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ABSTRACT

Members of the vertebrate connexin gene farnily encode the protein subunits of

gap junction channels. Gup junctions provide a route for direct intercellular

communication by allowing the passage of small ions, second messengers, and

metabolites between cells. As a consequence, they play a vital role in many

developmental and homeostatic processes. Aberrant gap junction function is irnplicated

in many human diseases including peripheral neuropathies, cardiac abnormalities,

tumodgenesis, and sensory organ defects. In order to elucidate the role of gap junctions

in development and disease, each corurexin must be studied individually, as they each

form gap junctions with unique properties. The connexin35136 (Cx35136) orthologlles are

expressed primarily in nervous tissue and are the predominant connexin in the retina.

Zebrafish are an ideal vertebrate model to study developrnent of the visual system as they

ploduce transparent embryos that develop rapidly, theleby facilitating morphological and

behavioral testing. In this study, zebrafish connexin35.1 has been cloned fiom a zebrafish

PAC library. Sequence analysis shows a high degree of similarity to the Cx35l36

olthologues from other species. The protein encoded by the gene contains 304 amino

acids with a predicted molecular weight of 35.1 kD. Electrophysiological analysis of

Cx35.1 charurels in the paired Xenopus oocyte system, done in collaboration with another

lab, showed gating properlies similar to those of mouse Cx36. Zebrafish Cx35.l channels

have a large steady state conductance and very weak voltage-sensitivity. In the aclult

zebrafish, Cx35.1 mRNA is expressed in the brain and retina. In the embryo, it first

becomes detectable by Northem analysis and RT-PCR on day two (d2) of development,



coincident with critical points in visual development. Immunohistochemical analysis

revealed that the Cx35.1 protein is expressed in two sublaminae of the inner plexiform

layer (where interneurolls synapse with ganglion cells) of the adult zebrafish retina. A

similar patteln was seen in the d4 and d5 embryonic retina. The protein is also expressed

in regions of the brain and facial cartilage by dZ and d3 of development, respectively.
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CHAPTER 1: INTRODUCTION

1.1 Gap Junctions and Connexins

Gap junctiorls are cell membrane specializations that provide a pathway for

intercellular communication. They comrect adjacent cells and, via intercellulal channels,

allow the specihc and selective exchange of small ions, nutrients, metabolites and

signaling molecules under i kD in size (White el a|.,1995). Gap junctions are irnportant

in mairfaining tissue homeostasis in response to environmental signals. Tliey play a role

in cell growth control and proliferation, as well as differentiation and pattern formation

during early developrnent. They also allow the propagation of action potentials at

electrical synapses (Write et a|.,1995;Bruzzone el a1.,1996a).

Gap junctions aÍe aggregations (plaques) of intercellulal channels, each of which

is nrade of two hemi-channels called connexons (V/hite et al., 1995; Brttzzone et al.,

1996a,b). A comexon in each of two cells with apposing plasma membranes will align

and lock, forming an aqueous pore to allow cytoplasrnic continuity (Fig. 1a). The

connexons are hexamers of connexin protein subunits arranged radially around a central

pore. Although intercellular junctions are present in all multicellular olganistns,

connexin ploteins ale founcl only among the vertebrates (Wlrite and Paul, 1999).

Connexin proteins are encoded by a multigene farnily and all connexin genes within a

species and across species share adegree of homology (Fig.2). To clate approximately 21

hulnan connexins have been identif,red, almost all of which have murine orthologues

(Eiberger eÍ a|.,2001; Altevogt et a|.,2002). The rnost comlnoll comexin nomenclature

uses the plefix Cx, followed by the protein's moleculal weight in kD based on its amino



Figure 1: A) Schernatic represetfation of gap junction channels connecting two cell

membranes (Guthrie and Gilula, 1989). A connexon, made of 6 connexin proteins, is

formed in the cell membrane. This interacts with a corulexon in the adjacent cell

membrane aud forms a complete chamrel. Clustering of up to thousands of these

clrannels constitutes a gap junction. B) Schematic representation of a generic connexin

protein topology within the plasma membrane. Hydropathy analysis predicts four

transmembrane dotnains (TM1-TM4), two extracellular loops (E1 and E2) with cysteines

in conserved positions (C), a central cytoplasrnic lobp (C-Loop), and cytoplasmic

carboxy and amino-tenninal tails (CT and NT respectively). The cytoplasmic loop and

the carboxy terminus account for most of the irfer-connexin variation in molecular

weight.
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Figure 2: A phylogenetic analysis of the connexin gene family in the form of a

rectangular cladogram. The analysis was done with the TREEVIEW program (Page,

1996) using the amino acid sequences of the family members identified in chicken (ch),

rllollse (m), ancl zebrafish (zf), representing the classes of birds, mammals and f,rsh,

respectively. The amino acid sequences both within a species and across a species are

highly conserved.
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acid sequence as predicted from the cDNA (Beyer et a\.,1990).

Most connexins have a similar gene structure. Their cocling region is contained

entirely witliin one exon, and there is only one intron located in the 5' untranslated region

(UTR) (Bruzzone el a|.,1996a). There ate, however, sorre exceptions. For example, the

cocling region of the Cx35/36 orthologues is contained within two exons (O'Brien et al.,

1996; Condorelli et al., 1998; O'Brien et al., 1998; Söhl s¡ al., 1998; Belluardo et al.,

1999). This group has an intron of variable length that interrupts the cocling sequence 71

base pairs (bp) after the translational start site and there is no upstrearn intron. Rat Cx31

also has an introu within the cocling region (Gabriel et a|.,2001). The coding region of

ltlollse Cx45 is contained within one exon, but it has two introns in the 5'UTR (Jacob and

Beyer, 2001).

The ttansmembrane structure of several connexius has been examined ancl they

have a cornmon memblane topology and it is hypothesized that all connexins share this

topology (Yeager ancl Gilula, 1992;Zhang and Nicholson, 1994;Bruzzone et al.,1996a).

Each connexin has foul transmembrane regions, resulting in two extracellular loops and

one cytoplasmic loop with both the amino (N) terminus and the carboxy (C) terminus on

the cytoplasmic side of the membrane (Fig. 1b). The amino acid sequence of the N-

terminus and the hydrophobic transmembrane segments are similar in all corutexins, but

the most higlily conserved regions are the extracellular loops. Each of the extracellular

loops has three cysteines in conserved positions presuned to be involved in the

corulexoll-cotlnexon interaction (Foote el a|.,1998). The first transmembrane domain is

hypothesized to form at least part of the wall of the channel pore, although it may be

conrposed of lnore than one transrnembrane segment (Zhou et al., \997; Unger et ctl.,



1997, \999). The cytoplasmic loop and the C-terminus are unique to each connexin in

seqlrence and in length and influence the gating properties of the chalinels they form.

Each connexin has a unique temporal and spatial expression pattern. Some

connexins are expressed widely in an organism, such as Cx43, while others have rnore

restricted expression and are tissue-specific, such as Cx36, which is primarily expressed

in nelvous tissue (Bruzzone et al., l996a,b; Condorelli et al., 2000). Connexin

expression is also temporally regulated. Fol example, in the rat cerebral cortex Cx26 is

expressed early in cleveloprnent and continues to be highly expressed up to the second

weelc after birlh after which its levels dirninish, wliile Cx32 is only expressed in the

cerebral cortex post-natally Q',Tadarajah et al., 1997). Individual connexin expression

patterns often overlap. For example, Cx32 and Cx26 arc both expressed in acinar cells of

lactating mamlnary glands (Yamanaka et a|.,2001).

Connexin expression is regulated by numelous factors, both pre-transcriptionally

and post-transcriptionally. For example, as a result of sliifts in estrogen and plogesterone

levels in the plastna, Cx43 mRNA levels drarnatically increase in the uterus plior to

labour when simultaneous smooth muscle contraction is needed (Chow and Lye, 1994;

Lefebvre et al., 1995; Risel< et al., 1995; Orsino et al., 1996; Ou et al., 1997). On the

other hand, all-trans retinoic acid increases gap junction communication in various cell

liries by up-regulating Cx43 at the post-transcriptional level (Bex et a|.,1995; Clailrnont

et a|.,1996).

As a consequence of the dynamic expression profiles of connexins, rrrore than one

type of connexin may be expressed within the same gap junction plaque and the

conrbinatiorls can form various types of chamels (Bruzzone et ctl.,I996a,b). I-Iomomelic



connexons are those in which a single connexin type rnakes up the hemi-channel.

Heteromelic connexons occur when individual hemi-channels are composed of two or

mole different connexins. Homotypic channels are formed when the connexins making

each connexon in a channel match. Heterotypic channels are formed when the two

connexons making the channel are each made frorn different connexins. Not all

connexins can form heterotypic channels. Connexin compatibility appears to depend on

tlre amino acid sequence in the second extracellular loop (White et a\.,1994; Haubrich ¿l

al., 1996; White and Bruzzone, 1996), Therefore, although gap junctions facilitate

intercellular conìmunication, the selective formation of heterotypic channels can limit

cell-cell communication when neighboring cells express incompatible connexins. This is

significant as each connexin forms charurels with specific physiological properties, so a

consequellce of the diversity of channels is that each has unique pelmeability

charactet'istics. For example, homomeric, hornotypic Cx32 channels allow passage of

cAMP and cGMP, while heteromeric channels made of Cx32 and Cx26 areperrneable to

oGMP but not oAMP (Bevans el a|.,1998). When a gap junction is folmed between two

cells of the same type it is referred to as homologous coupling. When a gapjunction

connects two diffelent cell types, it is referred to as heterologous coupling (Vaney and

Weiler,2000).

Each connexin that has been tested forms channels with unique ploperties

including size selectivity, ion permeability, conductance and gating (White et al., 1995

Bruzzone et ctl., I996a).lon permeability is dependent on the charge of the arnino acids

lining the pole wall, which may be detelrnined by the first extracellular clomain. Channel

conductance is detelmined by the voltage difference between the coupled cells. Due to



differing ion selectivity and voltage sensitivity between connexins, heterotypic channels

can favour unidirectional signaling creating rectifying channels. Channel gating is

dependent on voltage, intracellular Ca2* concentration, pH, and phosphorylation.

Determinants of voltage gating lie in the first extracellular loop and seconcl

transrnembrane segment. The cytoplasmic loop and carboxy terminus are pH sensitive

and upon decrease of intracellular pH, the channel will close. The coupled state is also

sensitive to post-translational rnodification by phosphorylation on serine, threonine and

tyrosine by protein kinases.

1.2 Gap Junctions in Vertebrate Development

Gap junctions appeff early in vertebrate clevelopment and have been shown to

play an essential role in normal developrnent. Tlie role of molrse Cx43 in development

has been extensively studied and provides some examples of the importance of gap

junctions in this process. The necessity for gap junctions begins even before fertilization,

during gametogenesis. Connexin43 gap junctions are the most abundant in the testis and

they homologously couple Sertoli cells and Leydig cells, ancl couple spennatogonia and

spermatocytes to Sertoli cells. in the male Cx43 null rnutant, the germ cell population

does not increase after birth (Roscoe et a1.,2001). Similarly, the granulosa cell

population in the ovarian follicles of fernale Cx43 deficient mice fail to develop properly,

despite the presence of other Cxs, leading to irnproper oocyte development (Ackert et ol.,

2001). In contrast, although gap junctions are present by the eight cell stage in

clevelopment (Mclachlin et al., 1983), they do not seem to play an integral role in

preimplantation developrnent, as evidenced by null mutations and pharmacological



inlribitors of gap junctional coupling (De Sousa et al., 1997; Kidder and Winterhager,

2001;Houghton et a1.,2002). Iustead, the expression of several connexins at this stage

may simply be in preparation for the need for post-irnplantation communication.

However, the role of gap junctions in preimplantation is unclear.

Communication cotnpartments, as shown by lucifel yellow transfer, are

established post irnplantation as cells begin to difTerentiate and gap junctional

comrnunication is lost between tissues with different cell fates (Lo and Gilula, 1979). For'

example mouse and rat Cx43 are expressed in the trophectoderm and inner cell mass at

the blastocyst stage but at implarfation it becomes restricted to the embryo ploper (Dahl

et a1.,1996; Reuss et a1.,1997). The communication domains in developing tissues often

correspond to specific developmental compartments and may serve to ensure their

stability in order for cellular proliferation, differentiation, and corfact-mediated induction

to occur (Caveney, 1985).

The regulation of cell growth and differentiation is clependent on gap junctions as

evideuced by numerous studies on the turnor suppressor role of connexins (Yarnasaki øl

crl., 1999). For example, in human brain glioblastorna tumol cells Cx43 expression is

dowr-regulated, but upon transfection of Cx43 into cell lines, their cell proliferation was

dranratically reduced invitt"o andin vivo (Huanget al.,l99Sb).

Gap junctions are also involved in rnigrating cells, such as cardiac neural crest

cells (Huanget a|.,1998a), and in organogenesis. One recent study illustrates the role of

Cx43 in both these processes (Li et at., 2002). The Cx43 knockout mouse heart is

affected by coronary artery patterning defects and outflow tract obstruction. The

patteruing defects are attlibuted to Cx43 loss in proepicaldial cells which results in an



increase in cell migration speed and an increase in cell proliferation. This, in turn, leads

to aberrant localization of fibroblasts and smooth muscle cells, which are derivatives of

proepicardial cells, in the infundibular pouches. The outflow obstruction is due to Cx43

loss in cardiac neural crest cells, which decreases their migration to the outflow tract

(I{uang et al., 1998a).

1.3 Gap Junctions in Neural Development

The nervous system develops from the embryonic ectoderm and grows at a very

high rate thloughout developrnent. It is responsible for much of the information

integration, processing, and output in an organism and, consequently, it is very complex.

In order f'or the nervous system to develop properly, and to carry out its fuirctions

correctly, intercellular communication is essential. This communication comes in rnany

forms including chemical synapses, electrical synapses, and biochemical coupling. The

latter two forms are entirely dependent on gap junctions.

Structural analysis, dye coupling, and electrical Íreasurements have documented

gap junction function in the central and peripheral nervous systems (Dermietzel and

Spray, 1993). There are varying degrees of intercellular communication within

flrnctional comparttnents of the nervous system, and sorne communication between

compaltments. The degree of coupling is regulated by developmental and functional

factols, such as second messengers and neurotransmitters. A specific connexin expression

pattern may be required in the brain for the appropriate signal exchange ancl electrical

coupling that is required for proper development (Dermietzel and Spray, 1993; Spray and

Denrrietzel, 1995). To date over a dozen connexins have been identified in the



rnammalian nervous system both in vivo and in vitt'o, under various culture conclitions,

and at various developrnental stages. These include Cx26, Cx30, Cx31, Cx32, Cx33,

Cx36, Cx37, Cx40, Cx43, Cx45, Cx46, Cx47 and Cx50 (Derrnietzel and Spray, 1993;

Bruzzone and Ressot,1997; Güldenagel et a|.,2000; Rozental et u\.,2000b; Barneft ¿r

cil.,2001; Teubner et ct|.,2001). The role of these connexins in electrical synapses and

biochemical signaling has, thus far, been primarily investigated in the neocortex.

