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II. ABSTRACT

Gap junctions are formed by astrocytes, oligodendrocytes and neurons in mammalian
retina, and identification of the connexins expressed by these cell types has been the
subject of numerous investigations. In particular, connexin 36 (Cx36) and connexin 45
(Cx45) expression has been previously reported in various types of retinal neurons, and
connexin 57 (Cx57) expression has been reported in mouse horizontal cells based on lacZ
reporter activity linked with the Cx57 promoter. Using newly developed antibodies, we
examined Cx57 localization in mouse retina, association of Cx45 with zonula occludens-
1 (ZO-1), and localization of Cx36 in relation to ZO-1 and Y-box transcription factor 3
(MsY3). The canine ortholog of MsY3 (ZONAB) was previously reported to interact
with ZO-1 in canine MDCK cells. By immunofluorescence, immunolabelling of Cx57 in
wild-type mice was restricted to the outer plexiform layer, where it was co-localized with
the horizontal cell marker calbindin, and labelling was absent in Cx57 knockout mice.
Cx57-positive puncta were almost always found in close proximity or adjacent to
labelling of the protein bassoon, which is a marker of ribbon synapses at rod spherules
and cone pedicles. Cx57 was also found in close proximity to, but lacking overlap with,
Cx36-positive puncta, particularly at bassoon-positive rod spherules. No overlapping
association was found between Cx57 and ZO-1. Cx45 was distributed only in the inner
plexiform layer (IPL), where it was partially co-localized with ZO-1, but exhibited little
overlap with Cx36. Antibody against MsY3/ZONAB produced punctate fluorescence
immunolabelling restricted to IPL. Double labelling indicated substantial Cx36/ZO-1 co-
localization, as we previously reported, as well as Cx36/ZONAB co-localization and ZO-

1/ZONAB co-localization. There was little association of Cx45 with ZONAB. In Cx36




knockout mice showing an absence of labelling for Cx36, immunolabelling of ZO-1 and
ZONAB in most regions of the IPL was reduced compared to that seen in wild-type mice,
except in the outer part of this layer, where ZO-1/ZONAB labelling and co-localization
persisted. These results indicate differential distributions of connexins and connexin-

associated proteins in mammalian retina.




III. LIST OF ABBREVIATIONS

aa, amino acids

Ab, antibody

B, beta

CNPase, monoclonal anti-2,’3’-cyclic nucleotide 3” phosphodiesterase
CNS, central nervous system

Cx, connexin

E, extracellular loop of a multi-pass transmembrane protein
EM, electron microscopy

FITC, fluorescein isothiocyanate

FL, full length

FRIL, freeze-fracture replica immunogold labelling

GCL, ganglion cell layer

GJIC, gap junction intercellular communication

GST, glutathione-S-transferase

IHC, immunohistochemistry

INL, inner nuclear layer

IP, immunoprecipitation

IPL, inner plexiform layer

kDa, kilodalton

KO, knock out

LM, light microscopy




M, molar

MAGUK, membrane associated guanylate kinase

MDCK, Madin-Darby Canine Kidney

ml, milliliter

mM, millimolar

mRNA, messenger ribonucleic acid

MsY3, mouse Y-box transcription factor 3

MsY4, mouse Y-box transcription factor 4

NGS, normal goat serum

OLM, outer limiting membrane

ONL, outer nuclear layer

OPL, outer plexiform layer

PAGE, polyacrylamide gel elecrophoresis

PB, phosphate buffer

PDZ, postsynaptic protein PSD-95/Drosophila junction protein Disc-large/tight junction protein ZO-1
pH, potential of hydrogen

PVDF, polyvidinylidene difluoride

SDS-PAGE, sodium dodecylsulphate polyacrylamide gel electrophoresis
TBS, 50 mM Tris-HCI, pH 7.4 with 1.5% sodium chloride

TBSTr, 50 mM Tris-HCI, pH 7.4, 1.5% NaCl, 0.3% Triton X-100
TBSTw, 20 mM Tris-HCIl, pH 7.4, 150 mM NaCl with 0.2% Tween-20
Tr, truncated

pm, micron




WT, wild type
Z0-1, zonula occludens-1

ZONAB, Z0-1 associated nucleic acid-binding protein




IV. GENERAL INTRODUCTION

IV.1. Gap junctions

If for the rapid progress of modern society, technology has given us the internet, for the
development and survival of multicellular organisms, evolution has given us other
intricate means of communication resulting in exquisite coordination of intercellular
activity. One such way of direct communication is achieved by the sharing of
informational molecules through intercellular channels called gap junctions.

Gap junctions are dynamic structures, involved in growth control, regulation of
development, metabolic coordination and synchronization of cellular physiological
activities. Gap junctions exist in both invertebrates and vertebrates and similar
communicating pathways have been described in higher plants (Kumar and Gilula, 1996).
Ions, metabolites and second order messenger molecules are selectively allowed to pass
between neighbouring cells via functional gap junction channels (Bruzzone et al., 1996;
Goodenough et al., 1996). Each of the intercellular channels is formed by the docking of
two hemichannels or connexons contributed by the two adjacent cells. The connexon is a
hexameric structure resulting from the oligomerization of protein subunits called
connexins, which are characterised by selective cell type expression patterns.

At certain intercellular locations, gap junctional channels tend to aggregate, forming
gap junctional plaques, which can be visualised by means of freeze-fracture EM or
freeze-fracture replica immunogold labelling (FRIL). Not every cell that expresses

connexins capable of assembling into connexons can form functional communicating




channels with its neighbours. Functional gap functional intercellular communication
(GJIC) can be determined through certain techniques including intercellular movement of
dyes, tracers or current. Different channels formed from different connexin types exhibit
a wide range of conductances and are selectively permeable to the intercellular passage of
molecules (Bruzzone et al., 1996; Goodenough et al., 1996).
1V.2. Family of connexins
To date, 20 different connexin genes have been described in the murine genome,
compared to 21 connexin genes found in the human genome (Eiberger et al., 2001;
Willecke et al., 2002; Sohl and Willecke, 2004). Connexins are transmembrane proteins
containing a well-conserved amino-terminal domain, four transmembrane domains
termed M1-M4, one cytoplasmic loop, two extracellular (E1 and E2) domains and one
carboxy- terminal domain (Goodenough, 1996; Sohl and Willecke, 2004). E1 and E2 are
involved in connexon-connexon recognition and interaction, and contain three conserved
cysteine residues capable of forming important disulfide bridges (Kumar and Gilula
1996; Evans and Martin, 2002). The cytoplasmic and the C-terminal regions have been
suggested as important regulatory domains since they have the highest variation among
connexins. The hemichannels can be formed from a single type of connexin (homomeric)
or different types (heteromeric), while the gap junctions are divided into homotypic
(containing identical connexins on each side of coupled cells) or heterotypic (connexons
composed of different connexins in each of two coupled cells).

Gap junctions formed between the same cell types are called homologous, while

those between different cell types are referred to as heterologous.
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This provides diversity, allowing the formation of a wide variety of gap junctions, with
distinct size-dependent junctional permeability and conductance properties (Veenstra,
1996; Kumar and Gilula, 1996; Willecke et al., 2002).

Gap junctional communication is essential in physiological processes such as
electrical coupling in the nervous and cardiovascular systems, metabolic cooperation
during embryonic development and adaptive tissue response (Paul, 1996; Evans and
Martin, 2002; Rohr, 2004). Although still controversial, recent studies have indicated that
non-junctional hemichannels have important functions as well; they can open under
certain conditions and may help mediate paracrine and/or autocrine signalling (Bennett et
al., 2003; Saez et al., 2003).

Mutations in connexins have been associated with the occurrence of numerous
diseases. Charcot-Marie-Tooth disease is a severe peripheral neuropathy resulting from
mutations in Cx32, while, skin diseases, genetic deafness, cataract and cardiovascular
malformations are associated with mutations in Cx26, Cx30, Cx31, Cx46, Cx50 and
Cx43 (Kumar and Gilula, 1996; Evans and Martin 2002; Wei et al., 2004).
Downregulation of Cx43 and Cx45, measured as mRNA and levels of protein, have been
shown to be present in the end-stage heart failure, while in post-ischemic myocardium, a
decrease in cardiac gap junctional communication was observed (Kieval et al., 1992; De
Maio et al., 2002).

Furthermore, changes in connexin expression and function are associated with diverse
brain pathologies including Alzheimer, Huntington and epilepsy (Nagy et al., 1996; Vis

et al., 1998; Sohl et al., 2000).
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IV.3. Gap junctions in retina
Three types of synapses are found in retina: ribbon/invaginating synapses,
conventional/flat synapses and electrical synapses (gap junctions).

Electrical coupling in the retina is achieved by means of gap junctional
communications between various members of all five major classes of retinal neurons
(So6hl et al., 2000), which are classified into rod and cone photoreceptors, ON and OFF
cone bipolar cells, rod bipolar cells, horizontal cells, different classes of amacrine cells
and ON and OFF ganglion cells. The diagram representing the cellular architecture of the

retina is presented in Figure 1.
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The presence of gap junctions in neurons and supporting cells of the vertebrate retina
has been intensely studied by tracer injection methods, physiological recordings and
electron microscopy (Kolb, 1970, 1974, 1977, 1979; Vaney, 1994, 1997; Cook and
Becker, 1995; Xin and Bloomfield, 1997), but the identity of all the connexin proteins
that comprise these gap junctions is still unknown. There is considerable data regarding
the distribution and electrical properties of retinal gap junctions as well as their regulation
by neurotransmitters and levels of ambient illumination (Vaney, 1994, 1996; Cook &
Becker, 1995; Sterling, 1995; Baldridge et al., 1998). Xin and Bloomfield (1999)
demonstrated that horizontal cells were coupled maximally under conditions of dim
scotopic illumination and that the coupling was significantly reduced in either the dark-
adapted retina or with increasing mesopic illumination. Various studies have shown that
the coupling between A-type horizontal cells can be reduced by application of either
dopamine (Hampson et al., 1994), nitric oxide (Xin and Bloomfield, 1999), or retinoic
acid (Weiler et al., 1999), in agreement with earlier studies on non-mammalian horizontal
cells (for review, see Baldridge et al., 1998). The release of dopamine increases with
ambient illumination in the mammalian retina (Boelen et al., 1998; Godley and Wurtman,
1988). The coupling of the B-type horizontal cells was apparently unaffected by
exogenous dopamine (Mills and Massey, 1997), suggesting that the light-induced
uncoupling of these cells is not mediated by dopamine. Intracellular recordings in the rat

retina have shown that exogenous dopamine narrows the receptive field of the horizontal
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cells, consistent with a decrease in gap junctional permeability (Hankins and Ikeda,
1991).

Tracer coupling experiments (Vaney, 1991) have shown that gap junctional
communication is established more often between neurons of the same type, but they are
also present between different neuronal types in the retina. Homologous gap junctions are
present between cone pedicles, rod spherules, cone bipolar cells, horizontal cells, same
types of amacrine cells and same types of ganglion cells (Raviola and Gilula, 1975; Kolb,
1977, Kolb and Nelson, 1984, 1986; Tsukamoto et al., 2001; Mills et al., 2001; Lee et al.,
2003; Hu and Bloomfield, 2003; Schubert et al., 2005). Heterologous gap junctions are
established between rods and cones, between ON-cone bipolar cells and the AIl amacrine
cell, between different types of amacrine cells, between different types of bipolar cells
and between some types of ganglion cells and various amacrine cell subtypes (Raviola
and Gilula, 1973; Vaney, 1991, 1994; Penn et al, 1994; Vaney et al., 1998; Vaney and
Weiler, 2000; Tsukamoto et al., 2001; Feigenspan et al., 2001, 2004). Nevertheless, some
cell types do not have gap junctions; rod bipolar cells and starburst amacrine cells are two
examples (Vaney, 1994; Feigenspan et al., 2004).

Gap junctions mediating homologus and heterologus coupling have also been
described between retinal glia cells (Vaney, 1994; Mobbs et al., 1988; Robinson et al.,
1993; Dermietzel and Spray, 1998; Zahs et al., 2003), as well as between pigment
epithelial cells in the vertebrate retina (Janssen-Bienhold et al., 1998).

In the mammalian retina, extensive processing of chromatic and spatiotemporal
information occurs. The visual information is transmitted from the photoreceptors to the

ganglion cells in separate parallel channels, the ON (detecting light areas on dark
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backgrounds) and OFF-channels (detecting dark areas on light backgrounds), involved in
the transmission of light and dark signals through the retina, respectively. The outer
plexiform layer (OPL) of the mammalian retina is the region where synaptic interplay
between horizontal, bipolar and photoreceptor cells occurs (Missotten, 1965; Kolb, 1970,
1974, 1977), whereas in the inner plexiform layer (IPL), the synapses are formed between
bipolar, amacrine and ganglion cells (Kolb, 1979; Maxeiner et al., 2005; Schubert et al.,
2005). In the retina, photoreceptor, bipolar and ganglion cells are responsible for
spreading the information from rods and cones using vertical pathways, whereas
horizontal and amacrine cells are involved in lateral distribution of information.

The classical pathway for rod signals in the mammalian retina is: rods-rod bipolar
cells-All amacrine cells-ON cone bipolar cells- ganglion cells, and the key element of
this pathway is gap junctional coupling between AIl amacrine cells and ON-cone bipolar
cells (Strettoi et al., 1992; Feigenspan et al., 2001; Deans et al., 2002). An alternative
pathway for rod signals is the direct signal transmission from rods to cones via gap
junctions and then to the inner retina via cone bipolar cells (Smith et al., 1986; DeVries et
al., 1995). A third pathway for rod signals has recently been described (Tsukamoto et al.,
2001; Hack et al., 2001), with the putative OFF-cone bipolar cells making flat contacts at
the rod spherules present in the innermost part of OPL (accounting for 5-20% of the total
spherules), therefore transmitting the scotopic information to OFF-ganglion cells, thus
bypassing the rod bipolar cells.

IV.4. Functions of retinal electrical synapses

The wide variation of coupled cell networks suggests that gap junctions have diverse

roles in retinal processing. Coupling has been shown to play an essential role in visual
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processing, allowing the retina to operate efficiently in various lighting conditions.
Electrotonic coupling mediated by gap junctions has been proposed to be responsible in
retina for neuronal adaptation (Sterling, 1995; Weiler, 1996, Weiler et al., 2000). Also,
the coupling is important for the establishment of receptive field size in some neurons,
such as horizontal cells (Teranishi et al., 1983; Piccolino et al., 1984) and some amacrine
cells (Bloomfield et al., 1997), for noise reduction, synchronizing neuronal firing, and for
the transmission of rod signals to the ganglion cells in mammals. In photoreceptor cells,

coupling plays important roles in spatial processing and noise filtering.

The importance of electrical coupling in retina has been demonstrated by using Cx36-
and Cx45-deficients mice. It has been shown that gap junctional coupling between Cx36-
positive-All amacrine cells and Cx45-positive ON cone bipolar cells represent a key
element of the rod pathway, through which scotopic signals from rod photoreceptor cells
are transmitted to ganglion cells. This pathway was impaired in Cx36- and Cx45-
deficient mice (Giildenagel et al., 2001; Deans et al., 2002; Maxeiner et al., 2005),
demonstrating the important role of the two proteins in the mouse visual pathway,

without which perception of light is severely impaired.
IV.5. Connexins in retina
The identity of all of connexin proteins that form gap junctions between retinal neurons

and glia cells is unknown.

So far, mRNAs for Cx26, Cx31, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45, Cx50 and
Cx57 (Jones et al., 1992; Yancey et al., 1992; Johansson et al., 1997; Condorelli et al.,

1998; Janssen-Bienhold et al., 1998; Gao and Spray, 1998; Schutte et al., 1998; Shél et
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al., 1998, 2000, Manthey et al., 1999; Giildenagel et al., 2000; Deans and Paul, 2001,
Matesic et al., 2003; Huang et al., 2005) has been reported in mammalian retina, and
immunoblot and immunofuorescence analyses using specific anti-connexin antibodies
indicated the presence of Cx36, Cx37, Cx40, Cx43 and Cx45 proteins (Giildenagel et al.,
2000, 2001; Sohl et al., 2000; Reed et al.,1993; Matesic et al., 2003; Maxeiner et al.,

2005).

Several different glial connexins have been identified in the mammalian retina, with
Cx43 and Cx45 associated with astrocytes and Miiller cells (Zahs et al., 2003).
Immunofluorescence and EM data demonstrate that Cx43 is not a neuronal connexin, but
it is expressed by astrocytes in the CNS (Rash et al., 2000; Nagy et al., 2004), this result
being confirmed by immunofluorescence data in mammalian retina (Janssen-Bienhold et
al., 1998; Zahs et al., 2003). Cx37 immunoreactivity was found in retinal endothelial cells

(Reed et al.,1993).

Three neuronal connexins have been described so far in mammalian retina: Cx36,
Cx45 and Cx57, with Cx36 being the first connexin described in neurons of various
regions of brain and the retina (Condorelli et al., 1998; Rash et al., 2000; Teubner et al.,
2000; Feigenspan et al., 2001). In retina, Cx36 immunoreactivity was detected in
homologous gap junctions between cone photoreceptors (Lee et al., 2003; Feigenspan et
al., 2004), between dendrites of OFF-cone bipolar cells (Feigenspan et al., 2004) and
between neighbouring dendrites of All-amacrine cells in the most vitreal region of the
inner plexiform layer (IPL) (Feigenspan et al., 2001; Mills et al., 2001). B-galactosidase
reporter gene activity for Cx36 also suggested the presence of Cx36 in rods (Deans et al.,

2002). Recent studies, using transgenic rod-less and cone-less mice (Dang et al., 2004)
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confirmed expression of Cx36 in cones, but did not’exclude the possibility of Cx36
expression in rods. Furthermore, Cx36 expression was detected in heterologous gap
junctions between All-amacrine cells and ON-cone bipolar cells (Feigenspan et al., 2001;
Mills et al., 2001; Giildenagel et al., 2001). Recent studies (Hidaka et al., 2004; Schubert

et al., 2005) also report the presence of Cx36 in alpha-retinal ganglion cells.

The distribution of Cx45 was analyzed following the expression of LacZ and EGFP
reporter genes in Cx45-deficient mice and the expression of Cx45 was attributed to
amacrine cells, ON- and OFF-cone bipolar cells and horizontal cells (Giildenagel et al.,
2000; Maxeiner et al., 2005), these reports being inconsistent with the presence of Cx45

at glial cells (Zahs et al., 2003).

Cx57-deficient reporter mice revealed that tracer coupling was disrupted between
horizontal cells and that LacZ signals are present exclusively in horizontal cells
(Hombach et al., 2004), suggesting that Cx57 is present and restricted at this particular
cell type. Also, Cx50 and Cx57 mRNA detection has been reported in A-type horizontal

cells of rabbit retina (Massey et al., 2003; Huang et al., 2005).

