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ABSTRACT

Electrical synapses, known as gap junctions, are critical to neuronal
synchronization and signal transmission. Gap junctions are composed of two docked
hemichannels, each consisting of single protein subunits called connexins. Regulation
and function of connexins are vital for the plasticity of the electrical synapses. Connexin
regulation is dependent on their interacting partners as they affect turnover and channel
properties. Here we explored the functional relevance of the interaction between mouse
Connexin 36 (Cx36), major neuronal connexin, and mouse Caveolin-1 (Cav-1) in the
Neuro 2a cell line. Cav-1 is known to mediate the endocytosis of membrane proteins,
therefore its role in trafficking of Cx36 was explored. Together results showed that
Cx36/Cav-1 interaction selects for the rapid calcium and caveolin dependent endocytosis
and is critical for the internalization of Cx36.

Another means for regulating connexin function is through their ability to
oligomerize with different connexin isoforms to form heteromeric and heterotypic
channels. The oligomerization capabilities between zebrafish Cx35b, an orthologue of
mouse Cx36, and a novel zebrafish connexin, Cx27.5, were explored in Neuro 2a cells.
The co-localization of Cx36/35b and Cx27.5 was also investigated in the zebrafish retina,
as its high organization allows to study the gap junction connections between different
cell types. Data showed that oligomerization of Cx35b and Cx27.5 led to a formation of
distinct channels which potentially allow for specialized intercellular connection between
different cell types.

Cx27.5 is a novel connexin, and its functional relevance remains unknown.
Previously reported expression in the zebrafish retina and co-localization with Cx36/35b
further reinforced the hypothesis that the Cx27.5 function could be critical for visual
processing. The protein and mRNA expression profile of Cx27.5 showed high expression
in the brain and retina, specifically, the inner plexiform layer. By employing a Cx27.5
knock-out zebrafish line, the role of Cx27.5 in visual processing was investigated. The
results proved Cx27.5 to be an essential player in the signal transmission and network
connectivity of the zebrafish retina, as well as the perception of directional motion. In
summary, the findings in this thesis describe the multifaced molecular mechanisms that
underlie the function and regulation of neuronal connexins.
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Chapter 1. Introduction

1.1. Communications in the Nervous System

Communication between two neurons occurs at specialized cellular regions called
a synapse. Electrical and chemical transmission represent the two modes of synaptic
transmission and are known to co-exist within the same networks (Figure 1.1). Both types
of transmission are critical for neuronal synchronization. While chemical synaptic
transmission is a more common mode behind neuronal signaling, electrical coupling of
neighbouring neurons has been demonstrated as much as 50 years back (Mastronarde,
1983; A. Watanabe, 1958).

Chemical synapses operate by transferring information through the
neurotransmitter release from one cell and further detection by the adjacent cell (Gibson
et al., 1999). While electrical synapses also allow for the passage of small molecules
through the gap junction channels, they are unable to amplify and transform presynaptic
signals. This feature is reserved for the chemical synapses. However, unlike chemical
synapses, electrical synapses are bidirectional, which allows for activity coordination of
large networks of coupled neurons (M. V. L. Bennett & Zukin, 2004).

In the case of electrical synapses, adjacent cells are connected through the
intercellular channels known as gap junctions. Each channel comprises of six protein
subunits called connexins (M. V. L. Bennett & Zukin, 2004). While the connexin family
accounts for over 20 different isoforms (Goodenough & Paul, 2009), only a few connexins
are expressed in neurons. These include connexin 36 (Cx36), connexin 45 (Cx45),
connexin 50 (Cx50), connexin 30.2 (Cx32) and connexin 31.1 (Cx31.1) (Pereda et al.,

2013; Shimizu & Stopfer, 2013; Sohl et al., 2005). The diversity of the neuronal connexins

14



has been most investigated in the retina due to its high organization and interconnection
between different cell types (Bloomfield & Volgyi, 2009). Because of its ubiquitous
expression, Cx36 is considered the main neuronal connexin (Condorelli et al., 2000).
However, while the electrical transmission is significantly reduced in Cx36 knock-out
mice, low coupling levels can still be detected, suggesting that other connexin isoforms
might also be vital for the neuronal connections (Curti et al., 2012; S. C. Lee et al., 2010).

Understanding the details of gap junction regulation remains an important aim for
future research. Future studies can help to further explain the crucial role of gap junctions
in neuronal interconnection and signal processing, with the retina remaining a vital

resource for this venture.

Electrical Synapses vs. Chemical Synapses

Electrical Chemical
Synapse Synapse
Presynaptic4—————— *———— | Presynaptic
neuron neuron
‘ /—-——Syna tic
Gap4—o vesicle
junctioﬁ ST WA R — Synaptic
R -.""‘ cleft
I A
LSRR L1
Postsynaptic§—= - *—— Postsynaptic
neuron - ~ s N neuron
- N P N
I ~ < ~
~
s ~ - >
7 ~ 7’ N
Pl I

» O————1 Neurotransmitter

— lons

. - ™ L ]
lons—4—. ¢ - .
* L
. L

.

Figure 1.1. Comparison between electric and chemical synapses. Electrical
transmission (right) is mediated by intercellular channels called gap junctions. Gap
junctions connect presynaptic and postsynaptic neurons allowing the bidirectional

15



transfer of electrical currents (ions). Chemical transmission (left) relies on the
neurotransmitter release from the presynaptic neuron, which is up taken by the channels
in the postsynaptic neuron. The image was created with BioRender.com.

1.2. Gap Junctions/Connexins

1.2.1. Structure

Connexins are the building blocks of the intercellular channels known as gap
junctions. Oligomerization of six connexins results in a formation of a hemichannel which
is referred to as a connexon. Two of these connexons on the adjacent cells dock to each
other forming gap junction channels. These channels allow for the passage of ions,
second messengers, metabolites, and nucleotides up to 1 kDa in size (Evans & Martin,
2002). Some connexins also function as hemichannels and allow for the exchange of
molecules between the extracellular space and cell interior (Paul et al., 1991; Windoffer
et al., 2000). Hemichannels also allow for the passage of small molecules into the cell
and are often gates by the cations (De Vuyst et al., 2006; Verselis & Srinivas, 2008).

Each connexin protein contains four transmembrane domains, amino and carboxy
termini, and an intracellular loop localized on the cytosolic side of the membrane, and two
extracellular loops (Verselis & Srinivas, 2008) (Figure 1.2). The amino acid makeup and
length of the carboxy terminus and intracellular loop define the extensive variability
between different connexin isoforms. On the contrary, the four transmembrane regions,
the two extracellular loops, and the amino terminus are often considerably conserved
between different connexin proteins.

Thus far, 21 different connexin isoforms have been identified in humans (Sohl &

Willecke, 2004). While some connexins show a ubiquitous expression pattern, others are
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restricted to specific tissues or cell types. The connexin channels composed of different

connexins often exhibit vast differences in electrophysiological capabilities.

EL1 EL2

NT
CT

Figure 1.2. Transmembrane topology of a single connexin subunit. Each connexin
possesses the following conserved regions: four transmembrane domains (TM), two
extracellular loops (EL), one intracellular loop (IL), carboxy terminus (CT), and amino
terminus (NT). The image was created with BioRender.com.

1.2.2. Trafficking and Oligomerization
1.2.2.1. Synthesis

The majority of connexin isoforms are co-translationally inserted into the
endoplasmic reticulum. However, some connexin isoforms, specifically Cx26, is inserted

into the endoplasmic reticulum membrane post-translationally or even directly into the

plasma membrane (Ahmad et al., 1999; J. T. Zhang et al., 1996).
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Once connexins are checked for the proper conformation, they are transported into
the Golgi apparatus (Koval et al., 1997; Laird et al., 1995; Thomas et al., 2005). After the
Golgi apparatus, connexins are transported via the trans-Golgi network to the plasma
membrane. Cx26, however, follows an alternative route that entirely bypasses the Golgi
apparatus (Diez et al., 1999; P. E. M. Martin et al., 2001).

On their route between the endoplasmic reticulum and Golgi, connexins
oligomerize into hexameric structures, called connexons. The oligomerization site is
believed to be isoform-specific. Cx43 has been shown to oligomerize in the trans-Golgi
network, which is distinct from most other multisubunit integral membrane proteins which
oligomerize in the Golgi apparatus (Koval et al., 1997; Musil & Goodenough, 1993).
Alternatively, Cx32 has been shown to oligomerize at the earlier stage of its trafficking in
the endoplasmic reticulum (Koval, 2006; Sarma et al., 2002).

Depending on their oligomerization patterns, connexins are classified into different
categories. If six identical subunit isoforms oligomerize, they are referred to as homomeric
connexon (Sosinsky & Nicholson, 2005). If six different isoforms oligomerize, the

connexon is referred to as heteromeric (Figure 1.3).
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Homomeric Heteromeric
connexon connexon

Homotypic Heterotypic
channels channels

Figure 1.3. Different oligomerization arrangements of gap junction channels.
Connexins form hexameric hemichannels called connexons. Connexins subunits can
oligomerize with either the same or different isoforms resulting in homomeric or
heteromeric connexons. Channels are formed by the docking of two connexons. When
two identical connexons dock with each other, it is referred to as a homotypic channel.
When different connexons dock, it is referred to as a heterotypic channel. The image was
created with BioRender.com.

1.2.2.2. Assembly

After their assembly in the Golgi apparatus, connexons are delivered to the plasma
membrane, where they laterally diffuse to the periphery of the existing gap junction
plagues. At the membrane, connexons dock with other connexons on the adjacent cell to
form the gap junction channels (Lauf et al., 2002; Maza et al., 2005; Thomas et al., 2005).

The docking is achieved by a so-called “lock and key” mechanism (Perkins et al., 1998;
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Sosinsky & Nicholson, 2005; Unger et al., 1999). The membranes of the two adjacent
cells are separated by an extracellular gap of 2-4 nm, giving rise to the name “gap
junctions” (Goodenough & Revel, 1970; Revel & Karnovsky, 1967).

If two identical connexons oligomerize together, they are referred to as homotypic
channels. Oligomerization of two district connexons leads to the formation of heterotypic
channels (Saez et al.,, 2003) (Figure 1.3). Multiple different connexin isoforms can
oligomerize to give rise to an endless number of varying isoform combinations. Moreover,
connexin composition highly affects the conductance properties of the channel. This
makes a multitude of diverse gap junction channels available for specific cell types. The
ability of connexins to form heterotypic and heteromeric channels might also allow for a
compensating mechanism; when one connexin isoform is lost due to a mutation, another

isoform can form gap junctions in its place.

1.2.2.3. Endocytosis

Unlike many other membrane proteins, connexins possess high turnover rates,
with half-lives ranging between 1 and 5 hours (Fallon & Goodenough, 1981; Hervé et al.,
2007; Laird et al., 1991). The high turnover suggests the importance and tight regulation
of the degradation mechanisms in the life cycle of connexins (Berthoud et al., 2004). The
degradation rate of connexins is controlled during endocytosis and at the level of post-
endocytic sorting of connexins to lysosomes. Under normal conditions, old connexins are
removed from the center of the gap junction via endocytosis, and new connexins are
added laterally to the edges of the existing gap junction plaques (Gaietta et al., 2002; Lauf

et al., 2002). There is also evidence of internalization of the entire gap junction plaques
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(Larsen & Hai-Nan, 1978). In this case, both membranes of the adjacent cells are
internalized, leading to a formation of a double membrane vesicle called a connexosome
(Archard & Denys, 1979; Jordan et al., 2001; Kitson et al., 1978; Larsen & Hai-Nan, 1978;
Nickel et al., 2008; Piehl et al., 2007; Severs et al., 1989; F. H. White et al., 1984).

Like with other membrane proteins, clathrin is recruited to the membrane to
initialize the endocytosis of connexins (Gumpert et al., 2008; Nickel et al., 2008; Piehl et
al., 2007). It is usually distributed in patches and does not cover the entire gap junction
plaque. Clathrin’s recruitment is often mediated by clathrin-adaptors AP-2 and Disabled-
2 (Dab2). Dynamin is also a key player in the initiation of endocytosis of connexins, as it
mediates scission of the vesicle by forming a collar around it (Gilleron et al., 2011;
Gumpert et al., 2008; Piehl et al., 2007). The internalized gap junctions are coated with
actin filaments (Larsen et al., 1979). Other than actin filaments, endocytosis of gap
junctions is also dependent on the actin motor myosin-VI (Piehl et al., 2007).

Following their internalization, connexins are then degraded in lysosomes (Laing
et al., 1997; Leithet & Rivedal, 2004; VanSlyke et al., 2000). However, connexins can
also follow an alternative endocytic pathway, where connexosomes are able to fuse with
lysosomes directly (Murray et al., 1981; Risinger & Larsen, 1983). In the case of Cx43, it
is able to enter lysosomes directly from early secretory compartments (Qin et al., 2003).
Connexin hemichannels are also endocytosed and degraded in the Ilysosomal
compartments (VanSlyke & Musil, 2005).

High dynamic properties of connexins suggest that endocytosis and post-endocytic
trafficking are fundamental mechanisms regulating the number of functional gap junctions

available at the membrane.
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1.2.3. Interacting Partners

Interactions with many regulatory and structural proteins most likely govern the
transport of connexins, their assembly at the plasma membrane as well as channel
properties. Work related to connexin interacting partners has been primarily focused on
Cx43; therefore, this protein has the most comprehensive network of interaction partners

established, which will be discussed below.

1.2.3.1. Cytoskeleton

Like a most connexins, Cx43 has a short half-life of only a few hours (Fallon &
Goodenough, 1981), suggesting that it relies on microfilaments and microtubules for fast
delivery to and from the cell membrane.

Co-immunoprecipitation confirmed the interaction of Cx43 and microtubules,
specifically with a- and B-tubulin (Giepmans, Verlaan, Hengeveld, et al., 2001). The C-
terminal tail was found to be necessary for this interaction with 2*KGVKDRVKGL?43
amino acids identified as a binding site. This binding site is also conserved in other
connexins such as connexin 46 and connexin 41 (Yoshizaki & Patifio, 1995). Cx36 also
binds tubulin; however, the binding occurs through a conserved binding motif, which is
distinct from the motif of Cx43 (Brown et al., 2019). This interaction was shown to be
critical for tubulin-dependent transport of Cx36 and potentiation of synaptic strength by
delivering channels to gap junction plaques.

Cx43 was also shown to co-localize with actin in various cell types (Wall et al.,

2007). However, a direct interaction has been demonstrated between Cx43 and an actin-
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binding protein called drebrin (Butkevich et al., 2004). Drebrin plays a crucial role in
stabilizing Cx43 gap junctions at the membrane and might also serve as a mediator for

the Cx43 and actin interaction.

1.2.3.2. Tight Junctions

Multiple connexins have been shown to interact with zonula occludens-1 (ZO-1)
protein suggesting a tight interplay between the tight junctions and gap junctions. In the
case of Cx43, ZO-1 regulates Cx43-mediated gap junctional communication by altering
its membrane localization (Giepmans, Verlaan, & Moolenaar, 2001; Toyofuku et al.,
2001). Direct interaction has also been shown between the carboxyl-terminal of Cx45 and
Z0-1 (Laing et al., 2001). These studies suggest that ZO-1 interaction with Cx45 and
Cx43 may play a role in gap junction composition and may regulate connexin-connexin
interactions. Cx36 has also been shown to interact with ZO-1, and unlike other connexins
that bind the second of the three PDZ domains in ZO-1, Cx36 interacts with the first PDZ
domain of ZO-1 (Li et al., 2000). Cx36 also associates with zonula occludens-2 and
zonula occludens-3 proteins through their first PDZ domains (Li et al., 2009). Like Cx36,
Cx32 also co-localizes with both ZO-1 and ZO-2 proteins in rat hepatocytes and is
involved in forming functional tight junctions and actin organization (Kojima et al., 2002).
Cx30 and Cx43 also associate with ZO-2, and this interplay is crucial for mammary

epithelial cell differentiation (Talhouk et al., 2008).

Another member of a tight junction protein family called occludin was shown to
interact with Cx32 and Cx26 (Duffy et al., 2002; Nusrat et al., 2000). Cx32 and occludin

co-localize near tight junctional strands and co-immunoprecipitate together. Along with
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an association with occludin, Cx32 also interacts with claudin-1 in hepatocytes (Kojima et

al., 2001), while Cx26 (Go et al., 2006) co-localizes with claudin-14 in epithelial cell lines.

1.2.3.3. Adherens Junctions

As we mentioned a multitude of interactions between gap junctions and tight
junction complexes, it is not surprising that adherens junctions are also tightly
interconnected with gap junctions.

The most reported are the interactions of connexins with cadherin proteins.
Wei and colleagues (Wei et al., 2005) reported the interaction of Cx43 protein with N-
cadherin, p120, and other N-cadherin associated proteins at regions of cell-cell contact.
Another group also showed an association between Cx43 and N-cadherin through Rac1
and RhoA-mediated signaling (Matsuda et al., 2006). The interaction proved to be crucial
for the connexin delivery and insertion at the membrane. An upregulation of another
cadherin protein, called E-cadherin, leads to an increase in gap junction communications
suggesting an functional interplay between these two complexes (Jongen et al., 1991).
Moreover, the knock-out of N-cadherin has been shown to lead to inhibition in gap junction
dye coupling (Xu et al., 2000).

Cx43 has also been shown to interact with B-catenin, mainly at the cell membrane
(Ai et al., 2000). B-catenin protein possesses both adhesive and transcriptional functions,
and its interaction with Cx43 suggests that connexins might be involved in regulating cell
growth. In turn, Cx26 co-localizes with both E-cadherin and a-catenin at the gap junction
sites (Fujimoto et al., 1997). Connexins 30, 32, and 43 have also been shown to interact

with both a-catenin and B-catenin proteins. This interaction affects B-catenin’s localization
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by sequestering it away from the nucleus (Talhouk et al., 2008). Additional studies on
Cx43 and B-catenin show the importance of this interaction for the trafficking of gap

junction proteins to the membrane (Govindarajan et al., 2002).

1.2.3.4. Other Membrane Partners

Some other proteins that have been discovered as connexin interacting partners
at the membrane include aquaporin-0 and acetylcholine receptors (Chanson et al., 2007).
Many connexin isoforms have been shown to interact with caveolin-1 (Cav-1), which likely
targets connexins to the lipid rafts (A. L. Schubert et al., 2002). All three members of the
caveolin protein family have been shown to interact with Cx43 (Langlois et al., 2008; L.
Liu et al., 2010; A. L. Schubert et al., 2002). Caveolin-1 and caveolin-2 interact with Cx43
in the Golgi apparatus, and the complex is also observed at the plasma membrane in lipid
rafts. Moreover, caveolins were also shown to regulate gap junctional intercellular
communication of Cx43. The role of caveolin-3 in the targeting of connexins to lipid rafts
and caveolae remains uncertain for now. Because of the above interaction, it comes as
no surprise that connexins also interact with cholesterol (Biswas & Lo, 2007), as lipid
rafts, called caveolae, are rich in both cholesterol and caveolin proteins (Murata et al.,

1995).

1.2.3.5. Kinases
Post-translational modifications are critical for gap junction regulation.
Phosphorylation, being the most abundant modification, has been shown to be essential

for the assembly and channel regulation of most connexins (Laird, 2005). While Cx43 has
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been shown to be phosphorylated by a multitude of kinases such as protein kinase C,
casein kinase 1, mitogen-activated protein kinase (MAPK), Src kinase, and
p34°92 (Lampe & Lau, 2004; Lau et al., 1996), Cx26 is not phosphorylated at all (Traub
et al., 1989).

Many connexins have been shown to interact with calmodulin, which has been
shown to control channel gating properties (Mesnil et al., 2005; Peracchia et al., 2000).
Both calmodulin and calcium/calmodulin-dependant kinase Il (CaMKII) share an
overlapping binding site in the carboxy-terminus of Cx36 (Siu et al., 2016). CaMKII, which
is activated by calmodulin, has been shown to interact and phosphorylate Cx36, which in
turn mediates its channel gating function (Mesnil et al., 2005). CaMKIl has also been
shown to mediate gap junctional coupling of Cx43 (De Pina-Benabou et al., 2001) upon
an increase in extracellular K+. CaMKIl has been established as a critical player in
chemical synaptic transmission; thus, its role in electrical coupling comes as no surprise
(De Pina-Benabou et al., 2001; Pereda et al., 2004).

Cx43 has also been shown to function as a v-Src substrate (Swenson et al., 1990)
(Crow et al., 1990). Mutations in the putative v-Src phosphorylation site have been shown
to abolish gap junction closure (Swenson et al., 1990). This closure is believed to be
mediated through initial phosphorylation at Tyrosine 265, followed by the docking of the
SH2 domain of Src to Cx43 and subsequent phosphorylation of Tyrosine 247, which leads
to channel closure (R. Lin et al., 2001). Interestingly, Tyrosine 265 phosphorylation by c-
Src has been shown to mediate the interaction between Cx43 and ZO-1 (Giepmans,

Hengeveld, et al., 2001; Toyofuku et al., 2001).
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Serine/threonine kinases have also been shown to act as essential players in gap
junction regulation. Phosphorylation of Serine 368 in Cx43 by protein kinase C (PKC)
leads to the inhibition of gap junction communication (Lampe & Lau, 2000). Cx43 has
also been reported to interact with PKCeg, and this interaction also has been shown to
inhibit the gap junction intercellular communication (GJIC) (Doble et al., 2000). Similar
results were reported by the PKCy isotype (D. Lin et al., 2003). On the contrary, the PKCa
isotype was implicated in the upregulation of GJIC (Weng et al., 2002). Protein kinase A
(PKA) activation has been shown to cause uncoupling of Cx36 gap junctions (Ouyang et
al., 2005). MAP kinase has also been shown to regulate multiple connexins, including
Cx26, Cx32, and Cx43 (D. Lin et al., 2003). The opposing regulatory mechanisms that

different kinases exhibit prove them as key interactors for the life cycle of connexins.

