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Abstract

The loss of undamaged but vulnerable tissue in the central nervous system (CNS)
following neurotrauma contributes to long term deterioration of functional outcomes. A
range of biochemical cascades occur resulting in the loss of intact tissue beyond the in-
jury site in a process referred to as secondary degeneration. This cascade is thought to
include an increase in extracellular levels of the neurotransmitter glutamate, which leads
to glutamate excitotoxicity, causing an increased influx of Ca2+ into neurons and glia. The
movement of Ca2+ into cells following injury is facilitated by activation of Ca2+ permeable
membrane-bound ion channels. These include glutamate activated NMDA and AMPA re-
ceptors, voltage gated calcium channels and ATP activated purinergic receptors P2X7 and
P2Y1 Along with changes in Ca2+ dynamics, secondary degeneration also results in other
changes in the CNS, such as microglial activation and the increase of AQP4 expression in
astrocytes, which leads to an influx of water into the cell causing swelling and cell death.

Whilst Ca2+ is essential for cellular function, excessive and rapid increases in the
intracellular concentrations are linked to the overproduction of reactive oxygen species
(ROS) via the mitochondria. Excess ROS contributes to the degradation of vital cellu-
lar machinery including proteins, lipids as well as DNA, leading to disruption of cellular
function and cell death. This ROS and Ca2+ imbalance following neurotrauma leads to
a self-amplifying biochemical cascade resulting in the spread of injury to undamaged cells
and exacerbating the severity of the initial injury. It is currently hypothesised that the
astrocytic syncytium is involved in the movement of Ca2+ and ROS between neurons and
glia. However, Ca2+ microdomain changes within astrocytes following injury are currently
not fully understood.

This PhD thesis is split into two parts. The first describes the use of a combination
of fluorescence microscopy and nanoscale secondary ion mass spectrometry (NanoSIMS)
to investigate Ca2+ microdomain dynamics in untreated rat optic nerve vulnerable to
secondary degeneration, up to three months following partial injury. The second part
describes the development of a nanoparticle-based system for delivery of the antioxidant
resveratrol to astrocytes of rat optic nerve susceptible to secondary degeneration, tracking
both the nanoparticle and resveratrol (using a 13C-enriched form) by NanoSIMS, as well
as an investigation of the effect of the nanoparticle-based treatment on Ca2+ microdomain
dynamics in the optic nerve in vivo.



Imaging of Ca2+ is pivotal to the understanding of changing Ca2+ dynamics follow-
ing injury. Ca2+ is primarily imaged using fluorescence microscopy. Indicator molecules,
which fluoresce in the presence of Ca2+, allow visualisation of Ca2+ in tissue. However, the
use of fluorescent molecules presents several issues: they are susceptible to photobleach-
ing; acquisition time is limited; some fluorescent indicators have trouble penetrating the
entirety of tissue; and spatial resolution can be insufficient to resolve and visualise small
Ca2+ events. Furthermore, fluorescence relies on indirect measures of Ca2+, measuring
changes in the fluorescent molecule, rather than changes in Ca2+ itself. NanoSIMS was
used to image Ca distribution in tissue directly, helping to address some of these issues.

NanoSIMS imaging showed that Ca was present in the form of highly localised areas
of high concentration, referred to as microdomains, which were readily quantified. Analysis
of secondary ions such as CN− and C− showed clear morphological features that showed
that Ca microdomains were associated with certain cellular features, such as axons. Im-
munohistochemical images from adjacent sections allowed the identification of the tissue
type, e.g. glial or axonal, in which Ca microdomains were located. Taken together, the
technique allowed quantification of Ca microdomain dynamics on the basis of tissue type.
It was also demonstrated that a subset of microdomains were associated with tissue en-
riched with P. Following injury, the density of non-P associated microdomains decreased
significantly in glial regions at all measured time-points (5 min, 1 day, 3, 7 days, 1 month
and 3 months). A similar trend was observed in axonal tissue, with significant decreases
observed at 5 min, 1 and 7 days post-injury. These observations showed clear changes in
Ca2+ microdomain dynamics in tissue undergoing secondary degeneration.

Hitherto trialled treatments for secondary degeneration following neurotrauma have
utilised a range of therapeutic agents, including anti-oxidants. However, to-date success
has been limited, with the efficacy of therapeutic agents compromised by issues such as
toxicity at required doses and poor bioavailability. The use of nanoparticles provides a
way to potentially overcome these issues. Additionally, nanoparticles can be functionalised
with antibodies and proteins targeting specific biomolecules, thus delivering therapeutics
to specific sites. In this project, nanoparticles containing the antioxidant resveratrol were
synthesised and decorated with anti-AQP4 antibodies. The nanoparticles were charac-
terised and their therapeutic potential was investigated in vitro and in vivo.

Investigation of nanoparticle treatment efficacy in vitro showed extensive clumping,
with an apparent lack of targeting efficacy. Clumping was attributed to interaction of
nanoparticles with serum proteins. When tested ex vivo, it was found that incubation of
nanoparticles with albumin resulted in a decrease in free albumin concentration in solu-
tion. A decrease in free albumin concentration indicates sequestering of albumin, likely
through the formation of a protein corona around the nanoparticles. Additionally, anal-
ysis of reactive species using the indicator dye DCFH-DA indicated no clear effect of the
nanoparticle-based treatments in alleviating oxidative stress following incubation with glu-
tamate in vitro.



Nanoparticle preparations were directly injected into the site of a partial optic
nerve injury in vivo and a range of outcomes assessed. Animals treated with resveratrol-
encapsulating anti-AQP4 antibody conjugated nanoparticles showed an improvement of
functional outcomes as measured using the optokinetic nystagmus test. This improve-
ment was in comparison to animals that were vehicle-treated or treated with resveratrol-
encapsulating non-antibody conjugated nanoparticles. NanoSIMS was used to facilitate
tracking of nanoparticles, therapeutic agent (based on 13C enrichment) as well as measure
functional outcomes based on Ca2+ dynamics in axonal and glial areas. Analysis of Ca mi-
crodomain dynamics showed that only treatment with antibody-functionalised resveratrol-
encapsulating nanoparticles resulted in a trend towards ‘normal-like’ Ca microdomain den-
sity in axons. Analysis of adjacent sections via fluorescence microscopy and TEM showed
association of nanoparticles with glial cells such as astrocytes and macrophages. Anti-
AQP4 antibody decorated nanoparticles were observed to be internalised by ED1+ mi-
croglia/macrophages in vivo. Nanoparticles lacking anti-AQP4 antibodies were observed
in a dispersed distribution, only occasionally associated with ED1+ cells. It is likely that
immunogenicity of anti-AQP4 antibodies on antibody-decorated nanoparticles results in
increased uptake by macrophages and this was associated with reduced oxidative damage
to DNA throughout the nerve section. Enriched 13C signal hotspots were not detected in
optic nerve using NanoSIMS. Analysis of nanoparticle associated Fe hotspots likewise did
not yield enriched 13C signal, suggesting that 13C-enriched resveratrol was not located in
nanoparticles 1 day following therapy. Resveratrol from anti-AQP4 antibody decorated
nanoparticles may have been released into macrophages, contributing to the therapeutic
effect of the resveratrol-encapsulating nanoparticles. This is in contrast to non-antibody-
decorated resveratrol-encapsulating nanoparticles, where lack of macrophage uptake was
associated with lack of improvement in functional outcomes.

The results presented in this PhD thesis illustrate the feasibility of using NanoSIMS
for high resolution imaging of Ca microdomains in both intact and damaged CNS tissue.
Additionally, work with nanoparticle-based therapeutic systems demonstrate that whilst
results from in vitro experiments may not reflect those from in vivo, therapies delivered by
antibody-decorated nanoparticles present a feasible development pathway for the treatment
of secondary degeneration in the CNS following neurotrauma.
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Chapter 1
Introduction and Literature Review

Neurotrauma is a serious medical emergency which can be caused by a wide range
of insults to the central nervous system (CNS), ranging from blunt physical trauma to
stroke. Despite decades of research, there still is no effective treatment for neurotrauma.
Secondary degeneration leads to the spread of CNS injury to undamaged tissue; resulting
in a loss of function beyond that incurred though the original injury. Recent work has
indicated that the astrocytic network may be associated with the spread of secondary de-
generation post-injury via changes in the dynamics of Ca2+ and spread of oxidative stress
as a consequence of the initial insult. Limiting Ca2+ dysfunction or oxidative stress in
astrocytes may offer a new treatment strategy to reduce further functional loss following
neurotrauma. However, Ca2+ dynamics are not well understood at the subcellular level.
Further, Ca2+ channel blockers and antioxidants clinically tested in the past have been lim-
ited in their therapeutic efficacy for the treatment of secondary degeneration due to lack of
solubility, low bioavailability and side effects. Developments in the field of nanotechnology
hold the potential to overcome such issues. Therefore, this study will explore Ca dynamics
at the subcellular level and develop a polymeric nanoparticle system for targeted delivery
of therapeutics to astrocytes.

This chapter will review the literature covering the mechanisms of secondary degen-
eration following neurotrauma and the development of effective treatment strategies. This
will include an overview of the role of Ca2+ dynamics in the CNS and changes observed
to Ca2+ homeostasis following injury, especially in the astrocytic network. The focus will
be on changes to the visual system following injury, as the visual system will be used as
a model for both in vitro and in vivo elements of the study. State-of-the-art imaging and
detection of Ca2+ in biological systems will be investigated, including potential advances
to current techniques using NanoSIMS as a novel way of measuring Ca in vivo. The con-
nection between Ca2+ dysfunction and the onset of oxidative stress, together with other
consequences of secondary degeneration including upregulation of membrane bound water
channel aquaporin 4 (AQP4) in astrocytes will also be reviewed. The final aspect will
address the emerging field of nanomedicine; in particular, the use of polymer nanoparticles
as delivery vehicles for therapeutic agents. The advantages of delivering therapeutic agents
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including Ca2+ channel antagonists and antioxidants, using polymer nanoparticles, will be
discussed.

1.1 The central nervous system

The CNS is composed of a complex array of cell types which can be broadly classified
into neurons and glia.1 Neurons are electrically excitable cells whose primary purpose is the
chemical and electrical transmission of signals.1–3 Different types of neurones are adapted
for specific roles but they all retain certain features. The cell has many branching dendrites
and one long axon extending away from the soma. The axon acts as a conduit for electrical
impulses which transmit information to other cells.4 Neurones are not limited to the CNS,
and can be found throughout the body.5 However, this review will focus on cells in the
CNS, as opposed to the peripheral nervous system. CNS glia, also known as neuroglia,
is a term that refers to all non-neuronal cells in the CNS. It includes microglia,6 radial
glia,7 astrocytes (and their equivalent in the retina: Müller cells1,8),1,6 oligodendrocytes6

and ependymal cells.6 Glia fulfil a wide range of functions in the CNS. As a collective
population, glia form the support network of the CNS. Their importance to CNS function
is highlighted by the fact that they can survive and function in the absence of neurons,
whilst neurons cannot survive and function in the absence of glia.1

Arguably, the most versatile glial cells are the astrocytes. They have been docu-
mented to be involved in CNS signalling,9,10 are involved in synaptic communication with
neurons (Figure 1.1),2,10 and maintain intra- and extra-cellular ion levels.1 Additionally,
astrocytic processes ensheath endothelial cells lining blood vessels, and thus regulate blood
flow to control oxygen supply to neural tissue (Figure 1.1).11 The role of astrocytes in CNS
will be detailed further in section 1.3.5. Oligodendrocytes, unlike astrocytes, fulfil largely
one role. They support neurons by producing myelin. A dielectric mixture of lipids and
proteins,12,13 myelin enwraps axons. It serves to insulate neuronal axons that transmit
electrical and chemical signals.5,6 The absence of myelin precludes normal neuronal func-
tion.14 Myelin is found in repeating blocks approximately 1 μm in length along an axon,
with a single oligodendrocyte being able to myelinate multiple axons (Figure 1.1). The
function of microglia is to defend the CNS. They form the only immune response on the
brain side of the blood brain barrier (BBB).1,14 They are highly mobile and are able to
move around the CNS, allowing them to infiltrate sites of injury15 and clear away cellular
debris.16

The optic nerve forms an important part of the CNS. It is composed of the retina
and the optic nerve which connects the brain to the eye. The retina contains several unique
cells. Rod photoreceptors collect light impulses and release neurotransmitters to the den-
drites of retinal ganglion cells (RGCs) for information transmission.3 RGC axons branch
from the cell soma in the retina, run the length of the optic nerve and synapse directly
into the brain at the geniculate nucleus of the thalamus.6 The axons are organised into
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Figure 1.1: Cells of the CNS. The CNS is composed of different types of cells. These include the
neurons as well as the glial population; astrocytes, oligodendrocytes and microglia. Glia function
as the support cells of the CNS. Astrocytes form a network supporting neuronal function and
participate in synaptic function. Oligodendrocytes myelinate neuronal axons. Microglia function
as immune cells responding to damage or infection. Figure reproduced from Allen et. al.14

nerve fibres, and in humans they number 1, 158, 000 ± 222, 000 running the length of
the optic nerve.17 Between the eye and the brain, the two optic nerves cross at a point
called the optic chiasm, before continuing into the brain. The distribution of the axons
within the optic nerve can vary from organism to organism, and axons which are located
dorsally in the retina can project to a ventral position in the brain. In primates, this
topography is maintained; axons retain their dorsal/ventral positions along the length of
the optic nerve.18 Axon topography has also been noted to vary amongst rat strains.19

This can be important when using the visual system as a model for CNS injury, and is
explored further in section 1.1.2. Müller cells are the astrocyte-like glial cells in the retina,
and fulfil similar functions as astrocytes in the rest of the CNS.1 They are essential for
osmoregulation within the eye,20 as well as removal of neurotransmitters and other waste
molecules.21 Overall, the cell ecosystem present in the CNS is extremely complex, and a
wide range of glial cells are present to maintain optimum conditions for neuronal function.
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1.1.1 Neurotrauma and secondary degeneration

There are a variety of different injuries that can be sustained by the CNS, which can
vary in their severity. Some injuries are lethal, others result only in partial damage with
some level of function being retained. However, following the original injury outcomes can
change with function deteriorating over time.22,23 The source of such partial injury is var-
ied; it ranges from physical trauma (neurotrauma) such as a blow to the head in traumatic
brain injury (TBI) or spinal cord injury (SCI),24 to ischemia due to vascular events such
as stroke.25

Many potential neuroprotective treatments have reached clinical trials26,27 but failed
to provide positive outcomes.28 Some potential stroke treatments have had no beneficial
effects at all.29 Worse still, many candidate neuroprotectants induce serious side effects in
test patients.29,30 Despite recent positive outcomes in reducing tissue damage in trials of
neuroprotectants for treatment of ischaemic damage,31,32 to date no neuroprotective agents
have demonstrated complete efficacy in humans.26,33,34 As such, there are still many obsta-
cles that have to be overcome before effective treatments for neurotrauma and secondary
degeneration are developed.35

Following injury to the CNS, including to optic nerve vulnerable to secondary de-
generation, there are a range of changes to glial structure and function. Specifically, there
is an increase in the number of microglia and macrophages observed in the first week post
insult.37 Microglia can have positive effects but have been linked to the progression of
secondary degeneration,38,39 and the release of reactive oxygen species (ROS) which can
lead to oxidative stress.40,41 However, it has been observed in injured tissue that there are
increases in oxidative stress indicators manganese superoxide dismutase (MnSOD) and car-
boxymethyl lysine (CML) prior to movement of microglia and macrophages into uninjured
areas.42 This implicates other cell types, in the spread of oxidative stress in the CNS dur-
ing secondary degeneration. Astrocytes undergo a process called astrocytic gliosis which
results in a change in morphology of those cells in close proximity to the injury. These
astrocytes may then be involved in the formation of a glial scar.43,44 Astrocyte response at
the injury site may be facilitated by membrane bound receptors such as AQP4,45 and can
occur in response to trauma such as the physical severing of axons. Astrocytes have been
implicated in the spread of oxidative damage during secondary degeneration,46 as will be
discussed in further detail below (section 1.3.5).

Axonal degeneration stemming from a cut of the axon is referred to as Wallerian
degeneration, and has been noted to occur even in the absence of ROS-producing mito-
chondria.47 The presence of a glial scar hinders the regeneration and regrowth of axons,
and in the absence of glial scars, axons can regenerate even in the adult CNS.48 Associated
with axonal degeneration is the formation of defects in the surrounding myelin sheath.49

The clearing of myelin sheath debris following the onset of Wallerian degeneration and
associated secondary degeneration does not occur rapidly,15 and decompacted myelin has
been reported up to 6 months following injury in optic nerve vulnerable to secondary de-
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Figure 1.2: (a) Influx of Ca2+ into the cell following glutamate excitotoxicity. Following injury,
increases in glutamate result in gating of AMPA and NMDA receptors. This reads to a flow of Ca2+
in to intracellular space. Influx of Ca2+ into the mitochondria results in mitochondrial dysfunction
and overproduction of ROS. (b) Steps that can be involved in mitochondrial Ca2+ overload are I:
Intracellular Ca2+ concentration in the vicinity of mitochondria increases. II: There is a movement
of Ca2+ from the cytosol into the mitochondrion. III: The resulting Ca2+ concentration increase
results in disruption of mitochondrial membrane potential (ΔΨm). IV: The resultant change in
membrane potential results in cytochrome c release, disruption of the electron transport chain,
and eventual over-production of reactive oxygen species (ROS). V: ROS leave the mitochondria
disrupting vital cellular processes.36

generation.50 The persistence of defects in myelin so long past injury may be linked to
the death of oligodendrocyte progenitor cells, that can differentiate into myelinating oligo-
dendrocytes responsible for the myelination of axons, during secondary degeneration.51

Ultimately, the response of glia to injury can be both beneficial and detrimental, depend-
ing on the cell type and severity of injury.1,52

The biochemical changes of secondary degeneration encompass a complex molecu-
lar cascade of events. Following depolarisation of cells due to oxygen deficiency, there is
an increase in extracellular levels of the neurotransmitter glutamate,53,54 likely released
from intracellular vesicles.55 This increase results in glutamate excitotoxicity2,56 and an
increased influx of Ca2+ into neurons and glia surrounding cut axons through NMDA and
other receptors.57 Although Ca2+ is vital for cellular function, excessive and rapid increases
in concentration are associated with the overproduction of ROS (Figure 1.2a), discussed
further in section 1.2.4.58–60 In order to understand the cellular and biochemical complexi-
ties of secondary degeneration it is necessary to utilise appropriate animal model systems.
The following section will describe the in vivo model used in the current study.
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1.1.2 A model of secondary degeneration following neurotrauma

In order to investigate the cellular and biochemical events of secondary degeneration
following neurotrauma, suitable animal models are necessary. The use of optic nerve of
the visual system for the study of neurotrauma has several advantages. It is part of
the white matter track, cell populations can be reliably quantified and it is relatively
easily accessible via surgery. This study will use partial transection of the optic nerve
of adult female Piebald Viral Glaxo (PVG) rats as a model of secondary degeneration in
vivo. The model has been used to investigate a wide variety of pathological outcomes due
to secondary degeneration, including myelin decompaction50,61, oxidative stress42,62 and
neuronal death.19,50 As mentioned in section 1.1, the optic nerve is a white matter tract
of the CNS, therefore outcomes are applicable to injury to other CNS white matter tracts
including the spinal cord.49 The optic nerve crush model has also been used to model
injury to a white matter tract.49 In this model, damaged axons passing through the nerve
are intermingled with those that are undamaged, resulting in difficulty in identifying any
initially uninjured cells.63 As such, optic nerve crush is unsuitable for study of secondary
degeneration, which requires an initially undamaged population of cells in close proximity
to the injury. The advantage afforded by partial optic nerve transection is that it leaves
part of the nerve intact and susceptible to secondary degeneration.42,64 Furthermore, the
optic nerve of the PVG rat strain maintains axonal topography from the retina to the
injury site.19 A cut on the dorsal aspect of the nerve will transect the axons of RGCs
whose somata are located in dorsal and to a lesser extent central retina.65 RGCs in ventral
retina, with axons extending along the ventral aspect of the optic nerve are unaffected by
the primary injury, but are susceptible to the spread of secondary degeneration (Figure
1.3). As such, following partial optic nerve transection, ventral optic nerve provides a
population of cells, both glial and neuronal, which can be used to investigate alterations
in Ca2+ distributions as well as the effect of nanoparticle mediated treatment delivery.

Initial Damage

Spread of Degeneration

Neuronal Axon
Bundles

Astrocytic Glia

Figure 1.3: The partial optic nerve transection model of secondary degeneration. The axons of
optic nerve neurons maintain their topography throughout the length of the nerve. This allows
for the study of an initially undamaged population of cells, which are susceptible to the spread
secondary degeneration.42
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1.2 Ca2+ in the normal CNS

Before the changes in Ca2+ that occur following neurotrauma can be reviewed, it
is necessary to appreciate the complexities of Ca2+ dynamics in the normally functioning
CNS and how these changes can be monitored. Ca2+ in the CNS is an important secondary
messenger species, vital for regular cell signalling. Ca2+ signals, referred to as waves, have
been observed to travel across the astrocytic syncytium that forms the support network
of the CNS.66 There has been debate as to the nature of these waves, whether they origi-
nate from a single cell activation,67 or whether signal is reinforced with additional release
downstream.68 Computer simulations of the dynamics of Ca2+ waves have indicated that
it may be a combination of both phenomena.69,70

Along with wave-like phenomena, Ca2+ is also found in distinct localised elevations
of concentration called microdomains.71 These microdomains exist fleetingly in both space
and time, existing in a small volume of the cell for a brief moment.72 Temporal and spa-
tial sequestration of Ca in microdomains is what allows Ca2+ to function as a messenger
species; signals can be sent discretely within and without the cell. Stores of Ca2+ in the
form of microdomains are found within the endoplasmic (ER) and sarcoplasmic reticulum
(SR),73 mitochondria,74 associated with ion channels75 and the plasma membrane,76 and
are released when necessary.75 Close tethering of mitochondria to the SR has been observed
in cardiac cells, facilitating release of Ca2+ microdomains from the SR to mitochondria
for intracellular communication.77 Recent work has shown that the formation of Ca2+

microdomains on the mitochondrial surface occurs in mitochondria in close proximity to
Ca2+ channels in the ER.78 The exchange of Ca2+ between the ER and mitochondria is
a vital part of cell physiological function helping regulate mitochondrial respiration79 and
metabolism.80

As part of normal function, mitochondrial Ca2+ concentration can change rapidly
by several orders of magnitude, ranging from <μM to mM.81 Regulation of cellular func-
tion by Ca2+ is not just achieved through intracellular signalling, but also via intercellular
signalling, with Ca2+ playing a major role in synapse function.10 It has been observed
that astrocytes expressing functional transient receptor potential cation channel, member
A1 (TRPA1) channels are essential to mediation of neuronal Ca2+ signalling events at
synapses.82 Also, other vital CNS functions such as long-term potentiation has been ob-
served to be extremely sensitive to fluctuations in external Ca2+ concentration.83 These
examples of Ca2+ dynamics illustrate their role in normal function, but it is increasingly
recognised that they can be augmented, resulting in the initiation and spread of patholog-
ical mechanisms following injury.
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1.2.1 Imaging of calcium in biological systems

The element Ca is a group 2 element, and like all group 2 elements has only one sta-
ble oxidation state: +2.84 In animal biological systems, Ca can be found either complexed
with other elements or chemicals (bone)6 or as a free floating ion; Ca2+. When referring
to the imaging of Ca in a biological system, it thus always refers to Ca2+, and all further
references to imaging of Ca in a biological setting refer solely to this ionic species.

As mentioned in section 1.1.1, Ca2+ is an important secondary messenger species in
the CNS, and plays a major role in both healthy and pathological brain biochemistry. As
such, it is essential to develop effective techniques to image changes in Ca2+ in vivo, at
sufficiently high resolution to identify subtle changes in Ca microdomain dynamics follow-
ing injury. Several imaging methods have been developed to detect Ca2+ both in vitro and
in vivo, in normal and injured CNS tissue. These methods rely on the use of a fluorescent
molecule (dye) to indicate the presence of Ca2+. Ca2+ is never directly measured, rather
by proxy, with fluorescence given off as a consequence of a molecular interaction between
Ca2+ and the indicator dye (Figure 1.4).85 Ca2+ indicators can be categorised into two
groups; chemical indicators and genetically encoded indicators.

Chemical indicators refer to any chemical species which fluoresce following an inter-
action with Ca2+. They can be synthetic chemicals such as fura-2 or large bioluminescent
proteins such as aequorins. Regardless of structure, chemical indicators are exogenous and
have to be introduced into the system being imaged. One of the first indicators devel-
oped specifically to image Ca2+ which enjoyed wide-spread use was the synthetic indicator
Quin2.86,87 However, shortcomings with regards to fluorescence intensity and lifetime led
to it being largely replaced by fura-2 as the indicator of choice for Ca2+ imaging.88–90

Fura-2 is a naturally fluorescent molecule, being excited at wavelengths of 340 and 380
nm. Emission is recorded ranging from 505-520 nm even in the absence of Ca2+. However,
in the presence of free Ca2+, fura-2 chelates the ion resulting in a blue shift in both exci-
tation and emission wavelengths (Figure 1.4a).88 By comparing the change in fluorescence
intensity at 512 nm (free fura-2) to that at 505 nm (Ca2+ chelating fura-2), changes in the
concentration of Ca2+ can be calculated.2 Fura-2 has been used in studies to determine the
role of inorganic polyphosphate on Ca2+ based glial signalling,91 finding that Ca2+ release
is dependent on endogenous phosphate. Other chemical indicators, such as rhod-2 have
been used to investigate Ca2+ dynamics in the astrocytes of young rat pups, revealing that
synaptic Ca2+ release in astrocytes differs between undeveloped and developed brains.92

Despite its successful use, there are drawbacks to the use of synthetic indicators. Firstly,
like most fluorescent molecules, they are susceptible to photobleaching with prolonged
exposure. This can preclude imaging over a longer time-frame. Additionally, excitation
wavelengths within the UV range have been shown to induce autofluorescence,93 which
could interfere with accurate readings.

Aequorin on the other hand is not dependent on external excitation,74,94 and is
thus not affected by photobleaching. Fluorescence does not originate from the aequorin
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Figure 1.4: Mechanisms of action of common Ca2+ indicator dyes. (A) Excitation at 340 and
380 nm induces fluorescence in fura-2, which is emitted at 505-520 nm. Chelation of Ca2+ by
fura-2 results in a blue shift in both absorption and emission wavelengths allowing for detection
of Ca2+ presence. (B) Coelenterazine (white c, left) is oxidised to colenteramide (blue c, right)
following Ca2+ binding to aequorins. In the process of going from an excited to a relaxed state,
colenteramide emits a photon at 470 nm. (C) Binding of Ca2+ to the genetically encoded indicator
GCaMP induces changes in intramolecular conformation. This results in an increased emitted
fluorescence at 515 nm from a GFP based fluorophore following excitation at 485 nm. Adapted
with modifications from Grienberger et. al.85

structure itself, rather the prosthetic group coelenterazine (Figure 1.4b), which is bound to
aequorin. The binding of three Ca2+ to aequorin results in the oxidation of coelenterazine
to colenteramide which is in the process unbound to aequorin. The unbound colenteramide
is found in an excited state, and emits a photon of 470 nm in the process of returning to
a ground state.85 Aequorin has a very steep spatial detection range of Ca2+,74 allowing
a much higher resolution of Ca2+ events compared to fluo-4. Depending on engineered
Ca2+ affinity, it is able to detect a wide range of Ca2+ concentrations, from mmol/L to
μmol/L.74,95,96 However, colenteramide is consumed during imaging, and needs to be re-
plenished in order to maintain fluorescence.94

Genetically encoded indicators of Ca2+ were developed to overcome issues regarding
compartmentalisation of exogenous indicators.97,98 By being encoded in the organism’s
DNA, the indicator is expressed in every cell, thus bypassing issues with tissue penetration
and distribution. The GCaMP series of indicators were developed from green-fluorescent
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protein,99 and were eventually refined to allow imaging of mammalian tissue in vivo.100,101

Like synthetic indicators, GCaMP fluoresces only when excited by an outside source, emit-
ting at 515 nm (Figure 1.4c). Specificity to Ca2+ is achieved by the presence of Ca+
binding protein calmodulin attached to the GCaMP structure. Small Ca2+ transients can
be successfully imaged using GCaMP variants. Improvements in the original GCaMP have
let to the imaging of Ca2+ microdomains 5 μm in diameter. These have been observed
in processes of astrocytes with membrane tethered GCaMP2,76 in glial soma surrounding
neuronal cell bodies (using GCaMP5),102 as well as across the whole astrocyte; including
endfeet, processes and soma.103 The use of genetically encoded indicators, such as YC 3.60
cameleon allows for the visualisation of Ca2+ in glial-glial communication.104 Despite the
uses of GCaMP, there are shortcoming which make it and other protein based indicators
poor Ca2+ imaging tools.105 They generally suffer from low detection sensitivity and poor
kinetics, although improvements have recently been made in overcoming these problems.105

Regardless of the type of Ca2+ indicator employed, they can generally be imaged us-
ing the same optic microscopy techniques; fluorescence, confocal or 2-photon microscopy.
Fluorescence and confocal microscopy have been used for decades for the imaging of Ca2+

in tissue. Due to issues regarding tissue penetration in vivo, use is largely restricted to
imaging in vitro cultures or tissue sections.85,106–108 The development of 2-photon mi-
croscopy revolutionised Ca2+ imaging, as it allowed for real time deep- tissue imaging of
Ca2+ events in vivo.107,109 Thanks to such advances it is possible to image Ca2+ changes
following injury across the whole optic nerve in real time.49

Optical microscopy is however limited by the physical properties of light, which
means that the theoretical spatial resolution is limited to ∼250 nm. This however is
the theoretical limit, which is not easily achieved experimentally, and has been found to
vary from one technique to another.110 Whilst newer optic imaging techniques such as
4π-microscopy can achieve resolution of 100 nm,111 use in the imaging of Ca2+ has yet
to be reported. Further, even with the aforementioned increase in resolution, the spatial
resolution of Ca2+ events is still limited; imaged transient ‘focal events’ are usually 4-12
μm in size.103 Ca2+ contained within microdomains smaller than this cannot currently
be visually resolved. Additionally, the very nature of the indicator dye-Ca2+ interaction
poses several drawbacks. Ca2+ movement from cell to cell in situ is variable. Detection
limits are dependent on the concentration of indicator dyes within the cell which can vary
from compartment to compartment.112 Exogenous chemical indicators such as fura-2 and
mag-indo-1 are known to be compartmentalised within cells,97,98 which may hinder uni-
form Ca2+ measurement across the whole cell. Such limitations can be overcome with
the use of Nanoscale Secondary Ion Mass Spectrometry (NanoSIMS), which measures Ca
directly and thus does not reply on indirect measure of Ca2+ such as detecting changes in
an indicator.
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1.2.2 NanoSIMS for imaging Ca and other ions

NanoSIMS is a high-resolution imaging mass spectrometry technique that is used to
analyse the elemental composition of a sample. The technology was initially developed for
analysis of geological samples, but in the form of NanoSIMS has been adapted to allow
precise imaging of biological tissue.113 To generate an image, a beam of ions (primary ion
beam) is rastered across the surface of the sample.114 The impact of the primary ion beam
on the surface of the sample generates fragments of the molecules comprising the exterior-
most atomic layers of the sample (shown in Figure 1.5).113 The primary ion beam can be
either positive or negative in charge; with different ion species used for different charges
(Cs+ for positive; O− for negative).114 These two beams behave differently, and due to
physical constraints the beam size at impact with the sample differs between the two.
The beam size influences the lateral resolution, which ranges from 33-50 nm for Cs+ and
150-200 nm for O−.114,115 The sputtered secondary ions can be either positive or negative,
and the charge of the primary ions dictates the charge of the secondary ions that can be
imaged. This is due to the secondary ions being collected through the same electrostatic
optics that the primary beam is focused with.116,117 Essentially, the secondary ions go up
the same path the primary ions come down, and thus only ions of opposite charge can

Secondary particles
Neutral
Negative
Positive

Primary
ion beam

Sample
Figure 1.5: Sample sputtering in NanoSIMS. The primary ion beam rasters across a predefined
field of view, from which secondary ions are generated. Secondary ions can have any charge, and
are not limited to monoatomic species. Separation based on mass (thus chemical composition)
allows an elemental map of the field of view to be generated. The schematic has been adapted and
modified from a similar image in a paper published by Lechene et. al.113

Page| 11



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

travel in opposite direction. This has an impact on which chemical species/clusters can be
imaged at any one time as well as the signal strength.