In the uratnmalian neocorlex, gap junctional coupling begins very early in

development. Neurogenesis and glial cell formation occur prenatally in the mouse and

rat, but the first two postnatal weeks are critical in cortical development, as it is at this

time that morphological, neurochemical, and functional differentiation are occurring. As

well, this is when synapses and the neuronal circuits form (Nadarajah et al., 1,997). In

orcler to form the proper circuits in the brain, coordinated activity is essential. As the

ueocortex develops, neuronal precursors and radial glia in the ventricular zone aggregate

into clustels and become coupled by gap junctions. The result is cleation of neuronal

domains with synclilonous biochemical activity. Within the dornains, an IP3 (inositol 1,

4, 5-triphosphate)-induced Ca2* wave is propagated by cliffusion of IP3 through gap

junctions to neighboring cells. If gap junctions are arlificially blocked, the neuronal

donrains do not form (Yuste et al., 1992, 1995).

Gap junctions in the developing neocortex are regulated by neurotransmitters

(Roerig and Feller, 2000). Dopamine and noradrenaline both induce uncoupling of

junctions tlu'ough a receptor mediated protein kinase A-dependent pathway. Serotonin

also reduces gap junctional coupling tluough a receptor-mediated patliway.
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1.4 Neuronal Connexins

Neurons are capable of chemical and electrical excitability and are responsible for'

relaying and processing of information signals in the nervous system. Gap junctions

homologously couple neurons, and heterologously couple neurons to glial cells. The role

of neuronal gap junctions is to aid in rnediating synchrony, to pass signals from pre-

synaptic cells to post-synaptic cells, and in exchange of second messengers (Derrlietzel

and Spray, 1993). They allow electrical synapses between cells, which are thought to

precede the chemical synapses most often seen between mature neurons (Fisclibach,

1972). To date, six neuronal connexins have been reported in marnmals; Cx26, Cx32,

Cx36, Cx43, Cx45 (see section 1.6) and Cx47. However, these reports are contloversial

due to differences in the reliability of the methodologies used. Stuclies using freeze-

fi'acture replica immunogold labeling, which clairns to have the highest resolution of all

methods used to date allowing for identification of gap junctions in ultlastructurally and

irnmunologically identif,red cell types, have only found Cx36 in neurons (Rash et al.,

2000, 200la,b). Regardless of this, results from studies using various methodologies will

be reported here.

Corurexin26 is expressed in early development and is present at high levels until

two weeks after birth whele it is localized to neuronal cells in the neocortex and may play

a role in establishing coupling in corticogenesis (Nadarajah el al., 1997). L'r the adult,

Cx26 expression is restricted to non-neuronal cells such as astrocytes, leptorneninges,

pinealocytes and ependyrnal cells (Saez et a1.,1991; Spray and Dermietzel, 1993; Nagy

et a|.,2001).
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Connexin 32 has been reported in the both neonatal and adult rat brainstem

neurons (Soloman et al., 2001). As well, it has been repolted in tleurons in the

lrippocampus and cortex of the adult mouse (Oguro et a1.,2001 Priest et a1.,2001).

Connexin43 is explessed throughout developrnent in neuroblasts and becomes

plogressively reduced in those cells that will become neurons, and remains expressed in

non-neulonal cells such as astrocytes, pinealocytes, ependymal cells, and leptorneninges

Q.Jadalajalr et al., 1997; Rozental et al., 2000a; Nagy et a1.,2001; Rash ¿/ al.,200la,b).

It is, however, maintained in some neuronal populations. For example, Cx43 is

expressed in olfactory neuron precursors and mature olfactory neurons (Zhang et al.,

2000), in a sub-population of cortical neurons (Nadarajah et al., 1997) and in motor

neurons (Chang arid Balice-Gordon, 2000).

Connexin 47 is expressed in aìpha rnotor neurons of the spinal cor'd as well as

some legions of the brain inclucling, brainstern nuclei, cortex, cerebellum, hippocampus

and dentate gyrus (Teubner et a|.,2001). Its expression often overlaps with that of Cx36.

Connexin 36 is the only undisputed neuronal connexin. As well, the above

connexins are also expressed in other tissue types, whereas Cx36 is almost exclusively

expressed in neurons, as evidenced by experiments with neurotoxins and neuronal

markers (Condorelli et al., 1998; Belluardo et a|.,2000). Rodent Cx36 mRNA is first

expressed at embryonic day 9.5 (E9.5) in the foreblain and it increases to a maximum at

postnatal day seven (P7) (Söhl et al., 1998; Gulisano e/ a1.,2000). This peak in Cx36

expression coincides with circuit formation in the cortex ancl hippocampus (Rozental er

ol., 2000b). In the adult brain, Cx36 is highly expressed in the nuclei of the infelior

olivary cornplex, the olfactory bulb, the hippocampus and various brainstem nuclei
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(Condorelli et e|.,1998; Belluardo eÍ a|.,2000; Rash e/ a|.,2000 Teubner et a\.,2000).

It is also moderately expressed in the granular layer, the molecular layer and the Pulkinje

cell layer of the cerebellum, the substantia nigra, the hypothalam.us, the basal ganglia, the

cerebral cortex, the anterior pituitary, the pineal gland and neurons of the spinal corcl

(Coridorelli et a1.,2000; Rash ¿/ a1.,2000). Parenti et al. (2000) showed that Cx36 is

differentially expressed in neurons in the motor pathway versus those in the sensory

pathway, irnplying that Cx36 may play specific roles within diffelent neuronal systems.

1.5 Gap Junctions in the Retina

The vertebrate retina is considered to be part of the central nervous system

because it is clerived from the developing forebrain through intelactions between the

neuraì tube ancl cranial ectodermal placodes (Gilbert, 1994). Though the retina is a

cornplicated structure, it is sirnplified in cornparison to the brain and therefore is an

excellent rnodel to study the nervous system. It is a highly ordered laminar structure

consisting of three compact layers of neurons separated by two synaptic layers. There are

rnany other advantages to using the retina as a model system (Vaney, 1999). Its structure

and function have been studied in cletail in the past and, therefore, any new discoveries

pertaining to the retina can often be related to an established knowledge. Tlie rodent

letina can be isolated intact from the animal and, therefore, although the experiments ale

done i¡z vitro, the retiua retains some in vivo qualities. Its neuronal circuitry remains

intact and it is able to r'espond to natural stimuli. Its in vitro benefits include the

capability to microscopically identify the many cell types, good electlical recording

stability, and the accessibility fol controlled application of drugs.
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There are five major types of retinal neurorls. Photoreceptors, bipolar cells, ancl

ganglion cells form a horizontal pathway through the retina, and horizontal cells and

amacrine cells form a lateral pathway. However, there are approximately 100 differerf

cell types iu the retina and virtually every type of cell can be coupled by gap junctions, as

they are present in all layers of the teleost and mamrnalian retinas (Deans and Paul,

2001). In cleveloptnent, gap junctions play a role in forming the circuits in the retina that

will allow signal flow fiom photoreceptols to ganglion cells. In the adult, gap junctions

are iuvolved in rewiring the circuits that will transmit and code for visual signals under

different lighting conditions (Vaney and Weiler, 2000). The range of liglit the vertebrate

eye is exposed to far exceeds the operating range of individual neurons and, as a

consequence, dynamic electrical coupling is needed (Weilel et a\.,2000). To achieve this

nurlerous types of connexins aud coupling are found in the retina, which act in concert

with a lange of chernical neurotransmitters.

Gap junctions are perrneable to numerous second messengers, such as Ca2*,

cAMP, cGMP, and IP3, as well as some small amino acids like glutamate and glycine.

The electrical synapses formed by gap junctions in the retina are modulated by these

neurotransmittels and also by light. Fol exarnple, conductance between homotypic

clrannels joining amacrine cells is reduced by cAMP and dopamine (Vaney, 1999),

whereas activation of dopanine receptors and retinoic acid recluce coupling between

horizontal cells (Weiler et a|.,2000).

Heterologous coupling occurs between AII amacrine cells and bipolar cells, rods

attd cones, various types of bipolar cells, various types of ganglion cells, various gliaì

cells, and between atnacrine cells and ganglion cells. These junctions are not affected by
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dopamine or cAMP, but coupling is reduced by cGMP, cGMP agonists, and nitric oxide

(Vaney, 1999). Most often there is unidirectional conductance through heterologous

junctions. For example, dye transfer will occur from astrocytes to Mulle¡ cells, or

astrocytes to oligodendrocytes cells, but not in the other direction (Söhl el ul., 2000).

Transfer of the neurotransrnitter glycine will occut' from amacrine rod cells to cone

bipolar cells, but not in the opposite direction. As well, an injection of neurobiotin into

atnacrine cells travels to the neighboring bipolar cells, but an injection irrto the bipolar'

cell will not pass to the amacrine cell (Feigenspan et a1.,2001). This phenomenon is

refèrred to as chemical rectification, where there is asymmetdc permeability to srnall ions

(Vaney et al., 1998). Chemical rectification also occurs between ganglion cells and

amacrine cells.

1.6 Retinal Connexins

To date there have been nine connexins identified in the mamrnalian retina by

RT-PCR techniques: Cx37, Cx40, Cx43, Cx45, Cx50 Cx26, Cx37, Cx32, and Cx36

(Güldenagel et a|.,2000). However, only the Cx36, Cx37, Cx43, and Cx45 proteins have

been documented in the retina (Fig. 3).

Connexin3T and Cx43 are primarily non-neuronal. Connexin3T is vascular and

found in the endothelium of the blood vessels in the ganglion cell layer (GCL) of the

inner retina (Güldenagel et a|.,2000). Corurexin43 is found primarily between glial cells;

the endfeet of Muller cells in lower vertebrates, and astrocytes in liigher vertebrates. It

also heterologously couples astrocytes to Mullel cells. Connexin43 expression is

widespread in the retina. It is found in the pigment epithelium layel of all species tested

15



Figure 3: Schematic connexin (Cx) protein expression patteln in the layers of the mouse

retina (after Güldenagel et a1.,2000). PEL : pigment epithelium layer, ONL : outer

nucleal layer, OPL : outer plexiform layer, INL : inner nuclear layer, IPL : inner

plexiform layer, GCL : ganglion cell layer, NFL : nerve fiber layer, E : epithelial cells

of vasculature.
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to date (Janssen-Bienhold et al., 1998). In addition, in the rnammal, it is found in the

nerve fiber layer, GCL, the stria medullads, and around blood vessels of the inner retina.

In the zebrafish and carp, Cx43 is localized to the outer limiting membrane, outer

plexiforrn layer (OPL), and the inner plexiform layer (IPL). In the zebrafish and carp iPL,

Cx43 may be restricted to amacrine cells suggesting it is not only glial, but also neuronal

(Janssen-Bienliold et al., 1998; Güldenagel et al.,2000).

-fhe rernaining two rodent retinal connexins are strictly neuronal. Cx45 is found

in the GCL, IPL, OPL and imrer nuclear layer (lNL) presurnably between amacrine cells

and possibly cone bipolar cells (Güldenagel et a1.,2000; Söhl ¿/ a1.,2000). Connexin36

is the most highly expressed connexin in the retina, suggesting it plays a rnajor role there.

It has therefore been studied extensively in numerous species. Imrnunolocalization shows

punctate staining in two bands in the mouse IPL, as well as in a faint band in the OPL and

GCL (Al-Ubaidi et a1.,2000 Söhl e¡ al., 1998). Cx36 is expressed in the dendrites of

mammalian AiI amacrine cells, however, the amacrine cells forrn both homologous

junctions with other amacrine cells, and heterologous junctions with bipolar cell axons.

The bipolar cells do not label for Cx36 though, so these junctions nay be heterotypic

(Feigenspan et al., 2001; Mills e/ a|.,2001). This is interesting because, up until this

time, Cx36 had not been shown to form heterotypic channels with any other connexin.

In addition to the letinal connexins in the roclent, three others have been cloned

liom the zebrahsh retina by RACE (rapid amplification of cDNA ends) strategies fi'orn

retinal cDNA (Dermietzel et a|.,2000). Connexin44.l, which is homologous to rodent

Cx50, is expressed at low levels in the retina. By Ìn sir¿¿ RT-PCR, it was localized to the

GCL, however this data is somewhat contlovelsial because Cx44.1 could not be detected
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by in situ hybridization (Dermietzel et al., 2000; Cason et al., 2001). Connexin27.5,

wlriclr shows hornology to both rodent Cx26 and Cx32, was detected in the INL and GCL

and is also expressed in the brain. Connexin55.5, which shows hornology to rodent Cx57

and Cx50, is fbund in the GCL and the outer layer of the INL, suggesting it is localized to

horizontal cells. All three of these zeblafish connexins can form heterotypic channels

with each other.

1.7 Gap Junctions and Disease

Gap junctions have been extensively chalacterized both structurally and

biochemically, however, there is now a shift to studies aimed at determining the normal

biological roles of gap junctions, and what lole they may play in the development of

disease. Impaired connexin expression during developrnent has been irnplicated in

rlumerous diseases (Donaldson et al., 1997; White and Paul, 1999; Krutovskikh ancl

Yamasaki, 2000; Kelsell et al., 2001), Mutations in Cx43 have been identifiecl in

congenital heart abnormalities in mice (Reaume et al., 1995). Certain forms of hearing

loss are associated with Cx26 mutations (White, 2000). Connexin46 knockout mice

develop cataracts, and Cx50 knockout mice develop cataracts and rnicrophthalmia

(Wlrite, 2002). Connexins have also been irnplicated as tumor suppressor genes

(Yanrasaki et al., 1999).

A specif,rc connexin expression patteln is likely required in the nervous system for'

proper second messenger exchange and electrical coupling so it is not surprising that

connexin mutations have also been associated with nervous tissue diseases (Spr'ay and

Dernrietzel, 1995), For exatnple, the X-linked dominant form of Charcot-Marie-Tooth
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disease (CMTX), a genetic disease affecting the rnyelin of the peripheral nervous systern,

has been linked to mutations in Cx32. To date, more than 160 different mutations in

Cx32 lrave been identified in CMTX patients (Scherer et a|.,1999; Abrarns e/ a\.,2000).

Sotne of the mutations result in loss of functional channels due to accumulation of the

protein in the cytoplasrn while other mutants produce functional channels but with altered

gating properties.

An increase in electrical coupling between ueurons and between astrocytes may

result in epileptic symptoms, due to continual depolarization of neurolls. One evidence

for this is that anti-epileptic drugs block gap junctional channels (Spray and Dermietzel,

1995). In contrast, a decrease in gap junction mediated coupling in the nervous system

may result in a loss of growth control. For example, connexin43 (Cx43) is down-

legulated in several human cancer cell lines, and up-regulation reduces tumoligenicity

(Huang et a1.,1998b; Krutovskildr et al., 1998;Zhanget al., 1998). The mechanism of

the tumor suppressor function of corurexins is not yet clear. Given the many neural

disorders known, it is important to investigate the lole nervous tissue connexins may play

in clevelopment to elucidate any role they rnay have in disease.

1.8 The Cx35/36 Orthologues

The novel Cx35136 group of connexins is almost exclusively expressed in neural

tissue, primalily the blain and retina. O'Brien et al. (1996) cloned tl're first lnember of

the subfamily, skate Cx35, and since then eight more merlbers have been defined; mouse

Cx36 (Söhl et al., 1998), rat Cx36 (Condorelli et al., 1998), perch Cx35, perch Cx34.7

(O'Brien e[ a1.,1998), human Cx36 (Belluardo et al., 1999), chimp Cx36, gorilla Cx36,
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and orangutan Cx36 (GenBank accession numbers; 48037510, 48037511, 48037512).

