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Abstract

Gap junctions (GJ) allow direct intercellular communication, and consist of
connexins (Cx). In the mammalian central nervous system, oligodendrocytes express
Cx29, Cx32 and Cx47, whereas astrocytes express Cx26, Cx30 and Cx43. Cx47/Cx47
GJs couple oligodendrocytes, and Cx47/Cx43 channels are the primary heterotypic GJs at
oligodendrocyte/astrocyte junctions. Interestingly, mutations in Cx47 have been linked to
central hypomyelinating Pelizaeus Merzbacher-like Disease (PMLD). My aim is to
determine the cellular distribution and functional properties of PMLD-associated Cx47
mutants (146M, G149S, G236R, G236S, M286T, T3981). All mutants were detected at the
cell-cell interface. These mutants, except G149S and T398I, showed no electrical
coupling in both Cx47/Cx47 and Cx47/Cx43 GJ channels. G149S and T3981 formed
homotypic and heterotypic channels of apparently normal functions. These results
suggest that the tested Cx47 mutants, except G149S and T398lI, lead to PMLD likely due

to disruption in Cx47/Cx47 and/or Cx47/Cx43 GJ functions in the macroglial network.

Keywords: gap junctions, connexins, hypomyelination, Pelizaeus Merzbacher-like

disease, connexin4d?
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1. Introduction



1.1. Gap junctions

Gap junctions (GJ) are ubiquitous clusters of intercellular channels formed
between neighbouring cells. Each gap junction channel is formed by two end-to-
end docked hemichannels, also known as connexons, which themselves consists of
six connexin subunits (Cx) (Fig 1-1). These intercellular channels provide a direct
conduit for movement of ions and small molecules (< 1 kDa) including metabolites
and secondary messengers, mediating gap junctional intercellular communication
(GJIC) (Sohl and Willecke, 2004). GJIC is crucially involved in many biological
processes including development, differentiation and neuronal activity
(Goodenough and Paul, 2009). Mutations in Cxs have been linked to many human
diseases such as Pelizaeus Merzbacher-like disease (PMLD; Cx47) (Henneke et al.,
2008), oculodentodigital dysplasia (ODDD; Cx43) (Paznekas et al., 2003), Charcot-
Marie-Tooth syndrome (CMTX; Cx32) (Hanemann et al., 2003), deafness (Cx26,
Cx30) (Al-Achkar et al., 2011; Wang et al., 2011) and cataracts (Cx50, Cx46)
(Arora et al., 2008; Wang and Zhu, 2012). Various experimental approaches using
fluorescent dye transfer assays, electrophysiological recordings and Cx gene knock-
out mice models provide tools to study GJ channel functions including dye and
ionic permeability, transjunctional voltage-dependent gating (Vj-gating) and in vivo

phenotypes (Goodenough and Paul, 2009; Sohl and Willecke, 2004).
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Figure 1-1. Schematic diagram of a gap junction channel and connexin
topology. Gap junctions are composed of two hexameric hemichannels called
connexons, and each connexon, in turn, is made up of six connexin (Cx) proteins.
All Cxs share a common structural topology of four transmembrane domains
(TM1-TM4), intracellular amino- (NT) and carboxyl- (CT) termini, one

intracellular loop (IL) and two extracellular loops (E1 and E2).



1.2.

1.3.

Connexins

Connexins (Cxs), the basic subunits of gap junctions, comprise a family of highly
conserved integral membrane proteins. Currently, 20 Cx genes in the mouse and 21
Cx genes in the human genome have been identified, where each Cx is designated
according to its theoretical molecular mass in kDa. The Cx isoforms possess a
common structural topology of four transmembrane domains, two extracellular
loops, one intracellular loop and cytoplasmic amino- and carboxyl- termini (Fig 1-
1;(Goodenough and Paul, 2009; Sohl and Willecke, 2004). Among various Cxs, the
transmembrane domains, amino terminus and the two extracellular loops show the
most conserved sequences. On the contrary, the intracellular loop and the carboxyl
terminus vary in length and sequence (Kovacs et al., 2007). Furthermore, each
connexin shows a unique distribution pattern among various cell types. These
differences among various Cxs in both structure and distribution result in the
formation of gap junctions with diverse configurations and functions (Orthmann-

Murphy et al., 2008; Sohl and Willecke, 2004).

Gap junction configuration

In mammalian cells, it is often found that more than one type of Cx are co-
expressed within the same cell. Therefore, six identical or different connexins may
oligomerize, forming a homomeric or heteromeric connexon, respectively (Fig 1-2).
The connexon or hemichannel may then dock with the same or different connexon
from an apposing cell, and make up a homotypic or heterotypic gap junction

channel, respectively (Fig. 1-2). When a complete GJ channel is formed, each GJ



channel possesses unique functional characteristics of dye permeability, single
channel conductance and Vj-gating, depending on the component Cxs (Sohl and

Willecke, 2004; White et al., 1994).
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Figure 1-2. Configuration of gap junction channels. A homomeric connexon is
composed of six identical Cxs, whereas a heteromeric connexon consists of two or
more different Cxs. When the same connexons dock together, they form homotypic
gap junction channels, whereas different connexons dock together to form

heterotypic gap junction channels.



1.4.

1.5.

Oligomerization of Cxs

As described above, six Cxs oligomerize together to form a connexon (also
referred to as hemichannel). In this oligomerization process, each Cx has a distinct
location in which Cxs oligomerize into connexons or hemichannels. For example,
Cx43 oligomerizes in the trans-Golgi network, whereas Cx32 oligomerization
occurs in the endoplasmic reticulum (ER) (Das Sarma et al., 2002; Musil and
Goodenough, 1993). More interestingly, Cxs show distinct compatibility in
oligomerization with other Cxs to form a connexon. For example, Cx43 can form
heteromeric connexons with Cx45 but not with Cx26 (Gemel et al., 2004; Martinez
et al., 2002). Furthermore, a recent study using chimeras where a domain(s) of
Cx43 was exchanged with the corresponding domain(s) of Cx26 revealed that TM3
is critical for Cx43 oligomerization, but not for Cx26 oligomerization, suggesting
that each Cx has distinct domains that determine the Cx oligomerization
compatibility (Martinez et al., 2011). As cells may express more than one Cx, it is
possible that both homomeric and heteromeric connexons are formed. However, for

the purpose of this study, | focused on homomeric connexons.

Docking compatibility between two connexons

In the formation of GJ channels, Cx proteins show selective interaction with
other Cx proteins in docking of two connexons to form functional heterotypic
channels. Electrophysiological recordings on Xenopus oocytes showed that Cxs that
successfully formed functional homotypic channels did not always form functional

heterotypic channels when paired with different Cxs (White et al., 1994). For



1.6.

example, Cx43 can form functional heterotypic channels with Cx46 but not with
Cx50 (White et al., 1994). More interestingly, Cxs established heterotypic channel
properties different from their homotypic channel characteristics. For example,
Cx26/Cx32 channels showed intermediate dye permeability between the two
homotypic channels (Cao et al., 1998). Heterotypic Cx46/Cx50 channels
established symmetric transjunctional voltage-dependent response despite the
distinct properties of their homotypic channels (White et al., 1994). In addition, this
study suggested that E2 is likely to be the determinant of the docking selectivity
through chimera approaches (Nakagawa et al., 2011; White et al., 1994). This view
was further supported by the atomic structure of human Cx26 (hCx26) and
mutagenesis (Nakagawa et al., 2011). Overall, the Cx compatibility in docking
determines the functional gap junctional interaction between cells, and ultimately

dictates the contribution of Cxs in maintaining organ homeostasis.

Transjunctional Voltage-dependent gating (Vj-gating) of gap junction channels

“Gating” refers to the molecular transitions of channels between open and closed
states, which physically allows or restricts ionic or non-ionic conductive pathway.
GJ channels undergo the gating in response to transjunctional voltage (V)),
cytoplasmic acidification, change in intracellular Ca®* concentration, and chemical
uncouplers (Bukauskas and Verselis, 2004).

GJ channel gating is influenced by two types of electrical field: the voltage
difference between the two cell cytoplasms (transjunctional voltage; V;j); and the

voltage difference between the cell interior and the extracellular medium (V). The



conductance of many gap junctions is only sensitive to Vj, while others show both
Vj- and V-dependence. Vj is established when the membrane voltages in two cells
of a pair are not equal. In Vj-gating process, it is commonly found that the steady-
stage junctional conductance (G;j) reaches residual conductance ranging from ~5%
to 40% of the maximum G;, depending on the Cx isoforms (Bukauskas and Verselis,
2004).

Single channel recordings demonstrated that GJ channels possess two distinct V-
gating processes that mediate transitions between different conductance states.
Transitions between the open state and residual states are usually fast (<1-2 ms) and
known as “fast” Vj-gating; transitions between the residual state and closed state
take tens of milliseconds and are termed “slow” Vj-gating (Bukauskas and Verselis,
2004).

Previously, structure modelling of hCx26 and the mutations at the M1/El
boundary affect voltage sensing, suggesting that these domains may play a role as a
V; sensor (Maeda et al., 2009; Verselis et al., 1994). When enhanced green
fluorescent protein (EGFP) was fused to the CT tail of Cx43, the gap junction
channel lost transitions to the residual state (fast Vj gating). However, V; gating
properties of mouse Cx47-EGFP channels were indistinguishable from the
untagged wild-type Cx47 channels, suggesting that the involvement of the CT
domain in fast V; gating may be Cx specific (Bukauskas et al., 2001; Teubner et al.,

2001).



