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Abstract

Spinal cord injury (SCI) is a major cause of morbidity, and leads to significant physical,
emotional and financial burdens for individuals and their families. There is no known
cure to date and current treatment options are limited. A cascade of secondary tissue
damage starts within minutes to hours of an initial traumatic SCI, worsening the cellular
and functional recovery. The time course of secondary damage does, however, offer a
potential window of opportunity for intervention. It may be possible to administer new
therapeutics during this early period, to prevent the extensive spread of damage to

adjacent healthy tissue.

Over the past two decades, regulation of Connexin43 hemichannels has provided a
novel avenue of research into limiting the secondary damage of SCI. PeptideS, a
Connexin43 mimetic peptide, is a promising candidate that shows efficacy in blocking
Connexin43 hemichannels, thus preventing the propagation of neurotoxic molecules
from the injured cells to the nearby intact tissue in a number of neural injury models.
Peptide5, in particular, has been shown to reduce secondary tissue damage and to
improve functional recovery when delivered directly to the site of SCI. However, direct
application of peptides to a spinal cord lesion is likely to be impractical in a clinical
setting, and might result in delays to the initiation of treatment. Therefore, the current
research project aims to demonstrate that the systemic administration of PeptideS is a
clinically relevant treatment option for traumatic SCI by (1) optimising the systemic
administration protocol of Peptide5; (2) investigating the cellular and function
improvements in SCI rats from the Peptide5 systemic administration; and (3) examining

the safety profile of Peptide5 systemic administration protocol.
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Mass spectrometry and electrophoresis were used to determine the in vitro degradation
curves in normal rat and human sera. A rat model of contusive SCI was then employed
to optimise the dosing regimen and investigate the efficacy of PeptideS in limiting
secondary tissue damage and improving functional recovery. The lesion size was
assessed on Haematoxylin and Eosin stained histological sections, and fluorescent
immunohistochemistry was utilised to examine the Connexin43 protein and
hemichannels, as well as cellular responses. The behavioural improvements were
evaluated from motor (open field and error ladder tests) and sensory (mechanical pain
hypersensitivity) functions. Fluorescent-labelled Peptide5 was delivered to the SCI and

normal rats systemically in order to determine the in vivo distribution.

It was found that the in vitro half-life of PeptideS was 2 hours in normal rat serum and
that the most effective dosing regimen was three injections of Peptide5 at 0 (10 mg/kg),
2 (5 mg/kg) and 4 (2.5 mg/kg) hours post-injury. Compared with controls, Peptide5
treated rats showed significant improvements in hind limb locomotor function and
mechanical pain hypersensitivity. Peptide5 treatment led to a reduction in Connexin43
protein level, hemichannel opening, lesion size, astrogliosis, macrophage and/or
microglial activation, and neuronal cell death. There was no evidence to suggest that
Peptide5 had any adverse systemic effects in normal and SCI animals, or influenced

other connexins in the spinal tissue.

The current research project demonstrated that systemic administration of Peptide5 is a
feasible, neuroprotective and safe treatment option for ameliorating secondary damage
and improving functional recovery in a contusive SCI model of rats. These findings

provide strong support for the clinical use of Peptide5 in the near future.
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Chapter 1

General Introduction
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Traumatic spinal cord injury (SCI) is a destructive neurological disorder, with lifelong
detrimental consequences on individuals’ quality of living, as well as a drastic impact
on society. It is defined by the United States Centres for Disease Control and Prevention
as ‘the occurrence of an acute, traumatic lesion of neural elements in the spinal canal
(spinal cord and cauda equina) resulting in temporary or permanent sensory deficit,
motor deficit, or bladder/bowel dysfunction’ (Thurman, 1995). SCI patients typically
present with sensory, motor and autonomic deficits below the level of the lesion. At
present, there are no fully restorative treatments for SCI; however, various molecular,
cellular and rehabilitative therapies approaching clinical trials have led to a limited
degree of functional recovery. This chapter explores the current understandings of SCI,
the present clinical approaches for SCI and the recent research in SCI repair via
modulation of gap junction hemichannels. The application of a mimetic peptide for
regulating Connexin43, a gap junction hemichannel protein, is discussed as a novel SCI
treatment for limiting lesion spread, inflammatory reaction and scarring, and improving

functional recovery.

1.1 Epidemiology of spinal cord injury

Occurring at any age, SCI has profound effects on individuals and societies. The global
prevalence is reported to be between 236 and 1009 per million individuals with an
incident rate of between 10 and 83 new patients per million population per year (Cripps
et al., 2011, Wyndaele and Wyndaele, 2006). In Australia, there is a conservative
estimate of 10,000 people living with SCI, with 300 to 400 new cases reported each
year (Norton, 2010). The majority of Australians with SCI experienced traumatic events,
accounting for 79% of total SCI cases. The leading causes of traumatic SCI in Australia
include motor vehicle accidents (46%), falls (28%) and sporting activities (9%) (Norton,
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2010). Non-traumatic SCI cases arise mainly from tumours, infection and disc
herniation (McDonald and Sadowsky, 2002). The current study focuses on traumatic

SCI.

People with SCI can have a range of symptoms, including sensory and motor deficits,
chronic pain, bladder or bowel dysfunction, autonomic dysreflexia and sexual
dysfunction (Norenberg et al., 2004). According to the level at which SCI occurs, there
may be a corresponding degree of sensory and/or motor deficit below the injury site
(Figure 1.1). The impairment at cervical segments usually results in tetraplegia
(quadriplegia), while the lesion at the thoracic, lumbar and sacral segments accounts for
paraplegia (Norton, 2010). Worldwide, one-third of people with SCI admitted to spinal
units are reported to be tetraplegic (Wyndaele and Wyndaele, 2006); this proportion
increases to 53% in Australia (Norton, 2010). According to Anderson (2004),
tetraplegic SCI patients consider arm or hand function to be the first priority affecting
their quality of life and life expectancy. As a result of the catastrophic effects of SCI,

fully functional recovery is the most desired outcome of therapeutic approaches.
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Figure 1.1 The severity of SCI measured by neurological level of injury and extent
of injury.

The extent of injury (complete or incomplete) is categorised by the American Spinal
Cord Injury Association Impairment Scale (left). The neurological level of injury
(tetraplegia/quadriplegia or paraplegia) is determined by the anatomical location of
injury (right). Adapted from Thuret et al. (2006).

Apart from the level of neurological injury (tetraplegia or paraplegia), the severity of
SCI is also measured by the extent of injury (complete or incomplete). The American
Spinal Cord Injury Association Impairment Scale classifies traumatic SCI into grades
A-E, based on the neurological responses (sensations and control) of various parts of
the body (Figure 1.1). Grade A (complete injury) represents the most severely damaged
spinal cord, while Grade E (normal) reflects full neurological function (Steeves et al.,

2006). It has been suggested in multiple studies that people with complete SCI,
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(between 35% and 50% of SCI cases in Australia and the world respectively (Wyndaele
and Wyndaele, 2006, Norton, 2010)), have a significantly higher mortality rate than
incompletely injured people (Yeo et al., 1998, Frankel et al., 1998, DeVivo et al., 1987).
Up to 20% of Grade A individuals recover to Grade B or C 1 year after SCI (Fawcett et
al., 2007). This may be suggestive of limited spontaneous recovery, or may be due to

the subjective classification of completeness of SCI.

Apart from the 20% of individuals who recovered from Grade A to B or C, SCI usually
leads to permanent functional mobility-related disabilities, which impact daily living
activities, working skills, sexual function and fertility (Kirshblum et al., 2007). This
further results in employment crisis, educational difficulty, psychological illness, family
issues and discrimination (Wandell, 2010). Most tetraplegic patients cannot live
independently (Kirshblum et al., 2004). Consequently, the influence of SCI can be an
economic burden on individuals, healthcare systems and communities, with respect to
the considerable costs associated with nursing care and loss of income. The annual care
and health cost for SCI population is estimated to be AU$500 million in Australia
(Norton, 2010), and in the United States, US$9.7 billion (Kruse et al., 1998). The
reduced domestic productivity is considered the major social impact of SCI, as it
typically affects adults of working age (Priebe et al., 2007). Accordingly, functional
recovery aiming to minimise disabilities should be considered an essential criterion in
SCI treatment so as to maximise patients’ benefits and to reduce the profound socio-

economic impact in the short and long term.

Yilin Mao 2017 5



Ph.D. Thesis University of Technology Sydney

1.2 Pathophysiology of spinal cord injury

To develop effective therapeutic interventions, it is crucial to understand the
pathophysiological mechanisms behind SCI. The progression of SCI involves a biphasic
process: primary injury and secondary injury (Fleming et al., 2006). Initially, the
primary injury caused by the neurological trauma is restricted to the lesion site within
hours to days (Kwon et al., 2004). Within weeks, the acute neurological insult in the
primary injury initiates a cascade of other events, known as the secondary injury, which
cause progressive post-traumatic damage to the spinal tissue resulting in permanent
neurological deficits (Schmidt and Leach, 2003, Baptiste and Fehlings, 2007). In
response to SCI, astrocytes, one of the most abundant glial cells in the central nervous
system (CNS), become reactive and proliferative near the lesion, to form an astroglial
scar (astrogliosis) (Brambilla et al., 2005, Gwak et al., 2012). Meanwhile, the natural
inflammatory responses are caused by the disruption of blood spinal cord barrier (BSB)
in the lesion area, leading to prolonged inflammation and incomplete healing (Popovich

et al., 1997, Kigerl et al., 2009, Sharma, 2011).

1.2.1 Primary injury

The primary injury is caused by the initial mechanical impact and/or persisting
compression from the dislocated vertebra, fractured vertebral fragments, disc material
and ligamentous structures of the spinal cord (Tator, 1995). The mechanical forces,
including compression, contusion, laceration, distraction and shear, primarily damage
the central grey matter, causing a massive necrosis of neural cells (neurons, astrocytes
and oligodendrocytes) and endothelial cells (Scheff et al., 2003, Dumont et al., 2001,
Mautes et al., 2000b). As a consequence of the death of endothelial cells in blood

vessels, the spinal cord undergoes pathological changes, such as haemorrhage,
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ischaemia and oedema, resulting in the disturbance of oxygen and nutrient supply in the
lesion and surrounding area (Jones et al., 2003a, Maier and Schwab, 2006). Further,
demyelination of axon occurs in the lesion area, due to the damage of the myelin
membrane on axons, leading to the deposition of the myelin inhibitors, such as Nogo-A,
oligodendrocytes-myelin glycoprotein and myelin-associated glycoprotein, at the injury
site (Su et al., 2007, Maier and Schwab, 2006). In turn, inhibitory factors restrict any
possible axonal regeneration (Freund et al., 2007, Wang et al., 2006, Fitch and Silver,

2008).

SCI also immediately causes the disruption of BSB, a highly selective permeability
barrier regulating the passage of molecules between the peripheral blood and CNS
(Maikos and Shreiber, 2007, Sharma, 2011). The BSB plays a vital role in limiting the
infiltration of inflammatory cells and the leakage of plasma fluid (Muldoon et al., 2013,
Mautes et al., 2000b). Resulting from the breakdown of BSB, the sudden invasion of
inflammatory cells from the damaged blood vessels drastically alters the quiescent
inflammatory regulation in the spinal cord (Trivedi et al., 2006). In addition to the
dysregulation of inflammatory responses, fibrinogen, a blood-clotting protein, from the
efflux of plasma fluid accumulates in the extracellular space of the spinal cord. It has
been reported that the fibrinogen activates the epidermal growth factor receptors, thus
suppressing neurite outgrowth and axonal regeneration (Schachtrup et al., 2007, Mautes
et al.,, 2000a, Li et al., 2011). The initial disruption of BSB is a critical event in the

secondary injury.
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1.2.2 Secondary injury

Following the initial damage to the spinal cord, the secondary injury starts from the
extension of progressive ischaemia to the surrounding white matter, resulting in further
neuronal and axonal necrosis (Tator and Koyanagi, 1997, Kanno et al., 2011). Ruptured
blood vessels, microcirculatory impairment and injured cells and axons cause further
loss of neighbouring intact neurons, oligodendrocytes and axons (Maier and Schwab,
2006). Consequently, the intact axons start to demyelinate, and the necrotic
oligodendrocytes release growth inhibitory molecules, neurite outgrowth inhibitors and

myelin-associated glycoprotein preventing neural self-regeneration (Laabs et al., 2005).

The hypoxic condition induced by the primary injury leads to a massive release of
glutamate from necrotic neural cells into the extracellular space (Park et al., 2004,
Bernards and Akers, 2006, Choi, 1994, Leem et al., 2010, Lepore et al., 2011). More
importantly, the abnormally high level of extracellular glutamate, released from the
impaired membrane of neurons and axons, overexcites neighbouring neurons to increase
the intracellular concentration of calcium and sodium ions, and the extracellular
concentration of potassium ions (Matute et al., 1997, Uberti et al., 2002). Therefore,
these abnormal electrolytic shifts give rise to the functional failure of neural circuits,
resulting in additional demyelination of axons and apoptosis of neurons and
oligodendrocytes (Ankarcrona et al., 1995, Nguyen and McQuillen, 2010). This event is

known as excitotoxicity.

The excitotoxicity, along with the hypoxia after the primary injury, induces an
abundance of free radicals, such as superoxide and hydroxyl (Basu et al., 2001, Gwak et
al., 2012). The free radicals play a vital role in normal cellular metabolism; however,
the excessive number of free radicals in the secondary injury cannot be catabolised by

diverse enzymes, such as superoxide dismutase and catalase (Grabitz et al., 1990,
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Honegger et al., 1989, Bains and Hall, 2012, Jia et al., 2012). A consequence of this is
the peroxidation of membrane lipid and the formation of aldehyde products, disturbing
crucial metabolic enzymes such as Na'/K'-ATPase (Ditor et al., 2004, Li et al., 2001),
as well as glucose transporters (Nagamatsu et al., 1993). Thus, the energy metabolism in
mitochondria is disrupted, resulting in apoptosis of neural cells (Lewen et al., 2000, Liu

etal., 2011, Zhang et al., 2013).

1.2.3 Astroglial scar formation

Within hours of the injury, the formation of an astroglial scar in the CNS is induced
after the mechanical destruction of neural cells (Chan, 2008). As shown in Figure 1.2,
the astrogliosis is initiated by the invasion of extrinsic macrophages (the monocytes
infiltrated from peripheral blood) and intrinsic microglia (the resident macrophages in
the CNS) to the lesion site for scavenging myelin debris, and then a fluid-filled cyst
containing a large number of macrophages forms from 2 weeks post-injury (Maier and
Schwab, 2006). A large number of astrocytes line the cyst as a dense glial boundary to
form a scar (Fleming et al., 2006), and numerous reactive astrocytes (characterised by
cellular hypertrophy) in proliferation around the scar (astrogliosis) (Cizkova et al., 2009,
Horky et al., 2006, Horner et al., 2000, Brambilla et al., 2005), while the peripheral
neural cells continue to die (Sun et al., 2010). Faulty remyelination proceeds in this
aggressive environment, leading to failure of neural regeneration (Lane et al., 2007).
Finally, a dense network comprised of astrocytes, macrophages, microglia and
fibroblasts, combined with neuroinhibitory molecules, including chondroitin sulphate
proteoglycans and Nogo-A, forms in the lesion area, creating a physical and chemical
barrier that prevents neural and axonal regeneration (Sharma et al., 2012, Fawcett, 2006,

Fitch and Silver, 2008, Karimi-Abdolrezaee and Billakanti, 2012, Wang et al., 2011).
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However, other studies suggest a beneficial and protective function of the astroglial scar
(Faulkner et al., 2004, White et al., 2010, Sofroniew and Vinters, 2010). It acts as a
neuroprotective boundary restricting inflammation and limiting the progression of
lesion expansion (Faulkner et al., 2004, Sofroniew and Vinters, 2010). This boundary is
essential for preserving motor function, protecting neurons and oligodendrocytes, and
wound healing, even though the mechanism is unclear (Faulkner et al., 2004, White et
al., 2010, Rolls et al., 2009, Hu et al., 2010). Indeed, the role of astrogliosis remains

controversial in response to SCI.
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Figure 1.2 The formation of astroglial scar following spinal cord injury in humans.
The formation of an astroglial scar around the injured site leads to an impaired repair
process after SCI. A cyst (A) forms at the lesion site of spinal cord 2 weeks post-injury.
The abundance of astrocytes expressing glial fibrillary acidic protein (B) is the main
characteristic of an astroglial scar. The motor neurons (C) close to the lesion site
consecutively undergo apoptosis, a cell death programme. There are large numbers of
macrophages (D) in the fluid-filled cyst, as a sign of inflammation reaction and
continual scavenging of necrotic cells and debris. Restricted axonal sprouting and
remyelination occurs near the glial scar, but the extremely aggressive microenvironment
is most likely to result in faulty myelination (E). There are high numbers of proliferating
astrocytes and oligodendrocytes predominantly presenting Nestin (F), an intermediate
filament protein, surrounding the astroglial scar. The oligodendrocytes (G) in white
matter continuously die. Scale bars = 1 mm (A) and 10 um (B to G). Adapted from
Becker et al. (2003).
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1.2.4 Inflammatory cells

Following the initial trauma to the spinal cord, the breakdown of BSB initiates the
natural inflammatory response to the injury. Inflammatory cells, first neutrophils
(within hours after injury) and later T-lymphocytes and monocytes (delayed for days),
invades the lesion site and surrounding parenchyma to sterilise the injured tissue and
phagocytise cellular debris and infectious agents (Popovich et al., 1997, Marracci et al.,
2002, Crocker et al., 2006, Beck et al., 2010, Shechter et al., 2013). Although the
diverse inflammatory responses following SCI have been extensively explored, the role
of inflammatory cells following SCI is still disputed. Both beneficial and harmful
effects of inflammatory cells are described and probably depend on different factors,
including timing, cytokines, duration and magnitude. A rat model used in the proposed
study illustrates the sequence of inflammatory cell responses to SCI in humans (Figure

1.3). However, the timeframes of the series of events differ between rats and humans.
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Figure 1.3 Temporal response of inflammatory cells in spinal cord injury rats.
Neutrophils initiate infiltration into the injured spinal cord within 6 hours post-SCI as a
sign of acute inflammation, and then attenuate after the maximum response at 24 hours
post-injury. The number of activated microglia rapidly reaches a relatively high level in
the first 8 hours post-SCI, and maintains the same level until the slight drop from 2
weeks post-injury. The recruitment of monocytes into the injured spinal cord is
observed within 24 hours post-SCI. The number of recruited monocytes peaks at 1 week
after injury and then slowly declines. Lymphocytes accumulate at the injured spinal
cord peaking at 7 days following SCI. Adapted from Donnelly and Popovich (2008).
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1.2.4.1 Activation of resident microglia

Microglia are the resident macrophages in the CNS, and are distributed throughout the
brain and spinal cord (Watanabe et al., 1999). Their primary function is to protect the
CNS by engulfing myelin debris and invading micro-organisms, a process known as
phagocytosis (Andjelkovic et al., 1998, Gehrmann et al., 1995). Microglia also present
antigens to T lymphocytes (Flaris et al., 1993). As the immune cells in the CNS,
microglia are particularly sensitive to any pathological changes. Following SCI, the
resident microglia are first activated as demonstrated by the hypertrophic cell bodies
and retracted processes, as early as 4 hours post-injury (Trivedi et al., 2006, Dibaj et al.,
2010, Gwak et al., 2012). The peak of microglia occurs between 1 and 5 weeks post-
injury (Watanabe et al., 1999, Streit, 2001, Gwak et al., 2012). At the early stage, the
activated microglia are believed to cause neuronal and glial toxicity, as well as
neutrophil infiltration by releasing pro-inflammatory cytokines, such as tumour necrosis
factor-a (TNF-a), Interleukin (IL)-18 and IL-6 (Flaris et al., 1993, Yang et al., 2004a).
These pro-inflammatory cytokines rapidly accumulate to the maximum level within 8
hours post-injury, indicating the magnitude of pro-inflammatory response (Pineau and
Lacroix, 2007, Detloff et al., 2008, Hains and Waxman, 2006). The sustained elevation
of pro-inflammatory cytokines further enhances vascular permeability (Schnell et al.,
1999), leukocyte infiltration (Lacroix et al., 2002), neuronal and axonal degeneration
(Lacroix et al., 2002, Okada et al., 2004, Shamash et al., 2002) and the expression of
synaptic a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and 7v-
aminobutyric acid (GABA) receptors, rendering neurons more susceptible to
excitotoxicity (Beattie et al., 2002, Stellwagen et al., 2005). At the later stage, microglia
are shown to secrete growth factors such as glial cell line-derived neurotrophic factor
and brain-derived neurotrophic factor, which may help neuronal survival (Hashimoto et
al., 2005, Stirling et al., 2013, Dougherty et al., 2000).
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1.2.4.2 Penetration of circulating neutrophils

Within 6 hours of injury, circulating neutrophils invade the lesion site and surrounding
parenchyma, as a consequence of the breakdown of BSB and the increase in vascular
permeability following SCI (Popovich et al., 1997, Campbell et al., 2002). After injury,
neutrophils sanitise the damaged tissue by phagocytising infectious agents and cellular
debris (Popovich et al., 1997, Saiwai et al., 2010). In contrast, other studies suggest that
neutrophils also function by enlarging the lesion and destroying neural cells by
releasing reactive oxygen species (ROS) (Campbell et al., 2002, Jones, 2005, Kubota et
al., 2012). Activated neutrophils can also produce neurotoxic enzymes (e.g.,
phospholipase ~ A2), extracellular matrix-degrading enzymes (e.g., matrix
metalloproteinases), arachidonic acid and eicosanoids, contributing to the secondary
injury (Liu et al., 2006, Fleming et al., 2006, Wells et al., 2003b, Yong et al., 2001).
Arachidonic acid and eicosanoids are able to promote cyclooxygenase and free radical
synthesis, as well as enhance vascular permeability and leukocyte influx (Kwon et al.,
2005, Araki et al., 2001, Manabe et al., 2004). Moreover, matrix metalloproteinase-9,
produced by neutrophils, facilitates diapedesis of inflammatory cells and thus further
expands the inflammatory response (Tjoa et al., 2003, Kigerl et al., 2006, Taoka et al.,
1997, Izumi et al., 2011, de Rivero Vaccari et al., 2012, Mautes et al., 2000b), so they

appear to contribute to further enlargement of the lesion size.
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1.2.4.3 Recruitment of blood-borne monocytes

The recruitment of blood-borne monocytes generally occurs within 48 hours of injury
(Popovich et al., 1997). The recruited monocytes reach a maximum number at 2 weeks
post-injury, then slowly attenuate (Popovich et al., 1997), although they can possibly
last for 180 days or longer (Beck et al., 2010). They immediately differentiate into
activated macrophages in response to cytokine, chemokines and extracellular
metabolites in the lesion area of the spinal cord (Crocker et al., 2006, Shechter et al.,

2013).

Conventionally, the activated macrophages are thought to be detrimental to neural cells,
as they release pro-inflammatory cytokines and neurotoxins, such as nitric oxide
(Petersen et al., 1990, Popovich et al., 1997, Bartholdi and Schwab, 1997). Recent
studies suggest that there are two main subclasses of activated macrophages:
inflammatory and resident macrophages (Kigerl et al., 2009, Sroga et al., 2003,
Shechter et al., 2009). Inflammatory macrophages infiltrate the spinal cord between 12
hours and 4 days post-injury, and become dendritic cells (Naik et al., 2006, Sroga et al.,
2003). They present the cellular and myelin debris to T lymphocytes for clearance in the
pro-inflammatory phase (Mabon et al., 2000, Naik et al., 2006, Pineau et al., 2010).
However, the fate, number and function of inflammatory macrophages in SCI remain
elusive. Resident macrophages produce pro-inflammatory cytokines and neurotoxins in
immediate response to interferon-y (IFN-y) and lipopolysaccharide in the injured tissue
(Priiss et al., 2011). In most non-CNS tissues, resident macrophages cease secreting pro-
inflammatory cytokines, and transform into alternative activated macrophages (M2) in
the presence of IL-4 or IL-13, and glucocorticoid hormones in the anti-inflammatory
phase (Mantovani et al., 2007, Shechter et al., 2013). M2 functions to dampen

inflammation and promote healing and angiogenesis by expressing IL-10, IL-12 and

Yilin Mao 2017 15



Ph.D. Thesis University of Technology Sydney

mannose receptors (David and Kroner, 2011, Stirling et al., 2013). However, the
resident macrophages in the injured spinal cord fail to transform into M2 (Nahrendorf et
al., 2007, Guerrero et al., 2012, Jiang et al., 2012, Sato et al., 2012). This suggests that
the pro-inflammatory phase of inflammation for scavenging is prolonged and fails to
transit to the anti-inflammatory phase for healing (Kigerl et al. 2006, Yang et al. 2004) .
The fate and functional roles of both inflammatory and resident macrophages in SCI
remain unclear due to the lack of characteristic markers for identification (Sroga et al.,
2003). However, the polarisation of macrophages may be more complex in vivo, as the
subclasses of macrophages are interchangeable and more diverse in phenotypes and
genotypes in the injured spinal cord (Mantovani et al., 2004, Pelegrin and Surprenant,

2009, Sato et al., 2012).

1.2.4.4 Infiltration of lymphocytes

The infiltration of lymphocytes into the injured spinal cord has been reported as early as
48 hours post-SCI, and the number of lymphocytes peaks at 7 days post-injury, in
parallel with the influx of peripheral monocytes (Jones et al., 2002). Lymphocytes play
a vital role in immune defence and protection, though their significance following SCI
remains unknown. Most lymphocytes become activated by reacting with the major
histocompatibility complex from antigen-presenting cells, such as activated
macrophages, microglia and dendritic cells. Activated lymphocytes proliferate and
produce cytokines and antibodies (via B lymphocytes), which are responsible for
amplifying the inflammatory response and enhancing phagocytosis by macrophages
(Jones et al., 2005). This autoimmune response enhances the microglia function to
neuronal and glial toxicity, and further contributes to secondary injury (Blight, 1994,

Fee et al., 2003). The activated T lymphocytes are currently thought to confer protective

Yilin Mao 2017 16



Ph.D. Thesis University of Technology Sydney

autoimmunity. The active or passive immunisation of myelin proteins stimulates the
expression of neuroprotective cytokines by the activated T lymphocytes, to limit
secondary neurodegeneration (Friedmann et al., 2001, Schwartz and Kipnis, 2002, Ishii
et al., 2012). However, the activated T lymphocytes have been shown to impair
neurological improvement in other studies (Butovsky et al., 2001, Hauben et al., 2000,
Kipnis et al., 2001, Wu et al., 2012). In particular, athymic rats have demonstrated
augmented functional recovery in locomotion and depressed microglia/macrophage
response following transection SCI (Potas et al., 2006). Further investigation is required

to understand the importance of activated lymphocytes in the injured spinal cord.

