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ABSTRACT

In this thesis, I explore the regulation of a highly homologous family of proteins,
termed connexins. Connexins oligomerize to form gap junctions within the plasma
membrane of cells allowing for communication between cells as well as functioning as
hemichannels, which permit communication between the intracellular and extracellular
environment of a cell. These gap junctions allow for the passage of ions, metabolites and
second messengers, which have been shown to modulate proliferation, regeneration, and
cell survival. Furthermore, following insult to the central nervous system, injured cells
can propagate waves of toxic second messengers to adjacent coupled healthy cells
thereby expanding secondary injury via gap junctions. Here, I asked whether expression
of the functional subunits of these channels (connexins) was under hormonal control in
the central nervous system. I conducted quantitative analysis of steady-state mRNA
expression levels of seven crucial connexins in known neurogenic and gliogenic niches of
the central nervous system during the mouse estrous cycle. To accomplish my
overarching objective of identifying connexins of the hippocampus and spinal cord which
may be under hormonal regulation, I identified technical limitations of quantifying
expression of such a highly homologous gene family with commercially available
reagents and I optimized an established protocol to minimize the invasiveness during the
collection of estrous smears required to identify hormone status. Collectively, these steps
permitted the quantification of connexin expression during various stages of the mouse
estrous cycle and identified two connexins whose expression is under hormonal

regulation in a tissue specific manner.
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CHAPTER 1: INTRODUCTION

1.1 The connexin family of gap junction proteins

Connexins (Cxs) are a highly conserved family of proteins that make up the
structural units of gap junction channels at the plasma membrane of most cell types,
allowing for the selective passage of molecules up to ~1-kiloDalton (kDa) in size (1). Six
connexin proteins oligomerize to form a single trans-membrane pore or channel, termed a
connexon (Figure 1.1A). These six connexins may be composed of identical family members
or combinations thereof (Figure 1.1A). Connexons in non-junctional membranes form single
membrane channels, often referred to as hemichannels, that allow for the spatial buffering of
ions between cells and the extracellular environment (2). Gap junctions are composed of
connexons elaborated by adjacent cells that align to form intercellular channels, allowing for
passage of metabolites and secondary messengers between cells. When both connexons are
composed of the same connexin the intercellular channel is considered a homotypic channel
(Figure 1.1B;). A channel composed of two homotypic connexons wherein each
hemichannel is comprised of a different connexin is considered a heterotypic channel
(Figure 1.1B,). A channel comprised of at least one heterotypic connexon docking with
either a homotypic or heterotypic connexon is considered a heteromeric channel (Figure
1.1B3).  Specificity of molecular passage through both connexons and gap junction
intercellular channels is dictated by these differences in connexin combinations and

composition.



Figure 1.1 Connexin proteins form gap junction channels allowing for cell-cell
communication and pore formation in non-junctional membranes. Connexin proteins
are the structural units of (A) connexons (hemichannels in non-junctional membranes)
connecting cell cytoplasm with extracellular space and (B) intercellular channels that allow
two adjacent cells to exchange molecules < 1-kDa. Collections of intercellular channels form
the morphologically defined gap junction. (C) Connexins can also elicit channel-independent
effects by interacting with protein partners at their C-terminal tail and thereby altering
intracellular signaling as well as through promoting channel-independent adhesion between
adjacent cells without exchange of small molecules. (D-H) Types of cell-cell connexin
interactions formed between astrocytes and oligodendrocytes. Astrocytes form two classes of
gap junctions with each other containing (D) only Cx26 or (E) a mixture of Cx30 and Cx43
homotypic channels. (F) It is not yet known whether Cx30 and Cx43 form heterotypic and
heteromeric channels but these conformations are possible. Astrocytes and oligodendrocytes
communicate through (G) heterotypic and possibly (H) heteromeric channels.
Oligodendrocytes express Cx29, Cx32, and Cx47. Astrocytic Cx26 preferentially associates
with oligodendrocytic Cx32. Astrocytic Cx30 and Cx43 preferentially associate with Cx47.
Cx29 is believed to form hemichannels or interact with cytosolic proteins at its C-terminal

tail to initiate signaling. (Adapted from Altevogt & Paul, 2004)
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There are 20 different connexin proteins in mouse, 21 in humans (3). Fourteen (Cx26,
Cx29, Cx30, Cx30.2, Cx31.1, Cx31.9, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45, Cx47, Cx57)
are detected in embryonic and/or adult central nervous system (CNS) (4-7). Specific
connexins localize to specific cell types. Within the mature cell types of the murine CNS,
Cx29, Cx32 and Cx47 are expressed by oligodendrocytes (OLs). Cx26, Cx30 and Cx43 are
astrocytic connexins, whereas Cx30.2, Cx31.1, Cx36 and Cx45 localize to neurons (4-7).
Cx37 and Cx40 are detected in endothelial cells of cerebral blood vessels and some
leptomengial cells (8). Cx57 is restricted to retinal neurons (9).

During development or over the course of adult neurogenesis and gliogenesis,
markers of cell lineage (10) and connexin expression are dynamically regulated in neural and
glial stem cells (11) (Figure 1.2). Type 1 putative neural stem cells (NSC), which have the
ability for self-renewal or further specification, express nestin and glial fibrillary acidic
protein (GFAP), as well as Cx26, Cx30 and Cx43 (11). Upon loss of nestin expression, Type
1 putative NSCs can differentiate into a mature astrocyte, expressing GFAP and connexins
26 (12), 30 (13) and 43 (14). Upon specification of a Type 1 NSC to a Type 2a putative
neural progenitor cell (NPC), loss of GFAP and Cx26/Cx43 expression occurs (11). These
cells can self renew or differentiate into a) an Cx32" oligodendrocyte progenitor cell (OPC)
or b) take on a more neuronal progenitor lineage as a Type 2b progenitor cell. OPCs will be
committed to an OL cell fate, and upon differentiation to mature cells types, as previously
mentioned, post-mitotic mature OLs express Cx29 (15), Cx32 (16), and Cx47 (17). Should
the type 2a NPC take on a more neuronal progenitor lineage as a Type 2b progenitor cell,
expression of nestin and doublecortin (DCX) is present (11). This cell is now committed to a
neuronal lineage and can self renew or differentiate into a DCX" type 3 neuroblast. When

3



Figure 1.2 Connexin expression during neurogenesis and gliogenesis in the adult
hippocampus. Connexin expression in each cell type is denoted in red. In the hippocampus,
new neurons are generated in step-wise fashion from nestin+ Type 2a NPCs. These cells are
derived from nestint/GFAP+ Type 1 cells. Type 1 cells are multipotential with capacity to
generate neurons and glia. A subset of Type 1 cells may transiently express neuron-glial
antigen 2 (NG2) and commit to an OL lineage. The majority of adult OLs are derived from
NG2+ cells that are “born” embryonically in the SVZ, migrate to terminal locations
throughout the brain, and activate to generate new OLs when needed (Ivanova et. al., 2003).
Our lab has shown that Type 1 cells cultured in vitro from P0-2 neonates in the SGZ express
Cx26, Cx30, and Cx43 (Imbeault et. al., 2009) Type 2a cells express Cx30 in vitro and in
vivo (Imbeault et. al., 2009). Cx36 is transiently expressed when Type 3 NPCs step out of
the cell cycle to become post-mitotic immature neurons (Imbeault et. al., 2009). Cx32 is
expressed when a subset of NG2+ progenitor cells commit to and OL lineage (Melanson-
Drapeau et. al., 2003). Cx36 is expressed by mature interneurons (Belluardo et. al., 2000).
During oligodendrogenesis, PDGFaR+ early OLs express Cx29 (Imbeault et. al., 2009),
while Cx29 and Cx47 by mature OLs (Altevogt et. al., 2002, Odermatt et. al. 2003).
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Cx36 is expressed, type 3 neuroblasts have differentiated into post-mitotic immature neurons
expressing Toad64, and later beta-tubulin 3 (Tujl) (11). Mature GABAergic interneurons of

the hippocampus lose expression of Tujl and retain expression Cx36 (18).

1.2 Connexin compatibility dictates capacity for cell-cell channel-dependent and

channel-independent communication

Only select connexin combinations are capable of oligomerization, cell-cell docking,
and functional gap junctional communication. Channels comprised of Cx30/Cx43
(heterotypic and heteromeric) or Cx26 (homotypic) permit astrocyte-to-astrocyte
communication (19) (Figure 1.1D-F). It should be noted, however, that Cx26-containing
connexons likely do not align with connexons composed of Cx30 and Cx43 (19). The
specificity of connexin “partnering” dictates which cells can communicate through gap
junctions (Figure 1.3A). For example, intracellular heterotypic channels composed of Cx26,
homomeric connexons docking with Cx32 homomeric connexons, or heterotypic channels
composed of Cx30/Cx43, and heteromeric connexons docking with Cx47 homomeric
connexons allow for gap junctional communication between astrocytes and OLs (19) (Figure
1.1G, H).

Connexin-mediated communication is not restricted to gap junctional intercellular
communication. Functional hemichannel activity in non-junctional membranes also enables
adjacent cells to coordinate their responses (Figure 1.3B). Cx26 hemichannels on horizontal

cells have been shown to modulate Ca®>" channels of retinal cone cells and subsequent



Figure 1.3 Mechanisms of gap junctional communication. Small ions and metabolites
acting as signaling molecules can pass (A) between adjacent cells or (B) through
hemichannels. Alternatively, (C) protein-protein interactions can occur whereby a signaling
molecule will act as a binding partner causing downstream signaling effects. Images created
by Crystal Hanley, Carleton Immersive Media Studio, Carleton University as part of our

CIHR Training Program in Neurodegenerative Lipidomics.
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glutamate release (20). The passage of adenosine triphosphate (ATP) through hemichannels
in radial glia of the neocortex has been shown to stimulate waves of intracellular Ca*"
release that shape neural development (21). As well, astrocytic Ca®" waves triggered by
photoconductive stimulation in hippocampal cultures was shown to regulate growth cone
guidance (22). Together, these data highlight an important role for hemichannel formation in
the control of CNS development and cell survival. It is interesting that Cx29, exclusively
expressed by cells in the OL lineage, likely forms hemichannels and not gap junction
channels since it rarely colocalizes with any other known connexin of the CNS, and is not
expressed at junctional membranes (19). While the impact of these hemichannels on OL
function and survival have yet to be assessed, colleagues in my lab have shown that Cx29
expression restricts NPC-derived neuron-glial antigen 2 (NG2") cells to an OL lineage in
vitro. In Cx29 null-mutant mice, NG2" cells present in neurosphere culture adopt an
astrocytic fate when exposed to gliogenic stimuli, while in the presence of Cx29 they specify
to OLs (11). It remains to be elucidated how fate determination is signaled by Cx29.
Channel-independent signaling may also be mediated by interaction with a cytosolic
binding partner at the C-terminus to initiate intracellular signaling (Figure 1.1C, 1.3C).
Moreover, the adhesive properties of adjacent connexons have been implicated in the control
on NPC migration. Previous studies have shown Cx26 and Cx43 form adhesive contacts
between cells with the cytoplasmic C-terminal tails of these docked connexins interacting
with the cytoskeleton to provide stabilization for embryonic neurons migrating along radial
glia towards the cortical plate during development (23). These data demonstrate key

regulatory activities of connexins mediated independently of functional channel formation.



1.3 The critical role of connexins in proper myelination over the course of development

Cx29, Cx32 and Cx47 are expressed in mature OLs. Cx32 and Cx47 form functional
gap junctions with Cx30 and Cx43 in astrocytes (19) creating a panglial network, with
communication being essential for proper myelination (24) and buffering of ions following
neuronal activity (25). Distinct channel pairing exists, formed by Cx32-Cx30 and Cx47-
Cx43 between OL-astrocytes (26). It was previously assumed that OLs are not coupled,
however, recent studies suggest this may not be the case given evidence of gap junctional
communication between OLs in the corpus callosum (27). It still remains unclear whether
OL coupling in the corpus callosum is mediated by Cx32 or Cx47 homomeric gap junction
channels (27, 28). Lastly, reflexive junctions between layers of the myelin sheath are formed
exclusively by Cx32 (29, 30).

Cx47 is a myelin related gene, as determined by Cx47 RNA expression in white
matter tracts in corpus callosum and spinal cord, which follow a similar temporal pattern
during development as proteolipid protein (PLP) expression in the cerebrum and cerebellum
(24). Furthermore, Cx32 and Cx47 RNA levels were significantly reduced in the brain of a
myelin deficient rat model, which contains a PLP point mutation (24). PLP mutations in
humans cause Pelizaeus-Merzbacher disease (PMD) (31), characterized by impaired motor
development, progressive spasticity and ataxia. Interestingly, Cx47 autosomal recessive
missense mutation causes Pelizacus-Merzbacher-like disease 1 (PMLDI1) in humans. The
symptoms of PMLDI1 are analogous to PMD, and cause reductions in glial network
communication, decreased myelin basic protein expression, astrogliosis, hypomyelination,

impaired motor behavior, and early death in rodent disease models (32).



A severe neuropathic demyelinating disease, X-linked Charcot-Marie-Tooth disease
has been mapped to mutations in the human Cx32 gene (33), whereas Cx32 null mutant mice
have normal CNS myelin sheath and similar nerve conductance as wildtype (WT) mouse
(34). Discrepancies between human and mouse disease may lie in the expression and
compensation abilities of Cx47 and/or missense mutant protein gain of function (35). Within
rodent studies, Cx32 and Cx47 appear to display functional redundancy and are vital for
proper myelination. For example, the double null mutant mouse lacking both Cx32 and
Cx47, displays a tremor at three weeks, with pathology being confined to myelinated fiber
tracts, followed by death at 6 weeks of age (24). The vacuolation and demyelination present
in this mouse are likely mediated by an inability to redistribute ions and H,O following
neuronal activity (25).

Disruption of OL-astrocytic communication via astrocytic gap junctions can also
affect CNS tissue and cause the formation of vacuoles within the CNS (36). Double Cx30
and Cx43 null-mutation affects not only astrocytes, but mature OLs as well. Edematous
astrocytes are found in the CA1 region of the hippocampus, although spatial memory is not
impaired in conditional double null mutants (36). Edematous astrocytes are also present in
white matter of the spinal cord, as well as an increase in apoptosis and reduction in mature
OL markers. These pathologies coincide with impaired motor skills, although there is no
change in proliferation, microglial activation, or myelination per axon (36). The localization
of large vacuoles around OL nuclei (36) in these double Cx30/43 null mutant mice appears
to reflect a difference in potassium ion accumulation, in comparison to the Cx32/47
knockout (KO) mice, wherein vacuoles are present between the axon and the sheath (24, 25),

and coincide with the cellular localization of channels and lack thereof. Cx32/43KO causes



sensorimotor impairment and seizures, leading to premature death. Intriguingly, Cx47/43KO
mice do not show vacuolation or behavioural impairments, suggesting the function of
reflexive junctions formed by Cx32 are critical in myelination (37). Eliminating the OL-
astrocytic communication would occur in both models, but reflexive junctions between
layers of the myelin sheath would also be abolished in the Cx32/43 and Cx32/47 double null
mutants. Taken together, these studies suggest OL-astrocytic communication, in conjunction
with Cx32 reflexive junctions, are essential for proper myelination. Furthermore, the
buffering of potassium appears to be a viable cause of vacuolation and demyelination, since
mice lacking the K™ channel Kir4.1, show no gross behavioural abnormalities, yet present
with vacuoles associated with outer aspect of the sheath (38), comparable to the Cx30/43
double null mutant (25).

A third gap junction protein, Cx29, is expressed in OLs (39), yet localization does
not recapitulate that seen for Cx32 or Cx47 (24). Cx29 is present along the paranode and
exists exclusively in hemichannel formation (15, 30), which may account for its inability to
compensate for the loss of Cx32 and Cx47. In OLs, functional redundancy exists between
Cx32 and Cx47, since a double null mutant lacking either Cx32 or Cx47 in conjunction with
Cx29 shows no demyelination, unlike the extremely deleterious phenotype of the Cx32/47
null mutants (24).

Taken together, these studies provide evidence for functional redundancy between
connexin proteins. However, given the complexity of combinatorial pairing, and the findings
from individual and multiple missense/null mutant studies, it is clear that the OL gap

junction proteins (Cx29, Cx32 and Cx47), together with the astrocytic gap junctions (Cx30
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and Cx43), and the OL-astrocyte pairings, are essential to the panglial network, and for the

formation and maintenance of myelination.

1.4 Connexin dysregulation following CNS insult

Injury alters the repertoire of connexins expressed in damaged tissue (40). These
changes may be attributed to an influx of inflammatory cell types expressing different
connexins, the activation and expansion of mitotic CNS cells in response to injury (i.e.,
astrocytes and NG2" early OPCs), and by specific changes in connexin expression in post-
mitotic OLs and neurons. For example, following ischemic injury in vivo, a positive
correlation has been observed between infarct size and increased connexin-mediated
metabolic and electrical coupling (40). Gap junctional communication has been shown to
propagate secondary damage from astrocytes to coupled neuronal and OL cell populations,
by allowing for movement of toxins and other metabolic stress factors to uninjured cells,
triggering a ‘bystander effect’ in vitro (41-43). Through open astrocytic Cx43 hemichannels,
glutamate toxicity can be propagated to neuronal co-cultures, resulting in excitotoxic cell
death (44, 45). Cell death can be reduced by antisense inhibition of Cx26, Cx32 or Cx43, or
by impeding connexin channels with the in vitro use of pharmacological blockades such as
rotenone (46) and carbenoxolone (46, 47).

While in vitro data suggest connexin overexpression is cytotoxic, in vivo studies
paint a more complex picture. Astrocyte-specific Cx43 conditional KO mice and constitutive
Cx43"" mice subjected to ischemic insult demonstrate increased apoptosis and a larger
stroke volume when compared to WT mice (48, 49). These findings can be reconciled by

data suggesting that Cx30 and Cx43 are reciprocally regulated following injury. A decrease
11



in Cx43 expression coinciding with an increase in Cx30 was found to propagate neuronal
loss, while neuroprotective effects are seen by the restoration of Cx43 and reduction of Cx30
(50, 51). These findings are further validated by the protection exhibited via ectopic
expression of Cx43 from calcium overload, oxidative stress, metabolic inhibition, tamoxifen,
and UV irradiation to a comparable efficiency as anti-apoptotic protein Bcl-2 (52). Thus,
restoring connexin balance may prove to be a more effective therapeutic strategy than
blocking channel activity. In support of this conclusion, pharmacological channel inhibitors
have yet to demonstrate therapeutic benefit in injury models, are often toxic, and will inhibit
astrocytic signaling of P2X7 receptors in addition to connexin-mediated communication (53-
55). Post-traumatic ATP release during secondary injury is also modulated by gap junctional
communication. Recently, promising studies have shown that mice lacking both Cx30 and
Cx43 in the CNS demonstrated a reduction in ATP release following spinal cord injury
(SCI), that corresponded to a reduction in lesion size, microglial activation and improvement
in functional recovery (56). Furthermore, regulating Cx43 channel function by mimetic
peptides has proven useful in reducing secondary damage in an ex vivo model of SCI (57)
and may represent a new therapeutic approach to targeting connexin cell-cell communication.

