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III. Abstract

Gap junctions are sites of intermembrane connectivity formed when connexons, each

composed of six connexins, from adjacent cellular membranes dock with one another

forming regulatable intercellular pores. Aggregations of these channels, referred to as gap

junction plaques, allow coupling of cells for direct cell-to-cell exchange of ions and small

molecules. In neurons, gap junctions composed of connexin36 (Cx36) form electrical

synapses at widely distributed inter-neuronal gap junctions in mammalian brain. Findings

of novel protein interactions between connexins and other cellular proteins has increased

understanding of the complexity of gap junction functions in vivo. The PDZ domain-

containing protein zonula occludens-1 (ZO-I), originally considered to be associated only

with tight junctions, has recently been reported to interact with several members of the

family of connexin proteins, and to associate with gap junctions in various cell types.

Based on the presence of sequence corresponding to a putative PDZ binding motif in

Cx36, we tested the hypothesis that an anatomical relationship and molecular association

occurs between Cx36 and ZO-l in various cell lines and tissues. Anti-Cx36 antibody

specif,rcity was verified by western blot and immunofluorescence detection of Cx36 in

tissues and cultured cells, by the absence of Cx36 in vector-transfected HeLa cells, and

by the lack of Cx36 detection in tissues from Cx36 knockout mice. Using anti-Cx36

antibodies directed against different epitopes of the Cx36 protein sequence, punctate

immunofluorescence labelling was detected in PTC-3 cells, pancreatic islets, adrenal

medulla and throughout the CNS of wild-type mice. Immunofluorescence for ZO-1 also

appeared partly as puncta in the cells and tissues examined, and was co-localized with

Cx36 in tissues from wild-type mice. Immunoprecipitation of either Cx36 or ZO-1 from
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cell lysates and tissue homogenates resulted in immunoblot detection of ZO-1 or Cx36,

respectively, in the immunoprecipitates. These results provide evidence for the

association of Cx36 and ZO-l at gap junctions composed of Cx36 in cultured cells,

adrenal medulla, pancreatic islets and neurons in brain. Furthermore, our results suggest a

regulatory andlor scaffolding role of ZO-l at gap junctions that form electrical synapses

between neurons in mammalian brain.
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IV.Introduction

IY.l. Gap junctions

Gap junctions are found in nearly all mammalian cell types with the exception of

mature skeletal muscle cells, erythrocytes and sperm cells (Dermietzel and Spray, 1993).

Gap junctions are assemblies of protein channel complexes at plasma membrane

interfaces. Each gap junction charurel serves as a mediating pore, and the plaque-like

organization of gap junctions at cell-cell contacts provides a direct route for the

intercellular exchange of ions and small molecules. Detailed analysis by electron

microscopy (EM) has shown gap junctions to consist of two layers of plasma membrane

and a sub-membranous electron-dense matrix contributed by each adjoining cell, which

are separated by an intermembranous space. The entire junctional structure has a

definitive heptalaminar affangement consisting of four plasma membrane leaflets, the

two spaces between each of the contributing unit membranes and the extracellular space

between the plasma membranes (Brightman and Reese, 1969; Dermietzel, 1974). The

term gap junction was coined following EM observations of the characteristic 2 to 4 rwt

gap (the extracellular space) regularly occurring at these specialized cell-cell contacts.

Early studies described the presence of gap junctions between several cell types, and

subsequent investigations determined gap junctions to be widely distributed throughout

many tissues, such as between cardiomyocytes in mouse heart and between hepatocytes

in mouse liver, as reported frrst by Revel & Kamovsky (1967). This particular study

provided initial insight into gap junction structure and complexity, and showed gap

junctions to be arrayed as hexagonal subunits. These subunits, consisting of hexameric

arangements of connexins forming what are termed connexons, dock with one another
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creating a channel with a diameter of approximately 1.5 nm and a molecular exclusion

size of up to 1 kDa (Flagg-Newton and Loewenstein, 1979; Brink and Dewey, 1980;

Imanaga et al., 1987).

In addition to peripheral cell types, gap junctions are known to occur between cells in

the peripheral and central nervous system (PNS and CNS, respectively) including

neurons, astrocytes, oligodendrocytes, Schwann cells, leptomeningeal cells, ependymal

cells, pericytes, endothelial cells and pinealocytes (as reviewed by Nagy and Dermietzel,

2000). However, cell-cell coupling by gap junctions is restricted to particular cell types

and does not take place randomly between adjacent cell pairs. Thus, it has been reported

that cell coupling in the CNS occurs from astrocytes to astrocytes, astrocytes to

oligodendrocytes, and neurons to neurons (Massa and Mugnaini,1982; Mugnaini, 1986;

Rash et al., 1997). Originally identified in neurons of lower vertebrates (Furshpan and

Potter, 1959), gap junctional coupling between neurons in mammalian CNS was

demonstrated in studies using such methods as thin-section EM, freeze fracture EM

(Brightman and Reese, 1969; Dermietzel,7974), electrophysiology (Bennett, 1977;Kom

and Farber,1979; Llinás and Yarom, 1981; MacVicar and Dudek, 1981; Perez-Velazquez

et aI., 1994) and dye-transfer (Lowenstein, 1981; Dudek et al., 1983; Connors et al.,

1983; Mu.phy et al., 1983; Horikawa and Armstrong, 1988; Kita and Armstrong, 1991).

Whereas gap junctional coupling between most cell types serves to metabolically couple

cells, gap junctions between neurons permit electrical coupling of these excitable cells,

thus providing a means of rapid inter-neuronal communication that does not involve

chemical neurotransmission. Accordingly, as the level of communication required

between excitable cells can be expected to vary under different functional and



12

physiological conditions, the extent of gap junctional communication between neurons is

also likely to vary. In relation to this, gap junction formation was shown to be highly

dynamic and under regulatory influence at various steps of gap junction formation from

individual nascent proteins to a complete functional channel (Laird, 1996; Thomas ef al.,

2002).

lY.2. Connexins

The proteins that form gap junctions remained undiscovered until technological

advances and key biochemical procedures allowed the isolation of gap junctions,

and subsequently their molecular constituents (Bennett et al., I99I; Bruzzone et al.,

1996). Cell pairs coupled by a gap junction channel each contribute a connexon (or

hemichannel) composed of six gap junction protein subunits termed connexins. Gap

junctions and their constituent connexins play pivotal roles in a host of cellular processes

including regulation of cell growth, development, differentiation and homeostasis

(Goodenough et al., 1996; White & Paul, 1999; Nagy and Dermietzel,2000). There are

currently at least twenty mammalian connexins identified, which are encoded by

different genes but have considerable sequence homology among the family of

connexin proteins within the same species and between different species (Simon and

Goodenough, 1998; Willecke et al., 2002). Each connexin traverses the plasma

membrane four times, with amino-terminal Qrl-terminal) and carboxy-terminal (C-

terminal) polypeptide portions located on the cytoplasmic side of the plasma

membrane (Yeager and Nicholson, 1996;Yeager et al., 1998). The two resulting

extracellular loop domains contain three cysteine residues at highly conserved and
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domain specific spacing intervals (Hennemann et a1., T992a; Hennemann et al.,

1992b). Connexins are commonly designated according to their molecular weight in

kilodaltons preceded by connexin, and may also be preceded by species type (e.g.

mouse connexin36 or mCx36) (Beyer et a1.,1987). Differential amino acid sequence

composition and length among the connexins occurs primarily in the cytoplasmic

loop and the cytoplasmic C-terminal domains. A less commonly used categofization

of connexins has been proposed, and is based on the degree of sequence homology

between the different connexins. According to this scheme, at least three classes of

connexins have been designated by Greek symbols (a, B, f) and individual

connexins aÍe arranged in a dendrogram (Söhl et a1.,2001a).

Similarity exists in the gene structure of many of the connexins, where the

connexin reading frame located in exon2 is separated by an intron from an

untranslated exonl (Willecke et al., 2002). However, some variation in gene

structure has been noted in relation to three members of the connexin family of

proteins (V/illecke et al., 2002). Cx32 is alternately expressed via multiple

promoters and consists of alternatively spliced exonl sequences (Neuhaus et al.,

1995; Söhl et al., 1996,2001b). In Cx36, the translated sequence is derived from a

reading frame located partly on exonl and exon2 separated by one intron

(Condorelli et al., 1998; Söhl et al., 1998). In Cx45, the reading frame is located

entirely in exon3 and separated from exonl or from exonl and exon2 by an intron

(Krüger et al., 2000; Jacob et al.,2001).

Gap junction channels may be composed of one specific connexin in the docked

connexon assembly, in which case they are referred to as homotypic channels.
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However, gap junctions can be formed by two coupled cells each of which expresses

a different connexin, and the channels formed by the two docked connexons are

called heterotypic. Further complexity is conferred upon gap junctions when

individual cells express more than one connexin, where connexons containing more

than one type of connexin may be assembled into what are termed heteromeric

channels (Elfgang et al., 1995). This is in contrast to connexons that contain only

one type of connexin, which are referred to as homomeric channels.

Connexin trafficking and connexon assembly follows highly regulated and

sometimes differential pathways, suggesting selectivity of connexin expression

based on cellular functional needs for gap junctional intercellular communication

(GJIC). As deduced for Cx26, Cx32 and Cx43, nascent connexin proteins are co-

translationally inserted into endoplasmic reticulum (ER) membranes (Falk et al.,

1994; Falk and Gilula, 1998). Initially, the polypeptide is oriented with the

extracellular domains in the ER lumen and the N-terminal, the loop domain and C-

terminal situated in the cytoplasm. Once assembled and transported to the plasma

membrane, the connexon will have its extracellular domains exposed at the

extracellular face and retain the N-terminus, the loop domain and the C-terminus in

the cytoplasm. Trafficking of connexins to the plasma membrane requires as a pre-

requisite the intracellular oligomerization of connexins into function-ready

connexons (reviewed by Segretain and Falk, 2004). Oligomerization of connexins

results in selective formation of homomeric or heteromeric connexons.

Interestingly, not all connexins are capable of forming heteromeric connexons with

other connexins. Those connexons that are heteromeric however consist of only two
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types of connexins of the same subgroup (i.e. o, Ê, y) (Segretain and Falk, 2004).

Several lines of investigation have produced evidence for alternative locations of

connexon oligomerization, including assembly in ER membranes, trans-Golgi

network or ER-Golgi intermediate compartments. In addition, the existence of

connexin-specific intracellular locations of oligomerization has been suggested

(Musil et a1.,1993; Falk et a1.,7997; Ahmad et a1.,1999;Diez et a1.,1999; Evans et

al., 1999; Das Sarma et aL.,2002). Since it appears that assembled connexons are

trafficked for plasma membrane insertion and formation of gap junctions, proposed

mechanisms for trafficking of connexons have included transport along

microtubules in vesicular carriers (Lauf et al., 2002), transport via an unidentified

microtubule-independent mechanism (Martin et al., 2001), or diffusion-based

secretion over short distances (reviewed in Bloom and Goldstein, 1998; Lippincott-

Schwartz, 1998).

Different connexins confer different gap junctional communication properties.

Specificity of function is demonstrated by data indicating a range of single channel

conductance characteristics (15pS - 300pS) for gap junctions composed of different

connexins (Veenstra et al., 1994a; 1994b; Srinivas et al., 1999). Additionally, gap

junctions exhibit selective exclusion of metabolites according to size (0.2 to 1.0 kDa) and

charge because different connexins confer different permeability characteristics on gap

junction channels (Elfgang et al., 1995; Cao et al., 1998; Suchyna et al., 1999; Nicholson

et al., 2000; Evans and Martin,2002; 'Weber 
et al., 2004).
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lY .3. Gap junctions and connexins in peripheral tissues

The majority of ventricular and atrial myocytes are linked by large gap junction

plaques at intercalated discs. The anangement of gap junctions at intercalated discs

allows the rapid propagation of electrical (ionic) signals for muscle contraction

throughout the working cardiac tissue. The complexity of gap junction formation in the

heart is indicated in part by variations in gap junction plaque size, their localization and

relative abundance within different regions of the heart (Gros and Jongsma, 1996; Severs

et al., 1996; Saffitz et al., 1997; Severs, 1999). Within a given locale, gap junctions are

composed of distinct connexins that apparently provide specific communication abilities

to specific cell types. Gap junctions and their connexin constituents in the mammalian

cardiac system have been well described (see reviews by Gros and Jongsma,1996; Beyer

et al., 1997; Severs, 1999; Severs et al., 2001), and are formed by several connexins,

including Cx43, Cx40 and Cx45 (reviewed by Severs et a1.,2001). During embryonic

development, it has been reported that cardiac gap junctions containing Cx43 contribute

to the development of cardiac tissue based on observations that Cx43-deficient mice

exhibit alterations in cardiac morphology in utero and die before birth (Reaume et al.,

1995). In adult heart, gap junctions contribute to impulse propagation through the

Purkinje fibre system by formation of high conductance channels composed of Cx40

(Bastide et al., 1993; Gourdie et al., 1993; Bukauskas et al., 1995). Electrical impulses in

conductive tissue of Cx4O-deficient mice were delayed (Kirchhoff et al., 1998; Simon et

al., 1998), and altered cardiac development and conduction was observed in Cx40-^

lCx43*L double transgenic mice (Kirchhoff et al., 2000).
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Further complexity of cell-cell communication via gap junctions has been revealed by

the permissiveness or non-perrnissiveness of coupling between connexons composed of

different connexins, as demonstrated in cardiac tissue. Although Cx43 is abundantly

expressed and may be co-expressed in cardiac myocytes, connexons composed of Cx43

are unable to form functional channels with connexons composed of Cx40. Further,

permissive heterotypic coupling has been identified between Cx40 and Cx45 as well as

between Cx43 and Cx45 in cardiac gap junctions, indicating a possible gap junctional

link between cells of the impulse generating system and those of the working

myocardium (Bruzzone et al., 1996; Haubrich et al., 1996). The heterogeneity in levels

and selectivity of expression of different connexins in heart indicates that connexin

expression is highly regulated.

Other examples of tissues where multiple connexins are expressed include skin which

contains a rich complement of connexins (e.g., Cx26, Cx30, Cx30.3, Cx31, Cx31.1), and

liver where hepatocytes are extensively coupled by gap junctions composed of Cx32 and

Cx26 (Willecke et a1.,2002). A comparison of Cx26 and Cx31.1 in rat skin demonstrated

that Cx26 mRNA reaches adult levels early in development and remains constant,

whereas mRNA levels for Cx31.1 are 15-30 times more abundant in adult animals than

during development (Goliger and Paul, 1994). Gap junctions in mammalian skin were

proposed to contribute to the formation of proliferative units within the epidermal

subdivisions (Potten, 1981). Cell-cell communication via gap junctions between

keratinocytes is thought to play a role in controlling epidermal proliferation by regulating

growth and differentiation of these cells (Kam et a1.,1986; Buultjens et a1.,1988; Pitts et

al., i988). However, the organization of gap junctions between various cell types in skin
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appears to be highly complex because it has now been documented that at least ten

different connexins are expressed in this tissue. Comparison of connexin mRNA and

protein levels in mouse liver indicated that mRNA for Cx26 is relatively less abundant

than that of Cx32, whereas expression of Cx26 protein was found to be much greater than

that of Cx32 (Zhang and Nicholson, 1989). Hepatic gap junctions are involved in

intercellular trafficking of IP3 for the stimulation of glucose release Q.trelles et al., 1996;

Niessen et al.,2000a;2000b) and for the coordination of hepatocyte secretion of bile into

canaliculi (Temme et al., 2001).