1.2.4. Neuronal Connexins

1.2.4.1. Connexin 36 (Cx36)

Connexin 36 (Cx36) is the major connexin of the central nervous system, where it
forms electrical synapses (gap junctions) (Pereda et al., 2013). Other than the central
nervous system (Belluardo et al., 2000; Blatow et al., 2003; De Zeeuw et al., 2003; Deans
etal., 2001; Long et al., 2002; J. O’'Brien et al., 1998), Cx36 is also expressed in the retina
(Deans et al., 2002; Mills et al., 2001; J. O'Brien et al., 2004), olfactory bulb (Christie et
al., 2005), neuroendocrine cells of the pancreas (Serre-Beinier et al., 2000), pituitary and
pineal organs (Belluardo et al., 2000), and is found in adrenal chromaffin cells (A. O.
Martin et al., 2001). In pancreatic beta cells, Cx36 plays a vital role in insulin secretion

and glycaemic control (Farnsworth & Benninger, 2014).
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Because of its expression patterns, Cx36 is involved in critical brain functions such
as learning and memory (Allen et al., 2011; Y. Wang & Belousov, 2011), retina visual
processing (Kovacs-Oller et al., 2017), and sensorimotor reflexes in the zebrafish (A. C.
Miller et al., 2017). It is worth mentioning that Cx36 has four orthologues in
zebrafish: Cx35.1(Cx35b), Cx34.7, Cx34.1, and Cx35.5 (A. C. Miller et al., 2017). Cx36-
containing electrical synapses also play an essential role in the synchronous activity of
neuronal networks, which underlie various cognitive processes (B. C. Bennett et al., 2016;
Connors & Long, 2004; Hormuzdi et al., 2004; Saraga et al., 2006). As Cx36 is the critical
component of the electrical synapses, its involvement in diseases that entail deficiencies
in fast communication and aberrant synchronous firing, such as seizures, has been
suggested. However, no consensus on whether Cx36 increases or decreases seizure
susceptibility has been reached (Gajda et al., 2005; Jacobson et al., 2010; Shin, 2013;
Voss et al., 2010). The turnover rate of Cx36 is exceptionally high, with a half-life of 3.1
hours (H. Y. Wang et al., 2015). High turnover and changes in abundance of Cx36 have
been proposed to contribute to synaptic plasticity (Katti et al., 2013).

Cx36 channels possess distinct regulatory properties. Most notably, Cx36 exhibits
low sensitivity to the transjunctional voltage and low unitary conductance (Srinivas et al.,
1999; Teubner et al., 2000). This feature is believed to be vital for fine-tuning of electrical
coupling. Like other connexins, its channel properties can be regulated by intracellular
pH and free cytosolic Mg?* ion concentration. However, unlike other connexins, the
conductance of Cx36 junctions is upregulated under low pH and Mg?* (Gonzalez-Nieto et
al., 2008; Palacios-Prado et al., 2013). Additionally, Mg?* has been shown to affect the

transjunctional voltage sensitivity of Cx36. This is believed to be achieved by an
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electrostatic interaction through a Mg?* binding site within the Cx36 pore (Palacios-Prado
et al., 2013).

Another means of Cx36 channel regulation is achieved through its
phosphorylation. Perhaps the most notable regulation Cx36 undergoes is through its
interaction with CaMKII (Alev et al., 2008). Upon phosphorylation, Cx36 exhibit a unique
property referred to as the “run-up” phenomenon, in which Cx36 conduction increases
10-fold (Del Corsso et al., 2012). Once the CaMKII binding and phosphorylation regions
are deleted, the “run-up” property is lost. The CaMKIl modulation of Cx36 channel
properties suggests that this interaction is essential for the functional plasticity of the Cx36
containing electrical synapses. As CaMKIl is activated by calmodulin, it is not unexpected
that calmodulin interacts with Cx36 as well (Burr et al., 2005; Siu et al., 2016). CaMKII
and CaM share a Cx36 binding site at which they interact competitively.

Protein kinase A (PKA) activation has been shown to cause uncoupling of Cx36
gap junctions, while PKA inhibition leads to increased coupling in inferior olive and Cx36
transfected Hela cells (Bazzigaluppi et al., 2017; Ouyang et al., 2005). Cx36
phosphorylation by PKA is also critical for the coupling strength of All amacrine cells
(Urschel et al., 2006). Two critical phosphorylation sites, Ser110 in the intracellular loop
and Ser276 in the carboxyl-terminal tail, undergo phosphorylation leading to the
uncoupling of Cx36 gap junctions. These sites also undergo phosphorylation by cGMP-
dependent protein kinase (PKG), suggesting a convergence of PKA and PKG signalling
pathways (Patel et al., 2006). Interestingly, mutations in the major phosphorylation sites

of Cx36 did not affect trafficking or gap junction formation (Zoidl et al., 2002). This
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suggests that phosphorylation of Cx36 is most likely vital for regulating channel properties
rather than trafficking and assembly mechanism.

Aside from kinases, Cx36 also interacts with other protein members. Cx36 has
been shown to interact with AF6 and MUPP1 scaffolding proteins (Li et al., 2012). Authors
suggest that AF6 may be a target for the cAMP/Epac/Rap1 pathway at electrical
synapses, while MUPP1 may be implicated in anchoring CaMKII at these synapses. Cx36
also interacts with the proteins of the zonula occludens family (Li et al., 2000, 2009). The
possible roles for the interaction of Cx36 with ZO-1 include recruitment of signaling
molecules to gap junctions, as PKC co-localizes with ZO-1, or involvement in the gap
junction assembly (Li et al.,, 2000). ZO-2 and ZO-3 have been proposed to anchor
regulatory proteins at the Cx36 gap junctions (Li et al., 2009). In turn, Cx36 interaction
with tubulin was shown to mediate delivery of Cx36 channels to the gap junction plaques

and potentiate synaptic strength of Cx36 (Brown et al., 2019).

1.2.4.2. Connexin 27.5 (Cx27.5)

Connexin 27.5 (Cx27.5) is a novel neuronal connexin that was first discovered in
the zebrafish retina by Dermietzel and colleagues in 2000 (Dermietzel et al., 2000).
Cx27.5 is located on chromosome 5, contains two open reading frames, and thus codes
for two isoforms, 254 or 240 amino acids long. It shares structural topology with other
connexin family members and contains four transmembrane domains, two extracellular
loops, one cytoplasmic loop, and amino and carboxy termini facing intracellularly. It also

contains three conserved cysteine residues on the extracellular loop like other connexins.
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Previous expression analysis via RT-PCR showed vast expression of Cx27.5 in
the brain and more limited expression in the eye and inner ear (Chang-Chien et al., 2014;
Dermietzel et al., 2000; Zoidl et al., 2008). In-situ hybridization showed Cx27.5-specific
expression in the subpopulations of neurons in the retina’s inner nuclear and the ganglion
cell layers (Dermietzel et al., 2000) and in the otic vesicle (Chang-Chien et al., 2014).

Cx27.5 was first believed to be a homologue of mammalian Cx26 as it shares
80.6% of overall homology with Cx26 (Dermietzel et al., 2000). However, this homology
is most apparent within the transmembrane domains, while the cytoplasmic loop and C
terminus show notable differences. Moreover, Cx27.5 exhibits a consensus sequence for
casein kinase Il phosphorylation which is found in all connexins but is absent in Cx26.
Channel functionality data further support the differences between Cx27.5 and Cx26.
Cx26 channels comprise weak voltage sensitivity (Barrio et al.,, 1991) and large
conductance (Bukauskas et al., 1995) channels, while Cx27.5 form moderate voltage-
dependent channels (Dermietzel et al., 2000). The above properties suggest that Cx27.5
is more similar to the mammalian Cx32. The phylogenetic analysis (Dermietzel et al.,
2000; Eastman et al., 2006) places Cx27.5 into the beta group of connexins, next to Cx32.
Like other connexins, Cx27.5 has a paralogue which is Connexin 31.7, and these two
zebrafish connexins are co-orthologues of human Cx32.

It is worth mentioning that mutations in Cx32 lead to the X-linked Charcot-Marie-
Tooth neuropathy X type 1 (CMTX1) syndrome (Janssen et al., 1997). The syndrome
manifests in motor and sensory neuropathy in males and mild symptoms in the carrier

females. Both central and peripheral nervous systems are affected by this disease as
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cases of sensory (Stojkovic et al., 1999) and central nervous system deficits (Hu et al.,
2019; Wen et al., 2018) have been reported.

Like many connexins, Cx27.5 is also able to form heterotypic channels, specifically
with Cx44.1 and Cx55.5 (Dermietzel et al., 2000). While junctional currents in homotypic
Cx27.5 channels show symmetrical and slow closure, Cx27.5/Cx44.1 channels showed
an apparent asymmetry, with currents closing faster and with a lower threshold. Increased
conductance and reduced sensitivity to voltage were also observed in both

Cx27.5/Cx44.1 and Cx27.5/Cx55.5 channels.

1.3. Zebrafish as a Model for Visual Processing

The ideal tissue to study gap junction regulation is the retina, as every class of
retinal neurons is coupled by gap junctions that express different connexin proteins (Cook
& Becker, 1995). This extensive distribution and distinct regulatory pathways suggest that
gap junctions maintain reconfigurable circuits and thus play critical roles in visual
transmission and processing. This makes the retina the best model for the study of gap
junction function and regulation in the central nervous system (CNS).

Compared to the CNS, the retina contains a relatively small number of neuronal
cell types. These cell types are usually characterized by fixed positions within a specific
layer as well as distinct morphology (Cameron & Carney, 2000) (Figure 1.4). The high
organization allows for easy identification during immunohistological studies. Moreover,
the tissue remains physiologically intact when isolated. Additionally, the eye is fully

separated from the CNS early in development, allowing for a more straightforward
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interpretation of the developmental processes (Burrill & Easter, 1995; T. Watanabe &
Raff, 1988).

Zebrafish are also an ideal model for studying visual system due to their ability to
produce transparent embryos. These embryos develop rapidly, allowing for early
morphological and behavioural screening. The teleost retina is well studied and
characterized (Dowling, 1987; Malicki, 2000; Rodieck RW, 1973). The development rate
of the zebrafish retina makes it a perfect model for genetic and developmental research.
Retinal neurogenesis has been shown to be complete by 60 hours post fertilization (hpf),
and behavioral responses to the visual stimulus can be detected early as 3.5 days post
fertilization (dpf) (Easter Jr & Nicola, 1996). Other benefits of the zebrafish model include
high fecundity, easy and relatively low-cost maintenance, rapid life cycle, and the
immediate separation of the embryo from the maternal organism. Also, the vertebrate
retina remained exceptionally conserved throughout evolution. Mammals and teleosts
display highly similar retinal organization (Hitchcock & Raymond, 2004). Both retinae are
organized in the same layered pattern and contain the same major cell classes.

A most common way to examine the function of a specific gene in zebrafish is by
employing a variety of genome-editing techniques. To date, the most commonly used
methods employ the use of zinc finger nucleases (ZFNs) (J. C. Miller et al., 2007; Porteus
& Baltimore, 2003), transcription activator-like effector nucleases (TALENSs) (Cade et al.,
2012; Christian et al., 2010; Wood et al., 2011) or clustered regularly interspaced short
palindromic repeats (CRISPR) (Deveau et al., 2010; Hwang et al., 2013) These
approaches can be used to knock-out the gene of interest which allows to study the

molecular and behavioural consequences of the gene absence.
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Mutant analysis can provide valuable insights into the regulation of retinal
formation and connectivity. Lastly, due to its evolutionary conservation, the zebrafish
retina can be employed to model vision defects in humans. Rapid development, high
organization, and relative simplicity of the zebrafish retina are only a few of the
advantages that make zebrafish a vital organism for the studies of neuronal function and

visual processing.
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Figure 1.4. Representative illustration of the retinal anatomy. The illustration shows
key layers of the retina on the left. On the right, different cell types contained within each
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layer are identified. The image was created with BioRender.com. GCL: ganglion cell layer;
IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer
nuclear layer; PL: photoreceptor layer; RPE: retinal photoreceptor layer.

1.4. Hypothesis and Research Objectives
The overarching aim of this thesis is to address the molecular mechanisms
underlying the regulation and function of neuronal gap junction proteins, specifically Cx36

and Cx27.5. The objectives and hypotheses pertaining to each study are outlined below.

1.4.1. Determine the functional relevance Cx36 and Cav-1 interaction (Chapter 3)
The binding partners of the gap junction proteins are expected to provide valuable
insight into the regulation of electrical synapses in the central nervous system. Our group
has previously identified a critical involvement of tubulin (Brown et al., 2019), CamKIlI (Siu
etal., 2021), and CaM (Siu et al., 2016) in the regulation of transport and synaptic strength
and outputs of the major neuronal connexin called Cx36. Previously, an interaction
between multiple members of the connexin family, including Cx36, with Cav-1 protein has
been demonstrated, but its functional relevance remained unknown (A. L. Schubert et al.,
2002). The purpose of this study was to uncover the functional relevance behind the
mouse Cx36 and mouse Cav-1 interaction in the Neuro 2a cell line. Because of the key
role of Cav-1 in the endocytosis of membrane proteins (Kiss & Botos, 2009), we
hypothesized that the interaction between these two proteins regulates the trafficking
dynamics of Cx36. Specific research aims that were addressed in this project are outlined
below:
e Prove the interaction between Cx36 and Cav-1 and determine areas of co-

localization
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e Explore co-localization patterns with Golgi and ER markers to narrow down
the points of contact between the two proteins
e Determine the involvement of Cav-1 in the vesicular and membrane transport
of Cx36
e Assess the involvement of Cav-1 in the regulation of Cx36 endocytosis
The data in this chapter suggested that Cx36/Cav-1 interaction may be the key

mechanism underlying the caveolin-dependent endocytosis of Cx36.

1.4.2. Uncover the oligomerization capabilities of Cx36 and Cx27.5 (Chapter 4)

As mentioned above, the identification of the interacting partners of gap junction
proteins can aid in the discovery of the regulation mechanisms of the electrical synapses.
The interactions between different connexin isoforms and their oligomerization are critical
in providing means to achieve specialized channel activity in selected cells. In the retina
specifically, multiple different connexin isoforms interact to allow for the formation of
specialized electrical synapse channels between different cell types. Up to date, Cx36
hasn’t been shown to form heteromeric or heterotypic channels. Here, we explore the
potential ability of mouse Cx36 or zebrafish Cx35b to form heteromeric or heterotypic
channels with a novel zebrafish connexin Cx27.5. Due to their abundant expression in
the retina, we hypothesize that the above connexins might interact and form heteromeric
or heterotypic channels. Specific research aims that were addressed in this project are
outlined below:

e Prove the interaction between mouse Cx36 and Cx35b (zebrafish orthologue

of Cx36) with zebrafish Cx27.5 in Neuro 2a cells
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e Determine whether the oligomerized Cx35b/Cx27.5 channels possess
distinct vesicular and membrane trafficking dynamics
e Explore the functionality of the Cx35b/Cx27.5 channels
e Assess the co-localization patterns of Cx35b and Cx27.5 in the zebrafish
retina
The data in this chapter pointed to an oligomerization between Cx35b and Cx27.5 in the

zebrafish retina to allow for specialized gap junctions between the different cell types.

1.4.3. Explore the molecular and functional characteristics of Cx27.5 (Chapter 5)
As Cx27.5 is a newly discovered connexin, its functional relevance is not well

studied yet. The isoform was first identified in the zebrafish retina (Dermietzel et al., 2000).
The retina is known to express a multitude of different connexins that establish
specialized networks between different cell types and are crucial for visual processing (J.
O’Brien & Bloomfield, 2018). Here, we explore the role of zebrafish Cx27.5 by employing
a knock-out zebrafish line. Due to its previously identified expression in the brain and
sensory organs, we hypothesize that zebrafish lacking Cx27.5 would display sensory
deficits, specifically in visual processing. Specific research aims that were addressed in
this project are outlined below:

e Assess the phenotypic and molecular characteristics of Cx27.5 knock-out

zebrafish larvae
e Determine temporal and spatial Cx27.5 mRNA expression patterns

e Discover the expression pattern of Cx27.5 protein, specifically in the retina
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e Evaluate the effect of the genetic loss of Cx27.5 on visual processing in
zebrafish
The data in this chapter uncovered the functional relevance of a newly discovered Cx27.5

and identified it as one of the critical players in visual processing.
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Chapter 2. Materials and Methods
2.1. Experimental Methods

2.1.1. Plasmid Construction

The full-length Rattus norvegicus Cx36 [NM_019281.2, amino acids (aa) 1-321],
isoform 2 of Mus musculus Cav-1 [NM_001243064.1, (aa) 1-147], Danio rerio Cx27.5
[NM_131811.3, (aa) 1-240], and Danio rerio Cx35b [NM_194420.1, (aa) 1-304] were
cloned into pEGFP-N1, pEGFP-N3, pECFP-N1, pDsRed-monomer, HA-N1 and HIS-N1
expression vectors (Clontech Laboratories Inc., Mountain View, CA, USA). Organelle
markers for ER and Golgi apparatus were tagged with DsRed2 and generated as
previously described (Siu et al., 2016). All plasmid constructs used in this study were

sequence verified (Eurofins, MWG Operon LLC, Huntsville, AL, USA).

2.1.2. Cell Culture and Transient Transfection

Mouse neuroblastoma 2a (Neuro 2a) cells (ATCC®, CCL-131, Manassas, VA,
USA) were cultivated in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 1% penicillin and streptomycin, and 1% non-essential
amino acids (Thermo Fisher Scientific, Rockford, IL, USA) at 37 °C in a humidified
atmosphere with 5% CO2. For the co-immunoprecipitation assay, ~3,000,000 cells were
seeded in one 100 mM plate. For the cell surface biotinylation assay, ~800,000 cells were
seeded in 60 mM plates. For the live and fixed cell imaging, including FRET, ~25,000
cells were seeded in 35 mM glass-bottom dishes (MatTek Corporation, Ashland, MA,
USA) or 24-well plates. Half an hour prior to the live microscopy assays, cells were

transferred into DMEM lacking phenyl red.
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Neuro 2a cells were transiently transfected with Effectene™ Transfection Reagent
Kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturer’s guidelines. Cells
were double transfected with a total of 4000 ng or 1200 ng of DNA for each 100 mM or
60 mM plate, respectively. For 35 mM glass-bottom dishes and 24-well plates, cells were
transfected with 200 ng for single transfections and 400 ng for double transfections. All of

the experiments were performed 48 h post-transfection.

2.1.3. Pharmacology

Prior to imaging, transfected cells were treated with the 2 yM lonomycin (Sigma-
Aldrich Chemie GmbH, Munich, Germany) and 24 uM of Ca?' chelator BAPTA-AM
(Thermo Fisher Scientific, Rockford, IL, USA), for 10 min. Cells were incubated with
Brefeldin A (BFA) (Sigma-Aldrich Chemie GmbH, Munich, Germany) at the concentration
of 5 yg/mL for 6 h. Dynasore (Sigma-Aldrich Chemie GmbH, Munich, Germany) was used

as an endocytosis inhibitor for 1 hr at 50 yM concentration.

2.1.4. Western Blot

For western blot, cell protein lysates were prepared 48 h after transfection.
Proteins were separated with 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) at 150 V for 1.5 h. The gel was transferred to a nitrocellulose
membrane using the Trans-Blot Turbo Transfer System (Bio-Rad Inc., Mississauga,
ON,Canada) at 1.3 A and 2.5 V for 7 min. The membrane was washed in PBS buffer and
blocked with Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE, USA) for 1 hr

at room temperature (RT). The membrane was then incubated with the primary antibody
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solution overnight at 4 °C. The following primary antibodies were used for the western
blot: rabbit anti-HIS (Bethyl Laboratories Inc., Montgomery, TX, USA) at 1:1000, mouse
anti-HA (Roche Holding AG, Basel, Switzerland) at 1:500, mouse-anti-GFP (Santa Cruz
Biotechnologies, Dallas, TX, USA) at 1:250, and mouse anti-B-actin (Sigma-Aldrich
Chemie GmbH, Munich, Germany) at 1:1500 concentrations. The secondary antibodies,
anti-mouse iRDye 800 and anti-rabbit iRDye 680 (LI-COR Biosciences, Lincoln, NE,
USA), were used at 1:15,000 concentration. Imaging was performed using the Odyssey®

CLx Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).

2.1.5. Co-immunoprecipitation (ColP) with Protein A-Sepharose (Chapter 3)

Neuro 2a cells were double transfected with HIS tagged constructs as the bait and
HA tagged constructs as the prey on 10cm plates. Cells were lysed in IP Lysis buffer
(Thermo Fisher Scientific, Rockford, IL, USA) supplemented with a protease inhibitor
cocktail kit (Thermo Fisher Scientific, Rockford, IL, USA). Lysates were centrifuged at
20,000x%g for 10 min at 4 °C to remove the cell pellet. Cell lysates were precleared for 1h
at 4 °C with protein A-Sepharose (GE Healthcare, Chicago, IL, USA). The lysate was then
transferred to a fresh tube and incubated with 10ug of anti-HIS antibody overnight at 4
°C. Next day, the lysate was combined with 100 pL of a 1:1 slurry of protein A-Sepharose
beads and PBS containing 2% bovine serum albumin (BSA). Following a 2-h incubation
at 4 °C, the mixture was centrifuged, washed two times with 1 mL of IP lysis buffer, and
three times with 1 mL of PBS. The proteins were eluted in a 1xLaemmli sample buffer for

5 min at 95 °C and subjected to western blot analysis.
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2.1.6. Co-immunoprecipitation (ColP) with Dynabead™ Protein A (Chapter 4)
Neuro 2a cells were cultured on 10cm plates and double transfected with HIS
tagged constructs as the bait and EGFP tagged constructs as the prey. Cells were lysed
using IP Lysis buffer (Thermo Fisher Scientific, Rockford, IL, USA) supplemented with a
protease inhibitor cocktail kit (Thermo Fisher Scientific, Rockford, IL, USA) for Smins at
4°C. Lysates were centrifuged at 20,000xg for 10 min at 4°C to collect the supernatant.
50uL of Dynabead™ Protein A (ThermoFisher) were incubated with 10ug of anti-HIS
antibody for 15 min at RT. The lysates were then incubated with the antibody conjugated
Dynabeads for 1h at RT. Samples were washed three times with PBS. The proteins were
eluted in 1X Laemmli sample buffer at 95°C for 5mins and were subjected to western blot

analysis.

