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Neuronal ceroid lipofuscinosis (NCL or Batten disease) is a fatal neurodegenerative disorder, which
occurs in approximately 1 in 12,500 children worldwide and currently has no cure. To date, there are
thirteen known variants of NCL, caused by mutations in the genes CLN1-8 or CLN10-14. Two naturally
occurring forms of CLN5 and CLN6 NCL exist in Borderdale and South Hampshire sheep breeds
respectively. These large animal models recapitulate the clinicopathological features of the human
disease and have been instrumental in understanding the human condition and in the development

of gene therapies.

Affected sheep have a well-characterised pathogenic cascade in the brain, which begins prenatally
and involves neurodegeneration, neuroinflammation and lysosomal storage, but very little is known
about their spinal cord pathology. This study examined anatomy and neurochemistry in the healthy
sheep spinal cord and then compared that to pathology in the CLN5 and CLN6 affected spine over
the disease course. Neurodegeneration was assessed by area measurements and neuron counts.
This revealed that there was no grey matter loss in the spinal cord for either diseased genotype, but
total cross-sectional area and white matter spinal cord areas declined rapidly at end-stage disease
(18 months of age). There was also an equivalent late-stage reduction in motor neuron counts in the

CLNS5 affected sheep spinal cord.

Fluorescent microscopy showed that lysosomal storage increased in the CLN6 affected sheep spinal
cord from 3 to 18 months of age, whilst rates of accumulation were slower in CLN5 affected sheep
until late in the disease course. Immunohistochemistry found that activated astrocytes were present
in the CLN6 affected spinal cord at 18 months of age, but not in the ovine CLN5 model.



Collectively, these results show that pathological changes in the spinal cord occurred late in the
disease process, making them secondary to that occurring in the brain. This indicates that CLN5 and
CLN6 affected sheep may have a “top-down” or “brain-first” propagation of disease. Despite subtle
differences in the pathogenic cascade, the pathological endpoint in the spinal cord for CLN5 and
CLN6 affected animals was very similar. This natural history study of spinal cord pathology in ovine
NCL increases our knowledge about disease progression and informs subsequent decisions on

optimal routes of administration for gene therapy in NCL.

Keywords: Neuronal ceroid lipofuscinoses, Batten disease, Spinal cord, Sheep, CLN5, CLN6, Grey
matter, White matter, Neurodegeneration, Lysosomal storage accumulation, Neuroinflammation,

Glial activation, Gene therapy.
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Chapter 1

Introduction

Neuronal ceroid lipofuscinosis (NCL), also known as Batten disease, is a fatal inheritable
neurodegenerative lysosomal storage disorder. The disease is primarily autosomal recessively
inherited, thus affected individuals inherit two copies of the mutated gene (one from each
heterozygous carrier parent). Heterozygous carriers are clinically healthy. The disease predominantly
affects infants and children, with an estimated incidence of approximately 1 in 12,500 individuals
worldwide [1]. Currently, there are 13 variants of NCL (CLN1-CLN8 and CLN10-CLN14), which have
been classified by the age of onset and the affected CLN gene. This project focuses on two of these

forms of NCL, CLN5 and CLN6.

NCL is characterized by progressive neurodegeneration, neuroinflammation, storage accumulation,
and blindness [2]. It results in premature death and to date there is no cure [2, 3]. Although
lysosomal storage accumulates in all cells of the body, the main affected organs are the brain and
eyes hence therapeutic strategies have concentrated on them. However, the brain is not the only
component of the central nervous system (CNS) which needs to be considered when assessing
therapy options for NCL. The spinal cord serves vital motor, sensory and autonomic functions, and

any pathology in it might need correction too.

Very little is known about NCL spinal cord pathology, except for some preliminary studies in
CLN1/PPT1 knockout mice models [4]. The present study aimed to examine spinal cord pathology in
CLN5 and CLN6 NCL sheep models. The variables analysed were the total, grey matter, and white
matter area of the spinal cord, neuronal loss, glial activation/neuroinflammation and the

accumulation of lysosomal storage bodies.

1.1 NCL symptomology

Clinical symptoms, which include progressive mental and motor deterioration, blindness, epileptic
seizures, premature death, and age of onset from infancy to late adult, vary based on the variant of

NCL [4]. Mutations in both the CLN5 and CLN6 genes result in a late-infantile form of NCL.



1.1.1 Human CLNS5 disease

The human CLN5 gene is located on chromosome 13 at position q21.1-g32, and to date 37 known
mutations have been identified [5, 6]. These can be missense, nonsense, insertion, frameshift and/or
deletion mutations. CLN5 affected patients usually become symptomatic between 4 and 7 years old
[7, 8]. The initial symptoms include motor clumsiness, progressing to mental deterioration, visual
impairment, ataxia, myoclonus, and epileptic seizures [8-10]. Vision loss occurs between the ages of

7 and 10 years, followed by premature death between 10 and 30 years of age [9, 11].

A less common adult CLN5 phenotype presents with the same symptoms, however the onset is in the
late teens and patients only survive until their forties [12, 13]. A particular mutation p.Tyr374Cys has
been identified in these later-onset CLN5 patients, the mutation appears to be a milder genetic

mutation as it allows residual CLN5 function and thus results in symptomatic delay [12].

1.1.2 Human CLN6 disease

The human CLN6 gene is situated on chromosome 15 g21-g23 [14] and to date 82 known mutations
have been identified [5, 6]. The onset of CLN6 disease typically occurs between 3 to 8 years of age, by
4 to 10 years of age patients lose all motor skills and vision, and premature death occurs in their mid-
20s [15]. Symptoms include seizures and motor difficulties presenting early, progressing to
myoclonus and ataxia. This is accompanied by speech impairment, mental regression, and delayed

visual impairment resulting in blindness [15].

Like CLN5, there is an adult onset CLN6 disease which is known as Kufs disease. Although the
molecular basis of Kufs disease is unknown, genetic sequencing in three affected families revealed
mutations in CLN6 as the major cause of Kufs type A disease. Kufs disease is a later onset disease
presenting with similar CLN6-like symptoms at around 30 years of age but with no visual impairment

[16].

1.2 Animal models of NCL

An animal model is non-human species used in medical research to investigate a human disease.
They are divided into large and small animal models and can then be split into four further
categories. Orphan models occur in animals but have no equivalent in humans. Naturally occuring
models of a human disease spontaneously exist within another species. Induced or experimental
models attempt to reproduce human disease conditions via genetic engineering (knocking in or out
genes or through the use of CRISPR/Cas9 gene editing), while negative or non-reactive models are
normal disease-free control animals. Of these types, the most common and relevant animal disease

models are genetically engineered and naturally occurring models [17].



Both small and large animal models of NCL exist. Animal models are essential for studying this
disease. They have been invaluable in understanding the disease progression and pathology [18-20],
and creating diagnostic tools and possible treatments [21], currently the most successful being gene

therapies which will be discussed below.

1.2.1 Small animal models

Small animal models are commonly used when researching neurodegenerative genetic diseases prior
to progressing to large animal models. The majority of small animal models are genetically
engineered, most commonly by knocking-out the CLN gene of relevance resulting in a loss of the
gene function and thus development of NCL disease. For example, yeast models are small organisms
being utilized in CLN1, CLN2, CLN3, CLN10, and CLN12 studies, to examine cellular function in depth
[22]. However, the most commonly used small animal models are rodent models, particularly mice
models which have been used to further the understanding of disease pathology and possible

treatments for NCL.

There are 14 NCL mouse models in existence, including two knock-out models for adult onset CLN13
and CLN4 disease. The 12 remaining are early-onset models of CLN2,5,6,7,8, and 10, with two CLN1
models and four models of CLN3. The use of multiple models increases understanding of the disease
as there are subtle and obvious differences between them. In particular, this is seen with the four
CLN3 mice models, as different mutations in the same gene resulted in differences in age and

neurological symptom onset, ranging from less than two months up to 16 months [22].

Mice and rats are easy to handle, highly reproductive, and cheap to house, however, they have less
similarity on a genetic, anatomical and physiological level to human patients than larger animal

models [22].

1.2.2 Large animal models

There are numerous naturally occurring larger animal NCL models that have been identified and
utilized ever since the first was discovered in 1953 in a setter dog [22, 23]. The most notable
significant models to date have been in Ovis aries (domestic sheep) and Canis lupus familiaris
(domestic dog). NCL has also been reported and studied in cattle, horses, pigs, goats, cats, ferrets,
birds, and monkeys [22]. These large animals models have increased the understanding of NCL
pathophysiology and affected animals have been utilized in the development and efficacy testing of

enzyme replacement and gene therapies for NCL [22].



1.2.3 CLN5 and CLN6 sheep models

Two naturally occurring sheep models at Lincoln University have been used in this project. These are
in Borderdale and South Hampshire sheep breeds which are models for CLN5 and CLN6 disease

respectively.

The CLN5 sheep model was discovered in 2002 in New Zealand Borderdale sheep, through a
veterinarian observing NCL — like symptomology, starting with visual deterioration, in a flock of sheep
at Dunsandel, Canterbury [24]. Subsequent genetic sequencing established the disease causing
mutation, a substitution at splice site (c.571+1G>A) which results in the excision of exon 3 and a
truncated putative CLN5 protein [25]. A flock of sheep were then established from sheep

heterozygous for this mutation.

The New Zealand South Hampshire sheep was first identified in 1976 as having a naturally occurring
CLN®6 disease variant [26-28]. The disease-causing mutation is a 401bp deletion in the 5’ region of the
CLN6 gene but this has not yet been published (Nadia Mitchell, personal communication). Of note, a
naturally occuring form of CLN6 NCL also occurs in Australian Merino sheep and these animals also

remain under active study [29-31].

Both the Borderdale CLN5 and South Hampshire CLN6 sheep are excellent models of the human
disease and share extensive similarities in clinical progression and pathology to affected
patients. Diseased sheep present normally/ asymptomatic at birth, however neuroinflammation (glial

activation) and lysosomal storage is already evident in their brains [32-34].

By 6 months of age, deterioration of the brain is occurring. The initial and most substantial neuron
and volume losses occur in the parieto-occipital and visual cortices but spread across the entire

cortical mantle by end stage-disease [34, 35].

Clinical symptomology is apparent by 9 months of age, with behaviours including star-gazing or tilted
heads due to visual defects observed by reduced electroretinograms [36] and lost or reduced

menace responses [35].

With time, affected sheep show unsettled wandering, circling, affected gait, and self-isolation [35].
Seizures, particularly in the CLN6 affected sheep, diminish their activity level and reduce their mental

capacity. Stress can increase their seizure frequency and panic running (while visually impaired).

Cognitive maze tests reveal disease-associated changes over time. Healthy control CLN5

heterozygous (CLN5*) sheep consistently follow a uniform track through a maze. In contrast, CLN5



affected (CLN57") sheep take a longer and less uniform path at 8 months and by 19 months they

compulsively circle at the start or are too affected to participate (Figure 1.1) [37].
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Figure 1.1 GPS tracking of sheep traversal in a closed field maze

Sheep were tracked during five traversals through a maze. Each individal line represents an individual
traversal. Healthy control sheep (blue) followed a uniform path over their lifetime, whilst CLN5
affected sheep took a longer and less-uniform track. By 19 months of age, affected sheep simply
circled in the start area and were unable to complete the task [37].

By 24 months, neuropathological studies show that few large cortical neurons remain in the affected
sheep brain and their cognitive decline and behavioural changes result in premature death / humane
euthanasia [35].

Sheep models have many advantages over smaller NCL animal models. The disease is a neurological
disorder and sheep have increased brain size and more comparable neuroanatomy to humans. Brain
weight is 1300-1400g, 130-140g, 2g, and 0.5g for adult humans, sheep, and rat and mice rodent
models respectively [38]. The larger sheep brain allows reasonable extrapolation of an accurate drug-

safe volume of any therapy and translatable delivery systems to treat the human brain.

Sheep are also similar in weight to humans, weighing 3.5-4.5 kg at birth and growing to 80 to 110-kg
as adults [37]. The lifespan of sheep at 12-15 years is also significantly longer compared to rodents at
2-3 years [38], which is essential to observe the long-term effects and efficacy of a therapy. Sheep
are docile animals thus allowing various sample collections and handling to be carried out with
limited stress. Additionally, flocks are housed outdoors, thus are easy to care for and maintain. There
are also spinal cord similarities between sheep and humans, first noted in the 1970s discussed

further in Section 1.5 [39, 40].



1.3 Brain pathology in NCL

Brain pathology in NCL revolves around neurodegeneration, neuroinflammation, and lysosomal
storage body accumulation [2]. Because neuropathology studies in humans are often limited to
postmortem brains collected at a terminal disease stage, animal models of NCL have been
instrumental in determining the pathophysiology of the disease and the sheep models have been

particularly informative.

1.3.1 Neurodegeneration

The most common pathological feature of NCL is severe neurodegeneration or neuronal loss, which
results in brain atrophy (shrinkage) [2]. Neurons are nerve cells that utilise electrical impulses and
chemical signals, to receive and transport sensory messages from the body to the CNS and in
particular the brain. Neurons consist of a cell body, dendrites, and axons (extensions of the cell body)
which transmits messages from the cell. Dendrites receive messages from the axons of adjacent

neurons, through the synapse in the form of chemical neurotransmitters.

Magnetic resonance imaging (MRI) and postmortem analyses show that not all brain regions are
affected by neurodegeneration in the NCL affected patient. Instead, it is selective regions and
selective neuronal populations that are thought to be affected. In ovine CLN5 and CLN6 disease,
gross atrophy of the cerebral cortex occurs from 6 months of age [41], with a reduction in cortical
thickness first apparent in the visual and parieto-occipital cortices, the regions first associated with
clinical symptomology [34, 35]. Cortical regions, like the motor cortex, are less affected and there is
very little neuronal loss in subcortical structures and the cerebellum, even at end-stage disease [34,

35].

1.3.2 Neuroinflammation

Glial cells (neuroglia) are the non-neuronal cells of the CNS. They are essential for providing physical
structure to support neurons, as well as providing nutrients, and being involved in waste transport
and signaling. There are three key glial cells — astrocytes, microglia and oligodendrocytes. After CNS
trauma, infection or in neurodegenerative diseases, glial cells can become activated [42]. Activated
glial cells have an altered morphology, their cell body increases in size and their branches thicken
and have a shorter reach. They can upregulate the synthesis and secretion of certain chemicals

(cytokines and chemokines), stimulating a complex neuroinflammatory cascade [42].

