due to the second lod score
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not being significant, there is a possibility that zfCx45.6 was not rnapped to the correct

location.

Another possibility is that zfCx45.6 was mapped to the correct location, but not

enough markers have been mapped to determine synteny. Interestingly enough, fb36h02,

tlre marker most closely associated with zfCx4í.6, shows similarity to a marker on

human clu'omosome 12, even though a region of synteny has not been established

between zebrafish LG9 and human chlomosome 12. As well, other zebraf,rsh markers

rnapped to the sarne position as fb36h02 are mapped to human chromosomes I,2 and27

(http:llzfrsh.wustl.edu/zebrafish_to_human_suppl_.pdf). Though synteny has not been

established, these results suggest further rnapping could reveal a linkage between a region

of zebrafisli LG9 and human chromosomes 1 and 12.

4.4. Expression Analysis of ZfCx45.6

The spatial and temporal expression of zfCx45.6 was determined through

Northern analysis, RT-PCR, and whole-mount ISH. The first two methods were used to

determine embryonic temporal and adult spatial expression. As polyA* mRNA was

difficult to obtain, due to the large number of embryos required, RT-PCR was used to

confirm and extend the results from the Northern analysis. Whole-rnount ISH was used

to localize embryonic expression. Through these methods zfCx45.6 expression was

detected in embryos prior to 2.5 hpf, presurnably representing maternal expression, and

then not again until 12.5 hpf, after which it was continually expressed to 5 dpf. In the

embryo, zfCx45.6 was detected in what appeared to be the major vasculature of the entire

embryo, and to a lesser extent in the heart. ZfCx45.6 continued to be expressed in the
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adult, and was detected in the lteart, liver, eye (minus the lens), brain, and ovary.

zfcx45.6 was not detected in the lens of the embryo or adult zebrafish.

42.3 kb transcript of zfCx45.6 was detected by Northern analysis. The size of

the transcript is relatively srnall when compared to the transcripts of the other connexin4g

orthologues: 3 kb in chick (Beyer et a|.,1990), 3.3 kb in human and rat (Kanter et al.,

1994: Beyer et a1.,1992),3.5 kb in tlie mouse (Hennemann et al.,lggz), and 2.5 kb in

the dog (Beyer et a|.,1992). These size differences in the transcripts most likely reflect

differences in the untranslated region of the mRNA.

In the zebrafish, zygotic transcription does not begin until rnidblastula transition

at about the 1000 cell stage, or 3 hpf (Kane and Kimmel, 1993). The fact that zfCx45.6 is

detected prior to 2.5 hpf suggests this message is maternally supplied to the embryo. It is

well known that the earliest stages of ernbryogenesis are regulated by maternally

inherited compounds stored within the oocyte, and zygotic expression takes over after

tlrese maternal compounds have decayed (Telford et a\.,1990). Genes may be expressed

only rnaternally, maternally and embryonically, or only embryonically (Dworkin and

Dworkin-Rastl, 1990). From the present study it appears that zfCx45.6 is expressed both

maternally and ernbryonically, and could thus be crucial for early embryogenesis as well

as later in development.

Tlre matemal expression of gap junctions has been studied inXenopus, where

alpha and beta forms of gap junctions have been detected in the early embryo (Ebihara er

al., 1989; Gimlich et al., 1990). For exarnpl e, Xenopus Cx3 8 is a maternal transcript that

disappears by the late gastrula stage, and is also detected in the mature ovary. The

fuirction of this maternal transcript was not deterrnined. Xenopus Cx43 has been detected
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in a similar manner, as it appears during organogenesis and is detected in a variety of

organs, including oocytes, but degrades upon oocyte maturation (Gimlich et a\.,1990). It

is proposed to participate in hormone regulated intrafollicular cornmunication events

during oogenesis, and in early oocyte maturation. As zfCx45.6 is also detected in the

adult ovary, and only for a short time in the early embryo, there is the possibility that

zfCx45.6 mRNA detected prior to 2.5 hpf is also residual, nonfunctional. maternal

mRNA. In the adult ovary, zfCx45.6 may be present ir-r the blood vessels, regulating

blood vessel function and growth, or possibly in connections betwee¡ the ovarian somatic

cells and the oocyte, regulating early oocyte development. Any possible function of

zfCx45'6 prior to 2.5 hpf, could be studied througl-r the use of antisense technologies (see

further for details).