Gtildenagel et al. (2000) showed evidence for Cx40 mRNA expression in the mouse
retina, but immunofluorescence analyses could not demonstrate the retinal presence of
this protein. Detection of Cx40 immunoreactivity was found in bovine and rat retinal
sections (Matesic et al., 2003), where Cx40-positive puncta were seen in the INL and
ONL layers. The exact cellular expression of Cx40 is not clear yet, and it was suggested
that Cx40 may be expressed by the photoreceptors in the ONL or by the amcrine cells or
other neuronal cells in the INL. Also, it is possible that Cx40 is expressed by Miiller cells

(Matesic et al., 2003).

18




IV.6. Connexin associated proteins
At intercellular gap junctions, connexins have been shown to interact with multiple key
proteins, including occludins, kinases and zonula occludens proteins (Duffy et al., 2002;
Giepmans, 2004; Herve et al.,, 2004; Li et al., 2004a,b,c). Among these, zonula
occludens-1 (ZO-1), a scaffolding protein known to associate with tight (Stevenson et al.,
1986; Gonzales-Mariscal et al., 2003) and adherens junctions (Itoh et al., 1991, 1993,
Howarth et al., 1992), is of particular interest, as previous studies in our laboratory have
shown association between Z0O-1 and neuronal Cx36 (Li et al., 2004a,b) and glial Cx47,
Cx43 and Cx30 (Li et al., 2004c; Penes et al., 2005). Besides these proteins, ZO-1 has
also been shown to directly interact with Cx31.9, Cx43, Cx45, Cx46 and Cx50
(Giepmans et al., 1998; Toyofuku et al., 1998; Kausalaya et al., 2001; Laing et al., 2001;
Kojima et al., 2001; Giepmans et al., 2001; Nielsen et al., 2001, 2002, 2003). The
presence of ZO-1 at gap junctions and its interaction with many connexins suggests its
involvement in gap junctional regulation, but its precise function at gap junctions remains
to be determined.

Z0O-1, a member of the membrane-associated guanylate kinase (MAGUK) family of
proteins is characterized by a modular organization, having three PDZ, one SH3 and one

guanylate kinase domain (Fig.2).

Fig. 2

19




Each PDZ domain can interact with short PDZ binding motifs located at the C-terminus
of their target proteins. Therefore, with different proteins binding to its different domains,
Z0-1 is capable of recruiting structural and /or signalling proteins to plasma membranes,
where it is considered to have a scaffolding role. Also, ZO-1 interacts with cytoskeletal
components, the cellular cytoskeleton is functionally connected to gap junctions, and gap
junctional stability depends on cytoskeleton integrity (Wang and Rose, 1995; Thomas et
al., 2002; Johnson et al., 2002). Speculations on possible roles of ZO-1 in GJIC include
modulation of coupling and sequestration of regulatory proteins to gap junctions.

In our attempt to describe gap junction associated proteins in retina, we investigated
Z0-1-associated nucleic acid binding protein (ZONAB), a Y-box transcription factor
previously described to bind to the SH3 domain of ZO-1 in canine MDCK cells (Balda
and Matter, 2000; Balda et al., 2003). ZONAB and its mouse ortholog have two isoforms
resulting from alternate splicing, which are referred to as MsY3 (ZONAB A) for the short
isoform, and MsY4 (ZONAB B) for the long isoform. ZONAB interacts with proteins
like cell division kinase 4 (CDK4) and RalA (a member of the Ras family of GTPases
involved in signalling pathways for cytoskeleton remodeling and cellular transformation)

as well as with the SH3 domain of ZO-1 (Balda et al., 2003; Frankel et al., 2005).

In MDCK cells, by binding to the Erbb2 promoter, ZONAB controls levels of ErbB2,
a tyrosine kinase receptor involved in the regulation of epithelial cell proliferation and
cell density (Balda and Matter, 2000; Balda et al., 2003). ZONAB has been shown to
inhibit the ErbB2 promoter. Over-_expression of ZO-1 in cultured MDCK has the effect

of binding ZONAB at the plasma membrane, preventing it from shuttling to the nucleus
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and therefore preventing its repressor activity. In the CNS, ErbB2 acts as the major
receptor for neuregulin (NRG) and the NRG/ErbB2 ligand/receptor signaling is crucial
for oligodendrocyte differentiation in vivo and for the myelination process (Kim et al.,
2003). In addition, ZO-1/ZONAB interaction has been shown to control paracellular
permeability and, by controlling the nuclear accumulation of CDK4, it is involved in the

regulation of epithelial cell cycle.

Besides the importance of ZO-1/ZONAB-mediated signalling pathways in MDCK
cultures, their close interaction is thought to be part of more complex regulatory
platforms present at intercellular junctions (Balda and Matter, 2000; Balda et al.,
2003; Zahraoui, 2004; Penes et al., 2005). Recently, ZONAB has been reported to
be expressed in mouse CNS in vivo, co-associated with astrocytic Cx43,
oligodendrocytic Cx47 and Cx32 and with ZO-1 (Penes et al., 2005).

IV.7. Rationale for investigations undertaken

Due to its highly organised architecture, the retina was called "nature's brain slice"
(Vaney, 1999), and it has been proven to be an excellent structure for studying electrical
synapses between neuronal as well as between glial cells.

It is well established that all five types of retinal neurons are electrically coupled in
various patterns and exhibit networks of homologous and heterologous gap junctional
communication (reviewed in Vaney, 1994, 1999), and studies in retina demonstrate the
importance of inter-neuronal gap junctions in retinal processing of visual information
(Sohl et al., 2000, Giildenagel et al., 2001; Vaney and Weiler, 2000; He et al., 2000,
2003; Maxeiner et al., 2005). Although not completely elucidated, some of the

implications of electrical synapses in visual processing have been described, including
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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 al., 2002). Neighboring horizontal cells in the mammalian retina
are electrically coupled through gap junctions, with the result that each cell receives
photoreceptor input over receptive field that is much wider than the cell’s dendritic field
(Nelson et al., 1975; Dacheux and Miller, 1981; Dacheux and Raviola, 1982; Bloomfield
and Miller, 1982; Bloomfield et al., 1995).

Previous research on retinal neuronal coupling through gap junctions has been focused
on electrophysiological and dye-coupling experiments as well as on extensive high
resolution investigative methods such as FRIL and EM, but the knowledge and the
identity of connexins involved in forming GJIC remained largely unknown. It is believed
that cellular coupling in CNS, including retina, requires each cell type to be selectively
coupled to its partners, with specific connexin proteins assigned to distinct cell types
(Nagy and Rush, 2000; Nagy et al., 2003).

In the mammalian retina, Cx36, Cx45 and Cx57 are the major neuronal connexins
identified so far, with Cx36 being the first neuronal connexin described in various regions
of brain and the retina (Condorelli et al., 1998; Rash et al., 2000; Teubner et al., 2000;
Feigenspan et al., 2001).

In the retina, Cx36 expression was demonstrated by IHC studies using different anti-
Cx36 antibodies, which showed Cx36 protein presence in the IPL and OPL (Teubner et
al., 2000; Sohl et al., 2000; Giildenagel et al., 2000; Rash et al., 2000; Feigenspan et al.,
2001, 2004; Mills et al., 2001; Li et al., 2004a). Additionally, the availability of Cx36-

deficient mice, the use of different cell-type specific markers and the dye-injection of has
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lead to the conclusion that Cx36 is expressed in all five retinal neuronal types, except
horizontal cells (Deans and Paul, 2001; Feigenspan et al., 2001; Lee et al., 2003). Also, it
has been shown that Cx36 binds to the first of the three PDZ domains of ZO-1 at gap
junctions between neurons as well as in peripheral tissue (pancreatic islets and adrenal
gland) (Li et al., 2004a,b).

Cx45 promoter activity was demonstrated by B-galactosidase staining in neurons in
several regions of mouse brain (Maxeiner et al., 2003) and in the GCL and INL of retina
(Glildenagel et al., 2000). IHC studies using a polyclonal rabbit anti-mouse Cx45
antibody characterised by Butterweck et al. (1994) indicated that immunolabelling in IPL
was due to expression of Cx45 in amacrine cells whereas Cx45 labelling in OPL was
accredited to its presence at gap junctions between bipolar or horizontal cells (Giildenagel
et al., 2000). Additional IHC studies using different anti-Cx45 antibodies as well as a
variety of cell-type specific markers, associated expression of Cx45 in rat retina with
astrocytes and Miiller cells (Zahs et al., 2003), therefore indicating a glial origin for
Cx45. A recent report analysed Cx45 expression in mouse retina based on LacZ reporter
gene activity and EGFP expression in two lines of Cx45 deficient mice (Maxeiner et al.,
2005). This study indicates a neuronal origin for Cx45. The discrepancy regarding the
neuronal or glial origin of Cx45 is due to the fact that, the available antibodies against
Cx45 are not suitable for ICH in retina.

The interaction of Cx45 with ZO-1 was demonstrated in Cx45-transfected MDCK cells
and in cultured osteoblastic cells (Kausalya et al., 2001; Laing et al., 2001), but the PDZ

domain involved in mediation of Cx45/Z0-1 interaction was not clearly determined.

23




Cx57 was the first connexin shown to be expressed in mouse horizontal cells (Manthey
et al., 1999). Studies on Cx57 have been few and so far, weak Cx57 mRNA expression
has been reported in several mouse tissues including retina (Manthey et al., 1999). Also,
in a recent study, Huang et al. (2005) reported Cx57 mRNA expression in A-type
horizontal cells of rabbit retina. Furthermore, it has been shown that in Cx57 KO mice,
where the Cx57 gene has been replaced by LacZ reporter gene, B-galactosidase signals
were present and restricted to horizontal cells (Hombach et al., 2004), but the presence of
Cx57 protein could not be demonstrated, because no specific antibodies were available.
Project 1 : In this study, we examined the spatial relationship of Cx36 and Cx45 with
each other and with ZO-1 and ZONAB by using newly developed anti-Cx45 and anti-
ZONAB antibodies. Immunofluorescence, immunoprecipitation (IP) and pull-down
approaches were used to establish direct interaction of Cx45 with the second PDZ
domain of ZO-1 in Cx45-transfected HeLa cells and mouse retina.

Taking into consideration ZO-1/ZONAB interaction and its vital functional
implications in MDCK cells as well as their close association at glial gap junctions in
vivo, we further investigated ZONAB relationships with zonula occludens in retina,
where extensive ZO-1 expression has been described (Williams and Rizzolo, 1997; Inoko
et al., 2003; Li. et al., 2004a). By using a newly developed anti-ZONAB antibody, and
several anti-ZO-1 antibodies in different combinations with antibodies against retinal
connexins, our aim was to identify cellular types in retina expressing ZONAB and
ZONAB co-localization with Cx36 and Cx45, and to provide evidence for neuronal
expression of ZONAB in mouse retina. Another important point of our studies was to

employ newly developed Cx45 antibodies to confirm Cx45 protein expression in IPL of
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retina. Based on previous studies which indicated Cx36/Cx45 co-localization (Maxeiner
et al., 2005), we wanted to investigate the spatial relationship between Cx36 and Cx45
and their possible co-expression.
Hypotheses: 1. Cx36 and Cx45 are expressed and co-localized to some extent in
subpopulations of retinal neurons.

2. ZONAB is present at gap junctions composed of Cx36 and Cx45 and
1s associated with ZO-1 at these gap junctions.
Project 2 : In this study, our aim was to investigate the expression and distribution of
Cx57 in mouse retina by using newly developed anti-Cx57 antibodies. Specificity of
these antibodies was examined by comparisons of Cx57 detection in retinas of wild-type
and Cx57 KO mice. Double immunofluorescence labelling was undertaken to determine
expression patterns of Cx57 in relation to that of Cx36. Having previously shown the
association of Cx36 with ZO-1 in the IPL of mouse retina (Li et al., 2004a), we examined
cellular associations of Cx57 and Cx36 with ZO-1 in the OPL. In addition, the spatial
deployment of Cx57 and Cx36 was examined in relation to the protein bassoon, which is
known to be associated with ribbon synapses at cone pedicles and at rod spherules.
Hypotheses: 1. Cx57 is expressed in horizontal cells of mouse retina and is co-localized
to some extent with Cx36.

2. Cx57 and Cx36 are associated with ZO-1 at gap junctions in retina.

Personal contribution to the Projects:
Project 1: I have provided data presented in Figures 1-6. All molecular data presented in

Fig. 7-10 was provided by Xinbo Li.
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Under the supervision of Dr. J. I. Nagy, I was responsible for writing the first draft of the
Material and Methods and Results sections related to the experiments conducted by
myself, as well as parts of the Discussion section.

Project 2: I have provided data for all the figures presented, except for Fig. 8, which
represents a diagrammatic representation of a rod terminal spherule and was provided by
our technician Brett McLean under Dr. J. I. Nagy’s supervision.

I was responsible for writing the first draft of the manuscript, in collaboration with Dr. J.
I. Nagy.

Together with the other authors, I was responsible for making sure that all suggested

corrections are included in the final version of both submitted manuscripts.
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V.PROJECT I

Association of Connexin36 and ZO-1 with the MsY3 transcription factor ZO-1-
associated nucleic acid-binding protein (ZONAB) and interaction of connexin45

with Z0O-1 in mouse retina

C. Ciolofan, Xinbo Li, C. Olson and J.I. Nagy

Neuroscience (submitted)
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ABSTRACT
Gap junctions between neurons in the mammalian retina are known to be formed by
connexin36 and connexin45, and we have previously reported the association of
connexin36 with the scaffolding protein zonula occludens-1 (ZO-1) at these junctions.
We wused immunofluorescence microscopy to determine relationships between
connexin36, connexin4S, ZO-1 and the ZO-l-interacting Y-box transcription factor
MsY3 (ZONAB) in the retina of wild-type and connexin36 knockout mice, and
molecular methods to examine the interaction of connexind5 with ZO-1.
Immunolabelling for each of these proteins appeared exclusively as puncta distributed in
the inner plexiform layer and the outer plexiform layer, although connexin45 was absent
in the latter. Connexin36, ZO-1 and ZONAB were extensively co-localized in both of
these layers, whereas connexin45 showed substantial co-localization with ZO-1, and only
minor co-localization with connexin36 and ZONAB. In connexin36 knockout mice,
labelling of ZO-1 and connexind5 was slightly to moderately reduced, while that of
ZONAB was markedly decreased in the inner part of the inner plexiform layer, but
persisted in the outer region of this layer, where it remained co-localized with ZO-1. As
in retina, connexin45 was co-localized and co-immunoprecipited with ZO-1 in
connexin45-transfected HeLa cells, and pull-down assays indicated binding of
connexin45 to the second PDZ domain of ZO-1. These results demonstrate ZONAB
expression and association with connexin36 and ZO-1 in retina, connexin45 association
with ZO-1, and direct connexin45/Z0-1 interaction. It appears that connexin36 and
connexind5 are contained partly in the same, but largely separate retinal gap junctions,

which display distinct patterns of association with ZO-1 and ZONAB, and exhibit
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different responses to connexin36 gene deletion, suggesting differential regulatory roles
of these gap junctionlly-localized accessory proteins. Further, the persistence of ZO-
1/ZONAB co-localization in connexin36 knockout mice and in a pattern matching that in
wild type mice suggest the possible association of these proteins with gap junctions

composed of an as yet unidentified connexin in retina.
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INTRODUCTION
Interneuronal gap junctions at cell-cell plasma membrane contacts are the structural
correlate of electrical synapses, allowing electrical coupling as well as passage of ions
and small molecules between cells (Bennett, 1997). The intercellular channels at these
junctions are composed of various members of the twenty or more identified gap
junction-forming connexin (Cx) family of proteins (Goodenough et al., 1996; Kumar and
Gilula, 1996; Willecke et al., 2002). Among the diverse structures in which electrical
synapses have now been identified in the mammalian CNS (Bennett and Zukin, 2004;
Connors and Long, 2004), the retina has been considered an ideal model system in which
to study the contribution of such synapses to the processing of signals in neural pathways
(Vaney, 1999). This tissue contains a high density of gap junctions that produce complex
patterns of circuitry interlinking arrays of photoreceptor cells as well as specific classes
of neurons (Becker et al., 1998; Sharpe and Stockman, 1999; Janssen-Bienhold et al.,
2001). Connexins that form electrical synapses via gap junctions between various cell
types in rodent retina include Cx36, Cx45 and Cx57 (Sohl et al., 2000; Guldenagel et al.,
2000; Feigenspan et al., 2001, 2004; Hombach et al., 2004; Ciolofan et al., 2005;
Schubert et al., 2005), and expression of Cx50 was additionally found in rabbit retina
(Massey et al., 2003; Huang et al., 2005). The retina is an ideal system also for analyses
of the regulation of gap junctional electrical synapses by ambient illumination,
neurotransmitters and intracellular signalling pathways (Vaney, 1999; Weiler et al., 1999,
2000; He et al., 2000). Such regulation occurs almost certainly via gap junction-
associated accessory proteins that may govern gap junctional conductance state and/or

connexin trafficking via various signalling processes (Giepmans, 2004; Herve et al.,
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2004). The multi-functional PDZ domain-containing protein zonula occludens-1 (ZO-1)
has been found at gap junctions and interacts with the c-terminus of several different
connexins (Giepmans and Moolenaar, 1998; Toyofuku et al., 1998; Kausalya et al., 2001;
Laing et al., 2001; Nielsen et al., 2002, 2003; Penes et al., 2005). However, the regulatory
and/or structural role of connexin/ZO-1 interaction remains obscure.

We have previously reported Cx36 co-localization with ZO-1 at interneuronal gap
junctions in mouse brain and retina, and direct interaction of the c-terminus of Cx36 with
the first of the three PDZ-domains in ZO-1 (Li et al., 2004a; Rash et al., 2004). In a
search for proteins that interact with ZO-1 at gap junctions and that, together with ZO-1,
may serve regulatory roles at these junctions, we recently found association of Y-box
transcription factor 3 (MsY3) with ZO-1 at gap junctions between glial cells in mouse
brain (Penes et al., 2005). MsY3, also referred to as ZONAB (ZO-1-associated nucleic
acid binding protein), was previously reported to interact with ZO-1 at tight junctions in
canine MDCK (Balda and Matter, 2000, 2003; Balda et al., 2003). In the present studies,
we provide evidence for neuronal expression of ZONAB in mouse retina, and we used
immunfluorescence approaches to examine spatial relationships of Cx36 and Cx45 with
each other and with ZO-1 and ZONAB. In addition, immunofluorescence,
immunoprecipitation (IP) and pull-down approaches were used to establish direction

interaction of Cx45 with Z0O-1 in Cx45-transfected HeLa cells and mouse retina.
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EXPERIMENTAL PROCEDURES

Antibodies and animals

Antibodies used in this study, together with sequence specificity, dilutions employed and
source, are presented in Table 1. Affinity-purified rabbit polyclonal and mouse
monoclonal antibodies were obtained from Zymed Laboratories (South San Francisco,
CA, USA), including recently available polyclonal antibodies generated against peptides
corresponding to sequences within mouse Cx45 and ZONAB, the specificity of which are
shown in this report. The specificity of the anti-Cx36 and anti-ZO-1 antibodies used has
been demonstrated elsewhere (Li et al., 2004a,b; Penes et al., 2005). The polyclonal anti-
ZONAB antibody was developed against the mouse ortholog of canine ZONAB, referred
to in the GenBank as mouse Y-box transcription factor 3 (MsY3), or alternatively, cold
shock domain protein. The peptide epitope orecognized by anti-ZONAB is contained
within a region of ZONAB that is present in both the long (ZONAB B) isoform of this
protein, as well as its shorter (ZONAB A) alternatively spliced isoform, several versions
of which are listed in GeneBank database (ZONAB A, accession No. AAF72335;
ZONAB B, accession No. AAF72336; MsY-box 3 short form, accession No. AAG14419;
MsY-box long form, accession No. AAG14418; cold shock domain protein A short form,
accession No. AAH62377; cold shock domain protein A long form, accession No.
AAH48242). Mouse monoclonal anti-Cx45 and goat polyclonal anti-calretinin Ab1550
were purchased from Chemicon International (Temecula, CA, USA). Rabbit anti-GST
antibody 06-332 for detection of GST-PDZ domain fusion proteins was obtained from Up
State Cell Signalling Solutions (Lake Placid, NY, USA). A total of thirty-five adult male

CD1 mice, ten male C57BL/6 wild-type mice and five C57BL/6 Cx36 KO mice obtained
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from animal facilities at our institution were used in this study, according to protocols
approved by Animal Care Committees, with minimization of stress to animals.