The secondary ions are the key to imaging using NanoSIMS. They are composed
of fragments of the molecules which comprise the imaged sample, and thus can give an
elemental composition of the sample. Sputtered secondary ions are extracted from the
sample and travel up the lens assembly through which the primary ion is focused. They
pass through a secondary column which shapes the secondary-ion beam, centring it to pass
through the entrance slit to the mass spectrometer. A combination of electrostatic lenses
and slits corrects for aberrations. A magnetic field focuses the secondary ions along a focal
plane based on mass. Detectors are tuned to positions across the plane which correspond
to secondary ions of specific mass.113 The use of multiple detectors allows for simultaneous
detection of several species with high mass resolution. Whilst other microscopy techniques
such as Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM)
can be used to image the elemental composition of a sample, they have limitations in the
scope of the elements which can be identified with ease (being more sensitive to heavier
or lighter elements). This would preclude comprehensive imaging of biological samples to
determine elemental composition of any desire element: a limitation which does not apply
to NanoSIMS.113

One important aspect of NanoSIMS is that multiple ion species can be imaged si-
multaneously (5 on earlier models, 7 on newer). Rastering across a sample, and recording
secondary ion levels at each point (pixels) allows an image of elemental composition to
be built up. NanoSIMS is a high resolution imaging technique in two ways: spatially and
spectroscopically. Depending on primary ion source, it is possible to achieve a lateral res-
olution of 33 nm; whilst secondary ions with as little mass difference as 0.0632 Daltons113

can be effectively distinguished, allowing 12C15N and 13C14N fragments to be quantified
(Figure 1.6). Other related techniques such as time-of-flight SIMS (TOF-SIMS) do not
have the mass-resolution to discern ions of such similar mass.116

Despite being a relatively new technique, NanoSIMS has already found application
in biological imaging in a wide variety of fields, exploiting the ability to image any ele-
mental species and achieve high resolution of cell morphology. Applications of NanoSIMS
in biological imaging can be separated into three main types; imaging of structural and
chemical information, stable isotope studies and investigating the fate of exogenous metal
species. One of the major advantages of NanoSIMS is the ability to image samples and dis-
cern structural information without the need for staining, achievable by carefully choosing
detected secondary-ions. Images of 12C usually carry poor contrast due the prevalence of
12C in biological tissue and any embedding medium.113 Instead, imaging of 12C14N results
in high contrast and can reveal detailed anatomical features.113 Imaging of other elements
can be used to reveal other biological details. 31P can be used to show the distribution of
P-rich molecules such as nucleic acids and phospholipids, whilst 32S can reveal the location
of S containing proteins.118 Overall, a high enough lateral resolution can be achieved to see

Page| 12



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

Figure removed due to copyright restrictions.
See Figure 2 in Peteranderl et. al.

Figure 1.6: NanoSIMS mass peaks. The resolving power of the NanoSIMS allows for the resolving
of secondary ions of extremely similar masses. The mass peaks for 12C14N (26.003074 u) and 13C2

(26.006709 u) overlap but can be resolved, as can the mass peaks for 12C15N (27.000108 u), 13C14N
(27.006428 u) and 12C14N1H (27.010899 u). This allowed for sensitive studies involving multiple
isotopes to be conducted using NanoSIMS. Figure reproduced from Peteranderl et. al.116

a nucleolus within a nucleus.119 This has allowed for the in vitro imaging of nucleic acid
modification and chromatin condensation in therapeutic studies involving human breast
adenocarcinoma cell treated with an Au(I) based chemotherapeutic agent.119 NanoSIMS
is especially useful for tracing of metal species in biological tissue. In the case of plants
with high Ni accumulation affinity, Ni has been observed in vacuoles of epidermal cells.118

Visualisation is achieved with one of the detectors on the instrument tuned to the correct
mass and the entire periodic table can be detected.

High mass resolving power and the ability to detect any required mass makes Nano-
SIMS very suitable for isotopic studies. Stable isotopes such as 15N and 13C have been
used to investigate metabolic turnover of amino acids, demonstrated with cells fed with
13C-glycine and 15N-glycine.116 In both instances 13C and 15N were detected in levels
above natural abundance. Mass resolving power can be leveraged with subcellular lateral
resolution using NanoSIMS to determine the fate of enriched species; an example being
investigation of N competition in plant roots and soil bacteria fed with 15NH+

4 . 15N was
mapped in both bacterial cells in the soil matrix and intra-cellularly within root and root
hairs.120 Analysis of enriched stable isotopes has also been used in mammalian studies
in vivo. Mapping of 15N in the nuclei of cardiovascular cells from mice fed with 15N-
thymidine was used to investigate the source of cell renewal and replacement in the heart
(Figure 1.7).121 Senyo et. al. revealed that following infarct new cardiomyocytes are de-
rived not from a pool of older progenitor cells but rather from pre-existing cardiomyocytes
which exist in an uninjured state.121 These cells were present in a mixed cell type popu-
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Figure 1.7: Imaging of 15N following myocardial infarction. 15N-thymidine-labelled cardiomy-
ocyte nucleus (white arrows) from myocardial infarction border region. Immunofluorescent staining
shows that the cardiomyocyte is GFP+, indicating it is generated from pre-existing GFP+ car-
diomyocytes not GFP- progenitor cells. Scale bars, 10 μm. Image and caption adapted from Senyo
et. al.121

lation, and individual types were identified with immunofluorescent staining (Figure 1.7).
Imaging of stable isotopes has also been used in determining targeting efficacy of thera-
peutic agents in vitro. Labare et. al. mapped the distribution of 127I in mouse melanoma
cells. 127I was used in the melanoma targeting molecule [125I]-N -(4-dipropylaminobutyl)-
4-iodobenzamide, and based on the colocalisation of 127I and melanin; the investigators
demonstrated targeting to the melanoma.122 Radiographic iodinated imaging agents have
commonly been used for medical diagnosis, employing 125I as the contrast agent. Unlike
stable 127I, 125I is a radioisotope and can be toxic under certain conditions.123 That poten-
tially toxic radioisotopes need not be used to map the fate of molecules of interest is one
of the advantages of NanoSIMS, an advantage which has facilitated use in healthy human
subjects. Intravenous infusion of 15N-thymidine for 48 hr has been used to facilitate imag-
ing of white blood cells.124 Historically, such studies have involved the use of radioactive
substances, and have thus been limited to cancer patients.125

NanoSIMS is also ideally suited for imaging of exogenous metals both in vitro and
in vivo. Studies have been conducted to investigate the fate of Ag nanoparticles in water
fleas (daphnia magna) by mapping 107Ag.126 Nanoparticles were found associated with the
lumen of the gut, as well as in some of the tissues (Figure 1.8a), thus demonstrating the
suitability of NanoSIMS as a tool for imaging nanoparticles in tissue. NanoSIMS can also
be used to map the location of metal-based therapeutic agents. Au and Pt based drugs
have been used for the treatment of various cancers. Wedlock et. al. investigated the
sub-cellular localisation of Au(I) complexes in human breast adenocarcinoma cells.119 It
was found that 197Au was associated with the inner nuclear membrane and colocalised
with 32S. This data matched literature which suggested that Au(I) compounds function by
inhibition of thiol-containing protein families, such as thioredoxin.119 However, the 197Au
signal indicates only the presence of Au(I), and does not indicate whether the organic
ligands are attached. Similarly, traditional strategies track organometallic species using
fluorescent ligands to track the complex. Metabolic processes can result in detachment of
the fluorescent ligand from the metal core, resulting in the metal being untraceable.119
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However, with NanoSIMS the fate of the organic ligands can be tracked through the
use of stable isotopes as detailed earlier. Follow up studies by Wedlock et. al. involved Pt
species with 15N-rich ligands.127 Both 195Pt and 15N were detected and found to largely
colocalise, although not in all instances (Figure 1.8b). Occurrences of 195Pt and 15N non-
colocalisation indicate that the 15N-enriched ligands can be cleaved from the metal core.
The ability to track multiple species simultaneously allows NanoSIMS to track two sep-
arate components of exogenously administered therapeutic systems. Such a capability is
extremely useful in determining subcellular colocalisation of multi component nanoparticle
systems, examples of which are described in section 1.4.

(a) (b)

Figure 1.8: Imaging of exogenous metals in tissue using NanoSIMS. (a) Elemental distribution
of 12C14N, 31P, 34S and 107Ag on an ultra-section cut of d. magna exposed to silver nanoparticles
(23 nm, 0.1 mg/L). Part A corresponds to the internal part of the gut of the organism, and part
B, the external part of the gut. Field of view 40 × 40 μm2. Acquisition time 20 ms/pixel. Scale
bar 4 μm. (b) Secondary ion maps acquired by NanoSIMS of fixed sections of MCF7 cells treated
with TriplatinNC (20 μM, 2 h). The 195Pt− secondary ion map and the hue-saturation-intensity
(HSI) representation of the 12C15N−/12C14N− ratio map, clearly show localisation of both 195Pt
and 15N within the nucleolus (grey arrow); the overlay of the 195Pt− (blue) and 12C15N− (red)
secondary ion maps shows 195Pt and 15N are colocalised in some but not all instances; scale bars
= 5 μm. Figures and caption derived from (a) Audinot et. al.126 and (b) Wedlock et. al.127

1.2.3 Ca2+ changes as a consequence of neurotrauma: knowledge to date

The changes in Ca2+ microdomain distribution following neurotrauma in tissue vul-
nerable to secondary degeneration have not been fully characterised. At face value, increase
of Ca2+ concentrations intra-, inter- and extra-cellularly following neurotrauma appears
to instigate the onset of processes which lead to cell death.128,129 However, Ca2+ increases
are not necessarily an abnormal response. In fact, it has been observed that increases in
Ca2+ appear to be a beneficial adaptation. Two distinct outcomes have been observed
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resulting from temporally segregated Ca2+ fluxes following initial insult to RGCs.130 The
first, which is almost immediate, leads to cell death and is linked to massive swelling of the
cell. The second, occurring as an initial depression in Ca2+ levels followed by a delayed
and moderate increase, appears to stave-off cell death, and does not result in swelling of
the cell.130 It is thus possible that changes in Ca2+ linked to the spread of secondary de-
generation may be linked to an adaptive preservation mechanism.130

It has been proposed that movement of Ca2+ between glia and neurons could play a
part in the spread of excess Ca2+ to the secondary injury site.90,131 While the exact mech-
anisms by which this occurs are currently unknown, it is believed that glutamate receptors
are involved.57,132 Gating of AMPA and NMDA receptors due to increased glutamate levels
leads to influx of Ca2+ into the cell.133 The link between Ca2+ influx and cell death follow-
ing injury is complicated by observations indicating that neurons that express non-Ca2+

permeable NMDA receptors die in early phase SCI, through mechanisms resembling apop-
tosis and necrosis.134 Research has shown that neuroprotection can be achieved through
the use of glutamate receptor antagonists,135 possibly by blocking excess Ca2+ influx initi-
ated through glutamate excitotoxicity. Both AMPA and NMDA receptors are formed from
tetramers. In the case of AMPA receptors, they can be one of four types, GluR1-4.134,136

The majority of AMPA receptors in the CNS exist with GluR2 as one of the 4 constituent
monomers,137 which enables control over entry of Ca2+ into the cell.138 However, signifi-
cant increase in GluR1 immunoreactivity following increased oxidative stress in astrocytes
have been observed.139 It is therefore likely that increased GluR1 may be involved in the
spread of Ca2+ and the progression of secondary degeneration following neurotrauma.

The progressive spread of Ca2+ dysfunction following injury also involves other mem-
brane bound channels and receptors. Voltage gated calcium channels (VGCC) are specif-
ically permeable to Ca2+, and also slightly to Na+. They are activated by membrane
depolarisation events such as the influx of ions such as Na+ into the cell, which has been
demonstrated in stretch injury models of cultured neurons in vitro.140 The blocking of
VGCCs in these experiments resulted in prevention of post-injury increases in intracellular
Ca2+.140 Similar results have been observed in primary rat astrocyte cultures, where block-
ing of n-type VGCCs attenuated increases in intracellular Ca2+ levels early post insult, and
decreased overall cell death.141 The disruption of Ca2+ homeostasis in astroglia is believed
to involve the activation of purinergic receptors P2X7 and P2Y1 by adenosine triphosphate
(ATP).2,90 Glutamate first triggers ATP release through P2X7 receptors. ATP is then able
to mediate the propagation of glial-glial and glial-axonal Ca2+ signalling by gating P2X7

receptors.2 Increases in ATP in tissue injured in a weight drop SCI rat model, resulted in
much higher cell death compared to areas of low ATP release: cell death was attenuated
with the use of P2X7 receptor antagonists.142
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1.2.4 Potential consequences of Ca2+ changes following neurotrauma

Ca2+ acts as an important secondary messenger in all cells, not just those in the
CNS, being involved in signal transduction and thus the maintenance of cellular func-
tion.77,143 However, rapid increase of Ca2+ in the mitochondria has been linked to the
onset of oxidative stress through overproduction of ROS.144 Maintenance of the redox
state of mitochondria is vital for mitochondrial function, as ROS generated through the
electron transport chain regulate the release of Ca2+ from mitochondrial stores (Figure
1.2b).145 The loss of mitochondrial maintained Ca2+ homeostasis can be detrimental to
cell health beyond pathological effects caused by injury, as mitochondria are involved in
maintaining Ca2+ signals used for normal cell function.146 Mitochondrial Ca2+ imbalance
is caused by a phenomenon called mitochondrial permeability transition (MPT), which re-
sults in larger molecules being able to pass through the mitochondrial membrane, a process
which has been linked to apoptosis and necrosis.60,147 In the CNS, MPT is caused by ab-
normally high levels of Ca2+,148 which leads to disruption of the mitochondrial membrane
potential149 and the electron transport chain,150 as well as overproduction of ROS151 due
to release of cytochrome c into the cytoplasm.144,152 The resultant cascade of biochemical
events is a self-amplifying loop; rapid increases in free Ca2+ in the cell lead to increases in
mitochondrial Ca2+ concentrations, which disrupt the mitochondrial membrane potential,
leading to imbalance of ROS necessary to maintain mitochondrial Ca2+ stores. Disrup-
tion of both mitochondrial Ca2+ and ROS leads to egress of both out of a mitochondrion
where they can initiate the same process in an uncompromised organelle. In response to
this, mitochondria can array themselves to form ‘fire-breaks’ preventing the propagation
of ROS during oxidative insult.72,153 Nevertheless, reactive species can diffuse out of the
mitochondrion and spread inter-cellularly, resulting in spread of damage from one cell to
another.153

1.3 Effects of over-production of ROS

1.3.1 Reactive species

ROS and reactive nitrogen species (RNS) are naturally occurring chemical species
found within cells. They are primarily synthesised in the mitochondria as part of mi-
tochondrial respiration (Figure 1.9).154–156 Examples include hydrogen peroxide (H2O2),
the superoxide anion (O•−

2 ), peroxynitrate (ONOO•−) and nitrogen oxide (•NO), amongst
others. O•−

2 is considered to be a particularly important and central species formed in the
mitochondria.157 Enzymatic action by superoxide dismutase (SOD) results in the formation
of H2O2, whilst reaction with •NO results in the formation of ONOO•−.158 It is important
to note that despite the damage that these chemical species can do to the cell, they are
formed as part of normal cellular function159 and are vital to cellular function, fulfilling

Page| 17



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

several important roles in cytosolic signalling (e.g. H2O2),160 and long-term potentiation
(e.g. •NO).161

1.3.2 Oxidative stress following neurotrauma

Oxidative stress is state experienced by cells when ROS and RNS are present in
excess and not controlled by endogenous antioxidant species. The ROS and RNS can con-
tribute to the degradation of vital cellular machinery including proteins,169 lipids as well
as DNA,170 leading to disruption of cellular function156 and cell death.171 It is important
to note that the cell death which occurs following CNS injury is complex, and shows hall-
marks of both apoptotic and necrotic processes.19,172 There is evidence to suggest that
different ROS are involved in different modes of death: H2O2 has been linked to necrotic,
and O•−

2 apoptotic-like cell death.173

Oxidative stress has been demonstrated to be involved in a range of CNS injuries,
including physical trauma such as concussive head injury (a type of TBI) and spinal cord
contusion (a type of SCI).174–176 In many of these instances, the injury results in mito-
chondrial dysfunction and damage due to oxidative stress. Following spinal cord contusion,
mitochondrial ROS production was increased in isolated neural synaptosomes, resulting in
an increase in observed lipid peroxidation.175 Increases in •OH and O•−

2 are observed im-
mediately following spinal injury,177 followed by by-products of lipid peroxidation,178 which
can include 3-nitrotyrosine (3-NT) and 4-hydroxynonenal (4-HNE).168,179,180 ROS imbal-
ance can be caused by Ca2+ influx into the cell, resulting in formation of O•−

2 which SOD
catabolises into H2O2.36 The exposure of mitochondria to O•−

2 results in efflux of Ca2+ and
eventual depolarising of the cell, leading to further disruption of Ca2+ homeostasis.36,181

ROS dysfunction occurs over a long range of time periods following injury, depending on
the type of injury sustained as well as the severity.36

Specific to the visual system, studies have shown that inhibition of early mitochon-
drial oxidative stress increases long term cell survival in RGCs.182 Antioxidants were
shown to only be required in the short term in order to ensure neuronal survival, after
which removal shows no detrimental effects on the cell population.183 Also, in vitro, in rat
phaeochromocytoma (PC-12) cell cultures, it was shown that Ca2+ homeostasis was dis-
rupted by oxidative stress induced by glutamate, via impaired mitochondrial function.184

Disruption to Ca2+ homeostasis occurred only following the depletion of the endogenous
antioxidant glutathione.184 In in vivo models, it has been demonstrated that adenovirus
induced overexpression of catalase, an enzyme which decomposes the ROS species H2O2,
increases survival of RGC following intraocular ischemia.185 Similar work has also demon-
strated the same effect with adenovirus induced MnSOD expression.182 These studies in-
dicate that antioxidants may be beneficial in limiting injury following neurotrauma and
may act to control changes in Ca2+ flux.
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Figure 1.9: The generation of reactive oxygen species in the mitochondria as part of normal
cell function. Generated with reference to data reported in literature.36,42,62,154–156,160,162–168
Schematic was illustrated for a colleague and first published in a paper published by O’Hare Doig
et. al.46 OMM = Outer Mitochondrial Membrane, IMM = Inner Mitochondrial Membrane, SOD
= Superoxide dismutase, VDAC = Voltage dependent anion channel, Cytc = Cytochrome c, TPx
= Thioredoxin peroxidase, GPx = Glutathione peroxidase, Q = Coenzyme Q, I = Complex I, II =
Complex II, III= Complex III, IV = Complex IV, V = Complex V, ADP = Adenosine diphosphate,
ATP = Adenosine triphosphate, NADH = reduced Nicotinamide adenine dinucleotide and NAD+
= oxidised Nicotinamide adenine dinucleotide.
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1.3.3 Antioxidants for treatment of neurotrauma and secondary degenera-
tion

The function of ROS as signalling molecules necessitates the presence of a feedback
mechanism to maintain a status quo between production of ROS/RNS for cell function and
prevention of overproduction associated with cellular dysfunction and onset of patholo-
gies.186 For this purpose, cells produce endogenous antioxidants such as glutathione and
peroxidases to maintain ROS/RNS in homeostasis. Glutathione-dependent systems have
been shown to protect mitochondrial function in oxidative stress conditions.187 Catalase,
glutathione peroxidase and thioredoxin all help regulate ROS,188 and are themselves regu-
lated by a family of enzymes called peroxiredoxins (PRX).189 Different PRXs are respon-
sible for ROS regulation in different parts of the cell; for instance PRX1 for nuclear ROS
and PRX5 for cytosolic ROS.189 PRX3 is the most common mitochondrial peroxidase, and
regulates apoptosis by scavenging H2O2.186 With injury, the endogenous antioxidant re-
sponse mechanisms are overwhelmed by the overproduction of ROS, resulting in oxidative
stress mediated degradation of cellular function.36,190

Therefore, a promising approach for the treatment of secondary degeneration is to
mitigate the effects of oxidative stress through the use of exogenously administered antiox-
idants.191–194 Two antioxidants; resveratrol and curcumin have been chosen for use in the
current study, due to their efficacy in reducing oxidative stress in vitro and in vivo; this
review of literature will focus on these two agents (Figures 1.10a and 1.10b), as well as the
Ca2+ channel inhibitor zonampanel (Figures 1.10c).

(a) Resveratrol (b) Curcumin (c) Zonampanel

Figure 1.10: Chemical structures of the molecules of the three therapeutics. Resveratrol is shown
as the 13C enriched form available commercially.

Resveratrol is a free-radical scavenging phenolic compound which is found in a
range of plants, including the skin of grapes. Testing in hippocampal slices obtained
from Wistar rats has demonstrated antioxidant properties of resveratrol in vitro.195 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays indicated improved
cell survival following pre-incubation with 50 μM of resveratrol prior to treatment with
H2O2 to induce oxidative stress. A range of mechanisms have been proposed to account
for resveratrol’s antioxidant properties196 and the exact manner by which resveratrol is able
to alleviate oxidative stress has been investigated extensively. Treatment of normal human
fibroblasts with 50 μM and 100 μM resveratrol revealed that a significant increase in the
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expression and activity of MnSOD,197 increased the cell’s ability to withstand oxidative-
stress. Additionally, resveratrol has been observed to induce the transcription of genes cod-
ing for endogenous antioxidants.198 Resveratrol has been documented to have neuroprotec-
tive effects during cerebral ischemic injury. In Sprague-Dawley rats, lactate dehydrogenase
levels in the blood were decreased following treatment with resveratrol (> 1 μg/kg).199,200

Additionally, the production of •NO was found to be upregulated, demonstrating a link
between •NO production and neuroprotective outcomes,199,200 such as a decrease in infarct
volume.200 Resveratrol (1 μg/mL) treatment of embryonic cortical neuronal cell cultures
(from Sprague-Dawley rats) suffering from induced hypoxia resulted in recovery in the
morphology of the neurons and attenuated cellular swelling.201 In vivo treatment of hy-
poxia with resveratrol (30 mg/kg) in 7-day old neonatal rats revealed a preservation of
cell viability due to increasing expression of anti-apoptotic factor Bcl-2, with a Bcl-2/Bax
ratio approaching normal group, as well as a decrease in caspase-3 (Figure 1.11).201 Pre-
treatment of Wistar rat primary cortical astrocytes with 50 μM resveratrol prevents an
increase in H2O2 induced ROS production,202 as observed using dichlorodihydrofluorescein
(DCF-DA) fluorescence to indicate ROS. These studies test the effects of resveratrol on
attenuating outcomes associated with neurotrauma, administering treatment both prior to
and following injury. However, it is unlikely that pre-treatment within one hour prior to
injury is practical in any clinical sense. Thus, any potential treatment using resveratrol
will have to be developed with administration following trauma.

In vivo trials in rodent models of TBI have shown that administration of resveratrol
following neurotrauma leads to a range of improved outcomes. Treatment with 100 mg/kg
of resveratrol has shown a decrease in microglial activation and proinflammatory cytokines
at 5 and 12 hr following impact injury in C57/Bl6 mice.203 In weight drop TBI models
using Wistar rats, treatment with 100 mg/kg of resveratrol immediately following injury
was shown to decrease •NO levels compared to untreated animals204 and reduce lipid per-
oxidation as measured by the lipid peroxidation end-product malondialdehyde (MDA). In
models of induced recurrent stroke in Wistar rats, a lower dose of 25 mg/kg resveratrol was
shown to decrease levels of nitrotyrosine present in tissue, perhaps indicating a reduction
in NO levels or decreased protein nitration by RNS.205 Additionally, in Sprague Dawley
rat TBI impact models, treatment with resveratrol at 100 mg/kg inhibited ROS accumu-
lation in mitochondria, preventing glutamate induced cytotoxicity and cell apoptosis.206

These results suggest that resveratrol is capable of decreasing the inflammatory response
to injury, reducing resulting lesion size, increasing overall CNS cell survival and improving
locomotor activity outcomes.207 Whilst the ability of resveratrol to cross the BBB has
not been reported, the derivative oxyresveratol was found to be able to cross the BBB
following infarct, affording neuroprotection.208 However, due to a relatively low solubility
of 30 ng/mL (in H2O), resveratrol has a very low bioavailability, leading to lack of effi-
cacy in other non-CNS based studies.209 Only one clinical trial of the use of resveratrol in
TBI/SCI injuries has been reported, investigating the potential use of resveratrol to treat
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Figure removed due to copyright restrictions.
See Figure 5 in Shin et. al.

Figure 1.11: Real-time PCR for Bcl-2 (A), Bax (B), and caspase-3 (C) at 6 h after hypoxic-
ischemic brain injury (in vivo), with and without resveratrol treatments. The ratio of Bax/Bcl-
2 expression (D) is also shown. Resveratrol was administered at 30 mg/kg. R-treated (B),
resveratrol-treated group before hypoxic-ischemic insult; R-treated (A), resveratrol-treated group
after hypoxic-ischemic insult. ∗P<0.05 compared with normoxia. ∗∗P<0.05 compared with hy-
poxia. Figure and caption reproduced from Shin et. al.201

acute secondary brain injury resulting from concussions in boxers:210 data have yet to be
published.

Curcumin is a naturally occurring phenol found in turmeric. It has well documented
antioxidant properties,211,212 with a similar proposed antioxidant mechanism of action as
resveratrol involving proton transfer at a phenolic hydroxide.213 In addition, curcumin
has been shown to promote expression of genes controlling production of the endogenous
antioxidant glutathione.214 In vitro studies using brain homogenate from Charles-Foster
rats have shown that curcumin is able to reduce the overall levels of lipid peroxidation,
as measured using the thiobarbituric acid reactive substances assay.215 Administration of
a nanoparticle formulated curcumin dose of 25 mg/kg to nude mice in toxicity studies
resulted in a decrease in ROS levels, and decreasing overall levels of caspase (3 and 7)
activity, which are key elements in apoptosis.216 Treatment with 500 mg/kg of curcumin
has been shown to have a beneficial effect on several outcome measures following focal
cerebral ischaemia induced in Sprague-Dawley rats.217 MRI analysis showed a decrease in
the volume of brain affected by ischaemia, with an increased score in ‘rotarod’ performance
tests compared to non-treated animals.217 Additionally, levels of SOD activity and MDA
were found to be comparable to uninjured sham animals; lower than in animals that were
untreated.217 Pre-treatment of Sprague Dawley rats with curcumin prior to TBI induced
by mild fluid percussion in vivo has shown similar results, with an observed reduction
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a) b)

Figure 1.12: Curcumin attenuated brain injury post-trauma. (A) The effect of different concen-
trations of curcumin on TLR4 expression in injured tissue at 24 hours post-trauma. (B) Curcumin
treatment decreased the neurological deficit scores (Neurological Severity Score). Figure and cap-
tion reproduced from Zhu et. al.220

in oxidative damage and normalisation of levels of the key neurotrophin brain derived
neurotrophic factor (BDNF), regeneration associated molecules synapsin I, and CREB.218

Animals also showed better outcomes in water maze tests with treatment, relative to those
left untreated.218 Curcumin treatment at 150 mg/kg post-injury has been shown to be as
effective as pre-treatment in cortical impact models with CD-1 mice, with a reduction in
brain oedema following injury,219 possibly due to prevention of upregulation of AQP4, as
implicated in studies involving cultured astrocytes.219

Behavioural tests conducted using the open field test which measures stress and
anxiety, showed that animals treated with curcumin at 150 mg/kg exhibited improved
outcomes, with attenuation of the decrease in test response at 28 following injury.219

Studies have also indicated that curcumin may be beneficial in reducing scarring in the
CNS of adult C57BL/6 mice injured via Feeney weight-drop contusion.220 Treatment with
100 mg/kg of curcumin was found to decrease expression of TLR4, a protein involved
in microglia/macrophage activation, indicating that attenuation of scarring occurred via
inhibition of microglial activation post-injury (Figure 1.12a).220 Outcomes measured by
Neurological Severity Score were also modestly improved post-injury with treatment using
curcumin, in comparison to vehicle treatment (Figure 1.12b).220 Human trials have yet to
be conducted to investigate the suitability of curcumin as a treatment for neurotrauma.
However, it is known that curcumin is extremely insoluble at physiological conditions and
consequently has poor bioavailability.221 For any potential clinical use, these shortcomings
would need to be overcome.

