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Abstract

Exercise training is well established to enhance neural plasticity and improve
learning and memory, which is associated with enhanced neurotrophic factor
expression. However, much less is known regarding the modulation of molecules
that restrict neural plasticity following exercise training. We hypothesised that
exercise training would downregulate the expression of genes involved in the
RhoA/ROCK pathway, which is known to restrict neurite outgrowth and dendritic
spine plasticity. Adult male Wistar rats underwent six weeks of moderate intensity
continuous training (MICT) or high intensity interval training (HIIT) on a motorised
treadmill and were compared to sedentary control animals. MICT and HIT
downregulated aggrecan and Nogo-receptor 2 mRNA expression in the
hippocampus. Aggrecan is a component of perineuronal nets (PNNs): lattice-like
structures that enwrap subsets of neurons, restrict plasticity, and are implicated
in learning and memory. PNNs were fluorescently labelled with anti-aggrecan and
Wisteria floribunda agglutinin to visualise aggrecan core protein and chondroitin
sulphate glycosaminoglycan (CS-GAG) chains, respectively. MICT induced a
shift towards a higher proportion of PNNs that expressed aggrecan without WFA
labelling, suggesting that MICT modulated CS-GAG expression in hippocampal
PNNs. Given these findings, we hypothesised that overexpression of Chstll, a
chondroitin 4-sulfotransferase that makes CS-GAGs more inhibitory to plasticity,
would impair memory and thus could be used to investigate the causal link
between exercise-induced CS-GAG modulation and memory improvements.
Hippocampal Chstll overexpression impaired short-term object recognition
memory, which was attenuated by 24 hours in animals that had completed MICT.
These results show that exercise training improves recognition memory by
modulating CS-GAG expression in hippocampal PNNs. This study provides
evidence that exercise training is a non-invasive method of manipulating PNN
composition and alleviating cognitive deficits. These adaptations induced by
exercise training may have therapeutic value in neurological conditions that
display PNN abnormalities, such as Alzheimer's disease, schizophrenia,
epilepsy, and CNS injuries.
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Chapter 1 General introduction



The central nervous system (CNS), consisting of the brain and spinal cord, is
constantly changing in response to interaction with external stimuli and
experience. These changes occur throughout the lifetime including during
development and learning, and can also be maladaptive e.g. in ageing and
disease (Cramer et al.,, 2011). Exercise training is known to promote
neuroplasticity and enhance learning and memory (Cotman, Berchtold and
Christie, 2007; Cassilhas, Tufik and de Mello, 2015). However, how exercise
training modulates plasticity inhibiting pathways is not completely understood.
Inhibitory extracellular modulators of plasticity may be the missing piece to the
puzzle of how exercise enhances plasticity and exerts neuroprotective effects.
Understanding how inhibitory, extracellular modulators of plasticity respond to
exercise in the CNS of healthy adults will provide a fundamental understanding
that may be manipulated to benefit cognition, delay age-related memory loss, and

be used in neurorehabilitation.

1.1 Neural plasticity

Neural plasticity is a multifaceted phenomenon allowing the CNS to adapt in
response to its internal and external environment (Mateos-Aparicio and
Rodriguez-Moreno, 2019). However, it was previously thought that the adult CNS
was hardwired and void of regenerative capacity, with Santiago Ramon y Cajal
once describing neural pathways as ‘fixed’ and ‘immutable’ (Cajal, 1928). Neural
plasticity was conceptualised throughout the 20™ century, aided by the Konorski
(1948) hypothesis that the formation of new synapses underlie plastic changes
that support learning (Konorksi, 1948). Konorski theorised that the level of
plasticity was associated with the amount of stimulation experienced (Konorksi,

1948). This was supported by Hebb (1949) who postulated that synapse
2



formation occurs in response to increased neural activity, providing the basis for
changes in synaptic transmission (Hebb, 1949). Hebb also hypothesised that
repeated simultaneous neuronal activity of two cells would result in these cells
becoming associated with each other, forming the premise that ‘neurons that fire

together, wire together’ (Hebb, 1949).

It was later shown that following lesions within the septal nuclei, new synaptic
connections could be formed in the brain to compensate for synapses lost in
response to the injury (Raisman, 1969). Further synaptic changes were observed
in 1971, where it was demonstrated that rats reared in an enriched environment
containing toys and mazes had an increased mean length and thickness of
synapses in comparison to rats that were housed in social isolation (Mgllgaard et
al., 1971). Together, these studies demonstrated that the CNS could adapt to

different experiences and that there was potential for recovery after neural injury.

The term ‘neural plasticity’ now encompasses a multitude of structural and
functional changes in the CNS including: neurogenesis, altered dendritic
morphology, synaptic efficacy, and the rewiring of neuronal circuitry (Galvan,
2010). These changes drive development, support learning and memory
formation, and are fundamental for the central nervous system to recover from
injury (Cramer et al., 2011). Plasticity declines throughout adulthood and into
senescence, however, the adult CNS retains the capacity for experience-driven
plasticity (Oberman and Pascual-Leone, 2013; Hiubener and Bonhoeffer, 2014).
Identifying lifestyle interventions to enhance experience-driven plasticity (e.qg.
exercise training) can therefore be advantageous for treating conditions such as
age-related cognitive decline and pathophysiological deficits in learning and

memory. Exercise is already used as a treatment for several conditions such as
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depression and Alzheimer’s disease (Carek, Laibstain and Carek, 2011; De la
Rosa et al., 2020), however, our understanding of the underlying mechanisms
remains incomplete. Further elucidating how exercise training exerts
neuroprotective effects may help identify novel interventions for treating

neurological conditions.

1.2 Exercise-induced plasticity

Exercise is a form of experience that enhances neural plasticity (Cooper, Moon
and Van Praag, 2018). Exercise training has been observed to reduce neuronal
activity in brain areas involved in cardiorespiratory control including the
diencephalon (hypothalamic locomotor region), the midbrain (mesencephalic
locomotor region and periaqueductal gray), and the brain stem (rostral
ventrolateral medulla and nucleus tractus solitarius) (Ichiyama et al., 2002).
Further experiments revealed that the decline in neuronal activity reported in
cardiorespiratory brain areas was accompanied by reduced dendritic fields
(Nelson et al., 2005, 2010). In contrast, dendritic complexity has been reported
to increase in the hippocampus (dentate gyrus) following exercise training (Eadie,
Redila and Christie, 2005; Dostes et al., 2016). Furthermore, acrobatic training in
the form of an obstacle course increased the number of synapses in the motor
cortex and on Purkinje cells in the cerebellar cortex (Black et al., 1990; Kleim et
al., 1996, 1997). In addition to structural changes in neural circuitry, exercise
training has also been shown to enhance angiogenesis, the sprouting of new
microvasculature, in several brain regions including the hippocampus, motor
cortex, striatum, and cerebellum (Black et al.,, 1990; Kleim, Cooper and
VandenBerg, 2002; Swain et al., 2003; Ekstrand, Hellsten and Tingstrém, 2008;

Clark et al., 2009; Van Der Borght et al., 2009).



These results demonstrate that exercise training induces widespread changes
throughout numerous brain regions, although most of the research exploring the

effect of exercise training on neural plasticity has focused on the hippocampus.