Light microscope immunohistochemistry

Mice deeply anaesthetised with equithesin (3 ml/kg) were transcardially perfused with 3
ml of cold "pre-fixative" solution (50 mM sodium phosphate buffer, pH 7.4, 0.9% NaCl,
0.1 sodium nitrate and 1 unit/ml heparin). This was followed by perfusion with 40 ml of
cold 0.16 M sodium phosphate buffer, pH 7.6, containing either 1%, 2% or 4%
formaldehyde and 0.2% picric acid. Animals were then perfused with 10 ml of 25 mM
sodium phosphate buffer, pH 7.4, containing 10% sucrose. After removal, eyes were
stored at 4°C for 24-72 h in cryoprotectant consisting of the final perfusate with the
addition of 0.04% sodium azide. Vertical sections of retina were cut at a thickness of 10
um on a cryostat, collected on gelatinized glass slides, and used for
immunohistochemistry. All sections were washed for 20 min in 50 mM Tris-HC], pH 7.4,
containing 256 mM sodium chloride (TBS) and 0.3% Triton X-100 (TBSTr). Primary
antibodies were diluted in TBSTr containing 5 or 10% normal goat or normal donkey
serum.

For single immunofluorescence labelling, sections were incubated for 24 h at 4°C with
either monoclonal anti-Cx45, polyclonal anti-Cx45, polyclonal anti-ZONAB or
polyclonal anti-calretinin, then washed for 1 h in TBSTr, and incubated with secondary
antibodies for 1.5 h at room temperature. Various secondary antibodies used included
FITC-conjugated horse anti-mouse IgG diluted 1:100 (Vector Laboratories, Burlingame,
CA, USA), Cy3-conjugated goat anti-mouse IgG diluted 1:200 (Jackson

ImmunoResearch Laboratories, West Grove, PA, USA), Alexa Flour 488-conjugated
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goat anti-rabbit IgG diluted 1:1000 (Molecular Probes, Eugene, Oregon), Cy3-conjugated
donkey anti-rabbit diluted 1:200 (Jackson ImmunoResearch Laboratories), and Alexa
Flour 488-cojugated donkey anti-goat IgG diluted 1:1000 (Molecular Probes).

For double immunofluorescence labelling involving Cx36, sections were incubated as
above with monoclonal anti-Cx36 antibodies and simultaneously with one of the
following antibodies: polyclonal anti-ZO-1, polyclonal anti-Cx45, polyclonal anti-
ZONAB or polyclonal anti-calretinin. Conversely, polyclonal anti-Cx36 was incubated
simultaneously with either monoclonal anti-ZO-1 or monoclonal anti-Cx45. For double-
labelling involving ZO-1, sections were incubated with monoclonal anti-ZO-1 and
simultaneously with one of the following: polyclonal anti-ZONAB, polyclonal anti-
calretinin or polyclonal anti-Cx45. For double-labelling involving ZONAB, sections were
incubated with rabbit polyclonal anti-ZONAB and simultaneously with either goat
polyclonal anti-calretinin or monoclonal anti-Cx45. For triple immunofluorescence
labelling, sections were incubated simultaneously with combinations of antibodies
against the following: Cx36, ZO-1 and calretinin; Cx36, ZONAB and calretinin; or
ZONAB, ZO-1 and calretinin. Primary antibody incubations were followed by washes in
TBSTr for 1 h at room temperature, and then incubations for 1.5 h at room temperature
simultaneously with appropriate combinations of the secondary antibodies described
above. For triple labelling, the secondary antibody combinations were AlexaFlour 488-
cojugated donkey anti-goat IgG diluted 1:1000, Cy3-conjugated donkey anti-rabbit IgG
1:200 and Cy5-conjugated goat anti-mouse IgG diluted 1:200. After secondary antibody
incubations, all sections were washed in TBSTr for 20 min, and then in 50 mM Tris-HCl

buffer, pH 7.4 for 30 min. Sections used for single labelling with anti-Cx36, anti-Cx45,
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anti-ZONAB and anti-ZO-1 were counterstained with either red Nissl fluorescent
NeuroTrace (stain N21482) or green Nissl NeuroTrace (stain N21480) (Molecular
Probes). All sections were then covered with antifade medium and coverslipped. Control
procedures were performed for each of the antibody combinations used and included
omission of one of the primary antibodies with inclusion of each of the secondary
antibodies for each combination of labelling to establish absence of inappropriate cross-
reactions between primary and secondary antibodies or between different combinations
of secondary antibodies.

For immunolabelling of HeLa cells transfected with Cx45 or empty vector, cells grown
on poly-L-lysine-treated glass coverslips were fixed with ice-cold 1 or 2% formaldehyde
for 5 min. Cultures were incubated for 16 h at 4°C simultaneously with rabbit anti-Cx45
and mouse anti-ZO-1 in TBSTr containing normal donkey serum. Cultures were then
washed in TBSTr for 1 h, and incubated for 1 h at room temperature simultaneously with
FITC-conjugated donkey anti-rabbit IgG diluted at 1:200 and Cy3-conjugated goat anti-
mouse IgG diluted at 1:400, or alternatively, with FITC-conjugated horse anti-mouse IgG
diluted 1:200 and Cy3-conjugated donkey anti-rabbit IgG diluted 1:400. Slides were then
washed for 1 h in TBSTr, covered with anti-fade medium and coverslipped.

Fluorescence was examined on a Zeiss Axioskop2 fluorescence microscope with
image capture using Axiovision 3.0 software (Carl Zeiss Canada, Toronto, Ontario,
Canada). Confocal immunofluorescence analysis for double and triple labelling was
performed on an Olympus Fluoview IX70 confocal microscope with image capture using
Olympus Fluoview software. Images were finally assembled according to appropriate

size and contrast using Adobe Photoshop CS (Adobe Systems, San Jose, CA, USA),
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Corel Draw 12, and Northern Eclipse software (Empix Imaging, Mississauga, ON,
Canada).

Cx45 and MsY3 pcDNA3 expression vector construction

Cx45 cDNA was obtained by reverse transcription of total RNA isolated from adult
mouse brain, as previously described (Li et al., 2004a,b), and the Cx45 coding sequence
was amplified using oligonucleotide primers and materials purchased from Gibco BRL
Life Technologies (Burlington, Ontario, Canada). Primers chosen for PCR were designed
according to mouse Cx45 sequence (Genbank accession number: NM_008122) and were:
sense primer, 5'-ATGAGTTGGAGCTTCCTGACTCGC-3";

antisense primer: 5'-TTAAATCCAGACGGAGGTCTTCC-3".

PCR conditions were: initial denaturation at 94 °C for 5 min; 35 cycles of amplification
with denaturation at 94 °C for 60 s, annealing at 52 °C for 60 s, and elongation at 72 °C
for 90 s; and final extension at 72 °C for 10 min for T-A cloning. Amplification of Cx45
c¢DNA by PCR was carried out in 20 pl of solution containing 2 pl of 10 x PCR buffer,
0.8 ul of 50 mM MgCl,, 200 uM dNTP, 100 ng sense and antisense primers, one unit of
Taqg DNA polymerase and 1 pl of template cDNA. PCR products were separated by
electrophoresis in a 1.5% agarose gel prepared using TAE buffer (40 mM Tris-HCI, 0.1%
acetic acid, 1 mM EDTA pH 8.0, and 0.0004% ethidium bromide). Separated PCR
products were isolated and excised under UV illumination and purified using a gel
purification kit (Qiagen Inc, Mississauga, Ontario, Canada). PCR products were
subcloned into the PCR 2.1 vector, digested with BstX I, and ligated into the pcDNA3
expression vector (Invitrogen Life Technologies, Burlington, Ontario, Canada ) using T4

DNA ligase (Invitrogen Life Technologies) according to the manufacturer's instructions.
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Cx45 recombinant plasmids were extracted and digested with Xba I to confirm insert
orientation and sequenced with MI13 forward and reverse primers for sequence
confirmation.

A bacterial cDNA clone containing the full-length coding region for mouse cold shock
domain protein A (LM.A.G.E. clone ID 6530404, Genbank accession number
BC062377), corresponding to MsY3 short form and the mouse ortholog of canine
ZONAB A, was obtained from American Type Culture Collection (ATCC) (Rockville,
MD, USA) ATCC number 10470249. Selected colonies were incubated overnight at 37
°C in LB media supplemented with 50 pg/ml penicillin. Plasmid DNA was extracted
using the QIAprep Spin Miniprep Kit (Qiagen Inc.), cut with Apal enzyme and separated
by electrophoresis (as above) to confirm ZONAB coding region orientation. Plasmid
DNA was digested using Xbal and EcoRV enzymes and the ZONAB coding region was
ligated into the pcDNA3.1 expression vector (Invitrogen Life Technologies) using T4
DNA ligase. DHS5a E.coli cells (Invitrogen Life Technologies) were transformed with
ZONAB-pcDNA3 recombinant plasmid according to manufacturer’s instructions then
plated on ampicillin containing agar plates and incubated overnight at 37 °C.
Transformed colonies were selected and amplified overnight at 37 °C in LB media
supplemented with 50 pg/ml penicillin. The ZONAB-pcDNA3 recombinant plasmid was
extracted (as above), and an aliquot was digested with Xbal and EcoRV and separated by
electrophoresis for recombinant product verification.

Cell culture and HeLa cell transfection
HeLa cells (ATCC), grown in Dulbecco’s Modified Eagle’s Medium supplemented with

10% fetal bovine serum and 1% penicillin-streptomycin, were transiently transfected with
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pcDNA3  vector, Cx45-pcDNA3 plasmids or ZONAB-pcDNA3.1 plasmids using
Lipofect AMINE 2000 reagent, as previously described (Li et al., 2004a,b). Transiently
transfected Hela cells were analyzed after a 24 h transfection period. For selection of
clones stably transfected with Cx45, cells were passaged after a 24 h transfection period
at 1:40 dilution with fresh Dulbecco’s Modified Eagle’s Medium containing 1.5 mg/ml of
G418, and individual clones expressing Cx45 were isolated after 3 weeks in culture.
Western blotting

Mice were deeply anaesthetized using equithesin (3 ml/kg) (Scadding, 1981) followed by
decapitation and removal of the eyes. Retinas were dissected, rapidly frozen and stored at
-80 °C until future use. Transfected and vector-control HeLa cells rinsed with PBS buffer
(50 mM sodium phosphate buffer, pH 7.4, 0.9% saline) and retinas were homogenized in
IP buffer (20 mM Tris-HCI, pH 8.0, 140 mM NaCl, 1% Triton X-100, 10% glycerol, 1
mM EGTA, 1.5 mM MgCl,, 1 mM dithiothreitol, I mM phenylmethylsulfonyl fluoride
and 5 pg/ml each of leupeptin, pepstatin A and aprotinin) and sonicated. Retinal samples
were cleared of cellular debris by centrifugation at 20,000 x g for 5 min and the
supernatants were collected and taken for protein determination using a kit (Bio-Rad
Laboratories, Hercules, CA, USA). Western blotting was performed as previously
described (Li et al., 2004a,b). Briefly, 50-100 pg of protein per lane was separated
electrophoretically by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using
12.5% gels followed by transblotting to polyvinylidene difluoride membranes (PVDF)
membranes (Bio-Rad Laboratories) in standard Tris-glycine transfer buffer, pH 8.3,
containing 0.5% sodium dodecylsulfate (SDS). Membranes were blocked for 2 h at room

temperature in TBSTw (10 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.2% Tween-20)
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containing 5% non-fat milk powder, briefly rinsed in TBSTw, and then incubated
overnight at 4 °C with either monoclonal anti-Cx45 or polyclonal anti-ZONAB in
TBSTw containing 1% non-fat milk powder. Membranes were then washed in TBSTw
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, Ontario,
Canada) in TBSTw containing 1% non-fat milk powder, washed in TBST for 40 min and
resolved by chemiluminescence (ECL, Amersham PB, Baie d’Urfe, Quebec, Canada).
Immunoprecipitation (IP)

Mouse retinas and Cx45-transfected HeLa cells were homogenized in IP buffer, sonicated
and centrifuged at 20,000 x g for 10 min at 4°C. Following protein determination of
sample supernatants, volumes corresponding to 1 mg of mouse retina protein and 2 mg of
Cx45- transfected HeLa cell protein were pre-cleared for 1 h at 4°C using 20 pl of protein
A-coated agarose beads (Santa Cruz BioTech, Santa Cruz, CA, USA), centrifuged at
20,000 x g for 10 min at 4°C, and then incubated with 2 pg of monoclonal anti-ZO-1
antibody for 16 h at 4°C. The mixture was then incubated for 1 h at 4°C with 20 ul of
protein-A coated agarose beads, centrifuged at 20,000 g for 10 min, and the pellet was
washed five times with 1 ml of wash buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl, and
0.5% NP-40). Samples were then mixed with an equal volume of SDS-PAGE loading
buffer (125 mM Tris-HCI, pH 6.8, 20% glycerol, 0.3 mM bromophenol blue, 0.14 M
SDS, 20% p-mercaptoethanol), then boiled for 5 min, and taken for immunoblotting with
polyclonal anti-Cx45 antibody. Control samples were precipitated with the omission of
anti-Z0O-1 antibody.

GST-PDZ domain fusion proteins and in vitro pull-down assays
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Three pGEX-3X plasmids each containing one of the three GST-linked PDZ domains of
Z0-1 (Nielsen et al., 2002, 2003) were kindly provided to us by Dr. B. Giepmans
(University of California, San Diego, CA, USA). Preparation of GST-PDZ fusion
proteins from these plasmids expressed in E. Coli DH5a and binding of fusion proteins to
glutathione-agarose beads was conducted as previously described (Li et al., 2004a,b).
Beads containing PDZ domain fusion proteins were incubated for 16 h at 4 °C with retina
or Cx45-transfected HeLa cells that had been homogenized in IP buffer. After extensive
washing in PBS buffer containing 1% Triton X-100, proteins from the agarose beads
were eluted with SDS-PAGE loading buffer, separated by SDS-PAGE, transferred to

PVDF membrane and analysed by western blotting with anti-Cx45 or anti-GST antibody.

RESULTS

Distribution of Cx36, Cx45, Z0O-1 and ZONAB in mouse retina

The general distributions Cx36, Cx45, ZO-1 and ZONAB were compared in low
magnification images of vertical retinal sections labelled by immunofluorescence for
each of these proteins individually and simultaneously counterstained with Nissl
fluorescent Neurotrace (Fig. 1). Immunolabelling of each of the proteins consisted
exclusively of fluorescent puncta, except in the case of ZO-1, which was also evident as
continuous labelling along blood vessels (Fig. 1E). Labelling of Cx36 was restricted to
the inner plexiform layer (IPL) and outer plexiform layer (OPL), and in the IPL was
considerably more intense than that of the other three proteins, often obscuring
visualization of individual puncta at low magnification (Fig. 1A). The intensity of Cx36

labelling was greater in the inner compared with the outer half of the IPL (Fig. 1A).
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Labelling of Cx45 was present only in the IPL, where Cx45-positive puncta were
consistently distributed at low density in the inner half of this layer, and at even lower
density in the outer half (Fig. 1C). Labelling of ZO-1 was of moderate density throughout
the IPL, except in a narrow band in the middle of this layer, where it was of slightly
higher density (Fig. 1E). Punctate labelling of ZO-1 was also evident in OPL, but was
partly obscured by ZO-1-positive blood vessels in this layer (Fig. 1E). Labelling of
ZONAB was restricted to the plexiform layers and was characterised by dispersed
ZONAB-positive puncta in the IPL and a continuous band of puncta in the OPL (Fig.
1G). In the IPL, ZONAB tended to be more concentrated in the outer and inner third than
in the middle third of this layer (Fig. 1G). In Figures 1E and 1G, intense fluorescence was
also present at the outer limiting membrane, consistent with previous findings (William
and Rizzolo, 1997; Tserentsoodol et al., 1998).

Confocal microscopy of Cx36, ZO-1 and ZONAB

Double immunofluorescence confocal microscopy was used to examine sublaminar
distributions and co-localization relationships of Cx36, ZO-1 and ZONAB in vertical
sections through the IPL of mouse retina. Each of the images in Figures 2A-C represent
z-stacks of five scans, and Figure 2D was taken as a single scan. Cx36-positive puncta in
the inner half of the IPL were of larger size on average than those in the outer half of the
IPL, which may have contributed to the appearance of a greater intensity of labelling for
Cx36 in the inner half seen in Figure 1A. In addition, small aggregates of Cx36-positive
puncta were occasionally seen along a thin band in the mid-region of IPL, and this region
was flanked by bands of sparse labelling for Cx36, with the upper band evident in Fig.

2A1 and 2B1, and the lower band better seen in Fig. 2A1. Labelling of ZO-1 appeared as
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small puncta of relatively uniform size, which were generally of finer grain (Fig. 2A2)
compared with Cx36-positive puncta (Fig. 2Al). As in the case of Cx36, small
aggregates of ZO-1-positive puncta were seen in the mid-region of the IPL, below which
was located a band of sparse labelling (Fig. 2A2). Image overlays of double
immunofluorescence labelling for Cx36 and ZO-1 indicated that nearly all Cx36-positive
puncta were labelled for ZO-1, whereas not all ZO-1-positive puncta were labelled for
Cx36, including labelling of ZO-1-puncta alone in the inner and more so in the outer half
of IPL (Fig. 2A3). The above double labelling was conducted using monoclonal anti-
Cx36 37-4600 and polyclonal anti-ZO-1 61-7300, and the same results were obtained by
double labelling with polyclonal anti-Cx36 36-4600 and monoclonal anti-Z0O-1 33-9100.
Various distinguishing features of punctate labelling for ZONAB (Fig. 2B2) included
sparse labelling within the extreme inner region of the IPL, with increasing density
towards a band almost devoid of ZONAB, corresponding to a band nearly devoid of
Cx36 (Fig. 2B1). Beyond this band in the outer region of the IPL. was a concentration of
ZONAB-positive puncta, a proportion of which were distinctly larger in size than most of
the other ZONAB-positive puncta observed in the IPL (Fig. 2B2). Double labelling for
Cx36 and ZONAB (Fig. 2B3) indicated a high degree of their co-localization in mid-
regions of the IPL, and especially within the band containing large ZONAB-positive
puncta (Fig. 2B3). Cx36-positive puncta devoid of labelling for ZONAB were most
concentrated in the extreme inner part of IPL, whereas ZONAB-positive puncta lacking
Cx36 were most concentrated in the extreme outer part of the IPL (Fig. 2B3). Double
labelling of ZONAB and ZO-1 (Fig. 2C) indicated that a high proportion of ZONAB-

positive puncta were labelled for ZO-1, whereas many ZO-1-positive puncta, particularly
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in the mid-region of the IPL containing a greater density of ZO-1, were devoid of
labelling for ZONAB.