Dysregulation of glial connexins has been shown to occur in spinal cord following
experimental autoimmune encephalomyelitis (EAE). Not only were Cx32 and Cx47 plaques
reduced in lesions seen 14 days post immunization, healthy white matter tracts were also
decreased in abundance (58). Further investigation revealed a redistribution of gap junctional
proteins, with Cx47 being located intracellularly (58) and a decrease in Cx43 expression in
astrocytes (58, 59). During remyelination, levels of Cx32 and Cx47 in WT mouse (58) and

Cx43 in guinea pig (60) have been shown to increase. Loss of function studies with Cx null
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mutants subjected to EAE have been performed and produced intriguing results (58, 61).
Although previous findings demonstrate mice lacking in both Cx30 and Cx43 display
hypomyelination and vacuolation in white matter (36), inducing EAE in the double null
mutant has no significant pathology or clinical difference than WT (61). WT and Cx32 null
mutant mice subjected to EAE display a comparable degree of inflammation, however, an
increase in demyelination and neuronal loss is present in the Cx32 null mutant cohort. This
result suggests that an impairment in gap junctional communication via lack of Cx32 is
detrimental during EAE (58). Learning and memory dysfunction is a common symptom in
multiple sclerosis patients (62), and interestingly, EAE has also been shown to induce
atrophy and neuronal loss in hippocampus (63). The hippocampus is a neurogenic niche
richly populated with progenitor cells, and it will be extremely important to determine how
EAE dysregulates connexin expression, and what effect this has on resident progenitor cell
proliferation, specification and differentiation.

In EAE and SCI, OL survival is compromised, leading to neuronal loss. During
development, OL survival is dependent upon expression of Cx32 and Cx47 (24). Although
null mutants for either Cx32 or Cx47 display only minimal impairment in myelination, mice
lacking both Cx32 and Cx47 show major myelination deficits, OL cell death, and axonal loss
(24). Further, connexins have been linked to regulation of oligodendrogenesis. Our
laboratory has shown that expression of Cx32 by NG2' early OPCs promotes their
differentiation to mature OLs in adult mice, and that subsets of OPCs in null-mutant mice
fail to terminally differentiate and are deleted by apoptosis (64). As well, Cx29 is expressed
in both a subset of OPCs and mature OLs with expression restricting NG2" OPCs to an OL

lineage. However, Cx29 is expressed by only a subset of NPC-derived NG2" cells (11).
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Relevant to these studies, Cx32 and Cx29 are expressed in mutually exclusive OPC
populations (unpublished data from our laboratory). Whether OPC or OL and/or astrocytic
connexins are dysregulated following SCI and whether potential dysregulation impacts upon
the demyelination and remyelination or oligodendrogenesis induced by the secondary
damage that follows acute trauma is still unknown. To date, few studies (56, 57) have
investigated the possibility of reducing demyelination or promoting OL replacement of the
hippocampus and spinal cord following injury by targeting the cell death mediated by

connexin mediated communication.

1.5 Hormonal regulation, classical mechanism of action

Steroid hormones are highly lipophilic compounds which permeate membranes and
act as endogenous modulators of many cellular processes including transcription (65),
translation (66), protein trafficking (67), and/or post-translational modification (68). In a
classical manner, hormonal regulation is dictated by the presence or absence of the specific
steroid ligands, intracellular receptor expression, hormone responsive elements (HREs) and
other regulatory elements within gene promoter regions, as well as co-activators/co-
repressors (69), all which may be cell, tissue, and regionally specific and may exist in a
sexually dimorphic manner (65, 66). Downstream effects can occur as soon as 10 minutes
(70), or within hours to days following hormone exposure (71).

Multiple intracellular hormone receptors such as estrogen receptor alpha (ERa),
estrogen receptor beta (ERf) and progestin receptor (PR) have been found with various

isoforms possible, each binding multiple ligands with varying affinities (72-76). Following
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the binding of a ligand to the C-terminal ligand binding domain, hormone receptors undergo
conformational change, dimerize and are internalized into the nucleus (77-79). In
conjunction with highly conserved transactivation domains within the receptor which permit
binding of co-activators (80, 81), ligand-activated dimers expose their DNA binding
sequence surrounded by two zinc-finger DNA binding motifs, permitting binding to nucleic
sequences of a palindromic nature and act as a transcription factor (82). Modulation by
interaction with regulatory elements such as other transcription factors along the promoter
region can be further enhanced or suppressed by co-activators or co-repressors (81, 83-85).
Due to the multifactorial nature of classical hormonal signaling, the multitude of receptors,
ligands, co-activators/repressors, and varying expression levels of all components involved
(including hormones and receptors) results in a highly dynamic, tightly regulated mechanism
that may be cell, regional, sex and steroid specific (65, 66, 86). Furthermore, downstream
effects of hormonal regulation has been shown to proceed as rapidly as seconds to less than
10 minutes (70, 87), suggesting a second hormonal mechanism that would not be explained
by classical genomic modulation of transcription/translation. This has led to discovery of a
rapid non-classical manner of hormonal modulation involving membrane mediated signal
transduction cascades, as estradiol can cause the rapid activation of the mitogen-activated
protein kinase pathway (88, 89) and increases phosphorlyation of cAMP response element
binding protein (90, 91). There is a growing body of literature indicating that expression of
connexins are under control of hormonal steroids in various tissues by both genomic and

non-genomic modulation (65, 67, 68, 92-94).
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1.6 Gene organization and hormonal regulation of connexins

The basic organization for connexin genes remains relatively conserved throughout
the family, with the 5> UTR (5’ untranslated region) located within exon 1 and the coding
sequence and 3’ UTR (3’ untranslated region) located within exon 2 as is the case with Cx29
(Figure 1.4A) (95), although multiple variations to this structure in many connexins has been
identified (96, 97). Also relatively conserved is the canonical promoter, regulating basal
transcription and located within exon 1 approximately 300 base pair (bp) upstream of the
transcription initiation site (96, 98). Cell-type independent putative binding sites are also
located within the promoter region and 5° UTR of connexin genes, including specificity
protein 1 (Spl) (99) and activator protein 1 (AP-1) (100) as well as binding sites such as
hepatocyte nuclear factor 1 (HNF-1) (101) and HREs (82), which permit cell-type dependent
connexin expression. More recently, evidence suggests alternative splicing and multiple
promoters are present in a subset of connexin genes allowing for further transcriptional
activity refinement and cell-type specific transcripts (102, 103). Although multiple transcript
isoforms exist in a subset of connexins, the coding sequence remains the same, with main
sequence alterations being present in the 5’UTR (96, 98).

The human Cx30 gene has been shown to have six exons, with exon 6 containing the
coding region in all transcripts, whereas exon 1-5 can be alternatively spliced producing
multiple isoforms of Cx30 transcript, all varying in the 5° UTR (104), although mouse Cx30
gene has only four exons (Figure 1.4B) (96).

The Cx32 gene was originally believed to contain two exons, with 5> UTR found
within exon 1, and the uninterrupted coding sequence contained within exon 2 (105). Within

the mouse, it is now known that Cx32 contains at least four exons (1, 1A, 1B, and 2) (Figure
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Figure 1.4 Genomic structure of connexin genes and alternative splicing. Cx29 consists
of two exons with the coding sequence (blue) located within exon 2 (A). Cx30 and Cx32
contain four exons (1A, 1B, 1C and 2) with the coding sequence located in exon 2 (B, C).
Cx36 contains two exons with regions of the coding sequence located within both exon 1
and exon 2 (D). Cx43 contains six exons (1A, 1B, 1C, 1D, 1E and 2) with complex
alternative splicing (E) producing multiple transcripts. Cx45 contains five exons (1A, 1B,
1C, 2 and 3) with the coding sequence within exon 3 (F). Cx47 has five exons (1A, 1B, 1C,
1D and 2) with the coding sequence within exon 2 (G). Adapted from Sohl 2003, Anderson
et. al. 2004, and Sohl et. al. 2013.

17



E1 E2
B Cx30 —aﬁy\zv—
E1A E1B E1C E2

C Cx32 —m—
D Cx36 c/\=»—

E1 E2

E Cx43 —m
E1A E1B E1C E1D E1E E2

F Cx45 —aﬁ:&:—
E1A E1B E1C E2 E3

G Cx47 —aﬁ:—

E1A E1B E1C E1D E2

Figure 1.4



1.4C), with multiple transcripts driven from three promoters in a cell type specific manner
(103). The splice variant expressed within hepatocytes (E1/E2), contains a 5> UTR with a
consensus sequence for HNF-1 (101) and expression of Cx32 mRNA is driven by promoter
P1 (103), whereas promoter P2 includes regulatory elements such as Sox10 and early growth
response gene 2 (Egr2/Knox20) (106, 107) and the isoform (E1B/E2) is considered nerve-
specific, found in schwann cells (103). Mice lacking Egr2/Knox20 display abnormal nervous
system development and peripheral neuropathy (108, 109). Furthermore, mutations in human
Sox10 and Egr2/Knox20 has been found in patients with peripheral myelin defects (106).
Within these patients, mutants are unable to transactivate the promoter P2-driven gene
expression of Cx32 (106). Isoform E1A/E2 is found in liver, embryonic cells and oocytes
(103). These transcription factors work in a synergistic manner and appear to be under direct
(Krox20) and indirect (Sox10) hormonal regulation (110). Sox10 has been shown to be
highly expressed in myelinating cells (111). Using cultured rat schwann cells, an increase in
Krox20 was found 1 hour following treatment with progesterone, as well as a subsequent
rise in Sox10 at 2 hours (110). Following investigation of the potential presence of HREs
within the gene structure of Sox10 and Krox20, it was determined that Krox20 contained
progesterone responsive element (PRE) sequences whereas Sox10 did not (110). The
increased expression levels of Sox10 at 2 hours were attributed to regulation by the
preceeding Krox20 expression increase at 1 hour (110).

The Cx36 coding sequence is interrupted by an intron 1.14 kb in length, with the
initial 71 bp located within exon 1 and the remainder of coding sequence within exon 2

(Figure 1.4D) (112). The separated coding sequence was found in both rat and mouse Cx36

18



genes, which were highly homologous between species, differing in only one amino acid
(112).

The conservation of sequence homology and organization between rat and mouse, is
seen in Cx43 gene expression as well (102). Cx43 was initially described to consist of two
exons and one canonical promoter P1 (97), but more recently it has been shown that a further
four exons and two promoters exist (Figure 1.4E), with nine alternative transcript isoforms
expressed in a regionally specific manner (102). As well, relative abundance differs between
tissue sources (102). When examining cardiac tissue, transcripts derived from promoter P1
are located throughout the heart, whereas promoter P2 transcript isoforms are found in the
atria and septum, and promoter P3 transcripts are located solely in the ventricles (102). In
conjunction with the alternative promoters, tissue source specificity can be mediated by
variable 5> UTRs which contain unique gene regulatory elements in a tissue specific manner
(102). For example, expression by the promoter P2 has been shown to be modulated by the
Ras signaling pathway and consensus sequence AGT TC(A/C) A(T/C)C A, which acts as a
binding site for a c-Myc/HSP90 complex (113).

The 5° UTR of the Cx45 gene has been shown to contain regulatory elements such as
AP-1 sites and a TATA-box (114). Five exons are present (exons 1A, 1B, 1C, 2 and 3)
(Figure 1.4F), with the initial four containing 5° UTR sequences and the last (exon 3)
containing the remainder of 5° UTR, the coding sequence and the 3° UTR (115, 116).
Multiple isoforms of transcript can be formed by 1A, 1B, or 1C spliced to the sequence of
exon 2 and 3, or exon 2 and 3 spliced together (115, 116). Again, the expression of these

various transcripts differ in abundance and tissue location, with the isoforms containing 1A
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ubiquitous, 1B in colon (trace amounts), 1C in colon, bladder, lung, ovary and heart (115,
116).

The Cx47 gene contains five exons (1A, 1B, 1C 1D and 2) (Figure 1.4G) (115). The
transcript isoform containing E1B/E2 is highly expressed in myelinating cells of the mouse
CNS (115, 117). Like Cx32, the 5> UTR of Cx47 has been shown to contain Sox10 binding
sites within the promoter located on exon 1B (118). Furthermore, mutations within exon 1
has been found in 29% of patients with PMLD1 which is suggested to impair Sox10 binding
and is attributed to the cerebral hypomyelination seen within these patients (119).

Classically, HREs are 16 bp palindromic sequences (Estrogen Responsive Element,
ERE: AGGTCANNNTGACCT, PRE: AGAACANNNTGTTCT), yet prior functional
promoter studies of the Cx43 promoter sequence determined that three half palindromic
estrogen response elements are sufficient to drive an upregulation of luciferase expression in
vitro when cotransfected with estrogen receptor cDNA in HeLA cells in an estradiol-
concentration dependent manner (82). Along with HREs, transcriptional regulatory
elements, such as activation function 1 and 2 (AF-1 and AF-2) sites affect expression of
connexin expression (81). In vitro, the estrogen induced co-activator protein Ini causes an
increase of Cx43 mRNA expression through its action of binding to AF-1 sites (81).
Following overexpression of ERa cDNA in HelLa cells, upregulation of Ini expression leads
to further upregulation of Cx43 mRNA in a concentration-dependent manner (81).

Steroid hormone levels have been directly correlated to changes in connexin
expression and communication in various tissues. Comparison between genders has shown
gap junctional expression can be regulated in a sexually dimorphic manner, specifically

Cx43 protein in the rat preoptic area (POA) and the hypothalamus (66). In vitro,
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progesterone secretion has been directly correlated to the increased mRNA expression of
Cx43 and subsequent gap junctional communication in cultured ovine luteal cells with
effects being abolished using siRNA directed specifically at Cx43 (92). In vivo, Cx43
mRNA expression is relatively low within myometrial tissue, but has been shown to increase
during gestation and peak during labour (120). To elucidate the actions of fluctuating
hormones, surgical removal of ovaries or ovariectomy (OVX), which are the main
endogenous source of estradiol and progesterone, followed by exogenous hormonal
treatment with estradiol was found to increase Cx43 transcription, yet expression levels were
not altered when treating with both estradiol and progesterone (121). Furthermore, treatment
with progesterone during late gestation decreased Cx43 mRNA expression (86). The
hormone specific regulation of gap junctional communication within the myometrium plays
a critical role during the onset of labour by producing synchronous uterine contractions and
is directly affected by the endogenous ratio of estradiol to progesterone (122). Hormones can
alter gap junctional communication within myometrial tissue by means other than
transcriptional regulation. Using pregnant intact or OV X rats, treatment with progesterone in
late stages of gestation inhibited labour but did not alter the translation of Cx43 protein in
myometrial tissue (121). Further evaluation of the localization of Cx43 found progesterone
treatment suppressed the trafficking of Cx43 from the golgi apparatus to the plasma
membrane in myometrial tissue (67).

As seen in various reproductive tissues (86, 92), steroid hormones play a direct role
in connexin expression in a tissue-specific manner. Within the rodent brain, hormone
receptor expression is regionally specific (123, 124) and may account for the tissue specific

effects of hormones on connexin levels. Using OVX female rats, exogenous estradiol
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administration significantly increases Cx36 mRNA expression within the suprachiasmatic
nucleus (SCN), but not the cerebral cortex (CX), an effect specific to estradiol treatment, as
progesterone does not induce the upregulation of Cx43 expression (65). Furthermore,
transcriptional induction within the SCN did not occur when estrogen treatment was
followed by progesterone treatment, demonstrating the suppressive effects of hormonal
regulation (65).

As exogenous hormonal treatment using OVX females have been shown to alter
connexin expression (86, 121), endogenous hormonal fluctuations of cycling females have
been implicated in the regulation of connexins as well (122). During the luteal phase of the
porcine reproductive cycle, high levels of circulating progesterone levels correlate to a
significant decrease in Cx43 immunoreactivity within myometrium, as well as a decrease in
phosphorylation of Cx43 protein (122). During the late-luteal and pre-ovulatory stages with
low progesterone levels, Cx43 protein immunoreactivity and phosphorylation are increased
(122). Connexin modulation by hormones in specific CNS regions (i.e., hippocampus, spinal

cord) over the course of estrous has yet to be determined.

1.7 Hormone receptors and the hippocampus

Hormone receptors are expressed dynamically within the rodent hippocampus (124,
125). High levels of ER were initially localized to the rat hippocampus by audioradiography
(126) and further validated by in situ hybridization (124). Specifically, within OVX female
rat hippocampus, ERP mRNA labeling was seen throughout the CA regions and bordering

the hilus within the dentate gyrus, increasing from a) the rostral to caudal and b) dorsal to
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ventral regions of the hippocampus overall, whereas ERo. mRNA labeling was very weak,
with signal found strongest within the more ventral regions of hippocampus (124).

Receptor levels have been shown to fluctuate over the course of the female mouse
estrous cycle (125). During the estrous cycle, circulating progesterone levels peak during the
late-luteal diestrus stage, followed by a surge in 17-f3-estradiol which peaks during the pre-
ovulatory stage of proestrus (127). Following ovulation, the female mouse enters estrus
where 17-pB-estradiol levels decrease and progesterone remains relatively low (127). During
the luteal metestrus stage, progesterone levels are on the rise until reaching a maximum
during subsequent diestrus (127). Within the hippocampus of cycling female mice, ERf
expression peaks during both the estrus and diestrus stages, then decreases during proestrus,
at which point, expression is comparable to males (125). ERa peaks during diestrus,
following a decrease in the proestrus and estrus stages, with expression at all estrous stages
more elevated than males (125). Peak levels of PR expression are seen during proestrus
while lowest during diestrus, with levels expressed at an intermediate level during estrus, at
which point they are comparable to PR male expression (125). These changes are of interest
given that the hippocampus has been described as a neurogenic niche rich with multipotent
NSCs (10) and connexin expression plays a key role in the cell proliferation and fate
determination within (11, 64). Examining potential modulators (i.e, 17-B-estradiol,
progesterone) of connexin expression within the CNS may prove useful in targeting

endogenous cellular replacement as treatment for neurodegenerative/regenerative conditions.
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1.8 Rationale, Hypothesis and Objectives

The relationship between connexins within the CNS and hormonal regulation is
significant although not fully understood. Based on evidence described previously with
respect to the modulation of Cx36 mRNA (65) and Cx43 protein (66) in a tissue specific and
hormone specific manner, [ hypothesized that connexin expression, whether it be mRNA or
protein expression, is modulated by hormonal fluctuations in the female mouse CNS. To test
this hypothesis, I optimized detection methodologies for Cx32 detection (Chapter 2) and
accurate assessment of hormonal status with minimal invasive procedures (Chapter 3) then
quantitatively assessed mRNA expression levels of seven different CNS connexin (Cx29,
Cx30, Cx32, Cx36, Cx43, Cx45, and Cx47) in both the hippocampus and spinal cord over
the course of the estrous cycle (Chapter 4). Throughout this thesis, I used Cx null mice to

verify and ensure the specificity of protein and mRNA assessments.
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CHAPTER 2: TISSUE-SPECIFIC CROSS-REACTIVITY OF CONNEXIN32
ANTIBODIES: PROBLEMS AND SOLUTIONS UNIQUE TO THE CENTRAL

NERVOUS SYSTEM

2.1 Objective of this study

Due to the homologous nature of the connexin protein family, there has been much
controversy as to which cell types express specific connexins (19, 128, 129). Accurate
labeling must be assessed in the hippocampus and spinal cord. As such, a comprehensive
evaluation of existing commercial and “in-house” generated antibodies was required using
null-mutant controls. This study was published in the journal of Cell Communication
and Adhesion as Fowler, S.L.*, McLean, A.C.* & Bennett, S.A.L. Tissue-specific cross-
reactivity of connexin32 antibodies: problems and solutions unique to the central nervous
system. Cell Communication & Adhesion 16, 117-130 (2009). *Both authors contributed

equally.