Gap junctions between B-cells of endocrine pancreas in mammals are required for

normal storage and secretion of insulin in response to glucose stimulation (Le Gurun et

al., 2003). The presence of Cx36 mRNA and protein has been reported in pancreatic

islets (Serre-Beinier et al., 2000; Calabrese et al., 200I; Serre-Beinier et a1.,2002), and

various insulin-producing pancreatic cell lines including MIN6, INS-1, and INS-ES cells,

as well as the BTC-3 cell line that was derived from mouse pancreatic islet tumour cells

(Le Gurun et al., 2003). Gap junctions formed by Cx36 in pancreas are thought to

coordinate insulin release through the effects of synchronized Ct* oscillations

(Calabrese et al., 2003). Gap junctions form intercellular communication channels

between cells of adrenal cortex and between chromaffin cells of the adrenal medulla

(Munay et al., 1995; Martin et a1.,2001). Further, use of single cell RT-PCR approaches

has shown the presence of Cx36 mRNA in chromaffin cells of adrenal medulla (Theis et

al., 2004), where gap junctions between these cells were previously shown to mediate

Ca2* oscillations resulting in catecholamine release (Martin et al., 2001)
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IY .4. Gap junctions in disease

Under normal conditions, gap junctions aid cellular processes and contribute to

maintaining biological functions in various tissues. In diseases of the nervous system, the

supportive role that gap junctions provide may be compromised by mutations in connexin

genes. In humans, the first connexin-related disease to be identified (White and Paul,

1999) was Charcot-Marie-Tooth disease (CMT). CMT is characterized by the

progression of peripheral nerve degeneration resulting in muscle weakness, muscle

atrophy, and deficits in sensation and deep tendon reflexes. The association of Cx32 with

CMT was made upon genetic analysis of patients afflicted with CMT, which revealed the

locus of an X ch¡omosome-linked form of CMT (CMTX) near the coding region of the

Cx32 gene (Bergoffen et al., 1993; Deschenes et al., 1997).Immunolocalization of Cx32

was observed at paranodal membranes and Schmidt-Lanterman incisures of Schwann

cells in peripheral myelin (Scherer et al., 1995). Dye transfer analysis (Balice-Gordon et

al., 1998) supported the hypothesis that gap junctions formed the reflexive pathways

mediating diffusion of nutrients and signalling molecules across layers of compacted

myelin (Majack and Larsen, 1980). Further, mutated Cx32 expressed in cell models have

indicated compromised channel permeability and gating function of gap junctions formed

by several variants of mutated Cx32 (Oh et a1., 1997).

Normal function of the inner ear may be influenced by ionic fluctuations controlled in

part by gap junctions. The discovery of Cx26 expression in cochlear cells of rat auditory

system (Kikuchi et al., 1995) provided a possible candidate for the underlying site of

genetic defect resulting in non-syndromic deafness in mammals. Non-syndromic deafness

refers to deafness suffered by an individual who has no other mental or physical
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deficiencies. Subsequent investigations of families with a history of non-syndromic

deafness demonstrated Cx26 to be the site of genetic mutations causing autosomal

recessive and autosomal dominant inherited deafness in humans (Chaib et al., 1994;

Canasquillo et al., 1997; Zelarúe et al., 1997; Kelley et al., 1998; Lench et al., 1998;

Estivill et al., 1998; Richard et al., 1998; Denoyelle 1998). Cx50 and Cx46 form gap

junction channels in the avascular lens tissue of mammalian eye, and thus provide a

means of maintaining appropriate ionic conditions for normal lens function (Rae, 1979;

Goodenough, 1979; Goodenough et al., 1980; Goodenough, 1992; Mathias et al., 19971-

Gong et al., 1997).In humans, the formation of zonular pulverulent opacities leading to a

form of congenital cataracts was shown to be caused by substitution of a single amino

acid in the second transmembrane domain of Cx50 Q.{ettleship, 1909; Renwick and

Lawler, 1963; White et al., 1992; Church et al., 1995; Geyer et al., 1997; White et al.,

1997; Shiels et al., 1998;) .

The elucidation of connexin related physiology in humans has been assisted by the

development of transgenic mice with targeted disruptions of connexin genes (i.e.

connexin knock-out mice) (White and Paul, 1999). Where comparisons have been made

between normal and transgenic animals, the results have clearly indicated that gap

junctions and their connexin subunits play an important role in normal mammalian

physiology at various stages of development. Unlike mutations of Cx26 in humans,

disruption of Cx26 in mice retards glucose transport from the mother to the fetus and is

embryonic lethal at day 11 of development (Gabriel et al., 1998). Mutations of Cx32 in

mice causes little effect on peripheral nerve myelination, however, glucose release from

the liver is severely restricted and there is an increased rate of hepatic tumour formation
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in Cx32 knock-out mice (Nelles et al., 1996; Temme et al., 1997). Female mice with

homozygous knock-out of Cx37 are infertile due to loss of the ability to ovulate (Simon

et dl., 1997). In addition, abnormalities in follicular growth, oocyte maturation,

luteinization and intercellular communication between the oocyte and granulosa cells

have been observed in mice lacking Cx37 (White and Paul, 1999). In heart, atrio-

ventricular and intraventricular conduction is delayed in Cx40-deficient mice, where gap

junctions composed of Cx40 are suggested to contribute to synchronization of contraction

(Simon et al., 1998; Kirchhoff et al., 1998). Cx43 is expressed in many cell types and

contributes to gap junction formation in various tissues. Cx43 is vital to the normal

development and function of cardiac tissue, as demonstrated in Cx43-deficient mice

where the lack of gap junctions composed of Cx43 coincided with an arterio-ventricular

malformation resulting in circulation of poorly oxygenated blood until death occurs

shortly after birth (Reaume et al., 1995).

IY .5. Gap junctíons between support cells in the CNS

Numerous early reports have described the organization of astrocytes in the CNS as

physically and metabolically compartmentalizing micro-anatomical brain regions, such as

synaptic complexes contained in glomeruli (Szentagothai, 1970; Chan-Palay and Palay,

1972; Landis and Reese, 19821' Walz and Hertz, 1983; Waxman and Black, 1,984).

Subsequently, it became generally recognized that astrocytes are extensively coupled by

gap junctions as determined by ultrastructural investigations, dye transfer analysis and

electrophysiological studies (Mugnaini, 1986). Astrocytes in the CNS provide metabolic

support to a neuronal milieu primarily by their accumulation of excess extracellular K+
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resulting from release of this ion during neuronal activity (Karwoski et al., 1989;

Skatchkov et al., 1995; Newman, 1996). Gap junctional coupling of astrocytes, forming

what is referred to as a "functional syncytia" in the CNS, provides a pathway for the

spatial redistribution of K+ and contributes to ionic homeostasis in brain through what is

referred to as K+ spatial buffering (Futamachi and Pedley, 1976; Bennett and

Goodenough, 1978; Massa and Mugnain| 1982; Dudek et al., 1983; Gardner-Medwin,

1986; Mugnaini, 1986; Galambos, i989; Walz, 1989). Where metabolic support by

astrocytes is particularly crucial (i.e. chemical synapses, glomeruli, nodes of Ranvier and

vascular surfaces), reports have indicated a relatively greater extent of gap junctional

coupling between astrocytic processes (Williams, 1975; Sipe and Moore, 1976; Waxman

and Black, 1984; Mugnaini, 1986).

Glial support of neurological function is also furnished by oligodendrocytes which

ensheath axons and substantially increase the rate of action potential propagation through

a process termed "saltatory conduction" (e.g. Kandel et al., 2000). Gap junction

formation is known to occur at the processes of oligodendrocytes in the CNS, where gap

junctions were subsequently shown to be more prevalent than originally indicated (Sotelo

and Angaut, 1973; Dermietzel,l9TS; Sandri et al., 1982; Li et al., 1997; Rash et al.,

1997). Intercellular communication via gap junctional coupling of oligodendrocytes in

the CNS serves to coordinate the process of myelination (lttragy and Dermietzel,2000)

which is further suggested by an upregulation of gap junctional coupling in vertebrate

peripheral myelin following axotomy and during V/allerian regeneration (Tetzlaff, 1982).

More recent studies have shown elevated levels of the gap junction forming protein Cx32

in oligodendrocytes of the CNS during development (Scherer et al., 1995). Although
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homologous electrical and dye-coupling between oligodendrocytes has been reported

(Kettenmann and Ransom, 1988; Butt and Ransom, 1989), several detailed ultrastructural

studies have demonstrated that oligodendrocyte gap junctional coupling occws only in

heterologous form between oligodendrocytes and astrocytes, thus contributing to the

formation of a "panglial syncytium" (Massa and Mugnaini, 1982; Waxman and Black,

1984; Mugnaini, 1986; Robinson et al., 1993; Rash et al., \997). In addition to the

aforementioned cell types, gap junctions have also been reported between tanycytes,

between ependymal cells, between leptomeningeal cells, between choroid epithelial cells,

and between pinealocytes (Dermietzel, 1975; Dermietzel et al, 1977; Hatton and

Ellisman, 1982; Sâez et al.,l99I; Zenker et al.,1994; Hasegawa et al., 1997; Nagy et al.,

t997b).

IY.6. Connexin expression by support cells in the CNS

Studies of connexin mRNA and protein expression patterns in various tissues indicate

that some connexins are widely distributed in various organs and cell types, while others

are more selectively expressed (Willecke et al., 2002). Astrocytes in the mammalian CNS

are linked by gap junctions, and numerous studies have described several possible

connexins that may form functional junctional channels between these cells, as well as

between astrocytes and oligodendrocytes. Analysis by transmission electron microscopy

(TEM) immunocytochemistry and freeze-fracture replica immunogold labelling (FzuL)

has demonstrated the expression and co-localization of Cx30 and Cx43 in gap junctional

plaques formed between astrocytes in brain and spinal cord, and the absence of these

connexins at gap junctions between neurons Otragy et al., 1999; Nagy and Dermietzel,
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2000; Nagy and Rash, 2000; Rash et al.,200la). Gap junctions composed of Cx43 have

also been observed between ependymocytes in mammalian CNS (Rash et al., 1998).

Although expression of Cx26 is well documented in leptomeningeal cells (Dermietzel et

ã1., 1997), studies of Cx26 expression in brain parenchyma have often reported

conflicting observations. Expression of Cx26 was initially reported to occur only in

immature rodent brain, where it was suggested to be present in neurons (Nadaraj ah et al.,

1996; Nadarajah et al., 1997; Dermietzel eI al., 1997; Nadarajah and Pamavelas, 1999).

In contrast, other studies indicated the expression of Cx26 in neonatal and adult brain,

which included the expression of Cx26 in neurons and astrocytes (Miragall et al., 1992;

Orsino et al., 1996; Alvarez-Maubecin et al., 2000; Venance et a1.,2000 Solomon et al.,

2001). Recent immunohistochemical studies using several newly developed, non-cross-

reacting anti-Cx26 antibodies demonstrated Cx26 localization in perivascular, subpial,

subependymal and parenchymal tissue of adult brain (Mercier and Hatton, 2001; Nagy et

al., 2001). These studies provided strong evidence for the expression of Cx26 in

astrocytes by demonstrating association of Cx26 with the astrocyte marker glial fibrillary

acidic protein (GFAP), and extensive co-localization of Cx26 with both astrocytic Cx30

and Cx43. Detailed analysis by confocal immunofluorescence microscopy and by FRIL

revealed that immunolabelling of Cx26 at the surface of oligodendrocytes was co-

localized with Cx32, thus indicating heterologous coupling mediated by docking of

hemichannels composed of astrocytic Cx26 and oligodendrocytic Cx32 (Rash et al.,

2001a). Further, ultrastructurally-defined gap junctions between neurons were not

labelled for Cx26, but were immunolabeled for Cx36.
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Thorough documentation of the expression of Cx32 in oligodendrocytes in vivo has

been obtained by molecular analysis, immunohistochemical analysis and ultrastructural

studies (Dermietzel et ã1., 1989; Scherer et al., 1995; Dermietzel et à1., 1997;

Kunzelmann et a1.,1997; Li et al., 1997; Nagy and Rash, 2000; Rash et a1.,2000; Rash et

ã1., 2001a; Nagy et ã1., 2001; Nagy et ã1., 2003a; Nagy et ã1., 2003b).

Immunohistochemical studies demonstrated Cx32 at cell bodies and proximal process of

oligodendrocytes, where Cx32 was co-associated with Cx26, Cx30 and Cx43. By FRIL,

the latter connexins were present at the astrocytic side of astrocyte/oligodendrocyte gap

junctions (Li et al., 1997; Rash et al., 2000; Nagy et al., 2001; Rash et al, 2001a).

Additional analysis using FRIL and TEM immunocytochemistry of gap junctions formed

between glial cells demonstrated the presence of Cx32 at gap junction plaques on the

oligodendrocyte side only (Li et al., 1997; Nagy and Rash, 2000; Rash et al.,200la).

Cx32 protein in brain has also been detected in myelin sheaths along axons in grey and

white matter of brain (Li et al., 1997; Nagy et al., 2003a; Nagy et al., 2003b). Cx29 and

Cx47 have also been reported to be present in oligodendrocytes. The distribution of Cx29

is similar to that of Cx32 and has been shown along internodal regions of myelin, at cell

bodies and at initial processes (Li et a1.,1997; Nagy et al., 1997; Nagy et al., 1999; Nagy

et al., 2001; Altevogt et al., 2002; Nagy et al., 2003a; Nagy et a1.,2003b). Although Cx47

protein was first reported to be expressed by neurons in mammalian CNS (Teubner et al.,

2001) subsequent reporting of Cx47 localization has provided evidence for the

oligodendrocytic-specific expression of Cx47 (Menichella et al., 2003; Odermatt et al.,

2003).Immunohistochemical analysis using a newly developed affinity-purified antibody

demonstrated the association of Cx47 primarily with oligodendrocyte somata, where it



26

was highly co-localized with Cx32 and associated with oligodendrocytes immunolabelled

with antibodies against the oligodendrocytic-specific marker 2',3'-cyclic nucleotide 3'-

phosphodiesterase (CNPase) (Li et al., 2004c).

The detection of connexins in vivo requires the use of high quality and highly specific

antibody reagents generated against these proteins. Likewise, determining the tissue-

specific expression of connexins requires confirmation of results through a multi-

disciplinary approach. However, as in the case of Cx45 in brain, the assignment of

connexin expression to a particular cell type may still be elusive. Initially, reports using

immunohistochemical techniques described Cx45 detection specifically in

oligodendrocytes of rat brain, but not in neurons or astrocytes (Dermietzel et al., 1997;

Kunzelmann et al., 1997). Cx45 was also detected in oligodendrocyte cultures by RT-

PCR, and unitary junctional channel conductance measurements obtained from these

cultured cells corresponded to that of channels formed by Cx45. Still, Dermietzel et al.

(1997) could not detect Cx45 mRNA or protein in these oligodendrocyte cultures.