1.2.1 Exercise training and the hippocampus

The hippocampus is a highly plastic brain region that contains a neurogenic niche
(the subgranular zone of the dentate gyrus) and is sensitive to activity-dependent
plasticity (Leuner and Gould, 2010). It is well documented that voluntary wheel
running and forced treadmill training enhance neurogenesis, the synthesis of new
neurons from neural stem cells, in the rodent hippocampus (Van Praag et al.,
1999; Kim et al., 2002; Farmer et al., 2004; Pereira et al., 2007; Bednarczyk et
al., 2009; Clark et al., 2009; Van Der Borght et al., 2009; Ferreira et al., 2011;
Patten et al., 2013; Inoue, Hanaoka, et al., 2015; Inoue, Okamoto, et al., 2015;
Nokia et al.,, 2016). Additionally, exercise training increases hippocampal
dendritic spine density (Eadie, Redila and Christie, 2005; Stranahan, Khalil and
Gould, 2007; Lin et al., 2012; Brockett, LaMarca and Gould, 2015), and enhances
long-term potentiation (LTP) (Van Praag et al., 1999; Farmer et al., 2004;
O’Callaghan, Ohle and Kelly, 2007; Patten et al., 2013; Radahmadi, Hosseini and

Alaei, 2016).

The dorsal hippocampus is associated with spatial memory, recognition memory,
and contextual fear learning (Kim and Fanselow, 1992; Moser et al., 1995;
Broadbent, Squire and Clark, 2004; Pothuizen et al., 2004; Fanselow and Dong,
2010). The types of plasticity induced by exercise (neurogenesis, dendritic spine
density and synaptic plasticity) have been associated with memory improvements
(Moser, Trommald and Andersen, 1994; Stuchlik, 2014). Mice exposed to a
stress model displayed a reduction in dendritic spines in the hippocampal CA3
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region which coincided with impaired object recognition memory (Chen et al.,
2010). These cognitive deficits were alleviated after the loss of dendritic spines
was rescued by blocking the receptor for corticotropin-releasing hormone (Chen
et al., 2010), demonstrating a causal link between dendritic spine density
hippocampal-related memory. Furthermore, blocking adult hippocampal
neurogenesis was shown to impair both spatial memory and object recognition
memory (Dupret et al., 2008; Jessberger et al., 2009). Additionally, neurogenesis
induced by exercise training improved fear memory extinction in rats, which was
not observed in trained rats that received temozolomide to block neurogenesis

(Scott et al., 2021).

Many treadmill training paradigms have improved spatial memory (Ang et al.,
2006; Cassilhas et al., 2012; Silva et al., 2012; Cetinkaya et al., 2013; Inoue,
Hanaoka, et al., 2015), and object recognition memory in healthy adult rats
(O’Callaghan, Ohle and Kelly, 2007; Bechara and Kelly, 2013). Furthermore,
voluntary wheel running has also been shown to improve spatial memory (Lee et

al., 2012; Cetinkaya et al., 2013).

1.2.2 Neurotrophic factors

Neurotrophic factors are a family of molecules that facilitate neural plasticity
including neurotrophin-3 (NT-3), brain-derived neurotrophic factor (BDNF), nerve
growth factor (NGF), glial cell line-derived neurotrophic factor (GDNF), insulin-
like growth factor 1 (IGF1) and vascular endothelial growth factor (VEGF) (Huang
and Reichardt, 2001; Mattson, 2008; Calvo, Pastor and De La Cruz, 2018).
Neurotrophic factors are important for the differentiation (Ghosh and Greenberg,
1995; Vicario-Abejon et al., 1995; Arsenijevic and Weiss, 1998; Liu et al., 2014)
and survival of neuronal populations (Alderson et al., 1990; Kirschenbaum,
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Goldman and Purpura, 1995; Nonner, Barrett and Barrett, 1996; Catapano et al.,
2001). Furthermore, neurotrophic factors have been shown to be chemoattractive
during axon guidance (Gundersen and Barrett, 1980; Ming, Lohof and Zheng,
1997; Paves and Saarma, 1997; Chen et al., 2013) and regulate myelination in

the CNS (Cellerino et al., 1997; Xiao et al., 2010; Fletcher et al., 2018).

The neural adaptations prompted by exercise training have in part been ascribed
to the exercise-induced increases in neurotrophic factors. The most potent
neurotrophic factor proposed to enhance exercise-induced plasticity is BDNF,
which drives neurogenesis, synaptogenesis, synaptic plasticity, and changes in
dendritic morphology (Tong et al., 2001; Ferreira et al., 2011). BDNF expression
was enhanced in the rodent hippocampus via voluntary wheel running of either
an acute manner (6 — 12 hours) or longer term training (one week to eight months)
(Neeper et al., 1996; Oliff et al., 1998; Tong et al., 2001; Russo-Neustadt et al.,
2004; Vaynman, Ying and Gomez-Pinilla, 2004; Berchtold et al., 2005; Kobilo et
al., 2011; Abel and Rissman, 2013). Moreover, treadmill training also increased
hippocampal BDNF expression (Soya et al., 2007; Griffin et al., 2009; Cassilhas
etal., 2012). BDNF has a high affinity to the tropomyosin receptor kinase B (TrkB)
(Yamada and Nabeshima, 2003). Blocking BDNF-TrkB signalling abolished the
improvements in spatial memory induced by voluntary wheel running (Vaynman,
Ying and Gomez-Pinilla, 2004; Gomez-Pinilla, Vaynman and Ying, 2008),
evidencing the importance of neurotrophic factors in exercise-induced functional
plasticity. Furthermore, upregulated expression of BDNF, TrkB, and IGF1 has
been observed in the hippocampus of rodents with enhanced memory
performance following exercise training (O’Callaghan, Ohle and Kelly, 2007;

Cassilhas et al., 2012; Bechara and Kelly, 2013; Cetinkaya et al., 2013).



1.2.3 Exercise paradigms used in neural plasticity research

The majority of exercise-induced plasticity research has utilised voluntary wheel
running, a paradigm in which rodents are housed with a running wheel to allow
ad libitum running. The volume of running can accumulate up to 18 km and
exceed durations of 250 minutes per day in Wistar rats (Ruegsegger et al., 2017).
Such high volumes of exercise are rare in human behaviour, thus, shorter bouts
of treadmill training may be more translatable and achievable for human health.
Traditional exercise recommendations encourage moderate intensity continuous
training (MICT), however, high intensity interval training (HIIT) is a form of
exercise deemed to provide equivalent or sometimes superior physiological
adaptations. MICT involves exercising non-stop at a moderate intensity, usually
for longer periods of time (=30 minutes), whereas, HIIT alternates short intervals
of high intensity exercise with intervals of rest or active recovery periods for
shorter durations (<30 minutes) (Jiménez-Maldonado et al., 2018). The American
College of Sports Medicine recommends that adults should partake in a minimum
of either 30 minutes of moderate exercise five days per week, or 20 minutes of

intense exercise three times a week (Piercy and Troiano, 2018).

There is considerable variation in the experimental design of studies that
compare MICT and HIIT within the following exercise parameters: duration of
training sessions; length of study; presence of warm ups/cool downs; number and
duration of intervals for HIIT; exercise speeds; treadmill incline; fixed protocol or
progressive overload; and whether MICT and HIIT protocols are matched for
energy expenditure or use unequal training volumes. Despite inconsistencies in
methodology, there is evidence to support that HIIT is superior to MICT for

enhancing BDNF and TrkB expression in the rodent CNS (Afzalpour et al., 2015;



Naghibzadeh et al., 2019; Constans et al., 2021; Okamoto et al., 2021). However,
Okamoto et al., (2021) reported that improvements in spatial memory and
increased adult hippocampal neurogenesis were comparable between MICT and
HIIT. Additionally, another study observed that HIIT did not increase
neurogenesis in comparison to sedentary control animals, despite the distance
ran throughout the protocol being positively correlated with the number of new

neurons (Nokia et al., 2016).