2.2 Statement of author contributions

The colony maintenance, tissue collection, immunofluorescence, microscopy and
genetic analysis data was performed by A.C. McLean. S.L. Fowler performed the
immunoblotting, fractionation and mass spectrometry content of this study. Both authors
contributed equally to the experimental design and writing of the manuscript and antigenic

epitope identification. This study was performed under the supervision of Dr S. Bennett who
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designed the experiments, analyzed the data, and wrote the manuscript with S.L. Fowler and

A.C. McLean.

2.3 Summary

To ensure success of this research, myself and another colleague in the Bennett
laboratory have collaborated in the assessment of a large panel of connexin antibodies for
specificity by western blotting, immunoprecipitation, and immunofluorescence comparing
WT brain samples to congenic null-mutant controls. We found a surprising lack of
specificity for existing Cx32 antibodies and have determined that a CNS-specific cross-
reactivity with a protein with similar mobility to Cx32 exists for most of these reagents upon
protein denaturation. Through bioinformatic analyses, tested by sucrose gradient
fractionation and immunoblotting of lysates from connexin null-mutant mice, we show that
the cross-reactive protein is not found in the same cellular compartments as Cx32 and is
likely not a member of the connexin family. Through this work, I have identified and
characterized the necessary reagents to realize my thesis research in the quantification of

Cx32 protein should subsequent studies validate this examination (see Chapter 4).

2.4 Introduction

Connexin proteins are a highly conserved family of single and double-membrane
channels characterized, in part, by four transmembrane-spanning domains. The connexin
family consists of 21 members, 11 of which are expressed in the mammalian CNS (4, 50,

130). Hexamerization of compatible connexins form structures called connexons that
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incorporate as hemichannels in nonjunctional membranes (single-membrane channels) or
dock with compatible connexons donated from adjacent cells to form intercellular gap
junction channels (double membrane channels) (131). Gap junctions are present in
membranes as plaques composed of hundreds of channels of various connexin combinations
that allow for the transfer of ions and metabolites less than 1-kDa in size between
neighboring cells (132).

Cx32 is the predominant liver connexin, and was first isolated in 1986 from purified
calf liver gap junctional preparations (133). Hydropathy analysis of the Cx32 cDNA clone
predicted a protein with four transmembrane domains flanked by a-helical loops. Shortly
thereafter, the cytoplasmic localization of both N- and C-termini, and a hydrophilic domain
corresponding to the loop between the second and third transmembrane regions, were
confirmed (Figure 2.1). It is generally accepted that these cytoplasmic regions are the least
conserved amongst connexin family members, and thus provide the most attractive sites for
connexin-specific antibody development (134, 135).

The first Cx32 antibodies were prepared from purified calf liver gap junction
preparations (133, 136) or from peptides localized to the C-terminus, and the intracellular
loop (134, 135). Each of these antibodies recognized a monomeric protein with a molecular
weight of approximately 27-kDa, as well as the predicted Cx32 dimer migrating at
approximately 54-kDa. Specificity was confirmed by peptide competition and by qualitative
observations of target protein oligomerization upon heating in sodium dodecyl sulfate
(SDS), a defining characteristic of connexin proteins (134, 135). However, the ultimate

negative control for any immunogenic protein analysis lies in analysis of samples from a
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Figure 2.1 Schematic of the transmembrane structure of Cx32, highlighting the
position of the peptides used to generate each of the antibodies assessed. Additional

details are provided in Table 2.1.
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Catalogue Epitope

Code number Source location® Type® [Western] [Immuno]
ABI1 CX32C13-M Alpha Diagnostics IL 110-128 Monoclonal 0.5 ug/ml 1:200

AB2 Hybridoma David Paul IL 95-125 Monoclonal No dilution No dilution
AB3 MAB3069 Chemicon IL 95-125 Monoclonal 1:1000 1:100

AB4 13-8200 Zymed ILe Monoclonal 1:250 1.0 pg/ml
ABS5 71-0600 Zymed ILe Polyclonal 1:125 2.0 pg/ml
AB6 C3470 Sigma C-term 265-279 Polyclonal 1:200 1:600

AB7 C7854-05E USBiological C-term 19 aa Polyclonal 0.7 ug/ml 1:400

ABS8 C7854-04 USBiological C-term Polyclonal 3.0 ug/ml 1:800

AB9 34-5700 Zymed C-term! Polyclonal 1:125 1.0 pg/ml
AB10 35-8900 Zymed C-term! Monoclonal 3.0 pg/ml 1:800
ABI11 51-2800 (Cx26) Zymed C-term Polyclonal 1:125 NA

AB12 71-2200 (Cx30) Zymed C-term Polyclonal 1:200 NA

NA, not applicable.

"Peptides used to generate each antibody are listed by amino acid position where known (see Figure 2.1).
Position and/or length of the peptides used to generate AB4, ABS, AB7-10 were not disclosed by the
manufacturer. IL, intracellular loop; C-term, C-terminus.

°All monoclonal antibodies were raised in mouse. All polyclonal antibodies were raised in rabbit.

‘AB4 and ABS5 were raised against the same proprietary IL antigen.

YAB9 and AB10 were raised against the same proprietary C-term antigen.

Table 2.1 Connexin antibodies

null-mutant animal. The Cx32 null-mutant mouse, generated by the Willecke laboratory, has
greatly facilitated the investigation of Cx32 localization and function (34). This control has
confirmed that Cx32 is predominantly expressed in myelinating glia (OLs and Schwann
cells) of the CNS and peripheral nervous system (16, 64, 137-140).

Although great care has been taken to ensure antibody specificity in tissues with high
levels of target connexin expression (i.e., specific detection of Cx32 in liver, Cx45 in heart),
few studies have assessed the potential for cross-reactivity in the CNS wherein an extensive
repertoire of connexins is expressed in different cell types (141, 142). Unpublished data from
our laboratory and anecdotal reports from other groups have detected a 27- to 32-kDa anti-
Cx32 reactive band in murine brain and spinal cord homogenates of Cx32-null animals by

Western blot analysis using antibodies that have been repeatedly verified for appropriate
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immunofluorescent analyses (64, 140, 143). Because laboratories are understandably reticent
to publish the appearance of spurious artifacts, these observations have not been
systematically evaluated; however, the presence of a cross-reactive band, with the same
approximate mobility in null-mutant animals, represents an important complication in the
analysis of Cx32 by Western analysis following CNS injury.

To address this issue, we compared reactivity of 10 commonly used Cx32 antibodies
in brain and liver using immunoblotting, immunofluorescence, and immunoprecipitation
applications. Surprisingly, we found that eight antibodies cross-reacted with a protein
present in Cx32"" brain but not liver. We show that this cross-reactivity is only observed
when proteins were subjected to reducing/denaturing conditions prior to immunodetection.
To further distinguish Cx32 from CNS-specific cross-reactive protein(s), we used sucrose
gradient fractionation, demonstrating that Cx32 and the cross-reactive protein(s) localize to
distinct subcellular compartments and exhibit a 4-kDa size difference. Finally, combined
bioinformatics and molecular approaches provide converging evidence that the cross-
reactive protein is likely not another connexin but rather an immature (Golgi-localized) or
partially degraded (lysosome-localized) subunit of a larger unidentified protein complex.
Together, these data highlight a key concern for the interpretation of changes in Cx32
protein expression in the CNS that can be easily controlled by the choice of methodology

and the optimized reagents described in this study.

2.5 Experimental Procedure

Cx32 Antibodies
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Table 2.1 describes the Cx32 antibodies employed, the peptides used to generate
each antibody, the antigenic sites within these peptide sequences, the source of each

antibody, and the concentrations employed.

Cx32""" and Cx32"" Animals

Cx32 null-mutant breeding pairs (34), kindly provided by Dr. Klaus Willecke
(Universitat Bonn, Germany), were backcrossed for 13 generations onto a C57Bl/6
background in our laboratory. Congenic WT mice were derived from heterozygote matings.
Male mice used in this study were 3 to 4 months of age at the time of sacrifice. A total of 15
Cx32"" and 15 Cx32"" mice were analyzed. Genotyping was confirmed at time of weaning
and again at time of sacrifice (Figure 2.2). DNA isolated from tail snips was amplified using
primers A, B, and C (A: 5’-TCA TTC TGC TTG TAT TCA GGT GAG AGG CGG-3’; B:
5’-ATA CAC CTT GCT CAG TGG CGT GAA TCG GCA-3’; C: 5>-TCT TAC TCC ACA
CAG GCA TAG AGT GTC TGC-3"). A and B amplified a 750-bp fragment of the Cx32""*
WT allele, whereas A and C produced a 1.3-kb fragment indicating the Cx32""~ KO allele
(Figure 2.2). Polymerase chain reaction (PCR) amplification was performed on a Whatman
Biometra TGradient96 system. Cycling parameters were 95°C for 10 min, followed by 30

cycles of 95°C for 60 s, 67°C for 60 s, and 72°C for 60 s.

Immunoblotting
Brain tissue (encompassing either cerebrum and cerebellum or dissected

hippocampus as indicated) was isolated from Cx32"*, Cx32"", Cx32Y"Cx29 ", and Cx30 "~
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Figure 2.2 Genotyping for Cx32 WT or null-mutant KO allele. All mice were genotyped
at both the time of weaning and time of sacrifice for (A) a 1300-bp KO amplicon and (B) a
750-bp WT amplicon. Representative genotyping from four null-mutant mice (Cx32"") and
five WT mice (Cx32""") used in this study is shown. NT represents no template control,

confirming lack of reagent contamination.
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mice. Cx29” mice (137) were kindly provided by Dr. David Paul (Harvard Medical School)
and crossed onto a Cx32 null-mutant background in our laboratory. Cx30~ breeding pairs
(144) were obtained through the European Mouse Mutant Archive with the kind assistance
of Dr. Klaus Willecke. Liver was obtained from the same animals. Human brain from a 67-
year-old female who suffered sudden death due to non-neurological complications was
obtained from the Douglas Hospital Research Centre Brain Bank (Montreal, Canada). At
autopsy, parahippocampal gyri were removed and flash-frozen in liquid nitrogen without
fixation for protein extraction. Postmortem delay was 17 h. The hippocampus was dissected
from this sample for Western analysis. All tissues were homogenized in fresh RIPA buffer
(1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM NaF, 50 g/mL aprotinin, 1
mM sodium orthovanadate, 1 mg/mL phenylmethylsulfonyl fluoride, 10 mM phosphate-
buffered saline [PBS; 10 mM phosphate, 154 mM NaCl]) and assayed for protein
concentration using a Bio-Rad DC protein assay kit (Bio-Rad, Hercules, CA). Brain and
liver samples were diluted in 2 X SDS sample buffer (Tris-HCI/SDS pH 6.8, 5% glycerol,
1.67% SDS, 100 mM dithiothreitol, 0.002% bromophenol blue) with 10% -
mercaptoethanol (BME) and solubilized at room temperature for 30 min. All experiments
were performed and repeated using 30 pg of hippocampal or whole-brain protein and 10 pg
of liver protein to allow for comparable signal and exposure times given the differences in
abundance of Cx32 protein between liver and brain tissue. Proteins were resolved under
reducing/denaturing conditions on 12.5% or 15% (sucrose fractions only) Tris-HCI
polyacrylamide gels and transferred onto Immobilon PSQ polyvinylidene fluoride membrane
(Millipore, MA) at 100 V for 60 min. Membranes were blocked in 5% (w/v) skim milk

powder—PBS with 0.1% Tween-20 (PBST; blocking buffer) for 1 to 3 h and incubated in
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primary antibody diluted in the same buffer overnight at 4°C (see Table 2.1 for working
concentrations of all connexin antibodies). Membranes were rinsed twice in 0.1% PBST and
twice in blocking buffer for 10 min prior to a 1- to 3-h incubation in horseradish peroxidase
(HRP)-conjugated anti-mouse or anti-rabbit (Jackson ImmunoResearch Laboratories, PA;
1:2000 and 1:5000) secondary antibody diluted in blocking buffer. Signal was detected on x-

ray film using SuperSignal West Pico Chemiluminescent Substrate (Pierce, IL).

Immunofluorescence

Male mice (Cx32Y"" and Cx32"") were anesthetized with Euthansol (65 mg/mL) and
intracardially perfused with 10 mM PBS (pH 7.2) followed by 3.7% molecular grade
paraformaldehyde (Sigma) in 10 mM PBS diluted immediately prior to use. Brain and liver
were removed and postfixed for 24 h at 4°C in the same fixative followed by 48 h of
cryoprotection in 20% sucrose solution containing 0.001% sodium azide at 4°C. Serial
cryostat sections (10 pum) were obtained (Leica Microsystems). Sections were
immunoreacted with anti-Cx32 primary antibodies (Table 2.1) diluted in antibody buffer (10
mM PBS, 0.3% Triton-X100, 3% bovine serum albumin). Optimal concentrations were
determined by serial dilution on both liver and brain sections with the antibody concentration
giving the most robust signal employed for the rest of the study. Where antibodies were not
reactive or showed cross-reactivity on brain tissue, the optimal concentration determined
using liver cryosections was employed. Secondary antibodies used were Cy3- or fluorescein
isothiocyanate (FITC)-conjugated anti-mouse immunoglobulin G (IgG) (diluted 1:800 and
1:400, respectively) and Cy3- or FITC-conjugated anti-rabbit IgG (1:600, 1:100; Jackson

ImmunoResearch Laboratories, PA). Details are as described in Melanson-Drapeau et al.
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(2003) (64). Sections were coverslipped in 0.05% p-phenylenediamine in PBS/glycerol, pH
8.0, and imaged by epifluorescent microscopy using OpenLab 5.0.2 (Improvision) on a

DMXRAZ? epifluorescent microscope (Leica Microsystems).

Immunoprecipitation

Cx32-coupled protein G agarose beads were prepared as follows: One milliliter of
protein G agarose bead slurry (1:1 PBS; Roche, Germany) was incubated with 25 pg of AB1
(Table 2.1) overnight at 4°C. The beads were washed with 10 mL of 0.1 M borate buffer (pH
9.0) and resuspended in 10 mL of the same buffer. AB1 was chemically coupled to the
protein G beads by the addition of solid dimethylpimelimidate (Pierce, IL) to a final
concentration of 20 mM. Beads were incubated for 30 min at room temperature. The reaction
was stopped by washing the beads twice with 0.2 M ethanolamine. Beads were resuspended
in 10 mL of 0.2 M ethanolamine and incubated at room temperature for 2 h, followed by two
washes with 10 mL of PBS. Beads were resuspended in 1 mL PBS and stored at 4°C. Human
and mouse hippocampal and brain lysates as well as mouse liver lysates were prepared for
Western analyses in RIPA buffer with fresh protease inhibitors and assayed for protein
concentration. Protein lysates were diluted to 100 pg in 200-uL volumes for preclearing with
50 puL of uncoupled protein G agarose beads for 1 h at 4°C. Precleared lysates were added to
50 pL of prepared AB1-coupled beads and incubated overnight at 4°C. Beads were washed
twice in RIPA buffer and three times in PBS. Proteins were eluted from the IgG molecules at
room temperature for 30 min with inversion in 200 pL of ammonium hydroxide elution
buffer (0.5 M NH4O0H, 0.5 mM EDTA). Samples were lyophilized in a SpeedVac and

solubilized in 45 pL 2 x SDS sample buffer and 5 pL. BME at room temperature for 30 min.
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The SDS solubilized proteins were resolved on 12.5% Tris-HCI polyacrylamide gels,

transferred to PDVF membranes, and blotted with polyclonal AB6.

Sucrose Gradient Fractionation

Whole brain and whole liver were extracted from Cx32Y"" and Cx32""" mice and
immediately frozen in liquid nitrogen. For each experiment, one brain hemisphere or one
lobe of liver was homogenized in 1.5 mL PTN buffer (50 mM sodium phosphate, 1% Triton
X-100, 50 mM NaCl, 30 pL protease inhibitor cocktail, pH 7.4) using a Teflon Potter-
Elvehjem homogenizer fitted to a 30-mL glass tube. Homogenates were incubated on ice for
30 min and centrifuged at 16,000 x g for 10 min at 4°C. The Triton X-100 soluble
supernatant was reserved on ice. One milliliter of supernatant was mixed with 1 mL 80%
sucrose. Samples were carefully overlaid with 1.5 mL 30% sucrose followed by 1.5 mL of
5% sucrose. Prepared tubes were centrifuged at 130,000 x g in an SW-40 Ti swinging-
bucket rotor overnight (18 h) at 4°C (Beckman 50 Ultra-Clear Tubes [14 x 95 mm]; catalog
number 344060). Gradients were carefully aliquoted (10 fractions at 500 uL each), with
fraction 1 being the uppermost, lightest fraction. Protein quantification was performed using
the Bio-Rad DC protein assay kit, and samples were analyzed by immunoblotting using AB1
and the fractionation markers coxIV (Molecular Probes [A-21348] 0.4 pg/mL), caveolin-1
(Santa Cruz [SC-894] 1:500), flotillin-1 (BD Transduction Laboratories [610820] 1:1000),
syntaxin-1 (Sigma [S0664] 1:2000), LAMP1 (Cell Signaling [C54H11] 1:1000), and golgin-

97 (Molecular Probes [A-21270] 1:1000).
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Mass Spectrometric Identification of Proteins after Western Analysis

Blotting and removal of nitrocellulose (BARN) methodology followed by tryptic
digest and mass spectrometry analysis were performed as described in Luque-Garcia et al.
(2008) (145) to identify the Cx32 cross-reactive protein under reducing/denaturing
conditions. Briefly, 20 pg of liver fractions 4, 5, and 6 from a Cx32"" fractionation were
resolved in each of eight lanes of a 12.5% sodium dodecyl sulfate— polyacrylamide gel
electrophoresis (SDS-PAGE) gel and transferred to a nitrocellulose membrane (Triton-free,
pore size 0.2 wm) at 400 mA for 1 h on ice in transfer buffer (25 mM Tris, 192 mM glycine,
0.1% SDS, 20% methanol). The membrane was blocked with PVP-40 buffer (0.5% w/v
poly(vinylpyrrolidone) in 100 mM acetic acid) for 1 h at room temperature and rinsed with
four changes of PBS (1 min each) before overnight incubation with ABI1 diluted in PBS.
Primary antibody was rinsed from the membrane with four changes of PBS (10 min each),
incubated with anti-mouse IgG-HRP secondary antibody diluted in PBS for 1 h, followed by
four rinses in PVP-40 blocking buffer. The membrane was rinsed with four changes of PBS
(1 min each) to remove excess PVP-40 buffer. Chemiluminescent detection was performed
as usual except that all surfaces coming into contact with the membrane were washed with
70% ethanol and rinsed with double-distilled H,O (ddH,0) to prevent keratin contamination.
The developed film was aligned with the chemiluminescent stain on the membrane to
facilitate accurate detection of the Cx32-containing region of the membrane. Each of the
eight Cx32-containing bands were excised with no. 11 scalpel blades and washed three times
with 1.5 mL 20 mM sodium bicarbonate buffer (pH 7.4) for 5 min each at room temperature.
The membrane sections were then washed three times with 1.5 mL 100 mM glycine (pH 2.4)

for 10 min to remove all traces of antibody before a final 5-min wash in 1.5 mL 20 mM
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sodium bicarbonate buffer. The nonspecific sites on the membrane sections were blocked
with 0.5 mL PVP-40 buffer for 30 min at 37°C and rinsed six times with ddH,O. Trypsin
(Promega) prepared in 50 mM NH4HCO; buffer (pH 8) was added at 12.5 ng/uL to the
membrane sections and incubated at 37°C overnight. The samples were dried under vacuum
and dissolved by vortexing in acetone (90 pL acetone/4 mm” nitrocellulose) followed by a
30 min incubation at room temperature. The acetone containing the nitrocellulose was
removed, and the peptides were air-dried and resuspended in 20 uL 2% acetonitrile in 0.1%
formic acid. Nanoflow liquid chromatography tandem mass spectrometry was used to
analyze peptide mixtures derived from these on-membrane digestions as described by

Luque-Garcia et al. (2008) (145) and data were analyzed as in Lambert et al. (2009) (146).