ZfCx45'6 expression was detected by whole-mount ISH in the heart and major

vasculature of the zebrafish embryo between I and2 dpf. Tliough tliis technique did not

detect specific expression patterns prior to this, RT-PCR, a rnore sensitive method,

detected zfCx4l.6by 12.5lipf iri the whole embryo. One could speculate thatzfCx45.6

is expressed in the heart and vasculature tissue around 12.5 hpf, but at levels below that

which could be detected by whole-mount ISH. In the zebrafish, cardiac progenitors

begin to arrive at the embryonic axis by l3 hpf (8 sornite stage), and by about 16.5 hpf

two tubular heart primordia have fonned iri the lateral plate mesoderrn (Stainier et al.,

1993). Vascularization begins by 20-22 hpf (24 somite stage) (Fouquet er al., 1997), and,

by 24 hpf (28 somite stage) a simple circulatory loop has been set up (isogai et a1.,2001).

The detection of the zfCx45.6 transcript in the whole embryo prior to these times, and the

subsequent localization of the transcript in the heart and vascular tissue, suggests the
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possibility that zfCx45.6 plays a role in zebrafish cardiovascular function and/or

development.

The location of ernbryonic expression of zfCx45.6 is actually quite similar to the

embryonic expression of Cx40 in the rnouse. In the 9.5 days post coitum (dpc) rnouse,

cardiac contractions have started, and looping is cornplete, but the cl'lambers have not

been specified yet (Delorme et a\.,1997). At this stage whole-mount ISH detects high

levels of Cx40 trauscripts in the vasculature (Delorme et a\., 1997). In the mouse,

Connexin4O was specifically located in the paired dorsal aortae, the intersegmental

arteries sprouting from the aortas, the branchial arch arteries, the primary head arteries

and branching vessels, the common aorta and vitteline, umbilical, and cauclal vessels.

Connexin40 was also detected in the atriurn and common ventricular chamber.

One question that arises when comparing the embryonic expression of these

orthologues, is why does mouse Cx40 appear to be expressed at much higher levels in the

heart than zfCx45.6? Studies by Delorme et al. (1997) have determined that the levels of

mouse Cx40 are regulated during mouse cardiovascular developmerf. At 8.5 dpc,

connexins for the most part are not detected in the heart or vascular systern through

whole-mount ISH, though a moderate signal is detected in the paired dorsal aortas. RT-

PCR does indicate low levels of Cx40 in both the 8.5 and 9.5 dpc mouse. By 9.5 dpc

Cx40 is detected in the atrial wall, but not in the endocardium, and by 10.5 dpc and later

stages of developm.ent, Cx40 is more highly expressed in the atrial myocytes tha¡

previously. Possibly, zfCx45.6 expression in the heart is regulated in much the same way

it is in tlre mouse, as zfCx45.6 is detected in the embryonic heart at very low levels, but is

easily detected in the adult heart. ZfCx45.6 may play more of a role in heart fu¡ction.
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and therefore not be highly expressed until later stages of development, when detection

via whole-mount iSH appears not to work as well. Real tirne quantitative pCR with

TaqMan@ probes (Applied Biosystems, Foster city, cA) and isorated ernbryonic

zebraftsh hearts at younger stages of development could be used to confirm this. but this

would be difficult due to the small size of their heafts.