Debate also exists regarding which exercise intensities of continuous training are
more successful for enhancing plasticity. Treadmill training at a higher intensity
(18 m.mint) for 30 min/day for seven days produced a significantly higher
increase in BDNF than low intensity training (12 m.mint) (Cefis et al., 2019).
However, lower intensity treadmill training (15 m.min't) was more favourable for
enhancing hippocampal neurogenesis and spatial memory than a higher intensity
group (40 m.mint) (treadmill training provided 60 min/day for six weeks) (Inoue,
Hanaoka, et al., 2015). Spatial memory was also improved following eight weeks
(30 min/day) of lower intensity continuous exercise (up to 10 m.min!), whereas,
higher intensity continuous exercise (up to 22 m.mint) impaired spatial memory
(Wu et al., 2020). The lower exercise intensity employed by Wu et al. (2020)
upregulated BDNF mRNA, whereas the higher intensity exercise downregulated
BDNF mRNA, supporting that spatial memory performance is associated with
BDNF expression. This suggests that exercise intensity follows the dose-
response relationship on the inverted-U hormetic model (Calabrese, 2004), e.qg.
moderate doses of exercise may be beneficial whilst higher doses of exercise

may have adverse effects (Pietrelli et al., 2018).



Overall, research regarding cerebral adaptations to MICT and HIIT in rodents is
limited and the durations, speeds, and intervals used are extremely variable.
Further research is required to ascertain the role of treadmill training and exercise
parameters in the CNS, though the aforementioned studies provide evidence that
moderate intensity exercise is better than implementing higher intensity training

for improving memory.

1.3 Balance between neurotrophic and inhibitory factors

It is well established that exercise training enhances the expression of BDNF,
which facilitates structural plasticity (neurogenesis and dendritic spine density)
and functional plasticity (LTP and cognition) (Farmer et al., 2004; Vaynman, Ying
and Gomez-Pinilla, 2004; O’Callaghan, Ohle and Kelly, 2007; Gomez-Pinilla,
Vaynman and Ying, 2008; Cassilhas et al., 2012; Lin et al., 2012; Bechara and
Kelly, 2013; Inoue, Hanaoka, et al., 2015; Wu et al., 2020). However, there is a
fine balance between mechanisms that promote and inhibit neural adaptations to
achieve optimum plasticity and maintain normal physiological functions
(Oberman and Pascual-Leone, 2013). It is possible that there are dual effects of
exercise training, essentially ‘taking a foot off the inhibitory brakes’ and facilitating
the ‘acceleration’ of neurotrophic factors to create a more permissive, plastic
environment, though this is yet to be investigated. Fully understanding the
intrinsic mechanisms of exercise-induced plasticity may expand the therapeutic
potential of exercise and be beneficial for improving cognition, neuroprotection,

and neurorehabilitation.
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1.4 Inhibitory modulators of plasticity

Within this document, the terms ‘inhibitory modulators of neuroplasticity’ or
‘inhibitory molecules’ refer to molecules within the CNS with the ability to restrict
neurite outgrowth, induce growth cone collapse, negatively regulate dendritic
spine formation, and stabilise/prevent reorganisation of synapses (Lai and Ip,
2013; Baldwin and Giger, 2015; Sorg et al., 2016; Boghdadi, Teo and Bourne,
2018). These terms do not refer to inhibitory neurotransmitters such as gamma-

aminobutyric acid (GABA).

Most of our knowledge of inhibitory modulators of plasticity pertains to their role
in closing the critical period (Pizzorusso et al., 2002; Nowicka et al., 2009;
Mirzadeh et al., 2019), where experience drives the maturation of neural circuitry
during postnatal development, and preventing regeneration in the injured adult
CNS (Akbik, Cafferty and Strittmatter, 2012). However, inhibitory modulators of
plasticity are expressed in the healthy, adult CNS, regulating
cytoskeletal/anatomical rearrangements and limiting experience-dependent
plasticity (Akbik, Cafferty and Strittmatter, 2012). These inhibitory modulators of
plasticity in the CNS are classified into three subtypes: myelin-associated
inhibitors, chondroitin sulphate proteoglycans (CSPGs), and guidance molecules

(Giger, Hollis and Tuszynski, 2010).

1.4.1 Myelin-associated inhibitors

Myelin in the CNS contains three main myelin-associated inhibitors: Nogo, myelin
associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein

(OMGp). The myelin-associated inhibitors are expressed in oligodendrocytes and
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some neurons, and are mainly implicated in the inhibition of neurite outgrowth

(Fujita and Yamashita, 2014).

MAG is produced by oligodendrocytes and is part of the SIGLEC family (Crocker,
Paulson and Varki, 2007). It is localised on the peri-axonal membrane, and
although MAG only constitutes to 1% of CNS myelin, it plays an important role in
myelin-axon stability and axon cytoskeleton regulation (Schnaar and Lopez,
2009). Nogo is the fourth member of the reticulon family (RTN4) and contains
three protein products: Nogo-A, Nogo-B, and Nogo-C. Whilst all three Nogo
proteins are expressed in the CNS, Nogo-B and Nogo-C also have widespread
expression in peripheral tissue (Oertle and Schwab, 2003). Nogo-A contains two
distinct regions: the Nogo-A specific region, Nogo-A20, and the 66 amino acid
loop region, Nogo-66 (Schwab, 2010). Both Nogo-A regions have been observed
to activate Ras homolog family member A (RhoA) signalling and its downstream
effector rho-associated coiled-coil containing protein kinase (ROCK) (Schwab,
2010) (discussed further in Section 1.4.4). OMGp is part of the leucine-rich repeat
family and is expressed in oligodendrocytes and many adult neurons in the adult
CNS (Wang et al.,, 2002; Raiker et al.,, 2010). The three myelin-associated
inhibitors have collectively been shown to inhibit neurite outgrowth in vitro and
prevent axonal regeneration following CNS injury (Boghdadi, Teo and Bourne,

2018).

Myelin associated inhibitors bind to a family of Nogo receptors: Nogo receptor 1
(NgR1), Nogo receptor 2 (NgR2), and Nogo receptor 3 (NgR3). The Nogo-66
region of Nogo-A, MAG, and OMGp ligands all bind to NgR1 (Domeniconi et al.,
2002; Liu et al., 2002; Wang et al., 2002). NgR1 also works within a receptor

complex alongside the p75 neurotrophin receptor (p75N™R) and leucine rich repeat
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and Ig domain containing 1 (LINGO-1) that binds Nogo-A, MAG, and OMGp (Mi
et al., 2004). p75N"R may also be replaced by the receptor tumour necrosis factor
receptor superfamily, member 19 (TROY) within this complex. Both the
NgR1/p75NTR/LINGO-1 complex and NgR1/TROY/LINGO-1 complex can induce
RhoA activation and inhibitory signalling in the CNS (Park et al., 2005). Nogo-
A20 binds to a separate receptor, sphingosine-1 phosphate receptor 2 (S1PR2)
(Kempf et al., 2014). The receptors NgR2 and NgR3 are named after NgR1 due
to their structural homology (Barton et al., 2003), however, they exhibit different
binding profiles to NgR1. NgR2 selectively binds MAG (Venkatesh et al., 2005)
and NgR3 is actually reported to bind with CSPGs instead of myelin-associated
inhibitors (Dickendesher et al., 2012). Despite the differences in Nogo receptor
binding partners, NgR1, NgR2, and NgR3 are all known to restrict the formation

of synapses in vitro (Wills et al., 2012).