All of the above, except for perch Cx34.J , are orthologues, which are genetic elements in

two difÏerent species that are derived fi'om a single element in the cornrrron ancestor'.

They share a high degree of overall amino acid conservation, although the sequence of

the cytoplasmic loop is quite diverse. This group of connexins is unique in that they are

missing the 5' UTR intron that all other connexins have, but instead have an irfron

located 71 bp after the translation stalt site. The introns vary in lengtli fi'om 900 bp in

perclr Cx35 to 20 kb in perch Cx34.7, and all have consensus splice sequences. Other

defining characteristics of the Cx35/36 group are unusually long cytoplasmic loops, up to

99 amino acids in mouse Cx36, and fairly short C-terminal tails.

Functional analyses of the perch connexins, sltate Cx35 and mouse Cx36 have

shown that the gap junctions have a very high voltage sensitivity thleshold, being the

least voltage sensitive of any connexin tested to date (O'Blien et a\.,1998; Srinivas et al.,

1999; White et a|., 1999; Al-Ubaidi et a|.,2000; Teubner et a|.,2000). This may be clue

to the need to keep the channels open, independent of voltage shifts in the nervous

system. However, other neuronal corurexins have higli voltage sensitivity which conflicts

witlr this theory (Dermietzel et a|.,2000; Teubner et a|.,2001).

The divergence from other connexins may be due to unique forms of chamel

t'egulation, as much of the variation occurs in the regions of the sequence responsible for

gating properties (O'Brien et a\.,1998). Perch Cx34.7 and perch Cx35 ale able to form

lreterotypic chamels with each other in Xenopus oocytes (O'Brien et al., 1998). Skate

Cx35 was also tested for heterotypic channel formation with Cx46, Cx32, Cx26 and

Cx50, which most readily interact with other connexins, but wele rutable to form
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functional charurels. It did show hemi-channel activity however, in Xenopus oocytes

(White et a|.,1999).

Although skate Cx35 is expressed only in retina, its orthologlres are expressed in

both retina and regions of the brain. Perch Cx34.7 has also been detected at extremely

low levels in the gut (O'Brien et al.,1998). The mammalian orthologues are expressed in

the central nervous system in a cornplex and widespread pattern. In the brain they are

most intensely expressed in the inferior olive cornplex, but are expressed at moclerate

levels in the olfactory bulb, hippocarnpus, pineal glands, brain stem nuclei, and cerebellar

cortex (Condorelli et al., 1998; Belluardo et al., 1999: Teubner eÍ a\.,2000). Human

Cx36 is also found in all layers of the spinal cord gray mattel (Belluardo et al., t999).

Mouse Cx36 expression was analyzed during development and it increased in abundance

to a maximlun at seven days post-parturn and then began decreasing to only 8% of this in

tlre adult brain (SöhI et cil., 1998). The regulatory mechanism responsible for the

developmental modulation is unknown and the maximun expression is still lower than in

adult retina. Mouse Cx36 is expressed 18 times higher in the retina than in the aclult

brain. The mammalian orthologues have a unique 18 amino acid glycine-rich tract in

their cytoplasmic loop. The function of this has not yet been determined.

Although little is known about neuronal gap junctions, they may be involved in

genetic disease. Human Cx36 has been mapped to chromosom.e 15q14. A form of

juvenile epilepsy and an abnormality in response to sensory stimuli have also been linked

to tlris locus (Belluardo et al.,1999). More studies rnust be done to verify any connection

between these diseases and Cx36 rnutations.
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1.9 Zebrafish as a vertebrate model

Development of most organisms, from worm to hurnan, is controlled by a sirnilar

set of genes (Mullins and Nusslein-Volhard, 1993). Therefore, researchers have been

able to use lnany organisms as models to study developmental processes. Tladitionally,

genes involved in developrnental processes have been examinecl in Drosophila

melanogasler or Caenorhabditis elegans using large-scale rnutational approaches.

Ilowever, a vertebrate rnodel must be used to addless vertebrate-specific biology. The

clrick and Xenopus are used but they too have limitations, including lelatively long

generatiou time and low number of offspring. Since the goal of many developmental

studies is to apply the results to human development and disease, many researchers use

the mouse as a closely related mammalian model. it is an established biological model

and many genetic mutations have been produced by homologous recombination of cloned

genes in embryonic stem cell lines to create knockout mice. However, it is difficult to

assess early developmental events because mouse development occurs in utero ancl, due

to its large genome size, large-scale mutagenesis is laborious. As well, mice ale costly to

maintain, hnancially, and in tirne and space required.

In comparison, the zebrafish, Danio rerio, has many attributes that favour its use

as a model for genetic analysis. Though not a rnammal, the zebrafish is a vertebrate and

so it shares a great deal of sirnilarity with liigher organisms, therefore, its gene seqlrences

can be used to isolate the homologous gene sequences of other veltebrates. The

embryology of this fish is almost perfect for rnutational studies (Dlievel and Fislman,

1996). Zebraf,rsh are very prolific breeders as each female can yield up to 250 eggs

weekly. Fertilization is external and so tlie embryos ale easily accessible, being

22



harvested frotn the bottom of the fish tank. The embryos are large and transparent so

development can be observed under a regular dissecting rnicroscope in the live animal.

Enrbryonic developmeut occurs quickly. By 24 hours post fertilization (hpf), the fish has

developed all of its primordial organs and by three days post fertilization (dpf) they are

functional. Also, the fish need little space and cost relatively little to mairltain.

As the number of research labs working on zebrafish grows, rapid progress is

being made in zebrafish genetics and genomics and rnany resources have been

established (Dooley and 2on,2000). Wolfgang Driever''s lab, at that time in Boston, and

now in Fleiberg, and Christiane Nusslein-Volhard's lab in Tübingen undeltook satulation

screens of zebrafish mutations. As a result more than 1500 lnutations involved in

embryonic development, representing about 400 genes and over 500 phenotypes, wele

isolated and identified (Driever et a|.,1996; Granato and Nusslein-Volhard, 1,996 Haffter

el al., 1996). There are various genomic libraries available for positional cloning, as

well as expressed sequence tagged (EST) cDNA libraries (Dooley and Zon, 2000).

Radiation liybrid panels are available and can be used to map cloned genes and there ale

also meiotic maps available with over 2000 microsatellite repeat markers. Transgenic

fish can be generated using microinjection techniques and retroviluses have recently been

successfully used for insertional mutagenesis. The US National Institutes of Health and

the Sanger Centre at Cambridge University are currerfly heading the zebrafish genome

initiative and zebrafish sequence is being compared to that of humans to identify regions

of syuteny for candidate gene identification in disease. Many of the zebrafìsh phenotypes

identified show resemblance to human diseases so the zebrafish is an excellent model to

study not only vertebrate development, but also human disease.
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Zebrafish have been recognized as an excellent rnodel for the developrnent of the

vertebrate visual system (Bilotta and Saszik, 2001). Along with morphological and

physiological observations, behaviolal assays have been developed that allow the

identification of single-gene mutations tliat affect vision (Baier', 2000; Li, 2001). These

include testing the optokinetic (OKR) and optomotor (OMR) responses of the fish, as

well as their phototactic and visual staltle responses. For example, Neuhauss et al.

(1999) screened 450 clevelopmental mutarrts recovered in the 1996 Tübingen saturation

screen by testing OKR and OMR and revealed that over 25 of these rnutants showed

abnormal responses to visual stimuli. This study and many others have led to the

identification of many zebraf,rsh genes that play a role in development of the visual

system. Fulthel characterization of the mutants, as well as the continuing development of

behavioral and physiological assays to test visual development makes the zebrafish a

fundamental rnodel to plovide insights into the molecular genetics of vertebrate vision.
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1.10 Hypothesis and Objectives

This thesis project is based on the hypothesis that the zebrafish genome contains a

Cx35l36 orthologue and that it is expressed in neurons of the retina and brain cluring

embryonic development and in the adult, and that it is essential to proper embryonic

cleveloprnent ancl function. The specific objectives of this project ar-e

. isolation, cloning and sequencing of the full coding sequence of the zebrafish

Cx35/36 orthologue for structural analysis

. analysis of its biophysical properties

o temporal expression analysis at the RNA and protein levels

. spatial expression analysis at the RNA and protein levels
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CHAPTER 2: MATERIALS AND METHODS

Composition of common buffers and rnedia are found in Appendix A.

2.1Zebrafish Care

The zebrafish were maintained by the animal holding staff at The University of

Manitoba. The fish were kept in water at 28.5"C in 20-gallon tanks. They were

maintained on a constant liglit/dark cycle of 14 houls of liglit and 10 hours of darlaness

per day. They were fed flaked tropical fish food and trout pellets twice a day and fiozen

brine shrimp once a week. One quarter of the tank water was replaced weekly. To breed,

tlre fislr were brought to 10-gallon tanks in Z3I4 Duff Roblin and held within the tank in

a plastic enclosure with a netted bottom at 28.5"C. Upon breeding, the embryos fell

through the netting and were siphoned from the bottom of the tank. The emblyos were

incubated in batches of 50 in 250 ml beakers in egg watel (60 pglml Instant Ocean'L" sea

salts) in a28.5"C water bath. The embryos were cleaned and placed in fresh egg water'

daily. Embryos were reared to a maximum of five days post fertilization, a time period in

which they clo not need to be fed as their yolk sac provides nutrition. Adult fish were

sacrificed by decapitation aftel being anesthetized in Tricaine (Sigma, Mississauga, ON)

solution according to The Zebrafish Book (Westerfield e[ ctl., 1995). Embryos beyond

hatching were also anesthetized before being fi'ozen or fixed.
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2.2 Isolation of Genomic Clone

2.2.1 G enomic DNA isolation

Total zebrafish genomic DNA was isolated according to The Zebrafisll Book

(Westerfield, 1995). One adult zebrafish was sacrif,rced and grouncl to a fine powder in

liquicl nitrogen. The powder was suspended in 10 rnl of digestion buffer (10 mM Tris-

HCI pH 8.0,lo/o SDS, 5 mM EDTA, 100 ¡,Lglml of proteinase K (Boehringer Mannheim,

Laval, QC)) and digested for five hours at 37"C. The suspension was extracted with

equal volume of phenol, followed by two extractions with equal volume of

plrenol:chloroform:isoarnyl alcohol (25:24:1). Sodiurn chloride was added to the extract

to a concentration of 0.3 M and the DNA was precipitated with 2.5 volumes of ethanol at

-20"C overnight. Tlie DNA was pelleted by centrifugation at 3,000 x g for' 10 minutes

and tlren washed withT)yo ethanol. It was then resuspended in 1 ml of TE buffer (10 rnM

Tris-HCl, pH 8.0, I rnM EDTA) and NaCl was added to a concentration of 100 rnM. The

DNA was treated witli 100 pglml of ribonuclease A (Sigrna, Oakville, ON) at 37oC for

three lrours. SDS was added to a concentration of 0.2%o ancl the mixture was extracted

twice with phenol:chloroform:isoamyl alcohol and precipitated with ethanol as above.

Finally, tlie DNA pellet was dissolved in TE buffer.

2.2.2PCR Cloning

A PCR generated putative Cx35l36 fi'agment was cloned from genomic DNA as

part of a previous project (Elizabeth Mclachlan, Honours Thesis, Univelsity of

Manitoba), but was used in this ploject as a probe to isolate the full genomic clones.
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Primers identical to those oliginally used to arnplify and clone the mouse Cx36 sequence

(Sölil er a1.,1998), wele used to PCR arnplify zebrafish genomic DNA. They are each32

nucleotides long and anneal inside the second exon in the coding region. The primers

were custotn manufactuled by Invitrogen: Life Technologies (Burlington, ON). They

were used with the following program on a PTC-I00rM thermocycler (MJ Research, Inc.,

v/atertown, MA); 94"c, 3 rninutes; 94"C, 45 seconds (denature); 60oc, 45 seconds

(arineal); 72oC,1 rniuute l5 seconds (extend); repeat last three steps 35X; extend at72oC,

10 minutes. PCR reactions contained 0.5 pg of genomic DNA, 0.5 pLM of each primer,

200 ¡-rM of each dNTP, 1.5 mM MgClr, 1x PCR buffer (20 mM Tlis-HCl pll 8.4, 50 rnM

KCI; Invitrogen) and 2.5 units of Taq polymerase (Invitrogen) in a 50 prl total volume.

Coutrols for all PCR atternpts were reactions with no template. To verify arnplification

and determine the size of the amplified fragment, all PCR products were sepat'ated by

electroplroresis, with lX DNA loading buffer, on a 1 .2o/o agarcse gel in 0.5X TBE buffer

with a I kb Plus DNA marker (Livitrogen).

An approximately 750 base pair (bp) fragment was cloned into the pCR@ 2.1

vector using the Original TA Cloning Kit (Invitrogen) witli INVcTF' One ShotrM cells.

The plasrnicl vector has a single deoxythyrnidine overhang on the 3' end of each strand

tlrat conrplements the single deoxyadenosine that Taq polynerase automaticalìy adds to

all PCR proclucts. This allows ligation of the PCR product into the vector. Competent

bacterial cells were then transformed with these plasmids and plated on LB agar plates

containing X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactosid; Invitrogen) arid 50 pLglrnl

of arnpicillin. W'rite colonies were picked from the agar plates for overnight cultures and

plasmid minipreps were prepared with the High Pule Plasmid Isolation Kit (Boerhinger
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Mannheim). To verify insertion and size, samples of the minipreps were digested with

five units of the restriction enzyme EcoR I (lnvitrogen) at 37oC for several hours to

release the insert. The digested sample was separated by electrophoresis on a 0.8o/o

agarose gel in 0.5X TBE buffer.

2.2.3 DNA Probe Synthesis

Ten micrograms of plasmid containing the partial sequence of the zeblafish

Cx35l36 orthologue was digested with 25 units of EcoR I to release the fi'agment. The

digest was separated by electrophoresis on a 7o/o low-melt agalose gel in I X TAE buffer.

The band corresponding to the insert was cut out of tlie gel and boiled for approximately

f,tve to 10 minutes to melt the agarose and denature the DNA. Approximately 50 ng of

the pulified, denatured DNA was used as a template for each random prirning reaction.

Tlre DNA was incubated at 3T"C for two hours with 5 ¡-Lg BSA (bovine serlrm albulin),

l0 pl OLB, 5 ¡,rl of a3tP-dCTP (3000 Cilrnrnol, 10 mCi/ml) (NENTM), 4.65 units of

I(lenow enzyrne (Invitrogen), and ddH2O (double distilled water) to a final volume of 50

¡-Ll. To remove non-incorpolated c3'P-dCTP, the reaction was then diluted to 100 pl witli

ddHzO, loaded onto a NICKTM Column (Pharmacia Biotech, Baie d'Ur-fe, QC), and

eluted with 400 pl of 10 rnM Tris-I{CL, pH7.5, I mM EDTA. Incolporation of cr3tP-

cICTP into the DNA was determined by scintillation counting and the probe was alkali-

deuatured by addition of 40 ¡rl of 3 M NaOH followed by neutralized with 40 pLl of 3 M

HCL.
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2.2.4 Screening of a zebrafish genomic PAC library

A zebrafish genomic PAC (P1 artificial chromosome) library frorn the Resource

Center for the German Human Genome Project (www.RZPD.DE) was screened with the

above DNA probe to isolate a genomic clone. The library was generated from

erythlocyte genomic DNA wliich was partially cligested with the restriction enzyrne Mbo

I into approximately 120 kb fragments (Amemiya et a\.,1999; Arnemiya and Lon,1999).