2.1.7. Cell Surface Biotinylation Assay and Co-immunoprecipitation

Neuro 2a cells were seeded on 60 mM plates and transfected with HIS and HA or
HIS and EGFP tagged constructs. Biotinylation assay was performed 48 hr post-
transfection. Cells were washed once with PBS containing both calcium and magnesium
and labeled with 0.3 mg of membrane-impermeable EZ-linkTM Sulfo-NHS-Biotin (Thermo
Fisher Scientific, Rockford, IL, USA) per plate for 30 min at room temperature. Plates
were washed three times, 5 min each, with 50 mM glycine buffer to quench the reaction.
Cells were then washed with PBS lacking calcium and magnesium and lysed with IP Lysis
buffer (Thermo Fisher Scientific, Rockford, IL, USA) supplemented with a protease
inhibitor cocktail kit (Thermo Fisher Scientific, Rockford, IL, USA). Cell lysates were either

incubated overnight with 90 ul of Dynabeads™ MyONE™ Streptavidin C1 (Invitrogen,
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Carlsbad, CA, USA) on a shaker at 4 °C or first subjected to immunoprecipitation using
HIS antibody. After immunoprecipitation, the Protein A Dynabeads were washed three
times with PBS, and proteins were collected in 2% SDS at 55°C for 5 min.
Immunoprecipitated proteins were diluted with IP lysis buffer 5:1 and incubated with 90 pl
of Dynabeads™ MyONE™™ Streptavidin C1 overnight. The next day beads were collected
on a magnet and washed using the following buffers: twice with buffer 1 (2% SDS in
dH20), once with buffer 2 (0.1% deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM
EDTA, 50 mM Hepes pH 7.5), once with buffer 3 (250 mM LiCl, 0.5% NP-40, 0.5%
deoxycholate, 1 mM EDTA, 10 mM Tris; pH 8.1), and twice with buffer 4 (50 mM Tris, 50
mM NaCl pH 7.4). Beads were boiled for 5 min in 60 pL of 1X Laemmli buffer to disrupt

the bead-protein complex and elute proteins. Proteins were analyzed using western

blotting.
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Figure 2.1. lllustration depicting key steps of the cell surface biotinylation assay
followed by co-immunoprecipitation. The image depicts critical steps for the two routes
for assaying biotinylated proteins. Above is the biotinylation assay to determine the entire
pool of membrane proteins. Below is a biotinylation labeling followed by co-
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immunoprecipitation, which identifies the interacting membrane proteins of the bait
protein. The bait protein is labelled with a HIS tag. The image was created with
BioRender.com.

2.1.8. Confocal Microscopy, Co-Localization, and Immunofluorescence

Transfected cells were fixed with 4% paraformaldehyde for 20 min at RT, washed
with PBS, and mounted with ProLong Antifade Mountant (Thermo Fisher Scientific,
Rockford, IL, USA) for imaging. Samples were visualized using a Zeiss LSM 700 confocal
microscope using a Plan-Apochromat 63x/1.4 Oil DIC M27 objective. Zeiss ZEN 2010
program was used to control imaging specifications. The gap junction area was
determined using Imaged by tracing the gap junction area with a free hand tool followed
by quantification using the measure tool. ImagedJ software was also used to analyze co-
localization data.

In the case of immunofluorescence, transfected cells were fixed with ice-cold 100%
methanol for 10 min at RT. Cells were blocked using PBS supplemented with 2% BSA
for 1 hr at RT. The primary antibodies, rabbit anti-HIS (Bethyl Laboratories Inc.,
Montgomery, TX, USA) at 1:1000 concentration and mouse anti-HA (Roche Holding AG,
Basel, Switzerland) at 1:500, were diluted in PBS with 0.1% BSA and applied to cells for
1 hr at RT. Cells were then incubated in the secondary antibody solution containing 2
Mg/mL of Alexa Fluor 568 goat anti-mouse (Thermo Fisher Scientific, Rockford, IL, USA)
and 2 ug/mL of Alexa Fluor 488 donkey anti-rabbit (Thermo Fisher Scientific, Rockford,
IL, USA) in PBS with 0.1% BSA for 1 hr at RT. Cells were washed in PBS and mounted

with FluoroshieldTm (Sigma-Aldrich Chemie GmbH, Munich, Germany).
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2.1.9. Forster Resonance Energy Transfer Analysis (FRET)

Neuro 2a cells were double transfected with DsRed tagged constructs as the
acceptor fluorophores, and ECFP or EGFP tagged constructs as the donor fluorophores.
Cells were fixed with 4% paraformaldehyde and mounted on coverslips. Zeiss LSM 700
confocal microscope was used under a previously established acceptor bleach protocol
(Kotova et al., 2020). Baseline readings were recorded prior to the acceptor bleach
protocol. DsRed tagged proteins were bleached using the 555 nm laser line (set to 100%
intensity), and the resulting intensity change of CFP tagged proteins was measured using
the 405 nm laser line. The experiment was conducted until the acceptor channel reached
10% of the initial intensity. FRET efficiency was calculated using the following FRET

efficiency formula:
FRETeff = (Dpost — Dpre)/Dpost (1)

where Dpost is the average intensity after the bleach, and Dpre is the average intensity
before the bleach. The threshold value of 10nm distance was converted into FRET
efficiency and was calculated to be 1.7% for DsRed and ECFP pair and 1.07% for DsRed
and EGFP pair based on the reference distance between the two fluorescent tags (5.1nm

and 4.7nm respectively) (Muller et al., 2013).
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Figure 2.2. Schematic representation of the FRET constructs. Upon excitation with
photobleaching, donor fluorophore (DsRed) transfers energy to the acceptor fluorophore
(ECFP or EGFP) if both proteins are in proximity of under 10nm. The image was created
with BioRender.com.

2.1.10. Fluorescence Recovery After Photobleaching (FRAP)

Neuro 2a cells were seeded on 35 mM glass-bottom dishes and transfected and
transfected with EGFP and HA or EGFP and DsRed tagged constructs. Live-cell imaging
was performed at 37 °C in a live-cell imaging chamber using a Zeiss 700 confocal
microscope. Cx36-EGFP or Cx27.5-EGFP expressing cell pairs containing gap junctions
were selected, and a time-lapse baseline image was recorded. The gap junction plaques
were selected and bleached using the 488nm laser line with the intensity set to 100%
laser power. Images were taken every 1 s for 55 s post bleaching. The fluorescence

recovery was calculated using the formula:

F = (Ft - FO)/(Fi - FO) 2)
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where F is the normalized fluorescence at a given time point, Ft is the fluorescence
intensity at t seconds, Fi is the fluorescence intensity immediately before bleaching, and

FO is the fluorescence intensity upon bleaching.
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Figure 2.3. Representative illustration of the FRAP assay. Critical steps during FRAP
assay are displayed in the image above. The region of interest at the cell membrane is
photobleached, and recovery is recorded over time. The image was created with
BioRender.com.

2.1.11. Total Internal Reflection Fluorescence (TIRF)

Neuro 2a cells were seeded on 35 mM glass-bottom dishes and transfected with
EGFP and HA or EGFP and DsRed tagged constructs. A Zeiss Observer Z1 spinning-
disk microscope with Zeiss 100X (Plan-Apochromat, DIC, M27, 1.46) oil immersion lens
and Photometrics Evolve ™512 camera was used to perform time-lapse TIRF microscopy.
Zen 2 (2014) software was used to control imaging specifications under a previously
established protocol (Brown et al., 2019). A live cell incubation chamber was used to
maintain the temperature at 37 °C and CO2 levels at 5%. Images were acquired at a 512
x 512 pixel resolution in 1-s intervals for 60 s. Imaris (Zurich, Switzerland) program was

used to track and analyze single particles expressing EGFP.
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2.1.12. Dye Uptake Assay

Neuro 2a cells were cultured on 35mm glass-bottom dishes and transfected with
EGFP and ECFP tagged constructs to assess the functionality of connexin hemichannels.
Dye uptake analysis was performed as previously described (Timonina et al., 2020).
Briefly, cells were incubated in DMEM lacking Phenyl red for 15 minutes prior to imaging.
Cells were treated with 10uM EtBr immediately prior to recording. The recording was
performed using Zeiss 700 confocal microscope at a 512x512 pixel resolution, with the
pinhole open to the maximum. Only cells expressing both proteins were used for the
analysis. Dye uptake was measured by normalizing the EtBr channel to the EGFP

channel.

2.1.13. Ethidium Bromide Recovery After Photobleaching Assay

The assay has been previously reported previously (Siu et al., 2016). Transfected
Neuro 2a cells were cultured on 35mm glass-bottom dishes and incubated with 10 uM of
ethidium bromide in supplemented growth medium for 10 min at 37 °C and 5% CO:2 prior
to imaging. Cell pairs expressing Cx27.5-EGFP were selected, and a time-lapse baseline
image was recorded. One cell of each cell pair was bleached using the 555 nm laser line
with 100% laser power intensity (~40 iterations at 100% intensity). Images were taken
every 1 s for 55 s post bleaching. The recovery of ethidium bromide fluorescence after
bleaching was measured in two regions of interest (R1 and R2). R1 was placed inside the
bleached cell close to the GJP. R2 was placed at the most distant location from the GJP
inside the cell to assess background recovery. The fluorescence recovery was calculated

using the formula below:
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Fluorescence recovery (%)
_ (Faverage(3min post bleach) — Fbleach)(Faverage (pre bleach) — Fbleach) (3)

(Faverage (pre bleach) — Fbleach)

2.1.14. Zebrafish Maintenance, Breeding, and Embryo Collection

Adult zebrafish (Danio rerio) of strain Tupfel long fin (TL) were obtained from the
laboratory of Dr. Wen’s lab (Zebrafish Centre for Advanced Drug Discovery, St. Michael’'s
Hospital, Toronto, ON). TL (Cx27.5**) and Cx27.5 knock-out (Cx27.5") strains of
zebrafish were used in all experiments. Zebrafish were kept at 28°C in aerated tanks filled
with tap water circulating through a bacterial filter system. The fish were maintained at a
constant light-dark cycle (14 light:10 dark hours). Breeding was performed in groups of
six females and three males according to standard procedures (Brand, M. & Nusslein-
Vollhard, 2002)(Figure 2.4). The collected embryos were reared and maintained in E3
medium at 28°C in an incubator. The medium was exchanged the next day, and unhealthy

embryos were discarded.
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__________ morning —_—— e — — — - — — e '“_;,/ \ /

@ Separate male and female @ Breed fish @ Collect and count eggs @ Count larvae

Figure 2.4. Schematic representation of the key steps during breeding procedure.
Males and females are combined in the same tank with a divider separating them the day
before the breeding. The next morning divider is removed to allow females and males to
come together for breeding. After a few hours, eggs are collected and cleaned. In 6 days,
larvae are collected and used for the behavioral experiments. The image was created
with BioRender.com.
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2.1.15. Establishment of TALEN-mediated Cx27.5 Mutant Zebrafish Line

TALEN cRNA pair targeting the Cx27.5 gene (NM_131811) was microinjected into
one-cell staged embryos at a concentration of 12.5 picograms (pg). The TALEN
sequences for the Cx27.5 were 5-GAACTGGGCGTCATTTT-3' and 5'-
GCGTGAACCGACATTCC-3'. To identify mutations generated by TALENs, genomic
DNA was extracted from single larva or caudal fins of adult zebrafish. Adult zebrafish
were anesthetized with 0.2 mg/ml ethyl 3-aminobenzoate methanesulfonate solution
(MS-222, Sigma-Aldrich). Part of the caudal fin (2 mm of the end) was removed using
dissecting scissors. The fin segment or larva was then incubated in 100mM NaOH at 95°C
for 15 min. One-tenth volume of 1M Tris (pH 8.0) was added to the extracts to neutralize
the NaOH. Finally, 1 volume of TE buffer (pH 8.0) was added. A 250 base pairs (bp)
fragment was amplified with PCR using the following primers (Table 1). The PCR product
was digested with Bcll restriction enzyme and run on a 2% agarose gel. Gel-purified PCR
products were cloned into the pJet1.2 cloning vector (Life Technologies) and sequenced
(Eurofins Genomics LLC, KY, USA) to characterize the indel. Heterozygous (Cx27.5%)
F1 mutants were in-crossed to establish homozygous F2 mutants (Cx27.57). Fish with

confirmed knock-out of Cx27.5 were selected for breeding and experiments.

2.1.16. RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

RNA was extracted from 30 larvae or distinct adult zebrafish tissues using RNeasy
Plus Mini Kit (Qiagen) according to the manufacturer’s instructions. A total of 1ug of RNA
was used to synthesize cDNA with the ReadyScript cDNA Synthesis Kit (Sigma-Aldrich).

gPCR was performed using the SsoFast EvaGreen Supermix (Bio-Rad) using the
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following oligonucleotide pairs (Table 1). Where possible, primers were designed to span
an intron to avoid false detection of genomic DNA. Quantification of 18s rRNA served as
a reference gene. Experiments were performed in triplicates using the CFX Connect™
Real-Time PCR Detection System (Bio-Rad). Melt curve analysis was performed to verify
that a single amplification product was produced in each reaction. Gene expression
values were calculated using the Relative Expression Software Tool software

(REST;(Pfaffl et al., 2002).

2.1.17. Inmunohistochemistry (IHC) Analysis

Zebrafish larvae were first euthanized in MS-222 solution (0.02% w/v, Sigma-
Aldrich). Larvae were then fixed in 4% paraformaldehyde (PFA) overnight at 40C.
Following cryoprotection in 30% sucrose in 1xPBS larvae were embedded in Tissue-Tek
O.C.T mounting media. Sections of 10-15 pym thickness were cut on a cryotome
(Thermofisher) and mounted on Superfrost™ microscope slides (Thermofisher). Samples
were washed three times for 10 min with 1xPBS at RT. Unspecific binding was blocked
5% normal goat serum (NGS, Sigma-Aldrich) in PBST for 1hr at RT. Following blocking,
samples were incubated with primary antibody (1:600, rabbit anti-Cx27.5 antibody, Gene
Script; 1:100, mouse anti-Cx36/35, Millipore; 1:200, mouse anti-PSD-95, Invitrogen;
1:200, mouse anti-parvalbumin, Sigma-Aldrich Chemie) overnight at 4°C. The anti-Cx27.5
peptide was used at a final concentration of 0.1 ug/ml. The next day, after 3 washes with
PBST, Alexa Fluor 488 and Alexa Fluor 568 goat anti-rabbit/mouse secondary antibodies
(1:1500, Life Technologies) were applied for 1 hr at RT. The sample was then washed 3

times with PBST followed by one wash with water and was mounted on microscope slides
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using ProLong Antifade with DAPI (Thermofisher). Confocal images were collected using
Zeiss LSM700 system (Carl Zeiss Microlmaging, Oberkochen, Germany) with Plan-
Apochromat 20%/0.8 or Plan-Apochromat 63x%/1.3 oil DIC M27 objectives. LSM-ZEN2
software was used to control imaging specifications. During the comparison of wild-type
and knock-out tissues, settings for the image collection were kept unchanged. Composite

figures were created using Adobe Photoshop 2021.

2.1.18. Behavioral Assays

Zebrafish were raised on a light-dark cycle (14 light:10 dark hours) for 6 days. All
behavioral assays were performed on 7 days post-fertilization (dpf) larvae, between 12
pm and 3 pm. Larvae were not fed during the experimental period. A Zebrabox® behavior
recording system (ViewPoint Life Technology, Lyon, France) was used for the behavioral
recording and analysis unless otherwise specified. OMR assay was performed using a
separate custom-built system following the instructions provided here (Stih et al., 2019).

The detailed procedures for each assay are described below.

2.1.18.1. Freely Swimming Behavior Assay

At 7 dpf, zebrafish larvae were transferred into a 24-well plate and were allowed
to acclimatize inside a recording incubator for 2.5 hours (lights off condition) or 1 hour
(lights on condition) before beginning the experiment. The light intensity for the lights on
condition was set to 30%. Swimming was tracked for 60 min. The mean traveled distance
(mm) and speed (mm/sec) were used for the statistical analysis. Data were recorded

every minute.
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2.1.18.2. The Visual-Motor Response (VMR) Assay

The VMR assay was executed based on the configurations established elsewhere
(Emran et al., 2008). Zebrafish larvae were transferred into a 48-well plate and allowed
to acclimatize inside a recording incubator in the dark for 2.5 hours. To obtain the baseline
activity data, fish were recorded in the dark for 30 min. The actual test consisted of two
trials of alternating light onset (Light-ON) and light offset (Light-OFF) periods. Each period
lasted for 30 minutes (a total of 120 min). The light intensity stimulus was set to 100% for
the Light-ON and 0% for the Light-OFF condition. Total activity duration was used for the

statistical analysis. Data were recorded every second.

2.1.18.3. Optomotor Response (OMR) Assay

The optomotor response is an innate visual behavior of all animals and humans to
follow the motion of their surroundings (Bahl & Engert, 2020; Kist & Portugues, 2019;
Naumann et al., 2016). OMR experiments were performed using a custom-built
apparatus. The stimuli were presented using an ASUS P3B 800-Lumen LED portable
projector. An 830 nm long-pass filter (Edmund Optics Inc., USA) was used to block the
infrared illumination to aid in the video analysis after. The fish movements were recorded
using a USB 3.1 high-speed camera (XIMEA GmbH, Germany) equipped with a 35 mm
C Series Fixed Focal Length Lens (Edmund Optics Inc., USA) using XIMEA Windows
Software Package. The visual stimuli were generated with an online stimulus generator

program called “Moving Grating” (available at http://michaelbach.de/stim/). Larvae (7 dpf)

were transferred to a 3 cm plate (Thermo Scientific) and were allowed to acclimatize for
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3 min before starting the video recording. The visual stimulus consisted of sequences of
black and white bars generated with 64 pixels/cycle spatial frequency. The speed rate
was set to 144 pixels/sec and contrast to 100%. Stimuli were presented to larvae (n = 10)
for 3 min in the left or right direction. Once the larvae reached the “target zone” (opposite
end of the plate), it was counted as a positive response. The proportion of the larvae that

reached the “target zone” out of the total number of fish was expressed as a percentage.

2.1.19. Statistical Analysis
Statistical analysis and data presentation were performed using GraphPad Prism
8. Values reported consist of mean + SEM. The results shown derive from experimental

replicates with n = 3. Data were analyzed using the Wilcoxon—Mann-Whitney test.

2.2. General Materials

2.2.1. Biosafety

The research project in this thesis was performed in accordance with federal,
provincial, and institutional regulations for the containment Level 2 laboratories located at
the Life Science Building (LSB), Department of Biology at York University. Handling,
manipulations, and housing of zebrafish was performed in licensed S2 laboratories at the
Department of Biology at York University. Animal work was conducted at York University's
zebrafish vivarium following the regulations set by the Canadian Council for Animal Care

and after the approval of the protocol by the Animal Care Committee (GZ: 2020-7-R3).
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2.2.2. Organisms

2.2.2.1. Bacterial Strains
Escherichia coli (E. coli) DH5a (Invitrogen, Burlington, Canada)
Genotype: F— ®80/acZAM15 A (lacZYA-argF) U169 recA1 endA1 hsdR17 (rK—,

mK+) phoA supE44 A\— thi-1 gyrA96 relA1

E. coli NEB 5-alpha competent (New England Biolabs, Whitby, Canada)
Genotype: fhuA2 A(argF-lacZ) U169 phoA ginV44 ®80 A(lacZ)M15 gyrA96 recA1

relA1 endA1 thi-1 hsdR17

2.2.2.2. Eukaryotic Strains

Neuroblastoma 2a cells (Neuro 2a cells) were derived from Mus musculus, which
were developed by Klebe and Ruddle in 1967 from a strain A albino mouse spontaneous
tumour. Neuro2a cells used in this thesis were generously provided by Dr. David C. Spray

(Albert Einstein College, NY, USA).

2.2.2.3. Zebrafish

Adult zebrafish (Danio rerio) of strain Tupfel long fin (TL) were obtained from the
laboratory of Dr. Wen’s lab (Zebrafish Centre for Advanced Drug Discovery, St. Michael’'s
Hospital, Toronto, ON). Cx27.5 knock-out line was generated from the wild-type TL line.
Handling and housing of zebrafish (Danio rerio) were performed according to the CACC
guidelines of the Canadian Council for Animal Care (CCAC) after approval of the protocol
by the Animal Care Committee (ACC) (GZ#2014-

19 (R3).
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2.2.3. Antibodies

Table 2.1. Antibodies used for western blot, immunofluorescence, and IHC

experiments.
Name Species of Origin Source and Dilution
Anti-GFP Mouse Santa Cruz (1:250)
Anti-B-actin Mouse Sigma-Aldrich (1:1500)
Anti-HIS Rabbit Bethyl Laboratories (1:1000)
Anti-HA Mouse Roche (1:500)
Anti-Cx27.5 Rabbit Gene Script (1:600)
Anti-Cx27.5 peptide (20 pg/ml) | Rabbit Gene Script (1:200)
Anti-Cx36/35 Mouse Millipore (1:100)
Anti-PSD-95 Mouse Invitrogen (1:200)
Anti-Parvalbumin Mouse Sigma-Aldrich (1:200)
Anti-mouse iRDye 800 Goat Li-Cor (1:15000)
Anti-rabbit iRDye 680 Donkey Li-Cor (1:15000)
Alexa Fluor 488 Goat Invitrogen (1:15000)
Alexa Fluor 568 Goat Invitrogen (1:15000)

2.2.4. Commercial Kits

Table 2.2. List of commercial kits utilized for various experimental procedures.