Increases in ROS following injury to the CNS can also result in a Ca2+ concentration
increase, creating a situation where a self-amplified loop is established, spreading from one
cell to another.144 For this reason it may be possible to mitigate the spread of oxidative
stress during secondary degeneration by inhibiting propagation of changes in Ca2+ flux
with Ca2+ channel inhibitors.
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1.3.4 Channel blockers and antagonists

The basic premise of channel blockers and antagonists is to prevent the flow of ions
through ion channels. These inhibitors can work in two ways, either blocking the ion chan-
nel itself,222,223 thus preventing movement of ions through the channel, or in the case of
ligand-gated channels, blocking the activation site224 to prevent the activation which is re-
quired for ion flow.225 Traditional approaches to preventing Ca2+ homeostasis dysfunction
due to glutamate excitotoxicity have involved antagonists of NMDA receptors.226,227 One
such NMDA receptor antagonist is selfotel, which showed promising results in pre-clinical
TBI models.228 However, these have not translated to success in clinical trials, with neuro-
toxicity a reported side-effect.227,229,230 Inhibition of Ca2+ permeable AMPA receptors has
been proposed as a way to limit Ca2+ imbalance induced by glutamate excitotoxicity.231

Since AMPA receptor mediated cell membrane depolarisation allows Ca2+ flow through
NMDA receptors, the premise behind AMPA receptors inhibitors is to prevent this avenue
of Ca2+ entry into the cell along with directly limiting Ca2+ flux through the AMPA re-
ceptor itself.232

Zonampanel (also known as YM872 commercially; shown in Figure 1.10c) is an
AMPA GluR1-specific antagonist which has been developed specifically to prevent Ca2+

flux through the AMPA receptor. Zonampanel binds to the same molecular structure on
the GluR1 subunit as glutamate.232,233 Unlike glutamate, zonampanel does not activate
the ion channel, thus effectively preventing gating by glutamate. In contrast to other
commercially available inhibitors of Ca2+ permeable AMPA receptors, it is also highly
water soluble, up to 83 mg/mL, meaning it can be delivered without the need for other
chemicals to increase solubility.232 In vivo animal studies have shown that zonampanel
possesses neuroprotective properties, for example: decreasing infarct volumes following is-
chemia;232,234,235 decreasing the volume of tissue lost following percussion injury to the
cortex;236 as well as possibly accelerating recovery following intracerebral haemorrhage.237

Due to these benefits in animal studies, human clinical trials were attempted. Phase I trials
showed that there were minor side-effects, which were linked to dosage,238 with no long term
adverse effects observed in subjects across a wide age range.238 Randomised, double-blind,
placebo-controlled clinical trials commenced,239 but were terminated prematurely due to a
failed interim futility analysis, despite early indications of positive results.240,241 As such,
results from these studies have not been released.239 Importantly, reports in the literature
indicate that zonampanel is rapidly metabolised through two successive reduction steps242

and excreted in the urine.243 It may be that in order to achieve desired neuroprotection, a
higher dose is required, which as mentioned above, can lead to side-effects.

1.3.5 Astrocytes as a target for antioxidant therapy

Astrocytes are star-shaped glial (non-neuronal) cells found within the brain and
spinal cord. They perform functions linked to support of endothelial cells (blood-brain
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barrier) and neurons,244 maintenance of extracellular ion balance,245 modulation of mes-
senger species,246 as well as contributing to the repair processes of the brain and spinal cord
following traumatic injuries, as discussed in brief above.247. Astrocytes have been found
to maintain intracellular antioxidant levels,153 and are linked to protection of neurons dur-
ing oxidative stress.248 However, it is increasingly becoming understood that the role of
astrocytes following neurotrauma is complex and may involve both protective and destruc-
tive mechanisms. In optic nerve vulnerable to secondary degeneration immunoreactivity
of the endogenous antioxidant enzyme MnSOD is rapidly increased in hypertrophic astro-
cytes, which is likely to lead to increased H2O2.42 Further indicators of oxidative stress,
including carboxymethyl lysine, are also increased in astrocytes vulnerable to secondary
degeneration.139 In addition, astrocytes have been observed to induce neuronal cell death
via secretion of lipid transport protein lipocalin 2.249

In vitro studies have shown that astrocytes can act as a conduit for Ca2+. Kuga et.
al.66 have shown that Ca2+ waves propagate along the astrocytic network as part of nor-
mal nervous tissue function. These researchers were not able to determine the exact causes
of Ca2+ waves, and the waves appeared to be almost random in nature. Importantly, it
has been proposed that following neurotrauma, abnormal propagation of Ca2+ across the
astrocytic network plays an important part in the onset of the observed oxidative stress
in astrocytes and other neurons and glia susceptible to secondary degeneration,46,69 but
thus far direct evidence for this proposal is lacking. It is know that post-injury, there is a
shift in AMPA receptor-expressing cell populations in white matter, from oligodendrocytes
to astrocytes.134 Elevations of Ca2+ due to glutamate activation of NMDA receptors in
astrocytes has also been observed to occur via neuron-independent mechanisms.250 These
findings support the hypothesis of abnormal Ca2+ signalling post-injury being facilitated
by astrocytes.

Aquaporin 4

Aquaporins are a class of membrane bound water channels, which allow the bi-
directional flow of water in and out of cells.251 There are a variety of different aquaporins;
in CNS astrocytes one of the primary aquaporins is AQP4 (structure shown in Figure
1.13).252 The distribution of AQP4 across the cell membrane is not uniform; being focused
on the endfeet of astrocytes.253 The cell surface location of AQP4 on astrocytes allows it
to play an important role in regulating water exchange across the blood brain barrier.253

Apart from water regulation, it has been documented that AQP4 is involved in astrocytic
migration,254 and it has been proposed to be involved in glial scarring.45

Increases in AQP4 in association with neurotrauma have been reported in the liter-
ature.252 Changes in the expression of AQP4 in glial cells following SCI have illustrated a
link between impaired water regulation, accumulation of water and onset of oedema.251,255

Research within the Fitzgerald group has shown that in the first 24 hours following partial
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injury to the optic nerve, immunoreactivity of AQP4 increases substantially in astrocytes
(Figure 1.14).139 Increases in AQP4 expression have been linked to swelling of the cell soma
and eventual cell death.130 Indeed, it has been reported that the swelling of brain tissue in
rats undergoing water intoxication is limited by the amount of AQP4 expression.256 It has
also been observed that astrocytic Ca2+ signals are enhanced in AQP4 mediated oedema
and cell swelling in mice in vivo, which is not observed in AQP4 deficient animals.257

However, the role of AQP4 in CNS injury is not clear cut, with lower levels of AQP4 ex-
pression not necessarily resulting in better outcomes.258 In fact, observations have shown
that AQP4 deficient mice exhibit more severe brain injury and cell loss following cerebral
ischemia.259
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Figure 1.13: Schematic diagram of the 2D structure of AQP4 within a cell membrane. AQP4
possesses three extracellular epitopes. Only the amino acid sequence of the extracellular epitope
targeted in this study is shown in detail (inset).

1.4 Nanotechnology and drug delivery

As described in sections 1.3.3 and 1.3.4, the anti-oxidants resveratrol and curcumin
as well as AMPA receptor antagonist zonampanel have shown promising results in vitro
and in animal testing in vivo as treatments for neurotrauma. However, in all cases, hu-
man trials have not been successful. Reasons for this have included poor bioavailability,
rapid clearance from the body and toxicity at required doses. The use of nanotechnology,
specifically nanoparticles, offers the potential to overcome these issues.

Nanotechnology refers to the use of any material with one dimension within the
1-100 nm range.260,261 Most biological features are much larger than this, for instance
red-blood cells are about 10000 nm in size. Whilst nanomaterials can be constructed of
fairly common materials such as Fe3O4

262 and polystyrene,263 falling within the 1-100 nm
size range results in physical properties which differ from those observed in bulk mate-
rial.264,265 Whilst many different types of nanomaterials can be used in clinical medicine,
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Figure 1.14: Images of AQP4 immunointensity as shown in GFAP immunopositive astrocytes
from normal optic nerve and at 24 hours after partial injury to the optic nerve, in areas of the
nerve vulnerable to secondary degeneration. The images at 24 hours demonstrate an increase in
AQP4 immunoreactivity in the astrocytes. Scale bar = 50 μm, 30× objective. Figure reproduced
from Wells et. al.139

from nanoparticles266 to nanoscaffolds,267 the following section will focus solely on the use
of nanoparticles and their application for therapy.

1.4.1 Use of nanoparticles for drug delivery

Many shortcomings observed in promising new therapeutic agents result from poor
pharmacokinetics. The use of nanoparticles as a delivery platform has the potential to
overcome this issue.268 Polymer based nanoparticles are of particular interest, as the
base polymer can be readily modified for specific functionalities with fluorescent tags,269

biomolecules268,270 and other polymers.266 In terms of engineering nanoparticles with spe-
cific properties, styrene monomer nanoparticles are readily used to deliver photo-switchable
indicators,271 and biodegradability has been engineered into poly(ethylene glycol)-poly-
lactide nanoparticles.268 Work within the Swaminathan group has shown that poly(methyl
methacrylate) (PMMA) nanoparticles do not reduce viability of rat pheochromocytoma
(PC12) cells at concentrations up to 1000 μg/mL in vitro.266 These same particles were
also shown to be suitable as a drug delivery platform, with the drug payload lomerizine, a
VGCC inhibitor, saturating sink solution within 3 hours, at pHs observed in areas of CNS
injury.266 Poly(butyl cyanoacrylate) nanoparticles have been used to deliver SOD to pri-
mary cerebellar cultures undergoing superoxide induced ROS: no dead cells were observed
in cultures treated with these particles.272 In in vivo studies, poly(d,l-lactide-co-glycolide)
nanoparticles have been synthesised to specifically cross the BBB to deliver the opioid
loperamide.273
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Nanoparticles can be designed with an imaging modality to either aid tracking of the
particle following administration, or specifically as an imaging tool. A variety of fluorescent
tags have been employed to track nanoparticles, including alexafluor 647269, rhodamine-
123,270, BODIPY dyes,266 and Dil.268 Additionally, metal-based compounds can be used
to track nanoparticles. These include the iridium(III) complex [Ir(bt)2(pic)] (bt = phenyl-
benzothiazole, pic= picolinate) which can be used for fluorescence microscopy,271 magnetic
molecules which can aid MRI imaging,274 or radioisotopes such as 99Tc.275 MRI tracking
and use of radioisotopes have the advantage that they allow imaging over the whole body
of the animal, whereas fluorescence is usually used for in vitro imaging due to poor tis-
sue penetration. Nanoparticle MRI contrast agents have been used to successfully image
tumours;276 in conjunction, fluorescent probes (Cy5.5-CLIO) can facilitate pre-operative
identification of the tumour, with near-IR fluorescence of the probe used to identify the
tumour in an intraoperative setting.277

In vivo experiments conducted collaboratively by the Swaminathan and Fitzgerald
teams and employing both MRI and fluorescence imaging modalities have shown interest-
ing results regarding the movement of nanoparticles following administration to the CNS
in two separate models. Polymer nanoparticles containing MRI contrast agent Fe3O4 and
the fluorescent tag rhodamine B were administered either to a damaged optic nerve or
intravitreally into the eye.278 Tracking via MRI showed that nanoparticles injected di-
rectly into the damaged optic nerve appear in both the retina and optic nerve.278 However,
particles injected intravitreally were found associated only with the ganglion cell layer,
and none were detected in the optic nerve.278 Immunohistochemical investigation of the
tissue using the fluorescent tag rhodamine B revealed that as time passed, nanoparticles
administered at the injury site were able to travel the length of the nerve and were found
in the soma of RGCs in the eye (Figure 1.15).278 As such, incorporation of multimodal
imaging into one nanoparticle allows for both anatomical association via MRI, as well as
immunohistochemical identification of cellular association using fluorescence microscopy.

1.4.2 Functionalisation of nanoparticles

One of the more attractive possibilities offered by nanoparticles is that of targeted
drug delivery. Use of targeting peptides such as SP94 has allowed for the synthesis of
nanoparticles which specifically target hepatocellular carcinoma cells in vitro.269 Human
transferrin has also been linked to nanoparticles that target cancers,268,279 showing higher
specificity than unfunctionalised nanoparticles. Functionalised nanoparticles are also accu-
mulated and retained to a greater degree than non-functionalised particles.280 In addition
to peptides, antibodies are also readily used for targeting, with A33 monoclonal antibody
functionalised nanoparticles targeting colorectal cancer showing a higher affinity to the
cancer cells than non-functionalised nanoparticles in vitro.281 A large body of work has
been produced with a well-developed catalogue of targeting systems for various cancers.
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3 days 14 days

-III tubulin +ve RGCs, +ve for NPs

Figure 1.15: Fluorescence microscopy of retinal sections from rats injected with NP (red) into the
partial ON transection injury site. Sections were immunohistochemically stained for β-III tubulin
(A, B; green). Representative images show β-III tubulin immunopositive retinal ganglion cells
(RGCs) containing fluorescent NP (arrows) 3 days (A) or 14 days (B) after injury and injection.
For images: A, 60 × objective, scale = 10 μm; B, 25 × objective, scale = 10 μm. Figure and
caption reproduced from Harrison et. al.278

Cancers are attractive research candidates largely due to the presence of unique upregu-
lated biomolecules which can be co-opted for targeting. Work to develop targeted drug
delivery systems for use in the CNS is not as common, and difficulties are compounded by
the small number of possible candidate molecules to serve as targets. However, potential
candidate molecules do exist in the form of AQP4 and AMPA receptors which are up-
regulated following injury.282 Functionalisation of nanoparticles with anti-AMPA receptor
antibodies has been demonstrated to result in targeting of neurons in primary neuronal rat
cultures.272 In contrast, control nanoparticles lacking anti-AMPA receptor antibody did
not show any binding to neurons.

One of the key advantages of nanoparticles is their versatility stemming from ease
of functionalisation. In the same way that antibodies or peptides can be attached to
nanoparticles, nanoparticle functionalisation can be optimised in other ways. The use of
a fusogenic peptide on the surface of nanoparticles promotes uptake into endosomes once
on the surface of a cell.269 Poly(lactic-co-glycolic acid) nanoparticles functionalised with
glycosylated heptapeptides have been shown to be able to reach the brain following tail
vein injection, with the heptapeptides facilitating crossing of the BBB.270 Expression of
transferrin receptors in capillary endothelial cells of BBB also allows the use of transfer-
rin functionalised nanoparticles designed to cross the BBB.268 It is not just conjugated
biomolecules which can afford novel properties to nanoparticles, functionalisation can be
achieved through careful selection of component materials. Previous work within our group
has focused on the development of nanoparticles based on polymers such as PMMA and
poly(glycidyl methacrylate) (PGMA).266,274,278,283 PGMA is an especially suitable poly-
mer for nanoparticle synthesis, being readily functionalisable through an epoxide ring.284

Work within the group has also demonstrated a lack of toxicity of PGMA nanoparticles
both in vitro and in vivo.274,278,283

It has been noted that hydrophobic surfaces result in faster clearance of nanopar-
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ticles,266 whilst hydrophilic surfaces increase circulation time.269 This property leads to
a class of nanoparticles referred to as ‘stealth’ particles, as they are designed to evade
immune response. Incorporation of hydrophilic PEG as a copolymer in polymer nanopar-
ticles has been shown to prevent macrophage uptake and specificity.266,269 PEG coating of
commercial liposome Doxil® prevented opsonisation and cellular uptake in tumour cells in
vitro.285 ‘Stealth’ properties are not just conferred by coating, and can be incorporated in
polymer used to synthesise polymer nanoparticles. In vivo investigations using guinea pigs,
have shown that monomethoxypoly(ethylene oxide)-poly(lactic acid) nanoparticles are less
readily taken-up by neutrophilic granulocytes compared to poly(lactic acid) nanoparti-
cles.286 In contrast, polyethylenimine (PEI) can be used to promote endocytosis.287 Whilst
PEI can be toxic to cells, work within the Swaminathan group has shown that PEI coated
PGMA nanoparticles do not induce a decrease in cell viability in concentrations under
1 mg/mL when added to PC-12, retinal Müller glial cell-line 1 (rMC-1) or primary rat
hippocampal and cortical cell cultures in vitro.274 PEI coated PGMA nanoparticles are
readily and rapidly taken up by cells, whilst non PEI coated nanoparticles are not. Func-
tionalisation with PEI coating can also increase the efficacy of drug delivery by polymer
nanoparticles. PEI coating of nanoparticles has been shown to be crucial to the delivery of
lomerizine to protect PC-12 cells following glutamate excitotoxicity, with therapeutic de-
livery resulting in significantly decreased intracellular Ca2+ concentrations.283 In contrast
lomerizine-containing non-PEI coated nanoparticles showed no protectant properties, with
intracellular Ca2+ concentrations comparable to those observed in vehicle treated cells.
This was despite possible steric hindrance or electrostatic interactions between PEI and
lomerizine interfering with lomerizine release in acidic environments, showing that the
increase in cellular uptake due to PEI was crucial in therapeutic efficacy.283

1.4.3 Challenges of nanoparticle use

Whilst much has been made of the potential benefits that could stem from the appli-
cation of nanotechnology to clinical medicine, progress towards achieving this goal has not
been without its setbacks. Given the unique properties conferred by using materials within
the nano size range, it is not surprising that unforeseen challenges have arisen. As men-
tioned in section 1.4.2, PEG is a common nanoparticle coating used to confer ‘stealth’ like
properties to nanoparticle systems. Increases in circulation times have been documented in
vivo for nanoparticles coated with hydrophilic polymers such as PEG, with nanoparticles
persisting for longer following administration compared to those not coated with PEG.269

However, it was noted that whilst the first treatment featured superior circulatory half-life
in rats, subsequent treatments did not.275 Tracing of 99Tc doped PEG liposomes showed
that when animals were treated with serum derived from animals that had been exposed
to PEG liposomes, clearance of particles into the liver was enhanced and not comparable
to that seen in animals not treated with serum (Figure 1.16).275
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Ultimately, the first dose increases the clearance rate of any subsequent doses, thus
negating the desired pharmacokinetics derived from PEGylation of nanoparticles;288 re-
ferred to as an accelerated blood clearance phenomenon. Further work by Ishida et. al.
found that the initial presence of PEG liposomes induces an immune response resulting in
the production of an anti-PEG IgM,288 a response which may be preventable. Experiments
with PEG-coated pDNA-lipolexes have indicated that when CpG oligodeoxynucleotides
were not present on pDNA, the presence of IgM was not as pronounced as when CpG
oligodeoxynucleotides were present.289 Results such as these suggest that when designing
‘stealth’ nanoparticles for long circulation times, it is important to prevent systemic over-
exposure of the nanoparticles which may induce undesired side-effects such as immuno-
toxicity.285 Ideally such nanoparticles should either deliver cargo rapidly, and be cleared
rapidly to minimise side-effects or be engineered to minimise immune response.290

Active interactions of biological systems with exogenous nanoparticles, exemplified
by immune responses, are just one part of the challenges which have arisen regarding the
development of clinical nanoparticles. Another aspect is the passive interactions by the bio-
logical milieu, such as proteins present in interstitial fluid,291 resulting in further hurdles to
the development of nanoparticle based treatments. In vitro, proteins present in cell media
regularly react to form a corona surrounding nanoparticles.279 Proteins bind to nanopar-
ticles largely though h-bonds, van der Waal interactions and solvation forces,292 and can
change the properties of a nanoparticle. It has been reported that a corona of albumin sur-
rounding magnetite nanoparticles pre-coated with a variety of different polymers (starch,
chitosan, carboxymethyldextran, poly-maleic-oleic acid or phosphatidylcholin), leads to a
decrease in macrophage uptake of the particles.293 Given than nanoparticle properties are
linked to size, changes in size resulting from a protein corona can lead to a decrease in
overall cellular uptake relative to nanoparticles with no corona.294 It is possible that coat-
ing of nanoparticles by plasma proteins results in them being mistaken for endogenous low
density lipoproteins and thus being ignored.272 However, the effects of protein coating on
specifically engineered nanoparticle properties is relative, and depends on the interactions
of the proteins with the nanoparticle structure. If the inherent properties of nanoparti-

Figure removed due to copyright restrictions.
See Figure 5 in Dams et. al.

Figure 1.16: Scintigraphic images of rats 4 h after injection with 99mTc-labeled HYNIC-PEG
liposomes and transfusion with 3 ml of pre-treated serum (A) or with 3 ml of pre-treated blood (B)
derived from rats that had been injected with PEG liposomes 1 week previously. Rats transfused
with 3 ml of blood derived from non-pre-treated rats served as controls (C). → indicates the
heart region, ⇒ indicates the liver region, and ∗ indicates the spleen region. Figure and caption
reproduced from Dams et. al.275
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cles lead to increased uptake into cells, a protein coating would logically reverse this. On
the other hand, protein interactions with PEG coated nanoparticles have shown that the
protein corona disrupts the designed ‘stealth’ functionalisation conferred by PEG. This
leads to an increase in cellular uptake relative to nanoparticles without disrupted PEG
coatings.295 Protein coating of nanoparticles can hinder the action of targeting moieties
or similar functionalisations. Transferrin functionalised polymer nanoparticles completely
lost targeting specificity when exposed to biological serum.279 As such, despite promising
results during in vitro testing, outcomes have not necessarily correlated in vivo.296

Ultimately, while the field of nanomedicine, and the development of nanoparticles
for clinical treatment still holds much promise, many issues and challenges remain to be
overcome and the development of effective nanoparticle based therapies is likely to re-
quire a cross-disciplinary approach. Functionalities need to be carefully engineered and
investigated, with input and expertise from individuals at every step of the process; from
chemists, experimental biologists to clinical researchers and process engineers. Such an
approach would ensure that any potential nano-therapy would, from the first step, take
into account needs for the final use in humans as well as those for scaling up for industrial
synthesis.

1.5 Summary and project overview

Secondary degeneration induced loss of CNS tissue can arise from a single instance
of neurotrauma. Intracellular changes in Ca2+ concentration can disrupt normal mito-
chondrial function, leading to an imbalance in reactive species which can spread to areas
vulnerable to secondary degeneration, with eventual death of neurons and glia. It is be-
lieved that astrocytes, the cells which form part of the support system for neurons in the
CNS, are involved in the spread of oxidative stress and deregulation of Ca2+ dynamics in
the CNS. However, the exact details of how Ca2+ dynamics are affected by neurotrauma
in a sub-cellular level have not been fully elucidated. To date there are not effective treat-
ments for neurotrauma. Whilst many candidate drugs have been clinically tested, none
have proved to be effective, with lack of therapeutic effect linked to poor bioavailability
and toxicity at required concentrations. The use of nanoparticles offers a potential new
way to overcome these issues affecting therapeutic efficacy though targeted drug delivery.
Extensive work has been conducted within the group on both the biochemical effects of
secondary degeneration,19,42,46,50,51,61,65,139 as well as development of treatments for sec-
ondary degeneration.19,37,62,65,297 Leveraging this existing expertise on secondary degen-
eration within the group, this PhD project will assess changes in Ca2+ dynamics in both
neuronal and glial cells vulnerable to secondary degeneration, and investigate the use of
polymer nanoparticles for the delivery of therapeutic agents to vulnerable cells to attenuate
the spread of secondary injury.

NanoSIMS will be used to image Ca and to investigate Ca microdomain dynamics

Page| 32



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

in optic nerve tissue following injury, and to establish whether there are any differences
between Ca microdomains dynamics in glial and non-glial cells in optic nerve vulnerable to
secondary degeneration. Since no fluorescent dyes are required to image Ca in NanoSIMS,
samples need only to be frozen to prevent movement of labile biological species and resin
embedded to prevent instability in the vacuum of the NanoSIMS analysis chamber. As
such, use of NanoSIMS will allow direct high resolution measurement of Ca secondary ions
without the potential confounding influences of fluorescent dye dissociation. Proof of prin-
ciple for use of NanoSIMS to image Ca in optic nerve vulnerable to secondary degeneration
has already been obtained in a preliminary study conducted within our research group,
which demonstrated decreases in density of Ca microdomains in the 24 hours following par-
tial injury;139 the current project will build on these findings in several important ways.
NanoSIMS quantification of Ca microdomains will extend to 3 months following injury,
considerably longer than the 24 hours of the original study. Immunohistochemical staining
of adjacent sections will be used in conjunction with NanoSIMS to identify cellular features
and allow quantification of changes in Ca microdomains specific to individual cell types
and association with other elemental species.

Polymer nanoparticles will be developed to deliver therapeutic agents to astrocytes
in an effort to reduce oxidative stress. This will expand on work previously conducted
within the group, where PGMA nanoparticles have been developed for delivery of thera-
peutic agents in vitro and in vivo.274,278,283 PGMA will be used for the base nanoparticles
as it has been shown to be non-toxic in vitro and in vivo as well as readily functionalisable
via an epoxide ring on the polymer chain.274,278,283 AQP4, overexpressed in astrocytes fol-
lowing partial injury, will be used as a targeting moiety for nanoparticles. Nanoparticles
will be functionalised with an anti-AQP4 antibody recognising a cell surface epitope of
AQP4 (Figure 1.14). Increases in antibodies recognising AQP4 are a causative element of
neuromyelitis optica,298 and it will be necessary to directly assess whether linking of the
antibody to nanoparticles precludes toxic effects of free antibody, before application of the
proposed therapeutic strategy in clinical trials. The design and treatment efficacy of the
targeted nanoparticles will be assessed in vitro and in vivo. Specifically investigated will
be the ability of the nanoparticles to attenuate changes in Ca dynamics observed using
NanoSIMS in vivo. NanoSIMS will additionally be used to localise nanoparticles and ther-
apeutic agents delivered to injured CNS tissue in situ. Three candidate therapeutic agents
will be investigated in vitro ; resveratrol, curcumin and zonampanel. The candidate which
is the most effective at reducing oxidative stress indicators when delivered in a nanoparticle
formulation in vitro, will be chosen for in vivo testing. Sub-cellular localisation of nanopar-
ticles and therapeutics will be assessed using magnetite encapsulated within nanoparticles
and stable isotope enriched variants of the therapeutics. Using NanoSIMS, both thera-
peutic and nanoparticle will be imaged simultaneously with imaging of Ca microdomains.
Behavioural outcomes will also be assessed to elucidate treatment efficacy at preserving
visual function in vivo.
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The hypotheses that will be tested in this PhD can be split into two parts. First,
that following the initial insult, changes in Ca2+ dynamics are manifested within initially
undamaged glial cells susceptible to secondary degeneration. Second, that specifically
targeting astrocytes using anti-AQP4 antibody conjugated nanoparticles loaded with an-
tioxidants or Ca2+ channel blockers, will limit the effects leading to, and associated with,
secondary degeneration.

1.5.1 Specific aims

The detailed aims of the research project are as follows:

i. To investigate whether partial injury in CNS tissues results in observable changes in
the dynamics of Ca microdomains in astrocytic and neuronal tissue susceptible to
secondary degeneration. This will be investigated using partial transection of the rat
optic nerve as a model, with imaging conducted using NanoSIMS

ii. To synthesise nanoparticles capable of specifically targeting astrocytes within a mixed
cell population, to deliver therapeutic agents capable of attenuating the effects of sec-
ondary degeneration. The wholly organic molecule zonampanel will be synthesized
as part of this aim. (Note: All other therapeutics are available commercially). Tar-
geting efficacy and loading of nanoparticles will be assessed as follows:

(a) Determine localisation of targeted nanoparticles within primary mixed retinal
cell cultures (in vitro) that include astrocyte-like Müller cells.

