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Preface

Neural circuitry remains one of the key challenges to overcome in understanding the link
between brain structure and cognition. A number of recent advances in methodology have
made this realisation ever closer. The overall aim of this Thesis was to generate and vali-
date a method to take a holistic view on connectivity within the dorsal horn. It is hoped
such a method may prove useful for other neuroscientific endeavours in understanding the
structure of the brain and its relation to cognitive processes.

To develop such an approach, I had to merge two key technologies widely used in
the neuroscience community: computing and histology. Histological preparations have
traditionally been manually processed and analysed. Therefore, a key aim of this new
approach was to utilise the increasing computing power available to process and analyse
the resulting images. A great deal of research effort has been focussed on bringing such
approaches to histology, and I hope my endeavour will contribute in some way to a growing
scientific field determined to achieve this goal.

Throughout my DPhil I have been stretched in many ways, and expanded my skills
and knowledge in many dimensions. This includes practical skills such as dissection &
histological preparation, computer programming and lab organisation; and the develop-
ment of essential scientific skills such as the appreciation and development of technique,
understanding the different ways of approaching a scientific question, logic and problem
solving in the laboratory, experimental design & the importance of keeping a detailed
record of work.

Overall, I have enjoyed my experience as a DPhil student, and I am excited to move
to the next step as a post-doctoral researcher, and continue to expand and use the skills
I have developed throughout my DPhil.
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Abstract

On the Histochemical Labelling and Quantitative Stereological As-
sessment of Synaptic Puncta Within the Dorsal Horn: With a Fo-
cus on Synaptic Remodelling Following a Lesion to the Peripheral
Nerve.

Steven J. West, Green Templeton College. DPhil Clinical Neuro-
sciences. Trinity 2015.
Peripheral nerve injury often results in neuropathic pain, which is chronic, maladaptive,
and hard to treat. Accompanying the injury to the peripheral nerve are a series of changes
within the central nervous system. Understanding these changes and how they relate to
the neuropathic condition is vital in driving evidence-based treatment strategies. Neu-
ronal connectivity is widely believed to underlie many cognitive processes, and altered
connectivity may underlie the development and maintenance of neuropathic pain. Here, a
tractable method of analysing connectivity, via the histological marking and fluorescence
imaging of synaptic puncta, was developed. This method utilised automated image pro-
cessing methods, and developed a stereological filter for unbiased object measurement.
Using this approach, different synaptic markers were analysed in the superficial dorsal
horn of rodents, a key component in the reception and processing of somatosensory infor-
mation. Analysing PSD95 and SynaptoPhysin fluorescent puncta in naive adult rodents
revealed distinct puncta distributions in the dorsal horn, reflecting gross circuit formation
throughout this region. Peripheral nerve lesion to aspects of the sciatic nerve of rodents
resulted in a selective loss at 21 days post injury of PSD95 puncta from lamina II inner
of the superficial dorsal horn, with Synaptophysin puncta remaining unchanged. These
experiments were complemented by a transgenic approach, where eGFP was expressed
exclusively and permanently in sensory neurons, which also revealed no loss of sensory
neuron afferent input to the dorsal horn after nerve lesion up to 21 days post injury.
Finally, the hypothesis that microglial cells may be driving this synapse loss was explored
by treating animals with minocycline following peripheral nerve lesion, which did not
interfere with the PSD95 puncta loss observed at 21 days post injury.
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Chapter 1

General Introduction: The Synapse,

Neuropathic Pain & Quantitative

Anatomical Methods

1.1 Introduction

The study of neuroscience has a rich and inspiring history, one that has shaped our

view of the world, and the nature of our existence within it (Kandel, 2013). Although

only formally recognised as a subject in its own right relatively recently (Cowan et al.,

2000), it has dramatically affected our philosophy of the mind (Churchland, 2008), has

had profound effects on the development of information technology, the understanding &

treatment of disease, and has illuminated our comprehension of the modern world (Green

et al., 2001; Churchland, 2008; Shepherd, 2009; Gordon and Koslow, 2010).

A review of the impact of neuroscience on our philosophical and scientific development

is far beyond the scope of this Thesis, but a key concept in neuroscience research which

has strongly influenced our understanding of the brain and its relation to the mind is
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that of the synapse; highlighting its important place in neural circuitry, central nervous

system (CNS) information processing and the emergence of cognitive processes (Cowan

et al., 2001; Mandler, 2002; Miller, 2003; Bliss et al., 2004; Takeuchi et al., 2014).

This Thesis begins with a brief overview of the anatomy, physiology and molecular

biology of synapses, the key interacting element between neuronal components within

the CNS, highlighting their diversity. Synaptic connectivity and signalling is important

throughout the CNS, including the dorsal horn of the spinal cord; the principle region in

the reception and initial processing of somatosensory information from the body. Under-

standing how synaptic connectivity and signalling influences this region is thus vital for

understanding somatosensory processing. Therefore, a detailed review of the physiology

and anatomy of the dorsal horn, focussing on its four major neuronal elements, is given.

A key disease associated with the dorsal horn and its processing of somatosensory in-

puts is neuropathic pain, defined as a lesion or disease to the somatosensory nervous sys-

tem. An overview of neuropathic pain is presented, followed by a critical review of known

mechanisms driving neuropathic pain states, with the mechanisms leading to synaptic

plasticity and alterations in neuropathic pain given special emphasis.

Finally, neuroanatomical techniques have seen a plethora of interesting discoveries and

advances recently. Insights into the progress in quantitative neuroanatomical approaches

are highlighted, stressing the array of tools available which allow detailed quantitative

analysis of the synaptome within CNS, which is concluded with the goals & aims of this

Thesis.
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1.2 The Synapse and its Plasticity

1.2.1 An Historical View of the Synapse & its Plasticity

The beginning of the epoch of the synapse could be considered to have begun when, in

1897, Sherrington propounded the following: “So far as our present knowledge goes, we are

led to think that the tip of a twig of the arborescence is not continuous with but merely

in contact with the substance of the dendrite or cell body on which it impinges. Such

a special connection of one nerve cell with another might be called ’synapsis ’.” (Foster

and CS, 1897; Cowan and Kandel, 2001). This statement, driven by the overwhelming

anatomical evidence for discreet yet contiguous networks of neurons largely adduced by

Cajal, His, Forel and Waldeyer, is considered the defining point where the neuron theory of

the nervous system became a widely accepted fact, and the interest and study of synapses

began (Ramon y Cajal, 1989; Bennett, 2001; Cowan and Kandel, 2001).

Although a large body of research developed on synapses from this point, culminating

in the ’soup versus spark’ controversy, a time when a great deal of information concerning

the pharmacological and physiological properties of synapses were discovered (including:

the discovery of the traditional neurotransmitters, the electrical potential of neurons,

quantal release at synapses, electrical transmission, and the action potential; see Eccles,

1982; Hodgkin and Huxley, 1990; Davenport, 1991; Cowan and Kandel, 2001; Valenstein,

2006, for reviews), it wasn’t until the 1950s and the implementation of electron microscopy

to neural tissue that direct visualisations of the structural discontinuity between pre- and

post- synaptic cells was observed (De Robertis and Bennett, 1955; Palay, 1956; Pappas and

Waxman, 1972). It was during this period that seminal discoveries on synapse structure

were made, including the identification of synaptic vesicles (Gray and Whittaker, 1962;

Palay, 1967), the synaptic cleft (Gray and Whittaker, 1962), and the realisation of two
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predominant types of synapses based on the post synaptic density (Gray, 1959): the

axo-somatic symmetric synapse, and the axo-dendritic asymmetric synapse.

The diversity of synapses was also being realised, with the identification of presynaptic

inhibition in the spinal cord, first electrophysiologically (Eccles et al., 1961, 1962), and

then anatomically (Gray, 1962, 1963), providing one example of many diverse synaptic

structures (see Peters et al., 1976; Cowan and Kandel, 2001, for reviews). Concomitant

with the discovery of a plethora of different synapse types was the realisation that a num-

ber of different neurotransmitter substances were also utilised by the nervous system,

including acetylcholine, noradrenaline, gamma-aminobutyric acid (GABA) & glycine,

glutamate, dopamine, serotonin and an expanding array of neuropeptides (historically

reviewed in Cowan and Kandel, 2001).

An understanding of the complexity of synaptic transmission was also being appre-

ciated. As far back as 1894, Santiago Ramon y Cajal, giving the prestigious Croonian

Lecture at the Royal Society in London, postulated the possibility of synaptic plasticity

as a means of acquiring and storing information by stating [translated from French] ’...

pre-existing connection between groups of cells could be reinforced by multiplication of the

terminal branches of protoplasmic processes and nervous collaterals. But the pre-existing

connections could also be reinforced by the formation of new collaterals and protoplasmic

expansions.’ (Cajal, 1894; Jones, 1994).

A landmark theory which provided a framework for understanding synaptic alterations

came when Donald Hebb proposed the concept of synaptic plasticity, later referred to as

Hebbian Plasticity, as a means of modifying neuronal circuits in an associative manner

such that information storage exists as a complex web of tiny alterations to existing

synaptic contacts, being recalled through the precise spread of parallel impulses through

this primed network (Hebb, 1949).
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A fundamental discovery in this regard was the observation that stimulation of the

CA3-CA1 pathway in the hippocampus led to a dramatic and prolonged increase in neu-

ronal excitability in the CA1 region, a phenomenon referred to as long-term potentiation

(LTP; Bliss and Gardner-Medwin, 1973; Lomo, 2003; Bliss et al., 2004). This phenomenon,

as well as its counter part long-term depression, has been explored in depth in the modern

era of neuroscientific research to uncover its molecular characteristics, as well as its impor-

tance in influencing neuronal circuit input-output functions, behavioural responses, and

understanding fundamental questions in neuroscience such as the basis of memory, learn-

ing, decision making and other cognitive tasks (Bliss et al., 2004; Kandel, 2012; Takeuchi

et al., 2014; Tonegawa et al., 2015).

These seminal discoveries have laid the foundations for moderns neuroscience. Next, a

modern purview on the synapse is given, including an overview of synapse structure and

function.

1.2.2 The Structure & Molecular Biology of the Synapse

Although synapses can be generally divided into chemical and electrical, based on their

transmission medium, chemical synapses are by far the most numerous and most intensely

studied. Thus, this overview will deal exclusively with chemical synapses. Briefly, electri-

cal synapses allow direct electrical-coupling between cells via gap junctions, which allows

bipolar communication that integrates with chemical synaptic transmission to influence

the neuronal membrane potential and firing characteristics. For a more detailed discussion

of electrical synapses, see Hormuzdi et al. (2004); Pereda (2014).

The chemical synapse (from now referred to simply as the ’synapse’) is a polarised

intercellular junction between pre- and post- synaptic cells, which provides (mostly) uni-

directional communication between the two cells (see Figure 1.1). This signal is propa-
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Figure 1.1: An overview of synapse structure. Both the presynaptic (PRE) and
postsynaptic (POST) specialisations have unique ultrastructure. The presynaptic com-
partment contains numerous synaptic vesicles (SV), some which are docked and ready
for release. Large electron-dense vesicles (LDCV) can also be observed. Occasionally,
clathrin coated pits and endosomes (End.) can be observed. Mitochondria (Mito.) and
endoplasmic reticuli are often found presynaptically. The postsynaptic compartment of
the synapse is distinguished ultrastructurally by the presence of a postsynaptic density
(PSD), which is well developed in excitatory synapses, but less developed in inhibitory
synapses.

gated from an electrical, to a chemical, and back to an electrical medium, which integrates

within the postsynaptic cell to influence its firing characteristics & activation state.

Despite the increasingly realised diversity amongst sub-populations of synapses, they

all share some common structural and functional characteristics, indicating the general

functions implemented by all synapses. Each component of the synapse has a rich array

of proteins which bestow it with its relevant functions, and subserve the overarching aim

of transmitting information within neural networks. Here a review of synapse structure

and its molecular machinery is given with respect to synaptic transmission, including an

overview of the presynaptic terminal, synaptic cleft, and postsynaptic density.
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1.2.2.1 The Presynaptic Terminal

The presynaptic terminal consists of a number of components vital for the reception and

conversion of action potentials into chemical intermediate signals for propagation across

the synapse (Sudhof, 2004; Südhof, 2012, 2014; Kononenko and Haucke, 2015). The

most conspicuous of these components are the numerous synaptic vesicles present in close

apposition to the presynaptic membrane. Generally two vesicle types have been described

based on their appearance in electron micrographs: small electron-lucent vesicles between

35-50nm (although some small vesicles do contain an electron-dense core, it is believed

these are the aminergic subtype of small vesicle, see Winkler (1997); Stjärne (1999)), and

large electron-dense vesicles between 70-200nm in diameter (often referred to as large

dense-core vesicles [LDCVs]) which contain neuropeptides substances, are abundant in

specialised neurons, and are released with strong pre-synaptic activation (Thureson-Klein

and Klein, 1990; Schoch and Gundelfinger, 2006).

Small electron-lucent vesicles (synaptic vesicles, SVs) have been thoroughly charac-

terised, due to the ease of isolating them with subcellular fractionation techniques. All

SVs contain neurotransmitter and an array of membrane-bound proteins, which can gen-

erally be divided into two groups: a set which are important for neurotransmitter filling

(including the proton pump), and a set which are important for trafficking of SVs (in-

cluding the synapsins, synaptophysins, synaptotagmins, synaptobrevins amongst others).

The vesicles are known to cluster into three distinct pools in the pre-synaptic terminal:

docked vesicles primed for release at the pre-synaptic membrane, the ready-releasable

pool connected to the pre-synaptic grid (an electron-dense framework connected to the

pre-synaptic membrane), and finally a reserve pool of SVs present posterior to the pre-

synaptic grid (Rizzoli and Betz, 2005; Südhof, 2012; Rizzoli, 2014).

As well as SVs, often mitochondria, smooth endoplasmic reticuli and endocytotic ap-
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paratus can be found in the presynaptic terminal. Endocytotic apparatus consist of

clathrin-coated pits on the presynaptic membrane, and various membrane compartments

such as vacuoles and cisternae, which are typically located external to synaptic vesicle

clusters (Heuser and Reese, 1973; Miller and Heuser, 1984; Takei et al., 1996; De Camilli

et al., 2001).

Smooth endoplasmic reticuli are occasionally present in electron microscopy sections

of presynaptic terminals, are important for calcium regulation (Pozzan et al., 1994), and

whilst not important for SV exocytosis at synapses (Smith and Augustine, 1988), they may

play other important roles such as the exocytosis of LDCVs (Nicholls, 1998). Mitochondria

are often present in the presynaptic compartment, indicating the high ATP requirement

for neurotransmission and its associated mechanisms. Their size and distributions are

affected by synapse usage - where tonically active synapses contain more numerous and

larger mitochondria than phasically active synapses (Brodin et al., 1999).

The cytoskeleton around the presynaptic terminal is unique from the rest of the axon,

as it is composed of actin filaments as opposed to microtubules and intermediate filaments

(Hirokawa et al., 1989; De Camilli et al., 2001). This actin-based cytoskeleton likely plays

an important role in vesicle clustering and dynamics, and vesicle-associated proteins such

as synapsin appear to bind SVs to polymerised actin in the reserve pool (Hirokawa et al.,

1989; Shupliakov et al., 2011).

The presynaptic membrane is defined as the membrane area in close apposition with

the post-synaptic membrane, and by the presence of docked vesicles lying between portions

of the presynaptic grid. It is often oval in shape, although in larger synapses the continuity

of the docked vesicles and presynaptic grid can be interrupted, in so called “perforated

synapses”. The perforations can create ring-shaped presynaptic membranes with one

perforation, or more complex patterns with several perforations present (Andres, 1975;
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De Camilli et al., 2001). These may reflect either clathrin-coated pits, important in the

recovery via endocytosis of plasma membrane for vesicle formation (De Camilli et al.,

2001), or the presence of synaptic spinules, which are projections from the post-synaptic

membrane which invaginate into presynaptic terminals (Spacek and Harris, 2004; Petralia

et al., 2015).

1.2.2.2 The Vesicle Cycle

The frequency of SV exocytosis for neurotransmission requires a local mechanism to re-

plenish SVs, which is accomplished in presynaptic terminals via the synaptic vesicle cycle.

This cycle comprises the exocytosis of SVs, balanced with the endocytosis of presynaptic

plasma membrane, and the subsequent re-formation of newly-formed pleiotropic membra-

nous structures into synaptic vesicles ready for neurotransmission (Rizzoli, 2014).

SV exocytosis is well described, and is driven by the SNARE complex of proteins.

In essence, SVs contain the SNARE proteins synaptobrevin/vamp, which bind to the

SNARE complex located within the presynaptic membrane, consisting of SNAP-25 and

syntaxin-1. With the influx of extracellular calcium, synaptotagmin and complexin act

to initiate this binding, and this induces exocytosis of neurotransmitter via SM proteins,

leading to the release of neurotransmitter (Südhof and Rothman, 2009).

Concomitant with this process, endocytotic processes are required to prevent presynap-

tic membrane inflation and to recover plasma membrane for the re-formation of synaptic

vesicles. The first step is the formation of clathrin-coated pits for the retrieval of plasma

membrane. This is followed by the endocytosis of membrane, and uncoating of the vacuole.

The re-formation of SVs is poorly understood, but is believed to occur via mechanisms

similar to the Golgi apparatus vesicle formation. Finally, SVs are filled with neurotrans-

mitter, which is preceded by the filling of the SV with hydrogen ions via the proton
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pump, to drive the influx of neurotransmitter. The currently known molecular details of

this process are expertly reviewed by Rizzoli (2014).

The reformed vesicles are then required to re-dock. Proteins important in the docking

of vesicles include bassoon, piccolo and the RIM molecules - key components of the presy-

naptic grid (Dani et al., 2010; Hallermann et al., 2010; Rizzoli, 2014). Once re-docked,

the vesicles are available for exocytosis, and thus the cycle is complete.

1.2.2.3 The Synaptic Cleft

The synaptic cleft is 20-30nm wide, displays a thickened membrane, and consists of a

number of scaffold proteins, linked across the pre- and post- synaptic elements, which keep

the elements aligned, and are intimately involved in the development and breakdown in

synaptic connections. These include the well-described neurexin and neuroligin families,

but may include other cell adhesion molecules (Sudhof, 2001; Craig and Kang, 2007;

Bemben et al., 2015).

1.2.2.4 The Post-Synaptic Density

The post-synaptic component is specialised for the reception of neurotransmitters, and the

conversion of this chemical signal ultimately into an electrical signal. The post-synaptic

density achieves this by containing specific receptors for the neurotransmitter released;

signal cascade molecules for the conversion of neurotransmitter signal to intracellular mes-

sages; adhesion molecules extending across the synaptic cleft; and cytoskeletal elements

to arrange these components for appropriate signal transduction (Sheng, 2001).

The appearance of the post-synaptic density (PSD) in electron micrographs is used to

distinguish two broad categories of synapse: the excitatory (glutamatergic) asymmetric

synapse, and the inhibitory (GABAergic & glycinergic) symmetric synapse (Gray, 1959).

The asymmetric PSDs display an intense electron-dense region below the post-synaptic
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membrane, are present on distal dendritic branches, and are often located on small pro-

trusions from the post-synaptic cell dendrites referred to as dendritic spines. Whereas,

symmetric PSDs display a weaker electron-dense region below the post-synaptic mem-

brane, and are located on proximal dendrites and the cell soma, including the axon hillock,

suggesting their importance lies in generally controlling cell excitability (Sheng and Kim,

2011).

The excitatory asymmetric PSD consists of a large array of proteins, many of which

have been characterised by mass spectrometry. Abundant proteins such as PSD95, Syn-

GAP, CaM Kinases and Shank have well characterised interactions within the PSD, yet

recent work puts the number of molecules associated with the asymmetric PSD at ap-

proximately 1,500 different proteins (Bayés et al., 2011, 2012). Relative abundance of

different PSD proteins has been measured, which has revealed that many of the well

characterised proteins are highly abundant, including PSD95, CaM Kinase proteins, and

SynGAP. Many of these proteins are susceptible to post-translational modifications, such

as phosphorylation, which can underpin plastic changes to the synaptic response (Kim

and Sheng, 2004).

PSD95 plays a central role in asymmetric PSDs via multiple protein-protein inter-

actions. PSD95 is known to anchor glutamatergic receptors such as the alpha-amino3-

hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA) and n-methyl-d-aspartate (NMDA)

receptors to the post-synaptic membrane, as well as connect with signalling molecules such

as CaM Kinases and shaker-type potassium channels, bind to cell adhesion molecules in-

cluding neuroligins, and interact with deeper scaffold proteins such as GKAP, which in

turn connects with other scaffold proteins such as Homer and Shank. Many of these pro-

teins also associate with other signalling molecules, ion channels, receptors and enzymes

to comprise the whole PSD, and current research is still focussed on unravelling this com-
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plex subcellular structure (Kim and Sheng, 2004; Sheng and Kim, 2011; O’Rourke et al.,

2012).

The inhibitory symmetric PSD is less well understood, principally due to the inability

to isolate the smaller PSD for biochemical analysis (Sheng, 2001; Sheng and Kim, 2011).

However, some information concerning symmetric PSD molecular content has been ac-

quired, through analysis of proteins which interact with GABA
A

and glycine receptors,

inhibitory ionotropic receptors present at inhibitory synapses.

The key scaffolding molecule present at symmetric synapses is gephyrin, which can

interact with both GABA
A

and glycine receptors, and anchors them to the post-synaptic

site via the actin cytoskeleton (Sheng and Kim, 2011; Tyagarajan and Fritschy, 2014).

Gephyrin helps to bind post- and pre-synaptic components via interactions with neuroli-

gins, and a number of other signalling molecules have been identified to interact with

gephyrin, which may mediate post-synaptic modifications at these sites. Understanding

the complexities of the symmetric PSD is still an area of intense research (for review, see

Tyagarajan and Fritschy, 2014).

1.2.3 Activity at the Synapse and its Plasticity

Research into synaptic activity has been heavily influenced by the work of Katz and

colleagues, who identified three key variables that characterise quantal release of neu-

rotransmitter: the size of the quantal response, the probability of quantal release, and

the number of release sites. This landmark work led to the formulation of the quan-

tal theory of synaptic transmission, and this conceptual framework provides an excellent

foundation to understand synaptic transmission and its plasticity (Katz, 1969; Regehr

and Stevens, 2001). A great deal of research has attempted to understand what morpho-

logical correlates and molecular mechanisms constitute the three key variables in synaptic
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transmission, which is briefly overviewed here.

From a morphological perspective, the quantum is accepted to consist of the release of a

single presynaptic vesicle (Regehr and Stevens, 2001). Thus, the quantal size is determined

by the signal induced by a single presynaptic vesicle on the post-synaptic component. The

size of the quantal response at individual CNS synapses is highly variable (Bekkers et al.,

1990; Liu and Tsien, 1995; Forti et al., 1997), and this has been attributed to the variation

in synaptic vesicle filling with neurotransmitter (Bekkers et al., 1990; Frerking et al., 1995),

and to alterations in post-synaptic receptor number (Edwards et al., 1990).

The release site has been associated with the active zone. Whilst it was originally

believed that only one release site existed per active zone (Stevens and Wang, 1995;

Dobrunz and Stevens, 1997; Regehr and Stevens, 2001), it remains controversial, with

some researchers arguing that multiple vesicular release is common across CNS synapses

(for review see Rudolph et al., 2015). This issue has profound implications for alterations

in synapse strength, as multi-vesicular release with each nerve impulse could provide a

mechanism for altered synaptic signalling.

The probability of quantal release is highly variable, and is typically low at CNS

synapses (Branco and Staras, 2009; Borst, 2010). The release probability is determined

by the number of vesicles available for release (Dobrunz and Stevens, 1997; Murthy et al.,

1997), and changes in this probability underlie synaptic strength regulation (Regehr and

Stevens, 2001; Branco and Staras, 2009; Borst, 2010).

1.2.3.1 Short-Term Plasticity

Synaptic strength is subject to constant short-term changes in a use-dependent man-

ner, and this exhibits significant variation across different synapses. For example, some

synapses such as the climbing fibre synapse, are depressed with repetitive activation;
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whereas other synapses such as the parallel fibre synapse, are facilitated with repeti-

tive activation (Dobrunz and Stevens, 1997; Dittman et al., 2000; Regehr and Stevens,

2001). These responses reflect pre-synaptic mechanisms leading to altered calcium chan-

nels and currents, vesicle pool properties and release, and ultimately changes in quantal

release probability and quantal response size (Fioravante and Regehr, 2011; Regehr, 2012;

de Jong and Fioravante, 2014).

The diversity seen in synaptic responses is driven by the identity of both the pre-

synaptic and post-synaptic cells (Blackman et al., 2013), and simulations of synaptic

integration in cerebellar granule cells indicate profound non-linear changes in neuronal

output with slight alterations to synaptic release probability and response size (Arleo

et al., 2010). These observations indicate the complexities of the modulation of synaptic

transmission throughout the CNS and its consequences for neural network function, and

highlights the importance in understanding the diversity of this response across different

synapses.

1.2.3.2 Long-Term Plasticity

Long-term changes in synaptic activity, on the contrary, is believed to reflect predomi-

nantly post-synaptic mechanisms. At excitatory synapses, NMDA receptor activation,

and AMPA receptor insertion or removal, leads to a prolonged increase in synaptic

strength (Lüscher and Malenka, 2012). At inhibitory synapses, which are less studied, in-

sertion and removal of post-synaptic receptors is also believed to drive long-term changes

in synapse strength (Vogels et al., 2013).

The induction of long-term potentiation or depression occurs with different pre- and

post-synaptic activity patterns, and is well described. Long-term potentiation occurs with

concomitant pre- and post-synaptic activation, whereas long-term depression is observed
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with low-frequency post-synaptic activation only (Bliss et al., 2004; Lüscher and Malenka,

2012). These observations fit with the principles of Hebbian plasticity, as previously

outlined by Donald Hebb (Hebb, 1949). Long-term plasticity results in changes in synapse

size, and its maintenance has been shown to be dependent on protein synthesis (Lüscher

and Malenka, 2012).

Long-term plasticity is also affected by the pre-existing molecular differences present

at distinct synapses throughout the CNS (O’Rourke et al., 2012), and understanding this

diversity is essential in understanding how different synapses will respond to different

inputs, and ultimately how neural networks are sculpted in the CNS long-term.

1.2.4 Summary

This Section has given a brief and broad overview of the current understanding of synaptic

structure and function. It has highlighted that although a considerable degree of knowl-

edge has been obtained concerning the molecular mechanisms and morphological corre-

lates of synaptic function, the vast molecular diversity present across synapses throughout

the CNS remains elusive (O’Rourke et al., 2012; Burette et al., 2015).

Understanding the deep molecular diversity of synapses remains a significant chal-

lenge in neuroscience. Techniques which can illuminate the distribution of molecules

across large samples of synapses in different regions of the CNS will provide a wealth of

information to aid in this endeavour. This diversity across synapses will ultimately need

to be linked to synaptic function, including synaptic responses as well as short- and long-

term plastic changes; which could provide a comprehensive framework that links certain

molecules to specific synaptic mechanisms of function and plasticity, and contribute to

understanding neural network function. It therefore can provide fundamental information

in understanding the link between networks, their function and cognitive processes.
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Research on synapse diversity and its link to synapse plasticity and network function

is important across all areas of neuroscience. One area where its effects have wide-ranging

consequences in terms of quality of life is neuropathic pain, a condition characterised by a

lesion or disease to the somatosensory nervous system. Studying plasticity in neuropathic

pain is important, as it is not only widely believed to drive the neuropathic phenotype,

but most currently licensed drugs for neuropathic pain affect synaptic signalling, plasticity

or integration in some way, and it is hoped further understanding can help to drive more

efficacious treatment. The dorsal horn is given special attention when attempting to

understand plasticity in neuropathic pain states, since it is the first relay and processing

point in the somatosensory neuraxis, and thus displays a wide degree of plastic changes

following the onset and maintenance of neuropathic pain.

Below is given a review of the anatomy and physiology of the dorsal horn, followed

by an overview of alterations observed following peripheral nerve injury, a common driver

of neuropathic pain, with special emphasis given to synaptic plasticity, connectivity, and

alterations in neuronal excitability.

1.3 The Dorsal Horn

The dorsal horn (DH) is divided into 6 parallel laminae based on cytoarchitectonics,

originally described by Rexed (Rexed, 1952), and later extended to the rodent (Molander

et al., 1984) (Figure 1.2A). It is composed principally of four major neuronal components:

primary afferent input, intrinsic neurons, projection neurons, and descending input from

higher centres (Todd, 2010). These four components interact in complex ways to receive,

process, modulate and forward incoming somatosensory information, as outlined below.
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Figure 1.2: Different primary afferent classes terminate in distinct regions of
the dorsal horn. A: The dorsal horn is divided into six separate laminae based on
cytoarchitectonics. B: Primary afferents terminate in the dorsal horn into specific laminae,
with C fibres innervating superficial (I/II) laminae, whereas A fibres tend to innervate
deeper (III/IV) laminae.

1.3.1 Dorsal Horn Input: Primary Afferent Neurons

The dorsal horn (DH) receives sensory information from primary afferent neurons, whose

cell bodies are located in the dorsal root ganglion (DRG). These neurons form a pseu-

dounipolar morphology, sending one projection towards the periphery, and the second

towards the CNS. The majority of research conducted in neuropathic pain is focussed on

the lumbosacral plexus, and specifically the sciatic nerve and its peripheral and central

innervation territories, and so a brief overview of the anatomy of this plexus is given

(Figure 1.3). The sciatic nerve receives input from between two and three lumbar DRGs,

which varies across species and strain of rodent (Rigaud et al., 2008). The sciatic nerve

then branches into three separate nerves: the tibial, common peroneal, and sural nerves.

These nerves then innervate the hindpaw in stereotypical ways (Takahashi et al., 1994).

The general outline of the gross anatomy in the rat is overviewed in Figure 1.3.

The most commonly used scheme to classify primary afferent neurons has been by

their myelination, diameter and conduction velocity, which are inherently linked, and
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Figure 1.3: The sciatic nerve and its connections. The sciatic nerve receives input
from the spinal nerves derived from 2-3 Lumbar dorsal root ganglia (DRGs) which inner-
vate the lumbar spinal cord. The sciatic nerve then branches into three separate nerves:
the sural, common peroneal and tibial nerves.

have been classically divided into two types: the large myelineated and fast A-fibres, and

the small unmyelinated and slow C-fibres. Histochemical markers have also been used to

delineate primary afferent neurons. All A-fibre neurons appear to selectively express the

heavy chain neurofilament (NF200, Lawson et al., 1984), and a subset of A-fibres which

also express parvalbumin & calbindin appear to mark proprioceptive primary afferent

neurons (Carr et al., 1989; Szabolcs et al., 1989; Ernfors et al., 1994). C fibres can be

split broadly into three groups based on their expression of calcitonin gene related peptide

(CGRP; peptidergic C-fibres), and binding of isolectin B4 (IB4; non-peptidergic C-fibres)

(Snider and McMahon, 1998), as well as expression of tyrosine hydroxylase (which mark

C-fibre low threshold mechanoreceptors) (Li et al., 2011); such divisions are practically

helpful, however recent unbiased molecular analysis indicates that the situation is clearly

more complex than these gross subdivisions, with 11 subtypes of primary afferent neuron

identified (Usoskin et al., 2014).

Primary afferent neurons produce distinct termination patterns within the DH that
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is based on the class of neuron. Broadly, a graded pattern of termination is seen, where

C fibres synapse in the superficial laminae (I/II), Ad fibres synapse in the superficial as

well as deeper laminae, and Ab fibres are more restricted to deeper laminae (IIi-V, Figure

1.2B) (Millan, 1999). Upon entering the dorsal horn, A fibres bifurcate, sending collaterals

into the somatotopically-relevant region of the dorsal horn, as well as ascending the dorsal

columns to connect with the dorsal column nuclei (Giuffrida and Rustioni, 1992).

All primary afferent fibres use the neurotransmitter glutamate. Glutamate has been

shown to be released after electrical and noxious stimulation, and its uptake and release

are decreased after dorsal rhizotomy (De Biasi and Rustioni, 1988). Glutamate is found in

many primary afferent terminals, both large and small (Battaglia and Rustioni, 1988; De

Biasi and Rustioni, 1988). Additionally, glutamate has also been shown to be co-localised

with peptides such as substance P and CGRP (Battaglia and Rustioni, 1988; De Biasi

and Rustioni, 1988), and the release of such transmitters after a noxious stimulus appears

to demonstrate that they play a role in nociception. Glutamate actions are exerted

through its ionotropic receptors kainate, the AMPA receptor and NMDA receptor and

its metabotropic receptors (Watkins and Evans, 1981; Woodruff et al., 1987; Dickenson,

1995).

Primary afferents form complex synaptic structures within the DH. Synaptic glomeruli

are complex arrangements of synaptic contacts between primary afferent fibres and DH

neurons. These structures show multiple connectivity patterns, including axo-dendritic,

axo-axonic and dendro-axonic synapses (Ribeiro-da Silva and Coimbra, 1982; Ribeiro-

da Silva et al., 1985). Two types are recognised: type 1, which are formed from IB4+

primary afferent fibres; and type 2, that are formed by Ad hair follicle axons (Ribeiro-

da Silva and Coimbra, 1982; Ribeiro-da Silva et al., 1985; Ribeiro-Da-Silva et al., 1986).

Peptide-containing C-fibres may rarely form glomeruli within the DH, although most have
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been observed to form simple synaptic contacts (Ribeiro-da Silva et al., 1989).

These glomerular structures are important in primary afferent depolarisation (PAD),

a form of primary afferent pre-synaptic inhibition mediated through GABA by GABAer-

gic interneurons (Rudomin and Schmidt, 1999). The mechanisms underlying PAD and

pre-synaptic inhibition are well understood. Primary afferents possess a high intracellular

chloride concentration due to high sodium-potassium-chloride cotransporter 1 (NKCC1)

and low potassium-chloride cotransporter 2 (KCC2) expression levels (Coull et al., 2003;

Price et al., 2009). GABAergic interneurons, acting via GABA
A

receptors (Eccles et al.,

1963; Gallagher et al., 1978), cause an efflux of chloride ions, and thus depolarise the pri-

mary afferent fibre. Crucially, this is not sufficient to release synaptic vesicles, but does

result in inactivation of sodium and calcium channels (Graham and Redman, 1994), there-

fore preventing action potentials from initiating synaptic transmission – a process referred

to as shunting. Suprathreshold excitation of this mechanism, either via increased efficacy

of GABA on primary afferents, or alterations in the chloride gradient within primary

afferents, has been suggested to cause direct excitation of primary afferent terminals, and

may play a role in neurogenic inflammation and hypersensitivity (Willis, 1999; Bardoni

et al., 2013).

1.3.2 Dorsal Horn Processing

The DH comprises two basic neuronal subtypes: local interneurons and projection neu-

rons, which form complex circuits within the DH (Todd, 2010; Petkó and Antal, 2012).

Plasticity within such circuits following repetitive nociceptive input (Ikeda et al., 2006;

Latremoliere and Woolf, 2009; Sandkühler, 2009) can act to facilitate or amplify incom-

ing somatosensory inputs, and ultimately modifying the processing and propagation of

somatosensory information to higher centres.

20



An early and still influential theory postulating the importance of circuits involv-

ing DH interneurons was the ‘gate control’ theory of pain proposed by Melzack and Wall

(Melzack and Wall, 1965). Melzack and Wall argued that spinal projection neurons trans-

mitting nociceptive information received input not only from nociceptors, but also from

low threshold Ab afferents. This low threshold input is, however, gated by feed-forward

activation of inhibitory interneurons. Disinhibition would therefore lead to these low

threshold inputs activating the transmission neurons and the development of allodynia.

Whilst being subject to some criticism, this theory has strongly influenced research efforts

and thinking of the dorsal horn and its processing of incoming somatosensory information,

and it is generally regarded that understanding the function of dorsal horn interneurons

and how they integrate somatosensory information will help in recognising how the dorsal

horn contributes to various chronic pain states.

1.3.2.1 The Dorsal Horn is Subject to Activity-Dependent Plasticity

A number of discoveries have led to the understanding that activity-dependent plasticity

in DH neurons plays a key role in the generation of hypersensitivity. The first process

describes a progressive increase in DH output with repetitive low-frequency stimulation

of C-fibres, an electrophysiological phenomenon referred to as wind up (Mendell and

Wall, 1965; Mendell, 1966). Later, it was recognised that repeated C-fibre input follow-

ing intense and sustained noxious stimulation generated increased excitability in flexor

motorneurons, causing a reduced threshold for reflex withdrawal, an increase in receptive

field size and novel responses to normally innocuous Ab fibre inputs. This effect proved

to be driven by plasticity in the spinal cord, and was thus named central sensitisation

(Woolf, 1983; Latremoliere and Woolf, 2009).

This work was extended by experiments which looked at C-fibre induced DH field
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Figure 1.4: Activity-dependent plasticity in the dorsal horn. A: An overview
of the three historical accounts of activity-dependent plasticity: Wind up describes an
activity-dependent increase in WDR neuron output with continuous input, spinal LTP
was identified as increased dorsal horn field potentials following C-fibre input, central
sensitisation was initially described as changes in flexor motor neuron output following
prolonged noxious or C-fibre stimulation. B: Overview of the molecular mechanisms
involved in activity-dependent plasticity within the dorsal horn. AMPA and neuropeptide
(GPCR receptors, 7TM) receptors depolarise the post-synaptic neurons sufficiently to
release the NMDA receptor of its magnesium block, allowing calcium ions to enter the
cell. Calcium activates a number of down-stream pathways (including protein kinase C
and Calcium/Calmodulin-dependent protein kinase II), which leads to altered synaptic
and cellular responses to inputs. LTP, long-term potentiation; AMPA, alpha-amino3-
hydroxy-5-methyl-4-isoxazoleproprionic acid; NMDA, n-methyl d-aspartate receptor; 7-
TM, 7-trans membrane G-protein coupled receptor; DH, dorsal horn.

potentials, which showed that high frequency C-fibre input was capable of significantly

increasing the amplitude of DH field potentials, reminiscent of long term potentiation

(LTP), and was thus called spinal LTP (Liu and Sandkühler, 1995; Drdla and Sandkuhler,

2009) (Figure 1.4A). These experiments were later broadened by showing that neurons

which project to the periaqueductal grey (PAG) responded specifically to low-frequency

(2Hz) C-fibre inputs with a prolonged increase in excitatory postsynaptic potentials, that

DH field potentials are significantly increased with natural low-frequency afferent barrages

(Ikeda et al., 2006), and that spinal LTP is heterosynaptic through induction of C-fibre

induced LTP between intrinsic DH neuronal connections (Fenselau et al., 2011).

These phenomena all demonstrate that activity-dependent plasticity in the DH re-
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quires C-fibre input. It has been previously demonstrated, using in vitro spinal cord slices,

that Ad- and C- fibre strength stimulation produces prolonged excitatory post-synaptic

potentials in recorded DH (Yoshimura and Jessell, 1989) and ventral horn (Thompson

et al., 1990) neurons. Some C-fibre terminals contain glutamate and neuropeptides such

as substance P and CGRP (Merighi et al., 1991), and some DH neuron C-fibre poten-

tials contain both a glutamate (Thompson et al., 1990) and neuropeptide (Nagy et al.,

1993) component. Prolonged potentials driven by glutamate and neuropeptides allow

pronounced temporal summation to occur, even at low frequencies, leading to cumulative

depolarisation of dorsal and ventral horn neurons (Sivilotti et al., 1993). The summation

is not linear, but progressively increases with continued input. A large body of work

now reveals that activity-dependent plasticity comprises multiple distinct phases, each

associated with specific mechanisms. Below a brief review of these mechanisms is given,

although more detailed accounts can be found in the literature (Drdla and Sandkuhler,

2009; Latremoliere and Woolf, 2009; Sandkühler, 2009).

It is well established that the NMDA receptor plays an integral role in activity-

dependent plasticity in the DH, since inhibition of NMDA currents can inhibit activity-

dependent plasticity (Dickenson and Sullivan, 1987; Woolf and Thompson, 1991; Liu and

Sandkühler, 1995). Its role in the progressive output of DH neurons with continued C-

fibre input is dependent on its ligand- and voltage-gated behaviour (Dickenson, 1990). At

resting membrane potentials, the NMDA receptor is under Mg2+ blockade. This is lifted

following depolarisation (Mayer et al., 1984), which then allows glutamate to activate the

NMDA receptor, and results in an increased input of Na+ and Ca2+ ions into the DH

neuron. Much of the acute response to nociceptive input in DH neurons can be explained

using this model, as neuropeptide blockade and morphine administration may inhibit the

C-fibre evoked slow synaptic potentials sufficiently to prevent NMDA receptor activation
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and thus stop amplification of the C-fibre input (Ma and Woolf, 1995; Sivilotti et al.,

1995). Depolarisation sufficient to induce NMDA receptor activation occurs through glu-

tamate acting on AMPA, kainate receptors, and through neuropeptides such as substance

P (Afrah et al., 2002; Khasabov et al., 2002), CGRP (Woolf and Wiesenfeld-Hallin, 1986;

Sun et al., 2003) and brain-derived neurotrophic factor (BDNF) (Lever et al., 2001). mGlu

Type I are also important for the induction of DH activity-dependent plasticity (Azkue

et al., 2003; Derjean et al., 2003).