Subsequent studies reported the expression of Cx45 in motoneurons of developing and

adult rat spinal cord, and in unidentified cells associated with brain capillaries, both

findings in contrast to previous reports (Chang et al., 1999; Li et al., 2001). Recently,

transgenic mice were generated with a LacZ reporter gene replacing the coding region of

Cx45. Transcription initiated by the Cx45 promoter results in the expression of B-

galactosidase in the target tissues which, when examined histochemically, catalyzes the

conversion of a substrate into a blue pigmented compound readily visualized by light

microscopy. Histochemical analysis of brain tissue from these mice demonstrated B-

galactosidase product in neural tissues of neonatal and adult animals (Krüger et a1.,2000;
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Maxeiner et al., 2003). These studies described the expression of Cx45, as determined by

reporter analysis, in neurons of various brain regions and presented data indicating Cx45

expression in NG2-positive O2A oligodendrocyte precursor cells.

lY.7. Gap junctions and electrical synapses

Inter-neuronal communication in mammalian CNS involves chemical

transmission whereby pre-synaptic cells release chemical substances and elicit

responses in post-synaptic cells (e.g. Kandel et al., 2000). Forty-five years ago,

however, Furshpan and Potter (1959) provided direct electrophysiological evidence

for gap junction-mediated electrical synaptic activity at motor synapses of crayfish.

In the last several decades, many reports have demonstrated the presence of

electrical synapses between neurons in mammalian CNS (reviewed by Nagy and

Dermietzel, 2000). Other more rare forms of electrical transmission in vertebrates

have been described (reviewed by Bennett, 2004), however only gap junctions are

considered to form electrical synapses providing direct ionic current flow between

interconnected cells. The cytoplasmic continuity provided by gap junctions creates

low resistance ionic pathways between excitable cells (Hormuzdi et al., 2004).

Electrical synapses in some areas of vertebrate brain coordinate subthreshold ionic

fluctuations and thus provide the underlying mechanism for synchronous oscillatory

activity in neuronal networks (Singer and Gray, 1995; Singer, 1999; Salinas and

Sejnowski,200llam et al., 2000; Csicsvari et al., 2002; O'Connor et al., 2002;

Buzaski et al., 2003; Steriade, 2003). Neuronal coupling via gap junctions has also

been documented ultrastructurally and shown by dye-coupling in the spinal nucleus
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of the bulbocavernosus (SNB) and dorsolateral nuclei (DLN) in rat spinal cord

(Matsumoto et al., 1988; Coleman et al., 2002). It was proposed that coupling of

neurons in the SNB contribute to the synchronization of motor pools for the purpose

of intensifying the penile erection in rats (Coleman et al., 2002). For example,

oscillations occurring between selectively coupled clusters of neurons contribute to

temporally synchronized action potentials (Llinás, 1985; Sasaki et al., 1989; Llinás

and Sasaki, 1989). Leznik et al (2002) showed that synchronous oscillations

between clustered neurons of the mammalian inferior olivary (IO) nucleus were not

possible without electrical synapses. Further, cluster size varies with the extent of

electrical coupling, as well as with the degree of inhibitory feedback from the

cerebellum, and correlates roughly to the size of parasagital bands of cerebellar

Purkinje cells that exhibit synchronous activity. It was therefore proposed that IO

neurons contribute to cerebellar output and motor function through the coordination

of IO afferent activity by synchronous ionic oscillations through electrical synapses.

The mammalian retina contains over fifty retinal neuronal subtypes, with gap

junctions present from birth to adulthood in nearly all subtypes (Dowling, 7987;

Wassle and Boycott, I99I; Kolb, 1994; Masl and Raviola, 2000). Visual

information captured by photoreceptors is transmitted vertically through the retina

to the ganglion cell layer and is modulated by lateral information from horizontal

and amacrine cells (DeVries and Baylor, 1993). Studies using electrophysiology,

electron microscopy and freeze-fracture analysis have conclusively demonstrated

the presence of gap junctions forming electrical synapses in mammalian retina, and

provide evidence for their contribution to function in visual processing (Baylor and
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O'Bryan, l97I; Kaneko, 1971; Raviola and Gilula,1973; Raviola and Gilula,l975;

Fujisawa et al., 1976; Detwiler and Hodgkin, 1979). Contributions of electrical

synapses may include coordination of network voltage response to light stimulus

(Lamb and Simon, 1976; DeVries and Baylor, 1993) and modulation of signal-to-

noise ratio to improve visual resolution (DeVries et a1.,2002).

IY.8. Connexin expression in neurons

Since the discovery of gap junction-mediated electrical neurotransmission in

mammalian brain, several lines of investigation have reported the expression of numerous

connexins in neurons, including Cx26, Cx32, Cx36, Cx43, Cx45 and Cx47. However,

only Cx36 has been firmly established to be a connexin component of neuronal gap

junctions. Since the relatively recent discovery of Cx36 in 1998, evidence for neuronal

expression of Cx36 mRNA and protein in the mammalian CNS has been derived from a

range of in-situ hybridization, immunohistochemical and freeze-fracture replica

immunogold labelling studies (Itoh et al., 1993; Condorelli et al., 1998; Söhl et al., 1998;

Condorelli et al., 2000; Rash et al., 2000). In the mammalian CNS, Cx36 is selectively

expressed in neurons (Söhl et al., 1998; Condorelli et al., 1998,2000; Teubner etal.,

2000) and forms interneuronal gap junctions that mediate neurotransmission at

electrical synapses (Rash et à1., 2000, 2001b). The contribution of electrical

synapses to brain circuitry in mammalian CNS is indicated by numerous studies

(Gibson et al., 1999; Galarreta and Hestrin, 1999, 200Ia, 2001b; Bennett, 2000;

Beierlein et al., 2000). The importance of such synapses composed of Cx36 is

supported by reports that transgenic mice lacking the Cx36 gene have functional
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deficits and aberrant patterns of neuronal activity in various brain regions including

retina, cerebral cortex, thalamic reticular nucleus and IO (Güldenagel et al., 2001;

Hormuzdi et a1.,2001; Deans et al., 2001,2002; Landisman et al., 2002; Long et al.,

2002; De Zeeuw et al., 2003; Buhl et al., 2003). For example, studies in Cx36

knockout mice showed no changes in retinal morphology but exhibited defrcits in

visual transmission (Güldenagel et al., 200 1).

IY .9. Neuronal gap junction regulatíon

Over the past twenty years, there has been a tremendous accumulation of literature

indicating that gap junctions in many tissues and cell types are highly regulated in

accordance with changes in cellular activity. Various points of regulation include control

of connexin gene transcription, translation of connexin protein, trafÍicking of connexins

and connexons, gap junction plaque assembly and intercellular gap junction formation.

(reviewed by Segretain and Falk, 2004). Additional regulatory mechanisms serve to

modulate channel conductance by opening and closing of functional channels, or by

selecting particular subconductance states in channels formed by connexins that exhibit

several such states. Numerous factors that regulating gap junction channel conductance at

intracellular sites have been described, including ionic and biochemical influences (Ct*,

pH, connexin phosphorylation, nitric oxide, arachidonic acid), hormones (growth factors,

steroids) and electrical activity (membrane potential) (reviewed by Nagy and Dermietzel,

2000;Rouach et al., 2002: Segretain and Falk, 2l}4;Hormudzi et al., 2004). Although

far less is known about the regulation of gap junctions forming electrical synapses
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between neurons in brain, there is some evidence that these junctions are also subject to

both short-term and long-term modulation.

For instance, neurons in adult rodent striatum have been reported to be coupled by

gap junctions, and coupling of striatal neurons increased dramatically after elimination of

the nigrostriatal dopaminergic system by intrastriatal injections of the neurotoxin 6-

hydroxydopamine (Cepeda, 1989; Onn and Grace, 1993; Onn and Grace, 1994). These

findings suggest that the nigrostriatal dopaminergic system is somehow involved in the

regulation of striatal electrical synapses. In vertebrate retina, reduced gap junction

permeability was observed at electrical synapses formed between AII amacrine cells and

between horizontal cells in response to dopamine application, a process which involves

mediation by the Dl receptor (Lasater, 1987; McMahon et al, 7989; Piccolino et al.,

1989; DeVries and Schwartz, 1989; Dong and McReynolds, l99I; Dowling, 1991;

Umino and Dowling, 1991; Witkovsky and Schutte, l99I; Hampson et al., 1992;

McMahon, 1994). In contrast, a D2 dopamine receptor mechanism was found to mediate

an increase in electrical coupling between photoreceptors and between horizontal cells,

fuither indicating the complexify of electrical synapse regulation (Harsanyi and Mangel,

1992;Krizaj et al., 1998).

Investigations in the SNB of male rat lumbar spinal cord, where neurons are coupled

by gap junctions (see section IV.7.), strong evidence indicates that coupling of neurons in

this region is under the regulatory influence of the androgen testosterone (Matsumoto et

al., 1988; Matsumoto, 1997; Coleman et al., 2002). Gap junction plaques occur in

dorsolateral and retrodorsolateral nuclei, where dye coupling has also been observed, and

elimination of testosterone by castration specifically reduced coupling of sexually
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dimorphic SNB neurons, an effect which was reversed upon exogenous testosterone

replacement in castrated rats.

As reviewed by Rouach et al. (2004), the basis for inhibitory effects on permeability

characteristics of electrical synapses in brain may include membrane receptor stimulation

by serotonin or gamma-aminobutyric acid (GABA), or a decrease in intracellular pH

(Connors et al., 1984; Rorig et al., 1996a; Rorig and Sutor, 1996d). As well, inhibitory

effects may be mediated by intracellular cell signalling molecules (i.e. PKA, PKC, and

nitric oxide/cGMP) (Rorig et al., 1995; Rorig and Sutor, 1996a; Rorig and Sutor, 1996b;

Rorig and Sutor, 1996c; Strata et al., 1997;Yenance et a1., 2000; Frantseva et al., 2002).

Conversely, several reports have described increases in gap junction permeability in

response to such effectors as extemally applied Ca2* and antipsychotic drugs (Perez-

Yelazquez et al., 1994; Onn and Grace, 1995). Interestingly, the application of

antipsychotic drugs increased junctional coupling specifically in the limbic region of rat

brain. An increase in coupling between prefrontal cortex and between accumbens neurons

was also observed in rats after cessation of amphetamine administration (Onn and Grace,

lees).

Nitric oxide (1.{O) activation of cell signalling pathways in brain was shown to play a

dual role as inhibitor and promoter of cell coupling, analogous to the dual role of

dopamine in retina. The extent of dye-coupling among neocortical pyramidal neurons of

developing rat brain decreased in response to NO, and this modulation by NO occurred

through its stimulation of guanylyl cyclase (Rorig and Sutor, 1996). However, an

increase in coupling was observed among neostriatal neurons in vitro following
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activation of cortical afferent fibres and subsequent release of NO (O'Donnell and Grace,

1997).

Another area of mammalian brain where gap junctional coupling has been shown to

be under modulatory influence of synaptically released neurotransmitters is the

supraoptic nucleus (SON). Upon stimulation of olfactory mitral cells causing release of

unidentified excitatory amino acids in the SON, the extent of coupling observed in the

SON increased among both oxytocinergic and vasopressinergic neurons in female

lactating rats (Hatton et al., 1987; Hatton and Yang, 1994). Activating mitral cells in

virgin female or male rats had no effect on junctional coupling of these cells, however,

increased coupling of neurons in the SON was observed in virgin females subjected to

matemal activities that are exhibited by lactating rats (Hatton and Y*g, 1990, Modney et

al., 1990). These results strongly suggested that electrical synapses are involved in co-

ordinating the activity of oxytocinergic and vassopressinergic neurons for physiological

requirements in response to evoked maternal behaviour. The modulation of coupling in

response to synaptic activity was further studied in the SON in relation to monosynaptic

inputs from the tuberomammillary nucleus (TM). It was determined that the release of

histamine on SON neurons following stimulation of TM neurons had a twofold effect.

The histamine receptor Hl mediated an increase in coupling of vasopressinergic neurons

which involved guanylate cyclase activation, cGMP accumulation and NO synthase

activation. In contrast, the histamine receptor H2 mediated a decrease in coupling of

oxytocinergic neurons through adenylyl cyclase activation, cAMP accumulation and

PKA activation (Hatton and Y*g, 1996; Hatton and Y*g, 2001; Hatton and Yang,

2002; Yang and Hatton,2002). It is cur¡ently unclear which G-proteins are coupled to
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these histamine receptors in neurons, and could potentially mediate the actions of

histamine on coupling. As of yet, only a few mechanisms that regulate electrical synapses

in a small number of systems have been identified. Further determination of how gap

junction channel conductance at electrical synapses is regulated will likely constitute a

new emerging field of research, especially since the widespread occurrence of electrical

synapses formed by gap junctions in mammalian CNS has only recently been recognized.

ry. I 0. Gap junction-associated proteins

There is currently considerable interest in identification of proteins that interact with

connexins and thereby may contribute to regulation of GJIC. Studies in various tissues

from a range of species and in different cell lines have provided evidence for connexin

association and interactions with adherens junction associated proteins, kinases,

cltoskeletal proteins, trafficking proteins and other proteins (reviewed by Hervé et al.,

2004). One such intracellular protein is zonula occludens-T (ZO-l), which contains

multiple protein-protein interaction domains, is a member of the membrane associated

guanylate kinase (MAGUK) family, and belongs to a larger group of postsynaptic protein

PSD-95/Drosophila junction protein Disc-large/tight junction protein ZO-l (PDZ)-

domain containing proteins (Mitic & Anderson, 1998; Gonzalez-Mariscal et a1., 2000).

Although originally named based on its association with tight junctions (Stevenson et al.,

1986), ZO-1 was first found to interact with Cx43 (Giepmans & Moolenaar, 1998;

Toyofuku et al., 1998), and subsequently with several other connexins including Cx32,

Cx31.9, Cx45, Cx46, Cx47 and Cx50 (Kausalya et al., 2001; Laing et al., 2001a,2001b;

Kojima et al., 200I, Nielsen et a1.,2001,2002,2003; Li et al., 2004c). The intracellular
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ZO-Ilconnexin interaction is consistent with the presence of PDZ consensus binding

motifs at the carboxy terminus in each of these connexins, and has been demonstrated by

co-immunoprecipitation, yeast two-hybrid and in vitro binding approaches. As a tight

junction associated protein, ZO-1 is widely distributed in epithelial cells and is possibly

involved in regulating paracellular permeability at tight junctions (Stevenson et a1.,1986;

Mitic & Anderson, 1998; Gotualez-Mariscal et al., 2000). However, the localization of

ZO-I at gap junctions serves in part to resolve reports of ZO-l expression in non-

epithelial cells such as fibroblasts that lack tight junctions (Howarth et al., 1992;

Gonzalez-Mariscal et al., 2003). Additional tight junction proteins reported to associate

with gap junction proteins include ZO-2, occludin and claudin-l Q.Jusrat et al., 2000;

Kojima et al., 2001). Although ZO-l may serve as a link between cytoplasmic elements

and gap junction channels, the significance of interactions formed between connexin and

zonula occludens proteins at this point remains to be determined. Speculations on

contributions of ZO-I to GJIC include involvement in gap junction assembly and

removal, sequestering of regulatory proteins to gap junctions and coupling modulation.

There are several reports indicating an interaction between connexin and other

intracellular proteins (reviewed by Hervé et 31., 2004). An interaction between

calmodulin and connexins was reported for Cx32 as determined by co-localization of

immunolabelling analyzed by confocal microscopy and FRIL (Peracchia et al., 2000;

Sotkis et al., 2001). Sotkis et al. (2001) also demonstrated by electrophysiological

measurements that the gating and voltage sensitivity of Cx32 were drastically altered in

oocytes expressing a mutated form of calmodulin. An earlier study relying on in vitro

data using synthetic Cx32 peptides and calmodulin protein reported that the
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Cx32lcalmodulin interaction is mediated through either an N-terminal or C-terminal

sequence of Cx32 (Török et al., 1997). Thus far, with the exception of Cx32, it is only the

C-terminal region of connexins described as co-localizing or co-associating with

intracellular proteins (see review by Hervé et a1.,2004). Knowledge of the lifecycle of

connexin proteins increases with each newly described connexin associated protein, and

ultimate understanding of the physiological functions provided by gap junctions in

normal and disease conditions will likely stem from investigations of connexin-

interacting proteins.