Neuroinflammation is an inflammatory response that is observed in the brain or the spinal cord.
There are two types of neuroinflammation, positive and negative. Positive neuroinflammation is a

brief and controlled inflammation, providing benefits such as tissue repair, enhanced plasticity, and



neuroprotection [43]. However high levels of inflammation can result in negative aspects including
neuronal damage, cognitive impairment, collateral damage, and anxiety and depression [43]. This
introduction will focus on these negative aspects which are the result of chronic and uncontrolled

inflammation, typically caused by traumatic CNS injury and neurodegenerative diseases like NCL.

An increase in neuroinflammation has been seen to occur with normal aging, multiple
neurodegenerative diseases and is also associated with depression, a common consequence of
neurodegenerative diseases [44]. Chronic inflammation results in extended activation of microglia
(immune cells of the CNS), and this activation is sustained by the release of inflammatory oxidative

and nitrosative stress, which is further detrimental for neurodegenerative diseases [44].

In ovine CLN5 and CLN6 disease, neuroinflammation or glial activation was found to be progressive,
regionally specific, and a precursor of neurodegeneration in the brain, with neuroinflammation even
being present in affected sheep foetuses [32, 34, 35]. As such, neuroinflammation in the NCL brain

can be used as a predictor for neuronal loss [34].

1.3.3 Lysosomal storage

Intracellular storage body accumulation is a feature of NCL, and is observed early and in all forms of
NCL [34]. Affected cells become distended with the accumulation of storage bodies [34], although
the dysfunction caused by this increased storage varies and is still unknown. Some neuronal cells that
have increased storage die, whilst others like the Purkinje cells of the cerebellum can have significant
storage burden but do not die - this is a common aspect of human NCL and animal models [45]. In
sheep and mice models, the increased storage occurs predominantly in neuronal cells in the brain
[34]. In ovine CLN5 and CLN6 disease, the accumulation of storage material is evenly spread across
the regions in the brain and follows a linear pattern increasing with age [34, 35]. However, most
other cell types throughout the body accumulate storage bodies as well [46], although there is no

evidence of its function outside the brain on the cellular or physiological level [46].

1.4 Therapeutic options for the NCLs

NCL is a fatal disease and to date there is no cure. One of the most promising therapeutic options is
gene therapy. Gene therapy allows correction of a mutated gene or site-specific modification, by
delivering a functional copy of the affected gene [47]. The functional gene is inserted into a delivery
vector, which is either a plasmid, nanostructure or naked virus [47]. It is essential that the vector has
the packaging capacity to hold the necessary gene, is not recognized by the immune system, and can
be purified in large quantities and high enough concentrations to make it commercial viable [47].
Adeno-associated viral (AAV) vectors are the current preferred choice in gene delivery for the

treatment of a variety of human diseases. AAV does not cause any human disease and was approved



in 2017 for human clinical trials by the United States Food and Drug Administration (FDA) [48]. AAV
vectors have the capacity to package up to 4.6kB of DNA, do not integrate into the recipient genome
(therefore the gene therapy will not permanently alter the individual’s genome), and have only a

mild inflammatory response compared to other viral vectors [47].

1.4.1 Therapy development in CLN5 and CLN6 sheep models

These two models have also been utilised in the development of gene therapies. Gene therapy has
been used to replace the defective NCL genes in both South Hampshire (CLN67") and Borderdale
(CLN57"") sheep [49]. The brain-directed gene therapy is delivered via an intracerebroventricular
route, into the cerebrospinal fluid (CSF) in the lateral ventricles. This resulted in transduced cells, that
had taken up the virus and were expressing the CLN5 or CLN6 gene, throughout the brain and along

the full extent of the spinal cord [50].

The CLN5 gene therapy has produced some very encouraging results. Intracerebroventricular
administration of an AAV serotype 9 (AAV9), was able to prevent or halt brain atrophy and cognitive
decline in both pre- and post-symptomatic CLN5~/~ sheep [37, 50]. However, treated sheep still lost
their vision [37]. To address this, in a separate study, CLN5 affected sheep received AAV9-mediated
CLN5 gene therapy via intravitreal delivery, into the vitreous humour of one eye [51]. The other eye
served as an internal untreated control. This treatment was able to attenuate retinal dysfunction and
pathology in the treated eye. In September 2021, the candidate CLN5 gene therapy product was
cleared as an investigational new drug by the FDA, based on data carried out on CLN57- Borderdale

sheep in New Zealand [37, 49, 50, 52].

Biotechnology company Neurogene Inc funded these most recent gene therapy trials and sponsored
the FDA application. They are currently enrolling patients into a Phase I/ll CLN5 gene therapy clinical
trial for CLN5 patients utilising both the intracerebroventricular and intravitreal delivery routes [53]
(ClinicalTrials.gov identifierNCT05228145 [54]). This is trial is a non-randomized open-label study.
Selected participants will be 3- to 8-year-old children with CLN5 disease, exhibiting impaired
language and impaired visual acuity or impaired motor function [54]. Each participant will be
followed for 5 years after initial treatment for safety and efficacy and evaluation of their motor,

language, visual and cognitive function [54].

1.5 The spinal cord

Whilst gene therapy looks to be correcting or slowing the neurological component of NCL, the brain
is not the only structure in the CNS which may need correction. Pathology can also be seen in the

spinal cord in other neurodegenerative diseases.



1.5.1 Spinal cord anatomy

The spinal cord is separated into four regions: cervical, thoracic, lumbar, and sacrum (Figure 1.2). It is
surrounded by the spinal column, which is comprised of vertebrae. Similarities between the sheep
and human spine were first noted in the 1970s [39, 40]. A comparison of the number of vertebrae in
each region is very similar, with sheep having 7 cervical, 12-14 thoracic, 6-7 lumbar, and 4 sacral

vertebrae while humans have 7, 12, 5, and 5 respectively (Figure 1.2). This means that the overall
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Figure 1.2 A comparison of human and sheep spinal cord

A. The human spine with numbered vertebrae. The seven cervical vertebrae are pink, while the 12
thoracic vertebrae are pale blue, the 5 lumbar vertebrae are green, and the yellow section is the 5
fused vertebrae of the sacrum. B. The sheep spine similarly numbered and colour-coded. Figure A
modified from https://johnhawks.net/the-different-types-of-vertebrae-in-the-human-spine/ and
Figure B modified from https://quizlet.com/303292251/sheep-skeletal-system-diagram/.

Figure 1.2 also demonstrates the anatomical difference between the vertical human (bipedal) spine
and the horizontal sheep (quadruped) spine. Most anatomical research has focussed on the skeletal
structure of the spinal cord, in particular the dimension of vertebrae parts, including but not limited
to the vertebral body, canal width and depth, and pedicles [55]. Anatomically, the structure of the
vertebrae is the same although the overall size of the sheep vertebrae is smaller (Figure 1.3). In both
species the spinal canal, and therefore the spinal cord, is the widest and deepest at the cervical level,
narrowing through the thoracic region and then increasing into the lumbar spine (Figure 1.3), and at
all regions the sheep spine is between 50-78.8% and 44-74% of a human spine for the canal width

and depth respectfully [55, 56].


https://johnhawks.net/the-different-types-of-vertebrae-in-the-human-spine/
https://quizlet.com/303292251/sheep-skeletal-system-diagram/
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Figure 1.3 A comparison of an adult human and adult sheep spine vertebrae

The number of vertebrae and the canal width and depth, at the cervical, thoracic and lumbar regions.
Data sourced from [55].

The spinal cord fits within the vertebral foramen also called the spinal canal (Figure 1.4). Like the
brain, it is surrounded by three meningeal layers — the dura mater, arachnoid mater and the pia
mater. CSF flows between the arachnoid and pia mater layers. There are 31 symmetrical pairs of
nerves in humans, which connect the spinal cord to the periphery [57]. These nerves are split up

across the different regions of the spinal cord, with one pair of nerves per vertebra [57].

Each of the spinal nerves has dorsal and ventral roots (Figure 1.4). The dorsal root contains the
sensory fibres from the neurons in the dorsal root ganglia and these fibres convey information from
the peripheral visceral and somatic structures [57]. Ventral roots of the spinal cord contain the motor
fibres of the anterior motor neurons, which pass signals to the skeletal muscles [57]. The motor

neuron cell bodies reside in the ventral horn of the spinal cord grey matter.
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Figure 1.4 A schematic top view of the spinal cord

This cross-sectional diagram shows a single spinal vertebra, with the ventral and dorsal horn, ventral
root and dorsal root ganglion, white and grey matter, meningeal layers and vertebral body labelled.
Figure modified from https://quizlet.com/274761396/cross-section-of-spinal-cord-and-vertebra-

diagram/.

There is a difference in the vertebrae size in the cervical, thoracic, and lumbar spine and this is
reflected in the overall spinal cord size and therefore also the distribution of grey matter and white

matter (Figure 1.5).

The spinal cord sections consist of white and grey matter. The white matter surrounds the grey
matter and is packed full of both ascending and descending axons extending between the spinal cord
and the brain [58]. The grey matter is a butterfly shape which varies in shape and overall size over
the length of the spinal cord (Figure 1.5). It is made up of nerve cells, glial cells and blood vessels

[58]. The main cells are motor and sensory neurons and connecting interneurons.
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Figure 1.5 A cross-sectional view of the spinal cord at the cervical, thoracic and lumbar spine
Specifically, the human C5, T8, and L3 (from left to right). The pale yellow is the white matter of the
spinal cord while the darker orange (butterfly shape) is the grey matter. Created with BioRender.com

The grey matter consists of dorsal and ventral horns; the dorsal horn at the posterior end of the
spinal cord receives all of the sensory information that enters via the dorsal roots [59]. Thus the
dorsal horn is primarily composed of sensory neurons and interneurons that receive information
from somatic and visceral sensory neurons [60]. The ventral horn at the anterior of the spinal cord is
comprised of visceral motor neuron and somatic motor neuron [60] cell bodies, which sends axons

via the ventral roots to terminate on striated muscles [59].

1.5.2 Spinal cord pathology in neurodegenerative diseases

Examination of the literature indicates that many different animal models of neurodegenerative
diseases have been used to study brain and spinal cord pathology. Three particular case studies in

animals are presented below.

Hereditary Canine Spinal Muscular Atrophy (HCSMA) is a neurodegenerative disorder in dogs, which
affects the upper (brain) and lower (spinal cord) motor neurons, and is clinically and pathologically
similar to human motor neuron disease [61]. This canine model permits investigations early in the
disease when there are still viable motor neurons, which could possibly be responsive to therapies.
HCSMA, like human motor neuron diseases, is inherited as an autosomal dominant condition. Both
diseases result in progressive weakness and atrophy of the proximal muscle groups with

fasciculations, fibrillations, and sparing of oculomotor muscles and vesicorectal sphincters.

Affected dogs are diagnosed by muscle biopsy and are catagorised as having an accelerated,
intermediate or chronic form of the dissease [61]. The spinal cord of intermediate-stage HCSMA dogs
has been examined — ventral horn neurons in the cervical region were enlarged, whilst there were
25% less neurons and the axonal diameter and area of the roots were smaller compared to the age-

matched controlled dogs [61].
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Amyotrophic lateral sclerosis (ALS) is a group of fatal human neurodegenerative diseases
characterized by progressive motoneuron loss. It is characterized by a late-adult onset and rapid
progressive loss of muscle function, starting with strength reduction and progressing to paralysis and
loss of essential functions such as breathing and swallowing, thus resulting in death [62]. ALS
symptoms are caused by a loss of both upper and lower motor neurons and accumulation of
intracellular protein aggregates [63]. Interestingly, the major component of these aggregates is a 43-
kDa transactive response DNA-binding protein (TDP-43), which is found in the insoluble fraction of

both patients with sporadic ALS and frontotemporal lobar degeneration [63].

Non-human primate and rodent models of sporadic ALS exist [63-66] and the former best
recapitulates the TDP-43 proteinopathy and has been instrumental in discovering key features of it
[63]. Patients with ALS have more diffuse cytoplasmic TDP-43 in the spinal cord than in the brain.
However, in the spinal cord of primates, neither C-terminal nor phosphospecific TDP-43 antibodies
have been able to detect the 25-kDa C-terminal fragment that is found in patients with ALS [63]. It is
possible that small amounts of C-terminal truncated are present but have not been identified
because of mislocalization of the TDP-43. TDP-43 was detected in most large neurons of the primate
thalamic lateral nuclear group — a brain region heavily involved in motor control - early in the disease

course and these motoneurons later showed neuron loss [63].

Degenerative myelopathy (DM) is another degenerative spinal cord disease. It naturally occurs in
dogs and the canine disease is similar to a form of ALS associated with superoxide dismutase 1 gene
(SO0D1) mutation [62]. There are 150 different SOD1 mutations that have been associated with ALS

and a mutation in one of the two SOD1 alleles results in ALS.

DM occurs in many dog breeds, and typically has an onset of ~9 years in large breeds and ~11 years
in Pembroke Welsh Corgis. Cervical spinal cord and associated spinal nerve roots, the ulnar nerve,
and the extensor carpi radialis (ECR) muscle have been analysed from early and late-stage DM Corgis
and age-matched control dogs [62]. Early in the disease, clear muscle changes were apparent yet the
number of motor neuron cell bodies, axons in the motor or sensory nerve roots, or in the ulnar nerve
did not change, even at late-stage disease [62]. In affected dogs, the lower motor neurons remain
morphologically intact even with relatively advanced clinical signs [62]. This shows that changes in
muscle fiber type and size occur early in the disease progression, thus therapies should focus on

these, with a secondary focus on motor neurons and sensory neurons [62].

These three case studies reveal that brain and spinal cord pathology can vary within a
neurodegenerative disease model. Therefore, understanding spinal cord pathology could affect how,

where and when the disease can be treated, quite independent of what is seen in the brain.
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1.5.3 Spinal cord pathology in NCL

Little is currently known about NCL spinal cord pathology, except what has been found in mice
models, and one unpublished study carried out on CLN6 affected Merino sheep. No published spinal
cord pathology research has been carried out in larger animal models or for CLN5 and CLN6 sheep
models. A spinal cord pathology study will increase information about NCL disease progression,
including when and where the first signs of the disease manifest (in the brain or spinal cord). This

order of disease progression may influence possible treatments and further research.

1.5.3.1 Spinal cord pathology in NCL mice

The only published studies assessing spinal cord pathology in NCL were carried out on CLN1 affected
mice. These mice have a mutation in the CLN1/PPT1 gene which codes for a soluble lysosomal
protein, palmitoyl protein thioesterase | (PPT1), and hence are termed Ppt1- deficient (Ppt17). CLN1
affected mice share most of the human phenotypic traits exhibited in CLN1 patients, including
reduced lifespan, visual defects, epileptic seizures and increasing gait defects as the disorder
progresses [4, 67]. The first study performed by Shyng et al (2017) examined neuron loss,
accumulation of autofluorescent storage material and glial activation in CLN1 affected mice at 1,3,5

and 7 months of age [4].