1.7. Connexins in macroglia

The mammalian central nervous system (CNS) contains two major macroglial
cells, oligodendrocytes and astrocytes. Oligodendrocytes are responsible for
myelination of axons to promote rapid saltatory conduction of action potentials
(Kamasawa et al., 2005). Astrocytes support neuronal activities including
modulation of synaptic transmission, neuronal synchronization and regulation of
cerebral blood flow (Volterra and Meldolesi, 2005). These two types of macroglial
cells are known to express distinct sets of Cxs, and form extensive gap junction
couplings among themselves and between these two macroglial cell types
(Maglione et al., 2010; Orthmann-Murphy et al., 2008). Oligodendrocytes express
Cx29, Cx32 and Cx47, while astrocytes express Cx26, Cx30 and Cx43 (Fig 1-3;
(Altevogt et al., 2002; Kleopa et al., 2004; Kunzelmann et al., 1999; Menichella et
al., 2003; Yamamoto et al., 1990). Together, these Cxs may form homomeric or
heteromeric hemichannels. The hemichannels then may dock with the same or
different hemichannels to form GJ channels that mediate propagation of Ca** waves
between astrocytes, and buffering of K* released during neuronal activity by
oligodendrocytes and astrocytes (Kamasawa et al., 2005; Menichella et al., 2006;

Scemes and Giaume, 2006).

10
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Figure 1-3. Gap junctions in oligodendrocyte and astrocyte networks.
Astrocytes form Cx43/Cx43 or Cx30/Cx30 homotypic GJs. Oligodendrocytes are
coupled to astrocytes via Cx47/Cx43 (shown in red boxes), Cx32/Cx30,
Cx47/Cx30 and Cx32/Cx26 heterotypic channels. Oligodendrocytes were found to
be coupled to each other via GJs made with Cx47 and/or Cx32. Cx32 in
oligodendrocytes is also known to form homotypic reflexive gap junctions. Cx29
does not form gap junctions, but may form hemichannels at adaxonal membranes

(Altevogt et al., 2002; Kleopa et al., 2004).
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1.8. Oligodendrocyte-to-astrocyte coupling

In the CNS, astrocytes are known to form homotypic gap junctions among
themselves, but oligodendrocytes were believed to be coupled to each other only
through astrocyte mediators (Rash et al., 2001). At these oligodendrocyte- astrocyte
(O/A) junctions, oligodendrocytes and astrocytes form extensive heterotypic gap
junction networks as the two cells express different Cx sets (Fig 1-3).

Previously, immunolabeling and electrophysiological recordings on gap junction-
deficient model cells transfected with these glial Cxs, indicated that Cx47/Cx43 and
Cx32/Cx30 could dock and form functional heterotypic channels, while Cx47/Cx30
and Cx32/Cx43 did not (Orthmann-Murphy et al., 2007b). Triple immunolabeling
on mouse spinal cord showed co-localization of Cx47 with Cx30 and Cx43, and
Cx32 with Cx26 (Altevogt and Paul, 2004). In another study, immunolabeling on
mouse brain in Cx32-deficient mice indicated reduction of Cx30 and Cx26, and
abundant co-localization of Cx47 with Cx43 at O/A junctions (Nagy et al., 2003).
Further, a dye transfer study using neurobiotin demonstrated functional Cx47/Cx43,
Cx47/Cx30, Cx32/Cx30 and Cx32/Cx26 heterotypic channels in HeLa cells and
primary astrocyte cultures (Magnotti et al., 2011).

Although different experimental approaches provided different perspectives on
heterotypic gap junction channels at O/A junctions, Cx47/Cx43 and Cx32/Cx30
channels are widely known to be the main ones. However, the abundance of Cx47
over Cx32 between oligodendrocyte somata and astrocytic processes, according to
immunocytochemistry and freeze-fracture replica immunogold labelling, suggest

the dominant expression of Cx47/Cx43 channels over Cx32/Cx30 channels

12



1.9.

(Kamasawa et al., 2005; Nagy et al., 2003). Also, unlike in Cx47-null mice, no
evident difference in O/A coupling in the neocortex of Cx32-null mice was
observed, suggesting the functional importance of Cx47/Cx43 heterotypic GJ
channels (Wasseff and Scherer, 2011). The cellular localization combined with the
Cx knock-out studies suggests that Cx47/Cx43 heterotypic GJs are the primary GJs

for O/A coupling.

Oligodendrocyte-to-oligodendrocyte coupling

Previously, oligodendrocytes were thought to form gap junctions only with
astrocytes. However, recent dye coupling studies on mouse corpus callosum
revealed that oligodendrocytes are also directly coupled to each other (Maglione et
al., 2010; Wasseff and Scherer, 2011). Oligodendrocyte-to-oligodendrocyte (O/O)
coupling was abolished in oligodendrocyte Cx47- and Cx47/Cx32-double- deficient
mice, indicating that Cx47 GJs are the key GJs for O/O GJIC. As predicted, when
oligodendrocyte Cx32, astrocyte Cx43 or both Cx43 and Cx30 were knocked out,
O/0 coupling was still present, proposing functional importance for Cx47 in O/O
GJ networks (Maglione et al., 2010). In another study, O/O coupling was more
affected in mice lacking Cx32, compared to those lacking Cx47, suggesting that
Cx32 plays a more essential role in O/O coupling in the neocortex (Wasseff and
Scherer, 2011). These studies provided functional support for O/O coupling and
demonstrated that Cx47 is the dominant contributor to the O/O coupling in these

specific brain areas.

13



1.10. Macroglial connexins and myelination in the CNS

Connexins expressed in oligodendrocytes and astrocytes have been associated
with central myelination. In Cx47 knock-out mice, no obvious phenotypic
abnormalities were observed. Although demyelination was not detected in the
spinal cords, electron microscopic analysis revealed conspicuous vacuolation of
myelin in the optic nerve (Menichella et al., 2003; Odermatt et al., 2003). In
contrast, Cx32 knock-out mice showed no myelin abnormalities in the CNS
(Scherer et al., 1998). When both Cx47 and Cx32 were knocked out, the mice
developed action tremor and tonic seizures, and eventually died around 6-8
postnatal weeks. In these mice, thinning and more abundant vacuolation in myelin
sheaths and oligodendrocyte cell death were observed in the optic nerve
(Menichella et al., 2003; Odermatt et al., 2003). Together, these phenotypes of
oligodendrocyte Cx47- and Cx47/Cx32 double- knockout mice models postulate
the importance of Cx47-mediated GJIC in maintaining normal myelination in the
CNS.

Moreover, mutations in Cx47 or Cx43 were reported to cause hypomyelination in
the CNS in humans. Mutations in the gene encoding Cx47 cause Pelizaeus-
Merzbacher-like disease (PMLD) and hereditary spastic paraplegia (HSP) (Bugiani
et al., 2006; Orthmann-Murphy et al., 2009). PMLD is a devastating
dysmyelinating disease that results in nystagmus, impaired motor development and
hypomyelination on magnetic resonance imaging (MRI) (Bugiani et al., 2006;
Henneke et al., 2008; Salviati et al., 2007; Uhlenberg et al., 2004; Wang et al.,

2010). Hereditary spastic paraplegia (HSP) is another hypomyelinating disease due

14



1.11.

to mutations in Cx47, whose phenotypes are milder than those of PMLD
(Orthmann-Murphy, et al., 2009). Surprisingly, some mutations in Cx43 result in
oculodentodigital dysplasia (ODDD) that is also associated with CNS abnormalities
including hypomyelination identified with MRI (Loddenkemper et al., 2002;
Paznekas et al., 2003; Paznekas et al., 2009). These disease-linked mutations in
Cx47 or Cx43 and associated clinical symptoms suggest that these mutations likely
affect proper functions of oligodendrocytes by interrupting Cx47/Cx47 and/or

Cx47/Cx43 GJs at the O/O and/or O/A junctions, respectively.

Connexin4d7 and Pelizaeus Merzbacher-like Disease

Currently, twenty-four different Cx47 mutations have been identified from
PMLD and HSP patients (Fig 1-4; (Biancheri et al., 2012; Bugiani et al., 2006;
Diekmann et al., 2010; Henneke et al., 2008; Orthmann-Murphy et al., 2007a;
Orthmann-Murphy et al., 2009; Salviati et al., 2007; Sartori et al., 2008; Uhlenberg
et al., 2004; Wang et al., 2010). When PMLD-linked Cx47 mutants were examined
for localization, the wildtype (WT) and some mutants (M286T, G149S, T398l)
were observed at the cell-cell junctions. However, some other mutant proteins
(P90S, Y272D, A98G_V99insT and T265A) showed defects in trafficking and
failed to reach the cell surface and cell-cell junctions to form GJ plaque-like
structures (Diekmann et al., 2010; Orthmann-Murphy et al., 2007a). In functional
studies, dual patch clamp recordings revealed that mutants P90S, Y272D and
M286T did not form functional homotypic and heterotypic GJ channels with Cx43

regardless of their localization at the cell-cell interface (Orthmann-Murphy et al.,
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2007a; Orthmann-Murphy et al., 2007b). The 136M mutation that caused milder
phenotypes than PMLD mutants, formed GJ plague-like structures but still failed to
form functional homotypic and heterotypic channels with WT Cx43 (Orthmann-
Murphy et al., 2009).