ZfCx45 '6 may also be regulated at the protein level. Even though mRNA levels

of zfcx45 '6 are not easily detected in the embryonic stages, high levels of protein could

still be produced' Analysis of cx40 distribution in the tissues of the mouse suggest this

posttranscriptional regulation, as the amouff of mRNA detected in the lungs is greater

tlran detected in the heart' but the reverse is true for the levels of protein (Traub et al.,

1994)' western analysis or immunohistochemistry would help to deterlnine any control

over the tlanslation of zfCx45.6.

it is also possible that in the zebrafish a different connexin is expressed at higher

levels in the heart and takes over the role played by Cx40 in the mammalian heart. In all

animals studied, the level and location of specific connexin expression varies throughout

tlre lreart' For example, in the adult chick , cx42 is tlie major connexin expressed in the

myocardium of the atria and ventricles, and little if any Cx43 is expressed in the

myocytes (Minkoff e t al.,1993). In the adult rat, Cx40 is not found between the

myocytes, and cx43 is the rnajor connexin expressed (Bruzzone et al.,lgg3).

Interestingly enough, Cx32 and, cx43 are the major connexìns expressed in the goldfish

heart (in the tnyocardium and endocardial cushion tissues respectively), yet Cx40 is not

detected at all (Becker et a1.,1998)' Now that three of the major connexins expressed in

the matnmalian heart have been cloned in the zebrafish, studies can be performed to
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determine the relative levels of connexin expression. These studies could possibly help

to decipher the roles of connexins in zebrafish cardiovascular development and function.

As with studies on the heart, the localization of specific connexin subtypes in the

vascular system appears to be not only species specific, but also vessel specific. For

exanrple, in studies by yeh et at. (1997), cx40 was expressed in the EC of the rat

coronary arteries, the atrial endocardium, and in some locations of the ventricular

endocat'dium, but not in the media or SMC of the vessels. This correlates with results

fi'om Rummery et al' (2002) who noted Cx40 was absent fì.om the media of the rat

thoracic aorta and caudal artery,but was present in the endothelium. These results are in

conflict with studies that did detect Cx40 in the media of blood vessels of multiple

species, including the SMC of the rat coronary artery (though not the SMC of the

aorta)(van Kempen and Jongsma,1999). The unifying result fi.om the niajority of these

studies is that the expression of specific connexins in EC and SMC varies in differe't

segments of the vasculature, and between species. one possible fu¡ction of this

difference is the potential for complex regulation of growth, development and vasomotor

responses (Yeh et a|.,1997)' For example, Cx43 is dynarnically regulated in confluent

EC by specific flow patterns whereby its expression is increased i' areas of increased

flow (DePaola et a\.,1999). Further comprehensive comparative studies will need to be

performed and repeated to obtain a full understanding of how this regulation gray work.

ZfCx45 '6 was detected in all of the adult organs tested except the le¡s. It is most

likely thaf zrCx45.6 is expressed in the vasculature of these organs, though tliis would

best be confirmed through immunohistochemistry . ZfCx45.6was not detected i¡ the

ernbryonic or adult zebraf,ish lens. Through whole-mount ISH, the lens of AS-embryos
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did appeal to stain dark. As the lenses of S-ernbryo also stained, and sections of both S-

and AS- embryos did not show any DIG staining, this was interpreted as a discoloration

resulting frorn the inherent structure of the lens. Supporting this idea is tlie fact that

whole-mount ISH with DNP-labeled probes also resulted in the same phenomenon. The

fact tlrat zfCx4l.6 was not detected in the lens is consistent with other studies (Beyer,

1990)' It is also cotlsistent with the fact that even though Cx40 expression in different

organisms is not always the same, its expression does appear to be restricted to the heafi,

and vascular tissue, or adult vascularized organs. As the lens is an avascular tissue. one

would not expect to fincl zfCx4í.6 expressed there.
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CHAPTER 5. SUMMARY AND FUTURE STUDIES

In summary, the zebrafish orthologue of Cx40 was cloned fiom genomic DNA.