Purpose

Kit and Company Name

Polymerase Chain Reaction

Q5® High Fidelity DNA Polymerase
PCR Kit (New England BioLabs)

QIAquick Gel Extraction Kit

Gel Elution of DNA fragments (Qiagen)

Ligation of DNA fragments

CloneJET™ PCR Cloning Kit (Thermo
Scientific)
Rapid DNA Ligation Kit (Thermo
Scientific)
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Plasmid DNA Purification

QIAPrep Spin Miniprep Kit (Qiagen)

Restriction DNA analysis

Fast digestion Top Fermentas Kit

(Thermo Scientific)

DNA transfection

Effectene Transfection Reagent

(Qiagen)

Protease inhibition

Halt™ Protease and Phosphatase
inhibition Cocktail (Thermo Scientific)

2.2.5. Oligonucleotides

Table 2.3. Primers used for quantitative Real Time-PCR (qRT-PCR) and genotyping.

Gene | Forward Reverse Purpose
Cx27.5 | ATGGCCACTGTTTTGACCG GCTGTTGGGTGTTGCAGATG Genotyping
18s TGACTCTTTCGAGGCCCTGTA | TGGAATTACCGCGGCTGCTG | gPCR
Cx27.5 | TGCCACTAACACCACCTG AGGATCCGGAAAATGAAGAGG | gPCR

2.2.6. Solutions and Media

2.2.6.1. Solutions for cell culture

Table 2.4. Solutions used for cell culture and their composition.

Name Company
10% Formalin Sigma-Aldrich
Trypsin Sigma-Aldrich
PBS with/without calcium/magnesium Sigma-Aldrich
Penicillin and Streptomycin BioShop

FBS (Fetal Bovine Serum) Gibco

NEA (Non-essential Amino Acids) Sigma-Aldrich
Dulbecco’s Modified Eagle Medium | Sigma-Aldrich

(DMEM)
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DAPI

Mounting Solution: Fluoroshield with | Sigma-Aldrich
DAPI
ProLongTM Gold antidade reagent (no | Invitrogen

2.2.6.2. Solutions for Bacterial Culture

Table 2.5. Solutions used for bacterial culture and their composition.

Name

Composition

LB Media

1% bacto tryptone, 0.5% yeast extract,
0.5% NaCl, 50uL/mL of kanamycin or
100uL/mL of ampicillin

LB agar plates

LB medium (1% agar), 50uL/mL of

kanamycin or 100uL/mL of ampicillin

SOC medium

2% bacto tryptone, 0.5% yeast extract,
10mM NacCl, 2.5 mM KCI, 10mM MgClz,
10mM MgSOs4, 20 mM glucose

2.2.6.3. Solutions for Biological Methods

Table 2.6. Solutions used for biological methods and their composition.

Name

Composition

DNA Loading Buffer

10x

(Fermentas)

FastDigest Green buffer

1x TAE Gel Loading Buffer

40mM Tris, 20mM acetic acid, 1mM
EDTA

Laemmli Sample Buffer

2% SDS, 10%

mercaptoethanaol,

glycerol,
0.1%
50mM Tris-HCI, pH 6.8

5% B-
Orange G,
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Laemmli Running Buffer

192mM glycine, 0.1% SDS, 25mM Tris-
HCI pH 8.3

Staining Solution

Coomassie PAGE BLUE (BioRad)

Blocking Solution Odyssey Blocking Buffer (Li-Cor
Bioscience)
Phosphate Buffered Saline (PBS) 130mM NaCl, 28mM KCI, 10mM

Na2HPO4, 1.8mM KH2POq4, pH 7.4

Stock salts for E3

40g Instant Ocean Salt, 1L Distilled

water

E3 medium for raising zebrafish

embryos

1.5ml of stock salts in 1L of distilled

water (60 pg/ml)

2.2.7. Software

Table 2.7. Software and tools used for publication and thesis completion

Purpose

Name

Image Processing

Imaged, Adobe Photoshop 2020

Primer Design and PCR Analysis

NCBI/Primer-BLAST

Analyses of DNA Sequences and

Sequence Data

SnapGene Viewer

Sequence alignments

Clustal Omega

Microscope Image Software

ZEN 2010, ZEN Black, (Carl Zeiss

Microscopy)

Protein/DNA concentration

Nanodrop2000

Statistical Analysis

Prism 9 (GraphPad)

Text processing

Microsoft Word
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In Brief:

The gap junctional protein connexin 36 has been shown to interact with a lipid raft protein
called caveolin-1, however, the functional relevance of this interaction remains unknown.
In this study, we explore the effect of caveolin-1 on the intracellular and membrane
transport of connexin 36. Our data indicate that the interaction between connexin 36 and
caveolin-1 is involved in the connexin 36 internalization through a caveolin-dependent

pathway.

Highlights:
e Connexin 36 and caveolin-1 co-localize and interact in Neuro 2a cells
e Interaction between connexin 36 and caveolin-1 is dependent on intracellular
calcium levels
e Caveolin-1 enhances vesicular transport of connexin 36 but inhibits its membrane
dynamics

e Caveolin-1 depletes levels of connexin 36 from the membrane via endocytosis

3.1. Abstract

The gap junctional protein connexin 36 (Cx36) has been co-purified with the lipid
raft protein caveolin-1 (Cav-1). The relevance of an interaction between the two proteins
is unknown. In this study, we explored the significance of Cav-1 interaction in the context
of intracellular and membrane transport of Cx36. Co-immunoprecipitation assays and
Forster resonance energy transfer analysis (FRET) were used to confirm the interaction

between the two proteins in the Neuro 2a cell line. We found that the Cx36 and Cav-1

61



interaction was dependent on the intracellular calcium levels. By employing different
microscopy techniques, we demonstrated that Cav-1 enhances the vesicular transport of
Cx36. Pharmacological interventions coupled with cell surface biotinylation assays and
FRET analysis revealed that Cav-1 regulates membrane localization of Cx36. Our data
indicate that the interaction between Cx36 and Cav-1 plays a role in the internalization of

Cx36 by a caveolin-dependent pathway.

3.2. Introduction

The intracellular transport of connexins, their assembly and channel formation, and
removal are governed by complex interactions with regulatory, transport, and structural
proteins (Laird, 2010; Thévenin et al., 2013). The turnover of connexins from the cell
membrane is, in particular, challenging for connexin 36 (Cx36), the major component of
electrical synapses. In these gap junctions of the brain, Cx36 has been found in axo-
axonal, axo-dendritic, and dendro-dendritic contact sites (Nagy et al., 2018, 2019; Nagy
& Rash, 2017). It is reasonable to expect that each type of contact site presents a distinct
local environment with both unique and shared complements of Cx36-interacting proteins
enabling on-demand protein transport and removal.

One of the most notable interacting partners of Cx36 is the Ca2+/calmodulin
dependent protein kinase Il (CaMKII) (Alev et al., 2008). Cx36 also exhibits a unique
property called the “run-up” phenomenon, in which its conduction increases 10-fold (Del
Corsso et al., 2012). The deletion of CaMKII binding and phosphorylation regions in Cx36
led to the loss of this “run-up” property, signifying that this interaction is essential for the

functional plasticity of electrical synapses formed by Cx36. Calmodulin (CaM), another
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multifunctional calcium signaling protein, has also been shown to bind Cx36 (Burr et al.,
2005). Both CaMKII and CaM share a binding motif and interact with Cx36 competitively.
Cx36 also interacts with scaffolding proteins (Li et al., 2012), proteins of the zonula
occludens family (Li et al., 2000, 2009), or protein kinases (Bazzigaluppi et al., 2017; H.
Y. Wang et al., 2015). A recent study demonstrated that Cx36 interaction with tubulin
potentiates the synaptic strength of Cx36 by tubulin-mediated delivery of channels to the
gap junction plaques (Brown et al., 2019).

Several connexins, including Cx36, have been shown to interact with a
membrane/lipid raft protein called Caveolin-1 (Langlois et al., 2008; A. L. Schubert et al.,
2002). However, the functional role of the Cx36/Cav-1 interaction has yet to be
established. Caveolins are the primary components of caveolae and are involved in
cellular processes such as transcytosis, potocytosis, endocytosis, and signal transduction
(Cohen et al.,, 2004). While caveolae, the flask-like invaginations of the plasma
membrane, are known to exist in numerous cell types except for neurons, caveolins can
be expressed in neurons independently of caveolae (Head & Insel, 2007). This family of
proteins is composed of three members: caveolin-1, caveolin-2, and caveolin-3, which
have been reported to be expressed in many cell types, including neurons (Boulware et
al., 2007; Galbiati et al., 1998). Analogous to Cx36 (Condorelli et al., 1998), Cav-1 is
expressed in hippocampal neurons (Bu et al., 2003). Recent studies have linked the
expression of caveolins in the brain to the regulation of various neuronal processes,
including hippocampal plasticity (Braun & Madison, 2000; Gaudreault et al., 2005). Lipid
rafts are vital for synapse development, maintenance, and stabilization (Mauch et al.,

2001; Willmann et al., 2006). Cav-1 targets various neurotrophic receptors such as
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NMDA, AMPA, Trk, and GPC, (Bilderback et al., 1999; Bjork et al., 2010; Head et al.,
2008, 2011) to the rafts, and also regulates components of the actin cytoskeleton (Head
et al.,, 2011). Cav-1 has also been shown to regulate the activity of several channels
(Toselli et al., 2005; Trouet et al., 1999, 2001), and it has been suggested that the rafts
might be involved in connexin trafficking (Locke et al., 2005).

Here, the role of Cav-1 in regulating the Cx36 function was investigated in the
Neuro 2a cell line. We demonstrated that the Cx36/Cav-1 interaction is calcium-
dependent using Forster Resonance Energy Transfer Analysis (FRET) and co-
immunoprecipitation (ColP). Total Internal Reflection Fluorescence (TIRF) and
Fluorescence Recovery After Photobleaching (FRAP) determined the role of Cav-1 on
intracellular transport and membrane dynamics of Cx36. Pharmacological interventions,
together with FRET and cell surface biotinylation assays, confirmed the involvement of
Cav-1 in the endocytosis of Cx36. Our results suggest that an increased Cx36/Cav-1
interaction may be a key mechanism implicated in the caveolin-dependent endocytosis
of Cx36. We expect that these findings have implications for the spatial regulation of Cx36

and its turnover in the plasma membrane.

3.3. Results

3.3.1. Cx36 co-localizes with and is in close proximity to Cav-1 in Neuro 2a cells
To investigate the co-localization patterns of Cx36 and Cav-1, Neuro 2a cells were

double transfected with Cx36-HIS and Cav-1-HA. Proteins were labeled with the

corresponding primary antibodies and imaged 48 hr post-transfection. Cx36 and Cav-1

co-localize in the intracellular compartments and partly at the cell membrane (Figure
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3.1A, arrows). Co-localization quantification revealed that Cx36 and Cav-1 co-localize
significantly more intracellularly than at the membrane (Intracellular: 0.51 £ 0.028, n = 27;
Membrane: 0.35 + 0.032, n = 27; p = 0.0010) (Figure 3.1B).

Neuro 2a cells were double transfected with Cx36-ECFP and Cav-1-DsRed to
investigate proximity between these two proteins using FRET. FRET efficiency above the
threshold of 1.7% signified that proximity between two proteins is less than 10nm,
meaning that they are close enough to interact with each other (Figure 3.1C). Because
Cx36 monomers oligomerize into hexamers, Cx36-Cx36 pairs served as a positive control
with a FRET efficiency value of 10.27 £ 0.60 (n = 40). Cells transfected with fluorescent
tags alone served as a negative control. ECFP-DsRed pair displayed the FRET efficiency
value of 2.82 + 0.28 (n = 30). The value above the threshold can be explained by the
partial dimerization of the fluorescent tags. FRET efficiency between Cx36-ECFP and
Cav-1-DsRed pair was 5.73 + 0.47 (n = 86) and was significantly different from the
negative control group (p = 0.0001). This result proved that the two proteins were close
enough to interact with each other. To assess whether the protein tags have an equal
impact on the interaction, the tags were switched (Cx36-DsRed and Cav-1-ECFP). FRET
efficiency was not significantly different (5.94 + 0.40, n = 100, p = 0.4538), suggesting
that protein tags are interchangeable and have minimal impact on FRET efficiency.

To confirm the interaction between Cx36 and Cav-1, a ColP assay was performed.
Neuro 2a cells were double transfected with Cx36-HIS and Cav-1-HA, and the HIS
antibody was used to pull down the protein complexes. The expression of the proteins of

interest in the lysate (input) and elution (ColP) fractions was confirmed with western blot
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analysis (Figure 3.1D). Low levels of Cx36 co-immunoprecipitated with Cav-1,

suggesting a weak or transient interaction.
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Figure 3.1. Co-localization, Forster Resonance Energy Transfer Analysis (FRET),
and co-immunoprecipitation (ColP) analysis of Cx36 and Cav-1. (A) Neuro 2a cells
transfected with Cx36-HIS and Cav-1-HA were labeled with anti-HIS and anti-HA
antibodies. Cx36 and Cav-1 displayed co-localization in the intracellular compartments
and partly at the membrane (white arrows). Scale bar: 10 um. (B) Co-localization
quantification of the Cx36-HIS and Cav-1-HA intracellularly and at the membrane. Error
bars show standard error of the mean. Sample sizes were the following: Intracellular: n =
27; Membrane: n = 27. (C) FRET efficiencies. Cx36-ECFP and Cx36-DsRed pair served
as a positive control while ECFP and DsRed pair served as a negative control. Cx36-
ECFP and Cav-1-DsRed pair showed high FRET efficiency, signifying that two proteins
are close to one another. The exchange of tags on both proteins (Cx36-DsRed and Cav-
1-ECFP) had no significant effect on FRET efficiency. The dotted line represents the
threshold of 1.7% (equals to 10nm distance between FRET pairs). Error bars show the
minimum and maximum values. Sample sizes were the following: Cx36-ECFP + Cx36-
DsRed: n =40; ECFP + DsRed: n = 30; Cx36-ECFP + Cav-1-DsRed: n = 86; Cx36-DsRed
+ Cav-1-ECFP: n =100. (D) ColP of Cx36 and Cav-1. HIS antibody was used to pull down
the Cx36-HIS and Cav-1-HA complex. Neuro 2a cells double transfected with HIS and
Cav-1-HA served as a negative control. Input lanes (cell lysates) show protein levels prior
to the assay. ColP lanes represent eluted protein complexes. A low amount of Cav-1
eluted together with Cx36 signified weak or transient interaction. Anti-HA and anti-HIS
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antibodies detected Cav-1 and Cx36 proteins, respectively. An anti-R-actin antibody
served as a loading control. IP: immunoprecipitation; IB: immunoblotting. Mann-Whitney
U (two tailed) significance test, ** p < 0.01, *** p < 0.001, NS—not significant.

3.3.2. Calcium enhances the interaction between Cx36 and Cav-1

Due to the existing relationship between calcium and Cx36, we tested whether an
influx of intracellular calcium would strengthen the interaction between Cx36 and Cav-1.
We first tested the effect of lonomycin (lono) and 1,2-bis (2-aminophenoxy) ethane-N, N,
N’, N’-tetraacetate (BAPTA) pharmacological agents on FRET efficiency between Cx36
and Cav-1 (Figure 3.2A). Treatment with 2 uM lono, a calcium ionophore, significantly
increased FRET efficiency between Cx36-ECFP and Cav-1-DsRed pairs (7.33 £ 0.37, n
=85, p=0.0004). Treatment with 24 yM BAPTA, a calcium chelator, served as a negative
control to lono and significantly decreased FRET efficiency (3.015 + 0.25, n =42, p =
0.0001).

Because lono enhanced the FRET efficiency between Cx36 and Cav-1 and
BAPTA showed the opposite effect, the involvement of calcium in Cx36 and Cav-1
interaction was further explored. The possibility that calcium would strengthen the
interaction between these two proteins was tested using ColP assay. Prior to lysing, cells
were treated with 2 uM lono for 10 min. HIS antibody was used to pull down the protein
complexes. Both Cx36 and Cav-1 were found in the elution fraction (Figure 3.2B). This
assay further confirmed that an increase in the intracellular calcium strengthens the

interaction between Cx36 and Cav-1.

67



Hkk Input ColP
T 1
- \g \g
30 W K
25 IS R R
- Y @]
® ¥ o b i
< o0 & P 23
22 ¥ S o* &
c
3 50 kDa — ——IP:HIS
©1 T e IB: actin
E :
W
E 1 A IP: HIS
™™ 35 kDa g . IB: Cx36-HIS
25kDa .
£ R D D e IP: HIS
Cx36-ECFP BAPTA I1B: Cav-1-HA

+ Cav-1-DsRed 2uMm 24pM

Figure 3.2. Interaction between Cx36 and Cav-1 is strengthened upon lonomycin
incubation. (A) FRET efficiencies of the Cx36-ECFP and Cav-1-DsRed pair under the
action of lono and BAPTA pharmacological agents. The dotted line represents the
threshold of 1.7% (equals to 10nm). Error bars show the minimum and maximum values.
Sample sizes were the following: Cx36-ECFP + Cav-1-DsRed: n = 86; lono: n = 85;
BAPTA: n = 42. (B) ColP of Cx36-HIS and Cav-1-HA after stimulation with lono. HIS
antibody was used to pull down the Cx36-HIS and Cav-1-HA complex. Neuro 2a cells
double transfected with HIS and Cav-1-HA served as a negative control. Input lanes (cell
lysates) show protein levels prior to the assay. ColP lanes represent eluted protein
complexes. Cav-1 eluted together with Cx36, signifying that calcium is required to
strengthen the interaction between the two proteins. Anti-HA and anti-HIS antibodies
detected Cav-1 and Cx36 proteins, respectively. An anti--actin antibody served as a
loading control. IP: immunoprecipitation; IB: immunoblotting. Mann-Whitney U (two tailed)
significance test, ***p < 0.001.

3.3.3. Cx36 and Cav-1 co-localize more with Golgi than the ER and Their interaction
is reduced with BFA treatment

The next step was to determine in which intracellular location the Cx36/Cav-1

interaction occurs. Co-localization studies with the Golgi marker, galactosyltransferases,

and the endoplasmic reticulum (ER) organelle marker, calreticulin, were performed.

Neuro 2a cells were double transfected with the following pairs: Cx36-HIS and ER-

DsRed, Cx36-HIS and Golgi-DsRed (Figure 3.3A), Cav-1-HIS and ER-DsRed and Cav-

1-HIS and Golgi-DsRed (Figure 3.3B). Cx36 showed more co-localization with the Golgi
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marker than with ER (Cx36 and ER: 0.61 + 0.024, n = 30; Cx36 and Golgi: 0.76 + 0.034,
n=21; p=0.0008) (Figure 3.3C). Cav-1 showed the same co-localization pattern (Cav-
1 and ER: 0.58 + 0.028, n = 21; Cav-1 and Golgi: 0.71 + 0.024, n =19; p = 0.0018).

This result led us to believe that Cx36 and Cav-1 are likely to interact in the Golgi
apparatus. To explore this idea, Brefeldin A (BFA), a pharmacological agent that blocks
transport between ER and Golgi (Misumi et al., 1986), was employed. Neuro 2a cells
were transfected with Cx36-ECFP and Cav-1-DsRed and incubated with BFA for 6 hr
prior to FRET analysis. FRET efficiency between the Cx36 and Cav-1 post BFA treatment
(3.76 £ 0.40, n = 91) was significantly decreased when compared to untreated cells (5.73
+ 0.47, n =86, p = 0.0003) (Figure 3.3D). This result further confirmed that a population

of Cx36 and Cav-1 proteins were interacting in the Golgi apparatus.
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Figure 3.3. Co-localization with cellular markers and FRET analysis of Cx36 and
Cav-1 post Brefeldin A (BFA) treatment. (A, B) Co-localization of Cx36-HIS and Cav-
1-HA  with  DsRed-tagged calreticulin (ER marker), and DsRed-tagged
galactosyltransferases (Golgi apparatus marker). HIS-tagged Cx36 was detected using
an anti-HIS antibody and HA-tagged Cav-1 was detected using an anti-HA antibody.
Alexa Fluor 568 was used as a secondary antibody. Scale bar: 5 ym (C). Co-localization
quantification of the Cx36 and Cav-1 with the organelle markers. Error bars show
standard error of the mean. Sample sizes were the following: Cx36 and ER: n = 30; Cx36
and Golgi: n = 20; Cav-1 and ER: n = 21; Cav-1 and Golgi: n = 19. (D) FRET efficiencies
of Neuro 2a cells transfected with Cx36 and Cav-1 with and without BFA treatment. The
threshold of 1.7% (equals to 10nm) is represented by the dotted line. Error bars show the
minimum and maximum values. Sample sizes were the following: Cx36-ECFP + Cav-1-
DsRed: n = 86; BFA: n = 91. Mann-Whitney U (two tailed) significance test, **p < 0.01,
***p < 0.001.

3.3.4. Cav-1 affects both vesicular and membrane transport of Cx36

To further explore the importance of the interaction between Cx36 and Cav-1 we
examined the effect of Cav-1 overexpression on the intracellular transport of Cx36. Neuro
2a cells transfected with Cx36-EGFP and Cav-1-HA or with Cx36-EGFP and HA were
subjected to TIRF microscopy. Trafficking dynamics of the individual vesicles, illuminated
in the submembrane space, were recorded over the 1-min duration (Figure 3.4A-D).
Vesicles double transfected with both Cx36 and Cav-1 demonstrated increased
displacement (Cx36: 1.28 + 0.062, n = 1107; Cx36 and Cav-1: 1.50 £ 0.061, n = 1349; p
< 0.0001) (Figure 3.4A), mean speed (Cx36: 0.14 + 0.014, n = 1107; Cx36 and Cav-1:
0.20 £ 0.016, n=1349; p < 0.0001) (Figure 3.4B), maximum speed (Cx36: 0.64 + 0.037,
n = 1107; Cx36 and Cav-1: 0.75 = 0.037, n = 1349; p < 0.0001) (Figure 3.4C) and
minimum speed (Cx36: 0.043 + 0.013, n = 1107; Cx36 and Cav-1: 0.056 + 0.014, n =
1349; p < 0.0001 (Figure 3.4D).