IV.1 1 . Rationale for investigations undertaken

Since the discovery of gap junctions in neurons, there have been numerous

ultrastructural and dye-coupling studies describing the presence of electrical

synapses throughout many areas of mammalian CNS (reviewed in Nagy and

Dermietzel, 2000). Although these studies provided important details regarding

electrical synapses, they were limited to some extent due to the nature of the

technique employed. Ultrastructural methods permit analysis of only minute regions

of CNS, and are unable to reveal relative densities of neuronal gap junctions in large

expanses of brain tissue. The use of electrophysiological and dye-coupling

techniques may cause artifactual current/dye leakage resulting in reporting of "false

negative" or "false positive" results. Still, with extensive early literature indicating

the existence of electrical synapses in numerous regions of mammalian CNS the

idea that gap junctions may be crucial anatomical components for mammalian CNS

function cannot be dismissed. Studies in the IO have provided evidence for gap
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junction involvement in organizing neuronal communication for the purpose of

movement co-ordination and locomotion (Llínas et al., 19741' Llínas and Yarom,

1981; Llínas, 1985; Llínas and Sasaki, 1989; De Zeeuw et al., 1996). Similarly,

studies in retina reveal the importance of inter-neuronal gap junctions in retinal

processing of visual information (see reviews by Söhl et al., 2000; Vaney and

Weiler, 2000; Demb et al., 2002; He et al., 2003;). Considering the body of data

suggesting the widespread occurrence of neuronal coupling via gap junctions and

the demonstration of Cx36 mRNA protein in several brain areas, we hypothesized

that gap junctions composed of Cx36 are widely distributed in mammalian CNS, the

demonstration of which was partly an objective of this thesis.

Following the identification of the first neuronal connexin protein, Cx36

(Condorelli et al., 1998; Söhl et al., 1998), subsequent reporting on the distribution

of Cx36 in mammalian CNS was limited to relatively few reports examining Cx36

mRNA distribution using in-situ hybridization techniques (Condorelli et aI., 1998;

Belluardo et al., 1999). These reports indicated extensive expression of Cx36 in

mouse brain with the highest mRNA levels detected in olfactory bulb (OB) and

inferior olivary nucleus. Subsequently, several laboratories sought to detect Cx36

protein, thus allowing confirmation of in-situ hybridization data and determination

of regional distribution of electrical synapses. Teubner et al. (2000) developed a

rabbit polyclonal antibody against the amino acid sequence 154-168 corresponding

to a region of the cytoplasmic loop of Cx36, and reported Cx36 protein in the outer

and inner plexiform layer of retina (OPL and IPL, respectively), glomeruli of OB,

hippocampal CA3 pyramidal cell dendrites, Purkinje cells in cerebellum and in the
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inferior olivary nucleus. Additional studies utilizing this antibody also detected

Cx36 in CA3 hippocampal pyramidal region, in OPL and IPL of retina (Söhl et al.,

2000a; Güldenagel et al., 2000) and along dendrites of AII amacrine cells of retina

(Feigenspan et al., 2001). Using a rabbit polyclonal antibody against the carboxy-

terminal amino acid sequence 289-303, Serre-Beiner et al. (2000) detected Cx36 in

glomeruli of OB, between cell bodies in the CA3 pyramidal cell layer and in

pancreatic islets. Belluardo et al. (2000) developed a rabbit polyclonal antibody

against Cx36 carboxy-terminal amino acid sequence 290-304 and reported detection

of Cx36 in several previously unidentified areas.

Although seemingly extensive, these reports lacked sufficient data describing

characterization of antibody specificity, as would be provided by use of Cx36-

transfected HeLa cells, immunoblot detection and the use of more than one antibody

against non-overlapping sequences of Cx36. Further, these reports contained results

that were consistent in some instances and conflicting in others. A separate

investigation from our own laboratory reported described Cx36 localization using

three newly developed polyclonal rabbit anti-Cx36 antibodies generated against

non-overlapping sequences (Rash et al., 2000). By IHC and FRIL, this report

demonstrated Cx36 in OPL and IPL of retina, striatum, globus pallidus, inferior

olivary nucleus and spinal cord grey matter (Rash et al., 2000). However, some

results in Rash et al. (2000) differed from results of other reports described above,

bringing into question the specificity of each of the anti-Cx36 antibodies used by

previous investigations.
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Three main objectives for this study were: 1) To obtain sufficient quantities of

reliable antibodies against Cx36, a new set of which needed to be developed given

doubts raised concerning the specificity of all available private and commercial anti-

Cx36 antibodies at the onset of the present work; 2) To determine the extent of

Cx36 protein expression in mammalian brain using a mouse model; 3) To

investigate whether ZO-I protein is expressed in neurons and if so whether ZO-l

associates with neuronal gap junction protein Cx36. Thus, the first goal was to

design and test new polyclonal and monoclonal antibodies against different

sequences in Cx36 and establish conditions for their optimal use by western blot and

IHC. This objective was in part facilitated by the availability and use of Cx36lLacZ

heterozygous mice (Deans et a1.,2001). A colony of Cx36-deficient mice was

established through breeding of Cx36lLacZ heterozygous mice obtained from Dr.

DL Paul of the Department of Neurobiology, Harvard Medical School. In addition

to providing irrefutable evidence for antibody specificity in normal mice, the use of

Cx36-deficient mice as a negative control was expected to support results on the

detection and localization of Cx36 throughout CNS tissues, and confirmation of

recently reported Cx36 expression in pancreatic islets and adrenal chromaffin cells

(Serre-Beinier et a1.,2000; Martin et al., 2001).

Several connexins were previously shown to bind to ZO-1, specifically to the

second of the threePDZ domains contained inZO-I (Giepmans & Moolenaar,I99S;

Toyofuku et al., 1998; Kausalya et a1.,200I; Laing et a1.,2001a,2001b; Kojima et

a1.,2001; Nielsen et aL,200I,2002,2003). However, additional members of the

connexin family encode short three to six amino acid C-terminal sequences
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representing consensusPDZ domain binding motifs (Kausalya et al., 2001; Nielsen

et al., 2003), and sequence analysis of Cx36 suggests that it too may contain such a

motif. Our search using a computer scan motif program (scansite.mit.edu) indicated the

presence of a consensus PDZ domain binding motif in the C-terminal sequence of Cx36,

and raised the possibility of Cx36 interaction with ZO-I. Thus, a second hypothesis was

that scaffolding protein ZO-1 is expressed by neurons containing Cx36, and that

ZO-7 interacts with Cx36 in neurons of mammalian CNS and in peripheral tissues

known to express Cx36, demonstration of which was a second objective of this

thesis.

V. Material and methods

Y.1. Animals

Six Cx36 heterozygous mice (Cx36*/-) (LacZ-neoR+Ë¡ *ith F2 C57lB6-I29vEv

mixed background (Deans et al., 2001) were kindly provided by Dr. D. Paul of Harvard

University, and the mice were bred in the Central Animal Care Services at the University

of Manitoba to generate WT and Cx36 KO mice. To identify heterozygous (Cx36*/-),

homozygous WT (Cx36*/*) and homozygous Cx36 KO (Cx36-/-) mice, genomic DNA

was extracted from 1 cm of mouse tail using 500 pl of tail lysis buffer (100 mM NaCl, 10

mM Tris-HCl pH 8.0,2.5 mM EDTA pH 8.0, 0.5% SDS, 0.1 mg/ml Protein K) followed

by purification and resuspention in 50 ¡rl of distilled HzO. PCR was conducted using

specific primers for the Cx36 coding region in exon2 and for the neomycin resistance

gene located in the targeting vector sequence, which were as follows:

Cx3 6 forward primer, 5' -AGCGGAGGGAGCAAACGAGAAG-3' ;
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Cx36 reverse primer, 5'-CTGCCGAJAATTGGGAACACTGAC-3' ;

neomycin forward primer, 5' -CAAGATGGATTGCACGCAG-3' ;

neomycin reverse primer, 5'-CATCCTGATCGACAAGAC-3'.

The expected length of PCR products for Cx36 and neomycin were 535 and 460 base

pairs, respectively. In preparation for PCR, 3 pl of isolated tail DNA was added to 17 ¡rl

of PCR reaction buffer consisting of 4 ¡rl 5X Gc oDNA PCR reaction buffer, 4 ¡rl 5X Gc

Melt, 0.1 mM dNTP's, 0.5 pl each of sense and antisense primer, 0.4 ¡il 50X Advantage

Gc cDNA polymerase mix (BD Biosciences; Palo Alto, CA) and 6.8 ¡rl distilled H2O. For

PCR, DNA was denatured at 94"C for 3 min, then 30 cycles consisting of sequential steps

of 94"C for 60 sec, 55'C for 60 sec and 72"C for 90 sec were run. PCR products were

separated by electrophoresis in 1.5%o agarose gel and stained with ethidium bromide.

Some PCR products were subcloned into PCR 2.1 vector and sequenced with universal

M13 forward and reverse primers for product sequence confirmation. A total of 55 V/T

and 50 Cx36 KO mice were used according to approved protocols by the Central Animal

Care Service, with minimization of stress and numbers animals. Animals were

anaesthetized with Equithesin (chloral hydrate) (3 ml/kg) prior to decapitation or

transcardial perfusion.

Y.2. Antibodies

Three anti-Cx36 antibodies were used in this study, including a monoclonal mouse

anti-Cx36 (Ab37-4600) and two polyclonal rabbit anti-Cx36 antibodies (4b51-6300 and

Ab36-4600). All three antibodies recognize epitopes in the carboxy terminal cytoplasmic

sequence of Cx36; polyclonal Ab51-6300 and monoclonal Ab37-4600 recognize the



42

same sequence, and Ab36-4600 is directed against a different non-overlapping sequence.

The specificity characteristics of anti-Cx36 Ab51-6300 were previously described (Rash

et a1.,2000,200I), whereas Ab37-4600 and Ab36-4600 were developed in the course of

the present investigation.

The development of novel Cx36 specific antibodies, Ab37-4600 and Ab36-4600, was

undertaken in collaboration with Zymed Laboratories Incorporated. Proteomic profiles of

Cx36, including sequence surface probability, flexibility and overall antigenicity

characteristics, were obtained from Zymed Laboratories Inc. to facilitate selection of

Cx36 protein sequences against which usable antibodies may be generated. I undertook

the remaining analyses. A hydrophobicity profile of the Cx36 whole protein molecule

was analyzed for suitable hydrophilic regions and was obtained using a ProtScale primary

structure analysis tool (Kyte & Doolittle, 1982) from the ExPASy Molecular Biology

Server (htþ:/ius.expasy.org/tools) (Gasteiger et al., 2003). Selection of anti-Cx36

antibody epitope sequences was also assisted using Vector NTI 6 proteomic analysis

software (InforMax, Inc; Frederick, MD, USA). Potential Cx36 sequences were aligned

with whole molecule sequences of all other known connexins to determine the extent of

sequence similarity, and thus possible antibody cross-reactions that may occur with

connexins other than Cx36. Other criteria for selection were the charges of individual

amino acids within a given sequence (i.e. charged favoured over neutral) and the

contribution to tertiary protein structure contributed by a given amino acid (i.e. linear

peptides for animal immunization). Once regions of Cx36 protein were selected based on

profiles indicating overall antigenicity, the potential epitope sequences were screened

using the Protein-protein BLAST (blastp) database search engine of the National Center
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for Biotechnology Information (NCBÐ http://www.ncbi.nlm.nig.gov/Blasl. Blast

searches were used to eliminate potential Cx36 sequences exhibiting high homology to

other central and peripheral nervous system proteins where such homology might result

in antibody cross reaction with proteins other than Cx36.

Two anti-ZO-l antibodies were used in this study; a monoclonal mouse anti-ZO-L

(4b33-9100) and polyclonal rabbit anti-ZO-l (4b61-7300). A guinea pig anti-insulin

antibody (V2024) was used for detection of pancreatic islet B-cells (Biomeda, Foster

City, CA, USA), and a mouse anti-dopamine-B-hydroxylase (DPH) antibody (Chemicon

Mab 308, Temecula, CA, USA) was used in attempts to label adrenal chromaffin cells.

All anti-Cx36 antibodies, polyclonal anfi-Zo-1 Ab61-7300 and monoclonal anti-ZO-l

Ab33-9100 were generated at Zymed Laboratories Incorporated (South San Francisco,

cA, usA).

Y.3. Cell culture and transfection

Hela cells (ATCC number: CCL-2.2), generously provided by Dr. Peter Cattini

(University of Manitoba), were grown and transfected by Dr. Xinbo Li as previously

described (Li et al., 2002; 2004b) and harvested for immunofluorescence labelling,

'Western blotting, immunoprecipitation or in vitro pull-down assays.

Y.4. llestern blotting

Cultured HeLa cells were rinsed briefly with PBS (50 mM sodium phosphate buffer,

pH 7.4, 0.9% saline) and lysed in immunoprecipitation (IP) buffer containing 20 mM

Tris-HCl, pH 8.0, 140 mM NaCl, lYoTritonx-l00, I0%o glycerol, I mM EGTA, 1.5 mM
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MgCl2, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 5 pglml each of

the protease inhibitors leupeptin, pepstatin A and aprotinin. Mouse tissues were collected,

rapidly frozen and stored at -80oC. Tissues were homogenized in homogenization buffer

(50 mM Tris-HCl, pH 8.0, l0 mM MgC12, 150 mM NaCl, 1% Triton-X 100, 1 mM

sodium orthovanadate, I mM phenylmethylsulfonyl fluoride and 2 p,glml of each of

pepstatin A, leupeptin, aprotinin) as described [34,35 Li et a1.,2002, Nagy et aL,2001].

HeLa cell lysates and tissue homogenates were sonicated and briefly centrifuged

followed by protein determination using a kit (Bio-Rad Laboratories, Hercules, CA,

USA). Sample protein (20-100 pg) was separated by polyacrylamide gel electrophoresis

(PAGE) in I2.5%o polyacrylamide gels and transblotted to polyvinylidene difluoride

(PVDF) membranes (Bio-Rad, Hercules, CA) in standard Tris-glycine transfer buffer þH

8.3) containing 0.5% sodium dodecylsulfate (SDS). Membranes were stained with

Ponceau-S (Sigma, St. Louis, MO, USA) to confirm transfer fidelity and equal inter-lane

protein loading. Membranes were blocked for I-2 h at room temperature in TSTw (20

mM Tris-HCl, pH 7.4, 150 mM NaCl with 0.2o/o Tween-20) containing 5% non-fat milk

powder, briefly washed with TSTw, and then incubated 16 h af 4'C with anti-Cx36

antibodies (1-3 pglml) or anti-ZO-1 antibodies (1 pglml) in TSTw containing IYonon-fat

milk powder. Membranes were then washed four times in TSTw for 40 min, incubated

with horseradish peroxidase-conjugated donkey anti-rabbit IgG or anti-mouse IgG diluted

1:3000-1:5000 (Sigma-Aldrich Canada, Oakville, ON, Canada) in TSTw containing 1%

non-fat milk powder and washed with TSTw four times for 40 min. Blots were resolved

by chemiluminescence (ECL, Amersham PB, Baie d'Urfe, Quebec, Canada) and
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developed using a MINI Medical-90 f,rlm developer (AFP Imaging; Elmsford NY, USA)

located in the Department of Physiology (University of Manitoba).