Tlre fiagments were ligated into the vector pCYPAC-6, which were then grown in E.coli

DH10B. A total of 104,064 clones were then spotted in duplicate on four membrane

filters. The filters were prehybridized in tubes with hybridizatiott solution 1 for two houls

at 65oC iri a liybridization incubator (Robbins Scierfific, rnodel 1000). The DNA probe

fi'onr section 2.2.3 was then diluted to approximately three to five million counts pel

minute (cpm) per ml in hybridization solution 1 and incubated with the filters overnight

at 65'C. The following day the filters were washed three times for one hour each in 40

rnM plrosphate buffer,pH7.2,0.1% SDS and then rinsed in 4X SSC. Positive signals

were detected by autoradiography on Kodak X-Omat film. Positive signals on the film

were ulatchecl to their x and y coordinates on the template of the filtels ancl the

corresponding clones were ordered fi'om RZPD.

To verify that these cloues were indeed positive, they were streaked on LB agar

plates containing 50 pLglml of kanarnycin and grown fòr l6 hours at37"C. A region of

the densely grown colonies was then picked, diluted in LB liquid medium to reduce the

density, splead ou kanamycin plates and grown overnight. The resulting indiviclual

clones were picked and streaked on duplicate nitrocellulose filers that were placed on

kauamycin plates and left to grow overnight. One of the duplicate rnernbranes was stored
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at 4"C to isolate DNA from after the positive clones were identified. To iclentify the

positive clones, the other membrane was processed for screening by placing it on a filter

wet with lysozyme solution (1.5 mg/ml lysozyrne,25yo sucrose, 50 rnM Tris-HCL,

pH7.5) for one minute and then blotting it on a dry filter for one minute. This was

repeated two tnore tirnes for a total of three cycles with the purpose of lysing the bacteria.

Tlris tlrree step procedure was repeated with the following solutions; 0.2Yo Triton X-100,

0.5 MNaOH (denature); 0.5 MNaOH (denature); 1.5 M Tris-HCl, pH7.5 (neutralize);

0.15 M NaCl,0.l M Tris-HCl, pH 7.5 (neutralize). The mernbrane was then baked at

80oC for- one hour and stored at room temperature until hybridization. The membrane

was plehybridized in hyblidization solution 2 at 42"C for two hours. it was then

incubated overnight at 42"C with the probe. The probe was prepared as in 2.2.4 and

diluted to three to f-rve rnillion cprrr per rnl in hybridization solution 2. The following day

tlre nrembrane was washed three tirnes in 0.2o/o SDS, 0.2X SSC. The first two washes

were fot 30 minutes at 42"C and the third was at 65oC for one hour. The membrane was

subjected to autoradiography. Positive signals were then associated with a position on

the membrane and the complimentary clone from the duplicate rnembrane stored at 4"C

was used for DNA isolation.

2.2.5PAC DNA Isolation

The DNA was isolated, using two different protocols, f}om two inclependent PAC

clones sent from RZPD. PAC DNA was isolated from one clone with the QiAGEN

Large Construct Kit, according to the manufacturer's protocol. Briefly, three ml of LB

medium, containing 50 ¡-Lg/nil kanamycin, was inoculated with one of the final positive
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clones from 2.2.4 and grown at 37"C for eight hours. The starter culture was then added

to 500 rnl of LB medium and grown overnight at 37"C. The cells were pelleted by

cerrtrifugation at 6,000 x g for 15 minutes and then resuspended in lysis buffers. The

DNA was precipitated with isopropanol and washed with ethanol. It was then treated

with ATP-dependent exonuclease to digest any contaminating genomic DNA and any

niclced PAC DNA, leaving only supercoiled PAC DNA. Tlie DNA was bound to

QIAGEN Resin under the appropriate buffer conditions and the RNA, proteins, and

letnaining impurities wele washed away. The DNA was then eluted from the resin,

precipitated with isopropanol, and washed with ethanol. It was dissolved in Tris-HCl, pH

8,5 and the yield was determined by spectrophotometry.

PAC DNA was isolated from the second clone as follows. A sterile toothpick was

used to pick an isolated colony of cells and it was then dropped in 2 ml of LB medium

with 25 pLglrnl of kanarnycin. The culture was grown overnight at37"C. The cells were

pelleted by centrifugation at 16,000 x g for 30 seconds and then resuspended in 0.3 ml of

buffer Pi (15 mM Tris, pH 8.0, 10 mM EDTA, 100 ¡,Lglml RNase A). Next, 0.3 ml of

buffer P2 (0.2 N NaOH, 1% SDS) was added followed by addition of 0.3 ml of buffer P3

(3 M KOAo, pH5.5). The suspension was incubated on ice for five minutes ancl then

centrifugecl at 16,000 x g for 10 rninutes. The supernatant was precipitated with an equal

volume of isopropanol at -80"C for two to three hours and then the DNA was pelleted by

centrifugation. It was washed twice in 70%o ethanol and ledissolved in TE buffer for

yield determination by spectrophotornetry.
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2.2.6 Subcloning

PAC clones are very large and, therefore, diff,rcult to work with. To generate

clones of more rnanageable size, the positive PAC clones were digested with a restriction

enzylne and the resulting smaller fragments were subcloned into the vector pBluesclipt

(Stratagene, La Jolla, CA). Five micrograms of the DNA, isolated by either method in

2.2.5, and 5 ¡-Lg of the vector were each digested with 15 units of EcoR I at 37'C for

several hours. The vector reaction was then heat inactivated at 65oC for 10 minutes and

alkaline phosphatase treated, to prevent the encls fi'om reannealing, by addition of

one unit of CIAP (calf intestinal alkaline phosphatase; Invitrogen) and incubation at 3T"C

for 20 minutes. The reaction was stopped with 0.5 M EDTA and heat inactivation. This

reaction and the PAC DNA digests were then phenol-chloloforrn extracted. First the

sarnples were extracted with an equal volume of phenol:chloroform:isoarnyl alcohol

(25:24:1) and centrifuged at 10,000 x g for 5 minutes at 4"C, followed by extraction with

only chloroform. The DNA was then precipitated by addition of 1/10 the volume of 3 M

NaOAc and 2.5 volutnes of 100% ethanol and placed at -80'C for several hours. The

DNA was then pelleted by centrifugation at 16,000 x g for 15 minutes and washed with

75Yo ethanol. The pellets were air-dried ancl dissolved in water. The PAC DNA

fragtnents were ligated into the vectol by incubating20 ng of the vector with i00-1000

ng of fragments and 400 units of T4 ligase (Invitrogen) with lX ligation buffer (50 mM

Tris-HCL, pH7.6,10 mM MgCl2, 1 mM ATP, 1 mM DTT, 5%o wlv polyethylene glycol)

at I4"C overnight. The control ligation did riot receive any inselt.

SoloPack@ Gold Competent Cells (Stratagene) were transformed with the ligated

plasmid according to protocol. The cells were treated with B-mercaptoethanol to
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puncture their membrane, and 50-100 ng of either the plasrnid containing the insert or the

control plasrnid were incubated with the cells for 30 minutes on ice. The cells were heat-

pulsed al 42"C and then incubated with growth broth for one hour at 37"C. The cells

were spread on LB-ampicillin (50 prglnil) agar plates coated with X-Gal for colour

selection, and grown overnight at37"C.

White colonies were picked from the plates of the experimental transformation

and streaked onto duplicate filters as in 2.2.4 and grown on ampicillin plates. One

membrane was processed, probed, and subjected to autoradiography as befole. Positive

clones were streaked onto arnpicillin plates and grown as usual and then isolated colonies

were grown in overnight cultures. Miniprep DNA was isolated and digested with EcoR I

to verify the presence of the insert.

2.2.7 Sequencing and Structural Analysis

Sequencing leactions were carried out at the DNA Sequencing Laboratory at the

University of Calgary on ABI PzuSM 377 sequencers. Each reaction contained 0.05 -

0.1 prg of DNA template per 1000 bases and 3.2 pmol of primer. Initially, the prirners

used in the PCR reaction in 2.2.2 were used, and then primers were designed fi'om the

r'ecovered sequences for the subsequent sequencing reactions. Both strands of both PAC

subclones were fully sequenced in the region surrounding and including the cocling

region. The lecovered sequences were then assembled into a consensus sequence using

the software program Xesee 3.2 (Eric Cabot) and conceptually translated into the

corresponding amino acid sequence. Both the nucleotide and amino acid sequences were

subjected to a BLAST similarity search of GenBank to reveal the most closely lelated
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sequences previously identified. Open reading frames were found within the amino acid

sequence with NCBI's ORF Finder program (www.ncbi.nhn.nih.gov/golf/). These were

used in conjunction with the known consensus sequences of splice sites to pleclict the

intron-exon boundaries. The putative amino acid sequence of the coding region was then

used to predict the plotein's rrolecular weight with tlie ProtParam Tool from ExPASy

(www.expasy.ch/cgi-bin/protparam). The hydrophobicity profile of the protein was

predicted with the TMpred tool from Swiss EMBnet (www.ch.embnet.org/index.htrnl).

Potential phospholylation sites were identihed with the ScanProsite tool fi'om ExPASy.

The amino acid sequence was then aligned with the Cx35/36 orthologous gl'oltp

menrbers' sequences using the Clustal X program (Thornpson et, al., 1997). A

phylogenetic analysis was then done with the arnino acid sequences of the Cx35/36

ortlrologous group members using the program TREEVIEW (Page, 1996).

2.3 Isolation of cDNA clone

2.3.1 Synthesis of cDNA

Total RNA was isolated fiom adult zebrafìsh brain using TRIzol reagent

(lnvitrogen). The tissue was homogenized in one ml of reagent, extracted with 0.2 rnl

clrloroform and centrifuged at 12,000 x g for 15 minutes at 4"C. The RNA was

precipitated with 0.5 rnl isopropyl alcohol at room temperature for l0 minutes and

pelleted at 12,000 x g for 10 rninutes at 4"C. The pellet was washed in one nl of 75o/o

ethanol, and then air-dried and dissolved in DEPC (diethyl pyrocarbonate) tleated water.
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To degrade any remaiuing genornic DNA, equal amounts of the RNA samples

were treated with one unit of RQl RNase-free DNase (Promega, Madison, WI) per

miclogram of total RNA at 37'C for 30 minutes. The reaction was inactivated with stop

solution (20 mM EGTA, pH8.0) and incubated at 65oC for' 10 minutes. The samples

were then phenol-chloroform extracted, precipitated and re-dissolved in DEPC-treated

ddH2o.

The RNA samples were divided equally and each half was used as template for

cDNA synthesis, following the SUPERSCRIPT II reverse transcriptase (lnvitrogen)

protocol for RT-PCR (reverse transcriptase polymerase chain reaction). One hundred

nanograms of oligo dT was added to the RNA to cornplement tlie RNA poly A tail and

serve as a plimel for the reverse transcriptase. The samples were incubated at 70oC for'

10 minutes and then chilled quickly on ice. Next, 4 pl of 5X buffer' (25 niM Tris-HCl,

pH8.3, 375 mM KCl, 15 rnM MgClr), 2 p,l of 0.1 mM DTT (clithiothreitol), I pl of l0

mM dNTPs and water were added to a total volume of 19 pl and the mixture incubated at

42"C for two minutes. Then 1 pl (200 units) of SUPERSCRIPT II reverse transcriptase

was added for a total volume of 20 pl. The enzyme was only added to one of the two

divided samples while the remaining sample served as a negative control for the PCR

reaction. The sarnples were incubated for another 50 minutes al 42"C and then for 15

nrinutes at70"C to inactivate the enzyme.

2.3.2 PCR Cloning

PCR cloning was done as in section 2.2.2 with the following differences. Primers

were designed, based on the genomic sequence, to arnplify the full coding legion. They
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anneal just upstrealn of the translation start site and just downstrearn of the stop codon

(Forwald: 5'-CTGTGTTACATTCGCCTCC-3', Reverse:5'-GCAACCTGTGCTCTTTC-

TG-3'). These were used with 10% of the above cDNA as ternplate. Negative controls

for tlre PCR attempts used l}Yo of the control reverse transcription reactions as template.

Positive controls were reactions with 100 ng of zebrafish genornic DNA as template.

2.3.3 Sequencing and Structural Analysis

Both strands of the cDNA clone were fully sequenced as in2.2.7. The resulting,

assernbled sequence was then compared with the genornic sequence to verify intron-exon

bounclaries. The oDNA sequence was subjected to the same software-based structural

analyses as the genomic sequence for corroboration.

2.4 Electrophysiology

This section was done in collaboration with T.W. Write at SIJNY, Stony Brook.

The poltion I did at the University of Manitoba, the cloning and transcription tests, will

be described here.

2.4.1 Expression Cloning

PCR was done with brain cDNA as template and the same primers as in 2.3.2,

however, this tirne a ploofi'eading polymelase Pwo (Roche, Laval, QC) was used with the

following PCR thermocycler program: 94"C,2 minutes; 94"C, 15 seconds (denature);

60oC, 30 seconds (anneal); 72"C,1 minute (extend); repeat last three steps 14X; 94"C,15
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seconds; 60oC, 30 seconds;72"C, 1 lninute * 5 seconds/cycle; repeat last three steps

19X; extend at72"C,7 minutes. PCR cloning was done as in2.3.2 and minipreps were

made from overnight cultures of Cx35.1-positive clones in the pCR@2.1 vector.

The insert was then subcloned into an expression vector, pCS2+ (Turnel and

Weintraub, 1gg4) that contains the SP6 prornotor for RNA transcription. The pCR@2.1

plasrnid was cligested with EcoR I to release the insert, and at the same time, pCS2+ was

cut with EcoR I. The pCS2+ digestion was phenol-chloloform extracted to rernove the

lestliction enzyffrc and buffer and treated with alkaline phosphatase as in 2.2.6. Tlie

@

pCR 2.1 digestion was separated by electropholesis on a lYoTÃE agarose gel. The band

corresponding to the insert was cut out of the gel ancl purified frorn it with GENECLEAN

SPIN Kit (BIO101@, Quantum Biotechnologies, Carlsbad, CA). The gel fragment was

melted and suspendecl with a solution containing silica beads to bind the DNA. Tlie

solution was cerfrifuged through a filter, which binds the silica beads. The filter was then

washed with buffer to rernove the agarose, and the purifìed DNA was eluted with a low-

salt buffer, whicli disrupts its binding to the silica. Ligation and transformation were

done as in2.2.6. Since the pCS2+ vector does not allow colour selection, minipreps were

isolated ancl screened by restriction enzyme digestion to verify both inselt presence and

orientation. Tlie iusert was also sequenced to verify that it did not include any base pair

rnutations.

2.4.2 T ranscription Verification

To trauscribe the sense strand, hve to l0 pg of miniprep DNA witli the inselt in

the 5'-3' olientation were linearized with the restriction enzyme Not I. The sample was
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then phenol:chloroform extracted to remove the restriction enzyne and buffer. One

nricrogram of the DNA was used for in ttitro transcription following the mMessage

mMachinerM protocol (Ambion, Austin, TX). This kit includes a cap analog to allow

transcription of capped RNAs, which are ideal for oocyte microinjection and in vitt"o

translation. The reaction was carried out with SP6 polyrnerase at 37oC for two hours. To

verify transcription of the approximately 1 kb fragment, a portion of the reaction was

separated by electrophoresis on a Io/o agarose-formaldehyde gel (lo/o agarose, lX

MOPS/EDTA buffer, I .1%o formaldehyde).