The rise in intracellular Ca2+ is considered a key trigger for subsequent plasticity of

synapses within the DH. This rise results from activation of NMDA- and Ca2+-permeable

AMPA-receptors, as well as voltage-gated Ca2+ channels and intracellular stores (Coderre

and Melzack, 1992; Morisset and Nagy, 1999). This influx of Ca2+ ions results in the ac-

tivation of a number of second messenger systems, including protein kinase A and protein

kinase C Calcium/Calmodulin-dependent protein kinase II, phosphatidylinositol-3-kinase

and mitogen-activated protein kinase (Figure 1.4B). The net effect of these pathways is

phosphorylation of postsynaptic receptors, recruitment of new receptors, and the expres-

sion of novel genes. These in turn result in altered synaptic and cellular responses to

inputs, and are believed to underlie, at least in part, the hypersensitivity seen in different

pain states (Latremoliere and Woolf, 2009; Sandkühler, 2009).

1.3.2.2 Interneuron Subtypes in the Dorsal Horn

The DH contains numerous interneurons, exceeding 95% in each lamina (Burstein et al.,

1990; Todd et al., 2000; Todd, 2010), which is indicative of their important role in DH

processing. Understanding the function of these neurons and how they relate to pain

perception can help to recognise how this system breaks down in various chronic pain

states. Reviewed here are the physiological and anatomical properties of this diverse
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collection of cells.

Interneurons within the DH are often sub-divided into morphological subtypes. Lam-

ina I neurons have been divided into four morphological subtypes: fusiform, flattened,

multipolar and pyramidal cells (Lima and Coimbra, 1983, 1986). In lamina II a similar

scheme exists, consisting of central, islet, radial and vertical cells (Grudt and Perl, 2002).

However, a significant proportion of cells continue to remain unclassified (Yasaka et al.,

2010). Fewer studies have looked at neurons in deeper laminae, however one scheme used

to divide lamina III-V neurons into two subtypes based on axonal branching has been

proposed (Schneider, 1992).

Lamina II has been interrogated in detail by pain researchers due to its important role

in pain transmission. Recent work has highlighted the distribution of excitatory and in-

hibitory neurons of distinct morphologies within lamina II (Heinke et al., 2004; Punnakkal

et al., 2014). Approximately 60% of GABAergic neurons were islet cells, 5% vertical cells,

and the rest remained unclassified (Heinke et al., 2004). An even distribution of gluta-

matergic neurons displayed vertical, central, radial and unclassified cell morphologies, but

no excitatory neurons displayed islet morphology (Punnakkal et al., 2014). These results

suggest that neuronal morphology is at least partially related to neuronal phenotype and

function.

Approximately 25, 30 & 40% of neurons in laminae I, II & III/IV are GABAergic (Todd

and Sullivan, 1990; Polgár et al., 2003). Recent work showed the importance of dynorphin-

expressing inhibitory interneurons in the DH for gating mechanical pain. Ablation of

the dynorphin lineage of GABAergic interneurons resulted in spontaneous mechanical

hypersensitivity (Duan et al., 2014). Furthermore, this study demonstrated the function

of somatostain positive glutamatergic neurons in mechanical pain, by demonstrating that

loss of this neuronal subtype resulted in loss of noxious mechanical sensations (Duan et al.,
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2014).

Another recent study demonstrated the importance of glutamatergic DH neurons in

mechanical nociception and itch sensation. Ablation of a subset of excitatory DH neurons

expressing the testicular orphan nuclear receptor 4 resulted in the complete absence of

mechanical pain and itch behavioural measures, as well as loss of a formalin test response

(Wang et al., 2013). Interestingly, a rewiring of primary afferent C-fibre input to the

medial inner lamina II region of the DH was seen, where IB4 positive afferents were

reduced and replaced with substance P afferent arborisations, suggesting the loss of these

excitatory DH neurons led to altered input and circuitry.

Glutamate uncaging within DH slice preparations has been used to understand prop-

erties of inhibitory and excitatory DH neurons (Grudt and Perl, 2002; Kato et al., 2007,

2009, 2013). One consistent finding was the localised input of inhibitory interneurons

versus the diffuse input of excitatory interneurons. The extent of dendrites in different

planes of orientation was found to be predictive of the degree of excitatory input in that

plane across all laminae. This was shown in the dorsoventral axis to result in translam-

inar inputs (Kato et al., 2007, 2009, 2013), which bears relevance for the processing of

information from deep to superficial laminae, and vice versa.

1.3.2.3 Projection Neurons in the Dorsal Horn

Neurons projecting from the DH carry somatosensory signals in ascending tracts to specific

brain centres such as the midbrain, cortical structures and the thalamus (Todd, 2002;

D’Mello and Dickenson, 2008). Many of these neurons express the neurokinin 1 (NK1)

receptor; the highest concentration of which is found in lamina I (Nakaya et al., 1994;

Todd, 2002). Pathways through which second order neurons can transmit pain-related

signals from the spinal cord include the spinothalamic, spinomedullary and spinobulbar
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tracts (Dostrovsky and Craig, 2013). Most supraspinal projections from the spinal cord

originate either in lamina I, and III-VI, with no observed projections from lamina II in

lumbar DH (Todd, 2010).

Projections from the spinal cord innervate different supra-spinal structures includ-

ing the parabrachial area, nucleus of the solitary tract, the PAG, caudal ventrolateral

medulla (CVLM), and thalamic nuclei, which are believed to code for specific dimensions

of the pain experience. In particular, the parabrachial area has been linked to the affec-

tive and autonomic components of pain, owing to its projections to forebrain structures

such as the amygdala and hypothalamus, and the thalamus has been associated with the

sensory-discriminative components of pain due to its projection to primary and secondary

somatosensory cortical regions. The PAG and the CVLM communicate with other brain-

stem regions (notably the rostral ventromedial medulla and nucleus raphe magnus), and

can influence descending controls that engage DH circuits (Tracey and Mantyh, 2007;

Todd, 2010; Dostrovsky and Craig, 2013).

Within the DH of the spinal cord there are two main groups of projection neuron

involved in pain processing, as defined by their receptive field characteristics: nociceptive

specific (NS) and wide dynamic range (WDR) neurons. Whilst NS neurons respond on

the whole to high intensity input, WDR neurons respond to a much broader range of

stimuli and code stimulus intensity and wind up (Dubner et al., 1989; Simone et al.,

1991; Dougherty and Willis, 1992). A recent study by Sikandar and colleagues clearly

demonstrated using lamina V WDR neuron recordings along with human quantitative

sensory testing and electroencephalography, that the response characteristics of these DH

neurons parallels psychophysical responses in humans (Sikandar et al., 2013).
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Figure 1.5: Dorsal horn circuitry. A number of consistent connectivity motifs between
interneurons identified within the superficial dorsal horn. A: Inhibitory islet cells were
found to consistently contact central interneurons in lamina II, and both received C-fibre
input. B: Excitatory connectivity motif connecting lamina II excitatory central cells, to
excitatory vertical cells leading to lamina I projection neurons, all received C-fibre input,
and vertical cells received Ad input. C: Two major pathways that gate Ab input to
lamina I projection neurons. 1. Excitatory vertical cells receive Ab input, which is gated
by inhibitory interneurons. Ab input can also directly inhibit lamina I projection neurons.
2. A complex excitatory circuit from Protein Kinase C/somatostatin cells to central to
vertical cells, that can stimulate lamina I projection neurons is gated by dynorphin-
expressing inhibitory interneurons.

1.3.2.4 The Dorsal Horn Forms Local Circuits

A set of studies using paired recordings revealed a number of connectivity motifs within

the DH (Lu and Perl, 2003, 2005). Approximately 10% of randomly selected superficial

DH interneurons showed connectivity, indicating selective connectivity motifs within this

region. Lu et al have proposed two canonical circuits: an inhibitory connection between

lamina II islet interneurons and central interneurons (both which received C-fibre inputs)

(Lu and Perl, 2003)(Figure 1.5A); and an excitatory connectivity motif between central

neurons (receiving C-fibre input) to vertical interneurons (receiving Ad fibre input), and

vertical interneurons to putative lamina I projection neurons (which received C fibre

inputs) (Lu and Perl, 2005) (Figure 1.5B).
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Yasaka et al. revealed a diverse set of inputs to all morphologically defined lamina II

interneurons (Yasaka et al., 2007). Consistent with the paired recording studies, islet and

central cells showed exclusively monosynaptic C fibre input only; however, vertical and

radial interneurons received monosynaptic inputs from both C and Ad fibres. Further-

more, islet interneurons showed inhibitory synaptic inputs following Ad fibre stimulation,

and central, vertical and radial cells all showed inhibitory synaptic input following both

C and Ad fibre stimulation (Yasaka et al., 2007). These data suggest that many more

connectivity patterns exist within the DH.

Circuitry involved in Ab primary afferent processing has been revealed in recent work.

Miraucourt et al. demonstrated that, following removal of glycine inhibition in the DH,

NS lamina I neurons could respond synaptically to innocuous Ab fibre input, and was

suggested to occur through the protein kinase C gamma (PKCg)-expressing excitatory

interneuron (Miraucourt et al., 2007, 2009). These results suggest that PKCg interneurons

are usually inhibited from activating lamina I NS neurons through a glycinergic inhibitory

pathway. This work was extended by Lu et al., who demonstrated a polysynaptic pathway

between Ab input and lamina I projection neurons, via a bridge of excitatory interneu-

rons, including PKCg positive, central and vertical neurons (Lu et al., 2013). The PKCg

interneuron, which received monosynaptic Ab input, was inhibited by a glycinergic in-

terneuron, which also received Ab input, thus producing a feedforward inhibitory circuit

(Lu et al., 2013).

Further experiments have highlighted the parallel nature of this circuit, by showing

that the larger somatostatin subset of excitatory neurons present in lamina II forms a

network that transfers Ab input through lamina II to lamina I, which included lamina

II cells that were PKCg positive (present on lamina II/III border), and other cells with

central and vertical morphologies (Duan et al., 2014; Yasaka et al., 2014). Interestingly,
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monosynaptic Ab input was present on both somatostain/PKCg positive interneurons

on the lamina II/III border and on the somatostatin positive vertical neurons, indicat-

ing two pathways for Ab input to reach lamina I. Furthermore, at each successive step

through the circuitry, inhibitory interneurons, some of which received Ab input, formed

a feedforward synaptic gate with the somatostatin-positive neurons (Duan et al., 2014)

(Figure 1.5C). This circuitry was shown to relate functionally to mechanical allodynia,

as ablation of somatostatin positive neurons resulted in loss of mechanical pain sensa-

tion in these mice, whereas dynorphin cell ablation resulted in spontaneous mechanical

hypersensitivity (Duan et al., 2014).

Finally, a recent study has shown that lamina I projection neurons themselves are

directly subject to low-threshold, primary afferent driven inhibitory input (Luz et al.,

2014) (Figure 1.5C). These inhibitory inputs were found to temporally precede high-

threshold Ad fibre inputs, and acted to shunt excitatory post-synaptic potentials generated

from these fibres.

1.3.3 The Dorsal Horn Receives Input from the Brainstem

Descending pathways from the brainstem play a pivotal role in the modulation of pain

processing. Inputs driving circuits in the amygdala, hypothalamus, frontal lobe and ante-

rior cingulate cortex activate areas of the PAG and this in turn feeds into the rostroventral

medulla (RVM). The RVM also has reciprocal innervations from the dorsal lateral pontine

tegmentum, which sits rostrally to this and contains clusters of noradrenergic nuclei of the

A5, A7 and the locus coeruleus (LC) cell groups. From the RVM neurons project bilat-

erally via the dorsolateral and ventrolateral funiculi to the DH, giving rise to descending

facilitatory and inhibitory pathways (Basbaum and Fields, 1979).

Such pathways have been identified as key players in the complex synergistic pain
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processing system, where the release of 5-hydroxytryptamine (5HT) from the RVM and

noradrenaline (NA) from the LC play overriding pro-nociceptive and anti-nociceptive roles

respectively (Heinricher et al., 1992; Bannister et al., 2011). In particular, the descending

control system is thought to be activated by a spinal-bulbo-spinal loop whereby activated

NK1 receptor expressing lamina I/III projection neurons send signals to the parabrachial

area and onto the limbic system (Suzuki et al., 2002).

A small population of dopaminergic neurons in the PAG mediates anti-nociception

via participation in supraspinal nociceptive responses after opiates; this dopaminergic

system is another network within the PAG involved in opiate induced anti-nociception

(Flores et al., 2004). The inhibitory PAG-RVM-DH descending pathway is well charac-

terized but the RVM is also involved in descending facilitation of nociceptive processing

(Porreca et al., 2002). The monoamine neurotransmitters NA and 5HT and are released

from neurons in the brain and the peripheral nervous system and are known to have a

crucial influence on mood and behaviour. They are also proposed to play complex, often

overlapping, modulatory roles in pain signaling.

1.3.4 Summary

The dorsal horn contains neural elements which interact and affect one another in com-

plex ways. This manifests as the modifiability and plasticity imposed upon incoming

somatosensory information, exerted through local and supraspinal circuits, which ulti-

mately motivates an appropriate behavioural response from the organism given the stim-

ulus and the context (Craig, 2003; Tracey and Mantyh, 2007; Tracey, 2010). However,

this complex signalling can occasionally break down, with the most striking example seen

in neuropathic pain: chronic pain resulting from a disease or lesion to the somatosensory

nervous system. Below, an overview of neuropathic pain and its mechanisms is given.
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1.4 Neuropathic pain

Neuropathic pain is a type of chronic pain which occurs as a consequence of a lesion or

disease to the somatosensory nervous system (Jensen et al., 2011). In contrast to acute

pain, which serves to warn the organism of impending tissue damage, and furthermore

to protect an injured region during the healing process (a hypersensitive state driven by

inflammatory mechanisms), neuropathic pain serves no useful purpose, and due to its

chronic nature, can be severely debilitating (Millan, 1999).

A plethora of nerve damaging stimuli can result in neuropathic pain, including trauma,

metabolic syndromes, drug- or toxin-induced injury, hereditary disorders, malignancy and

infective or post-infective nerve damage. The sensory manifestations expressed by patients

are complex, including lesion-induced reductions in somatosensation combined with para-

doxical sensory perceptions, manifesting as spontaneous or ongoing sensations with pain

as the dominating positive symptom. Furthermore, evoked somatosensory stimulation

often induces amplified painful responses following noxious or non-noxious stimuli (Baron

et al., 2010).

Neuropathic pain is common, affecting 6-8% of the population, and in many cases

treatment is inadequate, leading to significant disability and suffering (Jensen et al.,

2007; Smith et al., 2007; Smith and Torrance, 2012). In a typical randomised control

trial, less than 50% of neuropathic pain patients experience satisfactory pain relief, with

side-effects a common problem (O’Connor and Dworkin, 2009; Dworkin et al., 2010); and

in the community setting it has been found that neuropathic pain patients, on average,

suffer with moderate pain intensity, even though they are receiving the recommended

treatment for their condition (O’Connor and Dworkin, 2009).

Poor selection of treatment for individual patients (O’Connor and Dworkin, 2009),

and suboptimal pharmacological agents (Finnerup et al., 2010) have been suggested to
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contribute to this lack of efficacy. This ultimately stems from a lack of understanding of

not only the systems in which neuropathic pain manifests, but also in how these systems

change as a result of a lesion or disease to the somatosensory nervous system. Thus, in

order to identify new treatments, an accurate model which brings together a high-level

understanding of the physiological function of the neuraxis involved in nociception and

somatosensation, combined with the alterations to these pathways which occur following

the onset and maintenance of neuropathic pain, is essential.

A key region involved in nociceptive and somatosensory processing is the dorsal horn,

and thus this region has been subject to intense study to understand the mechanisms

relating to neuropathic pain. Following on from the overview of the physiology and

anatomy of the dorsal horn given above, here a review of literature relating to mechanisms

found within the dorsal horn to contribute to the neuropathic pain phenotype is given.

This discussion is complicated by the myriad disease states which can cause neuro-

pathic pain. Since the majority of the literature uses traumatic nerve injury models, most

of our understanding of pathophysiological mechanisms stems from neuropathic pain re-

sulting from traumatic nerve injury, and this will therefore be given special emphasis.

However, where appropriate, literature relating to models of other types of neuropathic

pain will be addressed.

1.5 Mechanisms of Neuropathic Pain

Mechanisms relating to the neuropathic pain phenotype can be generally divided into four

key areas: changes peripheral drive and input, altered dorsal horn excitability, descending

control changes, and glial activation. These will be reviewed in turn.
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1.5.1 Initial Injury Reactions: Primary Afferent Signals

Given that peripheral neuropathic pain develops following injury to the axons of DRG

cells, the early events in these neurons must have a key role in the initiation of neuropathic

pain. Ultimately, axotomy results in profound phenotypic changes in injured DRG cells,

and depending on the threshold used, altered expression in up to a quarter of known genes

(Perkins et al., 2014), including: growth factor receptors, axon guidance molecules, neu-

rotransmitters and ion channels which will have important consequences for DH function

(Costigan et al., 2002; Xiao et al., 2002; Michaelevski et al., 2010; Perkins et al., 2014).

In traumatic injury, initial transection of a nerve results in a small burst of neuronal

activity (Adrian, 1930; Wall et al., 1974), which quickly subsides, and is followed by

‘positive’ and ‘negative’ molecular signals as a consequence of calcium flux and altered

retrograde signalling within the axon. The initial reaction to traumatic nerve injury

involves the propagation of calcium waves from the site of injury towards the cell soma,

and which are important for the two dominant retrograde signalling complexes that form

following nerve injury: mitogen-activated protein kinases (Zrouri et al., 2004), including

JNK (Lindwall and Kanje, 2005); and nuclear localisation signalling molecules such as

importins (Hanz et al., 2003; Hanz and Fainzilber, 2006). These signals are retrogradely

transported via dynein motors to the soma, where they induce profound changes in gene

transcription (Michaelevski et al., 2010; Perkins et al., 2014).

Concurrent with injury-evoked retrograde signalling, the ongoing flux of neurotrophin

support that is derived from peripheral targets is altered in injured axons, which is impor-

tant for the DRG transcription profile. Treating uninjured nerves with antibodies against

nerve growth factor (NGF) replicates some of the axotomy-related changes to DRG pro-

tein expression (Shadiack et al., 2001). Following nerve injury, levels of NGF appear to

fall rapidly, with nerve transection exhibiting a stronger reduction (Raivich et al., 1991).
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Figure 1.6: Primary afferent fibres show changes after nerve injury. A: Following
nerve transection, regular retrograde transport of trophic signals is disrupted, leading to a
rise in intracellular calcium, as well as the initiation of axonal transport of injury-related
signals. B: Primary afferent neurons show changes in expression and activity. Injured
C-fibres show increased VIP and reduced CGRP expression, and injured A-fibres display
increased NPY and BDNF expression. Injured A- and C-fibres as well as uninjured C-
fibres show spontaneous activity. NT, neurotrophic factor; IMP, importin; JNK, c-Jun
N-terminal Kinase; VIP, vasoactive intestinal peptide; CGRP, calcitonin gene related
peptide; NPY, neuropeptide Y; BDNF, brain-derived neurotrophic factor.

Consistent with loss of NGF signalling, intrathecal injection of NGF after nerve crush

delays the neuronal responses of nerve injury (Gold, 1997). Furthermore, supplementa-

tion of a synthetic peptide mimicking NGF, as well as NGF itself, reduces pain behaviour

associated with nerve injury (Colangelo et al., 2008; Cirillo et al., 2010). These data in

general support a role for a loss of neurotrophic signalling in the onset of the neuropathic

pain phenotype, which is likely to be important for central terminals of primary afferents

following nerve injury (Figure 1.6A).

1.5.2 Changes in Primary Afferent Input and Projections

1.5.2.1 Spontaneous Activity

Spontaneous activity in injured sensory neurons has been observed in both animal models

and in patients following nerve injury, and is believed to play an important role in the

initiation and maintenance of neuropathic pain. Since the original description by Wall

and Gutnick (1974), it has been shown that 1-3 days following nerve injury a significant
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proportion of A-fibres demonstrate spontaneous activity, peaking at a 1-2 weeks and then

declining (Govrin-Lippmann and Devor, 1978; Liu et al., 2000a). Interestingly, there is

evidence to suggest this ongoing activity is a result of proprioceptors innervating muscle

tissue, since transection of nerves which innervate skin resulted in no spontaneous activity,

whereas nerves innervating muscles did produce spontaneous activity following lesion

(Michaelis et al., 2000).

C-fibres can also develop spontaneous activity at a lower frequency, and importantly,

spontaneous activity is not restricted to injured afferents, but is also observed in neigh-

bouring un-injured afferents, probably as a consequence of the shared inflammatory envi-

ronment with injured axons (Hulse et al., 2010). Spontaneous activity in primary afferents

has also been observed in rodent models of chemotherapy (Xiao and Bennett, 2008), and

painful diabetic neuropathy (Khan et al., 2002) and crucially in neuropathic pain states

in humans (Orstavik and Jørum, 2010). A recent clinical study highlights the importance

of ectopic activity in maintaining peripheral neuropathic pain as peripheral nerve blocks

using local anaesthetic were highly efficacious in reducing ongoing pain (Haroutounian

et al., 2014). In animal models, the behavioural consequences of spontaneous activity

have been investigated. Giving brief and high intensity C-fibre input results in mechan-

ical hypersensitivity in adult rats (Hathway et al., 2009), suggesting continuous inputs

can sensitise central circuitry.

1.5.2.2 Expression Changes in Primary Afferents Following Nerve Injury

Traumatic nerve injury alters the pattern of expression of neurotransmitters/neuromodulators

within sensory neurons. For instance C-fibres reduce their expression of CGRP as well

as show increased expression of vasoactive intestinal polypeptide (Shehab and Atkin-

son, 1986) (Figure 1.6B). These effects seem to be driven, at least in part, by altered
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neurotrophic support, as inhibition of axonal transport with vinka alkaloids results in a

similar phenotype (Leranth et al., 1984; Knyihár-Csillik et al., 1991). A-fibres begin to

express neuropeptide Y and BDNF following traumatic nerve injury paradigms (Wakisaka

et al., 1992; Obata et al., 2006) (Figure 1.6B). Interestingly some of these changes are

likely to be adaptive. For instance, intrathecal administration (Intondi et al., 2008) and

conditional deletion (Solway et al., 2011) following nerve injury suggests that neuropeptide

Y actually suppresses pain related hypersensitivity within the DH.

The a2d-1 calcium channel subunit is upregulated on primary afferent terminals after

nerve injury (Li et al., 2004), and appears to contribute to mechanical hypersensitivity

seen after nerve injury (Li et al., 2004, 2014). Upregulation of the a2d-1 subunit has been

linked with enhanced neurotransmission of primary afferents as an apparent increase in

pre-synaptic terminals (Li et al., 2014).

PAD has been hypothesised to be dysregulated after nerve injury, via modified chloride

ion gradients within primary afferents, which could increase excitability in primary afferent

terminals, or even reach sufficient intensity to excite these fibres (Cervero et al., 2003).

Alterations in the chloride ion potential in primary afferents after nerve injury has been

reported in spinal cord slices (Pieraut et al., 2007), where the investigators observed a

shift in the GABA
A

receptor reversal potential towards depolarised potentials in injured

neurons.

Recently, this shift has been shown to occur in the DH in vivo (Wei et al., 2013;

Chen et al., 2014). Primary afferent neurons in culture showed a shift in the GABA

A receptor reversal potential, as well as a loss in GABA-mediated conductance, which

were due to increased NKCC1 activity and reduced GABA receptor, respectively (Chen

et al., 2014). NKCC1 has been shown to be specifically upregulated following trigeminal

nerve injury in primary afferent neurons (Wei et al., 2013), and using fluorescent voltage-
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sensitive dyes to record pre-synaptic activity in trigeminal nuclear complexes, GABA
A

agonists failed to reduce primary afferent terminal discharge in injured animals compared

to sham treated animals, and this was reversed by the application of bumetanide, an

NKCC1 inhibitor (Wei et al., 2013). Importantly, a conditional knock out of the b-

3 subunit of the GABA
A

receptor in the voltage-gated sodium channel 1.8 expressing

primary afferent population showed spontaneous mechanical and heat hypersensitivity,

which was not further altered by nerve injury (Chen et al., 2014), which implies that the

hypersensitivity seen following nerve injury is at least partially dependent on a loss of

pre-synaptic inhibition. These effects were recapitulated with the application of BDNF,

and inhibition of BDNF signalling following nerve injury prevented the change in GABA

conductance, GABA
A

receptor potential, and behavioural sensitivity, suggesting BDNF

plays an important role in regulating pre-synaptic inhibition in the DH after nerve injury

(Chen et al., 2014). Taken together, these data indicate an important role for pre-synaptic

inhibition in the generation of hypersensitivity following peripheral nerve injury.

1.5.2.3 Sprouting of A Fibre Terminals

The sprouting of A-fibres from deep to superficial laminae one week following traumatic

nerve injury has been proposed to drive hypersensitivity after peripheral nerve injury

(Woolf et al., 1992). Here, Woolf et al. demonstrated that exogenous cholera toxin

b subunit transported by A-fibres, began to occupy the superficial DH following injury.

Single axon tracing was also performed which suggested A fibres began to sprout terminals

into superficial laminae. This sprouting was suggested to contribute to allodynia following

nerve injury, as A-fibre sprouting into lamina I could potentially allow innocuous signals

to gain access to nociceptive projection pathways.

However, this study is now controversial and the consensus is that, although this is
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an attractive hypothesis, such sprouting of low threshold A fibre mechanoreceptors does

not occur. Firstly, the tracing method used is not specific to A-fibres following nerve

injury (Shehab et al., 2003, 2004). Secondly, the findings of individual axon fills could not

be replicated. Following axotomy, low threshold A fibres were not found to sprout into

lamina II, and the only A-fibres found to project into this region were A� fibre nociceptors

which are known to project to lamina II in the intact DH (Woodbury et al., 2008).

1.5.2.4 Loss of C Fibre Terminals

Transganglionic degenerative atrophy, which involves the degeneration of primary afferent

C fibres within lamina II of the DH, has been reported following nerve lesions (Csillik and

Knyihár-Csillik, 1981; Tajti et al., 1988), which is reported to occur and recover following

a crush injury (Csillik and Knyihár-Csillik, 1981) as well as local administration of vinka

alkaloids (Csillik and Knyihár-Csillik, 1982). Analysis of synapses from glomeruli derived

from C-fibres reveals a loss of synapses progressively over the course of two weeks in

transection (Castro-Lopes et al., 1990) and a loss followed by recovery in constriction

injury (Bailey and Ribeiro-da Silva, 2006).

This data supports the view that blockade of neurotrophic signals, by nerve lesion or

blockade of axonal transport, leads to a loss of C-fibre synapses within the DH. Is it pos-

sible to reconcile this loss of input with the gain-of-function associated with neuropathic

pain states? The non-peptidergic population of C-fibres appear to be most vulnerable

in terms of terminal loss/withdrawal. This population is important in mediating noxious

mechanosensation (Cavanaugh et al., 2009), as shown by targeted ablation. However, their

terminals express prostate acid phosphatase (Zylka et al., 2008), an enzyme that generates

adenosine, which acts to suppress nociceptive signalling within the DH; in which respect

the loss of such terminals would be maladaptive. The loss of C-fibre input may also help
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to facilitate A-fibre access to nociceptive pathways, through homeostatic adaptation of

DH circuitry, which has lost input (see Section 1.5.3.3).

Furthermore, a distinction between the injured region itself, and adjacent regions

which contain intact afferent input and drive the evoked behaviours, should be made.

Whereas C fibres in the locus of injury may break synaptic contact with the dorsal horn,

the effects of this loss on adjacent uninjured afferents through homeostatic plasticity may

influence subsequent signalling in these circuits.

1.5.3 Peripheral Nerve Injury: Effects on the Dorsal Horn

It is well acknowledged that central plasticity plays a role in the hypersensitivity seen

following peripheral nerve injury (Woolf and Salter, 2000; Ji et al., 2003; Drdla and

Sandkuhler, 2009). Understanding which molecules, cells and circuits are affected by

neuropathic pain states is important in defining the functional consequences of nerve

injury, as well as indicating potential targets for therapy. Below is a review of the evidence

of dorsal horn alterations following peripheral nerve injury.

1.5.3.1 Altered Excitatory and Inhibitory Processing Following Neuropathy

As previously reviewed, primary afferents display spontaneous activity after peripheral

nerve injury, and this input is believed to contribute to activity-dependent plasticity

between primary afferent terminals and DH neurons (Drdla and Sandkuhler, 2009; La-

tremoliere and Woolf, 2009; Sandkühler, 2009). Another important observation is the

reduction in GABA and glutamic acid decarboxylase following traumatic nerve injury

(Castro-Lopes et al., 1993; Moore et al., 2002), which results in a reduction in inhibitory

tone.
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Previous work has investigated the loss of inhibitory tone, with electrophysiological

studies of lamina II neurons showing reduced inhibitory post-synaptic potentials in mag-

nitude, incidence and duration following partial peripheral nerve injuries (Moore et al.,

2002; Scholz et al., 2005) (Figure 1.7A). Analysis of the inhibitory post-synaptic po-

tentials (Moore et al., 2002) suggested a reduction in GABA release, and other studies

have found a reduction in GABA secretion from stimulated spinal cord sections (Lever

et al., 2003), and significant reductions in GABA immunoreactivity within the dorsal

horn (Castro-Lopes et al., 1993; Ibuki et al., 1997). This evidence suggests a loss of

GABAergic neurons, which has been demonstrated in some studies (Castro-Lopes et al.,

1993; Scholz et al., 2005), and some evidence suggests that apoptosis drives the loss of

inhibitory interneurons (Moore et al., 2002; Scholz et al., 2005) following peripheral nerve

injury (Figure 1.7B).

Recent work has highlighted the loss of putative inhibitory terminals following periph-

eral nerve injury, that mirrors the temporal and spatial alterations in presumed IB4+

primary afferent synapses (Lorenzo et al., 2014). GAD65 immunoreactive puncta, repre-

senting terminals of inhibitory interneurons, were found to be significantly reduced 3-4

weeks after nerve injury in the superficial DH (Figure 1.7B). Whether this reflects a dy-

ing back of primary afferent fibres in this region, and the subsequent loss of pre-synaptic

inhibitory control on these terminals or represents reorganisation of other circuits within

the DH remains unknown.

The exact nature of the loss of inhibitory tone remains controversial, as other studies

have suggested no loss of GABAergic boutons or GABA
A

b3 subunits in denervated

dorsal horn following nerve injury (Polgár and Todd, 2008), and no loss in the proportion

of GABAergic neurons (Polgár et al., 2003), nor the total number of neurons in lamina

I-III (Polgár et al., 2004, 2005). Furthermore, in these studies markers for apoptosis were
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Figure 1.7: Loss of inhibitory tone after peripheral nerve injury. A: Electrophysi-
ological studies have demonstrated a reduction in excitatory and inhibitory post-synaptic
potentials (EPSPs & IPSPs) measured on inhibitory interneurons or superficial dorsal
horn neurons, respectively. These have been related to reduced transmitter release, and
with reductions in GAD and GABA levels in inhibitory terminals. B: Some studies have
indicated a loss of inhibitory terminals as well as inhibitory interneurons in the dorsal
horn after nerve injury. EPSP, excitatory post-synaptic potential; IPSP, inhibitory post-
synaptic potential.
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not co-localised with neuronal cells, but instead found in microglia (Polgár et al., 2005).

A different mechanism that may account for inhibitory tone reduction without the

frank loss of inhibitory interneurons was recently described. Measurement of miniature

excitatory post-synaptic potentials were shown to be reduced in GABAergic neurons of

neuropathic animals (Figure 1.7A), and measurement of paired-pulse ratios suggested a

reduction in primary afferent transmitter release may explain the decline in inhibitory tone

(Leitner et al., 2013). This study did not find any changes in the density or morphology

of dendritic spines or the number of excitatory synapses on inhibitory neurons, consistent

with a pre-synaptic effect on primary afferent neurotransmitter release (Figure 1.7A).

A further promising mechanism that may account for reduced inhibitory tone without

a loss of GABAergic neurons relates to the down-regulation of KCC2. This ion pump,

along with NKCC1, regulates the chloride concentrations within neurons, and thus reg-

ulates neuronal responses to GABA
A

receptor activation. Following nerve injury, a re-

duction in KCC2 leads to impaired chloride homeostasis resulting in reduced inhibitory

tone (Coull et al., 2003). Further work has demonstrated that enhancing KCC2 activity

after nerve injury can restore normal response characteristics of spinothalamic tract NS

neurons (Lavertu et al., 2014), and normalise behavioural hypersensitivity seen following

peripheral nerve injury (Gagnon et al., 2013).

1.5.3.2 Altered Structure and Function of Projection Neurons

Anatomical evidence has revealed alterations in dendritic spines on deep DH WDR pro-

jection neurons, as determined by anatomical characteristics, following traumatic nerve

injury, and these effects correlated with electrophysiological alterations of WDR neurons

showing hyper-excitability to a range of stimuli (Tan et al., 2011) (Figure 1.8A). Crucially,

administration of a drug that selectively inhibited Ras-related C3 botulinum toxin sub-
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Figure 1.8: Deep and superficial projection neuron structure and function
changes. A: Lamina V neurons display altered dendritic spine dynamics, with increased
average length and spine head size. Responses to brush, pressure and pinch are ampli-
fied, with longer after-discharges. B: Lamina I neurons show novel responses to brush
inputs after injury, and exaggerated responses to noxious mechanical pinch stimuli. These
neurons also show higher levels of spontaneous activity.

strate 1 (known as Rac1), a key molecule involved in dendritic spine plasticity, resulted

in attenuation of behaviour sensitivity, dendritic spine remodelling, and WDR neuronal

hyper-excitability. Further work from this group has shown a similar response to WDR

neurons to diabetic-induced neuropathy (Tan et al., 2012). Thus, dendritic spine remod-

elling on WDR neurons may contribute in general to the neuropathic pain phenotype.

Electrophysiological changes to WDR neurons that have been observed include increased

spontaneous activity, enlargement of receptive field size, and reduced C-fibre threshold

with increased C-fibre responses (Liu et al., 2011; Tan et al., 2011).
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Lamina I projection neurons appear to respond to innocuous inputs after nerve injury,

which may contribute to mechanical allodynia in neuropathic pain states. Using extracel-

lular recording, lamina I projection neurons of the spino-parabrachial pathway have been

shown to generate spontaneous activity, respond to innocuous inputs, and produce an am-

plified response to nociceptive inputs following peripheral nerve constriction (Keller et al.,

2007) (Figure 1.8B). Further work has indicated the ability for C-fibre input onto lamina

I projection neurons to induce long term potentiation, even at physiologically active levels

in the intact cord (Ikeda et al., 2006), which can sensitise other inputs (Fenselau et al.,

2011), implying that spontaneous C-fibre input, as is seen after peripheral nerve injury

(Liu et al., 2000a), may sensitise this projection pathway.

Consistent with this idea, ablation of NK1 receptor-expressing cells in the DH, many

of which are lamina 1 projection neurons (Todd et al., 2000), reduces the mechanical

hypersensitivity seen following nerve injury (Nichols et al., 1999). Considered with the

evidence of rewiring of specific elements within the DH to gate innocuous inputs to these

projection neurons (see Section 1.5.3.3), the lamina I projection pathway appears to play

an important role in the production of neuropathic pain symptoms.

1.5.3.3 Dorsal Horn Rewiring

Many of the dorsal horn circuits previously reviewed have been shown to be affected by

nerve injury. Lu et al. demonstrated a circuit between PKCg excitatory interneurons

in lamina II inner and glycinergic neurons in lamina III, which produced a feed forward

inhibitory gate of Ab input, preventing Ab potentials reaching lamina I projection neurons

(Lu et al., 2013). Following peripheral nerve injury, Lu et al. showed that the glycinergic

inhibitory interneuron connection to the PKCg excitatory interneuron became weaker,

which thus allowed the PKCg interneuron to excite lamina I projection neurons with
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Figure 1.9: Ab fibres gain access to lamina I projection neurons after nerve
injury. Both identified pathways that can potentially lead Ab input to projection neurons
are affected. 1. Inhibitory Vertical Cells show reduced inhibitory drive to excitatory
vertical cells, removing the inhibitory gate and allowing Ab stimulation to evoke activity
in lamina I neurons. 2. The dynorphin inhibitory interneurons show reduced inhibitory
tone, resulting in increased access of Ab input to excitatory neurons in lamina II, resulting
in increased lamina I projection neuron activation.

Ab input. Therefore, under neuropathic pain conditions, the gate had been removed,

allowing innocuous input to gain access to nociceptive-specific projection pathways (Lu

et al., 2013) (Figure 1.9).

Elaborating on this work, Duan et al. showed that ablation of somatostatin-positive

neuron results in complete loss of mechanical hypersensitivity following peripheral nerve

injury, with no effect on heat hyperalgesia (Duan et al., 2014). Ablation of the dynorphin-

positive inhibitory neurons did not change the mechanical hypersensitivity after nerve

injury (Figure 1.9). These results indicate that Ab fibres can gain access to lamina I

projection neurons after nerve injury, and that this may be mediated through two parallel

pathways.

Whilst it has been shown that the feedforward inhibition has been reduced in these
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studies, allowing Ab input to reach lamina I, these studies did not explore why inhibition

is reduced. This may reflect many of the changes to inhibitory tone previous reviewed (see

Section 1.5.3.1), however another possibility could relate to the observed loss of C-fibre

terminals (Bailey and Ribeiro-da Silva, 2006), which may interfere with these circuits.

1.5.4 Plasticity in Descending Controls Following Peripheral Nerve

Injury

Plasticity of descending modulation from the brainstem is involved in central sensitisation

in abnormal pain states and acts alongside the spinal events. Descending pain facilitation

can promote a chronic pain state that persists long after the initial lesion has healed.

Prolonged noxious stimulation also causes pronounced changes in the activity of noci-

ceptive modulatory neurons in the RVM (Morgan and Fields, 1994), which is implicated

in the development of central sensitisation and secondary hyperalgesia following noxious

stimulation (Urban and Gebhart, 1997, 1999).

Descending facilitatory influences are also enhanced in neuropathy, possibly contribut-

ing to allodynia and hyperalgesia (Millan, 2002; Suzuki et al., 2004) and are purported

to be involved in the maintenance of nerve-injury induced pain (Burgess et al., 2002;

Vera-Portocarrero et al., 2006). DH neuronal responses to noxious stimuli are reduced

in normal injury-free animals after lidocaine injection into the RVM and a greater effect

is observed in nerve injured animals (Bee and Dickenson, 2007). Here, descending mod-

ulation from the RVM influences neuronal responses to non-noxious tactile stimulation,

suggesting a possible mechanism for mechanical allodynia.

Nerve injury is associated with enhanced descending 5HT excitatory drive, and specif-

ically the 5HT
3

receptor is implicated (Porreca et al., 2002; Suzuki et al., 2004; Ossipov

et al., 2010). The contribution of descending serotonergic facilitation in neuropathic pain
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states is further confirmed by experiments showing a significantly enhanced ability of

5HT
3

antagonist ondansetron to suppress spinal responses to mechanical punctate stimu-

lation in spinal nerve ligated animals (Suzuki et al., 2005). In osteoarthritic rats there is

evidence of an adaptive change in the excitatory serotonergic drive (Rahman et al., 2009).

Many drugs that have efficacy in neuropathic pain take advantage of descending control

systems. The state-dependency of pregabalin and gabapentin is reliant on upregulation

of 5HT
3

receptor mediated descending facilitation (Suzuki et al., 2005). Peripheral nerve

injury can cause a loss of neurons in the RVM (Leong et al., 2011). While 5HT actions

are enhanced in some chronic pain states, descending inhibitory noradrenergic pathways

may also undergo plastic changes and become down regulated.

In nerve-injured animals, the efficacy of atipamezole, an a2 adrenoceptor antagonist, is

shown reduced in specific sensory modalities. In contrast, low intensity mechanical stim-

ulation in sham-operated rats was shown significantly enhanced (Rahman et al., 2008).

These results suggested a lack or suppression of descending inhibition of DH neurons via

spinal a2 adrenoceptors for low intensity mechanical stimuli. Enhanced efficacy of spinally

administered a2 adrenoceptor agonists (Mansikka and Pertovaara, 1995; Tsuruoka et al.,

2003), increased noradrenergic innervation to DH (Ma and Eisenach, 2003) and upregula-

tion of spinal a2 adrenoceptors and increased spinal cord NA content (Satoh and Omote,

1996) all indicate profound alterations to descending adrenergic inputs to the dorsal horn

in neuropathic pain.

A recent paper addressed the clinically relevant question of why only a minority of

patients develop chronic neuropathic pain following the same nerve lesion (De Felice et al.,

2011). The suggestion from the authors that a descending noradrenergic mechanism could

actually protect from pain put brain to spinal cord pathways once again at the forefront

of pain modulation, and implies that neuropathic pain could ultimately depend on altered
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descending input.

1.5.5 Glial Cells React to Peripheral Nerve Injury

Concomitant to the multitude of mechanisms relating to neuronal connectivity and synap-

tic plasticity following nerve lesion reviewed above, glial cells present within the dorsal

horn also show substantial changes as a result of peripheral nerve injury (Cao and Zhang,

2008; Nakagawa and Kaneko, 2010). The glial reaction (“gliosis”) seen after peripheral

nerve injury is characterised by cell proliferation, hypertrophy, and increased expression

of various markers within microglia and astrocytes within and adjacent to the central

innervation territories of injured primary afferent neurons (O’Callaghan and Miller, 2010;

Nakagawa and Kaneko, 2010). These two cell types and their contribution to the neuro-

pathic pain phenotype will be considered in turn.