We have reported elsewhere that the vast majority of Cx36-positive puncta in the OPL
was co-localized with ZO-1(Ciolofan et al., 2005). Confocal double immunofluorescence
revealed that most of the punctate labelling of Cx36 in the OPL was also associated with
ZONAB (Fig. 2D). The laminar distributions and co-localization of Cx36, ZO-1 and
ZONAB described above in the retina of CD1 mice were similarly observed in rat retina
(not shown).

Confocal microscopy of Cx4S5 in relation to Cx36, ZO-1 and ZONAB

Confocal immunofluorescence analysis of Cx45 in vertical sections of mouse retina gave
considerable variation in the density and size of scattered Cx45-positive puncta in the
IPL. In general, however, most puncta in the inner half of IPL were larger than those in
the outer half, and there appeared to be a gradual decrease in size and density of puncta
form the inner to the outer part of IPL (Fig. 3A1, B1, C1). This variation in labelling was
in part due to the relative sparsity of Cx45 puncta combined with high magnification
analyses, making it difficult to choose uniformly representative fields of labelling. This
was partly compensated by presenting images in Figure 3 as z-stacks of five scans. In
addition, retinas from at least five mice were examined and similar results as described
above were obtained in each. As well, labelling patterns of Cx45 in IPL obtained with
Zymed polyclonal anti-Cx45 antibody (Fig. 3A1, 3B1) were similar to those obtained
with Chemicon monoclonal anti-Cx45 Mab 3101 (Fig. 3C1).

Confocal double immunofluorescence revealed instances of clear co-localization of

Cx45 with Cx36 in most regions of IPL, but showed that only a small proportion of
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Cx45-positive puncta were labelled for Cx36 (Fig. 3A3). Counts of total Cx45-puncta
per field in at least five fields indicated that about 11% were also positive for Cx36.
Given the far greater density of Cx36 in the IPL, a much smaller percentage (not
quantitated) of Cx36-positive puncta were labelled for Cx45. In contrast, double
immunolabelling of Cx45 with ZO-1 revealed that nearly all Cx45-positive puncta were
labelled for ZO-1. The differential density of labelling for the two proteins left the vast
majority of ZO-1-puncta devoid of Cx45. As in the case of Cx45/Cx36, double labelling
indicated that only a small proportion of Cx45-positive puncta were positive for ZONAB
(Fig. 3C), and that the small number of Cx45/ZONAB-positive puncta were randomly
distributed throughout the IPL.

Cx45, Z0-1 and ZONAB in retina Cx36 KO mice

Double immunofluorescence was used to examine expression and labelling patterns of
Z0-1, ZONAB and Cx45 in Cx36 KO mice. Because Cx36 gene deletion was achieved
in the C57BL6/129SvEv hybrid mouse strain (Deans et al., 2001), we first established
that the retinal IPL distributions, relative densities and co-localization relationships of
Cx36/Z0-1 (Fig. 4A), Cx36/ZONAB (Fig. 4C) and ZO-1/ZONAB (Fig. 4E) in WT mice
of the C57/BCL6/129SvEv strain paralleled that described above in retina of the CDI
mice. Double immunofluorescence of Cx36 and ZO-1 in retina of Cx36 KO mice (Fig.
4B) showed an absence of Cx36 labelling (Fig. 4B1) and a slightly reduction of ZO-1
expression (Fig. 4B2) in the IPL. Double-labelling of Cx36 and ZONAB in vertical
retinal sections from Cx36 KO mice showed that the absence of Cx36 in the IPL (Fig.
4D1) resulted in large reduction of ZONAB in the inner two thirds of the IPL (Fig. 4D2).

However, the band of large ZONAB-positive puncta in the outer one-third region of the
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IPL was still present (Fig. 4D2), and appeared similar to that observed in WT mice.
Double labelling of ZO-1 and ZONAB in retina of Cx36 KO mice (Fig. 4F) showed less
Z0-1/ZONAB co-localization in the inner two-thirds of the IPL (Fig. 4F3) due to the
reductions labelling for these proteins in this region KO mice (Fig. 4F1,4F2). However,
Z0-1/ZONAB co-localization was largely preserved in the outer third of the IPL
containing the band of large ZONAB puncta (Fig. 4F3). Magnification of this band of
puncta by confocal microscopy in overlay images show comparisons of Cx36/Z0-1 in
WT and KO mice (Fig. 4A4 and 4B4, respectively), Cx36/ZONAB in WT and KO mice
(Fig. 4C4 and 4D4, respectively), and ZO-1/ZONAB (Fig. 4E4 and 4F4, respectively),
and indicate that this band of ZO-1-puncta and ZONAB-puncta labelled for Cx36 in WT
mice persisted and remained co-localized in Cx36 KO mice. As in the case of ZONAB-
positive puncta found to be associated with Cx36 in the OPL of retina form CD1 mice, a
high degree of Cx36/ZONAB co-localization was also observed in OPL of retina from
C57BL/6 mice (not shown) and, as in most regions of IPL, gene deletion of Cx36
resulted in a large reduction of punctate labelling for ZONAB in the OPL (Fig. 5A,B).

Confocal immunofluorescence double labelling of Cx36 and Cx45 in vertical sections
of retina from WT C57/BCL6 mice (Fig. 5C,D) indicated that the expression pattern of
Cx45 in the IPL of these mice (Fig. 5D) was identical to that observed in CD1 mice.
Similar double immunofluorescence in retina of Cx36 KO mice showed a typical absence
of labelling for Cx36 in the IPL (Fig. 4E) and a reduction in punctate labelling of Cx45
(Fig. 4F). Counts of Cx45 puncta in fields of the IPL of retina from WT and Cx36 KO
mice indicate approximately 33% percent reduction.

Cx36, ZO-1 and ZONAB in relation to calretinin in IPL
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To examine further the patterns of punctate labelling for Cx36, ZO-1 and ZONAB
observed in the IPL, and particularly to assign a precise location to the Cx36/ZO-
1/ZONAB-positive puncta that remain positive for ZO-1/ZONAB in the IPL of Cx36 KO
mice, labelling of these proteins was examined in vertical sections of retina
simultaneously labelled for calretinin. This was achieved by triple labelling for Cx36,
Z0-1 and calretinin in WT mice, shown at low magnification (Fig. 6A) and at high
magnification in Fig. 6B, and by triple labelling for ZONAB, ZO-1 and calretinin in WT
mice (Fig. 6C) and double labelling for ZONAB and calretinin in Cx36 KO mice (Fig.
6D). Calretinin has been well documented as a marker of a subclass of amacrine cells
with somata lying within the inner edge of the inner nuclear layer (INL), and displaced
amacrine cells located in the ganglion cell layer (Jeon et al., 1998), all having a
characteristic trilaminar distribution pattern of dendritic processes in the middle to outer
half of the IPL (Fig. 6A3). Triple labelling revealed that Cx36 (Fig. 6A1,A4) and ZO-1
(Fig. 6A2,A5) were distributed sparsely along the inner calretinin-positive band,
moderately in the region between the outer two calretinin-positive bands, and
concentrated in a region between the inner two calretinin bands. Magnified confocal
images showed a high degree of Cx36/Z0-1 co-localization in IPL sublamina
encompassed by the calretinin-positive band, including those puncta between the outer
two bands (Fig. 6B). Triple labelling in WT mice showed a similar distribution of
ZONAB in relation to calretinin (Fig. 6C1) as observed in the case of Cx36 and ZO-1
and, as in other regions of IPL, indicated substantial co-localization of the larger
ZONAB-positive puncta with ZO-1 in the region between the outer two calretinin-

positive bands (Fig. 6C2). Double labelling for ZONAB and calretinin in retina of Cx36
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KO mice clearly revealed that labelling for ZONAB persisting in the IPL of these mice
was located between the two outer calretinin bands and partially overlapping with the
outer band (Fig. 6D).

Interaction of Cx45 with ZO-1 in HeL a cells and retina

Cultured HeLa cells transfected with Cx45 were used to examine Cx45 association with
Z0-1. In control, empty-vector-transfected cells, labelling of ZO-1 typically appeared as
fine, intermittent puncta or as short, continuous strands of immunofluorescence at cell-
cell contacts (Fig. 7A1), whereas Cx45 immunoreactivity was entirely absent (Fig. 7A2,
7A3). In HeLa cells stably transfected with Cx45, labelling of ZO-1 had a more dispersed
appearance, and was localized both at cell-cell contacts as well as intracellularly (Fig.
7B1). Nearly all cells displayed labelling of Cx45 either at cell-cell contacts or
intracellularly (Fig. 7B2), and double immunofluorescence labelling indicated partial
Cx45/Z0-1 co-localization at both of these subcellular locations (Fig. 7B3), as better seen
in the confocal image (Fig. 7C3).

Immunoblotting and co-immunoprecipitation were used to confirm polyclonal anti-
Cx45 antibody specificity and to examine association of Cx45 with ZO-1. In lysates of
Cx45-transfected Hela cells, anti-Cx45 detected a doublet of bands migrating at
approximately 45-48 kDa (Fig. 8A, lane 1), and a similar doublet of bands were detected
after IP of Cx45 with polyclonal anti-Cx45 (Fig. 8A, lane 3) or IP of ZO-1 with
monoclonal anti-ZO-1 (Fig. 8A, lane 4) from these lysates. The doublet of bands was
absent in lysates of empty vector-transfected HelLa cells (Fig. 8A, lane 2). Control
procedures involving omission of anti-Cx45 and anti-ZO-1 antibodies during IP indicated

lack of Cx45 detection in IP material (not shown). Immunoblots of Cx45 in homogenates
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of mouse retina are shown in Figure 8B. Anti-Cx45 detected a single band in retina (Fig.
8B, lane 2), corresponding to the lower Cx45 band that was seen in Cx45-transfected
HeLa cells (Fig. 8B, lane 1). After IP of ZO-1 from retina using monoclonal anti-ZO-1
antibody, Cx45 was detected migrating as a band corresponding to that seen in retina or
the lower band seen in Cx45-transfected HeLa cells (Fig. 8B, lane 3). Detection of Cx45
was also observed after IP of ZO-1 from retina using polyclonal anti-ZO-1 antibody (not
shown). Additional bands other than Cx45 and IgG used for IP, some of which were also
evident in vector-transfected HeLa cells, are of unknown identity.

Fusion proteins containing GST linked separately to each of the three PDZ domains in
Z0-1 and Cx45-transfected HeLa cell lysates were used for in vitro pull-down to
examine direct binding of Cx45 to ZO-1. As shown by immunoblotting in Fig. 9, protein
eluted from beads coupled to the GST-PDZ1 (Fig. 9, lane 1) or GST-PDZ3 (Fig. 9 lane 3)
domain of ZO-1 failed to contain Cx45. However, protein eluted from beads coupled to
the GST-PDZ2 domain of ZO-1 (Fig. 9 lane 2) contained Cx45, migrating as a band
corresponding to detection of Cx45 in homogenate of mouse retina (Fig. 9, lane 4) and in
Cx45-transfected HeLa cells (Fig. 9, lane 5), which was absent in empty vector-
transfected Hela cell (Fig. 9, lane 6).

ZONAB in retina and HeLa cells

Expression of ZONAB in retina and anti-ZONAB antibody specificity were confirmed by
probing homogenates of mouse retina and lysates of ZONAB-transfected HeLa cells with
anti-ZONAB. In the retina, immunoblots revealed detection of ZONAB as a band
migrating at approximately 32 kDa, which was very close to the predicted molecular

weight of the ZONAB A (MSY3) alternatively spliced isoform (31.8 kDa). This band
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corresponded to a co-migrating protein detected in ZONAB-transfected HeLa cells (Fig.
10, lane 2). A much fainter band at this molecular weight was observed in empty vector-
transfected HeLa cells, and may represent endogenous ZONAB expressed at substantially
lower levels in the non-transfected cells (Fig. 10, lane 3). It is noteworthy here that the
peptide sequence in mouse ZONAB used to generate anti-ZONAB is totally conserved in
the human ortholog of this protein, and may thus be expected to recognize the human
ortholog in HeLa cells. A band of unknown identity migrating at 30 kDa was also
detected in retina and HeLa cells. We cannot rule out the possibility that the additional
band detected in retina, transfected and non-transfected HeLa cells represents a modified
form of ZONAB, and that the anti- ZONAB detects this form in non-transfected HelLa
cells.
DISCUSSION

Cx36 and Cx45 at retinal gap junctions

The present observations of Cx36 distribution in the mouse retina are consistent with
results in numerous reports on this connexin in retina of various species. To date, the
dense labelling of Cx36 observed in the inner half of the IPL has been ascribed to Cx36
in terminal dendrites of AIl amacrine cells and in dendrites of ON-alpha ganglion cells
(Feigenspan et al., 2001; Mills et al., 2001; Hidaka et al., 2004; Schubert et al., 2005). In
this region, Cx36 was shown to be contained in gap junctions between homologously
coupled AIl amacrine cell terminal dendrites, between heterologously coupled AIl
amacrine cell dendrites and ON-cone bipolar cell axon terminals, and between
heterologously coupled ON-alpha ganglion cells and wide-field amacrine cells

(Famiglietti and Kolb, 1975; Strettoi et al., 1992; Giildenagel et al., 2001; Feigenspan et
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al., 2001; Mills et al., 2001; Deans et al., 2002; Schubert et al., 2005). Moderate labelling
of Cx36 in the outer half of IPL has been ascribed to Cx36 in OFF-alpha ganglion cell
dendrites, forming homologous gap junctions with each other and heterologous gap
junctions with dendrites of wide-field amacrine cells (Hidaka et al., 2004; Schubert et al.,
2005). The somewhat more sparse labelling of Cx36 in the OPL has been assigned to
Cx36 expression in cone pedicles and OFF-cone bipolar cell dendrites (Lee et al., 2003;
Feigenspan et al., 2004).

Studies of Cx45 in the retina have been fewer and somewhat contradictory.
Pronounced immunolabelling of Cx45 in the innermost part of the IPL was reported to be
associated with astrocytes, labelling of Cx45 throughout the retina was found along
Miiller cell processes, and labelling in the inner part of INL was attributed to Cx45 in
amacrine cell bodies (Zahs et al., 2003). In contrast, based on Cx45 promoter driven -
galactosidase expression in the INL and GCL, immunolabelling of Cx45 in IPL was
assigned to amacrine cells, and in OPL to bipolar or horizontal cells (Giildenagel et al.,
2000). More recently, studies of Cx45 promoter-driven EGFP or [-galactosidase
expression in Cx45-deficient mice indicated Cx45 expression in amacrine cells as well as
in OFF-cone bipolar cells and ON-cone bipolar cells (Maxeiner et al., 2005). In addition,
heterologous AIl amacrine/ON bipolar cell gap junctions were identified to be
heterotypic, containing Cx36 on the amacrine cell side and Cx45 on the ON-bipolar cell
side (Maxeiner et al., 2005). The existence of these heterotypic junctions was supported
by EM, electrophysiological and tracer-coupling studies showing that gap junctions
between AIl amacrine and ON-cone bipolar cells had structural and functional

asymmetries and that tracers pass more efficiently from AIl amacrine cells to ON cone
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bipolar cells than in the other way (Kolb, 1979; Strettoi et al., 1992; Mills and Massey,
1995; Hartveit, 2002). Consistent with these latter findings, our results indicate
expression of Cx45 restricted to the IPL, where a small proportion of Cx45 puncta was
co-localized with Cx36. The low level of Cx36/Cx45 co-localization we observed was
consistent with a 5-fold fewer Cx36-positive puncta observed at intersections between
All amacrine cells/ON cone bipolar cells compared with those at intersection between
AIl amacrine cells (Mills et al., 2001).

In Cx36 KO mice, the reduction of Cx45-puncta we observed in the IPL suggests
requirement of Cx36 for the formation of Cx36/Cx45 heterotypic gap junctions, such as
we reported in the case of Cx32 KO mice where absence of Cx32 at astrocyte-
oligodendrocyte gap junctions resulted in the loss of Cx30 at these junctions (Nagy et al.,
2003). However, the decrease in Cx45-puncta in Cx36 KO mice appeared to exceed the
percentage of Cx45-puncta that was co-localized with Cx36 in WT mice, suggesting a
broader loss of Cx45 than can be accounted for by its presence in heterotypic Cx36/Cx45
junctions. Gap junctional coupling between AIl amacrine cells containing Cx36 and ON
cone bipolar cells containing Cx45 represents a key element in the rod pathway
(Maxeiner et al., 2005). Our results suggest that deficits observed in this pathway after
Cx36 gene deletion (Gtildenagel et al., 2001; Deans et al., 2002) may be due to loss of
not only Cx36, but also to down-regulation of Cx45 at sites where this connexin forms
junctions independently of Cx36, in cells where it is nevertheless co-expressed with
Cx36.

Co-localization and interaction of Cx45 with ZO-1
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Previous reports have described the localization of ZO-1 along blood vessels in retina,
consistent with the well documented association of this protein with tight junctions in
CNS vasculature (Wolburg and Lippoldt, 2002; Vorbrodt and Dobrogowska, 2003), as
well as in pigment epithelium and outer limiting membrane of retina (Williams and
Rizzolo, 1997, Tserentsoodol et al., 1998; Paffenholz et al., 1999; Inoko et al., 2003).
However, as shown by us here and elsewhere (Li et al., 2004a; Ciolofan et al., 2005),
labelling of ZO-1 was far more broadly distributed in retina than previously observed,
with dense ZO-1-positive puncta evident in both the IPL and OPL of mouse retina. We
previously demonstrated the association of Cx36 with ZO-1-puncta in both the IPL and
OPL, and the direct binding of Cx36 to the first PDZ domain of ZO-1 (Li et al., 2004a,b).
The present immunofluorescence and co-IP results extend these observations to include
Cx45 as a ZO-1 associated connexin in IPL of mouse retina. Among the population of
Cx45-puncta in the IPL, only a small proportion contained Cx36 but nearly all contained
Z0-1, indicating Cx45/Z0-1 association at gap junctions lacking Cx36, and ZO-1
expression in cells separately expressing Cx45 and Cx36. Further, the near total
Cx45/Z0-1 co-localization observed suggests that each of the above discussed candidate
cell types considered to express Cx45 also express ZO-1.