Previous studies showed that Cx47 mutants result in loss-of-function in their GJ
channels or dysfunction in hemichannels (Diekmann et al., 2010; Orthmann-
Murphy et al.,, 2007a; Orthmann-Murphy et al., 2009). Currently, the exact
molecular mechanisms leading to the disease states are not clear. Furthermore, it
still remains elusive as to the ability of some PMLD-linked Cx47 mutants to form
functional homotypic Cx47/Cx47 and heterotypic Cx47/Cx43 GJs which constitute
the primary GJs at O/O and O/A junctions, respectively. Here, as marked in Fig. 1-4,
six PMLD-linked Cx47 mutations (146M, G149S, G236R, G236S, M286T and
T398I) from different domains that are already known to traffic to the cell-cell
junctions or have not been studied, were selected. | attempted to elucidate the
effects of these mutations on their capability of forming Cx47/Cx47 and/or
Cx47/Cx43 GJ channels by investigating their cellular localization and electrical
couplings in gap junction-deficient HeLa and mouse neuroblastoma (N2A) cell
lines, respectively. This study would assist us in understanding the fundamental

roles of Cx47-involving GJs in maintaining proper myelination in the CNS.
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Figure 1-4. Cx47 topology and mutant map. Twenty-four mutations (red and

purple) were reported from PMLD and HSP patients. The six mutants (red) were

selected to be analyzed in this study.
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1.12. Hypothesis and objectives
1) Hypothesis
Mutations in Cx47 that are associated with PMLD affect the homotypic
Cx47/Cx47 and/or heterotypic Cx47/Cx43 gap junction channel functions
through impaired localization to the membrane, formation of functional
channels, and/or altered channel properties such as macroscopic junctional

conductance and Vj-gating.

2) Objectives
I.  To determine whether Cx47 mutants are able to localize at cell-cell junctions,
which is a pre-requisite for the formation of functional GJ channels.
Il. To determine whether Cx47 mutants can from functional homotypic GJ
channels by themselves and/or heterotypic GJ channels with Cx43
I1l. To determine if the Vj-gating properties of mutant homotypic and/or

heterotypic Cx47mutant/Cx43 channels are modified.
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2. Methods
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2.1. Conneixn47 and the mutant cDNA construct generation

To generate a fusion construct of Cx47 with green fluorescent protein (GFP)
tagged at the C-terminus, Cx47 cDNA was amplified by polymerase chain reaction
(PCR) with the forward primer 5'-CTGGAATTCTTCTGGCCTGGAGAAGGAC-
3 and the reverse primer 5'-
CTGGTACCCAGCTCGCAAGCCAGCGCCCTCCGATCCACACGGTGGTCTT
C-3'. The PCR product was subcloned into the pEGFP-N1 vector using EcoRI and
Kpnl restriction sites (Norclone Biotech Labs, London, ON). The plasmid DNA
was purified using the Hispeed Plasmid Maxi Kit (QIAGEN, Toronto, ON). Cx47-
GFP sequence was confirmed by sequencing and showed that Cx47 was fused with
the amino terminus of GFP with a 19 amino acid linker (5’-
GGRWLASWVPRARDPPVAT-3’). Six Cx47 mutants Cx47"“*®™M-GFP, Cx47%%-
GFP, Cx47%%°R-GFP, Cx47°%%-GFP, Cx47"**"-GFP and Cx47"*'-GFP cDNAs
were generated using the site-directed mutagenesis approach with corresponding
forward and reverse primers (see Table 2-1 for details). The cDNA was purified
using the Hispeed Plasmid Maxi Kit (QIAGEN, Toronto, ON), and sequencing
analysis confirmed the sequence of each fusion construct and the 19 amino acid

linker.
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Cx47 Mutants

Forward Primer (5'-3")

Reverse Primer (5'-3")

Cx47"*M.GFP

Cx47%S.GFP

Cx47%2R_GFP

Cx47°%%.GFP

Cx47M?T_GFP

Cx47%®.GFP

CGGCGAGGCCATGT

ACTCGGACGAG

GAGCCCATGCTGAG

CCTGGGCGAGG

TACCTGCTGTACCGC

TTCGAGGTGC

TACCTGCTGTACAG

CTTCGAGGTGC

ACCTCTGTGAGACG

GCCCACCTGGG

CGGGCAGTGCTATC

TCTGCGGGCAC

CTCGTCCGAGTACAT

GGCCTCGCCG

CCTCGCCCAGGCTC

AGCATGGGCTC

GCACCTCGAAGCGG

TACAGCAGGTA

GCACCTCGAAGCTG

TACAGCAGGTA

CCCAGGTGGGCCGT

CTCACAGAGGT

GTGCCCGCAGAGAT

AGCACTGCCCG

Table 2-1. Primers used to generate Cx47 mutants. The forward and reverse

primers for the generation of the Cx47 mutants, Cx47"“°M-GFP, Cx47°*%.GFP,

Cx4A7C%R_GFP, Cx47%%%5-GFP, Cx47M#®T_GFP and Cx47 **®*-GFP, are listed.
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Figure 2-1. Human Cx47-GFP topology and mutant map. Twenty-four mutants
have been identified from PMLD patients, and six mutations (red) were selected for
the present study. These mutations are located in different domains of Cx47. Cx47

and the mutant constructs were tagged with GFP at the C-terminus via a 19 amino

acid linker.
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2.2. Connexin43 cDNA construct generation

The rat Cx43-monomeric red fluorescent protein (rCx43-mRFP) plasmid (Roger
Tsien Lab, PNAS:99:7877-7882, 2002) was used for making the human Cx43-
MRFP construct. The rCx43 gene was replaced by hCx43 at Kpnl and BamHI sites
of the rCx43-mRFP plasmid to generate the hCx43-mRFP construct. The WT
hCx43 was isolated from the hCx43-GFP plasmid using Kpnl and BamHI
digestions (Norclone Biotech Labs, London, ON). Sequencing was used to confirm
the fusion construct of hCx43-mRFP, which contains a 3 amino acid linker (5’-

KDP-3’) between hCx43 and mRFP.
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Figure 2-2. Human Cx43-mRFP topology. Human Cx43 construct was
engineered to have a fluorescent protein tag, monomeric red fluorescent protein

(mRFP), at the C-terminus via a 3 amino acid linker.
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2.3. Cell culture and Transfection

N2A and HelLa cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) containing high glucose, 2 mM L-glutamine but no sodium pyruvate
supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin
sulphate, in a humidified atmosphere of 95% O, and 5% CO, at 37°C. N2A and
HeLa cells were plated at 60-80% confluence on a 35 mm Petri dish 12-24 hours
before transfection. For each transfection of Cx47 and mutants, cells were
incubated with 1.25 pg of DNA and 2 pg of X-tremeGENE HP DNA transfection
reagent (Roche, Mississauga, ON) in OPTIMEM 1| + GlutaMAX-l medium
supplemented with Hepes and 2.4 g/L sodium bicarbonate (Invitrogen, Burlington,
ON) for 4 hours, and the medium was then changed back to modified DMEM. For
transfection of Cx43-mRFP, 2.5 ug of DNA and 3 ug of the transfection reagent
were used due to lower mRFP expression efficiency. In each experiment, Cx47 and
free GFP were transfected individually as positive and negative controls,
respectively. For heterotypic studies, Cx43-mRFP and free red fluorescent protein
(RFP) were also transfected individually to serve as positive and negative controls,
respectively. Twenty-four hours after transfection, Cx47-GFP or mutant expressing
cells were mixed with Cx43-RFP expressing cells for positive control and
experimental groups, respectively. For the negative control, free GFP-expressing
cells were mixed with free RFP-expressing cells. The cells were transferred onto
coverslips 24 hours after transfection, and fixation for localization study or dual

patch recordings was performed.
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2.4.

2.5.

Fixation and Fluorescent Imaging

Cells transfected with Cxs were fixed with 80% methanol and 20% acetone
solution for 10 minutes at -20°C. The coverslips were mounted on glass slides
using Vectashield mounting medium with DAPI for nuclei staining (\Vector,
Burlington, ON). Cells were imaged on a Zeiss LSM 510-META confocal
microscope (Thornwood, NY) mounted on an inverted Axiovert 200 motorized

stage equipped with a 63x oil immersion objective (1.4 numerical apertures).