Once the sequence of the construct and its ability to be transclibed successfully

were verified, l0 ¡-Lg of the original rniniprep was dried down by spinning for 30 minutes

in a speedvac. This was then shipped to T.W. White and he tested the ability of Cx35.1

to f.orm intelcellular channels, and assessed the channels' conductance and voltage gating

properties in the well-characferized paired Xenopus oocyte expression system (see Cason

el ctl., 2001 for a descliption of similar electrophysiology work by T.W. Wliite).

Generally, single oocytes are injected with zebrafisli Cx35.l-specific mRNA ancl cell-cell

channels fonn upon pairing of two oocytes. Intercellular colnlnunication is measuled by

clouble voltage clarnp recordings to assess the junctional culrents and voltage gating

(Spray et a|.,1981).
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2.5 mRNA Expression Analysis

2.5.1 Northern Analysis

2.5.1.1Poly A+ RNA Isolation and Blot Preparation

Northern analysis of mRNA expression was initially attempted with total.RNA,

but these attempts failed, presumably due to the low level of Cx35.1 message. Instead, to

leduce the amourrt of tRNA and IRNA and enrich for rnRNA, poly A+ RNA was

isolated. Total RNA was isolated as in 2.3.1 from adult brain, eye (lens removed), liver

and ovary, and embryonic stages d0 (Day 0: the day tlie embryos were feltilized), dl, d2,

d3, d4, and c15. All tissues were flash frozen in microcerfrifuge tubes by immersion in a

dry ice and methanol bath.

Poly A+ RNA was purified from the total RNA using the Oligotex rnRNA Spin-

Column Kit (QIAGEN), Briefly, 100-200 ¡-rg of total RNA was heated to denature any

secondary structure and hybridized with Oligotex Suspension containing polystyrene-

latex particles covalently linked to oligodT. Polyadenylated InRNA molecules bincl the

Oligotex via their polyA+ tail and are pelleted by centrifugation. Since tRNA and IRNA

ale not polyaclenylated, they do not bind to the Oligotex and ale subsequently washed

away with buffer. Tlie dT:A bond is only stable in high-salt conditions, so the rnRNA

was eluted from the particles with low-salt buffer. Two micrograms of each sample was

plecipitated with glycogen and NaOAc in absolute ethanol. The RNA samples, as well as

an RNA ladder (lnvitrogen), were denatured at 65'C for fìve minutes. They were then

separated by electrophoresis, with lX RNA loading buffer, oll a 1.0o/o agarose-

formaldehyde gel for approximately four hours at 100 V. The gel was rinsed in 10X SSC
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and then blotted by capillary transfer overnight to a MAGNACHARGE nylon membrane

(Osmonics, Minnetonka, MN) using 10X SSC as transfer buffer. The blot was rinsed in

2X SSC at 65oC for five minutes, then air-dried and UV-irradiated.

In total, three blots were produced. PolyA+l had only d4, d5, adult brain and

adult eye samples on it. PolyA+2 had d0-d5 and adult brain, eye, liver and ovary samples

on it. PolyA+3 had d0-d3, and adult brain, liver and ovary samples on it. The total RNA

samples were independently isolated for each of the blots, except for the adult liver and

ovary samples. For the adult liver and ovaly sarnples, the polyA+ RNA for the two blots

was isolated separately, but they were both derived fiom the same initial total RNA

sample.

2.5.1.2 Zebrafish Cx35.1 Probe Synthesis and Hybridization

Each blot was hybridized with an anti-Cx35.1 riboprobe for increased sensitivity.

Tlre template for the probe transcription was the construct frorn 2.4.1. The template

plasmicl was digested with the restriction enzyme BamH I. This restriction enzyme cuts

the insert approxirnately 87 bp from its 5'end, in addition to a site in the vector 13 bp

beyond the 5'end of the insert. Therefore a 100 bp fragment is removed. The linearized

plasmid was not purified from the 100 bp band, as such a small fragment was unlikely to

lrindel in ttitt'o transcription. The reaction was phenol-chloloform extracted to remove

the restriction enzyme and buffer.

In vitt'o transcription was set up as follows: 1.0 pg DNA,0.5 rnM clNTPs

(A,C,G), lX transcription buffer (25 mM Tris-HCI,375 mM KCl, l5 mM MgCl2),20

units RNaseour (Invitrogen), 5.0 pl 32P-durp (NIENTM), 0.01 M DTT, 50 units of T7
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RNA polymerase (lnvitrogen), and ddH2O to give a total volume of 20 ¡,11. The reaction

was left at37"C for 30 minutes and then treated with RQl DNase (Invitrogen) fol 15

nrinutes at 37"C. The probe was then purified through a mini Quick SpinrM RNA

Column (Boehringer Mannheirn). Scintillation counting assessed sllccess of the

radiolabeling. The probe was heat-denatured at 65oC for five minutes and used at a

concentration of three to five million cpm per ml of liybridization solution.

Hybridization was done as in 2.2.4 with the following clifferences.

Prelrybridization of the membrane was for two hours at 55oC with hybridization solution

2. Hybridization was overnight at 55'C and the membrane was washed three times for

30 minutes witl-r 0.1% SDS/O.lX SSC at 68oC. The membrane was then subjected to

autoradiography.

2.5.1.3 eF-lc¿ Probe Synthesis and Hybridization

Subsequent to the above probing, all Northern blots were hybridizecl with a

zebrafish elongation factor 1cr (eF-1cr) probe. This gene is ubiquitously expressed

tliroughout development and adult tissues and, therefore, can be used in Northeln analysis

to assess RNA integrity for all samples on the blot (Essner et a|.,1996.). It was linearized

witlr EcoR I and phenol-chloroform extracted by Gunnar Valdirnarssoll. In vitro

transcription and hybridization were done as in 4.3.1.2. except T3 polymerase

(lnvitlogen) was used.

2.5.2 RT-PCR

RT-PCR was performed to confirm the Northern analysis results as well as to
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narrow down the tirne at which expression begins. RNA was isolated and oDNA

prepared as in 2.3.1 fi'om zebrafish embryonic stages d0 througl'r d5 for one experiment

atrd a series of embryonic stages four to eight hours apart fi'om 24 hpf-72 hpf fol another

experitnent. The oDNA was used as template for PCR as in 2.2.2 with a forward primer

(5'-GAGGGCATTCTCCAGGTTTTAC-3') that anneals in the second exon and a reveïse

pdmer (5'-TCACTTACGGTGCTCAGC-3') that anneals in the 3' UTR. The product was

an approximately 1.2 kb fragment. In order to assess the equality of the cDNA template

amounts in each sample, PCR reactions designed to amplify eF-1c¿ cDNA wele set up

concurrently with the above ones. The product of this leaction was an approximately

550 bp fi'agment.

To verify that the product was indeed Cx35.l,20yo of the PCR reactions were

separated by electrophoresis on a I .)Yo agarcse TBE gel and then plocessed and blotted

to a 0.45 pm MAGNACHARGE nylon membrane (OSMONICS) following Sambrook e/

cil., 1989. This was only performed for the PCR samples that were arnplified witli the

Cx35.1 primers and notthe eF-1cr control reactions. The gel was soaked in0.25 M HCI

for 15 minutes to fragmerrt the DNA, then in 1 M NaCl/0.5 M NaOH for 30 minutes to

clenature the DNA. It was neutralized by soaking in 0.5 M Tris-HCl, pH 8.0/0.5 M NaCl

lbr 30 minutes. Tlie gel was then blotted by capillary transfèr to a membrane overnight

using 10X SSC as transfer buffer. The following day, the membrane was air-clried and

UV-imadiated to bind the DNA to the membrane. The membrane was hybridized with a

DNA probe prepared as in2.2.3. Prehybridization of the rnernbrane was for two houls at

42'C witli hybridization solution 2. Hybridization, in solution 2, was overnight at 42"C

and the memblane was washed three times for 30 minutes with 0.1% SDS/O.lX SSC at
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55'C. Tl-re rnembrane was then subjected to autoradiography.

2.6 Protein Expression Analysis

In order to reveal Cx35.1 expression in the zebrafish retina immunohisto-

clrenristry was employed. Freshly dissected adult zebrafish eyes and d2, d3, d4, and d5

enrbryos were fixed by immersion for 15-30 minutes in Real Lana's fixative (4o/o

paraformaldehyde, 0.17% picric acid,0.05 M PO4 buffer, pH 7.1). The tissue was then

infiltrated with two changes of l0o/o sucrose/O.O4olo sodiurn azide and stored at 4"C

overnight. The tissue was then embedded in blocks of 5o/o aclylamicle. The embryos

were embedded in pairs. The blocks were infiltrated overnight in 1:1 10olo sucrose

solution:OCT embedding medium (Mirivac Lirnited, Halifax, NS) at 4'C. They were

tlren infiltrated overnight at 4"C in OCT alone. The blocks were positioned in tinfoil

moulds with a drop of OCT and snap-frozen in liquid nitrogen. The tissue was stored at

-80'C until sectioned. For sectioning, the blocks were adhered to the chuck with OCT

and sectioned on a Damon-IEC Division Minotome cryostat. All sections were l0 pm

thick. The sections were attached to Superfrost@/Plus (Fisher Scierfific, Nepean, ON)

microscope slides and stored at -80oC.

For antibody staining, sections were outlined on the slide with a hydrophobic pen

and all solutions were placed directly onto the slide. Slicles wele brought to room

temperature and rinsed in PBS, pH7.4 (phosphate buffered saline: 140 rnM NaCl,2.7

mM KCl, 4 mM Na2HPO4, 1.8 mM KHzPO+) three times for 10 minutes each at room

temperatule. They were then incubated with blocking solution (3% skim milk powder',
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0.03% Triton-X 100 in PBS (PBS-T), pH 7.4) for one hour at roorn temperature. The

sections were then incubated in prirnary antibody, appropliately diluted in blocking

solution, aT 4"C overnight in a humidity chamber. Control sections were incubated

without primary antibody. The following day, the sections were washed three times for

10 rninutes each in PBS-T at roorn temperature before incubation with secondary

antibody diluted 1:500 in blocking solution for one hour at room temperature. The

sections were washed two times in PBS-T for 10 minutes at loorn temperature. The

second wash included Hoechst (0.5 pglml). They were then washed twice for five

minutes each in PBS before they were mounted in Prolong antifade solution (Molecular

Probes, Eugene, OR). Staining was detected with UV light using a Zeiss Axioskop FS

microscope and the appropriate filter set. Lnages were captured with a Sony DXC-950

CCD video cam.era and Northem Eclipse irnaging software (Empix, Mississauga, ON).

Several antibody combinations were used. Four different primary antibodies wele

testecl. All antibodies are aff,rnity-purified polyclonals. Ab51-6300 is directed against

mouse Cx36 in the carboxy tail legion (Zymed Laboratories Inc., South San Fransisco,

CA). The zebrafish sequence in this region matches 88o%. It was tested at dilutions

langing fi'orn 1:500 to 1:50. Antibody 298 (4b298) is directed against mouse Cx36 in the

legion from amino acid 298-318 (Rash et a1.,2000) and the coruesponding zebrafish

sequeltce matches 900á. It was used at a dilution of 1:500. Antibody C is directed

against a different region in the carboxy tail of the mouse Cx36 sequence and the

zebrafish sequence matches 100% in this region, It was used at a dilution of 1:100. Anti-

perch Cx35 targets a region 76 arnino acid long in the cytoplasrnic loop of perch Cx35

and tlre con'esponding zebraf,rsh sequence matches 82%. It was used at a dilution of 1:20.
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Each of these primary antibodies was usecl with either Alexa 488 or Alexa

(Molecular Probes) secondary antibodies and fluorescein or rhodarnine filter

respectively.
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CHAPTER 3: RESULTS

3.1 Cloning of zebrafish Cx35.l

Ten positive signals, representing five positive clones, were cletected on the

zebrafish genomic DNA PAC library filters. The corresponding clones were ordered

from RZPD and rescreened because the clone is picked from a microtiter plate rather than

a single colony, and it is possible that there are contaminating clones in the rnicrotiter

plate well. A sample of the clone was diluted and grown on agar plates and the resulting

individual clones, 10 to 75 for each original clone received, were hybridized with the

same probe initially used to screen the library. Four of the five clones received were

100% positive wliile the f,rfth was only lTYo positive. PAC DNA was isolated from two

individual positive clones using two independent methods, as the first method attempted

was laborious and inconvenient. PAC DNA has a low yield and can be relatively impure

after its isolation so, in order to sequence the clones, they had to be subcloned and

cultured in conventional plasmid vectors. The subclones were scr'eened and a positive

subclone from each original clone was sequenced. The subclones were both

apploximately 6 kb in length. For the first subclone, sequencing was initiated from the

vector on both sides. However, once the coding sequence was located, only that portion

of the subclone, including the intron, was sequenced on both strands. The same primers

used to sequence the gene fi'om the filst subclone weLe then used to sequence the cocling

legion in the second subclone, lather than sequencing in fi'om the vector, to save time.

Approximately 4.3 kb of consensus sequence was obtained fi'om the two subclones.

Tlre sequence revealed a single open reading frame, interrupted 7I bp after the
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translation start site by a 1953 bp intron, which comprises a coding region of 912 bp (Fig.

4). The sequence translates into a 304 arnino acid protein (Fig. 5). The protein sequence

shows all the characteristic connexin features, including foul putative hydrophobic

transmembrane regions (Fig. 6,7) and the three conserved cysteines in each extracellular

loop (Fig. 7). The predicted molecular weight of the protein is 35,059 Daltons (35.1 kD),

therefore, the putative connexin will be named zebrafish Cx35.l.

Eleven poterfial phosphorylation sites were identified by ScanProsite

(http://ca.expasv.org/tools/scanprositeA in the Cx35.l cytoplasrnic loop and carboxy tail,

and four of these are conserved in all the Cx35/36 amino acid sequences (Fig. 7). There

is one potential protein kinase C phosphorylation site (consensus: S/T-x-R/K) at serine

101 (SaK). There is one potential tyrosine phosphorylation site (consensus: R/K-xx-D/E-

xxx-Y or R/K-xxx-D/E-xx-Y) at tyrosine 109 (KqkErrY). There is one potential cAMP

and cGMP-dependent protein kinase site (consensus: R/K(2)-x-S/T) at serine 276 (RRI<S)

and there is also a potential casein kinase II phospholylation site (consensus: S/T-xx-D/E)

at serine 276 (SiyE). Two of these potential sites had been previously identif,red in the

skate (O'Brien et al., 1996) but were not experimentally examined, Recently, Zoidl et

ul.. (2002) ideritified various potential phosphorylation sites in mouse Cx36 and tested

theil function in the regulation of transport to the cell surface. Using site-directed

mutagenesis they induced point rnutations at potential phospliorylation sites, including

serine 293 (5293A) in mouse Cx36, which is equivalent to the serine 276 in zebrafish

Cx35.1. However, the rnutagenesis did not alter the Cx subcellular localization,

inclicating no role for phosphorylation at this site in the tlansport regulation mechanism.