Tlre gene was linked to zebrafish LG9, and paired Xenopus oocyte studies determi¡ed

that zfCx45.6 forms functional gap junction channels with voltage dependant gating. In

tlre embryo, zfCx45.6 mRNA was detectedby 12.5 hpf, and was localized to the major

vasculature of the entire etnbryo, and to a lesser extent the heart. ZfCx45.6 was also

detected prior to 2.5 hpf, suggesting it is maternally expressed. ZfCx45.6 continues to be

expressed in the adult and is detected in all major organs tested with the exception of the

lens, an avascular tissue.

More studies need to be carried out to fully characteúze the role zfCx45.6 plays in

the forrnation and function of the cardiovascular system. First, western analysis and/or

imnrunolristochemistry would need to be perforrned to determine if and when zfCx45.6 is

translated in vivo, and where this protein localizes. The tempotal and spatial localization

of zfCx45.6 protein could possibly help to determine whether zfCx45.6 plays a role in

lreart and vascular function and/or development. Even though zfCx45.6 RNA is detected

before the cardiovascular system forms, the protein may not be translated until after the

heart or vascular system has developed. This would suggest the connexin plays more of a

role in function rather than development. In these studies, one would need to keep in

mind that the connexin rnay be expressed in very low levels, below tlie ability to detect it,

but still in functional amounts.

Tlre role of zfCx45.6 could be further analyzedtluough the use of antisense

rnorpholino-modified oligonucleotides (morpholinos, MO). Morpholinos are biologically
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stable DNA analogues made from ribonucleosides that are effective in blocking the

translation of targeted mRNAs when injected into one or two cell staged embryos (for

reviews see Heasman,2002; Ekker and Larson, 2001). Morpholinos are an attractive

choice for antisense studies because they are highly soluble in water, irnmune to a wide

range of nucleases and therefore highly biologically stable (Surnmerton and Weller,

1997). They also demonstrate high antisense efficacy, high sequence specificity, little or

no non-antisense activity, and are easily delivered into culture cells (Summerton and

Weller, 1997). Though the genetics of cardiovascular development in zebrafish is similar

to that of mammals, developmental differences prevent molecular techniques used to

determine gene function in mammals frorn being used in zebrafìsh. Morpholinos

overcome these developmental differences between fish and mammals, and result in a

similar effect to those of mouse "knockouts", whereby a gene is removed from the mouse

genome. The major difference with morpholinos is that the targeted gene is not

destroyed as in conventional mouse knockouts, and therefor this approach is known as a

gene "knockdown" strategy.

Studies have shown that injection of morpholinos into single cell zebrafish

embryos results in effective transfer of the morpholino to all the cells in the ernbryo, and

reduced expression of the target gene in almost every cell Q.{asevicius and Ekker, 2000;

Muller et a1.,200I:Zhonganet a1.,2001; Bauer et a1.,2001; Shepherd et a1.,200i). A

study by Heasman and colleagues (2000) has also shown that morpholinos can effectively

block maternal gene function as long as there is no stored pool of protein. With the

previous cloning of two other cardiovascular connexins in the zebrafish, double and triple
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knockdowtr studies could be performed to determine how the cardiovascular connexins

interact with one another, and if they can compensate for one another.

Though etnbryonic stages of zebrafish are initially easier to handle than mammalian

embryos, zebrafrsh embryos do not grow very large over the first few days of

development, and this could make analysis of cardiovascular development or defects

difficult to observe. Through Mo studies, initial analysis of the effects of blocki¡g the

translation of zfCx45.6 and the other cardiovascular connexins would be readily visibly

in the optically transparent zebrafish embryo, as heart rate and function and would be

easily detected. As the zebrafish has been utilized as a model system for over 20 years.