Whether or not the responses of inflammatory cells after SCI are beneficial or
detrimental has long been argued, and depends on numerous factors, such as
microenvironments and timing. In other tissues, inflammation usually transitions from
the pro-inflammatory phase, which clears foreign substances and/or damaged tissue, to
the anti-inflammatory phase, which suppresses immune responses and promotes healing
(Yang et al. 2004) . However, the transition of inflammatory phases in the spinal cord is
dysregulated because of the disruption of the BSB, leading to prolonged inflammation

and deficient healing (Kigerl et al., 2009).
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1.2.5 Neurotoxic molecules

Glutamate is an important excitatory neurotransmitter, and is normally removed from
the synaptic cleft, mainly by astrocytes in the mammalian CNS (Rothstein et al., 1996,
Shibata et al., 1997). After SCI, the glutamate clearance process is impaired resulting in
the elevation of extracellular glutamate in white matter to the neurotoxic level (Azbill et
al., 1997, Wells et al., 1994, Liu et al., 1999, Hermann et al., 2001). A consequence of
this is neuronal cell death via continued activation of N-methyl-D-aspartate (NMDA)
and AMPA receptors, known as excitotoxicity (Agrawal and Fehlings, 1997, Park et al.,
2004, Ferguson et al., 2008, Besancon et al., 2008). High levels of glutamate bind to
NMDA receptors to induce an uncontrolled influx of calcium ions as calcium waves
into neurons. The overload of calcium ions activates calpain and mitochondrial
oxidative phosphorylation, ultimately leading to apoptosis (Hermann et al., 2001,
Faulkner et al., 2004, Gaviria et al., 2000, Caccamo et al., 2004). The prolonged
activation of AMPA receptors caused by excess glutamate induces a superfluous influx
of sodium ions into neurons. The overload of sodium ions results in osmotic imbalance
and cellular swelling, further leading to necrosis (Caccamo et al., 2004, Park et al., 2004,

Xu et al., 2004, Ferguson et al., 2008).

ROS are highly reactive ions and free radicals containing oxygen molecules. They play
a critical role in normal cellular metabolism and immune responses, including
neutrophil signalling (Honegger et al., 1989, Fialkow et al., 2007, Dugan et al., 1995).
In the healthy spinal cord, they are reduced in number by several enzymes such as
catalase and superoxide dismutase, in order to maintain a sustainable amount (Vaziri et
al., 2004, Shaw et al., 1997). Following SCI, the excitotoxicity together with neutrophil
penetration produce a large amount of ROS, which cannot be cleared up by enzymes

(Basu et al., 2001, Luo et al., 2002). The excess of ROS causes aldehyde product
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formation and membrane lipid peroxidation, resulting in the dysfunction of many
metabolic enzymes such as glucose transporters and Na'/K -ATPase (Li and Stys, 2001,
Nagamatsu et al., 1993). This consequently leads to a disturbance of the energy
metabolism in mitochondria and then the initiation of apoptosis in neural cells (Bao et

al., 2005, Teng et al., 2004).

1.2.6 Gap junctional communication

Gap junctions are specialised intercellular connections that form direct channels and
facilitate the passage of various ions and small cytoplasmic molecules (< 1000 daltons)
between two adjacent cells in a multitude of animals (Goodenough et al., 1996, Kang et
al., 2008). They are found in all mammalian tissues, excluding erythrocytes,
thrombocytes, spermatids and skeletal muscles (Goodenough et al., 1996). In
vertebrates, a gap junction consists of two hemichannels (connexons) inserted in the cell
membrane, which connect across the intercellular space (Figure 1.4A). Each
hemichannel is composed of six oligomerised connexin proteins, which can be
expressed as either homomeric (same connexins in a connexon) or heteromeric
(different connexins in a connexon) hemichannels. Connexin hemichannels from
adjacent cells are able to dock with each other to form either homotypic (two identical
connexons) or heterotypic (different connexons) gap junction channels. At a structural
level, connexins spanning the plasma membrane contain four transmembrane domains,
a cytoplasmic loop and two extracellular loops, which have three cysteine chains for
docking opposite hemichannels, along with amino- and carboxyl-terminals, which act as
phosphorylation sites for regulation (Figure 1.4B). A conformational change induced by

phosphorylation of connexins is suggested to control the gating of hemichannels, in
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order to regulate the transmission of ions and small molecules (Solan and Lampe, 2005,

Moreno, 2005).
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Figure 1.4 Illustration of gap junction (A) and connexin (B) structures in
vertebrates.
(A) A gap junction is composed of two hemichannels or connexons, one in each of the
apposed cell membranes. Each hemichannel is made of six connexin proteins. The
gating mechanism of hemichannels controlled by a conformational change is induced by
phosphorylation of connexins. (B) A connexin contains four transmembrane domains
(M), a cytoplasmic loop (CL) and two extracellular loops (E), along with amino- and
carboxyl- terminals (N-term and C-term respectively). Adapted from Hill (2013).
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A varied range of connexin proteins are expressed in neurons, astrocytes and
oligodendrocytes in the adult CNS. In neurons, Connexin36 is the major connexin
protein in mediating electrical synapses (Bautista et al., 2014, Meyer et al., 2014).
Connexin30 and Connexin43 are abundantly expressed in astrocytes (Stehberg et al.,
2012, Lee et al., 2005), while Connexin 29, Connexin32 and Connexin47 are localised
to oligodendrocytes and abaxonal membranes of myelinated fibres (Kamasawa et al.,
2005, Li et al., 2004, Kleopa et al., 2004). Studies examining the distribution of
connexins in the spinal cord indicate that connexin gap junctions undergo cell-to-cell

coupling between neurons, adjacent astrocytes and astrocytes/oligodendrocytes. The
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homotypic junctions between neurons contain Connexin36 (Gibson et al., 2005,
Hormuzdi et al., 2004, Rash et al., 2000) and the homotypic junction between astrocytes
include Connexin30 and Connexin43 (Lee et al., 2005, Orthmann-Murphy et al., 2008).
The heterotypic gap junctions between astrocytes and oligodendrocyes are composed of
Connexin43 - Connexind7 and Connexin30 - Connexin32 (Orthmann-Murphy et al.,
2008, Kamasawa et al., 2005, Nagy and Rash, 2003). The current study focuses on
Connexin43 which is the most abundant gap junctional protein in the human CNS
(mainly expressed in astrocytes) (Lee et al., 2005). It is also found in various cell types,
such as cardiomyocytes and endothelial cells (Chang et al., 2013, Rottlaender et al.,

2010, Ishikawa et al., 2012, Marquez-Rosado et al., 2012).

In pathological conditions, it is well documented that the gap junction-mediated
communication is involved in secondary necrotic and apoptotic cell death. Gap
junctions intercellularly transmit neurotoxins including glutamate, nitric oxide, lactate,
arachidonate, ammonia, ROS and calcium waves from the initial injured cells to the
adjacent healthy cells, a process known as the bystander effect (Lin et al., 1998,
Theriault et al., 1997, Scemes et al., 2000). The opening of uncoupled hemichannels
alters the permeability of cell membrane to release those neurotoxins and calcium waves
to extracellular space, which are then received by surrounding intact cells (Thompson et
al., 2006, Ye et al., 2003, Orellana et al., 2011a, Davidson et al., 2015, Decrock et al.,
2015). Various mechanisms of action have been suggested and debated for gap
junction-mediated cell death, such as glutamate release (Ye et al., 2003, Parpura et al.,
2004), metabolic stress (Ramachandran et al., 2007, Contreras et al., 2002), adenosine
triphosphate (ATP) efflux (Stout et al., 2002, Kang et al., 2008, Bennett et al., 2012)

and ionic dysregulation (Cotrina et al., 1998, Thompson et al., 2006).
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Following traumatic injury to the CNS, there is increasing evidence that the expression
of gap junction protein Connexin43 is elevated in astrocytes. Theriault et al. (1997)
observed for the first time that the increase of astrocytic Connexin43 within grey and
white matter at 1 day post-injury reaches a maximum at 3 days in rat spinal cords. These
results were then replicated by Lee et al. (2005), who demonstrated elevated astrocytic
Connexin43 messenger ribonucleic acid (mRNA) and protein levels as early as 4 hours
post-injury in a transection SCI model. The increased expression of Connexin43 is
found to be significant until 4 weeks (Lee et al., 2005). However, this appears to be
inconsistent with Theriault et al. (1997), who claim the absence of Connexin43 staining
at 7 days post-SCIL. This controversy may arise because various anti-Connexin43
antibodies in the two studies failed to recognise the masked epitopes in astrocytic
Connexin43, which are caused by the proliferation of astrocytes in response to injury.
Similarly, an upregulation of Connexin43 in astrocytes is shown between 24 and 72
hours following traumatic brain injury; however, the astrocytic Connexin43 is recorded
to be initially down-regulated in the hippocampus 6 hours post-injury, which has not
been previously reported (Ohsumi et al., 2006). This upregulation of astrocytic
Connexin43 plays a vital role in propagating neurotoxins and calcium waves
extensively through Connexin43 gap junctions and hemichannels in the astroglial
network, contributing to the secondary cell death (De Vuyst et al., 2007, Ye et al., 2003,
Orellana et al., 2010, Davidson et al., 2015, Decrock et al., 2015). The increase in
Connexin43 protein level has also been implied in other pathological conditions, such as
cardiac infarct/ischaemia (Hawat et al., 2012, Kuhlmann et al., 2006, Hesketh et al.,
2010), retinal ischaemia (Chen et al., 2015, Danesh-Meyer et al., 2012, Kerr et al., 2010)

and diabetic skin wounds (Pollok et al., 2011, Wang et al., 2007, Becker et al., 2012).
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1.3 Present clinical approaches for spinal cord injury

Although the understanding of SCI has improved in the past decades, there is still no
treatment that will successfully repair and regenerate spinal cord tissue. Clinically,
pharmacologic treatment, surgical procedures, multisystem medical management and
functional rehabilitation have evolved to be the current treatment options for SCI.
Although there is no consensus on the benefits of current treatments, they show
improved functional outcomes to a certain extent in some SCI cases (Hagg and Oudega,

2006, Lynch and Popovic, 2008).

1.3.1 Methylprednisolone to limit secondary injury

Methylprednisolone (MP), as the only United States Food and Drug Administration
approved drug for SCI, is a synthetic glucocorticosteroid identified in the early 1980s as
a powerful lipid peroxidation inhibitor (Hall and Braughler, 1981). High doses of MP
were considered as ‘gold standard’ for acute SCI treatment between the 1990s and
2000s (Bracken et al., 1990, Hurlbert, 2000, Short et al., 2000). MP is used to maintain
the BSB, enhance spinal cord blood flow, inhibit endorphin release and limit the
inflammatory response to reduce haemorrhage, and suppress immune responses (Taoka
et al., 2001, Mu et al., 2000, Tator, 1998). These pre-clinical findings led to the
initiation of the National Acute Spinal Cord Injury Studies (NASCIS), a multicentre,
randomised, and double blind clinical trial. The NASCIS I trial included 330 patients
and failed to show any significant improvement in neurological recovery and motor
and/or sensory functions at either 6 weeks or 6 months post-injury (Bracken et al.,
1984). The follow-up animal studies revealed that the MP dose used in NASCIS I was
not sufficient to be neuroprotective (Braughler and Hall, 1984). Thus, the NASCIS II

trial was initiated to evaluate the efficacy of using a dose of 30 mg/kg in 487 patients.
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The authors reported that a high dose of MP intravenously administrated within 8 hours
of injury was associated with a significant improvement of motor and sensory functions
at 6 months (Bracken et al., 1990). However, the result of NASCIS II has not been
accepted universally, because several methodological, statistical and scientific issues
were criticised (Hanigan and Anderson, 1992, Coleman et al., 2000, Short et al., 2000).
The most prominent deficit in NASCIS II was revealed to be lack of functional outcome
measurements to assess whether the statistically significant improvements associated
with MP were clinically relevant. This criticism led to the initiation of NASCIS III
involving 499 individuals with additional functional outcome measurement. Bracken
and his colleagues observed improvements in motor capabilities at 6 weeks and 6
months after injury but found they were not statistically significant at 1 year (Bracken et
al., 1998, Bracken et al., 1997). However, the complications caused by MP, including
hypoxia, ischaemia, pulmonary embolism, bronchopneumonia, wound infections, sepsis,
gastrointestinal haemorrhage and myopathy, were also observed in most SCI cases

(O’Connor et al., 2003, Apuzzo, 2002, Evaniew et al., 2015).

All three NASCIS trials failed to distinguish any significant differences in neurological
recovery between the groups receiving placebo and different MP treatments (Bracken et
al., 1984, Bracken and Holford, 1993, Bracken et al., 1998). Recent studies suggest that
the administration of MP at NASCIS dosage after acute SCI has been reported to have

no significant effect on functional recovery in terms of long-term locomotion

performance (Pereira et al., 2009, Evaniew et al., 2016), and neurological recovery

based on histological studies (Hurlbert et al., 2013, Pandya et al., 2010). MP is no
longer recommended as the ‘gold standard’ for acute SCI treatment (Evaniew et al.,

2016, Evaniew et al., 2015).
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1.3.2 Surgical stabilisation and decompression

Surgical treatment for traumatic SCI involving vertebral stabilisation and
decompression of neural tissue has been shown to improve functional recovery and
minimise secondary injury in animal models (McKinley et al., 2004, Dimar et al., 1999,
Carlson et al., 1997, Rabinowitz et al., 2008, Shields et al., 2005). The optimal timing
for surgical intervention has been the subject of considerable debate, and early surgical
intervention (within 24 hours of injury) has demonstrated a neuroprotective effect
(Fehlings et al., 2012, Furlan et al., 2011, Hadley et al., 2010). However, no conclusive
data was able to demonstrate that surgery is a valid practice option for improving
neurological recovery, because of the absence of evidence from randomised and
controlled clinical trials (Rahimi-Movaghar et al., 2009), and because the risks of
surgical procedures, such as haemorrhage and infection, are marked at a high level

(McKinley et al., 2004).

1.3.3 Multisystem medical management

Multisystem medical management plays a critical role in the acute treatment of patients
with traumatic SCI, as isolated and multiple organ failures are frequently associated
with injury to the spinal cord (Hadley et al., 2010). Patients with SCI are usually at a
high risk of systemic inflammation precipitating organ damage (Stein et al., 2010). The
potential cardiovascular and respiratory compromise in the injury at the cervical and
upper thoracic spine can cause high mortality, and is a vital concern of physicians
(Furlan and Fehlings, 2008, Berney et al., 2011). Medical complications caused by SCI
are generally focused on: airway and respiratory management, management of
cardiovascular complications, venous thromboembolism, nutrition and glucose control

and infection management(Becker et al., 2003) (Table 1.1). While these immediate
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medical interventions are critical for the continued health of a sufferer, and can possibly

provide a platform for restoration of spinal neural pathways, they do not offer long-term

spinal cord repair for functional recovery.

Table 1.1 Medical management for people with spinal cord injury (Becker et al.,

2003).
C . Rehabilitative
Complication Surgical Management Management
Cardiovascular: Spinal stabilisation: Management of chronic

Hemodynamic instability

Autonomic dysfunction
Thromboembolism

Respiratory dysfunction:

Respiratory failure
Atelectasis
Pneumonia
Vent-dependent care

Gastrointestinal:

Ileus

Impaction, constipation
Gastric/duodenal ulcers
Reflux disease
Cholelithiasis

Urological:
Urinary tract infection

Hydronephrosis
Cycto/nephrolithiasis

Dermatological:
Pressure ulcers

Musculoskeletal:
Osteoporosis
Heterotopic ossification
Fractures

Overuse syndromes
Acute and chronic pain

Internal instrumentation,
external orthoses

Tracheostomy

Urinary system
augmentation, diversion
procedures, penile implants,
lithotripsy, sphincterotomy

Pressure ulcer repair

Delayed neurologic/spine

complications:
syringomyelia, focal
nerve entrapments,
central pain, spasticity,
spinal instability,
implantation of
intrathecal drug delivery
systems

haemodynamic issues,
Autonomic dysreflexia

Preventive respiratory care,
Respiratory conditioning
programme

Establish predictable bowel
continence programme,
Preventive gastrointestinal
care

Establish bladder continence
program,

Preventive genitourinary
care, sexual dysfunction
programmes

Establish skin integrity
program,
Prevention/management of
pressure ulcers

Prevention of
musculoskeletal
complications:
contractures, spasticity,
postural abnormalities,
skeletal deformities, long-
term maintenance of
intrathecal drug therapy
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1.3.4 Functional rehabilitation

It is a critical aim of the health care and research communities to optimise the recovery
of individuals after SCI, aiming towards high personal independency and good quality
of life with little socio-economic burden. The functional rehabilitation strategy has
evolved from compensation for weakened or lost functions to neural control of motor
functions (Somers, 2001). The procurement of functional skills, appropriate behaviours
and suitable equipment facilitates individuals’ return to performance of ordinary roles
and duties in family and society (Somers, 2001). Bladder and bowel control and
improved upper extremity function are high priorities for tetraplegic SCI patients,
whereas bladder/bowel control and sexual function are desired by paraplegic SCI
patients (Anderson, 2004). Electrical stimulation (Granat et al., 1993) and passive
bicycle training (Phadke et al., 2009) have shown to improve cardiovascular function
and muscle tone, with a certain level of functional recovery on mobility. The task-
specific functional training physiotherapy combined with manual or robotic
bodyweight-supported treadmill training has also shown an improvement in the
regaining of ambulatory function in individuals with incomplete SCI (Dobkin et al.,
2006). To date, these options present the most effective rehabilitative care for SCI, and
some people with SCI have regained a certain degree of function with continued use,
depending on the severity of their injury (Lynch and Popovic, 2008). However,
functional rehabilitation is very modestly effective, and should be used as a secondary

treatment for SCI.

The effectiveness of existing clinical approaches to SCI is still limited in the short term,
and deeply controversial as there is no consensus on substantial restoration. Long-term

functional outcomes have not been improved significantly, despite a distinct
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improvement in the mortality rate observed in the first year post-SCI (DeVivo, 2007).
Therefore, it is critical to develop novel approaches to reduce the effects of injury and

improve functional recovery over the long term.

1.4 Current research on Connexin43 for spinal cord injury repair

The lack of effective treatment options for restoring neurological function following
SCI has led to a great demand for novel approaches for neuroprotection at the acute
phase and neuroregeneration at the chronic phase. Various innovative strategies have
been successfully developed in animal models. There are four aspects of experimental

strategies in SCI research:

1) Cellular replacement including activation of endogenous neural progenitor
cells (Mao et al., 2016, Ke et al., 2006, Sabelstrom et al., 2013, Cawsey et al., 2015,
Mothe and Tator, 2005) and transplantation of exogenous stem cells (Tetzlaff et al.,
2011), such as neural progenitor/stem cells (Jin et al., 2016, Mothe et al., 2013, Okano
et al., 2003, Karimi-Abdolrezaee et al., 2006), embryonic stem cells (McDonald et al.,
1999, Sharp et al., 2010), olfactory escheating cells (Gorrie et al., 2010, Féron et al.,
2005, Tabakow et al., 2013), mesenchymal stem cells (Watanabe et al., 2015, Nakajima
et al., 2012, Cizkova et al., 2006) and adipose-derived stem cells (Ryu et al., 2009,

Arboleda et al., 2011);

2) Inflammatory modulation including regulation of anti-inflammatory and pro-
inflammatory responses (Beck et al., 2010, Mukaino et al., 2010, Fenn et al., 2014, Liu
et al., 2013, Cox et al., 2015, Popovich, 2000, Bracken et al., 1998, Grossman et al.,

2014, Streit et al., 1998, Wells et al., 2003a);
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3) Microenvironment conditioning including elimination of neuroinhibitory
molecules (Petrosyan et al., 2013, Wilems et al., 2015, Zhao et al., 2013) and promotion

of neurotrophic factors (Nakajima et al., 2014, Gransee et al., 2015, Tom et al., 2013)

4) Tissue engineering of scaffolds providing biomechanical support and
guidance for nerve regrowth (Zeng et al., 2011, McCreedy et al., 2014, Kubinova et al.,

2015, Gao et al., 2013, Teng et al., 2002, Stokols and Tuszynski, 2006).

The period of secondary injury following SCI offers an exciting window of opportunity
for acute intervention. There is a great need to develop new treatments that can be used
in this early period, before the extensive spread of lesions to adjacent healthy tissue.
Modulation of Connexin43 hemichannels provides a novel platform for acute
intervention, aimed at limiting secondary tissue damage and ameliorating behavioural
function deficits. As most evidence suggests, both protein and mRNA levels of
Connexin43 are increased following the traumatic CNS injury (Theriault et al., 1997,
Lee et al., 2005, Ohsumi et al., 2006, Lin et al., 1998). A wide range of methods have
been used to reduce Connexin43 protein expression in astrocytes to investigate the
neuroprotective functions. They are genetic deletion of Connexin43, gap junction
inhibitors, Connexin43 antisense oligodeoxynucleotides (AS-ODN) and Connexin43

mimetic peptides as reviewed in Tonkin et al., 2015.

1.4.1 Genetic deletion of Connexin43

Homozygous knockout of the Connexin43 gene leads to malfunction of the pulmonary

outflow tract, so the Connexin43-knockout mammals cannot survive beyond the
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neonatal period (De Maio et al., 2002, Reaume et al., 1995). Instead, Frantseva et al.
(2002a) used hippocampal organotypic slice cultures from 7-day old rats in a weight-
drop model of traumatic brain injury, to investigate the effects of genetic deletion of
Connexin43. A significant decrease in neocortical cell death was found in slices from
homozygous Connexin43-knockout mice at 24 hours following the impact, compared
with heterozygous and wild-type littermates, suggesting that a complete loss of
Connexin43 is beneficial to neural cell survival after traumatic brain injury. However,
the functions of Connexin43 gap junctions and hemichannels were partly reserved, as
the permanent deletion of the Connexin43 gene permitted the altered expression of other
connexin genes, such as Connexin30, to compensate astrocytic gap junction functions
(Koulakoff et al., 2008). Indeed, the attenuated functions of Connexin43 gap junctions
and hemichannels are implicated with neuroprotection by limiting secondary cell death

after traumatic injury to the CNS.

1.4.2 Gap junction inhibitors

Genetic deletion of Connexin43 is limited to experimental approaches, and not suitable
for translation as a pioneer experimental approach. Transient gap junction blockade
models were investigated as an alternative. Frantseva et al. (2002a) repeated the
experiment with a different approach, where wild-type slices were incubated with global
gap junction blockers, carbenoxolone or octanol, up to 2 hours after traumatic brain
injury. This led to a significant decrease in pyramidal cell death with improved synaptic
function, measured over 72 hours. Carbenoxolone is a glycyrrhetinic acid derivative
with a steroid-like structure and traditionally used to treat gastric ulcers (Doll et al.,
1965). It has been suggested to reversibly decouple and ‘squeeze’ gap junctions closed

(Rozental et al., 2001, Roh et al., 2010, Gigout et al., 2006, Figiel et al., 2007). A recent
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study employed a rat model of hemisection SCI to examine the effects of intrathecal
injection of carbenoxolone (Roh et al., 2010). The acute administration of
carbenoxolone up to 5 days post-injury attenuated the induction of neuropathic pain and
the astrogliosis at the lesion edge, but did not improve the hind limb locomotor function.
This is possibly because the open unpaired hemichannels release neurotoxins such as
ATP, glutamate and nitric oxide into the extracellular space, thereby invading the
surrounding intact neural cells, even though these global blockers have a limited degree
of regulation on the integrated gap junctions. The global inhibitors non-specifically
block all types of gap junctions, affecting physiological functions such as electrolyte
homeostasis, thermoregulation and angiogenesis (Hong et al., 2009, Betageri and
Rogers, 1987, Connors, 2012). While the global gap junction blockers have confining or
questionable control of lesion spread and astrogliosis following traumatic CNS injury,
other tissues containing connexin gap junctions are also adversely affected. Thus, it is
important to develop a transient connexin blockade in the lesion area, and AS-ODN is a

possible approach being studied.

1.4.3 Connexin43 antisense oligodeoxynucleotides

The specific transient connexin blockade can be executed by Connexin43 AS-ODNs
with the advantage of not only their specificity to Connexin43, but also the transient
restriction of Connexin43 gap junctional communication to allow for quick recovery for
normal astrocytic homeostasis (Green et al., 2001). The Connexin43 AS-ODNs are
short chain nucleotides designed to temporarily knock down the expression of the
Connexin43 gene by binding to its mRNA, blocking translation and thus Connexin43
production (Moore and Burt, 1994). The protective effect of AS-ODNs from secondary

cell death is induced by depressing the upregulation of Connexin43 (Cronin et al., 2008,

Yilin Mao 2017 31



Ph.D. Thesis University of Technology Sydney

Cronin et al., 2006). The limited formation of Connexin43 gap junctions and
hemichannels in astrocytes restricts the propagation of death signals to neighbouring
healthy cells and extracellular space respectively, and the surrounding intact tissue is
preserved (Green et al., 2001). Due to a short half-life of about 20 minutes, AS-ODNs
have been incorporated into a Pluronic gel delivery system to assist penetration into

cells and provide sustained release (Green et al., 2001).

A neuroprotective effect of Connexin43 AS-ODNs has been shown following traumatic
CNS injury. Cronin et al. (2008) examined the neuroprotective function of Connexin43
AS-ODNSs in two in vivo models of SCI (partial transection and compression). Within
24 hours of a partial transection injury, spinal cords treated with Connexin43 AS-ODNs
appeared less swollen, inflamed or disrupted than the controls. In both models,
Connexin43 AS-ODNs demonstrated an ability to reduce the elevation of Connexin43
and reactive astrocyte levels, depress inflammatory response assessed by neutrophils
and activated microglia and decrease leakage from damaged vasculature. In the
compression model, the hind limb locomotor performance of the Connexin43 AS-
ODNs-treated rats was consistently better than that of the control groups at 1 month
following injury. A recent study demonstrated the neural protective function of
Connexin43 AS-ODNs in a rat model of traumatic brain injury (Wu et al., 2013). The
animals treated with Connexin43 AS-ODNs intraventricularly showed a reduced
expression of Connexin43, decreased water content and less proliferative astrocytes in

brains at 6, 24 and 48 hours after trauma.

The regulation of Connexin43 by AS-ODNs is shown to not only protect neural cells
after traumatic CNS injury but improve wound healing in many tissues, including
cornea (Grupcheva et al., 2012, Ratkay-Traub et al., 2001, Cursiefen et al., 2009), skin

(Coutinho et al., 2003, Qiu et al., 2003, Becker et al., 2012, Chang et al., 2015), cardiac
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muscle (Yasui et al., 2000), smooth muscle (Yeh et al., 1997, Liao and Duling, 2000)
and vascular endothelium (Ormonde et al., 2012, Yeh et al., 2000, Kwak et al., 2001).
Similar to the traumatic injury in CNS, the upregulation of Connexin43 was observed at
the wound edge of chronic wounds, which is detrimental for wound healing (Coutinho
et al.,, 2003, Wang et al., 2007). By modulating the expression of Connexin43 gap
junctions and hemichannels via the same proposed mechanism of action as in the CNS,
the AS-ODNs were shown to dampen inflammatory responses and decrease wound
spread, resulting in reduced swelling and scarring to accelerate healing (Mori et al.,
2006, Qiu et al., 2003, Coutinho et al., 2005). Significantly, the topical gel of
Connexin43 AS-ODNs (Nexagon®) has been commercialised and is currently in clinical

trials with CoDa Therapeutics, Inc (Table 1.2).