To assess whether Cav-1 has an effect on the membrane dynamics and gap-

junction regeneration of Cx36, FRAP microscopy was employed. Gap junctions were
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used as regions of interest (Figure 3.4E). FRAP analysis revealed that fluorescent
recovery of the Cx36-EGFP and Cav-1-HA transfected cells was significantly lower than
of Cx36-EGFP and HA transfected cells (Cx36: 14.77 £ 2.136, n = 27; Cx36 and Cav-1:
11.04 £ 1.444, n = 29; p = 0.0467) (Figure 3.4F). However, both types of cells exhibited
the same trend in recovery (Figure 3.4G). These results demonstrated that while Cav-1
increases the dynamics of the intracellular transport of Cx36, it reduces the gap junction
plaque recovery, signifying that a lower amount of Cx36 is reaching the membrane in the
presence of Cav-1. Taken together, these results suggest that Cav-1 enhances the

retrograde transport of Cx36.
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Figure 3.4. The effect of Cav-1 on vesicular transport and membrane dynamics of
Cx36. Total Internal Reflection Fluorescence (TIRF) microscopy was used to resolve the
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vesicular transport of Cx36-EGFP. Cav-1 significantly amplified displacement (A) and the
mean (B), maximum (C), and minimum speed of Cx36 (D). Error bars show standard error
of the mean. Sample sizes were the following: Cx36-EGFP and HA: n = 1107; Cx36-
EGFP and Cav-1-HA: n = 1349. (E) FRAP analysis of cells transfected with Cx36-EGFP
and HA or Cx36-EGFP and Cav-1-HA showing selected regions (white rectangles) pre
bleaching, immediately after bleaching, and recovery 5 and 55 s post bleaching. Scale
bar: 5 um. (F) The bar graph displays the total % fluorescent recovery of the selected gap
junction regions, 55 s post bleaching. Error bars show standard error of the mean. Sample
sizes were the following: Cx36-EGFP: n = 23; Cx36-EGFP and Cav-1-HA: n = 24. (G)
Overall trends in % recovery measured every 5 s, over the 55-s duration. Error bars show
standard error of the mean. Mann-Whitney U (two tailed) significance test, *p <0.05, ****p
< 0.0001.

3.3.5. Cav-1 depletes levels of Cx36 from the membrane via endocytosis

After establishing that Cav-1 has an effect on the intracellular transport of Cx36,
we tested whether the same held for the membrane expression of Cx36. To assess the
effect of Cav-1 on gap junction assembly or disassembly, the gap junction plaque area
was measured in Cx36-EGFP and HA or Cx36-EGFP and Cav-1-HA transfected cells
(Figure 3.5A). The gap junction plaque area of Cx36 and Cav-1 transfected cells was
significantly lower when compared to Cx36 transfected cells (Cx36: 1.87 £ 0.19, n = 45;
Cx36 and Cav-1: 1.28 £ 0.098, n = 48; p = 0.0230) (Figure 3.5B).

To further compare levels of Cx36 at the membrane, cell surface biotinylation assay
was performed. While Cx36 is a transmembrane protein containing two extracellular
loops, Cav-1 does not contain any extracellular domains; therefore, Cav-1 is unable to
undergo cell surface biotinylation (Figure 3.5C). Cx36-HIS and HA or Cx36-HIS and Cav-
1-HA transfected cells were biotinylated at the cell surface and pulled down with
streptavidin (Figure 3.5D). Levels of Cx36 were notably lower when cells were also
transfected with Cav-1, suggesting that Cav-1 depletes Cx36 from the membrane. To test

whether this effect is due to the Cav-1 mediated endocytosis of Cx36, we employed the
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pharmacological agent Dynasore. Prior to cell surface biotinylation, cells transfected with
Cx36 and Cav-1 were incubated with 50 yM Dynasore for 1 hr. As expected, once
endocytosis was blocked with Dynasore (Kirchhausen et al., 2008), levels of Cx36 were
restored to baseline. Figure 3.5E displays the expected increase in the membrane
expression of Cx36 once Dynasore is applied. Unlike Cx36, Cav-1 is predominately
expressed in the membrane, therefore, a minor increase in the membrane localization is
observed.

To confirm the specificity of this drug on the interaction, we examined the effect of
Dynasore on FRET efficiency between Cx36 and Cav-1 (Figure 3.5F). Prior to the FRET
analysis, cells transfected with Cx36-ECFP and Cav-1-DsRed were incubated with 50 yM
Dynasore for 1 hr. FRET efficiency between Cx36 and Cav-1 was significantly reduced
upon Dynasore application, further suggesting that Cx36 and Cav-1 are interacting during
the internalization pathway (no treatment: 4.00 + 0.46, n = 55; Dynasore: 2.67 + 0.33, n

= 64, p = 0.0350).
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Figure 3.5. Cav-1 regulates levels of Cx36 at the membrane. (A) Representative
images of Cx36 gap junction plaques (in white boxes) in live cells transfected with Cx36-
EGFP and HA or Cx36-EGFP and Cav-1-HA. Scale bar: 5um. (B) Gap junction plaque
areas of cells double transfected with Cx36-EGFP and Cav-1-HA were significantly
reduced when compared to cells transfected with Cx36-EGFP and HA. Error bars show
the minimum and maximum values. Sample sizes were the following: Cx36-EGFP: n =
45; Cx36-EGFP and Cav-1-HA: n = 48. (C) Topological representation of Cx36 and Cav-
1 structures. Unlike Cav-1, Cx36 possesses two extracellular loops which can undergo
cell surface biotinylation. The image was created with BioRender.com. (D) Cell surface
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biotinylation assay displaying the effect of Cav-1 on levels of Cx36 at the membrane.
Total cell lysates (Input) show expression of both Cx36 and Cav-1. The streptavidin pull-
down fractions (Biotinylation) show that membrane levels of Cx36 were depleted in cells
double transfected with Cav-1. Treatment with Dynasore restored membrane levels of
Cx36 to baseline. Anti-HIS and anti-HA antibodies were used to detect Cx36 and Cav-1
proteins, and an anti-R-actin antibody was used as an internal control. (E) Cx36 and Cav-
1 transfected cells pre and post Dynasore treatment. Increased membrane expression of
Cx36 can be observed post treatment. Scale bar: 5 ym. (F) FRET efficiencies of Neuro
2a cells transfected with Cx36 and Cav-1 with and without Dynasore treatment. The
threshold of 1.7% (equals to 10 nm) is represented by the dotted line. Error bars show
the minimum and maximum values. Sample sizes were the following: Cx36-ECFP + Cav-
1-DsRed: n = 55; Dynasore: n = 64. Mann-Whitney U (two tailed) significance test, *p <
0.05.

3.4. Discussion

Connexins have a short half-life of only a few hours (Fallon & Goodenough, 1981;
Laird et al., 1991; H. Y. Wang et al., 2015), suggesting that efficient mechanisms must
exist to control and facilitate on-demand genesis and removal from gap junctions. A
previous study identified the lipid raft protein Cav-1 (A. L. Schubert et al., 2002) as a
candidate involved in the dynamic turnover of several connexins, including Cx36. Here,
we employed Neuro 2a cells to characterize the interaction between Cx36 and Cav-1
further. ColP and FRET analysis showed the interaction between both proteins. Various
microscopy techniques, coupled with pharmacological interference, determined the role
of Cav-1 in mediating endocytosis of Cx36.

Connexins undergo internalization through clathrin-mediated endocytosis (Fiorini
et al., 2008; Gumpert et al., 2008; Piehl et al., 2007). Entire or partial gap junction plaques
are internalized as double-membrane vesicles, termed annular gap junctions or
connexosomes (Falk et al., 2009; Jordan et al., 2001). Connexins have also been shown
to localize within lipid rafts (A. L. Schubert et al., 2002), suggesting the possibility of

internalization through caveolae-dependent endocytosis. Gap junctions are usually much
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larger than lipid rafts (Thévenin et al., 2013), and the internalization of entire plaques by
this alternative pathway is unlikely. Instead, under normal physiological conditions,
connexins destined for degradation are removed from the center of the plaque (Gaietta
et al., 2002; Lauf et al., 2002). Endocytosis of Cx36 by a caveolin-mediated pathway
might be one of the different pathways used by cells for dynamic control of gap junction
mediated communication.

Caveolins have been implicated in the internalization of several different proteins
(Hernandez-Deviez et al., 2008; J. Liu et al., 2005; Marchiando et al., 2010; Shi & Sottile,
2008; Shigematsu et al., 2003; Sun et al., 2010). Re-expression of Cav-1 in Cav-1
negative cells resulted in increased endocytosis of 1 integrins and fibronectin (Shi &
Sottile, 2008). We observed the same effect on Cx36, as Cav-1 overexpression resulted
in an increased membrane depletion. Dynasore has been used effectively to inhibit
caveolar endocytosis and prevented occludin internalization (Marchiando et al., 2010).
Here, Dynasore, an endocytosis inhibitor, counteracted the action of Cav-1.

Some proteins, including glutamate transporters, rely on Cav-1 for both
endocytosis and exocytosis (Gonzalez et al., 2007). The disruption of the Cav-1 function
has been shown to cause intracellular retention and accumulation of
glycosylphosphatidylinositol-linked proteins, angiotensin Il type 1 receptor, and dysferlin
(Hernandez-Deviez et al., 2006; Sotgia et al., 2002; Wyse et al., 2003). Dysferlin is
endocytosed rapidly in cells lacking Cav-1, signifying that Cav-1 is required for dysferlin’s
retention at the cell surface (Hernandez-Deviez et al., 2008). In the case of Cx36, Cav-1

is not required for the trafficking to the cell surface, suggesting that alternative
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mechanisms facilitate exocytic transport. The interaction of Cx36 with tubulin is an
example of this process (Brown et al., 2019).

Caveolin-1 has also been suggested to function as negative regulators of
caveolae-dependent endocytosis (Hernandez-Deviez et al., 2008; Le et al., 2002; Nabi &
Le, 2003). However, this seems to be the mechanism for cell lines expressing stable
levels of Cav-1. Cell lines with limited Cav-1 expression tend to show the opposite effect.
In 293T cells, Cav-1 expression is below the detectable levels, and Cav-1 overexpression
leads to an increased turnover of the TGF-f receptor (Di Guglielmo et al., 2003). Like
293T, Neuro 2a cells do not express detectable levels of Cav-1 (Gorodinsky & Harris,
1995; Scherer et al., 1997). Our results also indicate increased endocytosis with Cav-1
overexpression. This evidence suggests that Cav-1 is a positive regulator of Cx36
endocytosis in Neuro 2a cells.

Both Cx36 and Cav-1 co-localized more efficiently with the Golgi apparatus than
with ER. Further, the interaction between the two proteins was inhibited with BFA. BFA is
widely used as an inhibitor of transport between ER and Golgi as it leads to Golgi
disassembly (Misumi et al., 1986). However, BFA has also been shown to block the
transport function of COPI vesicles (Peyroche et al., 1999), which are known to be
involved in the retrograde recycling transport from Golgi to ER (Springer et al., 1999).
Analogous to the Golgi-ER fusion, the trans-Golgi network (TGN) fuses with the
endosomal recycling system upon BFA addition (Lippincott-Schwartz et al., 1991). TGN-
endosome fusion impairs trafficking from endosomes, and the vesicles are retained in this
compartment. FRET efficiency reduction between Cx36 and Cav-1 upon BFA incubation

indicated that the proteins are retained in endosomes and are unable to interact in the
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Golgi apparatus during the retrograde pathway. The interaction was not fully abolished,
as Cx36 and Cav-1 are likely interacting in the retained compartment or are interacting at
the sites unaffected by BFA, such as vesicles leaving the membrane.

We also determined that the interaction between Cx36 and Cav-1 is calcium-
dependent. lonomycin raises intracellular calcium levels (Morgan & Jacob, 1994), and
such conditions are typically found during synaptic activity in neurons (Gamble & Koch,
1987). Specifically for Cx36, lonomycin significantly increases the extent of the “run-up”
and thus increases its conductance (Del Corsso et al., 2012). Interestingly, CaM is able
to interact with Cx36 only when intracellular calcium levels are elevated (Siu et al., 2016).
A similar mechanism is indicative of Cx36 interaction with Cav-1, as the interaction levels
increase with a rise in intracellular calcium. An influx of calcium has been shown to
regulate intracellular transport. Also, the speed of both endocytosis and exocytosis is
tightly controlled by intracellular calcium levels (Sankaranarayanan & Ryan, 2001).
Specifically, in retinal bipolar cells, where Cx36 is highly expressed (Han & Massey,
2005), calcium influx selects the fast mode of endocytosis at the synaptic terminals
(Neves et al., 2001). On the contrary, the application of BAPTA leads to membrane
retrieval by a slower mechanism. Dynamin and synaptophysin, critical regulators of
endocytosis, have been shown to interact in the presence of high concentrations of
calcium (Daly et al., 2000). Their interaction is indicative of a rapid and specialized
mechanism of endocytosis. This is consistent with our results and supports that Cav-1 is
a mediator of rapid endocytosis of Cx36 (Supplementary Figure 3.1A).

The principal findings of this research provide insights into the life cycle of Cx36,

specifically the regulation of its trafficking mechanisms. They highlight the role of Cav-1
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in rapid, clathrin-independent endocytosis of Cx36 by maintaining the pool of releasable

vesicles contributing to the dynamic functions of this connexin.
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3.5. Supplementary Figures
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Supplementary Figure 3.1. Schematic representation showing caveolin-dependent
endocytosis pathway of Cx36. An influx of calcium (Ca?*) enhances the interaction
between Cx36 and Cav-1 and triggers endocytosis of Cx36. Pharmabiotic agent dynasore
blocks dynamin and thus endocytosis at the early membrane invagination. Brefeldin A
(BFA) blocks transport between endosomes and Golgi apparatus and the retrograde
transport from Golgi to endoplasmic reticulum. Both agents show a decrease in the
interacting population of Cx36 and Cav-1 suggesting that both proteins interact at various
stages of the endocytic pathway. The image was created with BioRender.com.
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Chapter 4. Heterotypic and Heteromeric Oligomerization Capabilities of
Cx36/Cx35b and Cx27.5
4.1. Introduction

Gap junction channels provide a direct connection between adjacent cells by
enabling the exchange of small molecules. Gap junctions are composed of connexin
proteins, and different connexins have been shown to form channels with different
permeability and gating characteristics (Stauffer & Unwin, 1992). Moreover, gap junction
channels are known to contain more than one connexin isoform (Cottrell & Burt, 2005;
Koval, 2006). These connexin channels are referred to as heterotypic when two
hemichannels consisting of two different isoforms dock to each other. When each
hemichannel is composed of two or more different types of connexin subunits, the
connexin channels are referred to as heteromeric. These variabilities in the
oligomerization allow for the formation of unique channels with distinctive gating abilities
that could not be achievable with single connexin isoform channels. Moreover, not all
connexins are compatible to form heteromeric or heterotypic channels, further enabling a
network of specific interconnected cells.

The retina is a highly synchronized and interconnected tissue where gap junctions
play a crucial role (J. O’'Brien & Bloomfield, 2018). Different heteromeric and heterotypic
gap junctions allow for specialized connections between different cell types. Cx36 is a
major neuronal connexin and has been shown to express in a multitude of cells in the
retina, such as cones (Feigenspan et al., 2004; E. J. Lee et al., 2003; J. O’'Brien et al.,
2004; J. J. O’Brien et al., 2012; J. Zhang & Wu, 2004), bipolar (Arai et al., 2010;

Feigenspan et al., 2004; Han & Massey, 2005; J. O’Brien et al., 2004), amacrine
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(Feigenspan et al., 2001; Mills et al., 2001), and ganglion cells (Degen et al., 2004; Hidaka
et al., 2002; Hoshi & Mills, 2009; T. Schubert et al., 2005).

However, thus far, Cx36 hasn’t shown an ability to hetero-oligomerize or dock with
other connexins. Cx27.5 is a novel connexin that has been discovered in the zebrafish
retina (Dermietzel et al., 2000). Cx27.5 can form heterotypic channels with Cx44.1 and
Cx55.5, and curiously these channels show distinct features from the homotypic Cx27.5
channels. Cx27.5 is expressed in ganglion cells as well as cells of the inner nuclear layer,
such as amacrine cells. Because of the shared localization between Cx36 and Cx27.5,
the ability to form heteromeric and heterotypic channels between these proteins is of
significant interest.

The heteromeric and heterotypic compatibility of mouse Cx36 and Cx35b (a
zebrafish orthologue of Cx36) (A. C. Miller et al., 2017) with zebrafish Cx27.5 was
explored in the Neuro 2a cell line. Forster Resonance Energy Transfer Analysis (FRET)
and co-immunoprecipitation (ColP) were used to prove the interaction of Cx36/Cx35b
with Cx27.5. Membrane interaction was confirmed via a combination of cell surface
biotinylation and co-immunoprecipitation assays. Membrane and intracellular trafficking
dynamics were assessed via Total Internal Reflection Fluorescence (TIRF) and
Fluorescence Recovery After Photobleaching (FRAP). Functional properties of the
heteromeric channels were assessed with dye uptake and dye transfer assays.
Immunohistochemistry analysis was used to explore the co-localization of Cx35b and
Cx27.5 in the zebrafish tissue. Our results suggested that Cx35b and Cx27.5 form mobile
heteromeric channels that assemble into more open conformation, allowing for increased

dye uptake and transfer. These results further supported the notion that the potential for
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compatible heteromeric channel formation likely shapes the functional connectivity and

plasticity of the retinal circuits.

4.2. Results

4.2.1. Cx27.5 and Cx36 co-localize and interact in Neuro 2a cells

To investigate whether Cx36 and Cx27.5 co-localize in Neuro 2a cells, cells were
double transfected with Cx36-DsRed and Cx27.5-EGFP and imaged 48 hr post-
transfection. Cx36 and Cx27.5 co-localized in the intracellular compartments (Figure
4.1A, arrows).

Neuro 2a cells were then double transfected with Cx36-DsRed and Cx27.5-EGFP
to investigate whether these two proteins are in close proximity via FRET. FRET efficiency
above the threshold of 1.07% signified that proximity between two proteins is less than
10nm, and thus these proteins are close enough to interact with each other (Figure 4.1B).
Like other Cx proteins, Cx36 monomers oligomerize into hexamers, and thus Cx36-Cx36
pair served as a positive control with a FRET efficiency value of 9.43 + 1.18 (n = 28).
Cells transfected with fluorescent tags alone served as a negative control. EGFP-DsRed
pair displayed the FRET efficiency value of 0.18 £ 0.05 (n = 30). FRET efficiency between
Cx36-DsRed and Cx27.5-EGFP pair was 3.01 = 0.34 (n = 53) and was significantly
different from the negative control group (p < 0.0001). This result proved that the two
proteins were close enough to interact with each other.

To confirm the interaction between Cx36 and Cx27.5, a ColP assay was
performed. Neuro 2a cells were double transfected with Cx36-HIS and Cx27.5-EGFP,

and the HIS antibody was used to pull down the protein complexes. The expression of
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the proteins of interest in the lysate (input) and elution fractions was confirmed with
western blot analysis (Figure 4.1C). The presence of Cx27.5 in the elution fraction, but

its absence in the negative control, confirmed the Cx36/Cx27.5 interaction.

30 1 *okokok K
© Q
25 - —_— : &
- A
S ¥
= 20 1 ¢
%]
&
15 IP: HIS
b —_
iy 10 - |
x IB: Cx27.5-GFP
)
______ J_e______ _ E 2"‘","""‘3 35 kDa IB: Cx36-HIS
0 r S i _
Cx36-DsRed EGFP Cx36-DsRed
+ Cx36-EGFP + DsRed + Cx27.5-EGFP

Figure 4.1. Co-localization, Forster Resonance Energy Transfer Analysis (FRET),
and co-immunoprecipitation (ColP) analysis of Cx36 and Cx27.5. (A) Neuro 2a cells
transfected with Cx36-DsRed and Cx27.5-EGFP. Cx36 and Cx27.5 displayed co-
localization in the intracellular compartments (white arrows). Scale bar: 5 ym. (B) FRET
efficiencies. Cx36-EGFP and Cx36-DsRed pair served as a positive control while EGFP
and DsRed pair served as a negative control. Cx36-DsRed and Cx27.5-EGFP pair
showed high FRET efficiency, signifying that the two proteins are close to one another.
The dotted line represents the threshold of 1.07% (equals to 10nm distance between
FRET pairs). Error bars show the minimum and maximum values. Sample sizes were the
following: Cx36-EGFP + Cx36-DsRed: n = 28; ECFP + DsRed: n = 30; Cx36-DsRed +
Cx27.5-EGFP: n =53. (C) ColP of Cx36 and Cx27.5. HIS antibody was used to pull down
the Cx36-HIS and Cx27.5-EGFP complex. Neuro 2a cells double transfected with HIS
and Cx27.5-EGFP served as a negative control. Input lanes (cell lysates) show protein
levels prior to the assay. Elution lanes represent eluted protein complexes. Anti-GFP and
anti-HIS antibodies detected Cx27.5 and Cx36 proteins, respectively. IP:
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immunoprecipitation; 1B: immunoblotting. Mann-Whitney U (two-tailed) significance test,
**** p < 0.0001.
4.2.2. Cx27.5 and Cx35b co-localize and interact in Neuro 2a cells

Because Cx27.5 is a zebrafish connexin, a zebrafish orthologue of mammalian
Cx36 was chosen to confirm the interaction and to perform further experiments. Cx35b is
one of the four zebrafish orthologues of Cx36 (A. C. Miller et al., 2017). We began the
investigation with a co-localization analysis between Cx35b and Cx27.5. Neuro 2a cells
were double transfected with Cx35b-DsRed and Cx27.5-EGFP and imaged 48 hr post-
transfection. Cx35b and Cx27.5 co-localize in the intracellular compartments as well as
at the membrane regions, specifically gap junctions (Figure 4.2A, arrows).