Electrophysiological recordings

24 hours after transfection, N2A cells were plated onto coverslips at 40-50%
confluence. After 0.5-1 hour, coverslips were transferred to a recording chamber
and bathed in an external solution (in mM: NaCl, 135; KCI, 5; Hepes, 10; MgCl, 1,
CaCl,, 2; BaCly, 1; CsCl, 2; Na pyruvate, 2; D-glucose, 5; pH 7.2). The cells were
then visualized on a Leica DM IRB inverted microscope and green fluorescing cell
pairs in close apposition were chosen for dual patch clamp recordings. For
heterotypic pairs, cell pairs of red and green fluorescing cells in intimate contact
were chosen. Glass pipettes were pulled into patch pipettes on a Narishige PC-10
pipette puller (Narishige, East Meadow, NY). Patch pipettes were filled with
internal recording solution (mM: CsCl, 130; EGTA, 10; CaCl,, 0.5; Mg-ATP, 5;
Hepes, 10, pH 7.2) and the resistance was in the range of 2-5 MQ. In order to
measure channel conductance and Vj-gating, dual whole-cell voltage clamps were
applied using two Axopatch 200B amplifiers and pClamp 9.0 software (Molecular

Devices, Sunnyvale, California). Each cell of a pair was initially held at a common
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holding potential of 0 mV. While one cell was held at 0 mV, the other cell of the
pair was subjected to a series of positive and negative voltage steps from 0 mV to
+100 mV with increments of 20 mV for 7 s to establish a transjunctional voltage
(V)) gradient at an interval of 8-23s between steps, and the junctional current (l;)
was measured in the other cell (Fig 2-3). Macroscopic transjunctional conductance
(Gj) was calculated by dividing the measured junctional current by transjunctional
voltage (G; = I / V). The G; for each cell pair at + or -20 mV was calculated and
presented as mean + standard error of mean (SEM). For Vj-gating analysis, the peak
and steady state at each voltage step were measured, and each steady-state was
normalized to the corresponding peak to obtain the steady-state to peak ratio (Gjss).
The G;js-V;j relationship for each polarity was then fitted individually by a two-state
Boltzmann equation according to:
Gjss = {(Gmax- Gmin) / (1 + exp[A(Vi-Vo)])} + Gmin

where V, represents the voltage at which the conductance is half maximal, Gnax IS
the maximum normalized conductance, and Gni, is the normalized steady-state

conductance. A defines the steepness of voltage sensitivity.
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* 20, 40, 60, 80, 100 mV

Cell 1

Cell 2

Fig 2-3. Dual whole-cell patch clamp. A pair of GFP-positive cells was selected
and initially voltage-clamped at a common holding potential of 0 mV. A series of
voltage steps ranging from £20 to £100 mV with 20 mV increment was generated
in cell 1 to create transjunctional voltage gradient (V;), and the junctional currents

(1;) recorded from cell 2 were analyzed and presented.
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2.6.

Statistical analysis

Group statistics were expressed as mean * standard error of mean (SEM). The
Kruskal-Wallis test followed by Dunn’s multiple comparison test was performed to
compare multiple groups of data for statistical difference. The differences were
considered significant at P<0.05. All statistical data were obtained from GraphPad
Prism 4.0 (San Diego, CA, USA). Significant differences were denoted as *, ** or

*** for P<0.05, P<0.01 or P<0.001, respectively, when compared to the wildtypes.
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3. Results
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3.1

Cx47 formed homotypic GJ plaque-like structures in HeLa cells, and showed
transjunctional voltage-dependent gating (Vj-gating) in N2A cells.

To facilitate the study of localization and functional characterization of Cx47,
green fluorescent protein (GFP) was fused at the carboxyl terminus of Cx47,
forming Cx47-GFP. Gap junction-deficient HeLa cells were transiently transfected
with the Cx47-GFP construct, and the green fluorescent signals were detected in the
intracellular compartments as well as at the cell-cell junction to form GJ plaque-
like structures (Fig 3-1A). This observation indicated that GFP-tagging was not
altering the ability of Cx47 to localize to cell-cell interface.

The transjunctional voltage-dependent gating (Vj-gating) properties of homotypic
Cx47 channels were studied by dual whole-cell patch clamp technique in N2A cells
transiently transfected with Cx47-GFP. A pair of GFP-positive cells was selected
and initially held at a common holding potential of 0 mV. One cell of the pair was
stepped to a series of positive and negative voltage steps from 0 mV to + 20-100
mV with increments of 20 mV to establish the transjunctional voltage gradient (V;),
and the junctional currents (I;) were measured in the other cell (Fig 3-1B). At the V;
of £ 20 and + 40 mV, the amplitude of I; was relatively constant. At the voltage
steps of £ 60 mV, the I; amplitude started to decline with time symmetrically with
respect to positive and negative Vj-polarities to steady-state levels. As the V; was
increased to +80 and +100 mV, the junctional current showed more prominent
inactivation and faster gating.

For each voltage step, the steady-state junctional conductance (G;j) was

normalized to its corresponding peak G; to obtain Gjs, and plotted against Vj (n = 5,
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Fig 3-1C). Cx47-GFP channels showed increasing sensitivity to Vj and faster Vj-
gating as the absolute V; gradient was increased. For the negative polarity, the G; s-
V; relationship of Cx47-GFP homotypic channels was characterized by producing
Boltzmann parameters, Gmax 0f 1.01 + 0.03, G, of 0.18 £+ 0.11, V, of 70.98 +
5.151 mV and A of 0.066 (Table 3-1). For the positive polarity, the Boltzmann
parameters were as follows: Gyax= 1.02 £ 0.06, Gmin = 0.26 £ 0.12, V, = -62.41 +

6.6 mV, and A = 0.065.
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Figure 3-1. The localization and macroscopic Vj-gating properties of Cx47-
GFP homotypic gap junctions. (A) A representative confocal image of Cx47-GFP
is shown (left panel). A phase contrast image (middle panel) and an overlaid image
(right panel) are also shown. GFP was observed in the intracellular regions and at
the cell-cell interface (white arrow). (B) A voltage step protocol (from 0 mV to
20-100 mV with 20 mV increments) was applied to characterize Vj-gating
properties in N2A cells. One cell of a pair underwent the protocol, while the other
cell was held at 0 mV to establish V;. In the cell held at 0 mV, the junctional current
(1;) was recorded, and the representative junctional current traces of Cx47-GFP gap
junctions in response to the protocol are shown. Vj at + 20 to + 40 mV voltage steps
and the corresponding ljs are shown in red traces with little Vj-gating. (C)
Normalized junctional conductance (Gjss, steady-state relative to maximal) was
plotted as a function of Vj and fit with Boltzmann equation. The mean G; at each
V;j was calculated and represented as mean + SEM (n = 5), and the Boltzmann fitted

curves (smooth lines) are shown in solid lines.
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Construct Grmax Gmin Vo (mV) A Vi
Cx47-GFP/ 1.0+ 0.06 03+0.1 62.4+6.6 0.065 +
Cx47-GFP 1.0+0.03 02+0.1 71.0+5.2 0.066 -
Cx47-GFP/ 10+0.02 01+0.02 5584+13 0.12 +
Cx43-mRFP n/a n/a n/a n/a -

Values for V and A are absolute values. n/a; not applicable

Table 3-1. Boltzmann parameters of Cx47/Cx47 and Cx47/Cx43 channels. The
Boltzmann parameters of homotypic Cx47/Cx47 and heterotypic Cx47/Cx43
channels at positive and negative polarities are shown. When Cx43 expressing cells

of heterotypic cell pairs underwent the voltage-step protocol, the data could not be

fitted with Boltzmann equation at negative V; polarities.
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3.2. All Cx47 mutants tested were able to form homotypic GJ plaque-like
structures in HelLa cells.

The cellular localization of the GFP-tagged Cx47 mutants, 146M, G149S, G236R,

G236S, M286T and T3981 was comparable to WT Cx47, such that the fluorescent

signals were detected mostly in the cytoplasm. The localization at the cell-to-cell

interface was also detected in Hela cells (Fig 3-2). The dominance of intracellular

distribution could be due to either GFP tagging and/or overexpression. The ability

of these mutants to reach the cell-cell interface provided further directions for

functional characterizations through dual patch clamp recordings.
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Overlay

Figure 3-2. Localization of Cx47 mutants in HeLa cells. The cellular localization
of Cx47 mutants indicated by GFP signals was detected under a confocal
microscope. All six mutants (146M, G149S, G236R, G236S, M286 and T398I)
appeared to localize at the cell-cell interface, albeit with abundant intracellular
localization. Fluorescent image (1% panel); overlay of fluorescent image with DAPI

staining (blue) and phase image to show cell morphology (2™ panel).
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3.3. Four out of six PMLD-linked Cx47 mutants tested failed to form functional
homotypic GJ channels.

Dual whole-cell patch clamp recordings were applied to N2A cells expressing
Cx47 mutants - 146M, G149S, G236R, G236S, M286T or T398I - to analyze the
functional status of Cx47 mutant homotypic GJs. The representative junctional
current traces of the six mutant homotypic channels at -20 mV are illustrated in
Figure 3-3A. Unlike the cells expressing WT Cx47, the ;s were not detected in
N2A cell pairs expressing the mutants 146M, G236R, G236S or M286T. In contrast,
l;s were recorded in N2A cell pairs expressing G149S or T398I demonstrating that
these two mutants were able to form functional homotypic GJ channels. The G; of
G149S (3.8 £ 0.8 nS) was similar to that of wild-type Cx47 (6.4 £ 1.1 nS; P > 0.05).
The mean G; of T398I-expressing cell pairs (1.9 + 0.8 nS ) was lower than but not

significantly different from that of the WT (P > 0.05).