Table 1.2 Summary of clinical trials for Nexagon®

Enrolled Start End

Identifier Condition Phase Subjects Date Date Status
_ Sep Apr
NCTO00736593 Skin wounds I 43 Completed
2008 2009
Mar May
NCT00820196  Venous leg ulcers I 98 Completed
2009 2010
: ; Apr Dec .
NCT00820703 ~ Diabetic foot ) 24 P Terminated
ulcer 2009 2009 (Business reasons)
: Mar Mar )
NCT00821561 lersistent 1 90 Withdrawn
epithelial defect 2009 2010 (Business reasons)
; Nov Feb )
NCTO1165450 Fersistent corneal ) 2 Terminated
epithelial defects 2011 2014  (Drug supply cease)
Mar Mar
NCTO01199588 Venous leg ulcers I 300 Completed
2011 2013
: ; Jul Apr
NCTO1490879  Diabetic foot I 168 Pr O Completed
ulcers 2012 2014
_ Apr Dec
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This approach, which relies on the topical application of Pluronic gel containing
Connexin43 AS-ODNSs to the lesion surface, has been demonstrated to reduce lesion
spread in traumatic injuries and improve locomotor function following traumatic CNS
injury in animal models. However, the administration of Connexin43 AS-ODNs is not a
practical option for the emergency prescription of SCI, as the delivery of Connexin43
AS-ODN:s topical gel directly to the injured human spinal cord surface necessitates a
highly invasive surgery immediately after injury. The surgery might postpone the
application of Connexin43 AS-ODNs topical gel onto the lesion surface, which is
required to regulate the Connexin43 expression, and thus the Connexin43 gap junctional
communication within hours after SCI. In reality, spinal surgery is usually given less
priority than other surgeries for vital organs following a traumatic event such as a motor
vehicle accident, leading to a further delay in the administration of Connexin43 AS-
ODN s topical gel. Additionally, the spinal surgery not only involves risky procedures
that easily damage injured spinal cords further, but prevents the healing process by
creating an open wound. The difficulties of delivering Connexin43 AS-ODNs in a
topical gel directly to the surface of the spinal cord necessitate an alternative approach

for people with SCI.

1.4.4 Connexin43 mimetic peptides

The Connexin43 gap junction and hemichannel communication can also be altered with
the use of mimetic peptides. These are short peptide sequences designed against the
extracellular loops of the Connexin43 proteins. They have been shown to interfere with
the interactions of the extracellular loops by binding to recognition sites on Connexin43
hemichannels, leading to impairment of hemichannel docking (Berthoud et al., 2000,

Boitano and Evans, 2000, Martin et al., 2005). Connexin43 mimetic peptides may also
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induce a conformational change in hemichannels to maintain the closure of the unpaired
hemichannels (Berthoud et al., 2000, Chaytor et al., 1997). Both gap junctions and
hemichannels are independently regulated by each other by connexin mimetic peptides,
with short incubation times or low concentration restricting hemichannel opening and
docking without affecting the communication of existing gap junctions, whereas long
incubation times or high concentration prevents gap junction and hemichannel
communication (Leybaert et al., 2003, O'Carroll et al., 2008, Yoon et al., 2010, Abudara
et al.,, 2014). Limiting Connexin43 hemichannel opening and docking prevents the
efflux of neurotoxins to extracellular space and surrounding intact cells, providing a

targeted pathway to restrict the secondary injury immediately following SCI.

A series of Connexin43 mimetic peptides have been designed against the two
extracellular loops of Connexin43 protein, and one of these, referred to as Peptide5
(sequence VDCFLSRPETK) against the extracellular loop 2 of Connexin43, shows
particular efficacy in regulating the communication of Connexin43 gap junctions and
hemichannels (O'Carroll et al., 2008). Initially, in vitro experiments showed that
concentrations of Peptide5 below 100 uM were specifically able to regulate Connexin43
hemichannel communication, reducing cell-to-cell dye transfer and calcium dye uptake
(O'Carroll et al., 2008). O'Carroll et al. (2008) also demonstrated that low doses of
Peptide5 down-regulated the Connexin43 expression in ex vivo spinal cord segments,
resulting in less swelling, decreased astrogliosis and improved neuronal survival.
Afterwards, a weight-drop contusion model of SCI in rats was employed to evaluate the
in vivo effects of PeptideS, which was delivered to the lesion by an intrathecal catheter
attached to an osmotic pump for up to 24 hours post-injury (O’Carroll et al., 2013). In
the acute phase, a decrease in Connexin43 protein was seen with Peptide5 treatment, in

contrast to an increase in Connexin43 phosphorylation, which leads to hemichannel
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closure (Plotkin et al., 2002, Faigle et al., 2008). The levels of pro-inflammatory
cytokines TNF-a and IL-1B were observed to be reduced in the PeptideS treatment
group at 8 hours post-injury, demonstrating a dampened inflammatory response. In
terms of chronic effects, the Peptide5S treated rats had reduced lesion size, astrogliosis
and activated microglia compared with the controls, as well as increased neuronal
survival at 6 weeks after SCI. Additionally, there were improvements in hind limb
locomotor function seen in the Peptide5S treatment group in comparison with controls
when assessed over 6 weeks. These results reveal that application of PeptideS
effectively reduces secondary tissue damage following SCI and improves functional

outcomes, indicating the clinical potential of Peptide5 in the treatment of SCI sufferers.

Peptide5 could feasibly be administered systemically to reach the injury sites, where the
capillary bed is compromised in the injured spinal cords, thus offering a practical
therapeutic approach for people with SCI. A recent study has shown that the
intravenous injections of mimetic peptides permeate the lesion site of spinal cords (Han
et al., 2010). However, the exact mechanisms of Peptide5 still remain unclear and the
possible actions are (1) internalisation and degradation of the Connexin43 proteins; (2)
indirect action of Peptide5 in mediating the reponse to injury; and (3) conformational
change of Connexin43 hemichannels (Berthoud et al., 2000, Chaytor et al., 1997,
O'Carroll et al., 2008). The current evidence most likely suggests the possibility of
conformational change, in association with the elevated level of phosphorylated
Connexin43 (O’Carroll et al., 2013). The most recent study revealed that Peptide5 acts
on the extracellular loop 2 of Connexin43 (Kim et al., 2017). It also demonstrated that
Peptide5 sequence specificity is essential for the Connexin43 hemichannel blocking,
and the SRPTEKT motif is central to the Peptide5 mechanism (Kim et al., 2017). The

application of connexin mimetic peptides has been widely explored in dampening
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immune responses (Matsue et al., 2006, Oviedo-Orta et al., 2002, Wong et al., 2006),
restricting cardiovascular injury (Hawat et al., 2010, Hawat et al., 2012, Ongstad et al.,
2013, Wang et al., 2013), limiting ischaemic injury (Glass et al., 2015, Chen et al., 2015,
Danesh-Meyer et al., 2012, Davidson et al., 2013a), promoting wound repair (Ongstad
et al., 2013, Pollok et al., 2011) and inhibiting osteoclastic differentiation (Ilvesaro et al.,

2001).

With rising evidence indicating the neuroprotective function of PeptideS, researchers
are now facing the serious issue of transporting mimetic peptides systemically to the
lesion site, but not to other intact tissue so as to not disturb normal physiological
function of gap junctions and hemichannels, especially in the brain and heart where
Connexin43 hemichannels are also located (Li et al., 2001, Marquez-Rosado et al.,
2012). To date, no study has investigated the efficacy of systemic delivery of Peptide5
following SCI. Therefore, the current research project will determine the effects of

Peptide5 systemic administration using an in vivo contusion model of SCI in rats.

1.5 Project overview

The time course of secondary injury after traumatic SCI provides a window of
opportunity for acute intervention. At present, there are no successfully restorative
treatment options available for SCI use. There is an extensive demand to exploit novel
approaches that are used in the early post-injury time period, prior to the wider spread of
lesions to surrounding healthy tissue. Previous studies have already shown that
intrathecal delivery of Peptide5 can modulate the Connexin43 hemichannels to limit the

secondary injury in a rat SCI model (O’Carroll et al., 2013). As Peptide5 has the
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potential to be intravenously injected into SCI patients, the systemic administration of

Peptide5 offers a promising approach for an immediate non-invasive treatment of SCI.

1.5.1 Hypotheses and aims

The systemic administration of the Connexin43 mimetic peptide, Peptide5, is a feasible,
neuroprotective and safe treatment for SCI using a rat model of contusion SCI. The

specific aims are:

Aim 1: To optimise the systemic administration protocol of Peptide5 for traumatic
SCI by analysing Peptide5 degradation in vitro and dose responses in vivo,
as well as verifying that the Peptide5 is systemically delivered to the lesion

area of the spinal cord (Chapter 2).

Aim 2: To investigate the cellular and functional improvements in SCI rats from the
Peptide5 systemic administration by comparing lesion size, Connexin43 and
phosphorylated Connexin43 levels, astrogliosis formation, inflammatory
responses, neuronal cell loss and behavioural functions (hind limb

locomotion and mechanical pain hypersensitivity) (Chapter 3).

Aim 3: To examine the safety profile of the Peptide5 systemic administration
protocol as a practical treatment option for traumatic SCI by examining the
distribution of Peptide5 in vivo, Connexin43 hemichannels in the heart and
lung tissue, other connexins in the spinal cord and inflammatory responses

in plasma (Chapter 4).

A summary of the animal cohorts and tissue samples obtained is provided in Table 1.3.
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Table 1.3 Summary of animal cohorts and tissue samples obtained in the current study

Cohort Condition  Treatment Sl,}l;::l‘;al Sample Experiment Chapter
I PeptTdeS x1 Fresh spinal cord at T10 Western blot 2
n=12 SCT Peptide5x2 -~ T
(3 per group) Peptide5 x 3 24 Hours H&E A
UTS ACEC Sh Sali | Formalin fixed heart and lung HC 4
2013-742 am alne x
II PeptideS . . H&E 2
e PrA Medspinalcord 0 HC_ 2&4
(4 per group) SCI 8 Hours - H&E 4
UTS ACEC Scrambled rormalin ied heartandlone HC_ 4.
2013-742 Peptide Formalin fixed spinal cord at lumbar IHC 4
Peptide5
) . . H&E 3
I SCI Scrambled PFA fixed spinal cord at T10 HC 3&4
n=96 . 24 Hours
Peptide
(8 per group) T HRETTTTa
UTS ACEC p 6 Weeks Formalin fixed heart and lung
) IHC 4
2013-742 Sham | T
Scrambled Multiplexes
. Plasma 4
Peptide assays
v SCI
n=16 Fresh spinal cord at T10 and cervical,
FITC- 2 Hours . . .
(4 per group) Pentides A Hours brain, heart, lung, liver, spleen and Histology 4
UTS ACEC  Normal p kidney
2015-515

FITC: fluorescein isothiocyanate; H&E: Haematoxylin and Eosin stain; IHC: immunohistochemistry;
PFA: paraformaldehyde; SCI: spinal cord injury;
UTS ACEC: University of Technology Sydney Animal Care and Ethics Committee;
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Chapter 2

Optimisation of the Peptide5
Systemic Administration Protocol

for Traumatic Spinal Cord Injury
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2.1 Introduction

Following injury to the spinal cord, expression of Connexin43 protein and mRNA in
astrocytes is upregulated, playing an important role in propagating death signals
extensively through the glial network (Rami et al., 2001, Theriault et al., 1997, Lin et al.,
1998, Lee et al., 2005, O'Carroll et al., 2008). As in the other CNS injuries, Connexin43
hemichannel-mediated transfer and release of death signals destroys local neighbour
cells, contributing to lesion spread following SCI (Decrock et al., 2015, Chen et al.,
2014a, Davidson et al., 2013b). Our collaborators at the University of Auckland had led
the field in developing a unique Connexin43 mimetic peptide, PeptideS, to modulate
Connexin43 hemichannels and gap junctions. It is a short peptide consisting of 12
amino acids, which mimic the sequences in the extracellular loop 2 of Connexin43
protein. The active motif (SRPTEKT) in Peptide5 is able to bind to the recognition site
(SHVR) in the extracellular loop 2 of Connexin43 protein, to induce a conformational
change of Connexin43 hemichannels from an open to a closed state (Leybaert et al.,

2003, Berthoud et al., 2000, O'Carroll et al., 2008, Faigle et al., 2008).

Although the exact mechanism of actions remains unclear, Peptide5 via local
administration has demonstrated particular efficacies in reducing Connexin43 protein
and mRNA levels as well as maintaining the closure of Connexin43 hemichannels
within 24 hours of injury in several injury models (O’Carroll et al., 2013, O'Carroll et
al., 2008, Chen et al., 2015, Chen et al., 2014b, Danesh-Meyer et al., 2012, Yoon et al.,
2010). A previous study in this laboratory has shown that Peptide5 via intrathecal
delivery (20 pmol/kg for 1 hour at a rate of 1 pL/min starting 1 hour after injury) was
neuroprotective in limiting secondary injury and improving functional recovery in
locomotion following contusion SCI in rats (O’Carroll et al., 2013). However, even

intrathecal delivery, while possible in humans, will not always be practical in a clinical
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setting, and there could be delays before treatment can be initiated. PeptideS has the
potential to be delivered systemically to reach the injury site via the compromised
capillary bed (Mautes et al., 2000b), thus providing a practical therapeutic approach
without invasive, time-consuming surgical procedures. To date, there is barely any
scientific evidence to provide systemic administration protocols of Peptide5 for SCI in

rodents or humans.

The current study was proposed to the optimise systemic administration protocol of

Peptide5 for traumatic SCI by:

1) analysing Peptide5 degradation in normal rat and human sera to determine
the maintenance doses using mass spectrometry (MS) and electrophoresis;

2) comparing the Connexin43 and phosphorylated Connexin43 protein levels in
SCI animals receiving different doses of Peptide5, to determine the optimal
dosing regimen by using western blot analysis;

3) investigating the systemic route of administration delivering Peptide5 to the
lesion area of the spinal cord to regulate the Connexin43 hemichannels by
using Haematoxylin and Eosin (H&E) staining and fluorescent

immunohistochemistry (IHC).
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2.2 Materials and methods

2.2.1 Preparation of peptides

Experimental protocols and procedures involving human samples in the study were
approved by the Human Research Ethics Committee (HREC) of the University of New
South Wales (UNSW) (UNSW HREC HC16005), in accordance with the National
Health and Medical Research Council’s National Statement on Ethical Conduct in
Human Research (2007). Normal rat serum collected from mixed gender Sprague
Dawley rats was purchased from Abcam (ab7488) and separated into three biological
triplicates. Normal human sera were collected from five healthy human volunteers at
Prince of Wales Hospital, Sydney by colleagues at UNSW. Age and sex information of
the sera was not disclosed according to the Ethical Conduct in Human Research.
Peptide5 (sequence VDCFLSRPTEKT, Mimotopes) and Peptide5 with a fluorescent tag,
fluorescein isothiocyanate (FITC) (sequence FITC-A-VDCFLSRPTEKT, Auspep) were
incubated in pre-heated sera at 37 °C. The loading dose of Peptide5 was established at
10 mg/kg by colleagues at the University of Auckland. The equivalent Peptide5 and
FITC-Peptide5 concentrations in normal rat serum was determined as 0.32 mg/ml and
0.45 mg/ml respectively, based on the average body weight of 9-week old experimental
rats (250 g) and average plasma volume of adult experimental rats (7.8 ml) (Sharp and
LaRegina, 1998). The equivalent FITC-Peptide5 concentration in normal human serum
was determined as 0.30 mg/ml based on the average body weight of human adults (70
kg) and the average plasma volume of human adults (3.3 L) (Lamke and Liljedahl,
1976). Samples were then taken every hour for up to 8 hours and stored at -20 °C until

analysis.
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2.2.2 Mass spectrometry

Using an Eksigent AS-1 autosampler connected to a Tempo nanoL.C system (Eksigent),
10 pl of the Peptide5 sample was filtered to remove the particles larger than 10 kDa and
then loaded at 20 pl/min with MS loading solvent (2% (w/v) acetonitrile and 0.2%
trifluoroacetic acid (w/v)) onto a C8 trap column (Michrom Biosciences). After washing
the trap for 3 minutes, the peptides were washed off at 300 nl/min onto a PicoFrit
column (75 m x 150 mm) packed with Magic C18AQ resin (Michrom Biosciences).
Peptides were eluted from the column and into the source of a QSTAR Elite hybrid
quadrupole time-of-flight mass spectrometer (Applied Biosystems/MDS Sciex) using
the following programme: 5-50% (v/v) MS solvent B (98% acetonitrile (w/v) and 0.2%
(w/v) formic acid) over 8 minutes, 50-80% (v/v) MS solvent B over 5 minutes, 80%
(v/v) MS solvent B for 2 minutes, 85% (v/v) MS solvent B for 3 minutes. The eluting
peptides were ionised with a 75 um ID emitter tip that tapered to 15 um (New Objective)
at 2300V. An Intelligent Data Acquisition experiment was performed, with a mass
range of 375-1500 Da continuously scanned for peptides of charge state 2 - 5" with an
intensity of more than 30 counts/s. Selected peptides were fragmented and the product
ion fragment masses measured over a mass range of 100-1500 Da. The mass of the

precursor peptide was then excluded for 15 seconds.

The data files produced by the QSTAR Elite hybrid quadrupole-time-of-flight mass
spectrometer were searched using Mascot Daemon (Walter and Elisa Hall Institute,
Version 2.4) and searched against the LudwigNR database comprised of the UniProt,
plasmoDB and Ensembl databases (vQ111. 16,818,973 sequences; 5,891,363,821
residues) with the following parameter settings. Fixed modifications: none. Variable
modifications: carbamidomethyl, propionamide, oxidised methionine. Enzyme: semi-

trypsin. Number of allowed missed cleavages: 3. Peptide mass tolerance: 100 ppm.
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MS/MS mass tolerance: 0.2 Da. Charge state: 2+ and 3+. The results of the search were
then filtered by including only protein hits with at least one unique peptide (Bold Red)
and excluding peptide hits with a p-value greater than 0.05. Peptides identified by
Mascot Daemon were further validated by manual inspection of the MS/MS spectra for
the peptide to ensure the b- and y-ion series were sufficiently extensive for an accurate
identification. Quantitation of the peptide was performed using Analyst® QS (Applied
Biosciences, Version 2.0) to determine the area under the curve from Extracted lon
Chromatograms of the relevant mass. These data were further analysed using Microsoft

Excel (Version 2010) to plot concentration versus area.

2.2.3 Electrophoresis
Each FITC-PeptideS sample (0.25 pg/pl for normal rat serum samples and 0.125 pg/pl

for normal human serum samples) was prepared with 4 pl loading buffer as well as lysis
buffer to make up a total volume of 20 pl. The loading buffer was made of 0.313 M
Tris-hydrochloride, 10% (w/v) sodium dodecyl sulphate (SDS) and 50% (w/v) glycerol.
The HEPES lysis buffer was made of 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer, pH 7.2, containing 1 mM ethylene glycol
tetraacetic acid, 210 mM mannitol, 70 mM sucrose and 1x protease inhibitor cocktail
(Roche). A positive control containing 0.25 pg/pl FITC-PS in saline (0.9% (w/v)
sodium chloride) was included in each gel, along with two negative controls containing
saline or normal serum. The samples were then each loaded into wells of NuPAGE® 4-
12% Bis-Tris gels (Thermo Fisher) and separated at 140V for 45 minutes with
NuPAGE® MES SDS running buffer (Thermo Fisher). The gels were imaged in

Typhoon FLA 9500 imager (GE Life Science) with LPB filter (laser at 473 nm). The
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fluorescent intensity of each sample band at approximately 1.8 kDa was measured in
mean grey scale value (GSV) by Imagel (National Institute of Health, Version 2X). In
each gel, the mean GSVs of 0-hour technical triplicates were averaged as a baseline for
determining the percentage fluorescent intensity of sample bands at different time points.
The degradation curves of Peptide5 in normal rat and human sera were established in

Microsoft Excel (Version 2010) to determine maintenance doses.

2.2.4 Animals and general care

All experimental protocols and procedures involving animals used in the study were
approved by the Animal Care and Ethics Committee (ACEC) of University of
Technology Sydney (UTS) (UTS ACEC 2013-742), in accordance with the guidelines
of the National Health and Medical Research Council of Australia. Two animal cohorts
were used: Cohort I, 12 female Sprague Dawley rats (7 weeks old, 140 -180 g, Animal
Resources Centre, Perth) were used to determine the most effective dosing regimen.
They were randomly allocated into four groups: SCI with one dose of Peptide5 (n = 3),
SCI with two doses of Peptide5 (n = 3), SCI with three doses of Peptide5 (n = 3) and
sham with one dose of saline vehicle (n = 3). In Cohort I, eight female Sprague Dawley
rats (7 weeks old, 140 -180 g, Animal Resources Centre, Perth) were used to verify that
the intraperitoneal injection delivered Peptide5 to the injury area of spinal cord. They
were randomly allocated into two groups: SCI with three doses of Peptide5 (n = 4) and
SCI with three doses of control scrambled peptide (SP) (n = 4). All animals were
maintained in standard cages with ad-lib water and food on a 12:12 hour light-dark
cycle and housed in the Ernst Facility, Faculty of Science, UTS. Daily checks of room

temperature, humidity and animal wellbeing were performed. Each animal’s weight was
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checked at least twice a week. All animals were acclimatised in the Ernst Facility for 2

weeks prior to any procedures.

2.2.5 Surgical procedures

The animals in injury groups were submitted to a laminectomy at the tenth thoracic
vertebrae level (T10) and a mild contusion SCI, while the sham animals were subject to
T10 laminectomy only. Anaesthesia was induced using 4% (v/v) isoflurane in oxygen (1
L/min) and then maintained at 2% (v/v) isoflurane in oxygen (1 L/min). The anaesthetic
(Bupivacaine, 0.5% (w/v), 0.02 ml, s.c.) was injected locally at all surgical sites before
incisions were made. Immediately prior to surgery animals were given antibiotics
(Cephalozin sodium, 33 mg/kg, s.c.), analgesics (Temgesic, 0.03 mg/kg, s.c.) and
supplementary fluid (Hartman’s replacement solution, 15 ml/kg, s.c.). Skin and muscle
were then incised and retracted through the dorsal midline, in order to perform a T10
laminectomy for exposing the spinal cord. The Multicentre Animal Spinal Cord Injury
Study (MASCIS) impactor device (New York University) was used to produce a mild
contusion SCI (6.25 mm drop, 10 g weight, 2.5 mm diameter) (Figure 2.1). The surgical
data, including compression (mm), compression rate (m/s) and weight-drop velocity
(m/s), were recorded by the impactor software. After removing the retracting clips, the
surgical wound was closed in layers. The rats were maintained on the heating pad with

5 minutes of oxygen (1 L/min) before revival.
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Figure 2.1 Schematic diagram of the Multicentre Animal Spinal Cord Injury
Study impactor.

This diagram illustrates the mechanism of the Multicentre Animal Spinal Cord Injury
Study impactor, and the relationship between impactor, blue box (sensor) and computer
system. Adapted from Operation manual (1993).

2.2.6 Peptide treatment

Peptide5 was designed to match a portion of the extracellular loop 2 of Connexin43
(sequence VDCFLSRPTEKT). Peptide5 and control SP (sequence RFKPSLCTTDEV)
were synthesised in solid phase by Mimotopes Pty Ltd., Australia, using Fmoc
chemistries on a Protein Technology Symphony instrument, purified by high-
performance liquid chromatography with the structure confirmed by MS analysis. In
Cohort I, the first dose (10 mg/kg in 0.5 ml saline, i.p.) was administered immediately
after surgery, while the second (5 mg/kg in 0.5 ml saline, i.p.) and the third (2.5 mg/kg
in 0.5 ml saline, i.p.) doses were delivered at 2 and 4 hours after surgery respectively.
The sham animals were intraperitoneally injected with one dose of saline immediately
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following surgery (0.9% (w/v) sodium chloride, 0.5 ml) to show the normal levels of
Conneixn43 and phosphorylated Connexin43 in the T10 spinal cord. In Cohort II, three
doses of Peptide5 or scrambled peptide (10 mg/kg in 0.5 ml saline at 0 hours after injury,
5 mg/kg in 0.5 ml saline at 2 hours after injury, 2.5 mg/kg in 0.5 ml saline at 4 hours

after injury) were delivered intraperitoneally.

2.2.7 Post-operative care

Animals were housed individually following surgery. They were kept in a holding room
with a controlled temperature (22-25 °C), humidity and light cycle (12 hr on/12 hr off)
and had access to food and water ad [libitum. Post-operatively, animals were given
antibiotics (cephalothin sodium, 0.33 mg/kg, s.c.), analgesic (buprenorphine
hydrochloride, 0.03 mg/kg, s.c.) and supplementary fluid (Hartman’s replacement
solution, 3.8 ml, s.c.) twice daily for 1 day. Bladders were expressed manually twice

daily until euthanasia.

2.2.8 Behavioural assessments

To assess the consistency of injury produced in all SCI groups of animals by the
MASCIS impactor, hind limb locomotor function was scored at Day 1 following
surgery. In Cohort I, all animals were placed in an open field with a diameter of one
metre, and the locomotion was recorded in a 2-minute video for each animal. The hind
limb locomotor function was rated according to the Basso, Beattie and Bresnahan (BBB)

scale (Table 2.1) to assess the degree of locomotor deficit (Basso et al., 1996).
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Table 2.1 Basso, Beattie, and Bresnahan locomotor rating scale (Basso et al., 1996).

Score Description

0
1

2

0NN W

10
11
12

13

14

15

16

17

18

19

20

21

No observable HL movement
Slight movement of one or two joints, usually the hip and/or knee

Extensive movement of one joint or extensive movement of one joint and slight
movement of one other joint

Extensive movement of two joints

Slight movement of all three joints of the HL

Slight movement of two joints and extensive movement of the third

Extensive movement of two joints and slight movement of the third

Extensive movement of all three joints of the HL

Sweeping with no weight support or plantar placement of the paw with no weight
support

Plantar placement of the paw with weight support in stance only or occasional,
frequent, or consistent weight-supported dorsal stepping and no plantar stepping
Occasional weight-supported plantar steps; no FL-HL coordination

Frequent to consistent weight-supported plantar steps and no FL-HL coordination
Frequent to consistent weight-supported plantar steps and occasional FL-HL
coordination

Frequent to consistent weight-supported plantar steps and frequent FL-HL
coordination

Consistent weight-supported plantar steps, consistent FL-HL coordination, and
predominant paw position during locomotion is rotated when it makes initial
contact with the surface as well as just before it is lifted off at the end of stance; or
frequent plantar stepping, consistent FL-HL coordination, and occasional dorsal
stepping

Consistent plantar stepping and consistent FL-HL coordination and no toe
clearance or occasional toe clearance during forward limb advancement;
predominant paw position is parallel to the body at initial contact

Consistent plantar stepping and consistent FL-HL coordination during gait and toe
clearance occurs frequently during forward limb advancement; predominant paw
position is parallel at initial contact and rotated at lift-off

Consistent plantar stepping and consistent FL-HL coordination during gait and toe
clearance occurs frequently during forward limb advancement; predominant paw
position is parallel at initial contact and lift-off

Consistent plantar stepping and consistent FL-HL coordination during gait and toe
clearance occurs consistently during forward limb advancement; predominant paw
position is parallel at initial contact and rotated at lift-off

Consistent plantar stepping and consistent FL-HL coordination during gait, toe
clearance occurs consistently during forward limb advancement, predominant paw
position is parallel at initial contact and lift-off, and tail is down part or all of the
time

Consistent plantar stepping and consistent coordinated gait, consistent toe
clearance, predominant paw position is parallel at initial contact and lift-off, and
trunk instability; tail consistently up

Consistent plantar stepping and coordinated gait, consistent toe clearance,
predominant paw position is parallel throughout stance, and consistent trunk
stability; tail consistently up

FL: front limb; HL: hind limb
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2.2.9 Euthanasia

In Cohort I, animals (n = 12) were deeply anaesthetised by an injection of Lethabarb
(pentobarbitone sodium, 1 ml/kg, i.p.) at 24 hours following surgery. The abdomen was
cut across at the level of diaphragm, and the diaphragm was snipped away from the ribs
laterally following the line of rib cages. Animals were then perfused intracardially with
saline (0.9% (w/v) sodium chloride) with 0.2% (v/v) heparin. The spinal cords were
collected at the injury site and the segment adjacent to the injury area for 1 cm
respectively and stored at -80 °C until western blot analysis. Hearts and lungs were also
collected and post-fixed in 10% (w/v) formalin for 3 days and stored in 30% (W/v)

sucrose with 1% (w/v) sodium azide for the safety study (Chapter 4).