2.6 Results

2.6.1 A cross-reactive protein with the same mobility as Cx32 is detected in null-mutant

brain but not liver.

Protein lysates prepared from murine tissue (liver, brain, and isolated hippocampus)
as well as human hippocampus were resolved by SDS-PAGE under reducing conditions.
Western analysis was performed using 10 different Cx32 antibodies (Table 2.1, Figure 2.1).
Five antibodies were directed against epitopes localizing to the intracellular loop (Figures
2.1, 2.3); five antibodies were directed against epitopes found within the C-terminal tail of
Cx32 (Figures 2.1, 2.4). Because six of the antibodies tested were raised against proprietary
peptide sequences (Table 2.1), three algorithms (147-149) were used to identify the peptides

most likely to raise an immunogenic response within the targeted region using (1) Antigenic
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Figure 2.3 Four of the five Cx32 antibodies directed against the intracellular loop
cross-react with a protein exhibiting the same mobility as Cx32 in Cx32""" brain but
not Cx32Y" liver under reducing/denaturing conditions. (A-E, left panel)
Transmembrane schematics of the peptides for each Cx32 antibody, with the colored circles
representing available information about each immunizing peptide sequence. Black brackets
indicate primary sequence with the highest antigenic potential (see Table 2.2). (A-E, right
panel) Cx32 immunoblots were performed using 10 pg liver or 30 pg of human (Hu) and
murine hippocampus or brain lysates. Lines indicate size markers. Black arrowheads point to
Cx32 specifically detected by all antibodies in liver (A—E) and ABS5 in brain (E). White
arrowheads indicate isoform variations specific to human samples (D, E). Arrows indicate
the cross-reactive protein(s) detected by AB1 to AB4 in both Cx32""" brain tissue and the
Cx32"" control (A-D). Note that this particular cross-reactive protein(s) migrates with the

same mobility as Cx32 when separated on 12.5% Tris-HCI polyacrylamide gels.
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Figure 2.4 Four of the five Cx32 antibodies directed against the C-terminal tail cross-
react with a protein exhibiting the same mobility as Cx32 in Cx32"" brain but not
Cx32"" liver under reducing/denaturing conditions. As in Figure 2.2, lines indicate size
markers. Closed arrowheads point to Cx32 specifically detected by all antibodies in liver
(A-E) and ABI10 in brain (E). White arrowheads indicate isoform variations specific to
human samples (C-E). Arrows indicate the cross-reactive protein(s) detected by AB6-9 in
both Cx32Y"" brain tissue and the Cx32"" control (A-D). Note that this particular cross-
reactive protein(s) migrates with the same mobility as Cx32 when separated on 12.5% Tris-

HCI polyacrylamide gels. All other details are as in Figure 2.2.
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Peptide Tool (Immunomedicine group at Universidad Complutense de Madrid; Kolaskar and
Tongaonkar method) and (2) Abie Pro 3.0 (Chang Biosciences; Hopp-Woods and Kyte-
Doolittle hydrophillicities). For each prediction tool, the peptide size was set to 8. Results

are presented in Table 2.2 and mapped in Figures 2.3 and 2.4.

Site (amino Kolaskar and
acid position)* Sequence Hopp-Woods Kyte-Doolittle Tongaonkar
IL epitopes 118-125 EEVKRHKV v v
98-105 QQHIEKKM v v
109-116 (112-119) EGHGDPLH v v v (GDPLHLEE)
C-term epitopes 220-227 AQRRSNPP v v
225-232 NPPSRKGS v v
239-246 (235-242) SPEYKQNE v v v (FGHRL SPE)
252-259 SEQDGSLK v v
271-278 GLAEKSDR v v

Abbreviations are as in Table 2.1.

*Sites are listed from most to least likely to raise an antibody response determined using three different
bioinformatic tools: (1) Antigenic Peptide Tool (Immunomedicine group at Universidad Complutense de
Madrid; Kolaskar and Tongaonkar method); (2) Abie Pro 3.0 (Chang Biosciences; Hopp-Woods and Kyte-
Doolittle hydrophilicities).

Table 2.2 Antigenic sites along the IL and C-terminus of the Cx32 protein

In immunoblots of rat liver lysates, Cx32 migrates with a mobility of approximately
27-kDa under reducing/denaturing conditions (133). As expected, this same pattern was
detected in murine liver (Figures 2.3, 2.4, Liver). All of the antibodies tested reacted
specifically with a protein migrating just below the 31-kDa protein standard that was absent
from the Cx32Y" controls (Figures 2.3, 2.4, Liver, closed arrowhead). However, in lysates
prepared from either whole brain or dissected hippocampus, seven of the antibodies (AB1 to
AB4, AB6, ABS8, AB9) detected a cross-reactive protein(s) with the same mobility as Cx32

in both Cx32Y"* and Cx32Y" samples (Figures 2.3A to D, 2.4A, C, D, arrow). Some species
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variation in reactivity was also observed. AB4 (Figure 2.3D, open arrowhead), ABS (Figure
2.4C, open arrowhead), and AB9 (Figure 2.4D, open arrowhead) detected a doublet in
human hippocampus, but only one species in murine brain/hippocampus. However, this
single species was also evident in Cx32Y" samples (Figures 2.3D, 2.4C, D, arrow). AB7
detected a doublet that migrated above the 31-kDa marker in all murine CNS samples
(Figure 2.4B, open arrow) but failed to react with human protein (Figure 2.4B).

Only ABS5 and AB10 detected Cx32 specifically in brain tissue (Figures 2.3E, 2.4E
closed arrowhead). Some species variations were again observed in that the human protein
appeared to migrate faster than murine Cx32 in hippocampal lysates (Figure 2.3E, open
arrowhead), possibly as a doublet (Figure 2.4E, open arrowheads). The Cx32-specific signal
detected using AB5 and AB10 was more abundant in lysates prepared from whole brain (and
thus enriched in protein isolated from myelinated fiber tracts containing Cx32-expressing
OLs) than in hippocampal lysates (Figures 2.3E, 2.4E, compare murine brain to
hippocampus). This expression pattern is consistent with the expected localization of Cx32.
Conversely, the signal intensity of the cross-reactive protein was comparable across samples

(Figures 2.3A to D, 2.4A to D, arrow).

2.6.2 Cx32 immunofluorescent analysis is not confounded by cross-reactivity with other
proteins in murine brain

To test whether this tissue-specific cross-reactivity is also detected in situ,
immunofluorescent analysis of fixed 10 pm liver and brain cryosections was performed. As
expected, all 10 of the antibodies detected Cx32 at hepatocyte plasma membrane in Cx32"

liver tissue, with minimal to no background reactivity in the Cx32""" controls (Figures 2.5A
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Figure 2.5 Specific immunofluorescent detection of Cx32 in both liver and brain using
intracellular loop-directed antibodies. (A—E) All five antibodies directed against epitopes
localizing to the Cx32 intracellular loop detected Cx32 at hepatocyte plasma membrane in
Cx32""" liver tissue (arrows, inset, Liver), with minimal to no background reactivity in the
Cx32"" controls with the exception of some low level background staining of hepatocyte
plasma membrane with ABS (Liver). (A, B, D, E) Four antibodies detected fixed protein in
situ in Cx32""* mouse hippocampal sections with (D) AB4 providing the most robust signal.
Hippocampal immunostaining was evident at the plasma membrane of cells with expected
OL and/or OPC morphology (arrows, inset, Hippocampus). None of the antibodies exhibited
significant cross-reactivity with Cx32""" brain tissue. GrDG, granule cell layer of the dentate
gyrus; PMNL, polymorphonuclear layer of the dentate gyrus; CA3c, CA pyramidal cell field
3¢ of the hippocampus. Scale bars, 50 pm.
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to E, 2.6A to E, Liver, arrows) with the exception of low level labeling of rare heptatocyte
membranes with ABS (Figure 2.6E, Liver). Some of the antibodies detected intracellular
pools of Cx32 in addition to robust immunostaining at the membrane (AB2, AB7, and AB9)
(Figures 2.5B, 2.6B, D, Liver). None of the antibodies exhibited significant cross-reactivity
with Cx32Y"" brain tissue (Figures 2.5A to E, 2.6A to E, Cx32Y" hippocampus), with the
possible exception of AB6 at the highest concentration tested (Figure 2.6A). Each reagent
was examined over a minimum of three concentrations. The dilution that gave optimal signal
in brain sections is presented in Figure 2.5 and Table 2.1. Where specific signal was not
detected in hippocampus (Figures 2.5C, 2.6) or corpus callosum (not shown), the dilution
optimal for detection of Cx32 in liver sections is shown (Table 2.1, Figures 2.5, 2.6). Four of
10 antibodies tested (AB1, AB2, AB4, and ABY) reliably detected fixed protein in situ in
mouse hippocampal sections (Figure 2.5A, B, D, E Cx32Y" hippocampus) under the
perfusion, postfixation, and cryoprotection protocol employed here, with AB4 providing the
most robust signal (Figure 2.5D). All of these antibodies were directed against epitopes
localizing to the intracellular loop of Cx32. Immunostaining was evident at the plasma
membrane of cells with the expected OL and/or OPC morphology (Figures 2.5A, B, D, E
Cx32""* hippocampus).

None of the C-terminal—directed antibodies produced a specific immunosignal under
the fixation protocol defined in Materials and Methods (Figure 2.6A to E, Cx32Y"
hippocampus). Moreover, AB6 exhibited some artifactual labeling of neurons in both
Cx32"" and Cx32"" sections (Figure 2.6A, compare labeling in the granular layer of the

Dentate Gyrus, GrDGQG).
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Figure 2.6 Specific immunofluorescent detection of Cx32 in liver but not brain using C-
terminal tail-directed antibodies. (A—E) All five C-terminal antibodies detected Cx32 at
hepatocyte plasma membrane in Cx32Y" liver tissue (arrows, inset, Liver), with minimal to
no background reactivity in the Cx32"" controls. No specific immunosignal was seen in the
Cx32""" hippocampus under the specific fixation and processing conditions employed in this

study. Abbreviations are as in Figure 2.4. Scale bars, 50 um.
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2.6.3 Cross-reactivity is not observed when tertiary structure is maintained during

initial detection.

Taken together, these results suggested that cross-reactivity is primarily detected in
CNS tissue under reducing/denaturing conditions. These data led us to hypothesize that
antibody cross-reactivity was dependent upon protein conformation. To test this hypothesis,
the tertiary conformation of Cx32 was maintained during immunoprecipitation before being
subjected to reducing/denaturing conditions in immunoblot detection. This approach restored
specific detection of Cx32 in brain tissue (Figure 2.7A, Hippocampus and Brain, arrow). No
cross-reactivity was observed in Cx32Y"" samples (Figure 2.7A). Mobility was consistent
with that observed in liver lysate controls subjected to Western blotting only (Figure 2.7A,
Liver, arrow). To further confirm that this specificity was conformation dependent, aliquots
of the same protein samples used in the immunoprecipitations (Figure 2.7A) were analyzed
by Western blotting (Figure 2.7B). Figure 2.7B reiterates the presence of a cross-reactive

species in Cx32Y" brain lysates immunoblotted under reducing/denaturing conditions.

2.6.4 The brain-specific cross-reactive protein(s) is expressed at higher levels than

endogenous Cx32 and exhibits a distinct subcellular localization.

Although demonstrating that Cx32 can be detected specifically in brain tissue by
immunoprecipitation, this finding also limited our capacity to identify cross-reactive CNS
protein(s) by standard proteomic protocols. As an alternative, we attempted BARN to
identify proteins present in the anti-Cx32—immunoreactive bands under reducing/denaturing
conditions (145). We were, however, unable to detect Cx32 from on-membrane digestions of

Cx32""" liver samples despite successful identification of other co-migrating proteins (data
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Figure 2.7 Brain-specific  cross-reactivity is not observed following
immunoprecipitation. (A) Cx32 lysates were purified from native RIPA lysates using
monoclonal ABI, resolved under denaturing conditions by SDS-PAGE, and immunoblotted

2¥"") and null-mutant (Cx32"") liver

using polyclonal AB6. In the first two lanes WT (Cx3
lysates were subjected to Western analysis under reducing/denaturing conditions. The
following three lanes represent human hippocampus and murine brain samples from WT
(Cx32""") and null-mutant (Cx32"") controls immunoprecipitated with ABI under native
conditions before denaturing/reducing SDS-PAGE separation and immunoblotting with
AB6. Specific immunoaffinity purification of Cx32 is observed under these conditions. (B)

Standard Western analysis with aliquots of the same samples used in (A) reiterate the cross-

reactivity observed when protein is first detected under reducing/denaturing conditions.
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not shown). As such, we lacked the appropriate positive control required to apply this
profiling approach to identify the anti-Cx32-reactive proteins in Cx32""" and Cx32Y" brain
samples.

We turned to an analysis of ABl-reactive proteins under denaturing/reducing
conditions using sucrose flotation gradients (Figure 2.8). In Cx32"'" liver lysates, a single
immunoreactive band was detected in the Triton X-100 insoluble pellet (Figure 2.8A, P) and
fractions 4 to 6 (Figure 2.8A, fractions 4 to 6). This distribution reflected predominant
localization to detergent-insoluble and detergent-soluble lipid raft and plasma membrane
fractions and possibly to mitochondria. No reactivity was detected in any of the fractions
derived from control Cx32Y" lysates (Figure 2.8B). Artifactual labeling was evident in
Cx32"" and Cx32"" brain samples, as demonstrated in Figures 2.3 and 2.4, but with a
detectable difference that could be used to distinguish specific Cx32 signal. Using a 15%
SDS-PAGE gel (as compared to 12.5% gels presented in Figures 2.3 and 2.4), a reproducible
difference in mobility was evident between brain and liver samples (Figure 2.8A, B). A
single ABIl-immunoreactive band was present in brain lysates (Figure 2.8A, Brain)
migrating approximately 4-kDa faster than in liver lysates (Figure 2.8A, Liver). Following
sucrose gradient fractionation of brain protein, this predominant species was evident in both
Cx32"" and Cx32Y" lysates (Figure 2.8C, D), but could be distinguished from a less
abundant, higher molecular weight species (Figure 2.8C, arrow) migrating at approximately
the same position as liver-derived Cx32 (compare Figure 2.8A and C). This band was absent
from Cx32""" fractions (Figure 2.8D). The fractions enriched for the higher molecular weight
Cx32-specific band (fractions 4, 5, and 6) were also enriched for the mitochondrial marker

coxIV, both lipid-raft-associated protein markers caveolin-1 and flotillin-1, and the plasma
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Figure 2.8 Sucrose gradient fractionation reveals that the brain-specific cross-reactive
protein is approximately 4-kDa smaller than Cx32 and exhibits a distinct subcellular
localization. (A—D) Total tissue lysates (T) or the Triton X-100—insoluble pellet (P) and (E)
fractions 1 to 10 obtained through sucrose fractionation were immunoblotted under
denaturing/reducing conditions using ABI. To achieve maximal separation, proteins were
separated on 15% Tris-HCI polyacrylamide gels. Each lane contains 5 pug of protein. (A)

Sucrose gradient fractions of Cx32""" liver are compared to total tissue lysates of Cx32Y"*

liver or brain. Note the ~4-kDa size difference between the species predominating in Cx32"*
liver compared to brain. (B) Sucrose gradient fractions of Cx32""" liver are compared to total
tissue lysates of Cx32"" liver or brain. No signal was detected in Cx32"" control lysates.

(C) Sucrose gradient fractions of Cx32"/"

brain are compared to total brain lysates prepared
from Cx32""" and Cx32Y"" mice (top panel). Exposure times were extended from that shown
in A and B to enable detection of endogenous Cx32 in fractions 4 and 5 (arrow), migrating
4-kDa higher than the cross-reactive protein that was present at higher abundance and
enriched in fractions 6 to 10. Lower panels characterize each fraction using organelle-

specific markers: mitochondria (coxIV), lipid rafts (caveolin-1 and flotillin-1), plasma

membrane (syntaxin-1), lysosomes (LAMP-1), and the trans-Golgi (golgin-97).
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membrane marker syntaxin-1 (Figure 2.8C). This subcellular fractionation matched that
observed in liver (Figure 2.8A). Conversely, the fractions enriched for the smaller cross-
reactive protein (fractions 7 to 10) in both Cx32Y" and Cx32Y" lysates (Figure 2.8C, D)
were enriched for LAMP-1 (lysosomes) and golgin-97 (trans-Golgi network) (Figure 2.8C).
Together, these data suggested that brain, but not liver, expresses Cx32 at both plasma and
perhaps mitochondrial membranes, as well as a cross-reactive protein enriched in the Golgi

apparatus and lysosomes that is ~4-kDa smaller than Cx32.

2.6.5 Bioinformatic and western analyses suggest that the cross-reactive protein is not

another connexin.

We were surprised that antibodies directed at both the intracellular loop and the C-
terminal region of Cx32 exhibited the same cross-reactivity. To address this, we used a
bioinformatics approach to identify candidate proteins based on the pattern of cross-
reactivity detected in Figures 2.3 and 2.4, the antigenic sites predicted in Table 2.2, and the
tissue-specific expression pattern.

Three potential antigenic sequences were detected within the intracellular loop of
Cx32 (Figure 2.3A-E, Table 2.2). Two of these sequences were present in the peptide used
to generate AB1. All three sequences were present in AB2 and AB3. Because AB1, AB2,
and AB3 are monoclonal antibodies and generated identical banding patterns (Figure 2.3A-
C), it is likely that they recognize the same epitope, either the EEVKRHKV or
EGHGDPLH/GDPLHLEE antigenic sequences, located towards the C-terminus of the
intracellular loop encompassed by the peptides used to generate AB1 (Table 2.2). Although
the exact peptide sequence used to generate AB4 and ABS5 was not disclosed by the

manufacturer, both antibodies were distinguished from AB1-3 by a species variation in the
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doublet detected in human samples (Figure 2.3D). Based on this difference, we hypothesized
that they likely detect one of the two potential epitope variants (EGHGDPLH/GDPLHLEE)
(Table 2.2). Only polyclonal AB5 demonstrated specificity and thus we hypothesized that it
recognizes the only antigenic sequence that does not overlap with AB1 (i.e., QQHIEKKM)
located towards the N-terminus of the intracellular loop (Table 2.2). This analysis predicted
that the cross-reactive protein would contain contiguous amino acid sequences, exposed
under  reducing/denaturing  conditions  that share the @ EEVKRHKV and
EGHGDPLH/GDPLHLEE but not the QQHIEKKM epitopes with Cx32.

In the C-terminal tail of Cx32, five potentially antigenic sequences were detected
(Figure 2.4A-E, Table 2.2). Polyclonal AB6 (Figure 2.4A) was directed against a known
sequence that encompassed the most distal C-terminal tail antigen (GLAEKSDR, Table 2.2).
Polyclonal AB7 generated a pattern distinct from all of the other reagents and thus likely
recognizes epitope(s) distinct from AB6 (Figure 2.4B). AB8 and AB9 detected a doublet in
human brain samples and thus likely recognize the same species-specific antigenic
sequences (Figure 2.4C, D). AB10 was Cx32-specific and, as a monoclonal antibody, is
raised against a single epitope (Figure 2.4E). Based on this pattern, we predicted that the
cross-reactive protein would contain, in addition to the epitopes recognized by the
intracellular loop antibodies, contiguous sequences in primary sequence homologous to at
least three and likely four of the Cx32 C-terminal tail epitopes but no significant homology
with the fifth predicted antigenic sequences (recognized by Cx32-specific AB10).