Y .5. Immunohistochemistry

Mice deeply anaesthetized with Equithesin were transcardially perfused sequentially

with cold (4"C) solutions of pre-fixative (50 mM sodium phosphate buffer, 0.i% sodium

nitrite and 1 unilml of heparin), fixative (0.16 M sodium phosphate buffer, pH7.6,0.2o/o

picric acid and 7-2o/o paraformaldehyde), and then with a sucrose flush (10% sucrose, 25

mM sodium phosphate buffer, pH 7.$. Tissues were removed, stored in cryoprotectant

(25 mM sodium phosphate buffer, pH 7.4, 10oá sucrose, 0.04%o sodium azide) for 24 h,

and cryostat sections of retina and brain (10 ¡rm thick) were collected on gelatinized glass

slides. Sections were processed for immunofluorescence labelling with all antibodies

diluted in TBST containing 10Yo normal goat serum (NGS). In single labelling studies on

pancreas and adrenal tissue, sections were incubated for 16 h at 4oC with anti-Cx36

Ab51-6300, Ab37-4600 or Ab36-4600 at 3 ¡t{ml. Sections were then washed for I h in

TBST, then incubated for 1.5 h at room temperature with either Alexa Fluor 488-

conjugated goat anti-mouse or goat anti-rabbit IgG (Molecular Probes, Eugene, Oregon)

diluted 1:1000. In double labelling studies, sections were incubated with either anti-Cx36

(Ab37-4600 or Ab36-4600,3 ¡rglml) or arÍi-ZO-l (4b33-9100 or Ab61-7300,4 ¡s.glml

and 0.25 ¡rg/ml, respectively) and simultaneously with guinea pig anti-insulin diluted

1:500, or simultaneously with anti-Cx36 and arÍi-ZO-L. Secondary antibodies for double

labelling in pancreas \ilere Alexa Fluor 488-conjugated goat anti-guinea pig IgG diluted

1:1000 combined with either Cy3-conjugated goat anti-mouse IgG diluted 1:200 or Cy3-
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conjugated donkey anti-rabbit IgG diluted l:200 (Jackson ImmunoResearch); or Cy3-

conjugated goat anti-mouse IgG diluted 1:200 combined with Alexa Fluor 488-

conjugated goat anti-rabbit IgG diluted 1 :1000. Secondary antibodies for double labelling

in adrenal gland were Cy3-conjugated goat anti-mouse IgG diluted l:200 combined with

Alexa Fluor 488-conjugated goat anti-rabbit IgG diluted 1:1000. In single labelling

studies on retina and brain tissue, sections were incubated for 24 h at 4oC with

monoclonal or polyclonal anti-Cx36 antibodies at a concentration of 3 pglml.In double

labelling studies, sections were incubated simultaneously with monoclonal anti-Cx36

Ab37-4600 (3 pglml) and polyclonal arúi-Zo-l Ab61-7300 (0.25 ¡rglml) or conversely

with polyclonal anti-Cx36 Ab36-4600 (3 ¡rglml) and monoclonal anti-Zo-l Ab33-9100

(4 pglml). Sections were washed for I h in TBST, then incubated for 1.5 h at room

temperature simultaneously with FlTC-conjugated horse anti-mouse IgG (diluted 1:200)

and Cy3-conjugated donkey anti-rabbit IgG (diluted 1:400) or Cy3-conjugated goat anti-

mouse IgG diluted 1:400 (Jackson ImmunoResearch Laboratories) and AlexaFlour 488

goat anti-rabbit IgG diluted 1:1000 (Molecular Probes, Eugene, Oregon). Following

secondary incubation, slides were washed for 20 min. in TBST followed by two 15 min.

washes in 50 mM Tris-HCl, pH7.6.

Immunofluorescence in tissue sections and cultured cells was examined on a Zeiss

Axioscop 2 fluorescence microscope and an Olympus Fluoview IX70 confocal

microscope. Images were obtained using Carl Zeiss Axiovison 3.0 image software (Carl

Zeiss Canada, Toronto, ON) and assembled using Northem Eclipse 5.0, Photoshop 3.0

and CorelDraw 8 software.
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Y .6. Co-Immunoprecipitation (Co-IP)

Procedures used for IP were as previously described by Zhurinsky et al. (2000).

Briefly, samples of pancreas, adrenal gland, PTC-3 cells, HeLa cells stably transfected

with Cx36 or truncated Cx36 and tissues from various brain regions (retina,

hippocampus, cerebellum, midbrain, medulla) were homogenized in IP buffer.

Homogenates were sonicated, centrifuged at 20,000 g for 10 min at 4oC, and 2 mg of

supernatant protein was washed for t h at 4"C with 20 pl of protein A-coated agarose

beads (Santa Cruz BioTech, Santa Cruz, CA) and then centrifuged at 20,000 g for 10 min

at 4oC. Supernatants were incubated with 2 pg of anti-Cx36 antibody or anti-ZO-l

antibody with shaking overnight at 4oC, followed by t h incubation with 20 pl of protein-

A coated agarose beads, and then centrifugation at 20,000 g for 10 min at 4oC. The

pellets were washed vigorously five times with I ml of washing buffer (20 mM Tris-HCl

pH 8.0, 150 mM NaCl, and 0.5%o NP-40) and then incubated at 60"C for 2 min in SDS-

PAGE loading buffer containing 10% B-mercaptoethanol. Samples were processed by

SDS-PAGE and immunoblot membranes were probed with anti-Cx36 or arfü-ZO-l

antibodies. Control samples were taken through the IP procedure with exclusion of

primary antibody.

VI. Results

Yl.L Characterization of Cx36 antibodies

Results presented in the main body of this thesis (Fig. 1 to Fig. 8) were obtained

through efforts made by the author of this thesis. Additional figures in Appendix 1, which

are data provided by Dr. Xinbo Li (University of Manitoba) and Dr. John Rash
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(University of Colorado), are presented along with my thesis in order to strengthen

evidence for the molecular interaction of scaffolding protein ZO-I with neuronal gap

junction protein Cx36. The data presented in this thesis has been published or submitted

for publication (Li et aI., 2004a; Li et a1., 2004b). Analyses of anti-Cx36 antibody

specificity and confirmation of successful Cx36 expression in transfected HeLa cells

were performed using three separate clones of stably transfected HeLa cells. In each

clone, a band migrating at approximately 36 kilodalton (kDa) corresponding to the

monomer form of Cx36 was detected in homogenates of Cx36-transfected cells by anti-

Cx36 antibodies 51-6300 (Fig. IA), 37-4600 (Fig. 18) and 36-4600 (Fig. 1C). A

presumptive dimer of Cx36 migrating at about 80 kDa was more faintly detected by two

of the antibodies, but not by antibody 37-4600. Control HeLa cells transfected with

pcDNA3 vector showed an absence of both Cx36 monomer and its presumptive dimer

with the same three anti-Cx36 antibodies (Fig. lA-C lane l). Immunoblots of

homogenates from pancreas (Fig. lD) and adrenal gland (Fig. lE) of WT mice also

showed detection of a band migrating at about 36 kDa, and a presumptive dimer

migrating at a lower apparent molecular weight than observed in HeLa cells.

Homogenates of the same tissues from Cx36 KO mice were devoid of these bands (Fig.

lD, E lane 2). These results were consistent with PCR assays indicating the absence of

the Cx36 gene and presence of the neomycin gene in these KO mice, with similar assays

of WT mice serving as positive controls for Cx36 gene detection (not shown).

Homogenates of retina from WT and Cx36 KO mice and lysates from Cx36-

transfected HeLa cells were used to confirm specificity of anti-Cx36 antibodies by

western blotting. As shown in Fig. 2A,the three anti-Cx36 antibodies Ab37-4600,4b51-
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Figure 1. (A-C) Immunoblots of lysates from three separate clones of HeLa cells stably

transfected with Cx36 oDNA (lanes 2,3 and 4 in each blot) probed with three different

anti-Cx36 antibodies (indicated above each blot). Cx36 (arrows) is detected in each of the

clones by each of the antibodies in transfected cells. A presumptive dimer of Cx36

migrating at about 80 kDa was more faintly detected by two of the antibodies, but not by

antibody 37-4600. Cx36 is absent in control HeLa cells transfected with empty vector (A-

C, lane 1). (D,E) Immunoblot showing detection of Cx36 (anows) in pancreas (D, lane 1)

and adrenal gland (8, lane 1) of WT mice, with Cx36 in transfected HeLa cells shown for

comparison (E, lane 3). A presumptive dimer was also detected migrating at about 60

kDa (E). Cx36 is absent in pancreas (D, lane 2) and adrenal gland (E, lane 2) of Cx36 KO

mice.
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Figure 2. Specificity of anti-Cx36 and anti-ZO-l antibodies. A, Immunoblots show

monomer and dimer forms of Cx36 detected with three different anti-Cx36 antibodies

(indicated above blots) in retina from WT mice (lanes 1, 3, 5), and their absence in retina

from Cx36 KO mice (lanes 2, 4, 6). B, Blots show Cx36 detected with three anti-Cx36

antibodies (indicated above blots) in HeLa cells stably transfected with Cx36 (lanes 1, 3,

5), but not in control vector-transfected cells (lanes 2, 4, 6). C, Blots shows anfi-ZO-l

antibody detection of ZO-l in retina from WT (lane 1) and Cx36 KO (lane 2) mice. D,

Control blot of Cx36-transfected HeLa cells probed with anti-Cx36 (lane 1) and arúi-ZO-

1 (lane 2) showing lack of polyclonal arúi-ZO-I antibody cross-reaction with Cx36 in

these cells.



52

"""" aa 
""oo,f ,À' ,bd

t-r
""oo aÑ 

""oo,+' ,ì $<í

kDa *s .ço S € "s ro kDa "g"-t"-"""""-"6,-'

A Cx36 in mouse retina B Cx36 in HeLa cells

'rç

..]'.'ì., ]ìlll,

uo-ffiW

-Cx36 113 -
dimer

93-

{Ë¡ w
50

" * ê -Cx36óc monomer

21

1 23 4 5 6

-# # ,w *cx36

12 3 4 5 6

35 --

21"-

C zo-1in D zo-1in
mouse retina HeLa cells

,gÑ eÑ pB ,gB
F3 È{ -Qj -ñ6(:rÞ(o

kDa S .Fo kDa 
".-" "fZtZ- --'*- iìù!èe -ZO-1

ãiir:

88- --.--
123 -

51-'

as- &,
71_ ülEËÈ

29-

22-
48-

12 12

Fig.2



53

6300 and Ab36-4600 each detected a 36 kDa band in retina of WT mice, and this band

was absent in retina of Cx36 KO mice. The antibodies also detected a band at

approximately 80 kDa in retina of WT mice, but not in retina of Cx36 KO mice. In

lysates from HeLa cells stably transfected with Cx36, the same antibodies recognized a

protein migrating at 36 kDa, whereas lysates from empty vector-transfected control HeLa

cells were devoid of this protein (Fig. 2B). Based on the absence of the 36 kDa and 80

kDa proteins in Cx36 KO tissue, and absence of the 36 kDa protein in control HeLa cells,

these molecular weight species may be taken to correspond to monomer and dimer forms

of Cx36, respectively. Bands were detected by anti-Cx36 Ab37-4600 at about 52 and 93

kDa in retina of both WT and Cx36 KO mice, and some additional bands were evident

with anti-Cx36 Ab51-6300 in control HeLa cells. These appear to represent cross

reactions of these antibodies with proteins of unknown identity. Anti-ZO-I antibody

specificity was confirmed using homogenates of retina from WT and Cx36 KO, where a

band corresponding to the molecular weight of ZO-l was detected at approximately 220

kDa (Figure 2C). In addition, anti-ZO-I Ab61-7300 does not cross-react with Cx36

protein as shown in Cx36 transfected HeLa cells by comparison using the same

homogenate probed with anti-Cx36 Ab36-4600 (Figure2D).

YI.2. Association of Cx36 and ZO-l in pancreas and adrenal gland

Intense immunofluorescence labelling of Cx36 with Ab36-4600 in WT mouse

pancreas was localized to pancreatic islets (Fig. 3A), the histological outlines of which

were readily evident even without counterstaining for markers (i.e., insulin) in islet cells.

Labelling for Cx36 appeared largely punctate (Fig. 3B), consistent with Cx36 localization
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Figure 3. Immunofluorescence labelling of Cx36 in pancreas of WT and Cx36 KO mice.

(A) Low magnification showinglocalization of dense labelling with antibody 36-4600 in

four pancreatic islets (arrows) of WT mice. (B) Higher magnification showing punctate

appearance of labelling within islets. (C) Pancreatic islet (outlined by dashed line) in

Cx36 KO mouse showing absence of labelling for Cx36. Scale bars: 100 pm.
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to presumptive gap junctions around the periphery of cells. There was little evidence of

specific labelling outside islets based on comparisons with levels of background

immunostaining obtained in sections from Cx36 KO mice, or those from'WT mice

processed after omission of primary antibody. Similar punctate patterns of

immunolabelling were obtained with each of the other two anti-Cx36 antibodies used. In

pancreas from Cx36 KO mice, Ab36-4600 (Fig. 3C) as well as the other two anti-Cx36

antibodies (not shown) displayed a total absence of immunolabelling in islets.

In sections of pancreas from WT mice, double labelling for insulin and Cx36

examined by laser scanning confocal microscopy confirmed localization of punctate

labelling for Cx36 in insulin-positive pancreatic islets (Fig. 4A). Examination of similarly

double-labelled sections from Cx36 KO mice established that labelling for Cx36 was

absent in insulin-positive pancreatic islets (Fig. 4B). In sections from WT mice double-

labelled for insulin and ZO-1, short strands of continuous immunostaining for ZO- I were

distributed throughout the pancreas (not shown). This strand-type labelling together with

punctate staining for ZO4 was distinctive within pancreatic islets displaying insulin

immunofluorescence. Fine, punctate labelling for ZO-l in islets (Fig. aC) had an

appearance similar to that of Cx36. In sections from Cx36 KO mice, fine punctate

labelling for ZO-1, although not quantitatively examined, appeared to be partially

reduced, while labelling of short strands appeared unaffected (Fig. aD). In sections of

pancreas from WT mice double-labelled for Cx36 and ZO-1, islets were again readily

identified based on their immunolabelling patterns (e.g., Fig. 3A), and fine punctate

labelling for Cx36 was found to be substantially co-localized with ZO-I (Fig.4E). Higher

magnification confocal analysis suggested that both Cx36 and ZO-l in islets, together
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Figure 4. Double immunofluorescence labelling in pancreatic islets and adrenal medulla

of WT and Cx36 KO mice. (A) Immunolabelling for insulin and Cx36 in an islet of WT

mouse showing Cx36 localization within islet (42,43, arrows). (B) Labelling for insulin

and Cx36 in an islet of Cx36 KO mouse showing absence of Cx36. (C,D)

Immunolabelling for insulin and ZO-I showing presence of ZO-I in islets of both WT

(C2,C3, arrows) and Cx36 KO (D2,D3, arrows) mice. (E) Immunofluorescence showing

co-localization of Cx36 (El, arrows) with ZO-I (82, arrows) in a pancreatic islet as seen

by yellow in overlay (E3, arrows). (F) Higher magnification confocal

immunofluorescence showing co-localization of punctate labelling (arrows) for Cx36 and

ZO-l around cells in a pancreatic islet of WT mouse. (G-H) Double immunofluorescence

showing punctate labelling for Cx36 and ZO-l in adrenal medulla, Cx36 co-localization

with ZO-I in WT mouse (G, arrows), and absence of Cx36 in adrenal medulla of Cx36

KO mouse (H). Bright, diffuse red and green represents tissue autofluorescence. Scale

bars: A-E, H, 100 ¡rm (shown in H); F, 10 pm; G, 50 pm.
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with their points of co-localization, were distributed around the periphery of cells (Fig.