The equivalent positions to serine 101 and tyrosire 109 in zebrafish Cx35.l wele not
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Figure 4: The consensus zebrafish Cx35.1 sequence (4.3 kb) derivecl from PAC clones.

The bold lettering clepicts the coding region (912 bp total), wliile the translation start

sequence and the translation stop sequence are italicized. The lettering in between the

two sections of coding region represents the 1953 bp intron that interrupts after the first

71bp of coding sequence. The upstream and downstream non-coding sequences are in

regular lettering at the start and the end of the sequence, respectively.
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Figure 5: Nucleotide and corresponding amino acid sequence of tlie Cx35.1 coding

legion. The coding region is 912 bp in length, which translates to 304 amino acids. The

predicted molecular weight of the protein is 35.1 kD and so it is narned zeblafish Cx35.1.

Amino acid codes are found in Appendix B.
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1 ÀffiCGTSTCCTGGÃGGCGGC1rGECCÀå,CÀGCAC:rCÍACT 60
O M G E 9I T I T, E R L LE A4 V Q A E S T 20

61 ¡tTG.e,ffiTGOlGAWCGAm 120
20 M I C$R I L IJ f V v v f F R L L I V'A I 40

121 GTTGG'AGAGå,CCGIETÀCGAC13å,CGAGCAGTCAATGTTIçTGTçTAÀEÀC"ItÍ¡GCAGCCå, 180
40 V G E T v T D D E A S H F v C N T L Q P 60

181 GGCTGITÀÀCCÀAGCNESIÀ:rc¡AEåÀÄGCff:TCCCTATATETCÀCÀTCAGATÀCIT¡GG T 240
60 G C N A À C v D K A F P r S s r R y Ír v 80

2 4 1 rrECÀGÀTCåTCÀTGGXimGCÀCACCCÂGTgrcIGtrrCåÎCÀqÀTÀCrtlreTGCATCÀc 3 0 0
80 r Q I I M V C T P S rr C F r T Y S V H Q l.0o

301 TCCGCCÃÃ.BCÀCÀAGGAËCGçAGGTATTSIACCÀTCTACEIGTCCCTCC"AC¡ÀÂGACCCC 360.1OO S A K A K E R R Y S T I Y I, S I, D ¡C D P 120

361 GÀTACGATGAGGCGAGACGÀCAGMT1GAACGGÀGTÀCTT 420
LzO D T M R RD D 8 R K I K N T I V N G V IJ 140

42 1 CÀÀÄÀEACGGÀGAÀCTCCACCAÃÀGÀGITCGAGCCIIGACI'GTC"TAGAGGTCAÀåGAGATC 4 8 O
140 Q N T E N S T K E S E Þ D C L B V K E I 160

4 I 1 CCCÃ¡,TTCåGCC¡,1C-AGAÀCTÀCCAÀ.LTCITWC.ÏCtAGG 540
160 P ¡f s A M R T I K S K MR R a E G r S R 180

5{ 1 TTTAEÂTCÀTTçÀGGTSGTGffi SITCCTG|GTCGGCCÀIi 6 O O

X80 F Y I I 0 V V F R N A I¡ E I G F L, V G I 200

601 TÀÎITC'SIt'TÀCGGATTCAACGTGCCCISCCç5ÉTACGAG1GC1]ÀCCGSTATCC"mGCATC 660
2OO Y F I, Y G F N V P A V Y E C D R Y P C T. 22O

661 AAÀGACçTT€AÀTGCTÀTGTÀTC¡,AGÃ,CCTAEÂGÀGÀA.âACTCIIçTTCC"TCGÍCjFTCÀ1ÍI 72O
220 K D V E C Y V S R P T E K T V F f, V I' M 240

721 TTTGCITGTCÀGITIGGÀ TrcICGÍAGTÍICICåÀCCTGGCTGAASfCå.RTCACCiGGGCIEC 780
240 F À V S G I C V V f, N I¡ À E L N g IJ G 9¡ 250

781 AGGÀÀAATTÀÀ.AÀCÀGCGGTEÀGGGGGGTTCNGGCCAGGÀGGAÀGTCEåTC"TÃTGAGATC 840
260 R K r K TÀ V R G VA ÀR R K S r Y B r 280

841 ÀGAAå,C.åå,GGACTTACCGÀGGAÍGAGCÀTçCCGAÀTITCGGÀAGAÀCCCÀGTCCÀGTGÀC 9OO
280 R N K D t P R M S M P N F G R T Q S S D 3OO

901 TSIEICCTACGTT
300sÀYv 9t2
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Figure 6: A predicted hydrophobicity plot for the Cx35.1 arnino acid sequence genelated

using the TMpred tool from Swiss EMBnet (www.ch.embnet.org/index.html). It shows

four highly hydrophobic areas presumably corresponding to the transmembrane clomains

one through four starting from the left. The remainder of the protein sequence is

hydrophilic. The score is on the Y axis, and a score above 0 is considered the

hydrophobic range and below 0 is the hydrophilic range. The amino acid position within

the protein is clepicted on the X axis.
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Figure 7: Alignment of the zebraftsh Cx35.1 arnino acid sequence with the Cx35/36

orthologue sequences using Clustal X (Thompson e/ al., 1997). Amino acid identity

between all sequences is designated with (*) and similarity between the amino acids is

shown by (:). The four predicted transmembrane segments (TM1-TM4) are designated

with a line over them and the conserved cysteines are rnarked with (+¡. Potential

phosphorylation sites are designated with a (o) above them. The amino acid sequence is

liiglily conserved with the most divergence occurring in the cytoplasmic loop between the

second and third transmembrane segments. Amino acid codes are found in Appendix B.
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tested in mouse Cx36.

When compared with the Cx35l36 orthologues, the zebrafish Cx35.1 sequence

shows a higli degree of similarity and identity (Fig. 7). As expected the cytoplasmic loop

is tlre least conserved region, with 42o/o identity, however, the C-tail is very highly

corrserved, witli 88% identity. As with tlie Cx35/36 orthologr-res, the cytoplasrnic loop is

lelatively long in comparison with other connexin groups, approximately 80 amino acids,

while the C-tail is lelatively sholt at approximately 50 amino acids. The mammalian

orthologues also have a G-rich region in the cytoplasmic loop that is lacking in the other

orthologous sequences. The function of the G-rich region is urknown. Pairwise

comparisons using the Emboss global Pairwise Alignment Algorithrn at the European

Bioinforrnatics website (www.ebi.ac.uk/emboss/aligrV) revealed perch Cx35 as having

tlre lrigliest identity, 96.lyo, with the zebrafish sequence. Chicken Cx36 has the next

lriglrest similarity, 93.4yo, followed by skate Cx35, 84.3o/o, and then the mammalian

orthologues, 81.1% (mouse Cx36). A BLAST nucleotide similarity search showed the

same pattern. A phylogenetic tree constructed on the basis of the sirnilarity of amino acid

sequences illustrates the relationship of the group (Fig. 8). The tree also includes perch

Cx34.7 for comparison, which is not considered to be orthologous but has a very similar

gene structure (O'Brien et a|.,1998) and an amino acid identity of 78.4o/o with zebrafish

Cx35.1.

The cDNA clone includes only the coding region with a small amount of

upstream and downstream sequence. The cDNA sequence matches the corresponding

region of the PAC sequence perfectly and gives the same software-based results upon

analysis. As the cDNA clone cloes not contain irrtron sequence, it was used in comparison
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Figure 8: A phylogenetic analysis of the Cx35/36 group of connexins in the form of a

rectangular claclograrn. The analysis was done with the TREEVIEW program (Page,

1996) using the amino acid sequences of the family members. Zebraftsh Cx35.1 appears

to be most closely related to perch Cx35, followed by chicken Cx36 and skate Cx35. The

manrmalian orthologues al'e grouped together on one branch while perch Cx34.7 is the

most basal member of the clade.
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with the PAC sequence to identify the donor and acceptor splice sites (Fig. 9). The splice

sites were confirmed by comparison with consensus splice sequences compiled from

rlulnerous nuclear and viral intron-exon and exon-intron boundary seqlÌeltces (clonol:

CAAG/GTAG AGT; acceptor: TCnNCTAG/G) (Mount, 1982).

3.2 Electrophysiology

The following electrophysiology results were generated by T.W. White. Table i

shows that Cx35.1 forms functional gap junctions with average conductance values of

3.13 pLS (prSiemens) which is over 1O0-fold larger than the background conductance of

0.03 pLS fi'om watel-injected oocytes. Table II summarizes the Boltzmann palameters of

the channel (Spray el al., 1981), The estimated minimum conductance value of the

channel (G;n'rn) at positive and negative transjunctional voltages (\) ale 0.32 and 0.28,

lespectively. Vo is the voltage applied that is necessary to reduce the conductance to 50olo

of maximum and is 90rnV for a positive voltage shift and 84mV for a voltage shift of the

opposite polarity. Along with the cooperativity constant (A), which is a measure of

voltage sensitivity, the G¡min and Vo values demonstrate that Cx35.1 channels are slightly

asymmetric. Both tables include mouse Cx36 (mCx36) data for comparison.

Figule 104 shows the recording of Cx35.1 homotypic junctional currents in

response to +l-20 mV shifts in transjunctional potential fiom a resting potential of -40

mV. The voltage steps were 10 seconds in duration. It shows that junctional cument

varies linearly with voltage but, at higher potentials the current decays with time back

down to a residual steady state level. In figure 108 the normalized steady state junctional
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Figure 9: Splice site sequences of Cx35.1. Splice sites that match the conserved

eukaryotic splice sequences considerably (donor: CAAG/GTAGAGT; acceptor:

TCnNCTAG/G) (Mounf, 1982) are shown in larger print, with the splice site denoted by

an arrow. The complete upstream coding sequence and a portion of the downstream

coding sequence are shown in bold.
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Table I: Mean junctional conductance detected after injection of Cx cRNA or water into

Xenopus oocyte pairs

RNA injection .Iunctional conductance (pS) Nurnber of pairs

water

Cx36

Cx35.1

0.03 + 0.01

5.80 + 0.75

3.13 !0.97

t7

l5

15
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Table II: Comparison of Boltzrnann parameters of gap junction channels composed of

zebrafish Cx35.l or mouse Cx36 expressed in paired Xenopus oocytes.

channel VoVj G;nrin

Cx35.1

Cx35.1

Cx36

Cx36

+

90

-84

100

-100

0.32

0.28

0.36

0.34

0.05

0.04

0.0s

0.04

+/- V¡ refers to the polarity of the voltage steps. Vo is the voltage at which half maximal

conductance is detected. Qnrin is the minimum estimated conductance value according to

the Boltzmann equation. A is a measure of the voltage sensitivity of the channel.
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Figure 10: (A) Time dependent decay of Cx35.l junctional currents in Xenopus oocyte

pails injected with Cx35.1 cRNA induced by applied transjunctional voltage. Voltage

steps were applied in 20 mV increments from a resting potential of -40 mV and lasted 10

seconds. (B) Normalized steady state junctional conductance for Cx35.1 channels plotted

as a fuirction of applied transjunctional voltage (mV). Data for rtouse Cx36 are shown in

(C) and (D) for comparison, with the Cx35.1 curve superimposed as a dotted line on the

Cx36 curve. In (A) the currents show a voltage-induced closure of the channels at voltage

shifts greater than 40 mV from resting. In (B) Cx35.l shows similar voltage sensitivity

to mouse Cx36 (D) with weak initial response, however the Cx35.1 channel is slightly

asymmetric. At the most extrerne transjunctional voltages applied, Cx35.1 still maintains

a trormalized conductance of over 40o/o, where Cx36 maintains a normalizecl conductance

of over' 500/o.
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current is plotted as a function of transjunctional potential. This illustrates the

asymmetric junctional current decay through Cx35.1 channels. The rate of decline is

slightly greater for negative transjunctional potentials. It also illustlates the Vo values

stated in Table II, and demonstrates that even at maximum shifts of 120 mV in

transjnnctional potential, conductance never falls below 40o/o of maximum. Figures 10C

and D show the corresponding data for rnCx36. Tlie Cx35.1 values are plotted as a

dotted line on the curve for rnCx36 in 10D.

3.3 mRNA Expression Analysis

3.3.1 Northern analysis

Total RNA Nofihern analysis was not successful as the Cx35.l signal was very

low so the probe only hybridized to the overwhehning amount of 28S and 18S IRNA. In

order to get around this problem, polyA* RNA was isolated from the total RNA in

attempts to enrich the RNA pool for low-level RNA messages while decreasing the

overall amourrt of rRNA and IRNA. As a test for this method, the first poly A+ blot only

included cl4 embryo, d5 embryo, adult brain, and adult eye samples. It was known from

previous work that the protein is present in d4 and d5 embryos and adult brain (Elizabeth

Mclachlan, Honours thesis, University of Manitoba), so it was likely that the mRNA was

expressed in these sarnples as well. Adult eye was chosen as a likely tissue to express

Cx35.1 rnRNA based on the literature for the other Cx35/36 olthologues. The lanes of

the gel containing the d5 and adult brain samples ran slightly slower due to gel
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abnormalities but, as this would not affect signal detection, it was nevertheless blotted for

analysis. Hyblidization was successful in that neither tlie 28S or 18S rRNA bands were

detected. A single 2.7 kb band was detected in all four samples indicating that all four

tissues express Cx35.1 mRNA (Fig. 11).

In order to assess RNA irfegrity, the blot was then hybliclized with a zebrafish

elongation factor 1o (eF-lo) probe. This served as a polyA+ RNA loading control

because, although an even loading of two pg per sample was attempted, due to variation

in precipitation success and acculacy of optical density reading of the samples, it may not

have been accurate. This showed that intact RNA was present on the blot for all sarnples.

After concluding that polyA+ RNA Northern analysis is sensitive enough to

detect Cx35.1 despite its low level of expression, a complete analysis of embryonic

developmental stages and adult tissues was undertaken. The second polyA+ blot

contained samples from d0 through d5 of developrnent as well as adult blain, eye, liver

and ovary samples. No signal was detected in ernbryos after any exposule length until d3

of clevelopment (Fig. 12). Expression was detected in d4, c15, adult brain and eye as

before, but no signal was present in adult liver and ovary, although thele is a background

smear over those two lanes of the blot.

Again, by hybridizing the blot with the eF-lo probe, the integrity of the RNA on

the blot could be verified. A band was detected in all of the samples so it can be

concluded that the lack of signal in the d0, dl, d2, adult liver and adult ovary samples is

not simply due to RNA degradation or a lack of RNA on the blot.