We used these assumptions to establish search criteria for other connexins with
sufficient contiguous antigenic peptide sequences, tissue specificity, and electrophoretic

mobility for potential cross-reactivity. Two connexins (Cx26 and Cx29) met some but not all
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parameters. Only Cx30 met all criteria. The intracellular loop EEVKRHKYV epitopes
exhibited a significant alignment score of 62% whereas alignment of the
EGHGDPLH/GDPLHLEE antigenic sequences met the minimum number of adjacent amino
acids required to raise an antigenic response (contiguous alignment score of 25). Further, as
predicated, the QQHIEKKM epitope was not found in the Cx30 primary sequence
(alignment score of 12%). Four of the five Cx32 C-terminal tail epitopes produced
significant alignment scores of 25-62. The fifth epitope NPPSRKGS did not exhibit any
significant alignment in contiguous sequence (<12%). Despite this potential homology,
stringent testing with null-mutant controls provided conclusive evidence that Cx32
antibodies do not cross-react with Cx30 (Figure 2.9). Using lysates prepared from Cx29™",
Cx2977/Cx32Y", or Cx30”" brain tissue, the cross-reactive protein was still present in
double- and single-null-mutant brain tissue and thus was not Cx29 or Cx30 (Figure 2.9A, B).
Further, although Cx26 could be detected abundantly in WT mouse liver and, weakly in
brain, Cx26 protein levels were substantively reduced in Cx32"'" brain or liver tissue (Figure
2.9C) and thus Cx26 is unlikely to represent the cross-reactive protein. This reduction in
Cx26 protein levels in Cx32 null-mutant animals is consistent with previous studies (34).
When placed in context with the subcellular localization evident in sucrose gradient
fractionation (Figure 2.8), these data provided converging evidence to indicate that the cross-
reactive protein is likely not another connexin but rather an immature (Golgi-localized) or
partially degraded (lysosome-localized) subunit of a larger unidentified protein complex
with homologous epitopes unmasked only after protein denaturation and the reduction of

disulfide bonds.
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Figure 2.9 Cx32 antibodies do not cross-react with Cx26, Cx29, or Cx30 under
denaturing/reducing conditions. (A) Liver and brain samples were prepared from wild-
type (Cx32""), Cx32Y", and Cx297". Cx32Y7/Cx297", or Cx30"" null-mutant mice,
separated on 15% Tris-HCI polyacrylamide gels, and immunoblotted for Cx32 using
monoclonal AB1. To distinguish between the cross-reactive protein(s) and endogenous Cx32
in brain samples, fraction 5 lysate from sucrose gradient separations (see Figure 2.7) of WT
(Cx32""") was included as a positive control. All brain samples, except WT brain fraction 5,
exhibited the lower molecular weight cross-reactive band. Arrowheads indicate Cx32;
arrows indicate the cross-reactive (CR) protein. (B) Immunoblotting of Cx30 in lysates
prepared from human brain, wild-type mouse brain and liver, and Cx30” brain confirmed
the presence of Cx30 in CNS tissue (arrowhead), absent from liver. Specificity was
established using null-mutant controls. (C) Cx26 protein, present in Cx32""" brain and liver

(arrowhead), was below detection levels in Cx32" tissue.
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2.7 Discussion

Here, we characterize a tissue-specific cross-reactivity with multiple commonly used
Cx32 antibodies that impacts upon the interpretation of Western blots performed using CNS
tissue. Although all 10 of the reagents tested reliably detect Cx32 in liver as expected, we
found that 8 of these reagents cross-react with a CNS protein(s) that exhibits the same
approximate  electrophoretic ~ mobility as Cx32. Comparing immunoblotting,

2Y* and

immunofluorescence, and immunoprecipitation detection methods using Cx3
Cx32"" brain and liver tissue, we concluded that this artifactual cross-reactivity is only
observed under reducing/denaturing conditions and does not complicate analyses that retain
tertiary protein structure during initial immunodetection or immunopurification (i.e., in situ
immunofluorescence or immunoprecipitation studies). These data indicate that cross-
reactivity is likely the result of the unmasking of epitopes found in primary sequence not
accessible in situ upon proper protein folding. Finally, two antibodies, polyclonal AB5 and
monoclonal AB10 (Table 2.1), reliably detected Cx32 in Western analysis of brain tissue.
These data are consistent with previous reports wherein ABS5 and AB10 were shown to
specifically recognize Cx32 in brain and liver (141), emphasizing the need for careful choice
of antibody and methodology in the study of Cx32 in brain tissue.

To provide further insight into this tissue specificity, we identified three highly
antigenic sites in the intracellular loop and five highly antigenic sites in the C-terminus of
the Cx32 protein sequence. Based on these sites and the banding patterns produced by each
of antibodies tested in Cx32 null-mutant tissue, we predicted that the primary sequence of

the cross-reactive protein(s) would exhibit strict homology to six of these eight antigenic

sites but would not contain the two unique epitopes that rendered AB5 and AB10 Cx32
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specific. Moreover, the protein would be expressed in brain but not liver. Bioinformatic
analyses encompassing all of these criteria identified only one protein, Cx30, with potential
to cross-react under denaturing/reducing conditions. However, direct assessment revealed
that the brain-specific cross-reactive protein was still present in brain lysates prepared from
not only Cx30™ but also Cx29 " /Cx32"" mice and in the absence of Cx26. Further, sucrose
gradient fractionation analyses revealed that the antigenically related cross-reactive
protein(s) exhibited an ~4-kDa size difference, localized to different subcellular
compartments, and was expressed at higher levels than Cx32 in brain tissue. Cx32 was found
in fractions enriched for plasma membrane, lipid rafts, and mitochondrial markers; the brain-
specific cross-reactive protein was found in fractions enriched for golgi and lysosome
markers. This subcellular localization indicates that the cross-reactive protein is likely not a
member of the connexin family.

In summary, this study addresses a CNS-specific problem in Cx32 antibody cross-
reactivity that has been reported anecdotally but not analyzed directly. We show that,
although all of the reagents tested are specific for Cx32 in liver, protein
denaturation/reduction unmasks epitopes present in primary sequence of a CNS-specific
protein, likely not another connexin, that exhibits the same approximate electrophoretic
mobility as Cx32 and is present in mouse brain prepared from multiple connexin null-
mutants. We show that this technical obstacle can be easily overcome by choice of antibody,
careful size analysis, or exclusive use of immunoprecipitation to quantify changes in Cx32
protein expression. These data are presented with the intent of reducing the amount of time

laboratories currently expend in validating changes in Cx32 expression in CNS.
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CHAPTER 3: PERFORMING VAGINAL LAVAGE, CRYSTAL VIOLET
STAINING, AND VAGINAL CYTOLOGICAL EVALUATION FOR MOUSE

ESTROUS CYCLE STAGING IDENTIFICATION

3.1 Objective of this study

The main objectives of this study were to a) minimize invasive procedures required
to accurately assess and differentiate between the four stages of the estrous cycle by
collection and analysis of predominant cell typology in vaginal smears and b) determine how
these changes can be interpreted with respect to endocrine status. This study was published
in the Journal of Visualized Experiments as McLean, A. C., Valenzuela, N., Fai, S. &
Bennett, S. A. Performing vaginal lavage, crystal violet staining, and vaginal cytological
evaluation for mouse estrous cycle staging identification. Journal of visualized experiments :

JoVE, ¢4389 (2012).

3.2 Statement of author contributions

N. Valenzuela (Carleton University) performed all of technological audio/visual
aspects and animations in this study under the supervision of Dr S. Fai. Manuscript,
storyboard, script and scientific content of this study was prepared in full by A.C. McLean
with critical insight and advice from all authors. The complete study was performed under
the supervision of Dr S. Bennett who designed the experiments, analyzed the data, and wrote

the manuscript with A.C. McLean.
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3.3 Introduction

A rapid means of assessing reproductive status in rodents is useful not only in the
study of reproductive dysfunction but is also required for production of new mouse models
of disease and investigations into the hormonal regulation of tissue degeneration (or
regeneration) following pathological challenge. Here we describe how to identify the stage
of the reproductive cycle a female mouse is in on any given day by simple, non-invasive
cytological assessment of the predominant cell type present in vaginal smears.

The murine reproductive (or estrous) cycle is divided into 4 stages: metestrus,
diestrus, proestrus, and estrus (150). Defined fluctuations in the circulating levels of the
ovarian steroids, 17-f3-estradiol and progesterone, the gonadotropins, luteinizing and follicle
stimulating hormones, and the luteotropic hormone prolactin, signal transition through these
reproductive stages (151, 152). This is a methodological techniques paper and thus is

presented in protocol format followed by results and discussion.

3.4 Experimental Procedures

Preparing Reagents

1. For sterile vaginal lavage, autoclave ddH»O and store in a tightly sealed container at room
temperature until needed.

2. For cytological assessment, add 0.1 g of crystal violet powder to 100 mL of ddH,O. Mix
well. Crystal violet stain (0.1%) can be stored in a tightly sealed container at room

temperature until needed.
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Collecting Vaginal Cells (Vaginal Lavage)

1. Place a latex bulb on the end of a sterile 200 pL tip and draw up approximately 100 puL of
sterile ddH,O using the gradations on the tip as a volume guideline.

2. Lift the mouse out of her cage and place her on the cage hopper (lid) with her hind/rear
end towards you.

3. Firmly grasp the tail and elevate the rear end. The mouse will now have only her front
paws grasping the hopper. At this point the mouse may urinate. If so, wait until urination
stops. Should there be urine left at the entrance to the vaginal canal, you may want to rinse
the opening with excess ddH,O using a separate tip (i.e., not your sample collection tip).

4. Place the end of the ddH,O-filled tip at the opening of the vaginal canal taking care to not
penetrate the orifice as vaginal (and cervical) stimulation can induce pseudopregnancy in rats
(153, 154). Recent reports suggest mice are less susceptible to this effect nonetheless care
should be taken to minimize the degree of invasiveness in repeated analyses (155).

5. Gently depress the bulb to expel a quarter to half of the volume of water (~25-50 pL) at
the opening of vaginal canal. The liquid will spontaneously aspirate into the canal without
tip insertion. Slowly release the pressure exerted on the bulb. The fluid will withdraw back
into the tip. Avoid releasing pressure too quickly to prevent aspiration of fluid into the bulb.
A filtered tip may be useful for this purpose.

6. Repeat the previous step 4-5 times using the same tip, bulb, and fluid to obtain a sufficient
number of cells in a single sample.

7. Place the fluid on glass slide, and allow the smear to completely dry at room temperature.
Once dry, these estrous smears can be stained immediately or stored and stained at a later

date.
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Cytological Staining using Crystal Violet

1. Place the dry slide in a coplin jar (or other comparable staining vessel) containing the
crystal violet stain for 1 min.

2. Remove to a second coplin jar containing ddH,O. Wash the slide with ddH,O for 1 min.
Repeat.

3. Remove the excess ddH,O from the edges of the slide with a light-duty tissue wiper,
avoiding contact with the stained smear.

4. Pipette approximately 15 pL of glycerol on top of the smear and coverslip. Alternatively,
other histological mounting reagents can be utilized to obtain a more permanent, non-

diffusing stain.

Vaginal Cytology

1. Examine the smear under light microscopy to determine cell types present. Microscopic
examination should be done immediately after staining as the crystal violet will diffuse from
the cells over time when using glycerol for coverslipping. Photomicrographs should be taken
at time of analysis to document cytology.

2. Start by examining the entire smear at a lower magnification. Select a representative area
and move to a higher magnification. You will see cornified squamous epithelial cells,
leukocytes, and/or nucleated epithelial cells (Figure 3.1A-C). The ratio of cells present will
allow you to determine the estrous stage of your mouse at time of sample collection (Figure

3.1D-G) and her immediate hormonal status (Figure 3.2).
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Figure 3.1 Cytological assessment of vaginal smears can be used to identify estrous
stage. Three main cell types are detected in vaginal smear samples: (A) nucleated epithelial
cells, (B) cornified squamous epithelial cells, and (C) leukocytes. The ratio of these cell
types present in the smear can be used to identify mice in (D) proestrus, (E) estrus, (F)
metestrus, or (G) diestrus as described in representative results. Black arrowheads in E, F,
and G point to representative cornified squamous epithelial cells. Black arrows in C, F, and
G point to representative leukocytes. White arrows in D and G highlight representative

nucleated epithelial cells.
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Figure 3.2 Vaginal smear cytology reflects underlying endocrine events. Details are as

provided in Discussion.
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3.5 Results

3.5.1 Cytological assessment of vaginal smears.

Three primary cell types can be detected in vaginal smear samples: (1) nucleated
epithelial cells (Figure 3.1A), (2) cornified squamous epithelial cells (Figure 3.1B), and (3)
leukocytes (Figure 3.1C). Nucleated epithelial cells have a lightly stained cytoplasm, darker
stained plasma membrane, and an oval nucleus (Figure 3.1A). Cornified squamous epithelial
cells are uniformly stained, more polygonal in shape than their nucleated epithelial
predecessors, and lack a nucleus (Figure 3.1B). Polymorphonuclear leukocytes can be
distinguished from epithelial cells by their irregular shape, darkly stained polymorphic
nuclei, and small size (Figure 3.1C, black arrows). Should urine contamination be present in
the smear, uric acid crystals are readily detected by their crystalline structures dissimilar to
any expected cell types (Figure 3.3). Should this occur, and obscure detection of

predominant cell type, the smear should be discarded and not used for staging purposes.

3.5.2 Cytological assessment can be used to identify estrous stage.

The relative ratio of cell types observed in smears can be used to identify the stage of
the estrous cycle of your mouse on the day of sample collection (Figure 3.1D-G). During
proestrus, cells are almost exclusively clusters of round, well-formed nucleated epithelial
cells (Figure 3.1D, representative cell indicated by white arrow). During estrus, cells are
predominantly cornified squamous epithelial cells, present in densely packed clusters (Figure
3.1E, representative cell indicated by arrowhead). During metestrus, small darkly stained
leukocytes predominate (Figure 3.1F, representative cell indicated by black arrow).

Cornified squamous epithelial cells may be observed, often in fragments, (Figure 3.1F,

62



Figure 3.3 Uric acid crystals may be present following crystal violet staining of urine-
contaminated samples. (A) Crystals are transparent and can be of various sizes (arrows and
boxed region magnified in (B)). No cells are present in this field. Should uric acid crystal
contamination within fields used for cytological staining, it may be difficult to accurately

identify cell types present and the smear should be discarded. Scale bars = 50 um.
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representative cell indicated by black arrowhead). During diestrus, rare cornified squamous
epithelial cells may still be present (Figure 3.1G, representative cell indicated by black
arrowhead), however leukocytes still predominate (Figure 3.1G, representative cell indicated
by black arrow). Metestrus can be distinguished from diestrus by the appearance of
nucleated epithelial cells in diestrus (Figure 3.1G, representative cell indicated by white

arrow).

3.6 Discussion

Entry into metestrus coincides with the peak increase of a small surge in circulating
follicle stimulating hormone levels initiated in estrus (152). In early metestrus, circulating
levels of 17-f-estradiol, progesterone, prolactin, and luteinizing hormone are all relatively
low (151, 152). Over the course of metestrus, there is a transient increase in plasma
progesterone concentrations and a moderate rise in 17-p-estradiol levels (151). Entry into
diestrus occurs when this first surge in circulating progesterone levels peak (151).
Progesterone levels then drop to baseline (151). In proestrus, there is a sequential and
dramatic rise in circulating levels of all five key hormones (151, 152). Concentrations of 17-
B-estradiol peak first, followed by prolactin, progesterone, luteinizing hormone and follicle
stimulating hormone (151, 152). Animals enter estrus following ovulation at which point
there is a dramatic drop in circulating hormonal levels (151, 152). During estrus, there is a
small second surge in 17-B-estradiol, a peak in prolactin, and a minor increase in circulating

follicle stimulating hormone concentrations that initiate transition to metestrus (151, 152).
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Changes in cell typology reflect these underlying endocrine events and the relative
ratio of epithelial cells, cornified cells, and leukocytes detected in vaginal smears can be
used to identify each of the estrous stages (150). The proestrus phase of the estrous cycle
corresponds to the human follicular phase of the menstrual cycle (156) and is defined by a
pre-ovulatory increase in circulating 17-B-estradiol levels (151), as well as a small surge in
prolactin (152) (Figure 3.2, Proestrus, left panel). The increase in 17-B-estradiol indirectly
stimulates gonadotropin-releasing hormone neurons in the hypothalamus and septum that, in
turn, activate responsive cells in the anterior pituitary to release luteinizing hormone and
follicle-stimulating hormone into the circulation (157, 158) (Figure 3.2, Proestrus, left
panel). In vaginal smears taken from animals in proestrus, cells are almost exclusively oval
nucleated epithelial cells (Figure 3.1D, Figure 3.2, Proestrus, right panel). The peak in
follicle-stimulating hormone levels signals ovulation and entry into estrus (159, 160). During
estrus, 17-B-estradiol levels decline and prolactin levels peak (151, 152) (Figure 3.2, Estrus,
left panel). Vaginal smears are characterized by almost exclusive detection of irregular-
shaped cornified squamous epithelial cells often in clumps (Figure 3.1E, Figure 3.2, Estrus,
right panel). Entry into metestrus coincides with a continuous rise in progesterone hormone
levels (151) and corresponds to the beginning of human luteal phase (161) (Figure 3.2,
Metestrus, left panel). As progesterone levels start to rise and there is a small surge in 17-f3-
estradiol levels in response to corpus luteum activation (151, 162, 163) (Figure 3.2,
Metestrus, left panel). The cell types present in vaginal smears during this stage are
fragmented, cornified epithelial cells and smaller darker stained leukocytes (Figure 3.1F,
Figure3. 2, Metestrus, right panel). Finally, entry into diestrus in mice occurs and circulating

progesterone levels peak (151), corresponding to the human late luteal phase (161).
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Regression of the corpus luteum leads to a subsequent sharp decline in progesterone levels
(164, 165) (Figure 3.2, Diestrus, left panel). Leukocytes predominate in smears during
diestrus. The frequency of cornified epithelial cells is reduced and nucleated epithelial cells
begin to be detected just prior to transition to proestrus (Figure 3.1G, Figure 3.2, Diestrus,
right panel). Although the staining method described here is the simplest procedure that can
be performed in any laboratory, other methods can provide additional details. For example,
using Papanicolaou staining, the maturity of nucleated epithelial cells can be distinguished
with less mature cells stained turquoise and more mature cells pink- or orange-stained. These
differences can be used to stage early or late proestrus (166).