1.5.5.1 Microglia Respond to Peripheral Nerve Injury

Microglial cells constitute 10% of all cells within the CNS (Greter and Merad, 2013; Salter

and Beggs, 2014), and whilst widely referred to as the macrophages of the brain, microglia

show a distinct developmental progression from primitive erythromyeloid progenitors in

ectodermal tissues (Ginhoux et al., 2010; Schulz et al., 2012; Greter and Merad, 2013;

Kierdorf et al., 2013), and appear to populate the brain during development and then

maintain this population through self-renewal, persisting independently of hematopoietic

stem cell replenishment, unlike macrophages (Ajami et al., 2007; Schulz et al., 2012;

Salter and Beggs, 2014). Microglia also depend on different developmental signals to

macrophages (Erblich et al., 2011; Schulz et al., 2012; Kierdorf et al., 2013), and possess a

unique transcriptome relative to circulating macrophages (Hickman et al., 2013; Butovsky

et al., 2014). Given these differences with the principle immune cells of the body, questions
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relating to non-inflammatory functions of resident microglia within the CNS have been

raised (Salter and Beggs, 2014).

The possible roles of microglia independent of inflammatory processes has received

greater interest following the important discovery that microglial processes in “resting”

microglia were found to be highly motile, and appear to continuously assess and scan their

surroundings (Nimmerjahn et al., 2005; Davalos et al., 2005). This constant surveillance

brings microglial processes into close apposition with dendritic spines, synaptic contacts,

and astrocytic perisynaptic contacts; and thus microglia are well positioned to respond

to neuronal activity (Wake et al., 2009; Tremblay et al., 2010). Microglia possess a multi-

tude of neurotransmitter receptors (Kettenmann et al., 2011), and more recent evidence

has shown these cells can phagocytose synapses and dendritic spines via a complement-

mediated signaling pathway (Stevens et al., 2007; Wake et al., 2009; Tremblay et al., 2010;

Schafer et al., 2012; Kettenmann et al., 2013). The functions of microglia are now being

recognised as important for synapse maturation, synaptic plasticity, and for a multitude

of CNS diseases (Salter and Beggs, 2014).

Concomitant with these functions of resident microglia in the CNS in the absence of

injury, an important development within the dorsal horn after peripheral nerve lesion is

the subsequent microgliosis within and around the central territories of injured afferents

(Eriksson et al., 1993; Beggs and Salter, 2007, 2013). A number of observations suggest

that this response is intimately linked to the hypersensitivity associated with periph-

eral nerve injury: administration of lipopolysaccharide, a potential activator of microglia,

spinally results in hypersensitivity (Clark et al., 2009, 2010), and injection of stimulated

microglial cells intrathecally results in hypersensitivity within the relevant peripheral der-

matomes (Tsuda et al., 2003; Coull et al., 2005). Furthermore, a number of signalling

cascades have been identified in microglia which are essential for the microgliosis, as well
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as the hypersensitivity, seen after peripheral nerve injury.

P2X
4

receptors respond to adenosine triphosphate (ATP), and are upregulated on mi-

croglia following peripheral nerve lesions (Tsuda et al., 2003). These receptors have been

shown to be essential for the mechanical hypersensitivity seen following peripheral nerve

lesion, as removal of P2X
4

eliminates mechanical hypersensitivity seen after peripheral

nerve lesion (Ulmann et al., 2008; Tsuda et al., 2009). Following stimulation of microglia

by ATP, a signalling cascade culminating in the release of BDNF from microglia is ini-

tiated (Trang et al., 2009), with BDNF release ultimately affecting dorsal horn neuron

excitability (Ulmann et al., 2008), through reduction of KCC2 (Coull et al., 2005) and

altered dorsal horn projection neuron output (Keller et al., 2007).

Fractalkine and it receptor CX3CR1 is another crucial signalling cascade impor-

tant in microglial responses after peripheral nerve injury (Clark and Malcangio, 2014).

Fractalkine is present on dorsal horn neurons in the spinal cord, whereas CX3CR1 is

present on microglial cells (Jung et al., 2000; Verge et al., 2004; Lindia et al., 2005; Clark

et al., 2009). Intrathecal administration of the chemokine domain of fractalkine results

in thermal and mechanical hypersensitivity, which is dependent on CX3CR1 (Milligan

et al., 2004; Clark et al., 2007; Zhuang et al., 2007). CX3CR1 stimulation results in p38

phosphorylation in microglia (Clark et al., 2007; Zhuang et al., 2007), and subsequently

the release of pro-inflammatory mediators such as interleukin-1�, interleukin-6 and nitric

oxide (Milligan et al., 2005).

This pathway is important in the hypersensitivity seen after peripheral nerve injury.

CX3CR1 is strongly upregulated in the dorsal horn on microglia following peripheral nerve

lesion (Verge et al., 2004; Lindia et al., 2005; Zhuang et al., 2007), and soluble fractalkine

levels in the cerebrospinal fluid of the dorsal horn is highly elevated (Clark et al., 2009).

Administration of sequestering antibodies targeted towards fractalkine or CX3CR1 can
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ameliorate hypersensitivity due to nerve injury (Milligan et al., 2004; Clark et al., 2007;

Zhuang et al., 2007), and this behavioural phenotype is related to reduce phosphoylation of

p38 within microglia (Zhuang et al., 2007). Consistent with these observations, knock out

of the CX3CR1 receptor displays reduced thermal and mechanical hyperalgesia following

peripheral nerve injury (Staniland et al., 2010), and this correlated to reduce microgliosis

in these knock out mice.

To understand the effects of stimulation of CX3CR1 and the subsequent release of pro-

inflammatory cytokines, further work has shown that interleukin-1� enhances primary

afferent glutamate release via presynaptic NMDA receptors (Yan and Weng, 2013), as

well as lead to the down-regulation of glial glutamate transporters (Yan et al., 2014),

both resulting in enhanced excitability of the dorsal horn.

Finally, the mechanism leading to fractalkine liberation has been recently explored.

Cathepsin S is upregulated in microglia in the dorsal horn following peripheral nerve

injury, which can cleave fractalkine on dorsal horn neurons (Clark et al., 2007), which

occurs in a P2X
7

receptor-dependent manner (Clark et al., 2010). Cathepsin S has been

shown to be an essential step in this process, as intrathecal or systemic administration

of cathepsin S inhibitors has shown efficacy in reversing established neuropathic pain

hypersensitivity to varying degrees (Barclay et al., 2007; Clark et al., 2007; Irie et al.,

2008; Zhang et al., 2014a).

In summary, microglia respond to peripheral nerve injury in the dorsal horn, and

are intimately related to the development of neuropathic hyperalgesia through two key

intracellular signals, P2X
4

-dependent and P2X
7

/Fractalkine dependent pathways, which

result in the release of various signalling molecules and ultimately, an increase in dorsal

horn excitability.
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1.5.5.2 Astrocytes React to Peripheral Nerve Injury

Astrocytes have traditionally been viewed as passive support cells in the CNS, where they

aid neuronal function passively through roles in energy metabolism, potassium buffering,

blood brain barrier formation and maintenance, and neurotransmitter recycling; however,

increasingly these cells are being seen as active players in neuronal function, including

roles in synaptogenesis, regulating neurotransmission, and synapse elimination (Seth and

Koul, 2008; Wang and Bordey, 2008). Astrocytes share a common neuroepithelial origin to

neurons and oligodendrocytes, emerging from the neuroectoderm (Sloan and Barres, 2014;

Molofsky and Deneen, 2015). However, recent transcriptome analysis has revealed these

cells possess a unique gene profile from both neurons and oligodendrocytes, underlining

their specific role within the CNS (Cahoy et al., 2008; Zhang et al., 2014b).

Astrocytic function in the healthy brain has been radically reviewed following a series

of illuminating observations, placing astrocytes as star players in the role of CNS process-

ing (Seth and Koul, 2008; Wang and Bordey, 2008; Svensson and Brodin, 2010). Astro-

cytes can sense neuronal activity by a multitude of receptors, which can lead to calcium

mobilisation (Fiacco and McCarthy, 2006; Wang and Bordey, 2008; Volterra et al., 2014).

Calcium transients within astrocytes have been shown in vivo to correspond tightly with

neuronal activity (Hirase et al., 2004; Wang et al., 2006; Winship et al., 2007; Schummers

et al., 2008), and astrocytic depolarisations have been shown to be selective and exhibit

some form of short-term plasticity (Linden, 1997; Pasti et al., 1997), and can signal to

other neurons in the CNS (Perea and Araque, 2005), implying an important role for

astrocytes in information processing in the brain.

Alongside these vital functions, astrocytes react to peripheral nerve injury in the cor-

responding central terminal region of injured afferents within the dorsal horn (McMahon

and Malcangio, 2009; Svensson and Brodin, 2010). This gliosis presents as a slowly gen-
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erating yet persistent increase in astrocytic cell processes, the cell marker glial fibrillary

acidic protein (GFAP), and cell hypertrophy (Ma and Quirion, 2002; Guo et al., 2007;

Hald et al., 2009; Svensson and Brodin, 2010). Mitogen-activated protein kinases have

been implicated in astrocytic activation, and appear to play a critical role in pain sen-

sitisation after peripheral nerve injury (Ma and Quirion, 2002; Zhuang et al., 2006; Ji

et al., 2009). Both extracellular signal-regulated kinase and c-Jun N-terminal kinase were

shown to co-localise to GFAP in the dorsal horn after peripheral nerve injury (Ma and

Quirion, 2002), and inhibition of c-Jun N-terminal kinase pharmacologically was able to

reverse and prevent the hypersensitivity seen after peripheral nerve lesion (Zhuang et al.,

2006). These data suggest mitogen-activated protein kinases play an important role in

astrocytic responses to peripheral nerve injury.

Two key mechanisms by which astrocytes impinge on neuronal function after peripheral

nerve injury include the dys-regulation of glial glutamate transporters, and the release of

glutamate from astrocytes (Binns et al., 2005; Tawfik et al., 2008; Xin et al., 2009; Bardoni

et al., 2010). Glial glutamate transporters are downregulated on astrocytes following

nerve injury (Binns et al., 2005; Xin et al., 2009), and reversal in this downregulation by

propentofylline can reverse the hypersensitivity seen after axotomy (Tawfik et al., 2008).

Further evidence indicates that astrocytes can actively release glutamate within the CNS

(Jourdain et al., 2007; Perea and Araque, 2007), and in the dorsal horn this mechanism has

been suggested to underlie slow inward currents detected in substantia gelatinosa (lamina

II) neurons, which are also present after injury that induced hypersensitivity (Bardoni

et al., 2010).
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1.5.6 Summary

In summary, neuropathic pain presents with a multitude of complex interacting mecha-

nisms, of which the general consequence is increased neuronal excitability, potentiation

of synaptic contacts, and a reduction in inhibitory tone, at either a local level or from

descending supraspinal centres. A great deal of knowledge has been gained from studying

the molecules, cells and circuits within the dorsal horn; yet translation of these findings

to clinical treatments remains frustrated (Percie du Sert and Rice, 2014; Baron, 2009).

Although a vast volume of data has been acquired on the molecular, cellular and circuit-

level basis for hypersensitivity seen after neuropathic pain, it appears further insights are

required to build a more holistic picture of the complex changes which are occurring after

nerve lesion. A key aspect affecting progress in research is exploiting the development of

new techniques which allow us to observe the system, in this case the dorsal horn, and

the complex inter-relationships between its components with greater clarity than before,

which may help connect previous work, or indeed open new avenues of discovery.

In terms of developing a deeper understanding of the consequences of neuropathic pain,

finding new approaches to observing synapses and synaptic plasticity may provide novel

insights into its mechanisms. Thus, next is reviewed methods for studying connectivity,

specifically synaptic contacts, with an emphasis on quantitative anatomical techniques.

1.6 Analysis of Synapses using Anatomical Methods

1.6.1 The Development of Histological and Light Microscopical

Approaches to Synapse Research

The observation of the ultrastructure of the synapse with electron microscopy has provided

important insights into synaptic structure and function (see Section 1.2), and helped to
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shape the current view of the synapse. Electron microscopy has also contributed to the

development of subcellular fractionation of synaptic PSDs (Cotman et al., 1974; Cohen

et al., 1977; Matus and Taff-Jones, 1978; Carlin et al., 1980), which helped to visualise

the synaptosome and synaptic vesicle preparations and confirm their purity prior to any

biochemical analyses. The development of subcellular methodologies to isolate synaptic

PSDs (Cotman et al., 1974) was crucial in analysing the diversity of synaptic proteins,

and has laid a solid foundation for our understanding of synapses at the molecular level.

These analyses also allowed the first antibodies to be developed against synaptic pro-

teins (Cho et al., 1992; Hunt et al., 1996), which introduced the possibility of visualising

synapses at the light-microscope level with immunohistochemistry. Visualisation of synap-

tic proteins in this manner proved difficult (Hunt et al., 1996; Kim et al., 1996; Bassand

et al., 1999; Valtschanoff et al., 1999), until the development of antigen retrieval methods

to allow antibody access to the synaptic protein cluster (Watanabe et al., 1998; Fukaya

and Watanabe, 2000). Pepsin treatment provided a key method by which adequately

fixed tissue could be stained for synaptic proteins.

Electron microscopists have been wary of the use of light microscopical methods to

study synapses, with the principle criticisms concerning the limited resolution and the

inability to confirm whether fluorescent puncta really are functional synapses (Bolam,

1992; Briggman and Denk, 2006; Kuwajima et al., 2013). Whilst these criticisms are

legitimate, they do not negate the study of synapses at the level of light microscopy.

Developments in imaging methods over the past few decades have greatly enhanced

the resolution attainable with light microscopy. First, the development of the confocal

(Davidovits and Egger, 1969; Conchello and Lichtman, 2005), and then the two-photon

(Denk et al., 1990; Helmchen and Denk, 2005), microscope greatly improved resolution in

the axial plane. These methods allowed the labour-free 3D reconstruction of fluorescent
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objects in histological preparations (Conchello and Lichtman, 2005), and have been used

to analyse synapses and dendritic spines, which have dimensions close to the resolution

limit of the system (Briggman and Denk, 2006). More recently, the development of

super-resolution imaging methodologies have extended this resolution improvement for

light microscopy (Tønnesen and Nägerl, 2013), which can now achieve true nanoscale

resolution.

Post-image processing also has the capacity to further improve the resolution of fluo-

rescent images. Deconvolution is a post-image processing method which aims to re-assign

the blur associated with high-resolution imaging back to the original fluorescent object,

which can produce an improvement in resolution up to two times in the lateral planes, and

four times in the axial plane (Sibarita, 2005). More recently these methods have been

applied to confocal (Cannell et al., 2006), and even two-photon (Noakes et al., 2001),

microscopy.

Thus, the resolution limit for light microscopy is able to be improved using either

computational techniques or new imaging methodologies.

Furthermore, these methods offer an advantage over traditional electron microscopi-

cal study: reconstructing the synapse in 3-dimensions using electron microscopy is very

labour-intensive and time consuming (Harris and Stevens, 1989; Chklovskii et al., 2010;

Kuwajima et al., 2013), whereas reconstructing entire synapses with the confocal micro-

scope is a simple procedure (Conchello and Lichtman, 2005). Thus, 3D reconstruction is

feasible for large numbers of synapses using laser-scanning imaging methods.

Due to the limited resolution, light microscopy cannot stain and observe the ultra-

structure of synapses, such as individual vesicles or docking sites, which can make it

difficult to confirm whether synapses have been observed, or staining is indicating the

localisation of the marker used to other structures. However, the specificity of certain
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markers such as synapsin, synaptophysin, PSD-95, gephyrin and other important struc-

tural proteins at the synapse; both by their apposition as pre- and post-synaptic proteins

on confocal images (Kirsch and Betz, 1993; Watanabe et al., 1998; Fukaya and Watanabe,

2000; Choii and Ko, 2015), and by confirmation of staining at the ultrastructural level

(Micheva et al., 2010; Kay et al., 2013; Collman et al., 2015) have provided important

evidence that suggests these markers are specific for synapses. Previous work has aimed

to utilise synapse-specific proteins to highlight synaptic contacts between histologically

labelled cells with success (Wouterlood et al., 2003).

Once again, the immunofluorescence method reveals an advantage in this regard over

electron microscopy. Since fluorescence signals naturally produce a distinct signal against

a dark background (with sufficient signal:noise), fluorescence immunohistochemical im-

ages obtained on the confocal microscope are well suited for automated image analysis

methodologies, which in theory could greatly increase the sampling of synapses, and dra-

matically reduce the degree of manual intervention during image processing. Electron

microscopy has struggled in this regard, although some efforts in automating synapse

analysis at the electron microscopy level have been previously described (Helmstaedter

et al., 2013; Navlakha et al., 2013; Kim et al., 2014).

Thus, whereas electron microscopy is well suited to studying the ultrastructure of a

small number of synapses in great detail, histological and light microscopical methods

provide an ability to reconstruct large numbers of synapses in 3 dimensions, which can be

interrogated to understand the synapse at a population level (Burette et al., 2015). This

level of analysis moves away from the descriptive studies commonly performed at light-

and electron- microscopy levels, and into the realm of quantitative understanding of the

synaptome. Understanding the diversity of synapses across different brain regions will be

vital to understand how they function and respond to activity, as described in Section
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1.2.4.

1.6.2 Automated Image Processing Methods

Fluorescence immunohistochemical interrogation of synaptic populations is well suited to

automated image analysis methods, due to the clear delineation between object signal and

background ascertained with such preparations. Here an overview of appropriate methods

for such an analysis paradigm are reviewed.

Computer vision and artificial intelligence research has attempted to endow a com-

puter, via algorithmic implementations, with the capacity to interpret and understand

images; and whilst progress on this important problem has been made, the abilities for

machines to perform this task effectively across different types of images is very limited.

Interpretation can be considered a mapping from the raw image data to a model which

allows the extraction of the semantic meaning of the image. This distinction between the

raw image pixel values, and the final model used to interpret the images is defined as the

Semantic Gap, and defines the central problem in automated image processing (Gonzalez

and Romero, 2010; Sonka et al., 2013).

Although the Semantic Gap and its solutions for different imaging problems are well

described in the image analysis literature, real-world implementations of these workflows

are often case-specific, and no universal workflow, or a method to automatically determine

the optimal workflow, is available (Sonka et al., 2013). The task of developing an image

analysis workflow is left to a human operator, which also requires significant work towards

optimisation and verification of this process. Fluorescence images are unique as, in an ideal

image, a strong fluorescent signal is present on objects of interest, with low background

signal, and a generalised workflow in moving from this raw pixel data towards a model to

extract the relevant information is presented below.
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A common and flexible way of mapping fluorescence images to an appropriate model

is to move from the raw pixel data to a model which isolates individual objects within the

image for further analysis. This processing can be divided into steps summarised as low-

level image processing, and methods designed to extract high-level image understanding

(Gonzalez and Romero, 2010; Prodanov and Verstreken, 2012; Sonka et al., 2013).

Low-level image processing steps include methods designed to improve image quality,

including noise filtering, deconvolution methods and image sharpening, and methods to

isolate the objects of interest. The isolation of regions in the image of interest is typically

achieved with segmentation methods, where pixels determined to consist of objects are

isolated from pixels determined to be background. This segmentation can be achieved

by edge-detection, histogram shape, or object attributes, and results in a binary image

(Sezgin and Sankur, 2004; Prodanov and Verstreken, 2012).

Once the images have been processed to yield segmented objects against background,

the next step is to extract the high-level image data. This is generally achieved through

object labelling (Burger and Burge, 2008; Gonzalez and Romero, 2010), which allows the

isolation and identification of each object within the image. Once the objects are labelled

uniquely, each object can be isolated and measured in the desired manner.

Image processing utilising such a workflow has been previously described for nuclei

(Russell et al., 2009; Ollion et al., 2013; Gul-Mohammed et al., 2014), gene and chro-

mosome territories within nuclei (Gué et al., 2005; Iannuccelli et al., 2010), dendritic

spines (Dumitriu et al., 2012), and pre-synaptic terminals illuminated with transgenic

approaches (Heck et al., 2014). However, the success of this process is highly dependent

on the signals obtained from the histological preparation under analysis.
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1.6.3 Stereological Methods for Unbiased Sampling

Object measurement of a sample derived from a population of irregularly shaped objects

can become biased due to the size, shape, orientation or distribution of these objects within

the region they occupy. To overcome these issues, stereology emerged as a methodology,

initially as an ad hoc method to compensate for 2-dimensional profile measurement in

relation to 3-dimensional object measurement (so called assumption-based stereology,

Abercrombie, 1946; Hedreen, 1998), but later extended to design-based methods that

remove any assumptions of object size, shape or orientation (Sterio, 1984; Gundersen,

1986; Gundersen et al., 1988; Mayhew and Gundersen, 1996; West, 1999; Schmitz and Hof,

2005). These methods have proved important in establishing unbiased estimates of object

number, but also of obtaining an unbiased sample for further measurement. Stereological

methods thus ensure measurements made from a sample is representative of the population

they come from, subject to sufficient sampling. Here a review of stereological methods is

given, outlining the key advancements in this technique.

Stereology can be defined as a series of methods to allow the unbiased estimation of

object measurements, principally inferring 3D object structure from 2D tissue sections.

Original methods considered stereological, which are now referred to as assumption-based

stereology, made inferences of 3D object number based on assumptions of the relation

between 2D object profiles in tissue sections to the 3D object size (Abercrombie, 1946).

These calculations provided a means of moving from 2D profile counts to 3D object counts.

However, these methods are not unbiased, which can lead to inaccurate data collec-

tion. Thus, assumption-based methods were superseded with design-based stereology,

driven by the development of the Di-Sector probe (Sterio, 1984; Gundersen et al., 1988),

which eliminated biases introduced during object analysis due to object size, shape or

orientation.
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The methods employed in stereology can be divided into two important categories:

1. Systematic random sampling.

2. Counting frames (such as the Di-Sector).

1.6.3.1 Systematic Random Sampling

Systematic Random Sampling (SRS) is a method of sampling which ensures an adequate

spread of samples are obtained across the tissue section, whilst also maintaining the

potential for any part of the tissue to be sampled. SRS is performed by initially selecting

a starting point in the region to be sampled at random, and then systematically moving

through the region by a pre-defined length to generate an array of samples that are evenly

spaced throughout the region (West, 1999; Schmitz and Hof, 2005; West, 2013), see Figure

1.10.

This contrasts with simple random sampling, where samples are randomly selected

from the region to be sampled. SRS has been demonstrated to reduce the coefficient

of error (the error due to sampling) from a value proportional to 1/
p
n to 1/n when

compared to simple random sampling (West, 1993), which implies that SRS provides a

less variable and therefore more precise estimate of object measurements.

1.6.3.2 Counting Frames

For quantification, objects must be selected in an unbiased manner from sampled regions.

This is achieved with a counting frame. By far the most popular counting frame in stere-

ology is the Di-Sector, and on dedicated stereological workstations (where users quantify

objects on the fluorescence widefield microscope, see the Stereo Investigator system by

MBF Biosciences), a variant called the Optical Di-Sector is often employed.

Counting frames achieved an unbiased sample by only including objects according to
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Figure 1.10: Systematic random sampling and the counting frame. A: An example
of systematic randoms sampling over multiple regions of interest (here, laminae I-III of
the dorsal horn). A random start position is selected, followed by a systematic shift in
this position to place the desired number of counting frames. B: A counting frame used
to quantify objects in an unbiased manner. The box contains two acceptance lines and
two rejection lines. Objects within the counting frame and/or touching an acceptance line
are counted (green objects); whereas any object outside the counting frame or touching
a rejection line are rejected (grey objects).

specific rules. In the case of the Di-Sector rules, a series of rejection lines and inclusion

lines are set up around the counting frame area in the lateral planes. Objects which

touch a rejection line are automatically eliminated, whereas objects which are within the

counting frame or cross an acceptance line are still counted (Sterio, 1984; West, 1993,

1999; Schmitz and Hof, 2005), see Figure 1.10. A similar rule is applied in the axial plane,

where objects present in the first slice (the Reference Slice, which can be thought of as

a rejection line in the Z-plane) are rejected, and only new objects which emerge as the

image stack is traversed are quantified. This will include objects which are within the

counting frame volume, but extend out of the bottom of the counting frame (which is

where the inclusion line would reside).

By applying these rules, the counting frame volume is sampled in an unbiased manner,

meaning objects of different sizes, shapes and orientations have the same chance of being

quantified.
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1.6.3.3 Automation in Stereology

Stereological methods have traditionally been applied via manual quantification methods.

Indeed a recent study has highlighted the difficulties in attaining histological preparations

and images of sufficient quality to perform stereological analyses with sufficient accuracy

in an automated fashion (Schmitz et al., 2014). Although the authors reject the ability

for current 3D detection methods to perform robust stereological analysis, improvements

in histological processing, image acquisition and processing may provide the conditions

for automated stereological methods to flourish.

Automation would provide a significant improvement to current stereological imple-

mentations, as it will allow the assessment of many thousands of objects, such as synapses,

in a practical time frame. Given the huge numbers of synapses in any region of the CNS,

the application of automation in a stereological fashion is well suited to this task.

A recent study delineating a methodology for the ultrastructural assessment of synapses

on neurons labelled via the juxtacellular labelling method highlights this issue. This

method offers the ability to correlate synaptic distributions across a cell of known mor-

phology with its in vivo electrophysiological activity signature, which can provide the

opportunity to link structure with activity (Henny et al., 2013). This approach will dra-

matically aid in understanding the computations performed by individual neurons, but

the manual stereological assessment of synapses becomes impractical when attempting to

analyse the synaptome of a whole brain region, due to the sheer number of synapses to

be analysed.

1.6.4 Anatomical Methods Overview

The analysis of synaptic puncta has expanded from the detailed observations obtained

using electron microscopy methods, and the biochemical procedures to isolate and study
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proteins present at synaptic structures (research which continues to this day, Chklovskii

et al., 2010; Bayés et al., 2011, 2012; Helmstaedter et al., 2013), to more recent develop-

ments utilising antigen retrieval methods with immunofluorescence, and modern imaging

methodologies such as confocal, two-photon or super-resolution microscopy. These meth-

ods offer the ability to assess large numbers of synaptic puncta, which can contribute to

understanding how synaptic distributions and phenotypes change in different conditions.

These datasets have the potential to benefit from automated image processing and

analysis to extract relevant measures of synaptic objects. Through automation, increas-

ingly larger samples can be processed, producing an more detailed level of understanding

of synaptic populations across broader regions of the CNS. Some researchers have made

some progress in this area. Array Tomography, which allows detailed fluorescence and

electron microscopical analysis of CNS tissue is one methodology (Micheva et al., 2010;

Kay et al., 2013; Collman et al., 2015), although the image analysis methods utilised

remain labour intensive.

Finally, ensuring unbiased sampling via stereological methods is an essential aspect to

quantitative anatomical analysis methodologies, and it would be desirable for any system

designed to perform automated analysis to do so in a stereological manner. Although

stereology is traditionally performed in a manual fashion, and current opinion states

automated methods are not well suited for stereological analysis (Schmitz et al., 2014),

one study does claim to perform automated stereological analysis of synaptic puncta using

fluorescence microscopy (Dumitriu et al., 2012).

This paper would represent an important connection between histological methods,

automated image analysis and stereological principles outlined above, which as yet has

remained elusive. Critically, contrary to the authors claims (Dumitriu et al., 2012), this

paper does not implement stereological methods, but is subject to a strong bias in size,
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Figure 1.11: Systematic bias in stereological assessment of objects derived from
the Vamping method. An X-Z projection of six objects is shown on the left. Vamping
selects objects based on whether they are transected by a single selected Z slice (dashed
black line). This is shown for the six example objects on the right, where two objects
(grey) were rejected. This example indicates the bias introduced by vamping, where
objects elongated in the Z plane have a higher chance of selection. Thus, the vamping
method is biased towards selecting objects which are larger in the Z plane, have shapes
which bias towards Z plane enlargement, or have their longest aspect oriented in the Z
plane, and it is therefore not unbiased.

due to the implementation of the described vamping method (see Figure 1.11). Surpris-

ingly, this method does not utilise the well-described antigen retrieval methods for the

effective labelling of synaptic proteins, and little use is made of automated image analysis

methodologies (for example, thresholding and much of the rest of the image processing

is performed in a manual fashion). Thus, it falls far short of the promise of automated

or stereological analysis, and it is unclear how reliable the staining, image processing

methodology, or the resulting data is with this method.

It therefore appears apparent that a method which performs the detailed analysis

of synaptic puncta at the light microscopical level, which utilises both automated ap-

proaches and implements stereological principles is not presently available, and such a

method would be highly desirable for studying synaptic populations, and their modifi-

cation throughout development, ageing, disease states and different environmental and

genetic environments. The method should ideally produce robust synaptic fluorescence

signal suitable for automated methods, and an optimised automated image analysis work-

flow which is capable of delivering unbiased, stereologically-relevant data without the need

for manual quantification.

This method would serve as a great tool to investigate structural plasticity in synaptic
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populations within the CNS, including the dorsal horn, and the effects to these popu-

lations following peripheral nerve injury. This method could also be used to investigate

how known mechanisms relate to changes in synapse populations after peripheral nerve

injury. For example, microglia have recently been implicated in synaptic alterations dur-

ing development (Schafer et al., 2012), and are known to play an important role after

peripheral nerve injury, and thus an investigation into their role in any alterations in

synapse populations could be performed.

1.7 Aims

The principle aims of this Thesis are:

• To develop a workflow consisting of the marking, imaging, processing and analysis

of samples of the synapse populations in the superficial dorsal horn.

• To analyse the synapse samples derived from the dorsal horn to discern any patterns

within the synaptome of this region of the CNS.

• To compare synapses sampled from animals which have received a peripheral nerve

injury to a SHAM surgery control group, to discern any anatomical neuroplastic

changes as a result of peripheral nerve injury.

• To test the hypothesis that microglia may impact on putative changes in synaptic

properties following peripheral nerve injury.
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Chapter 2

Synapse Histology, Imaging & Analysis

in the Dorsal Horn

2.1 Introduction

The dorsal horn provides the first step in somatosensory information processing, and is

responsible for integrating information concerning submodalities of the somatosensory ex-

perience, via dorsal root ganglion neurons, with reflex circuitry in the ventral horn, as

well as the organisms expectations, via descending control circuits, before transmission of

this information to higher CNS centres. These processes all require synaptic integration

of information, and so studying synapses within this region can provide important infor-

mation concerning these processes. As previously outlined (see Section 1.6), a histological

strategy may provide a novel approach to understanding large numbers of synapses, and

yield useful data on the synaptic population. This Chapter therefore aims to establish the

methodology to enable the visualisation, image acquisition, data processing and analysis

of synaptic puncta using an unbiased approach.

First, the histological procedures used to visualise synaptic puncta are described. This
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process includes the implementation of antigen retrieval methods, which aid in unveiling

synaptic epitopes to subsequently applied antibodies. An important step involves the

acquisition of confocal image stacks for accurate 3-dimensional (3D) representations, as

well as sufficient sampling, of synaptic puncta. The optimised image acquisition method is

given, which ensures images are in the required format for the subsequent image processing

steps. Image processing consists of a number of steps with the principle aim of producing

accurate binary representations of the image objects. These steps are detailed and the

optimised process outlined. Next, a description of image analysis methods which derive

counts of 3D objects is given.

To demonstrate each component within the workflow, a set of sections are taken

through the entire process as an exemplar. This workflow has been largely automated,

and a suite of new algorithms has been written as extensions to the open-source image

processing package, ImageJ. This suite of algorithms implements the image processing

within the workflow, and has been named StereoMate.

2.2 Histological Preparation of Tissue for Synaptic Vi-

sualisation

Visualisation of synaptic puncta using immunohistochemical methods was revolutionised

following the demonstration that tissue treated with pepsin unveiled different post-synaptic

proteins, which had previously been difficult to label with antibodies (Watanabe et al.,

1998; Fukaya and Watanabe, 2000). This method resulted in a dramatic change in stain-

ing pattern, from a somatodendritic staining distribution, to a tiny punctate distribution

throughout the neuropil. The authors showed that this method was appropriate for un-

veiling PSD95 as well as NMDA receptor subunits, and importantly, that the antibody
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against PSD95 was confirmed to specifically label asymmetric synapses by postembedding

immunogold electron microscopy (Watanabe et al., 1998; Fukaya and Watanabe, 2000).

This work also demonstrated the ability to illuminate both pre- and post- synaptic com-

ponents by showing double labelling with PSD95 and synaptophysin. This method has

been used to visualise synaptic puncta throughout the nervous system, including the dor-

sal horn (Yamada et al., 2001; Nagy et al., 2004a; Somogyi et al., 2004; Yasaka et al.,

2009).

The initial aim was to replicate this antigen retrieval methodology in order to visualise

synapses within the dorsal horn.

2.2.1 Tissue Preparation and Staining Procedure

To test this histological procedure on spinal cord tissue, standard histological procedures

were followed. Briefly, adult FVB/N mouse lumbar spinal cord tissue was used for all

histological preparations. Animals were sacrificed using pentobarbitone, followed by ex-

posure of the heart, and perfused with PBS followed by 4% PFA (See Gage et al., 2012, for

details). A laminectomy was performed, and the lumbar enlargement removed. Tissue

was post fixed overnight in 4% formaldehyde at 4oC. Tissue underwent cryoprotection

(submersion in 30% sucrose at 4oC, ~24 hours), was embedded and frozen into OCT, and

cut on the cryostat (30µm transverse sections). Sections were left to dry overnight, and

stored at -80oC.

The following antibodies were used: rabbit anti-PSD95 (PSD95-Rb-Af628) and guinea

pig anti-Synaptophysin (Syn-GP-Af300) both from The Frontier Institute, Japan (see

Figure 2.1). These two antibodies have been extensively characterised for specificity:

both antibodies display intense punctate staining throughout the neuropil of the CNS, and

were closely apposed to each other, consistent with synaptic labelling; the overall staining
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Figure 2.1: Antibodies used to mark pre- and post- synaptic structures.

distributions match their mRNA distributions; and the labelling performed with these

antibodies overlapped with other synaptic markers (see Watanabe et al., 1998; Fukaya

and Watanabe, 2000). Isolectin B4 isolated from Bandeiraea simplificifolia (Sigma, L2140)

was used to mark the non-peptidergic C fibres, as shown previously (Streit et al., 1985;

Molliver et al., 1995; Snider and McMahon, 1998).

Tissue staining was performed as follows (except where indicated): Thawing from -

80oC and re-hydration of tissue sections in PBS for 10 minutes, incubation in 50% ethanol

for 30 minutes to enhance antibody penetration (Llewellyn-Smith and Minson, 1992), anti-

gen retrieval (see Section 2.2.2), primary antibody incubation in PBS containing triton-X

100 (0.3%) for 3 days at room temperature, a wash step in PBS containing triton-X

100 (0.3%), secondary antibody incubation conjugated to a fluorophore in PBS contain-

ing triton-X 100 (0.3%) (occasionally DAPI (D8417, Sigma) was added in the secondary

antibody mixture [1:50,000]), a final wash step in PBS containing triton-X 100 (0.3%).

Tissue was mounted using Vectashield (Vector Labs, H-1000) and No. 1.5 coverglasses

(±0.01mm, Hecht-Assistent 1014/4024).

A Zeiss LSM 700 confocal microscope was used for all imaging. Where comparisons of

relative intensity of staining was made, imaging was always performed in the same session,

and with identical imaging conditions (laser power, gain settings, identical objective lens,

pinhole diameter, and image dimensions). Where comparisons were made, a minimum of

3 sections were measured per slide, and a minimum N number of 3 slides were used for
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quantification. Images for deconvolution were acquired at 16-bit depth, whereas all other

images were taken at 8-bit depth.

2.2.2 Antigen retrieval

Different antigen retrieval methods have been employed here to visualise synaptic puncta.

Generally, antigen retrieval is reserved for formalin fixed-paraffin embedded tissue, due to

the tissue’s robustness against the harsh antigen retrieval methods available. The general

consensus is that these methods are of limited use in fixed-frozen tissue specimens due to

their delicate nature (Ramos-Vara, 2005; D’Amico et al., 2009), although some protocols

have been published (for example Jiao et al., 1999; Fukaya and Watanabe, 2000). These

studies demonstrate that harsh antigen retrieval protocols usually applied to formalin

fixed-paraffin embedded tissues can be modified to induce similar gains in antigenicity

in formalin fixed-frozen sections, whilst controlling for potential tissue damage. Antigen

retrieval methods used here on formalin fixed-frozen tissue include:

Pepsin Antigen Retrieval: Pepsin is a non-selective & strong protease found in the

stomach (Fruton, 2002). Originally used to isolate DNA (Dahm, 2005), it has been

used for retrieval of synaptic epitopes for almost 20 years (Watanabe et al., 1998;

Fukaya and Watanabe, 2000). The method involves diluting pepsin to 1mg/mL

in 0.2M HCl at 37oC. Tissue slides are carefully introduced to the solution and

incubated for 10 minutes. The reaction is inhibited quickly by gently removing the

slide, and carefully adding PBS to the tissue sections.

Heat Induced Epitope Retrieval (HIER): The discovery that heat could retrieve

antigens in the 1990s revolutionised histology (Ramos-Vara, 2005; D’Amico et al.,

2009). However, this method is usually restricted to formalin fixed paraffin em-

bedded tissue, since the delicate nature of Formalin fixed-frozen tissue means heat-
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treatment invariably causes significant tissue damage. To overcome this limitation,

a milder methodology has been developed, where tissue is incubated in 10mM cit-

rate buffer containing 2mM EDTA (pH 6.2) for 5 minutes at room temperature. A

second measure of citrate buffer is heated to its boiling point using a microwave,

and the tissue slides are gently introduced once boiling had stopped. The tissue is

incubated in high temperature buffer for 10 minutes, before transferring to PBS at

room temperature. This method is similar to Jiao et al. (1999).

Proteinase K Antigen Retrieval (ProK): Proteinase K is a serine protease with broad

specificity (Ebeling et al., 1974; Morihara and Tsuzuki, 1975), which has been used

for enhancing penetration of in situ hybridisation probes with whole-mount spec-

imens (Lécuyer et al., 2008; Piette et al., 2008), and more recently for immunos-

taining of large blocks of neural tissue (Gleave et al., 2013). Here, Proteinase K

digestion was tested for use in retrieving synaptic epitopes, which has previously

shown promising results (see Watanabe et al., 1998). Proteinase K was diluted

to 1-10µg in PBS containing Triton X-100 (0.3%) and applied to the tissue for 10

minutes at room temperature.

2.2.3 Pepsin Retrieves Synaptic Puncta in the Dorsal Horn

In order to study the synaptome using immunohistochemical labelling of synaptic puncta,

initial experiments focussed on utilising the pepsin antigen retrieval method previously

described (Watanabe et al., 1998; Fukaya and Watanabe, 2000). Using the same antibodies

from the original papers (PSD95: PSD95-Rb-Af628, Synaptophysin: Syn-GP-Af300; The

Frontier Institute, Japan, see Figure ), the first experiment aimed to replicate the staining

seen in the literature (for example see Fukaya and Watanabe, 2000; Nagy et al., 2004a;

Yasaka et al., 2009).

73



Figure 2.2: PSD95 & SynaptoPhysin are effectively retrieved by pepsin pre-
treatment. A-C: Pepsin antigen retrieval unveils both SynaptoPhysin and PSD95 epi-
topes which results in strong antibody labelling and fluorescence signals within the grey
matter of the dorsal horn. A: Single Z slice overview of the dorsal horn reveals exten-
sive labelling throughout the grey matter. B: Magnification of highlighted region from
A, within the superficial dorsal horn, reveals sharp punctate staining for both Synapto-
Physin and PSD95 on single Z slices at various Z depths. C: Magnification of highlighted
region from B, revealing individual pre- and post- synaptic staining for Synaptophysin
and PSD95, respectively on single Z slices at various Z depths. D-F: Single Z slice of
tissue not treated with pepsin pre-treatment abolishes PSD95 labelling and significantly
reduces SynaptoPhysin labelling intensity. D: Overview of the dorsal horn shows reduced
SynaptoPhysin and absent PSD95 labelling throughout the grey matter. E: Magnifica-
tion of highlighted region in D, revealing a lack of PSD95 staining on single Z slices at
various Z depths. F: Magnification of highlighted region in E showing SynaptoPhysin
labelling is reduced intensity relative to pepsin-treated tissue (see C), and a complete
absence of PSD95 puncta on single Z slices at various Z depths. All Z slices taken at
1 AU, Z thickness: 0.56µm. Scale bars: A & D: 200µm; B & E: 20µm; C & F: 2µm.
SynPhys, SynaptoPhysin; IB4, Isolectin B4; AR, antigen retrieval.
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Double labelling for SynaptoPhysin and PSD95 were performed as described (see Sec-

tion 2.2.1 & 2.2.2). As can be seen from Figure 2.2, pre-treatment with pepsin increases

SynaptoPhysin staining intensity as well as unveils the PSD95 epitope for fluorescence

labelling. The labelling achieved with pepsin pre-treatment results in labelling reaching

several micrometers into the tissue (up to 2.4µm, see Figure 2.2C).

However, pepsin pre-treatment also leads to suboptimal staining and limited staining

penetration. As is shown in Figure 2.3, PSD95 antibody labelling also marks neurites

following pepsin pre-treatment, and the penetration of both PSD95 and SynaptoPhysin

labelling is limited. Both of these factors limit the utility of this antigen retrieval method

for automated image analysis. Thus, in order to attempt to improve the labelling selec-

tivity and penetration, pepsin pre-treatment was combined with other antigen retrieval

methods.

2.2.4 HIER and Proteinase K Improve Antibody Penetration and

Synapse Staining Specificity

In order to investigate the possible improvement of synapse labelling with other antigen

retrieval methods, slides were labelled for PSD95, SynaptoPhysin and IB4 which were pre-

treated with pepsin; HIER & pepsin; or HIER, proteinase K & pepsin. This followed the

rationale that pre-treatment with different antigen retrieval methodologies might help

pepsin to penetrate deeper into the tissue, and thus retrieve synaptic antigens deeper

within the tissue, since other antigen retrieval methods are known to aid penetration of

other proteins, such as antibodies (Hayat, 2002; Gleave et al., 2013).