(b) Assess efficacy of therapeutic agent within nanoparticles at reducing oxidative
stress indicators in immortalised Müller and primary mixed retinal cell cultures
(in vitro).

iii. Assess the effects of nanoparticle-based therapeutic delivery on Ca microdomain
changes, oxidative stress and secondary degeneration in vivo, targeting the astro-
cytic network. Using NanoSIMS, the distribution of Ca microdomains, therapeutic
agent and nanoparticles will be imaged simultaneously. The targeting ability of the
antibody conjugated nanoparticles, and their ability to mitigate the effects of sec-
ondary degeneration based on the dynamics of Ca microdomains post-injury will be
assessed in vivo. Behavioural and oxidative stress outcomes in PVG rats will also be
used to assess the therapeutic efficacy of nanoparticle delivery systems at alleviating
the effects of oxidative stress associated with secondary degeneration.
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Chapter 2
Introduction to a Series of Papers

The Introduction and Literature Review presented in the preceding chapter overviews
a wide body of literature. It highlights the multidisciplinary nature of the PhD project
undertaken, which combines the fields of nanotechnology, neuroscience and secondary ion
mass spectrometry to address the current shortcomings in the field of in vivo Ca2+ imaging
and the lack of efficacy of current treatments for neurotrauma. Imaging of Ca2+ in tissue
is currently hindered by limited resolution achievable using optical microscopy techniques,
precluding high-resolution imaging of Ca microdomains. Treatments for neurotrauma and
associated secondary degeneration have yet to be successfully employed. To this end, new
NanoSIMS imaging protocols were developed to visualise subcellular Ca microdomains
during secondary degeneration following neurotrauma; whilst the versatility of nanopar-
ticles was leveraged to develop a therapeutic system with inherent multimodal imaging
functionality to deliver antioxidants directly to astrocytes undergoing secondary degener-
ation. NanoSIMS imaging of Ca microdomains was employed as an outcome measure of
therapeutic efficacy of the multimodal nanoparticle system. This chapter will introduce the
paper and manuscript which have been produced over the course of this PhD candidature
and describe how they address the three aims listed at the end of Chapter 1. The aim of
this chapter is to outline the evolution of the experiments conducted in addressing these
aims, and to describe unpublished experimental data generated in their completion.

Some of the work detailed in this thesis was conducted with the assistance of col-
laborating researchers and the nature of their assistance is noted here and in the opening
paragraphs of the following chapters. For unpublished studies, the various contributions
are as follows:

1. Antibody serum screening (I conducted the experimental procedures and data col-
lection with analysis assistance from Lindy Fitzgerald)

2. Zonampanel synthesis (I conducted the first two steps of the synthesis, and the
remainder of the synthesis was completed by Nicole Smith)

3. Release profile (I conducted all experimental procedures, data collection and analysis)
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4. CML intensity (I conducted the nanoparticle synthesis, and in vitro experimental
procedures and analysis conducted together with Richard Hartz)

5. In vitro targeting efficacy (I conducted experimental procedures, data collection and
analysis)

It should be noted that in the presented paper and manuscript the American Spelling con-
vention is adhered to, in contrast to the rest of this thesis which uses British English.

2.1 Imaging Ca2+ in vivo following neurotrauma

The first paper presented as part of this thesis describes the investigation of changes
in Ca2+ microdomain dynamics in nerve vulnerable to secondary degeneration in the 3
months following neurotrauma. Partial transection of the optic nerve in PVG rats was
used as a model of secondary degeneration. A key aspect of the study was to determine
the tissue type in which Ca microdomains were located. This study was a key first step
in the project, as it established the feasibility of quantifying Ca microdomains in specific
tissue types as an outcome measure for treatment of secondary degeneration following neu-
rotrauma.

As detailed in section 1.2.1, Ca2+ is traditionally imaged using various types of flu-
orescent probes.71,100 The use of the GCaMP series of genetically encoded indicators has
allowed for the imaging of distinct events referred to as Ca microdomains.103,299 However,
these are recent advances. At the commencement of the project, the state-of-the-art had
only progressed to facilitating imaging near cell membranes or in astrocyte processes,76 not
across the whole cell soma. Earlier work within our group had led to the use of NanoSIMS
for imaging of Ca microdomains in areas of the optic nerve susceptible to secondary de-
generation.139 These first experiments established that Ca could be imaged in biological
tissue using NanoSIMS and that Ca could be visualised as microdomains. Importantly,
significant changes in Ca dynamics were observed early following injury. This initial study
focused on the short-term changes; 30 seconds, 5 minutes, 3 and 24 hours following injury.
However, secondary degeneration persists and progresses for months following injury.300,301

Given that significant changes in Ca microdomain dynamics were observed at 24 hours,
it was felt that assessment at more chronic time points was necessary. The time points
chosen were 5 minutes, 1 day, 3 days, 7 days, 1 month and 3 months following partial
transection to the optic nerve as well as in uninjured (Normal) optic nerve.

Surgeries to perform partial optic nerve transection, tissue harvesting and resin-
embedding of optic nerve for NanoSIMS were conducted as previously optimised.139 There
was one change to the procedure, however, to deal with a shortcoming of the original
study. Whilst cellular features such as nuclei were readily identifiable, it proved difficult
to ascertain whether the imaged areas were glial or axonal. Thus changes in Ca mi-
crodomains could not be individually quantified for axonal or glial areas. To this end, in
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the current study, during serial sectioning of the optic nerves every second section was set
aside for immunohistochemical staining. The rationale was to use these adjacent sections
to immunohistochemically identify GFAP positive astrocytes, and βIII-tubulin and MBP
positive myelinated axons. By carefully overlaying and aligning NanoSIMS images with
the corresponding area on an immunohistochemically stained section, the images could
be compared and tissue type could be identified. This allowed quantification of Ca mi-
crodomain dynamics on the basis of tissue type. Whilst the combination of NanoSIMS with
immunohistochemical imaging has been reported in the literature recently,302,303 when this
project was conceived and commenced it had yet to be reported, and protocols were de-
veloped independently.

The first step in the imaging process was choosing 30 × 30 μm fields of view (FOV)
to image. This task was done on high-magnification optical images (‘maps’) of the optic
nerves mounted on Si wafers. FOV were chosen in the middle to ventral half of the nerve,
away from the dorsally located injury, to ensure that the imaged tissue had not been injured
during the partial transection, but was susceptible to secondary degeneration. Imaging of
the FOV using NanoSIMS commenced with a Cs+ primary ion beam to image negative
secondary ions of non-metallic elements; CC−, CN−, P−, S−, Cl−. Secondary ion im-
ages facilitated identification of structural features which could be used to locate the same
area on adjacent sections. Once all FOV were imaged using the Cs+ source, imaging was
conducted using a O− source allowing imaging of metallic elements; Na+, K+, Ca+. Addi-
tionally, C+ ions were also collected to allow visualisation of the nerve and thus navigation
around the sample. The primary interest of the current study was the imaging of Ca, which
was observed in distinct microdomains as previously described.139 A technical issue which
became apparent was the presence of holes in the sections. These features were identified
as collapsed axons, and possibly caused by lack of penetration of the resin Lowicryl HM20
during the embedding process and subsequent focal disintegration. Due to the anomalous
nature of these regions, it was decided to exclude the affected areas from analysis. Despite
the exclusion of these areas there remained sufficient unaffected axonal areas to ensure
that data collection was not unduly biased.

As part of the data analysis, a new way to present the NanoSIMS images in a more
accessible manner was developed, combining information from several ions simultaneously.
The individual secondary ion images are analogous to colour channels commonly used in
fluorescence microscopy, where a specific colour is assigned to one of the channels in an
RGB image. While the RGB images were intended to simply be a display tool, it was noted
that there were distinct differences in colour distribution which appeared to be based on
tissue type. Various combinations of colours were compared in order to identify a suite
of colours that could allow identification of tissue. With 10 secondary ions, used 3 at a
time in order-specific permutations, a total of 720 different colour images could be com-
piled. Trial with all 10 secondary ions showed that an arrangement of P-S-CN (P signal
assigned to Red, S to Green and CN to Blue) was the optimum permutation; allowing for

Page| 37



CHAPTER 2. INTRODUCTION TO A SERIES OF PAPERS

identification of nuclei, axonal and glial regions. Tissue identification of these areas was
confirmed using adjacent sections immunohistochemically stained for Hoechst, GFAP, βIII-
tubulin and MBP. Initial immunohistochemistry trials with surplus sections revealed poor
immunoreactivity. Immunohistochemical protocols were therefore optimised using antigen
retrieval and NaOH etching. The optimised protocol was also used on the NanoSIMS
imaged sections on Si wafers, to ascertain whether they could be used for immunohis-
tochemical identification of tissue type, thus avoiding the necessity of adjacent sections.
However, this was not successful, as there was comprehensive background fluorescence in
every colour channel. It is believed that such high background signal was due to the Au
coat applied to the sections prior to NanoSIMS imaging.

With immunohistochemical staining confirming tissue type, Ca microdomains were
separately quantified on the basis of tissue association. Whilst selections for Ca mi-
crodomains based on intensity could be generated using analysis software ImageJ-Fiji,
it was not possible to direct the software to select certain microdomains and not others,
based on tissue type. However, Ca microdomain selections could be exported as black and
white bitmaps which were manually combined with manually drawn axonal/glial bitmaps.
The resulting bitmaps delineated microdomains on the basis of tissue association by as-
signing one colour to all microdomains of the same type. These bitmaps were imported
into ImageJ-Fiji and used to generate new selections which could be used to extract Ca
microdomain data from NanoSIMS data files.

Preliminary data analysis revealed anomalously large Ca intensity signals in some
ROI at 3 days following injury. Closer inspection of these ROI showed that there were
certain microdomains which were particularly high in Ca signal. These high intensity Ca
microdomains were associated with tissue highly enriched in P. The association was no-
ticed due to the enriched P tissue showing up pink in P-S-CN images, in contrast to the
surrounding blue. The nature of the P-enriched Ca microdomain tissue was intriguing
and an attempt was made to determine if there was any particular protein co-localised
with the P-enriched Ca microdomains using immunohistochemistry. Due to the limit-
ing factor of the number of adjacent sections and the requirement to assess GFAP and
other structural features, only one target could be chosen. It was decided to immuno-
histochemically detect Calcium dependent kinase II (CaMKII), which is regulated by the
Ca2+ calmodulin complex and is believed to undergo Ca2+ mediated phosphorylation.72

However, CaMKII immunostaining did not prove to be conclusive and no particular pro-
tein associated with the P-enriched Ca microdomains was identified. The physical as-
sociation of Ca microdomains with sub-cellular structural features within the cells was
also explored, assessing co-localisation with the mitochondrial indicator VDAC2. Ca mi-
crodomains were assessed using several outcome measures: microdomain proportion (area
of microdomain/area of tissue); microdomain density (no./μm2); microdomain size and
average 40Ca/12C ratio indicative of intensity of Ca signal. Statistical comparisons were
conducted within tissue type, comparing types of microdomains within axonal or glial re-
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gions, or across tissue type, comparing microdomains of the same type across both axonal
and glial regions. In addition to Ca microdomains, the Ca content of the nuclei was inves-
tigated post-injury. No significant changes were observed in this outcome measure; data
are presented in Figure 2.1.
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Figure 2.1: Analysis of nuclear Ca. All nuclei were non-neuronal as the optic nerve is a white
matter tract with neuronal somata residing in the retina. Histogram shows mean 40C/12C ratio ±
S.E.M. (in arbitrary units) in all nuclei ROI within the imaged FOVs. No significant differences
were observed with time following injury at any of the investigated time points.

The research in the presented paper addresses the 1st aim of the project: to investi-
gate whether partial injury in CNS tissues results in observable changes in the dynamics
of Ca2+ microdomains in astrocytic and neuronal tissue susceptible to secondary degen-
eration. This aim was successfully completed, with the aid of newly developed processing
protocols involving use of greyscale bitmaps to delineate Ca microdomains and adjacent
sections to identify tissue type using immunohistochemical staining. Ca microdomains
were identified in both non-P co-localised and P co-localised distributions. Significant de-
creases in microdomain proportion and density were observed up to 3 months following
injury, revealing the extent of disruption caused to Ca dynamics in areas of nerve vul-
nerable to secondary degeneration following neurotrauma. These data were employed in
the experimental design of the follow-up study involving nanoparticle-based treatment of
oxidative stress associated with secondary degeneration.

Results published in Lozić, I., Bartlett, C. A., Shaw, J. A., Iyer, K. S., Dunlop,
S. A., Kilburn, M. R. and Fitzgerald, M., Changes in subtypes of Ca microdomains fol-
lowing partial injury to the central nervous system. Metallomics 2016, 6, 455-464, DOI:
10.1039/c3mt00336a.
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2.2 Development and use of functionalised nanoparticles for

the treatment of secondary degeneration

The manuscript presented as part of this thesis focuses on the 2nd and 3rd aims of
the project. The 2nd aim proposed the development of nanoparticles targeted to astrocytes
in order to deliver an antioxidant to these cells following neurotrauma. Nanoparticles were
composed of the polymer PGMA (Mw=360 920) encapsulating smaller Fe3O4 nanoparti-
cles, a system which has been successfully utilised in in vitro and in vivo studies.274,283 In
order to avoid confusion between polymer nanoparticles and Fe3O4 nanoparticles, in the
rest of this thesis polymer nanoparticles will be referred to as nanoparticles (NPs) whilst
Fe3O4 nanoparticles will be referred to using the chemical formula Fe3O4. Synthesis of
NPs was achieved through a spontaneous emulsification method, where the NP compo-
nents (PGMA, Fe3O4 and therapeutic) were dissolved in a mixture of CHCl3 and MEK,
then added drop-wise to rapidly stirring Pluronic F-108. Following synthesis, NPs were
functionalised with an anti-AQP4 antibody to facilitate targeting to astrocyte localised
AQP4. To finalise aim 2 and address the 3rd aim of the thesis, the behaviour of the
nanoparticles both in vitro and in vivo were explored, assessing outcomes including NP
localisation, reactive species, Ca microdomains and visual function.

2.2.1 Synthesis and characterisation of nanoparticles

The first step in addressing these two aims was the synthesis of NP systems with a
targeting functionality. It has previously been demonstrated that AQP4 immunoreactiv-
ity rapidly increased in astrocytes of optic nerve vulnerable to secondary degeneration in
vivo.139 It was therefore decided to use AQP4 as a target, and generate antibodies recog-
nising AQP4 and attach them to the polymer NP.252 For NP delivered extracellularly it
was necessary for the targeting antibodies to recognise an extracellular epitope of AQP4.
Commercially available anti-AQP4 antibodies target intracellular epitopes, therefore a cus-
tom made antibody was procured. 46 custom sera were generated by Dr. Kathy Dav-
ern (Monoclonal Antibody Facility, Harry Perkins institute of Medical Research, Western
Australia), targeting an extracellular epitope of AQP4 (YTGASMNPARSFGPAVIMGN-
WENHWIC).252 Screening of the sera was conducted immunohistochemically, assessing
immunoreactivity to rMC1 cells. Cells were fixed with paraformaldehyde prior to staining.
Fluorescence images were collected and each serum was graded on a scale of 1 to 3 on the
basis of uniformly bright and clean the signal was and whether immunoreactivity appeared
to be located at the plasma membrane. Additional assessments of immunoreactivity where
the antibody was applied to live cells were conducted, as being more analogous to the tar-
geting scenario, but rapid internalisation of the sera confounded outcomes. Representative
images of promising sera are shown in Figure 2.2 and in brief in the manuscript. Two
sera were selected: 2H8 and 1A6, and monoclonal antibodies derived from these sera were
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ordered in bulk, with 1A6 serving as the primary targeting moiety and 2H8 as a reserve.

Negative
Control

1A6

2H8

4G3

Fixed staining Live staining

†

‡

†

‡

† †

Figure 2.2: Representative images from screening of 46 anti-AQP4 antibody sera. Screening
was conducted using two methods. Firstly, cells were fixed with paraformaldehyde (4%) followed
by incubation with anti-AQP4 sera (1/3 dilution, 900 μL) overnight at 4 ◦C. Secondly, live cells
were incubated with anti-AQP4 sera (100 μL) for 4 hours in 5% CO2 at 37 ◦C, followed by fixing
with paraformaldehyde (4%). Alexafluor-488 secondary antibody only served as a negative control.
Images were captured using confocal microscopy (Leica TCS SP2). ELISA testing was conducted
by Dr K. Davern; best performing antibodies are indicated by †, and second best by ‡. Images
comparing negative controls to three of the best performing antibody sera are shown. Arrows
indicate distinct plasma membrane distribution of staining. Scale bar = 20 μm.
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In order to generate therapeutic-loaded nanoparticle systems it was necessary to
select the therapeutic agents to be used. Initially, three therapeutic agents were investi-
gated; the antioxidants resveratrol and curcumin, and the AMPA receptor GluR1-specific
antagonist zonampanel. Whilst both resveratrol and curcumin are available commercially
in bulk, zonampanel is not. This meant that zonampanel needed to be synthesised prior to
use. A synthetic route was developed by Dr. Nicole Smith from patent information (Figure
2.3.1).304 The first step in the synthesis was successfully completed, with confirmation of
the product via single crystal x-ray diffraction (Figure 2.3.2) and 1H-NMR (Figure 2.3.3).
The second step was also successful, and was visualised using thin layer chromatography
(TLC). The third step proved to be problematic, with competing reactions preventing syn-
thesis of sufficient quantities of zonampanel for testing. Three competing reactions were
identified at step 3 (Figure 2.3.4), only one of which yielded the desired product. A crystal
structure of one of the side-products isolated is shown in Figure 2.3.5, with LC-MS data
showing the presence of the other two products (Figure 2.3.6). Dr Nicole M. Smith pur-
sued the zonampanel synthesis protocol from this point. The small quantity of zonampanel
isolated precluded its use in generating therapeutic-loaded NP. However, this quantity was
sufficient for use by colleagues in a published study assessing combinatorial treatments for
secondary degeneration following neurotrauma (Appendix C).

Figure 2.3: Synthesis of zonampanel. (2.3.1) Synthetic route for the synthesis of Zonampanel.
(2.3.2) Single-crystal x-ray diffraction (SC-XRD) derived structure P1, isolated at the end of
synthesis step 1. The molecule is projected onto the plane of the phenyl ring and the formula of
P1 is shown in Table B.1. The structure is remarkably planar with the atoms having the largest
deviations from the best plane through the molecule being O12 (δ 0.19 Å) and C25 (δ 0.21 Å).
The dihedral angle between the plane of the nitro group and the phenyl ring is 6.22(4)◦ with that
between the pendant chain and the phenyl ring being 6.37(4)◦. There is a weak intramolecular
hydrogen bond between H21 and O11 of the nitro group. Geometric hydrogen bonding details are
listed in Table B.2. (2.3.3) 1H-NMR for P1; δ 1.33 (t, J = 7.6 Hz, 3H), δ 4.04 (d, J = 5.2 Hz,
2H), δ 4.30 (q, J = 7.2 Hz, 2H), δ 6.34 (dd, J1 ppm = 2.4 Hz, J2 = 11.2 Hz, 1H), δ 6.44 (ddd,
J1 = 2.4 Hz, J2 = 7.2 Hz, J3 = 9.6 Hz, 1H), δ 8.26 (dd, J1 = 6.0 Hz, J2 = 9.2 Hz, 1H), δ 8.55
(br s, 1H). Synthesis of Zonampanel. (2.3.4) Three products identified during synthesis step 3.
(2.3.5) SC-XRD derived structure of a product (P2) isolated at the end of synthesis step 3. The
formula of P2 is shown in Table B.1. There are inter-molecular hydrogen bonds from the amide
hydrogen atom H1 to the oxygen atom O2 of the molecule related by an inversion centre, thus
forming a hydrogen bonded dimer. Hydrogen bonding geometries are listed in Table B.2. The
amine hydrogen atom H4 is bent away from the trigonal position (sum of angles around N4 =
351◦) and is involved in a close interaction with the phenyl ring. The H4...centroid distance is 2.7
Å. Figure continues on following pages.
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(.1) Synthetic route for the synthesis of Zonampanel.
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Figure 2.3: Synthesis of Zonampanel. Figure continued from previous page and continued on
following pages.
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Figure 2.3: Synthesis of Zonampanel. Figure continued from previous page and continued on
following page.
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Figure 2.3: Synthesis of Zonampanel. (2.3.6) LC-MS analysis of crude product isolated at the
end of synthesis step 3. Data shows identification of compounds at mass 165 u (P2) and mass 267
u (P3 and P4). Samples were analysed in MeOH (32.04 u), accounting for additional peaks +32
u and +64 u. Figure continued from previous pages.

Synthesis of therapeutic-loaded NPs in suitable yields was also not straightforward.
Trial and error regarding the ratios of reagents (listed in detail in manuscript; briefly,
CHCl3, MEK and Pluronic F-108 concentration) of the synthesis was necessary for optimi-
sation of the NP synthesis protocol and yield of sufficient quantities for testing. The final
protocol utilised a 3:1 CHCl3:MEK ratio, Pluronic F-108 concentration of 2.5 mg/ml with
40-50 mg of PGMA used in conjunction with 10-13 mg of Fe3O4. Synthesis of curcumin
and resveratrol encapsulating NPs was successfully achieved using this protocol, with 10
mg of either therapeutic used in each batch. With this completed, the next step was to
attach anti-AQP4 antibody and assess targeting in vitro.
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The attachment of antibody to NPs was intended to be achieved using succinimidyl-
4-(N -maleimidomethyl)cyclohexane-1-carboxylate (SMCC), a linker commonly used for
this purpose.305 One end of the SMCC readily reacts with amine groups, such as those
found on PEI, whilst the other end contains a maleimide ring which reacts with cysteine
residues on antibodies or peptides.306 The initial NP design involved a coating of PEI,
which would allow for decoration of NPs with a maleimide functional group via SMCC,
followed by attachment of antibodies. The presence of PEI would also have the added
advantage of inducing cell internalisation once the NPs contacted the cell membrane.274

Attempts to use SMCC however did not prove successful. Given that the only part of the
SMCC molecule that was necessary for the purpose was the maleimide functional group, it
was decided to functionalise the PGMA polymer with maleimide as an alternative. Func-
tionalising the polymer directly would mean that no further functionalisation of the NPs,
apart from antibody attachment, would be necessary following synthesis. The PGMA
polymer was already also functionalised with a rhodamine B fluorescent tag to allow fluo-
rescence imaging. Functionalisation of PGMA polymer with rhodamine B was previously
developed within the group for use in nanoparticles.274,283 Rhodamine B attachment is
believed to proceed via the formation of an ester through opening of the epoxide ring on
the PGMA backbone and the carboxylic acid hydroxide on rhodamine B.284 Given this
chemical reactivity, 6-maleimidohexanoic acid (MHA) was reacted with the polymer via
the same protocol, with attachment confirmed using NMR (presented in the manuscript).
Attachment of antibodies proceeded successfully, with attachment confirmed using a sec-
ondary fluorescent tag. The procedure for confirming antibody attachment was adapted
from current immunohistochemical staining procedures and has also been reported in the
literature.281 NPs of several different compositions were synthesised for testing (Table 2.1).
Several mass ratios between nanoparticle and antibody were tested, with saturation of the
nanoparticle achieved at a mass ratio of 5:1. As such, a 5:1 mass ratio for nanoparti-
cle:antibody was used for all future reactions.

Table 2.1: Nanoparticle preparations synthesised for in vitro testing.

NP Term Composition

NP-e PGMA-RhB nanosphere with no resveratrol
NP-Res PGMA-RhB nanosphere encapsulating resveratrol
NP-MHA PGMA-MHA-RhB nanosphere with no resveratrol
NP-MHA-Res PGMA-MHA-RhB nanosphere encapsulating resveratrol
NP-MHA-AB PGMA-RhB nanosphere with conjugated anti-AQP4 antibody

and no resveratrol
NP-MHA-Res-AB PGMA-RhB nanosphere with conjugated anti-AQP4 antibody

encapsulating resveratrol

Release of therapeutics from the various NP preparations was assessed by sampling
reservoirs in which NPs were suspended. The original protocol involved the use of large
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reservoirs (20 mL) of PBS held at 37 ◦C containing 1 mg of NP in suspension. At a given
time point, 1000 μL of the reservoir was removed and centrifuged through cellulose filters to
remove NPs. The filtrate was collected and analysed using HPLC. No release of threapeu-
tic was detected using this protocol (data not shown). Given the large reservoir volumes, it
was considered likely that any therapeutic was present at a concentration below the limit
of detection. Accordingly, NPs were suspended in cellulose filters which were floated in 20
mL reservoirs. At a given time point 200 μL of reservoir was removed and freeze-dried.
The resulting residue was then dissolved in 100 μL of MeOH and analysed using HPLC.
However, the released therapeutic remained below the limits of detection: further decreases
in reservoir size were not possible due to the size of the cellulose filters. It was therefore
decided to abandon use of filters, suspend NP in 200 μL of PBS at a concentration of 1.3
μg/mL and separate released therapeutic from the NP by centrifugation. Supernatant was
collected following 1, 6 and 24 hours incubation at ambient atmospheric temperature and
pressure, then analysed via HPLC. Release profiles (shown in Figure 2.4) revealed that
the reservoir quickly reached saturation regardless of the presence of antibody, with no
increase in concentration after 1 hour. With complete saturation of the reservoir, release
of any further therapeutic from NPs would not have been favoured. Therefore additional
experiments were conducted where the reservoir was periodically replaced with fresh PBS.
It was shown that NPs released therapeutic payload until empty, as long as fresh reservoir
was used to replace saturated solution. NPs were also characterised using TEM and DLS,
as shown in the manuscript.

NP-MHA-Res-AB ENDNP-MHA-Res-AB RP NP-MHA-Res ENDNP-MHA-Res RP
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Figure 2.4: Measurement of release of resveratrol from NPs. HPLC was used to analyse resver-
atrol release from NP of varying composition over 1440 minutes in PBS (2.4.1, pH 6; 2.4.2, pH 7;
data are mean ± S.E.M. of triplicate samples, S.E.M. are too small to be visible). Equal quantities
of NP suspensions were aliquoted into separate sample tubes. At each time point, a 90 μL sample
was taken of the reservoir, and the NPs were collected in a pellet which was freeze-dried overnight.
Freeze-dried NPs were digested and the remaining resveratrol content was measured using HPLC.
Resveratrol was quantified as a percentage of resveratrol relative to that measured in dried bulk
material. Reservoirs were found to saturate within the first 60 min of the experiment for both
NP-MHA-Res-AB and NP-MHA-Res, and resveratrol concentrations remained constant for the
remainder of the experiment. Each reading was conducted in triplicate.
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2.2.2 In vitro assessments of functionalised NP

Increased AQP4 immunoreactivity in response to glutamate excitotoxicity was con-
firmed in vitro. Targeting of NP to AQP4+ cells and effects of the NP preparations on
reactive species and oxidative damage were also assessed in vitro, using both immortal and
primary cell lines. Early testing was conducted by an exchange program student, Richard
Hartz, who investigated the ability of these NPs to reduce immunoreactivity of the ox-
idative damage indicator CML following H2O2 insult. CML is an advanced glycation end
product, and is produced in environments high in ROS. It was determined that optimum
protective effects were achieved following treatment with either 10 μmol/L resveratrol or
100 μmol/L curcumin (Figure 2.5.1). Both resveratrol (10 μmol/L) and curcumin (concen-
tration limited to 34 μmol/L due to loading efficiency and potential NP toxicity) delivered
via nanoparticle, reduced CML mean total intensity in vitro to a greater extent than the
free therapeutic (Figure 2.5.2). However, exposure of cells to H2O2 did not consistently
result in an increase in CML mean total intensity in comparison to that observed in cells
not exposed to cells to H2O2 and thus the CML outcome measure was not pursued further.

Both curcumin and resveratrol encapsulating NPs could be used to lower CML im-
munoreactivity. However, given that a key planned outcome measure was to track 13C-
enriched therapeutic using NanoSIMS and only resveratrol was available commercially in a
13C-enriched form, the decision was made to focus on resveratrol-loaded NP. Additional in
vitro testing of the antioxidant efficacy of resveratrol NPs was conducted by assessing the
conversion of DCF-DA to dichlorofluorescein (DCF) following glutamate stress. However
consistent significant decreases in DCF fluorescence intensity were not observed following
treatment of glutamate stressed mixed retinal cells with NP preparations.

Investigation of targeting efficacy of antibody-functionalised NPs to AQP4 positive
cells was conducted using primary mixed retinal cultures. However, it could not be con-
firmed that anti-AQP4 antibody functionalised NPs specifically targeted AQP4 expressing
astrocyte-like Müller cells. Representative images and further details are shown in Figure
2.6. Nanoparticles have been observed to interact with serum proteins which can inter-
fere with the function of surface moieties such as antibodies.279,292 It was postulated that
interaction of the antibodies on NPs, with proteins in cell growth media interfered with
antibody directed targeting thereby explaining the observed lack of targeting specificity
in vitro. Additionally, a greater association with cells was observed with maleimide func-
tionalised NP. It is likely that maleimide mediates adsorption of albumin and other serum
proteins onto the surface of the NPs, which results in greater interaction with cells. These
observations led to further experiments where NPs were incubated for 24 hours in solu-
tions of albumin. The concentration of albumin in the solutions was measured after the
incubation, and the decrease in albumin concentration was interpreted as indicating that
albumin was binding to the NPs (data provided in manuscript).
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Figure 2.5: Investigation of different concentrations of antioxidants and nanoparticles at reducing
mean total intensity of oxidative stress indicator CML in vitro (CML mean total intensity ± S.E.M.;
∗, # = p < 0.05, ∗∗ = p < 0.01 significantly different from DMSO vehicle without H2O2: DMSO-
H2O2). (2.5.1) Oxidative stress was induced in rMC-1 cells through the addition of 5 mmol/L
H2O2 in cell growth media. Effects of free curcumin and resveratrol were tested at concentrations
of 10, 100 and 250 μmol/L in cell growth media. (2.5.2) The treatment efficacy of free-curcumin
and free-resveratrol were compared to equivalent concentrations delivered using nanoparticles. The
concentration of nanoparticles was capped at a maximum of 200 μg/ml, above which they have
been found to be toxic.274 For this reason, curcumin could not be administered at 100 μmol/L,
but rather at 34 μmol/L.