The therapeutic effect of targeting myelin associated inhibitors has been trialled
in several pathophysiological models in the CNS. Nogo-A activity has been
suppressed using the antibodies IN-1 (Fouad, Dietz and Schwab, 2001) and
11C7 (Liebscher et al., 2005; Maier et al., 2009; Chen et al., 2017) which
improved axonal regeneration and locomotor function in rat models of spinal cord
injury. There is also evidence that the IN-1, 11C7, and anti-MAG antibodies
improve recovery following strokes in rodents (Irving et al., 2005; Seymour et al.,
2005; Tsai et al., 2011). Nogo-A/B, MAG, and OMGp have also been genetically
targeted in a triple knockout model resulting in enhanced axonal regeneration in
a dorsal hemisection spinal cord injury model (Cafferty et al., 2010). However, a

triple knockout model for Nogo-A/B/C, MAG, and OMGp, which also included
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Nogo-C, did not improve axonal regeneration in a similar dorsal hemisection

injury (Lee et al., 2010).

In addition to neutralising myelin associated ligands, modulating Nogo receptor
activity has also benefited neurorehabilitation. Blocking NgR1 activity with NOGO
extracellular peptide, residues 1 to 40 (NEP1-40) promoted recovery following
spinal cord injury and stroke models, and enhanced plasticity in the visual cortex
following monocular deprivation (Wang et al., 2007; Luo et al., 2011; Xu et al.,
2017). Additionally, another NgR1 antagonist, lateral olfactory tract usher
substance (LOTUS), prevented growth cone collapse in vitro and enhanced
axonal regeneration and motor recovery in spinally injured mice (Kurihara and

Takei, 2015; Hirokawa et al., 2017).

During postnatal development, Nogo-A is involved in axon guidance, the negative
regulation of dendritic branching, and has been shown to be inhibitory to axon
growth and sprouting in both the developing and non-injured adult CNS
(Schmandke, Schmandke and Schwab, 2014). Moreover, shifts in ocular
dominance following monocular deprivation are only normally observed in
postnatal development. However, mice lacking Nogo-A and NgR1 still display
shifts in ocular dominance during adulthood (McGee et al., 2005), providing
evidence that Nogo-A also plays a role in restricting neural plasticity in the CNS

of mature rodents that are not injured.

1.4.2 Chondroitin sulphate proteoglycans (CSPGSs)

CSPGs include a family of lecticans (aggrecan (ACAN), brevican (BCAN),
neurocan (NCAN), and versican (VCAN)) which are expressed loosely in the

extracellular matrix, and are integral components of structures in the CNS called
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perineuronal nets that restrict plasticity (Sorg et al., 2016) (Figure 1.1A).
Lecticans consist of a core protein which is covalently bonded to chondroitin
sulphate — glycosaminoglycan side chains (CS-GAGs). CSPGs are highly
heterogeneous, with variations in the number of CS-GAG chains and the length
of the region on the core protein in which they attach (Kwok et al., 2011). Out of
the lecticans, aggrecan has the highest number of CS-GAGs, (Galtrey and
Fawcett, 2007), making it highly negatively charged (Roughley and Mort, 2014).
The biosynthesis of CS-GAGs has been reported in depth (Kwok, Warren and
Fawcett, 2012; Mikami and Kitagawa, 2013). Briefly, CSPG core proteins act as
a scaffold to which a GAG protein linkage region is attached to a serine residue.
The GAG protein linkage region is a tetrasaccharide that is assembled through
the step-by-step addition of four monosaccharides: xylose, two galactose
residues, and one glucuronic acid (GIcA) residue. This is achieved by the
enzymes xylosyltransferase; [(1,4-galactosyltransferase; [(1,3-galactosyl-
transferase Il; and 31,3-glucuronyltransferase I. The synthesis of the chondroitin
backbone of CS-GAGs is then triggered by the transfer of the first N-
acetylgalactosamine (GalNAc) residue to GIcA by GalNAc transferase |I.
Elongation of the chondroitin backbone occurs through the repetitive addition of
GIcA alternated with GalNac via the enzymes GIcA transferase Il and GalNAc
transferase II, respectively, creating a disaccharide chain. For a simplified

schematic of CS-GAGs see Figure 1.1B.

CSPGs were shown to inhibit neurite extension in vitro in a range of cell types
including dorsal root ganglia, retinal ganglion cells, PC12D cells, and
neuroblastoma cells (Snow et al., 1990; Oohira, Matsui and Katoh-Semba, 1991,

Hynds and Snow, 1999; Inatani et al.,, 2001). Following CNS injury, reactive
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astrocytes secrete CSPGs into the extracellular matrix which contributes to the
formation of the glial scar (McKeon, Jurynec and Buck, 1999; Jones, Margolis
and Tuszynski, 2003). Using explant cultures of glial scar cells harvested from
neonate and adult rats, (McKeon et al., 1991) showed that the level of neurite
inhibition was higher when cultured on glial scar tissue from adult rats that
expressed CSPGs, in comparison to the neonate tissue that did not express
CSPGs. In vivo, the glial scar forms a physical obstacle to regeneration in which
the inhibitory nature of CSPGs prevents axons from migrating through CNS

lesions (Bradbury et al., 2002; Cafferty et al., 2007).

Furthermore, the CSPG receptors protein tyrosine phosphatase receptor type S
(PTPRS - also known as PTPo), and leukocyte antigen-related tyrosine
phosphatase (PTPRF - also known as LAR) activate RhoA signalling,
consequently inhibiting neurite outgrowth (Ohtake et al., 2016). Additionally,
CSPGs are reported to bind with NgR1 and NgR3 which are also receptors
involved in the RhoA/ROCK signalling pathway (Section 1.4.4-Figure 1.2)

(Dickendesher et al., 2012).

The inhibitory influence of CSPGs can be attenuated by administering
chondroitinase ABC, a bacterial enzyme that cleaves CS-GAG chains from the
core protein. The enzymatic digestion of CSPGs in glial scars enhances axonal
regeneration, and promotes functional recovery following brain and spinal cord

injury (Bradbury and Carter, 2011; Koh, Pronin and Hughes, 2018).
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Figure 1.1. Structure of PNNs, CSPGs, and CS-GAGs.
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A. On perineuronal net (PNN) bearing neurons a plasma membrane enzyme, hyaluronan synthase (HAS), produces a hyaluronan
backbone that forms the PNN scaffold. Chondroitin sulphate proteoglycans (CSPGSs) of the lectican family bind to the hyaluronan
backbone via link proteins at their N terminal domains. Lectican CSPGs include aggrecan, versican, neurocan, and brevican, which
vary in the number of chondroitin sulphate — glycosaminoglycans (CS-GAG) chains and the length of the CS-GAG attachment
region. Up to three lecticans can be crosslinked in the PNN structure at their C terminal domains by tenascin-R.

B. All lecticans have a G1 domain at the N-terminal and a G3 domain at the C-terminal, whilst aggrecan has an extra G2 domain
located after G1. CS-GAG chains covalently attach to serine residues in the lectican core protein by a tetrasaccharide linkage region
containing xylose, two galactose residues, and glucuronic acid (GlcA). The chondroitin sulphate (CS) chain is then extended with
repeating disaccharide subunits of GIcA and N-acetylgalactosamine (GalNACc).