In summary, this simple, routine protocol can be used to estimate daily hormonal
fluctuations and establish estrous stage in experimental mice without altering reproductive
status if the following precautions are taken. Sampling should be performed no more than
once daily using the non-invasive protocol described here as compared to repeated
penetration of the vaginal canal, aspiration, and agitation. This can cause vaginal irritation
resulting in an inflammatory response (167) resulting in leukocytes and other cell types to be
present in smears that may confound cytological assessment. Moreover, even in colony-
housed females, it is normal to see extended diestrus and estrus stages in different mice as
well induction of anestrous (168) and this identification is useful in the interpretation of
hormonal impact in reproductive, gender, and disease studies. Variability in cycle length is
also introduced with age and by housing differences within colonies (individual or group-
housing) of females (150, 152, 169, 170). Females housed in female only colonies can cease
cycling and enter a state of prolonged diestrus (168, 171, 172) although cycling can be re-

instated by exposure to cages pretreated with male urine to elicit cycling (173, 174). Thus, to
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establish individual cycle lengths for a given mouse, it is recommended that the non-invasive
assessments described here be performed daily, with care, until two complete cycles are

observed.
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CHAPTER 4: HORMONAL REGULATION OF CONNEXIN EXPRESSION

WITHIN THE CNS

4.1 Objective of this study

The overall objectives of this study were to a) identify connexins expressed in
hippocampus and spinal cord of the intact adult female mouse and b) determine whether
expression at the transcript level i) is differentially regulated between gender and/or ii)

fluctuates over the course of the estrous cycle.

4.2 Statement of author contributions

The preoperative and postoperative animal procedures were assisted in part by
University of Ottawa Animal Care Veterinary Services technical staff. All surgical and

molecular procedures were carried out in full by AC McLean.

4.3 Introduction

Gliogenic and neurogenic niches exist within the CNS, capable of cellular
regeneration (10, 175). Neuronal and glial precursors express specific subsets of connexin
proteins (11, 176) forming gap junctions allowing for communication which have been
shown to modulate proliferation, differentiation and survival (11, 24, 177). OLs have been

shown to express Cx29, Cx32, and Cx47 (15-17), astrocytes express Cx30 and Cx43 (13,
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14), while neurons express Cx36 and Cx45 (18, 178). Furthermore, proliferative cells
express combinations of these various connexins in a regulated manner during specification
that appear to dictate lineage outcome (11) (Figure 1.2). Modulation of connexin expression
may be useful in the manipulation of endogenous systems for regeneration following CNS
insult (49, 58).

Hormonal regulation may represent a key gender and temporal difference in
connexin-mediated neuronal and glial progenitor response following injury. Connexins have
been shown to have functional HREs within their promoter regions. For example, the Cx43
promoter, which contains EREs, can drive upregulation of the reporter gene luciferase in
vitro following induction with estradiol in HeLa cells (82). In vivo, reproductive tissues have
been the focus of much study, as the hormonal regulation of gap junctional communication
is paramount in the electrical coupling and contractility of uterine lining during labour (93,
120, 121). Pregnant female rats treated with estrogen exhibit spontaneous ablation of the
fetus, further supporting the hypothesis that Cx43 gap junctional communication within the
uterus is estrogen-responsive (121). In myometrial tissue, the administration of estrogen
significantly increased expression of Cx43 mRNA, whereas simultaneous treatment of
estrogen and progesterone attenuates this increase (86). Connexin expression is hormone
specific, as estrogen and progesterone have opposing actions, with Cx43 mRNA expression
and function being regulated by the ratio of estrogen:progesterone in both pregnant and non-
pregnant rats (86, 120). Little is known about the hormonal regulation of connexin
expression within the CNS. Within the brain, modulation of Cx36 appears to be regionally
and hormonally specific, with estrogen but not progesterone able to upregulate the

expression of Cx36 mRNA within the SCN but not the CX (65). Evaluation of hormonal
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regulation of the complete repertoire of connexins expressed within the neurogenic and
gliogenic niches of the CNS is paramount to elucidate potential mechanisms of endogenous

modulation of proliferation, differentiation and cell survival.

4.4 Experimental Procedures

Mice

The present study was carried out on male and female wild-type N12 C57BL/6 mice
(4-5 months of age) (see below) or C57BL/6 females obtained from Charles River
Laboratory. Cx32 null mutant mice (Cx32""and Cx32") on a hybrid genetic background of
129SV/J1 and C57BL/6 strains were provided by Dr. K. Willecke (34). Mice were backbred
in the Bennett laboratory for 12 generations (N12) to a pure C57BL/6 background and
congenic wild-type and null-mutant colonies established. Cx29‘/', Cx367 , Cx43F/F, CX4SF/F,
and Cx47" were generated by our laboratories as described in (15, 24, 179-181). Nestin-cre
recombinase (nes-cre) transgenics (182) generated in the laboratory of Dr Ruth Slack were
obtained from Drs. D. Picketts and R. Slack (University of Ottawa). The Cx30” mouse
model (144) used in this study was obtained from Dr. K. Willecke (Universitat Bonn). All
procedures were carried out in accordance with the Canadian Council on Animal Care and

approved by the University of Ottawa Animal Care Veterinary Services ethics committee.

Estrous cycling determination
The estrous cycle of female C57BL/6 mice 3-4 months of age was examined
following daily vaginal smears. In brief, vaginal cytology was examined with crystal violet

staining of smears, examining the presence of leukocytes, polymorphonuclear cells, and/or
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cornified epithelial cells, and mice were classified in proestrus, estrus, or metestrus/diestrus
stages of the estrous cycle as described in Chapter 3. Animals were sacrificed (n=3 per
stage) as described below following at least two typical estrous cycles. Full methodology is

detailed in chapter 3 and published in the Journal of Visual Experimentation (127).

Surgical Ovariectomization

To eliminate circulating endogenous hormones, OVX surgeries were performed on
female mice 3-4 months of age. Following a two-week recovery period, mice were staged to
ensure no estrous cycling was present. Preoperative animal procedures included the
following: intact female mice received one intra-peritoneal injection of buprenorphine (0.05
mg/kg) 1-3 hr prior to surgery. Mice were anesthetized with a constant flow of isoflurane/Os.
Anesthetized mice were prepared by hydrating with a 1.0 cc subcutaneous upper thoracic
injection of saline solution and a small coat of Bacitracin/neomycin/polymyxin B ointment
to cover each eye. Dorsal region of torso was shaved, washed with antiseptic soap (Eudral),
rinsed with water, dried, and disinfected with chlorhexidine gluconate/isopropyl alcohol
solution (Soluprep). Surgical animal procedures include the following: anesthetized mice
were placed on their ventral surface. A sterilized stocking with a centre hole was used to
create a sterile work window on the dorsal surface. With scalpel, a midline incision was
made through skin along dorsal spine from mid thoracic to mid lumbar region. The fascia
was grasped and separated from skin. The fascia was lifted away from dorso-lateral
abdominal muscles and an incision 5 mm in length was created. The peri-ovarian fat pad
surrounding the ovary was grasped and elevated out through the incision. The fallopian tube

and uterine horn beneath the ovary was clamped. Above clamp, tissue was severed off using
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scalpel, including ovary, fat pad, and any blood vessels present. Remainder of the horn was
gently replaced within the abdominal cavity. The incision region was swabbed with saline to
check for any substantial bleeding. One suture was secured within fascia, closing the
incision, following which the removal of the contralateral ovary was performed. Two to four
autoclips were used for dorsal skin closure. Post-operative animal procedures include the
following: mice were placed in incubator for up to 24 hrs, and received buprenorphine [i.p.
0.05 mg/kg] (Day 1: 3x, Day 2: 2x, Day 3: 2x.). Mice were assessed for wellness twice daily

for a week, then once weekly thereon. Autoclips were removed 10 days post-op.

Tissue collection

Mice were deeply anesthetized with intra-peritoneal Euthansol (65 mg/mL) and
sacrificed. Animals were decapitated, hippocampus and spinal cord at the T11 region was
dissected, flash frozen and stored at -80°C until RNA isolation. Experimental tissue was
collected from cycling WT females (n=3 per stage), OVX WT females (n=3 spinal cord, n=6
hippocampus), and WT males (n=3). Control tissue was collected from null mutant male
mice (n=1 per genotype; Cx29'/', Cx307 , Cx32Y ', Cx367 ", nes-cre Cx43" F, nes-cre Cx45" F,

and Cx47‘/').

RNA isolation, preparation, and quality control

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) as per
manufacturer’s protocol. In brief, tissue samples were homogenized in a borosilicate glass
tube in 1 mL of TRIzol using a tissue tearor until mixture was homogenous, then incubated

at room temperature for 5 min. TRIzol homogenate mixture was transferred to a 1.5 mL
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epitube with glass pasteur pipette, 200 uL of chloroform was added, shaken vigourously by
hand for 15 sec. Following a 5 min incubation at room temperature, epitube was centrifuged
at 12,000 xg for 15 min at 4°C. Top phase was transferred to fresh 1.5 mL epitube, 500 uL
of isopropyl alcohol was added and shaken by hand. Following a 10 min incubation at room
temperature, epitube was centrifuged at 12,000 xg for 10 min at 4°C. Supernatant was
discarded and raw RNA pellet was washed with 1 mL 75% ethanol-diethylpyrocarbonate
(DEPC) and centrifuged at 7,500 xg for 5 min at 4°C twice. Supernatant was removed and
raw RNA pellet was allowed to dry at room temperature before being resuspended in 22 uL
of nuclease-free H,O (NFH,0). Following an incubation at 55-60°C for 10 min, raw RNA
sample was stored at -80°C until further use.

RNA concentrations were determined using a Nanodrop 2000 spectrophotometer
(Thermoscientific). Optical density at 260/280 was required to be between 1.8 and 2.0 for
further use. Raw RNA samples were treated to eliminate any possible genomic
contamination with DNase treatment (Sigma-Aldrich) as per manufacturer’s protocol. In
brief, 6.0 ug of raw RNA was added to 6.0 uL of DNase-1, 4 uL. of 10X buffer, and NFH,O
to a final reaction volume of 40 uL in a 1.5 mL epitube and incubated for 30 min at 37°C.
Following incubation, each sample was precipitated by adding 200 uL of phenol/chloroform
and 160 uL of NFH,O. Epitubes were shaken by hand and centrifuged at 16,100 xg for 1
min at 4°C. 180 uL of the upper aqueous phase was transferred to a fresh 1.5 mL epitube. 22
uL of 3 M sodium acetate and 900 uL of 100% ethanol was added, gently mixed, and
incubated overnight at -80°C. Following overnight incubation, samples were centrifuged at
16,100 xg for 10 min at 4°C. Supernatant was discarded and DNase treated RNA pellet was

washed twice with 500 uL 75% ethanol-DEPC and centrifugation at 16,100 xg for 1 min at
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4°C. Supernatant was removed and pellet was allowed to dry at room temperature before
being resuspended in 13.0 uL of NFH,O. Samples were stored at -80°C until further use.
Following DNase treatment, RNA concentrations were re-determined by spectrophotometry.
Samples with an optical density at 260/280 between 1.8 and 2.0 were considered an
acceptable quality.

For each sample of acceptable quality, cDNA was produced by reverse transcription
using Superscript II Reverse Transcriptase (Invitrogen) as per manufacturer’s protocol. In
brief, for each sample, 4.0 ug of DNAse treated RNA was divided into two separate PCR
tubes, each containing 2.0 ug (RT+ and RT-). To each RT+ tube was also added 1.0 uL
pdN6 random primers (Promega) and brought to a final volume of 12.0 uL using NFH,O. To
each RT- tube was also added 1.0 uL pdN6 random primers and brought to a final volume of
13.0 uL using NFH,0. No template control (NTC) sample received no RNA, solely 1.0 uL.
pdN6 random primers and brought to a final volume of 13.0 uL using NFH,O. Samples were
incubated in thermocycler (BioMetra) for 10 min at 70°C. Following a 2 min incubation at
4°C, all PCR reaction tubes (RT+, RT-, and NTC) received 4.0 uL 1* strand buffer, 2.0 uL
0.1 M DTT and 1.0 uL 10 mM dNTPs. Samples were returned to thermocycler and
incubated for 2 min at 37°C then brought to 25°C. All RT+ and NTC samples received 1.0
uL of Superscript reverse transcriptase, returned to thermocycler and incubated for 10 min at
25°C, 60 min at 42°C, 30 min at 50°C, then held at 4°C. cDNA samples (RT+, RT-, and
NTC) were stored at -80°C until further use.

Given that many of our connexin primers amplify within a single exon, to ensure no
genomic contamination following DNase treatment or genomic contamination master mixes,

cDNA produced from reverse transcription reaction (RT+, RT-, and NTC) was used as
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template for reverse transcription polymerase chain reaction (RT-PCR), amplifying
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA (within a single exon).
Primers sequences used for the reaction were 5> GTG GCG TGA ATC GGC ACT CTAC 3’
(mGAPDH forward primer) and 5° CTC CGC CAC GTT GAG GAT AAT G 3’ (mGAPDH
reverse primer). In a 1.5 mL epitube, a master mix was made up of the following; 10X
Titanium buffer (2.5 uL per sample), 10 mM dNTPs (2.0 uL per sample), Titanium Taq (0.5
uL. per sample), forward primer (10 pmol/uL, 0.5 uL per sample), reverse primer (10
pmol/uL, 0.5 uL per sample), and NFH,O (18.0 uL per sample). In PCR reaction tubes, 24
uL of master mix was added to 1 uL of each cDNA template (RT+, RT-, and NTC). Using a
thermocycler (BioMetra), reaction tubes were incubated for 5 min at 94°C, then cycled for
25 sec at 94°C, 50 sec at 59°C, and 1 min 45 sec at 72°C for 35 cycles, followed by at 7 min
incubation at 72°C then held at 4°C until storage at -20°C. Each sample of RT-PCR product
(RT+, RT-, and NTC) was ran on a 1.2% agarose gel. Amplicons (~300 bp) were visualized
as bands using ethidium bromide staining. Any cDNA sample producing a band within from
RT- template was assumed to have genomic contamination, in which case cDNA (both RT+
and RT-) was discarded and not used for further analysis. Any amplicon produced from NTC
template would be indicative of potential contamination of reverse transcription reagents and
all samples would be discarded, although this did not occur during the study. mRNA from
null mutant mice was extracted and prepared as described above and used as negative

controls for each respective connexin assay to ensure assay specificity.
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Real-Time Quantitative reverse transcription PCR (qRT-PCR)

To determine connexin fold change expression at each estrous stage, we used the
Strata MX3005P Real-Time PCR System for quantitative RNA analysis in conjunction with
Applied Biosystems Taqman gene expression assays (standard reference genes and
connexins). For all samples in this study (standard curve and experimental), qRT-PCR was
performed as follows; in a 1.5 mL epitube, a master mix was made up of the following;
Tagman (10.0 uL per sample), assay (1.0 uL per sample), and NFH,O (4.0 uL per sample).
15.0 uL of master mix was added to each reaction tube (optical qRT-PCR strip tubes,
Diamed) For each reaction, 5.0 uL of cDNA determined to be free of genomic
contamination by RT-PCR (diluted in NFH,O to appropriate concentration as described
below) was used as template (RT+, RT-), as well as 5.0 uL. of NFH,O functioning as qRT-
PCR NTC ensuring TagMan reagents were not contaminated. Each sample was ran in
triplicate. Using the Strata MX3005P Real-Time PCR System, reactions were incubated at
50°C for 2 min, 95°C for 10 min, then cycled 40 times at 95°C for 15 sec and 60°C for 1 min.
Cycle threshold (CT) was evaluated at the end of each 60°C incubation by fluorescence
detection, scanning with FAM/SYBR filter.

For each assay, the range of optimal cDNA concentrations to detect linear
amplification was determined prior to quantitation of experimental samples using a dilution
series of male WT cDNA examining a range of dilution factors of 1:12.5 to 1:800,
representing 40 ng to 0.625 ng of starting RNA template. Samples were ran in triplicate.
Using values from the dilution series, each known value of Log[RNA] was graphed against
its respective average CT value (of triplicate) as determined by the Strata MX3005P Real-

Time PCR System to produce a standard curve using Prism software (GraphPad Software
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Inc.). Although a maximum of seven points could be used to generate standard curve,
optimal linear range was determined by evaluating all possible R* values generated from at
least four consecutive points. Experimental cDNA in subsequent assays were diluted to

concentrations determined to fall within the linear range of the dilution series.

Standard reference gene RNA analysis

To identify transcripts that do not change over the course of the estrous cycle
(standard reference genes) that could be used to normalize connexin expression for template
concentration variation, we assessed the following genes: GAPDH, peptidylprolyl isomerase
B (Ppib), 18S  ribosomal RNA  (RnlS8s), and  hypoxanthine-guanine
phosphoribosyltransferase (Hprt). The range of optimal cDNA concentrations was
determined for hippocampus using a dilution series of male cDNA as previously described
using Applied Biosystems Tagman gene expression assays (GAPDH: Hs02758991 g1, Ppib:
Mm00478295 ml, Rnl8s: Mm03928990 g1, Hprt: Mm00446968 ml). Experimental
cDNA from estrous cycle samples in subsequent assays were diluted to concentrations
determined to fall within linear range of the dilution series, and a standard curve was ran on
every experimental plate. Average CT values from experimental samples ran in triplicate
were substituted into the straight-line equation produced by the experimental plate standard
curve for the interpolation of experimental sample Log[RNA] values. The stability of
standard reference genes was analyzed over the course of the estrous cycle by grouping
experimental sample values as proestrus, estrus or met/diestrus and analyzed with a one-way

ANOVA, followed by post hoc Tukey’s (when applicable) using Prism software (GraphPad
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Software Inc.). Ppib stability across the estrous cycle using spinal cord cDNA was

performed as described above.

Connexin RNA analysis

Connexin mRNA expression was assessed by qRT-PCR using Applied Biosystems
Tagman gene expression assays (Tables 4.1 and 4.2). The range of optimal cDNA
concentrations was determined for hippocampus and spinal cord using a dilution series of
male ¢cDNA for each respective tissue and connexin as previously described. Due to the
homologous nature of connexins, null mutant controls (Cx29'/', Cx30'/', CX32Y/', CX36'/',

¥ and Cx47") were used simultaneously to ensure specificity

nes-cre Cx43F/F, nes-cre Cx45
of each connexin assay.
Transient changes were analyzed over the course of the estrous cycle using Applied
Biosystems Tagman gene expression assays. Assay specificity and optimal dilution factor
concentrations are described in Tables 4.1 and 4.2. Ppib was used as a standard reference
gene at 1:50. A standard curve of male cDNA examining a range of dilution factors of 1:12.5
to 1:800 (40 ng to 0.625 ng RNA) was used on every plate as described above. Average CT
values of each experimental sample ran in triplicate was determined and substituted into the
straight-line equation produced by the experimental plate standard curve for the interpolation
of experimental sample Log[RNA] value, then corrected for respective Ppib loading control
(Log[RNA]cx/ Log[RNA]ppin). Values corrected for loading were then standardized to mean
of control group (corrected experimental Log[RNA]cx / corrected control mean

Log[RNA]cx). For estrous cycle studies, the control group was OVX females. For gender

studies, control group was males. Changes in connexin mRNA expression was analyzed over
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the course of the estrous cycle by grouping the corrected, standardized experimental sample

values as proestrus, estrus or met/diestrus and analyzed with a one-way ANOVA, followed

by post hoc Tukey’s (when applicable) using Prism software (GraphPad Software Inc.).