Neuro 2a cells were then double transfected with Cx35b-DsRed and Cx27.5-EGFP
to investigate whether these two proteins are in close proximity, via FRET. Cx35b-Cx35b
pair served as a positive control with a FRET efficiency value of 8.96 + 0.96 (n = 29) while
pair with corresponding fluorescent tags served as a negative control (0.18 + 0.05, n =
30) (Figure 4.2B). As co-localization was observed both intracellularly and at the gap
junction, FRET was used to quantify and compare the interaction strength at both
compartments. FRET efficiency between Cx35b-DsRed and Cx27.5-EGFP pair in the
intracellular compartments was 3.76 + 0.43 (n = 60), however significantly higher
efficiency was detected at the gap junction plaques (7.50 + 1.69, n = 18, p = 0.0488).
FRET efficiency between Cx35b and Cx27.5 pair was significantly higher than the
negative control at both compartments (Intracellular: p < 0.0001; GJP: p < 0.0001).

To confirm the interaction between Cx35b and Cx27.5, a ColP assay was

performed. Neuro 2a cells were double transfected with Cx35b-HIS and Cx27.5-EGFP,
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and the HIS antibody was used to pull down the protein complexes. The expression of
the proteins of interest in the lysate (input) and elution fractions was confirmed with
western blot analysis (Figure 4.2C). The presence of Cx27.5 in the elution fraction, but

its absence in the negative control, confirmed the Cx35b/Cx27.5 interaction.

skkAkk

[23
o
"

Fokokk *

N
o
L
|
|

N
o
M

IB: Cx27.5-GFP
IB: Actin

-
(4]
L

T i)

FRET Efficiency (%)
=

IB: Cx35b-HIS

'_"'J—'-_'w 35 kDa

T - T
Cx35b-DsRed EGFP Cx35b-DsRed Cx35b-DsRed
+Cx35b-EGFP  +DsRed  + Cx27.5-EGFP + Cx27.5-EGFP

(Intracellular) (GJP)

o

Figure 4.2. Co-localization, Forster Resonance Energy Transfer Analysis (FRET),
and co-immunoprecipitation (ColP) analysis of Cx35b and Cx27.5. (A) Neuro 2a cells
transfected with Cx35b-DsRed and Cx27.5-EGFP. Cx35b and Cx27.5 displayed co-
localization in the intracellular compartments as well as at the membrane (white arrows).
Scale bar: 5 um. (B) FRET efficiencies. Cx35b-EGFP and Cx35b-DsRed pair served as
a positive control while EGFP and DsRed pair served as a negative control. Cx35b-DsRed
and Cx27.5-EGFP pair showed high FRET efficiency intracellularly and even higher
efficiency at the gap junction plaques (GJP). The dotted line represents the threshold of
1.07% (equals to 10nm distance between FRET pairs). Error bars show the minimum and
maximum values. Sample sizes were the following: Cx35b-EGFP + Cx35b-DsRed: n =
29; ECFP + DsRed: n = 30; Cx35b-DsRed + Cx27.5-EGFP (intracellular): n = 60; Cx35b-
DsRed + Cx27.5-EGFP (GJP): n = 18. (C) ColP of Cx35b-HIS and Cx27.5-EGFP. HIS
antibody was used to pull down the Cx35b-HIS and Cx27.5-EGFP complex. Neuro 2a
cells double transfected with HIS and Cx27.5-EGFP served as a negative control. Input
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lanes (cell lysates) show protein levels prior to the assay. Elution lanes represent eluted
protein complexes. Anti-GFP and anti-HIS antibodies detected Cx27.5 and Cx35b
proteins, respectively. An anti-R-actin antibody served as a loading control. IP:
immunoprecipitation; I1B: immunoblotting. Mann-Whitney U (two-tailed) significance test,
****p <0.0001, * p <0.05.

4.2.3. Cx27.5 and Cx35b form mobile heteromeric channels at the membrane

As Cx27.5 and Cx35b co-localize at the membrane (Figure 4.2A) and FRET
efficiency is significantly higher at the gap junction plaque area (Figure 4.2B), we
confirmed the membrane interaction of these two proteins by combining cell surface
biotinylation and co-immunoprecipitation assays (Figure 4.3A). Cells transfected with
Cx35b-HIS and Cx27.5-EGFP or HIS and Cx27.5-EGFP were labelled with biotin and
subjected to co-immunoprecipitation. Eluted proteins, which contain Cx35b-HIS
interacting partners, were further purified with streptavidin to isolate biotinylated proteins
localized at the membrane. Both Cx35b and Cx27.5 were detected in the elution fraction
and signify a population of Cx35b and Cx27.5 that interact specifically at the membrane.
These results suggested that Cx35b and Cx27.5 form heteromeric channels at the
membrane.

To assess whether the membrane dynamics of Cx35b and Cx27.5 heteromeric
channels differ from homomeric Cx27.5 channels, FRAP microscopy was employed. Gap
junctions were used as regions of interest (Figure 4.3B). FRAP analysis revealed that
fluorescent recovery of the Cx35b-DsRed and Cx27.5-EGFP transfected cells was
significantly higher than of DsRed and Cx27.5-EGFP transfected cells (Cx27.5: 9.31 %
1.39, n = 17; Cx27.5 and Cx35b: 13.79 + 1.67, n = 22; p = 0.0101) (Figure 4.3C). The

overall trends in recovery were similar between the two populations (Figure 4.3D).
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of Cx35b at the membrane. Total cell lysates (Input) show expression of both Cx35b and
Cx27.5. The streptavidin pull-down fractions (Elution) show both proteins, signifying
membrane interaction. Anti-HIS and anti-GFP antibodies were used to detect Cx35b and
Cx27.5 proteins, and an anti-B-actin antibody was used as an internal control. IP:
immunoprecipitation; IB: immunoblotting. (B) FRAP analysis of cells transfected with
Cx27.5-EGFP and DsRed or Cx27.5-EGFP and Cx35b-DsRed showing selected regions
(white rectangles) pre bleaching, immediately after bleaching, and recovery 5 and 55 s
post bleaching. Only gap junctions expressing both proteins were selected for the
analysis. Scale bar: 5 ym. (C) The bar graph displays the total % fluorescent recovery of
the selected gap junction regions, 55 s post bleaching. Error bars show the standard error
of the mean. Sample sizes were the following: Cx27.5-EGFP and DsRed: n = 17; Cx27.5-
EGFP and Cx35b-DsRed: n = 22. (D) Overall trends in % recovery measured every 5 s,
over the 55-s duration. Error bars show the standard error of the mean. Mann-Whitney U
(two tailed) significance test, *p < 0.05.

4.2.4. Vesicles containing both Cx27.5 and Cx35b display enhanced dynamics

To explore the intracellular dynamics at a vesicular stage, we examined the
quantitative kinetics of Cx35b and Cx27.5 containing vesicles. Neuro 2a cells transfected
with Cx27.5-EGFP and Cx35b-DsRed or with Cx27.5-EGFP and DsRed were subjected
to TIRF microscopy. Trafficking dynamics of the individual vesicles were recorded over
the 1-min duration. Vesicles expressing both proteins were selected for the analysis.
Vesicles double transfected with both Cx27.5 and Cx35b demonstrated increased
vesicular diameter (Cx27.5: 1.14 £ 0.044, n = 235; Cx27.5 and Cx35b: 1.48 £ 0.049, n =
308; p < 0.0001) (Figure 4.4A), track length (Cx27.5: 4.85 £ 0.30, n = 235; Cx27.5 and
Cx35b: 7.23 £ 0.48, n=308; p = 0.0007) (Figure 4.4B), and track duration Cx27.5: 26.76
+ 1.37, n = 235; Cx27.5 and Cx35b: 33.58 + 1.20, n = 308; p < 0.0001) (Figure 4.4C).
Vesicular speed showed no changes between the two groups (Cx27.5: 0.29 £ 0.024, n =

235; Cx27.5 and Cx35b: 0.32+ 0.023, n = 308; p = 0.6277 (Figure 4.4D).
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Figure 4.4. Transport dynamics of Cx35b and Cx27.5 vesicles. Total Internal
Reflection Fluorescence (TIRF) microscopy was used to resolve the vesicular transport
of Cx27.5-EGFP. Vesicles containing both Cx27.5-EGFP and Cx35b-DsRed showed
significantly increased (A) diameter, (B) track length, and (C) track duration. (D) The
speed of Cx27.5-EGFP and Cx35b-DsRed containing vesicles was not different from
vesicles containing Cx27.5-EGFP and DsRed. Vesicle dynamics were measured per
second over the course of 1 minute. Error bars show the standard error of the mean.
Sample sizes were the following: Cx27.5-EGFP and DsRed: n = 235; Cx27.5-EGFP and
Cx35b-DsRed: n = 308. Mann-Whitney U (two-tailed) significance test, ****p < 0.0001,
***p < 0.001, ns—not significant.

4.2.5. Cx27.5 and Cx35b heteromeric channels allow for increased dye transfer
To determine whether the functional profile of heteromeric channels composed of
Cx35b and Cx27.5 differs from homomeric Cx27.5 channels, EtBr uptake assays were

employed. We first assessed the functional dynamics of heteromeric channels with a dye

uptake assay (Figure 4.5A). Cells were transfected with Cx27.5-EGFP and ECFP empty
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vector or Cx27.5-EGFP and Cx35b-ECFP, and total dye uptake was recorded after 5
minutes of EtBr (10uM) application. Cells transfected with Cx27.5-EGFP and Cx35b-
ECFP showed significantly higher increase in the dye uptake when compared to the
control group (Cx27.5: 1.87 £ 0.17, n = 83; Cx27.5 and Cx35b: 3.32 + 0.39, n =86; p =
0.0001).

We further investigated these differences in channel properties by examining the
functionality of gap junction plaques composed of Cx35b and Cx27.5 with EtBr uptake
and recovery after photobleaching assay (Figure 4.5B). Cells were transfected with
Cx27.5-EGFP and ECFP empty vector or Cx27.5-EGFP and Cx35b-ECFP, and
fluorescent recovery in the area under the gap junction plaque was measured. This assay
allowed us to determine how much dye passes thought the gap junction plaque from the
neighboring into the photobleached cell of interest. Cells transfected with Cx27.5-EGFP
and Cx35b-ECFP showed significantly higher fluorescent recovery when compared to the
control group (Cx27.5: 21.91 + 3.97, n = 45; Cx27.5 and Cx35b: 33.13 £4.23, n =40; p
= 0.0095). Both assays suggest that heteromeric hemichannels, as well as gap junction
plaques composed of Cx35b and Cx27.5 assemble into more open conformation,

allowing for increased dye uptake and transfer.
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Figure 4.5. Functional profile of heteromeric Cx27.5 and Cx35b hemichannels and
gap junctions. (A) Dye uptake quantification of cells transfected with Cx27.5-EGFP and
ECFP or Cx27.5-EGFP and Cx35b-ECFP. Values correspond to total dye uptake after 5
minutes of EtBr (10uM) application. Expression of Cx27.5-EGFP was used for
normalization. Cells expressing both proteins were selected for the analysis. Sample
sizes were the following: Cx27.5-EGFP and ECFP: n = 83; Cx27.5-EGFP and Cx35b-
ECFP: n = 86. (B) EtBr uptake and recovery after photobleaching assay analysis of
Cx27.5-EGFP and ECP or Cx27.5-EGFP and Cx35b-ECFP expressing cells. Recovery
in the region next to gap junction plaque was recorded after photobleaching of the entire
cell after 10 minutes of EtBr (10uM) application. The bar graph displays the total %
fluorescent recovery of the selected regions, 55 s post bleaching. Only gap junctions
expressing both proteins were selected for the analysis. Sample sizes were the following:
Cx27.5-EGFP and ECFP: n = 45; Cx27.5-EGFP and Cx35b-ECFP: n = 40. Error bars
show the standard error of the mean. Mann-Whitney U (two-tailed) significance test, ***p
< 0.001, **p < 0.01, ns—not significant.

4.2.6. Cx27.5 and Cx35b co-localize in the inner plexiform layer of the zebrafish
retina

To further examine oligomerization between Cx35b and Cx27.5, we performed

immunohistochemistry analysis on 7 dpf zebrafish retina sections (Figure 4.6). Sections

were labeled with antibodies against Cx36/35 and Cx27.5. Cx27.5 antibody showed

discrete labeling in the inner plexiform layer (IPL). Cx36/35 antibody showed labeling in

the outer nuclear layer, outer plexiform layer, inner plexiform layer, and ganglion cell layer.

Limited overlap between two proteins was observed in the IPL of the retina.
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Figure 4.6. Co-localization analysis of Cx27.5 and Cx35b in the larval zebrafish
retina. Confocal images of horizontal sections of 7 dpf retina stained by
immunohistochemistry with antibodies against Cx27.5 (red) and Cx36/35b (green). The
nucleus is stained with DAPI (blue). ONL, outer nuclear layer; OPL, outer plexiform layer;
INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar:
20pm.
4.3. Discussion

Multiple types of connexins are often expressed in the same tissues, which often
results in the formation of heteromeric and heterotypic channels. Here, we explored the
compatibility of zebrafish Cx35b and Cx27.5. Cx35b is an orthologue of mammalian Cx36,
which belongs to the delta class of connexins (A. C. Miller et al., 2017), while Cx27.5 is
an orthologue of mammalian Cx32 and belongs to the beta class (Dermietzel et al., 2000;

Eastman et al., 2006; McLachlan et al., 2003; Valiunas et al., 2004). It is a general

understanding that connexins from different classes do not form heteromeric channels as
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they often possess a different heteromeric specificity motif in the transition between the
cytoplasmic loop (CL) and third transmembrane (TM3) domains (Largrée et al., 2003;
Smith et al., 2012). Cx35b contains a conserved arginine residue (R) at position 180
(referred to as R type connexins) (Supplementary Figure 4.1A, C). In contrast Cx27.5
contains a di-tryptophan (“WW?”) motif at positions 132 and 133 (W type connexins)
(Supplementary Figure 4.1B, C).

The control of hetero-oligomerization by R and W motifs is most likely indirect and
due to the differences in the cellular pathways that connexins follow during
oligomerization. R type connexins, specifically Cx43 and Cx46, are stabilized as
monomers in the endoplasmic reticulum (ER) and only oligomerize after transport to the
trans-Golgi network (TGN) (Koval et al., 1997; Maza et al., 2005; Musil & Goodenough,
1993). It is believed that other R connexins follow the same pathway, but this has yet to
be determined. Cx36 has been shown to undergo Golgi mediated trafficking (H. Y. Wang
et al., 2015); however, its oligomerization occurs in the ER (Tetenborg et al., 2022), which
most likely holds for Cx35b due to the shared homology of the two proteins. Trafficking
dynamics of Cx27.5 are not well studied yet but due to its homology to Cx32, it is
reasonable to speculate that the two proteins share similar oligomerization pathways. W
type connexins like Cx32 are believed to oligomerize in the ER (George et al., 1999;
Kumar et al., 1995). The above information suggests that both Cx35b and Cx27.5 share
similar oligomerization routes and thus could oligomerize with each other.

The other motif believed to be involved in the heteromeric oligomerization of
connexins is located in the N terminus (Largrée et al., 2003). The two positions are

referred to as P1 and P2. In position1, connexins of alpha class usually contain a
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negatively charged residue such as aspartic acid or glutamic acid, while connexins of
class beta contain small non-charged residues like serine or glycine. In position 2,
connexins of the alpha class usually contain a polar residue such as lysine, asparagine,
glutamine, or glutamic acid, while connexins of class beta contain a small non-charged
glycine. Residues 1-10 of B-connexins are predicted to lie within the channel pore, and
the N-terminal domain might form the channel vestibule (Largrée et al., 2003). Therefore,
the differences in the amino acid residues could lead to the different structural
conformation of the N-terminal domain, making the heteromeric assembly unlikely.

Cx27.5, like other class beta connexins, contains a serine residue at position 11
(P1) and glycine residue at position 12 (P2) (Supplementary Figure 4.1B, C). Cx35b,
belonging to the delta class of connexins, contains different residues to class alpha and
beta. Cx35b contains alanine both at position 13 (P1) and at position 14 (P2)
(Supplementary Figure 4.1A, C). Perhaps small alanine residues of Cx35b provide
better compatibility with serine and glycine residues of Cx27.5, unlike amino acids of
alpha class, and thus the formation of heteromeric channels between the two proteins is
possible. Another study showed that once the N terminal of connexin is truncated,
connexins from different classes are able to form heteromeric channels, as shown by their
ability to co-immunoprecipitate together (Ahmad et al., 1998). The same didn’t hold true
when the C terminus was removed. The apparent lack of discrimination between different
subunit isotypes observed with the N-terminal-truncated connexin peptides suggests the
crucial role of the N terminus in the connexin oligomerization.

While our co-localization and co-immunoprecipitation data pointed to the formation

of heteromeric channels composed of Cx27.5 and Cx35, the possibility of heterotypic
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channels cannot be ruled out. The heterotypic motif is located in extracellular loop domain
two. Cx27.5, like Cx32, belongs to group 1 and possesses a so-called K-N motif with a
lysine (K) residue in position 167 and asparagine (N) in position 175 (Supplementary
Figure 4.1B, C). Group 2 connexins have a histidine (H) residue instead of asparagine.
Cx35b, however, has a glutamic acid residue in position 213 and a lysine residue in
position 221 and therefore doesn’t belong to either group 1 or group 2 (Supplementary
Figure 4.1A, C). Like 35b, Cx31 also does not belong to a group and has been shown to
be compatible with connexins from both group 1 and group 2, including Cx32 (Abrams et
al., 2006; Elfgang et al., 1995). Moreover, heterotypic compatibility seems to be more
flexible and permits unusual docking interactions. For example, group 1 Cx46 has been
demonstrated to be heterotopically compatible with both group 1 (K-N) type connexins
(Cx26, Cx32, Cx50) and group 2 (H) connexin (Cx43) (T. W. White et al., 1995). This
suggests that the possibility of heterotypic channel formation between Cx35b and Cx27.5
is highly plausible.

Our results showed that channels composed of Cx35b and Cx27.5 are significantly
more mobile both intercellularly and at the membrane. Increased dynamics possibly allow
for fast delivery to the points of contact when there is demand for these specialized
channels. Another interesting aspect was an increased dye uptake and transfer for the
heteromeric/heterotypic Cx27.5/Cx35b channels when compared to the homomeric
Cx27.5 channels. This is not unexpected as channels that are formed by different
connexins often have different conductance and permeability properties (Cottrell & Burt,
2001). The ability to allow more dye through suggests a more open conformation, and

thus these channels are likely to possess distinct permeability and conductance features.
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Immunohistochemistry analysis showed co-localization of Cx35b and Cx27.5 in
the IPL of the retina. IPL is known to be the point of contact for the synapses between
amacrine, bipolar interneurons, and the retinal ganglion cells (Euler et al., 2014). Cx27.5
has been previously reported to be expressed in the amacrine cells (Dermietzel et al.,
2000), while Cx36 is known to be expressed in bipolar, amacrine, and ganglion cells (J.
O’Brien & Bloomfield, 2018). This suggests that the heteromeric or heterotypic
Cx35b/Cx27.5 channels are most likely formed between either of these three cell types
(Supplementary Figure 4.2).

Overall, our data suggested that Cx35b and Cx27.5 oligomerization leads to the
formation of specialized gap junction channels that are needed to couple distinct cell
types in the inner plexiform layer of the retina. By allowing for the connection between
different cell types, heteromeric and heterotypic gap junction channels can shape the

plasticity of the electrical circuits in the retina.
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4.4. Supplementary Figures
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Supplementary Figure 4.1. Heteromeric and heterotypic sequence motifs of Cx35b
and Cx27.5. Transmembrane topology of Cx35b (A) and Cx27.5 (B) highlighting critical
heteromeric and heterotypic sequence motifs. Images were created with Protter software.
(C) Sequence alignment between Cx35b and Cx27.5 highlighting key residues.
Heteromeric P1 and P2 motifs are highlighted in blue, heteromeric R and W motifs are
highlighted in yellow and heterotypic motifs are highlighted in red. Alignments were
performed using Pairwise Sequence Alignment with EMBOSS Needle.
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Supplementary Figure 4.2. Schematic of the retinal anatomy, showing potential
electrical synapses formed by Cx35b and Cx27.5. The illustration shows key layers of
the retina and different cell types contained within each layer on the left. Zoomed-in insets
on the right show potential cell to cell connections mediated by Cx35b and Cx27.5
heterotypic channels. The image was created with BioRender.com. GCL: ganglion cell
layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL:
outer nuclear layer; PL: photoreceptor layer; RPE: retinal photoreceptor layer.
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Chapter 5. Connexin 27.5 is Critical for Visual Perception and Processing in
Zebrafish
5.1. Introduction

Intercellular communication is essential for the behavior coordination of the
individual cells. The most widely distributed cell structures involved in cell-to-cell
communication are gap junctions. Gap junctions are formed by protein channels that
couple neighboring cells and allow for the passage of small molecules and ions. These
channels are formed by a family of integral membrane proteins called connexins (Stauffer
& Unwin, 1992). Connexin 27.5 (Cx27.5) is a novel isoform that was first identified in the
zebrafish retina (Dermietzel et al., 2000). Specifically in the retina, Cx27.5 showed
labeling of subpopulations of neurons in the inner nuclear layer and the ganglion cell
layer. The overall Cx27.5 expression has been shown to be restricted to the brain, retina,
and ear (Chang-Chien et al., 2014; Dermietzel et al., 2000; Zoidl et al., 2008).