2.2.3 In vivo use of functionalised NP for treatment of neurotrauma

In light of reports in the literature indicating that nanoparticle testing in vitro does
not necessarily reflect results in vivo,296 it was decided to proceed with aim 3 as planned
and assess our NP preparations in vivo. The various NP preparations were injected into
the dorsal partial optic nerve injury site in PVG rats at the time of injury, and tissue-based
assessments were conducted in the central to ventral part of the optic nerve, vulnerable
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NP-e

NP-MHA

NP-Res

NP-MHA-Res

NP-MHA-AB

NP-MHA-Res-AB

+ Glutamate - Glutamate

Figure 2.6: Representative images (individual 0.5 μm slices in z-plane) of mixed retinal cells
incubated with NPs of various composition (200 μg/mL), both with and without glutamate stress.
A qualitative analysis of nanoparticle-cell association found the presence of glutamate generally
increased association of all nanoparticle types with cells, possibly due to increased oxidative stress
due to glutamate. Additionally, the presence of antibody or MHA appeared to increase association
of nanoparticles with cells. Blue = Hoechst, Green = AQP4 and Red = Nanospheres (RhB). Scale
bars = 30 μm.
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to secondary degeneration. NanoSIMS was employed to track NPs using Fe3O4, and 13C-
resveratrol using 13C, together with immunofluorescence and TEM based assessment of cell
specific NP localisation. Treatment outcome measures were Ca microdomain dynamics as
described in section 2.1, selected oxidative stress analyses and the optokinetic nystagmus
behavioural test of visual function. It is important to note that the resin-embedding and
low temperature polymerisation chamber used to prepare optic nerve sections is limited in
volume and only 20 samples could be placed within the chamber at any one time. To reduce
variability all samples had to be processed simultaneously, necessitating the need to limit
the labour intensive in vivo NanoSIMS analyses to a single time point following injury and
a relatively low ‘n’. Normal uninjured animals were used as a control and compared to in-
jured vehicle-treated animals, and animals treated with anti-AQP4 antibody-functionalised
13C-resveratrol NPs, anti-AQP4 antibody-functionalised empty NP and non-antibody func-
tionalised 13C-resveratrol NP (n=4 per group). The time point chosen for analysis was
one day following injury, as changes in Ca microdomains,307 oxidative stress indicators,46

structural outcomes62 as well as functional deficits are observed at this time, thereby al-
lowing a therapeutic window for the NP treatments.

ROI were selected for NanoSIMS analysis using the same criteria as described for
the published paper (section 3.1). Each ROI was analysed in three imaging passes. The
first two were conducted using the Cs+ source to image secondary ions of non-metallic
elements; 12C12C−, 12C14N−, 31P−, 32S− and 35Cl− for structural information, and 12C−,
12C12C−, 13C12C−, 12C14N− and 31P− for 13C isotopic analysis. The O− source was used
to image metallic elements; 23Na+, 40Ca+, 56Fe+ and 133Cs+. NanoSIMS ROI were aligned
with immunohistochemically stained adjacent sections confirming localisation of NP within
glial and axonal regions: reference to P-S-CN images was also utilised as described in the
first paper. Localisation of NP was further explored using TEM and immunofluorescence
microscopy and it was shown that localisation of the various NP preparations depended
on their functionalisations. Further, qualitative assessment of the oxidative damage indi-
cator 8-hydroxy-2’-deoxyguanosine (8OHdG) indicated that only treatment with NP con-
taining resveratrol and functionalised with anti-AQP4 reduced 8OHdG immunoreactivity
across the FOV, a finding thought to be related to the localisation of these NP within
macrophages. Quantitative assessments of 8OHdG and additional oxidative stress indica-
tors were attempted but varying section quality precluded reproducible outcomes (Figure
2.7).

Dry NPs were imaged for 56Fe to confirm the presence of Fe3O4 and 13C signal to
confirm that 13C enrichment could be detected using NanoSIMS: 56Fe was detected across
the whole NP; 13C was detected at ∼2% of total C in NPs, compare to ∼1% natural abun-
dance (shown in manuscript). Investigation of 13C levels across the ROI did not reveal
any regions with elevated 13C signal. Fe signal corresponding to NPs was used to generate
selections in a process similar to that described in section 2.1 for Ca microdomains. How-
ever, no elevated 13C signal was detected in these Fe hotspots. Selected outcomes of 13C
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Figure 2.7: Representative images from NP-MHA-Res-AB treated animals showing the varying
section quality observed within treatment groups. Quantitative analysis of 8OHdG fluorescence
(shown in green) was precluded by artefacts in the sections. Pink dashed lines indicate abrupt
changes in fluorescence caused by sectioning. White arrows indicate bleed-through of NP fluores-
cence (RhB), which could not be excluded. Scale bars = 100 μm.

measures are provided in the manuscript and more comprehensive assessments of FOV are
shown in Figure 2.8. Analysis of Ca microdomains in the ROI using NanoSIMS demon-
strated that anti-AQP4 antibody functionalised 13C-resveratrol NPs appeared to be affect-
ing Ca microdomain dynamics at 24 hours post injury, in both glial and axonal regions,
although outcomes did not reach statistical significance. Repeated NanoSIMS imaging of
the same ROI revealed the appearance and disappearance of some Ca microdomains in
consecutive images. It was thought at first that the appearance and disappearance of Ca
microdomains may indicate artefactual signal. However, given that NanoSIMS functions
by sputtering away an atomic layer, it was considered more likely that Ca microdomains
were disappearing as they were sputtered away and subsequent images were at a differ-
ent depth. To test this hypothesis, repeated scans of the same ROI were collected in a
z-stack to allow imaging in three dimensions. Movement through the image stacks clearly
revealed Ca microdomains appearing and disappearing along the z-axis (manuscript sup-
plementary information; Appendix A), thereby illustrating the three dimensional nature
of Ca microdomains, which exist as distinct events in the three dimensions of space as well
as transiently in time. Behavioural testing revealed that animals treated with anti-AQP4
antibody-functionalised 13C-resveratrol NPs exhibited mean total responses comparable to
those of normal animals, whilst PBS vehicle treated animals showed significantly decreased
responses compared to both these treated and normal animals. Taken together, our data
indicate that anti-AQP4 antibody-functionalised resveratrol NPs exerted a beneficial ther-
apeutic effect in vivo.

The results presented in the manuscript address the second and third aims of the
project and demonstrate that antibody functionalised NP systems can be used in vivo to
improve functional outcomes and affect biochemical changes which occur as a consequence
of neurotrauma. The discrepancy between these in vivo results and those observed during
in vitro testing highlight the caution that must be exercised during the testing of any
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Figure 2.8: 13C abundance measured in all optic nerve FOV and presented as individual values
and means for each animal. (2.8.1) 13C abundance, in optic nerve FOVs measured using NanoSIMS.
Values are plotted in order collection (13C at% ± Poisson error). At the beginning of each day,
bracketing controls were collected from FOVs on sections from normal uninjured animals. These
were used to measure day-to-day internal drift in the instrument. There was no major deviation
of signal outside range observed for the bracketing controls. Values that did fall outside this range
were generally collected from FOVs from Normal and PBS-vehicle treated animals, which were
not treated with any 13C-enriched resveratrol. The absence of any observable increase in 13C at%
illustrates the lack of any 13C-enrichment observed in the tissue. (2.8.2) Mean of 13C abundance
(13C at% ± S.E.M.) in optic nerve sections from individual animals within Normals and treatment
groups, as measured using NanoSIMS.

nanoparticles in biological systems. The interaction of NPs with macrophages is believed
to be crucial to the beneficial results we observed in vivo. The multimodal imaging capa-
bilities of the NP system have also been validated; using both fluorescence microscopy and
NanoSIMS imaging modalities.

Results have been published; I. Lozić, R. V. Hartz, C. A. Bartlett, J. A. Shaw, M.
Archer, P.S.R Naidu, N. M. Smith, S. A. Dunlop, K. Swaminathan Iyer, M. R. Kilburn, M.
Fitzgerald, “Enabling dual cellular destinations of polymeric nanoparticles for treatment
following partial injury to the central nervous system”, Biomaterials 2016, 74, 200-216,
DOI: 10.1016/j.biomaterials.2015.10.001.
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2.3 Summary

The paper and manuscript provided as the following chapter present the results ob-
tained in addressing the three aims of this PhD project: i) investigating Ca microdomain
dynamics following partial injury to the optic nerve; ii) synthesising polymer NPs for
the targeted delivery of therapeutic agents to tissue vulnerable to secondary degenera-
tion; and iii) assessing the therapeutic efficacy of anti-AQP4 functionalised therapeutic-
encapsulating NPs in vivo using outcomes including NanoSIMS imaging and visual be-
haviour. The first paper shows the development of a NanoSIMS based analysis technique
to assess disruptions to Ca dynamics in specific cellular regions of rat optic nerve vulner-
able to secondary degeneration following neurotrauma. The following manuscript shows
the synthesis and in vitro and in vivo testing of an antibody functionalised NP system
for the delivery of antioxidants to the optic nerve following partial injury, incorporating
NanoSIMS based assessments.
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Series of Papers

The results of this thesis are presented in the following published paper and sub-
mitted manuscript, the citations of which are listed below. Supporting information for
the presented works may be found in Appendix A, where applicable. It should be noted
that the second manuscript has undergone several revisions prior to final publishing. The
version initially presented in this chapter is as submitted in this thesis. Appendix D shows
the manuscript as published. The references for the second manuscript, but not the first
paper, are collated at the end of the thesis.

1. I. Lozić, C. A. Bartlett, J. A. Shaw, K. S. Iyer, S. A. Dunlop, M. R. Kilburn, M.
Fitzgerald, “Changes in subtypes of Ca microdomains following partial injury to the
central nervous system”, Metallomics 2014, 6, 455-464, DOI: 10.1039/c3mt00336a.
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2. I. Lozić, R. V. Hartz, C. A. Bartlett, J. A. Shaw, M. Archer, P.S.R Naidu, N. M.
Smith, S. A. Dunlop, K. Swaminathan Iyer, M. R. Kilburn, M. Fitzgerald, “En-
abling dual cellular destinations of polymeric nanoparticles for treatment following
partial injury to the central nervous system”, Biomaterials 2016, 74, 200-216, DOI:
10.1016/j.biomaterials.2015.10.001.
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Author contributions are as follows:
“Changes in subtypes of Ca microdomains following partial injury to the central
nervous system”

1. Partial optic nerve transection surgeries: Carole Bartlett, Ivan Lozić, Lindy Fitzger-
ald

2. NanoSIMS Sample preparation: Jeremy Shaw, Ivan Lozić

3. NanoSIMS imaging: Ivan Lozić, Matt Kilburn

4. NanoSIMS data processing and analysis: Ivan Lozić, Lindy Fitzgerald, Matt Kilburn

5. Immunohistochemistry: Ivan Lozić

“Enabling dual cellular destinations of polymeric nanoparticles for treatment
following partial injury to the central nervous system”

1. Nanoparticle synthesis: Ivan Lozić

2. Nanoparticle characterisation: Ivan Lozić, Iyer Swaminthan

3. Nanoparticle-antibody attachment: Ivan Lozić, Nicole Smith, Iyer Swaminathan

4. In vitro assessment of nanoparticles: Ivan Lozić, Richard Hartz

5. Behavioural testing: Lindy Fitzgerald, Ivan Lozić

6. Partial optic nerve transection surgeries: Carole Bartlett, Lindy Fitzgerald, Ivan
Lozić

7. NanoSIMS Sample preparation: Jeremy Shaw, Michael Archer, Ivan Lozić

8. NanoSIMS imaging: Ivan Lozić, Matt Kilburn

9. NanoSIMS data processing and analysis: Ivan Lozić, Lindy Fitzgerald, Matt Kilburn

10. Immunohistochemistry: Ivan Lozić, Carole Bartlett
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3.2 Enabling Dual Targeting of Polymeric Nanoparticles to

Macrophages and Astrocytes for Treatment of Neuro-

trauma

Ivan Lozić1,2, Richard V. Hartz2, Carole A. Bartlett2, Jeremy A. Shaw3, Michael Archer2,
Nicole M. Smith1,2, Sarah A. Dunlop2, ‡K. Swaminathan Iyer1, ‡Matt R. Kilburn3 and
∗Melinda Fitzgerald2

1School of Chemistry and Biochemistry, 2Experimental and Regenerative Neurosciences,
School of Animal Biology, 3Centre for Microscopy, Characterisation and Analysis, The
University of Western Australia, 35 Stirling Hwy, Crawley WA 6009, Australia

‡equal contribution
∗Corresponding Author: Melinda Fitzgerald

Email: lindy.fitzgerald@uwa.edu.au; Fax: +61 8 6488 7527; Tel: +61 8 6488 2353

3.2.1 Abstract

Following neurotrauma, oxidative stress is spread via the astrocytic syncytium and
is associated with increased aquaporin 4 (AQP4), inflammatory cell infiltration, loss of
neurons and glia and functional deficits. Herein we use correlative nanoscale secondary ion
mass spectrometry, fluorescence microscopy and transmission electron microscopy, in vitro
and in vivo, to demonstrate that multimodal polymeric nanoparticles functionalised with
an antibody to an extracellular epitope of AQP4 are coated with serum proteins including
albumin and enter both macrophages and astrocytes when administered to the site of a
partial optic nerve transection in rat. Antibody functionalised nanoparticles synthesised
to deliver the antioxidant resveratrol are effective in reducing oxidative damage to DNA
and preserving visual function. Non-functionalised nanoparticles that are only coated
with albumin evade macrophages more effectively and are found more diffusely, including
in astrocytes, however they do not preserve the optic nerve from oxidative damage or
functional loss following injury.

3.2.2 Introduction

Structural and functional losses following neurotrauma are exacerbated by the spread
of injury beyond the initial insult. This secondary degeneration is thought to be triggered
by glutamate excitotoxicity2,56 and Ca2+ overload,59 leading to oxidative stress.144 Oxida-
tive stress during secondary degeneration is associated with astrocyte hypertrophy, immune
cell infiltration, loss of neurons and glia, structural abnormalities in myelin and chronic
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functional deficits.42,50,61 Hitherto, strategies for limiting oxidative stress induced by neu-
rotrauma have utilised antioxidants,191,194 receptor antagonists or ion channel inhibitors to
interrupt the biochemical cascades which lead to oxidative stress.228,232 Despite promising
in vitro results, these strategies have thus far not been a clinical success,227,240 and no ef-
fective treatments currently exist to prevent the spread of pathology following injury to the
central nervous system (CNS). Novel nanosystems have considerable potential for the treat-
ment of currently intractable diseases and injuries, including neurotrauma. Nanoparticle
systems provide a way to overcome issues including poor bioavailability209,221 and toxic-
ity at required doses227,230 that have plagued traditional treatments. Engineered polymer
nanoparticles are non-toxic,266 can encapsulate therapeutic agents and deliver them to a
specific target with the aid of a targeting moiety,269,280,281,308,309 thereby potentially over-
coming poor bioavailability and off-target side-effects.

Astrocytes are thought to contribute substantially to the spread of oxidative stress via
the movement of excess Ca2+ and reactive species through the astrocytic syncytium.46,131

We and others have previously demonstrated up-regulation of the plasma membrane bound
water channel AQP4 in CNS tissue affected by neurotrauma,139,252 particularly in astro-
cytes.139 Therefore, AQP4 can be exploited as a potential target to direct nanoparticles
functionalised with antibodies recognising an extracellular epitope of this protein, to as-
trocytes. Infiltration of microglia and macrophages37,310 further contribute to spread of
reactive species and resultant oxidative stress;40,41,46 hence targeting of nanoparticles to
infiltrating inflammatory cells is also likely to be beneficial. The tracking of targeted
nanoparticles, their therapeutic cargoes and their effects on cells in tissue in vivo can be
problematic. We have developed multimodal polymeric nanoparticles that encapsulate
smaller magnetite nanoparticles and fluorescent dyes, thereby allowing them to be imaged
in vivo.278 However, the therapeutic payload can be much more difficult to track. The
use of stable-isotopes (e.g. 13C, 15N or 127I) in therapeutic agents has allowed for tracking
of anti-cancer drugs using nanoscale secondary ion mass spectrometry (NanoSIMS) in tu-
mours,122,311,312 with individual cell types identified using fluorescence microscopy.303,313

The presence of concentrated deposits of Fe in the form of magnetite can also be used to
track the nanoparticles using NanoSIMS. We have previously used NanoSIMS in conjunc-
tion with fluorescence immunohistochemistry307 to characterise changes in the distribution
of Ca microdomains in vivo, following partial optic nerve transection injury. Here, we lever-
age the spectral and spatial resolution of NanoSIMS,314 to simultaneously investigate the
localisation of nanoparticles and the therapeutic agent encapsulated within them, as well as
assess physiologically relevant outcomes of nanoparticle treatment on Ca2+ microdomain
dynamics in vivo. We combine NanoSIMS outcomes with fluorescence microscopy and
transmission electron microscopy (TEM), to demonstrate that functionalising antioxidant
loaded nanoparticles with anti-AQP4 antibody targets these nanoparticles to astrocytes
and macrophages, resulting in reduced oxidative damage and preserved function in vivo.
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3.2.3 Methods

Materials

All chemicals and materials were purchased from Sigma-Aldrich unless otherwise
stated: poly-glycidyl methacrylate (PGMA, donated by Igor Luzinov, University of North
Carolina); rhodamine-B (RhB, Fluka Chemika AG); 6-maleimidohexanoic acid (MHA),
tris(2-carboxyethyl)phosphine hydrochloride (TCEP·HCl), methyl ethyl ketone (MEK,
Fisher Chemical); diethyl ether, chloroform (Merck Millipore); benzyl ether, resvera-
trol, 13C Resveratrol, Fe(acac)2, 1,2-tetradecanediol, oleic acid, oleylamine, pluronic F-
108, MACS® separation columns (Miltenyi Biotec); rare-earth magnets (Aussie Magnets);
bovine serum albumin (BSA). Tissue culture and immunohistochemistry reagents: Dul-
becco’s modification of Eagles Medium (DMEM, high glucose, containing l-glutamate and
pyruvate), penicillin/streptomycin, poly-l-lysine, foetal bovine serum, GlutaMAX 100×,
trypsin/EDTA, Hoechst nuclear dye (all from Gibco, Life Technologies); glutamate (Sigma
Aldrich); 2’7’-dichlorofluorescein diacetate (DCFH-DA) (Thermo Scientific); polyclonal
anti-AQP4 (Alamone labs), anti-βIII tubulin (Covance), anti-GFAP (Sigma), anti-8OHdG
(Abcam), anti-ED1 (Millipore) antibodies; AlexaFluor (AF) 488, AF555 and AF647 (Life
Technologies) secondary antibodies; Fluoromount-G (Southern Biotech). Custom made
monoclonal antibodies directed against the extracellular epitope of AQP4 (YTGASMN-
PARSFGPAVIMGNWENHWIC) was generated by Dr K Davern (Monoclonal Antibody
Facility, Harry Perkins institute of Medical Research, Western Australia).

Nanoparticle synthesis

Fe3O4 magnetite nanoparticles were synthesised in accordance with established pro-
cedures.262 Polymer based nanoparticles (NPs) were prepared as described,274 with the
following modifications. PGMA (500 mg, Mw 120,000 g/mol) was refluxed in MEK for 18
hours with MHA (736.7 mg, 3.49 mmol). The resulting white product (PGMA-MHA) was
isolated from Et2O, and allowed to dry at room temperature for 1 hour. Proton nuclear
magnetic resonance (NMR) of PGMA-MHA indicated the presence of maleimide olefin pro-
tons at 6.68 ppm, confirming MHA attachment to PGMA. 1H-NMR (400 MHz, CDCl3):
δ 6.68 (s, maleimide olefin), 4.06 (d, J = 195 Hz, 2H), 3.23 (s, 1H), 2.74 (d, 83 Hz, 2H),
1.96 (m, 2H), 1.05 (m, 3H) ppm. Following this, all of the product was placed in MEK
with RhB (55.0 mg, 0.12 mmol) and refluxed for 18 hours. The resulting pink/red prod-
uct (PGMA-MHA-RhB) was isolated from Et2O. 1H-NMR of PGMA-MHA-RhB indicated
the presence of peaks in the aromatic region corresponding to that of RhB. 1H-NMR (400
MHz, CDCl3): δ 8.33 (dd, 1.6 Hz, 6.8 Hz), 7.66 (m), 7.18 (m), 7.07 (d, 9.2 Hz), 6.74 (d,
9.2 Hz), 6.68 (s, maleimide olefin), 4.06 (d, J = 195 Hz, 2H), 3.23 (s, 1H), 2.74 (d, 83 Hz,
2H), 1.96 (m, 2H), 1.05 (m, 3H) ppm. Product was kept in chloroform until needed. For
synthesis of NP containing no maleimide linker, the MHA attachment step was omitted.
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Antioxidant containing multimodal NP were synthesised using the following proce-
dure. PGMA-MHA-RhB was dissolved in MEK (4.5 mL) along with resveratrol (15 mg,
65.7 μmol), to which was added Fe3O4 magnetite nanoparticles (10 mg, 43.2 μmol) in
CDCl3 (1.5 mL). This mixture was added drop-wise to a vigorously stirring aqueous so-
lution of Pluronic F-108 (12.5 mg/mL). The resulting emulsion was homogenised with a
probe-type ultrasonicator for 2 min at low power and stirred overnight under a slow flow
of N2(g) to evaporate the solvents. The emulsion was then centrifuged at 3000 g for 45
min and the supernatant passed through a magnetic separation column. The collected NP
were washed from the column, collected in Pluronic F-108 (2.5 mg/mL) and stored at 4
◦C until use. Control NP were generated by omitting resveratrol or MHA addition steps
from the procedure. For in vivo experiments, 13C-enriched resveratrol (99 atom % 13C for
6 of the 14 C atoms) was used with no other modification to the synthesis, in an attempt
to track the release of resveratrol using NanoSIMS.

NP compositions synthesised and referred to in this text are as follows: PGMA-
RhB with no resveratrol (NP-e); PGMA-RhB encapsulating resveratrol (NP-Res); PGMA-
MHA-RhB with no resveratrol (NP-MHA); PGMA-MHA-RhB encapsulating resveratrol
(NP-MHA-Res); PGMA-MHA-RhB functionalised with anti-AQP4 antibody with no resv-
eratrol (NP-MHA-AB); PGMA-MHA-RhB functionalised with anti-AQP4 antibody and
encapsulating resveratrol (NP-MHA-Res-AB).

NP characterisation

NP size was determined using Dynamic Light Scattering (DLS, Malvern ZetaSizer
Nano), and NP size visualised using transmission electron microscopy (TEM, JEOL 2000-
FX; JEOL, Japan), using dried suspensions of NP. NP resveratrol content was determined
by high performance liquid chromatography (HPLC) as follows. To facilitate release of
resveratrol from NPs, a known mass of freeze-dried NP was suspended in a defined volume
of MeOH (1 mL) and sonicated for 1 hour, allowed to sit for 1 hour at ambient temper-
ature and pressure, followed by centrifugation at 16873 RCF for 30 mins. 90 μL of the
supernatant was removed, run through a reverse-phase column (Phenomenex Luna 5 μm
C18(2) 100 Å) maintained at 25 ◦C and analysed using a Waters 2695 Separation Module
connected to a Waters 2489 UV/Vis detector (λdetection = 304 nm). The mobile phase was
composed of 1.25 % CH3COOH in a 20:80 mixture of MeCN and milliQ-H2O (flow rate =
10 ml/min). Concentration was determined from a pre-prepared standard curve.

Release of resveratrol from NP was measured in phosphate buffered saline (PBS) at
pH 6 (to mimic acidic conditions following injury) and 7 (to mimic physiological condi-
tions). 1 mg of NP (NP-MHA±Res) was suspended in 1 mL of PBS (the ‘reservoir’ or
‘sink’) and incubated at ambient temperature and pressure. Starting content of resveratrol
was defined as the first freeze-dried measurement as described above. At 30 min intervals
for 360 min, the preparation was centrifuged at 16873 RCF for 5 min and 90 μL samples
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of supernatant taken for HPLC analysis, as described above. The remainder of the super-
natant was discarded, with care taken not to disturb the NP pellet. The NP pellet was
re-suspended in 1 mL of fresh PBS for each subsequent 30 min incubation.

Functionalisation of NP with anti-AQP4 antibodies

A series of custom-made anti-extracellular AQP4 sera were screened for immunore-
activity to rMC1 retinal Müller cells (gift from Dr. Gabriel A. Silva, University of San
Diego, CA) that had been cultured for 24 hr according to established conditions274 in
DMEM (high glucose, containing l-glutamate) medium supplemented with foetal bovine
serum (heat inactivated, 10 % v/v), penicillin/streptomycin (1 % v/v [50 μm/L, 50 μg/mL])
and GlutaMAX 100× (1 % v/v) at 1 × 105 cells/mL. Immunoreactivity was assessed as
described274 using a 1:3 dilution of sera on cells fixed in paraformaldehyde (4 %), and visu-
alised with AF448 secondary antibodies. Secondary antibody-only controls were included
and images were captured by confocal microscopy (Leica TCS SP2; Leica Microsystems,
Germany). The anti-AQP4 antibody with the greatest immunoreactivity to rMC1 cells
(sera 1A6) was chosen for further studies. Anti-AQP4 antibody (0.1 mg/mL) was reacted
with TCEP (0.04 mmol/L) in degassed PBS at 37 ◦C under N2(g) for 2 hours to reduce the
disulfide bonds from cysteine groups on the antibody in order to facilitate reaction of the
thiols with the maleimide olefin of MHA. Aliquots of prepared antibody were transferred
to stirring suspensions of NP to give a reaction volume with a 5:1 mass ratio of NP to
antibody. Following stirring at 37 ◦C under N2(g) for 2 hours, the resulting mixture was
centrifuged in 1.5 mL aliquots at 16873 RCF for 30 mins, and the supernatant discarded.
The washing process was repeated 3 times to ensure removal of unattached antibody and
the resulting NP-antibody pellet was re-suspended in PBS at appropriate concentrations
for in vitro and in vivo experiments. Attachment of anti-AQP4 antibodies to NP was con-
firmed via incubation of NP with species appropriate AF488 secondary antibodies (1/500)
at 37 ◦C under N2(g) for 2 hours and assessment of fluorescence using an EnSpire Multi-
mode Plate Reader (Perkin Elmer, USA). The interaction of NP with albumin was assessed
by suspending 200 μg of various NP preparations in 500 μL of albumin (6.0 mg/mL) and
incubating for 24 hours at ambient temperature and pressure. Samples were centrifuged
for 20 mins at 16873 RCF and three separate 2 μL samples of each supernatant assessed
using a NanoDrop 2000 Spectrophotometer (ThermoFisher Scientific, USA) to determine
the concentration of albumin in the remaining supernatant (absorption at 280 nm).

In vitro assessments of effects of NP

All procedures involving animals conformed to the National Health and Medical
Research Council of Australia Guidelines on the Use of Animals in Research and were ap-
proved by the Animal Ethics Committee of The University of Western Australia (approval
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number RA3/100/1201). Primary mixed retinal cell cultures were prepared from Piebald
Viral Glaxo (PVG) rat pups (<5 days postnatal) and cultured according to established
procedures.267 Cells were cultured for 48 hours in Neurobasal media (with 10 % foetal
calf serum and 1 % glutamax) in wells pre-coated sequentially with 100 μL poly-l-lysine
(10 μg/mL) and laminin (100 μg/mL). NP (200 μg/mL of NP; 10 μM of resveratrol) were
added to cultures and incubated for a further 24 hours in the presence of glutamate (10
mM). Cells were washed, and incubated with 100 μL of DCFH-DA (100 μM) in cell culture
media for one hour. Following removal of DCFH-DA, cells were solubilised in 100 μL of 0.1
% triton solution and fluorescence assessed (EnSpire Multimode Plate Reader, λexcitation =
480 nm, λemission = 530). Immunohistochemical analyses were conducted using established
procedures,62 on mixed retinal cells cultured and treated with NP and/or glutamate as de-
scribed above. Imaging was conducted on a Nikon Eclipse Ti inverted microscope (Nikon
Corporation, Japan), with all images deconvoluted using autoquant blind deconvolution
in Nikon Elements AT software. Representative single optical slices from within z-stacks
were chosen for analysis and display. Contours were drawn around individual cells (using
ImageJ/Fiji) and the immunoreactivity of these cells was assessed where appropriate, using
ImageJ intensity analysis software.

In vivo assessments of effects of NP

Adult, female PVG black hooded rats (165-205 g, Animal Resource Centre, Mur-
doch, WA, Australia) were anaesthetised and partial optic nerve transection of the right
optic nerve performed as described previously.307 Animal treatment groups were normal
(uninjured control), and animals that had undergone the partial optic nerve transection
and were treated with PBS (vehicle), NP-MHA-Res, NP-MHA-AB or NP-MHA-Res-AB.
All groups had an n = 4 animals: note that the number of animals per group was limited
by the requirement for simultaneous processing for the key NanoSIMS outcomes and the
size of freeze-substitution systems. Note that a sham injury group was not included as
we have previously demonstrated no differences between sham injured and normal optic
nerve, when assessing a range of relevant outcome measures.37 At the time of injury, 0.25
μl of NP preparations at 5 μg/ml were injected directly into the injury site using a Nanojet
(World Precision Instruments). Prior to harvesting of optic nerve tissue at 24 hours after
injury, the optokinetic nystagmus visual reflex was assessed as described previously.65 Vi-
sual function was confined to the injured optic nerve, as left eyelids of all animals, including
normal control animals, were sutured shut at the time of injury. Optic nerve samples were
prepared for NanoSIMS using rapid cryopreservation and high pressure freezing, followed
by freeze substitution and resin infiltration as described previously.307,315 Adjacent sec-
tions to those prepared for NanoSIMS analysis were assessed immunohistochemically and
for RhB fluorescence, as described for in vitro assessments. Additional tissue sections (0.2
μm thick) were prepared and imaged using TEM (JEOL 2100; JEOL, Japan).
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Sections selected for NanoSIMS analysis were assessed using the same criteria as
described previously.307 In brief: secondary ion micrographs were acquired using the
CAMECA NanoSIMS 50 ion microprobe at The University of Western Australia. To
afford a steady state of secondary ion yield all fields of view were implanted with a pri-
mary ion dose of 1 × 1017 ions/cm2 prior to imaging. Each field of view (FOV) was imaged
three times, to determine (i) structure, (ii) 13C content and (iii) Ca and Fe distributions.
For (i) and (ii), a Cs+ primary ion beam (nominal beam diameter = 100 nm, current =
1.5 pA) was used to sputter the negative ion species 12C12C−, 12C14N-, 31P−, 32S−, 35Cl−

and secondary electrons (for structural information), as well as 12C−, 12C12C− , 13C12C−,
12C14N-, 31P− and secondary electrons (for 13C isotopic information). For (iii), an O-
primary ion beam (nominal beam diameter = 600 nm, current = 28 pA) was then used to
sputter the positive ion species 12C+, 23Na+, 40Ca+, 56Fe+ and 133Cs+. The Cs signal is
derived from the implanted Cs primary ion, and can be used for relocating the exact FOV
and tuning the secondary ion optics. All FOV were 30 × 30 μm in dimension, and imaged
at a resolution of 256 × 256 pixels, with a dwell time of 30 ms/pixel. The size of the FOV
was verified using a 10 μm Cu grid. For 13C analysis, there was significant isobaric inter-
ference on mass 25. As such, the instrument was tuned for high mass resolution. Charge
build-up during Cs+ primary beam use was not observed. Adequate sample conductivity
was provided by the combination of underlying Si substrate and overlying Au coat pro-
vided. As the valency of the detected ions is not discernible, detected ions are referred to
by their isotopic species (e.g. 40Ca) and elemental symbol (Ca), not oxidation state (e.g.
Ca2+). During collection of 13C data, FOV from normal uninjured control animals with
no 13C−enriched resveratrol were imaged at the commencement and completion of each
imaging session.