Connexin Applied Biosciences Assay  Tissue Dilution factor, A CT (dilution)
linear range (WT vs. KO)
Cx29 Mm01204089 ml Hippocampus 1:12.5-1:100 9.38 (1:50)
(R*=0.99) (28.05 vs. 37.43)
Cx30 AIT95R9 Hippocampus 1:12.5-1:100 12.58 (1:50)
(R*=0.98) (26.78 vs. 39.36)
Cx32 Hs00702141 sl Hippocampus 1:12.5-1:200 2.99 (1:50)
(R*=0.99) (29.97 vs. 32.96)
Cx36 Hs04259539 sl Hippocampus 1:12.5-1:100 11.44 (1:50)
(R*=0.97) (28.47 vs. 39.91)
Cx43 Mm00439105_m1 Hippocampus 1:12.5-1:100 6.22 (1:50)
(R*=0.99) (23.64 vs. 29.85)
Cx45 Hs04259537 sl Hippocampus 1:12.5-1:100 5.68 (1:50)
(R*=0.98) (29.86 vs. 35.54)
Cx47 Mm04209851 ml Hippocampus 1:12.5-1:200 (1:25)
(R*=0.97) (32.77 vs. No CT)

Table 4.1 Hippocampus Connexin Expression Assays
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Connexin Applied Biosciences Assay  Tissue Dilution factor, A CT (dilution)
linear range (WT vs. KO)
Cx29 Mm01204089 ml Spinal Cord 1:12.5-1:100 10.15 (1:50)
(R*=10.97) (27.31 vs. 37.46)
Cx30 AIT95R9 Spinal Cord 1:12.5-1:100 13.11 (1:50)
(R*=10.97) (26.14 vs. 39.25)
Cx32 Hs00702141 s1 Spinal Cord 1:25—-1:800 9.63 (1:50)
(R*=10.99) (28.48 vs. 38.11)
Cx36 Hs04259539 s1 Spinal Cord 1:25—-1:800 9.34 (1:50)
(R*=10.98) (28.71 vs. 38.05)
Cx43 Hs04259536 gl Spinal Cord 1:12.5-1:100 6.34 (1:25)
(R*=10.97) (23.66 vs. 30.00)
Cx45 Hs04259537 sl Spinal Cord 1:12.5-1:100 4.73 (1:50)
(R*=10.97) (30.18 vs. 34.91)
Cx47 Mm04209851 ml Spinal Cord 1:12.5-1:100 6.17 (1:50)
(R*=10.97) (32.05 vs. 38.22)

Table 4.2 Spinal Cord Connexin Expression Assays

4.5 Results

4.5.1 Ppib expression does not fluctuate over the course of the estrous cycle.

Analysis of four potential “housekeeping” or reference genes found that three of four
putatively stable transcripts were, in fact, under hormonal control in the hippocampus
(Figure 4.1). Linear range of GAPDH cDNA amplification was determined to be within a
cDNA dilution factor of 1:50 to 1:400, corresponding to RNA template ranging from 10 ng

to 1.25 ng (R* = 0.99), with expression under hormonal regulation over the course of the
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Figure 4.1 Ppib mRNA expression levels in the hippocampus are not hormonally
sensitive and can be used as a reference standard to control for cDNA concentration.
Dilution series of hippocampal cDNA (1:12.5 to 1:800, corresponding to 40 - 0.625 ng
RNA) were used to determine linear range of amplification for each reference gene (A).
Linear range of GAPDH amplification fell within a cDNA dilution factor of 1:50 to 1:400
(R* = 0.99) corresponding to 10 — 1.25 ng RNA, Rnl8s between cDNA dilution factor of
1:25 and 1:400 (R* = 0.92) corresponding to 20 — 1.25 ng RNA, Hprt between cDNA
dilution factor of 1:25 to 1:400 (R* = 0.98), corresponding to 20 — 1.25 ng RNA, and Ppib
between cDNA dilution factor of 12.5 to 1:100 (R* = 0.93) corresponding to 20 — 5.0 RNA.
Using concentrations of cDNA within linear range for each respective reference gene assay,
it was determined that GAPDH expression levels (B) significantly fluctuated between
proestrus and met/diestrus. Rnl8s (C) significantly decreased following OVX in the
proestrus stage of the estrous cycle and increased between the proestrus and met/diestrus
stages. Hprt (D) significantly decreased during proestrus when compared to met/diestrus.
Ppib expression (E) displayed no significant changes between OVX females or across the
female mouse estrous cycle. Statistics were one way ANOVA, * post hoc Tukey’s p<0.05,

** post hoc Tukey’s p<0.01.
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female mouse estrous cycle, significantly different between proestrus and met/diestrus
(Figure 4.1A, B). Detection of Rn18s expression was optimal using a cDNA dilution factor
between 1:25 and 1:400, corresponding to RNA template ranging from 20 ng to 1.25 ng (R?
=0.92) and showed a significant difference in mRNA expression between OVX females and
the proestrus stage of the estrous cycle (Figure 4.1A, C). Furthermore, Rnl8s increased
between the proestrus and met/diestrus stage within the hippocampus (Figure 4.1C). Hprt
mRNA expression was detected between optimal cDNA dilution factors of 1:25 to 1:400,
corresponding to RNA template ranging from 20 ng to 1.25 ng (R* = 0.98), and fluctuated
during the estrous cycle, with levels significantly decreased during proestrus when compared
to met/diestrus (Figure 4.1A, D). Ppib was determined to be a suitable standard reference
gene, with optimal detection of mRNA expression using a cDNA dilution factor following
RT of 12.5 to 1:100, corresponding to RNA template ranging from 40 ng to 5.0 ng (R* =
0.93) and no significant changes following OVX or during the female mouse estrous cycle
(Figure 4.1A, E). In all experiments presented, no amplification was observed in identical
reactions performed using RT product “amplified” in the absence of RT (RT- control)
confirming lack of genomic contamination in assays amplifying transcript within the same
exon. Furthermore, Ppib was determined to be a suitable control gene for spinal cord
expression assays as it did not fluctuate over the course of estrous (Figure 4.2B) and was
within linear range using cDNA between a dilution factor of 1:12.5 to 1:800, corresponding

to RNA template ranging from 40 ng to 0.625 ng (R* = 0.99, Figure 4.2A).

82



Figure 4.2 Ppib mRNA expression levels in the spinal cord are not hormonally sensitive
and can be used as a reference standard to control for cDNA concentration. Dilution
series of thoracic (T11) spinal cord cDNA (1:12.5 to 1:800, corresponding to 40 - 0.625 ng
RNA) was used to determine linear range of amplification for reference gene Ppib (A).
Linear range of Ppib amplification fell within a cDNA dilution factor of 1:12.5 to 1:800 (R?
=0.99) corresponding to 40 — 0.625 ng RNA. Using a concentration of cDNA within linear
range for the Ppib reference gene assay (1:50), it was determined that Ppib expression
displayed no significant changes between OVX females or across the female mouse estrous

cycle (B). Statistics were one way ANOVA.

83



A 35+
J - Ppib (R20.99)
30+
|_
($
25+
v ) ) )
0.5 0.0 0.5 1.0 1.5
Log(RNA) ng
B 1.5q
gy —
o)) = ———
£ 1.0-
<
=
x
3
9 0.54
0.0 .\: | ] ) L)
9 9 9
S éé‘) ééo ééo
& & @
N\ O
Q e
Ppib

Figure 4.2



4.5.2 Optimization of hippocampal connexin expression assays.

Expression assays used for analysis of seven CNS connexins (Cx29, Cx30, Cx32,
Cx36, Cx43, Cx45 and Cx47) were determined to be specific using null mutant controls at
optimal dilutions of hippocampal cDNA (as summarized in Table 4.1). Hippocampal Cx29
expression was amplified in a linear manner using the Cx29 expression assay
(Mm01204089 ml) at a cDNA dilution factor of 1:12.5 to 1:100, corresponding to RNA
template ranging from 40 ng to 5.0 ng (R* = 0.99). At a cDNA dilution of 1:50, expression
was determined to be specific to Cx29 (WT CT 28.05 vs. KO CT 37.43). Cx30 expression
assay (AIT95R9) produced linear detection of cDNA between the dilution factors of 1:12.5
to 1:100, corresponding to RNA template ranging from 40 ng to 5.0 ng (R*> = 0.93), and
specificity for Cx30 at 1:50 (WT CT 26.78 vs. KO CT 39.36). Using an expression assay for
Cx32 (Hs00702141 sl), optimal cDNA detection was found between 1:12.5 to 1:200,
corresponding to RNA template ranging from 40 ng to 2.5 ng (R* = 0.99), with 1:50 proving
to convey desired specificity for Cx32 (WT CT 29.97 vs. KO CT 32.96). The Cx36
expression assay (Hs04259539 sl1) showed optimal detection using cDNA between dilution
factors of 12.5 to 1:100, corresponding to RNA template ranging from 40 ng to 5.0 ng (R* =
0.97), with 1:50 specific to connexin of interest (WT CT 28.47 vs. KO CT 39.91). Cx43
expression assay (Mm00439105 m1) yielded an optimal detection range between 1:12.5 to
1:100, corresponding to RNA template ranging from 40 ng to 5.0 ng (R* = 0.9857), with
specificity at 1:50 (WT CT 23.64 vs. KO CT 29.85). Detection of Cx45 expression with
assay (Hs04259537 sl) at dilution factors between 1:12.5 to 1:100 was optimal,
corresponding to RNA template ranging from 40 ng to 5.0 ng (R* = 0.98) with a 1:50

dilution factor being specific for Cx45 (WT CT 29.86 vs. KO CT 35.54). Using the Cx47
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assay (Mm04209851 ml) to detect expression, optimal cDNA dilution factor of 1:12.5 to
1:200 was used, corresponding to RNA template ranging from 40 ng to 2.5 ng (R* = 0.97),

and a 1:25 dilution proved Cx47 specificity of assay (WT CT 32.77 vs. KO undetectable).

4.5.3 No gender differences exist within overall hippocampal connexin expression, but

Cx43 and Cx47 fluctuates over the course of the female mouse estrous cycle.

Using optimized and specific assays to quantify connexins within the hippocampus
(Table 4.1), there was no significant difference in overall expression between males and
OVX females or males and intact cycling females in all seven connexins (Cx29, Cx30,
Cx32, Cx36, Cx43, Cx45 and Cx47,) following normalization to Ppib loading control
(Figure 4.3A-G). Data are expressed standardized to males. Further evaluation of potential
fluctuations in hippocampal connexin expression in females across the estrous cycle
determined that five of the seven connexins, did not significantly change (Cx29, Cx30,
Cx32, Cx36, and Cx45, Figure 4.4A-D, F) whereas two connexins were under hormonal
control (Cx43 and Cx47, Figure 4.4E, G). Both Cx43 and Cx47 quantification displayed a
similar trend, with expression levels in the hippocampus being significantly lower during
proestrus than expression levels in met/diestrus (Figure 4.4E, G). In all experiments
presented, no amplification was observed in identical reactions performed using RT product
“amplified” in the absence of RT (RT- control) confirming lack of genomic contamination in
assays amplifying transcript within the same exon. No amplification was detected in NTC

samples, validating no contamination in ABI reagents used.
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Figure 4.3 No differences are found between genders in relative mRNA expression of
seven connexin within the mouse hippocampus. Cx29 (A), Cx30 (B), Cx32 (C), Cx36
(D), Cx43 (E), Cx45 (F) and Cx47 (G) expression levels are not different between males
(n=3) and OVX females (n=6), males and intact females (n=9), or OVX females and intact
females. Relative expression was standardized to males (n=3), Ppib was used as reference

gene at cDNA dilution factor 1:50. Statistics were one way ANOVA.
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Figure 4.4 Relative mRNA expression levels of two of seven connexins fluctuate within
the hippocampus over the female mouse estrous cycle. Cx29 (A), Cx30 (B), Cx32 (O),
Cx36 (D) and Cx45 (F) do not significantly change between proestrus (n=3), estrus (n=3)
and met/diestrus (n=3) stages of the estrous cycle. Expression levels of Cx43 (E) and Cx47
(G) were determined to be significantly lower during proestrus when compared to
met/diestrus. Relative expression was standardized to OVX females (n=6), Ppib was used as
reference gene at cDNA dilution factor 1:50. Statistics were one way ANOVA, * post hoc
Tukey’s p<0.05.
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4.5.4 Optimization of spinal cord connexin expression assays

Expression assays were optimized using spinal cord cDNA to determine linear range
of detection and null mutant cDNA was used to ensure specificity (as summarized in Table
4.2). Spinal cord Cx29 expression was amplified in a linear manner using Cx29 expression
assay (Mm0120489 ml) within a cDNA dilution factor range of 1:12.5 to 1:100,
corresponding to RNA template ranging from 40 ng to 5.0 ng (R* = 0.97). Using a dilution
of 1:50, assay was determined to be specific for Cx29 (WT CT 27.31 vs. KO CT 37.16).
Cx30 expression was detected using Cx30 expression assay (AIT95R9) within the cDNA
dilution factor ranges of 1:12.5 to 1:100, corresponding to RNA template ranging from 40 ng
to 5.0 ng (R* = 0.97), with a 1:50 dilution specific for Cx30 (WT CT 26.14 vs. KO CT
39.25). Optimal expression of Cx32 within the spinal cord was detected using Cx32 assay
(Hs00702141 sl) between dilutions of cDNA from 1:25 to 1:800, corresponding to RNA
template ranging from 20 ng to 0.625 ng (R* = 0.99), and specific for Cx32 at a 1:50 dilution
(WT CT 28.48 vs. KO CT 38.11). Cx36 expression assay (Hs04259539 sl) detected
expression of Cx36 within linear range between cDNA dilution factors of 1:25 to 1:800,
corresponding to RNA template ranging from 20 ng to 0.625 ng (R* = 0.98) and specific for
Cx36 at 1:50 (WT CT 28.71 vs. KO CT 38.05). Initial Cx43 expression assay used in
hippocampal analysis (Mm00439105 m1) was found to not be specific for Cx43 expression
within the spinal cord (WT CT 30.24 vs. KO CT 31.32). Subsequent Cx43 expression assay
examined (Hs04259536 gl) detected Cx43 expression within spinal cord within a linear
range of cDNA diluted 1:12.5 to 1:100, corresponding to RNA template ranging from 40 ng
to 5.0 ng (R* = 0.97), and specific for Cx43 at 1:25 (WT CT 23.66 vs. KO CT 30.00). Cx45

expression was detected using an assay designed for Cx45 (Hs04259537 s1) and was within
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linear range of detection using cDNA dilution factors between 1:12.5 to 1:100,
corresponding to RNA template ranging from 40 ng to 5.0 ng (R* = 0.97), and specific at
1:50 for Cx45 (WT CT 30.18 vs. KO CT 34.91). The Cx47 expression assay
(Hs04259538 sl1) was not able to specifically detect Cx47 within the spinal cord (WT CT
26.61 vs. KO CT 28.39). A second Cx47 expression assay (Mm04209851 ml) was
optimized and found to detect Cx47 spinal cord expression within a linear range between
cDNA dilution factors of 1:12.5 to 1:100, corresponding to RNA template ranging from 40
ng to 5.0 ng (R* = 0.97), with expression being specific to Cx47 (WT CT 32.05 vs. KO CT

38.22).

4.5.5 Cx43 gender differences exist, although connexin expression does not fluctuate

over the course of the estrous cycle within the female mouse spinal cord.

Using optimized assays for spinal cord connexin quantification (Table 4.2), no
difference between genders was present in six of seven connexins examined (Cx29, Cx30,
Cx32, Cx36, Cx45 and Cx47, Figure 4.5A-D, F, G). Cx43 expression levels were
significantly lower in males when compared to OVX females, as well as males compared to
intact cycling females (Figure 4.5E). Over the course of the estrous cycle, all seven
connexins (Cx29, Cx30, Cx32, Cx36, Cx43, Cx45, and Cx47, Figure 4.6A-G) did not
significantly change within the female mouse spinal cord. In all experiments presented, no
amplification was observed in identical reactions performed using RT product “amplified” in
the absence of RT (RT- control) confirming lack of genomic contamination in assays
amplifying transcript within the same exon. No amplification was detected in NTC samples,

validating no contamination in ABI reagents used.
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Figure 4.5 Relative mRNA expression levels of one of seven connexins significantly
differ between genders fluctuate within the mouse spinal cord. Cx29 (A), Cx30 (B),
Cx32 (C), Cx36 (D), Cx45 (F) and Cx47 (G) levels are not different between males (n=3)
and OVX females (n=3), males and intact females (n=9), or OVX females and intact
females. Relative expression levels of Cx43 (E) was determined to be significantly lower in
males when compared to both OVX females and intact females. Relative expression was
standardized to males (n=3), Ppib was used as reference gene at cDNA dilution factor 1:50.

Statistics were one way ANOVA, * post hoc Tukey’s p<0.05.
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Figure 4.6 No differences are found in relative mRNA expression of seven connexin
over the female mouse estrous cycle within the spinal cord. Cx29 (A), Cx30 (B), Cx32
(©), Cx36 (D), Cx43 (E), Cx45 (F) and Cx47 (G) expression levels do not significantly
change between proestrus (n=3), estrus (n=3) and met/diestrus (n=3) stages of the estrous
cycle. Relative expression was standardized to OVX females (n=3), Ppib was used as

reference gene at cDNA dilution factor 1:50. Statistics were one way ANOVA.
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4.6 Discussion

Any study using quantitative analysis of mRNA expression levels requires the proper
reference genes for standardization to ensure equal template amplification (i.e., loading
control) (183). Consistent with previous reports that GAPDH mRNA expression is estradiol
sensitive in human thyroid cells in vitro (183), we found that GAPDH expression fluctuated
over the course of estrous, with mRNA levels significantly lower in proestrus (Figure 4.1B)
when 17-f-estradiol levels peak (127). Furthermore, this finding was seen with Rn18s and
Hprt, two other potential reference genes examined. Surprisingly, we found that expression
of the majority of HKGs was suppressed during proestrus in hippocampus when estradiol
levels are higher (Figure 4.1B). These data contrast with the traditional view that ER
activation induces gene transactivation (82). Given our findings, one may speculate that the
presence of 17-fB-estradiol ligand binding causes ER activation, and by subsequent binding
of EREs within promoter regions of these reference genes, represses the transcription
resulting in lower mRNA expression by recruiting co-repressors. Certainly in peripheral
tissues, 17-f-estradiol has been shown to increase GAPDH transcription (184). My data
differ from this finding and likely suggest tissue-specific regulation. GAPDH has seven
classical and nine half palindromic ERE sites (184), which are sufficient in altering GADPH
expression in uterine tissue of the C57BL/6 female mouse as early as 6 h following estradiol
treatment (184). Further, the significant decrease between OVX and proestrus in the
expression of Rnl8s but not Hprt and GAPDH (compare Figure 4.1C and B, D) may be
caused by potential differences in ERE sites, as well as AP-1 response elements between the
promoter regions of the reference genes, with 17-f-estradiol levels during proestrus having a

more pronounced effect on the repression of Rnl8s expression.
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I show here that Ppib mRNA levels do not change over the estrous cycle. These data
are consistent with previous northern blot analysis of rat pituitary cells cultured in vitro
following estradiol treatment (185). Thus, Ppib mRNA expression levels are stable within
the hippocampus (Figure 4.1E) or spinal cord (Figure 4.2B), and therefore it was selected as
the optimal reference gene.