38



Cx47 - GFP ' 146M  G149S

G236R G236S M286T T398lI

B 10 —
(63)
%)
£ 5 (17)
N *k*k *k%k —[_ *%k%k *k%k *k%k
(40) (17) (14) (18) (19) (19)
2 A Q Q % < S A N
5 S S (S & P
G NN e U <5

Figure 3-3. Junctional conductance (Gj) measurements of Cx47 mutant
homotypic channels. (A) Representative macroscopic junctional current traces
elicited from N2A cell pairs expressing one of the six Cx47 mutants (146M, G149S,
G236R, G236S, M286T and T398I) in response to Vj = -20 mV. Similar to WT
Cx47, l;s were detected only in G149S and T398I. Like GFP, the negative control,
no apparent I; was detected for the other four mutants. (B) The mean G; of
homotypic channels of Cx47 mutants. The mean Gjs of G149S and T398I
homotypic channel were not significantly different from that of WT Cx47. The
number above each bar indicates the total number of cell pairs recorded. These

recordings were obtained from 3 to 10 batches of transfections.
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3.4. Both Cx47%"% and Cx47"*®' GJ channels showed Vj-gating properties similar
to those of Cx47.

To identify if the functional GJ channels formed by G149S or T398I possess any
channel property changes in Vj-gating, | measured G; responses to Vjs from + 20 to
+ 100 mV for each of these two homotypic mutant GJ channels. As shown in Fig.
3-4, both G149S and T398I showed relatively constant junctional current at = 20
and £ 40 mV. As the absolute values of V; were increased, the G; showed
symmetrical decay to steady-state levels at both polarities, and greater Vj-dependent
inactivation with increasing absolute V; values. These Vj-dependent inactivations
were similar to that of WT Cx47 homotypic channels (Fig 3-1B).

In order to quantify the sensitivity of G149S and T3981 homotypic channels to V;,
the steady-state G; was normalized to their corresponding peak G; to obtain Gjs,
and plotted against Vjs. The G;js-V;j plot for G149S (Fig. 3-4C, n = 3) and T398I
(Fig. 3-4D, n = 3) did not show obvious differences in Vj-sensitivity from that of
wild-type Cx47 GJ channels (smooth lines in Fig. 3-4C, D), indicating that the GJ

Vj-gating properties were not altered by these two mutations.
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Figure 3-4. Vj-gating properties of G149S and T3981 homotypic gap junctions.
(A) Representative and superimposed junctional currents in a N2A cell pair
expressing G149S are shown in response to the same voltage protocols as shown in
Fig. 3-1B. (B) Representative and superimposed junctional currents of T398lI
homotypic channels in N2A cells are shown. (C) Normalized junctional
conductance (Gjss) of G149S channels (open triangle) was plotted against Vj, and
superimposed onto wild-type Cx47 homotypic channel Boltzmann fitting curves
(smooth lines). (D) Normalized junctional conductance (G;jss) of T398I channels
(open squares) was plotted against Vj, and superimposed onto wild-type Cx47
channel Boltzmann fitting curves (smooth lines). Both G149S and T398I channels
failed to show any major differences in Vj-sensitivity and Vj-gating trends as
compared with WT Cx47 channels.
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3.5. Cx47 and Cx47°™% formed heterotypic gap junction plaque-like structures
with Cx43 in HeLa cells.

The localization of Cx47 and Cx47°%*%° in heterotypic cell pairs with Cx43 was
examined in HelLa cells to determine whether they can co-localize at the cell-cell
junction. Cx47-GFP (or Cx47°M%.GFP) and Cx43-mRFP were localized in
intracellular regions and partially co-localized at the cell-cell interfaces in both
Cx47/Cx43 and Cx47°%/Cx43 heterotypic pairs. The overlap of GFP and RFP at
the cell-to-cell interfaces produced yellow colour (arrows and boxes in Fig. 3-5),
indicating both WT Cx47 and the G149S mutant were able to co-localize with

Cx43 at cell-cell junctions.
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Overlay

Figure 3-5. Co-localization of Cx47 (or Cx47°*%°) and Cx43-mRFP at cell-cell
interfaces in HeLa cell pairs. Cx47-GFP (or Cx47°*-GFP) and Cx43-mRFP
were expressed separately and then plated together to allow them to pair up. Co-
localization of Cx47-GFP (A) [or Cx47°“.GFP (B)] and Cx43-mRFP was
observed at the cell-cell junction in Cx47-GFP [or Cx47°*%-GFP] and Cx43-
MRFP expressing HelLa cells. White arrows and enlarged box areas were used to

highlight the partial co-localization at the cell-cell interface.
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3.6. Vj-gating of Cx47/Cx43 heterotypic channels.

The Vij-gating properties of Cx47-GFP/Cx43-mRFP heterotypic channels were
studied in N2A cell pairs where a GFP-positive cell was paired with an RFP-
positive cell. The same V;j-step protocols were used to study Cx47/Cx43 heterotypic
channels (Fig 3-6A). When the cell expressing Cx43 was pulsed to increasingly
positive V;j, the G; of Cx47/Cx43 channels showed rapid and large inactivation to
steady states (Fig. 3-6A). However, when the cell expressing Cx43 was pulsed to
negative Vj, the G; showed either no or very minimal inactivation and the gatings
were very slow in the tested Vjs (Fig. 3-6A top traces). When the Vj-step protocols
were applied to Cx47-expressing cells, the Cx47/Cx43 channels showed similar
gating trends but at the opposite V; polarities (Fig. 3-6A bottom traces), compared
to when Vj-step protocols were applied to cells expressing Cx43.

I constructed a Gjss-Vj plot (n = 5, Fig 3-6B) and the Gjss-V;j relationship showed
a strong difference in the sensitivity to V; depending on the polarity of the V; in
Cx47/Cx43 channels. When a Cx43 expressing cell was stepped to positive V;s, the
junctional current inactivated substantially to a low residual conductance. At this V;
polarity, we could fit the data with the Boltzmann equation with Gnax 0f 0.98 £ 0.02,
Gmin 0f 0.10 £ 0.02, V, of 55.84 + 1.3 mV and A of 0.12. Cx47/Cx43 channels
showed lower residual conductances and V, and greater Vj-sensitivity, when
compared to Cx47/Cx47 homotypic channels. On the contrary, when Cx43
expressing cells were stepped to negative voltages, little inactivation was observed

and the data could not be described by Boltzmann distribution.
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Figure 3-6. Vj-gating properties of Cx47/Cx43 heterotypic gap junctions. (A) A
Cx47-GFP-expressing cell (green) and Cx43-mRFP expressing cell (red) pair was
selected for patch clamp recording. A voltage step protocol (from 0 mV to + 20 to £
100 mV) was applied to the cell expressing Cx43-mRFP, and the I;s from the cell
expressing Cx47-GFP are presented (top traces). When the same voltage step
protocol was applied to a Cx47-GFP-expressing cell, the junctional current traces
showed similar gating kinetics but at the opposite V; polarities (bottom traces),
compared to when the protocol was applied to the cell expressing Cx43-mRFP. (B)
Normalized junctional conductance (Gjss, steady-state relative to maximal) was
plotted as a function of V. The G;s-V] relationship at positive polarity on the Cx43
side was well-fitted with the Boltzmann equation (n = 5). The mean G; at each V;

was calculated and represented as mean £ SEM.
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3.7. The majority of the selected Cx47 mutants failed to form functional
heterotypic channels with Cx43 in N2A cells
The major gap junction type between oligodendrocytes and astrocytes is
Cx47/Cx43 heterotypic channels. To study if the mutations in Cx47 (146M, G149S,
G236R, G236S, M286T and T398Il) have any functional impact on Cx47/Cx43 GJ
channels, | measured G; in Cx47/Cx43 heterotypic GJ channels in N2A cell pairs
expressing a Cx47 mutant in one and Cx43 in the other (Fig. 3-7). The
representative 1; traces of the six mutant heterotypic channels at 20 mV are
illustrated in Figure 3-7A. Similar to that observed for Cx47 mutant homotypic GJ
channels, the majority of the Cx47 mutant/Cx43 heterotypic cell pairs were either
completely uncoupled (P < 0.001; G; = 0 nS for Cx47°%**/Cx43 and G; = 0.01 *
0.01 nS for Cx47M?#7/Cx43) or showed substantially reduced G;s (G;j = 0.06 + 0.03
nS for Cx47%%°%%/Cx43 (P < 0.001) and G; = 0.51 + 0.28 nS for Cx47"*™/Cx43, P <
0.01). Two of the mutants, G149S and T398l, were able to form functional
heterotypic GJs (Gj = 9.36 = 2.54 nS and 7.05 * 2.79 nS respectively) with
comparable G;s to those of WT Cx47/Cx43 channels (Gj = 6.24 £1.13) in N2A cells

(P > 0.05).
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Figure 3-7. Junctional conductance (Gj) measurements of Cx47 mutant
heterotypic channels with Cx43. (A) Representative macroscopic junctional
current traces of Cx47 mutant (146M, G149S, G236R, G236S, M286T and T398I)
heterotypic channels with Cx43 in response to a 20 mV voltage step. (B) The mean
Gjs of Cx47 mutant/Cx43 heterotypic channels are shown as a bar graph. 146M,
G236R, G236S and M286T heterotypic channels showed significantly reduced
junctional conductance from Cx47/Cx43 channels in N2A cells. G149S and T398I
heterotypic channel G;s were not significantly different from that of WT
Cx47/Cx43. The number of cell pairs analyzed is shown above each bar. Data in
each bar were obtained from 3-10 independent transfections. GFP expressing cell
and RFP expressing cell pairs (GFP/RFP) were used as negative control.
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3.8. Vj-gating properties of functional Cx47 mutant/Cx43 heterotypic channels.