Initially, these sections were imaged to observe the effects of each set of antigen retrieval

methods on synaptic labelling. Figure 2.4 shows a representative dorsal horn section

stained for PSD95, SynaptoPhysin and IB4 following pepsin pre-treatment. As can be
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Figure 2.3: Pepsin pre-treatment retrieves synaptic epotopes to a shallow depth
and results in neurite labelling for PSD95. A: Overview image of dorsal horn section
pre-treated with pepsin and labelled with PSD95, SynaptoPhysin antibodies and IB4. B
& C: Magnification of regions highlighted in A indicating labelling of dendritic elements
by the PSD95 antibody within the white matter of the dorsal horn. D: Magnified Z stack
of region highlighted in A which shows the progressive loss of PSD95 and SynaptoPhysin
signal as the tissue is traversed in the Z plane. Scale bars: A: 200µm; B & C: 50µm; D:
20µm. SynPhys, SynaptoPhysin; IB4, Isolectin B4.
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Figure 2.4: Pepsin pre-treatment results in PSD95 antibody labelling of neu-
rites. A: Overview single Z slice image of representative dorsal horn. B: Magnified view
of highlighted region in A indicating neurite labelling in the medial dorsal horn (horizontal
arrows). C: Magnification of region highlighted in A, showing neurite labelling in lateral
white matter. D: Magnified view of region highlighted in C showing extensive neurite
labelling in lateral white matter (horizontal arrows). E: Magnified view of highlighted
region in B showing neurite labelling within the neuropil of the dorsal horn (horizontal
arrows). All images taken at tissue surface. All Z slices taken at 1 AU, Z thickness:
0.56µm. Scale bars: A: 200µm; B & C: 50µm; D & E: 20µm. SynPhys, SynaptoPhysin;
IB4, Isolectin B4.
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Figure 2.5: Heat induced epitope retrieval prior to pepsin eliminates PSD95
antibody neurite staining. A: Overview single Z slice image of representative dorsal
horn. B: Magnified view of highlighted region in A, note the lack of neurite labelling. C:
Magnification of region highlighted in A, indicating no neurite labelling in lateral white
matter. D: Magnified view of region highlighted in C showing extensive punctate PSD95
labelling in lateral white matter. E: Magnified view of highlighted region in B showing
punctate PSD95 labelling within the neuropil of the dorsal horn. All Z slices taken at 1
AU, Z thickness: 0.56µm. Scale bars: A: 200µm; B & C: 50µm; D & E: 20µm. SynPhys,
SynaptoPhysin; IB4, Isolectin B4.
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Figure 2.6: Heat induced epitope retrieval & Proteinase K treatment prior to
pepsin eliminates PSD95 antibody neurite labelling. A: Overview single Z slice
image of representative dorsal horn. B: Magnified view of highlighted region in A, note
the lack of neurite labelling. C: Magnification of region highlighted in A, indicating no
neurite labelling in lateral white matter. D: Magnified view of region highlighted in C
showing extensive punctate PSD95 labelling in lateral white matter. E: Magnified view
of highlighted region in B showing punctate PSD95 labelling within the neuropil of the
dorsal horn. All Z slices taken at 1 AU, Z thickness: 0.56µm. Scale bars: A: 200µm; B
& C: 50µm; D & E: 20µm. SynPhys, SynaptoPhysin; IB4, Isolectin B4.
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seen, and consistent with the first set of staining (see Figure 2.3), pepsin alone results

in significant labelling of neurites, especially apparent in the medial dorsal horn (where

myelinated A fibres enter the dorsal grey matter, Figure 2.4B&E), and in the white matter

lateral to the dorsal horn (Figure 2.4C&D). Surprisingly, preceding pepsin pre-treatment

with HIER or HIER and proteinase K eliminated this aberrant neurite staining (see

Figures 2.5 & 2.6).

Applying extra antigen retrieval methods could potentially eliminate or alter the

synaptic antigens, resulting in loss of signal. However, punctate PSD95 labelling re-

mained with both HIER and HIER with Proteinase K treatments. This PSD95 labelling

was closely apposed to SynaptoPhysin puncta, consistent with these antigen retrieval

methods retaining PSD95 synaptic labelling. On closer inspection, no apparent changes

to the appearance or density of synaptic labelling were evident (see Figures 2.7 & 2.8).

To investigate the effects of the different antigen retrieval regimens on staining depth,

Z stack images were taken through the middle aspect superficial dorsal horn and compared

across different antigen retrieval treatments. Figure 2.9A-C shows representative Z stacks

through pepsin, HIER-pepsin and HIER-Proteinase K-pepsin treated tissue, indicating

a progressive loss of staining intensity for PSD95 and SynaptoPhysin labelling for all

antigen retrieval methods.

Figure 2.9D-E has quantified the average pixel intensity in the middle aspect of the

superficial dorsal horn at 2µm intervals. Figure 2.9D shows that PSD95 staining intensity

is retained at greater depths by both HIER and HIER-Proteinase K treatments, indicating

these treatments are effective in improving the antigen retrieval produced by pepsin.

Figure 2.9E shows a reduction in SynaptoPhysin average fluorescence intensity throughout

the Z stack with HIER treatment, which is recovered by combined HIER-Proteinase K

treatment.
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Figure 2.7: HIER and Proteinase K do not reduce PSD95 or SynaptoPhysin
Labelling in medial dorsal horn. Ai: High resolution single Z slice image of the medial
dorsal horn of pepsin treated tissue. Aii: Magnified view of highlighted region in A, note
the punctate synaptic staining and neurite staining in green. Bi: High resolution single
Z slice image of the medial dorsal horn of HIER-pepsin treated tissue. Bii: Magnified
view of highlighted region in A, note only punctate synaptic labelling in green. Ci: High
resolution single Z slice image of the medial dorsal horn of HIER-ProK-pepsin treated
tissue. Cii: Magnified view of highlighted region in A, note only punctate synaptic
labelling in green. All Z slices taken at 1 AU, Z thickness: 0.56µm. Scale bars: Ai, Bi,
Ci: 20µm; Aii, Bii, Cii: 5µm. SynPhys, SynaptoPhysin; IB4, Isolectin B4; HIER, heat
induced epitope retrieval; ProK, proteinase K.

81



Figure 2.8: HIER and Proteinase K do not reduce PSD95 or SynaptoPhysin
Labelling in the lateral white matter. Ai: High resolution single Z slice image of
the lateral white matter of pepsin treated tissue. Aii: Magnified view of highlighted
region in A, note the punctate synaptic staining and neurite staining in green. Bi: High
resolution single Z slice image of the lateral white matter of HIER-pepsin treated tissue.
Bii: Magnified view of highlighted region in A, note only punctate synaptic labelling in
green. Ci: High resolution single Z slice image of the lateral white matter of HIER-ProK-
pepsin treated tissue. Cii: Magnified view of highlighted region in A, note only punctate
synaptic labelling in green. All Z slices taken at 1 AU, Z thickness: 0.56µm. Scale bars:
Ai, Bi, Ci: 20µm; Aii, Bii, Cii: 5µm. SynPhys, SynaptoPhysin; HIER, heat induced
epitope retrieval; ProK, proteinase K.
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Figure 2.9: HIER and Proteinase K improve PSD95 and SynaptoPhysin La-
belling staining penetration. A, B, C: Representative Z slices taken at 2µm inter-
vals showing the reduction in staining intensity as the Z stack is traversed (All Z slices
taken at 1 AU, Z thickness: 0.56µm). A: Pepsin treated tissue. B: HIER-Pepsin treated
tissue. C: HIER-ProK-Pepsin treated tissue. D: Quantification of normalised Average
Pixel Intensity of each Z slice for PSD95 labelling across multiple sections (6 sections per
slide, n = 3 slides per group). HIER and HIER-ProK treatment both significantly main-
tained PSD95 labelling from 6-10µm (two-way ANOVA, bonferonni post-hoc test; ***,
p<0.001, Blue - HIER ProK Pep compared to Pep, Black - HIER Pep compared to Pep).
E: Quantification of normalised Average Pixel Intensity of each Z slice for SynaptoPhysin
labelling across multiple sections (6 sections per slide, n = 3 slides per group). HIER
and HIER-ProK treatment both significantly maintained PSD95 labelling from 6-10µm
(two-way ANOVA, bonferonni post-hoc test; *, p<0.05; **, p<0.01. Red - Pep compared
to HIER-Pep, Blue - HIER ProK Pep compared to HIER-Pep). Scale bar: A,B,C: 20µm.
SynPhys, SynaptoPhysin; HIER, heat induced epitope retrieval; ProK, proteinase K; Pep,
pepsin.
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Taken together, these results suggest the combination of HIER-Proteinase K-Pepsin

treatment gives the best representation of pre- and post- synaptic structure with Synap-

toPhysin & PSD95 immunohistochemistry, respectively. This antigen retrieval regimen

results in the eradication of PSD95 neurite labelling, and improved penetration of both

PSD95 & SynaptoPhysin staining, both essential improvements to allow automated synap-

tome analysis of regions within the dorsal horn.

In order to reduce the loss of signal seen as the tissue section is traversed (see Figure

2.9), the application of a laser power and gain correction was tested. The sections pre-

treated with HIER, Proteinase K & Pepsin were re-imaged, and the laser and gain settings

adjusted at the start-point, mid-point and end-point of the Z stack to correct for the loss

of signal.

As can be seen in Figure 2.10, application of a laser power and gain correction resulted

in a significant improvement in signal throughout the Z stack, which completely eliminated

any reduction in average pixel intensity. Crucially, although increasing laser and gain

settings may result in increased noise as well as signal, the signal:noise was well maintained

throughout the Z stack (see Figure 2.10Bi & ii). This is likely attributed to the fact that

antibody binding is excessively high at the tissue surface, which requires very low laser

and gain settings, and that a lower but still significant level of antibody binding occurs at

deeper tissue sites. This level of binding is almost undetectable with very low laser and

gain settings, but is effectively revealed with an appropriate correction to laser and gain

settings without contributing to extra noise.

Applying a correction of pepsin-retrieved tissue does not produce the same level of

signal:noise, due to the patchy loss of pepsin antigen retrieval as the tissue is traversed (see

Figure 2.11). Thus, application of HIER and Proteinase K helps pepsin act throughout

the depth of the tissue to retrieve PSD95 and SynaptoPhysin antigens which pepsin alone
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Figure 2.10: Laser and gain correction enables retention of fluorescent signal
throughout the tissue. A, B: Representative Z slices taken at 2µm intervals showing
raw and corrected images (All Z slices taken at 1 AU, Z thickness: 0.56µm). Ai,ii:
Uncorrected Z slices showing loss of signal as the tissue is traversed. Bi,ii: Corrected Z
slices showing maintained signal as the tissue is traversed. C: Quantification of normalised
Average Pixel Intensity of each Z slice for PSD95 labelling across multiple sections (6
sections per slide, n = 3 slides per group). Corrected images significantly maintained
PSD95 labelling from 6-10µm (two-way ANOVA, bonferonni post-hoc test; *, p<0.05;
***, p<0.001). E: Quantification of normalised Average Pixel Intensity of each Z slice
for SynaptoPhysin labelling across multiple sections (6 sections per slide, n = 3 slides
per group). Corrected images significantly maintained PSD95 labelling throughout the Z
stack (two-way ANOVA, bonferonni post-hoc test; *, p<0.05; ***, p<0.001). Scale bars:
Ai, Bi, Ci: 20µm; Aii, Bii, Cii: 5µm. SynPhys, SynaptoPhysin.
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Figure 2.11: Laser and gain correction applied to pepsin-only treated tissue re-
veals uneven PSD95 and SynaptoPhysin staining. A: Single Z slices of superficial
dorsal horn shows reduced SynaptoPhysin & PSD95 in certain patches as the Z stack is
traversed. B: Magnified view of highlighted region in A, note a significant loss in Synap-
toPhysin and PSD95 staining as the tissue is traversed. C: Magnified view of highlighted
region in B, both PSD95 and SynaptoPhysin signals are significantly dampened even with
laser and gain correction applied. All Z slices taken at 1 AU, Z thickness: 0.56µm. Scale
bars: A, 50µm; B, 20µm; C, 10µm. SynPhys, SynaptoPhysin; IB4, Isolectin B4.
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Figure 2.12: The histochemical staining of three spinal cord sections. A: A
graphic summary of the antigen retrieval regimen applied to three spinal cord sections.
B-D: Imaging of PSD95-SynaptoPhysin and IB4 histochemical labelling of one spinal cord
section. B: Overview image of one spinal cord section (Maximum Intensity Projection
of 4 Z slices taken with 2 AU [4um depth]). C: Single Z slice image of the superficial
dorsal horn showing punctate PSD95 and SynaptoPhysin labelling. D: Single Z slice
image of the lateral white matter showing punctate PSD95 and SynaptoPhysin labelling
throughout the lateral dorsal horn. All Z slices taken at 1 AU, Z thickness: 0.56µm. Scale
bars: B, 200µm; C, 20µm, i-iii, 5µm; D, 50µm, i-iv, 10µm.
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is unable to achieve.

These observations have culminated in a staining workflow which produces vivid and

robust synaptic labelling throughout a spinal cord section. This work is summarised in

Figure 2.12, which represents the histochemical staining of three spinal cord test sections

that will be taken through the remainder of the image processing and analysis workflow

presented in this Chapter. The tissue was prepared and stained as described (see Sections

2.2.1 & 2.2.2), using the established HIER - Proteinase K - Pepsin antigen retrieval

regimen (shown graphically in Figure 2.12A, see Section 2.2.2). Figure 2.12B-D show the

PSD95-SynaptoPhysin labelling seen in one of these spinal cord sections (2.12B), in the

superficial dorsal horn (2.12C), and in the lateral white matter (2.12D).

2.3 Stereological Image Processing

Stereology is a methodology originally developed to overcome the biases associated with

interpretting 3D anatomical structures and objects from 2D image profiles (Schmitz and

Hof, 2005; West, 2012). These biases include object size, shape and orientation, and thus

stereology aims to quantify objects independent of their size, shape and orientation. This

is achieved through two important concepts: systematic random sampling (SRS), and

application of a counting frame.

In order to obtain unbiased estimates of the properties of synapses throughout the

dorsal horn, these stereological principles have been implemented throughout the image

acquisition, processing and analysis workflow. However, as described below, some ex-

tensions to these principles have been made to combine the unbiased estimates achieved

with stereological methods with the 3D image sampling and high signal-to-noise ratios

achievable with confocal microscopy, including full automation of object quantification

and application of the stereological methods, and an improvement on the counting frame
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to allow its application to entire 3D regions of interest (ROIs) in an efficient manner.

Below is described the sample image acquisition and processing to study the synaptome

of the dorsal horn. Each step is detailed followed by a demonstration of the step on the

tissue stained for PSD95 and synaptophysin shown in section 2.2.4 (see Figure 2.12).

2.3.1 Sample Image Acquisition

Once an adequate histological preparation to highlight the biological structures of inter-

est has been obtained (see Section 2.2), the first step is sample image acquisition. This

process requires some careful fore-thought, as the sampling will shape the ensuing image

processing and analysis. First, a description of two different means of acquiring sample

images for stereological analysis is given, drawing attention to the benefits and disadvan-

tages that each method conveys, followed by an overview of required image resolution for

the subsequent image processing.

2.3.1.1 Optical Sampling

One of the pillars of stereology is Systematic Random Sampling; a method designed to

obtain a set of random and representative samples from the tissue of interest. In order

to meet the demands of SRS, both histological sections and image samples obtained from

them must be selected in a systematic and random manner (West, 1999, 2012).

Systematic random sampling of histological sections is achieved through serial sec-

tioning of tissue onto a number of slides, which starts at a random point rostral to the

region of interest, in this case the dorsal horn, and is systematically cut such that each

subsequent section taken is the same distance from the previous section on any slide (see

Figure 2.13). Thus, staining of any one of these slides provides a collection of sections

which are systematically and randomly sampled from the tissue of interest.
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Figure 2.13: Systematic random sampling of histological sections. A: Tissue sec-
tions are cut on a cryostat at 30µm, which begins at a random starting point rostral
to the region of interest. B: Tissue sections are taken caudally and systematically dis-
tributed across several slides using a serial sectioning paradigm. This ensures an even
distribution of tissue sections across all slides. Combined with the random starting point,
this method produces an array of slides consistent with SRS and suitable for stereological
image analysis.

Systematic random sampling on each tissue section is dependent on the process of

image acquisition. Imaging can be performed via two distinct methods:

1. Small sample images can be obtained in a systematic random manner throughout

each region of interest (ROI), and each image is processed and analysed separately

(here on referred to as SRS Sample Imaging, see Figure 2.14A).

2. One large sample image can be taken, ROIs are delineated onto this sample image

post-acquisition and SRS applied to these ROIs for subsequent image processing

and analysis (here on referred to as Large Sample Imaging, see Figure 2.14B).

SRS Sample Imaging requires a map of the region to be sampled, in order to locate the

positions of image samples. This is achieved by taking a low-resolution overview image

which displays the ROI borders, delineating the ROIs onto this image, and calculating a

random start position in the vertical and horizontal plane for each ROI to locate the first

sample position. This is followed by a systematic shift of this position through the ROI to

obtain the positions for the pre-selected number of samples for each ROI. This acquisition

method has the benefit of producing 3D image stacks which can have a stereological

counting frame applied directly to them, but has the disadvantage of being very labour
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Figure 2.14: Image acquisition methods. A: SRS Sample Imaging derives numerous
small sample images throughout each region of interest (here, lamina 1-3 of the dorsal
horn). To acquire these images, an anatomical map of the tissue section is required. This
method is labour-intensive due to the large number of images acquired. B: Large Sample
Imaging takes one large image covering all ROIs (lamina 1-3 of the dorsal horn here).
This image is acquired by taking a tiled image across the ROIs, and no anatomical map
is required (see Text). This method requires less intervention due to the reduced number
of images acquired.

intensive, requiring the constant imaging of numerous small image samples. Furthermore,

deriving the SRS co-ordinates for each sample in each region of interest adds an extra

complication to this method.

Large Sample Imaging consists of selecting a large region for imaging which includes

a portion of each ROI, taking a single Z slice containing information of the ROI bor-

ders (the Reference Image), followed by the acquisition of a Sample Image Stack (Figure

2.15). Imaging of each Sample Image Stack can have a long acquisition time (dependent

on resolution and averaging, see Section 2.3.1.2); however, this time is free from user

intervention, making this method less labour intensive. Furthermore, although the dorsal

horn is randomly sampled in the rostro-caudal plane (due to the SRS performed at the

histological section level, see Figure 2.13), the sampling in the mediolateral plane can be

controlled. This results in targeted sampling to a specific mediolateral segment of the

superficial dorsal horn, which would reduce any variability in measurement if the dorsal
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Figure 2.15: Large Sample Imaging. A: Large Sample Imaging of the dorsal horn is
performed by selecting a region along the mediolateral axis of the superficial dorsal horn
for imaging. B: Initially, a single Z slice is taken across the ROIs (here, lamina 1-3 of
the dorsal horn) of staining that specifies ROI boundaries, producing an Reference Image
used to delineate the ROIs. C: Next, a Z stack of the sample staining is taken. The ROIs
delineated in the Reference Image can be applied to the Sample Image Stack for analysis
of the individual ROIs.

horn did not have a homogenous distribution of synapses throughout the mediolateral axis

(and there is evidence to suggest at least circuitry varies in the mediolateral plane, see

Petkó and Antal (2012) for review). This targeted sampling regimen results essentially

in a reduced region for sampling, which can be advantageous. By restricting analysis

to only one well defined region, sample variation should be minimised, thus leading to

a reduction in error of the estimated synapse count within a given experimental group,

which will enhance the statistical power of the experiment.

Once Sample Image Stacks have been obtained for several spinal cord sections, image

processing can be applied to each ROI, which can be obtained from the Reference Image

(Figure 2.15 B & C).

2.3.1.2 Image Sampling Density & Acquisition

During image acquisition, the sampling density, or resolution, at which to acquire the

images must be set. This has an impact on the subsequent image processing steps, and
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so deserves special mention. The maximum resolution attainable with a given objective

lens is determined by its Numerical Aperture, which is a measure of the range of angles

which the lens can accept or detect light. As more light is received, finer detail can be ac-

quired during image acquisition, and thus a higher resolution can be achieved. However,

this resolution is ultimately diffraction-limited by the wave-like nature of light, which

limits the ability for a given objective lens to differentiate fine detail, and has the effect

of distorting small objects with a size near or below the wavelength of the emitted light.

Different methods have been developed to overcome this distortion, including newly re-

alised super-resolution methods (Fritzky and Lagunoff, 2013; Tønnesen and Nägerl, 2013),

and computational methods such as deconvolution (Sibarita, 2005; Fritzky and Lagunoff,

2013)(reviewed in Section 2.3.2.1), which are applied to conventional imaging methods.

To apply deconvolution to image stacks, a sampling density must be chosen which

produces the complete optical coverage of the sample. This rate, known as the Nyquist

Rate, ensures the images obtained have been generated by complete sampling of the

region (see Figure 2.16) (Sibarita, 2005). This complete coverage is important for accurate

deconvolution and for representation of small and diffraction-limited objects.

In order to apply deconvolution to images of sampled synapses, this Nyquist Rate has

been calculated for the specific objective lens used throughout this work (Figure 2.16C).

This rate is given as the maximal voxel size to meet the Nyquist Rate. Thus, to ensure ad-

equate sampling and to standardise image acquisition, a resolution of 40nmx40nmx100nm

in XYZ has been used for all images destined for deconvolution.

Image acquisition was performed with 2x averaging, with a pixel dwell of ~0.8µs. All

images were acquired at 16-bit depth for deconvolution. The acquisition of an image stack

of ~78x152µm (sufficient to cover lamina I-III of the superficial DH) to a depth of 5.5µm

was taken for sample image stacks through the middle region of the superficial dorsal horn
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Figure 2.16: Nyquist Sampling. A: Light is diffraction-limited, which means a
light beam can only be focussed to approximately half of its wavelength. B: When a
diffraction-limited spot of light is used to probe an object, the Sampling Density deter-
mines whether complete coverage of the area of interest is achieved. The rate which
achieves complete coverage is referred to as the Nyquist Rate, which needs to capture
sufficient information to reconstruct the object’s signal. C: Calculation of the Nyquist
Rate for the Confocal Microscope using an oil-immersion 1.4NA lens, and fluorescence
from the fluorescent dye Alexa 488. Calculations performed on the Nyquist Calculator
from https://svi.nl/NyquistCalculator.
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of the three spinal cord test sections stained in the preceding section (see Figure 2.17).

This imaging regime took ~12 minutes for acquisition of a single channel.

2.3.2 Image Processing

In order to derive meaningful semantic information from an image, it is necessary to

progress from the low-level pixel data to a model that transforms the image into mean-

ingful information (Gonzalez and Romero, 2010; Sonka et al., 2013). After obtaining

high-quality image data, image processing enables the extraction of semantic meaning

from images. This is generally achieved by attempting to delineate image objects (Sonka

et al., 2013). Image processing first attempts to improve object representation through

image noise reduction, as well as object feature enhancement. Next, image segmentation

is performed, which attempts to separate the image objects from the image background.

Finally, the extracted objects are labelled, and relevant measures of these objects are

performed. This process allows the derivation of high-level data from the low-level pixel

data, and generates knowledge concerning the image content (Gonzalez and Romero, 2010;

Sonka et al., 2013).

This methodology of extracting meaningful features from the underlying low-level pixel

data has been used to measure the synaptome within the superficial dorsal horn in this

Thesis. In order to improve object representation, deconvolution has been employed to re-

duce image noise and improve object signal:noise. Image segmentation has been achieved

by utilising auto-thresholding algorithms, which results in an objective and consistent

segmentation of sample images. Extracting data from the isolated objects has been per-

formed with algorithms for object labelling and measurement, which apply a stereological

counting frame to ensure measurement from an unbiased sample of objects. These steps

are reviewed below.
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Figure 2.17: Image Acquisition Settings. A: Image Acquisition demonstrated on one
of the three spinal cord sections, which followed the Large Sample Imaging regime. An
overview of the spinal cord section to be imaged (Ai) delineates the area where a large
sample will be derived. A Sample Image Stack (Aii) and Reference Image (single Z slice)
(Aiii) were acquired from the region highlighted. B: An image stack of ~78x152x5.5µm
was taken from a pre-selected region of the superficial dorsal horn. Image acquisition was
performed with an averaging of 2, a pixel dwell of ~0.8µs, and at 16-bit depth. Scale
Bars: Ai, 200µm;Aii & Aiii, 20µm.
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2.3.2.1 Deconvolution

Deconvolution is a process which attempts to restore an image which has been distorted

during the image formation process (Sibarita, 2005). In microscopy, assuming optimal

image acquisition, this distortion results from the diffraction-limited nature of light, and

thus results in optical blur. The objective of deconvolution in microscopy is therefore

to re-assign this optical blur to its original position, as well as reduce statistical noise.

This process results in a representation of each imaged object which is closer to the true

underlying object. With an improvement in object representation comes facilitated image

segmentation and analysis capabilities.

Deconvolution attempts to reverse the image formation process, which can be modelled

as a convolution of the underlying image objects and the optical blur induced by the wave-

nature of light & the imaging system (Figure 2.18A). The optical blur can be described

visually as the image that would be obtained from an infinitely small point source of light

passed through the imaging system (Figure 2.18B). This visual representation is referred

to as the Point Spread Function (PSF), and describes the response of the microscope

during image acquisition (Sibarita, 2005). Many deconvolution algorithms require the

PSF as it illustrates the distortion introduced during image formation.

PSFs can be sourced in two ways:

1. Empirical PSFs can be generated by imaging sub-resolution fluorescent beads.

2. Theoretical PSFs can be generated in silico by modelling the image acquisition of

the imaging system.

An empirical PSF offers the key advantage of producing an individualised PSF for the

specific objective & imaging system under use, encompassing any small variations in the

regularity of the objective and light path, which may modify the PSF in unpredictable
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Figure 2.18: The Image Formation Process & the Point Spread Function. A: The
image formation process can be modelled as a convolution, whereby underlying objects
are distorted by the wave-nature of light, and statistical noise. B: The Point Spread
Function (PSF) represents the modifications to a point-source of light passing through
the imaging system. This information is essential for deconvolution.
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ways. However, the generation of empirical PSFs is a difficult process involving the care-

ful preparation of sub-resolution fluorescent beads for imaging in the exact conditions

of sample imaging. Sub-resolution fluorescent beads often display weak fluorescence in-

tensity and photobleach rapidly, resulting in weak signal:noise. The weak signal:noise is

particularly problematic for PSFs as these are designed to describe the blur produced by

the optical system, and noise in the PSF can severely hamper deconvolution. Often mul-

tiple beads are imaged and registered to give an averaged PSF for image deconvolution

(Sibarita, 2005).

The key advantage to a theoretical PSF is the complete absence of noise. This allows an

accurate theoretical determination of a 3D PSF both within and far outside the focal plane,

which would be degraded with significant noise when measured empirically. Theoretical

PSFs are easier to produce, although knowledge of the sample preparation and optical

setup are required. These models do not take into account any irregularities which may

be present in the specific imaging system in use, and assume a perfect light path free

from aberrations, except those induced by RI mismatches between mountant, the glass

coverslip and immersion medium (Sibarita, 2005).

A recent model published by Nasse and Woehl (2010), based on high quality 3D exper-

imental PSFs determined using 20nm nanobeads (Nasse et al., 2007), is able to determine

theoretical PSFs with accurate correction for spherical aberration due to refractive index

mismatching. The model has been released as a software package, PSF Lab, which is

freely available from the One Molecule Group (http://onemolecule.chem.uwm.edu/).

Utilising this software package for theoretical PSF generation, two confocal 3D PSFs

were generated corresponding to the illumination PSF for the green (488nm) and red

(546nm) lasers. PSFs were generated using the voxel size previously determined for

Nyquist Sampling (XYZ: 40nm x 40nm x 100nm), and produced in a 3D image stack
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5µm x 5µm x 5.5µm in size (XYZ).

Once a sufficiently accurate PSF has been generated, a high quality deconvolution

algorithm is necessary to restore confocal images. Deconvolution is described as an inverse

or ill-posed problem (Bertero and Boccacci, 1998), and so multiple different solutions or

algorithms have been developed (Sibarita, 2005). Of particular interest are the constrained

iterative methods, which provide an approximate solution that is developed with each

successive iteration whilst placed under particular constraints (Nagy et al., 2004b).

A number of constrained iterative deconvolution algorithms are provided as plugins for

the open-source image processing package, ImageJ. Iterative Deconvolve 3D (Dougherty,

2005) and Parallel Iterative Deconvolution (Nagy et al., 2004b; Wendykier and Nagy,

2010) are two high-quality constrained iterative deconvolution plugins available for Im-

ageJ. Parallel Iterative Deconvolution has the added benefit of taking advantage of the

multithreaded nature of current CPUs (Wendykier and Nagy, 2010), resulting in efficient

use of computational resources and reduced deconvolution time, and has been used for

deconvolution in this work.

2.3.2.2 Fluorescent Bead Deconvolution

To test both the theoretical PSFs and the selected deconvolution algorithm, images were

obtained of fluorescent beads of a range of diameters. TetraSpeck Fluorescent Micro-

spheres (T14792, Invitrogen; beads pre-mounted onto a slide), with diameters 175nm,

500nm & 1000nm, were imaged using a LSM 700 Zeiss confocal microscope with the

x63/1.4NA apochromat (DIC) objective at the Nyquist Rate (XYZ: 40nm x 40nm x

100nm), using identical image acquisition settings as used for synapse imaging (see Fig-

ures 2.17 & 2.19A). Eight beads were imaged of each size in both the green (488nm laser)

and red (546nm laser) channels. The laser power, gain, digital offset and digital gain
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settings were adjusted for each bead to ensure maximal sampling of the image histogram

whilst avoiding over- and under- exposed pixels.

Figure 2.19B shows representative images of 175nm, 500nm & 1000nm beads projected

in both the XY and XZ planes. The full width half-maximum (FWHM) was measured

for all beads (Figure 2.19C). First, the central pixel was identified on average intensity

projections, and measures of X, Y & Z axis profiles through the central pixel were obtained.

The X & Y axis profiles were averaged, and the mean(±SEM) lateral (XY) and axial (Z)

axis profiles were plotted for eight beads in both 175nm, 500nm & 1000nm beads in

both red (546nm) and green (488nm) channels. A gaussian function was fitted to each

these plots in GraphPad Prism (GraphPad Software, Inc.) using nonlinear regression

with a least-squares fit. The fitted gaussian function was used to calculate the FWHM

mean±SEM for each bead size and channel (Figure 2.19C).

In order to determine the effects of deconvolution on bead representation, bead images

were subject to deconvolution utilising the previously produced PSFs and the WPL al-

gorithm within the ImageJ plugin Parallel Iterative Deconvolution. Constrained iterative

deconvolution algorithms can be run for a pre-selected number of iterations, and to test

this parameter, deconvolution was run for 20, 40, 60, 80 & 100 iterations on each bead.

Figure 2.20 shows representative beads after 40 and 100 iterations, as well as gaussian

plots and FWHM values for each bead size and channel at 40 and 100 iterations.

To compare the FWHM between raw beads and beads subjected to deconvolution, the

mean±SEM of FWHM values for each bead type were plotted. As can be seen in Figure

2.21, deconvolution significantly reduces FWHM in both the lateral (XY) and axial (Z)

axes. In general, improvements in FWHM are seen up to 40 iterations, with no further

improvement seen after this number. This is illustrated in Figure 2.20A & B, where

there is no obvious improvement in fluorescent bead representation between 40 and 100
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Figure 2.19: Raw 175nm 500nm and 1000nm bead projections & FWHM mea-
surement. A: Imaging of fluorescent beads. Tetraspeck (T14792) pre-mounted beads
were imaged on a LSM 700 confocal microscope (Zeiss), using the x63 apochromat lens
and identical imaging settings as used for synapse imaging (16bit, 40x40x100nm voxel,
0.8µs pixel dwell with 2x averaging). B: Representative images of 175nm, 500nm &
1000nm fluorescent beads, imaged with the 488nm laser. Maximum intensity projections
taken from the XY and XZ planes. C: Lateral and axial axis-profile plots (mean±SEM)
of eight fluorescent beads with gaussian function fitted using least-squares fit. FWHM
values determined from gaussian function are given below the graphs. Scale Bars: B,
0.5µm. FWHM, full width half-maximum.
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Figure 2.20: Deconvolved 175nm 500nm and 1000nm bead projections &
FWHM measurement. A: Representative images of 175nm, 500nm & 1000nm fluores-
cent beads, imaged with the 488nm laser after 40 iterations of deconvolution. Tetraspeck
(T14792) bead images were subject to deconvolution using the previously generated PSF
& the WPL algorithm within Parallel Iterative Deconvolution. Beads are presented as
XY and XZ maximum intensity projections. B: Representative images of 175nm, 500nm
& 1000nm fluorescent beads, imaged with the 488nm laser after 100 iterations of de-
convolution. Tetraspeck (T14792) bead images were subject to deconvolution using the
previously generated PSF & the WPL algorithm within Parallel Iterative Deconvolution.
Beads are presented as XY and XZ maximum intensity projections. C: Lateral and axial
axis-profile plots (mean±SEM) of eight fluorescent beads following 40 iterations of decon-
volution with gaussian function fitted using least-squares fit. FWHM values determined
from gaussian function are given below the graphs. D: Lateral and axial axis-profile plots
(mean±SEM) of eight fluorescent beads following 100 iterations of deconvolution with
gaussian function fitted using least-squares fit. FWHM values determined from gaussian
function are given below the graphs. Scale Bars: A & B, 0.5µm. FWHM, full width
half-maximum; It., iterations.
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Figure 2.21: Deconvolution significantly reduces FWHM of fluorescent beads.
A: Lateral FWHM of 175nm, 500nm and 1000nm fluorescent beads are significantly
reduced following deconvolution. B: Axial FWHM of 175nm, 500nm and 1000nm fluores-
cent beads are significantly reduced following deconvolution. Analysis: One-Way ANOVA
with Tukey post-hoc testing of all pairs. *, p<0.05; **, p<0.01; ***, p<0.001. FWHM,
full width half-maximum.
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iterations.

Taken together, these results suggests deconvolution up to 40 iterations is sufficient

to produce an improvement in object representations, with a particularly significant im-

provement seen in the Z plane. However, a significant stretch was still apparent in the

Z plane (Figure 2.20A&B), most pronounced for 175nm diameter beads, indicating de-

convolution did not completely re-assign the blur in the Z plane. This is in line with

previous reports, particularly with theoretical PSFs (Sibarita, 2005). Deconvolution does

still improve object representation beyond the raw image, and also shows an improve-

ment in signal:noise which is of vital importance for subsequent image processing. Thus,

deconvolution at 40 iterations was taken forward to images of synaptic puncta to test

deconvolution on the representation of synapses in confocal image stacks.

2.3.2.3 Synapse Sample Deconvolution

Once an improvement in fluorescent beads was shown using the PSF and deconvolution

algorithm selected, the process was tested on the images obtained from the three spinal

cord test sections. Figure 2.22A shows one sample image stack acquired from one spinal

cord test section before and after deconvolution. A clear reduction in the size of synaptic

puncta can be observed at this low magnification. Figure 2.22B shows a number of

magnified views showing an obvious elimination of optical blur across all synaptic puncta.

Thus, deconvolution appears to improve synapse representation visually, and was taken

forward through the remainder of the image processing workflow.

2.3.2.4 Image Segmentation

Image segmentation can be defined as attempting to isolate the objects of interest within

an image from the image background, and from each other (Sonka et al., 2013). Image

segmentation techniques can be divided into local and global methods, where local thresh-
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Figure 2.22: Deconvolution improves synapse representation from confocal im-
age stacks. A: One Sample Image Stack obtained from the spinal cord test sections
before (Sample Image Stack) and after (Deconvolved Image Stack) 40 iterations of de-
convolution. B: Magnified views of panels 1, 2 & 3 labelled in A. Deconvolution clearly
reduces the optical blur seen in the raw image stack. All images are 0.3µm projections.
Scale Bars: A, 20µm (inset: 200µm); B, 5µm. SynPhys, SynaptoPhysin.
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olding partitions an image to calculate local threshold values, whereas global methods

determine a single threshold for the entire image (Sahoo et al., 1988; Sezgin and Sankur,

2004). A popular global thresholding method, robust to different levels of contrast and

number of object-pixels is the OTSU Method, an algorithm from the cluster-based global

thresholding methods (Otsu, 1979; Sezgin and Sankur, 2004).

Prior to thresholding, images often undergo a noise-reduction step to help eliminate

statistical noise, and improve the signal:noise (Sonka et al., 2013). A popular method

which aims to reduce statistical noise, in the form a abrupt single pixel spikes, is median

filtering. This method is often used as a pre-processing method to eliminate statistical

noise throughout an image sample, to aid image segmentation.

To test these methods, both raw and deconvolved images obtained from the three

spinal cord test samples were processed with a 3x3 median filter (Despeckle), followed

by segmentation with the OTSU Method. As can be seen from Figure 2.23, raw images

produced a poor segmentation, where objects which appear separate in the raw image

become conjoined following thresholding.

In contrast, images subject previously to deconvolution show excellent segmentation.

Objects which appear as individual puncta in the original raw image (Figure 2.23A) re-

main separate after segmentation (Figure 2.23D), and there is a close correspondence

between the images. This is further displayed in Figure 2.24, where 0.6µm projections

of synaptic staining has been thresholded before or after deconvolution. Deconvolution

clearly isolates individual synaptic puncta, indicating its utility in aiding image thresh-

olding.

These results strongly support the use of deconvolution as a pre-processing step prior

to image segmentation. Furthermore, they validate the use of the median filter and cluster-

based auto-thresholding method, OTSU. All sample image stacks of the three spinal cord
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Figure 2.23: Deconvolution significantly improves automated segmentation. Im-
ages displayed as orthogonal views. A: Raw image. B: Raw image treated with Despeckle
(3x3 median filter) and thresholded using OTSU method. Isolation of synaptic puncta is
poor on raw images, with many individual puncta segmented as one structure. C: Decon-
volved image (40 iterations). D: Deconvolved image treated with Despeckle (3x3 median
filter) and thresholded using OTSU method. Deconvolution results in thresholded images
which keep individual synaptic puncta isolated. The isolated thresholded puncta closely
match the observed synaptic puncta in the raw image (A). Scale bar: 5µm. SynPhys,
SynaptoPhysin; Desp., Despeckle; DEC, Deconvolved.
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Figure 2.24: Deconvolution enables isolation of individual synapses. Three image
projections (0.6µm deep) isolated from test sample image stacks. A: Raw image. B: Raw
image treated with Despeckle (3x3 median filter) and thresholding (OTSU). C: Decon-
volved image (40 iterations). D: Deconvolved image treated with Despeckle (3x3 median
filter) and thresholding (OTSU). Note synaptic puncta which appear independent in the
raw images (A) are often thresholded into a single structure with Despeckle and OTSU
(B), whereas following deconvolution, these synaptic puncta remain separate following
segmentation (D).Scale bar: 2µm. SynPhys, SynaptoPhysin; Desp., Despeckle; DEC,
Deconvolved
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test samples have been taken through this image processing to yield thresholded PSD95

and SynaptoPhysin objects for quantification.

2.3.3 Object Quantification

Once a suitable representation of image objects has been generated, object quantification

can be performed. The purpose of object quantification is to measure the objects to

derive high-level data from low-level pixel data, with the ultimate aim of understanding

the image content (Gonzalez and Romero, 2010; Sonka et al., 2013). Object quantification

requires object labelling, followed by object measurement. Prior to object measurement, a

counting frame can be set up to ensure measurement is performed an on unbiased sample

of objects, consistent with stereological methods.

2.3.3.1 Object Labelling

Object labelling converts a binary image so that each isolated object is uniquely iden-

tifiable. This is achieved by giving each isolated object a unique greyscale value, which

can be used to count and quantify the labelled objects. This algorithm has been well

described previously (see Burger and Burge, 2008), and so will not be described further

here.

2.3.3.2 Stereological Counting Frame

Accompanying Systematic Random Sampling, the second pillar of stereology is the appli-

cation of a counting frame. The purpose of the counting frame is to ensure objects are

quantified independent of their size, shape and orientation. This means that all objects

have an equal chance of being quantified, and no bias in measurement is introduced due

to an objects’ size, shape or orientation.

When quantifying object number, the counting frame is traditionally applied to an
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image in the form of the Optical Di-Sector (see Figure 2.25) (Sterio, 1984; West et al.,

1991; West, 1999). The Optical Di-Sector can be envisaged as a cube, which quantifies all

objects lying within it according to some basic logical rules. As the cube is transected in

any plane, one half is surrounded by Acceptance Lines, and the other half by Rejection

Lines (Figure 2.25A). The Optical Di-Sector quantification rules will count objects if they

lie entirely within the Counting Region, or if they bisect an Acceptance Line, but not a

Rejection Line (Figure 2.25B). (A second method referred to as the Optical Fractionator

is a subtle improvement on this method, where a set fraction of an ROI is analysed for

objects - see West et al. (1991); Schmitz and Hof (2005) for further information.)

To quantify objects with the Optical Di-Sector and Systematic Random Sampling, a

number of systematically and randomly distributed Optical Di-Sectors are placed within

the ROIs under analysis (West et al., 1991; West, 1999). This is followed by estimating the

total ROI volume. The average object density can be calculated from the measurements

obtained from the Optical Di-Sectors, and this density is multiplied by the estimated ROI

volume, and thus an estimate of the total number of objects can be attained (the “Nv x

vRef” method, see Figure 2.26).