Analysis of Ca microdomains using NanoSIMS was conducted using the Open-
MIMS plugin for Fiji/ImageJ (version 2.0; NIH)113 as described previously.307 In brief,
microdomain density (defined as the number of microdomains in a given area, in a par-
ticular tissue type) and microdomain proportion (defined as the area of microdomain in
a given area, in a particular tissue type) were determined (all in μm2). Tissue type was
determined as described previously:307 in brief, secondary ion maps for 31P−, 32S− and
12C14N− were assigned to colour channels in RGB images and aligned with adjacent sec-
tions immunohistochemically assessed, for GFAP to indicate glial regions, or AQP4. Note
that due to the wide emission spectrum of RhB in the NP, immunohistochemical analyses
were limited to use of AF488 secondary antibodies. Therefore, axonal regions were defined
as areas not immunopositive for GFAP, as described previously.307

Analysis of 13C content using NanoSIMS was conducted on three types of regions of
interest (ROI): specific hotspots of Fe signal observed in tissue from animals treated with
NP; the surrounding tissue (non-Fe hotspot) and across the whole FOV. ROIs correspond-
ing to Fe hotspots were generated from 56Fe+ bitmaps, with data extracted from both
13C12C− and 12C12C− bitmaps. Bitmaps were generated using a method derived from
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the Ca microdomain NanoSIMS analyses described previously.307 Individual grey values
were applied to each ROI (RGB colour model values: hotspots = 141414, non-Fe hotspot
tissue = 323232). 13C/12C ratios for each ROI were determined by halving the result from
dividing the total 13C12C− count by the 12C12C− count, to account for using the double
ion species (which has a higher ion yield than the single ion species, 12C− and 13C−). The
13C/12C ratios of all ROIs were converted to atomic percent (13C %) using the following
formula:

13C % =
(

R
1+R

)
, where R = 0.5

(
total 13C12C ion count
total 12C12C ion count

)

where total ion count is for the chosen ROI. 13C enrichment was visualised as a 13C12C/-
12C12C ratio HSI, where ratio is represented by a colour scale where the minimum was set
to natural abundance (scale ratio factor = 10,000, max = 500, min 207). Enrichment was
determined by comparison to signal collected in non-enriched control FOV.

Statistical analyses

Significances were determined with SPSS statistical software using Student’s t-test
or one-way ANOVA as appropriate, and Bonferroni, Dunnett’s or Games-Howell post-Hoc
tests for in vitro assessments and Kruskal-Wallis tests for in vivo measures: P ≤ 0.05 was
regarded as significant.

3.2.4 Results and discussion

Synthesis and characterisation of multifunctional polymeric nanoparticles

In this work, we have prepared multimodal polymeric NP containing the antioxidant
resveratrol. We have functionalised the NP with antibodies to an extracellular epitope
of AQP4, to facilitate targeting to astrocytes following injury to the CNS. In order to
generate the fully functionalised NP, a multi-step synthesis procedure was followed, with
characterisation throughout. Prior to synthesis of NP, the PGMA backbone was function-
alised with a maleimide group using MHA, to enable binding of the anti-AQP4 antibody
(Figure 3.8a). MHA attachment to PGMA (PGMA-MHA) was confirmed using 1H-NMR,
by the presence of a singlet at δ 6.68 ppm corresponding to olefin protons on MHA. PGMA-
MHA was further functionalised with the fluorescent dye Rhodamine B (RhB), as reported
previously,274 confirmed via 1H-NMR. Dry functionalised PGMA-MHA-RhB was used to
synthesise NP containing magnetite, with or without resveratrol, using spontaneous emul-
sification.274 The size of the resultant NP was ∼150 nm, as determined using DLS (Table
3.1). NP were purified and antibodies attached (Figure 3.8b), resulting in a marked in-
crease in total NP diameter (Table 3.1). Antibody attachment to NP was confirmed by
incubating the NP with a fluorescent secondary antibody (AF488) recognising the anti-
AQP4 antibody.272,281 Fluorescence intensity of NP linked to anti-AQP4 antibody was
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Table 3.1: DLS size measurements of NP preparations. The presence of MHA or resveratrol
did not influence the overall NP diameter measured using DLS. Functionalisation of NP with
anti-AQP4 antibody resulted in an observable increase in size.

NP Composition Size (nm)

NP-e 168.8 ± 30.5
NP-MHA 148.2 ± 20.9
NP-MHA-AB 330.5 ± 32.6
NP-Res 115.4 ± 18.9
NP-MHA-Res 125.5 ± 18.8
NP-MHA-Res-AB 214.3 ± 44.1

higher than that of control NP preparations (Figure 3.8c).
Using TEM, the size and morphology of the polymer component of the various NP

preparations was shown to be approximately constant for each of the NP preparations,
regardless of the presence of MHA or resveratrol (Figures 3.8d-i). Note that the antibody
component was not visible using TEM under the imaging conditions employed. The pres-
ence of MHA without antibody (Figure 3.8e, h) led to an apparent loss of contrast for some
NP in the TEM images, assumed to be due to artefactual drying effects. Resveratrol load-
ing in NP preparations was analysed using HPLC and shown to be independent of polymer
composition, ranging from 3.5 to 5.8 % (mass of resveratrol/mass of dried NP). Release
of resveratrol from NP was gradual, and close to completion following 3 hrs incubation in
physiological solution at both pH 6 and 7 (Figures 3.8j-k).

Use of anti-AQP4 antibodies to target NP to astrocytes in vitro

We have previously demonstrated that AQP4 immunoreactivity increased in astro-
cytes of optic nerve vulnerable to secondary degeneration following partial injury in vivo.139

Here, we provide further in vitro evidence that functionalising NP with antibodies to AQP4
is a valid mechanism to direct NP to astrocytes following CNS injury. We demonstrate
that immunoreactivity of AQP4 in astrocyte-like Müller cells within mixed retinal cultures
increased following 48 hours and 7 days exposure to 10 mM glutamate (Figures 3.9a-b,
a: 48 hours, ∗ P ≤ 0.05; b: 7 days, ∗∗ P ≤ 0.01). AQP4 immunoreactivity was observed
to colocalise with both GFAP+ Müller cells as well as βIII-tubulin+ retinal ganglion cells
(Figures 3.9c-f) and was particularly pronounced in Müller cell end-feet following 7 days
exposure to glutamate (white arrows; Figures 3.9d, f). Binding of the custom made anti-
body recognising an extracellular epitope of AQP4 to GFAP+ rMC1 cells was confirmed
immunohistochemically and shown to be distributed in punctate hotspots of florescence
located at the cell membrane as well as in the cytosol (Figure 3.9g, h).

DCFH-DA conversion to DCF was used to monitor production of reactive species,
as an indication of oxidative stress, in mixed retinal cells exposed to glutamate and treated
with the various NP preparations. However, there were no consistent significant differences
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Table 3.2: Effect of various NP preparations on DCF fluorescence intensity in mixed retinal cells
stressed with glutamate. Mean DCF fluorescence intensity (arbitrary units) per mg of protein
± S.E.M. in mixed retinal cells stressed with 10 mM glutamate and treated with various NP
preparations for 24 hours or vehicle only control: no significant differences were observed.

NP Composition Mean DCF fluorescence
intensity/mg protein (± S.E.M.)

Control 5.94 ± 1.74
NP-e 4.94 ± 0.89
NP-MHA 3.91 ± 0.40
NP-Res 3.91 ± 0.29
NP-MHA-Res 6.71 ± 1.14
NP-MHA-AB 7.55 ± 1.22
NP-MHA-Res-AB 4.91 ± 1.03

in DCF fluorescence in cells treated with any of the NP preparations, including those con-
taining resveratrol (dF = 6, F = 1.722, P > 0.05, Table 3.2), indicating lack of effective
targeting and/or delivery of therapeutic to cells within the mixed retinal cultures. There-
fore, the interactions of NP preparations with mixed retinal cells were monitored using
fluorescence immunohistochemistry in vitro, to directly assess the targeting efficiency of
the anti-AQP4 antibody functionalised NP. It was observed that there was considerable
clumping of NP and lack of targeting specificity of anti-AQP4 antibody functionalised NP
to AQP4+ cells (Figure 3.10a, arrow indicating lack of targeting, arrowhead indicating
clumping). There were no discernible consistent differences between the targeting and dis-
tribution behaviour of the various NP preparations in vitro, regardless of the presence of
resveratrol, MHA or anti-AQP4 antibody.

Figure 3.8: Synthesis and characterisation of NP preparations. (a) A maleimide functional
group was attached to the polymer chain, resulting in the formation of an ester through a ring
opening reaction of the epoxide ring on the PGMA backbone and the carboxylic acid on the
6-maleimidohexanoic acid.284 (b) The maleimide functional group facilitates attachment of anti-
AQP4 antibody (green). (c) Confirmation of attachment of anti-AQP4 antibody to NP is shown
via increased green fluorescence following incubation of NP-MHA-AB with species specific AF488
secondary antibody (NP + 1◦ + 2◦), compared to NP-MHA with AF488 secondary antibody
(NP + 2◦), NP-MHA-AB but no secondary antibody control (NP + 1◦), or NP incubated with
no antibodies (NP); data are mean fluorescence ± S.E.M. (d-i) NP preparations were visualised
using TEM (d, NP-e; e, NP-MHA; f, NP-MHA-AB; g, NP-Res; h, NP-MHA-Res; i, NP-MHA-
Res-AB; AB = anti-AQP4 antibody, Res = resveratrol), scale bar = 200 nm. HPLC was used to
analyse resveratrol release from NP (results for all NP similar, NP-MHA-Res shown here) over 360
minutes in PBS at (j) pH 6 (k) pH 7 (mean ± S.E.M.), both as the percentage of resveratrol in each
analysed sample (solid line with upright triangle) and the cumulative resveratrol (spread dotted
line with inverted triangle) as a percentage of resveratrol present in the initial sample. The line
above 0 (dashed line) indicates the resveratrol content in NP at the termination of the experiment
(360 minutes) and the line at approximately 80% (tight dotted line) indicates the total resveratrol
measured at 360 minutes (cumulative resveratrol in reservoir/sink plus remaining resveratrol in
NP). Figure on opposite page.
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Figure 3.8: Synthesis and characterisation of NP preparations. Caption on opposite page.

Page| 78



CHAPTER 3. SERIES OF PAPERS

a b

M
ea

n 
AQ

P4
 In

te
ns

ity
(F

luo
re

sc
en

ce
 In

te
ns

ity
)

Glutamate Concentration (mM)
0

500

1000

1500

2000

100

48 Hours

*

M
ea

n 
AQ

P4
 In

te
ns

ity
(F

luo
re

sc
en

ce
 In

te
ns

ity
)

Glutamate Concentration (mM)
0

500

1000

1500

2000

100

**

7 Days

- Glutamate +Glutamate
c d

e f

g h
Merged

AQP4

AQP4 GFAP
III Tubulin

Hoescht

Figure 3.9: Increase in AQP4 immunoreactivity in mixed retinal cells exposed to glutamate for
48 hours or 7 days in vitro. Glutamate (10 mM) exposure resulted in a significant increase in
mean AQP4 immunofluorescence colocalised with GFAP+ astrocytic like Müller cells at (a) 48
hr and (b) 7 days (∗P ≤ 0.05, ∗∗P ≤ 0.01; mean ± S.E.M.). (c, d) Representative images show
increased AQP4 immunoreactivity following 7 days glutamate exposure, (e, f) in both Müller cells
and retinal ganglion cells: red = AQP4, green = GFAP, purple = βIII Tubulin, blue = Hoechst+
nuclei. White arrows indicate colocalisation, scale bar = 50 μm. (g-h) Immunoreactivity of custom
made anti-AQP4 antibody in a single 0.5 μm optical slice in the z plane of rMC-1 cells in vitro (g,
secondary only control; h, anti-AQP4 antibody, green (serum 1A6); scale bar = 20 μm).
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NP interactions are affected by biological milieu in vitro

Clumping and sedimentation of NP was not observed in NP stock suspended in
Pluronic F-108. It was therefore hypothesised that elements of the tissue culture media
were contributing to the lack of target specificity and clumping of the NP preparations.279

In vitro incubation of NP with albumin, a key protein component of the foetal bovine
serum used to supplement tissue culture media, resulted in a significant decrease in albu-
min concentration remaining in the supernatant after 24 hours incubation with each of the
NP compositions, with the exception of NP with no functionalisation or resveratrol (Figure
3.10b, dF = 7, F = 31.286, P ≤ 0.05). No decrease in albumin concentration was observed
in the supernatant when albumin was incubated without NP (Figure 3.10b, P > 0.05). A
decrease in the albumin concentration of the supernatant suggests the adsorption of albu-
min onto NP as a corona.316 The protein corona may interfere with the selective binding
of anti-AQP4 antibody to cells and is likely to lead to the observed clumping of NP. Some
of the possible interactions are illustrated in Figure 3.10c: note that the size, orientation
and chemical linking of the protein corona to NP and/or antibody is speculative at this
stage. Nevertheless, it is likely that in vivo, proteins including albumin, which is present in
interstitial fluid,291 could interact to form a corona surrounding the NP, binding through
h-bonds, van der Waal interactions and solvation forces.292
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Figure 3.10: Behaviour of NP preparations in vitro. (a) Representative image (individual 0.5
μm optical slice in the z-plane) of mixed retinal cells incubated with nanoparticles (NP-MHA-AB;
Blue = Hoechst, Green = AQP4 and Red = Nanoparticles (RhB); scale bar = 30 μm, arrowhead
indicates clump of NP, arrow indicates NP not associated with AQP4+ cell). (b) Histogram shows
concentration of albumin in the supernatant after 24 hours of incubation with suspended NP of
varying composition (mean albumin concentration ± S.E.M., ∗ P < 0.05 compared to Albumin 0
hrs, † P < 0.05 compared to Albumin 24 hrs and ‡ P < 0.05 compared to empty NP). (c) Schematic
diagram illustrating potential interactions of the protein corona (yellow ovals) including albumin,
likely to form around NP following their incubation in biological media. The size and orientation
of the protein corona relative to antibody and/or resveratrol is speculative at this stage.
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It is interesting to note that the supernatant following incubation of albumin with
NP-RES lacking MHA or antibody functionalisation in vitro, also displayed a reduced al-
bumin concentration, indicating that MHA and/or antibody may not be necessary for the
NP-Albumin interaction (Figure 3.10b). Free resveratrol has been documented to bind to
proteins found in cell media,317 as well as albumin in aqueous solutions,318 through spon-
taneous thermodynamically-favoured processes.319 Albumin-resveratrol complexes exhibit
a decreased absorbance band at 280 nm, the wavelength used to measure albumin concen-
tration.320 It is thus possible that resveratrol released from NP (as demonstrated in Figure
3.8j, k) is binding to albumin in solution and interfering with measurement via absorbance
at 280 nm. Sequestering of resveratrol in an albumin-resveratrol complex could explain
our observed lack of effect of resveratrol containing NP on reactive species, following gluta-
mate exposure in vitro (Table 3.2). Nevertheless, the decreased albumin concentration in
solution following incubation with NP-MHA-AB in the absence of resveratrol, confirms the
presence of an albumin corona around anti-AQP4 functionalised NP, regardless of the pres-
ence of resveratrol. Thus, it can be concluded that multimodal polymeric functionalised
NP containing antioxidants can be synthesised using the procedures employed. However,
both their cell-specific targeting functionalisation and the effective delivery of their resver-
atrol therapeutic payload, may be modified by coating with proteins including albumin in
vitro and perhaps in vivo.

NP can be tracked via NanoSIMS, fluorescence microscopy and TEM in vivo

NanoSIMS is an imaging mass spectrometry technique, and has been used to track
carbon compounds in biological systems using a 13C isotope label.321 Here we used 13C-
enriched Resveratrol when synthesising the NP in an attempt to track the release of Resver-
atrol in vivo. The presence of both Fe (Figure 3.11a-c) and 13C (Figure 3.11d-f) in NP
was confirmed by NanoSIMS analysis of bulk dried NP powder. The NP containing 13C-
enriched resveratrol were enriched to 2.14 ± 5.21 × 10−3 at% compared to empty NP
(0.98 ± 3.13 × 10−3 at%) and NP containing un-enriched resveratrol (1.02 ± 5.48 × 10−3

at%; Figure 3.11d-f). Fe hotspots were present in NanoSIMS images of optic nerve from
animals treated with NP, and are considered to correspond to magnetite encapsulated in
NP (Fe3O4; Figure 3.11g). These NanoSIMS images of Fe were used to generate grey-scale
bitmaps, which allowed delineation of the FOV into regions of Fe-hotspots (putative NP)
and regions of non-Fe hotspots (Figure 3.11h). ROI for 13C analysis were generated from
these bitmaps, using set thresholds in Image-J analysis software (Figure 3.11i, Fe hotspots;
j, non-Fe hotspot area).

Measurements of bracketing control samples gave a mean ratio of 1.10 ± 5.29 ×
10−3 at%, indicating that the level of sensitivity (detection limit) was about 0.01 at%.
Unfortunately, in all ROI for 13C analysis, the 13C/12C ratio was within the error of the
unlabelled control sample measurements, indicating that 13C enrichment was less than the
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0.01 at% detection limit. Furthermore, in optic nerve sections from animals injected at
the injury site with NP containing 13C-enriched Resveratrol (NP-MHA-Res, NP-MHA-
Res-AB), C was uniformly distributed throughout the optic nerve tissue and there were no
identifiable hotspots of 13C signal apparent in any of the FOV imaged (Figure 3.12a). The
observed lack of 13C enrichment is likely due to the relatively rapid release and dissipation
of 13C-resveratrol from NP (Figure 3.8j, k) and its further dilution during sample prepa-
ration (using C-rich polymer resin, Lowacryl HM20). Modification of the polymer shell
may slow down the release of resveratrol from NP and enable detection of 13C-enriched
therapeutic within the NP.322,323 Additionally, such a modification could be useful for ther-
apeutic applications where more sustained release of antioxidant is desirable.

The localisation of NP within treated optic nerve was tracked using NanoSIMS to-
gether with fluorescence microscopy. Darker blue regions in NanoSIMS false colour P-S-CN
RGB overlays aligned with GFAP immunopositive regions (green) in sections adjacent to

a b c

d e f

g h i j

Figure 3.11: Analysis of 13C content and Fe distribution in NP and following injection of NP
into injured optic nerve in vivo. (a-c) NanoSIMS analysis of dried NP mounted directly onto a
Si wafer substrate shows clear Fe signal at 56 u for NP that are (a) not loaded with resveratrol,
(b) loaded with un-enriched resveratrol or (c) loaded with 13C-enriched resveratrol. Similarly,
(d-f) HSI images of the 13C12C/12C12C ratio showing the relative 13C content in NP that are (d)
not loaded with resveratrol, (e) loaded with un-enriched resveratrol, (f) loaded with 13C-enriched
resveratrol; scale bar = 10 μm; scale from blue to pink indicates enrichment in 13C, (blue = natural
abundance). (g) Fe hotspots in NanoSIMS images of optic nerve tissue were used to generate (h)
greyscale bitmaps indicating ROI type (RGB code; Fe-hotspots = 141414, remaining tissue =
323232 and holes in tissue = b3b3b3). (i) Bitmaps were used to generate ROIs for Fe hotspots
and (j) for remaining tissue, that were used to extract signal intensity data from 13C12C− images,
scale bar = 10 μm.
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those used for NanoSIMS analysis (Figure 3.12b), as previously described,307 allowing as-
trocyte rich glial tissue to be distinguished in NanoSIMS images. Note that glial regions
may contain multiple cell types including astrocytes, oligodendrocyte somata, oligoden-
drocyte precursor cells, and inflammatory cells including macrophages. AQP4 immunore-
activity (red) was distributed predominantly in these glial regions (Figure 3.12c). NP were
identified by detection of RhB (false coloured white, Figure 3.12d) in the sections adja-
cent to those used for NanoSIMS analysis and by detection of hotspots of Fe signal in the
NanoSIMS images. Note that NP are present in clusters within endocytic vesicles following
in vivo administration to the injured optic nerve,274 thereby facilitating visualisation by
fluorescence microscopy at the micron scale. Despite the 1 μm displacement between the
adjacent tissue sections, RhB fluorescent NP occasionally aligned with hotspots of Fe signal
(red, mass of 56 u; yellow when aligned, Figure 3.12d) in the adjacent sections analysed for
NanoSIMS. Clusters of NP present in the tissue were likely to be smaller than the thick-
ness of the tissue sections, and thus the NP detected using Fe signal in sections imaged
using NanoSIMS only occasionally extended into adjacent sections, to also be detected
by RhB fluorescence. RhB fluorescence (red) from NP-MHA-Res-AB was generally dis-
tributed close to AQP4 immunopositive (blue) regions of optic nerve but was also present
in AQP4 negative regions (Figure 3.12e), indicating a lack of exclusive targeting of the
functionalised NP to AQP4, within astrocyte-rich glial regions in vivo. As expected, RhB
fluorescence (yellow) and Fe hotspots (red) were only present above background in optic
nerve from animals treated with the various NP preparations (Figures 3.12f-j), confirming
that RhB fluorescence together with NanoSIMS provide a means of localising NP within
optic nerve sections. NP-MHA-AB and NP-MHA-Res-AB were present predominantly in
darker blue astrocyte-rich glial regions (Figure 3.12i, j), whereas NP-MHA-Res were dis-
tributed throughout the FOV (Figure 3.12h). It is possible that smaller clusters of NP,
not able to be visualised by RhB fluorescence, may have been targeted more precisely to
AQP4+ cells. However, there was also no indication of selective localisation of Fe hotspots
to astrocyte-rich glial regions in the NanoSIMS images from NP-MHA-Res treated animals
(Figure 3.12h).

The localisation of NP within treated optic nerve was assessed further using TEM and
fluorescence immunohistochemistry. Spherical features encapsulating Fe3O4 in a clearly cir-
cular distribution were visualised and identified as NP (some highlighted in red; Figures
3.11k-m). In optic nerve treated with anti-AQP4 functionalised NP containing resveratrol
(NP-MHA-Res-AB), the NP were present extracellularly and in both astrocytes (Figure
3.12k), identified by characteristic filamentous features324,325 (arrow) and phagocytic cells
likely to be macrophages (Figure 3.12l), identified by the abundance of glycogen gran-
ules in the soma,326 suggesting that these NP can be internalised by both astrocytes and
macrophages. Similar cellular localisation was observed with NP-MHA-AB (not shown).
In contrast, in optic nerve treated with NP containing resveratrol but not functionalised
with anti-AQP4 antibody (NP-MHA-Res), NP were not observed in macrophages but
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were present extracellularly and within astrocytes (Figure 3.12m). Note also the proxim-
ity of the NP-containing cell to a myelinated axon at a Node of Ranvier (Figure 3.12m).
These findings were confirmed by immunohistochemical analysis of optic nerve sections
from treated animals: NP-MHA-Res-AB were present in and around ED1+ activated mi-
croglia/macrophages (Figure 3.12n, arrow). In contrast, NP-MHA-Res were present in a
more disperse distribution, occasionally in the proximity of ED1+ cells (arrow), but many
not associated with microglia/macrophages (Figure 3.12o). Thus, NP preparations can
readily be tracked using NanoSIMS, fluorescence microscopy and TEM, and we have used
these visualisation and analysis techniques to demonstrate that while anti-AQP4 antibody
functionalised NP were present in both astrocytes and macrophages, NP lacking the AQP4
antibody functionalisation generally evaded macrophages.

Functionalising NP affects their localisation and antioxidant efficacy in vivo

It has been reported that the presence of an albumin coating on polymer nanoparti-
cles results in a significant decrease in uptake by macrophages.293 The significant increase in
nanoparticle size resulting from the formation of an albumin corona is thought to decrease
cellular uptake relative to corona-free nanoparticles.294 However, it is important to note
that when nanoparticles decorated with polyethylene glycol, designed to confer stealth-
like properties to aid in macrophage evasion, are coated with albumin, phagocytosis by
macrophages increases,295 indicating that outcomes may depend upon the composition of
the nanoparticles employed. Our in vitro demonstration of albumin binding to anti-AQP4
functionalised NP (Figure 3.10b) indicates that it is highly likely that these NP prepara-
tions are also coated by albumin in the interstitial fluid in vivo. Together with our further
observation that NP-MHA-AB and NP-MHA-Res-AB are present in macrophages in vivo,
we conclude that the albumin coating, together with the anti-AQP4 antibody, appears to
enhance macrophage phagocytosis of these polymeric NP. The increased immunogenicity
introduced by attachment of the antibody to the NP may have contributed to their uptake

Figure 3.12: NanoSIMS, fluorescence and TEM imaging of optic nerve tissue following partial
optic nerve transection injury and treatment with various NP preparations. (a) 13C, detected as
13C12C− secondary ion (25 u), was evenly distributed throughout the FOV. (b) Astrocyte-rich
glial areas in NanoSIMS images were identified by superimposing GFAP immunoreactivity (green
fluorescence) on P-S-CN false-colour RGB overlays. (c) AQP4 immunoreactivity (red fluorescence)
was superimposed on P-S-CN images to demonstrate that AQP4 was localised predominantly in
astrocyte-rich glial regions. (d) Superimposing RhB fluorescence (white) on NanoSIMS Fe images
demonstrated occasional colocalisation of RhB with Fe hotspots (red, yellow when colocalised). (e)
Fluorescence images demonstrated that anti-AQP4 antibody functionalised NP (NP-MHA-Res-AB,
RhB fluorescence signal, red) did not specifically associate with AQP4 immunoreactivity (blue).
(f-j) Fluorescence images superimposed on NanoSIMS images demonstrated that Fe hotspots (red)
and RhB (yellow) fluorescence were not above background in optic nerve from Normal (f) or PBS-
vehicle (g) treated animals, but were seen following (h) NP-MHA-Res, (i) NP-MHA-AB and (j)
NP-MHA-Res-AB treatment, although not specifically localised to glial regions. Caption continued
on opposite page.
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Figure 3.12: NanoSIMS, fluorescence and TEM imaging of optic nerve tissue following partial
optic nerve transection injury and treatment with various NP preparations. Caption continued from
opposite page. (k-m) TEM micrographs show the presence of NP within optic nerve: the spherical
polymer NPs (some highlighted in red to aid visualisation) contain smaller Fe3O4 nanoparticles
(black). NP-MHA-Res-AB were found within (k) astrocytes and (l) macrophages, scale bar = 400
nm, whereas NP-MHA-Res were confined to astrocytes (m), scale bar = 1 μm, arrows indicates
astrocytic filament-like structures. (n-o) Fluorescence immunohistochemistry demonstrated (n)
NP-MHA-Res-AB (pink) clustered in and around ED1+ (green) macrophages (arrow) whereas (o)
NP-MHA-Res were distributed diffusely across the section, scale bars = 10 μm. (p-t) Fluorescence
immunohistochemistry demonstrated increased diffuse 8OHdG immunoreactivity (green) in (q)
injured PBS-vehicle treated animals compared to (p) normal: (r) NP-MHA-Res had no effect, (s)
NP-MHA-AB partially reduced 8OHdG and (t) NP-MHA-Res-AB comprehensively reduced non-
nuclear 8OHdG immunoreactivity (blue = Hoechst, red = RhB from NP, scale bar = 20 μm). (u-v)
Representative NanoSIMS images of Ca superimposed on P-S-CN show Ca microdomains (red)
in (u) Normal uninjured optic nerve, and following partial optic nerve transection and treatment
with (v) PBS vehicle, (w) NP-MHA-Res, (x) NP-MHA-AB and (y) NP-MHA-Res-AB, scale bar
= 10 μm.
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by macrophages,263,293,327 a phenomenon not necessarily restricted to use of anti-AQP4
antibodies. This interpretation is supported by the fact that NP lacking the anti-AQP4
antibody tended to evade macrophages. Alternatively, it is possible that the differences
in conformation or orientation of the protein corona surrounding the various NP prepara-
tions affects interactions with macrophages (Figure 3.10c). Note that cell localisation of
NP functionalised with other antibodies could not be assessed in the current study due to
the requirement for simultaneous processing for NanoSIMS analysis and the size of freeze-
substitution systems. Additional in vitro and in vivo studies assessing the nature of the
interactions between NP, antibodies, interstitial proteins and cells will be required to fully
exploit the potential of multi-cellular targeting. Importantly, macrophage phagocytosis
of NP could be beneficial if the therapeutic being delivered by the phagocytised NP can
counter deleterious effects of macrophage infiltration.