Neuron loss is a characteristic hallmark of CLN1 disease, with significant loss seen in the cerebellum
and thalamus of CLN1 affected mice by 5 months, while significant neurodegeneration was actually
observed earlier in the spinal cord. Neurons were lost as early as 3 months of age in the cervical,

lumbosacral dorsal horn, and thoracic ventral horn of the spinal cord [4, 68]. From 5 months of age
onwards, all regions of the affected spine had significant neuron loss in both the dorsal and ventral

horns [4, 68].

Autofluorescent storage material was present at 3 months of age in the cell bodies within the spinal
grey matter of the dorsal and ventral horns of CLN1 affected mice [68], although the burden level

then stayed constant between 3 and 7 months of age [4].

Activation of glial cells (astrocytes and microglia) is associated with neuron loss in the forebrains of
CLN1 affected mice, preceding neurodegeneration [69]. A recent study revealed that microglial
activation was present in the affected mice brain at 1 month of age and prior to significant
interneuron loss [68]. At 3 months the CLN1 affected mouse brain displayed a dramatic increase in
the intensity of CD68 staining, which is a marker of microglial activation, thus revealing
morphological changes of microglia to brain macrophages [4]. Also at this same age, immunostaining
of the spinal cord with an astroglial marker, glial fibrillary acidic protein (GFAP), showed increases in

hypertrophied astroglia in the grey matter, which then became completely filled with activated
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astrocytes from 5 months of age. Interestingly the number of activated astrocytes in the spinal white

matter didn’t increase until 5 months onward [4].

These studies concluded that neuron loss in the CLN1 affected mice spinal cord was observed two
months prior to being seen in the cerebellum and thalamus, which occurred at 5 months. Equally glial
cell activation occurred earlier in the CLN1 affected mouse spinal cord than in the brain and started

in the grey matter.

1.5.3.2 Spinal cord pathology in CLN6 sheep

An unpublished study has been performed in Australian Merino sheep with naturally occurring CLN6
NCL [70]. A systematic histopathological analysis of neuronal degeneration and necrosis, gliosis,
lysosomal storage burden and demyelination level was performed on 12 CLN67 sheep aged 14 — 17
months of age, and compared to data collected from three 42-month-old healthy control sheep.
Formalin-fixed spinal cord sections from the cervical, thoracic and lumbar regions were paraffin
embedded, sectioned and stained with hematoxylin and eosin. The five pathological characteristics
were graded from 0 (not present, within normal limits) to 3 (marked presence) in three random
microscope fields in the white and grey matter, for both the dorsal and ventral horns of the spinal

cord.

As expected, lysosomal storage was not present in the control sheep spinal cord but significantly
increased in both the dorsal and ventral horns of the affected sheep spinal cord [70]. Interestingly,
there was less gliosis in the white matter of the affected sheep than controls, which contradicted the
heightened neuroinflammation seen in the CLN1 diseased mouse grey and white matter [4]. There
was a gradient pattern of neuronal degeneration and necrosis in the CLN6 affected sheep spinal cord,
with greater severity in the cervical region than the lumbar [70]. This would suggest a rostral-caudal
spread of pathology from the brain to the lower spinal cord in the CLN6 affected sheep that is quite
unlike the CLN1 mouse model, where pathology occurs earlier in the spinal cord than the brain [4,

18, 68].

1.6 Aims of this study

This study aimed to investigate spinal cord pathology in CLN5 and CLN6 sheep models, by measuring
the total spinal cord area, grey matter area, white matter area, neuron loss, lysosomal storage
accumulation and glial activation.

A number of hypotheses were tested:

15



Area measurement hypothesis: Quantification of total, grey and white matter areas in the spinal
cord will show reductions over time in affected sheep, compared to age-matched healthy sheep, due

to neuron loss in the diseased spinal cord.

Autofluorescent storage material hypothesis: Progressive accumulation of autofluorescent storage

material will occur in grey matter neurons of the diseased spinal cord, much as it does in the brain.

Glial activation hypothesis: Glial activation will occur early in the ovine NCL disease course and this

will progressively increase over time.

Drawing comparisons to the CLN1 affected mouse model, it was hypothesised that
neurodegeneration and other disease pathology will also be observed in the affected sheep spinal
cord. However, the preliminary studies in CLN6 affected Merino sheep suggest this may not be the
case. An interesting aspect of this study will be seeing if this occurred earlier in the spinal cord than

in the brain, as seen in affected mice, or not.

The pathophysiology of spinal cord degeneration is essential to add to the particulars known about
NCL disease models. The additional research can be utilised in decisions made around treating the
NCL diseases, as well as whether spinal pathology contributes to the clinical progression already

observed in large animal NCL models.
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Chapter 2

General Materials and Methods

2.1 Animals

The CLN5 and CLN6 NCL disease models used in this study are in Borderdale and South Hampshire
sheep breeds respectively. At 3,6,9,12,15 and 18 months of age, at least two healthy control
(heterozygous) sheep of each breed and at least two CLN5 affected (CLN57") and two CLNG6 affected
(CLN67") sheep were sacrificed by penetrating captive bolt between the cervical (C3-C4) vertebrae
followed by immediate exsanguination. All animal procedures complied with the New Zealand
Animal Welfare Act (1999), and National Institutes of Health guidelines, and were performed under

the approval of the Lincoln University Animal Ethics committee (2017-40 and 2020-22).

2.2 Tissues preparation and histology

The spinal column was separated from the connective tissue and a 10 cm centimetre section was
collected from each of the three regions (cervical, thoracic and lumbar). A blunt object was used to
remove the spinal cord from the vertebral canal. Spinal cord samples were then fixed in 10% formalin
in 0.9% NaCl at 4°C. After a week, the spinal cord samples were cut into 1 cm samples and placed
into equilibration solution (20% sucrose, 10% ethylene glycol, and 0.9% NaCl) for a further week or
until the sample sunk. The spinal cords were then briefly dried, wrapped in foil and frozen at —80°C,

awaiting sectioning.

2.3 Sectioning spinal cords

Spinal cords were sectioned using an HM 430 microtome (Microm International GmbH, Walldorf,
Germany), set to 50 um, on a stage mount which was frozen prior to use. The spinal cord sample was
fixed to the stage mount using Shandon cryomatrix frozen embedding medium (Thermo Scientific,
USA) and powdered dry ice, and then placed in the -20°C freezer for 10 minutes prior to sectioning.
Sections were collected and stored (6 sections per well) within a 96 well plate containing
cryoprotectant (30% ethylene glycol, 15% sucrose, 0.05% sodium azide in phosphate buffered saline,

pH 7.4) and stored frozen at -20°C until histological processing.

2.4 Nissl staining and area measurements

To analyse area measurements and look for neuronal structure and histological abnormalities, spinal
cord sections were mounted onto slides in chrome alum solution (0.5% gelatine and 0.05% chromium

potassium sulphate) and allowed to air dry overnight. The slides were then passed through an
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ethanol gradient, equilibrated in water and incubated in Nissl solution (0.05% cresyl violet acetate,
0.05% acetic acid in water) for 10 minutes at 37°C and rinsed in water. Slides were dehydrated,
cleared in xylene and coverslipped with DPX (Dibutylphthalate Polystyrene Xylene, BDH, Poole,
England). Both Nissl and GFAP stained sections were used to measure the total, grey and white
matter areas as both stains provided a distinct grey-white matter boundary. The intact spinal cord
sections were imaged and cross-sectional area calculations were determined using Image) (version
1.53k) National Institutes of Health (NIH, Bethesda, MD, USA). The drawing tool was used to calculate
the total area of the spinal cord and the grey matter area, allowing the white matter area to be
calculated, using the equation: White matter area = Total area — Grey matter. Area calculations were
made from at least 5 spinal cord sections, for each of the three spinal cord regions, per animal at

each age.

2.5 Quantification of lysosomal storage

To look for fluorescent lysosomal storage, 4-6 sections of the spinal cord per region per animal were
mounted onto slides using chrome alum solution, air-dried, and then cover-slipped with glycerol. The
sections were examined under a Nikon Eclipse 50i fluorescent microscope (Nikon Instruments Inc.,
Japan) and ten .jpg images in the dorsal and ventral spinal columns were collected. The images then
underwent thresholding image analysis using Imagel to determine the number of pixels with a
fluorescent brightness level above a set threshold which was expressed as the percentage area of

fluorescence.

2.6 Immunohistochemical staining

2.6.1 Neuronal staining

Spinal cord sections were stained with a neuronal marker, NeuN (Rabbit anti-NeuN, 1:500, ab177487,
Abcam, Cambridge, UK) using established methods [34]. In brief, sections were pre-incubated in 1%
H>05, 30 min, blocked with 10% normal goat serum (Invitrogen, Carlsbad, CA, USA) in phosphate
buffered saline (PBS) containing 0.3% Triton X-100 (PBST), 2h, followed by incubation in the primary
antibody for 60 hours at 4°C. Immunoreactivity was detected with a goat anti-rabbit I1gG biotinylated
secondary antibody (1:1000, B7389, Sigma-Aldrich, Australia) for 4 hours at room temperature,
followed by Extravidin — Peroxidase conjugate, 1:1000 (E2886, Sigma-Aldrich) for 2 hours and then
incubation for 7 minutes in 0.5 mg/ml diaminobenzidine tetrahydrochloride (DAB, D5637, Sigma-
Aldrich) containing 0.01% H,0, in PBS [34]. Sections were mounted in chrome alum solution, air-

dried, and then cover-slipped with DPX.
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2.6.2 Astrocytic staining

Spinal cord sections were also stained with an astrocytic marker, glial fibrillary acidic protein (GFAP).
The immunohistochemical protocol was the same as described above for NeuN, except the primary

antibody was rabbit anti-cow GFAP (1:10,000, Z0334, polyclonal, Dako, Ely, England).

2.6.3 Microscopy

Ten images of NeuN and GFAP stained sections in the dorsal and ventral spinal columns were taken
on the Nikon Eclipse 50i microscope. The microscope lamp intensity, exposure time and use of
neutral density filters were kept constant for capturing all images for each immunostain. Cell counts
were determined from the NeuN images using Imagel. Images were thresholded to capture NeuN-
positive cells only and automated counting was performed using the analyze particles function to
capture cells with a diameter 230 um. The GFAP images underwent thresholding analysis through
Imagel, as detailed above for lysosomal storage quantification, to determine the percentage area of

immunopositive cells.

2.7 Statistical analysis

Statistical analyses were performed on GraphPad Prism© software (GraphPad, La Jolla, CA, USA).
Means (total area, total neuron counts, % area fluorescent or % area stained) and the corresponding
standard devation (SD) and standard errors of the mean (SEM) were computed for each spinal cord
region for each animal. These means were used in a one-way ANOVA (Brown-Forsyth and Welsh) to
test each region separately for differences between control and CLN67- or CLN5” sheep. If a
significant difference was detected, then multiple unpaired t-tests assuming unequal variances using
a false discovery approach (Welsh t-test) were performed to test for differences between genotypes

at each age. Differences were considered as statistically significant where P < 0.05.

2.8 Special methods

Additional special methods relating to particular experiments are included in the appropriate

chapter.
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Chapter 3

Key pathological results in the ovine NCL spinal cord

3.1 Introduction

Neurodegeneration and lysosomal storage are the key defining pathological observations in the NCL
brain yet much less is known about them in the spinal cord. This chapter presents a detailed study of
these two pathologies in the ovine CLN5 and CLN6 disease models. Histopathological and magnetic
resonance imaging studies in CLN5 affected (CLN57) and CLN6 affected (CLN67) sheep have shown
significant atrophy is observed in the cerebral cortex, while minimal volume loss or neuronal loss is
observed in the subcortical structures and cerebellum [34, 35, 71]. Conversely, lysosomal storage
occurs in most cell types throughout the body and is present as early as birth in affected sheep

brains, but is evenly distributed and increases linearly with age [34, 35].

Atrophic changes in the brain can be calculated by area or volumetric analyses, using techniques such
as stereology or neuroimaging [33, 41, 71, 72]. Similarly, total cross-sectional area, and grey and
white matter area calculations at the cervical, thoracic and lumbar spinal cord levels have been used
to quantify potential atrophy in the spinal cord [18, 68, 73]. The spinal grey matter is largely
composed of neuronal cell bodies and some unmyelinated axons and these cells are involved in
muscle movement and sensory transmission. Given that the main driver of atrophy in the affected
sheep brain is neuronal loss in the grey matter, it is anticipated that any neurodegeneration in the
CLN5 and CLN6 affected sheep spinal cord would also reduce grey matter and total area

measurements, a phenomenon that has been observed in mice with CLN1 NCL [18, 68].

Immunohistochemistry can also be used to investigate neurodegeneration. NeuN is a soluble nuclear
protein, which is commonly used as a biomarker for neurons. A monoclonal antibody to the NeuN
protein is able to bind to almost all neuronal cell types of both the central and peripheral nervous
system, including small interneurons such as those in the spinal cord and cerebellar granule cells.
Therefore, NeuN-based cell counting can be used to assess neuronal loss in neurodegenerative

diseases and other disorders [74, 75].

The dorsal and ventral horns of the spinal cord are composed of different neuronal populations. The
dorsal horn is mainly composed of unipolar sensory neurons and small, uniform, circular
interneurons. In comparison, the ventral horn is comprised of motor neurons, which control muscle
movement through projection of their axons into the periphery to innervate skeletal muscle. Motor
neurons are significantly larger than sensory neurons and vary in shape. Because of the different

spinal cord neurons and morphologies, neuronal counts need to be analysed in the two horns of the
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spinal cord separately to accommodate for the different sizes and shapes. Since NCL is a
neurodegenerative disease that affects the CNS and results in motor disturbances [76], cell counts of
motor neurons was deemed of greater importance so only the ventral horns have been analysed in
this thesis. Motor neuron counts have been shown to decrease with time in mice with CLN1 NCL [4],

so it was antipated this may be true for CLN5 and CLN6 affected sheep too.

3.2 Sheep spinal cord area

At least five intact Nissl or GFAP-stained sheep spinal cord sections at each level (cervical, thoracic,
and lumbar) for each animal at each age were photographed and analysed for area measurements.
Imagel software was used to manually draw around the total cross-sectional spinal cord area and the
grey matter, in order to calculate the white matter using the equation:

White matter area = Total area — Grey matter area.