4F). In addition, it appeared that nearly all labelling for Cx36 overlapped with that of ZO-

1 and, conversely, only a subset of sites labelled for ZO-l overlapped with Cx36.

Sections of adrenal medulla from both WT and Cx36 KO mice contained

considerable fluorescence labelling with Cy3-conjugated goat anti-mouse IgG secondary

antibody after primary antibody omission. Nevertheless, punctate labelling for Cx36 and

ZO-I in medullary sections of WT mice was discernable amid this diffuse background,

and the majority of Cx36-positive and ZOI-positive puncta were found to be co-

localized (Fig. aG). In sections of adrenal medulla from Cx36 KO mice, no labelling of

Cx36 was detected (Fig. aHl), whereas immunolabelling of ZO-I appeared to remain

unaltered (Fig. aH2). Attempts to demonstrate association of Cx36 immunolabelling with

the chromaffin cell marker DBH were unsuccessful due to incompatibility of Cx36 and

DBH tissue fixation procedures.

YI.3. Association of Cx36 and ZO-I in retina and braín

Immunofluorescence of Cx36 with polyclonal Ab36-4600 in WT mouse retina

revealed a thin band of sparse punctate labelling, arranged in intermittent clusters, in the

outer plexiform layer (OPL), and a far greater density of punctate labelling in the inner

plexiform layer (IPL), particularly in the inner portions of this layer where individual

puncta were rarely discernible at low magnification (Fig. 541). Confocal microscopy

also indicated exclusively punctate Cx36 immunoreactivity (Fig. 5C1), which precluded

identification of Cx36 association with any particular cell type. However, linear arrays of

puncta, possibly associated with dendrites, were seen traversing sublayers of the IPL
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Figure 5. Double immunofluorescence labelling of Cx36 and ZO-l in mouse retina. (A)

Retina from WT mouse showing punctate labelling of Cx36 in the outer plexiform layer

(OPL) and the inner plexiform layer (IPL) (41). Little or no labelling is seen in the inner

nuclear layer (INL) or outer nuclear layer (ONL). In the same field, punctate labelling of

ZO-l (A2) is co-distributed with Cx36 (yellow in overlay, A3). (B) Retina from Cx36

KO mouse showing absence of labelling for Cx36 (81), persistence of labelling for ZO-l

(82), and absence of yellow in overlay (83). (C) Confocal double immunofluorescence

showing punctate labelling for Cx36 (C1, arrows) and ZO-I (C2, arrows) in the IPL layer

of retina from WT mouse, and substantial, though not total, co-localization of Cx36 with

ZO-1 (yellow in overlay, C3, arrows). Scale bars: A,B, 50 pm; C, 10 pm.
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(Fig. 5C1). Little or no Cx36 was detected in other retinal layers of 'WT mice, and

labelling seen in the OPL and IPL of these mice was absent in retina of Cx36 KO mice

(Fig. 581). Similar labelling in retina of WT mice was obtained with Ab37-4600 and

Ab51-6300, and this labelling was absent in retina of Cx36 KO mice (not shown). Non-

specific fluorescence staining of cellular nuclei occuffed in retina of both WT and Cx36

KO mice, which was evident after primary antibody omission and attributed to non-

specific adherence of FlTC-conjugated secondary antibody after weak tissue fixation.

Immunolabelling of ZO-I with monoclonal Ab33-9100 in retina of WT mice was also

largely punctate and localized mainly in the OPL and IPL (Fig. 5A2,5C2). The intensity

of ZO-I immunofluorescence was slightly but noticeably reduced in these retinal layers

of Cx36 KO mice (Fig. 582). Overlay of double-labelled images indicated similar

distribution patterns of Cx36 and ZO-1 in the two plexiform layers (Fig. 543), and

substantial co-localization of the two proteins at individual puncta as seen by confocal

microscopy of the IPL (Fig. 5C3). However, not all Cx36-immunopositive puncta were

labelled for ZO-1and, conversely, not all ZO-l-immunopositive puncta were labelled for

Cx36. Intense staining associated with the outer limiting membrane (OLM) and patches

in the OPL and IPL was seen after omission of anti-Z0-l, and was due to non-specific

labelling with Cy3 -conj ugated secondary antibody.

Immunofluorescence labelling of Cx36 and ZO-I in the OB and IO is shown in Fig.

6. In the OB, anti-Cx36 Ab36-4600 and Ab37-4600, generated against different non-

overlapping sequences of Cx36, produced identical patterns of relatively intense labelling

in the mitral cell layer (MCL) (Fig. 6Al and 681, respectively), thus providing

confidence in specificity of Cx36 detection. This labelling consisted of discrete puncta
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Figure 6. Double immunofluorescence labelling of Cx36 and ZO-l in olfactory bulb and

inferior olive. (A) Olfactory bulb showing punctate labelling of Cx36 with polyclonal

antibody 36-4600 (41, arrows) and monoclonal arúi-Z0-l (A2, arcows) around mitral

cell bodies, and overlap of Cx36lZO-L (43, arrowÐ. (B) Same as A, except double-

labelled with monoclonal anti-Cx36 37-4600 (Bl, arrows) and polyclonal anti-ZO-l (P.2,

arrows), showing similar Cx36lZO-I co-localization around mitral cells (83, anows). (C)

Olfactory bulb synaptic glomeruli showing punctate labelling for Cx36 (C1) and ZO-1

(C2), and co-localization in overlay (C3). (D) Confocal double labelling of Cx36 (D1)

andZO-l (D2) in the inferior olivary nucleus, with co-localization shown by yellow in

overlay (D3). (E and F) Double labelling in olfactory bulb of WT mouse shows similar

distributions of Cx36-positive (El, arows) and ZO-1-positive (E2, arrows) puncta in the

mitral cell layer (E3, overlay). A similar field of olfactory bulb from Cx36 KO mouse,

with orientation matching that in A, shows absence of Cx36 labelling (Fl, arrows), and

reduction of ZO-1 labelling (F2, arrows) in the mitral cell layer (F3, overlay). Scale bars:

A,B, 50 pm; C,D, l0 ¡rm; E,F, 100 ¡rm (shown in F).
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circularly anayed apparently around individual mitral cells, with little labelling in

immediately adjacent layers. As illustrated with Ab36-4600, Cx36-positive puncta were

also seen in synaptic glomeruli (Fig. 6Cl) and in the IO (Fig. 6Dl), and similar labelling

was obtained with the other two anti-Cx36 antibodies (not shown). Immunolabelling of

ZO-1 with both monoclonal Ab33-9100 and polyclonal Ab61-7300 resembled that of

Cx36, but was more widely distributed in all brain regions, including the MCL and

adjacent layers (Fig. 6A2 and 682), synaptic glomeruli (Fig. 6C2) and IO (Fig. 6D2).

Overlay of double-labelled images indicated substantial Cx36120-l co-localization in the

MCL (Fig. 643 and 683), as well as a high proportion of Cx36-positive puncta that were

also positive for ZO-I in OB synaptic glomeruli (Fig. 6C3) and the IO (Fig. 6D3), but a

much lower percentage of ZO-l-positive puncta for Cx36 in these latter structures.

In all areas examined, immunolabelling of Cx36 was absent in mice with Cx36 gene

deletion, as demonstrated by comparison of labelling with Ab37-4600 in corresponding

fields of the OB mitral cell layer of WT (Fig. 6E1) and Cx36 KO (Fig. 6F1) mice. In

contrast to the conspicuous labelling of Cx36 and ZO-I in the MCL of WT mice (Fig.

6E2, 683), the loss of Cx36 in KO animals was accompanied by a large loss of ZO-l in

the MCL (Fig. 6F2, 6F3). As in retina, FITC- and Cy3-conjugated secondary antibodies

produced non-specific labelling cellular nuclei and blood vessels in sections of OB

processed with omission of anti-Cx36 or anti-ZO-l primary antibodies, which potentially

masked any specific labelling of ZO-l associated with vascular elements.
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YL4. Co-immunoprecÌpitation of Cx36 and ZO-I in cultured cells and adrenal gland

After immunoprecipitation (IP) of ZO-l from culture lysates of three separate clones

of Cx36-transfected HeLa cells, each of the anti-Cx36 antibodies 51-6300 (Fig.7A),37-

a600 (Fig. 78) and 36-4600 (Fig. 7C) detected Cx36 in the immunoprecipitate from each

of the clones. Some of the higher molecular weight bands observed in the immunoblots

may represent dimer and trimer forms of Cx36. No Cx36 was detected after omission of

ZO-I antlbody during the IP procedure (Fig. 7A-C). Lysates from the three Cx36-

transfected clones taken for IP of Cx36 with antibody 36-4600 resulted in detection of

ZO-1 in immunoprecipitates from each of the clones, and no ZO-I was detected in the

control IP conducted with Cx36 omission (Fig. 7D). Lysates from ßTC-3 cells taken for

IP of Cx36 with antibody 37-4600 followed by probing immunoprecipitate with anti-

Cx36 confirmed that Cx36 is expressed by these cells (Fig. 7F,,lane 3), and exhibits a

migration profile comparable to that of Cx36 immunoprecipitated from Cx36-transfected

HeLa cells (Fig. TE,Iane 4). IP of ZO-l from ßTC-3 cells lead to the detection of Cx36 in

the immunoprecipitate (Fig. 7E, lane 2). In homogenates of adrenal gland, IP of ZO-l

resulted in the detection of Cx36 in IP material from V/T mice (Fig. 7F, lane l), but not

that of Cx36 KO mice (Fig. 7F, lane 2). Blots probed for Cx36 in lysate of Cx36-

transfected HeLa cells (Fig. 7F, lane 4) and after anti-ZO-l omission during the IP

procedure (Fig. 7F, lane 3) were conducted concurrently as negative and positive

controls, respectively. Attempts to obtain co-IP of Cx36 with ZO-t in pancreas were

unsuccessful, possibly due to excessive degradation of these proteins by pancreatic

proteases during tissue processing for IP.
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Figure 7, (A-C) Immunoblots showing co-IP of ZO-l and Cx36 from Cx36-transfected

HeLa cells. Three separate Cx36-transfected clones were taken for IP withZO-l antibody

(lanes 2, 3 and 4). Blots of IP protein probed with the different anti-Cx36 antibodies

indicated above blots show detection of Cx36 (arrows). No Cx36 is seen in control IP

without ZO-l antibody (A-C, lane i). (D) Blot showing detection of ZO-l (anow) after

IP of Cx36 from three separate Cx36-transfected clones (lanes 2,3 and 4), and absence of

ZO-l in control IP with Cx36 omission (lane 1). (E) Co-IP of Cx36 and ZO-l from BTC-

3 cells. IP with arúi-ZO-|, followed by probing of immunoprecipitate with anti-Cx36

shows Cx36 detection (arrow) in IP material (lane 2), but not in control IP without anti-

ZO-1 (lane 1). Migration of Cx36 immunoprecipitated with anti-Cx36 from Cx36-

transfected HeLa cells (lane 4) and BTC-3 cells (lane 3) are shown for comparison. (F)

Co-IP of Cx36 and ZO-I from adrenal gland. After IP with anfi-ZO-1, blots probed with

anti-Cx36 shows detection of Cx36 in immunoprecipitate from WT mouse (lane 1), but

not Cx36 KO mouse (lane 2). Blots probed for Cx36 from lysate of Cx36-transfected

HeLa cells (lane 4) and after omission of anti-ZO4 during the IP (lane 3) are shown for

comparison.
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Y15. Co-immunoprecipitation of Cx36 and ZO-l in retina and brain

To examine molecular association of Cx36 with ZO-1, homogenates of retina and

various brain regions of WT mice were taken for IP of ZO-1, and immunoblots of

precipitates were probed for Cx36 (Fig. 8). After IP of ZO-t, immunoprecipitated protein

obtained from retinal tissue was consistently found to contain Cx36 (Fig. 84, B).

Confidence in co-IP of Cx36lZO-1 and in Cx36 detection was provided by the similarity

of results obtained in blots probed with two different anti-Cx36 antibodies, by the

correspondence of Cx36 migration profile in IP material to that in lysates of Cx36-

transfected HeLa cells, and by the absence of Cx36 detection after conducting the IP

procedure with omission of arfü-ZO-l antibody. Similar results were obtained after IP of

ZO-l ftom homogenates of various brain regions, including hippocampus, cerebellum,

midbrain and medulla, with lysate from Cx36-transfected HeLa cells shown as a positive

control for Cx36 detection (Fig. 8C). Homogenate protein from these brain regions \ryere

used at levels optimal for IP and, consequently, levels of Cx36 detected in IP material

likely do not reflect relative levels that occur in these regions in vivo.
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Figure 8. Co-IP of Cx36 artd ZO-l from various brain regions. (A and B) Immunoblot

detection of Cx36 with polyclonal (4, lane 1) and monoclonal (8, lane 1) antibodies after

IP of ZO-l from retina with monoclonal anti-Z}-L. Cx36 is absent after omission of anti-

ZO-l antlbody during IP (4, B, lane 3). Blots of Cx36-transfected HeLa cells (4, B, lane

2) are shown for comparison of Cx36 migration. (C) Immunoblots of Cx36 after IP of

ZO-1 ftom the brain regions indicated, with lysate from Cx36-transfected HeLa cells as

positive control (lane 1).
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VII. Discussion

VIII.1. General

Three major results of the present study are as follows. First, we demonstrate the

specificity of several anti-Cx36 antibodies when used in conjunction with cultured cells,

peripheral tissues and brain tissue. Confirmation of specif,rcity and fidelity of Cx36

detection was achieved by showing that three antibodies directed against two different

sequences in Cx36 all produced similar results. Further, it was shown that control non-

transfected HeLa cells and tissues from Cx36 KO mice, which have proved to be

invaluable for demonstrating specificity of anti-Cx36 antibodies, were devoid of

immunoblot banding and immunofluorescence labelling pattems seen with anti-Cx36

antibodies in Cx36-transfected cells and in tissues from WT mice. Second, we present

data on the distribution of Cx36 in several regions of mouse brain fuither demonstrating

the potential abundance of electrical synapses in mammalian CNS. In addition, we

confirm Cx36 protein expression in pancreatic islets and PTC-3 cells, and demonstrate

Cx36 protein expression and localization in adrenal medulla. Third, we present the first

evidence indicating Cx36lZO-l co-localization as determined by immunofluorescence,

and molecular Cx36lZO-1 interaction as determined by co-IP in mouse pancreatic islets,

adrenal medulla, retina and brain. To further support data on Cx36lZO-L interaction, we

also present our previously published results by FRIL demonstrating antibody specificity,

and results showing that a fourteen amino acid carboxy-terminus peptide fragment of

Cx36 directly interacts with the first PDZ domain of ZO-1 (Appendix 1). Our results in

Cx36-transfected HeLa cells and insulin-producing PTC-3 cells in vitro further

demonstrated this interaction. These results indicate that Cx36 may be included in the list
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of connexins (Cx3L9, Cx43, Cx45, Cx46, Cx47, Cx50) that have been reported to

interact with ZO-I (Giepmans et al., 1998; Toyofuku et al., 1998; Kausalaya et al. 2001;

Laing et al., 200I; Laing et a1.,200I; Kojima et al., 2001; Nielsen et al., 2001; Nielsen et

al., 2002; Nielsen et al., 2003; Giepmans et al., 200I; Li et a1., 2004c). Based on

widespread Cx36lZO-l co-localization, and with Cx36 now an adequate marker for

neuronal gap junctions as demonstrated by EM and confocal microscopy analysis of

immunolabelling by highly specific anti-Cx36 antibody, it can be concluded that ZO-1. is

ubiquitously expressed by neurons that form gap junctions composed of Cx36, and that

ZO-1 is a major structural and/or regulatory component at these junctions.