We have recently demonstrated that reactive species in macrophages are increased
at the injury site of a partial optic nerve transection 24 hours after injury, and are likely
to initiate the spread of oxidative damage via the astrocytic syncytium.46 Therefore, de-
livering an antioxidant to macrophages via the anti-AQP4 antibody functionalisation on
NP could limit the effects of reactive species in macrophages and throughout the nerve.
Indeed, the increased diffuse immunoreactivity of 8OHdG, an indicator of oxidative dam-
age to DNA, observed in optic nerve sections following injury and PBS vehicle treatment
relative to normal control (Figure 3.12p, q), was effectively decreased following treat-
ment with NP-MHA-Res-AB (Figures 3.12t). NP-MHA-AB were less effective, with some
non-nuclear 8OHdG immunoreactivity observed (Figure 3.12s), and NP-MHA-Res were
ineffective (Figure 3.12r). It was not possible to confirm that 8OHdG immunoreactivity
was decreased specifically in macrophages following NP-MHA-Res-AB treatment, as the
wide emission spectrum of RhB present in NP in the sections precluded double label im-
munohistochemistry. Nevertheless, taken together our results indicate that relatively rapid
delivery of resveratrol to macrophages was more effective at reducing oxidative damage
across the nerve than diffuse release of resveratrol. Note that diffuse release of resveratrol
can also be implied from the rapid release of resveratrol from NP-MHA-Res observed in
vitro, although additional effects of albumin and/or antibody sequestering resveratrol in
or around NP-MHA-Res-Ab in vivo cannot be ruled out. Additional control of oxidative
stress in astrocytes by anti-AQP4 antibody functionalised NP containing resveratrol that
evade macrophages and reach their intended target would likely provide further antiox-
idant benefit. However it is worth noting that NP-MHA-Res, which were observed in
astrocytes, exerted no demonstrable beneficial effect on oxidative damage. A schematic
diagram representing the observed cellular localisations of the various NP preparations in
vivo is provided (Figures 3.13).

Page| 86



CHAPTER 3. SERIES OF PAPERS

1

2

3

4

5

ca b

O ON

S

OO N

S

O

O
N

S

O

O
N

S

O

O
N

S

O
O

N

S

O

O

N

S

O

O

N

S

HO

OH

OH

O ON

S

OO N

S

O

O
N

S

O

O
N

S

O

O
N

S

O

O
N

S

O

O

N

S

O

O

N

S

R

Astrocyte

Macrophage

Protein

Neuron R

Protein coated anti-AQP4
antibody functionalised
resveratrol encapsulating
nanoparticles 

Protein coated anti-AQP4
antibody functionalised
nanoparticles 

Protein coated resveratrol
encapsulating nanoparticlesR

O

O
N

O

O
N

O

O

N

O

O

N

O ON

OO N

O

O
N

O

O
N

HO

OH

OH

Figure 3.13: (1) Nanoparticles enter the biological milieu in vivo and (2) interact with endogenous
proteins resulting in the formation of a protein corona around the particles. Three nanoparticle
formulations were tested in vivo which were shown to interact with albumin in vitro; (a) NP-
MHA-Res-AB, (b) NP-MHA-AB and (c) NP-MHA-Res. (3) The presence of a corona composed
of endogenous proteins allows some nanoparticles to evade macrophages. (4) Some antibody con-
jugated nanoparticles are phagocytised by macrophages. (5) All three nanoparticle compositions
are internalised by astrocytes.

Effects of treatment with NP preparations on Ca microdomains in vivo

Further effects of the various NP preparations on changes in dynamics of Ca mi-
crodomains were assessed using NanoSIMS. Ca microdomains were observed in both glial
and axonal regions of optic nerve, from animals in all treatment groups (Figure 3.12u-y).
Sequential imaging of the same FOV revealed changes to microdomains along the z-plane,
allowing three-dimensional imaging of Ca microdomains using NanoSIMS (Supplementary
Figure 3.8). Some Ca microdomains were colocated with areas of enriched P signal, as
reported previously.307 However, analysis of microdomains was confined to the density and
proportion of microdomains that were not colocated with areas of enriched P signal (non-P
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colocalised) in glial and axonal regions, as these are the outcomes that we have demon-
strated to decrease following partial optic nerve transection in vivo.307 In the current study,
there was a strong trend towards reduced density and proportion of Ca microdomains in
optic nerve vulnerable to secondary degeneration following partial optic nerve transection.
However, all changes relative to normal or vehicle treated injured optic nerve were not sta-
tistically significant for either axonal, glial or pooled tissue compartments (Figure 3.14a-d,
P > 0.05). Reduced density of Ca microdomains is likely to reflect release of Ca2+ into the
cytosol, resulting in increased reactive species and oxidative stress.307 There was a signifi-
cant increase in both density and proportion of Ca microdomains in glial regions, compared
to axonal regions, in optic nerve from animals treated with NP-MHA-Res (Figure 3.14a, b,
P ≤ 0.05), but this was not reflected in reduced oxidative damage to DNA (Figure 3.12r).
In contrast, an increasing trend towards normalisation of Ca microdomains in axonal tissue
compartments, which was only apparent following treatment of animals with anti-AQP4
antibody functionalised NP containing resveratrol (NP-Res-MHA-Ab) (Figures 3.14a, b),
correlated with reduced oxidative damage to DNA. The variability of the Ca microdomain
data derived from NanoSIMS is a feature of these analyses and reflects the relatively small
area of the nerve that it is possible to sample, relative to the whole tissue section.307

NP preparations affect functional outcomes

The optokinetic nystagmus visual reflex was used as a measure of visual function
retained by the injured optic nerve, relative to that of the right optic nerve of normal
uninjured animals. As expected, a significant decrease was observed in mean total responses
following injury in untreated animals (PBS vehicle) compared to uninjured normal animals
(Figure 3.14e, P ≤ 0.05).65 Treatment with NP-MHA-Res resulted in no improvement in
the number of responses: values remained significantly lower than for normal animals (P ≤
0.05). Treatment with anti-AQP4 antibody targeted NP, both non-resveratrol containing
(NP-MHA-AB) and resveratrol containing (NP-MHA-Res-AB), resulted in numbers of
responses that were not significantly different to normal animals (P > 0.05). However,
only treatment with NP-MHA-Res-AB resulted in a significant increase in the number
of responses compared to PBS vehicle treated control animals (P ≤ 0.05). Functional
outcomes mirror the 8OHdG immunoreactivity observed in optic nerve sections (Figures
3.12p-t), indicating a link between oxidative damage in the optic nerve and functional
outcomes at 24 hours post injury. As such, we demonstrate a functionally significant
therapeutic effect from the application of anti-AQP4 antibody functionalised resveratrol
containing nanoparticles 24 hours following injury.
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Figure 3.14: Dot plots show quantification of both axonal and glial mean ± S.E.M. non-P colo-
calised Ca microdomain (a) density (number per μm2) and (b) proportion (μm2 of microdomain
per μm2 of tissue area) in optic nerve from normal uninjured animals and from optic nerve vul-
nerable to secondary degeneration following partial optic nerve transection and treatment with
PBS vehicle, or the various NP preparations. Significant differences between axonal (blue) and
glial (red) values are indicated (∗ P ≤ 0.05). Data obtained from pooling axonal and glial values
is also shown for (c) density and (d) proportion. Circles indicate mean for each animal within a
given treatment group, vertical bars illustrate the range and horizontal bars indicate grand means
for each treatment group. Data points at the same value are shown as two circles (one larger).
(e) Histogram shows mean ± S.E.M. total responses in the optokinetic nystagmus reflex test of
visual behaviour by PVG rats, assessing normal uninjured animals or 24 hours following partial
optic nerve transection and administration of PBS vehicle control or NP preparations. Significant
differences are indicated relative to treatment with NP-MHA-Res-AB (∗ P ≤ 0.05) or to completely
normal uninjured animals (‡ P ≤ 0.05).
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3.2.5 Conclusions

In summary, we have developed an antibody-functionalised polymer NP, which in-
teracts with endogenous interstitial proteins such as albumin to form a highly effective
dual targeting therapeutic strategy for treatment of secondary degeneration in vivo. Anti-
body functionalisation resulted in NP entering macrophages and delivering the antioxidant
resveratrol where it was most beneficial. Treatment with NP-MHA-Res-AB resulted in be-
havioural outcomes comparable to uninjured animals, associated with reduced oxidative
damage to DNA and a trend towards normal Ca microdomain distributions in axons. Each
NP preparation was present extracellularly and within astrocytes, regardless of anti-AQP4
antibody functionalisation. However, diffuse delivery of resveratrol by non-functionalised
NP, without the additional macrophage targeting provided by antibody functionalisation,
was ineffective at preserving function. This suggests that the delivery of the antioxidant
resveratrol to macrophages, perhaps in conjunction with delivery to astrocytes, forms a
crucial aspect in mitigating the effects of secondary degeneration in the optic nerve follow-
ing injury. Preventing or delaying the spread of reactive species by macrophages together
with protection of astrocytes may leave astrocytes free to preserve axons and thus func-
tion in the CNS. We demonstrate the potential benefits from successful development of
multimodal, targeted NP for the treatment of CNS injury, and highlight the need for com-
prehensive investigation of NP location, interactions and effects, both in vitro and in vivo,
in order to work towards full understanding of functional outcomes.
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Chapter 4
General Discussion

Homeostasis of Ca2+ is known to be an important factor in healthy CNS function.
This project addressed the gaps which existed in our understanding of the changes to Ca2+

microdomain dynamics during neurotrauma and how the disruptions vary between glial
and neuronal cells. NanoSIMS and fluorescence immunohistochemistry allowed visualisa-
tion of Ca microdomains on the basis of tissue type in optic nerve tissue following injury.
In this chapter, all non-NanoSIMS references to the element Ca in biological systems will
refer to the only stable Ca ion: Ca2+; whilst all Ca microdomains imaged specifically
using NanoSIMS will be referred to using only the elemental symbol Ca, with no charge
indicated. Excess Ca2+ and associated ROS overproduction are known to contribute to
damage following neurotrauma. However, antioxidants are affected by low-bioavailability
and as such currently there is no effective treatment for neurotrauma. A multifunctional
NP system was designed specifically to deliver the antioxidant resveratrol directly to astro-
cytes following injury. The NP system was also engineered to include multimodal imaging
capability, allowing imaging using NanoSIMS, TEM, and fluorescence microscopy. This
chapter will expand on discussion presented in the two papers shown in chapter 3, covering
the implications of the results as well as considerations for improvements and possibilities
for future work. This chapter is split into three components, each addressing one of the
three aims of the PhD.

4.1 Imaging of Ca using NanoSIMS

In the first manuscript, the impact of secondary degeneration in the CNS and its
consequential effects on Ca2+ microdomain dynamics was studied in different cell types.
This topic was investigated to address the 1st aim of the PhD, and to fill the current gaps
in the understanding of Ca2+ dynamics following neurotrauma at the subcellular level.
Optical based imaging techniques using fluorescent markers are affected by the limitations
imposed by the physics of light, which influences experimentally achievable resolution110
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and precludes effective visualisation of smaller Ca2+ microdomains. Instead of optical mi-
croscopy, NanoSIMS was used to image Ca microdomains as the technique is theoretically
able to achieve much higher resolutions; ranging from 33 to 200 nm depending on imag-
ing source.114,115 Whilst individual Ca microdomains can be resolved using NanoSIMS,
identification of changes within different cell types has only recently been achieved. The
secondary-ion composition varied in different areas and was thought on overall structural
appearance to reflect glial and axonal profiles within imaged FOVs. Glial and axonal cell
type was confirmed using immunohistochemical fluorescence microscopy of adjacent sec-
tions. Analysis indicated that changes in Ca microdomains could be identified in both
glial and axonal cells at several time points following injury, allowing for the development
of a NanoSIMS-based outcome measure eventually employed to determine neurotrauma
treatment efficacy.

4.1.1 Changes in Ca microdomains following injury

Significant changes in Ca microdomain dynamics were observed in both glia and
axons. However, decreases in both Ca microdomain density and proportion were more ex-
tensive and persisted longer following injury in glia, compared to axons. Glial astrocytes in
particular serve a protective role in the CNS,1 for example decreasing overall infarct volume
in vivo following stroke,328 and are also responsible for maintenance of extracellular ion
balance in the CNS.245 Astrocytes are able to withstand extensive changes in Ca2+ loads
following compressive injury in ex vivo spinal cord extracts.329 Mills et. al. have reported
that populations of astrocyte in close proximity to the injury site as well as those up to 9
mm away from the point of impact experience increases in intracellular Ca2+. Cells which
survived this initial insult were better able to withstand further disruptions and were not
adversely affected by the maintained Ca2+ increases.329 This implies that astrocytes which
survive the initial intracellular Ca2+ increase are better able to survive the biochemical
disruptions involved in secondary degeneration. Indeed, the data presented in the first
paper (chapter 3) shows that initial significant decreases in Ca microdomain density and
proportion observed persisted in glial cells for up to 3 months. It is possible that glial
cells have been overwhelmed by the changes in Ca microdomain dynamics, and normal
glial function has not been restored at 3 months following injury. In this scenario, the
absence of normal glial function is likely to have a negative impact on neuronal survival.
Payne et. al. have reported myelin disruption, decreases in axon numbers and swelling
in remaining axons persisting at 3 months post-injury in a partial optic nerve transection
model.50,61 Whilst the study reported in the first paper shows axonal Ca microdomain
density decreased significantly up to 7 days following injury, decreases did not persist;
with no significant differences at 1 month and 3 months following injury. Whilst there
were possible trends towards decreases in Ca microdomain proportion in axons, no signifi-
cant changes were observed. Despite no significant differences in axonal Ca microdomains
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between normal controls and injured animals at 3 months, it is unlikely that there is full
preservation of axonal function as indicated by observed loss of function.50

Neurodegeneration is linked to changes in intracellular Ca2+ levels,128,330 and in
the literature, Ca2+ changes post injury are almost universally reported as increases in
both intra- and extra- cellular Ca2+.49,129,130,331 However, all significant changes to Ca
microdomain dynamics detailed in the first paper involved significant decreases, both in
axonal and in glial areas. The decrease in Ca microdomains, as indicated by both propor-
tion and density, suggests that there has been a shift of overall Ca distribution. Analysis of
punctate (non microdomain) Ca signal did not reveal any significant increases relative to
uninjured Normals at any time-point measured, indicating that microdomain sequestered
Ca may not have been released into a surrounding punctate distribution. However it
is important to note that the NanoSIMS detection parameters for the studies presented
in this thesis were not specifically designed to detect the released Ca and as such non-
microdomain Ca signal may have remained undetected. It initially was postulated that
Ca was sequestered post-injury in the detected Ca microdomains; with Ca being present
at a higher concentration than would be found in Ca microdomains within healthy un-
injured tissue. This was shown not to be the case, and only non-P colocalised axonal
Ca microdomains were detected with a significant increase in 40Ca/12C ratio. Given that
Ca2+ waves are known to propagate large distances in the CNS,49,66 it is possible that Ca
released from microdomain sequestration has travelled to other parts of the nerve and is
not within the imaged FOV. The first post-injury time-point investigated was at 5 min-
utes. Literature reported Ca2+ increases occur within the first minute of injury.49 It is
therefore possible that any transient changes which occurred immediately following injury
were already completed by the time tissue was harvested, and have thus not been cap-
tured. In summary, given the propagation of Ca2+ waves in vivo, Ca may have moved
away from tissue in close proximity to the injury site, Ca may have been released from Ca
microdomains, or still sequestered in Ca microdomains elsewhere in the CNS. Lack of Ca
microdomains in close proximity to the injury site may be linked to secondary degenera-
tion induced dysfunction of astrocytes. Damaged astrocytes are likely unable to maintain
extracellular ion levels as healthy cells do. NanoSIMS imaging of tissue further away from
the injury site may reveal the destination of the undetected Ca, perhaps as far distant as
the brain, and additional assessments specifically designed to pursue the punctate signal
are needed. Ultimately, further work is required in order to reconcile the observed decrease
in Ca microdomain proportion and density, with transient and sustained increases in in-
tracellular Ca2+ reported in the literature. Experiments to this end would need to image
Ca2+ across the entire CNS to image the movement of Ca2+ and determine whether there
is net flow of Ca2+ away from the injury site.
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4.1.2 Identification of Ca microdomains

Whilst Ca microdomains were delineated on the basis of either glial or axonal associ-
ation, their biochemical or subcellular association within specific cell types was not as easily
discerned. Ca2+ microdomains can exist in the cytosol, however they are more readily as-
sociated with cellular features such as ion-channels, the ER/SR and mitochondria.71,75,76

The possibility that Ca microdomains were associated with mitochondria was investigated
through immunohistochemical staining for VDAC2, a mitochondrial membrane bound ion
channel. Immunohistochemical staining was necessary as NanoSIMS analysis could not
identify cell organelles other than the nucleus. Staining revealed that VDAC2 closely as-
sociated but was not precisely colocalised with the majority of Ca microdomains in optic
nerve. Partial colocalisation of Ca microdomains with a mitochondrial marker indicates
that the imaged Ca microdomains have multiple sub-cellular associations and that at least
some are mitochondrial in nature.

Mitochondria are essential for the maintenance of intracellular Ca2+, rapidly and
effectively buffering Ca though uptake via the mitochondrial calcium uniporter.146 Within
the cell, mitochondria can be located in high concentrations close to the ER, in particular
InsP3-gated Ca2+ channels (IPCC), to rapidly buffer released ER Ca2+ stores.146 Migra-
tion of mitochondria away from the ER can be caused by high cytosolic Ca2+ concentra-
tions.146 The depletion of ER Ca2+ stores has been linked to neuronal apoptosis induced
by neurotrauma,332 whilst mitochondrial dysfunction induced by Ca2+ influx results in
overproduction of ROS leading to oxidative stress.148 Interestingly, in neurons Ca2+ influx
into mitochondria (> 10 nmol Ca2+/mg of protein) leads to the formation and precipita-
tion of Ca-phosphate complexes.333–335 However, not all mitochondria respond identically
to Ca2+ influx,336 and it is possible that the precipitates do not form in all mitochondria.
Enrichment of P in tissue was detected using NanoSIMS, and it was possible to identify
Ca microdomains associated with both VDAC2 and areas of tissue enriched with P. Inter-
mittent mitochondrial Ca-P precipitation could explain the staining pattern observed for
VDAC2, where some mitochondria overlapped with non-P and some with P colocalised
Ca microdomains. It is possible that of the imaged Ca microdomains, a subpopulation
is composed of Ca-P precipitates, whilst others may be formed by Ca2+ influx into the
cell which has not resulted in precipitation of Ca-P complexes. Given the importance of
phosphorylation in many biochemical processes, immunohistochemical staining was con-
ducted for the candidate molecule CaMKII as a possible biochemical identity for some P
associated Ca microdomains. CaMKII is a P-rich phosphorylating enzyme which requires
Ca2+ for activation.72 Both P and non-P associated Ca microdomains were found to be
colocalised with CaMKII, indicating that whilst CaMKII may have been the biochemical
source of at least some of the observed Ca microdomains, overall the Ca microdomains
have not yet been associated with any one type of biochemical process.

Some of the non-CaMKII areas of P enrichment in tissue could be explained by the
presence of inorganic polyphosphates (poly-Ps) which have been documented in multiple
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organelles of CNS cells.337,338 Poly-Ps in the mitochondria of Sprague-Dawley rat pup pri-
mary cortical astrocytes vary with mitochondrial respiration rate, and are linked to oxida-
tive phosphorylation.339 Mitochondrial accumulation of Ca2+ is preceded by a reduction of
poly-P.340 However, the presence of poly-P lowers the probability of mitochondrial mem-
brane potential (ΔΨm) transition and inhibits mitochondrial respiration.340 Changes in
mitochondrial membrane potential follow rapid increases in mitochondrial Ca2+ and result
in a disruption of the electron transport chain and an increase of ROS production which if
not controlled by endogenous antioxidants, leads to oxidative stress.36 Poly-Ps also bind to
P2Y1 receptors,91 which mediate Ca2+ propagation in astrocytes.341 Significant changes to
P colocalised Ca microdomains would have been expected if Ca microdomains were indeed
poly-P in biochemical origin. However, no significant changes in density of P colocalised
Ca microdomains were observed. Absence of any observed significant changes does not
however exclude the possibility that some P colocalised Ca microdomains may be poly-P
associated. The lack of significant changes may be due to masking within an aggregate of
multiple biochemical associations of P colocalised Ca microdomains, all of which respond
differently to injury.

The results presented in the first paper indicate that the Ca microdomains imaged us-
ing NanoSIMS have complex biological origins and are associated with multiple sub-cellular
features and biochemical events. Full identification of both sub-cellular and biochemical Ca
microdomain identity requires further investigation and study. In any future work attempt-
ing to identify sub-cellular or biochemical Ca microdomain identity, immunohistochemical
staining should be conducted for a range of possible associations; not just mitochondria
or kinases but also Ca2+ channels and P associated biochemical events such as the poly-P
mentioned above. Possible targets include but are not limited to: IPCC, VGCC, AMPA,
NMDA, L-type calcium channels and ryanodine receptors.

4.1.3 Developments in NanoSIMS analysis

One of the key advancements in this project was the development of a bitmap-based
ROI-delineating system for use in NanoSIMS data processing. Comprehensive analysis
of the FOV was dependent on the ability to analyse multiple spatially-separated (non-
contiguous) tissue areas and Ca microdomains as one group. By using colour-coded maps
identifying each different feature (i.e. non-P and P colocalised Ca microdomains), ROI
could be generated delineating Ca microdomains on the basis of tissue type, as well as P
association. This system proved to be extremely versatile, as the bitmaps could be modified
as necessary, using new colours to specifically analyse Ca ion content of interesting features.

The study reported in the first paper of this thesis served as a proof-of-concept for
measuring outcomes of secondary degeneration using NanoSIMS at several time points
following injury. In this, it was successful; the outcomes served as the basis for investigating
efficacy of treatment using NPs to deliver antioxidants to tissue vulnerable to secondary
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degeneration. It was noted during analysis that large variations were observed for all
outcome measures (microdomain proportion, microdomain density, microdomain size and
average 40Ca/12C ratio), clearly apparent with large error bars for mean values. It is likely
that the small sample size, as low as one FOV per section per animal, contributed to the
observed variability. As such, several improvements to sampling methods were incorporated
into the follow-up study. First, two FOV would be imaged per section; and second, two
sections would be imaged per animal. It was believed that four FOV per animal would be
more representative of Ca microdomains in the tissue, and would result in a decrease in
variability observed within animals of the same cohort. Additionally, it was also postulated
that increasing the size of FOV would lead to a decrease in variability of collected data.
However, increasing the FOV would result in a decrease in resolution unless the size of the
image was also increased. Ultimately, such a strategy was not considered to be feasible,
as it would require a significantly larger and impractical time commitment for NanoSIMS
imaging, in the order of several months of continuous imaging for an experiment the size
of that reported in the first manuscript.

4.2 Antibody-functionalised polymer nanospheres

The second manuscript describes the successful synthesis of NPs in order to address
the 2nd aim of this project; delivery of therapeutic agents to astrocytes in a mixed cell
population. NPs were synthesised from the polymer PGMA, which was modified with the
fluorescent dye RhB and the antibody-linking moiety MHA. Encapsulation of the antiox-
idant resveratrol and decoration with anti-AQP4 antibodies was successfully completed.
Multi-modal imaging capability was incorporated into NP design by using RhB and Fe3O4;
RhB for fluorescence imaging and Fe3O4 for TEM, MRI and NanoSIMS. Both non vivo (in
the absence of biological tissue) and in vitro testing of NPs was conducted and outcomes
are detailed in the manuscript and Introduction to Series of Papers (Chapter 2). This
section will comment on some of the issues which arose during in vitro testing, and pose
suggestions of future work to both improve NP synthesis and increase reliability of in vitro
testing.

4.2.1 Nanoparticle design

One of the key design aspects of the NPs was the inclusion of an antioxidant thera-
peutic payload. To this end, resveratrol was successfully encapsulated, at an encapsulation
efficiency (EE) of 5-10 % (w/w of starting resveratrol). EE can be affected by several
conditions linked to the synthesis of the NP system, including the types and ratios of
reagents used. Increasing EE could involve further optimisation of the solvent system and
the surfactants used during synthesis to decrease solubility of resveratrol in the emulsifica-
tion mixture. For example, the currently used surfactant, Pluronic F-108 could be changed
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to another surfactant in which resveratrol is less soluble. A decrease of solubility in the
aqueous phase would result in more encapsulation of the therapeutic in NP. Changes to
the solvent system would be more difficult, as resveratrol is more soluble in both CHCl3
and MEK than in aqueous media used in the emulsification of NPs. Alternatively, given
that the solubility of resveratrol in an aqueous medium increases with acidity, the pH
of the aqueous medium could be increased to be more basic. Changes to both the syn-
thetic mixture and pH have been documented in the literature to increase overall EE for a
variety of drugs such as dexamethasone and savoxepine.322,342 Additional strategies to in-
crease EE involve chemical changes to the NP polymer, introducing moieties which would
actively bind to the therapeutic,323 but these changes influence release kinetics and may
hinder therapeutic delivery. Another possibility is to use hydrophobic antioxidants such
as tert-butylhydroxytoluene, propyl gallate or tert-butylhydroxyanisole,343,344 which being
less soluble in an aqueous emulsification solution compared to resveratrol would likely have
a higher EE. The main incentive for achieving high EE is efficiency. With an increased
EE, a lower quantity of NPs would be required for an effective dose, thereby minimising
wastage of materials during synthesis and enabling a lower dose of NP to be delivered for
therapeutic effect.

Characterisation of NPs non vivo revealed rapid release of resveratrol, with over
50 % of the payload released within the first 60 minutes. However, slower release rates
may be desirable. Ensuring a steady delivery of antioxidant over a longer period of time
would lower the number of times the therapy would need to be administered if sustained
delivery of therapeutic were necessary. Whilst the size of NPs has been documented to
influence release rates,342 changes to the chemical structure offer more control.323 Slow-
ing down of release rates has been documented following surface cross-linking of NPs by
epoxide functional groups.322 Epoxide rings are found on PGMA and surface cross-linking
may be applicable to the NP system used in this project. Even with a slowed release rate,
resveratrol would likely still be leaked from NPs prior to NPs getting to any target cells.
Ideally, the therapeutic payload of any NP system would only release when required, max-
imising therapeutic utility and minimising any possible side effects of widespread release
of the drug. The chemical composition of the NPs can be adjusted to allow release of
the therapeutic payload only under certain chemical conditions. In the context of neu-
rotrauma treatment, engineering NP sensitivity to excess reactive species could prevent
premature release of antioxidant and ensure delivery of an effective dose exclusively to
cells undergoing oxidative stress. NPs which are sensitive to the presence of H2O2 have
been reported in the literature.345–348 H2O2 sensitivity is conferred from the presence of
boronic ester functional groups protecting the polymer.347 Hydrolysis of the boronic ester
by H2O2 results in the degradation of the monomer carbon backbone that composes the
polymer. NPs synthesised from these polymers are stable in aqueous medium at normal
pH, but can decompose at physiological pH and temperature in the presence of H2O2.347

Furthermore, the rate of NP degradation is linked to the concentration of H2O2.348 These
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NPs are synthesised from poly(propylene sulfide) (PPS),345,346 but can be stabilised with
other polymers such as PEG.345 However, the PPS NPs reported in the literature have
not been functionalised with targeting antibodies. It would be worthwhile in future work
to attempt combining the versatility of PGMA (antibodies and RhB) and the H2O2 sen-
sitivity of PPS through the synthesis of PGMA-PPS copolymers. NPs synthesised from
PGMA-PPS could be functionalised with fluorescent tags for fluorescence imaging and an-
tibodies for targeting. Importantly, the PPS copolymer would degrade in oxidative stress
conditions releasing any antioxidant payload, at a rate which would be dependent on the
severity of the oxidative stress. The more severe the rate of H2O2 overproduction, the
more rapid the delivery of therapeutic dose. Chemically-activated release would ensure
that therapeutic is delivered to cells that require treatment, thereby reducing off-target
side effects and potentially reducing required dose.

In vitro analysis of NP demonstrated significant aggregation. With experiments
conducted non vivo, aggregation was only observed during and after functionalisation
with anti-AQP4 antibodies. Aggregation following functionalisation with biological macro-
molecules is not an unknown phenomenon, and has been reported in the literature.349 It
is likely that aggregation non vivo would have been observed with the use of any other
antibody. It is also possible that functionalisation of NPs with antibody has led to denat-
uration of the antibody, resulting in aggregation as well as potentially compromising its
targeting viability. Aggregation is believed to be caused by electrostatic and van der Waals
interactions.350 In vitro, it is believed that the interaction of NPs with soluble salts in the
biological milieu is responsible for aggregation.350,351 Pre-coating of NPs with albumin
prior to suspension in biological growth media has been shown to prevent aggregation,350

as it is able to block interaction of NPs with soluble salts in the media. With PGMA NPs,
spontaneous coating by albumin was observed non vivo and is believed to occur both in
vitro and in vivo. In fact, it is postulated in the second manuscript that the presence of a
protein corona in vivo facilitates uptake by macrophages, resulting in improved outcomes
following injury (the role of macrophages is discussed in section 4.3.1). Thus, depending
upon the application, the formation of a protein corona around NPs may be desirable and
should not be blocked. Aggregation of NPs in biological media could be prevented by
pre-coating with albumin in an aqueous medium devoid of any soluble salt species. In this
way, the degree of coating by albumin could be investigated and optimised prior to admin-
istration in any in vitro or in vivo settings. Additionally, it is currently not known whether
coating of NPs by proteins is a continuous process, or whether it ceases once the entire
NP surface has been covered. Pre-coating prior to testing of NP in vitro or in vivo would
allow analysis to determine the kinetics of protein coating and whether proteins continue
to coat over other proteins. Carefully controlled pre-coating could also assist in ensuring
therapeutic efficacy, facilitating NP internalisation by macrophages in vitro or in vivo.
Preventing aggregation could result in increased circulation of NPs in the interstitial space
where large aggregates may not move around as freely. Increasing circulation could result
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in a more effective dose delivered to more cells further away from the site of therapeutic
administration. However, at this time it is not understood what influence aggregation of
NPs plays in vivo, if any. It may be that NP aggregates are more readily internalised
by macrophages, in which case decreasing aggregation may hinder beneficial therapeutic
outcome. Further studies are required to determine the exact role aggregation plays in NP
interactions with macrophages; including experiments investigating macrophage behaviour
in the presence of both non-aggregated and aggregated NPs. In vitro, a decrease of ag-
gregation would ensure that NPs are able to remain suspended in solution for a longer
period of time, preventing the formation of a sediment layer which could be detrimental
to cell health, thereby enabling more comprehensive in vitro testing of therapeutic efficacy
following insult. Additionally, future experiments should also be conducted to investigate
the viability of any antibody used to functionalise NPs.