In Cohort II, at 8 hours (n = 8) after surgery, animals were euthanised as above, and
perfused intracardially with 200 ml of 0.2% (v/v) heparinised saline followed by 400 ml
of 4% (w/v) paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Approximately 20
mm of spinal cord centred at T10 was dissected, removed and post-fixed in 4% (w/v)
paraformaldehyde overnight and then transferred to 30% (w/v) sucrose with 1% (w/v)
sodium azide for cryoprotection. Hearts, lungs and lumbar spinal cords were also
collected and post-fixed in 10% (w/v) formalin for 3 days and stored in 30% (W/v)

sucrose with 1% (w/v) sodium azide for the safety study (Chapter 4).

2.2.10 Western blot
The following procedures were performed by a collaborator (RT) from UNSW. Spinal

cord tissue from Cohort I was homogenised in 250-500 pl ice cold HEPES lysis buffer
(20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer, pH 7.2, containing
1 mM ethylene glycol tetraacetic acid, 210 mM mannitol, 70 mM sucrose) with 1x

protease inhibitor cocktail (Roche). The samples were centrifuged for 2 minutes at 5000
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rpm in a microcentrifuge at 4°C to remove cellular debris, and the supernatant was kept.
To quantify protein in the sample, protein assay was performed by Bio-Rad Protein
Assay Kit according to the manufacturer’s instructions. Protein samples (50 pug) were
electrophoresed on 6% (w/v) SDS-polyacrylamide gels, and transferred to nitrocellulose
membrane. The membrane was then washed with Tris-buffered saline (TBS) and
incubated with blocking solution (3% (w/v) skim milk in TBS) for 2 hours at room
temperature. After blocking, the membrane was incubated with primary antibody
(Rabbit anti-Connexin43, 1/8000, Sigma-Aldrich, Germany and Rabbit anti-
phosphorylated Connexin43, 1/1000, Santa Cruz) at 4°C overnight, and then washed
with TBS containing 0.1% (v/v) Tween-20, followed by incubation with the secondary
antibody (horseradish peroxidase-conjugated goat anti-rabbit IgG, 1:2000, Thermo
Fisher) for 2 hours at room temperature. Protein bands were visualised by Lumi-Light
chemiluminescence substrate by exposure of the membrane to Amersham Hyperfilm.
The MCID image analysis software (InterFocus Imaging, Linton, Cambridge, United

Kingdom) was used to quantify the area and density of the protein bands.

2.2.11 Histology

Cryoprotected spinal cords from Cohort I were sectioned horizontally (from the dorsal
to ventral side) in a cryostat (Leica CM1950) at 15 um onto Matsunami Platinum PLC-
14 and 2% (w/v) gelatine-coated glass slides, alternately. Sections were mounted in a
series of ten so that each section on a slide was at 150 um intervals. Mayer’s H&E
staining was performed to assess tissue morphology and to determine the lesion area.
Slides were immersed through xylene and decreasingly graded ethanol to distilled water.
Sections were stained in Mayer’s Haematoxylin (Fronine) for 5 minutes and then blued

by Scott’s Blue (Fronine) for 1 minute to demonstrate the cell nuclei in blue to purple
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colour. Sections were counterstained with alcoholic Eosin (Fronine) for 3 minutes to
highlight the cell cytoplasm in pink to orange colour. All slides were dehydrated in
increasingly graded ethanol and xylene, and mounted with DPX mountant (Sigma-

Aldrich).

2.2.12 Fluorescent immunohistochemistry

All slides were rehydrated in xylene, decreasingly graded ethanol and phosphate
buffered saline with Triton X-100 at pH 7.4 (PBST). The slides were incubated in 5%
(v/v) normal goat serum (NGS) in PBST for 30 minutes. Primary antibodies were
diluted in phosphate buffer with 5% (v/v) normal goat serum (PBG) and incubated
overnight at 4 °C. The primary antibodies used were rabbit anti-Connexin43 (1:2000,
Sigma-Aldrich) to show levels of Connexin43 and rabbit anti-phosphorylated
Connexin43 (1:100, Santa Cruz). This second antibody recognised Connexin43
phosphorylation on Ser368, which has been shown to change Connexin43 hemichannels
from an open to a closed state (O’Carroll et al., 2013, Faigle et al., 2008, Lampe et al.,
2000). Slides were then washed in PBST and incubated with correspondent secondary
antibodies: goat anti-rabbit Alexa Fluor 488 for anti-Connexin43 (1:200, Thermo Fisher)
and goat anti-rabbit Alexa Fluor 568 for anti-phosphorylated Connexin43 (1:200,
Thermo Fisher) in PBG for 2 hours at room temperature. All slides were washed with
PBST and counterstained by Hoechst (1:5000, Thermo Fisher) for 10 minutes. Primary
antibodies were omitted from negative controls. All slides were cover-slipped in

fluorescent mounting medium (Dako).
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2.2.13 Imaging and quantification

Imaging was carried out using an Olympus BH-2 light microscope with a PixeLINK PI-
A662 camera (H&E staining) or Olympus BX-51 light microscope with an Olympus U-
RFL-T fluorescence burner and appropriate filters (fluorescent immunohistochemistry
staining) (Table 2.2). The black balance was adjusted at the negative control sections to
normalise the mean GSV. H&E stained sections were imaged at low power at 150 pm
intervals through the dorsal-ventral plane, and the injury area measured on each section
using Image J software (National Institutes of Health, version 2X). The lesion size was
then calculated for each spinal cord as an approximate volume, using these

measurements.

Spinal cord sections were aligned using the central canal as an anatomical landmark
(midline) for immunohistochemistry analysis. High power images were taken adjacent
to the lesion and at both 3.5 and 7 mm distal to the lesion centre in both rostral and
caudal directions. Image analysis was conducted using ImageJ software (National
Institutes of Health, version 2X). Analysis of Connexin43 and phosphorylated
Connexin43 was undertaken by measuring the staining intensity, mean GSV, in 10x

images of the midline section.

Table 2.2 Summary of filter characteristics for fluorescent imaging.

Filter Colour Conjugated Fluoresce
U-MWIG3 Red Alexa Fluor 568
U-MWIB3 Green Alexa Fluor 488
U-MNUA2 Blue Hoechst
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2.2.14 Statistical analysis

All data were expressed as mean + standard error of the mean (SEM). Unpaired t-test or
one-way Analysis of Variance (ANOVA) with a Bonferroni post-hoc test was used to
determine significant differences (PRISM, Version 6.0e, GraphPad). BBB scale is non-
parametric, and the BBB scores at day 1 post-injury were analysed by one-way
ANOVA for the simple effect to confirm the consistency of injury severity (Scheff et al.,
2002). Statistically significant differences were considered at p < 0.05. There were no
significant differences between rostral and caudal measurements in mean GSV using
paired t-test, so the average value of the rostral and caudal measurements for each

sample was used for further analysis.
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2.3 Results
2.3.1 Degradation curves of Peptide5 in vitro

2.3.1.1 Mass spectrometry

Six separate trials were undertaken with slight variation to the methodology. There are
significant experimental difficulties in obtaining reproducible and reliable data from the
MS. A set of data in the trial run was selected to demonstrate that Peptide5 gradually
degraded in normal rat serum in vitro (n = 1, Figure 2.2). Even though there was an
erratic fluctuation in the breakdown curve, that approximately 75% and 50% of intact

Peptide5 remained in rat serum at 2 and 4 hours respectively.
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0 1 2 3 4 5 6 7 8 Normal
Rat
Serum

Time (Hour)
Figure 2.2 Mass spectrometry analysis of PeptideS degradation in normal rat
serum in vitro.
A fluctuated curve was generated by the mass spectrometer and the peptide counts were
not reproducible (n = 1).
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2.3.1.2 Electrophoresis

Following a series of MS-trouble shooting runs without any success, an alternative
method, electrophoresis, was used to determine the peptide degradation in serum.
Electrophoresis analysis demonstrated the degraded products of FITC-Peptide5 at
different time points after incubating in normal rat serum (Figure 2.3A) and normal
human serum (Figure 2.3B). In both sera experiments, the fluorescent intensity of top
bands (~60 kDa) in all experimental samples was gradually increased over time, and
represented the binding of peptide to albumin according to the molecular size. The
upper bands (~6 kDa) in the positive controls were considered as FITC-Peptide5
dimer/polymer complex. The bottom bands were FITC-Peptide5 monomers (~2 kDa)
and gradually decreased in fluorescent intensity over time. Mean GSVs of FITC-
Peptide5 monomers were quantified to establish the degradation curves in normal rat
and human sera (Figure 2.3C). In normal rat serum, the concentration of Peptide5 was
decreased to 57.25 + 2.83% at 2 hours and 28.76 = 1.76% at 4 hours of incubation.
However, Peptide5 degraded more slowly in normal human serum and its concentration
was reduced to 70.10 £ 5.52% at 2 hours and 55.49 + 6.97% at 4 hours of incubation.
Therefore, the dosing regimen for the systemic administration of PeptideS was
determined as the initial dose (10 mg/kg in 0.5 ml saline, i.p.) immediately following
surgery, the second dose (5 mg/kg in 0.5 ml saline, i.p.) at 2 hours after surgery and the

third dose (2.5 mg/kg in 0.5 ml saline, i.p.) at 4 hours post-surgery.
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Figure 2.3 Electrophoresis analysis of PeptideS degradation in normal rat and
human sera in vitro.

(A) Peptide5 degraded in normal rat serum at different time points. (B) Peptide5
degraded in normal human serum at different time points. (C) Degradation curves of
Peptide5 in normal rat and human sera in vitro. (FITC: fluorescein isothiocyanate; P5:
Peptide?)
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2.3.2 Consistent spinal cord injury in rats

All surgical procedures and intraperitoneal injections were conducted without incident
or post-operative complications. None of the rats undergoing sham surgeries showed
any indications of SCI. The contusion injury was produced consistently in all SCI
groups in both animal models. In Cohort I (24-hour survival), the impactor parameters
for the SCI rats in all Peptide5 treatment groups were not significantly different (Figure
2.4). The mean values of weight-drop velocity, compression and compression rate for
all SCI groups were 0.341 £+ 0.018 m/s, 1.445 £ 0.177 mm and 0.297 + 0.023 m/s,
respectively. There were no statistically significant differences in BBB scores at Day 1
post-injury between all injury groups (Figure 2.5). At Day 1 following surgery, the SCI
rats showed immediate loss of locomotor function at a mean BBB score of 2.83 + 0.29,
compared with 21.00 £ 0.00 in the sham animals (one-way ANOVA, p < 0.001;
Bonferroni post-hoc comparisons, ***p < 0.001). The impactor parameters for the SCI
rats were not significantly different between groups in Cohort II (8-hour survival)
(Figure 2.6). The mean values of weight-drop velocity, compression and compression

rate were 0.357 £ 0.029 m/s, 1.472 £ 0.260 mm and 0.313 £ 0.029 m/s, respectively.
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Figure 2.4 Surgical parameters for Cohort I showing the means of (A) weight-drop
velocity in m/s, (B) compression in mm and (C) compression rate in m/s with
standard error of the mean.

No surgical data obtained from the sham group. There were no statistically significant
differences in surgical parameters between the three injury groups (one-way ANOVA,
velocity p > 0.05; compression p > 0.05; compression rate p > 0.05). (P5*1: one
injection of Peptide5; P5*2: two injections of PeptideS; P5*3: three injections of
Peptide5; SCI: spinal cord injury)
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Figure 2.5 Behavioural assessment of hind limb locomotor function for Cohort I.
The Basso-Beattie-Bresnahan (BBB) scores for injury groups were significantly lower
than that for sham group (one-way ANOVA, p < 0.001; Bonferroni post-hoc
comparisons, ***p < 0.001). There were no statistically significant differences in Day 1
BBB scores between the injury groups (Bonferroni post-hoc comparisons, p > 0.05).
(P5*1: one injection of Peptide5; P5*2: two injections of Peptide5; P5*3: three
injections of Peptide5; SCI: spinal cord injury; V*1: one injection of saline vehicle)
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Figure 2.6 Surgical parameters for Cohort II showing the means of (A) weight-
drop velocity in m/s, (B) compression in mm and (C) compression rate in m/s with
standard error of the mean.

There were no statistically significant differences in surgical parameters between the
three injury groups (t-test, velocity p > 0.05; compression p > 0.05; compression rate p >
0.05). (P5: Peptide5; SCI: spinal cord injury; SP: control scrambled peptide)

2.3.3 Dosing responses of Peptide5

In Cohort I, western blot analysis showed the Connexin43 total protein levels at 24
hours following SCI (Figure 2.7A). Connexin43 total protein levels were significantly
elevated in the SCI animals receiving one (1.9 fold) or two (1.6 fold) doses of Peptide5
compared with that in the sham rats (one-way ANOVA, p < 0.05, Bonferroni post-hoc
comparisons: one injection p < 0.01; two injections p < 0.05) (Figure 2.7B). The SCI
animals that received three doses of Peptide5 demonstrated a total protein level of
Connexin43 close to that in the sham animals. Western blot analysis showed the
phosphorylated Connexin43 protein levels at 24 hours following SCI (Figure 2.7C). The
differences in phosphorylated Connexin43 protein level between groups were not
statistically significant (one-way ANOVA, p > 0.05) (Figure 2.7D). The phosphorylated
Connexin43 total protein levels seemed to be reduced in the SCI animals receiving one

(0.6 fold) or two (0.6 fold) doses of Peptride5 compared with that in the sham rats.

Yilin Mao 2017 61



Ph.D. Thesis University of Technology Sydney

Three injections of PeptideS appeared to be the most effective dosing regimen to

maintain the level of Connexin43 phosphorylation on Ser368 following SCI.
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Figure 2.7 Western blot analysis of Connexin43 and phosphorylated Connexin43
protein levels at the injury site 24 hours following surgery.

(A) Western blot analysis showed changes in total Connexin43 protein levels between
treatment groups. (B) Treatment with three injections of Peptide5 limited the increase in
total Connexin43 protein levels most effectively (one-way ANOVA, p < 0.05;
Bonferroni post-hoc comparisons, *p < 0.05, **p < 0.01). (C) Western blot analysis
showed changes in Connexin43 phosphorylation at residue Ser368. (D) There were no
statistically significant differences in phosphorylated Connexin43 protein levels
between groups (one-way ANOVA, p > 0.05). Treatment with three injections of
Peptide5 appeared to maintain the highest level of phosphorylated Connexin43 protein.
(P5x1: spinal cord injury with one injection of Peptide5; P5x2: spinal cord injury with
two injections of Peptide5; P5x3: spinal cord injury with three injections of Peptide5;
Sham: Sham surgery with one injection of saline vehicle)
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2.3.4 Systemic delivery of Peptide5 to the lesion

In Cohort II, the contusion injury was observed as haemorrhage, axonal swellings, cells
with no nuclei or pyknotic nuclei or areas of cellular debris in the H&E stained
longitudinal sections (Figure 2.8 A and B). The lesion volume was significantly smaller
in the Peptide5 treated animals (6.28 £ 2.51 mm3) in comparison with the control SP

group (9.64 £ 0.66 mm3) at 8 hours after SCI (p < 0.05, Figure 2.8 C).
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Figure 2.8 Changes in lesion size at 8 hours following spinal cord contusion injury.
Mayer’s Haematoxylin and Eosin staining showed the lesion area at the midline level of
spinal cord in Peptide5 (A) and control scrambled peptide (B) treated animals. Scale
bars = 1 mm. (C) Peptide5 reduced the lesion spread at 8 hours post-injury (t-test, *p <
0.05). (P5: PeptideS; SCI: spinal cord injury; SP: control scrambled peptide)
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In Cohort II, analysis of Connexin43 and phosphorylated Connexin43 (closed
hemichannels) protein levels was undertaken at 8 hours post injury using fluorescent
immunohistochemistry on midline sections. Connexin43 protein levels, as measured by
mean GSV of immunohistochemistry labelling intensity, were lower at the epicentre of
the lesion in the Peptide5 treated animals compared with the control scrambled peptide
group in both grey (49.51 &+ 13.36 vs. 63.35 = 5.38, p < 0.01) and white matter (28.41 £
10.86 vs. 46.91 = 5.13, p < 0.001) (Figure 2.9). The immunohistochemistry labelling
intensity of Connexin43 protein levels was down-regulated by the Peptide5 treatment
compared with the control SP group at 3.5 mm (grey matter, 39.74 £ 2.71 vs. 81.16 £
4.07, p < 0.001; white matter, 22.87 £0.60 vs. 48.77 £ 5.00, p < 0.001) and 7 mm (grey
matter, 38.15 £ 1.35 vs. 76.29 + 1.21, p < 0.001; white matter, 23.58 = 1.19 vs. 47.66 +
1.71, p < 0.001) distal to the lesion. In contrast, there was an increase in the level of
Connexin43 phosphorylation at 8 hours following injury in the Peptide5 treated animals
compared to the animals receiving control scrambled peptide treatment with an increase
in overall labelling intensity at the epicentre of the lesion from 30.93 + 3.41 to 48.61 +
5.06 in grey matter (p < 0.001) and from 15.75 £ 2.56 to 24.90 + 3.92 in white matter (p
< 0.001) (Figure 2.10). The increased immunohistochemistry labelling intensity of
phosphorylated Connexin43 protein levels was also observed at 3.5 mm (grey matter,
49.82 + 1.58 vs. 29.60 + 1.39, p < 0.001; white matter, 28.16 = 1.50 vs. 14.95 = 1.25, p
<0.001) and 7 mm (grey matter, 46.56 + 0.66 vs. 31.53 = 2.82, p < 0.001; white matter

25.52 £1.67 vs. 14.99 = 0.16, p < 0.001) distal to the lesion.
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Figure 2.9 Immunohistochemistry staining of Connexin43 at 8 hours following
spinal cord injury.

(A) Representative images of fluorescent immunohistochemistry staining showed the
changes in Connexin43 (green) level at the epicentre of the lesion in both grey and
white matter. Scale bar = 50 um. (B) Systemic administration of Peptide5 limited the
increase in post-injury Connexin43 protein level (t-test, **p < 0.01, ***p <0.001). (GM:
grey matter; GSV: greyscale value; P5: PeptideS; SCI: spinal cord injury; SP: control
scrambled peptide; WM: white matter)
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Figure 2.10 Immunohistochemistry staining of phosphorylated Connexin43 at 8
hours following spinal cord injury.

(A) Representative images of fluorescent immunohistochemistry staining showed the
changes in phosphorylated Connexin43 (red) level at the epicentre of the lesion in both
grey and white matter. Scale bar = 50 um. (B) Systemic administration of Peptide5
significantly increased phosphorylation of Connexin43 at residue Ser368 (t-test, ***p <
0.001). (GM: grey matter; GSV: greyscale value; P5: Peptide5; p-Connexin43:
phosphorylated Connexin43; SCI: spinal cord injury; SP: control scrambled peptide;
WM: white matter)
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2.4 Discussion

To determine the dosing regimen of peptide5 systemic administration, MS was used to
identify and quantify the intact Peptide5 incubated in normal rat serum in vitro.
However, the mass spectrometer was not able to generate reproducible results due to
technical difficulties. The same experiment was carried out in another laboratory by the
collaborators at the University of Auckland without success. As Peptide5 contains two
basic residues (arginine and lysine), different molecules of the peptide manifest either
two or three positive charges (Cagney and Emili, 2002, Molina et al., 2007). Combining
the intact peptide counts for both charged states, the total quantity of complete Peptide5
fluctuated and was inconclusive (Figure 2.2). Considering the current peptide
sequencing algorithms, there are mostly one or two charged ions taken to generate
existing models; however, the higher-charge (three or more) spectra have been rarely
explored (Marx et al., 2013, Hoopmann and Moritz, 2013, Zhang et al., 2014). The
higher-charge spectra were suggested to contribute significantly to prediction of the
complete peptide (Chong et al., 2006, Kim et al., 2009, Ning et al., 2007). Therefore,
the existing algorithms did not perform well on multi-charge spectra to evaluate and
interpret the signal for intact Peptide5 (two or three charged ions). Further investigation
should be conducted to model and characterise multi-charge mass spectra using de novo

sequencing algorithms, such as greedy best strong tag.

As an alternative pathway, electrophoresis was employed to analyse Peptide5
degradation in normal sera. The fluorescence and molecular size were used to identify
and quantify the intact Peptide5 in serum as per protocols described in the literature
(Hong and Clayman, 2000, Kosuge et al., 2008, Cleveland et al., 1977, Fling and
Gregerson, 1986, Farley et al., 1984, Weidekamm et al., 1973). For the quantification of

more than 100 pg mass, the one-dimensional gel electrophoresis did not demonstrate
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significant disadvantages in the accuracy of results compared with matrix-assisted lase

desorption/ionisation-MS (Mackintosh et al., 2003).

In both rat and human serum samples, the fluorescent bands at 2 kDa in all experimental
samples and the positive controls represented Peptide5 monomers (2 kDa). Peptide5
monomers were considered to be biologically active to modulate Connexin43
hemichannels in the injury site (detailed mechanism described in Section 3.4), and thus
used for quantification. In saline (positive control), Peptide5 contained a cysteine that
bound to another one via disulphide bonds to form a dimer/polymer complex shown at
approximately 6 kDa (Muskal et al.,, 1990). In the presence of disulphide bond
oxidoreductases in serum, such as protein disulphide isomerase, thioredoxin and
glutaredoxin-1, the Peptide5 dimer/polymer complex became monomers immediately
via allosteric cleavage of disulphide bonds (Wiita et al., 2006, Chen et al., 2006, Cook
and Hogg, 2013). In the meantime, allosteric disulphide bonds started forming between
the cysteine in Peptide5 and albumin in serum (Farrah et al., 2011, Kozlov et al., 2010,
Holmgren et al., 2005), as shown in the increased fluorescence of 60 kDa bands over
time. The albumin bound peptides in complete and/or fragmentary forms would not be
biologically potent in regulating Connexin43 hemichannels because of the altered
conformation (Dennis et al., 2002, Rowland and Tozer, 2005), even though its clearance
half-life from the renal system was improved (Dennis et al., 2002, Kratz, 2008, Witt et
al., 2001). In accordance with the absence of bands less than 2 kDa, it was less likely
that the FITC tags disassociated from Peptide5, as a B-alanine was inserted between
FITC and Peptide5 to increase the stability from hydrolysis (Kamiya et al., 2009, Soudy

etal., 2011).

A limitation of electrophoresis was that the intact Peptide5 and its fragments might not

be sufficiently separated because of the small molecular size of Peptide5. However, it
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was less likely that the 2 kDa bands contained both intact Peptide5 and fragmented
Peptide5 with FITC in the current experiments, since a blurry shallow smear was absent
at the bottom of 2 kDa bands. A series of truncated Peptide5 conjugated with FITC

combinations resolved in the gel would be necessary to confirm this in the near future.

According to the percentage of intact Peptide5 monomer in normal rat serum, the
second dose (maintenance) was determined as half of the initial dose to maintain the
optimal concentration of intact PeptideS in vivo (10 mg/kg). The third dose
(maintenance) was decided to be one fourth of the initial dose to avoid overdosing. As
suggested in previous studies, Connexin43 mimetic peptides have been shown to
modulate both Connexin43 hemichannels and gap junctions independently of each other
(O'Carroll et al., 2008, Leybaert et al., 2003, Yoon et al., 2010). It was suggested that
low concentrations of Peptide5 regulating the hemichannel opening, but not the gap
junctional communication, were neuroprotective, while high concentrations interfering
with gap junctional communication as well as spatial buffering activity of astrocytes
were not beneficial (O'Carroll et al., 2008). In the current study, the dosing regimen was
proposed to regulate Connexin43 hemichannels without affecting gap junction
communication, to limit the secondary injury in rat spinal cords. As more intact
Peptide5 is available in human serum than in rat serum at all time points, the
maintenance doses for human studies might be different in percentage concentrations
and/or timing. This experiment not only established the dosing regimen of Peptide5
systemic administration for SCI models in rats, but provided the first important step in a

transition from rodent models to clinical trials.

An animal experiment (Cohort I) was undertaken to determine whether one, two or
three doses of Peptide5 injections were most effective in regulating Connexin43

hemichannels in vivo. The contusion model produced in the current study was consistent
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with the expected pattern of injury as described in previous studies in this laboratory
(O’Carroll et al., 2013, Mao et al., 2016) and several other groups (Horky et al., 2006,
Mothe and Tator, 2005, Basso et al., 1996). To reduce the usage of experimental
animals, sham animals receiving saline vehicle injections were used as a negative
control, while positive control was not included, as the increased level of total
Connexin43 protein and the decrease level of phosphorylated Connexin43 at residue
Ser368 have been well documented following SCI (O’Carroll et al., 2013, O'Carroll et
al., 2008, Lee et al., 2005, Cronin et al., 2008, Theriault et al., 1997). Connexin43
phosphorylation on Ser368 has been shown to change Connexin43 hemichannels from
an open to a closed state (O’Carroll et al., 2013, Faigle et al., 2008, Lampe et al., 2000).
Three doses of Peptide5 demonstrated the most efficacy in reducing the level of total
Connexin43 protein and limiting the opening of Connexin 43 hemichannels and so were

used for the subsequent studies, unless otherwise indicated.