The seven connexin assays employed in qRT-PCR of hippocampal mRNA
expression were specifically validated when mRNA from null mutant controls were utilized
simultaneously (Table 4.1). Within the hippocampus, Cx43 and Cx47 significantly
fluctuated during the female mouse estrous cycle (Figure 4.4E, G). During the peak of 17-f3-
estradiol during proestrus (127), Cx43 and Cx47 expression was significantly lower than
previous stage of met/diestrus when progesterone levels are known to be elevated (127).
From these findings one may speculate a) elevated progesterone during met/diestrus may
cause transcriptional activation of Cx43 and Cx47 gene expression, or b) elevated 17-f3-
estradiol during proestrus may cause transcriptional repression of Cx43 and Cx47 gene
expression in the hippocampus. However, as no significant differences of Cx43 and Cx47
mRNA expression were detected between estrus (low progesterone) and met/diestrus (peak
progesterone), one can conclude that the elevated progesterone levels during diestrus did not
cause transcriptional activation of connexin gene expression and therefore would not account
for the significant expression differences present between met/diestrus and proestrus (Figure
4.1B-D). This would suggest that, as seen with GAPDH, Rn18s, and Hprt (Figure 4.1B-D),
during proestrus, 17-f-estradiol may be acting as a ligand for its receptor and causing
downstream events, by the direct binding of EREs located within promoter regions and,

surprisingly, causing transcriptional repression following the recruitment of co-repressors

93



(Figure 4.7B). Alternatively, ligand activated ERs may indirectly suppress transcription by
binding transcription supressors or co-repressor complexes (Figure 4.7C). It has previously
been shown that co-regulatory proteins including histone deacetylases, which form
complexes and can bind to promoter regions, such as the AP-1 responsive gene element site,
act as co-repressors producing a dominant negative effect on connexin transcription (186)
(Figure 4.7C). Furthermore, the finding that alterations in connexin expression was limited
to two of the seven connexins examined suggests the differences in number and functionality
of EREs and responsive gene elements within the various connexin promoter regions
dictates the connexin specific effects of hormonal regulation.

Although Cx43 and Cx47 do appear to be under hormonal regulation over the estrous
cycle in intact females within the hippocampus, no significant gender differences of Cx43
and Cx47 expression were present in this region (compare Figure 4.4E, G to Figure 4.3E, G).
To address effects of estrous in intact females, I ensured intact female group consisted of
three experimental samples from each stage (proestrus n=3, estrus n=3, and met/diestrus
n=3). Thus, the average expression level across the female estrous cycle did not significantly
differ from males.

Intriguingly, Cx43 and Cx47 did not fluctuate over the female mouse estrous cycle
within the spinal cord (compare Figure 4.4E, G vs. Figure 4.6E, G). Three plausible
explanations may account for this regionally-specific finding a) alternative promoter usage,
b) epigenetic modification and/or c¢) hormone receptor expression. The most likely
explanation is differential promoter usage defined by differential HRE response. Nine
murine Cx43 mRNA species are generated as a result differential promoter usage and

alternative splicing likely with different hormonal sensitivity (102). There are also two Cx47
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Figure 4.7 Transcriptional activation and repression. Estrogen (red pentagon, E) can act
as a ligand causing ERs (dark red oval, ER) to dimerize bind to (A, B) EREs (pink box,
ERE) leading to transcriptional (A) activation or (B) repression by recruitment of a co-
repression complex (blue circles, Co-R complex). Activated ERs can also dimerize and bind
to transcription factors (green oval, TF) which may recruit co-repression complexes and bind
to (C) gene responsive elements (green box, GRE) within the promoter region of genes
resulting in transcriptional repression. Co-repressors may induce epigenetic modifications
such as (D) histone modification (blue pentagon) or (E) DNA methylation which may block
promoter responsive elements and result in transcriptional repression. Furthermore,
epigenetic modifications (D, E) may be present within promoter regions in a cell specific

manncr.
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transcripts that code for the same protein but different in their 5 UTR length generated by
alterative promoters (115). It remains to be determined whether these promoters are
differentially used in hippocampus and spinal cord.

It is also possible that epigenetic factors, such as histone modification (Figure 4.7D)
and DNA methylation (Figure 4.7E) status within the promoter regions of Cx43 and Cx47
may differ between the hippocampus and spinal cord. Gene expression of connexins can be
activated or silenced by the effects of histone modification through the acetylation or
methylation of histone proteins (187, 188). This process has been linked to the involvement
of protein complexes with histone acetyltransferase activity and transcription factors such as
AP-1 and Spl, with the acetylation state of histones being modifiable near responsive gene
elements within connexin promoter regions (189). More specifically, the induction of Cx43
in human prostate cancer cells treated with a deacetylation inhibitor Trichostatin A (TSA)
has been associated with the hyperacetylation of histone H4 adjacent to AP-1 and Spl
responsive gene elements (189). Furthermore, this epigenetic modification can be cell
specific, with TSA increasing Cx36 expression in pancreatic cells (aTC1-9, FTC3) but not
in neuronal (SN56) or pituitary (AtT20) cell lines examined (188). These cell type specific
differences in Cx36 were specifically linked to epigenetic markers on histone H3, with
methylation of lysine residue 9 corresponding to gene silencing whereas methylation of
lysine residue 4 marked for active transcription (188). A second possible epigenetic
mechanism is the DNA methylation (Figure 4.7E) of connexin promoter regions, which can
also lead to inactivation of gene expression in a connexin dependent and cell type specific
manner (190). Studies have suggested that hypermethylation of the Cx43 promoter may

interfere with AP-1 binding, leading to the repression of Cx43 expression in vivo (191). A
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more recent mechanism of much study is the function of microRNAs (miRNAs), which can
modulate the expression of many connexins at the transcriptional and posttranscriptional
level by directly binding to 3’ untranslated regions of mRNA leading to a) the transcript
being targeted for degradation or b) translational repression (190). Within the CNS, the
expression of unique miRNAs are highly cell specific as shown by microarray analysis of
neurons, astrocytes, OLs, and microglia from primary cultures of rat cortex (192). Whether
Cx43" astrocytes or Cx47" OLs have distinct miRNAs expressed between regions (i.e.
hippocampus and spinal cord) currently remains unknown. Furthermore, the expression of
miRNAs over the course of the mouse estrous cycle has not yet been examined.

Another plausible explanation that may account for any gene activation/repression effects of
17-B-estradiol on Cx43 and Cx47 expression may be the differential receptor expression
between regions of the CNS, as the overall density and labeling of ERf is higher in the rat
hippocampus than spinal cord (124). Furthermore, hormone receptors have been shown to
fluctuate across the rodent estrous cycle with expression levels detectable at different
amounts between various CNS regions (125, 193, 194). Within the intact female mouse
hippocampus, PR expression peaked during proestrus (125) when estrogen levels are
elevated (127, 151), ERP expression was elevated throughout estrus/diestrus, and ERa
peaked during diestrus (125) when progesterone levels are elevated (127, 151). Although 17-
B-estradiol levels peak during proestrus in the mouse hippocampus (Figure 4.8A), the
reduction in ERa and ERf expression during this stage (Figure 4.8B) may lead to a
reduction in ligand-binding (Figure 4.8C) and subsequently reduce any potential downstream
transactivation effects on the transcription of Cx43 and Cx47 with basal levels present

during proestrus (Figure 4.8C-D, compare arrows across stages). Should this be the case, no
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Figure 4.8 Fluctuations in transcription of Cx43 and Cx47 may be related to ligand-
bound estrogen receptor levels over the course of estrous. During the mouse estrous
cycle, circulating estrogen level peak during proestrus (A, adapted from Figure 3.2). Within
the mouse hippocampus, Mitterling et. al. 2010 has shown that the expression of estrogen
receptors (B, dark pink oval, ER) fluctuate over the course of the estrous cycle, with ERf}
elevated between estrus and diestrus, whereas ERa is elevated during diestrus, both having
high affinity for the binding of estrogen (Kuiper et. al. 1997). With elevated bound estrogen
receptor levels during met/diestrus, and lowest during proestrus (C), this may lead to a
significant increase in transcriptional activation during met/diestrus when compared to

proestrus (compare red arrows between stages, D).
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changes are seen in Cx43 and Cx47 expression in the thoracic spinal cord, which may lead
one to postulate that hormone receptor expression may be different or not fluctuate within
spinal cord during the mouse estrous cycle. Although cyclic fluctuations in spinal cord
hormone receptor expression patterns in the mouse have yet to be elucidated, studies have
shown expression does fluctuate in rat (193, 194).

Within the intact cycling rat, hormone receptors fluctuate over the course of the
estrous cycle in lumbar regions (193, 194). Fluctuating ER concentrations corresponded to
changes in serum estradiol concentrations, which both peaked during the afternoon of
proestrus (194), whereas PR expression peaked during late proestrus (193). PR expression
appeared to be estrogen-inducible as seen by a significant increase in PR expression in
castrated male rats treated with estradiol (193). These findings in rat spinal cord must be
interpreted with caution with respect to our study. The spinal cord regions of interest in these
studies included the lumbar (193) and lumbosacral (194) regions. No studies evaluating
hormone receptor expression within the thoracic region (our region of focus) have been
undertaken as of current. Furthermore, changes in receptor expression in rat may differ in
mouse. In the rat estrous cycle, 17-f-estradiol peaks during mid-proestrus, which followed
by a peak of progesterone in late proestrus (195), which strengthens the argument for
biological relevance of upregulation of PR expression being estrogen inducible in rats (193).
But one must note that the hormonal fluctuations within the rat and mouse estrous cycle
differ significantly, with rats displaying a peak in 17-fB-estradiol followed by peak in
progesterone during proestrus approximately 6 hr apart (195) and mice displaying a peak in

progesterone during diestrus followed by peak 17-f-estradiol during proestrus approximately
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24 hr apart (127, 151) and given such differences among rodents, it is plausible to
hypothesize that receptor expression may differ significantly as well.

When examining connexin expression between genders within the spinal cord, Cx43
was significantly decreased in males when compared to both OVX females and intact
females (Figure 4.5E). As OVX females have lower levels of the fluctuating hormones seen
in the intact cycling females, the fluctuating hormones cannot be attributed to this finding.
Cx43 protein levels and subsequent gap junctional coupling has been shown to be
suppressed in vitro following the treatment of human granulosa cells with high levels of
androgen treatment through androgen receptor activation (196). Our findings suggest that
androgens and/or receptor expression present in males may repress the Cx43 expression
levels within the spinal cord, and as hippocampal Cx43 levels are not significantly different
between genders, androgen receptor expression may vary between hippocampus and spinal
cord.

Gap junctional communication between glial cells is imperative for cell survival (24)
and connexins play an important role in preventing cell death in an ion buffering capacity
during excitotoxicity. With mRNA expression of Cx43 and Cx47 regulated in an estrogen
dependent manner in the hippocampus and Cx43 responsive to androgens in spinal cord,
manipulation of hormonal responsiveness through modulation of receptor expression, direct
hormone levels and/or receptor agonists/antagonists to enhance buffering capacity in a
connexin specific and regionally specific manner may be potential therapeutic targets for the

reduction of cell death during CNS insult.
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CHAPTER 5: DISCUSSION

In summary, I have shown that, due to the homology of connexin genes, validation of
expression using null-mutant controls is of utmost importance to ensure accurate assessment
of expression. In this thesis, this was particularly highlighted in Chapter 2 for Cx32 where a
tissue-specific epitope was unmasked following protein denaturation not detected when
protein tertiary conformation was maintained. This study was published in the journal of
Cell Communication and Adhesion (197). As the initial overarching objective was to
identify connexins in hippocampus and spinal cord that were under hormonal control, I
further optimized a standard technique to determine the murine reproductive estrous stages
as dictated by cyclic hormonal fluctuations by adapting the protocol to minimize invasive
procedures using crystal violet histology and cell typology. This study was published in the
Journal of Visualized Experiments (127). Finally, I assessed mRNA expression of Cx29,
Cx30, Cx32, Cx36, Cx43, Cx45 and Cx47 in both hippocampus and spinal cord and
determined that the expression of Cx43 and Cx47 fluctuates over the course of the estrous
cycle in hippocampus but not spinal cord. These data indicate that connexin mRNA
expression within the CNS is under hormonal control, albeit to a moderate extent, in a
regionally specific, hormonally specific, and connexin specific manner.

Findings in Chapter 2 are consistent with previous reports of connexin antibody
cross-reactivity. We determined that eight antibodies developed for Cx32 detection produced
an anti-Cx32 reactive band with western blot analysis when probing brain but not liver
protein homogenate of Cx32"" mice (Figure 2.3 and 2.4). The cross-reactive banding was

eliminated by retaining tertiary conformation of protein lysates using immunofluorescence
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(Figure 2.5) and/or immunoprecipitation (Figure 2.7). These findings lead to our hypothesis
that the primary sequence of the cross-reactive protein contained epitopes which were
masked with proper structure folding, but due to the reducing/denaturing conditions of our
western blotting, these epitopes were now accessible for antibody detection. Using sucrose
gradient fractionation, we were able to localize the cross-reactive band to a subcellular
compartment differing from Cx32, with bands displaying a 4-kDa size difference (Figure
2.8). Through analysis of antigenic sites of Cx32 and banding patterns of cross-reactive
bands, we used a bioinformatics approach to identify possible cross-reactive candidate
proteins, which suggested Cx30 as a plausible target. Using Cx32 antibodies, the cross-
reactive band was not eliminated when probing Cx30” brain protein homogenate (Figure
2.9A). Furthermore, Cx26 and Cx29 were eliminated as possible cross-reactive targets
(Figure 2.9C, A). Given these findings, we concluded that the cross-reactive band was likely
not a connexin family member and the employment of null mutant controls are crucial when
evaluating connexin expression.

The overarching goal of this thesis was to address role of Cx32 in SCI hypothesizing
that hormonal control would alter NPC and OL fate over the course of the estrous cycle.
Within the CNS, cell survival following excitotoxicity requires proper gap junctional
communication between astrocytes and OLs (24), specifically Cx32 and Cx47 of mature
OLs(30) and Cx30 and Cx43 of astrocytes (36). The presence of these connexins and
capacity of astrocytes to act as a ‘sink’ to remove excess ions following excitotoxicity is
crucial in the prevention of vacuolation and subsequent neuronal death (36).

This hypothesis fit in the larger context of a sizable body of literature suggesting the

myelination is under hormonal control (198-200). However, I found little evidence for
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hormonal regulation of connexin expression at the mRNA level with the exception of cyclic
changes in Cx43 and Cx45 in hippocampus but not spinal cord over the course of the estrous
cycle. These data were initially surprising. Shinohara et. al. (65) have shown that Cx36
mRNA expression was significantly elevated in the SCN following estradiol treatment in
female OVX rats (65). This increase did not occur when treated with progesterone alone
(65). Interestingly, treatment with estradiol followed by progesterone suppressed the
increase in Cx36 mRNA, with levels remaining comparable to vehicle. When evaluating the
treatments in the CX of female OVX rats (estradiol alone, progesterone alone, or estradiol
and progesterone), Cx36 mRNA levels were not altered when compared to vehicle control
further demonstrating the regional specificity of hormonal regulation on connexin expression
(65). Regional specificity of connexin expression regulation is not as surprising, as described
in great detail by Shughrue et. al. (124), hormone receptor expression within regions of the
rodent brain is highly variable (124). As well, ERa, ERf and PR have been shown to
fluctuate over the course of the estrous cycle within the hippocampus (125).

My findings are, however consistent with previous reports that Cx43 is hormonally
regulated and report, for the first time, a potential hormonal regulation for Cx47. At the
protein level, within the POA of rats, an area rich with gonadotropin releasing hormone
(GnRH) cell bodies, Cx43 protein expression is regulated in a sexually dimorphic manner
(66). Following gonadectomy to eliminate endogenous fluctuating hormones, female rats
treated with estradiol benzoate and progesterone produced a significant increase in Cx43
protein expression when evaluated by western blot analysis in the POA, whereas the
identical treatment in male rats produced a significant decrease in Cx43 protein expression

(66). The hormonal treatment was found to be regionally specific in the female
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gonadectomized rats, as western blot analysis determined that within the hypothalamus, a
region rich with GnRH nerve terminals, Cx43 protein levels significantly decreased (66).
Furthermore, female mice heterozygous for Cx43 (Cx43™") had disrupted sexual behaviour,
with the occurrence of lordosis decreasing, and abnormal estrous cycling present, typically
remaining longer in estrus or diestrus, or fluctuating between estrus and diestrus (66). The
estrous cycle of female Cx43"" mice was significantly affected as these mice overall entered
the proestrus stage significantly less often than WT female mice, suggesting that Cx43
expression may be functioning in the regulation of reproduction not only at the reproductive
tissue level (i.e. myometrium), but within the brain as well (66). It may be, in this thesis,
that cyclic fluctuations in steady state Cx43 and Cx47 mRNA levels can be attributed to the
fluctuating levels of a) 17-f-estradiol (127) and/or b) ERs (125). There are two primary
estrogen receptor subtypes, ERa and ERf, which are homologous in their DNA and ligand-
binding domains (97% and 60% respectively) (201) and have a high affinity for binding 17-
B-estradiol (73). Differences lie in localization and function (73, 123, 124, 202), although
hippocampus expresses both ERa and ERp (97). Although plasma hormonal fluctuations
would be systemic within the rodent, changes in ERs within the spinal cord may be
occurring in a manner dissimilar to hippocampus (124), a plausible explanation for the
differential findings between hippocampus and spinal cord connexin expression.
Interestingly, ERf} density is greater in the rat hippocampus than spinal cord overall (124)
and should this occur in mouse, this may account for the hippocampal sensitivity during
proestrus when 17-f-estradiol peak.

Moreover, I have shown that significant differences were present in Cx43 mRNA

expression, between genders within the spinal cord (Chapter 4). Cx43 was found to be
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significantly decreased in males when compared to OVX and intact cycling females,
suggesting that Cx43 mRNA expression may be affected directly by androgens and/or
androgen receptor expression. This finding is consistent with previous studies conducted by
Wau et. al. (196) demonstrating Cx43 is in fact suppressed by androgen treatment in vitro via
androgen receptor activation, a phenomenon which may be occurring in our spinal cord
studies.

Although not assessed here, both the post-translational modifications of connexin
proteins and their intracellular trafficking have been shown to be under hormonal regulation
(67, 203). As described in chapter 1, six connexin proteins oligomerize to form a single
trans-membrane pore or channel, termed a connexon (19). Hendrix et. al. (67) found within
myometrial tissue of ovariectomized rats treated with progesterone, trafficking of Cx43 from
golgi was significantly suppressed and did not form connexons within the plasma membrane
as visualized with immunofluorescence, although synthesis of individual Cx43 connexin
protein subunits themselves did not appear to be altered (67). Whether stability, localization
and/or degradation may be altered over the course of the estrous cycle within the CNS has
yet to be evaluated, and may be occurring while no effects are present on mRNA expression
levels. With the exception of Cx26, connexins typically have a short half-life of ~1.5-5 h
(204). Mitra et. al. (203) have shown that stability is under hormonal regulation in androgen-
responsive human prostate cancer cells in vitro (203). Cx32 expression is modulated in a
post-translational manner by the treatment of androgens, which prevents protein degradation
and promotes the assembly of gap junctions within the plasma membrane (203).

Initially, I hypothesized that changes in connexin expression over the course of the

estrous cycle would render females more susceptible to demyelinating diseases than males
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and represent a therapeutic target for MS. Within the CNS, gap junctional communication
between astrocytes and OLs are crucial for cell survival (24). The buffering capacity of
astrocytes is imperative to excitotoxic production of potassium, acting as a ‘sink’ to remove
excess ions and preventing neuronal death (36). The transfer of excess potassium ions
requires gap junctional communication, specifically Cx32 and Cx47 of mature OLs (30) and
Cx30 and Cx43 of astrocytes (36). When combinations of these gap junctional proteins are
absent, an increase in vacuolation is present and cell death occurs (24, 36). The potential for
modulation of Cx43 expression within the spinal cord, and Cx43 and/or Cx47 expression
within the hippocampus by genetic manipulation of hormonal responsiveness through
modulation of receptor expression to enhance buffering capacity may be potential
therapeutic targets for the reduction of cell death during demyelinating diseases of the CNS
such as SCI and MS. Data presented in this thesis do not support a role for cyclic
fluctuations in connexin expression in disease progression as I show that mRNA expression

levels are not altered in spinal cord by fluctuating hormones during the murine estrous cycle.
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