Little has been described in the literature about the healthy sheep spinal cord. Here, a qualitative
comparison showed that it was relatively cylindrical or oval in shape, with greater width and depth
(and hence area) in the cervical and lumbar regions than in the narrower thoracic region (Figure 3.1).
Overall the cord was typically wider than it was deep and it reduced in depth but increased in width
towards the caudal (lumbar) region. Between 3 and 18 months of age, the total cross-sectional and
white matter areas from healthy control sheep (n=2-4 per age) increased (Figure 3.2, blue triangles),

whilst grey matter volumes changed little over the same time period.

Even at 6 months of age, qualitative observation of the affected spinal cord showed a clear reduction
in total cross-sectional area compared to the healthy control (Figure 3.2), however one-way ANOVA
revealed no statistically significant differences between the genotypes in any region. There was a
trend towards increased growth in the total area of the affected spinal cord between 3 and 15
months of age, before declining or plateauing at 18 months of age (Figure 3.2). The smallest cross-
sectional areas were seen in the CLN5 affected spinal cord at every age assessed, but by end-stage
disease (18 months) area measurements in the cervical and lumbar regions were comparable
between the CLN5 and CLN6 disease models and these were noticeably smaller than the healthy

control.

The total area measurements did not provide information on where the loss was occurring.
Therefore, area measurements in the grey and white matter allowed for a more in-depth
comparison. This revealed that, like the control spinal cord, there was very little reduction in the grey
matter area and most loss occurred in the white matter. However, again this trend was not

statistically significant.
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Quantification of the A. total cross-sectional area, B. white matter area and C. grey matter area of
the sheep spinal cord. Area measurements (+SD) for n= 2-4 at each timepoint.
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Figure 3.3 Regional differences between all genotypes in sheep spinal cord
Representative spinal cord sections of all genotypes at 6-month-old. The scalebar represents 0.1 cm.

3.3 Neuronal loss in the ovine NCL spinal cord

The neuronal marker, NeuN, worked very well on thick (50 um) sheep brain sections. The NeuN
sections were stained very precisely, revealing minimal staining in the white matter and very light

neuropil staining, in combination with large darkly stained NeuN-positive cells.

In the ventral horn, it clearly stained the cell bodies and dendrites of the large motor neurons (Figure
3.4, red arrows). The cells were multipolar, often with an obvious nucleus, although the
morphologies varied from fusiform, elongated, pyramidal, to polygonal, some with distinct
processes. In the dorsal horn, NeuN- positive cells were typically smaller sensory neurons with
minimal background (non-specific) staining and they had less obvious dendritic trees. Thus, it could
be concluded that NeuN- immunoreactivity in the sheep spinal cord was specific to neuronal cell

bodies, with very little neuropil in both horns.
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Figure 3.4 Representative images of NeuN-positive motor neurons in the ventral horn
Representative images of motor neurons of the ventral horn (red arrows) in the cervical, thoracic and
lumbar spinal cord of control and CLN5 and CLN6 affected sheep at 6, 12 and 18 months of age.
Sections were 50 um thick. These demonstrated the diminishing concentration of motor neurons in
CLN57 animals compared to control sheep. The scale bar represents 100 pm.

When qualitatively comparing NeuN-positive cells in the ventral horn across the three spinal regions
at 6, 12 and 18 months of age, there appeared to be some reduction in the number of large motor
neurons in the CLN5 and CLN6 affected spinal cord over time (Figure 3.5). However, visual
comparisons were made difficult by the variable size and shape of the NeuN-positive cell bodies and
axon length. Automated neuronal counts of the larger motor neurons (diameter threshold >30 um)
were performed (Figure 3.5). Control cell counts were relatively steady over time, with the most
neurons detected in the lumbar region. Whilst one-way ANOVA failed to detect any significant
differences between the genotypes, there was a general trend towards a reduction in NeuN-positive
neurons in the ventral horn of all three spinal regions in CLN5 affected sheep (Figure 3.5). In
particular, cell counts in the CLN5 affected cervical, thoracic and lumbar spinal cord halved between
6 and 18 months of age. However, most of this reduction in the two rostral regions occurred late in
the disease course, between 12 and 18 months of age, at a time when motor deficits begin to
manifest in CLN5 affected sheep [35]. In comparison, CLN6 affected motor neuron counts were
similar to control numbers across the disease course, yet motor dysfunction has also been reported

for ovine CLNG6 disease [35].
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Figure 3.5 Motor neuron counts in the ventral horn during ovine NCL disease progression

Motor neuron counts (xSD) for n= 2-4 at each timepoint.
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3.4 Lysosomal storage

Fluorescent lysosomal storage body accumulation is a key pathological hallmark of NCL. Progressive
accumulation has been well documented in the affected sheep brain over the disease course [34,
35], so it likely accumulates in the spinal cord too. Fluorescent microscopy and image analysis of 50
pum thick spinal cord sections confirmed this. Whilst there were no disease-associated fluorescent
aggregates in the healthy control sheep spinal cord, storage burden progressively increased in both
the CLN5 and CLN6 sheep models (Figures 3.6 and 3.7). However, this increase only reached
statistical significance by one-way ANOVA in the ventral horn of the lumbar spine (p = 0.0422)

yet subsequent multiple t-tests failed to detect a significant difference between the genotypes at a
single timepoint in this region. The punctate aggregates were largely confined to cells with

characteristic neuronal morphology, including motor and sensory neurons.

A qualitative comparison across the disease course revealed two further important points (Figure
3.6). Firstly, higher levels of fluorescence were observed in the larger motor neurons of the ventral
horn than in the smaller sensory neurons of the dorsal horn. This observation was true for both

disease models.

Secondly, greater levels of fluorescent storage were present in the CLN6 affected spinal cord, than in
the CLNS5 affected spinal cord in all regions across the disease course (Figure 3.7). Accumulation in
the CLN6 sheep model followed a near-linear increase from 3 months of age to reach levels as high
as 3.5% in the lumbar ventral horn, whilst fluorescence levels in the CLN5 sheep model were largely
steady between 3 and 15 months of age, before trending dramatically upwards at 18 months of age

in all regions, except the cervical region.

There were unusual results at two time points — 12 months of age for CLN6 affected sheep and 15
months of age for CLN5 affected sheep. Large reductions in fluorescence were detected at these two

timepoints, suggesting a possible error with sample collection or preparation.

Three and 18-month-old spinal cord samples from the same group of animals were also paraffin wax
embedded and sectioned at 3 um. This allowed for good visualisation of the fluorescent puncta

within individual motor neurons and in non-neuronal cells (Figure 3.8).
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3 months

18 months

Figure 3.6 Fluorescent microscopy of 50 um spinal cord sections

Representative fluorescent microscope images of the ventral horn of the lumbar spinal cord of
control and CLN5 and CLN6 affected sheep at 3 and 18 months of age. These images revealed the
obvious increase in lysosomal storage from 3 to 18 months of age in both CLN5 and CLN6 affected
sheep, while there is no overt storage in the control sheep. The scale bar represents 200 um and
the dotted line indicates the grey and white matter boundary.
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Figure 3.7 Accumulation of fluorescent storage bodies during ovine NCL disease progression

Quantitative thresholding image analysis of fluorescence in A. the combined dorsal and ventral
horns, B. the dorsal horns and C. the ventral horns. Percentage areas (+SEM) for n= 2-4 at each
timepoint.



CLN5-/- Control CLNG6-/-

(%]
-
4+
C
o
£

— o

©

R

>

3
m -

© -
~+—
C
o
= ¥
0
‘_' -
(%]
-
e
C
o
=

o ™

o

©

S

2

= £
+
C
o
£
o0
—
(%]
<
+—
C
o
£

o o

©

Q0

=

-
%)

-~ -
ra)
C
o
=
(e 0]
—

Figure 3.8 Fluorescent microscopy of 3 um spinal cord sections

Representative fluorescent microscope images of the ventral horn of the lumbar spinal cord of
control and CLN5 and CLN6 affected sheep at 3 and 18 months of age. These images
demonstrated fluorescent puncta located with the motor neurons and the progressive
increase in affected sheep. The scale bar represents 50 um.
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3.5 Discussion

This chapter explored key NCL pathology in the CLN5 and CLN6 affected sheep spinal cord.
Neurodegeneration has long been studied in the brains of these affected sheep; it occurs regionally,
with the most significant loss in the cerebral cortex while subcortical structures and cerebellum
remain largely intact [34, 35, 71]. Lysosomal storage body accumulation occurs in the majority of cell
types in the brains of affected humans [77, 78] mice [4, 68, 69, 79-81], and sheep [34, 35]. These key
pathologies have also been described in the spinal cord of NCL mice and CLN6 affected Merino sheep
[4, 18, 70], but this study is the first to explore them in the CLN5 Borderdale and CLN6 South

Hampshire ovine NCL disease models.

3.5.1 Area measurements

Total cross-sectional area, as well as grey matter and white matter areas, were analysed across the
disease course in healthy control, CLN5 and CLN6 affected sheep. Total area and white matter area in
healthy control sheep grew over the time course, whilst they typically increased in CLN5 and CLN6
affected sheep from 3 to 12 or 15 months of age, before a trend towards reduction at late-stage
disease (18 months of age) although this did not reach statistical significance. In contrast, the
proportion of grey matter slightly reduced (CLN5 affected cervical and thoracic regions) or remained
relatively constant (healthy control and CLN6 affected) over the disease course. This would suggest
that the majority of the atrophy seen in affected sheep spinal cords at 18 months of age was coming
from mild white matter atrophy. Similar studies of total, grey and white matter volumes in CLN1
affected mice at 1, 2, 3 and 7 months of age revealed there was little change in these volumes over
the disease course, indicating that their spinal cords did not necessarily atrophy but rather did not
grow in line with healthy control mice [18, 68]. It appears that in CLN5 and CLN6 affected sheep,
spinal cord growth is not hindered until perhaps late-stage disease. Examination of volume
measurements in further control and affected sheep, particularly at late-stage disease, may provide

the necessary statistical power to confirm this.

A question remains on the accuracy of correlating NCL spinal cord findings in quadrupedal animal
models, like mice and sheep, to the bipedal human condition. To date, there have been no studies
which have investigated the possible differences between spinal degeneration in bipedal and
qguadrupedal models, or performed comparisons between sheep and human degenerative diseases.
The only research has been limited to skeletal and physiological differences between the species
[55]. It is known that ligaments, which maintain structure, and neuromuscular signalling develop
differently in the quadrupeds and bipeds [82]. It is possible that innervation of the muscles and

ligaments is different because of the orientation of the spinal cord, thus degeneration might be
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observed in the regions of the spinal cord innervating the most affected muscles. However more

research needs to be done to examine this further.

3.5.2 Neuron loss

Despite there being little change in the grey matter area over the disease course, neuronal cell
counts were also performed to look for neurodegeneration in the spinal cord. This was achieved by
staining with a neuronal marker, NeuN, which has proven to be a reliable tool for morphometric
neuronal studies. For example, a comparison of Nissl and NeuN staining in the human cerebral cortex
revealed that NeuN provided more accurate estimates of neuronal density and size, and stained a

more circular perikaryal shape [83].

The ventral horn is primarily comprised of motor neurons, which are essential for controlling
movement through their efferent projections to skeletal muscles. Because of the differences in cell
populations residing in the dorsal and ventral horns, only the ventral horn underwent analysis to
determine motor neuron number. This was investigated because loss of motor neurons in the spinal
cord has been observed in other models of NCL, particularly the CLN1 mouse [4]. The thresholding
size of motor neurons was chosen based on a previous study by Pamphlet et al who reported a
motor neuron cell body diameter of approximately 30 um in humans [84]. This threshold diameter
was tested on some representative sheep spinal cord sections and found to detect the majority of
large motor neurons. Subsequent counts revealed little change in control and CLN6 affected motor
neuron numbers over time, but a clear loss of these large cells in the ventral horns of CLN5 affected

sheep between 12 and 18 months of age.

These findings were interesting considering the onset and progression of motor dysfunction in CLN5
and CLNG6 affected sheep is remarkably similar [35]. Both NCL sheep models exhibit early motor
abnormalities, such as stumbling from 6 months of age, which progresses to more severe motor
dysfunction with exaggerated gait, dyskinesia and then akinesia. However, it should be noted that
severe motor dysfunction is a late-stage symptom of ovine NCL which typically occurs from 18
months of age, and observation of hundreds of sheep has failed to detect a faster clinical motor
phenotype in CLN5 affected sheep than CLN6 affected sheep. Nevertheless, atrophic changes in the
motor cortex do occur slightly earlier in the CLN5 affected disease model [35] so it is possible that
this correlates with the earlier motor neuron loss in CLN5 affected sheep spinal cord seen in the

current study.

Similar neuronal cell counts have been performed in the dorsal and ventral horns of CLN1 affected

mice [80]. These revealed that there was significant loss of neurons at all three spinal cord levels as
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early as 3 months of age [80], which was much earlier than neuronal loss in the brain [69, 80]. Unlike
mice, it appears that neuronal loss in the CLN5 affected sheep spinal cord is a late-stage disease

phenomenon, which occurs well after neuronal loss has occurred in the brain.

One concern with the neuronal counts was ensuring that the image collection was consistent. There
were some discrepancies between the horn shapes, even within the same spinal cord regions, which
may have impacted on neuronal cell counts. However, it was pleasing to see that the qualitative data
matched the quantitative data. Going forward, cell counts could be attempted in the dorsal horn too,
or alternatively threshold image analysis as used for other cell markers in this thesis (e.g. lysosomal
storage, GFAP) could be used to determine the total area of NeuN-immunopositivity in both horns.
This would ensure all neurons were counted, even those shrinking or dying, and not just those above

the >30 um diameter threshold.

3.5.3 Lysosomal storage

Lysosomal storage accumulation is documented to occur in numerous cell types [34], and increases
linearly in the affected NCL sheep brain [34, 35]. The current study found that lysosomal storage also
accumulated in the affected sheep spinal cord over time, with greater levels of fluorescent storage
material in CLN6 affected sheep than CLN5 affected sheep. The CLN6 sheep model presented a near
linear pattern of accumulation from 3 and 18 months whilst there was very little lysosomal storage
accumulation in the CLN5 affected sheep spinal cord over the disease course, until a dramatic
increase at 18 months of age. However, there was quite a bit of inter-individual variation (indicated
by the large error bars) and statistical tests failed to detect a significant difference between the

genotypes at any age.

The CLNG6 spinal cord data correlates well with published literature on lysosomal storage
accumulation in the affected sheep brain [34, 35] as it also follows a near linear patten. However,
storage is seen as early as birth in the brain, with significant differences in fluorescence levels
between the healthy control and CLN5 and CLN6 affected sheep across all regions of the brain,
except the white matter, by 6 months of age [35]. It appears that the lysosomal storage in the spinal
cord increases at a slower rate, as there was no obvious difference between the healthy control and

affected sheep samples until 15 to 18 months of age.