The interaction of Cx45 with ZO-1 was first found by yeast two-hybridization screens
using the PDZ domain-containing region of ZO-1 as bait, and it was reported that this
interaction was dependent on a short c-terminus PDZ domain binding motif in Cx45
(Kausalya, et al; 2001). Association of Cx45 with ZO-1 was further demonstrated in
cultured osteoblastic and Cx45-transfected MDCK cells (Kausalya et al, 2001; Laing et

al., 2001), and confirmed by GST-Cx45 pull-down and mutational analysis showing that
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the c-terminus isoleucine of Cx45 is required for Cx45/Z0-1 interaction (Thomas et al.,
2002). However, the PDZ domain in ZO-1 responsible for mediating interaction with
Cx45 was not determined. Our finding that Cx45 interacts with the second PDZ domain
of ZO-1 is consistent with the similarity of the c-terminus PDZ binding motif of Cx45
(SVWI) to that in Cx47 (TVWI), which was also shown to interact with the second PDZ
domain of ZO-1 (Li et al., 2004b). With now nine members of the connexin family of
proteins reported to associate with ZO-1 (Giepmans, 2004; Li et al., 2004a,b,c; Penes et
al., 2005), it appears that ZO-1 has functional roles at gap junctions in many cell types
expressing these connexins. While the exact nature of those roles remains elusive, the
regulatory importance of ZO-1 at gap junctions was recently most clearly demonstrated
in ROS osteoblastic cells, where overexpression of the connexin-interacting fragment of
Z0O-1 disrupted Cx43/ZO-1 interaction, nearly eliminated gap junction-mediated dye-
transfer and reduced junctional plaque assembly, whereas overexpresion of ZO-1
increased gap junctional coupling and Cx43 at plasma membrane appositions (Laing et
al., 2005). Our results suggest that ZO-1 may exert similar regulatory influences at gap
junctions composed of Cx36 and Cx45 in the retina.

In other tissues, ZO-1 expression has been reported in a variety of cell types and it is
also a component of adherens junctions (Howarth et al., 1992; Itoh et al., 1991, 1993;
Gonzales-Mariscal et al., 2000). Since our results indicated that a substantial proportion
of ZO-1-puncta in the IPL were not co-localized with Cx36, and that ZO-1-puncta
showing lack of overlap with Cx36 far out numbered Cx45-puncta, it appears that in
addition to its presence at gap junctions composed of Cx36 and Cx45, ZO-1 may be

associated with other subcellular structures in retina, such as observed in peripheral
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tissues. Alternatively, it may be localized at glial gap junctions, as we have observed in
mouse brain (Penes et al., 2005).

Z0-1 and ZONAB at retinal gap junctions

Identification of ZO-1 at numerous types of gap junctions has raised the possibility that
proteins known to be associated with ZO-1 at tight junctions (Gonzalez-Mariscal, 2003)
may also be anchored with ZO-1 at gap junctions. Among such proteins, we chose to
examine ZONAB, which was previously shown to interact with ZO-1 at tight junctions of
cultured MDCK cells (Balda and Matter, 2000). Our results demonstrate ZONAB
expression in the mouse retina, and the high degree of Cx36 co-localization with both
Z0-1 and ZONAB in the IPL indicates the co-association of all three proteins at
individual puncta. Similarly, we have reported elsewhere that Cx36 associated with rod
spherules was nearly totally co-localized with ZO-1 in the OPL (Ciolofan et al., 2005),
where the substantial Cx36/ZONAB overlap observed presently indicates co-association
of all three proteins also in this region of the retina. Based on these observations, together
with previous freeze-fracture replica immunogold labelling studies demonstrating the
presence and co-localization of Cx36 and ZO-1 in individual gap junctions between
retinal neurons (Rash et al., 2004), it may be concluded that ZONAB is a component of
many of these interneuronal gap junctions. As in the case of Cx36/Z0-1, however, not all
Z0-1 was associated with ZONAB, indicating the presence of ZO-1 in separate structural
entities lacking ZONAB. Further, despite the high incidence of Cx45/Z0O-1 co-
localization, ZONAB only rarely overlapped with Cx45, indicating its absence at
Cx45/Cx45 homotypic gap junctions, and the low level of overlap that did occur may

represent ZONAB associated with Cx36/Z0-1 on the Cx36 side of Cx36/Cx45
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heterotypic junctions. We found a similar lack of ZONAB association with gap junctions
composed of Cx57 in OPL (unpublished observations), which was further indicated by
observations of Cx36/Z0-1 and Cx36/ZONAB co-localization in OPL, but an absence of
Cx36/Cx57 or Cx57/Z0-1 co-localization in this retinal layer (Ciolofan et al., 2005).
Following its recent identification, only a few reports have appeared on ZONAB or its
mouse ortholog MsY3, which has also been referred to as MsY3 (ZONAB A) for the
short isoform and MsY4 for the long isoform (ZONAB B). It was found to be expressed
in brain, heart, spleen, liver and muscle, with the highest levels observed in testis
(Mastrangelo and Kleene, 2000; Davies et al., 2000), and was reported to cause
translational repression of protamine 1 mRNA in spermatids (Giorgini et al., 2001, 2002)
and transcriptional repression of the tyrosine kinase receptor ErbB2 (a.k.a. Neu or HER2)
in canine MDCK cells (Balda and Matter, 2000; Balda et al., 2003). In canine MDCK
cells, ZONAB was shown to interact with the SH3 domain of ZO-1, and it was suggested
that sequestration of ZONAB by ZO-1 at tight junctions derepresses ErbB2 expression,
thereby promoting ErbBZ-mediated cell differentiation (Balda and Matter, 2000; Balda et
al., 2003). It is noteworthy that neuregulins act as ligands for the ErbB2 receptor, and that
neuroregulin/ErbB2 signalling is essential for a variety of cellular processes (Casalini et
al., 2004; Holbro and Hynes, 2004; Marmor et al., 2004). Both erbB2 and neuregulin
were found to be expressed in mammalian retina, and neuregulin promoted survival and
neurite extension of retinal neurons (Bermingham-McDonogh et al., 1996; Williams et
al., 1998; Lindqvist et al., 2002). Thus, we speculate that ZO-1/ZONAB may participate
in local regulatory control of retinal gap junctions and contribute to far reaching

regulatory processes involved in retinal function and development. However, further
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biochemical and molecular studies are required to establish ZO-1/ZONAB interaction in
retina and the transcriptional activities of ZONAB in retinal neurons.

Z0-1 and ZONAB in Cx36 KO retina

The spatial distribution of Cx36, ZO-1 and ZONAB in IPL was determined in relation to
calretinin-positive structures to allow precise localization of ZO-1/ZONAB puncta that
remain in the Cx36 KO retina. Immunocytochemical markers for AIl amacrine cells
include the use of parvalbumin or calretinin in retinas of various species (Gabriel and
Straznicky, 1992; Wissle et al., 1993; Casini et al., 1995; Feigenspan et al., 2001; Wiissle
et al., 1995; Massey and Mills, 1999; Massey et al., 2001). Although these markers fail to
label Cx36-containing AIl amacrine cells in mouse retina, calretinin was found to be
adequate for labelling of other types of amacrine cell somata in the INL and GCL, as well
as the dendritic arborisation of these cells in three distinct bands of roughly equal
thickness in the outer OFF-sublamina of the IPL (Haverkamp and Wissle, 2000). Among
these bands, Cx36/Z0-1/ZONAB puncta were distributed between the two outer bands
and intermingled with the outer band. Previous studies of Cx36-puncta in this region of
the IPL excluded association of these puncta with appendages of AIl amacrine cells
distributed in this region, even though the dendrites of these cells are heavily coupled by
Cx36 in the inner part of IPL (Feigenspan et al., 2001). A likely candidate for the origin
of these Cx36-puncta are OFF-alpha-ganglion cells some of which have dendritic
terminal fields distributed in the outer IPL (Famiglietti and Kolb, 1976; Nelson et al.,
1978; Sun et al., 2002), in the region of the outer two calretinin-positive bands. These
alpha-ganglion cells have been shown to express Cx36, and to be coupled with each other

via Cx36, but they also junctionally couple with wide-field amacrine cells that were
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shown to lack Cx36 expression (Vaney, 1991, 1994; Penn et al., 1994; Jacoby et al.,
1996; Hu and Bloomfield, 2003; Schubert et al., 2005). It was suggested that Cx36 in
alpha-ganglion cells form junctions with an as yet unidentified connexin in these wide-
field amacrine cells (Schubert et al.,, 2005). This possibility provides a plausible
explanation for the persistence of ZO-1/ZONAB co-localized puncta in the outer region
of the IPL in Cx36 KO mice. Thus, these puncta may represent ZO-1/ZONAB
association with hemiplaques containing an unknown connexin expressed in wide-field
amacrine cells, which ordinarily couples with Cx36 in alpha-ganglion cells or,
alternatively, association with an unidentified connexin that forms gap junctions between
wide-field amacrine cells (Kolb and Nelson, 1984, 1985). Investigation of these
possibilities will require EM analyses to establish the presence of ultrastructurally-
identified gap junctions in the outer part of the IPL in Cx36 KO mice, and demonstration

of the association of ZO-1/ZONAB with these junctions.
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Table 1. Antibodies used for western blotting and immunohistochemistry

Antibody  Type* Species  Epitope; Designation ~ Dilution  Source
Cx36 Polyclonal rabbit c-terminus; 36-4600 1 pg/ml Zymed
Cx36 Monoclonal mouse mid-region; 37-4600 3 pg/ml Zymed
Cx45 polyclonal rabbit c-terminus; N/A 2 pg/ml Zymed
Cx45 monoclonal  mouse aa 354-367, Mab3101 4 ug/ml  Chemicon

ZONAB  polyclonal rabbit c-terminus; 40-2800 2 pg/ml  Zymed

Z0-1 polyclonal rabbit aa 463-1109; 61-7300 1 pug/ml Zymed
Z0-1 monoclonal  mouse aa 334-634; 33-9100 4 pg/ml Zymed
calretinin  polyclonal goat Protein; Ab1550 1:3000 Chemicon

aa, amino acids
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Fig. 1. Overview of the laminar distribution and relative densities of Cx36, Cx45, ZO-1
and ZONAB in adult mouse retina. A-H: Each pair of images (A,B), (C,D), (E,F) and
(G,H) show low magnification fields of wvertical retinal sections labelled by
immunofluorescence for the proteins indicted (A,CEG) and the same fields
counterstained with fluorescence Neurotrace (B,D,F,H, respectively). Labelling of each
of the proteins appears punctate in all major layers, whereas ZO-1 also displays
continuous labelling along blood vessels (E, arrow). Labelling of Cx36 is very dense in
the inner half of IPL (A, double arrow), dense in the outer half of IPL (A, arrowhead),
and dense to moderate in the OPL (A, arrow). Labelling of Cx45 is sparse in the IPL and
absent elsewhere (C, arrow). Labelling of ZO-1 is dense to moderate in both IPL and
OPL (E). Labelling of ZONAB is moderate to sparse in both the IPL and OPL (G).
Labelling of photoreceptors and outer limiting membrane seen with anti-ZO-1 (E,
'arrowhead) and anti-ZONAB antibodies (G, arrow) is of uncertain specificity. Scale bars:

100 pm.
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Fig. 2. Laser scanning confocal double immunofluorescence showing co-localization
relationships between Cx36, Z0-1 and ZONAB in adult mouse retina. A-C: Images show
the entire of IPL from inner (bottom) to outer (top) edge, and represent Z-stacks of five
scans. Overlap of green and red labelling is seen as yellow in all images. A: Labelling of
Cx36 and ZO-1 in the same field. Nearly all Cx36-positive puncta are positive for ZO-1,
but not all ZO-1-puncta are positive for Cx36. B: Labelling of Cx36 and ZONAB in the
same field. Most Cx36-puncta in mid-regions of the IPL are positive for ZONAB, but
those in the extreme inner region lack ZONAB (B1, B3, arrow). The extreme outer
region contains many ZONAB-puncta (B2, arrowhead) lacking Cx36 (B3, arrowhead). C:
Labelling of ZONAB and ZO-1 in the same field. Nearly all ZONAB-puncta are positive
for ZO-1, whereas many ZO-1 puncta lack ZONAB. D: Double labelling of Cx36 (D1)
and ZONAB (D2) in the OPL, showing punctate labelling for both, and a high degree of

co-localization (D3). Scale bars: 10 pm.
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Fig. 3. Laser scanning confocal double immunofluorescence showing co-localization
relationships between Cx45, Cx36, ZO-1 and ZONAB in IPL of adult mouse retina.
Images show the IPL from inner (bottom) to outer (top) edge, except A which is tilted
slightly counter clockwise, and represent Z-stacks of five scans. Overlap of green and red
labelling is seen as yellow in all images. A: Labelling of Cx45 and Cx36 in the same
field. A small proportion of Cx45-puncta are positive for Cx36, and a very small
proportion of Cx36-puncta are positive for Cx45. B: Labelling of Cx45 and ZO-1 in the
same field, showing that the majority of the Cx45-puncta are positive for ZO-1, and that
only a small proportion of ZO-1-puncta are associated with Cx45. C: Labelling of Cx45
and ZONAB in the same field, showing that very few Cx45-puncta are positive for

ZONAB. Scale bars: 10 pm.
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Fig. 4. Immunofluorescence labelling of Cx36, ZO-1 and ZONAB in IPL of retina from
adult WT and Cx36 KO C57/BL6 mice. The first three panels in each horizontal row of
images show the same field double-labelled for the proteins indicated in IPL of WT and
Cx36 KO mice. The fourth panel in each row (A4-F4) shows the outer one-third region of
IPL magnified from overlays in A3-F3. Overlap of green and red labelling is seen as
yellow in all images. A,B: Compared with dense punctate labelling and co-localization of
Cx36 and ZO-1 in the IPL of WT mice (A), Cx36 is absent (B1) and ZO-1 is only
slightly reduced (B2) in the IPL of Cx36 KO mice. C,D: Compared with dense labelling
and co-localization of Cx36 and ZONAB in most regions of the IPL of WT mice (C),
including the outer margin (C4), the absence of Cx36 in Cx36 KO mice (D1) is
accompanied by a large reduction of ZONAB in most regions of the IPL, except the outer
one-third margin (D2, arrrows, D4). E,F: As in CD1 mice, substantial ZO-1/Z0NAB co-
localization is seen in IPL of WT C57/BL6 mice, and punctate labelling for ZONAB that
persists in the outer third of IPL in Cx36 KO mice (F2, arrows) remains co-localized with

Z0O-1 (F3, arrows, F4). Scale bars: A1,2,3-F1,2,3 10 pum; A4-F4, 5 um.
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Fig. 5. Laser scanning confocal double immunofluorescence of ZONAB in the OPL, and
Cx36 and Cx45 in the IPL of WT and Cx36 KO adult mouse retina. A,B: Single confocal
scans showing punctate labelling of ZONAB in the OPL of WT retina, and a large
reduction of ZONAB-positive puncta in the OPL of retina from Cx36 KO mice. C,D:
Single confocal scans showing Cx36-puncta (C) and Cx45-puncta (D) in the IPL of WT
retina. E,F: Single confocal scans showing an absence of labelling for Cx36 (E) and a

reduction of labelling for Cx45 (F) in IPL of retina from Cx36 KO mice. Scale bars: 10

pm.
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Fig. 6. A1-A6: Triple immunofluorescence labelling showing the distribution of Cx36,
Z0-1 and ZONAB in relation to the sublaminar arrangement of calretinin in the IPL of
adult mouse retina. Low magnifications of the same field show Cx36 (Al), ZO-1 (A2)
and calretinin (A3) in relation to the retinal layers GCL, IPL and INL, and
Cx36/calretinin in overlay (A4), ZO-1/calretinin in overlay (AS) and Cx36/Z0O-
1/calretinin in overlay (A6). The processes of calretinin-positive amacrine cells form
three parallel bands (A3, arrows) in the outer part of IPL, with the outer band located near
the IPL/INL border (dotted line). Cx36 and ZO-1 are relatively sparse along the inner
bands (arrowheads), and are more concentrated between the inner two bands. B,C:
Higher magnifications showing Cx36/calretinin (B1l), ZO-1/calretinin (B2), and
Cx36/Z0-1/calretinin in overlay (B3), and ZONAB/calretinin (Cl) and ZO-
1/ZONAB/calretinin (C2) in overlay. Fine Cx36-puncta co-localized with ZO-1 (B,
arrowheads) and larger ZONAB-puncta co-localized with ZO-1 (C, arrowheads) are seen
between the outer calretinin-positive bands, as well as straddling the outer band. D:
Double labelling of ZONAB and calretinin in retina of Cx36 KO mice, showing the
persistence of ZONAB-positive puncta between the outer two calretinin-positive bands

(arrowheads). Scale bars: A1-A6, 20 um; B-D, 10 pm.
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Fig. 7. Double immunofluorescence labelling of ZO-1 and Cx45 in HelLa cells in culture.
A: Control non-transfected HeLa cells showing labelling of ZO-1 at cell-cell contacts
(A1, arrows), a lower level of intracellular ZO-1-puncta, and an absence of labelling for
Cx45 (A2). B: HelLa cells stably transfected with Cx45. Immunolabelling is seen as linear
strands of ZO-1-puncta (B1) and Cx45-puncta (B2) at cell-cell contacts (arrows), as well
as collections of puncta within cells (arrowheads), and ZO-1/Cx45 co-localization is
evident at both locations (B3). C: Enlarged confocal micrograph images showing same

results as in B. Scale bars: 50 um.
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Fig. 8. Immunoblot showing co-IP of Cx45 with ZO-1. A: Lanes were loaded with
lysates from HeLa cells stably transfected with Cx45 (lane 1) and empty vector-
transfected HeLa cells (lane 2), and anti-Cx45 IP protein (Lane 3) and anti-ZO-1 IP
protein (lane 4) from Cx45-transfected Hela cells. Anti-Cx45 antibody detects Cx45 in
HeLa cells expressing this connexin (lane 1) and in IP of Cx45 from Cx45-transfected
HelLa cells (lane 3), shown as positive controls for Cx45 detection, but not in vector-
transfected HeLa cells (lane 2), shown as a negative control. Cx45 is also detected after
IP of ZO-1 from lysates of Cx45-transfected cells (lane 4). Cx45 appears as a doublet of
bands migrating between 45 and 48 kDa (arrowheads). B: Anti-Cx45 detected a band in
homogenates of mouse retina (Fig. 8B, lane 2), corresponding to the lower Cx45 band
that was seen in Cx45- transfected HeLa cells (Fig. 8B, lane 1). After IP of ZO-1 from
retina, Cx45 was detected migrating as a band corresponding to that seen in retina or the

lower band seen in Cx45-transfected HeLa cells (Fig. 8B, lane 3).
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Fig. 9. Pull-down assay showing Cx45 interaction with the second PDZ domain of ZO-1.
Lysates of Cx45-transfected HeLa cells were incubated with GST fusion proteins
containing either the PDZ1, PDZ2 or PDZ3 domain of ZO-1, and immunoblots of pull-
down proteins were probed with anti-Cx45. Detection of Cx45 is seen after pull-down
with the second PDZ domain of ZO-1 (lane 2), but not after pull-down with the first or
third PDZ domains of ZO-1 (lane 1 and 3). The Cx45 band obtained by pull-down in lane
2 corresponds to detection of the same band in homogenates of retina (lane 4) and in
lysates of Cx45-transfected Hela cells (lane 5), which is absent in lysates of empty

vector-transfected Hela cells (lane 6).
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Fig. 10. Immunoblot showing detection of ZONAB in retina (lane 1) and in HeLa cells
transiently transfected with ZONAB A (lane 2), and absence of a corresponding band in
control empty vector-transfected HeLa cells (lane 3). ZONAB A is seen migrating at
approximately 32 kDa in retina and ZONAB-transfected cells (arrowhead). An additional
protein migrating slightly faster at 30 kDa is also detected by anti-ZONAB in all three

tissues, and is of uncertain identity.
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VI. PROJECT II

Spatial relationships of connexin57, connexin36 and zonula oeccludens-1 (ZO-1) in

the outer plexiform layer of mouse retina
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ABSTRACT
Horizontal cells form extensive gap junctions with each other in mammalian retina, and
lacZ reporter analyses have indicated that these cells express the gap junction forming
protein connexin57 (Cx57). Using newly developed anti-Cx57 antibodies, we
demonstrate punctate immunolabelling of Cx57 co-distributed with calbindin-positive
horizontal cells in the outer plexiform layer (OPL) of mouse retina, with antibody
specificity confirmed by absence of Cx57 immunosignals in retina of Cx57 knockout
mice. We conducted double immunofluorescence labelling to determine the spatial
relationships of Cx57, the gap junction protein Cx36, the gap junction-associated protein
zonula occludens-1 (ZO-1) and the photoreceptor ribbon synapse-associated protein
bassoon in the OPL. Cx57 in the OPL was often found immediately adjacent to, but
lacking total overlap with, Cx36-positive and ZO-1-positive puncta. Cx57 was also
located immediately adjacent to bassoon-positive ribbon synapses at rod spherules, and
intermingled with such synapses in cone pedicles. Cx36 was substantially co-localized
with ZO-1 in the OPL, and both of these proteins were frequently located in close spatial
proximity to bassoon-positive ribbon synapses. These results suggest an absence of
Cx57/Cx36 heterotypic gap junctional coupling in mouse retina, and ZO-1 interaction
with Cx36 but not with Cx57 in the OPL. Further, an arrangement of synaptic contacts
within rod spherules is suggested whereby gap junctions between horizontal cell
terminals containing Cx57 occur in very close proximity to ribbon synapses formed by
photoreceptors, as well as in close proximity to homotypic or heterotypic gap junctions

between rods and cones.