Cx27.5 shares homology with both mammalian connexin 26 (Cx26) and connexin
(Cx32). Phylogenetic tree analysis places zebrafish Cx27.5 closer to mammalian Cx32
than Cx26 (Supplementary Figure 5.1A) even though the sequence similarity is higher
between Cx27.5 and Cx26 (72.2%) (Supplementary Figure 5.1B) than Cx32 (65.2%)
(Supplementary Figure 5.1C). Cx27.5 channels display moderate voltage-dependent
channels and low conductance (Dermietzel et al., 2000). These properties of Cx27.5 are
more similar to those of Cx32 than Cx26, as Cx26 displays weak voltage sensitivity (Barrio
et al., 1991) and large conductance (Bukauskas et al., 1995). Mutations in Cx32 are
known to lead to the Charcot-Marie-Tooth neuropathy X type 1 (CMTX1) syndrome

(Janssen et al., 1997). Cx32 gene (GJB1) is X-linked, leading to moderate-to-severe
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motor and sensory neuropathy in males with typically mild-to-no symptoms in carrier
females. Sensorineural deafness, cases of optic atrophies (Stojkovic et al., 1999), and
central nervous system deficits (Hu et al., 2019; Wen et al., 2018) have been reported
suggesting that both central and peripheral nervous systems are affected by this disease.
The homology between Cx27.5 and Cx32 suggests that these proteins might share a
similar functional profile.

To determine the functional significance of the Cx27.5 protein, we employed
transcription activator-like effector nucleases (TALEN) to generate a knock-out zebrafish
model (Cx27.5"). A loss of function mutation allowed us to investigate the role of
Cx27.5 in zebrafish larvae. Because of the previously identified expression in the brain
and sensory organs, like the eye and ear, and homology to the mammalian Cx32, we

hypothesized that zebrafish lacking Cx27.5 would exhibit sensory and cognitive deficits.

5.2. Results

5.2.1. TALEN mediated knock-out of Cx27.5

Cx27.5 gene consists of two exons and one intron (Figure 5.1A). The beginning
of exon 2, which contains a Bcll restriction endonuclease recognition sequence, was
chosen as a target site for TALEN-mediated mutagenesis. TALEN cRNA pair targeting
the Cx27.5 gene was microinjected into one-cell staged embryos at a concentration of
12.5 picograms (pg). DNA sequence analysis confirmed that TALENs generated small
deletions ranging between 9 and 25 bp (Figure 5.1B). A wild-type (WT) Cx27.5 protein is
composed of 254 amino acids with N and C termini (Figure 5.1C). A 25 bp deletion

resulted in a frameshift which led to a premature stop codon at amino acid 18, and the
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majority of the protein is not translated. Fish with this specific mutation were chosen to
generate a homozygous knock-out line through rounds of breeding. The restriction
fragment length polymorphism test (RFLP) of the genomic DNA of 4 randomly selected
Cx27.5-/- fish was used to confirm the loss of the Bcll restriction site in the F1 generation

(Figure 5.1D).
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Figure 5.1. Generation of Cx27.5-/- zebrafish with TALENSs. (A) The zebrafish Cx27.5
gene contains two exons (E1 and E2). The left and right TALENs sequences are
highlighted in blue. The Bcll restriction site, which is used as a diagnostic site, is
underlined. (B) A sequence alignment of WT and mutated sequences demonstrate 9 to
25 bp deletions. Stop codons are labeled in red. (C) A 25 bp deletion caused a frameshift,
which resulted in a premature stop codon at amino acid (aa) 18. (D) The RFLP assay
demonstrates the loss of the Bcll restriction site in the F1 generation of Cx27.5-/- fish.
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5.2.2. Characterization of Cx27.5" larvae

To investigate the differences between Cx27.5** and Cx27.57 larvae, we started
by comparing the survival rate between the two groups. The number of live embryos was
counted 24 hours post-fertilization and expressed as a percentage to display the survival
rate. Cx27.5"- embryos showed a decreased survival rate when compared to the WT
control (Cx27.5%*: 88.22 + 2.42, n = 13; Cx27.57: 20.81 + 4.81, n = 13, p < 0.0001)
(Figure 5.2A). To further examine the low survival rate, embryos were observed 4 hours
post-fertilization. Cx27.57- embryos seemed to arrest their development during the 4-cell
stage of the cleavage period, typically observed 1 hour post-fertilization (Kimmel et al.,
1995) (Figure 5.2B). The control Cx27.5"* embryos reached the sphere stage of the
blastula period, which is expected 4 hours post-fertilization. At 7dpf, the survived Cx27.5
" larvae looked very similar to their control counterparts, and no substantial anatomic
defects were observed (Figure 5.2C). However, the body length measurements revelated
that Cx27.57 larvae are shorter than control larvae (Cx27.5"*: 4.31 + 0.049, n = 12;
Cx27.57:3.96 + 0.074, n = 13 p = 0.0006.) (Figure 5.2D). Next, the expression levels of
Cx27.5 mRNA were compared between the knock-out and control groups. No significant
reduction in Cx27.5 mRNA levels was observed in the Cx27.57 larva, signifying that a 25
bp deletion did not lead to the nonsense-mediated mMRNA decay (p = 0.361) (Figure

5.2E).
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Figure 5.2. Characterization of Cx27.5-/- larvae. (A) Survival rate comparison between
Cx27.5+/+ and Cx27.5-/- larvae 24 hours post-fertilization. Sample sizes were the
following: Cx27.5+/+: n = 13, Cx27.5-/-: n = 13. (B) Cx27.5+/+ and Cx27.5-/- zebrafish
embryos 4 hours post-fertilization. Scale bar = 0.5 mm. (C) Cx27.5+/+ and Cx27.5-/-
larvae at 7 dpf showing regular morphology. Scale bar = 1 mm. (D) The head-to-tail body
length measurement of Cx27.5+/+ and Cx27.5-/- larvae at 7 dpf. Sample sizes were the
following: Cx27.5+/+: n = 12, Cx27.5-/-: n = 13. (E) gqRT-PCR analysis of Cx27.5
expression in Cx27.5-/- and control larvae at 7 dpf. 18s rRNA was used as the reference
gene. Cx27.5+/+ was used as the control group. Data were collected in three independent
experiments in triplicate for each gene. Error bars show the standard error of the mean.
***p < 0.001, ****p < 0.0001, ns — not significant.
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5.2.3. Cx27.5 mRNA expression in adult and larvae zebrafish tissues

To determine the physiological importance of the Cx27.5 protein, we first assessed
its mMRNA expression pattern. For this purpose, various tissues of adult zebrafish were
collected and subjected to mRNA extraction followed by gPCR. In line with previous
reports (Chang-Chien et al., 2014; Zoidl et al., 2008), Cx27.5 expression was detected in
the retina, and this tissue was used as a reference condition (normalized to 1) (Figure
5.3A). Cx27.5 expression levels were most prominent in the optic tectum and
mid/hindbrain region (Optic tectum: p < 0.000; Mid/hindbrain: p < 0.000). Minimal Cx27.5
expression was detected in the heart and liver (Heart: p = 0.006; Liver: p < 0.000).

Next, the temporal expression pattern of Cx27.5 was assessed (Figure 5.3B).
Cx27.5 mRNA levels were measured in 30 whole larva aged between 1 and 7dpf.
Expression at 1 dpf was used as a reference condition. Cx27.5 expression was minimal
at 2 pdf (p = 0.936) and significantly increased from 3 dpf (3 dpf: p = 0.003; 4 dpf: p =
0.007; 5 dpf: p = 0.017; 6 dpf: p = 0.013). The highest expression was observed at 7pdf

(p < 0.000).
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Figure 5.3. Spatiotemporal expression of Cx27.5 mRNA in zebrafish. (A) Real- time
gPCR analysis of Cx27.5 mRNA expression in WT adult zebrafish tissues. Total RNA
was isolated from different tissues and used for cDNA synthesis. Retinal Cx27.5
expression was used as a reference condition and was normalized to 1. 18s rRNA was
used as the reference gene (B) Real-time qPCR analysis of Cx27.5 mRNA expression in
zebrafish larva collected from 1 to 7 dpf. Total RNA was isolated from 30 whole larvae at
different ages and used for cDNA synthesis. Larval expression at 1 dpf was used as a
reference condition and was normalized to 1. 18s rRNA was used as the reference gene.
Data was collected in three independent experiments in triplicate for each gene. Error
bars show the standard error of the mean.

5.2.4. Cx27.5 protein expression in the retina and brain of larvae zebrafish

Protein expression of Cx27.5 in larvae showed to be most prominent in the
forebrain region and the inner plexiform layer of the retina (IPL) (Figure 5.4A). While the
antibody staining wasn’t completely abolished, Cx27.57 larvae showed a marked
reduction in expression. With peptide control, the specific Cx27.5 expression was lost,
and only dispersed background staining can be observed, which proves the specificity of
antibody binding (Figure 5.4B). To narrow down the specific cell types that express
Cx27.5 in the IPL of the retina, we performed double labeling immunohistochemistry
experiments with PSD-95 and parvalbumin markers. PSD-95 is found at postsynaptic
sites of bipolar cells in the IPL (Massey, 1990; Massey & Redburn, 1987). No co-
localization of Cx27.5 and PSD-95 suggests that bipolar cells do not express Cx27.5
(Figure 5.4C). Another marker we employed was parvalbumin. A parvalbumin antibody
was used as a marker for the subtype of glycinergic amacrine cells called All amacrine
cells (Haverkamp & Wassle, 2000; Rice & Curran, 2000; Yeo et al., 2009). The double
labeling with Cx27.5 and parvalbumin antibody showed no co-localization, suggesting

that Cx27.5 is not expressed by parvalbumin-positive All amacrine cells (Figure 5.4D).
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Figure 5.4. Expression of Cx27.5 protein in zebrafish larvae. Immunohistochemistry
analysis of Cx27.5 expression in 7dpf larvae. (A) The section shows Cx27.5 expression
in the forebrain and retina (green). Arrows point to notable expression in the forebrain
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region and inner plexiform layer of retina. Cx27.5-/- larvae show a reduction in Cx27.5
expression. The nucleus is stained with DAPI (purple). Scale bar: 100pm. (B) Specific
Cx27.5 expression pattern is lost upon addition of an antibody peptide control. The
nucleus is stained with DAPI (purple). Scale bar: 100um. Co-expression analysis of
Cx27.5 (green) with PSD-95 (red) (C) and parvalbumin (purple) (D). The nucleus is
stained with DAPI (blue). Scale bar: 20pm.

5.2.5. Loss of Cx27.5 alters freely swimming behavior in the dark

To determine whether any major sensory and motor deficits are present in the
Cx27.57 fish, locomotion tracking experiments were performed. Larvae were transferred
into a 24 well plate at 7 dpf and their movements were tracked for a total of 1 hour under
light (30% light intensity) or dark (0% light intensity) conditions. Under the light condition,
the total distance traveled of Cx27.57 was no different from the control Cx27.5**
(Cx27.5"*: 1114 + 65.93, n = 44; Cx27.5": 1111 £ 64.90, n = 43, p = 0.7902) (Figure
5.4A, B). No differences were observed in the swimming speed between the two groups
(Cx27.5%+:22.87 £ 1.29, n = 44; Cx27.57:22.12 + 1.37, n =43, p = 0.5179) (Figure 5.4C,
D). However, under complete darkness Cx27.57 fish traveled a shorter distance
(Cx27.5"*: 689.8 + 61.05, n = 44; Cx27.57: 503.5 + 35.61, n = 43, p = 0.0194) (Figure
5.4E, F) and showed a decrease in their speed (Cx27.5**: 17.20 + 1.372, n = 44; Cx27.5
:12.32 + 0.5779, n = 43, p = 0.0030) (Figure 5.4G, H) when compared to the Cx27.5*"*

control.
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Figure 5.5. Locomotion activity of Cx27.5”7- larvae under light and dark conditions.
Total distance traveled and mean speed of 7dpf Cx27.5-/- and Cx27.5+/+ larvae (A, C)
with their corresponding experimental traces (B, D) tracked under light condition (30%
light intensity). Total distance traveled and mean speed of 7dpf Cx27.5-/- and Cx27.5+/+
larvae (E, G) with their corresponding experimental traces (F, H) tracked under dark
condition (0% light intensity). Fish were tracked for one hour, and data were collected
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every minute. Sample sizes were the following: Cx27.5+/+: n =44, Cx27.5-/-: n = 43. Error
bars show the standard error of the mean. *p < 0.05, **p < 0.01, ns - not significant.
5.2.6. Cx27.5-/- larvae exhibit hypersensitive visual-motor response (VMR)
Because the aforementioned results showed differences in locomotion activity
between the two groups only during the dark cycle, we decided to further explore the
effect the light stimulus has on Cx27.57 larvae. For this purpose, we employed a modified
VMR assay (Emran et al., 2008). 7 dpf larvae were transferred into a 48 well plate, and
their response to the abrupt light ON (100% light intensity) or light OFF (0% light intensity)
condition was tested. The Cx27.57 larvae had the same baseline levels of activity as
Cx27.5*"* control; however, they seem to exhibit a hyperreactivity response to the light
transitions (Figure 5.5A). When the lights were changed from light OFF to light ON
Cx27.57 larvae showed an increase in their activity when compared to the control
(Cx27.5"*: 0.433 £ 0.023, n = 80; Cx27.5": 0.599 + 0.019, n = 120, p <0.0001) (Figure
5.5B, C). On the contrary, the activity of Cx27.57 larvae was no different from the control
when lights were changed from light ON to light OFF (Cx27.5"*: 0.434 + 0.031 n = 80;
Cx27.57: 0.475 % 0.027, n = 120, p = 0.3150) (Figure 5.5D, E). The values are the
average of the second trial as it represents a more robust and reliable behavior. Overall,
Cx27.57 larvae appear to be hypersensitive to the abrupt light transition but only when it

is changed from OFF to ON.
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Figure 5.6. Visual-motor response (VMR) of Cx27.57 larvae. (A) The line graph shows
the average activity of Cx27.5** and Cx27.5"" larvae during the alternating periods of light
OFF (0% light intensity) and ON (100% light intensity). The activity was defined as the
fraction of frames per second that a larva spent being active (swimming). (B, D) The line
graph shows the change in activity as the light changes from Light-OFF to Light-ON or
Light-ON to Light-OFF. Activity is shown from 1 minute (min) preceding and 1 min
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succeeding the light switch. (C, E) The average activity comparison between two groups
right at the light switch. The values are the average of the second trial from five
independent tests. Data was collected every second. Sample sizes were the following:
Cx27.5"*: n = 80, Cx27.57: n = 120. Error bars show the standard error of the mean.
****p < 0.0001, ns - not significant.

5.2.7. Optomotor response (OMR) declines in the absence of Cx27.5

To further explore the involvement of Cx27.5 in visual processing, we subjected
the 7 dpf larva to the OMR assay. The OMR is a visual behavior in which motion observed
in the surroundings is followed. (Bahl & Engert, 2020; Kist & Portugues, 2019; Naumann
et al., 2016). Once larvae see the moving stimulus (black and white stripes), they follow
it. The sample larvae distribution prior to and after the right-ward visual stimulus is
displayed in Figure 5.6A. Cx27.57 larvae displayed a decrease in their ability to follow
the right-ward moving stimulus, after 1.5 min (Cx27.5"*: 73.75 + 3.24, n = 80; Cx27.5"
51.52 + 1.34, n = 80, p = 0.0002) and 3 min of stimulus presentation (Cx27.5**: 73.75 +
4.60, n = 80; Cx27.57: 52.59 + 2.25, n = 80, p = 0.0022) (Figure 5.6B). Same as with
right-ward stimulus, Cx27.57 larvae exhibited decreased ability to follow the left-ward
moving stimulus, both after 1.5 min (Cx27.5**: 67.50 + 4.53, n = 80; Cx27.57: 40.23 +
3.05, n =80, p = 0.0011) and 3 min (Cx27.5**: 75.00 + 4.23, n = 80; Cx27.57: 47.79 +
3.72, n =80, p =0.0011) (Figure 5.6C). Thus, Cx27.5 appears to play a role in encoding

and perception of the motion direction signals.
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Figure 5.7. Optomotor response (OMR) of Cx27.57- larvae. (A) A model of the OMR
test chamber set up showing larvae distribution prior to and after the right-ward visual
stimulus. The image was created with BioRender.com. (B) Percentage of Cx27.5*"* and
Cx27.5" larvae exhibiting a positive OMR response to the moving right-ward stimulus
and (C) left-ward stimulus. The positive response was calculated after 1.5 min and 3 min
of stimulus presentation. Spatial frequency = 64 pixels/cycle, speed = 144 pixels/sec,
contrast setting = 100%. Ten larvae were used in each experiment. Sample sizes were
the following: Cx27.5**: n = 80, Cx27.5": n = 80. Error bars show the standard error of
the mean. **p < 0.01, ***p < 0.001.
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5.3. Discussion

The establishment of the Cx27.57 zebrafish line enabled us to study the role of
Cx27.5 in visual and cognitive processing in a live animal. The knock-out of the Cx27.5
gene did not lead to gross anatomical defects, and visually the Cx27.5" larvae looked
indistinguishable from the Cx27.5** control. However, Cx27.57 larvae were of reduced
length, and most notably, Cx27.5" embryos had a significant reduction in the survival
rate. The majority of Cx27.5" embryos seemed to arrest their development during the 4-
cell stage of the cleavage period, typically observed 1 hour post-fertilization (Kimmel et
al.,, 1995). As mentioned earlier, Cx27.5 shares 72.2% sequence homology with Cx26
(Supplementary Figure 5.1B). Interestingly, at 10.5 days post-coitum, Cx267- mouse
embryos were significantly smaller than the wild-type or heterozygous littermates (Gabriel
et al., 1998). No obvious malformation could be detected, but around day 11 days post-
coitum, the homozygous knock-out embryos died. Their results suggest that Cx26 gap
junction channels are essential for the transfer of maternal nutrients, such as glucose,
and embryonic waste products in the mouse placenta. It is possible that Cx27.5
possesses a similar function, and the transfer of nutrients from the yolk to the embryo,
which is critical for embryogenic development, is compromised.

Accurate VMR responsiveness requires an intact retina (Fernandes et al., 2012)
and photoreceptor populations with distinct spectral properties (Burton et al., 2017). The
altered response of Cx27.57 larvae to dark-to-light transitions suggests a specific
deficiency in the visual system. This deficiency is most likely due to a misregulation in the
network of cells involved in the “ON” pathways that are responsible for processing the

incoming light. We have shown that Cx27.5 expression is restricted to the brain and
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retina, which is in line with previous reports (Chang-Chien et al., 2014; Zoidl et al., 2008).
Specifically in the retina, Cx27.5 expression is most prominent in the IPL layer. IPL layer
is known to contain the synapses between the amacrine and bipolar interneurons and the
retinal ganglion cells (Euler et al., 2014). The majority of the synapses in the IPL are
formed by amacrine cells suggesting that these cells are most likely the ones expressing
Cx27.5 (Supplementary Figure 5.2). The co-localization experiments with the PSD-95
marker further pointed out that Cx27.5 is most likely expressed in a subset of amacrine
cells.

The inner half of the IPL, where Cx27.5 is localized, contains cell connections that
are involved in the “ON” network pathways and get depolarized upon an increase in
illumination. The initial processing of the VMR Light-ON and VMR Light-OFF responses
is influenced by different classes of photoreceptors. Zhang and colleagues showed an
increased VMR Light-ON response upon stimulation with Schisandrin B component in a
cone deficient zebrafish mutant (L. Zhang et al., 2016). The authors concluded that the
above compound most likely acted on the rods and led to an enhanced light sensation in
the zebrafish mutants. Scotopic vision is dependent on the synapses between ON-cone
bipolar cells and amacrine cells in the IPL, which maintain the signaling through the
primary rod pathway (Deans et al., 2002; Guldenagel et al., 2001). The expression of
Cx27.5 in the IPL and the aberrant VMR Light-ON response suggested that Cx27.5 might
be a key player in the rod-mediated light “ON” pathway. While we were unable to narrow
down the specific cell type that expresses Cx27.5, IPL is critical for visual processing, and
Cx27.5 could be involved in the pathway contributing to the negative regulation of the ON

pathway, and its absence would lead to the enhanced VMR response.
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In the positive OMR, the larva swims to follow moving visual stimuli (Bahl & Engert,
2020; Kist & Portugues, 2019; Naumann et al., 2016). The OMR test can be used to
evaluate the spatial acuity in zebrafish, as fish will swim in the direction of perceived
motion. As expected, 7 dpf larvae were able to elicit OMR and follow the visual stimulus.
This is in line with the previous reports depicting this response in fish as early as 5 dpf
(Portugues & Engert, 2011; Rainy et al., 2016; Stiebel-Kalish et al., 2012). In zebrafish,
processing and encoding of both presence and direction of motion are largely governed
by direction-selective ganglion cells (DSGCs) (Briggman et al., 2011; Ding et al., 2016;
Naumann et al., 2016; Taylor & Vaney, 2002). Cx27.57 larvae showed a significantly
reduced OMR when compared to the control group.

We were able to exclude parvalbumin expressing All amacrine cells as the cells
expressing Cx27.5. However, up to thirty distinct subpopulations of amacrine cells have
been discovered and moving forward antibodies which detect other subtypes in the
zebrafish will need to be identified. It is worth mentioning that a subtype of amacrine cells,
called starburst amacrine cells, plays an important role in the signal transmission to the
direction-sensitive retinal ganglion cells and thus is a key contributor to the detection of
directional motion and direction selectivity (Taylor & Smith, 2012). Our OMR data
suggested that starburst amacrine cells might be the subtype that expresses Cx27.5, as
Cx27.5 knock-out led to the disruption in the directional motion detection.