Microscopically, it was observed that there was a greater intensification of fluorescence in the larger
motor neurons in the ventral horn compared to the small sensory neurons located in the dorsal horn.
This result is not necessarily surprising. The ventral horns have a larger carrying capacity because of
the size of their motor neurons compared to the smaller sensory neurons in the dorsal horn. A

similar result is observed in the affected sheep cerebellum, where the large Purkinje neurons
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accumulate large quantities of lysosomal storage whilst the much smaller cerebellar granule cells

only have modest levels of storage (Nadia Mitchell, personal communication).

3.5.4 Trouble-shooting

A discrepancy in sampling was noticed throughout this study, particularly while carrying out the area
measurements. It became clear that there were overt differences with the size and shape of the
sections harvested. This was especially so in the cervical region, as well as some lumbar spine
sections. The width and depth of the sheep spinal canal varies along the length of the spinal cord
however it maintains a similar pattern to the human spinal cord. The canal at the level of the cervical
vertebrae in both species is at its narrowest at cervical level C2, whilst C7 is wider and deeper (Figure
3.9) [55]. This would indicate that the precise location of sample collection needs to be consistent,
otherwise subsequent area comparisons between animals could be flawed. For the current study,
thoracic samples were consistently collected from the T7-T9 region and lumbar samples from L2-L4
but cervical samples were collected from either the C2-C3 or C5-C7, depending on the method of

euthanasia.

Material removed due to copyright compliance

Figure 3.9 Variation of the spinal cord width and depth for sheep and human

Representation of the spinal canal width (red) and depth (blue) was compared along the length of
the spine and across many studies in sheep (filled symbols) and humans (open symbols). The varying
symbols represent a published study. Figure modified from Wilke et al [55].
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Secondly, on interpretation of the lysosomal storage data, it became clear that there were two
timepoints which went against the trend. These were at 12 months of age in CLN6 affected cords and
15 months of age in CLN5 affected cords. At each of these timepoints, the percentage area of
fluorescence fell compared to the data collected at adjacent ages. It is possible that this was due to a
delay between sectioning these samples and mounting for fluorescent analysis, as sections for these
two timepoints were not imaged until all individuals in their group were sectioned. Communication
with a leading NCL pathologist has revealed that lysosomal storage can be quenched in CNS tissue
(Jon Cooper, personal communication) and moving forward it will be vital to section, prepare and

image all spinal cord samples through the disease course at the same time.

Finally, even though many of the current results did not reach statistical significance, there were
clear trends, and data from more individuals may improve statistical power to further confirm the
findings. In particular, three animals of each genotype will be euthanised in February 2023 and spinal
cord samples will be collected. This will increase the number of animals to be analysed at this late-

stage disease timepoint to n=5 per genotype.

3.5.5 Conclusion

e Total area and white matter area increased in CLN5 and CLN6 affected sheep spinal cords
from 3 to 15 months, prior to a dramatic reduction in area at 18 months. The grey matter
showed a mild loss or stayed consistent. Neuron counts in the ventral horn of CLN6 affected
sheep remained similar to control sheep, while there was a reduction in numbers in the CLN5
affected thoracic and lumbar spine regions between 12 and 18 months.

e Lysosomal storage was higher in the CLN6 affected sheep spinal cord compared to the CLN5
affected sheep. Interestingly, the CLN5 fluorescence remained steady until a dramatic
increase at 18 months of age (end-stage disease), while the CLN6 level just increased linearly.

e Adifference between spinal degeneration in bipedal and quadrupedal species is possible,

however this is currently unstudied.

34



Chapter 4

Neuroinflammation in the NCL spinal cord

4.1 Introduction

Neuroinflammation is a common pathological hallmark of NCL in the brain, but it has also been
documented to increase with disease progression in the spinal cord in a mouse model of CLN1 NCL
[4, 18, 68] (Figure 4.1). These studies used immunohistochemistry or immunofluorescence with a
common astrocytic marker (GFAP, glial fibrillary acidic protein) and microglial marker (CD68) to show
a progressive neuroinflammatory response in the dorsal and ventral horns of the affected mouse

spinal cord grey matter.

Material removed due to copyright compliance

Figure 4.1 Early glial activation in CLN1 affected mouse spinal cords
Representative images of progressive astrocytosis (GFAP immunoreactivity) and microgliosis (CD68
immunoreactivity) in CLN1 affected (Ppt17") mice. Modified from Nelvagal et al., 2021 [68].

This chapter presents a detailed study of astroglial pathology in the ovine CLN5 and CLN6 disease
models. However, to understand neuroinflammation in the spinal cord, it is first necessary to
understand the location and morphologies of its astroglial populations. Astrocytes are believed to be
the most numerous cell in the vertebrate central nervous system, however a complete
understanding of their function is unknown [85]. It is known that astrocytes are supportive cells,
regulating and maintaining endothelial cells at the blood brain barrier, and are involved in
homeostasis, as well as providing nutrients [85]. They are also essential for expediting axonal
myelination, however, their role in this process is still unclear [86]. Astrocytes are located both in the
grey and white matter in the CNS, although there are particular regions where they are found at
significantly higher concentrations, in particular under the dura and around cerebral vasculature [86].

The presence of activated astrocytes has been noted in the brains of sheep with CLN5 and CLN6 NCL
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and they represent a precursor for subsequent neurodegeneration [32, 34, 35]. In CLN1 affected
mice, activated astrocytes were predominantly located in the grey matter of the spinal cord but were

also present in the white matter [4].

Distinctive astroglial morphologies are seen between the grey and white matter [87]. Astrocytes in
the white matter have smaller cell bodies, with processes which align with myelinated fibres, and are
termed fibrous [86]. Grey matter astrocytes are protoplasmic in appearance, being larger, sheath-like
and they have more processes or branches [86]. However, when activated their morphology changes
as the size of their cell body increases and their branches both shorten and thicken. If the activation
remains for an extended period of time, inflammatory oxidative and nitrosative stress can be
exacerbated which is deleterious for neurodegenerative diseases [44]. Figure 4.2 [88] nicely
demonstrates the healthy and pathological morphologies of white matter astrocytes in the mouse

spinal cord.

Material removed due to copyright compliance

Figure 4.2 GFAP-immunostained sections of white matter of the spinal cord in mice

A. Healthy fibrous white matter astrocytes form part of the lattice pattern around myelinated axons
(white circles with internal blue stained axons). B. Reactive astrocytosis in the white matter. Note the
greater quantity of activated astrocytes with shorter thickened cytoskeletal processes [88]

As progressive astrocytosis has been documented to occur in sheep with CLN5 and CLN6 disease and
the spinal cord is simply an extension of the central nervous system, it was anticipated that glial
activation would also occur in their spinal cord. Activation was assessed by immunohistochemistry
and immunofluorescence using the astrocytic marker GFAP on both thick (50 um) and thin (3 pm)

spinal cord sections from healthy control, CLN5 and CLN6 affected sheep.
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4.2 Materials and Methods

A dilution series was first performed using the immunohistochemical GFAP staining method
described in Section 2.6.2, and GFAP immunofluorescence was also attempted. These additional

methods are described below.

4.2.1 GFAP immunohistochemistry dilution series of thick 50 um spinal cord
sections

An initial dilution series of the rabbit anti-cow GFAP antibody (20334, Dako, Ely, England) was

attempted on 15-month-old CLN6 affected and control 50 um spinal cord sections using the method

described in Section 2.6.2. It included 1:5,000, 1:6,000, 1:6,500, 1:7,000, 1:7,500, 1:10,000, 1:15,000,

and 1:20,000. This determined 1:10,000 to be the optimal dilution, hence this concentration was

used for subsequent immunohistochemical GFAP studies on thick 50 um spinal cord sections.

4.2.2 GFAP Immunohistochemistry on thin 3 um spinal cord sections

Formalin fixed spinal cord tissues (cervical, thoracic and lumbar) from 3 and 18-month-old CLN5
affected (CLN57), CLN6 affected (CLN67") and healthy control sheep were paraffin embedded,
sectioned at 3 um and mounted on glass slides by Gribbles Veterinary Pathology (Christchurch, New
Zealand). Slides were then dewaxed twice in xylene, 10 min each, rehydrated in ethanol and then
blocked in 3% H,0, in methanol, 20 min. A hydrophobic pen was used to draw around the section,
before incubation in 400 ul blocking agent (25% normal goat serum (NGS, Invitrogen, Carlsbad, CA,
USA) in Tris Buffered saline with 0.1% Tween X-100 (TBST)), 30 min at room temperature.

Sections were incubated in the primary antibody (GFAP, 1:1,750, Z0334, Dako) in 10% NGS in TBST
overnight at 4°C, followed by a goat anti-rabbit IgG biotinylated secondary antibody (1:500, B7389,
Sigma-Aldrich, Australia), 30 min at room temperature. After a 30 min incubation in Extravidin —
Peroxidase conjugate (1:1000, E2886, Sigma-Aldrich) in PBS, immunoreactivity was detected with 0.5
mg/ml diaminobenzidine tetrahydrochloride (DAB, D5637, Sigma-Aldrich) containing 0.01% H,0, in
PBS, 7 min. Slides were rehydrated, placed in xylene twice, 5 min, and coverslipped using DPX (BDH,

Poole, England).

4.2.3 GFAP immunofluorescence on thick 50 um spinal cord sections

GFAP immunofluorescence was performed on all three genotypes at one timepoint (12 months of
age), using a similar method to that described in Section 2.6.2. After incubation in the primary GFAP
antibody (1:1,750), 60 h at 4°C, sections were incubated in an Alexa Fluor 594 Goat anti-Rabbit IgG
secondary antibody (1:1000, A-11012, Thermo Fisher Scientific, Waltham, MA, USA), 24 h, at room
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temperature in the dark. The slides were then mounted, and cover slipped with anti-fade
fluorescence mounting medium (ab104135, Abcam, Cambridge, UK) and immunofluorescence
examined on the Nikon Eclipse 50i microscope (Nikon Instruments Inc., Tokyo, Japan), utilising NIS-

Elements software (v. 4.50, Nikon Instruments).

4.3 Results

4.3.1 GFAP immunohistochemical dilution series

A dilution series is used to calculate the concentration best suited for a specific method. In this case,
the GFAP antibody had been successfully used at 1:5000 on sheep brain sections [34], but was
untested in the sheep spinal cord. Visual inspection of the samples led to the decision to proceed
with a 1:10,000 dilution (Figure 4.3). This concentration was dark enough to see astrocytic staining in
the grey matter, but provided light enough background for the visual distinction between the

affected and control samples.

1:6,000 1:10,000 1:20,000
Figure 4.3 GFAP dilution series
GFAP immunostaining was compared in the lumbar dorsal horn of 15 month affected (CLN67) and

18-month control 50 um sheep spinal cord sections at a range of antibody dilutions. Scale bar
represents 100 pm.

CLNG6-/-

Control

4.3.2 GFAP immunohistochemistry in thick 50 um spinal cord sections

Astrogliosis is widely associated with neuronal loss in the brain of CLN5 and CLN6 affected sheep, and
it actually precedes neurodegeneration [34, 35]. GFAP immunostaining of cervival, thoracic and
lumbar spinal cord samples revealed there was very little distinguishable difference in

immunoreactivity in the grey matter between the healthy control, and CLN5 and CLN6 affected



sheep at either 3 or 18 months of age (Figures 4.4 and 4.5). In all three genotypes, there was a strong
meshwork of protoplasmic GFAP-positive astrocytes in the grey matter which overlapped and made
it difficult to see individual cells. The 18-month samples had less intense neuropil staining, allowing
for better differentation of cells and there appeared to be some potentially activated cells on the
lateral periphery of the horns but this occurred in both control and diseased spinal cord samples.
Interestingly, threshold analyses indicated a reduction in GFAP immunopositivity in all three groups
between 3 and 18 months, which contrasted the astroglial upregulation reported in CLN1 affected
mice [4]. Whilst statistical analysis by one-way ANOVA failed to detect any significant differences
between the genotypes, this trend was apparent across the three spinal cord regions and also

between the dorsal and ventral horns.
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Figure 4.4 Astrocytosis in the spinal cord during ovine NCL disease progression

Representative images of GFAP staining in the ventral horn of the lumbar spinal cord of control, CLN5
and CLNG6 affected sheep at 3 and 18 months of age. There was a reduction in immunostaining in all
three groups between 3 and 18 months of age. Scale bar represents 100 um.
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Figure 4.5 GFAP immunoreactivity during ovine NCL disease progression

Quantitative thresholding image analysis of GFAP immunostaining in A. the combined dorsal and
ventral horns, B. the dorsal horns, and C. the ventral horns of the 50um spinal cord.
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4.3.3 GFAP immunohistochemistry in thin 3 um spinal cord sections

As the GFAP result in the thick 50 pum spinal cord sections was unanticipated, glial activation was also
assessed in thinner 3 um sections. It was hoped that the thinner sections might provide a clearer
image of GFAP expressing cells and allow for a morphological study to be carried out. Results

presented are purely qualitative.

A comparison of the healthy sheep spinal cord at 3 and 18 months indicated little obvious change in
the astroglial populations over time. Healthy protoplasmic astrocytes were evident throughout the
dorsal and ventral horns (Figure 4.6), whilst fibrous astrocytes formed part of the white matter lattice
(Figure 4.7). There was more neuropil staining at 3 months of age, and larger axons at 18 months of

age, indicating axonal maturation and the development of mature myelination.

The CLN5 affected spinal cord also had darker neuropil staining at 3 months of age (Figure 4.6),

suggesting it was a developmental phenomenon. There were potentially fewer GFAP-positive cells in
the CLN5 affected grey matter at 18 months of age compared to the earlier timepoint but even late-
stage disease, there was no obvious increase in activated cells and the CLN5 affected grey and white

matter resembled the age-matched healthy control (Figure 4.6 and 4.7).

This contrasted with the CLN6 affected spinal cord, which had larger, more intensely stained cells in
both the grey matter (Figure 4.6), and particularly the white matter (Figure 4.7) at 18 months of age.
These white matter astrocytes still aligned with the myelinated fibres but their cell somata were

increased in size and their branches has thickened, indicative of their activated morphology.
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Figure 4.6 Astrocytosis in the spinal cord grey matter during ovine NCL disease progression

Representative images of GFAP expression in the ventral horn of the thoracic spinal cord of healthy
control, CLN5 (CLN57) and CLN6 affected (CLN67) sheep at 3 and 18 months. Images were taken on
3 um sections at two magnifications, and the scale bar represents 100 um and 50 um for the
rectangle and square images respectively.
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Figure 4.7 Astrocytosis in the spinal cord white matter during ovine NCL disease progression
Representative images of GFAP expression in the white matter of the spinal cord of healthy control,
CLN5 and CLN6 affected sheep at 3 and 18 months, cut at 3 um. Note the increase in activated
astrocytes in the CLN6 affected sheep spinal white matter at end-stage disease. The scalebar
represents 100 pm.