C. CS disaccharide units (GIcA and GalNAc) can be sulphated at several positions denoted by the red circles labelled ‘S’. Variations
in sulphation patterns results in five different CS subunits that can be incorporated into CS-GAGs in any combination. CS-O has no
sulphation (not included in the figure). CS-A has GalNAc sulphation at position C4. CS-C has GalNAc sulphation at position C6.
CS-D has GIcA sulphation at position C2 and GalNAc sulphation at position C6. CS-E has GalNAc sulphation at positions C4 and
C6.

Figure adapted from (Kwok et al., 2011; Kwok, Warren and Fawcett, 2012; Mikami and Kitagawa, 2013).



The inhibitory nature of CSPGs can also be modified by altering sulphation
patterns of CS-GAGs (Duncan, Foster and Kwok, 2019). Sulfotransferases
transfer sulphate groups to sulphation sites of GalNAc residues resulting in either
4-O-sulphation (C4S) or 6-O-sulphation (C6S). C4S is catalysed by chondroitin
4-O-sulfotransferases (C4STs) including C4ST1, C4ST2, and C4ST3 (also
known as CHST11, CHST12 and CHST13, respectively). Likewise, C6S is
catalysed by chondroitin 6-O-sulfotransferase (C6ST), also known as CHST3.
Another enzyme, GalNAc 4-sulphate 6-O-sulfotransferase (CHST15), produces
disulphated chondroitin disaccharides, in which C6S is transferred to a GalNAc
residue already containing C4S (Mikami and Kitagawa, 2013). The variation in
GalNAc sulphation results in several possible disaccharide units that can be
present in CS-GAGs: CS-A (4-O-sulphation), CS-C (6-O-sulphation), and CS-E
(4-O-sulphation and 6-O-sulphation) (Kwok, Warren and Fawcett, 2012) (Figure
1.1C). Additionally, CS-O disaccharide units are sulphate-free, and CS-D

contains 2-O-sulphation of the GIcA residue and 6-O-sulphation of GalNAc.

CS-A (with C4S) is known to be inhibitory, whereas CS-C (with C6S) is more
permissive to axonal regeneration (Wang et al., 2008; Lin et al., 2011).
Throughout the lifespan, CS-GAGs transition to becoming more inhibitory and
thus more restrictive to neural plasticity. During embryonic development there is
a higher level of C6S resulting in a lower C4S:C6S ratio; as C6S declines
throughout maturation the C4S:C6S ratio increases (Kitagawa et al., 1997). C6S
expression continues to decline whilst C4S increases during postnatal
development, further increasing the ratio of C4S:C6S (Miyata et al., 2012).
Heightened ratios of C4S:C6S during postnatal development coincide with the

closure of critical periods and the restriction of plasticity (Miyata et al., 2012). CS-
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A is the predominant disaccharide in the mature CNS, and C4S and C6S
simultaneously increase and decrease, respectively, throughout adulthood
(Foscarin et al., 2017). The inhibitory environment resultant of high C4S:C6S
ratios can be attenuated by overexpressing C6ST1, which can delay the closure
of critical periods, enhance plasticity, and rescue age-related memory deficits

(Miyata et al., 2012; Yang et al., 2021).

1.4.3 Negative guidance molecules

Negative guidance molecules use chemo-repulsive signals to help migrating
axons navigate to their targets and form synapses (Stoeckli, 2018). Migrating
axons contain tips called growth cones that house actin-based machinery for
motility, and also the sensory capacity to screen the extracellular environment for
guidance cues (Omotade, Pollitt and Zheng, 2017). CNS oligodendrocytes
express the repulsive guidance molecules semaphorin-4D (SEMA4D) and
ephrin-B3 (EFNB3) (Moreau-Fauvarque et al., 2003; Benson et al., 2005).
SEMAA4D is upregulated following spinal cord injury, and has been shown to repel
mature axons in vitro (Moreau-Fauvarque et al., 2003). SEMA4D can also induce
growth cone collapse and reduce dendritic outgrowth through its receptor, plexin-
B1 (Ito et al., 2006; Oinuma et al., 2010; Tasaka, Negishi and Oinuma, 2012).
Similar to SEMA4D, EFNB3 induces growth cone collapse and restricts axonal
outgrowth (Kullander et al., 2001; Benson et al., 2005). EFNB3 mediates
inhibition in the CNS through the receptor ephrin A4 (EPHA4) (Kullander et al.,
2001). Both EPHA4 and SEMAA4D/PLEXIN-B1 signalling regulate RhoA
activation in the CNS (Shamah et al., 2001; Swiercz et al., 2002). Other repulsive
guidance molecules include class-3 semaphorins, Slits, and sonic hedgehog

(Shh) (Stoeckli, 2018), although they are beyond the scope of this thesis.
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1.4.4 RhoA/ROCK signalling pathway

The aforementioned inhibitory modulators of plasticity are ligands in the
RhoA/ROCK signalling pathway that alters neuronal morphology (Figure 1.2).
The inhibitory molecules bind to membrane receptors including a family of Nogo
receptors (NgR1, NgR2, NgR3); a receptor complex containing NgR1, LINGO1,
and TROY; CSPG receptors (LPAR1, PTPRF, PTPRS); and the semaphorin and
ephrin receptors PLEXIN-B1 and EPHAA4, respectively (Kullander et al., 2001;
Bashaw and Klein, 2010; Liu, Gao and Wang, 2015; Sami, Selzer and Li, 2020).
These membrane receptors converge to activate the RhoA/ROCK signalling
pathway which regulates actin cytoskeleton dynamics, dendritic spine
morphology, and inhibits neurite outgrowth via growth cone collapse (Fujita and

Yamashita, 2014; Spence and Soderling, 2015).

Upon binding to the membrane receptors, these inhibitory factors activate
molecules called guanine exchange factors (GEFs) which convert guanosine
diphosphate (GDP) to guanosine triphosphate (GTP), allowing the activation of
the Rho small GTPase, RhoA (Fujita and Yamashita, 2014). Additionally, Nogo-
A20 signalling through the S1PR2 receptor activates G protein 13 (G13), followed
by rho guanine nucleotide exchange factor 12 (LARG), resulting in RhoA GTP
activation (Fujita and Yamashita, 2014; Kempf et al., 2014). LARG-induced
activation of RhoA GTP is also mediated by SEMA4D/PLEXIN-B1 signalling

(Swiercz et al., 2002).

There are two isoforms of ROCK: ROCK 2 is the dominant isoform in CNS,
cardiac, and skeletal muscle tissue, whereas ROCK 1 is prevalent is the lungs,
liver, blood, and immune system (Koch et al., 2018). When RhoA is in its GTP-

bound form, it activates ROCK 2 which triggers a cascade of downstream
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effectors including LIM domain kinase 1 (LIMK1), myosin light chain 2 (MLC2),
phosphatase and tensin homolog (PTEN), collapsin response mediator protein 2
(CRMP2) and cofilin 1 (CFL1); which regulate actin depolymerisation, growth
cone collapse, neurite outgrowth inhibition, and dendritic spine dynamics
(Amano, Nakayama and Kaibuchi, 2010; Liu, Gao and Wang, 2015; Woolfrey and

Srivastava, 2016).