This method is the staple of stereological analysis, and can be readily applied to the

ROIs isolated from Sample Image Stacks. Following the acquisition of Sample Image

Stacks, each ROI can be isolated and exhaustively sampled to derive sample cubes, with

each cube assigned an Optical Di-Sector for object quantification (Figure 2.27). However,

this method attempts to impose a rigid array of cubes over what is commonly an irreg-

ularly shaped region. This results in an inefficient means of measuring objects, due to

the gaps present between Optical Di-Sectors, but may also result in a bias for selection of

whole cubes located towards the centre of an ROI rather than the edge, cause problems

when attempting to sample narrow ROIs, and result in the potential for Distribution Bias;
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Figure 2.25: The Optical Di-Sector. A: The Optical Di-Sector can be envisaged as a
3-dimensional counting cube, possessing Rejection and Acceptance Boundaries. Bisecting
this cube (in any dimension), which occurs during image quantification, reveals the more
familiar view of the Optical Di-Sector, comprising Acceptance and Rejection Lines. B:
Demonstration of quantification rules of the Optical Di-Sector. Objects are quantified
if they lie within the Counting Region, and if they cross an Acceptance Line, but never
a Rejection Line. Objects which are not located within the Counting Region are not
quantified.
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Figure 2.26: The “Nv x Vref” Method. A: Optical Di-Sectors are Systematically and
Randomly distributed throughout ROIs. B: Objects are quantified within each Optical
Di-Sector, and object density calculated by dividing object counts by the counting region
volume. C: Each ROI volume is measured. D: An estimate of total object counts is
derived by multiplying the mean object density by the measured region volume.
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Figure 2.27: Application of the “Nv x Vref” Method to Large Sample Images.
A: Overview of Large Sample Imaging. B: Schematic highlighting the Large Sample with
Sample Cubes being isolated from each ROI. C: Example image of one Sample Cube, with
Optical Di-Sector applied for object quantification. D: Estimating total object counts is
now performed by multiplying the mean object density by the ROI volume.

thus using an array of Optical Di-Sectors can increase the potential for systematic errors.

Therefore, to overcome the limitation of applying the rigid cuboid counting frame

within a naturally undulating ROI, the logic of the Optical Di-Sector has been extended

to encompass the irregular shapes often encountered as regions of interest during biological

image analysis. In order to achieve this, the underlying quantification rules of the Optical

Di-Sector counting frame must be considered.

First, from observing the Optical Di-Sector it is clear that in all three dimensions

there is always a Rejection Line paired with an opposing Acceptance Line (Figure 2.28A).

The Rejection Line is more accurately described as a boundary imposed upon one edge
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in any given dimension of the counting frame, but it appears as a line when the sampling

cube is transected during quantification of individual image slices. The volume beyond

an Acceptance Line must be sufficient to capture all objects which lie within the counting

frame and extend beyond an Acceptance Line, which allows various measurements of the

entire object to be performed if desired, and thus the volume beyond the Acceptance line

must be at least as long as the largest object. The region lying beyond the Acceptance

Line is essential to ensure the entire object is captured during quantification. Applying

the counting frame rules, objects lying entirely within this region, and not contacting the

counting region, are not within the counting frame, and so are rejected. Thus, this volume

extending beyond the Acceptance Line has been named an Exclusion Zone.

Therefore, in practice, an Acceptance Line in any given plane can be converted into an

Exclusion Zone which exists between the counting region and the image boundary, with

a width equal to the largest object detectable (Figure 2.28B). The Exclusion Zone will

extend from the image boundary into the image, and thus, where applied, will eliminate

some objects that lie close to the image boundary, due to the Di-Sector counting rules

(Figure 2.28C). This ensures an unbiased sampling of objects is performed, and maintains

any measurements made on the derived object samples free from systematic biases.

Rejection Boundaries and Exclusion Zones only need to be applied to a given dimension

if the whole region under analysis is sampled or cropped in that dimension. For example,

taking transverse sections of a spinal cord, the superficial laminae ROIs are not sampled

in the mediolateral (horizontal) or dorsolateral (vertical) planes if an image is taken of the

entire dorsal horn (see Figure 2.29A). However, inevitably, sampling will be performed in

the rostrocaudal (depth) plane, due to thin histological sectioning (Figure 2.29A). In this

case, a Rejection Boundary - Exclusion Zone pair would be set up in the Z dimension.

If a sub-section of the superficial dorsal horn were to be imaged, then sampling may
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Figure 2.28: The ROI Di-Sector. A: The Optical Di-Sector comprises a cube which
contains 3 pairs of Rejection and Acceptance Boundaries on opposed surfaces. B: The
Rejection Boundary can be paired with an Exclusion Zone, which applies the same count-
ing rule as an Acceptance Line, but incorporates a volume which objects may extend into.
This volume depends on the size of the objects to be quantified, and must be at least
as large as the largest object to prevent bias due to size. C: An example of a Rejection
Boundary - Exclusion Zone applied to the horizontal dimension of an ROI lying within an
image. The Rejection Boundary is placed on one edge of the ROI. The Exclusion Zone is
placed on the opposing edge, and extends into the ROI. Objects touching the Rejection
Boundary, or entirely within the Exclusion Zone are not quantified.
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Figure 2.29: Rejection Boundaries and Exclusion Zones are only applied to
planes where sampling has occurred. A: Rejection Boundary - Exclusion Zone pairs
are only applied to dimensions that have been sampled. Here the entire lamina IIo ROI
has been captured in the X and Y dimensions, leaving only the Z dimension sampled (i.e
lamina IIo has been cropped in the Z dimension and not reconstructed entirely). Thus,
a Rejection Boundary - Exclusion Zone pair will be set up in Z, which results in objects
touching the first slice being rejected, and an Exclusion Zone set up in the bottom of the
Image Stack. B: The Lamina IIo region has been further sampled in the mediolateral
plane (X dimension), which means in this new sample, Rejection Boundary - Exclusion
Zone pairs must be set up in the X and Z dimensions to ensure unbiased quantification
of objects.
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occur in the mediolateral dimension (Figure 2.29B). In this case, Rejection Boundary -

Exclusion Zone pairs would be implemented in both the X and Z dimensions. In dimen-

sions where the ROI boundary exists on both sides, no Rejection Boundary - Exclusion

Zone pair needs to be set up, and the ROI boundaries apply a special rule to any objects

traversing it, which will include the object if over half of its voxels lie within the ROI in

question.

Figure 2.30 shows the ROI Di-Sector applied to Large Sample Images. After the

ROIs have been isolated from the Reference Image and applied to the Sample Image

Stack, each ROI is sampled in the X and Z (mediolateral and rostrocaudal, respectively)

dimensions (because these dimensions crop or sample the entire region of interest), but

not in the Y (dorsoventral) dimension (because the entire region of interest is capture

in this dimension). Thus, Rejection Boundary - Exclusion Zone pairs will be set up in

the X (mediolateral) and Z (rostrocaudal) dimensions, but not in the Y (dorsoventral)

dimensions. This specific set-up will be used for all synapse quantification in the dorsal

horn throughout this thesis.

These new rules allow the logic of the Optical Di-Sector to be applied to any shaped

region, including a cuboid image, or any irregularly shaped ROI. This Di-Sector improves

the Optical Di-Sector firstly because it measures, in a very efficient manner, almost all

objects which have been acquired in the Sample Image Stack; no sampling has been wasted

by imposing a block of cuboid Optical Di-Sectors. Secondly, following the ROI Di-Sector

rules also leads to the intuitive conclusion that if the entire region of interest is captured

during imaging in all dimensions (and no sampling/cropping occurs in any dimension

of the region under analysis, a feat which may be possible with the promise of clearing

methodologies, see Chung et al. (2013); Tomer et al. (2014); Yang et al. (2014)), object

quantification would measure all of the objects within the region (since the ROI boundaries
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Figure 2.30: Application of the ROI Di-Sector to Large Sample Imaging. A:
Overview of Large Sample Imaging. B: Schematic highlighting the Sample Image Stack
with the Rejection Boundaries and Exclusion Zones applied across each ROI in the medi-
olateral [X] dimension (Rejection Boundary - Exclusion Zone pair is also set up in the
rostrocaudal dimension [Z],which is not shown). C: Each ROI volume is measured. D:
Estimating total object counts is now performed by multiplying the mean object density
by the ROI volume.
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Figure 2.31: The ROI Di-Sector and Optical Di-Sector are equivalent. A: The
Optical D-Sector placed contiguously throughout a cuboid ROI. B: The ROI Di-Sector
applied to the same Cuboid ROI. The sum of the objects counted by the contiguous
Optical Di-Sectors will always match the total objects counted by the ROI Di-Sector,
due to their counting rules. Thus, the Optical Di-Sector and ROI Di-Sector are logically
equivalent.

are completely contained in the image stack, no Rejection Boundary - Exclusion Zone pairs

will be set up), thus giving a direct measure of total objects, and eliminating the need for

a stereological estimate. Comparing this implementation to how the original Optical Di-

Sector is applied, where sampling would still be performed using a rigid block of Optical

Di-Sectors, the benefit of the ROI Di-Sector becomes apparent.

The ROI Di-Sector can be seen to be logically equivalent to the Optical Di-Sector

if a large cuboid ROI is considered. As can be seen from Figure 2.31, the ROI Di-

Sector applied to a cuboid ROI is equivalent to an array of optical Di-Sectors aligned

such that their counting regions lie contiguous throughout the cuboid ROI. Following the

counting rules for both Optical Di-Sector and ROI Di-Sector would result in identical

object quantification for any array of objects within this ROI. By extension, the ROI

Di-Sector would be equivalent to an array of contiguous Optical Di-Sectors across any

shaped ROI.

The advantages of using the ROI Di-Sector results from its implementation of contin-

uous sampling, where an imaged region has all objects quantified in a continuous fashion,
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as opposed to discreet sampling (where objects are quantified in discreet and separate

locations, Figure 2.32A). Continuous sampling results in an efficient means of quantifying

objects, as no volume is wasted between counting frames, and regions of interest which are

harder to fit counting frames to (for example, long and thin ROIs) are easily handled with

the ROI Di-Sector. Measuring of object properties often requires the total reconstruction

of the object, which would be limited by the size of the sampling region in discreet sam-

pling, whereas continuous sampling tends to reconstruct and measure all objects in their

entirety (assuming the region sampled is large enough, Figure 2.32A).

Furthermore, applying numerous small Optical Di-Sectors in a systematic random

fashion to implement discreet sampling can be subject to Distribution Bias (Cox and

Donnelly, 2011) (Figure 2.32B). It is hard to definitively prove that a periodic system-

atic bias has not been introduced using several Optical Di-Sectors spaced apart without

quantifying the objects between Optical Di-Sectors, and thus without quantifying all the

objects in a continuous fashion. This potential bias is eliminated with the ROI Di-Sector

as it quantifies all objects in a continuous fashion throughout the ROI.

Thus, the ROI Di-Sector can be used as a replacement for the traditional Optical

Di-Sector. It is logically equivalent to the Optical Di-Sector, and yet it possesses advan-

tages over taking many small samples, including increased efficiency and elimination of

distribution bias. The ROI Di-Sector has been used to quantify synapses throughout this

Thesis.

2.3.3.3 Object Measurement

Object measurement involves extracting information from each ROI. A common charac-

teristic to measure from a ROI is the number of objects within it (West, 1999). After

labelling all objects within each ROI and applying the ROI Di-Sector to sample image
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Figure 2.32: Continuous Sampling is More Efficient and Reduces Distribution
Bias. A: Continuous sampling allows efficient quantification of image objects. With dis-
creet sampling, quantification is less efficient due to gaps between sampling regions. Mea-
surement of object properties (for example, object size) are constrained by whether the
size of the sampling region being able to capture the entire object. Continuous sampling
captures all of the objects in their entirety, producing efficient sampling and measurement
of all objects. B: Distribution bias is not eliminated in discreet sampling. The schematic
displays an extreme distribution bias with columns of densely distributed objects followed
by sparsely distributed objects. If the discreet sampling scheme coincides with the width
of either of these distributions(Bi or Bii), an inaccurate estimate of total object number
would be measured. Continuous sampling would capture all of the objects (Biii), giving
an accurate estimate of total objects, and thus eliminate distribution bias.
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stack ROIs, which excludes any objects violating the ROI Di-Sector rules, the number

of objects remaining within each ROI are counted (Figure 2.33). This measurement is

divided by the ROI Di-Sector volume for each ROI to provide an object density estimate.

Understanding changes in object number requires this density estimate to be converted

into a number that reflects an estimate of total object counts. Object density from a

sample alone cannot be used to understand changes in object number in a region, as

either the number of objects or the volume of the region (due, for example, to changes

in other components) may have changed. In order to control for volume changes, an

estimate of the total region volume must be performed. For the superficial dorsal horn,

this is performed on an image of the entire cross-section of the dorsal horn. A measure

of the superficial dorsal horn area is taken as a correlate for the volume of each lamina.

Estimating the depth of each lamina is frustrated by the fact the tissue has been sectioned

in the rostrocaudal direction. Thus, the superficial dorsal horn area is assumed to correlate

to the volume of the measured dorsal horn segment (Figure 2.34).

To measure the superficial dorsal horn area, sections stained with IB4, which effectively

marks the superficial dorsal horn, are used. In order to obtain an unbiased measure of the

superficial dorsal horn volume, each dorsal horn is isolated and assigned a random and

unique three digit identifier. All superficial dorsal horn images are then measured blindly

and in a random order, to ensure no bias is introduced by the experimenter. Superficial

dorsal horn regions are delineated by reference to IB4 labelling, and the area in µm2 is

measured in ImageJ (Figure 2.34).

Traditional stereological methods (i.e the Optical Di-Sector, West et al., 1991; West,

1999) would use the estimate of total region volume to derive an estimate of total object

counts for that ROI. However, the accuracy in measuring synaptic puncta number is far

higher than the accuracy of measuring superficial dorsal horn volume. Thus, an approach
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Figure 2.33: Object Measurement. A: Image ROIs are isolated from the Sample
Image Stack. B: PSD95 and SynaptoPhysin labelling are isolated, and each channel
labelled (each isolated object now appears as a separate colour). C: The ROI Di-Sector is
applied to both PSD95 and SynaptoPhysin image stacks, excluding any objects according
to ROI Di-Sector rules. D: Counting of labelled objects is performed. This count is
divided by the ROI volume to give an object density measure.
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Figure 2.34: Measurement of the superficial dorsal horn area. IB4 is used to
delineate the superficial dorsal horn, and the total superficial dorsal horn area is measured.
This measurement is used to determine whether the dorsal horn volume has changed in
different experimental conditions.

which allows the retention of the high quality estimate of object density, whilst still

proving this measure is relevant to total object count, was utilised. This approach relies

on the fact that if the total region volume can be shown to be similar between groups (i.e

not significantly different), then the object density correlates to the total object count,

since calculating total object count would amount to multiplying the object density by

a constant factor. Thus, when no differences exist in mean superficial dorsal horn areas

between groups subject to comparison, the object density can be used as a measure of total

object count. If any differences exist in the mean superficial dorsal horn areas between

groups, then a correction factor equal to the ratio between superficial dorsal horn areas

can be applied to one set of object counts. This method retains the highly accurate

synaptic density measure, and prevents the data from being corrupted by correcting the

synaptic counts with the relatively inaccurate measure of total region volume.

To demonstrate the process of object measurement, the three spinal cord test sections

have been taken through this process. As is shown in Figure 2.35, the three spinal cord
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sections have each had the left and right dorsal horns quantified. First, ROIs are isolated

from the sample image stack, and object quantification of both PSD95 and SynaptoPhysin

puncta takes place (as shown in Figure 2.33). Next, overview images of the spinal cord

sections are taken, and the superficial dorsal horn area is measured (as shown in Figure

2.34). Finally, the mean±SEM of each label for each ROI is plotted along with the

mean±SEM of the area of left and right superficial dorsal horn.

As can be seen from the data, the superficial dorsal horn areas are not significantly

different, so the synapse density per 100µm3 can be used as a measure of total synapse

count in each lamina. The synapse counts show an interesting pattern, whereby PSD95

puncta significantly increase in lamina II inner, and SynaptoPhysin puncta show a steady

increase from lamina I to lamina II & III. This shall be explored in greater depth in the

following Chapter.

2.4 StereoMate

This Chapter has provided a detailed account of the visualisation, acquisition, data pro-

cessing and analysis of synaptic puncta throughout the dorsal horn. This workflow pro-

vides an automated and efficient analysis of regions of interest in a stereological manner.

Whilst synaptic puncta and the dorsal horn have been used during this account, this

methodology is potentially applicable to a wide range of biologically interesting objects

and regions. For example, this method could be applied to quantifying cell number, such

as microglial cells (as shown in Chapter 4). Future work aims on validating the applica-

tion of this work to a plethora of different regions and objects, making it a flexible and

general method for automated, stereologically-consistent object quantification in selected

regions of interest.

An essential component to this workflow is the high quality histological prepara-
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Figure 2.35: Quantification of PSD95 and SynaptoPhysin Puncta in Three
Spinal Cord Test Sections. A: Tables showing puncta density (per 100µm3 for PSD95
and SynaptoPhysin in lamina 1, 2outer, 2inner and 3 of each dorsal horn (left and right)
across three spinal cord slices. B: Table showing the superficial dorsal horn areas for
each dorsal horn across three spinal cord slices. C: Graph plotting mean±SEM of super-
ficial dorsal horn areas indicating no significant differences between left or right dorsal
horns (Student’s t-test, p>0.05). This indicates the synapse density correlates to the total
synapse counts, thus synapse density can be used as a measure of synapse count. D: Plots
of PSD95 and SynaptoPhysin synapse density in lamina 1, 2outer, 2inner and 3 in the left
and right dorsal horn samples. No significant differences were seen between left and right
dorsal horn laminae, as expected (two-way ANOVA, bonferroni corrected comparisons).
Note an increase in density seen with PSD95 puncta in lamina 2inner compared to the
other laminae, and a progressive increase in SynaptoPhysin puncta from lamina 1 to 3.
These will be further explored in subsequent Chapters.
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tions obtained of synaptic puncta. High quality histological preparations refers to well-

maintained tissue integrity combined with high-signal immunohistochemical staining.

Without a high quality histological preparation, the subsequent steps would be difficult

to achieve, as image noise would be increased considerably, and thus the data quality will

be severely hampered.

The importance of the histological preparation was clearly demonstrated in Schmitz

et al. (2014). Here, the authors state that automated image analysis methodologies are

not a sufficient replacement for manual stereological analysis. However, much of the errors

cited during their analysis can be attributed to a histological preparation which does not

possess sufficient signal:noise. Thus, poor segmentation is inevitable. Furthermore, little

improvement in this signal:noise was achieved in any of the presented datasets with image

processing, such as deconvolution.

A clear caveat between this study and the current Chapter is that Schmitz et al.

is attempting to quantify large objects (whole neuronal cell bodies), and deconvolution

requires very high resolution to be applied. It is possible to achieve a reasonable sampling

scheme for deconvolution if a low NA objective is used, however this will almost certainly

be an air-immersion objective, which will be severely compromised by spherical aberration

with increased image depth. The use of deconvolution could potentially be avoided with

a significant improvement in histological signal prior to image processing. Further work

is required to generalise this workflow to cell counts, and some work towards this end has

been achieved though optimisation of this workflow on quantification of microglia (see

Chapter 4).

A key characteristic of this analysis is its automated implementation. Once Sample

Image Stacks have been acquired and the ROIs delineated for them, much of the work is

performed in ImageJ, utilising a number of different image processing algorithms. This
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allows very large sampling that would be impractical with manual quantification, which

in turn produces very robust data. For example, with the three test spinal cord sections

imaged and analysed in this section (see Figure 2.35), 29,849 PSD95 puncta and 39,733

SynaptoPhysin puncta were quantified, which will be the approximate number of synaptic

puncta measured per animal. In future data analysis, the animal will be the independent

variable, which should result in a significant reduction in sampling variability across groups

during analysis (although this does not account for biological variability).

The algorithms used to process and analyse the image datasets have been collected

into an image processing suite, called StereoMate. This package provides tools for im-

age deconvolution, segmentation and object measurement, as well as convenient utility

algorithms such as ROI delineation and ROI area measurement.

Image deconvolution drastically improves object representation, and its implementa-

tion is essential when investigating objects close to the diffraction limit of visible light.

A clear improvement in signal:noise, as well as dramatic reductions in image noise are

apparent. Deconvolution significantly improves image segmentation, and allows the use

of global thresholding methods to provide robust binary representations of diffraction-

limited image objects. Global segmentation methodologies have previously been fraught

with poor image segmentation. Deconvolution however has revived these methods as ad-

equate image processing steps, and highlighted the requirement for very high signal:noise

for these algorithms to work robustly and consistently.

The object measurement algorithm applies the ROI Di-Sector, which provides a highly

efficient means of object quantification. It also eliminates bias due to irregular distribution

of objects throughout the sample image. This method provides advantages over traditional

stereological methods such as the Optical Fractionator method, where only a designated

proportion of the region under analysis is quantified (West, 1999, 2012), since it allows
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continuous sampling of the entire region imaged, and therefore can reconstruct larger

objects for measurement as well as avoid any distribution bias.

The technical differences between the two methodologies is the automated nature in

which the ROI Di-Sector is implemented, and the continuous sampling offered by the ROI

Di-Sector. Whereas the Optical Fractionator is performed in a manual fashion, the ROI

Di-Sector applies the stereological filter across a delineated ROI in an automated fashion,

without any requirements for quantification on the experimenter. Whilst it would be

technically feasible to apply the Optical Fractionator in an automated fashion, this would

require breaking the ROIs into separate and discreet counting frames, which inhibits the

reconstruction of large objects in their entirety. Whereas the Optical Fractionator provide

unbiased counts of objects in a given region, the key difference with the ROI Di-Sector

is that it provide an unbiased sample of fully reconstructed objects, which can then be

measured in many ways.

Since the continuous sampling regime used in the ROI Di-Sector produces an unbiased

sampling and complete reconstruction of all imaged objects, various other measures are

possible, such as object size and shape parameters. Future work aims to explore these in

the high-quality synaptic datasets acquired from subsequent studies.

In conclusion, this Chapter has established a rigorous image analysis workflow, taking

tissue sections through histological preparation, image acquisition, processing and anal-

ysis. It produces robust object representation of synaptic puncta, and analyses them

in an efficient and stereologically-consistent manner. This method will now be applied

to the dorsal horn of animals subject to various experimental manipulations, including

peripheral nerve injury paradigms.
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Chapter 3

Synaptic Puncta Distributions Within

the Dorsal Horn & their Plasticity with

Peripheral Nerve Injury

3.1 Introduction

Understanding the number and distribution of synapses throughout the dorsal horn gives

a broad view of circuit-level characteristics, and provides the opportunity to investigate

changes to these features in different conditions. It is generally accepted that central

circuit changes contributes to the hypersensitivity seen following peripheral nerve injury

(Sandkühler, 2009; von Hehn et al., 2012; West et al., 2015). Thus, the aims of this

Chapter are to first apply the methodologies developed in Chapter 2 to the naïve dorsal

horn in order to establish the distribution patterns of synapses in the natural state, and

second, to extend these methodologies to nerve injury paradigms to understand how nerve

injury may impact on synaptic distributions, and thus affect circuit-level processing within

the dorsal horn.
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As the project has progressed, a transition from rat to mouse occurred, due to the

acquisition of a transgenic mouse expressing eGFP selectively within all primary affer-

ent neurons (a BAC transgenic driving EGFP under the Advillin promotor; Tg(Avil-

EGFP)QD84Gsat, GENSAT), which allows analysis of primary afferent axonal projec-

tions. Thus, both rat and mouse tissue data will be presented throughout this thesis.

Initial experiments focussing on rat tissue were conducted using the post-synaptic marker

PSD95 only, since at this stage the SynaptoPhysin labelling was under optimisation. Later

experiments focussed on mice using a combination of PSD95 and SynaptoPhysin.

3.2 Methods

3.2.1 Animals

Adult male Sprague Dawley rats (250-300g) used throughout this study were obtained

from Harlan, UK. Adult male and female mice on a FVB/N background used throughout

this study were obtained from GENSAT, and contained a transgene where eGFP pro-

tein was expressed under the Advillin promotor (Tg(Avil-EGFP)QD84Gsat, GENSAT).

Animals were bred to hemi-zygosity only.

3.2.2 Behaviour & Surgery

3.2.2.1 Rhizotomy Surgery

Rhizotomy surgery was performed as previously described Li et al. (2003). Briefly, adult

male Sprague-Dawley rats (~250g) were anaesthetised with isoflurane and subjected to a

unilateral laminectomy to expose the L4 and L5 dorsal roots. An incision into the dura

was carefully made using a 27G hypodermic needle (SG3-2713, Terumo) to expose the

dorsal roots. The L4 and L5 dorsal roots were identified and cut using spring loaded
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scissors. The incision was sutured, and the animals allowed to recover in a clean and

warm cage (see Figure 3.6 in Section 3.4). Seven days following surgery, the animals were

sacrificed as previously described (see Section 2.2.1). The tissue was processed, imaged

and analysed for PSD95 synaptic puncta as previously described (see Sections 2.2 & 3.3).

3.2.2.2 Spinal Nerve Ligation Surgery

SNL was performed using a modified version previously described (Kim and Chung, 1992).

Briefly, adult male Sprague-Dawley rats (~250g) were anaesthetised using isoflurane. A

unilateral incision above the L5 & L6 DRGs was made to expose the spinal nerves. These

were tightly ligated using a 2-0 suture, and transected distal to the ligation. A SHAM

surgery was performed by exposing the L5 & L6 spinal nerves, but not performing a

ligation or transection of these nerves. The wound was sutured, and the animals allowed

to recover in a clean and warm cage (see Figure 3.9 in Section 3.5). Seven and 21 days

post SNL surgery, the animals were perfused as previously described (see Section 2.2.1).

The tissue was processed, imaged and analysed for PSD95 synaptic puncta as previously

described (see Sections 2.2 & 3.3).

3.2.2.3 Spared Nerve Injury Surgery

SNI surgery was performed as previously described (Decosterd and Woolf, 2000; Shields

et al., 2003). All mouse nerve injury experiments utilised this injury paradigm, for a

number of reasons: First, the spared nerve injury is a simple nerve injury paradigm

compared to the technically challenging SNL surgery, and this decreased size of mice

made this an easier and thus more reproducible model; second, the model produces an

injury in the medial portion of the lumbar dorsal horn, leaving intact afferents in the

same spinal cord section, and therefore can allow analysis of injured as well as adjacent

uninjured afferents (Shields et al., 2003; Beggs and Salter, 2007).
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Briefly, mice were anaesthetised using isoflurane. A unilateral incision from the sciatic

notch was made laterally to expose the biceps femoris muscle, which was bluntly dissected

with scissors to expose the sciatic nerve and three branches: the common peroneal, tibial

and sural nerves. The tibial and common peroneal nerves were tightly ligated using a 3-0

prolene suture, and transected distal to the ligation. A SHAM surgery was performed by

exposing the sciatic nerve, but not performing a ligation or transection of the common

peroneal or tibial nerves. The wound was sutured, and the animals allowed to recover

in a clean and warm cage (see Figure 3.15 in Section 3.6). Seven and 21 days post SNI

surgery, the animals were perfused as previously described (see Section 2.2.1). The tissue

was processed, imaged and analysed for PSD95 and SynaptoPhysin synaptic puncta as

previously described (see Sections 2.2 & 3.3).

3.2.2.4 von Frey Behaviour

Paw withdrawal thresholds to punctate mechanical stimuli were measured and calculated

as previously described (Chaplan et al., 1994). Briefly, animals were placed into plastic

boxes with an exposed and raised wire floor, to allow access to the plantar surface of the

hind paws. Von Frey hairs that deliver calibrated forces were applied to the ipsilateral

(and where indicated, the contralateral) paws using the “up-down” method (Chaplan et al.,

1994), which was used to identify the 50% paw withdrawal threshold for each animal.

3.2.3 Histology

3.2.3.1 IB4 Staining

Staining for IB4 was performed as previously described (see Section 2.2).
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3.2.3.2 Dorsal horn Area Measures

Analysis of mouse superficial dorsal horn areas for dorsal horn regions Lumbar 3 - Lumbar

5 (L3-5) were conducted, as previously described (see Section 2.3.3.3).

3.2.3.3 PSD95 and SynPhys Analysis

All experiments in this chapter followed the workflow as defined in Chapter 2. Briefly,

30µm sections were treated using the HIER-ProK-Pepsin antigen retrieval methodology,

and stained for either PSD95 (rat spinal cord sections), or both PSD95 and SynaptoPhysin

(mouse spinal cord sections), as well as co-labelled for IB4 for delineation of the superficial

laminae. High resolution imaging of the Reference Image and Sample Image Stack were

taken of the relevant dorsal horn regions, ensuring avoidance of myelin bundles in medial

positions in the dorsal horn, and Sample Image Stacks were deconvolved, segmented and

divided into ROIs which were first delineated on the Reference Image. Analysis of each

synaptic marker was performed by quantification of the number of objects within each

ROI, which provided a density measure of the synaptic marker under analysis. Finally to

test whether any gross volume changes occurred in the dorsal horn, measurement of the

superficial dorsal horn areas on transverse sections was performed and compared. Once

any correction had been applied to the synaptic density data, the data was plotted as

mean±SEM for each ROI (lamina I, II outer, II inner & III). This processed is summarised

in Figure 3.1.

3.2.3.4 EGFP Analysis

Tissue was cut and stored as previously described (see Section 2.2.1). eGFP fluorescence

was visualised by utilising its endogenous fluorescence. For tissue sections that had no

counter-staining, slides were rehydrated in PBS and mounted using Vectashield. For
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Figure 3.1: Overview of synaptic labelling, processing and analysis. A: 30µm
sections were treated with heat induced epitope retrieval, proteinase K, and pepsin, as
previously described. B: After immunohistochemical labelling of spinal cord sections,
confocal image samples of the superficial dorsal horn were taken, including a Reference
Image and Sample Image Stack, which were divided into separate laminae based on IB4 la-
belling, as previously described. C: PSD95 and SynaptoPhysin puncta were deconvolved,
segmented, and counted in each ROI, using the methods previous outlined. Scale Bar:
C, 2µm. HIER, heat-induced eiptope retrieval; ProK, proteinase K; SynPhys, Synapto-
Physin.
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double or triple labelling, histological steps were used as outlined previously (see Section

2.2.1).

To analyse eGFP fluorescence intensity, a Zeiss LSM 700 confocal microscope was

used. Imaging was always performed in the same session, and with identical imaging

conditions (laser power, gain settings, identical objective lense, pinhole diameter, and

image dimensions). A minimum of 3 sections were measured per slide, and a minimum N

number of 3 slides were used for quantification. All images were taken at 8-bit depth.

3.3 Distribution of Synaptic Puncta within the Super-

ficial Dorsal Horn of Naïve Animals

In order to provide baseline data for subsequent analysis, as well as explore the distribution

patterns of synaptic puncta throughout the superficial dorsal horn, initial experiments

focussed on the naïve animal. Few previous studies have investigated non-normalised

synaptic distributions across laminae within the dorsal horn in a quantitative manner;

however, unbiased stereological analysis on electron micrographs of rat sacral dorsal horn

in laminae I-IV has revealed a steady increase in synapse number as the cord is traversed

from lamina I to lamina IV (McNeill et al., 1988). Given the relative dearth of quantitative

studies into synaptic distributions, investigating the distributions of different synaptic

markers throughout the superficial dorsal horn is an essential first step to provide baseline

information with which to interpret subsequent experiments.

3.3.1 PSD95 Distribution Pattern in Superficial Dorsal Horn

Initial experiments focussed on rat spinal cord, for which only PSD95 data is available.

As can be seen from Figure 3.2A, PSD95 puncta distribution through the fifth lumbar
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Figure 3.2: PSD95 distribution in naïve rat dorsal horn. A: PSD95 puncta dis-
tribution throughout laminae I-III of the rat dorsal horn. Lamina 2i and 2o both show
significant increases relative to lamina 1 & lamina 3 (one-way ANOVA with bonferroni
post-hoc comparisons). B: PSD95 staining in the superficial dorsal horn indicating the
increased fluorescence intensity visible in lamina II (arrows). Scale bar: B, 200µm. Lam,
lamina; 2o, II outer; 2i, II inner.

region (L5) rat dorsal horn follows a very distinctive pattern. A consistent and significant

rise in PSD95 puncta is seen from lamina I, to lamina II outer and lamina II inner, which

is followed by a rapid reduction in PSD95 puncta in lamina III. These data correspond

to fluorescent images of PSD95 in the dorsal horn, where an intense fluorescent band is

visible in lamina II (see Figure 3.2B).

Rat dorsal horn analysis was performed in the centre of the mediolateral axis of the

L5 superficial dorsal horn. In order to understand whether the synaptic distributions

varied in the mediolateral plane of the superficial dorsal horn, mouse spinal cord sections

were imaged in the medial, middle and lateral aspects of the superficial dorsal horn. As

can be seen from Figure 3.3A, the synaptic distributions are consistent throughout the

mediolateral axis, with each region showing the characteristic inflection in PSD95 puncta

in lamina IIi of the dorsal horn, with a significant increase seen from lamina 1 to 2i, and a

reduction, which was significant for the medial region, in this density measure seen from
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Figure 3.3: PSD95 distribution in naïve mouse dorsal horn throughout the
mediolateral axis. A: PSD95 puncta density shows the characteristic inflection in lam-
ina II, especially lamina II inner, in medial, middle and lateral portions of the superficial
dorsal horn. No significant differences were observed between mediolateral portions in any
laminae (two-way ANOVA; bonferonni-corrected selective post-hoc testing; n.s., p>0.05;
n=5). A significant increase in synaptic puncta was seen for all portions of the dorsal
horn between lamina 1 compared to 2i & 3, and 2o compared with 2i, whereas variable
significance was seen with comparisons between 2i and 3 (one-way ANOVA performed on
each region independently; bonferonni-corrected pot-hoc testing; n.s., p>0.05; n=5). B:
Representative confocal image of the mouse superficial dorsal horn stained for PSD95,
indicating an increased density in PSD95 staining in lamina II (arrows). Scale Bar: B,
200µm. Lam, lamina; 2o, II outer; 2i, II inner.

lamina II inner to lamina III. This data fits well with mouse dorsal horn images, which,

like rat dorsal horn, show an increase in PSD95 fluorescent signal as a band throughout the

mediolateral extent of lamina II of the dorsal horn, although not as intense (Figure 3.3B).

Furthermore, this data shows a close correspondence in distribution pattern between both

rat and mouse PSD95 dorsal horn distributions.
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3.3.2 SynaptoPhysin Distribution Pattern in Superficial Dorsal

Horn

Mouse spinal cord sections were also stained for SynaptoPhysin, whose distribution pat-

tern is shown in Figure 3.4A. The distribution pattern of SynaptoPhysin shows a steady

increase in puncta number from lamina I to lamina II inner, which unlike PSD95, remains

elevated in lamina III. The distributions are largely consistent throughout the medio-

lateral axis, apart from lamina I, which shows a significant reduction in SynaptoPhysin

puncta in the lateral aspect. In contrast to PSD95 fluorescent images, SynaptoPhysin

shows an increased fluorescence intensity towards the edges of the tissue (Figure 3.4B).

Whilst unclear what drives this mismatch between SynaptoPhysin puncta counts and

fluorescence intensity, it demonstrates that fluorescences intensity does not always equal

object density.

3.3.3 Superficial Dorsal Horn Areas Vary with Lumbar Region

Finally, since different treatments will require measurement of both synapse density and

superficial dorsal horn area, analysis of mouse superficial dorsal horn areas for dorsal

horn regions Lumbar 3 - Lumbar 5 (L3-5) were conducted, as previously described (see

Section 2.3.3.3). As shown in Figure 3.5, L4 and L5 superficial dorsal horn areas are

very consistent, whereas L3 shows a small but significant reduction in superficial dorsal

horn area. Thus, to eliminate the potential for mistaken corrections to synaptic puncta

densities due to changes to superficial dorsal horn areas (for example, due to oversampling

L3 in one group, or mixing of L3 with L4/5 samples), only L4 and L5 dorsal horn regions

were analysed for synaptic puncta throughout the remainder of the experiments.
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Figure 3.4: SynaptoPhysin distribution in naïve mouse dorsal horn throughout
the mediolateral axis. A: SynaptoPhysin density distributions in the superficial dorsal
horn show an increase in puncta number as the superficial dorsal horn is traversed from
lamina I to lamina II inner, with a maintained elevation in SynaptoPhysin puncta in
lamina III. This pattern is consistent throughout the mediolateral extent of the dorsal
horn, except for a significant reduction in synaptophysin puncta in the lateral portion of
lamina I relative to the middle and medial portions (two-way ANOVA; bonferonni-correct
selective post-hoc testing; *, p<0.05; n=5). A significant increase in synaptic puncta was
seen for some portions of the dorsal horn between lamina 1 compared to 2i & 3, and 2o
compared with 2i, whereas no significance was seen with comparisons between 2i and 3
(one-way ANOVA performed on each region independently; bonferonni-corrected pot-hoc
testing; n.s., p>0.05; n=5). B: Representative confocal image of the mouse superficial
dorsal horn stained for SynaptoPhysin, which shows a higher intensity of fluorescent signal
on the edge of the dorsal horn (arrows, lamina I). Scale bar: B, 200µm. Lam, lamina; 20,
II outer; 2i, II inner.
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Figure 3.5: Superficial dorsal horn area varies with lumbar region sampled. The
area of lumbar region 3 of the mouse superficial dorsal horn shows a small yet highly sig-
nificant reduction relative to both lumbar regions 4 and 5 (one-way ANOVA; bonferonni-
corrected post hoc testing; **, p<0.01; n=20 per group). DH, dorsal horn.

3.4 Rhizotomy Reduces the Number of Excitatory Synap-

tic Puncta in Superficial Dorsal Horn

Experiments exploring the naïve dorsal horn has revealed a set of stereotypical distribution

patterns for both PSD95 and SynaptoPhysin. The next aim was to test the ability for

the system to detect alterations to synapse distributions. In order to establish the ability

of this experimental methodology to detect changes in puncta numbers, an experimental

manipulation was required which would robustly alter synaptic puncta throughout the

dorsal horn. In order to achieve this, a rhizotomy surgery was selected. A rhizotomy

transects the dorsal roots of one or more dorsal root ganglion inputs into the spinal cord,

and results in a rapid loss of primary afferent terminals within the dorsal horn (see Figure

3.6). This manipulation has been shown previously to eradicate synaptic puncta in the

affected region of the dorsal horn (Kapadia and LaMotte, 1987; Chung et al., 1989; Li

et al., 2003).
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Figure 3.6: Rhizotomy surgery in the Rat. The dorsal roots from two dorsal root
ganglia (L4 & L5) are transected to produce a dorsal rhizotomy.
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Figure 3.7: Rhizotomy surgery does not affect dorsal horn areas. A: Rhizotomy to
the dorsal roots does not reduce the ipsilateral superficial dorsal horn area relative to the
contralateral side. B: Rhizotomy surgery does not reduce the dorsal horn area relative
to naïve animals. (Students T-Test; n.s., p>0.05; n=4). IPSI, ipsilateral; CONTRA,
contralateral; DH, dorsal horn.

3.4.1 Superficial Dorsal Horn Areas Show No Changes Following

Unilateral Rhizotomy

Since rhizotomy results in a loss of primary afferent input, one might expect a reduction

in dorsal horn volume. Previous work suggests that rhizotomy may affect dorsal horn vol-

ume, with a non-significant trend seen towards reduced dorsal horn volumes (Chung et al.,

1989). Thus, superficial dorsal horn areas were compared for ipsilateral and contralateral

sides of the spinal cord. Figure 3.7A shows no significant differences in superficial dorsal

horn volume between contralateral and ipsilateral regions in rhizotomised tissue. Since

rhizotomy may affect the contralateral dorsal horn volume (Chung et al., 1989), the ipsi-

lateral dorsal horn area of rhizotomy animals was compared to the areas measured from

naïve rat dorsal horns. No significant differences were found, suggesting rhizotomy does

not impact on dorsal horn volume. Since no evidence was found for changes in dorsal horn

volume following rhizotomy, no correction was made to PSD95 synapse density measures.
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3.4.2 PSD95 Puncta are Significantly Reduced in Lamina I-III of

the Dorsal Horn Following Unilateral Rhizotomy

The demonstration that dorsal horn volume does not appear to significantly change follow-

ing rhizotomy does not preclude a loss of synapses in this region. Thus, the distribution

of PSD95 puncta throughout lamina I-III of dorsal horn sections which had received a

unilateral rhizotomy was analysed. As can be seen in Figure 3.8A, a significant reduction

in PSD95 puncta is observed in all four laminar regions analysed, indicating a small yet

highly significant loss of PSD95 puncta from synapses in each region of the superficial dor-

sal horn. Comparing the ipsilateral dorsal horn PSD95 distributions following rhizotomy

to the naïve rat distribution showed similar results (Figure 3.8B).

These data demonstrate the ability for this synapse imaging and analysis system to

detect changes in synapse numbers following specific manipulations to the dorsal horn.

This loss of PSD95 puncta likely reflects a large proportion of primary afferent derived

connections within the dorsal horn. Assuming there is no compensatory synaptogenesis,

and that all primary afferent axons have been effectively removed, this data suggests

approximately 30% of PSD95 puncta are derived from primary afferent connections in

lamina I, II outer, II inner and approximately 20% of PSD95 puncta from lamina III in

the dorsal horn.

3.5 Spinal Nerve Ligation Induces a Delayed Reduction

in PSD95 Puncta

So far StereoMate has revealed specific distribution patterns for PSD95 in rat and mouse

superficial dorsal horn, as well as SynaptoPhysin in mouse superficial dorsal horn. Fur-

thermore, it has shown its ability to reliably detect changes in PSD95 synapse numbers
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Figure 3.8: PSD95 puncta are lost in the dorsal horn following rhizotomy
surgery. Rhizotomy surgery results in significant loss of synapses throughout the su-
perficial dorsal horn (two-way ANOVA; bonferonni-corrected selective post-hoc testing;
*, p<0.05; **, p<0.01; ***, p<0.001; n=4).

following rhizotomy, an intervention known to reduce synapse numbers in the superficial

dorsal horn. The next aim was to explore the effects of peripheral nerve injury to synapse

numbers in the dorsal horn.