4.3.4 GFAP immunofluorescence in thick 50 um spinal cord sections

Immunofluorescence can provide greater sensitivity and signal amplification compared to the
immunoperoxidase methods used above. However, the immunofluorescence technique did not
provide a clearer image of glial activation in the sheep spinal cord. When slides were examined under
the microscope, the fluorescent signal was ubiquitous, thus clearly not showing the glial activation
seen in previous studies in CLN1 affected mice using the same method (Figure 4.1, [68]). Due to the
ubiquity, it was not possible to see any increase in GFAP positivity in CLN5 and CLN6 affected sheep.
Unfortunately, the slides were disposed of prior to imaging, thus not was not possible to provide an

image of the result.

4.4 Discussion

4.4.1 GFAP immunohistochemistry in thick 50 um spinal cord sections

GFAP immunostaining of 50 um control and CLN5 and CLN6 affected spinal cord tissues at 3 and 18
months failed to detect any difference between the three genotypes. Although there is a non-

significant reduction in GFAP immunoreactivity from 3 to 18 months, this occurred in both diseased
and healthy control spinal cords and was the opposite to what has been observed in CLN1 affected
mice. Early glial activation was documented to occur in all levels of the affected mice spinal cord [4,

68]. As early as 1 month of age, there were numerous GFAP positive astrocytes in the grey matter
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but with no clear laminar pattern of staining [68], and by 5 months the entire grey matter was filled

with highly active astrocytes [4].

The fact that CLN5 and CLN6 affected sheep spinal cords do not show upregulated astroglial
activation was unanticipated, given it is an early observation in the brain of affected sheep [34, 35].
Reasons for this discrepancy were explored and a plausible explanation was that the 3- and 18-
month sheep spinal cord samples were processed in different batches. Although the same
experimental procedure was followed (Section 2.6.2) and the incubation time in DAB was identical (5
minutes), immunohistochemistry is well known for inter-batch variation [89]. In future studies of this
type, all GFAP samples should be processed and undergo analyses together to remove this
possibility. Alternatively, if the experiment involves too many samples for this to be possible, a

consistent batch control must be used to regulate any differences.

4.4.2 GFAP immunohistochemistry in thin 3 um spinal cord sections

GFAP immunohistochemistry was also carried out on 3 um thin spinal cord sections as the results
from the 50 um sections were unanticipated. The thickness of the 50 um section can cause a
meshwork of overlapping cells, thus it was hoped that using thinner sections would resolve this to a
single cell layer providing a clearer image. Due to the cost of external wax-embedding and sectioning
at Gribbles Veterinary Pathology, only two timepoints were selected, being a 3-month-old pre-
symptomatic age and 18-month-old end-stage disease. Additionally, only one region of the spinal
cord sections were imaged as that region was the most intact after external processing. Unlike the
50 um spinal cord staining, the 3- and 18-month-old thin sections were all run in one batch, therefore

removing inter-batch variability.

Results presented from the 3 um sections were purely qualitative, but surprisingly they paralleled
those seen in the thicker sections. Visual observation revealed a comparable reduction GFAP
expression in both the grey and white matter of control and CLN5 affected sheep between 3 and 18
months of age. However, there appeared to be an increase in GFAP-positive cells with activated
morphology in both the grey and white matter of the CLN6 affected spinal cord at 18 months,
compared to 3 months of age. This was especially apparent in the white matter where activated
astrocytic cell bodies were distended with shortened, thickened branches compared to a healthy
fibrous morphology. This seemed to more closely match the upregulation of astrocytosis seen in

CLN1 affected mice grey and white matter, [4, 68], but just not to the same intensity.

As mentioned, these results were purely qualitative although there is no reason why they couldn’t be

qguantified. Quantitative thresholding analysis could be used as has been employed for the thicker
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sections detailed elsewhere in this thesis. The n number for these studies was two per genotype,
thus there is potential to statistically improve the outcome by including the other two spinal cord
regions (cervical and lumbar) in the analyses and increasing the n number per genotype. As detailed
previously, spinal cord samples from three additional animals of each genotype will be collected in

February 2023 at 18 months of age, allowing for greater statistical power at this age.

4.4.3 GFAP immunofluorescence in thick 50 um spinal cord sections

The GFAP immunofluorescence technique offered an alternative way to examine GFAP in thick spinal
cord sections. It was carried out on the three genotypes (control, CLN5 and CLN6 affected) utilizing
the standard immunofluorescence concentration (1:1,000) which has previously been successful in
the Batten disease research laboratory. There are advantages and disadvantages to
immunofluorescence over the immunoperoxidase technique. Immunofluorescence is more sensitive
but must be performed in the dark, because the fluorescent signal fades over time. On the other
hand, the immunoperoxidase method is based on an enzymatic reaction, whilst immunofluorescence
is not thus making staining with the latter more consistent between batches. Additionally,
immunofluorescence often relies on confocal microscopy to take multiple images down the Z-planes
to obtain very detailed images, which may or may not be required. Finally, immunofluorescence
might be selected when multiple protein staining is required as this technique allows for
colocalisation studies, essential when needing to know what types of cells are expressing what
proteins. Here, the immunofluorescent method did not provide a clearer image of glial activation in
the affected sheep spinal cord. However, it is possible that the GFAP concentration needed
optimisation to truly assess the viability of GFAP immunofluorescence in thick 50 um spinal cord

sections.

4.4.4 Comparison with other NCL models

Reactive astrocytes have been documented prenatally in the CLN6 affected sheep brain, being
present in the developing white matter of the cerebral cortex 40 days prior to birth and within the
cortical grey matter 20 days before birth [32]. In contrast, the current study indicated that there was
no overt astrocytosis in the 3 month CLN5 or CLN6 affected sheep spinal cord, although it appeared
to be present in the 18 month samples from CLN6 affected sheep. Analysis of more spinal cord
samples across the disease course, as well as using quantitative threshold image analyses, might help

to confirm this result.
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An unpublished study by Kwan et al has investigated astrocytosis in the CLN6 affected Merino sheep
spinal cord [70]. The authors concluded that there was actually less gliosis in the affected white
matter compared to healthy control sheep [70]. Gliosis levels were graded from 0 (not present), 1
(mild), 2 (moderate) to 3 (marked) based on assessment of astrocytes in the white matter of thin (3
pum) haematoxylin and eosin-stained sheep spinal cords. However, this study was only performed at a
single timepoint, using spinal cord samples from affected sheep aged between 14 and 17 months of
age and comparing them to much older (42-month-old) control sheep, who may have had
established age-related astrocytic activation. The authors only looked at the white matter, and not at
the grey matter, thus making it difficult to draw comparisons to the current study in CLN5 and CLN6
affected sheep spinal cords. It would seem though that the white matter findings of Kwan et al in

CLN6 Merino sheep are in contrast to the findings of this thesis in CLN6 South Hampshire sheep [70].

There are multiple studies investigating astrocytosis in CLN1 affected mice, utilizing the two different
immunohistochemical techniques, and all reveal progressive astrocytosis in this murine NCL model
identical results[4, 18, 68]. This certainly does not occur to the same extent in the CLN5 or CLN6

affected sheep spinal cord and possible reasons for that will need to be explored further.

4.4.5 Conclusions

e GFAP immunohistochemistry on 50 pum spinal cord sections failed to detect a significant
difference between control and CLN5 and CLN6 affected sheep.

e GFAP immunohistochemistry on 3 um spinal cord sections provided a clearer image of
cellular morphologies, and revealed an increase in activated astrocytes in the CLN6 affected
sheep spinal cord between 3 and 18 months of age, whilst there was a reduction in GFAP
immunopositivity in control and CLN5 affected spinal cords over the same time period.

e GFAP immunofluorescence did not provide a clearer picture of astrocytosis in affected spinal
cords, although a dilution series may prove useful.

e Batch processing of all samples or the inclusion of a batch control is important in

immunohistochemistry to prevent inter-batch variation and allow for accurate analyses.
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Chapter 5

Exploring other pathology in the NCL spinal cord

5.1 Introduction

Motor and sensory neurons and astrocytes are not the only cells in the spinal cord. Microglia and
interneurons are other important cell populations, and their function can become dysregulated in

neurodegenerative conditions like NCL.

Interneurons are important neurons in the spinal cord. As their name suggests, they connect the
spinal motor and sensory neurons. Subpopulations of interneurons can be characterised by the
calcium binding proteins they express. Parvalbumin (PV), Calbindin D28k (CB) and calretinin (CR) are
the three major calcium binding proteins found in morphologically distinct interneurons, and these
serve to maintain calcium homeostasis in neurons, and buffer free intracellular calcium [90-92]. The
expression pattern of these interneuron subtypes in the spinal cord has been well described in

different species [92-100], but there is little in the literature on sheep.

Microglia are highly motile cells in the central nervous system (CNS). They act as immune cells,
producing inflammatory cytokines and engaging in the phagocytosis of apoptotic, dead and dying
cells. The lectin, I1-B4 from Griffonia simplicifolia (GSB4) has been successfully used as a microglial
marker in brain tissue from NCL affected sheep to visualise activated and inflamed microglia [34]. In
CLNS5 affected (CLN57") and CLNG6 affected (CLN67) sheep brains, quiescent microglia become
activated, increasing in size, with an enlarging cell soma and short thickened processes, typical of
brain macrophage-like morphology [35]. This microglial activation is regionally specific and is

associated with the progression of neurodegeneration and clinical symptoms [32].

Microglial and interneuron populations have not been well described in either the healthy or NCL
diseased sheep spinal cord. In order to do this, a thorough understanding of spinal cord anatomy was
required. In addition to the spinal cord being split into grey and white matter, and dorsal and ventral
horns, as discussed in Section 1.5.1, these regions can also be sub-divided based on the

characteristics and function of their populating cells (Figure 5.1).
The white matter of the spinal cord is primarily composed of bundles of both ascending and

descending myelinated axons, and some glial cell bodies [58]. It is divided into the posterior column

(or dorsal funiculus), anterior column (or ventral funiculus) and lateral column [101] as seen in Figure
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5.1. Axonal fibres within each of these funiculi often have a specific function, for example the
fasciculus gracilus and fasciculus cuneatus tracts within the dorsal funiculus mediate position,

vibratory and light touch sensation [101].

The grey matter is made up of neuronal cell bodies, glial cells and blood vessels and is split into two
dorsal and two ventral horns [58]. The dorsal horns primarily contain interneurons that receive and
process somatosensory information that enters the spinal cord via the dorsal roots [59, 60]. The
ventral horns are comprised of visceral and somatic motor neuron cell bodies [60], which send axons
via the ventral roots to terminate on striated muscles [59]. Small spinal interneurons are found

within both of these horns, relaying signals between the sensory and motor neurons.

The grey matter can be further divided into layers or Rexed laminae, which are laid out in the precise
order as observed in Figure 5.1. The dorsal horn is comprised of laminae I-V moving anteriorly [58].
Many tightly packed interneurons are found in laminae II-lll. Lamina VI contains motor neurons and
intersects with the intermediolateral nucleus (Figure 5.1, green), a prominent collection of neurons
involved in the sympathetic nervous system, essential for responding to dangerous or stressful
situations [58]. Laminae VIl and VIII make up the majority of the ventral horn and are the locations
where most interneurons are found, Laminae VIII also has motor neurons. Lamina IX exists as a semi-
circle section on the anterior side of the ventral horn, and lamina X surrounds the spinal canal
through which cerebrospinal fluid flows. Laminae IX consists of both interneurons and motor

neurons, which are responsible for spinal reflexes from the descending tracts of the brain [101].

This chapter reports a trial of four different antibodies (PV, CB, CR and GSB4), which are markers for
interneuron subtypes and microglial cells. The aims were to first characterise their expression in the
normal healthy sheep spinal cord and then compare protein expression in healthy control and CLN6

affected sheep spinal cord at a single timepoint.
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Figure 5.1 Cross-sectional view of the spinal cord

The grey matter is divided into ten distinct Rexed laminae labelled I-X. Within these, there are
prominent nuclear groups (indicated in blue, green and red). The white matter is divided into three
columns or funiculi, which also contain specific groups of fibres arranged into fasciculi or tracts (as
indicated). The image is modified from BioRender, Wikipedia and [58].

5.2 Materials and Methods

Cervical spinal cord samples from a single 18-month-old healthy control and a 15-month-old CLN6
affected sheep were used in this experiment. Allimmunohistochemical staining, except for GSB4,
utilized the same procedure as described in Section 2.6.2 and the corresponding primary and second
antibodies are shown in Table 5.1. The GSB4 protocol was as follows. 50 um spinal cord sections
underwent blocking for 30 mins and 1 h respectively in 1% in 50% methanol in PBS and then 15%
normal goat serum in PBST. Sections were incubated in biotinylated GSB4 lectin (1:500, B-1205,
Vector Laboratories, Newark, CA, USA) in 10% normal goat serum in PBS-T, 24 h, 4°C. Colour
detection was performed by incubation in ExtrAvidin Peroxidase (1:1000, Sigma, E-2886) diluted in
PBS-T, 4 h, prior to the application of diaminobenzidine tetrahydrochloride (DAB, D5637, Sigma-
Aldrich), 5 mins. Sections were mounted in chrome alum solution, air-dried, and then cover-slipped

with DPX. Images were collected on the Nikon Eclipse 50i microscope, using the 10X objective in both
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the dorsal and ventral horn, to visually assess the immunoreactivity of each antibody in the sheep

spinal cord.
Table 5.1 Primary and secondary antibodies used in this study
Antibody name Primary Antibody Secondary Antibody, DAB incubation
1:1000 dilution time (min)
Parvalbumin (PV) | 1:5000, Swant235, Swant, Goat anti-mouse IgG, 7
Bellinzona, Switzerland B7151, Sigma
Calbindin (CB) 1:5000, Swant 7699/4 Goat anti-rabbit IgG, 5
B7389, Sigma
Calretinin (CR) 1:2000, Swant 300 Goat anti-rabbit IgG, 7
B7389, Sigma

5.3 Results

Characterisation of antibody staining in the sheep spinal cord was first performed by visual

observation of the control sections before comparison with CLN6 affected sections. A gross

description was made, then white matter and grey matter regions were assessed. Details outlining

the neurochemical distribution is provided (Table 5.2, Figure 5.5,) and then each immunostain is

discussed separately.