70




INTRODUCTION
Visual information is transmitted from photoreceptors to ganglion cells in separate,
parallel ON- and OFF-channels for processing of light and dark signals through the
retina, respectively. Photoreceptor, bipolar and ganglion cells spread signals via
vertical retinal pathways, whereas horizontal and amacrine cells contribute to lateral
distribution of signals. These vertical and lateral channels converge in the outer
plexiform layer (OPL), where synaptic interactions occur between horizontal,
bipolar and photoreceptor cells (Missotten, 1965; Kolb, 1970, 1974, 1977). Gap
junctions are formed by the five major classes of neurons in the mammalian retina,
and allow these cells to communicate via complex networks of electrical synapses
(Sohl et al., 2000). The importance of these synapses in visual information
processing was indicated by observations of physiological deficits in retina of
transgenic mice lacking gap junctions formed by at least one member of the
connexin (Cx) family of proteins, namely connexin36 (Cx36) (Gilildenagel et al.,
2001; Deans et al., 2002; Maxeiner et al., 2005). In addition, regulated electrical
coupling between horizontal cells contributes to retinal adaptation to stimuli under
various lighting conditions (Teranishi et al., 1983; Piccolino et al., 1984; He et al.,
2000). Horizontal cells as well as photoreceptors and cone bipolar cells each form
gap junctions in the outer plexiform layer (OPL) of rodent retina. Horizontal cell
axon terminals form the lateral elements apposing ribbon synapses within rod
spherules, and horizontal cell dendrites form synaptic contacts with cones at ribbon
synapses of cones pedicles (Dowling and Boycott, 1966; Kolb, 1974; Raviola and

Gilula, 1975).
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Ultrastructural documentation of gap junctions formed at specific sites by various
classes of mammalian retinal neurons have been supplemented by the identification of
connexins in particular cell types. In particular, Cx36 in retina has been well studied, and
there is evidence for its expression in rod and cone photoreceptors, subclasses of bipolar
cells and All-amacrine cells (Mills et al., 2001; Giildenagel et al., 2001; Deans et al.,
2002; Feigenspan et al., 2001, 2004). Following identification and characterization of
mouse connexin57 (Cx57) (Manthey et al., 1999), evidence for expression of this
connexin in horizontal cells was obtained in transgenic mice, where the Cx57 coding
region was replaced with the LacZ coding region such that the expression of b-
galactosidase is driven by the Cx57 promoter (Hombach et al., 2004).

In the present study, we used newly developed anti-Cx57 antibodies to investigate the
expression and distribution of Cx57 in mouse retina. Specificity of these antibodies was
examined by comparisons of Cx57 detection in retinas of wild-type and Cx57 knockout
(KO) mice. Double immunofluorescence labelling was undertaken to determine
expression patterns of Cx57 in relation to that of Cx36. Having previously shown the
association of Cx36 with zonula occludens-1 (ZO-1) in the inner plexiform layer of
mouse retina (Li et al., 2004a), we examined cellular associations of Cx57 and Cx36 with
Z0O-1 in the OPL. In addition, the spatial deployment of Cx57 and Cx36 was examined in
relation to the protein bassoon, which is known to be associated with ribbon synapses at

cone pedicles and rod spherules.
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MATHERIALS AND METHODS
Antibodies and animals
Primary antibodies used in this study are listed in Table 1, with indications of source and
dilutions employed. Monoclonal mouse anti-calbindin C-9848 antibody was obtained
from Sigma (St. Louis, CA, USA), and monoclonal anti-bassoon VAM-PS00 antibody
was purchased from Stressgen Biotechnologies Corporation (Victoria, BC, Canada).
Affinity-purified anti-Cx57, anti-Cx36 and anti-ZO-1 antibodies were obtained from
Zymed Laboratories Inc. (South San Francisco, CA, USA). A total of twenty-five normal
adult male CD1 mice, five wild-type male C57BL/6 and four Cx57 knockout mice and
two Cx36 knockout mice were used in this study in accordance with animal approval
protocols at our respective universities, including minimization of stress to, and number
of animals used.
Light microscope immunofluorescence
Animals were deeply anesthetised with equithesin (3 ml/kg) and perfused transcardially
with 3 ml of cold (4°C) pre-fixative (50 mM sodium phosphate buffer, pH 7.4, 0.1%
sodium nitrite, 0.9% NaCl and 1 unit/m! of heparin). This was followed by perfusion with
40 ml of fixative solution containing cold 0.16 M sodium phosphate buffer, pH 7.6, 0.2%
picric acid and 1% or 2% paraformaldehyde. Animals were then perfused with 10 ml of
cold solution containing 10% sucrose and 25 mM sodium phosphate buffer, pH 7.4).
Eyes were carefully removed and stored at 4°C for 24-48 h in cryoprotectant (25 mM
sodium phosphate buffer, pH 7.4, 10% sucrose, 0.04% sodium azide). Vertical and
horizontal sections of retina were cut on a cryostat at a thickness of 10 pm, and collected

on gelatinized glass slides. Sections were processed for immunofluorescence staining
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with all antibodies diluted in TBST (50 mM of Tris-HCl, pH 7.4, containing 1.5%
sodium chloride, 0.3% Triton X-100) and either 5% normal goat serum or 5% normal
donkey serum.

For single labelling, sections were incubated for 24 h at 4°C with polyclonal anti-
Cx57, monoclonal anti-calbindin and monoclonal anti-bassoon, then washed for 1 h in
TBST and incubated with secondary antibody for 1.5 h at room temperature. Secondary
antibodies used were AlexaFlour 488-conjugated goat anti-rabbit IgG diluted 1:1000
(Molecular Probes, Eugene, Oregon), Cy3-conjugated donkey anti-rabbit diluted 1:200
(Jackson ImmunoResearch Laboratories, West Groove, PA, USA), FITC-conjugated
horse anti-mouse IgG diluted 1:100 (Vector Laboratories, Burlingame, CA, USA), Cy3-
conjugated goat anti-mouse IgG diluted 1:200 (Jackson ImmunoResearch Laboratories),
and AlexaFlour 488-conjugated goat anti-mouse IgG diluted 1:1000 (Molecular Probes).
The same procedures were used for double immunofluorescence labelling, except that
sections were incubated simultaneously with polyclonal anti-Cx57 and either monoclonal
anti-Cx36, monoclonal anti-ZO-1, monoclonal anti-calbindin or monoclonal anti-
bassoon. Conversely, polyclonal anti-Cx36 was incubated simultaneously with either
monoclonal anti-Z0O-1 or either monoclonal anti-bassoon, and monoclonal anti-Cx36 was
incubated simultaneously with polyclonal anti ZO-1. Sections were then simultaneously
incubated with appropriate combination of the secondary antibodies describe above, then
washed in TBST for 20 min, followed by two times 15 min washes in 50 mM Tris-HCI
buffer, pH 7.4. Vertical sections, single labelled with anti-Cx57 or anti-Cx36 antibodies
were counterstained with either green Nissl fluorescent NeuroTrace (stain N21480) or red

Nissl NeuroTrace (stain N21482) (Molecular Probes (Eugene, OR, USA). All sections
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were coverslipped with antifade medium. Control procedures involving omission of one
of the primary antibodies with inclusion of each of the secondary antibodies indicated
absence of inappropriate cross-reactions between primary and secondary antibodies for
all of the combinations used in this study.

Immunofluorescence was examined on a Zeiss Axioskop2 fluorescence microscope,
using Axiovision 3.0 software (Carl Zeiss Canada, Toronto, Ontario, Canada) for
capturing images. Laser scanning confocal analysis was conducted with a Olympus
Fluoview IX70 confocal microscope. The double-labelled sections were scanned twice,
using single laser excitation for each fluorochrome per scan, and images were obtained
using Olympus Fluoview software. Final images were assembled according to
appropriate size and adjusted for contrast using Corel Draw 8 (Corel Corp., Ottawa,
Canada), Photoshop 6.0 (Adobe Systems, San Jose, CA, USA) and Northern Eclipse

software (Empix Imaging, Mississauga, Ontario, Canada).

RESULTS

Immunofluorescence localization of Cx57 in mouse retina

Expression of Cx57 in mouse retina was investigated by immunofluorescence using
affinity-purified antibodies (40-4800 and 40-5000) raised in rabbits against two different
peptides with amino acid sequences corresponding to non-overlapping regions in Cx57.
These antibodies produced qualitatively similar labelling patterns, as observed in vertical
sections cut perpendicular to the retinal layers (Fig. 1A-D). Sections were counterstained
with Nissl fluorescent NeuroTrace to allow visualization of the layers, including the

ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer
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plexiform layer (OPL) and outer nuclear layer (ONL) (Fig. 1A-D). Labelling was
characterized by a continuous band of moderate to intense immunoreactivity restricted to
the OPL, and encompassing the full width of this layer. Although faint background
fluorescence was observed with antibody 40-5000 in various areas of retina (Fig. 1A),
neither of the antibodies produced labelling in other retinal layers comparable to that seen
in the OPL. However, variable diffuse fluorescence occurred in the outer segment of
photoreceptors (Fig. 1A,C, Fig. 3A) with not only anti-Cx57 antibodies, but also with a
variety of other antibodies we have employed against proteins known to be absent in
photoreceptors (not shown), suggesting that this layer is particularly prone to non-specific
binding of antibodies. Immunofluorescence labelling in OPL was reproducibly obtained
with both antibodies under optimal fixation conditions, consisting of fixative containing
1% paraformaldehyde, and was noticeably suppressed after fixation with 2%
paraformaldehyde.

Specificity of Cx57 detection with the two antibodies was examined by comparison of
labelling in retinas of WT and Cx57 KO mice. Antibody 40-4800 gave a typical pattern
of labelling in OPL of retina from WT mice (Fig. 1E), and showed an absence of
labelling in OPL of retina from Cx57 KO mice (Fig. 1F). Curiously, labelling with
antibody 40-5000 persisted in Cx57 KO mice, which may be due to cross reaction of the
antibody with a protein of unknown identity specifically expressed in the OPL, or
incomplete knockout of Cx57, with the sequence recognized by antibody 40-5000 still
present in these mice. After primary antibody omission, labelling in mouse retina was
comparable to that seen in Cx57 KO mice. In view of these results, all further studies,

except those shown in Figure 8, were pursued only with antibody 40-4800.
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Cx57 in retina of WT and Cx36 KO mice

Possible alterations in retinal Cx57 expression were examined in mice with Cx36 gene
deletion. Consistent with previous reports of Cx36 localization in mammalian retina
(Feigenspan et al., 2001, 2004; Li et al., 2004a), low magnification images of vertical
retinal sections immunolabelled for Cx36 (Fig. 2A) and counterstained with Nissl (Fig.
2B) revealed Cx36 to be densely and moderately distributed in the inner and outer half of
the IPL, respectively. In addition, a continuous band of faint labelling was evident in the
OPL, and other retinal layers were devoid of labelling. By confocal double
immunofluorescence in retinas of WT mice, Iabelling for both Cx57 and Cx36 in the
OPL consisted of fine, sparsely distributed puncta (Fig. 2C,D). Confocal double
immunofluorescence in retinas of Cx36 KO mice showed persistence of Cx57 (Fig. 2E),
but an absence of Cx36 in the OPL (Fig. 2F) and the IPL (not shown), as previously
reported (Li et al., 2004a). Although presented in slightly different planes of section
through the retina (Fig. 2C,E), no discernable differences in intensity or density of
labelling for Cx57 were evident in retinas of WT compared with those of Cx36 KO mice.
Fluorescent staining of cellular nuclei in the ONL of sections from both WT and Cx36
KO mice (Fig. 2D,F) was present after primary antibody omission, and was due to
variable binding of some of the secondary antibodies under the weak tissue fixation

conditions used.

Immunofluorescence of Cx57 and calbindin
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Expression of Cx57 mRNA has been reported in retinal horizontal cells, and these cells
contain an abundance of the calcium-binding protein D28K calbindin (R6hrenbeck et al.,
1989; Haverkamp and Wissle, 2000). Thus, double labelling was conducted to determine
cellular localization of Cx57 in relation to calbindin. As shown at low magnification,
Cx57 lebelling (Fig. 3A) was closely associated with calbindin labelling of horizontal cell
bodies lying at the outer margin of the INL, and with faint labelling of the processes of
these cells distributed in the OPL (Fig. 2B). By confocal microscopy with antibody 40-
4800, Cx57-positive puncta in the OPL (Fig. 3C) were co-distributed with calbindin-
positive puncta (Fig. 3D) representing clusters of horizontal cell dendrites and axons, and
some Cx57-positive puncta were co-localized with calbindin-immunoreactive processes
in the OPL (Fig. 3C,D). Lack of a more substantial co-localization expected, based on the
presence of Cx57 and calbindin in horizontal cells, may be due to our findings of stronger
fixation conditions (>2% paraformadehyde) required to fully reveal calbindin-positive
processes, and suppression of Cx57 immunoreactivity with use of 2% paraformadehyde

for Cx57/calbindin double labelling.

Spatial organization of Cx57and Cx36 in OPL

Laser scanning confocal double immunofluorescence was used to examine the spatial
distribution of Cx57 in relation to that of Cx36 in the OPL. In vertical sections taken
perpendicular to the retinal layers (Fig. 4A), Cx57 and Cx36 appear as a thin band of
sparse, dispersed puncta throughout the OPL, as well as short bars of intense labelling for
Cx57, and similar bars of moderate labelling for Cx36 in the vitreal or inner part of the

OPL (Fig. 4A1,A2). Image overlays indicated that Cx36-positive bars were often situated
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adjacent to, and beneath, the Cx57-positive bars, which together were encompassed
within a vertical distance of 1.8 & 0.1 um (n = 8) (Fig. 4A3). In sections slightly off the
vertical plane (Fig. 4B), dispersed punctate labelling of Cx57 and Cx36 was more widely
distributed (Fig. 4B), consistent with visualization of a greater expanse of the OPL. In
addition, it became clear that the bars of Cx57 and Cx36 labelling shown in Figure 4A
represented edge on views of round aggregates clusters of immunoreactivity in the inner
part of OPL, which were more evident in the case of Cx57. On average, these aggregates
had diameters of about 3.5 + 0.2 pm. Analysis at higher confocal magnification of
horizontal retinal sections through the OPL showed that round aggregates of labelling
consisted of individual Cx57- and Cx36-positive puncta, containing a greater abundance
of Cx57 compared with Cx36 (Fig. 4C1,C2). Image overlay (Fig. 4C3) indicated minor
co-localization between Cx57 and Cx36 within in these clusters. Higher confocal
magnification of dispersed punctate labelling in the OPL revealed that Cx57 and Cx36
were often in close proximity (Fig. 4D3). In particular, despite the clear separation of
individual puncta labelled for either Cx57 (Fig. 4D1) or Cx36 (Fig. 4D2), Cx57-positive
puncta were frequently found immediately adjacent to one or two Cx36-positive puncta

(Fig. 4D3), with occasionally partial but rarely total overlap of labelling.

Immunofluorescence of ZO-1 with Cx57 and Cx36 in retina

We have reported the association of Cx36 with ZO-1 in various regions of mouse brain,
including the IPL of retina (Li et al., 2004a; Rash et al., 2004). Confocal double
immunofluorescence was used here to examine ZO-1 association with Cx36 and Cx57 in

OPL. In vertical sections through the retina, immunolabelling of Cx36 with antibody 36-
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4600 (Fig. 5A1) was similar to that described above using antibody 37-4600. The pattern
of labelling of ZO-1 with antibody 33-9100 resembled the distribution of dispersed Cx36-
positive puncta throughout the OPL (Fig. 5A1). In addition, distinct bar-like clusters of
Z0-1-positive puncta were seen in the inner part of OPL (Fig. 5A2), which displayed
little overlap with Cx36 (Fig. 5A3). In horizontal sections, Cx36 and ZO-1 associated
with dispersed puncta were nearly totally co-localized throughout the OPL (Fig. 5B,E).
ZO-1-positive bar seen on face in vertical sections consisted of round aggregates of large
puncta (Fig. 5E2), showing only minor co-localization with Cx36 (Fig. SE3). Similar
results were obtained using a different combination of antibodies for detection of Cx36
(monoclonal 37-4600) and ZO-1 (polyclonal 61-7300) (not shown).