Peripheral nerve injury is distinct from rhizotomy because it leaves the dorsal roots

intact since the connection between the dorsal root ganglion (which contains the primary

afferent cell bodies), dorsal root and spinal cord remains intact, whereas the link between

the dorsal root ganglion and its peripheral innervation is ablated in peripheral nerve injury.

This is widely accepted to result in both the sudden influx of injury-related retrograde

signalling molecules as well as a loss of trophic support, which can result in profound

changes in transcription and protein signalling (Michaelevski et al., 2010; Perkins et al.,

2014). This is further compounded by a plethora of alterations within the dorsal horn

itself (see Sandkühler, 2009; von Hehn et al., 2012; West et al., 2015, for review). Thus,

although the large and robust changes in synaptic puncta seen in rhizotomy is unlikely to

occur following peripheral nerve injury, there may be more subtle alterations to synapse

distributions with peripheral nerve injury, which may be driven mechanistically by the

complex array of changes seen in these models.
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Figure 3.9: The Spinal nerve ligation model in the Rat. Both L5 and L6 spinal
roots are transected and ligated to produce a peripheral nerve injury specific to the L5
and L6 DRGs.

In order to investigate this, initial experiments focussed on the well characterised

Spinal Nerve Ligation (SNL, see Figure 3.9) model in male Sprague-Dawley rats (Kim

and Chung, 1992).

3.5.1 SNL Significant Reduces Paw Withdrawal Latency

In order to assess the effects of SNL on evoked behavioural responses, animals underwent

von Frey threshold testing as outlined previously (Chaplan et al., 1994, , see Methods).

Von Frey testing was performed blind during two baseline sessions prior to surgery, and

followed up with testing at 7, 14 and 20 days post SNL surgery.
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Figure 3.10: SNL reduces paw withdrawal threshold on the ipsilateral paw. Fol-
lowing SNL surgery animals display a significant reduction in ipsilateral paw withdrawal
threshold relative to the contralateral paw, and to SHAM operated animals (two-way
ANOVA; bonferonni-correct selective post-hoc testing; ***, p<0.001; n=5). PWT, paw
withdrawal threshold.

Figure 3.10 shows the behavioural data obtained from this experiment, and indicates

a robust reduction in paw withdrawal threshold in ipsilateral SNL paws, relative to both

contralateral SNL paws, and SHAM surgery animals, consistent with previous work (Kim

and Chung, 1992; Nirogi et al., 2012).

3.5.2 SNL Causes a Reduction in IB4 Labelling within the Ipsi-

lateral Superficial Dorsal Horn

Previous studies have identified IB4 binding as a consistent marker for a subpopulation

of C fibres (Streit et al., 1985; Molliver et al., 1995), which is lost by peripheral nerve

injury (Molander et al., 1996; Bennett et al., 1998). It thus serves as a useful marker

to identify the regions of the dorsal horn that correspond to the central projections of

injured afferents. Figure 3.11 shows spinal cord sections seven and 21 days post SNL

surgery stained for IB4 as previously described (see Section 2.2). Peripheral nerve injury

results in a significant loss of IB4 binding to the ipsilateral dorsal horn, and therefore was
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Figure 3.11: IB4 is reduced after SNL surgery in the Rat. A: 7 days post SNL
surgery. B: 21 days post SNL surgery. Scale Bar: 200µm.

used to identify injured central axonal projection regions in the remainder of this thesis.

3.5.3 Superficial Dorsal Horn Areas are not Altered by SNL

Injury to primary afferent axons may result in alterations to dorsal horn volumes, which

could bias PSD95 synapse density data. In order to control for such changes, measures

of superficial dorsal horn area were made ipsilaterally and contralaterally in both seven

and 21 days post SNL surgery. As can be seen in Figure 3.12, no significant changes

were observed between ipsilateral and contralateral dorsal horns in either seven or 21 day
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Figure 3.12: SNL does not affect dorsal horn areas. A: 7 days post SNL shows no
change in ipsilateral dorsal horn area relative to contralateral region. B: 21 days post
SNL shows no change in ipsilateral dorsal horn area relative to contralateral region. C: 7
days post SNL shows no change in ipsilateral dorsal horn area relative to SHAM control.
D: 21 days post SNL shows no change in ipsilateral dorsal horn area relative to SHAM
control. (Students T-Test; n.s., p>0.05; n=4). DH, dorsal horn.

SNL groups. SHAM surgery also had no effect on dorsal horn area, and both ipsilateral 7

and 21 day cohorts show no significant differences with the SHAM surgery group (Figure

3.12).

3.5.4 No Changes to PSD95 Synaptic Puncta Distributions Seven

Days Post SNL

Initially, PSD95 synaptic puncta distributions were explored seven days post surgery, to

allow a direct comparison between the effects of peripheral nerve injury and rhizotomy
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Figure 3.13: 7 days post SNL surgery does not affect PSD95 puncta distribution
within the superficial dorsal horn. A: 7 days post SNL shows no change in PSD95
density relative to the contralateral dorsal horn. B: 7 days post SNL show in change
in PSD95 number relative to SHAM surgery (two-way ANOVA; bonferonni-corrected
selective post-hoc testing; n.s., p>0.05; n=4).

surgery. Seven days post SNL revealed no alterations in PSD95 puncta number throughout

lamina I-III of the ipsilateral dorsal horn when compared to the contralateral dorsal horn

(Figure 3.13A) or the ipsilateral SHAM surgery cohort (Figure 3.13B).

3.5.5 PSD95 Puncta are Reduced in Lamina II Inner 21 Day Post

SNL

To explore whether SNL may be having a delayed impact on the PSD95 distribution

pattern within the dorsal horn, animals were assessed 21 days following peripheral nerve

injury. Analysis of PSD95 synaptic puncta density revealed a small yet highly significant

reduction within lamina II inner, 21 days post SNL. This reduction was specific to lamina

II inner, with other laminae showing no changes (Figure 3.14). Furthermore, this reduc-

tion in lamina II inner was present when comparing the ipsilateral dorsal horn of 21 day

SNL animals to the SHAM surgery group (Figure).
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Figure 3.14: 21 days post SNL surgery shows a significant reduction in PSD95
puncta in lamina II inner. A: 21 days post SNL show a significant reduction in PSD95
puncta in lamina II inner relative to the contralateral dorsal horn. B: 21 days post SNL
shows a significant reduction in PSD95 puncta in lamina II inner relative to SHAM surgery
(two-way ANOVA; bonferonni-corrected selective post-hoc testing; *, p<0.05; **, p<0.01;
n=4).

3.6 PSD95 is Significantly Reduced in Spared Nerve

Injury

To continue the exploration of peripheral nerve injury on synapse distributions within the

dorsal horn, a second nerve injury paradigm was used. The spared nerve injury (SNI,

Figure 3.15) model tightly ligates and transects two of the three branches from the sciatic

nerve; the common peroneal and tibial nerves (Decosterd and Woolf, 2000). This leaves

the third sural branch intact. This model results in a selective loss of the common peroneal

and tibial nerve inputs, which innervate the medial aspect of L3-5 of the dorsal horn, and

therefore allows the concomitant analysis of both injured and adjacent uninjured regions

of the dorsal horn (Decosterd and Woolf, 2000; Shields et al., 2003; Beggs and Salter,

2007).

The aims of these experiments were to investigate the distributions of PSD95 in mouse

dorsal horn in the context of peripheral nerve injury, to see if they mimic the previous

findings in SNL, and to explore SynaptoPhysin distributions in this nerve injury paradigm.
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Figure 3.15: The spared nerve injury model in the Mouse. Two branches of the
Sciatic nerve (the Tibial and Common Peroneal nerves) are ligated and transected, leaving
the third branch (Sural nerve) intact.

3.6.1 Spared Nerve Injury Results in a Significant Reduction in

Paw Withdrawal Threshold

In order to assess the effects of SNI on evoked behavioural responses, a number of ani-

mals underwent von Frey threshold testing as outlined previously (Chaplan et al., 1994).

Von Frey testing was performed blind during two baseline sessions prior to surgery, and

followed up with testing at 3, 8, 15 and 21 days post SNL surgery.

Figure 3.16 shows the behavioural data obtained from this experiment, and indicates

a robust reduction in paw withdrawal threshold in ipsilateral SNI paws, relative to SHAM

surgery animals, consistent with previous work (Decosterd and Woolf, 2000; Shields et al.,

2003; Beggs and Salter, 2007).

153



Figure 3.16: Spared nerve injury results in a significant reduction in paw with-
drawal threshold. Following SNI surgery animals display a significant reduction in ipsi-
lateral paw withdrawal threshold relative to SHAM operated animals (two-way ANOVA;
bonferonni-correct selective post-hoc testing; ***, p<0.001; n=6). PWT, paw withdrawal
threshold.

3.6.2 Isolectin B4 is Lost in Terminal Fields of Tibial and Com-

mon Peroneal Nerves

To investigate the potential loss of IB4 from injured territories within the dorsal horn,

staining for IB4 was performed as previously described (see Section 2.2). Loss of IB4 was

consistent with previous reports indicating a selective loss in the medial component of the

ipsilateral L4 dorsal horn (Figure 3.17), areas which have previously been shown to receive

input from both the tibial and common peroneal nerves (Shields et al., 2003; Beggs and

Salter, 2007). Thus, medial aspects of the dorsal horn were selected for analysis of PSD95

and Synaptophysin distributions in both injured and contralateral control regions.

3.6.3 Superficial Dorsal Horn Areas are Not Affected by SNI

To determine whether the total volumes of dorsal horn regions affected by SNI were

altered relative to unaffected regions, measurements of the superficial dorsal horn areas in
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Figure 3.17: IB4 is reduced after SNI surgery in the Mouse. A: 7 days post SNI
surgery. B: 21 days post SNI surgery. Arrows indicate the loss of IB4 on the ipsilateral
side to injury. Scale Bar: 200µm.

transverse sections were conducted. As can be see in Figure 3.18, no significant differences

were seen in dorsal horn areas following SNI, relative to contralateral regions or SHAM

controls. Therefore, uncorrected density measures of synaptic puncta counts can be used

to compare between injured regions in SNI and other synapse distribution data.

3.6.4 Seven Days Post SNI Reveals No Change in PSD95 &

SynaptoPhysin

To explore whether any changes occur to synaptic puncta by 7 days post injury, and

thus allow comparisons with 7 day SNL and rhizotomy data, PSD95 and SynaptoPhysin

puncta were analysed in the medial dorsal horn ipsilateral and contralateral 7 days post

SNI injury. PSD95 puncta distributions showed no change throughout lamina I-III of the

dorsal horn at 7 days post SNI relative to the contralateral regions, or to a SHAM control
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Figure 3.18: SNI does not affect dorsal horn areas. A: 7 days post SNI shows no
change in ipsilateral dorsal horn area relative to contralateral region. B: 21 days post
SNI shows no change in ipsilateral dorsal horn area relative to contralateral region. C: 7
days post SNI shows no change in ipsilateral dorsal horn area relative to SHAM control.
D: 21 days post SNI shows no change in ipsilateral dorsal horn area relative to SHAM
control. (Students T-Test; n.s., p>0.05; n=4). DH, dorsal horn.
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Figure 3.19: 7 days post SNI does not affect PSD95 puncta distribution within
the superficial dorsal horn. A: 7 days post SNI shows no change in PSD95 density
relative to the contralateral dorsal horn. B: 7 days post SNI show in change in PSD95
number relative to SHAM surgery (two-way ANOVA; bonferonni-corrected selective post-
hoc testing; n.s., p>0.05; n=5).

group (Figure 3.19), consistent with the previous findings in rat SNL tissue (see Figure

3.13). The PSD95 distributions observed follow the pattern previously described for both

rat and mouse dorsal horn, with an increase in synapse density seen in lamina II relative

to laminae I and III.

Next, the SynaptoPhysin distribution throughout the superficial dorsal horn ipsilateral

to SNI injury were observed. SynaptoPhysin puncta distribution in laminae I-III of the

medial ipsilateral dorsal horn 7 days post SNI injury revealed no significant alteration

to the contralateral side, or a SHAM control group (Figure 3.20). This result fits with

the previous data indicating no change to PSD95 puncta at 7 days post peripheral nerve

injury. The synapse distribution for SynaptoPhysin follows a similar pattern to that

previously described for the naïve mouse dorsal horn (see Figure 3.4), where an increased

density is seen in lamina II, which is maintained in lamina III.
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Figure 3.20: 7 days post SNI does not affect SynaptoPhysin puncta distribu-
tion within the superficial dorsal horn. A: 7 days post SNI shows no change in
SynaptoPhysin density relative to the contralateral dorsal horn. B: 7 days post SNI
show in change in SynaptoPhysin number relative to SHAM surgery (two-way ANOVA;
bonferonni-corrected selective post-hoc testing; n.s., p>0.05; n=5).

3.6.5 21 Days Post SNI Shows a Significant Reduction in Lamina

II Inner PSD95 Puncta

Assessment of SNI tissue 7 days post injury revealed no change in the synaptic markers

explores above (PSD95 and SynaptoPhysin), consistent with the previous data in SNL

tissue. To explore whether the synaptic landscape may be modified at later time points,

as has been observed in SNL tissue (see Figure 3.14), SNI tissue was analysed 21 day

post injury. As can be seen in Figure 3.21A, PSD95 puncta observed on the ipsilateral

medial dorsal horn at this time-point showed a small yet significant reduction in density

within lamina II inner relative to the contralateral region. This reduction remained when

comparing the ipsilateral data to a SHAM control group (Figure 3.21B). This data fits

well with previous observations in SNL tissue indicating a reduction in lamina II inner

specifically.
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Figure 3.21: 21 days post SNI shows a significant reduction in PSD95 puncta
in lamina II inner. A: 21 days post SNI show a significant reduction in PSD95 puncta
in lamina II inner relative to the contralateral dorsal horn. B: 21 days post SNI shows
a significant reduction in PSD95 puncta in lamina II inner relative to SHAM surgery
(two-way ANOVA; bonferonni-corrected selective post-hoc testing; *, p<0.05; **, p<0.01;
n=8).

3.6.6 21 Days Post SNI Shows No Change in SynaptoPhysin

Following the confirmation of PSD95 reduction within lamina II inner in the ipsilateral

dorsal horn 21 days post SNI, the distribution of SynaptoPhysin in the superficial dorsal

horn 21 days post SNI was explored. As shown in Figure 3.22, there were no observed

changes in SynaptoPhysin puncta density relative to the contralateral side, or a SHAM

control group, and the distribution patterns fit what has been observed previously for 7

day post SNI and naïve mouse dorsal horn SynaptoPhysin distributions.

3.7 Advillin eGFP Analysis of SNI Tissue

To understand what modifications may be occurring to primary afferent axons within

the dorsal horn, the Advillin-eGFP mouse from GENSAT was utilised. This transgenic

mouse expresses eGFP protein in cells which express Advillin, which in the DRG & spinal

cord constitutes all primary afferent neurons. Importantly, the expression of Advillin is

unperturbed by axotomy, resulting in a permanent marking of primary afferents (Marks
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Figure 3.22: 21 days post SNI does not affect SynaptoPhysin puncta distribu-
tion within the superficial dorsal horn. A: 21 days post SNI shows no change in
SynaptoPhysin density relative to the contralateral dorsal horn. B: 21 days post SNI
show in change in SynaptoPhysin number relative to SHAM surgery (two-way ANOVA;
bonferonni-corrected selective post-hoc testing; n.s., p>0.05; n=5).

et al., 1998; Hasegawa et al., 2007; Lau et al., 2011). Thus, this transgenic line is an

ideal method to understand whether primary afferent axons are truly lost after peripheral

nerve injury, as many markers commonly used of primary afferents are down-regulated by

nerve injury.

To characterise this transgenic, tissue was prepared for eGFP fluorescence as described

in Section 3.2.3.4, and images of the DRG, sciatic nerve and spinal cord were taken of the

EGFP fluorescence (Figures 3.23 & 3.24). As can be seen in Figure 3.23, all DRG cells

appear to express eGFP, and sciatic nerve sections show axonal projections. Furthermore,

in Figure 3.24, the spinal cord is illuminated especially on the dorsal horn, including the

dorsal columns, lissauer’s tract, and the superficial dorsal horn, with clearly visible large

diameter axons penetrating into the dorsal horn from the medial dorsal columns, which

resemble A fibre projections into the dorsal horn (Woodbury et al., 2008).

Figure 3.25A shows an example of the delineation of ROIs constituting the superficial

(laminae I and II) and deep (lamina III) dorsal horn, for analysis of EGFP intensity. Using

this methodology, the superficial and deep dorsal horn of naïve animals were analysed

for eGFP fluorescence intensity. As can be seen in Figure 3.25B, the superficial dorsal
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Figure 3.23: The Advillin-eGFP mouse expresses eGFP in all primary afferent
neuronal cell bodies and peripheral axons. A: eGFP fluorescence in the DRG labels
all neuronal cell bodies, as shown by NeuN double-labelling. B: Longitudinal section of
the sciatic nerve shows labelling of all axons. Scale bars: A, B; 100µm.

161



Figure 3.24: The Advillin eGFP mouse shows eGFP axonal projections through-
out the dorsal horn. A: Overview of the lumbar dorsal horn showing eGFP labelling
throughout, especially apparent in the superficial dorsal horn, the dorsal columns, and
dorsal roots. B: Higher magnification view of the dorsal horn showing axonal projections
throughout the dorsal horn. Scale Bars: A, B; 200µm.
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horn displays a higher eGFP signal relative to deep dorsal horn, which reflects the larger

arborisation of primary afferent C fibres in this region.

To investigate the consequences to primary afferent axons 21 days post injury, first

ROIs were delineated onto the ipsilateral injured as well as the contralateral uninjured

dorsal horn to derive both superficial and deep dorsal horn regions. The ipsilateral dorsal

horn was divided such that only injured regions of the dorsal horn were analysed, as is

shown in Figure 3.26A. Analysis of eGFP fluorescence in the delineation ROIs has been

quantified and displayed in Figure 3.26B, which shows that there is no discernible different

between contralateral and ipsilateral regions 21 days post SNI surgery.

To confirm the eGFP fluorescence seen in the superficial and deep regions of the dorsal

horn 21 days post SNI is comparable to SHAM tissue, plots of the ipsilateral region,

normalised to the corresponding contralateral region, of both 21 day SNI and SHAM

tissue were measured. As is shown in Figure 3.26C, in both superficial and deep regions,

21 day SNI eGFP fluorescence is comparable to SHAM eGFP fluorescence, indicating

there is no loss of eGFP 21 days post SNI surgery.

3.8 Discussion

This Chapter has applied the methodologies developed in Chapter 2 to specific laminae

within the rodent spinal cord dorsal horn. This has revealed a previously undescribed

stereotypical distribution pattern for two synaptic markers within the dorsal horn, the

post-synaptic density marker PSD95, and the presynaptic marker SynaptoPhysin. In

order to demonstrate the capacity for this technology to detect alterations in synapse

number, a rhizotomy surgery was performed to ablate primary afferent input and synaptic

connections. Analysis of rhizotomy tissue revealed a significant reduction in PSD95 puncta

throughout the dorsal horn. Finally, the methodology was extended to peripheral nerve
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Figure 3.25: Analysis of Advillin-eGFP projections to the dorsal horn. A: An
example of the delineation of the superficial and deep dorsal horn regions using IB4 as a
marker. B: Recorded eGFP intensity from naïve Advillin-eGFP animals in the superficial
and deep dorsal horn regions, showing a significantly higher fluorescence intensity in the
superficial dorsal horn (Student’s T-Test; p). Sup., superficial. Scale bar: 100µm.
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Figure 3.26: Analysis of Advillin-eGFP projections to the dorsal horn following
peripheral nerve injury. A: An example of the delineation of the superficial and deep
injured dorsal horn using IB4 as a marker. B: Recorded eGFP intensity from contralateral
uninjured (co UNINJ) and the ipsilateral injured (ip INJ) regions in both superficial and
deep dorsal horn, showing no difference between groups. C: Comparison of ipsilateral
eGFP intensities normalised to the contralateral side of 21 day SNI (21SNI ip INJ) and
SHAM surgery animals (SHAM ip INJ), showing no difference between groups. Sup.,
superficial. Scale bar: A, 100µm.
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injury paradigms, to understand whether these conditions influence synaptic distribution

patterns within the dorsal horn. A consistent finding in both nerve injury paradigms was

a small yet significant reduction in PSD95 puncta specific to lamina II inner. Thus, this

Chapter has demonstrated the ability for StereoMate to quantify synapse distribution

patterns in selected regions of the CNS, and to detect changes in these distributions

following different manipulations.

3.8.1 Synaptic Distributions - Technical Considerations

This Chapter has presented distribution patterns of PSD95 and SynaptoPhysin puncta

throughout the superficial dorsal horn. These datasets were generated by initially mea-

suring synapse density, and then proving that this density measure correlates to total

object counts by measuring dorsal horn volumes, as outlined in Chapter 2.

One potential confound within the datasets is the lack of control for any potential

shrinkage during tissue processing. As described in Chapter 2, all tissue sections were

dried to slides prior to histological processing, to prevent tissue from detaching from

the slide. To what degree this drying process shrinks tissue can potentially vary the

subsequent synaptic puncta density measures, as tissue which remains more dense even

after hydration and further tissue processing will display a higher density of synaptic

puncta as compared tissue with the same biological distribution of synapses, but with

less shrinkage. One means to control for this potential error would be to measure the

thickness of all tissue sections under analysis, and to control for shrinkage observed in

the Z plane. This would require an accurate measurement of the tissue thickness using

an oil-immersion lens with a high NA. Any differences in tissue thickness, and therefore

tissue density, could then be controlled for, which may produce even more robust data on

synaptic puncta distributions.
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Measurement of the dorsal horn area is another essential control to ensure object den-

sity measures directly correlate to total object counts. Dorsal horn area measurements

across lumbar regions 3 to 5 revealed a significant reduction in lumbar region 3 relative

to 4 and 5, which reflects a real difference in terms of lumbar spinal cord dimension (An-

derson et al., 2009). This could potentially confound analyses between different animals,

if a mixture of Lumbar 3 and 4 were used for synapse analysis. Since the nerve injury

paradigms all affect lumbar regions 4, this region was selected for analysis. These data

indicate the importance of carefully selecting regions for sampling to prevent any potential

confounds from disrupting legitimate biological measurements.

3.8.2 Naïve dorsal horn

3.8.2.1 Synapse Distribution Patterns

Both PSD95 and SynaptoPhysin puncta displayed unique distribution patterns in the

superficial dorsal horn. PSD95 showed a pronounced increase in puncta number in lamina

II, especially lamina II inner, which diminished in lamina III. This large increase in synapse

number may reflect the large input from C fibres to this lamina. It has previously been

shown that C fibres outnumber A fibres by approximately 2 to 1 (Lawson, 1979; Lawson

et al., 1984), and so it might be expected that the laminae where C fibres arborise may

exhibit an increase in synaptic numbers. However, this assumes both C and A fibres

arborise and synapse to the same degree. Furthermore, an increase would be expected

in lamina I, where C fibres also arborise (Snider and McMahon, 1998). The rhizotomy

data suggests this may only partially explain the difference in PSD95 puncta number,

since the increase in lamina II, whilst abated following rhizotomy, does still remain (see

Figure 3.8). Thus, the remaining elevated number of PSD95 puncta may be explained by

a larger input from excitatory interneurons into this lamina (Kato et al., 2007, 2009).
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SynaptoPhysin puncta display a similar pattern to PSD95, except the increased puncta

number remained elevated in lamina III. Given this disparity with the PSD95 distribution

data, this suggests the continued elevation in SynaptoPhysin puncta must represent an-

other population of synaptic puncta. SynaptoPhysin is known to be a general pre-synaptic

marker for both symmetric and asymmetric synapses (Thiel, 1993), and so the continued

elevation in SynaptoPhysin may represent an increase in symmetric synapses in lamina

III. It has been previously shown that the inhibitory interneurons that express glycine

are present from lamina III and below (Punnakkal et al., 2014), and so this increase in

SynaptoPhysin may reflect synapses contributed by these cells to this lamina.

The observed distributions across different lamina at different mediolateral locations

revealed a remarkable consistency to PSD95 and SynaptoPhysin distribution densities,

which suggests, at least when looking at crude synapse number distributions, that the

general circuitry observed across the mediolateral axis is generally consistent. One dis-

crepancy to this was the observed reduction in SynaptoPhysin in lamina I of the lateral

portion relative to both the middle and medial portions of the dorsal horn. This was not

matched by a significant reduction in PSD95 (although a trend towards a reduction was

observed, see Figure 3.3), and so may reflect an altered inhibitory input to this region. It

has previously been shown that neuronal sub-populations based on dendritic architecture

display a regional bias in the mediolateral plane in lamina I (Lima and Coimbra, 1983,

1986), and so such a skewed distribution may reflect this fact. It is also well appreciated

that dorsal horn wiring is different at different mediolateral regions (reviewed in Petkó

and Antal, 2012). Another consideration is the fact lamina I on the lateral region of the

dorsal horn is very narrow, which may increase the chances of error in delineating lamina

I. If, for example, the outer border were to be drawn slightly beyond the true edge of

the dorsal horn, this would have a larger effect on diluting synapse number in the lateral
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regions than in the middle or medial regions.

An interesting observation during the course of this analysis was that PSD95 and

SynaptoPhysin fluorescence intensity distributions in the dorsal horn displayed markedly

different results. Whereas PSD95 fluorescence intensity was increased in lamina II, where

an increase in PSD95 puncta has been observed; SynaptoPhysin consistently showed an

increased fluorescence intensity in the superficial dorsal horn, in marked contrast to the

observed underlying distribution of SynaptoPhysin puncta number. This highlights that

fluorescence intensity does not always equal object density. The most likely explanation for

the disparity between SynaptoPhysin intensity and density reflects the increased binding

of the antibody to antigenic sites towards the periphery of the tissue, which antibodies

washed on to the tissue will have immediate access to. This is backed up by the observation

that SynaptoPhysin also displays intense fluorescence on the surface of the tissue (for

example, see Figure 2.10 from Chapter 2). Why this same effect does not occur to PSD95

labelling is unclear, but may reflect the capacity for the antigen retrieval to effectively

unveil post synaptic densities for antibody labelling, whereas presynaptic components

remain harder for antibodies to access and label, therefore the increased time the antibody

has access at the surface of the tissue creates a much higher density of SynaptoPhysin

labelling than in regions within the tissue section.

3.8.3 Rhizotomy

Rhizotomy surgery results in the selective and complete loss of primary afferent input from

transected dorsal roots into the dorsal horn. This has previously been shown to result

in marked degeneration of primary afferent terminals, as well as dorsal horn dendritic

components, and a loss of synapses in the affected dorsal horn region. Thus, rhizotomy

was used as a positive control to test whether StereoMate could effectively detect a loss
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in synapse numbers after injury.

3.8.3.1 Dorsal Horn Area is Not Affected by Rhizotomy

7 days post rhizotomy surgery showed no significant reduction in dorsal horn areas. This

may be considered unexpected, since the loss of primary afferent fibres would be pro-

nounced by this time point. However, this result largely correlates with previous findings

(Murray and Goldberger, 1986; Chung et al., 1989). The fact no change in dorsal horn

area was detected may reflect the concomitant glial response seen following rhizotomy

surgery (Murray and Goldberger, 1986; Kapadia and LaMotte, 1987; Hajós et al., 1990),

which may compensate for the loss of volume driven by loss of primary afferent terminals.

3.8.3.2 Synapse Loss Seen in Rhizotomy

Although no reduction in dorsal horn volume was observed after rhizotomy surgery, a

dramatic loss in PSD95+ puncta was observed in all laminae 7 days post rhizotomy. This

data fits with previous synaptic loss detected using electron microscopy (Chung et al.,

1989). One clear disparity between Chung and the present data is the significant loss in

synaptic puncta seen in the contralateral region in Chung et al. This difference may be

explained by the region of the cord analysed; whereas in the present work the lumbar

cord was analysed, in Chung et al. the sacral portion of the cord was analysed, which

may possess more contralateral projections.

The clear reduction seen after rhizotomy surgery highlights the ability for StereoMate

to effectively detect synapse number loss in the dorsal horn. By assuming that rhizotomy

selectively eliminates primary afferent connections alone, that there remains no collateral

inputs from adjacent dorsal roots in the sections analysed, and that no compensatory

connectivity emerges, 30% of PSD95 puncta would be derived from primary afferent

connections in lamina I, II outer, II inner and approximately 20% of PSD95 puncta from
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lamina III in the dorsal horn. However, it has been reported that 7 days post injury some

form of compensatory influence in the dorsal horn can occur, at least in cat (Basbaum

and Wall, 1976; Murray and Goldberger, 1986), and so these proportions may not be

completely accurate in reflecting the true number of synapses contributed by primary

afferents alone in each lamina. These number are, however, assumed to roughly correspond

to the contribution of primary afferents to the PSD95+ synaptic puncta number in these

laminae.

3.8.4 Peripheral Nerve Injury Models

Peripheral nerve injury models are often used to model neuropathy, which is a common

cause of neuropathic pain. These models are distinct from rhizotomy injuries (for example,

dorsal root avulsion, or dorsal rhizotomy as performed in this Chapter) in that they leave

the dorsal root intact. As the dramatic synaptic loss seen in rhizotomy is believed to

reflect the sudden loss in primary afferent input, such a dramatic change might not be

expected with a lesion to a peripheral nerve. Instead, a plethora of complex mechanisms

are initiated at the locus of injury, affected the dorsal root ganglion, its projections to the

dorsal horn, and the dorsal horn itself (Sandkühler, 2009; Michaelevski et al., 2010; von

Hehn et al., 2012; Perkins et al., 2014; West et al., 2015).

The two models selected to interrogate synaptic distribution changes after nerve injury

display similar behavioural, anatomical and functional changes (Sandkühler, 2009), which

are typical for traumatic nerve injuries. Two reasons led to the change from SNL to SNI:

the spared nerve injury results in an injury such that on one transverse section of the

spinal cord, both injured and adjacent uninjured afferents can be observed (Beggs and

Salter, 2007); and the SNI model is technically less challenging than the SNL model,

which produces a more consistent model in mice, and makes future manipulations to the
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injured nerve a simpler endeavour. Understanding any changes in uninjured afferents

is important, as they may play a role in the signs and symptoms of neuropathic pain,

including evoked behavioural hypersensitivity, observed following traumatic nerve injury

(Wu et al., 2001; Ringkamp and Meyer, 2005; Meyer and Ringkamp, 2008).

3.8.4.1 Mechanical Paw Withdrawal Thresholds are Reduced by SNL & SNI

A consistent observation following peripheral nerve lesions is evoked hypersensitivity to

different somatosensory inputs (Decosterd and Woolf, 2000; Sandkühler, 2009). In both

injury paradigms, a large reduction in paw withdrawal thresholds to von Frey hairs was

observed. The methodology followed that outlined by Chaplan et al. (1994), and is used

to determine the 50% paw withdrawal threshold. The effects of a peripheral nerve tran-

section model on evoked behaviour suggests that adjacent uninjured afferents and their

integration with the dorsal horn is profoundly affected by injured afferents. Electro-

physiological changes have been detected in uninjured afferents (Wu et al., 2001), and

microglial responses observed after peripheral nerve lesion have been shown to spread to

adjacent uninjured regions of the dorsal horn (Beggs and Salter, 2007, see also the next

Chapter), which further implicate uninjured afferents in the presentation of neuropathic

symptoms (Ringkamp and Meyer, 2005; Meyer and Ringkamp, 2008). These observations

suggest that the mechanisms that drive evoked hypersensitivity are a result of nerve lesion

affecting adjacent uninjured nerve territories, peripherally and/or centrally.

3.8.4.2 IB4 Labelling is Reduced by SNL & SNI

IB4 has been used to mark non-peptidergic afferents, and is known to be reduced by

peripheral nerve injury (Streit et al., 1985; Molliver et al., 1995; Molander et al., 1996;

Bennett et al., 1998). The loss of IB4 can pose significant problems in the delineation of

laminae within the injured region of the dorsal horn, since it has been used to identify
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lamina II, and divide lamina II inner from lamina II outer. To counteract this, firstly the

ipsilateral and contralateral regions were taken from the same mediolateral region of the

dorsal horn. This allows the laminar distribution of the contralateral side to guide the

delineation for the ipsilateral side. Secondly, although IB4 is markedly reduced following

peripheral nerve injury, often some labelling does still remain (as can be seen in Figure

3.11), due to innervation from separate dorsal roots into adjacent dorsal horn segments, via

Lissauer’s Tract (McMahon and Wall, 1985). Thus, the use of IB4, whilst not perfect, is

still sufficient to delineate lamina I-III in dorsal horn regions innervated by axons affected

by peripheral nerve injury, which is confirmed with the stability of the 7 day SNI & SNL

data showing a similar laminar distribution of both PSD95 and SynaptoPhysin.

It may be possible to overcome this potential confound or area of confusion through

the use of a more indelible marker. A plexus of neurons that express protein kinase c

gamma exist within the superficial dorsal horn which stretch across the lamina II inner

border in the mediolateral and rostrocaudal axes. This plexus exists just ventral to the

IB4 labelling, and has been suggested to constitute a ventral region occupying lamina II

inner, with IB4 labelling occupying a dorsal region of lamina II inner (Polgár et al., 1999;

Zylka et al., 2005; Neumann et al., 2008). Protein Kinase C gamma is increased following

peripheral nerve injury (Mao et al., 1995), and so may provide a more consistent marker

for delineating the border of lamina II inner and III.

3.8.4.3 Dorsal Horn Areas are Not Affected by SNL & SNI

Peripheral nerve transection models did not show any significant change in dorsal horn

areas, consistent with previous rhizotomy data. It is known that glial cells proliferate

after nerve injury (Hajós et al., 1990), as well as an influx of immune cells, and since the

dorsal root and thus primary afferent input remains intact, one might speculate that an
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increase in dorsal horn volume may result. However, this has not been seen in either SNI

or SNL models. It is unclear where the extra space for these cells comes from, but may

indicate the dorsal horn in uninjured conditions contains the capacity to hold a greater

density of cellular material without any significant shift in dorsal horn volume.

3.8.4.4 PSD95 and SynaptoPhysin Puncta are Not Lost 7 Days Post Injury

To directly compare peripheral nerve transection to dorsal root transection, the peripheral

nerve injury models were assessed at 7 days post injury. This revealed no changes in

puncta numbers across the dorsal horn, which likely reflects that primary afferent inputs

remain intact after lesion to a peripheral nerve, and that these terminals do not degenerate,

at least by 7 days post injury. This contrasts with rhizotomy, where a dramatic loss of

primary afferent terminals is observed. The retention of primary afferent inputs 7 days

post SNI and SNL may be driven by the retention of the dorsal root ganglion connection,

and thus the continued supply of the central terminals with cellular signals, as well as

a continued trophic signalling component to primary afferent terminals from the dorsal

horn itself (Lin and Koleske, 2010). However, it should be noted that by 7 days post

injury, a dramatic change in trophic support of DRG cells from the periphery will have

taken place (Abe and Cavalli, 2008), but it appears this alteration is not sufficient to

change the PSD95+ synaptic landscape of the dorsal horn by 7 days post injury.

3.8.4.5 PSD95 Puncta are Lost Specifically at 21 Days Post Injury in Lamina

II Inner

An intriguing and consistent observation across both peripheral nerve transection paradigms

is a reduction in PSD95 puncta specifically in lamina II inner by 21 days post injury. This

observation is consistent with previous studies, which have observed a loss of synapses in

lamina II following peripheral nerve injury (Bailey and Ribeiro-da Silva, 2006), as well
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as electrophysiological evidence indicating a mean reduction in excitatory input to this

lamina after nerve injury (Kohno et al., 2003). The specific loss observed in lamina II

inner only occurs at later time points, with no change seen at 7 days post injury. One

explanation for this loss may be a specific breaking of primary afferent synaptic contacts

within this lamina of the dorsal horn, as suggested in the study by Bailey and Ribeiro-

da Silva (2006). It is well known that the IB4+ primary afferent population extensively

arborise within this lamina (Streit et al., 1985; Molliver et al., 1995), and so this class of

primary afferent C fibre is a key candidate.

Interestingly, the loss of IB4 precedes the loss of PSD95 puncta in this lamina exten-

sively (Molander et al., 1996; Bennett et al., 1998), and so the loss of IB4 is not a predictor

of the loss of presumed primary afferent terminals. This instead likely reflects a reduction

in the production of the glycoprotein which IB4 has affinity for early after peripheral nerve

injury. Speculatively, this sequential loss of IB4 followed by PSD95 in the same region of

the dorsal horn might indicate a progressive effect of the loss of trophic support to the

IB4+ primary afferent population as a result of nerve injury. Why these neurons should

be more sensitive to this loss, and why the slow degeneration of terminals is not clear, but

it would suggest that peripheral trophic support is essential in maintaining IB4+ primary

afferent central connections after nerve injury.

The eventual fate of these neurons after peripheral nerve injury is also of interest.

Previous studies have given an ambiguous answer to the question of whether DRG cells

are lost after peripheral nerve lesion (Lekan et al., 1997; Tandrup et al., 2000; Shi et al.,

2001; McKay Hart et al., 2002), although the general consensus across different peripheral

nerve lesions is a progressive loss of DRG neurons. However, these studies are hampered by

the inability to quantify total DRG cell counts, and thus are limited to estimates derived

from simple or stereological quantification. An intriguing open question is whether this
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loss of synapses is the beginning of a withdrawal of the IB4+ primary afferents from the

dorsal horn, and possibly their death within the DRG itself at later timepoints.

3.8.4.6 SynaptoPhysin Puncta and Advillin-eGFP are Not Lost 21 Days Post

SNI

Concomitant with the loss of PSD95 in lamina II inner, studies of SNI tissue 21 days post

injury revealed no changes in SynaptoPhysin puncta, nor Advillin-eGFP fluorescence

intensity. The disparity of SynaptoPhysin+ puncta with the PSD95+ puncta may have

one of a number of explanations. First, SynaptoPhysin is a general marker of presynaptic

structures, which delineates both symmetric and asymmetric synapses. Thus, the loss seen

in PSD95 puncta may be masked in the SynaptoPhysin data by the symmetric synapses

these presynaptic structures contribute to. However, previous work has highlighted a loss

of inhibitory interneuron presynaptic structures after peripheral nerve injury (Lorenzo

et al., 2014), which contribute to the symmetric synapse population, and is inconsistent

with this theory.

Secondly, the problem may be a technical issue with the use of SynaptoPhysin as a

marker of synaptic contacts. SynaptoPhysin marks presynaptic structures, but it is not

limited to presynaptic active zones, and instead marks vesicles throughout a much larger

volume (reviewed in De Camilli et al., 2001). One issue arising from this is that one

presynaptic structure may contain more than one active zone. Thus, several presynaptic

active zones may become linked into one single structure due to a continuous link of

SynaptoPhysin vesicles. Both of these situations would mean SynaptoPhysin puncta

number would under-estimate the number of active zones within the tissue. Furthermore,

a reduction in the number of active zones might not necessarily result in a reduction

in the number of SynaptoPhysin puncta, since any which correspond to more than one
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active zone may only reduce in size, and thus mask any loss in active zone number. This

theory would, however, require the loss of presynaptic structures only from selective post-

synaptic partners, which would be inconsistent with the previously proposed theory of a

selective loss of IB4+ primary afferent neurons, at least at 21 days post injury.

Finally, a third explanation for the disparity in PSD95+ and SynaptoPhysin+ puncta

may be that, whilst post-synaptic structures are lost after peripheral nerve injury, the

pre-synaptic components remain. This idea seems most consistent with the evidence,

since both SynaptoPhysin+ puncta and eGFP fluorescence intensity in Advillin-eGFP

mice remain at endogenous levels 21 days post injury, suggesting no loss of presynaptic

terminals or primary afferent axon loss. It is well known that the presynaptic structures

such as synaptic vesicles are present at the earliest stages during the development of

a new synapse (Ahmari et al., 2000; Ziv and Garner, 2004), and during degeneration of

synaptic contacts, these may be the last components to be removed. Electron microscopic

observations of the dorsal horn after peripheral nerve injury have revealed a phenomenon

referred to as Transganglionic Degenerative Atrophy occurring at central terminals of

FRAP+ (which is synonymous with the IB4+ sub-population of C fibres) in the substantia

gelatinosa (lamina II) 10-14 days post injury, but a delayed loss of degenerating terminals

between 30-40 days (Csillik and Knyihár-Csillik, 1981). This may reflect an early loss

of PSD95+ post-synaptic structures, but the retainment of SynaptoPhysin+ presynaptic

structures at day 21. This theory would predict a loss of SynaptoPhysin+ puncta at 30-40

days post injury. The extent of the loss of primary afferent axons was not fully elucidated

in the Csillik and Knyihár-Csillik (1981) study, thus the consequences to primary afferent

axons 30-40 day post injury would be of interest, as their retraction from the dorsal horn

may have important implications for the eventual fate of the IB4+ population of C fibre

primary afferents at later time points.
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Some previous studies have looked at SynaptoPhysin immunohistochemistry in the

dorsal horn after peripheral nerve lesions, where some studies have shown an increase

in SynaptoPhysin after nerve injury (Chou et al., 2002; Lin et al., 2011), and one study

shows no change in SynaptoPhysin (Sun et al., 2006). It is hard to reconcile the increase

in SynaptoPhysin with the evidence presented here and the previous evidence showing

a reduction of PSD95 puncta in lamina II inner, however, Sun et al. (2006) suggest the

SynaptoPhysin may not mark all pre-synaptic sites, which could explain the disparity

with the post synaptic marker PSD95. Furthermore, the two studies which show an

increase in SynaptoPhysin after nerve lesion (Chou et al., 2002; Lin et al., 2011) have used

models that constrict but do not transect the nerve, and looked at different time points.