Peptide5 via systemic administration (intraperitoneal injection) was able to reach the
lesion area and regulate the Connexin43 hemichannels in the spinal cord. The increase
in Connexin43 protein level after injury was suppressed with administration of Peptide5,
and the phosphorylated Connexin43 protein level (closed hemichannels) was higher in
the spinal cords at 8 hours following Peptide5 administration. Substantial evidence
indicates an increase in Connexin43 protein following brain ischaemia (Budd and
Lipton, 1998, Contreras et al., 2004, Haupt et al., 2007, Davidson et al., 2013b,
Frantseva et al., 2002b) and SCI (O’Carroll et al., 2013, O'Carroll et al., 2008, Lee et al.,
2005, Cronin et al., 2008, Theriault et al., 1997). Down regulation of Connexin43 or
blocking gap junction channels using gap junction blockers has been shown to be
beneficial (Cronin et al., 2008, Roh et al., 2010, Frantseva et al., 2002a, Frantseva et al.,

2002b). Other studies using gene knockout models have conversely demonstrated an
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increase in lesion size, resulting from complete loss of Connexin43 stopping normal gap
junctional communication necessary for spatial buffering and neuronal survival at the
later stages of recovery (Nakase et al., 2004, Takahashi et al., 2010, Siushansian et al.,
2001). In the current study, Peptide5 was used at a concentration known to close
Connexin43 hemichannels rather than affect intact gap junctions (O'Carroll et al., 2008).
O'Carroll et al. (2008) demonstrated that the concentration of Peptide5 below 100 uM
was specifically able to regulate Connexin43 hemichannel communication in vitro and
reduce Connexin43 expression in ex vivo spinal cord segments. Consequently, the lesion

size was limited at a very early time point after SCI.
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Chapter 3

Investigation of Cellular and
Functional Improvement in Spinal
Cord Injury Rats from the
PeptideS Systemic Administration
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3.1 Introduction

Using an intrathecal catheter and an osmotic pump to deliver Peptide5 directly to the
lesion area of the spinal cord in a rat contusion model, the previous study demonstrated
the neuroprotective efficacy of Peptide5 (O’Carroll et al., 2013). However, local
administration is not always a practical option for human spinal patients as the
intrathecal delivery of Peptide5 necessitates an additional invasive procedure
immediately after a traumatic event, which in reality might delay the application of
Peptide5 within the limited window of opportunity for regulating the pathological
Connexin43 hemichannels. Systemic administration is able to deliver proteins and
mimetic peptides to the lesion area of the spinal cord (Han et al., 2010). An early study
also reported that selective inhibition of unopposed Connexin43 hemichannels by two
other Connexin43 mimetic peptides (Gap26 and 27) delivered intravenously protected

ischaemic hearts against myocardial infarction in rats (Hawat et al., 2012).

It is feasible for Peptide5 to be delivered to the injury sites systemically where the
capillary bed has been compromised in the injured spinal cord, thus offering a practical
therapeutic approach for people with SCI. The previous chapter has shown that Peptide5,
via systemic administration, is able to regulate the Connexin43 hemichannels at the
lesion area of the spinal cord in a rat contusion model and has optimised dosing regimen
for use in SCI rats. By using this optimal dosing regimen of Peptide5, the current
chapter has focused the investigation on determining whether systemic delivery of
Peptide5, rather than local delivery, influences Connexin43 expression and recovery

following SCI by:

1) comparing the lesion size on the H&E stained sections, and the levels of
Connexin43 protein and Connexin43 phosphorylation at residue Ser368,
using fluorescent immunohistochemistry;
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2) assessing the  cellular  improvements, including  astrogliosis,
macrophage/microglial activation and neuronal survival by using fluorescent
immunohistochemistry;

3) determining behavioural improvements, including motor (open field and

error ladder tests) and sensory (mechanical pain hypersensitivity) functions.

The current chapter is published (Mao et al., 2017).
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3.2 Materials and methods

3.2.1 Animals and general care

All experimental protocols and procedures used in the study were approved by the
ACEC of UTS (UTS ACEC 2013-742), in accordance with the guidelines of the
National Health and Medical Research Council of Australia. Cohort III consisting of 96
female Sprague Dawley rats (7 weeks old, 140-180 g, Animal Resources Centre, Perth)
was used to investigate cellular and functional improvement. All animals were
maintained in standard cages with ad-lib water and food on a 12:12 hour light-dark
cycle, and housed in the Ernst Facility, Faculty of Science, UTS. Daily checks of room
temperature, humidity and animal wellbeing were performed. Each animal’s weight was
checked at least twice a week. All animals were acclimatised in the Ernst Facility for 1
week and in the behavioural apparatus prior to any surgical procedures. SCI or sham
operated animals received the optimal dose and injection regimen as determined in
Chapter 2 of Peptide5 or SP control treatment, and recovered for 24 hours (n = 32), 2

weeks (n = 32) or 6 weeks (n = 32).

3.2.2 Surgical procedures

The animals in injury groups were subject to a T10 laminectomy and a mild contusion
SCI, while the sham animals received T10 laminectomy surgery, as previously

described (Section 2.2.5).
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3.2.3 Peptide treatment
Peptide5 (sequence VDCFLSRPTEKT) and SP (RFKPSLCTTDEV) were synthesised

in solid phase by Mimotopes Pty Ltd., Australia, using Fmoc chemistries on a Protein
Technology = Symphony instrument, purified by high-performance liquid
chromatography and the structure confirmed by MS analysis. The first dose (10 mg/kg
in 0.5 ml saline, i.p.) was administered immediately following surgery, while the second
(5 mg/kg in 0.5 ml saline, i.p.) and the third (2.5 mg/kg in 0.5 ml saline, i.p.) doses were

delivered at 2 and 4 hours after surgery, respectively.

3.2.4 Post-operative care

Animals were housed individually after surgery for 1 week. They were kept in a holding
room with a controlled temperature (22-25 °C), humidity and light cycle (12 hr on/12 hr
off) and had access to food and water ad libitum. Post-operatively, animals were given
antibiotics (cephalothin sodium, 0.33 mg/kg, s.c.), analgesic (buprenorphine
hydrochloride, 0.03 mg/kg, s.c.) and supplementary fluid (Hartman’s replacement
solution, 3.8 ml, s.c.) twice daily for 3 days. Bladders were voided manually twice daily

until the return of spontaneous urination.

3.2.5 Behavioural assessments

3.2.5.1 Locomotor function

Following the surgical procedures, each animal was assessed for functional recovery
using an open field and a horizontal ladder testing paradigm. Animals were tested at
Days 1, 3, 7, 14, 21, 28, 35 and 42 of the post-operative recovery period. For the open-

field test, rats were gently handled and adapted to a molded-plastic circular enclosure
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with a smooth, non-slip floor (90 cm diameter; 20 cm wall height). They were allowed
to continuously walk in the open field for 3 minutes. For the horizontal ladder test, rats
were placed into a horizontal ladder rung walking test apparatus consisted of clear
plastic side-walls and metal rungs (3 mm diameter) which were randomly inserted with
a minimum distance of 1 cm. They were encouraged to walk back and forth three times
in the apparatus. Hind limb locomotor function was assessed using the BBB locomotor
rating scale (Table 2.1) for the open-field test (Basso et al., 1996) and by calculating the
percentage of foot fault error regardless of the type foot misplacement for the horizontal
ladder test (Metz and Whishaw, 2002). All tests were digitally recorded and
assessments were conducted by a research assistant (TN) and myself who were blinded
to the groups. The scores from the two reviewers had a high correlation (R* = 0.879)
without statistically significant differences (unpaired t-test, p > 0.05), so the average

scores were used for all further analysis.

3.2.5.2 Pain hypersensitivity
The following procedures were performed by a collaborator (RT) from UNSW.

Mechanical pain hypersensitivity tests were conducted a week prior to the surgical
injury to determine the baseline level, and then once weekly following surgery, for up to
6 weeks. The rats were placed on an elevated wire mesh platform in individual Perspex
cubicles, and were allowed to acclimatise to the mechanical pain hypersensitivity testing
apparatus for 40 minutes in a quiet, temperature-controlled room. Mechanical
hypersensitivity was measured at-level (injury site) and below-level (hind paws) using a
series of calibrated von Frey filaments with incremental stiffness, ranging from 0.02g to
60g. The von Frey filaments were applied serially according to the up-down method,

and the 50% withdrawal threshold was calculated, as previously described (Chaplan et
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al., 1994). At-level mechanical pain hypersensitivity was tested via application of the
von Frey filaments, three times on both the medial and lateral side, approximately 3 cm
away from the injury site. Below-level mechanical pain hypersensitivity was tested via
application of the von Frey filaments to the plantar surface of both hind paws. Positive
pain responses included licking, flinching, vocalisation, and lifting of the leg in the case
of below-level mechanical pain hypersensitivity. Responses that occurred independent

of the filament were not recorded.

3.2.6 Euthanasia and histology
At 24 hours (n = 32), 2 weeks (n = 32) and 6 weeks (n =32) after surgery, animals were

euthanised with Lethobarb (pentobarbitone sodium, 1 ml/kg, i.p.). The abdomen was cut
across at the level of the diaphragm, and the diaphragm was snipped away from the ribs,
laterally following the line of rib cages. Using a heparin-rinsed syringe, cardiopuncture
was then performed to collect 5 ml of blood, and the plasma was extracted by
centrifuging the fresh blood at 13k rpm for 5 minutes. Animals were perfused
intracardially with 200 ml of 0.2% (v/v) heparinised saline followed by 400 ml of 4%
(w/v) paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Approximately 20 mm of
spinal cord centred at T10 was dissected, removed and post-fixed in 4% (w/v)
paraformaldehyde overnight and then transferred to 30% (w/v) sucrose with 1% (w/v)
sodium azide for cryoprotection. Hearts and lungs were also collected and post-fixed in

10% (w/v) formalin for the safety study (Chapter 4).

Spinal cords were sectioned horizontally (from the dorsal to ventral side) in a cryostat
(Leica CM1950) at 15 pm onto Matsunami Platinum PLC-14 and 2% (w/v) gelatine-

coated glass slides alternately. Sections were mounted in a series of ten so that each
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section on a slide was at 150 pm intervals. Mayer’s Haematoxylin and Eosin (H&E)
staining was performed to assess tissue morphology and determine the lesion area.
Slides were immersed through xylene and decreasingly graded ethanol to distilled water.
Sections were stained in Mayer’s Haematoxylin (Fronine) for 5 minutes and then blued
by Scott’s Blue (Fronine) for 1 minute to demonstrate the cell nuclei in blue to purple
colour. Sections were counterstained with alcoholic Eosin (Fronine) for 3 minutes to
highlight the cell cytoplasm in pink to orange colour. All slides were dehydrated in
increasingly graded ethanol and xylene, and mounted with DPX mountant (Sigma-

Aldrich).

3.2.7 Fluorescent immunohistochemistry

All slides were rehydrated in xylene, decreasingly graded ethanol and phosphate
buffered saline with Triton X-100 at pH 7.4 (PBST). Heat-induced antigen retrieval was
conducted in citrate buffer (10 mM citric acid, pH 6.0) for 10 minutes in a pressure
cooker for neuronal nuclei (NeuN) staining. The slides were incubated in 5% (v/v) NGS
in PBST for 30 minutes. Primary antibodies were diluted in PBG and incubated
overnight at 4 °C (Table 3.1). For the early time points (24 hours), primary antibodies
used were rabbit anti-Connexin43 (1:2000, Sigma-Aldrich) to show levels of
Connexin43 and rabbit anti-phosphorylated Connexin43 (1:100, Santa Cruz). This
second antibody recognised Connexin43 phosphorylation on Ser368 which has been
shown to change Connexin43 hemichannels from an open to a closed state (O’Carroll et
al., 2013, Faigle et al., 2008, Lampe et al., 2000). For the late time points (2 and 6
weeks), primary antibodies used were rabbit anti-GFAP (1:1000, Dako) to label
astrocytes, mouse anti-NeuN (1:1000, Millipore) to label neurons, and a double
labelling of mouse anti-CD68 (ED1) (1:2000, AbD Serotec) and rabbit anti-ionised

calcium-binding adapter molecule 1 (Ibal) (1:1000, Abcam) to demonstrate activated
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macrophages/microglia. The neural cell markers: GFAP for astrocytes, NeuN for
neurons and Ibal/EDI1 for activated microglia and/or macrophages, were not used at the
early time point (24 hours), as the current study focuses on the improvement on these
neural cell responses at the secondary phase of SCI (2 and 6 weeks). Slides were then
washed in PBST and incubated with secondary antibodies (Table 3.1): goat anti-rabbit
Alexa Fluor 488 (1:200, Thermo Fisher), goat anti-rabbit Alexa Fluor 568 (1:200,
Thermo Fisher), goat anti-mouse Alexa Fluor 488 (1:200, Thermo Fisher) or goat anti-
mouse Alexa Fluor 568 (1:200, Thermo Fisher) in PBG for 2 hours at room temperature.
All slides were washed with PBST and counterstained by Hoechst (1:5000, Thermo
Fisher) for 10 minutes. The primary antibodies were omitted from negative controls. All

slides were cover-slipped in fluorescent mounting medium (Dako).

Table 3.1 Summary of antibody characteristics for immunohistochemistry.
Secondary
Antibody
Rabbit anti-Connexin43  1:2000 Sigma-Aldrich | AF488 anti-rabbit  1:200

Primary Antibody Dilution Source Dilution

Rabbit anti-p-Connexin43  1:100 Santa Cruz AF568 anti-rabbit  1:200

Rabbit anti-GFAP 1:1000 Dako AF488 anti-rabbit 1:200
Mouse anti-NeuN 1:1000 Millipore AF488 anti-mouse  1:200
Mouse anti-ED1 1:2000 AbD Serotec AF568 anti-mouse  1:200
Rabbit anti-Ibal 1:1000 Abcam AF488 anti-rabbit 1:200

AF: Alexa Fluor; GFAP: Glial fibrillary acidic protein;
Ibal: Tonised calcium-binding adapter molecule 1; NeuN: Neuronal nuclei;
p-Connexin43: Phosphorylated Connexin43
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3.2.8 Imaging and quantification

Imaging was conducted using an Olympus BH-2 light microscope with a PixeLINK PI-
A662 camera (H&E staining) or Olympus BX-51 light microscope with an Olympus U-
RFL-T fluorescence burner and appropriate filters (immunohistochemistry staining)
used previously (Table 2.2). The black balance was adjusted at the negative control
sections to normalise the mean GSV. Injury on the H&E stained sections was observed
as haemorrhage, axonal swellings, cells with no nuclei or pyknotic nuclei, areas of
cellular debris or cavity formation. Sections were imaged at 150 pm intervals through
the dorsal-ventral plane and the injury area measured on each section using Image J
software. The lesion size was then calculated for each spinal cord as an approximate

volume using these measurements.

Spinal cord sections were aligned using the central canal as an anatomical landmark
(midline) for immunohistochemistry analysis. Images were taken adjacent to the lesion

and at both 3.5 and 7 mm distal to the lesion centre in both rostral and caudal directions.

Image analysis was conducted using ImageJ software (National Institutes of Health,
version 2X). Analysis of Connexin43, phosphorylated Connexin43 and astrocytes
(astrogliosis) was undertaken by measuring the staining intensity, mean GSV, in 10x
images of the midline section. For activated macrophages/microglia quantification, all
cells were identified with nuclear Hoechst stain and co-labelled with both EDI1
(phagocytic macrophages) and Ibal (microglia), counted manually in 40x images of
midline sections and reported as number of cells/field of view. Neurons were identified
using NeuN and counted manually in 40x images of midline sections and in sections at
300 um dorsal and ventral to the midline and are reported as number of cells/field of

view.
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3.2.9 Statistical analysis

All data were expressed as mean = SEM. Unpaired t-test (surgical parameters) or one-
way ANOVA with a Bonferroni post-hoc test (lesion size and fluorescent
immunohistochemistry) was used to determine significant differences (PRISM, Version
6.0e, GraphPad). The BBB scores were analysed by Kruskal-Wallis one-way analysis of
variance with a Mann-Whitney U test between injury groups at each time point. The rest
of behavioural data were analysed by two-way ANOVA with a Bonferroni post-hoc test
for the simple effects of treatment. Statistically significant differences were considered
at p <0.05. The rostral and caudal measurements in mean GSV of immunofluorescence
and cell counts were indistinguishable (paired t-test, p > 0.05), and thus pooled for

further analysis.
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3.3 Results

3.3.1 Consistent spinal cord injury in rats

All surgical procedures and intraperitoneal peptide injections were conducted without
incident. None of the rats undergoing sham surgery showed any indication of SCI or
any post-operative complications. The impactor parameters for the SCI rats in the
Peptide5 and control SP groups were not significantly different for impact velocity
(0.319 £ 0.027 m/s vs. 0.319 £ 0.027 m/s), compression (1.502 £ 0.182 mm vs. 1.505 +
0.181 mm) or compression rate (0.28 £ 0.03 m/s vs. 0.28 = 0.03 m/s) (Table 3.2). At
Day 1 following surgery, the SCI rats showed immediate loss of locomotor function at a
mean BBB score of 3.47 & 3.14 compared with 21.00 + 0.06 in the sham animals (p <
0.001). There were no significant differences in Day 1 BBB score of SCI rats between
Peptide5 and control SP groups (3.40 + 3.04 vs 3.44 + 3.27) (Table 3.2). Bladder

function and weight gain returned to normal within a week to 10 days for all rats.

Table 3.2 Consistent contusion spinal cord injury produced in rats.
Treatment Group

Measurement PeptideS Scrambled Peptide
Impact velocity (m/s) 0.319 +0.027 0.319 +0.027
Compression (mm) 1.502 +0.182 1.505 + 0.181
Compression rate (m/s) 0.28 £0.03 0.28 £0.03
Day 1 BBB Score 3.40 +£3.04 344 +£3.27

BBB Score: Basso, Beattie and Bresnahan
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3.3.2 Connexin43 and phosphorylated Connexin43
Analysis of Connexin43 protein and phosphorylated Connexin43 protein (closed

hemichannels) was undertaken at 24 hours post-injury using fluorescent
immunohistochemistry on midline sections. Connexin43 protein levels were measured
by mean GSV of immunohistochemistry labelling intensity in both grey and white
matter at 3.5 and 7 mm distal to the lesion and the epicentre of the lesion (Figure 3.1).
Compared with sham animals, the Connexin43 protein levels increased significantly
following the contusion injury in the SP-treated animals at all anatomical locations
(grey matter: 7 mm, 17.22 +2.67 vs. 24.82 + 5.58, p <0.001; 3.5 mm, 16.88 + 2.38 vs.
26.87 £4.98, p <0.001; epicentre, 18.25 + 6.59 vs 26.80 + 3.47, p < 0.01. white matter:
7 mm, 7.81 £2.39 vs. 13.17 £ 4.96, p <0.01; 3.5 mm, 8.03 +2.21 vs. 13.39 £4.67,p <
0.01; epicentre: 8.27 £+ 3.23 vs. 14.31 + 5.31, p < 0.01). The Peptide5 treatment
significantly lowered the Connexin43 protein levels in the injured animals compared
with the control SP treatment in the grey matter of the lesion epicentre (20.33 £1.30 vs.
26.80 £3.47, p < 0.05). Phosphorylated Connexin43 protein levels were measured by
mean GSV of immunohistochemistry labelling intensity in both grey and white matter
at 3.5 and 7 mm distal to the lesion and the epicentre of the lesion (Figure 3.2).
Compared to the sham animals, the phosphorylated Connexin43 protein levels
decreased significantly following the contusion injury at all locations (grey matter: 7
mm, 73.67 + 14.19 vs. 52.77 £ 8.41, p < 0.01; 3.5 mm, 73.18 + 15.42 vs. 53.87 + 12.62,
p < 0.05; epicentre: 69.75 £ 19.16 vs. 50.28 + 12.02, p < 0.05. white matter: 7 mm,
44.61 £4.20 vs. 37.27 £4.56, p < 0.05; 3.5 mm, 44.18 £ 5.91 vs. 37.72 £ 5.16, p < 0.05;
epicentre: 43.89 + 5.87 vs. 32.76 + 5.13, p < 0.05). The Peptide5 treatment significantly
increased the phosphorylated Connexin43 levels in the injured animals compared with
the control SP treatment in the white matter at 7 mm distal to the lesion epicentre (44.59
+3.23 vs 37.27 £4.56, p < 0.05).

Yilin Mao 2017 84



Ph.D. Thesis University of Technology Sydney

Sham/SP SCI/P5 SCI/SP
Grey : X
Matter
White
Matter
7 mm 3.5 mm Epicentre
= = 2
Gl'ey E E gsu
Matter 3 5.
s :
E E ET
£ 8 g &
: 5 I
Groups
White 3 g §
Matter :
3 3 o 2 o 2 g & & & &
Groups Groups Groups

Figure 3.1 Immunohistochemistry staining of Connexin43 at 24 hours following
spinal cord injury.

(A) Representative images of fluorescent immunohistochemistry staining showed the
Connexin43 (green) at the epicentre of the lesion in both grey and white matter. Scale
bar = 50 um. (B) Following SCI, the levels of Connexin43 immunoreactivity were
increased significantly at all locations and the systemic administration of Peptide5
limited the increase in Connexin43 in the grey matter at the lesion epicentre, and 3.5
mm distal to the epicentre of the lesion (one-way ANOVA, p < 0.01 at all locations;
Bonferroni post-hoc comparison, *p < 0.05, **p < 0.01, ***p <0.001). (GSV: greyscale
value; P5: Peptide5; SCI: spinal cord injury; SP: control scrambled peptide)
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Figure 3.2 Immunohistochemistry staining of phosphorylated Connexin43 at 24
hours following spinal cord injury.

(A) Representative images of fluorescent immunohistochemistry staining showed the
changes in phosphorylated Connexin43 (red) level at the epicentre of the lesion in both
grey and white matter. Scale bar = 50 pum. (B) Following SCI, the levels of
phosphorylated Connexin43 immunoreactivity were reduced significantly at all
locations and the systemic administration of Peptide5S maintained phosphorylation of
Connexin43 at residue Ser368 in the white matter at 7 mm distal to the epicentre of the
lesion (one-way ANOVA, p <0.01 at all locations; Bonferroni post-hoc comparison, *p
< 0.05, **p < 0.01). (GSV: greyscale value; P5: Peptide5; p-Connexin43:
phosphorylated Connexin43; SCI: spinal cord injury; SP: control scrambled peptide)
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3.3.3 Lesion size

There was no histological evidence of any tissue damage in the sham animals at any
time points. Longitudinal H&E stained sections including the lesion are shown for 24
hours, 2 and 6 weeks after SCI (Figure 3.3 A, B and C, respectively). For the SCI
groups, there was an obvious lesion apparent from 24 hours post-injury, which
increased in size and changed in morphology over the 6-week period. At the earlier time
points, there was more haemorrhage visible, and over time this changed to include more
cell loss and increased cellular debris, before development of a clearly defined central
cavity. Lesion size was significantly reduced by the systemic administration of Peptide5
in comparison with the control SP treatment at all time points post-injury (Figure 3.3 D).
At 24 hours post-injury, the lesion volume was 14.79 + 4.51 mm’ in the control SP
group while the Peptide5 treatment was able to limit the lesion size to 8.23 £ 1.66 mm’
(p < 0.001). At 2 weeks post-SCI, the lesion was measured as 6.72 + 2.49 mm’ in the SP
group, and 2.58 + 1.78 mm’ in the Peptide5 group (p < 0.05). By 6 weeks post-injury,
the lesion was found to be 7.55 + 3.11 mm?’ in the SP-treated animals, while the lesion

in the animals receiving Peptide5 treatment was limited to 3.60 = 0.60 mm” (p < 0.05).
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Figure 3.3 Changes in lesion size following spinal cord contusion injury.
Mayer’s Haematoxylin and Eosin staining showed the lesion area at the midline level of
spinal cord at 24 hours (A), 2 weeks (B) and 6 weeks (C) following injury. Scale bars =
I mm. (D) The lesion size was reduced by peptide5 treatment at 24 hours, 2 weeks and
6 weeks post-injury (t-test, *p < 0.05, ***p < 0.01). (P5: Peptide5; SCI: spinal cord
injury; SP: scrambled peptide)
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3.3.4 Astrogliosis (GFAP immunohistochemistry)

Astrogliosis (astrocyte activation) is known to be a key response following SCI and
ultimately results in the formation of a glial scar, starting from approximately one week.
GFAP immunohistochemistry on sections at the midline level were used to evaluate the
effect of Peptide5 on astrogliosis after SCI (Figure 3.4 A for representative sections at 2
weeks post-surgery). The GFAP staining intensity at 3.5 and 7 mm distal to the lesion
and the epicentre of the lesion was quantified in mean GSV for statistical analysis

(Figure 3.4 B).

The normal patterns and intensity of astrocyte staining were seen in the sham spinal
cords and these measurements were used as the baseline for comparison to injury and
treatment. The normal astrocytes exhibited small cell bodies with dense ramification of
multiple fine processes. The increase in both astrocyte cell number and GFAP
expression was observed in P5/SP treated SCI rats. Statistically significant differences
were found in the level of GFAP immunoreactivity at all locations at 2 and 6 weeks
post-injury (one-way ANOVA, p < 0.001). Following the contusion SCI, the level of
GFAP immunofluorescence at the epicentre of the lesion in the control SP animals at 2
and 6 weeks post-injury was increased 2.1 and 3.3 times, respectively, compared with
the sham groups (2 weeks, p < 0.001; 6 weeks, p < 0.001). The Peptide5 treatment
resulted in a significantly reduced level of GFAP immunoreactivity compared with SP-
treated SCI animals at both post-injury time points (2 weeks, p < 0.001; 6 weeks, p <
0.001) with levels 1.5 and 2.4 fold decrease compared with that seen in sham animals,
respectively. At 3.5 and 7 mm distal to the lesion, the GFAP immunoreactivity was
elevated 1.8 and 1.6 times, respectively, compared with the sham groups at 2 weeks
following SCI (3.5 mm, p < 0.001; 7 mm, p < 0.001). The Peptide5 treatment

significantly decreased the level of GFAP immunofluorescence to the baseline at both
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locations distal to the epicentre compared with SP control treatment (p < 0.001). By 6
weeks post-injury, the levels of GFAP immunoreactivity in SCI groups were increased
2.0 and 1.7 times at 3.5 and 7 mm distal to the lesion, respectively, compared with the

sham groups (3.5 mm, p <0.001; 7 mm, p <0.001).
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Figure 3.4 Glial fibrillary acidic protein (GFAP) expression following spinal cord
contusion injury.