Vertical sections double-labelled for Cx57 and ZO-1 showed a uniform co-distribution
of dispersed punctate labelling of both proteins throughout the OPL (Fig. 5C), and
horizontal sections clearly revealed close spatial association of dispersed Cx57-positive
puncta and ZO-1-positive puncta, as well as intermingling of immunopositive puncta
concentrated in round aggregates (Fig. 5D), which in vertical sections are seen to be in
close proximity that spanned a distance of 1.8 + 0.1 um (n = 9) (Fig. 5C3, inset). Higher
magnifications indicated close proximity but lack of total overlap of punctate labelling

for Cx57 and ZO-1 (Fig. 5F).

Spatial association of bassoon with Cx57 and Cx36
Localization of Cx57 and Cx36 was examined in relation to that of the cytomatrix protein
bassoon (tom Dieck et al., 1998), which is a well established marker of presynaptic

structures (Brandstitter et al., 1999). It is also a component of ribbon synapses formed by
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rod photoreceptor spherules in the OPL, as well as those formed by cone photoreceptor
pedicles in the inner part of OPL (Dowling and Boycott, 1966; Kolb, 1970, 1074, 1977,
Raviola and Gilula, 1975; Mariani, 1984). At low magnification of vertical retinal
sections, labelling of bassoon was co-distributed with Cx57 in the OPL (Fig. 6A,B), and
with Cx36 in the IPL (Fig. 6C,D). Bassoon immunoreactivity consisted of densely
distributed puncta in the IPL, and a more sparsely distributed continuous band of puncta
in the OPL.

By confocal double immunofluorescence in vertical (Fig. 7A) and horizontal (Fig. 7B)
sections, labelling of bassoon (Fig. 7A1,B1) and Cx57 (Fig. 7A2,B2) consisted of
dispersed small puncta throughout the OPL (Fig. 7A1,B1), and intermittent bars of
puncta in the vitreal part of the OPL (Fig. 7A1). These bars were closely apposed within
a vertical distance spanning 1.4 + 0.06 um (n = 7), and appeared as round or rosette-like
accumulations in horizontal sections (Fig. 7B2). The bar-like arrays represent bassoon
localized to, on average, ten synaptic ribbons at cone pedicles (Tsukamoto et al., 2001),
and the dispersed punctate labelling, appearing as semi-circular structures, represents
bassoon localized to arciform active zones of individual ribbon synapses in rod spherules.
Image overlays indicated close spatial association of bassoon and Cx57, with Cx57-
positive linear clusters located adjacent to, and beneath, the base of bassoon-positive cone
pedicles (Fig. 7A3), and dispersed Cx57-positive puncta often lying adjacent to bassoon-
positive rod spherules (Fig. 7B3). Higher magnifications of bassoon-positive cone
pedicles in horizontal sections labelled for Cx57 or Cx36 indicated only minor co-

association of bassoon with aggregates of Cx57-positive puncta (Fig. 7C) and little

81




association with aggregates of Cx36-positive puncta (Fig. 7D) distributed within the area
of these pedicles.
Higher magnifications of bassoon-positive spherules in horizontal sections double-
labelled for either Cx57 or Cx36 are shown by overlays in Figures 7E-G. Labelling of
bassoon often appeared as crescent-shaped structures having a relatively uniform
distribution. Image overlays revealed that nearly all bassoon-positive crescent-shaped
spherules were closely associated, but lacking total overlap, with Cx57-positive puncta,
as revealed with anti-Cx57 antibody 40-4800 (Fig. 7E) and 40-5000 (Fig. 7F). Each
spherule contained a single Cx57-positive puncta cradled within the crescent (Fig. 7E,F),
resembling slices of a pimento-stuffed olive dissected in half along its central axis.
Bassoon showed a similar close spatial association with Cx36 (Fig. 7G), except that
Cx36-positive puncta were not directly apposed, but rather slightly removed from
bassoon-positive spherules, and the concave side of each crescent shaped spherule
encompassed one or two Cx36-positive puncta.

Additional information regarding the measurement of the distances between Cx57-,

Cx36- and bassoon- positive structures are present in Table 2.

DISCUSSION
We demonstrate the expression of Cx57 protein in mouse retina, and provide evidence for
its localization within horizontal cell processes distributed in the OPL. Our results are
consistent those of Hombach et al. (2004), who replaced the Cx57 gene coding region

with the LacZ reporter in mice and observed B-galactosidase activity in cell bodies of
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retinal horizontal cells. However, as with many other connexins that fail to be detected in
the somata of neural cells in which they are expressed (Nagy and Rash, 2000; Nagy et al.,
2004), we found negligible immunolabelling of Cx57 in horizontal cell somata. Such lack
of detection may be due to rapid transport of Cx57 from cell bodies to dendrites and
axons, leaving little accumulation of the protein at sites of synthesis, or alternatively, to
blockade of antibody epitopes in the course of connexin trafficking to cellular processes.
Our observations of identical immunolabelling patterns in OPL with two antibodies
generated against different, non-overlapping sequences in Cx57 would ordinarily support
specific detection of Cx57 by these antibodies, but only one of the antibodies (40-4800)
showed an absence of labelling for Cx57 in the OPL of Cx57 KO mice. It is difficult to
imagine a random cross reaction of the other antibody (40-5000) with a protein
coincidently having exactly the same tissue expression pattern, cellular localization
within this tissue and presence in gap junction plaques as Cx57 (unpublished
observations). Thus, we cannot currently explain these results, which suggest opposite
conclusions concerning specificity of anti-Cx57 antibody 40-5000, but suspect that the
Cx57 KO mice may have a c-terminus portion of the Cx57 gene remaining, which is
translated into protein.

Expression of Cx57 appears to be highly restricted, with detection of low Cx57 mRNA
levels in only a few peripheral tissues and only in retinal horizontal cells in neural tissues
(Manthey et al., 1999; Homback et al., 2004). Similarly, we have found no evidence of
Cx57 protein expression in mouse CNS other than in retinal horizontal cells. In other
species, evidence has been obtained that type A horizontal cells in rabbit retina express

Cx50 and Cx57 (Massey et al., 2003; Huang et al., 2005), and these cells in zebra fish
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were reported to express Cx52.6 (Zoidl et al., 2004). In carp and turtle retina, horizontal
cells express Cx26 (Janssen-Bienhold et al., 2001; Kamermans et al., 2001; Pottek et al.,
2003), suggesting alternate connexin usage in these species, since Cx26 has not been
detected in mouse retina (Glildenagel et al., 2000; Deans & Paul, 2001; Filippov et al.,

2003).

Molecular associations of ZO-1, Cx36 and Cx57 in OPL

We previously reported direct interaction of Cx36 with ZO-1, and Cx36/Z0-1 co-
localization in gap junctions formed by neurons in the IPL (Li et al., 2004a). The present
results demonstrate ZO-1 expression in cells having processes distributed in the OPL, and
suggest similar ZO-1/Cx36 interaction in many, if not all, gap junctions lying near
bassoon-positive rod spherules. In contrast, Cx36 showed little co-localization with
densely distributed ZO-1 at the base of cone pedicles, indicating the presence of ZO-1 in
cellular processes or subcellular structures other than gap junctions containing Cx36 at
this location. Association of ZO-1 with Cx36 at spherules was seen as complete overlap
of immunofluorescence labelling for these proteins at individual puncta. Similarly, in
previous studies, the presence of two different connexins mediating heterotypic coupling
at gap junctions was observed as total overlap of immunofluorescence labelling for these
connexins at individual gap junctions (Rash et al., 2001; Nagy et al., 2001, 2003; Li et al.,
2004b). Thus, the absence of such total overlap between ZO-1 and Cx57 at rod spherules
and cone pedicles indicates lack of association of these proteins. Further, absence of total
immunofluorescence overlap of Cx57 with Cx36 at individual puncta, together with Cx57

expression restricted to horizontal cells and reports showing absence of Cx36 in these
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cells (Deans and Paul, 2001; Feingespan et al., 2004), indicate that these two connexins
do not form heterologous, heterotypic gap junctions with each other. This is consistent
with findings that horizontal cells are coupled via gap junctions only to each other

(McMahon et al., 1989; Vaney, 1993; Weiler et al., 1999, 2000; He et al., 2000).

Cx57 localization at rod spherules

In rodent retina, a single class of dendrite- and axon-bearing horizontal cells lie
postsynaptic to photoreceptors (Suzuki and Pinto, 1986; He et al., 2000). The axons
make synaptic contacts exclusively with rod spherules distributed throughout the
OPL, and dendrites make synaptic contact exclusively with cone pedicles occupying
the inner most portion of the OPL (Dowling and Boycott, 1966; Kolb, 1974; Raviola
and Gilula, 1975). Rod spherules contain a particular geometrical arrangement of
postsynaptic elements that invaginate into the spherule. In contrast to long held
views (Missotten, 1965), recently 3-dimensional serial reconstruction analysis has
revealed that spherules in human, monkey and cat retina contain what was defined
as two “ribbon synaptic units”, with each unit consisting of a rod photoreceptor
presynaptic ribbon associated with a trough-shaped arciform density, two laterally
apposed elements formed by horizontal cell axons and one or more central elements
of bipolar cell dendrites (Migdale et al., 2003). Immunolabelling of bassoon
associated with the arciform density at the base of spherule synaptic ribbons often
appears as a single crescent-shaped structure (Brandstitter et al., 1999; Haverkamp
et al., 2001). This is consistent with observations that the two ribbons associated

with each of the “ribbon synaptic units” lie roughly in the same plane, and that two
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arciform densities partly circumventing the more centrally located elements were
sometimes separated by only small gaps (Migdale et al.,, 2003), that may be
unresolved here by LM immunofluorescence.

Our results revealed a remarkable association of Cx57 with spherules, specifically
showing a single Cx57-positive puncta very often immediately adjacent to a bassoon-
labelled ribbon synapse. This arrangement suggests the presence of Cx57 within gap
junctions at the tips of horizontal cell axons invaginating the spherules. If mouse
spherules, like other species, also contain two ribbon synaptic units, each with a pair of
laterally apposed horizontal cell axons, then our observation of a single Cx57-puncta
within spherules suggests that gap junctions linking these axons, in some as yet unknown
combinations, occur within very close proximity to each other, below the resolution (200
nm) of LM immunofluorescence. A possible site for these junctions is where the ends of
the two lateral axons of one “ribbon synaptic units” abut those of the other unit, where
the abutment corresponds to a gap in the arciform density evident in retinal spherules of
cat and monkey (Migdale et al., 2003). Previous studies demonstrating tracer-transfer
between axon terminals of horizontal cells in mammalian retina support the occurrence of
gap junctions between these axons (Vaney, 1993; He et al., 2000). Moreover, small gap
junctions (0.1 um) have been observed between unidentified processes within spherules
of monkey retina (Raviola and Gilula, 1975), and these processes were likely horizontal
cell axons, since none of the other elements in spherules express either Cx57 or Cx36 that

could potentially form these intra-spherule junctions.

Cx36 and ZO-1 at rod spherules
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In the OPL, electrical coupling via gap junctions occurs between rod-rod, cone-cone and
rod-cone photoreceptor cells (Raviola and Gilula, 1973, 1975; Nelson, 1977; Hornstein et
al., 2004; Tuskamoto et al., 2001; Li and DeVries, 2004). In particular, it has been
reported that gap junctions are formed between rod spherules, between rod soma and
spherule, and between rod spherule and rod axons (Tuskamoto et al., 2001). In addition,
the base of each rod spherule forms two gap junctions with terminal cone processes that
contact opposite sides of the spherule invagination (Tuskamoto et al., 2001). Although
still controversial, there is evidence for the expression of Cx36 in rods, cones or in both
of these cell types (Deans et al., 2002; Lee et al., 2003; Feigenspan et al., 2004; Dang et
al., 2004). Our results showing a high degree of Cx36/Z0-1 co-localization at what were
inferred to be rod spherules, based on the similar close proximity of two Cx36-puncta and
two ZO-l-puncta to bassoon, was consistent with the near identical close spatial
association of Cx57 with both Cx36 and ZO-1 at spherules. The set of two Cx36-puncta
we observed in close proximity to each bassoon-positive spherule conforms to
descriptions of two gap junctions at the base of spherules (Tuskamoto et al., 2001), with
Cx36 present in either or both spherules and cone processes, as previously discussed
(Deans et al. 2002; Lee et al., 2003; Feigenspan et al., 2004). In addition, the innermost
rod spherules in OPL (5-20% of all rods) form flat contacts with dendrites of OFF-cone
bipolar cells (Hack et al., 1999; Tuskamoto et al., 2001; Li et al., 2004c), which express
Cx36 (Feigenspan et al., 2004), and may also contribute a small fraction of the observed

Cx36 association with spherules.

Cx57 and Cx36 at cone pedicles




The synaptic endings of cone pedicles in mouse retina contain on average ten rib‘bon
synapses (Tsukamoto et al., 2001), with invaginating dendrites of horizontal cells
forming the lateral elements and bipolar dendrites forming the central elements of each
ribbon synaptic complex. Neighbouring horizontal cells are known to be coupled by gap
junctions, which were sometimes located between their dendrites at the base of cone
pedicles (Raviola and Gilula, 1975; Kolb, 1977; Weiler et al., 1999; He et al., 2000). Our
results showing that multiple Cx57-puncta were nearly always associated with bassoon at
the inner margin of OPL suggest that the majority of the gap junctions formed by Cx57
between horizontal cell dendrites are located at sites of cone pedicles. Further, the
presence of Cx57 immediately adjacent to and beneath bassoon, and the presence of
albeit more sparsely distributed Cx36 immediately adjacent to and beneath Cx57,
suggests a laminar arrangement of elements containing these proteins at the base of cone
pedicles. It is possible that Cx57 is contained in an abundance of gap junctions between
horizontal dendrites that invaginate cone pedicles, and Cx36 in homologous gap junctions
between dendrites of OFF-cone bipolar cells as previously shown (Feigenspan et al.,

2004).
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Table 1. Antibodies used for immunohistochemistry

Antibody Type Species  Epitope*; Designation Dilution Source
Cx36 polyclonal rabbit c-terminus; 36-4600 1 pg/ml Zymed
Cx36 monoclonal mouse mid-region; 37-4600 3 ug/ml Zymed
Cx57 polyclonal rabbit mid-region; 40-5000 2 ng/ml Zymed
Cx57 polyclonal rabbit c-terminus; 40-4800 2 pg/ml Zymed
Z0-1 polyclonal rabbit aa 463-1109; 61-7300 1.25 pg/ml Zymed
Z0-1 monoclonal mouse aa 334-634; 33-9100 4 ng/ml Zymed
bassoon monocional mouse aa 738-1035; VAM-PS00  1:1000 Stressgen
calbindin  monoclonal  mouse whole protein; C-9848 1:500 Sigma

*aa, amino acids

90




Table 2. Measurements of immunolabelled elements associated with spherules

structures measurement (pum)

bassoon arciform length 1.55+0.06 (15)
Cx57 puncta diameter 0.78 £0.02 (15)
Cx36 puncta diameter 0.32+0.01 (15)
bassoon to Cx57 distance 0.37+0.02 (22)
bassoon to Cx36 distance 0.62+0.02 (42)
Cx57 to Cx36 distance 0.48 +£0.02 (38)

Values represent means = S.E.M of the number of measurements indicated in parentheses. Distances
were measured from the center-to-center of individual immunolabelled puncta, and from the apex of

bassoon-positive arciform structures to the centers of puncta
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Fig. 1. Low magnification immunofluorescence micrographs of labelling patterns with
two different polyclonal anti-Cx57 antibodies and with anti-Cx36 antibody in fluorescent
NeuroTrace Nissl counterstained vertical sections of mouse retina. (A,B) Section
showing labelling of Cx57 with antibody 40-5000 (A), and the same Nissl stained section
(B) showing retinal cell layers. Ganglion cell layer, GCL; inner nuclear layer, INL; outer
nuclear layer, ONL; outer plexiform layer, OPL. Labelling of Cx57 is seen as continuous
linear strand of puncta restricted to the OPL (arrows). (C,D) Immunolabelling of Cx57
with antibody 40-4800 (C) in a Nissl counterstained section (D), showing similar
distribution of Cx57 in the OPL (arrows) as obtained in A. (E,F) Higher magnification
showing labelling of Cx57 with antibody 40-4800 in OPL of retina from a WT mouse
(E), and absence of labelling with this antibody in OPL of retina from a Cx57 KO mouse.