To further study if there is any obvious defect in Vj-gating properties in those
functional (G149S and T398l) or occasionally functional (146M) Cx47
mutant/Cx43 heterotypic GJ channels, the Vj-gating properties were studied in cell
pairs expressing the Cx47 mutant-GFP in one and Cx43-mRFP in the other.

When the cell expressing Cx43 was pulsed to increasingly positive V;j, the
junctional currents of 146M/Cx43, G149S/Cx43 and T3981/Cx43 heterotypic
channels showed rapid and large inactivation to steady states (Fig. 3-8A-C).
However, when the cell expressing Cx43 was pulsed to negative V;j, the junctional
current showed little or no inactivation and the kinetics were very slow in the tested
Vjs (Fig. 3-8A-C). These Vj-dependent inactivations were similar to that of WT
Cx47/Cx43 heterotypic channels (Fig 3-8A). The steady-state junctional
conductances were normalized to their corresponding peak junctional conductances
to obtain G;js and plotted against V; (Fig 3-8 D-F). Preliminary data obtained from
Cx47*MICx43 (n = 2), Cx47°M9%1Cx43 (n = 1) and Cx47"%®/Cx43 (n = 1) did not
show any major difference in the Vj-gating sensitivity from that of Cx47/Cx43

channels (Fig. 3-8 D-F).
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Figure 3-8. Vj-gating properties of Cx47 mutant/Cx43 heterotypic gap junctions.
(A-C) Representative junctional currents recorded in N2A cell pairs expressing
Cx47"M (A), Cx47°M9% (B) or Cx47™*® (C) in one and Cx43-mRFP in the other in
response to a voltage step protocol applied to cells expressing Cx43 (identical to that
described in Fig. 3-6A). (D-F) Normalized junctional conductance (G;ss) of Cx47'"*M
(open triangle), Cx47%% (filled square) and Cx47™%®' (open square) heterotypic
channels with Cx43 are plotted against V;, and superimposed on the WT Cx47/Cx43
channel Boltzmann fitting curves (smooth lines). None of 146M, G149S and T398lI
heterotypic channels showed drastic differences in Vj-gating sensitivity and
inactivation kinetics compared with WT Cx47/Cx43 heterotypic channels (shown as

smooth lines in panel D, E and F).
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4. Discussion
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4.1. Overall study

In this study, the localization and functional status of Cx47 mutants that are
associated with the central hypomyelinating disease PMLD were studied using a
confocal microscopy and dual whole-cell patch clamp. These two approaches were
highly effective in studying the localization of Cxs by observing the cellular
distribution of GFP or mRFP tags at the C-termini and the GJ channel function by
measuring the coupling conductance and probing Vj-gating properties. Based on
previous studies, | proposed that PMLD-linked Cx47 mutations (146M, G149S,
G236R, G236S, M286T and T398l) would interrupt GJIC via homotypic
Cx47/Cx47 and/or heterotypic Cx47/Cx43 gap junction channels.

Heterologous expression in gap junction-deficient HeLa and N2A cells showed
that all the tested Cx47 mutants appeared to be localized intracellularly with a small
portion at the cell-cell junctions (Table 4-1). Mutants 146M, G236R, G236S and
M286T did not form functional homotypic channels. Although few heterotypic
pairs expressing the 146M, G236S or M86T Cx47 mutants with WT Cx43 showed
low levels of coupling, the overall mean G;s were not significantly different from
the negative control. In contrast, mutants G149S and T398I formed both functional
homotypic and heterotypic channels whose G;s were similar to those observed in
WT Cx47/Cx47 and Cx47/Cx43 channels. Although no apparent defects of the two
mutants were observed in their homotypic channels and heterotypic GJs with Cx43,
it was previously shown that the two mutants may have defects in their
hemichannel functions (Diekmann et al., 2010).

These experimental data showed that the majority of the selected Cx47 mutations
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cause disruption in GJIC via Cx47/Cx47 and/or Cx47/Cx43 channels. The results
in the model system suggest that the mutations may interrupt oligodendrocyte
coupling to each other and with astrocytes, and affect the maintenance of normal

CNS myelination by oligodendrocytes.
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Localization Formation Homotypic Heterotypic
Mutants . of YPIC Hete rotypic yp
at apposing Homotypic GJ V;- GJs GJ V;-
membranes GIs gating gating
146M + - n/a - no change*
G149S + + no change + no change
G236R + - n/a - n/a
G236S + - n/a - n/a
M286T + - n/a - n/a
T398lI + + no change + no change

+ =yes, - = no, nfa = not applicable, *no apparent changes were observed.

Table 4-1. Summary of localization and functional status of Cx47 mutants. All
mutants were observed at cell-cell interfaces. However, the selected Cx47 mutants,
except G149S and T398Il, failed to form functional Cx47/Cx47 homotypic and
Cx47/Cx43 heterotypic channels. In contrast, G149S and T398I successfully formed
functional homotypic and heterotypic channels whose macroscopic G;s and Vj-gating

were similar to WT Cx47/Cx47 and Cx47/Cx43 channels.
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4.2. Localization of Cx47-GFP at the cell-cell interface

In order to visualize the localization of Cxs, GFP was tagged at the C-terminus of
Cx47 and its mutants. In HelLa cells, Cx47-GFP was observed in the intracellular
regions and at the cell-cell junctions. The observation of Cx47-GFP at the cell-cell
interface suggests that tagged Cx47 is able to traffic to the cell membrane and form
gap junction plaque-like structures, similar to that of untagged Cx47 detected using
Cx47 antibody (Diekmann et al., 2010; Orthmann-Murphy et al., 2007a). The heavy
localization of GFP within the cell is likely due to overexpression of GFP-fused
Cx47. However, this heavy intracellular distribution raises possibility that GFP
tagging may affect the trafficking of Cx47 to the membrane.

Similar to WT Cx47, the selected GFP-tagged PMLD-linked Cx47 mutants were
observed to localize in intracellular regions as well as at the cell-cell interface,
suggesting possible formation of GJ plaques. Previous study of untagged G149S,
M286T and T398I also showed that all three mutants readily traffic to the cell
surface and form GJ plaque-like structures in HeLa cells. Furthermore, the three
mutants were co-localized with an endoplasmic reticulum (ER) marker against ER
protein disulfide isomerise (Diekmann et al., 2010) or an ER chaperone GRP94
(Orthmann-Murphy et al., 2007a). The localization pattern of these previous studies
is consistent with the present study, and gives a possible explanation for the heavy
intracellular localization of Cx47 and its mutants. However, although all mutants
were observed at the cell-cell junctions at the light microscopy level, it cannot be
concluded that they all form GJ plaques and functional channels. Therefore, a

functional approach using dual whole-cell patch clamp recording was applied.
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4.3. Homotypic Cx47-GFP gap junction channels and PMLD mutants

Dual whole-cell patch clamp recordings indicated that Cx47-GFP is able to form
functional homotypic GJ channels in N2A cells. It was previously reported that
GFP tagging at the C-terminus of mouse Cx47 does not affect functional properties
of untagged mCx47 homotypic GJ channels in terms of single channel conductance,
Vj-gating and dye permeability (Teubner et al., 2001). Human Cx47-GFP channels
in our model system showed similar Vj-gating trends but less sensitivity to V;,
compared to previously studied untagged hCx47 channels (Orthmann-Murphy et al.,
2007a). These differences are likely due to the differences at the NT of cDNA
constructs used. Our Cx47 construct starts from the first AUG codon, which
encodes the full length of human Cx47, while the construct used by Orthmann-
Murphy and colleagues started from the second AUG codon, which is short of 9
nucleotides encoding the first 3 amimo acid residues (Orthmann-Murphy et al.,
2007a). It was noted that expression of full length Cx47 or the construct without the
first 3 amino acid residues, can form functional channels, but they possess distinct
Vj-gating and pH-gating properties (Fasciani et al., 2011). It is also possible that
hCx47 that we used is different from mCx47. Although the effect of GFP tagging
has not been directly studied, our observations indicate that Cx47-GFP is able to
form functional homotypic channels in N2A cells without drastic changes in the
macroscopic conductance and Vj-gating properties.