The RhoA/ROCK signalling pathway is involved in CNS pathophysiology
including spinal cord injury, strokes, and traumatic brain injury (Kubo et al., 2008;
Mulherkar and Tolias, 2020). As there are numerous inhibitory ligands to
RhoA/ROCK signalling, targeting the common effectors RhoA or ROCK is a
common way to remediate neurite outgrowth inhibition and the restriction of
plasticity for neurorehabilitation. RhoA activity can be blocked with the enzyme
C3 transferase, which enhanced neurite extension following optic nerve crush
and spinal cord injury models (Lehmann et al., 1999; Dergham et al., 2002;
Fischer et al., 2004). Neuroregeneration has also been achieved by using the
ROCK inhibitors Y-27632 and Fasudil in rodents. Following cortical traumatic
brain injury, Y-27632 improved motor performance and prevented the
degeneration of cortical neurons (Bye et al., 2016). Similarly, Fasudil alleviated
motor and cognitive impairments following cortical injury, alongside suppressing

the loss of mature dendritic spines (Mulherkar et al., 2017).

Enhanced axonal outgrowth subsequent to Y-27632 treatment was demonstrated
on cryosections of injured rat spinal cords, dorsal root ganglia and retinal ganglion
cell explants (Borisoff et al., 2003; Monnier et al., 2003). Additionally, the in vivo
application of Y-27632 after spinal cord injury improved axonal sprouting and

motor recovery, and reduced disruption of the blood-spinal cord barrier (Dergham
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et al., 2002; Chan et al., 2005; Chang and Cao, 2021). Improvements in motor
recovery were also reported in spinally injured rats following Fasudil treatment

(Nishio et al., 2006; Fu et al., 2016).

These studies show that obstructing the main effectors, RhoA and ROCK,
enhances plasticity and has therapeutic value in the CNS. However, the
RhoA/ROCK pathway is involved in other physiological systems beyond the CNS,
and its inactivation can induce adverse side effects such as systemic
vasodilation, hypotension, and renal impairment (Koch et al., 2018). These side
effects could exacerbate complications following CNS injuries in which
homeostatic regulation is already hindered (Partida et al., 2016; Price and
Trbovich, 2018). Thus, identifying components of the RhoA/ROCK pathway that
can be intrinsically regulated, e.g. by exercise, may enable a more specific
activation profile of RhoA/ROCK signalling to enhance neural plasticity with

reduced side effects.
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Figure 1.2. RhoA/ROCK signalling pathway.

Several inhibitory molecules in the CNS bind to membrane receptors that
trigger the activation of the RhoA/ROCK signalling pathway, leading to neurite
outgrowth inhibition and restricted dendritic spine plasticity. Inhibitory
precursors include: Nogo-A; Myelin-associated glycoprotein  (MAG);
Oligodendrocyte-myelin glycoprotein (OMGp); Semaphorin-4D (SEMA4D);
Ephrin-B3; and Chondroitin sulphate proteoglycans (CSPGs — aggrecan,
brevican, neurocan, and versican). Membrane receptors include: Sphingosine-
1 phosphate receptor 2 (S1PR2) — a transmembrane G protein-coupled
receptor; the transmembrane receptors protein tyrosine phosphatase receptor
type S (PTPo) and leukocyte antigen-related tyrosine phosphatase (LAR) that
have intracellular domains; the GPIl-anchored cell surface receptors - Nogo
receptors 1-3 (NgR1, NgR2, NgR3); the transmembrane receptor Leucine rich
repeat and Ig domain containing 1 (LINGO-1); the transmembrane p75
neurotrophin receptor (p75NTR)/Tumour necrosis factor receptor superfamily,
member 19 (TROY) which have an intracellular domain; Plexin-B1; and
Ephrin-A4 (EphA4). Downstream signalling molecules include RhoA; Rho-
associated coiled-coil containing protein kinase 2 (ROCK 2); Guanine
nucleotide binding protein, alpha 13 (GNA13); Rho guanine nucleotide
exchange factor 12 (LARG); LIM domain kinase 1 (LIMK1); Cofilin; Myosin light
chain 2 (MYL2 also known as MLCZ2); and Collapsin response mediator protein
2 (CRMP2).
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1.4.5 Perineuronal nets

In addition to the inhibitory ligands that modulate plasticity via RhoA/ROCK
activation, pericellular structures called perineuronal nets (PNNs) also restrict
plasticity in the mature CNS. PNNs present as a reticular structure (Figure 1.3)
which surround the soma and proximal dendrites of subsets of neurons in the
CNS, stabilising synaptic connections (Bosiacki et al., 2019).
Immunohistochemical experiments have identified a variety of neuronal subtypes
that bare PNNs throughout the CNS (van’t Spijker and Kwok, 2017). The most

commonly used PNN marker is Wisteria floribunda agglutinin (WFA), a lectin that

labels the GalNAc units of CS-GAGs (Briickner et al., 1996).

Figure 1.3. Perineuronal nets surrounding cortical neurons.

Perineuronal nets (magenta - stained by Wisteria floribunda agglutinin)
surrounding neurons in the cerebral cortex (cyan — stained by NeuN). 3D z
stack reconstruction — imaged with a Zeiss LSM880 confocal microscope.

In the cerebral cortex, PNNs are predominantly expressed around parvalbumin-
positive GABAergic inhibitory interneurons, that modulate pyramidal neurons
(Hartig, Brauer and Bruckner, 1992; Baig, Wilcock and Love, 2005). Though,

weaker staining of PNNs is also observed to surround some cortical pyramidal
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cells (Alpér et al., 2006). PNNs are prevalent throughout cortical layers 2-5 and

densely populate the motor- and sensory- cortices (Brickner et al., 1999).

Within the hippocampus, PNNs are localised in the Cornu Ammonis (CA) regions
1-3 and the dentate gyrus. WFA labelled sparse, yet distinct, PNNs in the CA1l
region, whilst the pyramidal layer of the CA2 and CAS3 regions, and granular cell
layer of the dentate gyrus displayed more diffuse WFA staining of PNNs around
the tightly compacted neuronal cells (Lensjg, Christensen, et al., 2017). PNNs in
the hippocampus were observed to enwrap parvalbumin-positive basket cells and
bistratified cells (subtypes of interneuron) in the stratum pyramidale layer, and
around interneurons in the stratum oriens layer (Yamada and Jinno, 2015).
Though, PNNs have also been noted on hippocampal pyramidal cells, especially

in the CA2 region (Carstens et al., 2016).

In the cerebellar cortex, PNNs are strongly expressed around excitatory Golgi
neurons, whilst weaker, less compact WFA staining is expressed around granule
and purkinje cells (Mabuchi et al., 2001; Carulli et al., 2006). PNNs are also
observed around the large excitatory deep cerebellar nuclei (fastigial,
interpositus, and dentate) (Carulli et al., 2006, 2020; Mueller et al., 2014; Blosa

et al., 2016).