many invasive and non-invasive techniques have also been developed for the

rleasurement of rnultiple cardiovascular functions in minute a¡imals ancl e'rbryos. These

teclrniques could be used to detelmine if there are any functional defects i¡ blood

pressure, stroke volume, heart rate, aud changes in blood flow (for a review see Burggren

a'd F'itsche, 1995). For example, blood pressuïe can be measured in slightly

anesthetized ernbryos with a servo-null micropressure system (pelster and Burggren,

1996)' Cardiornyocytes from whole embryonic hearts can also be cultured, a¡d patch-

clarnp recording can be taken to asses channel activity (Baker et al.,Igg7). Also, with

the development of transgenic zebrafish expressing GFP in endothelial cells (Moto ike et

al',2000), the course of development of the vasculature could be observed in real time

witlr confocal microscopy (Isogai et a\.,2001). Any defects observed in the MO embryos

could also be compared to those frorn the cardiovascular mutants isolated from the large-

scale mutagenesis screens (Stainier et a\.,1996; Clien et al.,1996). This could possiblv
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help to identify zfCx45.6 as the gene responsible for the observed effect of a muranr

screen embryo, or genes that are interactir-rg up or downstream of zfCx45.6
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APPENDIX I

SUMMARY OF CONNEXIN KNOCKOUT MICE AND THBIR RELATED

CARDIOVASCULAR DEFECTS.

I ' Reaunre et al-, 1995,2. Gutstein et a\.,2001,3. Liao er at.,200L 4. Kumai et a|.,2000
5' I(ruger et al',2000,6. Simon et ar., lggg,7. r(irchoff e¡ ar., r99g,g. r(irchoff e t ot..2000

Connexin

Cx43-/- |
-impaired cardiac looping resurts in obstructio'of risht
ventricular subpulmonary outflow tract

-embryonical ly ìetlãl at Eìith

43-'-, cardiac spec -normal heaft structurGãnd furrction
-die by 2 months due to spontaneous ventricular arrhythrnias

x43-'-, endothelial cell
specific 3

-survive to maturitv
-liypotensive and bradycardic

Cx45-/- 4's

-embryonicully l",hu
-cardiac ar'est within 24 h of the first heart contractions dúe
to irnpaired atrial contractions andlor irnpaired transmission
of the atrial impulse through the AV canal

-endocardial cushion and cardiac looping defect
-essential for vascular development: vasculogenesis is
normal, but the subsequent transformation into nature
vessels is interrupted

cx40-/- 6,7
-viable and fertG
-conduction tluough His-purkinji syste'r slowed resulting in
altered ventricular contractions

Cx40 and Cx43 double-
deficient mice I

additive effects of
ventricular conduction and cardiac rnórphogenesis

-no additive effects on atrial conduction
-overall, liaploinsuffi ciency aggravates defects observed in
Cx40-/- phenotype, but noi thã"Cx43 -/- phenorype
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APPENDIX II

COMMON BUFFERS AND SOLUTIONS

Buffer A I ml 0. t25 MTris_HCl pH 8.0 / 0.t25 M MgCl2
II pl B-mercaptoethanol
5 pLl 100rnM each dATp/dTTp/dGTp

Denhardt's 50x 5 g Ficoll (Type 400 pharmacia Biotech)
5 g polyvinylpyrrolidone (Fisher Biotech)
5 g BSA (Fraction V, Sigma)
H2O to 500m1

DEPC HzO 1 ml dietliylpyrocarbonate
I LHzO
stir overnight, autoclave

DNA loading buffer 30% glycerol
6x 0.25% bromophenol blue

in HzO

Egg water 1.5 ml salt solution
I L distilled HzO
pH to 7.2-7.4

Gel staining buffer 0.5 pglml ethidium bromide
0.1 M ammoniurn acerate

HYB 50% deionized formarnide
5x SSPE
0.1% SDS
100 pglrnl sheared, heat denatured salmon sperm DNA
5x Denhardt's