Most PMLD-linked Cx47 mutants (146M, G236R, G236S and M286T) studied in
our model system resulted in loss-of-function in coupling likely due to impairment

of homotypic channels. Structural homology modeling of Cx47 based on Cx26
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crystal structure showed that the 146M mutation, located in the M1/E1 boundary,
may affect the salt bridge formation between E1 and E2 critical for maintaining the
correct orientation of E2 in the formation of a connexon (Biancheri et al., 2012).
Furthermore, the structural modelling of hCx26 and the mutations at the M1/E1
border residues indicated that the residues at the M1/E1 boundary are involved in
size restriction and voltage sensing (Maeda et al., 2009; Verselis et al., 1994). Thus,
it is possible that the 146M mutation interrupted the pore formation and, ultimately,
impaired homotypic channel function. Similarly, less flexible residues were
introduced by mutations G236R and G236S in E2. Both E1 and E2 are known to be
involved in the docking of two connexons to form a gap junction channel
(Biancheri et al., 2012; Maeda et al., 2009). Similar to 146M, the two E2 mutations,
G236R and G236S, may interfere with the normal pore formation and/or docking,
impairing the formation of functional channels (Biancheri et al., 2012). The failure
of the M286T mutant to form functional homotypic channels was consistent with a
previous study using the same mutant without a fluorescent protein tag (Orthmann-
Murphy et al., 2007a). The homology structural modeling indicates that the
introduction of a polar residue in the mutant M286T may change the local
hydrophobic properties of TM4 and interrupt the channel function (Biancheri et al.,
2012). Although the four non-functional Cx47 mutants appeared to be able to
localize at the cell-cell junction, they failed to form functional channels. This
suggests that the mutations may inhibit channel function by changing the docking
of their hemichannels or the structure components critical for the function of GJ

channels.
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The previous study also showed that PMLD linked mutants P90S, Y272D and
M286T failed to form functional homotypic GJs, possibly due to partial
accumulation of the mutants in the ER (Orthmann-Murphy et al., 2007a). The
partial accumulation of the mutants in the ER may be one possible mechanism that
prevents the formation of functional channels for the four mutants 146M, G236R,
G236S and M286T in N2A cells. Also, the GFP tagging at the C-termini may affect
the trafficking of Cx47 and the mutants, leading to the high intracellular
localization. Due to the spatial resolution limitation of our confocal microscopy, we
cannot fully rule out the possibility that some of the observed putative gap junction
plagues may not be localized at the apposing membranes, but in intracellular
regions near the cell-cell junction.

In contrast to the other Cx47 mutants, G149S and T398l formed functional
homotypic channels in N2A cells. Both G149S and T3981 homotypic channels
showed no difference from the WT channels in terms of macroscopic conductance
and Vj-gating sensitivity. G149S is located in the intracellular loop domain and may
not directly affect the pore formation, which may explain the ability of G149S to
form functional channels as opposed to the mutants found in the extracellular loops
(146M, G236R and G236S) (Biancheri et al., 2012). It has previously been
addressed that GJs in oligodendrocytes and astrocytes participate in buffering of K*
released during neuronal activities, which may create V; between cells (Menichella
et al., 2006). Although I could not obtain sufficient amount of V;j-gating data to
perform a proper Boltzmann fit, no clear difference was shown in Vj-gating

properties obtained from two pairs of cells of the two mutants, G149S and T398l,
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4.4,

when compared to that of the WT. This preliminary test suggests that the two
mutants may respond to V; similar to that of the WT channels. However, it is still
possible that the two mutants have a minor effect that could not be detected by our
system. Also, they may interrupt other properties such as pH-sensitivity,
hemichannel activities, or their interaction with regulatory proteins such as zonula
occludens-1 (ZO-1), ZO-1-associated nucleic acid-binding protein and multi-PDZ
domain protein 1, and regulate gene expression, oligodendrocyte differentiation and
survival (Li et al.,, 2004; Li et al., 2008; Penes et al., 2005). Furthermore,
oligodendrocytes in vivo may behave differently from N2A and Hela cells.
Although T3981 homotypic channels did not show statistically significant
difference from the WT, a reduction in the macroscopic junctional conductance was
observed. This could be explained by a reduced number of channels being formed
at the cell-cell junctions, reduced single channel conductance, or both. Based on
macroscopic conductance, all mutants except G149S caused complete or partial

defect in their homotypic channel functions, which may play a role leading PMLD.

Co-localization of Cx47-GFP and Cx43-mRFP at the cell-cell interface

In order to be able to select heterotypic cell pairs, Cx43 was tagged with mRFP
at the C-terminus. Cx43-mRFP fusion protein has been used for localization studies
and is able to assemble into functional GJ channels (Campbell et al., 2002; Gong et
al., 2007). In my study, localization observations demonstrated that Cx47-GFP and
Cx43-mRFP can form heterotypic GJ plaque-like structures between adjoining

HelLa cells. The yellow colour indicated that the green and red fluorescent signals
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4.5.

co-localized at the apposing membranes. A similar observation was reported in a
previous study where immunostaining was used to determine untagged Cx47 and
Cx43 localization (Orthmann-Murphy et al., 2007b). The immunolabeling study
illustrated co-localization of the two Cx antibodies using different fluorescent
colours, suggesting that these Cxs may have a chance to form heterotypic GJ
channels (Orthmann-Murphy et al.,, 2007b). These observations of similar
localization patterns reflect that the fluorescent protein tagging at both Cx47 and
Cx43 had no major effect on their localization to the cell-cell interfaces.

Due to the low probability of observing co-localization of both Cx47 and Cx43, |
did not study all Cx47 mutants. However, with the mutant tested (Cx47%*%-GFP),
it clearly showed co-localization with Cx43-mRFP at the cell-cell junction, forming
small clusters of GJ plaque-like structures, similar to its WT counterpart. However,
due to spatial resolution limitations, the co-localization of the two Cxs does not

demonstrate the formation of real heterotypic GJ channels.

Heterotypic Cx47-GFP/Cx43-mRFP gap junction channels and PMLD
mutants

Dual patch clamp recordings revealed that Cx47-GFP and Cx43-mRFP can form
functional heterotypic GJ channels. Cx47/Cx43 heterotypic GJs showed
asymmetric Vj-gating properties, where Cx47 hemichannels were conspicuously
more sensitive to V;. In a previous study where the fluorescent proteins were not
fusion-linked to 3 amino acid-short Cx47 and Cx43, the clear Vj-gating at both

polarities was observed with little asymmetry in the gating kinetics as the absolute
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value of V; was increased (Orthmann-Murphy et al., 2007b). I, however, observed
clear rectification. This difference in Vj-gating could be attributed to different Cx47
translation initiation codons and/or the fluorescent tags at the C-termini of Cxs.

When the first three residues of Cx47 were eliminated, the asymmetric
rectification with the Vj-polarity in full-length Cx47/Cx43 heterotypic channels was
reported to no longer exist (Fasciani et al.,, 2011). This may explain the less
asymmetric Vj-gating in the previous study, compared to the present study.

In homotypic channels, Cx43-mRFP induces similar macroscopic junctional
conductance to Cx43-GFP. This Cx43-GFP, in turn, exhibits similar macroscopic
and single channel conductance as untagged Cx43, but less sensitivity to V;
compared to untagged Cx43, due to lack of fast Vj-gating (Bukauskas et al., 2001).
Cx43-mRFP has not been directly compared to untagged Cx43; it is possible that
MRFP tagging at the C-terminus of Cx43 has little effect on trafficking to the cell
surface and formation of functional GJs, but significantly affects Vj-sensitivity,
similar to GFP tagging. This may contribute to the rectification of Cx47-
GFP/Cx43-mRFP channels, as opposed to Cx47/Cx43 channels where the
fluorescent proteins were linked via internal ribosome entry site (IRES).

Two of the PMLD-linked Cx47 mutants analyzed (G149S and T398I) showed no
obvious difference in macroscopic conductance and Vj-gating properties in their
heterotypic channels. Like in homotypic channels, G149S and T398lI did not disturb
the normal Cx47/Cx43 heterotypic GJ functions. Thus, both G149S and T398I may
contribute to PMLD through other mechanisms such as hemichannels, rather than

interrupting Cx47/Cx47 and Cx47/Cx43 GJIC by oligodendrocytes and astrocytes
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in the CNS.

The four mutant (146M, G236R, G236S and M286T) heterotypic channels with
Cx43-mRFP displayed no coupling conductance, which is the same as the negative
controls where only GFP and RFP were expressed. 146M located at the M1/E1
border showed coupling in 1/4 of the recorded cell pairs. In heterotypic GJs, the use
of the chimera approach demonstrated that E1 of Cx46 faces the lumen and
determines the channel conductance (Trexler et al., 2000). This further suggests that
146M may affect the structure of the pore, and consequently impairs GJ coupling in
homotypic channels. It seems possible however, to rarely stabilize the interaction of
Cx47"M and Cx43 hemichannels, and cause partial rescue in heterotypic GJ
functions, whose Vj-gating kinetics are not different from the WT. Also, the G236S
mutation in E2 domain reduced coupling level and caused asymmetry in Vj-gating
in some pairs. E2 is the primary domain that determines heterotypic compatibility
(Nakagawa et al., 2011; White et al., 1994; White et al., 1995). Likewise, it is
possible that G236S may cause spatial changes at the docking interface and affect
E2-E2 interactions in the formation of a complete channel. Consequently, it may
interrupt the channel function completely in homotypic channels, but partially in
heterotypic channels with Cx43. Interestingly, G236R showed no coupling in all
heterotypic pairs tested as opposed to G236S. This can be explained by the
difference in charge and size between the two amino acids, arginine and serine.
However, despite the formation of functional channels, the majority of the pairs
tested were not coupled. It is not clear why some pairs are functional, while others

are not. It is unlikely due to that unidentified endogenous Cxs contributed to the GJ
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channel formation with Cx43, as we routinely use free GFP/RFP pairs as negative
controls for our functional tests. Whenever, we saw coupling in negative controls,
we trashed all data from that batch of transfections. Also, if these mutant Cxs have
the ability to reach cell-cell junctions and form heterotypic GJs with Cx43, it is
possible that the mutants may occasionally stabilize the coupling between the two
cells. Overall, the reduction in the macroscopic conductance and the possibility of
forming functional heterotypic channels may account for interruption in GJIC

between oligodendrocytes and astrocytes, causing PMLD.