Interestingly, Chou et al. (2002) detected only a transient increase in SynaptoPhysin at

14 days, which returned to baseline by 21 days, consistent with the data presented here.

Furthermore, it may be the case that increases in one sub-population of synapses, as

has been observed with constriction-type injuries (Chou et al., 2002; Lin et al., 2011),

are masking the possible reduction a separate population, which are reduced after nerve

injury and express PSD95.

3.9 Conclusion

This Chapter has applied the methodologies from Chapter 2 to the dorsal horn in a

number of different conditions. It has revealed a unique distribution pattern for both

SynaptoPhysin and PSD95 puncta which has not been previously described. Furthermore,

it has revealed a selective loss in PSD95 puncta in two separate models of peripheral nerve

injury specifically within lamina II inner at later time points (21 days post injury). No

loss of SynaptoPhysin+ puncta or Advillin-eGFP fluorescence intensity (indicating no

loss of primary afferent axons) were detected. What components constitute this loss and
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speculation on mechanisms have been given in the discussion. The next Chapter aims

to test the hypothesis that microglia are implicated in driving the loss of synapses from

lamina II inner that has been observed 21 days post peripheral nerve lesion.
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Chapter 4

Experiments Exploring the Role of

Microglia in Synapse Loss following

Peripheral Nerve Injury

4.1 Introduction

An interesting development in the dorsal horn following peripheral nerve lesion is the

reaction of microglial cells, which are recruited, proliferate and begin to alter the cellular

environment within central territories of injured afferents following a lesion to the pe-

ripheral nerve (Tsuda et al., 2005; Beggs and Salter, 2013; Clark and Malcangio, 2014).

A number of studies have developed the idea that microglia may be involved in modu-

lating and sculpting neuronal circuits (Kettenmann et al., 2013): microglial stimulation

can cause synaptic enhancement (Zhou et al., 2011; Clark et al., 2015), and reverse the

anion gradient via BDNF signalling (Coull et al., 2005) in the dorsal horn. Microglia have

been shown to contact synaptic elements in the CNS (Tremblay et al., 2010), and these

cells have been recently demonstrated to remove synapses during development (Tremblay
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et al., 2010; Schafer et al., 2012).

Given the suggestions that microglia are actively involved in modulating and sculpt-

ing synaptic circuits, the question emerged whether these cells may be involved in the

synaptic loss observed after peripheral nerve injury in the dorsal horn. In order to ex-

plore this possibility, microglial cells were analysed after peripheral nerve injury, utilising

and developing the automated stereological algorithms previously developed for use on

microglial cell quantification.

To attempt to intervene with the microglial response after peripheral nerve injury,

the pharmacological agent minocycline, well known for its ability to reverse a number

of key molecular changes in microglia as well as the behavioural hypersensitivity seen

after peripheral nerve injury (Raghavendra et al., 2003; Ledeboer et al., 2005; Mika et al.,

2007; Mika, 2008), was used. Previous reports have suggested minocycline needs to be

administered either prior to nerve injury, or at least during the early stages, to show

efficacy (Raghavendra et al., 2003; Mei et al., 2011). Thus, chronic administration up to

21 days was performed by oral administration, as described in Section 4.2 : Methods.

Minocycline administration was used to test the idea that the microglial response may

be stripping synapses after peripheral nerve injury. The effects on behavioural hypersensi-

tivity, microglial responses, and synaptic loss in the dorsal horn were explored in animals

treated with minocycline after peripheral nerve injury.

4.2 Methods

4.2.1 Animals

All work carried out conformed to UK Home Office legislation (Scientific Procedures

Act 1986). Mice used in this study were on a FVB/N background. All animals were
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Figure 4.1: The spared nerve injury model. Two branches of the Sciatic nerve (the
Tibial and Common Peroneal nerves) are ligated and transected, leaving the third branch
(Sural nerve) intact.

young adults (12-16weeks) throughout the study. Mice were housed in groups in standard

environmental conditions (12 h light/dark cycle) with ad libitum access to food and water.

4.2.2 Spared nerve injury surgery

The spared nerve injury (SNI) model of peripheral nerve injury was used, as previously

described (Decosterd and Woolf, 2000; Shields et al., 2003). Briefly, mice were anaes-

thetised using isoflurane. A unilateral incision from the sciatic notch was made laterally

to expose the biceps femoris muscle, which was bluntly dissected with scissors to expose

the sciatic nerve and its three distal branches: the common peroneal, tibial and sural

nerves (Figure 4.1). The tibial and common peroneal nerves were tightly ligated using a

3-0 prolene suture, and transected distal to the ligation. A SHAM surgery was performed

by exposing the sciatic nerve, but not performing a ligation or transection of the common

peroneal or tibial nerves. The wound was sutured, and the animals allowed to recover in

a clean and warm cage. Behavioural assessment to determine mechanical paw withdrawal

thresholds was performed as described below.
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4.2.3 Mechanical paw withdrawal threshold behaviour

Behavioural assessment of 50% paw withdrawal thresholds was determined with the “up-

down” method, as previous described (Chaplan et al., 1994). Briefly, animals were placed

into plastic boxes with an exposed and raised wire floor, to allow access to the plantar

surface of the hind paws. After a period of acclimatisation (between 15-30 minutes, and

until cage exploration had ceased), von Frey hairs that deliver calibrated forces were

applied to the ipsilateral plantar paw on the lateral side (since this is region is innervated

by the spared sural nerve, Decosterd and Woolf (2000)), and the 50% paw withdrawal

threshold was determined for each animal. This was achieved by applying consecutive

von Frey hairs, and moving up the series with no response, or down the series if a positive

response was noted. A positive response was assessed as a withdrawal from the test

stimulus, after an application time of 3 seconds. The 50% paw withdrawal threshold

was then calculated as previously described (Chaplan et al., 1994). Von Frey testing was

performed blind throughout, including two baseline sessions prior to surgery, and followed

up with testing at 7, 14 and 20 days post SNL surgery.

4.2.4 Drug Administration

Administration of minocycline (0.3mg/mL) was administered via the drinking water to

the minocycline-treated group following SNI surgery. The control group received regu-

lar drinking water. This route of administration was chosen for several reasons: daily

i.p. injections is labour-intensive, causes undue distress, and had previously caused some

irritation in a pilot study to the mouse peritoneum; the half-life of minocycline is ap-

proximately 3 hours in rodent (Colovic and Caccia, 2003), compared to 18-21 hours in

human (Agwuh and MacGowan, 2006), which would result in daily dosing regimens caus-

ing large fluctuations in plasma minocycline concentrations; and oral administration of
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minocycline has a high bioavailability (Agwuh and MacGowan, 2006; Tynan et al., 2015)

and maintains a relatively consistent plasma concentration over long periods of time, even

when taking into account natural variations in mouse water consumption (Possidente and

Birnbaum, 1979; Possidente et al., 1980; Minematsu et al., 1991), relative to a single daily

i.p. dose.

4.2.5 Perfusion Dissection & Tissue Processing

Naive animals and animals at Seven and 21 days post SNI surgery, were perfused as

previously described (see Section 2.2.1). The tissue was processed for PSD95 and Synap-

toPhysin synaptic puncta as previously described (see Section 2.2). Tissue processed for

microglial staining was processed in the same manner as for synaptic puncta analysis,

except some naive tissue sections were taken at 60µm thickness to visualise complete

microglial nuclei in the axial plane.

4.2.6 Histology & Imaging

Tissue was stained, imaged and analysed for PSD95 and SynaptoPhysin synaptic puncta

as previously described (see Sections 2.2 & 3.3).

Microglia were visualised with an antibody targeting ionized calcium binding adap-

tor molecule 1 (Iba1, 019-19741, Wako), a protein expressed specifically in microglia in

the CNS (Ito et al., 1998). The standard histological procedure progressed as follows:

cryostat-sectioned and air-dried sections (see 2.2) were re-hydrated in PBS for 10 minutes

at room temperature, tissue was incubated in 50% ethanol for 30 minutes to enhance

antibody penetration of the tissue (Llewellyn-Smith and Minson, 1992), and tissue was

incubated in a mixture of Iba1 antibody (1:1000, rabbit polyclonal, Wako), and IB4 con-

jugated to biotin (1:100, Sigma, L2140) in PSB containing 0.3% Triton-X100 and 0.1%
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sodium Azide (PBSTx) for 3 days at room temperature. Sections were washed 4 x 5

minutes in PBSTx, and incubated in a second mixture of Cy-3 anti-rabbit (1:500; 711-

166-152, Jackson ImmunoResearch), ExtrAvidin-FITC (1:500; E2761, Sigma) and DAPI

(1:50,000; D8417, Sigma) in PBSTx for 1 day at room temperature. Sections were washed

4 x 5 minutes in PBSTx, mounted in VectaShield (H-1000, VectorLabs), and coverslipped

(0.17±0.01mm; Hecht-Assistent, 1014).

To enhance Iba1 labelling within the dorsal horn, proteinase K antigen retrieval was

used, which comprised addition of proteinase K digestion prior to ethanol treatment,

consisting of a 10 minutes incubation in proteinase K diluted to 4µg/mL in PBSTx at

room temperature (see 4.3.1).

Imaging of microglia was performed on a LSM 700 confocal microscope, using the x20

Plan-Apochromat (NA 0.8). Z Stacks were taken across the ipsilateral and contralateral

dorsal horns to allow assessment of both sides in the same image. Z slice thickness was

set to 2µm, with a stack thickness of 8µm.

4.2.7 Analysis of Microglia

The StereoMate algorithms previously outlined were used for analysis of microglial cell

number (see Chapter 2). Results relating to this methodology development are presented

in this Chapter (see Section 4.3.1). All image processing was performed in ImageJ. The

segmentation of DAPI and Iba1 images was performed as described previously (Section

2.3.2.4). The boolean AND function was performed in the ImageJ plugin “Image Calcu-

lator” (available in the standard distribution of ImageJ, which isolates pixels segmented

only in both images presented). ROI delineation and object measurement was performed

as described in Chapter 2, except where indicated below (Section 4.3.1).

Manual quantification was compared to the automated protocol developed in this
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Chapter. This was achieved by overlaying the segmented and boolean AND-treated image

with the original DAPI and Iba1 images, and manually verifying whether each object was

either a true microglial nucleus, or aberrant co-localisation of Iba1+ processes and other

DAPI+ nuclei. This process was used to divide all objects obtained from the segmentation

and boolean AND function of Iba1+ and DAPI+ images into either microglial nuclei, or to

aberrant co-localisation. The differences in size between these two object populations was

explored, as highlighted below, in order to determine an automated method for microglial

cell quantification.

4.3 Microglia are activated following SNI model

4.3.1 Automated Microglial Quantification

To apply the automated stereological algorithms to microglial cell number, initial work

focussed on deriving sufficient signal:noise from Iba1 staining in dorsal horn tissue. In

order to improve Iba1 labelling, a number of different antigen retrieval methods were

tested, including Proteinase K digestion. Proteinase K treatment was found to improve

Iba1 signal intensity (Figure 4.2). Utilising this antigen retrieval method, accurate binary

representations of both nuclear and microglial staining was achieved (Figure 4.3A-C).

In order to isolate individual cells for quantification, the boolean AND function was

applied to all pixels of segmented DAPI and Iba1 images, to produce a new image which

retained pixels only segmented in both images (Figure 4.3D & E). This function produced

a consistent representation of microglial cell bodies, which could then be quantified.

To assess the isolated microglial cell bodies in a manner consistent with stereological

principles, the ROI Di-Sector must be applied. The ROIs under analysis in these images

are fully delineated in both the medio-lateral and dorso-ventral planes; however, due to
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Figure 4.2: Proteinase K treatment significantly improves Iba1 signal inten-
sity. A: Iba1 fluorescence without Proteinase K treatment. B: Iba1 fluorescence with
Proteinase K treatment. Scale bar: 200µm.

the physical sectioning of the dorsal horn in the transverse orientation, the dorsal horn

is physically sampled in the rostro-caudal plane. Thus, a Rejection Boundary-Exclusion

Zone pair must be set up in this plane (Figure 4.4A).

The microglial nuclei isolated via the AND function occupy a large proportion of the

total depth of the image. This is because the image depth is limited due to the original

section thickness, and shrinkage during processing. When implementing the original ROI

DiSector as described in Chapter 2, the synaptic puncta quantified are reconstructed in

their entirety, which allows any unique and consistent part of the particles to be used to

determine whether the objects lies within the counting region, on a Rejection Boundary,

or in an Exclusion Zone. With fully reconstructed objects such as synaptic puncta, the

pixel on the object edge facing any rejection boundary orientations was used to reduce

the puncta to a single point in each plane, and then this point was used to determine its

inclusion or exclusion via the ROI DiSector rules.

It is not possible to use this methodology with the present imaging problem, since the

nuclei are so large and the number of optical sections required to capture entire nuclei
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Figure 4.3: Segmentation and isolation of microglial nuclei. A: Original confocal
image revealing Iba1+ microglial cells, DAPI+ nuclei and IB4 labelling in the superficial
dorsal horn. B: Segmentation of Iba1+ cell bodies using a 3x3 median filter following by
the OTSU method. C: Segmentation of DAPI+ nuclei using a 3x3 median filter following
by the OTSU method. D: Isolation of microglial-specific nuclei by retaining pixels only
thresholded in both DAPI and Iba1 segmented images (AND boolean function). E:
Overlay of the AND boolean image with the DAPI and Iba1 segmented images, which
shows a good correspondence between large microglial nuclei and microglial cell bodies.
Scale bars: 200µm.
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so small, that few, if any, nuclei are completely reconstructed (Figure 4.4B). Thus, to

improve the number of nuclei to be included in quantification, but maintain a stereological

methodology of quantification, a separate method, which still identifies a unique point in

the quantified objects, has been used.

Nuclei in most cells, including microglia, form a spherical or oval shape. Instead of

isolating a single pixel to quantify the nucleus at the edge of the object volume (as is used

for synaptic quantification), the central optical slice of the nucleus can be used. This is

because the central optical slice can be uniquely identified in an automated fashion as

the slice with the largest number of pixels. Thus, this new rule will now count nuclei if

and only if the central optical slice of the nucleus is present within the image stack. This

translates to testing whether any given nucleus has its thickest slice within the image

stack, which implies that the thickest slice is not in the first or last slice.

This can be calculated for each nucleus by comparing the thickness of the nucleus

throughout the stack; if the thickest slice is present on the first or last sections of the

image, the nucleus is rejected, otherwise its central optical slice resides within the image,

and the nucleus is accepted (Figure 4.4B). This method can be used to correct for objects

in which it is difficult to reconstruct their entire structure, and continues to ensure an

unbiased count of 3D object number is attained.

This method relies on the assumption that isolated microglial nuclei are oval in shape,

and that the largest optical slice corresponds to the central portion of the nucleus. This

was tested on spinal cord slices taken at 60µm and stained for Iba1 and DAPI, as described

in Section 4.2.6. Three separate experiments were conducted to test the reliability of these

results. The Iba1 and DAPI images were thresholded and the boolean AND function

applied as previous described. All objects contained completely within the image stack,

and which clearly co-localised within an Iba1+ & DAPI+ nucleus, were isolated, and their
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Figure 4.4: ROI Di-Sector and Stereological Correction for Iba1 quantification.
A: Left and right superficial dorsal horn ROIs isolated, indicating the full delineation of
the ROIs in the mediolateral (left-right) and dorsoventral (up-down) planes. Superficial
dorsal horn was defined as a depth equal to twice the depth of IB4 from the dorsal surface
of the dorsal horn. Due to physical sectioning, the dorsal horn is not fully delineated in
the rostro-caudal plane,and a rejection boundary-exclusion zone pair is required in this
dimension. B: Demonstration of the stereological correction method. Nuclei typically
display an oval shape, with a central optical slice containing the largest number of pixels
(top). By using this central slice to identify an individual cell (bottom), quantification
can be performed consistent with stereological principles (green nuclei).

shape in the axial plane as well as the location of the optical slice with the largest number

of pixels was determined.

Analysing 353 isolated Iba1+ nuclei across three separate experiments (mean: 118±17)

revealed axial shapes consistent with an oval shape, and showed the average location of the

largest optical slice to be at 51.6±1.0% through the object stack (n=3 experiments, Figure

4.5). These results suggest that Iba1+ cell nuclei isolated from image stacks display an

oval shape and consistent with this, the slice with the maximum pixel count is, on average,

at the centre of the isolated nucleus.

After manually isolating microglial nuclei described above, the next aim was to see if it

was possible to automatically isolate these microglial nuclei from aberrant co-localisation

between Iba1+ processes and DAPI+ nuclei from other cells. The basis for an automated

separation was that microglial nuclei would correspond to a separate population of large

objects, whereas aberrant co-localisation would produce a population of small objects,

and that these populations could be separated with a size filter.
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Figure 4.5: Isolated microglial nuclei display oval-like shape characteristics. A:
Five examples of axial views of nuclei isolated from 60µm image stacks. The yellow line
indicates the slice with the maximum number of pixels. Tot. and Cent. indicate the pixel
numbers of the total object, and the maximum slice, respectively. B: Location of the slice
with the maximum number of pixels relative to the axial length of the isolated microglial
nuclei (n=353 across three experiments). For all three experiments, an average around
0.5 was found. Box and whiskers plot made with the Tukey method.
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To investigate this possibility, every fully reconstructed Iba1+ and DAPI+ object

which was isolated from the 60µm sections above were plotted onto a histogram based

on size. Pooling all three independent experiments revealed a bi-modal distribution; with

one small population of objects, and a second population of larger objects (Figure 4.6).

These two populations seemed to be divided at approximately 200 pixels. To determine

whether this bi-modal distribution consisted of a population of aberrant co-localisation

and a population microglial nuclei, all objects were manually sorted by visual inspection

into either aberrant co-localisation, or true microglial nuclear labelling. This analysis

revealed that the bi-modal distribution does reflect these two populations, and that these

two populations are separable based on size (Figure 4.7A & B).

Using 200 pixels as a divider between aberrant co-localisation and true microglial nu-

clear labelling showed high reliability, with a sensitivity of 94.5% and a specificity of 99.9%

(pooled across three independent experiments, Figure 4.7C). Visual inspection of thresh-

olded objects overlaid with the original Iba1-DAPI images confirms that application of a

high-pass filter of 200 pixels to the AND function image allows automated quantification

of microglial cell numbers of fully reconstructed microglial nuclei (Figure 4.8).

In order to adapt this automated methodology to microglial nuclei which are only

partially reconstructed in thin tissue sections, first the pixel counts of the largest optical

slice through verified microglial nuclei must be determined, and these numbers need to

be separable from the largest optical slice through aberrant co-localised objects. Using

the manually sorted datasets produced above, measures of pixel counts for the largest

optical slices of all objects were determined, and manually identified microglial nuclei and

aberrant co-localisation pixel counts were plotted separately onto a histogram. As can

be seen from Figure 4.9, using the pixel count for only the largest optical slice of objects

produces a similar delineation between microglial nuclei and aberrant colocalisation as
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Figure 4.6: Size histogram of isolated Iba1+ & DAPI+ objects reveals a bimodal
distribution. A: Semi-log plot of entire range of size histogram corresponding to all
isolated objects from 60µm sections. The plot appears to follow a bimodal distribution.
B: A linear plot of a section of the histogram in A with a finer bin resolution reveals
a drop-off in observations at around 200 pixels in size, which then increases above 200
pixels.
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Figure 4.7: Size histogram of sorted Iba1+ & DAPI+ objects reveals a split
between nuclei and aberrant co-localisation. A: Semi-log plot of entire range of
size histogram, highlighted aberrant co-localisation and identified microglial nuclei. B: A
linear plot of a section of the histogram in A shows a good delineation between aberrant
co-localised objects and microglial nuclei. C: Contingency table which has been used
to calculate the sensitivity, specificity, and false negative & false positive rates for the
Automated method (using 200 pixels as a high-pass filter) to the manually identification
of microglial nuclei. Note the high level of sensitivity and specificity demonstrated.
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Figure 4.8: Dorsal horn image projection of DAPI, Iba1 and thresholded objects
indicates a reliable sorting of microglial nuclei based on size. A: A maximum
intensity projection of 12µm thick section of a dorsal horn, showing both the DAPI and
Iba1 channels in blue and green respectively. Overlaid onto this image are objects which
meet the criteria for microglial nuclei (white), and objects which were rejected and thus
correspond to aberrant co-localisation (red). B: Magnification of highlighted region in A.
C: Magnification of highlighted region in A. D: Magnification of highlighted region in A.
E: Magnification of highlighted region in A. Scale bar: 200µm. CoLoc, co-localisation;
Nuc., nucleus.
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seen previously for the reconstruction of complete nuclei. Using 60 pixels as a divider

between the maximum optical slice size of microglial nuclei and aberrant colocalisation

showed reliable results, with a sensitivity of 95.5%, and a specificity of 99.8% (Figure

4.9C, pooled from three independent experiments).

These results reveal a method for automated quantification of microglial cell num-

bers within thin sections of the dorsal horn. First, dorsal horn sections are treated for

Proteinase K as an antigen retrieval method. Next, the sections are stained and imaged

for both Iba1 and DAPI as outlined in Section 4.2.6. These images are thresholded and

colocalisation is isolated with the AND function in the ImageJ plugin Image Calculator

(see Section 4.2.7). The objects are filtered first by whether the slice with the maximum

number of pixels resides within the image stack (i.e that the slice with the maximum

number of pixels is not in the first or last slice), and next by whether this maximum slice

has 60 or more pixels (a high-pass filter). Finally, the objects remaining after filtering are

quantified in ROIs which delineate the superficial dorsal horn.

This method circumvents the problems with stereological analysis on optical slices

of thin tissue sections by utilising the central optical slice (which can be determined

as the slice with the maximum number of pixels) as the uniquely identifying feature

of the microglial nuclei. This central optical slice is also significantly larger than the

largest slice from any aberrant co-localised objects, making it an ideal method for filtering

true microglial cells from aberrant co-localised objects. This method is consistent with

stereological methods, which means all objects are quantified in an unbiased fashion.

Thus, cells of different size, shape and orientation all have the same opportunity to be

quantified using this methodology, unlike methods which quantify 2D image projections

of cell bodies (where, for example, larger cells have an increased chance of being counted).

Importantly, this method allows supervised automated quantification of microglia, vastly
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Figure 4.9: Size histogram of maximum slice pixel count of sorted Iba1+ &
DAPI+ objects reveals a split between nuclei and aberrant co-localisation. A:
Semi-log plot of entire range of maximum slice size histogram, highlighted aberrant co-
localisation and identified microglial nuclei. B: A linear plot of a section of the histogram
in A shows a good delineation between the maximum slice size of aberrant co-localised
objects and microglial nuclei. C: Contingency table which has been used to calculate the
sensitivity, specificity, and false negative & false positive rates for the Automated method
(using 200 pixels as a high-pass filter) to the manually identification of microglial nuclei.
Note the high level of sensitivity and specificity demonstrated.

improving the speed of data processing and analysis.

Rejecting nuclei which do not have their maximum slice inside the image stack is an

important component of this methodology, because otherwise application of the high-pass

filter may reject not just aberrant co-localisation between nuclei and microglial processes,

but also bona fide microglial nuclei, which are only partially within the image stack. By

ensuring the central optical slice of a nucleus is in the image stack as an inclusion criteria,

this method ensures that nuclei to be quantified are always larger than any aberrant co-

localisation of Iba1+ processes with other DAPI+ nuclei. This method also defines the

volume in which these microglia are quantified (which is the depth of the image, minus

the first and last slices), which can be used to calculate microglial density within the

superficial dorsal horn.
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Figure 4.10: Naive Superficial Dorsal Horn Areas display similar values. Quan-
tification of Left and Right superficial dorsal horn areas show no significant differences
(Paired student’s t-test, n=4; p>0.05).

4.3.2 Microglial Counts within the Superficial Dorsal Horn

In order to test the above workflow, microglial counts were obtained for the left and right

dorsal horn in naive mice. Superficial dorsal horn ROIs were isolated as shown in Figure

4.4. As can be seen in Figures 4.10 & 4.11, the superficial dorsal horn areas & microglial

counts for both left and right superficial dorsal horn sections are not significantly differ-

ent from one another, respectively. These results suggest that a consistent estimate of

microglial number is obtained with this method.

4.3.3 Microglial cells proliferate in the Superficial Dorsal Horn

following Peripheral Nerve Injury

Quantification of microglia at 7 and 21 days post SNI surgery was performed on the

superficial dorsal horn, in ROIs delineating the contralateral superficial dorsal horn, as well

as injured and adjacent uninjured regions of the ipsilateral superficial dorsal horn. The

injured and adjacent uninjured regions were identified by the absence and and presence,
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Figure 4.11: Microglial density in the superficial dorsal horn display similar
values. Iba1 Quantification in Left and Right superficial dorsal horn show no significant
differences (Paired student’s t-test, n=4; p>0.05).

respectively, of IB4 binding. The adjacent uninjured region was defined as a region that

started where IB4 binding began to return to the dorsal horn, and ended approximately

200um from this point laterally (see Figure 4.12). In order to ensure cell density measures

are reflective of total cell numbers in the superficial dorsal horn, dorsal horn areas were

measured as previously described (see Section 2.3.3.3). Superficial dorsal horn areas

showed similar results in both 7 and 21 day post SNI, and were comparable to SHAM-

treated animals (Figure 4.13).

Microglial numbers in these three defined regions are shown in Figure 4.14. As can

be seen, microglial numbers are strongly upregulated in both the injured and adjacent

uninjured regions at 7 days post SNI. By 21 days, this increase is still apparent, but is

reduced. This data fits with dorsal horn images of Iba1 labelling at 7 and 21 days post SNI

injury (Figure 4.15), and fits well with previous observations of microglial proliferation

following many different peripheral nerve injury models (Narita et al., 2006; Beggs and

Salter, 2007; Vega-Avelaira et al., 2007). An interesting observation is the up-regulation of

microglial numbers in adjacent uninjured regions, which has been previously documented
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Figure 4.12: ROI delineation on SNI injured DH for microglial quantification.
Both ipsilateral and contralateral dorsal horns were delineated as previously described.
The ipsilateral dorsal horn was further divided into an injured region (ip INJ), which
consisted of superficial dorsal horn regions lacking IB4 binding, and an adjacent uninjured
region (ip UNINJ) measuring 200µm from the edge of the injured region laterally. Scale
bar: 200µm.

(Beggs and Salter, 2007).

4.4 Minocycline Treatment Does Not Rescue Synapse

Loss after Peripheral Nerve Injury

Interest in microglia following peripheral nerve injury has steadily increased as they have

been demonstrated to proliferate and release various molecules following injury, and that

these signals are an essential part of the mechanism leading to hypersensitivity after pe-

ripheral nerve lesions (Tsuda et al., 2005; Beggs and Salter, 2013; Clark and Malcangio,

2014). Minocycline has shown good efficacy in blocking microglial signalling after pe-

ripheral nerve injury (Raghavendra et al., 2003; Mika et al., 2007; Mika, 2008), and thus

to test the hypothesis that microglial responses after nerve injury may be linked to the

synaptic loss previously observed in lamina 2 inner, minocycline treatment was used.
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Figure 4.13: 7 and 21 days post SNI do not affect dorsal horn volume. A: Com-
parison of 7 day SNI ipsilateral and contralateral superficial dorsal horn areas to SHAM
surgery show no significant differences. B: 21 day SNI ipsilateral and contralateral superfi-
cial dorsal horn areas show no significant differences to SHAM surgery. One-way ANOVA
with Tukey post-hoc corrections. DH, dorsal horn; IP, ipsilateral; CO, contralateral.

Figure 4.14: Microglial Quantification in Injured, adjacent un-injured, and con-
tralateral regions. A: 7 days post SNI surgery the ipsilateral dorsal horn shows a
dramatic proliferation in microglial cell numbers, especially prevalent in the injured site
(ip INJ), but also in the adjacent uninjured region (ip UNINJ). B: 21 days post SNI
surgery the ipsilateral dorsal horn shows a reduced proliferation in microglial cell num-
bers relative to 7 days post SNI, where only the injured site (ip INJ) shows a significant
increase relative to the contralateral uninjured region. Although the adjacent uninjured
region (ip UNINJ) shows an increase relative to the contralateral region, it did not reach
significance. One-way ANOVA with Repeated Measures; Tukey Multiple Comparisons
Test; *, p<0.05; ***, p<0.001.
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Figure 4.15: 7 & 21 SNI dorsal horn images show microgliosis. A: 7 days post SNI
surgery shows a robust increase in microglial cells the ipsilateral dorsal horn, especially
in the injured region (where IB4 binding is lost). B: 21 days post SNI surgery shows an
increase in microglial cell numbers, but reduced compared to 7 days post surgery. Scale
Bar: 200µm.
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Figure 4.16: Animals consume water containing 0.3mg/mL minocycline to a
dose of approximately 60mg/kg daily. A: Daily consumption of water containing
0.3mg/mL minocycline per cage (n=4, plotted mean±SEM). B: Average daily consump-
tion of minocycline across the entire experiment (n=4, plotted mean±SD).

4.4.1 Minocycline partially reverses hypersensitive behaviour ob-

served following SNI surgery

Minocycline dosing was performed by chronic oral administration, which was assessed over

the time course of the experiment. As can be seen from Figure 4.16, animals administered

minocycline in drinking water consumed, on average, 60mg/kg daily. This dose is between

2-3x higher than the effective i.p. dose which shows efficacy in nerve injury paradigms

(Raghavendra et al., 2003; Ledeboer et al., 2005; Mika et al., 2007; Mika, 2008).

In order to assess the effectiveness of chronic oral administration of minocycline in

ameliorating the behavioural hypersensitivity seen to mechanical paw withdrawal thresh-

olds, behavioural testing was performed on both vehicle and minocycline treated animals.

As is shown in Figure 4.17, daily oral consumption of ~60mg/kg results in a partial rever-

sal of hypersensitivity seen following SNI surgery. This result is consistent with previous

findings which show a partial reversal in nerve injury-related hypersensitivity following

minocycline administration (Raghavendra et al., 2003; Ledeboer et al., 2005; Mika et al.,

2007; Mika, 2008).
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Figure 4.17: Minocycline partially reverses the mechanical hypersensitivity seen
following SNI. Following SNI surgery animals display a significant reduction in ipsilat-
eral paw withdrawal threshold, which is partially reversed by daily administration of
minocycline. Graph plots mean±SEM, two-way ANOVA; bonferonni-corrected selective
post-hoc testing; **, p<0.01; ***, p<0.001; n=8. PWT, paw withdrawal threshold.

4.4.2 Minocycline does not reduce the level of microglial prolif-

eration observed following SNI

Minocycline is widely regarded to reduce behavioural hypersensitivity via its actions in

microglial cells (Raghavendra et al., 2003; Mika et al., 2007; Mika, 2008). Thus, a rea-

sonable assumption is that minocycline may reverse the microgliosis seen after peripheral

nerve injury. To confirm whether minocycline inhibited microglial proliferation, widely

considered a key marker in the microglial response seen after injury, an assessment of

microglial number in the superficial dorsal horn of both vehicle and minocycline-treated

mice was conducted, utilising the automated microglial analysis already explicated (see

Section 4.3.1). To confirm microglial densities measured here reflect the total count of

microglial cells for all treatments, measures of dorsal horn areas were also conducted,

which all showed no significant differences (Figure 4.18).

Surprisingly, microglial numbers were found to be unchanged following chronic oral
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Figure 4.18: Minocycline- and Vehicle- treated animals display similar superfi-
cial dorsal horn areas. A: 7 days post SNI show no significant differences in dorsal horn
areas between vehicle, minocycline-treated and SHAM. B: 21 days post SNI show no sig-
nificant differences in dorsal horn area between vehicle, minocycline-treated and SHAM.
One-way ANOVA with Tukey post-hoc corrections. CO, contralateral; DH, dorsal horn;
IP, ipsilateral; Mino, minocycline; Veh, vehicle.

minocycline administration, which corroborated with comparisons of immunoflourescence

images of the dorsal horn between vehicle- and minocycline- treated animals (Figure 4.19).

This result seems to contradict the behavioural response seen with minocycline treatment,

but there may be an important difference between physiologically inhibiting microglial

effects that lead to mechanical hypersensitivity, and the anatomical effects to microglia

due to peripheral nerve lesion (Watkins et al., 2001) (see Section 4.5 for Discussion).

This conclusion has been suggested in other studies which have been unable to reverse

the anatomical effects of the microglial response to nerve injury (Fendrick et al., 2005),

consistent with the present results.

4.4.3 Minocycline Administration does not reverse PSD95 puncta

loss after peripheral nerve injury

Previous work has highlighted the specific and significant reduction in PSD95 within

lamina 2 inner of the mouse, 21 days post SNI surgery. Therefore, the next question
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Figure 4.19: Minocycline treatment does not attenuate the microgliosis seen
after SNI. A: 7 days post SNI quantification of microglial cells shows no differences
between minocycline- and vehicle- treated animals. B: 21 days post SNI quantification of
microglial cells shows no differences between minocycline- and vehicle- treated animals.
C-F: 7 & 21 day post SNI treated with either minocycline or vehicle example images show
no obvious differences in Iba1 labelling. Stats: two-way ANOVA; bonferonni-corrected
selective post-hoc testing; n=5. Scale Bar: 200µm.
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to address was whether minocycline treatment was able to reverse these changes seen at

21 days post SNI surgery. To confirm that synapse density corresponds to total synapse

counts in the superficial dorsal horn, measures of superficial dorsal horn areas were per-

formed, as previously shown in Figure 4.18, which show no differences between dorsal

horn areas of different treatment groups.

As can be seen from Figure 4.20, chronic administration of minocycline up to 21 days

post SNI surgery has no effect on the reduction in PSD95 puncta observed at this time.

A significant reduction in lamina 2 inner was still observed in the minocycline treated

group relative to the contralateral side, and no difference was seen between the ipsilateral

or contralateral ROIs between the minocycline-treated and vehicle-treated animals.

4.4.4 Minocycline Administration does not affect SynaptoPhysin

puncta number after peripheral nerve injury

Although previous work has suggested no observed change in SynaptoPhysin puncta at

21 days post injury, in order to complete the assessment, and confirm previous findings,

this analysis was also repeated. Figure 4.21 shows SynaptoPhysin puncta number are not

altered in either vehicle- or minocycline-treated animals 21 days post SNI surgery.

4.4.5 Minocycline treatment does not affect eGFP intensity in

the dorsal horn following SNI surgery

Finally, eGFP fluorescence intensity was compared between vehicle- and minocycline-

treated animals at 21 days post SNI. Figure 4.22A shows the corresponding contralateral

and ipsilateral regions assessed for eGFP fluorescence intensity. As can be seen in Fig-

ure 4.22B, comparing minocycline treated to vehicle treated animals shows no obvious

differences in fluorescence intensity. Although a significant result was seen between the
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Figure 4.20: PSD95+ puncta remain reduced in lamina 2 inner with minocy-
cline treatment. A: PSD95+ puncta in vehicle-treated animals show a reduction in
ipsilateral lamina 2 inner relative to the contralateral region. B: PSD95+ puncta in
minocycline-treated animals show a reduction in ipsilateral lamina 2 inner relative to
the contralateral region. C: Comparison of minocycline- and vehicle- treated PSD95+
puncta in the contralateral dorsal horn show no significant differences. D: Comparison of
minocycline- and vehicle- treated PSD95+ puncta in the ipsilateral dorsal horn show no
significant differences. Two-Way ANOVA with bonferroni-corrected post hoc comparisons
(*, p<0.05; **, p<0.01).
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Figure 4.21: SynaptoPhysin+ puncta show no changes with minocycline treat-
ment. A: SynaptoPhysin+ puncta in vehicle-treated animals show no significant differ-
ences in the ipsilateral region relative to the contralateral region. B: SynaptoPhysin+
puncta in minocycline animals show no significant differences in the ipsilateral region
relative to the contralateral region. C: Comparison of minocycline- and vehicle- treated
SynaptoPhysin+ puncta in the contralateral dorsal horn show no significant differences.
D: Comparison of minocycline- and vehicle- treated SynaptoPhysin+ puncta in the ip-
silateral dorsal horn show no significant differences. Two-Way ANOVA with bonferroni-
corrected post hoc comparisons.
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Figure 4.22: eGFP fluorescence intensity analysis. A: Overview of analysis scheme;
B: ipsi injured and contra eGFP fluorescence for both mino and veh groups. C: ipsi
injured normalised to contra values of mino and veh groups. Scale bar: 100µm.

minocycline-treated ipsilateral superficial dorsal horn region relative to both ipsilateral

and contralateral vehicle-treated groups, this is likely due to the fact minocycline- and

vehicle- images were processed and imaged in separate experiments. To adjust for the

variability between experiments, Figure 4.22C shows the ipsilateral eGFP fluorescence

intensities normalised to the contralateral sides, and shows no significant differences be-

tween minocycline- or vehicle- treated animals 21 days post SNI, and neither of these

results differ from a SHAM surgery group.
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4.5 Discussion

This Chapter has explored the possibility that the microgliosis induced in the dorsal horn

by peripheral nerve injury may be driving the PSD95+ puncta loss seen at 21 days post

injury. Initially, a methodology consistent with the previously outlined automated stereo-

logical assessment of synapses was developed to quantify microglial cells within the dorsal

horn. This method was used to assess microglial cell numbers after peripheral nerve in-

jury, and revealed a significant increase in microglial cell number at 7 and 21 days post

injury, consistent with previous work. Minocycline, a known inhibitor of microglia (Tikka

et al., 2001; Raghavendra et al., 2003), was administered chronically to animals to in-

hibit microglial-associated changes to the dorsal horn. Minocycline successfully inhibited

behavioural responses, yet left the microgliosis intact. Finally, chronic administration of

minocycline did not result in a reversal of injured-induced dorsal horn synaptic modifica-

tions, specifically no reversal in PSD95+ puncta loss.

4.5.1 Development of Automated Microglial Quantification

A key component and advance in this Chapter was the development of the automated

stereological analysis tool StereoMate to cellular structures. This relied on two key ad-

vances: Generation of a high signal to noise ratio for cellular labelling, and a stereological

filter to allow stereological analysis of large and mostly incompletely reconstructed objects

in limited tissue sections.

4.5.1.1 Antigen Retrieval and Utilising both Nuclear and Cellular Labelling

To facilitate the automation of cellular analysis a sufficient signal-to-noise ratio of fluores-

cent cellular markers is required. This signal-to-noise for synaptic markers was previously

shown to be greatly improved by antigen retrieval methodologies (Chapter 2). Here,
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treatment with Proteinase K was found to significantly improve fluorescent signal from

Iba1 antibody binding, and was taken forward to aid in cell segmentation and automated

analysis. Proteinase K has now shown good antigen retrieval properties for both synaptic

markers, and for the microglial marker Iba1. This opens the possibility that Proteinase

K treatment may work as a generalised antigen retrieval methodology.

The second key aspect to aid automated analysis of cellular structures was to combine

the high quality cell label with a good nuclear label, and to only analyse structures which

co-localised for both labels. This method ensures only nuclei which are positive for the

cell of interest are present in the image for automated analysis. As has been shown, some

aberrant co-localisation can also occur, but can be filtered away based on size.

4.5.1.2 Cellular Stereological Filter

The development of a cellular stereological filter emerged due to the thin sectioning and

tissue shrinkage seen with sections taken for anatomical analysis. This led to very few fully

reconstructed cellular nuclei for quantification, and drove the development of a cellular

stereological filter. The shrinkage observed in spinal cord sections is likely driven by

a number of causes. First, air drying of spinal cord sections leads to tissue shrinkage

which will diminish the depth of imaging, tissue treatment such as ethanol immersion, or

digestion with proteases such as Proteinase K may lead to diminished tissue thickness,

and finally the use of an air-objective will lead to an apparently thinner section due to

the altered light path observed as the tissue is traversed (Peterson, 2004; Egner and Hell,

2006).

In order to overcome the limitation in tissue thickness apparent following tissue drying,

processing and imaging, a novel cellular stereological filter was developed. This method

utilised the fact nuclei form a oval shape, and thus have a Z slice which will contain the
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largest number of pixels which is roughly in the centre of the nucleus. By only counting

cells at this slice, and therefore not having to fully reconstruct the nuclei, a larger number

of cells can be included into the overall quantification, which improves estimates of cell

number in a given volume of tissue analysed.

Stereological methods originated in the assumption-based methods where object pro-

files were assumed to relate to 3D objects based on an assumption on the properties of

the 3D object. These methods developed into assumption-free methods, characterised

by the Optical Di-Sector (Gundersen et al., 1988; West, 2001). At first glance, this new

stereological filter may appear to regress to assumption-based methods. However, there

are important differences between the original assumption-based methods and the stere-

ological filter developed here. Assumption-based methods would use an assumption to

calculate 3D object counts based on the 3D object size, and thus how many profiles, on

average, would therefore be present in a section. These methods essentially corrected

profile counts to total 3D object counts, a property which was sometimes inaccurate, and

often criticised. The stereological filter here does not perform this calculation, but in-

stead uses an assumption based on object shape to reduce a 3D object to a single Z slice

for quantification. This is similar to the Optical Disector and design-based stereological

methods, where each 3D object is reduced to a single point. Finally, the stereological fil-

ter developed here has established that the assumption concerning nuclear shape is true,

validating the approach.