HYB* 50% deionized formamide
5x SSC
50 mg/ml Torula RNA (type VI, Sigma)
100 ¡rgl¡rl heparin (Sigma)
lx Denhardt's
0.1% Tween 20 (BDH)
0.1% CHAPS (Sigrna)
5 mM EDTA

HYB- HyB{, lninus the heparin and TorluaRNA

LB medium 10 g Bacto-Tryptone (Difco)
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5 g Bacto-yeast extract (Difco)
10 g NaCl
ddH2O to I L
autoclave, add desired antibiotic

LB plates 15 g Bacto-agar (Difco)
1 L of LB rnedium
autoclave, add desired antibiotic, pour into petrie plates

MAB-T 100 mM maleic acid
150 mM NaCl
0.lYoTween2O (BDH)
pF{to 7.7

MOPS buffer lOx O.2MMOPS
50 mM NaOAc
10 mM EDTA, pH 7.0
DEPC treat and autoclave

NTM bufïer 100 mM NaCl
100 mM Tris pH 9.5
50 mM MgCl2

OLB 50 OD units of random primer hexanucleotides (pharmacia)
555 pl double distilled water
375 ¡t"l buffer A
925 p,l2 M HEPES

PAC HYB 7% SDS
0.5 M Na Phosphate, pH 7.2
I mM EDTA

PAC Wash 40 mM Na phosph ate, pH 7 .2
0.1% SDS

PBS 0.8% NaCl
0.02%KCl
0.02 M PO4
pH7.3

PBS-T pBS plus g.lyoTween2¡

salt solution 40 g "Instant ocean" Sea Salts i' 1L distilled water

f 0 % SDS 100 g sodium dodecyl sulfate
1 L water, pH7.2
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SOC medium

SSC 20x

SSPE 20x

TAE 50x

TBE 5x

TBS.T

TE buffer

Tricane

lM Tris

2YoTryptone
0.5%o yeast extract
l0 mM NaCl
2.5 mM KCI
10 mM MgCl2
10 rnM MgSOa
20 mM glucose

175.3 g NaCl
88.2 g sodium citrate
HzOtolL
pH to 7.0

175.3 g NaCl
27.6 g NaHzPO+-HzO
7 .4 gEDT A, pH 7 .4
HzOto 1L

242 g Tris base
57.1 rnl glacial acetic acid
100 mL EDTA (0.5 M, pl{ 8.0)
HzOto 1L

54 g Tris base
27.5 g boric acid
20 ml EDTA (0.5 M, pH 8.0)
HzOto 1L

20 mM Tris pH7.5
500 rnM NaCl
0.05% Tween 20

1 mM EDTA pH 8.0
10 mM Tris-HCl (at the pH required of buffer)

400 mg Tricane powder
97.9 ml ddH2O

-2.7 nl1 M Tris pH 9.0
adjust pH to -7
add 4.2 ml of stock to 100 ml of egg water for use as anesthetic

121.1 g Tris
HzOto 1L

t20



APPENDIX III

LIST OF PRIMERS

mer name (bp)

Ml3/pUC/F/1 (1Ð ACGACGTl6lAAA[ç@J
Ml3 Reverse (16) 5'. AACAGCTÁTAEEÃM;I
ZfeFlalpha/F11 5' - CAAGGG

ZfeFlalpha/N1 AGAATGGCATEAA

r (31) 5' - AGTGATC

alpha3/R/l (33)

x45.6/Flt (22) TGAACTGTTAG

x45.6/F12 (19) CCTAAAACCTEGG -

zfCx45.6lF/3 (21) 5'- TGGAT AGAACAA
x45.6/F/a Q2) ATGTTCAA

zfCx45.6lF15 (24 AGCAGTGTAGI
ZFzX45.6tPU1 (2Ð AACAACA66aflff,Gfia6-
zfCx45.6lN3 (21) TGATACAGATME

x45.6/W6 (1
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