(A) At 2 weeks after spinal cord injury, representative images of GFAP
immunofluorescence (green) adjacent to the lesion in sham and injury animals treated
with Peptide5 or scrambled peptide. Scale bar = 50 pm. (B) GFAP immunofluorescence
intensity was quantified in mean grey scale value at 2 and 6 weeks after injury.
Systemic administration of Peptide5 led to a significant reduction in the amount of
GFAP protein at the epicentre of the lesion at 2 and 6 weeks post-injury. The GFAP
protein level was reduced to normal at 3.5 and 7 mm distal to the lesion at 2 weeks
following injury (one-way ANOVA, p < 0.001 at all locations and time points;
Bonferroni post-hoc comparison, ***p < 0.001). (GSV: greyscale value; P5: PeptideS;
SCI: spinal cord injury; SP: scrambled peptide)
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3.3.5 Microglial/macrophage activation (Ibal&ED1 immunohistochemistry)

One of the events that occurs during secondary SCI is the activation of microglial cells
and the recruitment and activation of macrophages. These cells are involved in the
inflammatory cascades that follow injury, and are generally thought to be detrimental to
recovery. Activated microglia and/or macrophages were identified using Hoechst
(nuclear staining) and double labelling with Ibal and ED1 (Figure 3.5 A for
representative sections at 2 weeks post-surgery). The activated microglia and/or
macrophages were observed in all areas of both grey and white matter, and the
quantification of midline sections was conducted at 3.5 and 7 mm distal to the lesion
and the epicentre of the lesion (Figure 3.5 B). Negative controls (primary antibodies
omitted) showed no auto-fluorescence in macrophages in the spinal tissue, thus it did
not affect the quantification. Statistically significant differences were found in the
Ibal /EDI" cell numbers at 2 weeks (one-way ANOVA, all three locations, p < 0.001)
and 6 weeks (one-way ANOVA, all three locations, p < 0.001) post-injury. There were
no Ibal"/ED1" cells in any of the sham surgery spinal cords. At the epicentre of the
lesion, the cells double labelled with Ibal and ED1 appeared in the greatest number. In
the SP-treated SCI rats the number of Ibal /ED1" cells increased to 95 + 18 cells/field
of view at 2 weeks and 68 + 3 cells/field of view at 6 weeks and were significantly
lower with Peptide5 treatment at both 2 weeks (20 £ 10 cells/field of view, p < 0.001)
and at 6 weeks (24 £ 2 cells/field of view, p <0.001). At 3.5 mm distal to the lesion, the
number of Tbal /ED1" cells raised to 6 = 6 cells/field of view at 2 weeks and 15 + 2
cells/field of view at 6 weeks in the scrambled treated injured animals and were
significantly decreased with Peptide5 administration to 1 + 1 cells/field of view at 2
weeks (p < 0.001) and 4 £ 1 cells/field of view at 6 weeks (p < 0.001). Similarly, at 7
mm distal to the lesion, the Peptide5 treatment significantly reduced the number of
Ibal /EDI" cells to 1 + 1 cells/field of view at 2 weeks (p < 0.001) and 4 =+ 1 cells/field
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of view at 6 weeks (p < 0.001) compared with the control SP treatment in the SCI

groups (7 = 8 cells/field of view at 2 weeks and 17 + 3 cells/field of view at 6 weeks).
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Figure 3.5 Activation of microglia and/or macrophages at the lesion edge following
spinal cord contusion injury.

(A) At 2 weeks after spinal cord injury, representative images showing co-localisation
of Ibal (green) and EDI (red) adjacent to the lesion in sham and injury animals treated
with Peptide5 or scrambled peptide. Scale bar = 10 pm. (B) The Ibal /ED1" microglia
and/or macrophages (arrows) were quantified at 2 and 6 weeks after injury. Systemic
administration of Peptide5 led to a significant reduction in the number of activated
microglia and/or macrophages at the epicentre of the lesion and 3.5 and 7 mm distal to
the lesion at both time points (one-way ANOVA p < 0.001 at all locations and time
points; Bonferroni post-hoc comparison, **p < 0.01, ***p < 0.001). (P5: Peptide5; SCI:
spinal cord injury; SP: scrambled peptide)
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3.3.6 Neuronal survival (NeuN immunohistochemistry)

A significant loss of neuronal cells during the secondary phase of SCI is known to be a
consequence of inflammatory responses, including microglial/macrophage activation.
As Peptide5 treatment via systemic delivery resulted in a reduced level of activated
microglia and/or macrophages in the secondary phase, it was important to determine
whether neuronal survival was enhanced using NeuN immunohistochemistry (Figure
3.6 A for representative sections at 2 weeks post-surgery). The surviving neuronal
nuclei were identified by NeuN positive staining. There were no surviving neurons
observed at the epicentre of the lesion and therefore the quantification of neuronal cells
was conducted at 3.5 and 7 mm to the epicentre of the lesion at the dorsal, midline and
ventral levels (Figure 3.6 B). Neuronal cell number and distribution was not altered over
time in the sham animals, so this was used as a baseline (77 & 3 cells/field of view at the
dorsal level and 36 + 3 cells/field of view at the midline level) for comparisons at 3.5
and 7 mm to the lesion at two time points. There were statistically significant
differences in the neuronal cell numbers at both 3.5 and 7 mm distal to the lesion at 2
weeks (one-way ANOVA, all four locations, p <0.001) and 6 weeks (one-way ANOVA,
all three locations, p < 0.001) post-injury. The number of motor neurons at ventral horns
did not decrease significantly following a mild contusion injury at the dorsal site of the
spinal cord. As anticipated, at 7 mm to the lesion of the dorsal level, the number of
neurons in the SP treated SCI animals significantly decreased to 28 + 9 cells/field of
view at 2 weeks (p < 0.001) and 24 + 4 cells/field of view by 6 weeks (p < 0.001) post-
injury. In Peptide5-treated animals this number was retained at 57 + 4 cells/field of view
at 2 weeks (p <0.001) and 51 + 2 cells/field of view by 6 weeks (p < 0.001) post-injury
compared with the animals that received SP control treatment. Similarly, at 3.5mm to
the lesion of the dorsal level, the Peptide5 treatment was shown to maintain the number
of neurons in SCI animals at 53 + 6 cells/field of view at 2 weeks (p < 0.001) and 44 + 1
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cells/field of view by 6 weeks (p < 0.001) post-injury compared with the SP- treated
SClI rats (28 + 9 cells/field of view at 2 weeks and 24 + 4 cells/field of view at 6 weeks).
At the midline level, the number of neurons at 7 mm distal to the lesion significantly
reduced to 14 + 2 cells/field of view at 2 weeks (p < 0.001) and 11 + 1 cells/field of
view by 6 weeks (p < 0.001) post-injury in the SCI animals treated with SP. This
number was retained at 31 £ 3 cells/field of view at 2 weeks (p < 0.001) and 24 + 1
cells/field of view by 6 weeks (p < 0.001) following SCI in the Peptide5 treated animals.
Likewise, at 3.5mm to the lesion of the midline level, the Peptide5 treatment was
demonstrated to preserve the number of neurons per field in injured animals at 30 + 6
cells/field of view at 2 weeks (p < 0.001) and 21 + 2 cells/field of view by 6 weeks (p <
0.001) post-injury compared with the SP-treated SCI rats (11 £ 2 cells/field of view at 2
weeks and 9 + 2 cells/field of view at 6 weeks). Therefore, the Peptide5 treatment via

systemic delivery was able to promote neuronal survival during the secondary phase of

SCI.
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Figure 3.6 Surviving neuronal cells following spinal cord contusion injury.
(A) At 2 weeks following spinal cord injury, representative images of NeuN immunofluorescence (green) 7 mm from the lesion at dorsal (red
arrows), midline (white arrows) and ventral (yellow arrows) levels in sham and injury animals treated with Peptide5 or scrambled control peptide.
Scale bar = 10 pm. (B) The NeuN" neurons were quantified at 3.5 and 7 mm distal to the lesion at 2 and 6 weeks following injury. Systemic
administration of Peptide5 led to a significant increase in the number of spared neurons at 3.5 and 7 mm from the lesion at the dorsal and midline
levels (one-way ANOVA, p < 0.001 at all locations; Bonferroni post-hoc comparison, ***p < 0.001, “p < 0.01, **p < 0.001 compared with sham).
(P5: Peptide5; SCI: spinal cord injury; SP: scrambled peptide; 2W: 2 weeks after injury; 6W: 6 weeks after injury)
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3.3.7 Motor function (Open field and horizontal ladder tests)

Two behavioural assessments, open field and horizontal ladder tests, were used to
determine whether Peptide5 treatment led to an improvement in functional recovery.
The SCI animals treated with Peptide5 showed a significant improvement in hind limb

locomotor function in both tests from Week 3, compared with the injured animals

treated with SP
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Figure 3.7). There was no deficit in hind limb locomotion in any of the sham animals,
regardless of treatment for both behavioural assessments. In the open field test, injury
groups displayed improvements in the BBB scores from Day 1 to Week 6 (SCI/
Peptide5, 1.44 + 0.50 to 15.81 £ 0.76, p < 0.01; SCI/SP, 1.00 + 0.67 to 12.00 £ 0.41, p <

0.01) as expected following a mild contusion SCI
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Figure 3.7A), but Peptide5 treated injury animals showed improved hind limb
locomotor function when compared with the SCI animals treated with SP with
significant differences observed from Week 3 (13.56 £ 1.14 vs. 11.00 = 0.57, p < 0.05)
to Week 6 (15.81 £ 0.76 vs. 12.00 = 0.41, p < 0.001) at which the behavioural

assessment was ceased. Similar results were obtained with a horizontal ladder test
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Figure 3.7B). All injury animals with Peptide5 or SP treatments exhibited a reduction in
the percentages of error steps from Weeks 1 to 6 (SCI/ PeptideS, 47.20 + 11.68% to
9.64 + 1.66%, p < 0.001; SCI/SP, 61.09 + 10.02% to 32.04 + 6.58%, p < 0.001).

However, the injury animals treated with Peptide5S displayed fewer hind limb error step
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percentages compared with those that received the SP control treatment with significant
differences seen from Week 3 (21.65 + 4.25% vs. 49.72 + 9.42%, p < 0.01) to Week 6
(9.64 £ 1.66% vs. 32.04 £ 6.58%, p < 0.01). Differences in the percentages of error
steps at Weeks 1 and 2 were seen between Peptide5 and SP-treated injury animals,

however these differences were not statistically significant (p > 0.05).
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Figure 3.7 Locomotor function assessments following spinal cord injury.

(A) The Basso-Beattie-Bresnahan scores are shown for the Peptide5 treated animals
compared with the scrambled peptide treated animals. There were significant
differences seen in BBB scores using Kruskal-Wallis one-way analysis of variance at all
time points (p < 0.001). Peptide5 treated rats showed improvement in BBB scores from
Week 3 to Week 6 (*p < 0.05, *** p < 0.001). (B) The percentage of hind limb error
steps is shown for the Peptide5 treated animals compared with the scrambled peptide
treated animals. There were significant differences seen in the percentage of errors
using two-way ANOVA for both the treatment (p < 0.001) and for time (p < 0.001).
Peptide5 treated rats showed improvement in stepping from Week 3 to Week 6 (*p <
0.05, ** p < 0.01). (Basso-Beattie-Bresnahan: BBB; P5: Peptide5; SCI: spinal cord
injury; SP: scrambled peptide)

3.3.8 Sensory function (Mechanical allodynia)

Spinal astrogliosis is well understood to be a contributor to the development of
neuropathic pain states, via the release of small excitatory molecules through opened

hemichannels following SCI. As Connexin43 is the primary hemichannel formed in
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astrocytes, we investigated whether blockade of these channels using Peptide5 alleviates
mechanical pain hypersensitivity following SCI. Spinal cord injured rats developed at-
level hypersensitivity demonstrated by reduced withdrawal thresholds after the injury.
Compared to SP-treated controls, treatment with PeptideS significantly improved at-
level mechanical pain hypersensitivity with a 41% increase in the withdrawal threshold
at Week 1 (p < 0.01), and a 27% increase in the withdrawal threshold at Week 6 (p <
0.05) following SCI (Figure 3.8A). Below-level mechanical pain hypersensitivity was
also measured on the hind paws (Figure 3.8B). However, there was no significant
difference in paw withdrawal thresholds between the treatment groups over the 6 weeks

(p > 0.05) (Figure 3.8B).
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Figure 3.8 Sensory function assessments following spinal cord injury.

(A) Long-term effects of Peptide5 on mechanical pain hypersensitivity following
contusion spinal cord injury on at-level mechanical pain hypersensitivity. Mechanical
withdrawal thresholds are shown for Peptide5 treated animals (compared to the
scrambled peptide treated animals. There were significant differences seen in the
mechanical withdrawal thresholds using two-way ANOVA for both the treatment (p <
0.001) and for time (p < 0.001). Peptide5 treated rats showed improvement at Week 1
and Week 6 (*p < 0.05, ** p <0.01). (B) Long-term effects of Peptide5 on mechanical
pain hypersensitivity following contusion spinal cord injury on below-level mechanical
pain hypersensitivity. There were no significant differences in paw withdrawal
thresholds between Peptide5 and scrambled peptide treated animals. (P5: Peptide5; SCI:
spinal cord injury; SP: scrambled peptide)
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3.4 Discussion

Earlier studies in our laboratory have demonstrated that the local application of Peptide5
at a low concentration within the first 24 hours after traumatic SCI reduces tissue
swelling, lesion spread, inflammation, astrogliosis, neuronal cell death and functional
deficits in ex vivo and in vivo models (O'Carroll et al., 2008, O’Carroll et al., 2013).
Acute administration of Peptide5 at low doses has also been shown to be
neuroprotective in models of retinal and cerebral ischaemia (Davidson et al., 2013a,
Davidson et al., 2014, Chen et al., 2015, Danesh-Meyer et al., 2012, Davidson et al.,
2012a, Chen et al., 2014b). However, the local administration of Peptide5 is not
practical for use in human spinal patients as this would necessitate a highly invasive
surgical procedure to expose the injury area or involve another procedure such as
inserting an intrathecal catheter. Upregulation of connexin43 has been demonstrated
early after SCI (Theriault et al., 1997, Lee et al., 2005, O’Carroll et al., 2013). Therefore,
application of Peptide5 should occur within 8 hours, prior to maximal upregulation of
Connexin43 protein, to be most effective. Many SCI patients arrive in emergency
departments with traumatic co-morbidities or life threatening injuries, and a timely
spinal cord procedure is not always possible. If the acute clinical management of a SCI
patient includes an open surgery procedure such as decompression or stabilisation there
may be an avenue for application of either a Connexin43 AS-ODN in a topical gel

(Cronin et al., 2008) or a direct application of Peptide5 (O’Carroll et al., 2013).
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Unfortunately, in most cases these procedures do not occur early enough for effective
regulation of Connexin43 protein. The most recent study indicates that in Australian and
New Zealand between 2010 and 2013 the median time from the accident scene to the
decompression surgery was 21 hours, and could be as long as 300 hours (Battistuzzo et
al., 2016). Since mimetic peptides have been shown to permeate the lesion site of spinal
cords through the disrupted BSB (Han et al., 2010), vascular administration of Peptide5
is a suitable approach for early delivery to the lesion. The finding in the current study
regarding the neuroprotective effects of Peptide5 via systemic delivery is in agreement
with previous studies using direct peptide administration (O’Carroll et al., 2013,

O'Carroll et al., 2008).

As anticipated, Peptide5 transiently suppresses Connexin43 expression and blocks
Connexin43 hemichannels, both of which were seen at 8 and 24 hours after SCI. The
inhibiting effect of Peptide5 in Connexin43 upregulation has also been reported in an
early study using an ex vivo rat model of SCI (O'Carroll et al., 2008). This temporary
regulation of Connexin43 and its hemichannels after injury has been reported to be
neuroprotective in tissue and behavioural recovery (Cronin et al., 2008, Roh et al., 2010,
Frantseva et al., 2002a, Frantseva et al., 2002b). However, the permanent or long-term
modulation of Connexin43 hemichannels and/or gap junctions is believed to be
detrimental, as the gap junctional communication is essential for spatial buffering and
neuronal survival at the later stages of recovery (Nakase et al., 2004, Takahashi et al.,
2010, Siushansian et al., 2001). The systemic administration protocol of Peptide5 was
determined in Chapter 2 to regulate the Connexin43 expression and hemichannel
opening up to 24 hours after SCI. Considering the 2-hour half-life of Peptide5 in vivo
and the renal excretion, the Connexin43 expression and hemichannels were less

regulated by Peptide5 at 24 hours post-injury than the effects at 8 hours post-injury.
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Peptide5, via systemic delivery, will be less likely to affect Connexin43 gap junctional
communication beyond 24 hours after SCI. In the white matter, Peptide5S reduced
Connexin43 expression to the sham level at 24 hours post-injury, however the reduction
of Connexin43 expression was not extensive, especially closer to the lesion. This may
simply be due to the proximity to the injury which was predominantly in the grey matter.
However, this is an area that deserves further attention if the inflammation is sustained,
as the robust response of activated microglia and/or macrophages still presenting at 6
weeks post-injury might drive a cycle of Connexin43 hemichannel opening, indicating

the therapeutic window may be much longer than currently thought.

Injured spinal cords treated with Peptide5 had smaller lesions, decreased astrogliosis,
less inflammatory cell infiltration and activation, and increased neuron survival, all
indicating reduced effects of secondary injury and lesion spread. There is increasing
evidence that the uncontrolled opening of Connexin43 hemichannels causes the release
of neurotoxins and ATP from activated microglia and/or macrophages, thus propagating
secondary injury (De Vuyst et al., 2007, Ye et al., 2003, Orellana et al., 2010, Davidson
et al., 2015, Decrock et al., 2015). Additionally, many of these neurotoxins including
glutamate and ROS have been shown to increase the opening of Connexin43
hemichannels (Ye et al., 2003, Retamal et al., 2006, Perez Velazquez et al., 2006,
Thompson et al., 2006, Ramachandran et al., 2007), thus forming a positive feedback
loop. The current study shows that blocking Connexin43 hemichannels with Peptide5
halts the amplification of injury and reduces a number of downstream effects that would

normally be part of the secondary injury cascade, including astrogliosis.

Normally, astrogliosis will commence in the rat spinal cord from about 3 days after
injury and lead to glial scar formation, a major physical and chemical barrier to neural

regeneration (Frisén et al., 1995, Kozlova, 2003, Renault-Mihara et al., 2008, Tysseling-
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Mattiace et al., 2008, Mao et al.,, 2016). The physical barrier acts to prevent
remyelination and regrowth of axons (Sharma et al., 2012, Fawcett, 2006, Lane et al.,
2007), while the chemical barrier adds to the nerve regrowth inhibitory
microenvironment by producing a number of molecules, such as chondroitin sulphate
proteoglycans, tenascins and bone morphogenetic proteins (Jones et al., 2003b, Barkho
et al., 2006, Karimi-Abdolrezaee and Billakanti, 2012, Wang et al., 2011, Mizuno et al.,
2008, Fitch and Silver, 2008, Sofroniew, 2009). The reactive astrocytes in astrogliosis
are believed to be adverse for neuroregeneration by inhibiting axonal regeneration and
oligodendrocyte differentiation from precursor cells, leading to remyelination failure, as
well as generating and secreting nitric oxide, a neurotoxin that damages local neural
cells contributing to the secondary injury (Hu et al., 2010, Ikeda and Murase, 2004,

Wang et al., 2011, Kozlova, 2003, Barnabe-Heider et al., 2010).

Phagocytes found at the lesion area of CNS injury arise from two sources: resident
microglia proliferating in situ and infiltrating macrophages recruited from the
bloodstream. Both become activated and remain for several weeks after injury in
response to the pro-inflammatory environment at the site of injury (Hinkerohe et al.,
2005, Kreutzberg, 1996, Loane and Byrnes, 2010, Amat et al., 1996). In the current
study, the cells expressing Iba’/ED1" were counted as phagocytically activated
microglia and/or macrophages (Chiu et al., 2013, Ajami et al., 2011). With the systemic
administration of Peptide5, there was a decrease in the number of activated microglia
and/or macrophages present in or adjacent to lesions. Studies have shown that activated
microglia and/or macrophages are involved in an acute inflammatory response to
neurotrauma, such as synthesis and release of cytokines and chemokines (Donnelly and
Popovich, 2008, Fitch et al., 1999, Klusman and Schwab, 1997, Yan et al., 2001,

Trivedi et al., 2006, Pineau and Lacroix, 2007). These pro-inflammatory cytokines, such
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as TNF-a, IL-18 and IL-6, are believed to cause neuronal and glial toxicity (Flaris et al.,
1993, Pineau and Lacroix, 2007, Hausmann, 2003, Yang et al., 2004a, Yang et al.,
2005). The activated microglia and/or macrophages have been reported to increase
Connexin43 expression and gap junction coupling in response to a trauma in the CNS
(Eugenin et al., 2001). The decrease in activated microglia and/or macrophages in
Peptide5 treated spinal cords may not only be a downstream consequence of a decrease
in astrocytic Connexin43, but may also result from Connexin43 hemichannel closure
blocking pro-inflammatory signalling molecule release from the activated microglia

and/or macrophages themselves.

The death of neuronal cells following CNS injury is thought to be a consequence of a
complex cascade of events involving uncontrolled opening of Connexin43
hemichannels, spread of inflammation and release of neurotoxic molecules (Kang et al.,
2008, Ye et al., 2003, Takeuchi et al., 2006). There is growing evidence that a number
of neurotoxins are synthesised and released from the activated microglia and/or
macrophages in response to injury, including glutamate, nitric oxide, pro-inflammatory
cytokines, ATP and prostaglandins (Morita et al., 2007, Takeuchi et al., 2006, Retamal
et al., 2007, Yang et al., 2004a, Yang et al., 2005, Huang et al., 2012). These neurotoxic
molecules enhance the opening of astrocytic Connexin43 hemichannels, resulting in a
further release of neurotoxins from the injured astrocytes (Orellana et al., 2011a,
Orellana et al., 2009). Thus, there is a positive feedback loop developed in the lesion
area to decrease the neuroprotective functions of astrogliosis, leading to an increase of
neuronal cell death via the activation of amyloid-f peptide and pannexin 1 hemichannel

pathways (Orellana et al., 2011a, Orellana et al., 2011b).

Behavioural assessments over a 6-week period after injury showed significant

improvement in hind limb locomotor ability in the Peptide5 treated animals. Given the
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time frame of the current study, it is believed that this represents a reduction in tissue
damage, which translates directly to a reduction in the degree of functional deficit seen
after injury. By 3 weeks after injury, the Peptide5 treated animals reached an average
BBB score of 14, which corresponds with consistent weight-supported plantar steps.
This is a significant improvement in rat locomotor function and affords the rat increased
mobility and activity compared with a control injury group BBB score of less than 9,
where rats have no weight-bearing stepping at all (Basso et al., 1996). Similarly, in the
horizontal ladder test, the improvements in locomotor function with the Peptide5
treatment were shown to be distinguishable from the sham-operated rats from 3 weeks
post-injury. If the systemic treatment in humans could preserve the function of even one

spinal cord segment, then there would be significant preservation of function.

There was no indication that the rats used in the current study experienced increased
pain levels. They were treated carefully with analgesics in the post-operative period.
The injured rats did exhibit mechanical pain hypersensitivity in response to stimuli. At-
level mechanical pain hypersensitivity following SCI has previously been reported to be
the most common of neuropathic pain types (41% of subjects), with an early onset and
pain described as severe or excruciating (Nashold, 1991, Siddall et al., 2003). The
current study demonstrated that Peptide5 treatment was able to alleviate at-level pain
hypersensitivity during the early (1 week) and later (6 week) stages of recovery
following SCI, confirming the role of connexin hemichannels in the development of
neuropathic pain (Lee-Kubli et al., 2016). Treatment with Peptide5 had no effect on paw
withdrawal threshold (i.e., below-level mechanical pain hypersensitivity) in response to
mechanical stimuli. It is noteworthy that interpretation of spinal-mediated reflex
responses may be problematic when assessing below-level SCI pain hypersensitivity

due to the development of hyperactive reflex circuitries (Baastrup et al., 2010). Hind
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paw stimulation caused increased innate reflex responses in the absence of increased
brainstem responses, thus reflecting a spasticity syndrome rather than pain-like
behaviour (Baastrup et al., 2010). Additionally, in humans, below-level mechanical pain
hypersensitivity is reported to occur months to years following SCI, in contrast to the
days or weeks for the development of at-level mechanical pain hypersensitivity (Siddall
et al., 2003). Although promising, further studies are required to determine the effects of
Peptide5 treatment on the full spectrum of SCI-induced pain behaviours, and the
correlation between the reduced tissue damage (lesion size, astrogliosis, inflammatory
responses and neuronal cell lost) and the functional improvements (sensory and
locomotor functions) by statistical analysis such as Spearman’s rank-order correlation

for non-parametric data, and Pearson’s correlation for parametric data.
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Chapter 4

Safety Profile of the PeptideS
Systemic Administration for

Traumatic Spinal Cord Injury
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4.1 Introduction

Peptide5 has been shown to be effective in regulating Connexin43 hemichannels in the
injured spinal cord when delivered systemically (Chapter 3) and locally (O’Carroll et al.,
2013). Other studies have also demonstrated that local administration of Peptide5 can
regulate Connexin43 hemichannels and/or gap junctions in a number of pathological
conditions of the CNS and the peripheral nervous system including retinal ischaemia
(Chen et al., 2015, Chen et al., 2014b, Danesh-Meyer et al., 2012), cerebral ischaemia
(Davidson et al., 2015, Davidson et al., 2013a, Davidson et al., 2013b), foetal ischaemia
(Davidson et al., 2012a) and asphyxia (Davidson et al., 2014). However, the safety

profiles of PeptideS must still be completed.

As previously reported, Connexin43 expression is found in other tissue, such as heart
(Van Kempen et al., 1991, Gourdie et al., 1993, Gu et al., 2014), brain (Yamamoto et al.,
1990, Nakase et al., 2004, Deng et al., 2014), testis (Steger et al., 1999, Li et al., 2010,
Chevallier et al., 2013), skin (Guo et al., 1992, Tada and Hashimoto, 1997, Chang et al.,
2015) and bone marrow (Diirig et al., 2000, Zhang et al., 2006, Dorshkind et al., 1993).
Connexin43 mimetic peptides have been shown to regulate the Connexin43
hemichannels for protecting ischaemic injury in the heart (Hawat et al., 2010, Hawat et
al., 2012) and brain (Davidson et al., 2015, Davidson et al., 2013a, Davidson et al.,

2013b). However, it is still unclear whether the Connexin43 hemichannels and/or gap
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junctions in the heart and brain are affected by Peptide5 via systemic delivery for

treating SCIL.

In the spinal cord, there is a wide distribution of connexin gap junctions:
astrocyte/astrocyte gap junctions containing Connexin30 and 43, neuron/neuron gap
junctions containing Connexin36, and oligodendrocyte/astrocyte gap junctions
containing Connexin29, 32 and 47, with the major heterotypic gap channels composed
of Connexin43-Connexin47 and Connexin30-Connexin32 (Rash et al., 2001, Rash et al.,
1998, Lee et al., 2005, Orthmann-Murphy et al., 2008, Kleopa et al., 2004). Apart from
Connexin43, none of these connexins have been reported to be altered following
traumatic SCI. It is possible that the expression of these connexins might respond to

compensate for the blocked Connexin43 hemichannels following the Peptide5 treatment.

The current study proposed to examine the safety profiles of the Peptide5 systemic

administration protocol as a practical treatment option for traumatic SCI by:

1) determining the distribution of Peptide5 in vivo following intraperitoneal
injection of fluorescently labelled peptide in selected organs of SCI and
normal rats;

2) investigating the Connexin43 hemichannels in the heart and lung tissue, and
other connexins in the spinal cord by using fluorescence
immunohistochemistry;

3) assessing the systemic inflammatory responses by measuring cytokine,

chemokine and growth factor levels in plasma.
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4.2 Materials and methods
4.2.1 Distribution of Peptide5 in vivo

4.2.1.1 Animals and general care

All experimental protocols and procedures used in the study were approved by the
ACEC of UTS (UTS ACEC 2015-515), in accordance with the guidelines of the
National Health and Medical Research Council of Australia. Cohort IV, consisting of 16
female Sprague Dawley rats (7 weeks old, 140-180 g, Animal Resources Centre, Perth)
was used to verify the safety of Peptide5 acute systemic administration. All animals
were maintained in standard cages with ad-1ib water and food on a 12:12 hour light-dark
cycle, and housed in the Ernst Facility, Faculty of Science, UTS. Daily checks of room
temperature, humidity and animal wellbeing were performed. Each animal’s weight was
checked at least twice a week. All animals were acclimatised in the Ernst Facility for
one week prior to any procedures. Spinal cord injured or normal control animals (with
intact BSB) received FITC-conjugated Peptide5 treatment and recovered for 2 hours (n

= 8) or 4 hours (n = 8).