PNNs within the spinal cord envelop alpha motor neurons in the ventral horn,
large neurons in the dorsal horn, and interneurons on the intermediate zone
(Galtrey et al., 2008; Smith et al., 2015; Irvine and Kwok, 2018). The regional and
neuronal variations associated with PNNs supports that these extracellular

structures are involved in diverse CNS functions.
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1.4.5.1 PNN components and structure

The densely aggregated PNN structure is assembled out of four main
components (Figure 1.1A): a hyaluronan backbone - the structural scaffold of
PNNs, CSPGs, link proteins, and tenascins (Bucher et al., 2021). PNN-bearing
neurons express hyaluronan synthase (HAS) enzymes, which synthesise
hyaluronan GAG chains and keep them anchored to the neuronal cell surface
(Kwok, Carulli and Fawcett, 2010; Fowke et al., 2017). The hyaluronan chains
consist of repeating disaccharide units of GIcA and N-Acetylglucosamine
(GlcNAc) (Ghiselli, 2017). The hyaluronan backbone forms a scaffold for the
attachment of other PNN components (van’t Spijker and Kwok, 2017). CSPGs,
including the lectican family (aggrecan, brevican, neurocan, and versican) bind
to the hyaluronan back bone by their N-terminal globular domains (Yamaguchi,
2000; Su et al., 2019). A family of hyaluronan and proteoglycan binding link
proteins (HAPLN), including HAPLN1 (also known as cartilage link protein 1
(CRTL1)) and HAPLN4 (brain-specific link protein 2 (BRALZ2)), stabilise the
interaction between the hyaluronan chains and CSPGs (Frischknecht and
Seidenbecher, 2008; Kwok, Carulli and Fawcett, 2010; Bosiacki et al., 2019).
Tenascin molecules (tenascin-R and tenascin-C) further stabilise the PNN
structure by crosslinking CSPGs at their C-terminals (Aspberg et al., 1997; Day
et al., 2004; Morawski et al., 2014). Each of these components are required for
mature PNN development. Hyaluronan and aggrecan have been shown to be
fundamental for PNN formation (Giamanco, Morawski and Matthews, 2010;
Kwok, Carulli and Fawcett, 2010; Rowlands et al., 2018). Additionally, CTRL1
and tenascin-R are integral to the stability and densely aggregated structure of
PNNs, as without these components, neurons display vestigial PNNs (Carulli et

al., 2010; Morawski et al., 2014).
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The basic structure of PNNs (hyaluronan, CPSGs, link proteins, and tenascins)
is similar throughout the CNS, however, PNN composition is highly
heterogeneous due to different combinations of isoforms, or family members, of
the four main components (Dauth et al., 2016). There are three HAS isoforms:
HAS-1, HAS-2 and HAS-3 in the mammalian CNS (Itano and Kimata, 2002).
Cortical neurons developing in vitro express all three HAS isoforms, whereas in
vivo, PNNs associated with neurons in the spinal cord express HAS-1 and HAS-
3, and cerebellar PNNs contain HAS-2 and HAS-3 (Carulli et al., 2006; Galtrey et
al., 2008; Fowke et al., 2017). All four lecticans (aggrecan, brevican, neurocan,
and versican) were expressed in the extracellular matrix of brain and spinal cord
homogenates (Deepa et al., 2006). Although, differential spatial expression of
CSPGs has been identified in the CNS. Aggrecan and brevican were shown to
be highly expressed in the hippocampus, however, aggrecan labelled individual
PNNSs whilst brevican was mainly expressed in the extracellular matrix (Dauth et
al., 2016). In contrast, the caudate and putamen displayed many PNNs that
expressed both aggrecan and brevican, and also PNNs that only expressed
brevican (Dauth et al., 2016). PNNs enveloping neurons in deep cerebellar nuclei,
and spinal motor neurons have been shown to express all of the lectican CSPGs
(Carulli et al., 2006; Vitellaro-Zuccarello et al., 2007; Irvine and Kwok, 2018).
WFA was once considered a ‘universal’ PNN marker, however, PNN structures
labelled with CSPG core proteins that lack WFA expression have been visualised
in the CNS (Vitellaro-Zuccarello et al., 2007; Yamada and Jinno, 2017; Irvine and
Kwok, 2018). This supports that PNNs exhibit variation in the expression of CS-
GAGs as well as CSPG core proteins. Furthermore, the morphology of PNNs
differs in CNS regions. Cerebral PNNs are mainly discrete and individually

distinguishable, whilst PNNs in the spinal cord show higher staining intensity of
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the extracellular matrix, almost forming an uninterrupted PNN around many
neurons (Carulli et al., 2006; Vitellaro-Zuccarello et al., 2007). Together, these
studies demonstrate that PNN composition is highly heterogeneous in the CNS,

yet, the functional importance of this is yet to be fully determined.

1.4.5.2 PNN function

PNNs are established in the CNS towards the end of critical periods during
postnatal development (Pizzorusso et al., 2002; Nowicka et al., 2009; Mirzadeh
et al., 2019). At the closure of critical periods, PNN accumulation is associated
with the maturation of parvalbumin-positive interneurons that inhibit excitatory
pyramidal cells (Fawcett, Oohashi and Pizzorusso, 2019). PNNs develop around
the soma and proximal dendrites of neurons, and transition from having
immature, punctate staining, to a contiguous reticular-net structure (Sigal et al.,
2019). The holes in the mature perforated structure contain synapses that are
secured in place by the PNN (Sigal et al., 2019). This helps to consolidate the
neuronal connections that develop from exposure to new sensory experiences
during the critical period (Hensch, 2004). The PNN also forms a barrier around
the neuron that prevents new synaptic connections from being formed (Sorg et
al., 2016). This compact barrier structure harbours inhibitory molecules such as
CSPGs and semaphorin 3A that can induce growth cone collapse of approaching
neurites, thus further restricting new synapse formation (Sorg et al., 2016; van’t
Spijker and Kwok, 2017). Additionally, PNNs restrict the mobility of AMPA
receptors upon the surface of neurons (Frischknecht et al., 2009). This prevents
the exchange of redundant AMPA receptors for new functional ones, reducing

synaptic plasticity (Frischknecht et al., 2009).
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PNNs predominantly ensheath neurons with fast-spiking activity that colocalise
with parvalbumin, a calcium binding protein, and the Kv3.1b subunit of voltage-
gated potassium channels (Hartig et al., 1999; Carulli et al., 2006; Vitellaro-
Zuccarello et al., 2007). These neurons have distinct electrophysiological
properties that enable them to sustain fast-spiking activity. For example, they
have low input resistance (high conductance with open membrane channels) and
high resting membrane potentials, which facilitates the rapid firing of neurons
(Hartig et al., 1999; Okaty et al., 2009). High firing action potentials are dependent
on efficient sodium influx and potassium efflux (Carter and Bean, 2009). The
presence of Kv3 potassium channels allows for the high speed membrane
repolarisation following action potentials (Okaty et al., 2009). Moreover, since
PNN aggregates are anionic (containing many negatively charged ions), it is
suggested that PNNs act as a buffer/reservoir for cations (positively charged ions)
such as calcium, sodium, and potassium (Hartig et al., 1999; Carulli and
Verhaagen, 2021). Therefore, PNNs may provide a microenvironment that
supports high sodium and potassium currents, and facilitate the activity of fast-

spiking neurons.

1.4.5.3 PNN modulation in neural plasticity

As PNNs restrict plasticity, they have become therapeutic targets in order to
reinstate plasticity, improve cognitive function, and facilitate neurorehabilitation.
PNN formation coincides with the closure of the critical period (Pizzorusso et al.,
2002). Rearing animals in the dark during postnatal development deprives them
of visual sensory experience. This dark rearing prolongs the duration of
developmental plasticity and delays the emergence of PNNSs in the visual cortex,

which was counteracted by reintroducing animals into normal light living
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conditions (Fagiolini et al., 1994; Pizzorusso et al., 2002). Further visual
experiments have shown that following monocular deprivation (suppressing the
use of one eye), there is a shift in ocular dominance to the non-deprived eye
(Fagiolini et al., 1994; Pizzorusso et al., 2002). However, this plastic adaptation
is only observed during development and does not occur in the mature CNS. In
adult rats, the digestion of CSPGs with chondroitinase ABC reinstated the
developmental-like capacity to shift ocular dominance to the non-deprived eye
(Pizzorusso et al.,, 2002; Lensjg, Leppergd, et al., 2017). The chondroitinase
ABC-induced plasticity in the visual cortex of adult rats was also shown to have
comparable electrophysiological properties to juvenile plasticity, e.g. increased
spiking variability and reduced neural activity of inhibitory neurons (Lensjg,
Leppergd, et al., 2017). Similar results have been observed in an aggrecan
knockout model, where PNNs were ablated, there was a shift in ocular

dominance, and juvenile-like plasticity was reinstated (Rowlands et al., 2018).