To verify the negative results above, a third polyA+ RNA blot was made from

new d0 through d3 embryonic RNA, new adult brain RNA, and the same samples of liver
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Figure 11: PolyA+l: Northern Blot analysis of Cx35.1 rnRNA expression. PolyA+

RNA was isolated from embryonic stages d4 and d5 and adult brain (B) arid eye (E) (lens

removed), separated by electrophoresis on a gel, blotted to a membrane, and subsequently

lrybridized with a zebrafish Cx35.l-specific riboprobe. A2.7 kb band was detected in all

four samples although there was a shift in the d5 sarnple due to an abnormality in that

lane of the gel. Elongation factor lcr (eF-lcr) is ubiquitously expressed thloughout

development and in all adult tissues and therefore its detection allows the verification of

RNA integlity in each sample.
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Figure 12: PolyAt2: Northern Blot analysis of Cx35. i mRNA expression. PolyA+ RNA

was isolated fi'om embryonic stages d0, d1 ,d2,d3, d4, and d5 and adult blain (B), eye

(E) (lens removed), liver (L), and ovary (O). The RNA was separated by electrophoresis

on a gel, blotted to a membrane, and subsequently hybridized with a zebrafish Cx35.l-

specifìc riboprobe. A2.7 kb band was detected inthe d3,d4, and d5 embryonic stages

and in adult brain and eye. No signal was detected with any exposure length at d0, cl1, or

d2 ol in adult liver or ovary. Elongation factor lcr (eF-lcr) is ubiquitously expressed

throughout development and in all adult tissues and therefore its detection allows the

verification of RNA integlity in each sample.
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alld ovary total RNA as described in tl-re blot above. New polyA+ RNA was isolated

from the liver and ovary total RNA, however. With this blot there was still no signal on

d0 and dl, however, a faitrt signal was detected on d2 (Fig. 13). The discrepancy in the

signal presence on d2 between the second and third blots could be explained by the fact

that ernbryos were not always collected for RNA isolation at the same time of day.

Therefore, the embryos used for RNA isolation for the third blot may have been collected

later in the day than those used for the second blot and expression of Cx3 5.I begins at a

point on d2 between those two collection times. There was once again no Cx35.1 signal

from the adult liver and ovary samples but the eF-lc¿ signal shows that the lack of signal

from the d0, dl, d2, liver and ovary samples is not due to an absence of intact RNA on

the membrane.

From analysis of the above three northern blots, it can be concluded that zebraf,rsh

Cx35.1 mRNA expression begins at sorne point on d2 of development and continues to

be explessed tluough d5 of development. In the adult, it is expressed in the brain and in

the eye, but not in the liver or ovary. No conclusions can be drawn about the expression

levels of Cx35.1 inthe various samples as this method is not quantitative due to signal

saturation and because the expression levels of eF-1cx in each sample is not lcnown so

signal strength comparisons cannot be made.

3.3.2 RT-PCR Analysis

To confirm the results of the northern blots, with legards to the expression of

Cx35.1 during embryonic development, the more sensitive lnethod of RT-PCR was

employed. The RT-PCR confirmed tlie Northern analysis results in that no Cx35.1
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Figure 13: PolyA+3:Northern Blot analysis of Cx35.1 mRNA expression. PolyA+ RNA

was isolated from embryonic stages d0, dl , d2, and d3 and adult brain (B), liver (L), and

ovary (O). The RNA was separated by electrophoresis on a gel, blotted to a rnembrane,

and subsequently hybridized with a zebraf,rsh Cx35.1-specific riboprobe. A faint 2.7 l<b

band was detected in d2, and a strong band in d3 at this exposure length and in adult

brain. No signal was detected with any exposure length at d0, or dl, or in adult liver or

ovary. Elongation factor lcr (eF-lu) is ubiquitously expressed throughout clevelopment

and in all adult tissues and therefore its detection allows the verif,ication of RNA integrity

in each sample.
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amplif,rcation occured from the d0 or d1 oDNA, but an approximately 1200 bp band was

anrplified from d2, d3, d4, and d5 oDNA. An agarose gel with the amplification products

was blotted and liybridized with the zebraf,rsh Cx35.1 probe to confirm that the

arnplification product was in fact Cx35.l (Fig. 1a).

Another PCR was carried out in parallel, using the same ternplate as above but

with primers that amplify eF-1cr. This assay was performed as a lneans of verifying the

presence of ternplate in each reaction because after the reverse transcriptase reaction the

resulting cDNA was not quantified. Arnplification of an approxirnately 550 bp band

occurrecl from all samples. This RT-PCR is not quantitative because the amount of

Cx35.1 signal cannot be assessed by simply comparing the signal strength of the bands as

PCR amplification reaches a plateau stage at which product accumulation no longer

occurs at an exponential rate (Cha and Thilly, 1995). This rnay be due to reactant

degradation or depletion, or coÍrpetition for reactants fi'om non-specific products.

To narrow down the time that mRNA expression begins, an RT-PCR was

perfornred with a series of ernbryonic stages four to eight hours apart, fron 24 hpf-72

Itpfì The blot shows a band at 48 þf and later, but not at 40 hpf, or earlier (Fig. 15).

Again, a PCR was carried out in parallel, using the same ternplate as above but with

primers tliat amplify eF- I c¿ in order to verify the presence of template in each reaction.
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Figure 14: RT-PCR analysis of Cx35.1 mRNA expression during zebraf,rsh embryonic

development. Zebrafish Cx35.i-specific primers were usecl to PCR amplify proclucts

fionr cDNA plepared fi'orn d0, dI, d2, d3, d4, and d5 embryos and the ploclucts were

separated by electrophoresis on a gel, blotted to a membrane and hybridized with a

zebraf,rsh Cx35.l-specific probe. A single band was detected in d2, d3, d4, and cl5

embryo samples, but no band was detected in d0 or di embryo sarnples. Elongation factor

1a (eF-1o) is ubiquitously expressed tluoughout development and so its amplification by

PCR allows the verification of the presence of starting template for the PCR reaction.

The PCR reaction for eF-1ct was run in parallel to that run for Cx35.1, and separated by

electrophoresis on the same gel, but was not blotted to a membrane. This is an inverse

irnage of the ethidiurn bromide stained gel.
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Figure 15: RT-PCR analysis of Cx35.1 mRNA expression between 24-72 hpf of

zebrafislr embryonic development. Zebraftsh Cx35.i-specific primers were used to PCR

amplify cDNA prepared from24 hpt 30 hpl 36 hpf,40 hpf, a8 hpf,54 hpf,60 hpf and

72 hpf embryos and the products were separated by electrophoresis on a gel, blotted to a

rnembrane and liybridized with a zebrafish Cx35,l-specific probe. Numbers above the

blot clenote hours post fertilization. A single band was cletected in 48 hpf, 54 hpf, 60 hpf

and 72 hpf embryo samples, but no band was cletected in earlier stages of embryo

samples. Elongation factor 1o (eF-1ct) is ubiquitously expressed throughout developrnent

and so its amplification by PCR allows the verification of the presence of starting

template for the PCR reaction. The PCR reaction for eF-1c¿ was run in parallel to that

run for Cx35.l, and separated by electrophoresis on a gel, but was not blotted to a

membrane. Tliis is an inverse image of the ethidium brornide stained gel.

68



24 30 36 4A 48 54 60 72

Cx35.1



3.4 Protein Expression

3.4.1 Immunohistochemistry of Adult Retina

Four different primary antibodies directed against either the mouse or perch

Cx35/36 orthologues were tested in combination with two different fluorescent secondary

arfibodies. Regardless of the primary antibody, both secondary antibodies produced the

same staining pattern, however, the green fluorescence of Alexa 488 was clealer and

tnore intense. Once this was determined, Alexa 488 was used exclusively as the

secondary arfibody.

Three of the four primary arfibodies, 4b298, antibody C, and anti-perch Cx35,

showed sirnilar staining patterns. They all levealed punctate staining, which is the

characteristic staining pattern of gap junctions, in the inner plexiform layer (IPL) of the

retina (Fig. l6). Specifically the staining was often seen in two rows toward the edges of

the IPL. As well, staining was seen in the outer plexiform layer (OPL), although not as

cousistently and not as clearly punctate. Controls, not receiving plimary antibody, did

not show this punctate staining. There was at times a general fluorescence seen in the

nuclear layers because the Hoechst emission spectrum is broad (approximately 400-600

nnr with the peak at 450 nm) and, therefore, overlaps with the Alexa 488 excitation and

enrission wavelengths (peaks at approxirnately 475 nm and 525 nm, respectively).

The folth primary antibody, Ab51-6300, showed a similar staining patteln to

those above, but at times, it also revealed large punctate staining at the boundary between

the outer nuclear layer and the photoreceptor layer. There was also sporadic staining in

other layers of the retina, but not consistently. The staining pattern was not seen with any
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Figure 16: Protein expression analysis in adult zebrafish retina. Cryosections (10 pLm)

were probed with an anti-mouse Cx36 primary antibody, 4b298, wliich recognizes

zebrafish Cx35.l and detected with the fluorescent secondary antibody Alexa 488.

Sections were double stained for Cx35.1 (A) and with Hoechst (B) to show the nuclear

layers of the retina. Punctate staining, characteristic of gap junctions, is revealed in two

rows in the inner plexiform layer (IPL), the synaptic layer between the interneurons and

the ganglion cells. The outer plexiform layer (OPL) is also faintly labeled. (C) shows a

similar section labeled only with the secondary antibody. (D) shows a section sirnilar to

(A) at a higher rnagnification while (E) shows its Hoechst counter-staining. (F) is the

control section lacking primary antibody. GCL : ganglion cell layer, INL : inner

nucleal layer, ONL : outer nuclear layer. Scale bar for (A-C) : 50 pm. Scale bar for (D-

F):25 prm.
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of the other primary antibodies and, therefore, was deemed to be non-specific. Controls

lacking primary antibody did not show this staining but only the background fluorescence

of the nuclear layers.

3.4.2 Immunohistochemistry of Embryonic Retina

Sections through d2, d3, d4, and d5 embryo heads were stained with the three

antibodies that showed identical staining patterns in the adult letina, Ab298, antibody C,

and anti-perch Cx35. The secondary antibody used was Alexa 488.

In d5 ernbryos, the tluee primary antibodies used for the adult sections showed a

matching staining pattern. Retina sections showed punctate staining in the IPL and

staining in the OPL, though it was too difficult to confirm whether it was punctate or not

(Fig. 17). Staining in the IPL and OPL was also seen with two of the thlee antibodies in

cl4 embryos. In the earlier embryo stages, d2 and d3, sections th'ough the head of the

embryos dicl not show any specific staining withinthe retina (Fig. 17). However, some

regions of the brain revealed punctate staining in the d2 and d3 emblyos. As well, there

was punctate staining surrounding portions of the facial cartilage of the d3 and d4

embryos (Fig. i7). There was not much cartilage left on the d5 embryo sections so

cartilage staining cannot be confirmed for this stage.
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Figure 17: Protein expression analysis in embryonic zebrafish retina and head.

Cryosections (10 prm) were probed with arfi¡nouse Cx36 primary antibodies that

recognize zebrafish Cx35.l and detected with the fluorescent secondary arfibody Alexa

488. Sections wele double stained for Cx35.1 (A-C) and with Hoechst (D-F) to show the

nucleal layers. Sections not treated with primary antibody were used as controls (G-I).

The upper row shows d5 embryo retina labeled with antibody C. Punctate staining is

detected in the inner plexiform layer (iPL) and the outer plexiform layer also fluoresces.

In the middle row, showing d3 embryo retina labeled with 4b298, no specific Cx35.1

staining is detected in the retina. The bottorn row shows a legion of facial cartilage in the

cl4 embryo labeled with Ab298. Punctate staining is detected around the chondrocytes.

Scale bars :25 ¡tm. GCL : ganglion cell layer, INL : irrrer nuclear layel.
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CHAPTER 4: DISCUSSION

4.1 Zebrafish Cx35.1 belongs to the Cx35/36 group of orthologues

This study was intended to provide a basis for further in clepth research on the

development of veftebrate vision. The zebrafish provides a unique rnoclel in which the

structure and function of the eye can be monitored in the live animal throughout

development using morphological and physiological observations and behavioral assays.

This provides the opportunity to correlate defects with single gene mutations. In order to

study the function of a specific gene suspected to be involved in vertebrate visual

function, the gene must first be characterized in terms of structure, expression profile and

pliysiological characteristics.

In this study a novel zebrafish connexin gene has been cloned from a genomic

PAC library. The 912 bp coding region of the gene encodes a 304 arnino acid protein

with a predicted molecular weight of 35,059 Daltons. In keeping with the current

nomenclature of the comexin gene farnily, this gene will be called zebrafish

connexin35. 1 (Cx35. 1).

Through structural analysis of both the gene and the protein, it is apparent that

zebraf,rsh Cx35,1 belongs to the Cx35l36 group of orthologous getles. The gene is

structured such that the coding region is not contained within a single exon, as is true for

nrost other connexins outside of the Cx35l36 group. Instead the coding region is split

into two exons by an intron that interrupts 71 bp after the translation initiation site. This

corresponds to the division between the amino-terminal clomain and the first

transmembrane seglnent in the protein and is the location of the intron in all the Cx35/36
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group members cloned to date. However, the size of the intron is variable. It is 1953 bp

in tlre zebrafish,950 bp in skate (O'Brien et a1.,1996),900 bp in perch Cx35,20 kb in

perclr Cx34.7 (O'Brien et a1.,1998), 1.14 kb inrnouse (Söhl e/ a1.,1998), and 1.05 kb in

lruman (Belluardo et a1.,1999).

The sequence of the coding region is highly conserved among the group and

zebraf,rsh Cx35.1 maintains that sirnilarity with an amino acid identity ancl similarity of

96Yo and 99o/o respectively with perch Cx35. When the amino acid sequences of the

ortlrologues are compared in a phylogenetic tree, we see tl:atzebraftsh Cx35.l is placed

on a branch closest to perch Cx35 and then chicken Cx36 (Fig. 8). The rnammalian

orthologues are grouped together and the skate Cx35 branches between the others mole

or less on its own, not surprisingly as it is the basal vertebrate species in the clade.

Altlrough, based on sequence and structure similarities perch Cx34.7 could belong to the

Cx35/36 group, as it has the same genetic structure, it is not thought to be orthologous to

the others. It is a novel gene and has a different expression pattern than perch Cx35 (J.

O'Brien, University of Texas Medical School, personal communication) and is the most

basal member of the clade.

The biophysical properties, including conductance and voltage-gating, of the

Cx35l36 orthologues characterized so far are also remarkably conserved and zebrafish

Cx35.l clrannels are not significantly different (O'Brien et al.. 1996; O'Brien et al.,

1998; Srinivas et al.,1999; White et a|.,1999 ltl Ubaidi et a|.,2000). Zebrafish Cx35.l

can form funcfional gap junctions with conductance values over 100-folcl larger than

background couductance, but do not have conductance values as high as mouse Cx36.

Zebraf,rsh Cx35.1 channels are very weakly voltage sensitive. The Cx35/36 group in fact
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has the lowest voltage dependence of all comexins, perhaps to preverf corrtinual

uncoupling due to hyperpolarization or depolarization in the electrically active neurolls.

This also suggests that retinal neurons expressing Cx35.1 could remain coupled despite

nrenrblane potential shifts that occur during visual activity (White el a1.,1999). As well,

altliough unitary conductance has not been examined yet for Cx35.1, the Cx35l36 group

has much lower unitary conductance than any other connexins. it has been suggested this

may be a mechanism to have more precise control of the extent of electrical coupling by

simply var-ying the channel number, in comparison to channels with higlier unitaly

conductance (Srinivas et a|.,1999; Al-Ubaidi et a|.,2000).

Post-translational phosphorylation of connexin proteins is involved in the

regulation of many connexin and gap junction properties (Lampe and Lau, 2000),

including channel gating. Although phosphorylation has not been investigated in depth

with regards to the Cx35l36 group, it rnay play a role in channel gating ol other processes

since potential phosphorylation sites seem to be conserved.