4.2.1.2 Surgical procedures

The animals in injury groups were subject to a T10 laminectomy and a mild contusion
SCI as previously described (Section 2.2.5), while the normal animals were not subject

to any surgical procedures. A single dose of FITC-PeptideS (sequence FITC-A-
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VDCFLSRPTEKT, Auspep; 3.5 mg in 0.5 ml saline, equivalent to 10 mg/kg of

PeptideS) was injected to rats intraperitoneally immediately after surgery.

4.2.1.3 Euthanasia and tissue preparation

At 2 hours (n = 8) and 4 hours (n = 8) after surgery, animals were euthanised with
Lethobarb (pentobarbitone sodium, 1 ml/kg, i.p.) as previously described for Cohort I
(Chapter 2). Approximately 10 mm of spinal cord centred at T10 and cervical
enlargement as well as the major organs (brain, heart, lung, liver, kidney and spleen)
were dissected. The fresh tissue specimens were embedded and frozen into Optimal
Cutting Temperature compound. Using a cryostat (Leica CM1950), fresh frozen
sections were produced at 15 um onto Matsunami Platinum PLC-14 glass slides. Slides
were immersed into water for 5 minutes to remove OCT and then cover-slipped in
fluorescent mounting medium (Dako). Imaging was conducted using an Olympus BH-2
light microscope with a PixeLINK P1-A662 camera (H&E staining) or Olympus BX-51
light microscope with an Olympus U-RFL-T fluorescence burner and the U-MWIB3

filter.

4.2.2 Connexin43 protein in the heart and lung tissue

As the Connexin43 and its hemichannels are also expressed on the cardiomyocytes
(Van Kempen et al., 1991, Gourdie et al., 1993, Gu et al., 2014), it was essential to
examine any alteration of Connexin43 expression and its hemichannels in the heart
following the systemic delivery of Peptide5. The expression of Connexin43 in the lung
tissue was examined to investigate any possible effects of Peptide5 on pneumocytes.

Therefore, the heart and lung specimens obtained from the previous experiments
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(Cohorts I, II and III) were used for detailed histological and immunohistological
studies. For each of the studies (heart and lung), there were five groups: sham/saline 24
hours (n = 3), SCI/Peptide5 24 hours (n = 3), SCI/scrambled peptide 24 hours (n = 3),

SCI/Peptide5 8 hours (n = 3) and SCI/scrambled peptide 8 hours (n = 3) (Table 4.1).

Table 4.1 Summary of the heart and lung samples used for the Connexin43 study.

Specimen IHC Condition Treatment Sl,llf;rlll‘;al Cohort
Sham Saline 24 Hours |
Heart and Lung SCI Peptide5 24 Hours I
Connexin43
n=15 SCI SP 24 Hours I
p-Connexin43
(3 per group) SCI Peptide5 8 Hours II
SCI SP 8 Hours 11

IHC: Immunohistochemistry; p-Connexin43: Phosphorylated Connexin43;
SCI: Spinal cord injury; SP: Scrambled peptide

4.2.2.1 Histology on the heart and lung tissue

Approximately 5 x 5 x 3 mm’ of heart and lung specimens were placed in plastic
cassettes and processed through a routine overnight programme (Table 4.2) in a
histology processor (Thermo Shandon Excelsior). Paraffin sections were produced at 5
pm in a microtome (Microm HM325) onto Matsunami Platinum PLC-14 glass slides.
The slides were incubated at 55 °C for 20 minutes. Mayer’s H&E staining was
performed to assess tissue morphology. Slides were immersed in xylene and
decreasingly graded ethanol to distilled water. Sections were stained in Mayer’s
Haematoxylin (Fronine) for 5 minutes and then blued by Scott’s Blue (Fronine) for 1
minute to demonstrate the cell nuclei in blue to purple colour. Sections were

counterstained with alcoholic Eosin (Fronine) for 3 minutes to highlight the cell
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cytoplasm in pink to orange colour. All slides were dehydrated in increasingly graded

ethanol and xylene, and mounted with DPX mountant (Sigma-Aldrich).

Table 4.2 The routine overnight processing programme for histology.

R Temperare e
Formalin 37 240
Formalin 37 240
70% (v/v) Ethanol 25 120
70% (v/v) Ethanol 25 120
95% (v/v) Ethanol 25 120
95% (v/v) Ethanol 25 60
100% (v/v) Ethanol 25 60
100% (v/v) Ethanol 25 60
Xylene 25 60
Xylene 25 60
Xylene 25 60
Paraffin 62 60
Paraffin 62 30
Paraffin 62 30

4.2.1.2 Immunohistochemistry on the heart and lung tissue

The paraffin sections of heart and lung at 5 pm were used for fluorescent
immunohistochemistry staining of Connexin43 and phosphorylated Connexin43, as

previously described (Section 2.2.12).
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4.2.3 Major connexin proteins in the spinal cord tissue

4.2.3.1 Cellular distribution of major connexins in the spinal cord tissue

A lumbar spinal cord specimen (SCI with Peptide5 treatment at 8 hours post-injury
from Cohort II) was selected for histological processing, as described in Section 4.2.2.1.
The paraffin sections of lumber spinal cord produced at 5 pum were used for the
immunohistochemistry co-labelling of Connexin30 and GFAP, Connexin36 and NeuN,
Connexin43 and GFAP, as well as Connexin47 and Oligodendrocyte Specific Protein
(OSP), to illustrate the distribution of these connexins. Slides were rehydrated in xylene,
decreasingly graded ethanol and PBST. Heat-induced antigen retrieval was carried out
in citrate buffer (10 mM citric acid, pH 6.0) for 10 minutes in a pressure cooker for
Connexin36/NeuN staining. All sections were incubated in blocking agents for 30
minutes (5% (v/v) NGS in PBST for Connexin30/GFAP, Connexin43/GFAP and
Connexi47/OSP; 5% (w/v) skim milk for Connexin36/NeuN). The primary antibodies
of rabbit anti-Connexin30 (1:250, Thermo Fisher), rabbit anti-Connexin36 (1:250,
Thermo Fisher), rabbit anti-Connexin43 (1:2000, Sigma-Aldrich) or rabbit anti-
Connexind7 (1:250, Thermo Fisher) were diluted in PBG and incubated overnight at 4
°C (Table 4.3). After washing in PBST three times, the slides were incubated with
secondary goat anti-rabbit Alexa Fluor 568 antibody (Connexin30, 43 and 47, 1:200,
Thermo Fisher) or goat anti-rabbit Alexa Fluor 488 antibody (Connexin36, 1:200,
Thermo Fisher) in PBG for 2 hours at room temperature (Table 4.3). After washing in
PBST five times, the slides were incubated with primary antibodies of rabbit anti-GFAP
(1:1000, Dako), mouse anti-NeuN (1:1000, Millipore) or rabbit anti-OSP (1:3000,
Abcam) in PBG overnight at 4 °C (Table 4.3). Following washing in PBST three times,

the slides were incubated with the secondary goat anti-rabbit Alexa Fluor 488 antibody
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(GFAP and OSP, 1:200, Thermo Fisher) or goat anti-rabbit Alexa Fluor 568 antibody

(NeuN, 1:200, Thermo Fisher) in PBG for 2 hours at room temperature (Table 4.3).

Slides were then washed with PBST and counterstained by Hoechst (1:5000, Thermo

Fisher) for 10 minutes. Primary antibodies were omitted from negative controls. All

slides were cover-slipped in fluorescent mounting medium (Dako).

Table 4.3 Summary of antibody characteristics for immunohistochemistry co-

labelling of connexins and neural markers.

Primary Antibody Dilution Source Secondary Antibody Dilution
Rabbit anti-Connexin30 1:250  Thermo Fisher AF568 anti-rabbit 1:200
Rabbit anti-GFAP 1:2000 Dako AF488 anti-rabbit 1:200
Rabbit anti-Connexin36 1:250  Thermo Fisher AF488 anti-rabbit 1:200
Mouse anti-NeuN 1:1000 Millipore AF488 anti-mouse 1:200
Rabbit anti-Connexin43 1:2000  Sigma-Aldrich AF568 anti-rabbit 1:200
Rabbit anti-GFAP 1:2000 Dako AF488 anti-rabbit 1:200
Rabbit anti-Connexin47 1:250  Thermo Fisher AF568 anti-rabbit 1:200
Rabbit anti-OSP 1:3000 Abcam AF488 anti-rabbit 1:200
AF: Alexa Fluor; GFAP: Glial fibrillary acidic protein;
Ibal: Ionised calcium-binding adapter molecule 1; NeuN: Neuronal nuclei
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4.2.3.1 Quantification of major connexins in the spinal cord tissue

The frozen sections of T10 spinal cord at 15 pum produced from Cohorts II and III were
used for immunohistochemistry staining of Connexin30, 36 and 47, in order to quantify
any changes in these connexin proteins (Table 4.4). The staining procedures were
described as the fluorescent immunohistochemistry of Connexin 43 in Section 2.2.12

with the anti-Connexin30, 36 and 47 antibodies shown in Table 4.5.

Table 4.4 Summary of the spinal cord samples used for quantification of major
connexins.

Survival

Specimen IHC Condition Treatment Time Cohort
SCI Peptide5 8 Hours II
T10 Spinal cord ~ Connexin30 SCI SP 8 Hours II
n=24 Connexin36 SCI Peptide5 24 Hours 1T
(4 per group) Connexin47 SCI SP 24 Hours I
Sham Peptide5 24 Hours I
Sham SP 24 Hours 111

[HC: Immunohistochemistry; SCI: Spinal cord injury; SP: Scrambled peptide

Table 4.5 Summary of antibody characteristics for immunohistochemistry of
major connexins.

Secondary
Antibody
Rabbit anti-Connexin30 1:250  Thermo Fisher | AF488 anti-rabbit 1:200

Primary Antibody Dilution Source Dilution

Rabbit anti-Connexin36 1:250  Thermo Fisher { AF488 anti-rabbit 1:200

Rabbit anti-Connexind7 1:250  Thermo Fisher | AF488 anti-rabbit 1:200
AF: Alexa Fluor
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4.2.4 Imaging and quantification

Imaging was conducted using an Olympus BH-2 light microscope with a PixeLINK PI-
A662 camera (H&E staining) or Olympus BX-51 light microscope with an Olympus U-
RFL-T fluorescence burner and appropriate filters (immunohistochemistry staining)
used previously (Table 2.2). The black balance was adjusted at the negative control

sections to normalise the mean GSV.

Spinal cord sections were aligned using the central canal as an anatomical landmark
(midline) for immunohistochemistry analysis. Images were taken adjacent to the lesion
and at both 3.5 and 7 mm distal to the lesion centre in both rostral and caudal directions.
Image analysis was conducted using ImageJ software (National Institutes of Health,
version 2X). Analysis of fluorescent immunohistochemistry was undertaken by
measuring the staining intensity, mean GSV, in 20x images. High power images (100x)
were taken from the double labelling of connexins and neural markers for visualising

the distribution.

4.2.5 Inflammatory effects in plasma

The plasma samples obtained from the 24-hour post-injury groups in Cohort III (n = 8
per group) were used for a multiplex assay to compare cytokines, chemokines and
growth factors (Bio-Rad, Bio-Plex Pro™ Rat Cytokine 23-Plex Assay #L8001V11S5).
The analytes were 14 cytokines including IL-1a, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-7, IL-
10, IL-12, IL-13, IL-17a, IL-18, interferon gamma (IFNy) and TNFa; 4 chemokines
including chemokine (C-X-C motif) ligand 1 (GRO/KC), monocyte chemoattractant
protein 1 (MCP-1), chemokine (C-C motif) ligand 5 (RANTES) and Macrophage
inflammatory protein 3o (MIP-3A) and five growth factors including granulocyte-

colony stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor
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(GM-CSF), macrophage colony-stimulating factor (M-CSF) vascular endothelial
growth factor (VEGF) and erythropoietin (EPO). The following procedures were
performed by collaborators (RT and JL) from UNSW. Plasma samples were diluted 1:4
and analysed in duplicates following the manufacturer’s instructions. The plates were
pre-wetted with wash buffer (Bio-Rad) and loaded with 1 % beads (Bio-Rad). The wells
were rinsed by wash buffer (Bio-Rad) two times and then loaded with blank, standards,
or samples for one-hour incubation at room temperature with shaking at 850 rpm.
Following washing three times, the detection antibodies were added for 30-minute
incubation at room temperature with shaking at 850 rpm. The plates were washed 3
times and incubated in streptavidin-phycoerythrin for 10 minutes at room temperature
with shaking at 850 rpm. After washing three times, the analytes were resuspended with
assay buffer (Bio-Rad) with shaking at 850 rpm for 30 seconds. The plates were read
using the Bio-Plex reader (Bio-Rad), and results were converted to a pg/ml

concentration for all of the cytokines tested.

4.2.6 Statistical analysis
All data were expressed as mean = SEM. Unpaired t-test or one-way ANOVA with a

Bonferroni post-hoc test was used to determine significant differences (PRISM, Version
6.0e, GraphPad). Statistically significant differences were considered at p < 0.05. There
were no significant differences between rostral and caudal measurements in mean GSV
using paired t-test, therefore the mean of rostral and caudal measurements for each

sample was used for further analysis.
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4.3 Results

4.3.1 Distribution of Peptide5 in vivo

All surgical procedures and intraperitoneal injections of FITC-PeptideS were conducted
without incident. None of the rats showed any indication of complications from the SCI
surgery or intraperitoneal injection. FITC-Peptide5 was visualised as green fluorescence
in the frozen sections (Figure 4.1). There was no evidence that FITC-Peptide5 was
distributed in the cervical enlargement of spinal cord, brain, heart and liver tissue in
either normal or SCI animals. FITC-Peptide5 was found in the lung, spleen and kidney
(cortex and medulla) tissue in both normal and SCI animals. FITC-Peptide5 presented
in the T10 segment of spinal cord in the SCI rats, but not the normal uninjured rats. No

autofluorescence was observed in the normal organs without any treatment.
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Spinal Cord - T10 Spinal Cord - Cervical

Normal (-) SCI (+) Normal (-) SCI (-)

Normal (+) SCI (+) Normal (-) SCI ()

Heart

Normal (+) SCI (+) Normal (-) SCI ()
Kidney Liver

Normal (+) SCI (+) Normal (-) SCI (-)

Figure 4.1 Distribution of fluorescein isothiocyanate labelled PeptideS in normal
and spinal cord injury rats.
The fluorescein isothiocyanate (FITC) labelled Peptide5 was shown in green
fluorescence. There were no indications of FITC-Peptide5 in the cervical enlargement
of spinal cord, brain, heart and liver tissue in either normal or spinal cord injury (SCI)
animals. FITC-Peptide5 presented in the lung, spleen and kidney tissue in both normal
and SCI animals. At the T10 segment of spinal cord, FITC-Peptide5S was found in the
SCI rats, but not the normal rats.
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4.3.2 Connexin43 protein in the heart tissue

The heart sections stained by Mayer’s H&E showed the histological characters of
cardiac muscle: single central nuclei, branching cell shape and striation (Figure 4.2A).
There was no evidence to indicate any differences in the histological morphology of
heart tissue between groups. Fluorescent immunohistochemistry staining demonstrated
the Connexin43 (Figure 4.2B) and phosphorylated Connexin43 at residue Ser368
(Figure 4.2C) proteins in the heart tissue. The immunoreactivity levels of Connexin43
and phosphorylated Connexin43 were measured by mean GSV for statistical analysis.
There were no statistically significant differences in the immunohistochemistry
labelling intensity of Connexin43 (36.06 £ 9.32) between groups (Figure 4.2D).
Similarly, no significant differences were found in the immunohistochemistry staining
intensity of Connexin43 phosphorylation at residue Ser368 (18.86 + 3.73) between

groups using two-way ANOVA analysis (Figure 4.2E).
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Figure 4.2 Histological morphology and the immunohistochemistry staining of
Connexin43 and phosphorylated Connexin43 in the heart tissue.

(A) Mayer’s Haematoxylin and Eosin staining showed no differences in the histological
morphology of cardiac muscle between groups. Scale bar = 150 um. (B) Representative
images of fluorescent immunohistochemistry staining showed the Connexin43 (green)
in the heart tissue. Scale bar = 150 um. (C) Representative images of fluorescent
immunohistochemistry staining showed the Connexin43 phosphorylation at residue
Ser368 (red) in the heart tissue. Scale bar = 150 um. (D) Immunohistochemistry
analysis showed no statistically significant differences in the level of Connexin43
immunoreactivity in the heart tissue between groups. (E)  Immunohistochemistry
analysis showed no statistically significant differences in the level of phosphorylated
Connexin43 immunoreactivity in the heart tissue between groups. (GSV: greyscale
value; P5: Peptide5; p-Connexin43: phosphorylated Connexin43; SCI: spinal cord
injury; SP: control scrambled peptide)
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4.3.3 Connexin43 protein in the lung tissue

The lung sections stained by Mayer’s H&E staining showed the histological
characteristics of alveolar tissue: alveolar wall lined by type 1 pneumocytes (squamous
epithelial cells) and type 2 pneumocytes (cuboidal epithelial cells), as well as alveolar
macrophages found in the alveolar ducts and sacs (Figure 4.3A). In particular, the
thickness of the alveolar wall and the number of erythrocytes were significantly
increased compared with that expected in normal rats (Abdelaziz et al., 2016, Gauter-
Fleckenstein et al., 2014, van den Brule et al.,, 2014). The alveolar wall was also
partially incomplete in all lung samples. There was no evidence of any differences in
the histological morphology of lung tissue between groups. Fluorescent
immunohistochemistry staining was not able to detect the Connexin43 protein in the
lung tissue (Figure 4.3B), so no further fluorescent immunohistochemistry staining of

Connexin43 phosphorylation at residue Ser368 was conducted in the lung tissue.

Figure 4.3 Histological morphology and the immunohistochemistry staining of
Connexin43 in the lung tissue.

(A) Mayer’s Haematoxylin and Eosin staining showed no differences in histological
morphology of alveolar tissue between groups. Scale bar = 150 pm. (B) Fluorescent
immunohistochemistry staining failed to detect the Connexin43 protein in the lung
tissue. Scale bar = 150 pum. (P5: Peptide5; SCI: spinal cord injury; SP: control
scrambled peptide)
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4.3.4 Major connexin proteins in the spinal cord tissue

The immunohistochemistry co-labelling of Connexin43 and GFAP, Connexin30 and
GFAP, Connexin36 and NeuN, as well as Connexin47 and OSP was performed to
determine the location of Connexin43, 30, 36 and 47 respectively in the rat spinal cord.
The Connexin30 and 43 expression was found to be associated with astrocytes and their
processes labelled by GFAP. Neuronal cells labelled by NeuN co-expressed
Connexin36 protein in the spinal cord (Figure 4.4). The Connexind7 expression was
found to be associated with oligodendrocytes and their processes labelled by OSP. The
expression levels of Connexin30, 36 and 47 were then further analysed in the frozen

spinal cord sections at 8 and 24 hours following injury.

The protein levels of Connexin30, 36 and 47 were measured by mean GSV of
immunohistochemistry labelling intensity in both grey and white matter at 3.5 and 7
mm distal to the lesion centre and the epicentre of the lesion. At all anatomical locations,
there were no statistically significant differences in Connexin30 protein levels between
groups in both grey (7 mm: 31.28 + 3.14, 3.5 mm: 30.67 + 3.08, Epicentre: 35.38 + 4.27)
and white matter (7 mm: 17.19 £+ 2.00, 3.5 mm: 17.50 £ 2.43, Epicentre: 17.35 + 2.69)
(Figure 4.5). The expression levels of Connexin36 were not significantly different
between groups in both grey (7 mm: 21.26 + 1.91, 3.5 mm: 21.11 £ 1.99, Epicentre:
21.55 + 1.88) and white matter (7 mm: 10.82 + 1.35, 3.5 mm: 11.11 £ 1.45, Epicentre:
11.78 + 1.11) (Figure 4.6). Similarly, there were no statistically significant differences
found in Connexin47 protein levels between groups in both grey (7 mm: 35.56 £ 1.40,
3.5 mm: 35.64 £ 1.70, Epicentre: 35.37 + 2.13) and white matter (7 mm: 23.52 + 1.39,

3.5 mm: 23.22 + 1.26, Epicentre: 22.31 + 2.72) (Figure 4.7).
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Figure 4.4 Immunohistochemistry co-labelling of major connexin proteins and
neural markers at 8 hours following spinal cord injury.

(A) Connexin43 protein (red) was associated with astrocytes (yellow arrow) labelled by
glial fibrillary acidic protein (GFAP) (green). (B) Connexin30 protein (red) was
associated with astrocytes (white arrow) labelled by GFAP (green). (C) Neurons
(yellow arrow heads) labelled by neuronal nuclear antigen (NeuN) (red) was co-labelled
with Connexin36 protein (green). (D) Connexind7 protein (red) was associated with
oligodendrocytes (white arrow heads) labelled by oligodendrocyte specific protein (OSP)
(green). All nuclei were counterstained by Hoechst in blue.
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Figure 4.5 Immunohistochemistry staining of Connexin30 in rat spinal cord at 8
and 24 hours following injury.

(A) Representative images of Connexin30 immunofluorescence (green) at the epicentre
of the lesion. Scale bar = 40 pum. (B) Immunohistochemistry analysis showed the
Connexin30 protein levels in both grey and white matter at 3.5 and 7 mm distal to the
lesion centre and the epicentre of the lesion. At all locations, there were no statistically
significant differences in the Connexin30 levels between groups. (GSV: greyscale value;
P5: Peptide5; SCI: spinal cord injury; SP: control scrambled peptide)
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Figure 4.6 Immunohistochemistry staining of Connexin36 in rat spinal cord at 8
and 24 hours following injury.

(A) Representative images of Connexin36 immunofluorescence (green) at the epicentre
of the lesion. Scale bar = 40 pum. (B) Immunohistochemistry analysis showed the
Connexin36 protein levels in both grey and white matter at 3.5 and 7 mm distal to the
lesion centre and the epicentre of the lesion. At all locations, there were no statistically
significant differences in the Connexin36 levels between groups. (GSV: greyscale value;
P5: Peptide5; SCI: spinal cord injury; SP: control scrambled peptide)
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Figure 4.7 Immunohistochemistry staining of Connexin47 in rat spinal cord at 8
and 24 hours following injury.

(A) Representative images of Connexin47 immunofluorescence (green) at the epicentre
of the lesion. Scale bar = 40 pum. (B) Immunohistochemistry analysis showed the
Connexin4d7 protein levels in both grey and white matter at 3.5 and 7 mm distal to the
lesion centre and the epicentre of the lesion. At all locations, there were no statistically
significant differences in the Connexin47 levels between groups. (GSV: greyscale value;
P5: Peptide5; SCI: spinal cord injury; SP: control scrambled peptide)
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4.3.5 Inflammatory effects in plasma

Following the multiplex assay on the rat plasma, there were nine analytes (IL-5, IL-18,

RANTES GRO/KC, MCP-1, MIP-3A, EPO, M-CSF and VEGF) with detectable values

(Table 4.6). No significant differences were detected between groups for any of the

analytes using one-way ANOVA. The mean concentrations for each of the analytes

were 17.39 £+ 23.06 pg/ml, 832.83 £+ 874.17 pg/ml, 438.88 + 301.33 pg/ml, 65.40 +

36.87 pg/ml, 2918.17 + 1017.62 pg/ml, 110.82 + 94.26 pg/ml, 910.69 + 897.56 pg/ml,

285.24 + 73.39 pg/ml and 28.45 £ 8.34 pg/ml respectively. The rest of analytes were

below the detection range.

Table 4.6 Comparison of cytokines, chemokines and growth factors in rat plasma.

Grou Cytokines (pg/ml) Chemokines (pg/ml) Growth factors (pg/ml)
P IL-5 IL-18 RANTES | GROKC MCP-1 MIP-3A EPO M-CSF | VEGF
Sham 15.45 | 665.32 | 557.39 | 73.79 | 3611.07 77.58 979.24 | 293.96 | 28.46
PS5 +19.3 | +410.95 | £154.04 | +45.54 | +1131.33 | +55.71 | +1171.65 | +78.17 | +10.98
Sham 20.58 | 1355.64 | 406.40 | 66.80 | 3201.20 | 76.690 | 1305.92 | 296.92 | 29.64
Sp $22.43 | £513.35 | £361.29 | +26.37 | 1606.39 | +55.22 | +879.92 | +67.46 | 7.72
SCI 28.38 | 736.24 | 525.46 | 79.17 | 2400.42 | 151.44 688.42 | 270.78 | 28.38
PS5 16.08 | +434.68 | £108.66 | £22.45 | 1925.75 | +141.11 | +667.94 | +68.64 | +7.99
SCI 15.17 | 574.12 | 266.29 | 41.85| 2460.00 | 137.59 669.20 | 279.32 | 27.34
Sp +33.42 | £713.69 | £419.72 | +42.57 | $945.97 | +89.35 | +817.03 | +89.23 | 17.82

EPO: Erythropoietin; GROKC: Chemokine (C-X-C motif) ligand 1; IL: Interleukin;

MCP-1: Monocyte chemoattractant protein 1; MIP-3A: Macrophage inflammatory protein 3a;
M-CSF: macrophage colony-stimulating factor; P5: Peptide5; SCI: Spinal cord injury;

SP: Scrambled peptide; RANTES: Chemokine (C-C motif) ligand 5;

VEGF: Vascular endothelial growth factor
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4.4 Discussion

The data presented here provides an indication of the safety profile of the Peptide5 via
acute systemic administration as a treatment option for traumatic SCI. It has been
demonstrated that Peptide5 via systemic delivery reaches the lesion area of the spinal
cord without entering the non-injured tissue in the CNS of both SCI and normal animals.
Additionally, there was no evidence that the acute systemic administration of Peptide5
modulates Connexin43 protein expression or hemichannel closure in the heart and lung
tissue of SCI animals. The expression levels of other major connexin proteins including
Connexin30 on astrocytes, Connexin36 on neurons and Connexin47 on
oligodendrocytes were not altered by the systemic delivery of Peptide5 in the injured
and the non-injured spinal cords. Further, there was no evidence that the systemic
delivery of Peptide5 affects the levels of cytokines, chemokines and growth factors in
the plasma. Together, the findings of this chapter indicate that the acute systemic
administration of Peptide5 does not cause any systemic adverse effects in control and

SCI animals.