One criticism concerning the Stereological Filter might be that the number of mi-

croglial cells quantified in a given volume will be less than if simple profiles of microglia

were counted. It is true that relative to counting profiles, the Stereological Filter will

reduce the cell count. However, this count is firstly stereologically valid, which means

objects quantified will be independent of size, shape and orientation of microglial nuclei.
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For example, when quantifying cell profiles, a large cell is more likely to form a profile in

a given section; whereas quantifying cells based on the thickest Z section eliminates this

bias by reducing any cell to a single Z slice. Second, the Stereological Filter has been

validated in an automated approach, which is largely dependent on its isolation of the Z

slice containing the largest number of pixels, and dramatically speeds up data acquisition.

A second criticism might be that the time and effort required to set up the automated

approach might out-weigh the benefit of automating the analysis. Whilst true that the

set up required, including the manual identification of objects as either true cell nuclei or

aberrant co-localisation and proving the assumption of an oval shaped nucleus, does take

some time; firstly, this workflow has been highly supplemented by ImageJ macros to ease

this process; and secondly, once this process has been performed once, this method can be

used in an automated fashion on datasets from that point on. The overhead of conducting

the initial setup is thus relatively quick in comparison to the arduous task of counting cells

in numerous datasets. However, repeating the automated analysis faithfully is dependent

on the objective lense, resolution, cell type, tissue type, and tissue processing & staining

procedures; and the set up would need to be re-performed with each adjustment to any

of these parameters.

This methodology has the potential to allow stereological quantification of any cell type

in relatively thin tissue sections. This Chapter has highlighted a workflow to optimise the

analysis of cells marked with fluorescence labels, where isolated and segmented objects

are divided into true cell nuclei or aberrant co-localisation based on manual inspection,

and finding a pixel value for a high-pass filter to allow the selective analysis of true cell

nuclei. To apply stereological quantification to cells in relatively thin sections, cell nuclei

must be proven to be oval in shape, and a clear delineation between aberrant co-localised

objects and true cell nuclei at their thickest Z section must be demonstrated.

214



A number of caveats should be considered before implementing this approach. First,

for good segmentation, a high quality fluorescent label is required with high signal to

noise. Second, cells of a high density may be hard to separate due to nuclei from different

cells conjoining during the segmentation process. This can be overcome by using high NA

objective lenses, preferably oil-immersion, as well as using a sufficient image resolution to

clearly delineate between cells. Third, an appropriate cell marker should be used with a

high quality nuclear marker for good cell separation. If a specific nuclear marker exists for

the cells of interest, then it may be possible to use only a cell-specific nuclear marker. If a

combination of nuclear and cell marker is used, to minimise aberrant co-localisation, a cell

marker limited to the peri-nuclear region is ideal, such as NeuN for neurons (Mullen et al.,

1992). Finally, the manual identification of objects has been considered the gold standard

here, yet it is well known that human error constitutes a part of the variability seen in

manual quantification (Badrinath et al., 2006). Therefore, the sensitivity and specificity

identified here, or with future applications, may reflect errors in manual counting as much

as it might reflect errors in the automated segmentation. The only means to overcome

this is to repeat the manual identification within and between observers to attempt to

identify the ’ground-truth’ (Badrinath et al., 2006).

4.5.2 Microglia are up-regulated after nerve injury

The data presented in this Chapter clearly shows a dramatic up-regulation in microglial

cell numbers following peripheral nerve injury. This microgliosis was most pronounced at

7 days post injury, and was markedly reduced, yet still significantly higher, at 21 days post

injury. These results are consistent with previous reports (Narita et al., 2006; Beggs and

Salter, 2007; Vega-Avelaira et al., 2007). A second interesting observation was the “spill-

over” of microglial cells into adjacent regions of the dorsal horn containing the terminals
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of un-injured afferents, an observation previously highlighted (Beggs and Salter, 2007).

This observation of increased microglial numbers in regions of the dorsal horn where

uninjured afferents lie opens the possibility that microglia may be affecting signalling and

circuitry relating to these uninjured afferents. The evoked behavioural hypersensitivity

observed after peripheral nerve injury is driven by intact & uninjured afferents, at least in

transection models like the one used in this Chapter. This would imply any intervention

which reduces or reverses this hypersensitivity must be somehow disrupting effects on ei-

ther the intact afferents themselves, or the circuits they engage with. Use of minocycline

in this study to reverse the behavioural hypersensitivity seen following SNI surgery there-

fore suggests that the microglial response seen in dorsal horn regions adjacent to injured

afferent input may be driving, at least in part, the evoked behavioural hypersensitivity

seen after peripheral nerve injury.

4.5.3 Minocycline’s effects on microglia

Minocycline was selected in this study due to its known efficacy in inhibiting microglia

(Tikka et al., 2001; Raghavendra et al., 2003), and its ability to reverse the behavioural

hypersensitivity seen following peripheral nerve lesion (Raghavendra et al., 2003; Ledeboer

et al., 2005; Mika et al., 2007; Lin et al., 2007; Mika, 2008). Consistent with these previous

reports, chronic administration of minocycline resulted in a partial reversal in mechanical

allodynia after peripheral nerve injury.

An interesting observation made in this Chapter is the inability for minocycline to

inhibit the increase in microglial cell numbers seen after nerve injury. This was initially

a surprise, given the indication in the literature showing a reduction in microglial prolif-

eration. For example, Tikka et al. demonstrated the ability for minocycline to prevent

microglial cell proliferation in vitro in response to glutamate excitotoxicity (Tikka et al.,

216



2001). Furthermore, a plethora of in vivo studies seem to show minocycline’s ability to

reduce the microgliosis after peripheral nerve injury, including reducing the increase in

CD11b (Lin et al., 2007; Blackbeard et al., 2007; Ito et al., 2009; Yamamoto et al., 2015),

the production of interleukin-6 (Zanjani et al., 2006; Hathway et al., 2009), phospho-

rylation of p38 (Ito et al., 2009; Matsui et al., 2010; Mei et al., 2011), and other glial

markers (Raghavendra et al., 2003; Nutile-McMenemy et al., 2007; Padi and Kulkarni,

2008; Osikowicz et al., 2009; Nie et al., 2010). However, all of these studies have ob-

served a reduction in either changes in expression of various proteins, or reduction in the

activation of various intracellular pathways, and have not observed whether microglial

proliferation after nerve injury is curbed by minocycline.

The present study observed the same number of microglial cells, as determined by the

co-localisation of DAPI+ nuclei with Iba1+ microglial cells, following nerve injury in both

minocycline- and vehicle- treated animals. This result can be considered consistent with

the previous literature. Firstly, as already highlighted, the literature on minocycline shows

effects on either the production, activation or release of various molecules by microglia into

the dorsal horn. Second, the actual recruitment and proliferation of microglia is driven

by injury to the peripheral nerve (Ito et al., 1998; Liu et al., 2000b; Tsuda et al., 2005).

Thus, there may be a delineation between the signals arriving from the peripheral injury

site which encourage microglial proliferation and activation, and the signals derived and

released from microglia following their activation. It may be the case that minocycline

is able to intervene with the signalling from microglia following their activation, but is

not able to inhibit the signalling from injured afferents to microglia which cause their

proliferation.

The fact that minocycline treatment did manage to ameliorate the paw withdrawal

threshold, consistent with previous studies, suggests the minocycline dosing regimen was
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effective. Furthermore, one study looking at microglial proliferation following facial nerve

injury demonstrated a lack of minocycline to prevent microglial cell proliferation after

nerve injury, consistent with the present results (Fendrick et al., 2005). Therefore, this

theory may explain the apparent discrepancy between the results presented here and pre-

vious studies showing minocycline’s ability to curb microgliosis. One way to confirm this

effect is to repeat the study, and demonstrate minocycline’s effects on previously identi-

fied signalling molecules and pathways, as well as the identified continued proliferation in

microglial cells demonstrated here.

4.5.4 Microglial inhibition does not reverse synapse loss after in-

jury

Previous studies have highlighted the integral role microglia can play in synaptic plasticity

after nerve injury. For example, down-regulation of glial glutamate transporters has been

associated with enhanced NMDA receptor signalling in at synapses in the dorsal horn

after peripheral nerve injury which was reversed by minocycline (Nie et al., 2010). BDNF

is an important molecule released by microglia after nerve injury which can facilitate

the reversal of the chloride anion gradient in spinal neurons (Coull et al., 2005), and

contribute to spinal LTP at C-fibre synapses (Zhou et al., 2011). Selective stimulation

of microglia with fractalkine has also been demonstrated to affect synaptic strength by

ultimately enhancing presynaptic neurotransmitter release (Clark et al., 2015).

Furthermore, microglia have also recently been demonstrated to phagocytose synapses

in different regions of the CNS during development (Tremblay et al., 2010; Schafer et al.,

2012). Given the large amount of evidence demonstrating minocycline as an effective

agent in reversing the behavioural consequences of nerve injury, as well as elements of

the microgliosis, the use of minocycline as a means of reversing the possible removal of
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synapses by microglia seemed reasonable.

As shown here, administering minocycline, whilst reversing the behavioural changes,

did not succeed in reversing the loss of synapses in lamina 2 inner seen after periph-

eral nerve injury. The majority of studies have demonstrated minocycline’s capacity in

reversing the activation of different intracellular signalling pathways (such as p38 and

Src-family kinase) and the release of various cytokines (Zanjani et al., 2006; Matsui et al.,

2010; Zhong et al., 2010; Mei et al., 2011), so this result supports the idea that microglial

release of cytokines is not related to the loss of synapses seen after nerve injury.

However, whether minocycline is able to block phagocytosis after nerve injury, the

key mechanism for synaptic stripping demonstrated previously (Schafer et al., 2012), is

relatively unclear. Some studies observing microglia in Alzheimer’s Disease have shown

minocycline to be effective at reducing the inflammatory response of microglia without

affecting the phagocytic potential of the cells (Familian et al., 2007; Malm et al., 2008),

which suggest that minocycline, whilst reversing the release of several important molecules

which may be important for hypersensitivity following peripheral nerve injury, is likely

not to inhibit the phagocytotic potential of microglia.

Thus, a different approach may be more effective in determining the ability for mi-

croglia to phagocytose synapses after peripheral nerve injury. Previous work disrupted

complement receptor 3 and complement component C3 signalling, which resulted in a di-

minished capacity for microglial phagocytosis (Schafer et al., 2012), and this method may

be a more robust way of testing the hypothesis that microglia are involved in phagocytosis

of synaptic elements after peripheral nerve injury.

219



4.5.5 Conclusions

This Chapter has explored the links between microglial responses in the dorsal horn fol-

lowing peripheral nerve injury, and synapse loss observed within lamina 2 inner. Microglia

were found to proliferate in the injured and adjacent uninjured input regions of the dorsal

horn, providing evidence for their ability to drive evoked-behavioural sensitivity. The

hypothesis that microglial signalling may be involved in the loss of synaptic puncta in the

dorsal horn after peripheral nerve lesion was tested by administering minocycline, which

showed no reversal of synapse loss. Minocycline also showed no reversal in microglial

proliferation, which may be the result of its limited mode of action. The limitation of

minocycline to prevent microglial proliferation or phagocytosis means a more robust way

of testing the hypothesis that microglial drive synapse loss specifically by phagocytosis

needs further exploration.
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Chapter 5

General Discussion

5.1 Introduction

The work presented in this Thesis has met two key objectives in the analysis of distribution

patterns of synapses throughout the dorsal horn. First, it has successfully demonstrated

the development of an automated stereological analysis workflow, which describes the

histochemical preparation, image acquisition, processing and analysis of biological objects

of interest. At each stage in the workflow, the method has been optimised to ensure an

accurate representation of the biological objects of interest is produced, and its automated

nature allows a large number of biological objects to be analysed per sample, and per

study.

Second, this workflow has been applied to the dorsal horn to describe the distribu-

tions of different synapse-associated proteins. These synapse-associated proteins, Synap-

toPhysin and PSD95, form key structural components of both the pre- and (asymmetric)

post- synaptic components, respectively, and thus determining of their number provides

important information on synapse number in the dorsal horn. This workflow has been

applied to the dorsal horn in the naïve state, as well as to different nerve injury paradigms
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at different timepoints. It has revealed a distinct distribution signature for both PSD95

and SynaptoPhysin in the naïve dorsal horn, and a selective loss of PSD95+ synaptic

puncta within lamina II inner at 21 days post peripheral nerve injury.

Utilising the technique outlined in Chapter 2 gives a broad view of circuit-level char-

acteristics, and it can be used to understand how circuitry develops, and is modified by

genetics, experience, and disease states. Here is given a broad discussion of the developed

workflow, its benefits over other means of analysing synapses or other biological objects

of interest, and its potential applications.

This is followed with a discussion of the biological data obtained in this Thesis, the

development of a working biological model of dorsal horn neural circuitry and its plasticity

following peripheral nerve injury, and further work to explore this model in greater detail.

Finally, a brief overview of recent developments in scientific research approaches, especially

in relation to Neuroscience, and how these relate to the present work is given, along with

some general remarks on how these developments may pave the way for understanding

neural circuitry and its computational capacity.

5.2 StereoMate

The algorithms implemented in ImageJ to process and analyse regions of interest us-

ing an automated stereological approach has been named StereoMate (from Stereological

Automated Image Analysis), but the workflow required to achieve this form of automated

stereological analysis extends from the histological preparation to object data acquisition.

Here, an overview of the key achievements which have enabled the workflow’s implemen-

tation as an automated and stereological methodology are given, including the histological

preparation, image processing, and stereological object sampling for measurement. This

is concluded with the limitations of this workflow, as well as future work this method can
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engage with.

5.2.1 The Histological Preparation

The histological preparation required a great deal of optimisation and work to ensure

it was of sufficient quality for stereological assessment. A delicate balance had to be

struck between sufficient antigen retrieval steps to unveil synaptic antigens, yet retaining

a robust enough structure to maintain tissue morphology. Previous methodologies have

utilised a weak fixation protocol (see Schneider Gasser et al., 2006), yet optimisation of

this workflow found using a moderate fixation protocol combined with a series of antigen

retrieval methods led to a robust histological preparation in terms of antigenicity and

morphology.

Antigen retrieval is designed to improve the access and affinity of antibodies to their

epitopes. The access and affinity of the antibody is limited by a number of factors.

First, the protein target itself can prevent antibody binding by hiding epitopes within its

complex 3D folded structure (Hayat, 2002). For this reason, often antibodies are targeted

to amino acid sequences and epitopes present at either the N- or C- terminus of the

protein; and indeed, both the PSD95 and SynaptoPhysin antibodies were produced from

epitopes in the N-terminus region (Watanabe et al., 1998; Fukaya and Watanabe, 2000).

Second, the extracellular & intracellular matrices, as well as the tightly bound protein

structure within the biological (in this case, synaptic) components themselves (including

accessory proteins bound to the protein of interest) can provide a barrier to antibody

diffusion, and mask access directly to epitope sites. Finally, the fixation process further

prevents antibody diffusion and epitope access by the well described cross-linking that

occurs between proteins during formaldehyde fixation (Fox et al., 1985; Sompuram et al.,

2004).
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Antigen retrieval techniques aim to improve antibody penetration into the tissue, and

to improve access of the antibody to its target epitope (Ramos-Vara, 2005; D’Amico et al.,

2009). The use of heat and proteases are common methods, and form a key component of

the antigen retrieval methodology used in the present workflow. By using a combination

of heat, Proteinase K digestion and Pepsin digestion, the tissue becomes increasingly

permeable to antibodies, and these antibodies have improved access to their epitopes,

especially within dense protein structures such as synaptic components (Bayés et al.,

2011, 2012).

These methods likely work through distinct mechanisms. In general, antigen retrieval

methods are thought to break crosslinks originally formed during fixation, yet there may

be other more important mechanisms which help antibodies reach their epitopes. Heat is

well known to denature proteins, and this process may help unveil epitopes on proteins

which may otherwise remain hidden. This mechanism is supported by the idea that heat

treatment only retrieves antigens for a short time, and that unless the antibody is applied

promptly, the improved staining intensity is diminished (Shi et al., 2001; Hayat, 2002). If

the mechanism of antigen retrieval was only due to the removal of formaldehyde crosslinks

on and between proteins, such a temporal effect would not be predicted to occur.

Proteases such as Proteinase K and Pepsin act on peptide sequences to cleave proteins

into smaller components (Ebeling et al., 1974; Fruton, 2002). Whether these proteases

can act on formaldehyde crosslinks is not known, but seems unlikely, given the different

chemical structure of a peptide sequence to a crosslink. However, these proteases may

aid antibody access to antigens through two other important mechanisms. Firstly, by

digesting proteins in the extracellular & intracellular matrices, as well as proteins which

associate with the protein of interest, the protease treatment will help the antibody diffuse

through tissue and reach the target epitope. Secondly, protease effects on the target
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protein itself may help to cleave and dismantle the 3D structure of the protein such that

epitopes become revealed through peptide cleavage, whilst leaving crosslinks intact. These

methods should provide a lasting retrieval of antigen, since the cleavage of a peptide bond

should be a relatively permanent event, whilst it should still maintain a level of tissue

integrity produced by the remaining crosslinks. Clearly digestion of proteins will affect

tissue integrity, and thus a careful balance must be optimised to maximise antigen retrieval

and therefore immunohistochemical signal, with tissue integrity.

Thus, the importance of adequate fixation to provide structural support and thus tissue

integrity is of paramount importance to help maintain tissue structure during antigen

retrieval, since it is likely the proteins themselves, as well as the crosslinks between them,

are dramatically altered by antigen retrieval methods. This process is vastly different to

simple weak fixation (Schneider Gasser et al., 2006), which does not attempt to improve

access of the antibody except by minimising the vital cross-linking architecture which is

so important for the retention of tissue morphology. The present method provides the

high quality histological preparation required for the production of robust images suitable

for automated 3D image analysis, something not achievable to simple weak fixation, and

has been utilised throughout this Thesis.

Whether the antigen retrieval methods are well optimised for other synaptic antigens

remains unknown. For example, will the antigen retrieval workflow work optimally for

gephyrin, the key structural component of symmetric synapses? Some pilot data suggests

the level of pepsin is too high for this less well-developed PSD; and that using a lower

concentration of pepsin is beneficial for staining this antigen. An interesting development

saw Proteinase K effectively retrieve the microglial marker Iba1 (Chapter 4). This opens

the possibility of Proteinase K being a general antigen retrieval methodology.
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5.2.2 Image Processing & Object Representation

The robust histological preparation allows high signal to noise images to be captured,

which is the first step in achieving high-quality object representations. With large biolog-

ical objects, such as microglial cells (Chapter 4), capturing images on a confocal micro-

scope is sufficient to produce robust and realistic object representations for the subsequent

image thresholding. However, synaptic puncta are very small, and the development of

deconvolution methods (Sibarita, 2005) greatly improved their representation, as shown

in Chapter 2. This crucial step significantly eliminated background noise, improved object

signal to noise, and enhanced the resolution of the synaptic puncta.

As shown in Chapter 2, deconvolution was not perfect, with an elongation of fluo-

rescent beads still apparent in the Z plane. This project utilised an accurate theoretical

illumination point spread function model produced for the confocal microscope (Nasse

and Woehl, 2010). However, it is limited by the fact it only models the illumination PSF,

and not the subsequent fluorescent emission PSF. In theory a more accurate PSF can be

obtained through the convolution of the illumination and emission PSFs, and this work re-

mains to be tested for an improved theoretical PSF and subsequent object reconstruction

with deconvolution.

This solid foundation of a high-quality histological preparation and improved object

representation through deconvolution gives the automated thresholding algorithms a clear

delineation between object signal and background, and as has been shown throughout this

Thesis, leads to excellent binary representations of synaptic objects.

5.2.3 Stereological Assessment

A key breakthrough in the development of this workflow was the application of stere-

ological principles to irregular ROIs for the efficient assessment of biological objects of
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interest in an unbiased manner. The original formulation of the Di-Sector probe and other

stereological tools (Sterio, 1984; Gundersen et al., 1988) were designed to infer properties

of 3D objects from 2D projections. However, with the advent of modern laser-scanning

microscopical techniques, where 3D image stacks can be obtained, these techniques are

no longer optimal. The inadequacy for the traditional stereological techniques to measure

total object number within a region that is imaged in its entirety, but only return an

estimate of this measure, stimulated the formation of new stereological methods adapted

for this purpose.

The ROI Di-Sector represents an improvement on the traditional Di-Sector probe since

it is capable of assessing all objects within a delineated region of interest. If the region

of interest encompasses the entire region under analysis, the ROI Di-Sector provides the

total number of objects, and the method moves from a stereological estimate to a true

count of the objects, a feat that the traditional techniques can never achieve (due to

the inherent sampling required to implement the Optical Di-Sector). As the ROI Di-

Sector does not further divide the ROI for sampling, it also provides an efficient means

of measuring objects, since no space in the ROI between Optical Di-Sectors is wasted.

The ROI Di-Sector rules ensure maximum sampling, as the Di-Sector itself extends in

all three dimensions until it reaches either the edge of the ROI or the sample image edge

itself. Upon encountering the image edge, rejection boundary-exclusion zone pairs are set

up to correct object counts for a stereological sampling of the objects. The exclusion zone

itself does remove a portion of the sample image, yet it is essential to ensure no bias for

object size, shape or orientation is introduced during the sampling of the ROIs, which is

essential for fair and stereological sampling to take place.

The product of the ROI Di-Sector is an unbiased and efficiently acquired sample of fully

reconstructed objects for measurement. This extends the ROI Di-Sector beyond making
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simple unbiased measures on objects in regions of interest to acquiring representations

of objects from a region in an unbiased manner. Thus, many different measurements

can be made on the derived unbiased sample of fully reconstructed objects, and these

measures will reflect the object population & provide a powerful multi-variate dataset for

exploration.

5.2.3.1 Measuring Other Parameters of Synapses

The synaptic puncta sampling used in Chapters 2 & 3 resulted in complete 3D recon-

structions of synaptic objects. The present work has focussed purely on counts of objects,

yet the 3D reconstruction of these objects permits other measures for a more detailed

analysis of synaptic puncta. An obvious measure to extend the synaptic analysis to is

object size, and given that synapse size is closely correlated with both synaptic perma-

nency and its recent activity (Cowan et al., 2001; Marrone et al., 2005), this measure

has real physiological significance. A second measure may be made of the object shape.

Electron microscopy has revealed PSDs of various shapes, including perforated synapses

(Cowan et al., 2001), and these may be realised at the light microscope level with different

shaped PSDs. The only potential limitation is the resolution limit imposed by the light

microscope, yet deconvolution overcomes some of this limitation.

The capturing of information of size and shape parameters for each measured synaptic

puncta would provide a rich multivariate dataset for exploration. An analysis of synaptic

components in three dimensions to this level would represent a thorough examination

of synaptic components and their structural alterations in relation to developmental,

environmental, genetic or other manipulations. The StereoMate algorithms have been

designed to collect such a multivariate dataset, and the analysis of such a dataset is

the next challenge in achieving this level of comprehensive data exploration. One would
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expect this multivariate dataset to display different collections of synapses based on size

and shape parameters, and thus a Cluster-based analysis (García-Escudero et al., 2010)

could form the initial basis of the exploration of this dataset.

5.2.3.2 Measuring Other Parameters of Cells

Similar extensions could be made with analysis of cells. For example, extending the anal-

ysis to that of average cell mass could be achieved by divided total pixel counts of the

cell marker of interest by the number of cells measured using the Cellular Stereological

Filter described in Chapter 4. These types of measures may reveal more subtle changes

to cellular architecture which may be important indicators of changes to physiological

function. However, this will require full reconstruction of cells, which depends on high

image resolution coupled with imaging of a large volume of tissue - which is currently be-

yond the technical abilities of histological tissue analysis, although methods are becoming

available for such datasets to be generated (see Section 5.4.2).

5.2.4 The Limitations and Future Goals for StereoMate

The StereoMate workflow provides high-quality biological object representation, and ef-

ficient stereological sampling of those objects for analysis. Although analysis of synaptic

puncta does provide important information on synapse density, and potentially other

characteristics of synapses, this approach for studying neuronal connectivity is limited.

Understanding neuronal connectivity requires the identification of the pre-synaptic neu-

ron, the post-synaptic neuron, and the actual synaptic connections between the two.

Whilst the approach used here in StereoMate provides gross information on synaptic

puncta distributions, information concerning pre- and post-synaptic partners is absent.

In terms of analysing connectivity, this method is therefore limited.
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This limitation can be met in a number of ways. A number of different viral con-

structs, including monosynaptic tracing methods, can be used to specifically illuminate

pre- and post-synaptic partners, which combined with synaptic illumination could in

theory allow the identification of connectivity motifs (Wickersham et al., 2007; Ginger

et al., 2013; Ghanem and Conzelmann, 2015). A second method, which provides spe-

cific reconstruction of eGFP molecules trans-synaptically between selected pre- and post-

synaptic partners (GRASP, Feinberg et al., 2008) would provide illumination only of

synaptic puncta of a certain circuit, and thus allow specific identification of synaptic

puncta between selective pre- and post- synaptic partners. Finally, to establish connec-

tivity sufficient volumes of tissue must be imaged, and recent clearing methodologies such

as CLARITY (Chung et al., 2013; Tomer et al., 2014), and CUBIC (Susaki et al., 2014)

can provide such datasets.

Although StereoMate possesses a key limitation in the context of neural circuit map-

ping, in terms of standard stereological assessment, the method excels. One future goal for

StereoMate includes building a user-friendly interface for the algorithms, which provides

flexibility in terms of the workflow, allowing fully supervised automated image analysis or

unsupervised batch processing; the capacity to check results after the application of each

algorithm; and the ability to select a specific set of image processing and analysis tools

to run on a given dataset, depending on its requirements. This image analysis suite must

also contain instructions and tools for the optimisation of the histological preparation

and image processing and analysis workflow for new imaging problems, such as for new

biological objects or new regions of interest. StereoMate aims to be an open-source, fully

automated, stereological analysis platform which can be applied to any general image

analysis problem. This tool is more than the algorithms it contains, and the ambition is

to attempt to provide methods to enhance the histological preparation for experimenters
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prior to imaging, and provide general guidance on image acquisition settings for subse-

quent image processing and analysis.

A second goal for StereoMate is to develop optimised staining procedures for a number

of other important biological structures within the central nervous system. For exam-

ple, extending the histological methods to other synaptic proteins would be of interest.

Gephyrin, a structural component of symmetric synapses within the CNS (Choii and

Ko, 2015) is one obvious target. Furthermore, targeting proteins only present at select

synapses will help to divide synaptic puncta into more functional subgroups, and under-

standing the biological importance of these proteins and their distributions throughout

synaptomes in different environmental, genetic and disease states can provide a wealth of

information in terms of their function within the CNS (O’Rourke et al., 2012).

This method is not limited to synapses, as demonstrated in Chapter 4, where the

method has been extended to microglial cells. Other biological objects of interest may

include axons and dendrites of selected neurons, which may help to understand how their

arborisation patterns vary in different states; mitochondria and other cellular organelles,

and their distributions throughout cells of interest; and the CNS cells themselves such as

neurons, glia and other support cells, to understand how their distributions, morphology

and expression of various molecular markers varies in different biological states. This

Thesis has only focussed on the dorsal horn, but this methodology could be extended to

other CNS regions, and indeed to demonstrate its general applicability, this is desirable.

A general automated stereological tool for object analysis has widespread utility, and

StereoMate’s potential to improve the quality and scope of quantitative neuroanatomical

data, whilst doing so with little user intervention, makes it a desirable tool for the quan-

titative neuroanatomist. Further work is required to demonstrate StereoMate’s general

applicability, but the foundations laid in this Thesis are a promising start for a potentially
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valuable and helpful tool.

5.3 Peripheral Nerve Injury and its Consequences on

the Dorsal Horn

This Thesis has explored dorsal horn synaptic distribution patterns and the effects of

peripheral nerve injury on them. A brief overview of these results is given, a working

model of the effects of nerve injury to synaptic puncta is delineated, and its potential

consequences for neuropathy are explored.

The naïve dorsal horn displays unique synaptic distribution patterns, where the asym-

metric post synaptic density protein PSD95 shows an increased density in lamina II, es-

pecially in lamina II inner, which is reduced in lamina III; and the general presynaptic

marker SynaptoPhysin displays an increased density in lamina II which is maintained

in lamina III. These results suggest the excitatory synaptic circuitry present in lamina

II is more developed, and that lamina III contains a stronger inhibitory or modulatory

synaptic component.

Peripheral nerve injury consistently caused a loss of PSD95+ synaptic puncta specifi-

cally in lamina II inner, 21 days post injury. This reduction in PSD95+ puncta was not

matched by a loss of SynaptoPhysin puncta, which remained at baseline levels. Further-

more, analysis of primary afferent axons by utilising the Advillin-eGFP mouse showed

no loss of primary afferent axons at this timepoint. Initially this result seemed at odds

with the convention that pre- and post- synaptic structures should disappear at the same

time. Yet the formation of a synapse occurs asymmetrically, with presynaptic boutons

appearing at the initial stages (Ahmari et al., 2000; Ziv and Garner, 2004); and a previous

time-course study of the dorsal horn using electron microscopy revealed an apparent loss
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of synaptic connections at 10-14 days post sciatic nerve injury, but a delayed loss (30-40

days) of the actual presynaptic terminals themselves (Csillik and Knyihár-Csillik, 1981).

This study added to previous suspicion that the selective synaptic loss in lamina II inner

was due to effects on the non-peptidergic subclass of C fibre, which expresses IB4.

A second possibility could relate to the fact SynaptoPhysin may not be expressed

ubiquitously throughout all asymmetric synapses. Previous reports suggest Synapto-

Physin is not located in peptidergic primary afferent terminals, although it was reported

to be present in non-peptidergic terminals (Morris et al., 2005). SynaptoPorin, a second

vesicle-associated protein, has been strongly localised to the superficial dorsal horn, and

so may replace SynaptoPhysin in peptidergic afferents (Sun et al., 2006). However, the

current evidence suggests SynaptoPhysin is expressed in IB4-binding afferents, although

it remains unclear if it labels every terminal. It is conceivable that SynaptoPhysin only

marks IB4-binding afferent terminals with specific post-synaptic fibres, but not others.

In order to reconcile the data obtained in the course of Chapter 3, the following model

for the effects of peripheral nerve injury on synaptic connectivity in the dorsal horn is

suggested. Following peripheral nerve injury which results in a complete transection and

thus complete loss of peripheral innervation, DRG neurons react with the well described

chromatolysis reaction, in an attempt to re-build the damaged nerve (Hanz and Fainzilber,

2006). This is driven by positive injury signals transported along the axon, as well as

negative injury signals present as a lack of neurotrophin support. These signals alter

the molecular expression profile of several DRG neuronal subtypes at the early stages

(Michaelevski et al., 2010), with one conspicuous change being a lack of IB4 binding to

the non-peptidergic subpopulation of C fibres(Molander et al., 1996; Bennett et al., 1998).

As the injury continues to prevent the re-innervation of the injured DRG neurons, the

lack of neurotrophic support (likely GDNF, see Molliver et al., 1997; Bennett et al., 1998)
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begins to affected the injured IB4+ subpopulation of C fibres, such that between 2-3 weeks

the IB4+ subset of C fibres withdraw their synaptic contacts (observed in this Thesis as

a loss of PSD95 from lamina II inner), and speculatively, at later timepoints (30-40 days,

Csillik and Knyihár-Csillik, 1981), lose their presynaptic terminals to phagocytosing cells.

This may eventually lead to the full retraction of axonal arbors from these injured primary

afferents, and possibly even their cell death.

Although this model fits with the facts, it does make some assumptions - which also

offer a number of predictions. First, if the PSD95+ puncta loss represents a progressive

degeneration of the IB4 subpopulation of C fibres in injured DRGs, then the loss of

SynaptoPhysin would be expected at later timepoints, with the possible loss of eGFP

signal in the Advillin-eGFP mouse, and even possibly a loss of DRG neurons, if this

degeneration extends as far as neuronal cell death.

Second, it suggests that intervening with neurotrophic factors may help to prevent this

degeneration, and thus prevent synapse loss, and speculatively axonal degeneration and/or

neuronal cell death. Previous work has indicated that GDNF is a potent neurotrophin

for the IB4+ subpopulation of primary afferent (Molliver et al., 1997), and its application

after nerve injury can prevent the loss of IB4 binding to these neurons (Bennett et al.,

1998). If the loss of IB4 binding reflects the start of this slow degenerating process due to

a lack of GDNF trophic support, it would imply that GDNF is capable of retaining these

neurons after nerve injury.

Whilst this effect may not directly impact the neuropathic pain experienced after nerve

injury, a loss of neurons from the DRG would mark a permanent deficit in the individual,

which may be extremely hard, if not impossible, to compensate for in terms of dorsal horn

circuitry alterations. The IB4+ population provide a vital function in sensing mechanical

nociceptive stimuli (Cavanaugh et al., 2009), and if these neurons are lost after nerve
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injury, this could have profound and permanent effects on dorsal horn circuitry, not only

in terms of mechanical pain sensing, but it may also impact on other modalities, given

the complexity of the wiring within the dorsal horn.

5.3.1 Microglia

The glial cell reaction after nerve injury is well known, and the requirement for both

astrocytic and microglial cell gliosis for the neuropathic pain phenotype is well described

(Eriksson et al., 1993; Beggs and Salter, 2007; McMahon and Malcangio, 2009; Svensson

and Brodin, 2010; Beggs and Salter, 2013). Chapter 4 attempted to test the hypothesis

that microglia are responsible for the loss of PSD95 puncta seen 21 days post injury. As

highlighted in the discussion of that Chapter, the intervention may not be sufficient to

prevent the phagocytic function of microglia, however it does partially reverse the hyper-

sensitivity, which is likely an effect on the microglial release of various important inflam-

matory molecules involved in the onset and maintenance of hypersensitivity (Raghavendra

et al., 2003; Nutile-McMenemy et al., 2007; Padi and Kulkarni, 2008; Osikowicz et al.,

2009; Nie et al., 2010).

The above working model may also suggest that the nerve injury paradigm was not

allowed to run for long enough, since phagocytic actions on presynaptic terminals was

described in one study to only occur at later time points (Csillik and Knyihár-Csillik,

1981). The data presented in Chapter 4 does not preclude microglia from having a role in

synapse elimination after nerve injury, although if the model described above is correct,

it would suggest the phagocytosis of presynaptic terminals is really just a consequence of

the progressive degeneration of IB4+ primary afferents, rather than having a direct role

in the initial breaking of synaptic contact of these cells with their post-synaptic dorsal

horn partners.
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The idea microglia do phagocytose these presynaptic components could still be ex-

plored, either by pharmacological (propentofylline) or genetic (a complement knock-out

based strategy) means (Schafer et al., 2012). Whether answering this question is truly

relevant to the underlying mechanism driving the loss of synaptic contacts is debatable,

and thus initial work should clarify whether the above working model correctly predicts

the mechanism for synapse loss after peripheral nerve injury, by administering GDNF to

injured primary afferent neurons.

5.4 Concluding Remarks

Scientific research, including neuroscience, has always been heavily impacted by technolog-

ical advances. For example, computing power has revolutionised the approach to scientific

research, and tissue clearing methodologies are hoped to further our understanding of neu-

ronal connectivity in neuroscience. Therefore, some concluding remarks aim to put the

work of this Thesis into the context of some important technological advances in science

and neuroscience.

5.4.1 Big Data

One important advance in the way scientific research is conducted, especially apparent

in the past few decades, is the concept of Big Data. Computing technology and power

has advanced exponentially since the inception of computing in the 1940s and 1950s, in

accordance with Moore’s Law (Moore, 1998). This has had profound consequences on the

sheer volume of data which can be collected and processed, and thus has had a noticeable

impact on the manner in which science is conducted (Hashem et al., 2014). Instead

of the classical hypothesis-driven method so revered by scholars following Karl Popper’s

approach to science (Popper, 1959), large consortia of scientists have teamed together, not
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just for a fishing trip, but a trawling expedition which produces a plethora of multivariate

datasets ripe for data-mining - perfectly suited for the ever increasing computing power

available.

This has impacted biology in several important ways. The human genome project

(Lander et al., 2001) is a clear and impressive example of this type of scientific endeavour,

and datasets on mouse, rat, nematode, drosophila, and several other species have now

been isolated (Sullivan et al., 2013). Biology is full of many complex systems composed

of a very large number of components, which can interact in complex ways, and so is

perfectly suited for this approach. Proteomics, transcriptomics, metabolomics, and several

other ’-omics’ fields have developed as a direct result of this Big Data approach, and are

flourishing as a result of the continued improvements in computing power, data collection

and data-mining methods.

One way the Big Data approach is being used in neuroscience is to understand the

connectome, or the comprehensive set of neural connections present in a complete neural

network (White et al., 1986; Seung and Sümbül, 2014; Fornito et al., 2015). This infor-

mation, it is hoped, will unveil the complex algorithmic potential of such neural networks,

and help in understanding how cognitive functions emerge from the structure and function

of the brain. This is exceptionally difficult to achieve, not only because neural circuitry

is only visible at the micrometer level, but also because the circuits in question can en-

compass components across the entire length and breadth of the brain. This is further

complicated by the huge diversity of proteins expressed within the nervous system which,

individually, subtly change an individual neuron’s input-output response, but collectively

result in huge non-linear shifts in neuronal excitability and signalling capacity. These

expression patterns are in a constant state of flux, which will have a continued impact

on neuronal signalling and ultimately connectivity throughout the life of the organism.
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Connectome analysis is further compounded by the practical issues associated with data

capture and analysis: the tissue is fragile, the image resolution must be high, and the

data captured must cover large volumes; image analysis is only feasible via automated

methods; and the issues associated with translating low-level pixel data into high-level

object-, or even network-, level data are still apparent (Jain et al., 2010).

StereoMate, described and developed in Chapter 2, and discussed in this Chapter,

has been designed to attempt to take advantage of the increasing computational power

available. The algorithms used (especially the deconvolution algorithms) would not be

practically useful without the profound improvements seen in computing power over the

past half century. Moving forward with this approach, the aim is to collect and analyse in-

creasingly complex multivariate datasets of the large number of synaptic puncta obtained,

which fits with the objectives of the Big Data approach to scientific research. Ultimately,

building a connectome map based on statistical methods, or through brute-force methods

such as attributing each synaptic puncta to a pre- and post- synaptic neuron, would lead

to the elusive connectome dataset, yet this feat is far from achievable. Whilst the ap-

proach used here does solve the issue of object recognition for simple and easily separated

objects such as synapses, it is unclear whether it would work in the more complex images

associated with connectome mapping - including, for example, synaptic structures with

neuronal structures in their entirety - which has currently only seen some limited success

at the electron microscope level (White et al., 1986; Seung and Sümbül, 2014)

5.4.2 Tissue Clearing

A key technological advance seen recently in neuroscience is a movement towards clearing

methodologies aimed at increasing the depth of tissue that can be scrutinised as a single

block under the microscope. These methods typically work by aligning the refractive
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index of the tissue to that of the proteins within it, and fortuitously, that of glass (an

RI of approximately 1.5). This is achieved either by immersing the tissue into a mixture

of sugars or other chemicals to render the tissue transparent (i.e give it a homogenous

refractive index), or more effectively, by first removal of the lipids followed by refractive

index matching (Susaki et al., 2014; Tomer et al., 2014; Yang et al., 2014).

The most effective of these methods recently described (for reasons reviewed below) is

the CLARITY methodology developed by Chung et al. (2013). This method is different

from most other clearing methods in that the tissue is embedded into a formaldehyde-

acrylamide hydrogel which provides structural support for the subsequent removal of

lipids. Lipid removal is achieved without solvents (and therefore without dehydration)

using SDS micelles, and the tissue can be interrogated with antibody probes in a similar

fashion to tissue sections.

This method is superior to other clearing methods because the hydrogel scaffold pro-

vides significant structural support to the tissue during the subsequent processing steps,

which may otherwise result in tissue damage. This method also provides the capability

of continually interrogating the same system with different probes by eluting antibody

binding with SDS, and re-staining the tissue with a new set of antibodies. In this way,

the complex spatial distribution patterns of proteins within the tissue could be built up,

which could provide valuable information for molecular phenotyping of different cells and

cellular components.

This method has been employed as a preliminary step to extend the work presented in

this Thesis to clear whole DRGs. The principle aim is to obtain whole DRG neuronal cell

counts, to allow a thorough characterisation of the molecular expression profile of these

neurons, as well as understand how these profiles, or indeed neuronal numbers, change as

a result of peripheral nerve injury.
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5.4.3 Conclusions

One of the key aims of modern neuroscience is linking neuronal connectivity and network

function with the behavioural responses seen in individuals. Moving beyond analysis

of synaptomes or cellular architectures is required to understand the function on the

level of the network. It is appreciated that connectome maps will be necessary to link

the function of the network with its effects on behaviour, and that this realisation will be

made through considering the computational roles of specific circuits and networks within

the CNS. Clues offered by measuring synapses and individual cells give insight into the

potential solution to this problem, but to fully understand the system, data relating to

the emergent neural networks that form and function within the CNS is essential. This

challenge produces a larger semantic gap, whereby images not only have to be correctly

annotated in terms of what structures they contain, but also linking these individual

structures correctly into an accurate representation of the network of interconnections

between different cellular elements. The new approaches being used, such as Big Data

and Tissue Clearing methods, provide valuable tools which may lead towards this level of

understanding.

The tools presented in this Thesis can also fit into this puzzle, since image analy-

sis in large regions of interest, of biological objects illuminated with high fidelity, with

measurements free from systematic biases and performed in an automated fashion, are

essential requirements to begin to tackle the imaging problems present in tissue clearing

experiments. This form of analysis is Big Data in action, as the movement from vast ar-

rays of pixel data to meaningful knowledge at the object level is an essential data-mining

mechanism performed by the StereoMate toolkit. These tools can potentially provide a

wealth of information on the neuronal circuitry involved in neuropathic pain, and help us

to understand the consequences of peripheral nerve injury, and provide novels means of
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addressing the challenge of chronic neuropathic pain.
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