Scale bars: A-D, 100 pm; E,F, 20 pm .
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Fig. 2. Comparison of labelling for Cx57 in retina of WT and Cx36 KO mice. (A,B)
Immunolabelling of Cx36 with antibody 37-4600 (A) in a Nissl counterstained section
(B). Punctate labelling is densely distributed in the inner part of IPL (large arrowhead),
moderately in the outer part of IPL (small arrowhead), and sparsely in the OPL (arrows).
(C,D) Laser scanning double immunofluorescence of the same field showing the
distribution of punctate labelling for Cx57 (C) and Cx36 (D) in a near vertical section
through the OPL of retina from a WT mouse. (E,F) Confocal double immunofluorescence
of the same field showing punctate labelling for Cx57 (E) and an absence of labelling for
Cx36 (F) in a vertical section through the OPL of retina from a Cx36 KO mouse.
Although shown at slightly different plane of section through retina, no discernable
difference in patterns or density of labelling for Cx57 was observed in retina from WT

and Cx36 KO mice. Scale bars: A,B, 100 pm; C-F, 10 pm.
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Fig. 3. Localization of Cx57 in relation to calbindin-positive neurons in mouse retina.
(A,B) Low magnification double immunofluorescence in the same field of a vertical
section showing a continuous band of labelling for Cx57 restricted to the OPL (A,
arrows), and calbindin-positive cell bodies just beneath this band at the outer edge of the
INL (B, arrows). (C,D) Double immunofluorescence confocal micrograph of the same
field showing dispersed punctate labelling of Cx57 in the OPL (C), and calbindin-
positive horizontal cell bodies (D, arrows) in the INL, with their processes and punctate
appendages distributed in the OPL. Some Cx57-immunopositive puncta overlap with
calbindin-positive puncta in the OPL (corresponding arrowheads). Scale bars: A,B, 100

um; C,D, 10 um.
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Fig. 4. Confocal double immunofluorescence comparing the distribution of Cx57 and
Cx36 in the OPL of mouse retina. Sections were labelled with polyclonal anti-Cx57 40-
4800 and monoclonal anti-Cx36 37-4600. (A,B) Double immunolabelling in vertical (A)
and near vertical (B) sections. Labelling of Cx57 appears as dispersed puncta throughout
OPL (Al, arrows), and as intermittent bars in the inner OPL (Al, arrowheads). In the
same field, labelling of Cx36 is similarly distributed, and is often seen adjacent to the
Cx57-positive bars (A2, arrowheads), as seen in overlay (A3, arrowheads) and at higher
magnification in inset (A3). In double-labelled sections tilted slightly off the vertical
plane, Cx57-positive bars appear as round aggregates of puncta (BI, arrowheads),
intermingled with fewer Cx36-positive puncta (B2, arrowheads), as seen in overlay (B3,
arrowheads). (C,D) Higher magnifications showing Cx57 in relation to Cx36 in
horizontal sections through OPL. Round aggregates of Cx57-positive puncta (CI,
arrowheads) display largely a lack of overlap with Cx36-positive puncta associated with
these aggregates (C2, arrowheads), as seen in overlay (C3, arrowheads). Dispersed Cx57-
positive puncta located outside of the round aggregates (D1, arrows) rarely show co-
localization with Cx36, but are often seen closely adjacent to Cx36-positive puncta (D2,
arrows), as seen in overlay (D3, arrows) and at higher magnification in inset (D3). Scale

bars: A-C, 10 um; D, 20 pm.
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Fig. 5. Laser scanning confocal double immunofluorescence comparing the localization
of Cx36 and Cx57 to that of ZO-1 in OPL of mouse retina. (A,B) Double labelling with
polyclonal anti-Cx36 (A1,B1) and monoclonal anti-ZO-1 (A2,B2) in vertical (A) and
horizontal (B) sections through the OPL. Labelling of Cx36 (A1) and ZO-1 (A2) display
similar distributions in the OPL, but with ZO-1 more intensely localized to short bars of
puncta (A2, arrowheads). Dispersed puncta show a high degree of Cx36/Z0-1 co-
localization, as seen by yellow in overlay (B3). (C,D) Double labelling in vertical (C) and
horizontal (D) sections showing Cx57 and ZO-1 in the OPL (C), their presence in round
aggregates of puncta (D, arrowheads), and their close proximity along immuno-positive
bars in the inner OPL (C3, insert) and among dispersed puncta (D, arrows). (E,F) Higher
magnification of double-labelled horizontal sections through the OPL showing Cx36/Z0-
1 co-localization of dispersed puncta (E, arrows), sparse association of Cx36 with round
aggregates of ZO-1-positive puncta (E, arrowheads), and close proximity of punctate
labelling for Cx57 (F1) and ZO-1 (F2), shown in overlay (F3, arrows) and at higher

magnification (F3, inset). Scale bars: A,C,D, 10 um; B,E,F, 20 pm.
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Fig. 6. Low magnification immunofluorescence labelling of Cx57 and Cx36 in relation to
the nerve terminal marker bassoon in vertical sections of mouse retina. (A,B) Double
immunofluorescence showing a correspondence of labelling for Cx57 (A, arrows) and
bassoon (B, arrows) in the OPL, and dense labelling of bassoon in IPL (double arrows),
which is devoid of Cx57. (C,D) Double immunofluorescence showing a correspondence
of labelling for Cx36 (C, small arrows) and bassoon (D, small arrows) in the OPL. Dense
punctate labelling of Cx36 is seen in the inner IPL (C, large arrows), and sparse Cx36
labelling is seen in the outer part of the IPL (C, double arrows). Areas devoid of labelling

for bassoon (D) represent tears in the section. Scale bars: 10 pm.
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Fig. 7. Laser scanning confocal double immunofluorescence of Cx57 and Cx36 in relation to
bassoon in the OPL of mouse retina. (A) Vertical section showing close spatial relationship
between bassoon-positive synaptic ribbons and labelling of Cx57 at rod spherules (dispersed
puncta, arrows), and at cone pedicles (bars of aggregated puncta, arrowheads) shown at higher
magnification in inset (A3). (B,C) Medium (B) and high (C) magnifications of horizontal sections
through the OPL double labelled for Cx57 and bassoon. Rosette arrangements of bassoon-
positive puncta representing cone synaptic ribbons (B, arrowheads, and B3, overlay) as seen
associated with dense aggregates of Cx57-positive puncta (B2, arrowheads), with minimal
Cx57/bassoon co-localization in these rosettes (C, arrowheads). (D) Double labelling in a
horizontal section through OPL showing lack of co-localization between bassoon-labelled cone
pedicles (D1, arrowheads) and Cx36-positive puncta (D2, overlay D3, arrowheads). (E) Higher
magnification of double-labelling for Cx57 (with antibody 40-4800) and bassoon in overlay
showing bassoon-positive ribbon synapses in rod spherules appearing as punctate half circles
(arrows), and labelling of Cx57 often appearing as round puncta (arrows) partly encompassed by,
but lacking total overlap with, labelling of bassoon (arrows, shown magnified in inset). (F)
Higher magnification of double-labelling for Cx57 (with antibody 40-5000) and bassoon in
overlay showing similar results as that in F, with bassoon-positive ribbon synapses partly
encompassing labelling for Cx57 (arrows, shown magnified in inset). (G) Higher magnification of
bassoon-positive rod spherules and Cx36 showing close spatial association of often two Cx36-
positive puncta with each bassoon-positive spherule (arrows, shown magnified in inset). Scale

bars: A,B,E-G, 10 pm; C,D, 20 pm.
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Fig. 8. Diagrammatic representation of a rod terminal spherule. A, Spherule. B, Spherule
invagination containing central and lateral elements, shown enlarged relative to the
volume actually occupied by the invagination (Migdale et al., 2003). C, Central dendritic
elements. D Two pairs of horizontal cell axon lateral elements (pair 1,2, and pair 3,4),
with apposition of each adjacent pair (front to back) forming a ribbon synaptic unit, and
some degree of presumptive apposition of elements in one unit with elemements in the
other units (left to right). E,F, Synaptic ribbons (E) and arciform active zone (F), shown
with a break (not evident in images) to indicate these structures as separate constituents
of the left and right ribbon synaptic units. G, Processes from cone pedicles forming gap
junctions (arrows) containing Cx36 at the base of spherule. H,I, Presumptive locations of
Cx57-containing gap junctions at appositions between lateral axons either within a ribbon
synaptic unit (H, asterisks), or between lateral axons of one unit and those of the other (I,
asterisk). In this 2D-diagram, the synaptic ribbon is shown en face and was therefore
placed above the spherule invagination, but would typically be located within a furrow
running between the pairs (1,2 and 3,4) of lateral elements within each ribbon synaptic

unit,
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VII. GENERAL DISCUSSION
Electrical coupling through gap junctions is widespread in retina, and it has been
shown that the intercellular communication is the key element in retinal information
processing (Vaney, 1994, 1996; Cook and Becker, 1995; Baldridge et al., 1998;
Vaney et al.,, 1999; Weiler et al.,, 1996). The earliest evidence came from
ultrastructural observations and showed gap junctions between photoreceptors
(Raviola and Gilula, 1973); between horizontal cells (Raviola and Gilula, 1975;
Kolb, 1977), between bipolar cells (Kolb, 1979; Marc et al., 1988; Cohen and
Sterling, 1990), between AIl amacrine cells and some types of ON-cone bipolar
cells (Famiglietti and Kolb, 1975; Cohen and Sterling, 1990; Strettoi et al., 1992)
and between ganglion cells and wide-field amacrine cells (Penn et al.,1994; Jacoby
et al., 1996). Electrophysiological recordings as well as dye and tracer coupling
experiments provided support for many of the previous findings, and in addition,
suggested evidence of gap junctions between ganglion cells (Mastronarde, 1983).
With the discovery and characterisation of electrical coupling in most neuronal
structures of the retina, questions were raised as to the exact nature of the
mechanisms responsible for such a coordinated neuronal activity. Retina is a good
example in illustrating the importance of interneuronal communication in the overall
process of vision regulation.

In order to be able to understand retinal functions, a detailed analysis of the proteins
expressed here, their cellular and subcellular localization as well as their interaction
capabilities is required. In the search for the anatomical substrate and molecular

interaction of such proteins, the purpose of the current studies was to further investigate
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major neuronal connexins (Cx36, Cx45 and Cx57) expressed in mouse retina, and the
connexin-associated proteins believed to modulate the regulation of gap junctional
communication.

Cx57, Cx45 and Cx36 expression in retina

Following identification and characterization of Cx57 in mouse retina (Manthey et
al., 1999), lacZ reporter gene analyses indicated that horizontal cells express the gap
junction forming protein Cx57 (Hombach et al., 2004). Furthermore, it has been
reported that in Cx57-defective mice, 99% of tracer coupling between horizontal
cells was abolished, indicating that Cx57 is probably the major connexin expressed
in this cell type. Previous studies done in mammals showed presence of gap
junctions between axons and between dendrites of horizontal cells but failed to
provide additional information as to their exact subcellular distribution (Raviola and
Gilula, 1975; Kolb, 1977; Vaney, 1993; He et al., 2000). Here, by employing newly
developed anti-Cx57 antibodies, we were able to show for the first time using
immunoflourescence approaches, the presence of Cx57 protein in mouse horizontal
cells. Our results showed a remarkable association of a single, large Cx57-positive
puncta with rod spherules and cone pedicles, indicating its presence within gap
junctions probably at the tips of horizontal cells axons and dendrites (invaginating
the spherules and the pedicles, respectively). These results indicate the appositions
between lateral elements either within a ribbon synaptic unit or between lateral
elements of one unit and those of the second unit as possible locations of Cx57-

containing gap junctions. Extensive EM analyses are further required to investigate
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these presumptive locations, as well as to quantify the number of Cx57-containing
gap junctions present at this location.

Besides its role in forming GJIC between HC terminal processes, the
functional/physiological contribution of Cx57 in retina is not completely
understood. It has been shown that the development and the morphology of
horizontal cells are not affected in Cx57-deficient mice, but lack of Cx57 expression
leads to a premature onset of horizontal cells migration, therefore indicating that
Cx57 is involved in the regulation of horizontal cell patterning.(Hombach et al.,
2004).

A fundamental characteristic of the first synapse in the retina is a negative
feedback pathway from the second order neurons to the cones (O’Bryan, 1973;
Dowling, 1987, Wu, 1991), having as an effect the adjustment of light stimuli
properties. Feedback to the cones is now proposed to occur by means of electrical
synapses consisting of gap junctions thought to be formed between horizontal cell
lateral elements invaginating photoreceptor terminals at triad ribbon synapses.
Feedback signals from the IPL are transmitted via substances like dopamine, which
activates D1 and D2 dopamine receptors distributed throughout retina. Dopamine
causes the gap junctions among horizontal cells to become uncoupled, therefore
reducing the size of their receptive fields. The presence of gap junctions at pedicle-
as well as spherule-invaginating lateral elements further suggests the involvement of
horizontal cells in retinal adaptation to stimuli under bright light and/or dim light
conditions through, processing of visual information coming from both rods and

cones.
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The identification and characterisation of the remaining connexin genes expressed in
mouse horizontal cells is key for a complete understanding of the properties of gap
junctions present at this level, and it would provide further information for understanding
the characteristics and functions of horizontal cells.

In the mouse retina, we found Cx36 in both synaptic layers, which is consistent with
previous studies (Feigenspan, 2001, 2004; Lee et al., 2003; Li et al., 2004a). Presence of
Cx36 in IPL was initially attributed to AIl amacrine cells (Mills et al., 2001; Feigenspan
et al., 2001). Comparing the pattern of labelled AIl amacrine cell dendrites with that of
Cx36, it was suggested that Cx36 staining originates from at least one additional cell
population. A recent report (Schubert et al., 2005) showed that alpha-ganglion cells also
express Cx36, which explains the presence of Cx36-positive puncta in the OFF-
sublamina of IPL, which do not associate with the lobular appendages of AIl amacrine
cells present at that level (Feigenspan et al., 2001).

In OPL, the identity of all connexin proteins present at gap junctions between
photoreceptor cells of the mammalian retina is largely unknown. So far, Cx36 was
identified at cone pedicles (Lee et al., 2003; Feigenspan et al., 2004) while Deans (2002)
showed that Cx36 was abundantly expressed in rods. Also, it has been shown that
dendrites of OFF-cone bipolar cells express Cx36 (Feigenspan et al., 2004).

The physiological function of Cx36 has so far been only studied in AIl amacrine cells.
Here, Cx36-containing gap junctions mediate visual processing in its very early stage,
being directly involved in the interaction between rod and cone systems. The role of
Cx36 in visual transmission was examined by using Cx36-deficient mice (Giildenagel et

al., 2001) and electroretinogram (ERG) recordings, which indicated a decrease in the b-
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wave amplitude, leading to impairment of visual signal transmission under scotopic
conditions.

By its presence in different types of neurons, Cx36 is an essential element of all three
rod pathways known so far. In the primary pathway, rod bipolar cells receive input from
rods and transmit the signals to AIl amacrine cells, which are responsible for transmitting
rod signals to the cone pathway by electrical synapses involving Cx36. The second rod
pathway uses the Cx36-positive gap junctions between rods and cones (Raviola and
Gilula, 1973) for the rod signal to enter the ON- and OFF-cone bipolar cells. For the third
rod pathway, (Hack et al., 1999, 2001, Tsukamoto et al., 2001), it was proposed that
Cx36-positive OFF-cone bipolar cells directly contact 5-20% of the rod terminals and are
responsible for transmitting rod signals to ganglion cells.

Another important result of our studies was to employ newly developed Cx45
antibodies to confirm Cx45 protein expression in IPL of retina. Furthermore, we show
Cx36/Cx45 co-localization, confirming the results obtained by Maxeiner et al (2005).
Using two lines of Cx45-deficient mice, they showed that Cx45 is a neuronal connexin
expressed by ON- and OFF-cone bipolar cells and amacrine cells, the latter of which are
different from AII type that do not express Cx45 (Maxeiner et al., 2005).

By its presence at Cx36/Cx45 heterotypic gap junctions formed between AIl amacrine
cells and ON-cone bipolar cells, Cx45 is an essential element of the first rod pathway,
and it has been shown that deletion of Cx45 in mouse retinal neurons disrupts this
pathway, leading to impaired visual transmission (Maxeiner et al., 2005). Because the
subcellular localization of Cx45 is not known, a functional role for Cx45 in OFF-bipolar

cells and amacrine cells is difficult to assign.
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Also, it has been shown that gap junctional coupling between these two cell types
forms the basis of neurotransmitter coupling (Vaney et al., 1998), with glycine being
transported from the glycinergic AIl cells to ON-cone bipolar cell by means of gap
junctions established between these cells. In Cx36- and Cx45-deficient mice (Giildenagel
et al., 2001; Maxeiner et al., 2005), it was demonstrated that the level of glycine in ON
cone bipolar cell is highly reduced, clearly indicating that both Cx36 and Cx45
participate in the formation of functional heterotypic gap junctions between these two
types of neurons.

The study of retinal connexins is currently in progress, with the identity of all the
connexin proteins expressed as well as the exact cellular types expressing them still
needing further clarification.

The rigorous characterization of connexin-deficient mice can help us understand
and learn a lot about the function of these intercellular channels in mammals and in
retina in particular. Furthermore, these mouse models could be used for studying the
physiological consequences of inherited connexin-defects in patients.

Z0-1 and ZONAB at retinal gap junctions

Initially, ZO-1 has been described in a wide variety of tissues at tight junctions
(Stevenson et al., 1986; Gonzales-Mariscal et al., 2003). Also, its presence has been
identified at adherens junctions (Itoh et al., 1991, 1993; Howarth et al., 1992) as well as
at gap junctions between cells in vivo and in vitro, where ZO-1 has been shown to
interact with various connexins (Giepmans et al., 1998; Toyofuku et al., 1998; Kausalaya
et al., 2001; Laing et al., 2001; Kojima et al., 2001; Giepmans et al., 2001; Nielsen et al.,

2001, 2002, 2003; Li et al., 2004a,b,c; Penes et al., 2005). Among all the connexins
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known to interact with ZO-1, only Cx36 binds to the first PDZ domain (Li et al.,
2004a,b), whereas the others (Cx30, Cx31.9, Cx43, Cx46, Cx47, Cx50) bind exclusively
to the second PDZ domain of ZO-1. The significance of connexin/ZO-1 interaction as
well as the exact implications of connexins binding to first or second PDZ domain have
not been elucidated yet. A better assessment of ZO-1 functions in retina could be
achieved by modifications of the PDZ binding motifs of connexins shown to associate
with ZO-1 at this level or by blocking the corresponding PDZ domain at the ZO-1
molecule. This could show whether binding to ZO-1 is important in the early stages of
connexin trafficking or assembly and whether the cells expressing these connexins can
still form functional channels with their neighbors.

In our studies we showed that in retina ZO-1 is widely expressed in IPL and OPL. In
IPL, consistent with our previous study (Li et al., 2004a), ZO-1 was found to co-localize
with Cx36. Moreover, by immunofluorescence and co-IP, we demonstrated that Cx45
associates with ZO-1 and interacts with its second PDZ domain. Our demonstration that
only a small proportion of Cx36- and of Cx45-positive puncta participate in forming
heterotypic gap junctions and that Cx36 and Cx45 are not expressed by the same cell
type, co-association of ZO-1 with each of these proteins indicates its expression in alpha-
ganglion cells, AIl amacrine cells, ON- and OFF-cone bipolar cells, as well as in other
Cx36- or Cx45- positive cell types which have not yet been identified. Furthermore, we
observed that the numerous ZO-1-positive puncta in IPL outnumbered the Cx36- and
Cx45-positive puncta, suggesting that besides its association with these two proteins, ZO-

1 is present at other structures as well as gap junctions composed of different, yet
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unknown connexins in retina, which could be either expressed in different neuronal types
or in glia.

In OPL, co-localisation of ZO-1 and Cx36 was present as expected (Li et al., 2004),
but it was restricted to Cx36-positive puncta associated with the rod spherules. At cone
pedicles, co-association between ZO-1 and Cx36 was very rare, suggesting a possible
association of ZO-1 with different cell types and subcellular structures present in the
OPL, besides the Cx36-expressing cells.

In our attempt to determine whether Cx57 is another ZO-1-interacting connexin, we
demonstrated that only minor co-localization can be established between the two.

Furthermore, knowing that at tight junctions ZO-1 is associated with numerous
proteins (Gonzales-Mariscal et al., 2003) and that ZO-1 is present at gap junctions, we
investigated the possibility that some of these proteins are also expressed at gap
junctions. One of these proteins is ZONAB, a Y-box transcription factor that has
previously been reported to interact with the SH3 domain of ZO-1 at tight junctions in
canine MDCK cells (Balda and Matter, 2000; Balda et al., 2003). Our results clearly
indicate presence of ZONAB in IPL and OPL of retina, and we show a high degree of co-
localization between Cx36 and ZONAB in both plexiform layers, whereas Cx45 showed
minimal and Cx57 no co-localization with ZONAB.

In Cx36 KO mice, ZO-1/ZONAB co-localized puncta persisted in IPL, especially in
the outer part of the layer, in a pattern matching that in wild type mice, suggesting the
possible association of these proteins with gap junctions composed of an as yet

unidentified connexin. Further ultrastructural analyses in retina of Cx36 KO mice as well
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as detailed molecular studies are required to establish the presence and association of ZO-
1/ZONAB with these junctions.

Also, future characterization of functional proteins interacting with connexins and/or
Z0-1 in retina could provide additional information as to possible regulatory mechanisms
of retinal gap junctions that would have implications regardind the regulation of retinal
development and function. Developmental studies could be used to examine changes in
Z0-1/ZONAB/Cx expression during embryogenesis and after birth, and their possible

involvement in key regulatory events.
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