As anticipated, systemic administration can deliver Peptide5 to the lesion area of the
spinal cord. Following a traumatic event to the spinal cord, the capillary bed at the
lesion area is compromised (Figley et al., 2014, Soubeyrand et al., 2014). This provides
an opportunity for Peptide5 leaking from the disrupted blood vessels from the vascular
system. The permeability of BSB is significantly increased following traumatic SCI
(Bilgen et al., 2002, Popovich et al., 1996, Gordh et al., 2006). Consequently, Peptide5
may infiltrate into the spinal tissue in the case of minor injury with little disruption to
the BSB. In the normal physiological condition, the selective permeability of the blood
brain and/or spinal cord barrier prevents small molecules (< 10 kDa) from entering the

CNS tissue (Habgood et al., 2007, Popovich et al., 1996); as shown in the current study,
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the FITC-labelled Peptide5 (~2 kDa) was not detected in the non-injured tissue of the

CNS.

Peptide5 is synthesised to mimic the sequence on the extracellular loop 2 of
Connexin43 without matching any sequence in any other connexin proteins (Kim et al.,
2017). As expected, systemic administration of Peptide5 has been shown to successfully
regulate Connexin43 protein expression levels and hemichannel closure in the injured
spinal cord (Chapter 2) without affecting the expression levels of Connexin 30, 36 and
47 in the current study. Connexin30, abundantly expressed on astrocytes, is found in
astrocyte/astrocyte gap junctions (Rash et al., 2001, Nagy et al., 1999) and has not been
reported to be changed in the spinal cord following traumatic injury. In the current study,
there was no evidence that the Connexin30 expression levels and patterns altered in
response to SCI or Peptide5 treatment, indicating that Connexin30 did not seem to
compensate or adapt to the suppression of Connexin43. Even though the expression of
Connexin30 and 43 is tightly regulated by neurons (Koulakoff et al., 2008), further
studies are required to reveal the interaction and relationship between the two main
astrocytic connexins. Connexin36 is the major connexin found in neuron/neuron gap
junctions (Rash et al., 2000, Rash et al., 2001, Lee et al., 2005). The current study
demonstrated that its expression surrounding the lesion in the spinal cord did not alter in
response to traumatic injury as shown by Lee et al. (2005), nor by the Peptide5
treatment. However, Yates et al. (2008) observed a downregulation of Connexin36
protein at the lumber enlargement distant to the injury area at 7 days after a complete
T10 transection in rats. The change in Connexin36 protein below the lesion level, in
association with decreased electrical coupling, has been suggested to contribute to
hyperreflexia and spasticity after SCI (Yates et al., 2008, Yates et al., 2011). The effect

of Peptide5 distal to the lesion was not specifically examined in the current study, as the
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spinal cord segment at the lumber enlargement was not collected in all animals.
Connexin4d7, localised to oligodendrocytes, is shown to dock with Connexin43 on
astrocytes in astrocyte/oligodendrocyte gap junctions (Kamasawa et al., 2005, Li et al.,
2004, Kleopa et al., 2004). The alteration of Connexin47 expression has not been
reported following a traumatic event on the spinal cord, despite increased expression of
Connexin43 on astrocytes. This may suggest that the upregulated Connexin43 following
SCI composes the gap junctions between astrocytes rather than astrocyte and

oligodendrocyte.

To date, the alteration of Connexin30, 36 and 47 expression has not been studied
extensively. Masaki et al. (2012) observed a marked downregulation of Connexin47, as
well as two other major connexins on astrocytes (Connexin32 and 43) in Balo’s disease
(a rare demyelinating disorder of the CNS). However, the mutation of these connexin
genes (GJB6 for Connexin30, GJD2 for Connexin36 and GJC2 for Connexin47) has
been found in several disorders. Connexin30, in association with Connexin26, is the
predominant gap junction protein in the cochlea, and its defects lead to certain forms of
hearing impairment (del Castillo et al., 2002, Amorini et al., 2015, Pandey et al., 2016,
Teubner et al., 2003, Schiitz et al., 2010). The expression of Connexin30 is also found
in the upper differentiated epidermal layer of the skin (Di et al., 2001) and a novel
mutation of Connexin30, p.N54K, has just been suggested to cause a series of skin
anomalies such as pes planus, ichthyosis, cutaneous nodules, and keratoderma, due to
the restricted transfer of neurobiotin (Pandey et al., 2016). Connexin36 plays an
important role in the coupling of pancreatic beta cells to mediate the expression and
release of insulin (Nlend et al., 2012, Serre-Beinier et al., 2009, Cigliola et al., 2013,
Lebreton et al., 2015). Recently, its genetic variation has been implicated in the

dysfunction of insulin production (Cigliola et al., 2016, Nlend et al., 2012). As
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Connexind7 is associated with myelination on oligodendrocytes (Kamasawa et al.,
2005), its mutation has been linked to Pelizacus—Merzbacher-like disease, a delayed
myelination disorder characterised by early-onset nystagmus, delayed motor milestones,
progressive spasticity, ataxia and diffuse leukodystrophy (Diekmann et al., 2010, Meyer

etal., 2011).

There was no evidence of Peptide5 entering the heart tissue, indicating that Peptide5
remains in the vascular system rather than affecting the Connexin43 hemichannels on
the cardiomyocytes. This was further confirmed by the immunohistochemistry studies,
showing that both Connexin43 protein and phosphorylation (hemichannel closure)
levels in the heart tissue did not differ between Peptide5 treatment and controls at both 8
and 24 hours following SCI. Although Peptide5 has been used for other indications,
such as retinal ischaemia (Chen et al., 2015, Chen et al., 2014b, Danesh-Meyer et al.,
2012), cerebral ischaemia (Davidson et al., 2012b) and an epileptiform lesion model
(Yoon et al., 2010), its effect targeting the Connexin43 hemichannels on
cardiomyocytes has not been reported. Another Connexin43 mimetic peptide, Gap26
(sequence VCYDKSFPISHVR), is synthesised to modulate Connexin43 hemichannels
on cardiomyocytes. It has been shown to protect the intact heart against ischaemia
reperfusion injury ex vivo (Hawat et al., 2010) and the ischemic heart against
myocardial infarction in vivo (Hawat et al., 2012). Therefore, it is more likely that
Peptide5, via systemic delivery, may also have protective effects in the ischaemic and

infarcted heart tissue without adverse impacts on the normal heart tissue.

Peptide3, via systemic delivery, is not expected to enter or affect the lung tissue in vivo,
as Connexin43 expression has not been reported in pneumocytes (Chang et al., 2013,
Rottlaender et al., 2010, Ishikawa et al., 2012, Marquez-Rosado et al., 2012). In the

current study, Connexin43 was not detected in the lung sections by the fluorescent
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immunohistochemistry staining. The abnormal histological morphology shown by H&E
staining (thick and incomplete alveolar wall and increased number of erythrocytes)
indicated the lung tissue had not been preserved well for histological studies during the
tissue collection. As all the animals were cardiac perfused by heparinised saline and 4%
(w/v) paraformaldehyde for rinsing and fixing the spinal cords, the strong flow of
liquids might burst the capillary in the lung tissue, leading to a leakage of erythrocytes
and Peptide5 into the alveoli, as shown in the FITC-Peptide5 experiment. This can
possibly be improved by conducting the intra-tracheal inflation to maintain the alveolar
and endothelial structure instead of cardiac perfusion before dissection (Hayatdavoudi et
al., 1980). There is no solid evidence that Peptide5, via systemic administration, causes

any adverse effect on the lung tissue and function.

FITC-labelled Peptide5 was found in the spleen and kidney tissue as expected. The
spleen, a critically important immune organ combining both innate and adaptive
immunities, is responsible for capturing and destroying pathogens and foreign bodies, to
enable its efficient removal process (Mebius and Kraal, 2005, Cesta, 2006). Peptide5, as
a foreign body, was detected by the antigen-presenting cells in the spleen, such as

dendritic cells, and subsequently cleared by phagocytes, such as macrophages (Lopes -

Carvalho and Kearney, 2004, van Rooijen, 1990, Eloranta and Alm, 1999). However,
Peptide5 could also be filtered through the glomeruli into urine, as the high permeability
of the glomerular capillary wall allows the molecules smaller than albumin to pass into
the filtrate (Venkatachalam and Rennke, 1978, Lund et al., 2003, Sandoval et al., 2012).
Similarly, a few recent studies of tissue distribution observed the accumulation of other
pharmaceutical and biological agents in the spleen and their excretion through urine

(Jasim et al., 2015, Liang et al., 2013, Cho et al., 2013, Baek et al., 2012, Aubert et al.,
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2012). Peptide5S was also likely to be degraded by the immune response in the spleen,

and then cleared out via urinary excretion.

Although Connexin43 is expressed by human peripheral blood lymphocytes

(Bermudez-Fajardo et al., 2007, Oviedo - orta et al.,, 2000), the current study

demonstrates that there were no obvious systemic immunomodulatory effects, as
measured by cytokine and chemokine profile in plasma, following intraperitoneal
injection of PeptideS. Prior to clinical translation further toxicity studies will be required
to determine if peptideS cause any subtler immunomodulatory changes. However, it has
been previously shown that IL-1B and TNFa are significantly up regulated in spinal
cord itself after injury (O’Carroll et al., 2013), and other reports indicate that VEGF can
be either up regulated (Nesic et al., 2010) or down regulated (Herrera et al., 2009) after
SCI. This does not appear to translate to significant changes in plasma cytokines,

however, at least at the 24 hours post-injury time point.

In the current research project, no evidence has been found of any systemic effects from
the vascular injection of Peptide5. Neither the sham animals treated with Peptide5 nor
the animals treated with SP showed any evidence of adverse effects in this study or in
other studies using Peptide5 (Davidson et al., 2012a, Danesh-Meyer et al., 2012).
Further, there were no statistically significant differences between Peptide5 and SP-
treated sham animals in all the molecular, cellular and behavioural analyses. It is
suggested that Peptide5 rarely travels to the uninjured tissue, nor should it act globally
on gap junctions in other organs at the low concentration used in the current study.
Certainly, higher doses may prove deleterious, and this has been shown to be the case in
a foetal model of ischaemia in sheep (Davidson et al., 2013b). Future studies must

determine the long-term effects of Peptide5 treatment on the injured spinal cord and
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other uninjured tissue. Additionally, the systemic effects of Peptide5 have not been
reported in any in vivo models when delivered locally (Chen et al., 2015, Chen et al.,
2014b, Danesh-Meyer et al., 2012, O’Carroll et al., 2013, Davidson et al., 2015,
Davidson et al., 2013a, Davidson et al., 2013b, Davidson et al., 2014). Similarly, Hawat
et al. (2012) intravenously injected another Connexin43 mimetic peptide, Gap26, into

rats with myocardial infarction, and did not report any systemic or adverse events.

Over the past 25 years, there have been more than 14 different types of animal models
to replicate SCI in humans as closely as possible. With various strengths and weakness,
no one model can encompass all aspects of injury due to the complexity of human SCI
(Cheriyan et al., 2014). A number of factors are taken into account for selecting the
most appropriated model for SCI study, such as focus of study, animal species and
methods of behavioural assessment. The transection models are easy to produce
consistent and reliable injury for axonal regeneration studies, but they do not mimic the
common clinical SCI type (Cheriyan et al., 2014). Despite of the relatively imprecise
duration of impaction, the contusion models have been widely used to produce validated
SCI for studying tissue and behavioural improvements (Cheriyan et al., 2014). However,
this rat model of SCI does not mimic the multisystem trauma often experienced after
motor vehicle accidents. Clearly, this is a very important factor that would need to be
considered carefully in the clinical setting. The systemic delivery of Peptide5 to regulate
Connexin43 hemichannels is more likely to be beneficial after a traumatic event to
multiple systems, especially the brain and heart. Connexin43 mimetic peptides,
including Peptide5, have been reported to regulate Connexin43 hemichannels, and
leading to the restriction of lesions in cardiovascular injury (Hawat et al., 2010, Hawat
et al., 2012, Ongstad et al., 2013, Wang et al., 2013). Connexin43 mimetic peptides

have been shown to be neuroprotective in a few models of ischaemic injury (Glass et al.,
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2015, Chen et al., 2015, Danesh-Meyer et al., 2012, Davidson et al., 2013a). It is
believed that PeptideS would also function in the same way in SCI to reduce the
secondary injury of brain tissue, although the application of Connexin43 mimetic
peptides has barely been explored in traumatic brain injury. It is less likely that Peptide5
has any effect on other major organs such as the lung, kidney, liver, spleen and pancreas,
as currently there is no evidence of the expression of Connexin43 in these organs. It is
clear that the acute systemic administration of Peptide5 is less likely to incur deleterious
effects on a non-injured spinal cord, other major organs and systemic inflammatory

responses, and thus is more likely to be a safe treatment option for traumatic SCI.
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Chapter 5

General Discussion
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5.1 Project summary

Within hours after traumatic SCI, it is commonly accepted that Connexin43
hemichannels are implicated in ATP release, lesion spread, neuronal cell loss and
inflammation, with subsequent astrogliosis formation limiting functional recovery and
developing chronic pain. Therefore, modulation of the Connexin43 hemichannels
becomes an attractive therapeutic approach for SCI. In an effort to halt the pathological
opening of Connexin43 hemichannels, different agents or molecules that target various
recognition sites, such as AS-ODN and mimetic peptides, have been developed and
validated in the regulation of Connexin43 gap junctional communication. As one of the
most promising candidates, Peptide5 has been designed to mimic the sequences in the
extracellular loop of Connexin43 protein, and has shown striking efficacy in modulating
gap junction-mediated intercellular communication in SCI animal models (O’Carroll et
al., 2013, O'Carroll et al., 2008) and several nerve injury models (Danesh-Meyer et al.,
2012, Davidson et al., 2013a, Davidson et al., 2012a, Chen et al., 2015, Chen et al.,
2014b, Davidson et al., 2014). Especially following a traumatic SCI, Peptide5 via local
delivery has resoundingly demonstrated its ability in limiting lesion spread, astrogliosis
formation, inflammatory responses and neuronal cell loss, as well as improving
functional recovery, as shown in previous studies (O’Carroll et al., 2013). Despite
success in neuroprotection by interfering with the Connexin43 upregulation and the
pathological opening of hemichannels following SCI, the administration route of
Peptide5 is still of major concern for researchers and clinicians. Local administration
requires a highly invasive surgical procedure immediately following a trauma. This
would significantly delay the application of Peptide5 and thus miss the window of
opportunity for modulating the pathological opening of Connexin43 hemichannels

within hours of injury. Peptide5 has the potential to be delivered systemically to reach
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the lesion area, particularly to the sites where the capillary bed has been compromised,
as in the injured spinal cord (Cronin et al., 2008, Mautes et al., 2000a). Accordingly, the
current research project was conducted to demonstrate that the systemic administration
of PeptideS5 is a feasible, neuroprotective and safe treatment option for SCI using a rat

model of contusion SCI.

To justify this hypothesis, the first study was performed to optimise the systemic
administration protocol of Peptide5 for traumatic SCI (Chapter 2). The electrophoresis
experiments demonstrated the gradual degradation of Peptide5 in normal rat and human
sera to reveal the in vitro half-life of Peptide5 as 2 and 4 hours in rats and humans
respectively. From this, the dosing regimen for the Peptide5 systemic administration
was determined as the initial dose at 10 mg/kg immediately following SCI (pre-
established by collaborators at the University of Auckland), the second dose at 5 mg/kg
2 hours after injury and the third dose at 2.5 mg/kg 4 hours after injury. Using the first
animal cohort of SCI, the in vivo dosing responses at 24 hours after injury confirmed
that triple injections of Peptide5 emerged as the most effective dosing regimen in
supressing Connexin43 upregulation and maintaining Connexin43 phosphorylation
(closed hemichannels), compared with single and double injections. The second animal
cohort of contusion injury was utilised to demonstrate that Peptide5, via systemic
administration, was able to reach the lesion area for regulating the Connexin43
expression and its hemichannel opening at 8 hours following SCI. Therefore, three
doses of Peptide5 systemic administration were utilised to investigate its efficacy in SCI

animals.

The third animal cohort of contusion SCI was used to explore the cellular and functional
improvements from the Peptide5 acute systemic administration, compared with the SP

control treatment (Chapter 3) (Mao et al.,, 2017). The lesion size was significantly
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reduced by Peptide5 at 24 hours, 2 and 6 weeks post-injury. At the early time point (24
hours), the Peptide5 treatment has been demonstrated to restrict the Connexin43
upregulation and maintain the Connexin43 phosphorylation (hemichannel closure). At
the later time points (2 and 6 weeks), astrogliosis formation, activated macrophage
and/or microglial response and neuronal cell loss were all decreased in the injured
animals treated with Peptide5. More importantly, Peptide5 treated rats showed
significant improvements in hind limb locomotor function between 3 and 6 weeks post-
injury, and reductions in at-level pain at 1 and 6 weeks post-injury. In line with the
previous study employing local delivery (O’Carroll et al., 2013), these findings
provided strong in vivo data supporting the benefits of systemic delivery of Peptide5 in

reducing secondary injury and improving functional recovery.

An additional study was conducted to complete the safety profile of the acute systemic
administration of Pepticde5 (Chapter 4). In the fourth animal cohort of contusion SCI, a
fluorescence label was used to locate the in vivo distribution of Peptide5, and there was
no evidence to suggest Peptide5, via systemic delivery, entered the heart, liver, brain or
uninjured spinal cord. As Connexin43 is also found on cardiomyocytes (Hawat et al.,
2010, Hawat et al., 2012, Ishikawa et al., 2012, Clarke et al., 2009), the Connexin43
protein and phosphorylation levels were examined, and it was determined that Peptide5
delivered systemically did not regulate Connexin43 or its hemichannels in uninjured
heart tissue. Additionally, no significant changes were observed in other major
connexins expressed in the spinal cord, including Connexin30 on astrocytes,
Connexin36 on neurons and Connexin47 on oligodendrocytes. These findings indicate
that the acute systemic administration of Peptide5 did not cause any systemic effects in

control and SCI animals.
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The current research sheds new light on the beneficial role of systemic administration of
Peptide5, a Connexin43 mimetic peptide, for SCI. To our knowledge, this is the first
study demonstrating that Peptide5 can be delivered systemically to the lesion area for
reducing the secondary injury, without causing marked adverse effects in other
uninjured tissue following SCI. This strategy itself is not thought to promote neural
repair and regeneration. If the injury can be limited by Peptide5 in the early stages, this
will lead to a reduction of functional deficits, and provide a more suitable
microenvironment for later neuroregenerative intervention. This pre-clinical research
has successfully determined the administration protocol, therapeutic efficacy and safety
profile of Peptide5S in a rat SCI model, thus providing support for the translation to
human clinical trials. Therefore, the acute systemic administration of Peptide5 is a
potentially novel therapy for reducing secondary damage and improving functional

recovery for traumatic SCI.

5.2 Future directions

The current research raises several questions and opens new avenues of research in the
laboratory. There are a number of avenues of research that could yet be explored

including:

1) Mechanism of action. Future studies are required to investigate the
mechanism of action of Peptide5 in modulating the Connexin43 gap
junctional communication. This necessitates one of the following approaches
or an integration of them: direct biomedical methods, genetic interaction and
genomic methods, and computational inference methods (Schenone et al.,

2013, Gaulton et al., 2012, Gregori-Puigjané et al., 2012). By knowing how

Yilin Mao 2017 142



Ph.D. Thesis University of Technology Sydney

Peptide5 exerts its pharmacological functions in Connexin43 gap junctional
communications, these insights can help fully characterise on-target effects
in order to complete the application of Peptide5 for not only SCI but also

other pathological conditions.

2) Detailed analysis. A few molecules such as ATP, glutamate and ROS could

3)

be measured directly to evaluate the closure of Connexin43 hemichannels by
Peptide5 in the spinal cord tissue. The inflammatory cytokines such as TNFa
and IL-1pB, could also be quantified to assess the downstream effects of

closed hemichannels by using enzyme-linked immunosorbent assay.

Pharmacokinetics. Although the systemic administration of Peptide5 has
shown to be neuroprotective in an animal model of SCI, several
pharmacokinetic issues should be addressed before translating into human
clinical trials. In vivo and in vitro degradation and metabolism information is
required to be precisely acquired to further optimise the dosing regimen as
well as the administration route and timing as a relevant treatment option for

human SCI patients.

4) Toxicity. It is also necessary to establish the toxicity profile of Peptide5,

S)
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particularly to examine any adverse effects in the immune system.
Connexin43 is also expressed by human peripheral blood lymphocytes

(Bermudez-Fajardo et al., 2007, Oviedo - orta et al.,, 2000). T cell

proliferation and cytokine assays would be useful to evaluate the influence of

Peptide5 on these cells.

Combined therapies. Secondary treatments such as manipulation of

endogenous neural progenitor cells and inflammatory responses could be
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6)

applied in parallel to the Peptide5 systemic treatment. The combined
therapies might potentially provide synergetic impact on functional

improvements.

Chronic administration. It is worth investigating the efficacy of chronic
administration of Peptide5, as the reactive astrocytes and inflammatory
responses persist for a long time after SCI (Li and Raisman, 1995, Beck et al.,
2010, Donnelly and Popovich, 2008). If Peptide5 could still close
Connexin43 hemichannels at the later phase, there would be less efflux of
neurotoxic molecules such as ATP, glutamate and ROS into extracellular
space and adjacent cells, and thus the ongoing cycle of Connexin43
hemichannel dysfunction, inflammation and secondary damage could
possibly be interrupted. Therefore, Peptide5 may be able to contribute to

functional benefits, even at the chronic stage of SCI.

7) Statistical analysis of the BBB scale. Whilst the BBB rating scale is non-

Yilin Mao

parametric (Basso et al., 1996) there is much controversy over the use of
statistical analysis for it. This sensitive rating scale was initially developed
by Basso et al. (1995) to differentiate hind limb locomotor skills over a wide
range of injury severities, using a two-way ANOVA with a Tukey’s post-hoc
test. The factors were treatment groups and time with repeated measures on
the second factor. However, Scheff et al. (2002) recommended to use a
mixed factorial ANOVA for the effect of treatment group and time, or one-
way ANOVA with a Bonferroni post-hoc test for the simple effect (using the
omnibus error term in the calculation of F). There should be further

investigation to define the appropriate statistical analysis of BBB rating scale,
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in order to provide a common methodology for the correct interpretation of

SCI behavioural data.

8) Experimental design of controls. There are a number of controls that could
feasibly be included in this study for completeness. In accordance with the
3Rs (Replacement, Reduction and Refinement) in the Code of Practice for
the care and use of animals for scientific purposes, only the sham animals
with SP or Peptide5 treatment and the SCI animals treated with SP were
included in order to reduce the number of animals used in the current study.
The control groups selected for inclusion were considered as sufficient as the
purpose of the current study, and the data of controls were similar to
previously used “vehicle only” controls (O’Carroll et al., 2013). A total of
288 control additional animals in 36 groups (normal, sham or SCI with no
injection, vehicle injection, SP or Peptide5 at three time points) could have

been included completed to provide rigorous data in the current study.

5.3 Conclusion

The studies presented in this thesis have shown that regulating the Connexin43
hemichannels at the lesion area, by acute systemic administration of Peptide5 is a
feasible, neuroprotective and safe treatment option for reducing secondary damage and
improving functional recovery in a contusive SCI model of rats. The results suggest that
that systemic administration of Peptide5 might be a novel avenue for future medical
intervention, and may also offer a platform to boost the efficacy of other treatments

following traumatic SCI.
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Reagent Brand C;ltz:lll(;)gel;e
Acetonitrile Sigma-Aldrich 126349-100G
Bio-Plex Pro rat cytokine 23-plex assay Bio-Rad L8001IVI11SS
Bupivacaine Hospira 38-515-DK
Cephalozin sodium WG Ceritical Care  44567-707-25
DPX mountant Sigma-Aldrich 44581
Eosin alcoholic 1% Fronine 11016
Ethanol Sigma-Aldrich 24102-1L-R
Fluorescein isothiocyanate conjugated PeptideS Auspep BB30666
Fluorescent mounting medium Dako GM304
Formalin Sigma-Aldrich HT501128-4L
Formic acid Sigma-Aldrich 633321-4X4L
Gelatine Sigma-Aldrich G9391
Glycerol Sigma-Aldrich G5516-500ML
Goat anti-mouse Alexa Fluor 488 Thermo Fisher A-11001
Goat anti-mouse Alexa Fluor 568 Thermo Fisher A-11004
Goat anti-rabbit Alexa Fluor 488 Thermo Fisher A-11008
Goat anti-rabbit Alexa Fluor 568 Thermo Fisher A-11011
Hartman’s replacement solution Baxter AHB2324
Heparin B. BRAUN 126/318476/0212
HEPES lysis buffer Thermo Fisher 15630080
Hoechst Thermo Fisher H3570
Horseradish peroxidase-conjugated goat anti-rabbit [gG ~ Thermo Fisher A16096
Isoflurane VCA IPN-49
Lethabarb Virbac 47815
Lumi-Light chemiluminescence substrate Sigma-Aldrich 1205200001
Matsunami Platinum PLC-14 Matsunami PRO-14
Mayer’s Haematoxylin Fronine 11009
Mouse anti-ED1 AbD Serotec MCA341R
Mouse anti-neuronal nuclei Millipore MAB377
Nitrocellulose membrane Thermo Fisher LC2009
Normal goat serum Sigma-Aldrich G9023-10ML
Normal rat serum Abcam ab7488
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NuPAGE" 4-12% Bis-Tris gels Thermo Fisher NP0321BOX
NuPAGE® MES SDS running buffer Thermo Fisher NP0002
OCT compound Tissue-Tek IAO018
Paraffin Leica 39601006
Paraformaldehyde Sigma-Aldrich 158127-500G
Peptide5 Mimotopes 2492001
Phosphate buffer Sigma-Aldrich P3619-1GA
Phosphate buffer Sigma-Aldrich P3619-1GA
Phosphate buffered saline Sigma-Aldrich P4417-100TAB
Protease inhibitor cocktail Roche 11836153001
Protein assay kit Bio-Rad 5000002
Rabbit anti-Connexin30 Thermo Fisher 71-2200
Rabbit anti-Connexin36 Thermo Fisher 51-6200
Rabbit anti-Connexin43 Sigma-Aldrich C6219
Rabbit anti-Connexin47 Thermo Fisher PA5-39184
Rabbit anti-glial fibrillary acidic protein Dako 70334
Rabbit anti-ionised calcium-binding adapter molecule I ~ Abcam ab108539
Rabbit anti-phosphorylated Connexin43 Santa Cruz sc-101660
Scott’s Blue Fronine 11019
Scrambled peptide Mimotopes 2492002
SDS-polyacrylamide gels Thermo Fisher EC6265BOX
Skim milk Coles 7910660P
Sodium azide Sigma-Aldrich S2002-100G
Sodium chloride Sigma-Aldrich S9888-25KG
Sodium dodecyl sulphate Sigma-Aldrich 436143-100G
Sucrose Sigma-Aldrich S0389-5KG
Temgesic Reckitt Benckiser R15394
Trifluoroacetic acid Sigma-Aldrich 299537-100G
Tris-buffered saline Bio-Rad 1706435
Tris-hydrochloride Sigma-Aldrich 10812846001
Triton X-100 Sigma-Aldrich X100-500ML
Tween-20 Sigma-Aldrich P1379-500ML
Xylene Fronine JJ028/5
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