VILZ. Cx36 expression in pancrees, adrenal gland and cultured cells

Our observations of Cx36 localization in endocrine pancreas is consistent with

previous reports of Cx36 mRNA and protein expression in pancreatic islets of rat and

mouse, where Cx36 is contained exclusively in insulin secreting B-cells (Serre-Beinier et

aL,20001' Calabrese et al., 2001; Le Gurun et a1., 2003). The presence of gap junctions

between B-cells has been well documented, and Cx36 is clearly a constituent of these

junctions (Sene-Beinier et al., 2000). Several insulin-producing cell lines, including

MIN6, INS-18 and BTC-3 cells, have been shown to retain their capacity to express Cx36

and to form gap junctions (Calabrese et al., 2003, Le Gurun et al., 2003), which is

consistent with our detection of Cx36 inthe latter cell type (Appendix 1,Item 3). With

detection of Cx45 and Cx43 protein and./or mRNA transcripts in pancreatic islets (Meda

et al., 1993; Le Gurun et al., 2003), further studies are required to determine whether B-

cells and their cor¡esponding cell lines contain multiple connexins, as observed in many
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other cell types ('White et al., 1996). The functional importance of gap junctions between

insulin-producing cells was indicated by the impairment of glucose-induced synchronous

LC**l' oscillations and insulin secretion after treatment of MIN6 cells or INS-IE cells

with Cx36 antisense (Serre-Beinier et al., 2000; Calabrese et a1.,2001; Calabrese et al.,

2003; Le Gurun et al., 2003).

In the adrenal gland, gap junctions are formed between cortical cells as well as

between medullary cells (Grynszpan-Wynograd et al., 1980; Yamamoto et aI., 1995;

Murray et al., 2003), and functional GJIC has been demonstrated between cells in adrenal

medulla (Moser et al., 1998; Martin et al., 2001; Yamagami et al., 2002). Cx43 was

reported to be expressed in adrenal cortex, but not in medulla (Yamamoto et al., 1995),

whereas Cx36 and Cx43 mRNA has been detected by single cell RT-PCR in DpH-

positive chromaffin cells of rat (Martin et al., 2001). Our immunohistochemical

observations demonstrate Cx36 protein expression presumably in chromaffin cells of

adrenal medulla, and absence of Cx43 protein in mouse adrenal medulla (not shown). In

the case of adrenal function, a study in rat adrenal slices reported that Cx36 is involved in

synchronous multi-cellular Ca2* increase via electrical signal propagation causing

catecholamine release (Martin et al., 2001). Isolated chromaffin cells in culture have long

been used as a model for studies of catecholamine secretory processes (Unsicker et al.,

1989), and may be ideal for examination of the role of gap junctions in this process if

these cells in vitro continue to express Cx36, which remains to be determined.
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VII.3. ZO-l and gap junctions

ZO-l has been found in association with tight junctions in a wide variety of tissues

(Stevenson et al., 1986; Gonzalez-Mariscal et al., 2003), but it also occurs in certain cell

types lacking tight junctions, and is known to be a component of adherens junctions (Itoh

et al., 1991, 1993; Howarth et al., 1992) as well as gap junctions (Thomas et al., 2002).It

has been previously reported that the expression of ZO-1 alone does not lead to tight

junction assembly (Schnabel et ã1, 1990). The usefulness of ZO-1 as a

immunohistochemical marker exclusively for the localization of tight junctions in tissues

and cultured cells is further reduced by the discovery of ZO-l association with connexins

af gap junctions between cells in vívo and in vitro (Giepmans et a1.,1998; Toyofuku et

al., 1998; Kausalaya et al. 200I; Laing et al., 2001; Laing et al., 2001; Kojima et al.,

200I; Nielsen et al., 2001; Giepmans et al., 2001; Nielsen et al., 2002; Nielsen et al.,

2003), and by f,rndings of ZO-1 association with other proteins and cellular structures

(Gonzalez-Mariscal et al., 2003).In the case of the tissues examined here, tight junctions

have been reported in pancreatic islets (Orci et a1.,1974,1975a,I975b), but subsequent

studies indicated the absence of tight junctions in rat and human endocrine pancreas (In't

Veld et al., 1984). Adrenal chromaffrn cells in rat and HeLa cells in vitro apparently lack

tight junctions (Grynszpan-Wynograd et al., 1980; Spiryda et al., 1998). Among these

tissues, ZO-l expression has only been reported in HeLa cells (Doyle et al., 1995), which

was confirmed in our studies (Li et aL.2004a) (see Appendix 1, Item2 and Item 3) and, in

contrast to the present results in mouse, ZO-I was found to be absent in human pancreatic

islets (Kleef et al., 2001). The persistence of ZO-l detection in pancreas and adrenal

gland of Cx36 KO mice suggests association of this protein with structures other than gap
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junctions, which may include tight junctions and/or adherens junctions. In control non-

transfected HeLa cells, ZO-1 observed at points of contact between cells may also reflect

its localization to non-tight junction structures (Appendix 1, Item 2), as previously

reported (Doyle et al., 1995).

VII.4. Cx36 localization Ìn brain

Immunofluorescence labelling for Cx36 shown here is consistent with reports of

Cx36 immuno-localization in retina, OB and IO (Rash et al., 2000; Teubner et a1.,2000;

Güldenagel et a1., 2000,200I; Deans et a1.,2001; Feigenspan ef a1.,2001; Meier et al.,

2002; Hidaka et al., 2002; De Zeeuw et al., 2003), but was substantially more robust in

various brain regions than previously described, particularly in the mitral cell layer of the

OB (Belluardo et ã1., 2000; Zhang and Restrepo, 2003). Although requiring

ultrastructural confirmation, the striking circular patterns of Cx36-positive puncta we

observed in the mitral cell layer appear to be localized to mitral cells, and likely

correspond to gap junctions formed by these cells. This possibility is supported by reports

of Cx36 mRNA expression in mitral cells (Condorelli et aL.,1998; Belluardo et al., 2000),

by the identification of gap junction plaques on mitral cell bodies and gap junctions

between mitral cells and other types of OB neurons (Pinching and Powell, I97I; Landis

et al., 1974; Patemostro et al., 1995; Miragall et aI., 1996), and by observations of gap

junction-mediated dye-coupling between mitral cells and between mitral cells and

granule cells (Paternostro et al., 1995). The specificity of labelling that we observed in

the OB and in other brain regions with anti-Cx36 antibodies was confirmed by

demonstrations of similar immunolabelling and western blotting results with three
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different anti-Cx36 antibodies raised against two different epitopes in Cx36, and by an

absence of Cx36 detection in brain tissue of Cx36 KO mice and non-transfected HeLa

cells. Based on the high quality and reliability of Cx36 detection with these antibodies, it

is now possible to map the distribution of Cx36 in the mammalian brain, with the aim of

gaining an appreciation of sites and relative densities of potential electrical synapses

containing Cx36.

V[.5. ZO-I expression in brain

In the CNS, ZO-l has been extensively studied in relation to its association with tight

junctions of vascular endothelial cells (Wolburg and Lippoldt, 2002; Vorbrodt and

Dobrogowska, 2003), but less so in non-circumventricular regions of brain parenchyma,

where ZO-l immunohistochemical detection was reported to be sparse or absent

(Howarth et al., 1992; Smith and Shine, 1992;Peftov et al., 1994). However, ependymal

cells and developing neuroepithelial cells, which either lack or posses minimal tight

junctions, contain an abundance of ZO-1 (Dermiefzel and Krause, I99I; Petrov et al.,

1994; Aaku-Saraste et al., 1996; Saitou et al., 1997). ZO-l also was found in olfactory

sensory neurons, as well as in the OB mitral cell layer, where it was suggested to be

associated with oligodendrocytes (Miragall et al., 1994). More recently, ZO-1 was found

localized at puncta adherentia between mossy fibre terminals and pyramidal cell

dendrites in hippocampus, indicating that both granule cells and pyramidal cells express

ZO-l (Inagaki et al., 2003). Notwithstanding these few reports, our results indicate that

ZO-I expression in the CNS is far more extensive than previously recognized. This

apparent discrepancy may be explained by our finding that very weak tissue fixations are
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required for adequate immunolabelling of ZO-1. Earlier attempts to obtain

immunolabelling of ZO-l in tissues fixed with 4%o paraformaldehyde/picric acid fixative

met with limited success (data not shown). However, much to our convenience, as it was

determined that Cx36 immunolabelling was best obtained in weaker fixation conditions

we found that our anti-ZO-l antibodies "preferred" similar conditions.

Given the widespread and exclusive neuronal expression of Cx36 in the CNS

(Condorelli et al., 1998,2000; Teubner et al., 2000; Rash et a1.,2000,2001), together

with extensive Cx36lZO-1 co-localization, ZO-I is likely expressed in a large subset of

neì.rons that form gap junctions composed of Cx36. Consequently, the association of ZO-

1 with Cx36 may be a coÍrmon feature of electrical synapses between these neurons. In

some cases, neuronal expression and/or targeting of ZO-I to plasma membranes may

even be dependent on the presence of Cx36 in gap junction plaques, as suggested by the

substantial reduction of punctate labelling for ZO-l that we observed in the OB mitral

cells layer of Cx36 KO mice. Such an association, however, may not be restricted to

neurons, given our finding of similar Cx36 association with ZO4 in peripheral tissues

þancreatic islets and adrenal gland). Since it is well established that neurons do not form

tight junctions, additional sites of ZO-1 expression that we detected may include

adherens junctions, tight junctions within myelin, and neuronal and/or glial gap junctions

consisting of connexins other than Cx36. The latter possibility is suggested by our FRIL

results in retina, where ZO-1 was found in association with some neuronal gap junctions

lacking Cx36 (Li et a1.,2004b) (see Appendix 1, Item 1). Conversely, the absence of ZO-

1 in some Cx36-positive retinal junctions may reflect a dynamic regulatory role of ZO-i

involving only transient association with Cx36.
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VII.6. Cx36 association with ZO-I

We have determined that Cx36 binds directly to the first of the threePDZ domains in

ZO-1 (Li et al., 2004a; Li et al., 2004b) (Appendix I). ZO-I contains multiple protein-

protein interaction domains, including three PDZ domains, one Src homology (SH3)

domain and one putative kinase domain. PDZ domains selectively bind short PDZ

recognition motifs located at the c-terminus of target proteins (Songyang et al., 1997;

Mitic et a1., 1998; Gonzalez-Mariscal et a1.,2000; Sheng et a1.,200I; Gonzalez-Mariscal

et al., 2003). The present results indicate that Cx36 contains aPDZ domain binding motif

at its c-terminus and interacts with ZO-1 via this motif. It has been shown by various

methods that ZO-l interaction with Cx3l.9, Cx43, Cx46, Cx47 and Cx50 occurs

exclusively via its PDZ-T domain, consistent with each of these connexins sharing similar

c-terminus PDZ consensus binding motifs (Giepmans et a1.,1998; Toyofuku et a1.,1998;

Nielsen et al., 2002; Nielsen et al., 2003; Li et al., 2004c). However, the putative PDZ

binding motif of Cx36, which contains the c-terminus amino acids YV, differs from that

in other connexins, but is the same as the YV c-terminus in the family of claudin proteins,

which were reported to interact with thePDZ-I domain of ZO-I (Itoh et al., T999). Thus,

we predicted that Cx36 interacts with the PDZ-I domain of ZO-I. This prediction has

been confirmed by our studies showing localization of ZO-I at interneuronal gap

junctions composed of Cx36 in mouse brain, and by ín vitro pull-down assays showing

direct binding of Cx36 with the PDZI domain of ZO-l (Li et a1.,2004b) (Appendix 1,

Item 6 and Item 7).In addition, these findings are extended by the results provided herein

demonstrating that in the entire sequence of Cx36, a maximum of only fourteen carboxy-
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terminus amino acids is required for mediation of Cx36 interaction with the PDZI of ZO-

1, and that the last four carboxy-terminus amino acids are essential for this interaction

(Appendix 1, Item 4, 5,7,8)

The significance of connexinlZO4 interaction and the differential mode of their

binding to ZO-I at the first or second PDZ domain remain to be determined. It

appears, however, that interaction with ZO-I is not a strict requirement for assembly

of connexins into gap junctions, as junctions were still formed by various

connexins, including Cx36, tagged with myc or fluorescent protein at their c-

terminus (Jordan et al., 1999; Martin et al., 200I; Zoidl et al., 2002), which

eliminates connexin interaction capability with ZO-l (Geipmans and Moolenaar,

1998; Nielsen et a1.,2002). Similarly, deletion of the SAYV c-terminal sequence of

Cx36 did not prevent presumptive gap junction formation in HeLa cells tranfected

with Tr-Cx36 (Appendix 1, Item 4). Nevertheless, there are beginning to emerge

some functional deficits that may reflect a role of ZO-l at these junctions. ZO-l may

participate in gap junction assembly, as suggested by the impairment of gap junction

plaque formation in MDCK cells transfected with Cx45 containing mutation of its c-

terminus (Kausalaya et al., 2001). Mutations that prevent Cx43, Cx45 and Cx50 c-

terminus interaction with ZO-1 resulted in either reduced capacity for gap junction

formation, altered connexin turnover rate or formation of junctions with loss of pH

sensitivity (Toyofuku et al., 2001; Kausalya et al., 2001; Xu et al., 2002). Other

reports, however, indicate fhat Cx46 and Cx50 mutated to prevent interaction with ZO-I

can still form gap junctional plaques (Nielsen et al., 2003).Interestingly, ZO-l was not

associated with Cx36 intracellularly, suggesting that functions of its interaction with at
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least Cx36 may be restricted to intact gap junctions at plasma membranes. Investigation

of these possibilities, as well as potential roles of ZO-I in the regulation of gating and

turnover of gap junctions (Thomas et al.,2002) composed of Cx36, may be facilitated by

the use of Cx36-transfected HeLa cells and insulin producing PTC-3, which appear to be

suitable model systems for functional analysis. Our demonstration that the foufeen

amino acid peptide was capable of interfering with the binding of Cx36 to the PDZL of

ZO-l at low micromolar concentrations raises the possibility that this peptide may be

used as a competitive inhibitor of Cx36lZO-l interaction in vitro, allowing studies of the

role of ZO-1 at gapjunctions composed of Cx36 (Appendix 1, Item 9).

Our previous results showing persistence of low levels of ZO-l at gap junctions

composed of Tr-Cx36 lacking ZO-l binding ability (Appendix 1) suggests

association of ZO4 with other proteins at gap junctions, which is consistent with

the presence of multiple protein binding modules in ZO-l that may serve as

scaffolding for recruiting structural and/or signalling proteins to plasma membranes.