What remains to be answered with regards to Cx35.l channel properties is

whether ol not Cx35.1 can form hemichannels and whether or not they can form

heterotypic channels with other connexins. While skate Cx35, perch Cx35 and perch

Cx34.7 are able to form functional hemichannels, no currents were detected fol mouse

Cx36 hemichannels. As a result of this inconsistency, it is hypothesized that there are

discreet mechanisms governing hemichannel versus complete intercellular channel gating

(Al-Ubaidi et u1.,2000). Both mouse Cx36 and skate Cx35 fail to form heterotypic

channels with connexins that are able to form hetelotypic channels with a numbel of

diffelent connexins. Nine different connexins were tested with mouse Cx36 including
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Cx26, Cx32 and Cx50, which were also tested with skate Cx35 along with Cx46

(Teubner et al., 1999; White et al., 1999; Al-Ubaidi et a1.,2000). Perch Cx35 ancl

Cx34.7 are able to form heterotypic channels between each other (O'Brien et n|.,1998),

however, they have not been tested with other connexins yet. The fact that this group of

connexins is restricted as to which connexins it will forrn channels with, suggests that, in

accordance with their sequence divergence from the remaining groups of connexins, they

have very distinct functional regulation properties.

4.2 Cx35.l mRNA is expressed in development and in the adult brain and eye

Analysis of the transcriptional expression profile of zebrafish Cx35.1 transcripts

during embryonic development revealed that Cx35.1 mRNA first becomes cletectable

between 40 hpf and 48 hpf and then is present until at least d5, the last stage that was

assayed. Northern analysis revealed intense labeling in d3-d5 samples along with fainter

labeling ili d2 upon repetition of the experiment. Northern analysis is limited in its

sensitivity to detect transcripts explessed at low levels, so RT-PCR, which is a more

sensitive method, was employed to further evaluate expression. A more detailed time

frame of four to eight hour intervals surrounding d2 of developrnent was analyzed for

Cx35.l expression by RT-PCR. This revealed that Cx35.1 mRNA expression is

detectable by this method by 481ipf but not by 40hpf or any earlier stage of development.

Temporal mRNA expression of the Cx35l36 olthologues in development has

previously only been analyzed in the mouse and rat brain. These analyses revealed that

expression is diffèrentially regulated. Murine Cx36 expression is first detectable in the

cleveloping brain by RT-PCR at embryonic day (E) 7.5 (Gulisano et a\.,2000). Nolthem
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analysis revealed that its expression increases from E1 1.5 to a maximum at post-natal day

(P) 7 after which expression continually decreases to its adult level of 8o/o of rnaximum

(Söhl et a|.,1998; Gulisano et a|.,2000; Rozental et a|.,2000b). In the rat, expression

was only analyzed postnatally (Belluardo el a1.,2000; Prime et al.,2000). During the

first two weeks after birth Cx36 mRNA expression is up-regulated in the brain, but then

cleclines markedly after that. The basis for the dynamic expression of Cx36 is yet to be

determined although the expression profile does correlate with some rnajor neurogenesis

events in the developing brain (Gulisano e/ al., 2000). While the zebrafish mRNA

profiling presefted here is not quantitative, Cx35.1 is clearly not expressed at d0 or dl

but tlren levels do not change drastically from when it is initially expressed at d2 to when

the analysis stopped at d5. The onset of expression coincides with a period of rapid

neurogenesis in the brain when the scaffold of tracts and commissures is being set up

(Wulliman et al., 1996).

Transcript expression analysis was also pelformed on select adult tissues. This

showed that Cx35.1 mRNA is expressed in brain and eye (lens removed) but not in liver

or ovary. Since the retina could not be dissected from the rest of the eye other than the

lens, which of the remaining tissues express the message carurot be resolved by this

method. However, the lens was negative for Cx35.1 trar-rscripts when tested by RT-PCR

(not slrown). Al-Ubaidi et al. (2000) performed Northern analysis on mouse eye after

separating it into thlee cornponents, the lens, the retina, and a combination of the pigment

epithelium, choroid and sclera (PECS), This analysis revealed no labeling in the lens,

str'ong labeling in the retina, and very weak labeling in the PECS indicating the potential

expression of rRNA in one or more of the PECS tissues. The Northern analysis of the
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adult tissues is therefore consistent with tlie finding that the Cx35/36 orthologues are

primarily expressed in the nervous system. In the skate it is only expressed in the letina

and in the perch and mamrrals it is expressed in the retina as well as certain regions of

the brain and peripheral nervous system (see sections 1.4 and 1.8). The one known

exception is that it is also expressed in rat pancreatic islet cells (Serre-Beinier et al.,

2000; Calabrese et a1.,2001).

4.3 Cx35.1 protein is expressed in the zebrafish retina

Immunohistochemistry levealed a punctate staining pattern, characteristic of gap

junctions, in the inner plexiform layer (lPL) of the zebrafish retina with all anti Cx35/36

antibodies tested. The staining was restricted to two distinct rows within the IPL, close to

its borders, and the size of the puncta were heterogeneous. The IPL is subdivided into

structurally and functionally discreet sublaminae, a and b, where the OFF ancl ON bipolar

cell telrninals lie, respectively (for examples see Nelson et al, 1978; Ammermullel and

I(olb, 1995). ON and OFF refer to neuronal pathways that depolarize in response to

increases or decreases in light, respectively. The sublamina a (OFF) is outermost and

sublamina b (ON) is innermost within the IPL. The zebrafisli IPL is divided into two

distinct layers that house ON or OFF bipolar cell terminals, but there are also

rnultistratified bipolar cells with termini in both layers and whether they function as ON

or OFF is controversial (Coririauglrton and Nelson, 2000; Connaughton, 200l). TIie

double-row staining pattern seen here suggests that Cx35.1 containing gap junctions are

plesent in both sublaminae. Further experiments, including double labeling with cell-

specihc maLkers and EM immunochemistry, will be needed to identify the specific cell
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type that is labeled within the IPL of the zebrafish.

In the perch and mammal, Cx35l36 protein has been localized to the IPL as well

(O'Br-ien et ctl., 1998; Güldenagel et a|.,2000; Feigenspan et a1.,2001; Mills e/ a|.,2001)

and the staining was often distributed with more dense and broad staining iu the inner

layers of the IPL and less staining closer to the inner nuclear layer. In the zebrafish,

horvever, there appears to be no real difference in distribution. Al-Ubaidi et al. (2000)

reported localization of the protein to the inner nuclearlayer and the ganglion cell layer

of tlre mouse letina with an anti-perch Cx35 antibody. However, Meier et al., (2002)

tested various anti-Cx36 antibodies on the retina and compared these results to staining in

the Cx36 knockout retina and determined that only staining in tlie IPL and OPL is

specific. In the mouse, rat, and rabbit IPL, the specific cell type labeled has been

identified as AII amacrine cells (Feigenspan et al., 2001; Mills e/ al., 200I). AII

amacrine cells, or rocl amacrines, are interneurons in the rod pathway that receive output

fiom rod bipolar cells and feed into the cone pathway via chernical and electrical

synapses with OFF cone bipolar cells and ON cone bipolar cells, respectively. Therefore,

they forrn homologous gap junctions with other AII amacrine cells and heterologotts

jurctions with ON cone bipolar cells. Cx36 has been localized through irnmunolabeling

and light microscopy methods to both these types of junctions. Since Cx36 cannot be

found in ON cone bipolar cells using these methods, this rnay be a heterotypic junction,

but the other participating connexin has yet to be identified. Fulther evidence of

heterotypic coupling between AIi amacrine cells and ON cone bipolars is that these

channels have diffelent permeability characteristics than homologous, homotypic

channels between AII amacrines (Mills and Massey,1995,2000).
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Labeling was also detected in the OPL of the zebrafish where dendrites of

horizontal cells and bipolar cells synapse with photoreceptors. However, the nature of

the staining is different from that in the IPL. Tlie puncta are not as large and the staining

cloes not appear to be as strong, presumably due to smaller plaque size. This pattern is

consistent with other studies showing a fainter degree of Cx36 labeling in the OPL of the

rnammalian retina (Güldenagel et aL.,2000; Teubner et a|.,2000; Feigenspan et a|.,200I;

Mills e/ al., 2001). The cell type expressing the protein in this layer has not been

identified in any species yet.

This sarne expression pattern, labeling in the IPL and OPL, is seen in embryonic

zebrafîsh retinas beginning on d4 of development. Before this time, although labeling is

detected in regions of the brain and in facial cartilage, it is not seen in the retina.

Neurogenesis is complete in the zebraf,rsh retina by approximately d2.5 ancl the major'

layers of the retina are distinguishable (Malicki, 1999). Diffelentiation of the various

letinal cell types occurs over approximately the next 36 hours, and is complete by d4.

The zebrafish Cx35.1 plotein embryonic expression profile supports the hypothesis of Al-

Ubaidi et al. (2000) that Cx36 orthologues are not expressed, or that functional Cx35l36

channels are not assembled, in the retinal cells until their clifferentiation is complete. In

th.e mouse, although Cx36 mRNA is detected in the brain as early as E7.5 (Gulisano ¿/

ul.. 2000), Al-Ubaidi et al. reported it is not detected in the letina until sorne time

between P1 and P5. Assuming that Cx36 protein explession and the assembly of

functional channels follow shortly afterwards, the development of intercellular

communication would coincide with the cornpletion of clifferentiation of amacrine cells

and other retinal neuron types in the mouse.
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4.4What is the function of the Cx35/36 orthologues?

With such stroug expressiou in the retina, Cx35.1 likely plays a significant role in

vision. Disruption of its expression by arfisense morpholino knock-clown, or other

technologies being developed, will be useful in cleterrnining its function. A Cx36

knockout mouse has been constructed and its retinal structure and function have been

investigated (Gtildenagel et a1.,2007). TIie Cx36 knockout mouse, as a whole, seems to

develop nolrnally and does not have any apparent abnormalities. As well, the structule of

the retina is completely normal. The coupling between AII arnacrine cells and ON

bipolars is, however, disabled. As a result, some of the electrical activity normally

produced by the ON pathway is disrupted. Therefore it was concluded that one role of

Cx36 is in electrical synapses in visual transmission, without which light perception is

impaired. Other evidence of its role in light perception is a study in which levels of Cx36

were assessed under various ligliting conditions (Al-Ubaidi et, a|.,2000). Mice reared in

constant light or constant darkness expressed Cx36 mRNA at only 40o/o of the level

expressed in mice reared under a typical light/dark cycle.

The Cx35/36 orthologues are also expressed in the brain, and a possible fuirction

here is in neuronal network synchronization and epileptic behavior. Connexin36 is

predorninantly expressed in interneurons, which are capable of producing synchronous

activity due to their numerous contacts. This synchronization is functionally important

for information processing in the cortex and hippocampus. In the Cx36 knockout there is

loss of electrical synapses between mouse cortical interneurons and reduced synchrony of

tlre inhibitory potentials normally produced by them (Deans et a|.,2001). A similar study

investigating synchronizaÍion in the rnouse hippocarnpus showed that Cx36 is involved in
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generating sharp wave-ripple complexes and its loss led to reduction of pathological,

lrypersynchlonous epileptiform discharges (Maier et a|.,2002). Loss of Cx36 also results

in the absence of coupling between inhibitory neurons in the thalarnic reticular nucleus in

the forebrain, which normally generate synchronous activity during sleep, and seizures

(Landisman et al., 2002).

Intelestingly, the human orthologue of Cx36 has been cloned and mappecl to

ch:'omosomal band 15q14 (Belluardo et a|.,1999). One of two syndromes linked to this

location is juvenile myoclonic epilepsy. In addition, patients with an inverted duplication

on chrorrosome 15 frequently have a rearrangement at 15q1,4 and are affected with

mental retardation and epileptic symptoms.

Since the Cx35/36 orthologues are primarily expressed in neurons, epilepsy is

only one of many nervous system disorders that the Cx35l36 orthologues may be

involved in. With its predominant expression in the retina, and its recent iderfification in

oligodendrocytes (Parenti et al., 2002), Schwann cells Q.,iicholson et al., 2001), and

insulin-ploducing B-cells of the pancreatic islets (Serre-Beinier et u|.,2000; Calabrese e¡

u1.,2007), Cx36 likely has many importarf functions and could play a role in many

hurnan diseases. The exploitation of the advarfages of the zebrafish as a model system

should prove fi'uitful to understanding tliese functions and roles.
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APPENDIX A

Buffers and Media

LB (Luria Beltani) solid medium for plates

Bacto-Tryptone
Bacto-yeast extract
NaCl
Bacto-agar
ddH20

LB liquid medium
Bacto-Tryptone
Bacto-yeast extract
NaCl
ddH20

1OX MTBE
Tris base
Boric acid
NazEDTA
ddH20

2OX TAE
Tris base

NaOAc-3H20
NA2EDTA
Glacial acetic acid
ddHz0

6X DNA loading buffer
0.25% bromophenol blue
30o/o glycerol in water

5X RNA loading buffer
Saturated brornophenol blue
0.5 M EDTA, pH 8.0

37o/oFormaldehyde
I00% Glycerol
Formamide
l OX MOPS
DEPC H2O

iog
5o

1og
15 g
Up to 1L, autoclaved

1og
5o

1og
Up to 1L, autoclaved

162 g
27.5 g
9.3 g

Up to lL

96.9 g

32.8 g
14.9 g
To pH 8.3

Up to lL

16 pl
80 pl

720 p,l

2rnl
3084 pl

4 nil
Up to 10ml
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OLB
50 Azoo units of random primer hexanucleotides (Pharmacia) dissolved in 555pI
double distilled water, followed by addition of 375prl of Buffer A and 925prl of
2M Hepes (pH Hepes to 6.6 with NaOH)

Buffer A: 1rnl0.l25M Tris-HCl pH 8.0, lml 0.125}i4 MgCl2, 18prl B-
mercaptoethanol, 5prl dNTPs (100mM each, except for dCTP)

50X Denhardt's solution
Ficoll 5 g

Polyvinylpyrrolidone 5 g
Bovine Serum Alburnin (BSA) 5 g

dclH20

2OX SSC
NaCl
Sodium citrate
ddFIzO
NaOH

2OX SSPE
NaCl
NaHzPO+-HzO
EDTA
NaOH
ddH2o

Hybridization buffer 1

7% SDS
0.5 M NaPhosphate, pH 7 .2

1 mM EDTA

MOPS
NaOAc
EDTA
ddH'0

Hybridization buffer 2 (frnal concentrations)
50olo Formarnide
5X SSPE
0.1% SDS (sodium dodecyl sulfate)
5X Denhardt's solution
100 pg/ml shealed salmon sperm DNA
ddH20 (Up to desired total volume)

I 0X MOPS (3 -Qrl-morpholino) propanesulfonic acid)/EDTA buffer

Up to 500m1

175.3g
88.29

Up to lL
pH to 7.0

t75.3g
27.69

7Aa
pHto 7.4
Up to lL

41.9g
6.8g
1'1o
".,b

Up to lL
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APPENDIX B

Single letter codes of the naturally occurring amino acids

Alanine

Cysteine

Aspartic Acid

Glutamic Acid

Phenylalanine

Glycine

Histidine

Isoleucine

Lysine

Leucine

A

C

D

E

F

G

H

I

K

L

Methionine

Asparagine

Proline

Glutamine

Arginine

Serine

Threonine

Valine

Tryptophan

Tyrosine

M

N

P

o

R

S

T

V

w

Y
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