4.2.2 Developments in in vitro and non vivo nanoparticle testing

In vivo trials revealed that treatment with resveratrol-encapsulating anti-AQP4 anti-
body-functionalised NPs results in improved outcomes following partial transection. How-
ever, in vitro assessments of both treatment efficacy and NP targeting did not yield reliable
results. Outcome measures for oxidative stress attenuation measuring DCF-DA proved
to be inconsistent, whilst targeting studies were affected by NP aggregation in the cell
medium. The previous subsection (4.2.1) describes possible strategies to deal with NP ag-
gregation. Once aggregation were reduced, methods more systematic than visual inspection
would be required for quantification of both treatment efficacy and targeting. Whilst the
main interest in antioxidant efficacy of any NP system is in vivo, prior systematic assess-
ment of antioxidant reactivity could be conducted non vivo in a controlled environment
using a standardised test, allowing higher throughput screening as well as analysis of reac-
tion rate kinetics. One such test involves the chemiluminescence of the pyrogallol-luminol
system,352 which has been used to investigate antioxidant activity non vivo.353,354 O•−

2 is
one of the first species generated during oxidative stress.160 Formation of this ROS can
be induced non vivo by the auto-oxidation of pyrogallol in basic conditions. The resulting
O•−

2 is then able to react with luminol resulting in chemiluminescence. By introducing an
antioxidant into the system, such as superoxide dismutase,355 the amount of O•−

2 can be
reduced, decreasing chemiluminescence intensity. The reduction of luminescence is then
used as measure of antioxidant efficacy. Experiments testing direct antioxidant activity
of resveratrol-encapsulating NPs could readily be conducted, adapting methodology from
experiments used to measure release of resveratrol from NPs. Measuring the rate at which
chemiluminescence is supressed would reveal the effective dose delivered by the NPs, and
allow correlation of release rate with antioxidant ability. A non vivo test would allow for
relatively rapid assessment of antioxidant activity of NP systems, which could be used to
screen new NP formulations prior to in vitro testing.
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The discrepancy between results observed in vitro and in vivo highlights the need
for relevant model systems which can mimic the complexity of in vivo tissue whilst main-
taining the advantages of in vitro cell cultures which enable high-throughput screening.
Organotypic slice cultures, which can be derived from retinal explants as well as brain
slices,356 offer a better alternative to immortalised or even primary cell cultures as they
retain the complexity of in vivo cell populations. This is especially true for brain slices de-
rived from foetal or neonatal animals, where neuronal connectivity, cellular stoichiometry
and complexity of glial-neuronal interactions of the parent organ are relatively well pre-
served.357,358 Organotypic slice cultures derived from the brain also contain all major types
of glial cells; incorporating astrocytes, microglia, macrophages and oligodendrocytes.359 In
comparison to immortalised single-cell type cultures such as rMC-1 cells, the presence of
the whole glial population in organotypic slices would facilitate observation of biological
responses following insult that are more relevant and comparable to in vivo models. Whilst
the removal of slices from the brains of young animals does induce insult-like responses in
glial cells, including microglial activation, after about a week, cells are thought to return
to a resting state suitable for experiments.357 Organotypic slice cultures can be kept alive
ex vivo for days following harvesting,359 and have already been used to model neurotrauma
such as ischemia,358 where oxygen deprivation is used to induce cell injury similar to that
observed in vivo.360 Methodology from in vitro models using glutamate and H2O2 to in-
stigate oxidative stress, as described in the second manuscript, could be adapted for use
in the slice culture system.

Whilst a switch to the use of organotypic culture systems could certainly lead to
outcomes which replicate in vivo events more comprehensively, the shortcomings inherent
with visual analysis of targeting efficacy would still be present. Flow-cytometry potentially
offers a more robust system to analyse NP-cell interaction. The biodistribution of targeted
NPs in cells from dissociated cell cultures measured using flow-cytometry has been exten-
sively documented in the literature.361–365 One of the key advantages of flow-cytometry
is that it can be used for quantitative analysis of cell populations.366 Experiments can
be designed to distinguish between attachment to the surface of cells and internalisation
of NPs, as shown in work by Rosenholm et. al. using NPs doped with the fluorescent
dye FITC.365 Fluorescence from extracellular FITC is quenched, leaving only internalised
NPs to be detected.365 Thus, with careful design of NP fluorescence, both surface asso-
ciation and internalisation can be quantified. Additionally, flow-cytometry can measure
fluorescence from any biological markers, and can be used to determine cell type (immunos-
taining for GFAP, ED1+ or βIII-tubulin) or the presence of certain biomolecules (such as
8OHdG or CML). Flow-cytometry could thus be used to quantitatively determine target-
ing of NPs using NP fluorescence as well as assess health of the cell based on fluorescence
from oxidative stress measures like 8OHdG. Correlation of presence of NPs within cells
which were healthy or undergoing oxidative stress would determine treatment efficacy of
the NPs. Overall, flow-cytometry would allow for high-throughput quantitative analysis of
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NP targeting and treatment efficacy, and could be a powerful tool when used along with
organotypic slice cultures.

4.3 In vivo treatment of secondary degeneration with NPs

The 3rd aim of this project was to assess treatment efficacy of NPs in vivo. The
outcome measures used to test treatment efficacy were based on preventing changes in Ca
microdomain dynamics, measuring oxidative stress outcomes and ensuring improvements
in behavioural outcomes compared to vehicle treated, injured animals. These conditions of
the aim were successfully met, and the results are outlined in the second manuscript. Im-
portantly, multimodal tracking of NPs was conducted using both fluorescence microscopy
and NanoSIMS, and the feasibility of NP tracking was demonstrated. This section ex-
pands on the discussion presented in the second manuscript. The role of macrophages in
neurodegeneration as well as the importance of neuronal health in retention of function
will be discussed. Also, future improvements with regards to experimental design and
advancements of NanoSIMS imaging will be outlined.

4.3.1 Effects of NP treatment on macrophages and neurons

The results obtained in this study indicate that therapeutic intervention immediately
following injury result in functional benefit as demonstrated by significantly improved be-
havioural outcomes. However, improvement was only observed in animals treated with
resveratrol-encapsulating antibody-functionalised NPs. No significant improvements in
optokinetic nystagmus responses were observed for resveratrol-encapsulating NPs with no
conjugated antibodies. It is important to note that all three NP formulations were likely
coated by endogenous serum proteins, meaning that any difference in outcomes observed
with animals treated with resveratrol-encapsulating NPs is due to the presence or ab-
sence of the anti-AQP4 antibody. Both resveratrol-encapsulating and empty anti-AQP4
antibody-conjugated NPs were observed in macrophages and microglia, with resveratrol
likely being delivered to these cells following treatment with the resveratrol anti-AQP4
functionalised NP. Microglia and macrophages in the CNS have well documented responses
to injury; entering an activated state overproducing ROS such as •NO, ONOO•− and O•−

2 ,
all of which are toxic to surrounding cells.41,46,367,368 Activation of macrophages and mi-
croglia is usually caused by cytokines which form part of an anti-inflammatory response.369

Treatment with antioxidants has been shown to be able to mitigate production of NO in
microglia.367 Resveratrol in particular has been shown to decrease overall production of
free-radical species in primary microglial cultures.370 There have been documented links
between reductions in microglia/macrophage activation and improved functional outcomes
following injury.371 It is possible that delivery of resveratrol to macrophages and microglia
via antibody-conjugated NPs in vivo is attenuating activation of these cells, decreasing
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overall neurotoxicity in areas susceptible to secondary degeneration and preventing the
spread of ROS to other uninjured areas via hemi-channels of the astrocytic syncytium.46

The lack of antioxidant explains the lack of beneficial outcomes in animals treated with
non-resveratrol-encapsulating NPs.

One of the key observations made through NanoSIMS analysis was the apparent
return of Ca microdomain density and proportion to ‘normal-like’ levels in axons, but
not in glia, in optic nerve of animals treated with resveratrol-encapsulating antibody-
functionalised NPs. Improved behavioural outcomes in these animals imply that axonal
health is more important than glial health in the short-term. ‘Normal-like’ Ca dynamics
in neurons is likely linked to retained function. Control of changes in Ca2+, in partic-
ular increases in intra-cellular Ca2+ within microdomains, may be necessary to prevent
the onset of mitochondrial dysfunction in neurons and glial alike. Maintaining mitochon-
drial health is crucial to the mediation of Ca2+ inclusive biochemical processes essential
for neuronal function; ROS homeostasis,36,155 intracellular communication,77,244 synapse
function10,244 and cellular respiration.79 Attenuation of neuronal death would prevent dis-
ruptions to axonal integrity, which leads to a break-down in signal transmission essential
for CNS function. The link between improved neuronal survival and good functional
outcomes has been demonstrated in vivo using a range of trauma models and behavioural
outcome measures.368,372,373 The growth of new neurons in the hippocampus following fluid
percussion-induced TBI has been shown to improve results in Morris water maze tests.374

In spinal compression models, treatment with docosahexaenoic acid showed both a de-
crease in activation of macrophages and microglia and attenuation of neurofilament loss,
with a corresponding improved locomotor recovery.375 Treatment with the calcium chan-
nel blocker lomerizine in the partial optic nerve transection model has been demonstrated
to increase preservation of RGCs in conjunction with partial preservation of function.37

Thus, survival of neurons is vital for positive outcomes following injury. The delivery of
resveratrol to macrophage/microglia is likely resulting in reduced dissemination of reac-
tive species and sparing of neurons from excessive ROS levels and a neurotoxic biological
milieu short-term following injury. Absence of excessive ROS induced neurotoxicity may
allow retention of ‘normal-like’ axonal function, for example Ca microdomain dynamics
and vision, short-term following injury. Future experiments could include testing of other
antioxidants, such as; curcumin, N -tert-butyl-α-phenylnitrone, or β,ε-carotene-3,3’-diol in
order to see whether the observed therapeutic effect can be replicated and perhaps im-
proved using antioxidants other than resveratrol.

This study focused only on short-term effects of neurotrauma; at 1 day post-injury.
Increased numbers of macrophages and microglia have previously been reported at the in-
jury site within the first day following insult,37 and antioxidant delivery to this population
of macrophages/microglia is thought to be what results in the improvements in behavioural
and Ca microdomain outcomes observed in the current study. Future work could extend
to longer time-points following injury in order to determine whether functional outcomes
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are retained in animals treated with resveratrol-encapsulating antibody-conjugated NPs.
Given the central role played by macrophages and microglia in the hypothesis explaining
observed treatment effect, targeting of macrophage cells specifically for antioxidant deliv-
ery may yield even better results. Macrophages and microglia are known to move into
areas vulnerable to secondary degeneration in the days following injury,42,278,310 and treat-
ment of these infiltrating cells could lead to further therapeutic benefit. The expression
of mGluR5 (metabotropic glutamate receptor 5) is upregulated in activated microglia,376

and an extracellular epitope of mGluR5 could serve as a target to enable selective delivery
of antioxidant. In the current study, delivery of resveratrol to macrophages/microglia was
thought to be largely due to interaction of antibody-functionalised NP with proteins in the
biological milieu, which interfered with specific targeting of astrocytes. EM data presented
in the second manuscript shows that NPs are being internalised by astrocytes. However,
the effects of the NPs on astrocytes in the experiments conducted in this study are not
fully understood. Any delivery of antioxidant to astrocytes would likely result in attenu-
ation of oxidative stress in those cells, leaving these astrocytes able to buffer extracellular
ion levels and help protect neuronal metabolism from changes associated with secondary
degeneration.244

Whilst the original experimental plan for this PhD project involved specific targeting
of astrocytes, it appears that this was not selectively achieved, likely due to interference in
situ from NP-protein interactions. However, beneficial therapeutic outcomes were achieved,
with attenuation of macrophage/microglial oxidative stress the most likely explanation.
Notwithstanding beneficial outcomes, astrocyte targeting still remains a potentially viable
treatment strategy which has not been completely addressed. For future studies, NPs
could be engineered to prevent serum protein interactions, to ensure preferential interac-
tion of NPs with astrocytes. Further refinement of NP functionalisation could incorporate
PEI and assessment of internalisation within macrophages and astrocytes. NP composed
of PEG co-polymers have documented ‘stealth’ properties, with attenuated macrophage
uptake,266,269 and are good candidates for further investigations of NP functionalisations
to minimise macrophage interactions. Given the presence of NPs in association with both
astrocytes and macrophage/microglia, the exact role played both cell types has not been
determined. Specific targeting of either astrocytes or macrophages for therapeutic antiox-
idant delivery could be used to elucidate whether astrocytes or macrophages/microglial
health plays a larger role in maintaining neuronal viability following injury. It may even
be that a combined effect of antioxidant delivery to astrocytes and macrophages and mi-
croglia is required for improved functional outcomes. Importantly, macrophage/microglial
responses to a range of pathologies in the CNS are relatively consistent,377 and treat-
ments developed for secondary degeneration may also find application in treatments for
neurodegenerative diseases, particularly multiple sclerosis.
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4.3.2 Technical considerations for future NanoSIMS analysis

The use of immunohistochemical staining of adjacent sections to those analysed
using NanoSIMS was hampered by two sources of interference. The first was the wide
emission spectrum of RhB and the second was autofluorescence of the sections, both of
which limited the spectrum available for imaging. Ideally, second generation NP systems
developed from the NPs described in this thesis for follow on studies would replace RhB
entirely with a more suitable substitute that could overcome these sources of interference.
Whilst work by Evans et. al. has demonstrated that NPs can be functionalised with
other fluorescent molecules such as BODIPY,266 imaging agents which generate photons
not through fluorescence but rather though upconversion could serve as more suitable
replacements. Fluorescent probes work through the emission of photons at wavelengths
longer than the excitation wavelength. Upconversion works in reverse, with emission at a
wavelength shorter than excitation.378 Excitation can thus occur at near infra-red (NIR)
or infra-red (IR) wavelengths with the observed emission being within the visible range of
light. Challenor et. al. have already reported upconverting NaYF4:Yb,Er nanoparticles
encapsulated within PGMA for use in CNS imaging.379 Amongst the advantages of NIR
and IR excitation are a decrease in tissue autofluorescence and the ability to penetrate
deeper into tissue compared to light in the visible spectrum, making it more suitable for
in vivo uses.380 Use of NIR light could even further enhance imaging through the use of
NIR imaging probes which both excite and emit in the NIR/IR range. One of the ad-
vantages of NIR probes is that they are less susceptible to photobleaching;381 they can
be imaged over a longer period of time without significant loss of signal. Recent work
has demonstrated that organic NIR dyes encapsulated by nanoparticles targeting cancer
calls can be used to image tumours in mice, in vivo.382 Background autofluorescence could
also be overcome through the use of phosphorescent imaging agents. Phosphorescent com-
pounds are molecules in which emission of photons is delayed, by an amount of time which
is compound-specific, and can be detected some-time after the initial excitation.383 Aut-
ofluorescence requires constant illumination, and would not be present once the excitation
source is extinguished. Thus, phosphorescent imaging agents would be detected with no
background autofluorescence. Whilst they have yet to be reported incorporated into NP
systems, phosphorescent Re-based complexes could be incorporated into polymer based
NPs and used to overcome tissue autofluorescence.384

Even with the use of exotic bioimaging agents, there is a limited spectrum of wave-
lengths available for optical imaging. In addition to the limited spectral bandwidth, differ-
ent imaging set-ups are required to image each type of imaging agent. The current aim of
using fluorescent compounds to detect NPs is to allow the concurrent use of traditional im-
munohistochemical staining for identification of biological structures and oxidative stress.
However, even then there is a limit to the number of immunofluorescent stains which can
be used simultaneously, usually three or four. This bottleneck could be circumvented using
NanoSIMS based immunohistochemistry. Recent work by Angelo et. al. has demonstrated
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the feasibility of staining tissue sections for imaging using NanoSIMS.385 Each primary
antibody is conjugated to a non-biological metal, which can be detected during NanoSIMS
analysis. The advantage lies in using multiple metal species. Dozens of possible candidates
can be drawn from the lanthanides and rare earth metals, allowing simultaneous imaging
of up to seven different stains. The pool of available isotope tags is expanded even further
by some metals which have multiple stable isotopes and can thus be used in more than one
antibody.386 Use of metal-based immunohistochemical stains would allow NanoSIMS imag-
ing of neurons, astrocytes or mitochondria simultaneously to imaging of Ca microdomains,
oxidative stress indicators and NPs.

Whilst NanoSIMS could be used to identify biological features using exogenous met-
als, issues can arise when the exogenous metal is biologically relevant. In this study,
tracking of NPs using NanoSIMS was affected by the presence of endogenous Fe within
optic nerve sections. Whilst Fe in the form of Fe3O4 is a necessary component of NP purifi-
cation steps allowing purification of NPs, it is not necessary for imaging using NanoSIMS.
Fe could potentially be replaced by any other non-biologically relevant and non-toxic metal
or metal-complex. Several possible substitutes exist, and two examples have been men-
tioned above as possible replacements for RhB in optical imaging of NPs. The first are
phosphorescent Re complexes, in which the Re core could serve as a substitute for Fe if
incorporated into the NP. The second are the upconverting NaYF4:Yb,Er nanoparticle
encapsulated within PGMA polymer NPs. This NP system has the advantage that it has
been tested in vitro and shown to be non-toxic to PC-12 cells.379 NaYF4:Yb,Er could eas-
ily be adapted to the NP system described in this thesis, incorporating both MHA and
anti-AQP4 antibody. With the incorporation of any exogenous metals into a multimodal
NP system, it would be important to ensure that none of the metals were employed in
metal-antibodies utilised for tissue immunohistochemistry using NanoSIMS.

One of the primary aims of NanoSIMS imaging in the current study was the detec-
tion of 13C-enriched resveratrol above natural abundance, which was only demonstrated
in bulk dry NP samples. No 13C-enrichment was detected in optic nerve sections. In
the manuscript it is postulated that this could be due to 13C-resveratrol being relatively
rapid released from the NPs and dissipated into the surrounding tissue. It is also possible
that the 13C signal is being drowned out by background 13C in the embedding resin. In
future studies, this issue could be overcome through the use of therapeutics enriched in
isotopes other than 13C, such as 15N. 15N has been used to successfully track metabolic
processes in vitro and in vivo.116,121 Imaging of 15N would preclude the use of resveratrol,
which does not possess any N atoms. However, resveratrol could potentially be used in a
17O-enriched form. Alternatively, other antioxidants could be used, such as N -tert-butyl-
α-phenylnitrone or 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato iron (III), chloride
which could be enriched with 15N and 15N or 34S respectively.387 It is also possible that
there were NPs present in the optic nerve sections which contained 13C-resveratrol in suf-
ficient concentration to be detectable above 13C natural abundance, but were simply not
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within the FOV imaged. Thus in future studies, the imaging of the whole ON nerve could
increase the change of detecting isotope-enriched NP payload. From a practical perspec-
tive, the sections would have to be imaged consecutively as separate FOV, which would be
stitched to give a complete image of the nerve to allow identification of enriched areas.121

Whilst collecting a large number of images using NanoSIMS is incredibly time intensive, re-
cent advances in NanoSIMS instrumentation can decrease the time needed to collect data.
During both NanoSIMS studies described in this thesis, 5 secondary ions were collected
simultaneously. Newer instruments are capable of detecting 7 secondary ion species simul-
taneously. The ability to image 7 secondary ions would have decreased the time needed
to image all the FOVs imaged in this study by 1/3. Additionally, any consecutive imaging
can be automated, meaning that time which was previously not used for imaging, such
as overnight, could be used. These strategies could be used to decrease the overall time
required to image one whole nerve section, thereby making it feasible.

4.4 Final remarks

Findings presented in this thesis describe the development of novel methods for the
analysis and treatment of secondary degeneration following neurotrauma. The three main
aims of the PhD were addressed in full and completed. In addressing the 1st aim, Ca
microdomain dynamics in optic nerve following injury were investigated. NanoSIMS was
used to successfully probe the changes in Ca microdomains in both axonal and glial tissues.
Observations revealed that glial Ca microdomains are significantly altered and remain so
up to 3 months following the initial injury. Likewise, significant but more transient changes
to axonal Ca microdomain dynamics were observed, that did not persist to 3 months fol-
lowing injury. NanoSIMS imaging of the elemental composition of the samples revealed
a subset of Ca microdomains that were associated with tissue highly enriched in P. The
underlying biological identity of Ca microdomains was investigated. Whilst immunohis-
tochemical analysis revealed that some of the Ca microdomains were mitochondrial, not
all Ca microdomains were associated with the same biochemical processes or sub-cellular
features. The results of this study provided important information regarding changes in
Ca microdomains following injury and allowed for the development of outcome measures
to assess therapeutic intervention.

Addressing the 2nd aim of this project resulted in the successful synthesis of an-
tibody functionalised nanoparticles to treat CNS injury. NPs were designed with multi-
modal imaging capability, which allowed identification using fluorescence microscopy, TEM
and NanoSIMS in vivo. Multimodal-imaging capability and antibody attachment demon-
strated the versatility inherent in PGMA NPs. The customisability of PGMA NPs and
polymer NPs in general could in future be used to develop NPs which are specifically
tuned to only release therapeutic payload under certain chemical conditions, such as the
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overabundance of ROS. Whilst NPs were found to be stable in aqueous medium, unex-
pected interactions of NPs with serum proteins resulted in aggregation of NPs in vitro.
Functionalisation of NPs with albumin coating prior to addition to biological medium may
attenuate observed aggregation and improve NP stability during both in vitro and in vivo
experiments. Next generation PGMA NPs designed taking into account data gathered
during this project would incorporate: upconverting or phosphorescing lanthanide clus-
ters to allow interference-free tracking using both optical and NanoSIMS tracking, PPS to
ensure therapeutic release only within cells undergoing oxidative stress, alternative stable
isotope-enriched therapeutic agents to mitigate effects of background natural abundance
signal as well as a protein corona formed non vivo in a pre-coating step.

To address the 3rd aim, NanoSIMS was used to successfully image Ca microdomain
dynamics 1 day following injury in animals treated with NPs. A trend towards deceased Ca
microdomain density and proportion were observed following injury; with ‘normal-like’ Ca
microdomain dynamics restored in the axons of animals treated with anti-AQP4 antibody-
conjugated resveratrol-encapsulating NPs. Restoration of ‘normal-like’ Ca microdomain
dynamics in axons was not observed in animals treated with NPs only encapsulating
resveratrol or only functionalised with anti-AQP4 antibody. It is likely that the sponta-
neous formation of a protein corona in vivo facilitated uptake of NPs by macrophages and
microglia, resulting in delivery of the antioxidant resveratrol to these cells. Macrophages
and microglia play a key role in the onset of neurotoxicity though overproduction of ROS.
Delivery of antioxidant by internalised protein coated NPs was associated with attenu-
ated oxidative damage. The presence of the protein corona appears to have interfered
with specific targeting of astrocytes; antibody functionalised NPs were found in astrocytes
along with macrophages. The presence of NPs in a range of cells may have contributed
to beneficial effects on function; internalisation by just one cell type may be insufficient
to improve function. Despite interference from endogenous Fe, NanoSIMS was used to
track NPs in optic nerve tissue through detection of 56Fe from Fe3O4 within the NPs.
Fe interference could be overcome through the incorporation of non-biologically relevant
metals, such as lanthanides and rare earth metals, in the NP formulation. Our demonstra-
tion that antibody functionalised NPs result in improved functional outcomes following
treatment in vivo highlights the therapeutic potential of targeted delivery of antioxidants
to macrophages. It is important to note however, that any eventual clinical use of any
NP formulation would require crossing of the BBB. This barrier did not pose a problem
during this project, as the NPs were administered directly to the optic nerve, bypassing
the BBB. It is likely that in any clinical setting the BBB would also not pose a barrier to
NP dispersion in the CNS, with experimental data showing breakdown of BBB following
injury to the brain.388–390 It seems thus likely that NP formulations could be administered
intravenously to treat neurotrauma, at least in the short term after injury.

The combination of novel and unique NanoSIMS imaging techniques with advances
in NP-based drug delivery systems has allowed for the imaging and treatment of biochem-
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ical changes post-injury, in uninjured CNS tissue susceptible to secondary degeneration.
Further advances in NanoSIMS immunohistochemistry hold the potential of not only the
simultaneous imaging of NPs and Ca microdomains as described in this study, but also
metal-based immunochemical tissue identification and assessment of oxidative stress out-
comes. The difference between inconclusive in vitro and successful in vivo outcomes high-
lights the need for comprehensive testing of any nanomaterials in multiple model systems.
Of particular potential interest is the development of new high throughput in vitro meth-
ods which are able to better mimic in vivo tissue. The exciting results of this thesis provide
further insight into the changes occurring in the CNS during the spread of secondary de-
generation to uninjured tissue, and demonstrate that therapeutic intervention based on
nanoparticles may offer new potential treatments for CNS injury.
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Figure A.1: Analysis of Ca distribution in the z-dimension of an optic nerve FOV following
partial optic nerve transection, collected using NanoSIMS. Images were collected with a resolution
of 256 × 256 pixels, dwell time of 10 ms/px, 30 planes at 655.36 s/plane, for a total acquisition
time of 16695 s, all FOV 30 × 30 μm. Top panel: a montage of each slice is presented in order from
left to right. Bottom panel: occasional Ca microdomains were observed to disappear (red circles),
and new Ca microdomains to appear (yellow circle) when scanning from slice 1 to 30; scale bar =
10 μm.
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Crystallographic Data

Table B.1: Crystal data and refinement details for products P1 and P2 isolated during the
synthesis of Zonampanel.

Molecule P1 P2

Empirical Formula C10H11FN2O C8H7FN2O
Formula Weight (g/mol) 242.21 166.16
Temperature (K) 100(2) 100(2)
Wavelength (Å) 0.71073 0.71073
Radiation Mo Kα Mo Kα
Crystal Group Orthorhombic Monoclinic
Space Group P212121 P21/c
a (Å) 4.805(5) 6.6366(3)
b (Å) 13.955(5) 13.8384(5)
c (Å) 16.115(5) 7.6671(4)
α (°) 90 90
β (°) 90 100.025(4)
γ (°) 90 90
Volume (Å3) 1080.6(12) 693.39(5)
Z 4 4
ρ (Mg m−3) 1.489 1.592
μ (mm−1) 0.127 0.127
Crystal size (mm3) 0.42 × 0.37 × 0.24 0.41 × 0.18 × 0.10
θ range (°) 2.92 → 40.87 3.99 → 33.50
Reflections collected 48872 13579
Independent reflections (Rint) 3965 [0.0372] 2668 [0.0515]
Transmission (min, max) 1.00, 0.96 1.00, 0.925
Data/restraints/parameters 3965/0/155 2668/0/117
Goodness-of-fit on F 2 1.093 1.044
Final R indices [I>2σ(I )] R1 = 0.0352, wR2 = 0.0947 R1 = 0.0544, wR2 = 0.1383
R indices (all data) R1 = 0.0378, wR2 = 0.0961 R1 = 0.0845, wR2 = 0.1543

Table B.2: Selected bond lengths (Å) and angles (°) for P1 and P2

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

P1 N(21)-H(21)...O(11) 0.88 1.97 2.6251(12) 129.8
P2 N(1)-H(1)...O(2)1 0.93(2) 1.97(2) 2.8943(14) 173.1(17)

Symmetry transformations used to generate equivalent atoms: 1 2-x,1-y,1-z
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Appendix C
Use of Zonampanel in Combinatorial Studies

The following paper describes the in vivo use of zonampanel (referred to as INQ in
the publication) in conjunction with lomerazine and oxidised adenosine triphosphate in a
combinatorial therapy to treat secondary degeneration following neurotrauma. Individu-
ally, some of the therapeutic agents tested were able to limit myelin decompaction, whilst
the combinations of the three therapeutics reduced formation of atypical node/paranode
complexes. Only treatment with all three inhibitors in combination resulted in preserved
visual function

1. D. L. Savigni, R. L. O’Hare Doig, C. R. Szymanski, C. A. Bartlett, I. Lozić, N. M.
Smith, S. C Payne, M. Fitzgerald, “Three Ca2+ channel inhibitors in combination
reduce chronic secondary degeneration following neurotrauma”, Neuropharmacology
2013, 75, 380-390, DOI: 10.1016/j.neuropharm.2013.07.034.
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Appendix D
In vivo use of nanoparticles

The following paper represents a revised version of the manuscipt presented in Section
3.2, as published in the journal Biomaterials.

1. I. Lozić, R. V. Hartz, C. A. Bartlett, J. A. Shaw, M. Archer, P.S.R Naidu, N. M.
Smith, S. A. Dunlop, K. Swaminathan Iyer, M. R. Kilburn, M. Fitzgerald, “En-
abling dual cellular destinations of polymeric nanoparticles for treatment following
partial injury to the central nervous system”, Biomaterials 2016, 74, 200-216, DOI:
10.1016/j.biomaterials.2015.10.001.
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