A large number of ZO-l interacting proteins with diverse functions include the G-

protein Galpha(12), the serine kinase ZAK, the signaling-related protein Neph1, and

the phosphoprotein VASP; and ZO-l has been implicated in transcriptional

regulation (Dodane et al., 1996, Denker et al., 1996, Meyer et al., 2002), and a ZO-l

associated serine kinase (ZAK) also interacts with the SH3 domain of ZO-l (Balda et al.,

1996; Gottardi et al., 1996; Balda ef al., 1996,2003; Meyer et al., 2002; Comerford

et al., 2002; Huber et al., 2003). The scaffolding role of ZO-l is fuither suggested by

protein kinase C (PKC) ( co-localizationwithZO-I at contacts between MDCK cells and

involvement of PKC signalling for ZO-I cellular translocation (Stuart et a1., 1995;



82

Dodane et al., 1996; Chen et al., 2002; Matter et al., 2003). ZO-l also interacts with

cytoskeletal components, and the cellular cytoskeleton is functionally linked to gap

junctions, such that cytoskeleton integrity is required for gap junction stability

(Wang and Rose, 1995; Thomas et al,. 2002; Johnson et al., 2002).In analogy with

these studies in other cell systems, identification of the binding partners of ZO-l at

inter-neuronal gap junctions formed by Cx36 is expected to provide insight into the

regulation of electrical synapses in the mammalian CNS.

VII.7. Future directions

We are beginning to elucidate the extent of Cx36 protein expression in mammalian

brain. This will undoubtedly lend itself to our understanding of contributions made by

gap junctions to neural function. Thus far, data on connexins in mammalian brain

indicate Cx36 as the only confirmed neuronal connexin, suggesting characteristics of

Cx36 exist that are uniquely suited for neural function. In addition to structure (i.e. amino

acid sequence), Cx36 is unique in that it forms gap junction channels with the lowest

single channel conductance (15 pS) among the connexins (Srinivas et al., 1999; Teubner

et al., 2000), suggesting it allows the passage of ions for electrical coupling more so than

passage of molecules for metabolic coupling. Reports to date and data presented herein

describe an extensive distribution of Cx36 protein in mammalian brain. The functional

basis for the widespread distribution of neuronal gap junctions, as suggested by the

widespread distribution of Cx36, remains to be determined. Given the extensive literature

(for reviews see Rouach et al., 2002; Willecke et al., 2002; Evans and Martin, 2002)

supporting the specific expression of other known connexins in cell types other than
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neurons, it seems unlikely that Cx36 can be functionally replaced by any other known

connexin.

Future work in this area will include a complete mapping of Cx36 expression

throughout mammalian brain. Detailed analysis in this area will require determination of

the cellular localization of Cx36. Initially, a major focus will be to investigate the

hypothesis that in addition to its dendritic localization, Cx36 contributes to the formation

of mixed synapses at nerve terminals. Another avenue of investigation will be to

determine the chemical transmitter phenotype of Cx36 expressing neurons. Also, since

we have shown that Cx36 interacts with the scaffolding protein ZO-I at the plasma

membrane of neurons, an additional aim will be to continue investigating which proteins

interact directly or indirectly with Cx36 and to elucidate the functions of such

interactions.
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Appendix I

Item 1. From Xinbo Li, Carl Olson, Shijun Lu, Naomi Kamasawa, Thomas

Yasumura, John E. Rash and James I. Nagy (2004) Neuronal connexin36 association

with zonula occludens-i protein (ZO-I) in mouse brain and interaction with the first

PDZ domain of ZO-I. European Journal of Neuroscience. 19;2132-2146. Freeze-

fracture replicas of gap junctions in the inner plexiform layer (IPL) of adult rat

retina after simultaneous double-labeling for Cx36 (6 and 12 nm gold beads) and

ZO-l 08 nm gold beads). (A and B) Overview image of "mixed" (chemical plus

electrical) synapses in the IPL. The nerve terminal contains abundant, uniform-

diameter synaptic vesicles (SP). The nerve terminal plasma membrane E-face (E)

contains one small gap junction (inscribed area and 4B) that is labeled by five 6 nm

and three 12 nm gold beads (Cx36) and two 18 nm gold beads (ZO-D. Note the very

low non-specific background. (C) Gap junction plaques with gold beads for Cx36 (6

and 12 nm) but with no gold beads for ZO-1. At this magnification, 6 nm gold beads

are difficult to discern beneath IMP's (left pair), but are easily resolved in reverse

stereoscopic images (right pair). (D and E) Neuronal gapjunctions labeled for ZO-7

(18 nm gold beads). Labeling for Cx36 (6 and 12nm gold beads) was absent from

approximately 25Yo of plaque-type gap junctions in IPL that were, nonetheless, well

labeled for ZO-1, thereby revealing a previously undetected population of inter-

neuronal gap junctions. Scale bars: 0.1pm.
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Item 2. From Xinbo Li, Carl Olson, Shijun Lu and James I. Nagy. Association of

connexin36 with zonula occludens-I (ZO-1) in HeLa cells, PTC-3 cells, pancreas

and adrenal gland. Histochemistry and Cell Biology. (Submitted) (A,B) Double

immunofluorescence of the same field in a culture of Cx36-transfected HeLa cells

showing punctate labeling for Cx36 at points of cell-cell contact (A), and Cx36 co-

localization with ZO-l (B), as indicated by corresponding arrows. (C,D) Double

immunofluorescence of the same field in a culture of control empty vector-

transfected HeLa cells showing absence of Cx36 (C), and strands of labeling for

ZO-I at cell-cell contacts (D, arrows). Scale bar:25 pm.
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Item 3. From Xinbo Li, Carl Olson, Shijun Lu and James I. Nagy. Association of

connexin36 with zonula occludens-1 (ZO-I) in HeLa cells, BTC-3 cells, pancreas

and adrenal gland. Histochemistry and Cell Biology. (Submitted) Confocal

immunofluorescence showing co-localization of Cx36 with ZO-I in Cx36-

transfected HeLa cells and BTC-3 cells. (A) Cx36-transfected HeLa cells double-

labeled with monoclonal anti-Cx36 and polyclonal anti-ZO-1 antibodies. Labeling

for Cx36 andZO-1 is co-localized at points of cell-cell contact (arrows), as shown

by overlay (43, arrows). Intracellular labeling for Cx36 (41, arrowheads) exhibits

lack of association with ZO-1. (B-D) BTC-3 cells double-labeled with polyclonal

anti-Cx36 51-6300 (B), monoclonal anti-Cx36 37-4600 (C), or polyclonal anti-Cx36

36-4600 (D) antibody, and monoclonal (B,D) or polyclonal (C) anti-ZO-l antibody.

Overlay of red and green labels shows extensive co-localization of Cx36 and ZO-I

(arrows). Scale bars: A, 10 pm; B-D,20 pm.
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Item 4. From Xinbo Li, Carl Olson, Shijun Lu, Naomi Kamasawa, Thomas

Yasumura, John E. Rash and James I. Nagy (2004) Neuronal connexin36 association

with zonula occludens-1 protein (ZO-I) in mouse brain and interaction with the first

PDZ domain of ZO-1. European Journal of Neuroscience. 19;2132-2146. Double

immunofluorescence of Cx36 and ZO-l in HeLa cells transfected with full length

(FL)-Cx36 and truncated (Tr)-Cx36 lacking four carboxy-terminus amino acids. (A

and B) Low magnification micrographs of the same field (41 , AZ) and confocal

immunofluorescence of the same field (81, B2) showing co-localization of FL-Cx36

(41, B1) with ZO-I (A2,82) around the periphery of cells, as seen by yellow in

overlay (43, B3). (C and D) Low magnification micrographs of the same field (C1,

C2) and confocal immunofluorescence of the same field (D1, D2) showing reduced

co-localization of Tr-Cx3 6 (C 1 , D 1) with ZO-I (C2, D2), as seen by reduced yellow

in overlay (C3, D3). Scale bars: A,C, 50 ¡rm; B,D, l0 pm.
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Item 5. From Xinbo Li, Carl Olson, Shijun Lu, Naomi Kamasawa, Thomas

Yasumura, John E. Rash and James L Nagy (2004) Neuronal connexin36 association

with zonula occludens-l protein (ZO-I) in mouse brain and interaction with the first

PDZ domain of ZO-I. European Journal of Neuroscience. 19;2132-2146. Co-IP of

Cx36 and ZO-I from full length (Fl)-Cx36-transfected and truncated (Tr)-Cx36-

transfected HeLa cells. (A) Immunoblot showing absence of Cx36 in control vector-

transfected HeLa cells (lane 1), and presence of Cx36 in lysate (lane 2), in anti-

Cx36 IP protein (lane 3) and in anti-ZO-I IP protein (lane 4) from FL-Cx36-

transfected HeLa cells. Cx36 is absent in control IP with anti-ZO-l omission (lane

5). (B) Immunoblot showing Cx36 in Fl-Cx36-transfected HeLa cells (lane 1), and

in lysate (lane 2) and anti-Cx36 IP protein (lane 3) from Tr-Cx36-transfected HeLa

cells. No Cx36 is detected after IP of ZO-1 from Tr-Cx36-transfected HeLa cells

(lane 4).
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Item 6. From Xinbo Li, Carl Olson, Shijun Lu, Naomi Kamasawa, Thomas

Yasumura, John E. Rash and James I. Nagy (2004) Neuronal connexin36 association

with zonula occludens-l protein (ZO-I) in mouse brain and interaction with the first

PDZ domain of ZO-1. European Journal of Neuroscience. 19;2132-2T46. Analysis

of ZO-l interaction with Cx36 from retina and Cx43 from brain. (A) Retina

homogenate incubated with fusion protein GST-PDZ1, GST-PDZ2 or GST-PDZ3

domain of ZO-I, followed by blotting of bound protein with anti-Cx36 antibody

(51-6300) shows Cx36 binding to PDZI (lane 3), but not to PDZ2 or PDZ3 (lanes 4

and 5). Blots of Cx36-transfected HeLa cells (lane 1) and retina (lane 2) are shown

as positive controls for Cx36 detection. (B) Brain homogenate incubated with each

of the three PDZ domains of ZO-1, followed by blotting of bound protein shows

Cx43 binding to PDZ2 (lane 3), but not to the other two domains (lanes 2 and 4).

Blot of brain is shown as positive control for Cx43 detection (lane 1). (C-F)

Membranes from A and B stripped and reprobed with anti-GST antibody (C, D) and

stained with coomassie blue (8, F) show equal loading of GST-PDZ fusion proteins.

Cx36-transfected HeLa cells and retina (C, lanes I,2), and brain (D, lane 1) show

absence of GST.
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Item 7. From Xinbo Li, Carl Olson, Shijun Lu, Naomi Kamasawa, Thomas

Yasumura, John E. Rash and James I. Nagy (2004) Neuronal connexin36 association

with zonula occludens-1 protein (ZO-l) in mouse brain and interaction with the first

PDZ domain of ZO-I. European Journal of Neuroscience. 19;2132-2146. Analysis

of ZO-I PDZ domain 1,2 and 3 binding to full length (FL)-Cx36, truncated (Tr)-

Cx36, FL-Cx43 and Tr-Cx43. (A) HeLa cell lysates incubated with fusion protein

GST-PDZI, GST-PDZ2 or GST-PDZ3 domain of ZO-1, followed by blotting of

bound protein show FL-Cx36 binding to PDZI (lane 3), but not to the other two

domains (lanes 4 and5), and absence of Tr-Cx36 binding to PDZI (lane 7). Blots of

HeLa cells probed with anti-Cx36 51-6300 show positive controls for Cx36

detection in cells transfected with FL-Cx36 (lane 2) or Tr-Cx36 (lane 6). Vector-

transfected HeLa cells show negative control for Cx36 detection (lane 1). (B) HeLa

cell lysates incubated with fusion protein GST-PDZ1, GST-PDZ2 or GST-PDZ3

domain of ZO-I, followed by blotting of bound protein show FL-Cx43 binding to

PDZT (lane 4), but not to the other two domains (lanes 3 and 5), and absence of Tr-

Cx43 binding to PDZZ (lane 8). Blots probed with anti-Cx43 antibody i3-8300

show Fl-Cx43-transfected (lane 2) and Tr-Cx43-transfected (lane 6) HeLa cells as

positive controls for Cx43 detection, and non-transfected cells (lane 1) as a negative

control. (C-F) Membranes from A and B stripped and reprobed with anti-GST

antibody (C, D) and stained with coomassie blue (E, F) show equal loading of GST-

PDZ fusionproteins. Control (C, D, lanes l) andtransfected (C, D, lanes2,6) HeLa

cells show absence of GST.
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Item 8. From Xinbo Li, Carl Olson, Shijun Lu and James I. Nagy. Association of

connexin36 with zonula occludens-l (ZO-I) in HeLa cells, BTC-3 cells, pancreas

and adrenal gland. Histochemistry and Cell Biology. (Submitted) Pull-down of GST-

PDZI domain of ZO4 with Cx36-Wt peptide. (A) Immunoblots probed with anti-GST

antibody, confirming bacterial expression of fusion proteins containing the GST-PDZI

(lane 1), GST-PDZ2 (lane 2) and GST-PDZ3 (lane 3) domains of ZO-1, each of which

migrates at about 40 kDa. (B) Immunoblots of pull-down material from bacterial fusion

protein extracts (shown in A) incubated with sepharose-streptavidin beads linked to

biotinylated Cx36-V/t peptide containing the carboxy-terminus fourteen amino acids in

Cx36 (lanes 1-3), or this same peptide minus the last four carboxy-terminus amino acids

(Cx36-Tr peptide, lanes 4-6). Blots probed with anti-GST antibody show pull-down of

the GST-PDZI domain of ZO-1 with Cx36-Wt peptide (lane 1), absence of GST-PDZ2

or GST-PDZ3 pull-down with this peptide (lanes 2 and 3) or with Cx36-Tr peptide (lanes

5 and 6), and elimination of GST-PDZI pull-down with Cx36-Tr peptide (lane 4).



ls7

A

kDa

114-
88-

5't-

.ó' C .S
tJ 4yo> n"J

B

kDa

118-
88-

51--

35-

29-

wi
,.¡¡' 

i

i

12

ltem 8



158

Item 9. From Xinbo Li, Carl Olson, Shijun Lu and James I. Nagy. Association of

connexin36 with zonula occludens-l (ZO-1) in HeLa cells, BTC-3 cells, pancreas

and adrenal gland. Histochemistry and Cell Biology. (Submitted) Competition of

Cx36 interaction with GST-PDZI of ZO-L by Cx36-V/t peptide. (A) Pull-down of Cx36

in lysates of stably transfected HeLa cells by the GST-PDZI domain of ZO-I was

conducted in the absence of 14 amino acid (aa) peptide (Cx36-Wt peptide), or in the

presence of various concentrations of this peptide as indicated, followed by probing of

pull-down material with anti-Cx36 antibody. (B) Blot in A stripped and reprobed with

anti-GST antibody confirms equal inter-lane loading of GST-PDZI fusion protein

(arrowhead). (C) Density measurements of the Cx36-immunoreactive bands in A plotted

against concentration of Cx36-Wt peptide. In both A and C, Cx36-GST-PDZI interaction

is substantially reduced by low micromolar concentrations of Cx36-Wt peptide.
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