Table 5.2

Qualitative assessment of calcium binding protein immunoreactivity in the 18
month old healthy sheep cervical spinal cord

and small CR-positive
cellsin -1

positive cells in VII-IX

Cell Dorsal horn Ventral horn Dorsal Ventral
population grey matter grey matter white matter white matter
PV Puncta in IV-VI Intense neuropil in X, | Intense neuropil Intense neuropil
puncta in VII-VIII, in fasciculus on grey matter
sparse large PV- gracilus boundary
positive cells in VIII
CB Intense neuropil Moderately stained | Lattice pattern with axonal puncta
staining and CB- CB-positive cells in and some small CB-positive neurons
positive cells in I-lll VII-IX laterally
CR Mild neuropil staining | Lightly stained CR- No obvious CR-positive cells

5.3.1 Parvalbumin expression in the sheep spinal cord

Macroscopically, the parvalbumin (PV) stained healthy control sections displayed an obvious

triangular cluster of intense neuropil and fusiform staining in the dorsomedial aspect of the white
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matter, in the region known as the fasciculus gracilus, as well as similar pockets in the grey matter

lamina X, ventral to the central canal.

Microscopically, these triangular clusters in the dorsal funiculus were found to contain intense
neuropil staining alongside PV-positive cells with a fusiform morphology and some punctate circular
axonal staining. This staining cleared laterally to just circular axonal puncta with no obvious cellular
or neuropil staining. In the ventral white matter, the same fusiform morphologies were observed,

with more intense neuropil staining close to the grey matter — white matter boundary (Figure 5.2).

Assessment of the dorsal horn grey matter revealed that the first three superficial Rexed laminae (I-
I11) were devoid of staining, while diffuse neuropil staining was observed in the deeper dorsal laminae
(IV-VI), with some small intensely stained PV-positive puncta but no obvious cell bodies (Figure 5.2A).
In the ventral horn, there was neuropil staining across all laminae (VII-IX) and some sparse lightly
stained larger cell bodies (Figure 5.2B). These were neuronal in morphology and typically bipolar or
multipolar. Higher magnification confirmed the presence of tiny spherical PV-positive puncta in the
same laminae but there was no easy way to quantify them. The greatest level of PV-positive
immunostaining in the ventral horn was seen in lamina X and consisted of intense neuropil staining

and the same fusiform cellular morphology seen in the ventral white matter.

There were few qualitative differences when comparing parvalbumin staining in the control and
CLN®6 affected sheep spinal cords (Figure 5.5), except that the affected dorsal horn did not have the
band devoid of staining in laminae I-ll, but rather very diffuse neuropil staining with little to no

puncta in the entire horn.
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Figure 5.2 Parvalbumin immunoreactivity in the healthy sheep spinal cord

A. Intense neuropil staining in the fasciculus gracilus dorsal white matter (bottom left), no staining in
laminae I-lll and some PV-positive puncta in deeper laminae of the dorsal horn grey matter. B.
Intense neuropil staining and puncta in the grey matter of the ventral horn. The dashed lines
delineate the grey matter/white matter boundary. Scale bar represents 50 um.
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5.3.2 Calbindin expression in the sheep spinal cord

Macroscopic inspection of the calbindin (CB) stained healthy sheep spinal cord revealed that the
dorsal horn was more darkly stained than the ventral horn, and a lattice pattern was observed in the

white matter, which was comprised of myelinated nerve fibres (axons).

Microscopic assessment showed an obvious gradient of staining in the dorsal horn grey matter, with
intensely stained neuropil and CB-positive cells in laminae I-lll (Figure 5.3A). The stained cells
appeared to be neuronal in morphology but they were hard to visualise against the background

neuropil so an adjustment to the CB antibody concentration might allow for confirmation.

Comparatively, the ventral horn grey matter had a more even distribution of moderate neuropil
staining, with some light to moderately stained CB-positive cells which also had typical neuronal
morphology (Figure 5.3). It is plausible that these were large interneurons, although double labelling

immunofluorescence with CB and NeuN may aid in distinguishing them from motor neurons.

Within the lateral columns of the white matter (lateral and anterolateral funiculi), there was an
intensely stained lattice and some clear but small CB-positive neurons. In the white matter adjacent
to the dorsal and ventral horns, there was a lattice pattern reminiscent of the cross-sectional
appearance of axonal fibre bundles (Figure 5.3C). This morphed dorsally and laterally to more diffuse

neuropil staining with some immunopositive fusiform-like structures also present.

Macroscopically, the affected spinal cord appeared similar to the control. The neurochemical
expression pattern was uniform throughout the white matter in both the healthy and affected spinal
cord (Figure 5.5). Microscopically, all regions were comparable to the healthy control cord, except
that there appeared to be fewer fusiform structures in the fasciculus gracilus and anterior funiculus
of the white matter and fewer CB-positive cells in the ventral horn. Quantification of cell number

would be required to confirm this observation.
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Figure 5.3 Calbindin expression in the healthy sheep spinal cord

A. Neuropil staining in the dorsal horn was intense, making it difficult to see CB-positive cells. Dashed
lines represent the start of lamina | (bottom) and end of lamina Ill (top). B. Large CB-positive cells
with neuronal morphology were present in the ventral horn (arrows). C. The white matter lattice
pattern, with cross-sectional axonal morphology. Scalebar represents 50 um (A,B) and 100 um (C).

5.3.3 Calretinin expression in the sheep spinal cord

Macroscopic examination of the calretinin (CR) stained sections revealed very light staining
compared to the other interneuronal markers, suggesting that the antibody concentration may
require optimisation. However, there was a distinctly darker staining pattern in the grey matter
compared to the white matter with no obvious staining in the mediodorsal white matter (fasciculus

gracilus).

Microscopic examination of the grey matter in the healthy sheep dorsal horn revealed superficial
laminae I-1l neuropil staining with scattered small CR-positive multipolar cells, some of which had
immunopositive processes (Figure 5.4A). Only extremely light neuropil staining was detected in the
deeper dorsal horn laminae (l1I-V). The grey matter in the ventral horn possessed diffuse neuropil
and sparse punctate staining, with some larger CR-positive cells which were only lightly stained
(Figure 5.4B). There was no staining in the dorsal white matter, while ventral white matter presented
with a light lattice staining pattern of the cross-sectional profile of axons, similar to the calbindin

staining.
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Comparison of the CR stained spinal cord between healthy and CLN6 affected sheep indicated that
the affected spinal cord appeared to be less stained than the healthy control spinal cord (Figure 5.5).
Staining in the dorsal horn grey matter was less intense in the affected spinal cord, but the same CR-
positive cells were observed in the superficial laminae I-Il. There appeared to be fewer CR-positive
cells in the affected ventral horn. There was no obvious lattice pattern in the affected white matter,
which was seen in the healthy control, but rather diffuse neuropil staining and the presence of

fusiform spindles.
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Figure 5.4 Calretinin expression in the healthy sheep spinal cord

A. CR-positive cells were present in a lamina-specific distribution, in laminae I-1l of the dorsal horn. B.
Large CR-positive cells were also detected in the ventral horn (arrows). Scalebars represent 100 um
(A) and 50 um (B).

5.3.4 GSB4 expression in the sheep spinal cord

On macroscopic examination of the GSB4 stained healthy sheep spinal cord sections, a stereotypical
white matter lattice pattern was evident as well as diffuse neuropil staining in the grey matter as
evident in Figure 5.5 below. The white matter staining showed a lattice-like pattern similar to what

was observed with CB and CR (Figure 5.5).

There is only diffuse neuropil staining in the ventral horn, which was also present in the dorsal horn,
although the latter had a gradient of expression with the highest neuropil staining on the medial

surface.

When the healthy control and CLN6 affected GSB4-stained sections were compared, there were no
differences observed except for the staining intensity. Surprisingly, there was no specific cellular
staining in the grey matter in either sample, although GSB4-positive activated microglia and/or
macrophages can be seen in the affected sheep brain. Equally there was no staining in the white

matter, which is where macrophages and glial cells typically reside.
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Figure 5.5 Summary of the control and affected immunohistochemistry staining
Representative images of interneuron and microglial staining in the sheep spinal cord. 18-month-old
healthy control and 15-month-old CLN6 affected (CLN67") cervical spinal cord sections were stained
with parvalbumin (PV), calbindin (CB), calretinin (CR), and biotinylated a-D-galactose specific
isoelectin 1-B4 (GSB4) and the expression pattern compared. The scale bar represents 100 um.

5.4 Discussion

Interneurons and microglia are important cells within the CNS, yet their expression pattern varies
across animal species and has not been well described in sheep. Here, a preliminary
immunohistochemical investigation was performed using a microglial marker (GSB4) and key
interneuron markers (PV, CB and CR) to investigate their neurochemical distribution in healthy and
CLN®6 affected sheep spinal cord. This discussion will summarise the findings on the patterns of PV-
positive, CB-positive and CR-positive expression in the sheep spinal cord and each of these will be
discussed separately and compared to other animal species and/or humans. The expression profile of
GSB4 in the sheep spinal cord will also be discussed, with a particular focus on comparisons between

healthy and CLN6 affected sheep, and with other animal models of NCL.

55



5.4.1 Parvalbumin distribution in sheep spinal cord and other species

In the sheep spinal cord, PV-positive staining was concentrated in the neuropil of the dorsomedial
white matter, tiny spherical puncta in the deeper dorsal and ventral grey matter laminae (IV-VI and

VII-VIII) and sparse large cells in lamina VIII of the ventral horn.

PV-positive expression in the spinal cord of other species is quite varied. It appears both superficially
in the dorsal horn and then in the deeper laminae (VII-VIII) in the ventral horn of rats, particularly in a
region known as the dorsal nucleus in lamina VI [98]. However, there are distinct pockets of intense
PV-positive cells in laminae Ill and IV in dogs [102] and in laminae IV-VIIl in cats [103]. Like sheep,
mice also have large PV-positive cells in the ventral horn [99], whilst the fusiform morphologies seen

in the sheep white matter resemble those seen in the same region in rats [98].

5.4.2 Calbindin distribution in sheep spinal cord and other species

The most distinct calbindin-expressing interneurons in the sheep spinal cord existed in a clear band in
grey matter laminae I-1ll of the dorsal horn. Some less intensely stained CB-positive cells, with clear
neuronal morphology, were present in the ventral horn grey matter as well as the lateral white

matter.

Like sheep, there is an intensive zonal distribution of CB-positive cells, which has been documented
in the superficial laminae I-lll of the dorsal horn in mice, rats, cats and dogs [93, 98, 99, 102, 103].
Whilst expression is very sparse in the ventral horn of mice [99], rats have higher expression in the
deeper laminae of the ventral horn [98]. The CB-positive cells in sheep appear to be neuronal in
morphology, but some future optimisation of the antibody concentration or double-labelling with a
neuronal marker like NeuN might confirm this. Currently little has been reported for CB-positive

expression in the white matter of the spinal cord in other animal species.

5.4.3 Calretinin distribution in sheep spinal cord and other species

Like CB-positive, CR-positive expression in the sheep spinal cord is predominantly in the superficial
laminae I-1ll of the dorsal horn. Some larger, but less immunopositive, cells were also detected in the

ventral grey matter.

One paper compared CR-positive expression in mice, rats, and humans [104], all of which presented
a similar staining patten to that observed in sheep. In all four species, there is a zone of highest

expression in laminae I-11l [99, 104], whilst there is a lack of expression around the central canal in
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mice [104]. However, in rats, cats and dogs most CR-positive expression is in the deeper layers of the

ventral horns [98, 102, 103].

5.4.4 GSBA4 distribution in sheep spinal cord

Previous reports have suggested that the GSB4 lectin is not effective at detecting microglial
populations in the sheep spinal cord (Professor Jon Cooper, personal communication). No specific
cellular staining of GSB4-positive microglia or macrophages was detected in the spinal cord in the
current study. It might still be useful in the future to attempt a dilution series to categorically confirm

that this lectin is ineffective in the sheep spinal cord.

5.4.5 Comparison of interneuron and microglial expression patterns between
control and affected sheep spinal cord.
Surprisingly, there was no apparent differences in expression patterns for any of the interneuron or
microglial markers between the healthy and CLN6 affected sheep. In this study the samples utilized
were a 15-month-old CLN6 affected and 18-month-old healthy control sheep. Therefore, one
possible reason why there is minimal difference between the control and affected CLN6 samples
could be their different ages. Based on the results presented in Chapter 3, pathology in the ovine NCL
spinal cord occurs quite late in the disease process (~18 months of age) and there was no discernible
difference between healthy control and CLN6 affected motor neuron counts at 12 and 18 months. In
future, it will be useful to test these antibodies on more animals and at later ages (218 months) to

see if a difference in interneuron numbers emerges.

Additional optimisation of the antibodies is required to enhance the staining and potentially increase
what can be visualised in the sections. In particular, GSB4 and calbindin sections were overstained, so
a dilution series should be attempted to reduce background staining, whilst the calretinin staining
was very faint hence its concentration should be increased. Additionally, the immunohistochemical
staining revealed large PV-positive, CB-positive and CR-positive cells within the ventral horn with
typical neuronal morphology, and double labelling with NeuN would be useful to distinguish them

from motor neurons.

The expression of all three interneuron subtypes has been explored in the CLN6 diseased sheep brain
[34]. PV-positive cells are lost in the affected sheep cortex as early as 4 months of age, whilst CB-
positive neuronal populations remain well preserved, and CR-positive neurons actually increase until

end-stage disease (19 months of age). Similarly, interneuron populations have been explored in the
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brain and spinal cord of CLN1 affected mice. Examination revealed extensive interneuron loss in the
cortex, while hippocampal interneuron populations were also vulnerable to loss [69, 79-81]. Further
studies on the CLN1 affected spinal cord revealed a significant overall reduction in PV-positive, CB-
positive and CR-positive cell counts [4]. Thus demonstrate an early and selective loss of spinal

interneurons in the CLN1 affected mice from 2 months of age [4].

The lectin GSB4 has successfully been used in the brain as a microglial marker, to show a prominent
activation response as early as 12 days old in CLN6 affected sheep [34]. There is very little difference
in the structure of the grey matter in the brain and spinal cord, so the lack of GSB4 reactivity in the
sheep spinal cord was an unanticipated result. A further immunohistochemical dilution series would
confirm its ineffectiveness. An alternative microglial marker (CD68) has been used in CLN1 affected
mice to show an expression of CD68-positive stain with both the dorsal and ventral horn of affected
miceas early as 1 month and therefore signifies that astrocytes and microglia are activated very early
in the disease progression [68]. Since CD68 is effective in the spinal cord of the mice, CD68 staining

could also be attempted as a method for visualising microglia in the sheep spinal cord.