PMLD-linked Cx47 mutants and hemichannel functions

A connexon (hemichannel) may behave on its own as an aqueous pore at the
unopposed cell surface. Hemichannels mediate the exchange of ions and small
molecules with the extracellular environment and may play a role in Ca** wave
propagation (Goodenough and Paul, 2003; Saez et al., 2010). Although the exact
role of hemichannels in oligodendrocytes has not been addressed, PMLD-linked
mutants have been reported to affect hemichannel functions due to loss-of-function
and change in membrane potential in a model system. In such a study, G149S
resulted in loss of hemichannel function in Xenopus laevis oocytes (Diekmann et al.,
2010). This suggests that G149S may not affect gap junction functions, but does
affect hemichannel activities, which may consequently interrupt initiation of Ca®*
waves to adjacent oligodendrocytes and astrocytes and affect other cellular
processes. In the same study, T398I displayed hemichannel currents comparable to

Cx47, but the cells expressing T3981 had depolarized membrane potential
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(Diekmann et al., 2010). Hemichannels can be opened at positive membrane
potentials. Also, the correlation of increased hemichannel open probability with cell
death was shown in Cx26 and Cx32 mutant expressing cells (Liang et al., 2005;
Stong et al., 2006). Furthermore, Cx43 hemichannel opening causes ATP release,
which ultimately increases susceptibility of the cells to injury and death (Saez et al.,
2010; Tong et al., 2007). Accordingly, T398I likely affects oligodendrocytes by
increasing the hemichannel activities.

Based on my data, G149S and T398I did not show obvious defect in their
homotypic and heterotypic GJs. The increased or loss of hemichannel activity may
provide another possible cause for the disease, leading to impairment of GJIC

among oligodendrocytes as well as between oligodendrocytes and astrocytes.

Clinical phenotypes of Cx47 mutants

Patients with the selected Cx47 mutations showed clinical phenotypes of
nystagmus, progressive spasticity, ataxia, developmental delay and white matter
changes in the CNS, irrespective of the age of onset (Bugiani et al., 2006; Henneke
et al., 2008; Uhlenberg et al., 2004; Wang et al., 2010). Cx47 is highly expressed in
oligodendrocytes and mediates O/O and O/A coupling in the CNS. Thus, it was
postulated that mutations in Cx47 affect Cx47/Cx47 and/or Cx47/Cx43 GJIC.
Interestingly, all of the selected mutants that resulted in loss-of-function in their
homotypic and heterotypic GJs caused the disease only when recessively inherited
(Henneke et al., 2008; Uhlenberg et al., 2004; Wang et al., 2010). In contrast, both

G149S and T398I that formed functional homotypic and heterotypic channels with

64



4.8.

Cx43 were able to cause the disease in the heterozygous state, i.e. autosomal
dominant (Henneke et al., 2008). Furthermore, the patient with G149S and one of
the two patients carrying T398I achieved a lower score in their best motor function
compared to patients carrying the non-functional mutants 146M or M286T
(Biancheri et al., 2012). These genotypes and their associated clinical phenotypes
indicate that G149S and T398I have dominant and more detrimental effects on
oligodendrocyte function than others.

Based on my observations, the two mutants are likely to have no conspicuous
defects in GJ functions in terms of macroscopic conductance and Vj-gating in N2A
cells. Likewise, G149S and T3981 may affect different mechanisms such as
hemichannel activities rather than GJs in oligodendrocytes in vivo, and

consequently, cause PMLD through their dominant effects.

Cx47 is the critical Cx that constitutes oligodendrocyte-to-oligodendrocyte GJs.

Previous studies using a dye coupling approach in Cx knock-out and mutant mice
models have illustrated that oligodendrocytes are coupled to each other. When the
Cx47 gene was knocked out in mice, a pronounced reduction in O/O coupling was
observed in the corpus callosum (Maglione et al., 2010; Tress et al., 2011). In

homozygous Cx47M28eT/M286T

mice, the number of cells coupled to the dye-injected
oligodendrocyte was significantly reduced (Tress et al., 2011). This loss-of-function
of M286T in vivo might have interrupted GJs between oligodendrocytes, and is in

parallel with our observation that homotypic M286T GJ coupling was completely

abolished in the model system. Furthermore, these mice models demonstrate the
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functional importance of Cx47 in O/O coupling in vivo.

In humans, mutations in Cx47 alone were enough to cause neurological and
behavioural symptoms (Uhlenberg et al., 2004; Wang et al., 2010). Conversely, in
mice models, the ablation of Cx47 alone or Cx32 alone did not manifest obvious
phenotypic abnormalities (Menichella et al., 2003; Nelles et al., 1996; Odermatt et
al., 2003). The conspicuous behavioural abnormalities with severe demyelination in
the CNS were observed only in mice lacking both Cx47 and Cx32 (Menichella et
al., 2003; Odermatt et al., 2003). Also, the dye coupling studies showed that O/O
coupling was completely abolished in mouse corpus callosum in Cx47 and Cx32
double-knock out mice (Maglione et al., 2010). In the neocortex, O/O coupling in
Cx32-deficient mice was more affected than in Cx47-deficient mice (Wasseff and
Scherer, 2011). These differences among individual Cx knock-out and the double
knock-out mouse models demonstrate the functional redundancy of both Cxs in
oligodendrocyte coupling in mice. Likewise, a similar phenomenon was observed
in Cx47MZ0TMZBET ang Cxq7M2ETM28T/cy 307 mice (Tress et al., 2011). The
different phenotypes between humans and mouse models can be explained by
different physiological mechanisms. In humans, mutations in Cx32 lead to X-linked
demyelinating peripheral neuropathy (Charcot-Marie-Tooth disease type 1).
Accordingly, Cx47 likely has a more significant contribution to the oligodendrocyte
functions than Cx32 in humans. Therefore, the PMLD-linked mutants alone may
interrupt O/O coupling and ultimately, oligodendrocyte function in maintaining

central myelin.
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4.9. Cx47 is critical for O/A coupling.

As oligodendrocytes and astrocytes express different Cx sets, O/A coupling is
mediated by heterotypic gap junctions. In Cx47-deficient mice, O/A coupling was
significantly compromised in the corpus callosum and neocortex, whereas it
remained relatively unaffected in Cx32-deficient mice (Maglione et al., 2010;
Wasseff and Scherer, 2011). Similar to O/O coupling, O/A coupling was completely
abolished in Cx32 and Cx47 double-deficient mice (Maglione et al., 2010). In
astrocyte Cx knock-out mice, O/A coupling was not affected by the deletion of
astrocyte-specific Cx43 but when both Cx43 and Cx30 were deleted (Maglione et
al., 2010). Thus, it can be concluded that functional redundancy of glial Cx also
exists in O/A coupling, possibly by Cx47/Cx43, Cx47/Cx30, Cx32/Cx30 and
Cx32/Cx26 GJs (Altevogt and Paul, 2004; Magnotti et al., 2011; Orthmann-
Murphy et al., 2007D).

It is widely known that O/A coupling is mediated by Cx47/Cx43 and Cx32/Cx30
heterotypic GJs, the former being dominant (Orthmann-Murphy et al., 2007b). In
the knock-out mouse models described above, O/A coupling was affected more in
Cx47-null mice compared to Cx32-null or Cx43-null mice (Maglione et al., 2010;
Wasseff and Scherer, 2011). This suggests the functional importance of Cx47 in
O/A coupling, and further, of Cx47/Cx43 heterotypic GJs at the O/A junctions. The
homozygous M286T mice showed pronounced reduction in the number of cells
coupled to dye-injected oligodendrocytes (Tress et al., 2011). This may include not
only neighbouring oligodendrocytes, but also astrocytes, suggesting the impairment

of GJs both at O/O and O/A junctions. Therefore, Cx47 is the most critical Cx that
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4.10.

enables O/O and O/A GJIC. Consequently, PMLD-associated mutations in Cx47
may significantly affect the O/A coupling in vivo and interrupt the oligodendrocyte

functions in maintaining normal myelin, as shown in our model system.

Conclusion

Our dual whole-cell patch clamp analysis revealed that the selected PMLD-
linked Cx47 mutants have complete or partial defects in Cx47/Cx47 and/or
Cx47/Cx43 GJ coupling functions. Although all the selected mutants were able to
localize to the cell-cell interface, the majority of them resulted in loss of function.
Both G149S and T398I formed functional homotypic and heterotypic GJs with
Cx43. In humans, Cx47 linked to central myelination is likely to have dominant
action over Cx32 in oligodendrocyte function, as most Cx32 mutations are linked to
peripheral neuropathy only. My work demonstrated that Cx47 mutants impaired
Cx47/Cx47 and/or Cx47/Cx43 gap junctions in the model system. Further studies
are necessary to understand glial Cx interactions and the exact molecular pathology

of Cx mutations in CNS hypomyelination.
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