Overall, our data pointed to an involvement of Cx27.5 in the network responsible
for processing motion direction signals. Further, the results suggested that Cx27.5 could
be a critical modulator of the pathways converging in the IPL layer and thus is critical for

visual perception.
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5.4. Supplementary Figures
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Supplementary Figure 5.1. Phylogenetic tree and sequence comparisons of
zebrafish Cx27.5 paralogue and orthologues. Phylogenic tree consisting of proteins
closely related to Cx27.5. zfCx27.5 is more closely related to mCx32 and hCx32.
Phylogenic tree was created with Simple Phylogeny EMBL-EBI. (B) Sequence alignment
between zebrafish Cx27.5 and mouse Cx26 shows a similarity score of 72.2%, identity
score of 56.1%, and gap score of 11.8%. (C) Sequence alignment between zebrafish
Cx27.5 and mouse Cx32 shows a similarity score of 65.2%, identity score of 52.6% and
gap score of 22.2%. (D) Sequence alignment between zebrafish Cx27.5 and zebrafish
Cx31.7 shows a similarity score of 70.6%, identity score of 58.5%, and gap score of
17.0%. Alignments were performed using Pairwise Sequence Alignment with EMBOSS
Needle EMBL-EBI. zf: zebrafish; m: mouse; h: human.
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Supplementary Figure 5.2. Schematic of the retinal anatomy, showing electrical
synapses containing Cx27.5. The illustration shows key layers of the retina and different
cell types contained within each layer on the left. Zoomed-in insets on the right show
Cx27.5 in the amacrine cells connecting with other retinal connexins in bipolar and
ganglion cells. The image was created with BioRender.com. GCL: ganglion cell layer;
IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer
nuclear layer; PL: photoreceptor layer; RPE: retinal photoreceptor layer.
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Chapter 6. Concluding Remarks and Future Directions
6.1. Summary

The overall findings in this thesis uncovered the importance of molecular
mechanisms governing the regulation and function of neuronal connexins. Connexins
possess high turnover rates, which is believed to be instrumental in synaptic plasticity.
The high turnover rates are likely mediated by various interacting partners that connexins
interact with at different stages of their life cycle. Various proteins have been shown to
affect the delivery to and from the membrane as well as intracellular trafficking between
different cellular compartments. In chapter 3, the interaction between Cx36 and Cav-1
was explored in the Neuro 2a cell line and showed to be calcium-dependent. As Cav-1 is
a mediator of caveolin-dependent endocytosis, the effect of Cav-1 overexpression on the
trafficking dynamics of Cx36 was explored. Cav-1 overexpression led to enhanced
vesicular and membrane transport of Cx36. With pharmacological intervention, we
concluded the involvement of Cav-1 in endocytosis, specifically through the rapid and
calcium-dependent pathway.

Chapter 4 focused on connexin oligomerization as a means of regulation. When
different connexin isoforms oligomerize together to form a single hemichannel, this
hemichannel is referred to as a heteromeric. The docking of two distinct channels is
referred to as heterotypic channels. Both conformations allow for the formation of highly
specialized gap junction channels, which are required to connect a multitude of different
cell types. Because the retina is known to be an ideal tissue to study gap junctional
regulation and connectivity, the potential oligomerization capability of two connexins

highly expressed in the retina, Cx35b and Cx27.5, was explored. Cx35b and Cx27.5
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channels showed distinct trafficking features, intracellularly and at the membrane,
compared to homomeric channels. Moreover, Cx35b/Cx27.5 channels displayed a
difference in their function by showing an increased dye uptake and transfer. These
results suggested that Cx35b/Cx27.5 channels can shape the signal transmission in a
specific manner. As we showed co-localization between Cx35b and Cx27.5 in the inner
plexiform layer of the retina, the most likely cell types expressing the above proteins were
narrowed down to bipolar, amacrine, and ganglion cells. The connection between the
above cell types may rely on the heteromeric/heterotypic gap junctions as opposed to a
homomeric/homotypic channel.

As we began to uncover a potential role of Cx27.5 in the retinal connectivity, a
knock-out zebrafish line was employed to continue this exploration further. The knock-
out larvae demonstrated significant visual deficiencies when compared to the wild-type.
The increased startle upon light stimulation suggested that the signaling transmission
between ON-cone bipolar cells and amacrine cells was altered or lost. Furthermore,
Cx27.5 knock-out larvae could not perceive and encode directional motion signals. The
above results together, with protein expression analysis, implied that Cx27.5 is expressed
by starburst amacrine cell type. These cells are known for their critical function in the
detecting directional motion and direction selectivity, and thus the absence of Cx27.5 gap
junctions might affect the electrical communication between amacrine and ganglion cells.
6.2. Future Directions

Interaction between Cx36 and Cav-1 proved to be an essential mediator of the
caveolin-dependent endocytosis of Cx36. One possible future direction would be to

employ immunoprecipitation followed by a mass spectrometry analysis to identify
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potential interacting partners of Cx36. By establishing an interacting network of Cx36, not
only the specialized endocytosis mechanism of Cx36 could be elucidated, but new
regulators of Cx36 function can be established.

Further studies can be used to pinpoint whether the channels formed between
Cx35b and Cx27.5 are heteromeric or heterotypic or whether both types of channels can
be observed. Two different cell lines, each stably expressing only Cx35b or Cx27.5, can
be employed to determine this. Once the stable expression is established, cells from the
different cell lines can be mixed to determine if heterotypic channels can be formed
between the different cells. However, a stable expression often comes with its challenges.
Specifically, for Cx36, rapid loss of expression is often observed in the stable cell lines
making further investigations challenging.

Electrophysiology is essential for the functional studies of gap junction properties.
The technique can determine whether the mixed Cx35b/Cx27.5 channels display
increased signal transmission, as seen with the functional dye assays. This can further
explain how distinct properties of heteromeric/heterotypic channels can aid in the fine-
tuning of the electrical synapses between different cell types. Lastly, while we began to
explore co-localization patterns of Cx35b and Cx27.5, this should be further explored.
The specific cell types the mixed channels are attributed to can be identified by employing
different cell markers.

Like other connexins, Cx27.5 has a paralog, which is Cx31.7 (Eastman et al., 2006)
with the sequence similarity of 70.6% (Supplementary Figure 5.1D). The knock-out fish
line of the paralogue should be generated and inbred with Cx27.5 knock-out to obtain a

double knock-out line. It would be appealing to observe how the behavioral characteristics
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of this line would differ from the current Cx27.5 knock-out line. Often, the presence of
another paralogue rescues the effect of the single knock-out, leading to an either reduced
or entirely absent phenotype. Another important direction for future research is to knock-
in Cx27.5 back into the knock-out line to show the rescue of the observed phenotype.
Alternatively, a rescue by transgenic expression under the control of an amacrine cell
promoter can be performed, once the exact amacrine cell type expressing Cx27.5 is
known. This would further reinforce the specificity of the observed deficiencies in the
knock-out line.

Cx35b and Cx27.5 are highly expressed in the retina and show oligomerization
capabilities as described in Chapter 4; thus, it would be beneficial to observe the
behavioral outcomes in a fish line lacking both Cx35b and Cx27.5. As the above proteins
show partial co-localization, the deletion of both genes would most likely cause a
significant disruption in visual processing. This would help to narrow down the specific
pathways within the retina that employ both Cx35b and Cx27.5.

The immunohistochemistry results show that Cx27.5 knock-out tissues display a
partial signal from the Cx27.5 antibody. This could be attributed to the cross-reactivity of
the antibody with other connexin isoforms. To rectify this, one possible solution is to adjust
the immunohistochemistry protocols to determine the most optimal stringent conditions
that will eliminate any residual binding but will not strip the antibody completely.

Lastly, both immunohistochemistry and mRNA localization assays showed a
significant signal of Cx27.5 in the brain. The role of Cx27.5 in cognitive processing can

be explored by employing several behavioral assays such as T-maze assays, social
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preference tests, prey-capture assays, shoaling tests, to test for possible deficiencies in

the Cx27.5 knock-out line.

6.3. Conclusion

This thesis focused on multifaced regulatory mechanisms and the function of
neuronal connexins. Gap junctions are critical building blocks of the electrical synapses,
and the outcomes will contribute to the understanding of the mechanisms that govern and
shape neuronal connectivity and signal transmission. In the retina, these mechanisms
can help further understand the role and function of each cell type and uncover potential
network misregulations that often result in visual abnormalities. With the involvement of
gap junction proteins in neurodegenerative diseases such as Parkinson's and
amyotrophic lateral sclerosis, the above research and its continuation could potentially

have implications even in the therapeutic avenues.
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APPENDIX A - Plasmid Maps

(4937) AfIIII - Pcil Asel (7)
NdeI (234)
SnaBI (340)

Nhel (591)
BmtI (595)
Afel (596)
BgIII (609)

PaeR7I - Xhol (613)
Eco53KkI (618)
SaclI (620)

EcoRI (629)
BsgI (704)
BspEI (738)
BsmBI - Esp3I (761)
PstI (816)

e
(4182) Dral
(4163) Dral

PpuMI* (1016)

(3794) Pfol
Cx36-HIS N1

4995 bp Scal (1292)

Sall - SgrDI (1606)
Accl (1607)
Acc65I (1612)
KpnlI (1616)
PspOMI (1620)
TspMI - Xmal (1623)
Apal (1624)
Smal (1625)
Agel (1633)
NotI (1663)
Dral (1721)
Mfel (1769)
Hpal (1782)

AFIIT (1901)

(3535) RsrIl

S'/"O

Qor.i

(3252) BsrDI
AMPR promoter

(3022) PIuTI
(3020) Sfol
(3019) Narl
(3018) KasI

(2859) BspDI* - Clal*

(2837) BseRI Dralll (2135)
(2794) Sfil

SV40 promoter Csil - SexAI* (2608)

Figure A.1.1: Gene map of HIS-N1-Connexin36 (Cx36) indicating insert and various

regions of expressions. Cx36 was cloned using EcoRI and Sall restriction sites.
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(5600) AfIIII- Pcil  Asel (7)

Ndel (234)
SnaBI (340)

Nhel (591)

BmtI (595)

PaeR7I - Xhol (613)
Eco53kI (618)

BsmBI - Esp3I (761)

PpuMI* (1016)

(4457) Pfol

Scal (1292)

Cx36-DsRed N1

5658 bp Sall - SgrDI (1606)

Accl (1607)
Acc65I (1612)
KpnI (1616)
PspOMI (1620)
TspMI - Xmal (1623)
Apal (1624)
Smal (1625)
Agel (1633)
FspAl (1694)
BstEII (1786)
AhdI (1825)

SbfI (1986)

(4198) RsrIl

(3915) BsrDI

(3685) PIuTI
(3683) Sfol
(3682) Narl
(3681) Kasl

(3522) BspDI* - ClaI*
(3457) Sfil

BsrGI (2184)
PfIMI (2227)
Alel (2273)
NotI (2326)

Mfel (2432)
Hpal (2445)

AfITT (2564)

(3271) Csil - SexAI*

Figure A.1.2: Gene map of DsRed-N1-Connexin36 (Cx36) indicating insert and
various regions of expressions. Cx36 was cloned using EcoRI and Sall restriction sites.
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Asel (7)
NdeI (234)

(5642) AfIIII - Pcil
SnaBI (340)
Nhel (591)
BmtI (595)
Afel (596)

BgIII (609)
PaeR7I - XholI (613)
Eco53kI (618)

SaclI (620)
EcoRI (629)

BspEI (738)
BsmBI - Esp3I (761)

PstI (816)
PpuMI* (1016)

Scal (1292)

Sall - SgrDI (1606)

AccI (1607)
Acc65I (1612)
Kpnl (1616)

PspOMI (1620)
TspMI - Xmal (1623)

Cx36-ECFP N1
5700 bp

(4240) RsriI

Apal (1624)
(3957) BsrDI Smal (1625)

Agel (1633)

(3727) PIuTI
(3725) Sfol
(3724) Narl
(3723) Kasl
(3564) BspDI* - ClaI*
(3499) Sfil BsrGI (2355)
NotI (2368)
Mfel (2474)
Hpal (2487)
AfIII (2606)

(3313) Csil - SexAI*
DralIIl (2840)

Figure A.1.3: Gene map of ECFP-N1-Connexin36 (Cx36) indicating insert and

various regions of expressions. Cx36 was cloned using EcoRI and Sall restriction sites
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(5642) AfIIII- PciI  Asel (7)
NdeI (234)

SnaBI (340)

Nhel (591)
BmtI (595)
Afel (596)
BgIII (609)

PaeR7I - Xhol (613)
Eco53kI (618)
Sacl (620)
EcoRI (629)

BspEI (738)
BsmBI - Esp3I (761)

PstI (816)
PpuMI* (1016)

Scal (1292)

Sall - SgrDI (1606)
AccI (1607)
Acc65I (1612)
Kpnl (1616)
PspOMI (1620)
TspMI - Xmal (1623)
Apal (1624)

Smal (1625)

Agel (1633)

Cx36-EGFP N1
5700 bp

Sequence

(4240) RsrIL

(3957) BsrDI

(3727) PIuTI
(3725) Sfol
(3724) Narl
(3723) Kasl
BsrGI (2355)
NotI (2368)

Mfel (2474)
Hpal (2487)

AfIII (2606)

(3564) BspDI* - ClaI*
(3499) Sfil

(3313) Csil - SexAI¥*

DralIl (2840)

Figure A.1.4: Gene map of EGFP-N1-Connexin36 (Cx36) indicating insert and

various regions of expressions. Cx36 was cloned using EcoRI and Sall restriction sites
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(5847) SgrDI

BgIII (0)
Mfel (149)
BpulOI (168)
(5406) Scal NruII(196)
Mlul (216)
(5296) Pwvul Spel (237)
(4926) AhdI

CMV enhancer
Ndel (472)
SnaBI (578)
OmOte,-

Eco53KI (804)
SaclI (806)
Nhel (883)

BmtI (887)
Afel (888)
AfIII (890)
Hpal (902)
Agel (904)
BsiWI (910)
BspEI (918)

BsmBI - Esp3I (920)
Cav-1-HA N1 EcoRI (927)
5861 bp

BmgBI (1025)
(4033) Pcil

BsgI (1197)
BamHI (1376)
Pmel (1425)

BbsI (1635)

(3654) BstZ171

DraIIl (1949)
(3602) Bsml

Csil - SexAI* (2239)
BseRI (2468)
3000

AvrIl (2472)

(3457) Pfol

Aval - BsoBI - TspMI - Xmal (2493)
Smal (2495)
BsaBI* (2541)
Eagl (2588)
KasI (2681)
NarI (2682)
Sfol (2683)

(3198) RsrIl PIuTI (2685)

(3079) BssHII

Pstl (2735)
MscI (2764)

Figure A.1.5: Gene map of HA-N1-Caveolin-1 (Cav-1) indicating insert and various

regions of expressions. Cav-1 was cloned using EcoRI and BamHI restriction sites.
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(5051) AfIIII - Pcil  Asel (7)

NdeI (234)

(4737) Apall SnaBI (340)

Nhel (591)

BmtI (595)

PaeR7I - Xhol (613)
Eco53kI (618)
SacI (620)
indIII (622)
EcoRI (629)

(4231) Eco0109I BmgBI (727)

AccI (851)
(4122) Bsal

BamHI (1078)
Agel (1084)

FspAI (1145)
(3908) Pfol ——
BstEII (1237)

Cav-1-DsRed N1 AhdI (1276)

5109 bp

SbfI (1437
(3649) RsrlII (1437)

BbsI (1517)

BsrGI (1635)

PfIMI (1678)

Alel (1724)

NotI (1777)

Xbal* (1787)
Mfel (1883)

Hpal (1896)

BtsI - Btsal (1972)

AfIII (2015)

S’/q

: 0 o,

Sig AmpR promoter
30, 0 bPro,
00 moter K |

(2722) Csil - SexAI*

(3366) BsrDI

(3215) Mscl
(3136) PIuTI
(3134) Sfol
(3133) Narl
(3132) KasI

(2973) BspDI* - ClaI*
(2908) Sfil

Figure A.1.6: Gene map of DsRed-N1-Caveolin-1 (Cav-1) indicating insert and
various regions of expressions. Cav-1 was cloned using EcoRI and BamHI restriction

sites.
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(5093) AfITII - Pcil  Asel (7)

NdeI (234
(4779) ApalLl (234)
SnaBI (340)

Nhel (591)

BmtI (595)

Afel (596)

BgIII (609)

Aval - BsoBI - PaeR7I - Xhol (613)
Eco53kI (618)

HindIII (622)
EcoRI (629)

BmgBI (727)

(4273) Eco01091

(4164) Bsal
Accl (851)

BamHI (1078)
Agel (1084)

Cav-1-ECFP N1
5151 bp

(3691) RsrII

|2
<0 ori
(3408) BsrDI 81,40:
(3277) Fspl pro”mter BsrGI (1806)

NotI (1819)
Xbal* (1829)

Mfel (1925)
Hpal (1938)

AfIII (2057)

(3257) MsclI
(3178) PIuTI
(3176) Sfol
(3175) Narl
(3174) Kasl

(3015) BspDI* - ClaI*
(2996) Stul
(2950) Sfil

(2764) Csil - SexAI*

/ AmpR promoter
300,

DralIll (2291)

Figure A.1.7: Gene map of ECFP-N1-Caveolin-1 (Cav-1) indicating insert and
various regions of expressions. Cav-1 was cloned using EcoRI and BamHI restriction

sites.
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(5389) AfIIII - Pcil  Asel (7)

Ndel (234)

(5075) ApalLI SnaBI (340)

Nhel (591)

BmtI (595)

Afel (596)

BglII (609)

PaeR7I - Xhol (613)
PfIMI (629)
BspEI* (716)

BbsI (1182)

EcoRI (1347)
Acc65I (1363)
KpnI (1367)
Sacll (1370)
XcmI (1389)

(4153) BstBI
Cx27.5-EGFP N3

5447 bp

kozak sequence

(3987) RsriI

(3589) PfIFI - Tth111I
(3573) Fspl
(3553) MscI

BsrGI (2102)
NotI (2115)
XbalI* (2125)

Mfel (2221)
Hpal (2234)

AfIII (2353)

(3311) BspDI* - ClaI*

(3292) Stul
(3246) SFil /

(3060) Csil - SexAI*
DralIll (2587)

Figure A.1.8: Gene map of EGFP-N1-Connexin 27.5 (Cx27.5) indicating insert and

various regions of expressions. Cx27.5 was cloned using Xhol and EcoRI restriction

sites.
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(4886) Pcil Asel (7)

Ndel (234)

(4572) ApalLl SnaBI (340)
NheI (591)
BmtI (595)
Afel (596)
BgIII (609)

Eco53kI (618)
SacI (620)
EcoRI (629)

BspEI (738)
AhdI (787)
PstI (816)

(4066) Eco01091

Alel (1043)
———— Scal (1056)

Cx35b-HIS N1 MIuI (1209)

4944 bp

Sall (1555)
Accl (1556)
Acc65I (1561)
KpnI (1565)
Sacll (1568)
PspOMI (1569)
TspMI - Xmal (1572)
Apal (1573)
Smal (1574)
Agel (1582)
NotI (1612)

Mfel (1718)
Hpal (1731)
BtsI - Btsal (1807)
AfIII (1850)

(3484) RsriIl

(3201) BsrDI

(3086) PfIFI - Tth111I
(3070) FspI
(3050) MscI
(2971) PIuTI
(2969) Sfol
(2968) Narl
(2967) KasI

(2808) BspDI* - ClaI*
(2789) Stul
(2786) BseRI
(2743) Sfil Csil - SexAI* (2557)

DraIll (2084)

Figure A.1.9: Gene map of HIS-N1-Connexin35b (Cx35b) indicating insert and
various regions of expressions. Cx35b was cloned using EcoRI and Sall restriction

sites.
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(5591) Pcil  Asel (7)
(5277) ApalLl NdeI (234)
SnaBI (340)

NheI (591)
BmtI (595)
Afel (596)

BgIII (609)
Eco53kI (618)
SaclI (620)
EcoRI (629)

(4771) Eco01091

BspEI (738)
AhdI (787)
PstI (816)

Scal (1056)
MluI (1209)

Sall (1555)

Accl (1556)

Acc65I (1561)

KpnI (1565)

— Sacll (1568)
PspOMI (1569)
TspMI - Xmal (1572)
Apal (1573)

Smal (1574)

Agel (1582)

Cx35b-ECFP N1

(4189) RsrII 5649 bp

(3906) BsrDI

(3791) PfIFI - Tth111I
(3775) Fspl
(3755) Mscl
(3676) PluTI
(3674) Sfol
(3673) Narl
(3672) KaslI

(3513) BspDI* - ClaI*
(3494) Stul
(3448) Sfil

BsrGI (2304)
NotI (2317)

SV40 promoter Mfel (2423)

Hpal (2436)
iI - *
(3262) Csil - SexAI fIII (2555)

Dralll (2789)

Figure A.1.10: Gene map of ECFP-N1-Connexin35b (Cx35b) indicating insert and

various regions of expressions. Cx35b was cloned using EcoRI and Sall restriction
sites.
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(5549) PciI  Asel (7)

NdeI (234)
SnaBI (340)

(5235) ApalLl

Nhel (591)

BmtI (595)

Eco53KI (618)

Sacl (620)
EcoRI (629)

(4729) Eco0109I BspEI (738)

Scal (1056)

Mlul (1209)

SalI (1555)
AccI (1556)
Acc65I (1561)
KpnI (1565)
SacII (1568)
PspOMI (1569)
TspMI - Xmal (1572)
Apal (1573)
Smal (1574)
Agel (1582)
FspAI (1643)
BstEII (1735)

Cx35b-DsRed N1
5607 bp

(4147) RsrIl

(3864) BsrDI

(3749) PfIFI - Tth111I
(3713) MsclI

(3634) PIuTI

(3632) Sfol

(3631) Narl

(3630) KasI

(3471) BspDI* - ClaI*
(3406) Sfil

SbfI (1935)

BsrGI (2133)
PfIMI (2176)

NotI (2275)
Mfel (2381)
Hpal (2394)

BtsI - Btsal (2470)
AfIII (2513)

3000

(3220) Csil - SexAI*

Figure A.1.11: Gene map of DsRed-N1-Connexin35b (Cx35b) indicating insert and
various regions of expressions. Cx35b was cloned using EcoRI and Sall restriction

sites.
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