5.5 Conclusions

e Parvalbumin immunohistochemistry revealed intense neuropil staining in the dorsomedial
white matter, tiny spherical puncta in laminae IV-VI and VII-VIIl and sparse large cells in
lamina VIII of the sheep spinal cord. The distribution of PV-positive interneurons is varied
across species, although there is some overlap between sheep, cats, dogs and mice.

e Calbindin immunohistochemistry revealed a clear band of CB-positive cells in the grey
matter laminae I-lll, which is the same as that observed in mice, rats, cats and dogs. Some
CB-positive cells in the ventral horn and lateral white matter also had neuronal morphology.

e (Calretinin expression is predominantly in the superficial laminae I-lll of the dorsal horn and
deeper laminae VIl and IX of the ventral horn, which is a similar pattern to that observed in
mice, rats, and humans.

e There was little to no difference in expression pattern between healthy 18-month control
and 15-month-old CLN6 spinal cord samples. It would be useful to optimise the PV, CB and
CR antibodies and try them on samples from more, and older, animals.

e (GSB4 does not appear to detect microglial populations in the sheep spinal cord, although a
future dilution series will definitively determine its effectiveness. Alternative microglial

markers, like CD68, might prove better.
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Chapter 6

Discussion and Conclusions

Neuronal ceroid lipofuscinosis (NCL) is a fatal, recessively inheritable, neurodegenerative lysosomal
storage disorder that affects approximately 1 in 12,500 children worldwide [1]. Currently there are
13 known variants of NCL, caused by mutations in the genes CLN1-8 or CLN10-14, which all express
the same clinical symptoms including progressive mental and motor deterioration, blindness,
epileptic seizures, and premature death [15]. There are many established animal models of NCL,
including naturally occurring CLN5 and CLN6 forms in Borderdale and South Hampshire sheep breeds
respectively [24, 28]. These two models have been instrumental in a better understanding the
human condition and the development of gene therapies. Affected sheep already have well-
characterised brain and retinal pathology which consists of progressive neurodegeneration,
neuroinflammation, storage accumulation, and blindness [24, 34, 35, 105], however, very little is
known about their corresponding spinal cord pathology and what impact this might have for
treatment. Therefore, this study set out to examine spinal cord pathology in CLN5 and CLN6 NCL

sheep models.

6.1 Spinal cord anatomy and neurochemistry in the healthy sheep spinal
cord

It was first important to characterise any anatomical, neurochemical or pathological changes in the
healthy sheep spinal cord over time, to then be able to compare these to the CLN5 and CLN6 affected
spinal cords. Thus, this study presents a histopathological review of the normal sheep spinal cord,

which to the best of our knowledge, has not been documented before.

Visual examination of the healthy sheep spinal cord showed that it was cylindrical to oval in shape
over its full length. It was at its greatest width and depth in the cervical region, reducing in both
parameters through the thoracic region, before increasing in total area again through the lumbar
spine. Area measurements in the healthy sheep spinal cord over time revealed a near linear increase
in total cross-sectional area and white matter area across all three spinal cord regions (cervical,
thoracic and lumbar). These did not begin to plateau over the current study, even at the oldest
timepoint studied, indicating that the sheep and therefore their spinal cords had not reached
maturity or finished growing by 18 months of age. Importantly, there was little change in healthy
spinal grey matter volume between 3 and 18 months of age, which fits with the theory that “we are

born with all the neurons we will ever have”. Motor neuron counts in the ventral horn consolidated
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this idea, as there was little increase in their numbers in healthy sheep between ages 6, 12 or 18
months of age. Whilst there have been some reports of spinal cord neurogenesis (production of new
spinal neurons) following injury [106, 107], this phenomenon is believed to only occur at a low rate
under normal conditions [108]. Therefore, the total and white matter area increases seen here in the
healthy sheep spinal cord could more likely be attributed to axonal maturation and development of

mature myelination.

Glial and interneuron populations have not been well described in the healthy sheep spinal cord.
Immunostaining with an astrocytic marker, GFAP, showed that there was no significant change in the
astroglial population over time. Healthy astrocyte levels remained constant over time and were
present in the sheep spinal cord as two clear morphologies, being protoplasmic with large cell bodies
and many branching processes in the grey matter, and fibrous with smaller cell somata and processes
that aligned with the myelinated fibres of the white matter lattice. A microglial marker, GSB4, did not
appear to detect healthy quiescent microglial populations in the sheep spinal cord, however
immunohistochemistry with interneuron markers (parvalbumin, calbindin and calretinin) provided a
clear picture of their distribution. Parvalbumin-positive interneurons were mainly located in deeper
Rexed laminae IV-VIII of the spinal grey matter, whilst calbindin- and calretinin-positive interneurons

were present in clear bands in the more superficial laminae I-Ill of the dorsal horn.

Finally, as NCL is a lysosomal storage disease, it was necessary to confirm if intracellular fluorescent
material or “aging pigments” like lipofuscin [109] accumulated in the aging sheep spinal cord. This
study concluded that there were no fluorescent aggregates in the healthy sheep spinal cord, even at

18 months of age, thus making it an excellent control for NCL affected samples.

6.2 Spinal cord pathology in the NCL affected sheep spinal cord

The current study is the first to document neurodegeneration, neuroinflammation and lysosomal
storage body accumulation in the spinal cord of CLN5 and CLN6 affected sheep. It provides a timeline
of these spinal cord pathologies in the sheep (Figure 6.1), which will be compared to clinical

symptoms and documented brain pathology in Section 6.3.

Measurements of the total cross-sectional, grey and white matter areas gave an indication of atrophy
in the affected sheep spinal cord. Whilst there was no loss in grey matter area for either genotype
over time, total area and white matter area measurements increased over the disease course, until

18 months of age when there was a dramatic reduction. Motor neuron counts remained constant in
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the CLN6 affected sheep spine, yet there was a late-stage reduction in the caudal spine (thoracic and
lumbar regions) between 12 and 18 months of age in CLN5 affected sheep. Interneuron populations
were examined at a single timepoint (15 months of age) and there was no obvious difference
between control and affected samples. These findings indicated that the affected sheep spinal grey
matter was well preserved and suggested that any changes in neuron numbers occurred late in the
disease course. White matter changes also appeared to be a late-stage phenomenon and could be

indicative of loss of axons and myelin sheaths but this would need to be explored further.

The accumulation of intracellular fluorescent storage bodies is a key pathological finding in NCL.
Lysosomal storage is reported to be ubiquitous across the body, and this study showed that it
accumulated linearly and to a greater degree in the CLN6 affected spinal cord, whilst the increases
were much more modest in CLN5 affected sheep, until 18 months of age (again late-stage disease)

when there was a dramatic increase in fluorescence in the spinal grey matter.

Neuroinflammation has been reported to be a precursor for neurodegeneration in the brain of CLN5
and CLNG6 affected sheep [34, 35], hence immunohistochemistry with the astrocytic marker, GFAP,
was tested on sheep spinal cord sections. There was no significant difference in GFAP
immunostaining between control, CLN5 and CLN6 affected sheep in the thicker 50um sections but it
was difficult to see individual cells against the intensely stained neuropil. The thin 3um sections
provided a clearer indication of cellular morphologies and showed an increase in activated astrocytes
in the CLN6 affected spinal cord between 3 and 18 months of age, which was not apparent in the

CLNS5 affected samples over the same period.

Collectively these results show that manifest spinal cord pathology in NCL affected sheep typically
occurs in the later stages of the disease (15 to 18 months of age). While some neuron loss and
lysosomal storage did occur earlier (from 6 - 12 months of age), these did not become overt until 18
months of age. Some spinal cord pathology occurred earlier and to a greater extent in CLN6 affected
individuals, including lysosomal storage accumulation and neuroinflammation, yet total cross-
sectional area, white matter area and motor neuron counts were more impacted by CLN5 disease.
However, it was interesting to note that spinal pathology in the two ovine disease models were very
similar at 18 months of age for all parameters assessed, except motor neuron count. This suggests
that despite some subtle differences in the pathogenic cascade in the spinal cord, the pathological

endpoint for the two disease models was the same.
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Figure 6.1 A timeline of clinicopathological changes in the CLN5 and CLN6 ovine NCL models

Pathological changes in the brain (blue text) precede clinical symptomology (red text). Spinal cord
pathology determined in the current study is documented in purple and appears to occur later in the
disease process.

6.3 Comparison of spinal cord pathology, brain pathology and clinical
symptoms in ovine NCL

Figure 6.1 provides a schematic of the timeline of key clinicopathological features of ovine NCL. The
earliest documented pathology is glial activation which occurs prior to birth in the cortical grey and
white matter of the brain [32]. This begins in regions most susceptible to later neurodegeneration
but does extend with time to cover most of the cortical mantle [34, 35]. Lysosomal storage is present
as early as 12 days old in the affected sheep brain and becomes more widespread with age [34].
Neurodegeneration has not been documented to occur until around 6 months of age, and is
regionally selective, beginning first in the primary visual and parieto-occipital cortices [34, 35].
However, it should be noted that all of these key pathological characteristics present before the
onset of clinical symptoms (7-14 months of age) in CLN5 and CLN6 affected sheep [35, 36]. Affected
sheep lose vision from 9 months of age, cognitive, proprioceptive and motor deficits begin from 12
months of age and become progressively worse as the sheep age, and premature death occurs
before 24 months of age [35]. The findings from this thesis have been included into this timeline
(Figure 6.1) to show that spinal cord pathology appears to be a secondary pathology which occurs
significantly after the brain pathology. Although lysosomal storage in the CLN6 affected sheep spinal
cord increased linearly from 3 months of age, it did not increase dramatically until 18 months of age

in the CLN5 affected spine, at a similar timepoint to spinal neurodegenerative changes.
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Neuroinflammation in the spinal cord was also increased at 18 months of age but, as it was only
assessed at two timepoints, analysis of further spinal cord samples over the disease course will be

required to pinpoint at which age this begins.

Loss of motor and sensory neurons, or white matter tracts, in the spine can result in muscle
weakness (paresis), loss of motor control, loss of sensory signalling to the brain, and at worst
generalised paralysis [88, 106]. Affected sheep do not exhibit severe motor dysfunctions, like
akinesia and dyskinesia, until late in the disease (18 months of age or older [35]) and not all sheep
experience these symptoms. Thus, it stands to reason that spinal cord pathologies which might
impact on motor activity and sensation would be a late-stage phenomenon as observed in this study.
Indeed, atrophic changes in the primary motor cortex of CLN5 and CLN6 affected sheep do not occur
until this stage too, much later than neuronal loss in regions associated with early symptomology,

such as the primary visual cortex [35].

6.4 Comparison with other NCL models

It has been well documented that spinal cord pathology in CLN1 mice precedes the brain pathology
[4, 18, 68]. This led these researchers to describe a “bottom-up” or “body-first” propagation of
disease in this NCL mouse model, with disease starting in the body and progressing to the brain
[110]. In particular, the first disease manifestations start in the sensory nerves and spinal
interneurons, then make their way into the brainstem and around different regions of the brain
before impacting the optic nerve and retina [110]. However, in contrast, the CLN5 and CLN6 ovine
models used in the current study appear to have a “top-down” or “brain-first” spread of pathology,
which matches the propagation pattern postulated for CLN3 disease [110]. Pathology presents first in
the retina of CLN3 affected mice, then progresses into the occipital connectome of the CLN3 affected
brain before theoretically reaching the peripheral motor neurons of the spinal cord [110]. For CLN5
and CLNG6 affected sheep, it is postulated that the first pathologies begin in the brain [34, 35] and
then make their way to the periphery, impacting the retina [105] and the spinal cord (current study)

later in the disease course.

6.5 Implications for therapy

As detailed in Section 1.4.1, the CLN5 and CLN6 sheep models have been used to develop and
validate gene therapies, with the hopes of expanding the length and quality of life for human
patients affected by these NCL forms. Adeno-associated viral vectors (AAV) carrying a functional copy
of the mutant NCL gene have been delivered intracerebroventricularly (into the lateral ventricles of

the brain) and transduced cells throughout the affected sheep brain and along the full extent of the
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spinal cord [37, 50, 52] (Nadia Mitchell, personal communication). In particular,
intracerebroventricular delivery of CLN5 gene therapy has slowed or halted disease progression,

extended lifespan and corrected disease pathology [37, 50, 52].

Similar studies have been performed in CLN1 mice [4]. Intracranial delivery of AAV vectors carrying a
functional copy of the CLN1 gene resulted in histopathological correction in the brain, but no impact
on the spinal cord pathology. Intrathecal delivery into the CSF in the lumbar spine had the reverse

effect, correcting the spinal cord. Targeting both the brain and spinal cord with dual intracranial and

intrathecal administration resulted in synergistic improvements in lifespan and motor function.

It seems likely that in NCL models, like CLN1, which follow the “bottom-up” propagation of disease
that both the brain and spinal cord will need to be treated, either systemically or by a combined
intrathecal and brain-directed therapy strategy. In CLN3, CLN5 and CLN6 forms, with their potential
“top-down” propagation, administration of a gene therapy into the CSF in the brain may be sufficient

to correct pathology in both the brain and spinal cord.

6.6 Future directions

This study provides an excellent natural history of spinal cord pathology in the CLN5 and CLN6 ovine
models of NCL. It provides data across the disease course (3 to 18 months of age) from healthy and
affected sheep which can be used to compare pathology in the spinal cords of sheep who have
received brain-directed gene therapies. This will test if the administration of a gene therapy into the
CSF in the brain is sufficient to halt or correct pathology in the spinal cord, as well as the brain. Spinal
cords have been collected from almost 50 animals that have received AAV-mediated CLN5 and/or

CLNG6 gene therapy and they will be assessed using the methods developed in this thesis.

The current study developed methods for quantifying total cross-sectional, grey and white matter
areas, motor neuron counts and performing threshold image analysis of neuroinflammation and
lysosomal storage. These could be extended to quantitatively measure all spinal cord neurons or
NeuN-positive areas per horn. Some fine-tuning of the immunohistochemical procedures for GFAP-
positive astrocytes (Chapter 4), GSB4 or CD68-positive microglia (Chapter 6) and parvalbumin,
calbindin or calretinin-positive interneurons (Chapter 6) would provide more data and expand on the
knowledge generated by this natural history of spinal cord pathology in CLN5 and CLN6 affected

sheep.
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