The aforementioned visual experiments show that PNNs can be modulated in an
experience-dependent (e.g. dark rearing) or pharmaceutical manner (e.g.
chondroitinase ABC or aggrecan knockout). Eye blink conditioning is another
experience (or activity) demonstrating the capacity to modulate PNNs. Eye blink
conditioning entails synchronising light and air puff stimulation to the eye. The air
puff causes the eye to blink, and with training animals become conditioned to
blink at the presence of the light without air puff stimulation. It is well established
that eye blink conditioning is dependent on cerebellar circuitry, including:
excitatory collaterals of mossy fibres from the basilar pontine nuclei, climbing
fibres from the inferior olive, purkinje cells in the cerebellar cortex, and the

anterior interpositus nucleus which eventually projects to the facial motor nucleus
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to initiate eye blinking (Freeman and Steinmetz, 2011; Carulli et al., 2020).
Throughout the learning period of eye blink conditioning, the staining intensity of
WFA and aggrecan within PNNs in the deep cerebellar nuclei was
downregulated, which was also associated with more conditioned eye blink
responses (Carulli et al., 2020). The downregulation of WFA was not maintained
when learning plateaued, suggesting that PNNs were strengthened as the
memory of eye blink conditioning was consolidated. This was supported as
application of chondroitinase ABC in the deep cerebellar nuclei improved the
acquisition of eye blink conditioning, whereas it impaired memory retention

(Hirono et al., 2018; Carulli et al., 2020).

Supporting the role of PNNs in memory processes, PNNs have been implicated
in fear memory (Gogolla et al., 2009; Banerjee et al., 2017; Thompson et al.,
2018; Shi et al., 2019). Animals can be conditioned to fear an innocuous stimulus,
e.g. a sound, if exposed to it with a simultaneous aversive stimulus such as an
electric shock (LeDoux, 2000). The fear of the innocuous stimulus can then be
counteracted by subsequent exposure to the innocuous stimulus without the
presence of the aversive stimulus, known as fear extinction. Juvenile mice, which
lacked WFA staining in the amygdala, demonstrated better fear extinction than
older mice in which WFA-positive PNNs had developed (Gogolla et al., 2009).
Fear extinction was re-established in adult rodents that were treated with
chondroitinase ABC in the amygdala (Gogolla et al., 2009). Removing PNNs with
chondroitinase ABC in the auditory cortex prevented fear learning in a paradigm
that used sound as the innocuous stimulus (Banerjee et al., 2017). However,
chondroitinase ABC treatment in the hippocampus and visual cortex in studies

that used sound and light stimuli, respectively, impaired the recall of fear memory
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without affecting memory acquisition (Thompson et al., 2018; Shi et al., 2019).
These results demonstrate that cells ensheathed by PNNs may have varying

functions associated with fear memory throughout different CNS regions.

The ablation of PNNs was also shown to be beneficial for improving object
recognition memory (Romberg et al., 2013; Rowlands et al., 2018). Novel object
recognition experiments let rodents explore two identical objects, prior to
exposure to a new pair of objects: a familiar object (identical to the first pair) and
one completely novel object. The animals should remember the familiar object
and spend more time exploring the novel object (Lueptow, 2017). The modulation
of PNNs via chondroitinase ABC or CTRL1 knockout in the perirhinal cortex was
documented to improve object recognition memory (Romberg et al., 2013).
Likewise, object recognition memory was improved in an aggrecan knockout

model (Rowlands et al., 2018).

In summary, the removal of PNNs in the mature CNS can open a window of
plasticity similar to the critical period in postnatal development (Gogolla et al.,
2009; Lensjg, Lepperad, et al., 2017; Rowlands et al., 2018). PNNs can be
regulated enzymatically, genetically, and by experience/activity. It will be
beneficial to further elucidate how PNNs can be regulated and how this alters
CNS function in order to maximise the potential of therapeutically targeting PNNSs.
The function of PNNs appears to vary throughout regions of the CNS. How PNNs
have the capacity to contribute to diverse neuronal functions is likely due to

heterogeneity in their composition (Sorg et al., 2016).
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1.5 Exercise and inhibitory modulators of plasticity

As discussed in the previous section, inhibitory modulators of plasticity are
present in the mature CNS, mediating plasticity of actin-rich structures such as
neurites and dendritic spines, and stabilising synapses. Voluntary wheel running
downregulated the expression of Nogo-A and MAG in the hippocampus of both
intact rats and rats that received a traumatic brain injury (Chytrova, Ying and
Gomez-Pinilla, 2008). Furthermore, treadmill training reduced the expression of
Nogo-A in the rat striatum and cortex following ischaemic stroke (Zhang et al.,

2013).

In the intact CNS, voluntary wheel running downregulated the expression of
Nogo-A and MAG in the cortex and spinal cord, respectively (Ghiani et al., 2007,
Stehle et al., 2021). Additionally, PNNs were downregulated in the hippocampus
and upregulated in the spinal cord following voluntary wheel running (Smith et al.,
2015). Overall, there is some evidence that exercise training can modulate the
expression of inhibitory molecules in the mature CNS, however, this research is
extremely limited. This thesis aims to provide a novel insight into how exercise
training regulates the expression of inhibitory modulators of plasticity.
Understanding how inhibitory modulators are affected by training is the first step
to understand how inhibitory and neurotrophic factors cooperate to control
exercise-induced plasticity. Understanding this relationship and the resultant
structural and functional changes may be pivotal in determining how we can
harness the intrinsic response of the CNS following exercise for therapeutic

benefit.
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1.6 Aims and objectives of thesis

1.6.1 Determining whether exercise training alters the expression of
molecules associated with the inhibition of plasticity within the

CNS.

Exercise training is known to enhance neural plasticity (Van Praag et al., 1999;
Farmer et al., 2004, Eadie, Redila and Christie, 2005; Patten et al., 2013; Nokia
et al., 2016). However, there is limited research investigating whether exercise
can modulate the expression of inhibitory molecules within the CNS. The first
experimental chapter (Chapter 3: The regulation of inhibitory modulators of
plasticity following exercise training) was intended to be an exploratory study to
identify inhibitory candidates that could be investigated throughout the rest of this
thesis. The expression of 25 genes involved in the RhoA/ROCK signalling
pathway, including inhibitory ligands, membrane receptors, and downstream
signalling molecules, were analysed in the hippocampus, cortex, and lumbar

regions of the CNS following treadmill training.
The objectives of Chapter 3 were to address:

a) Does treadmill training alter the expression of genes involved in the

RhoA/ROCK signalling pathway?

As exercise training enhances neural plasticity, it was hypothesised that
MICT and HIT would reduce the expression of molecules within the
RhoA/ROCK pathway that is known to restrict plasticity. Alterations in the
expression of RhoA/ROCK pathway components were expected to be
more profound in the hippocampus as it is a highly plastic region of the

CNS.
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b) Does HIIT downregulate the expression of RhoA/ROCK pathway

components to a greater extent than MICT?

HIIT training was previously shown to be superior to MICT for upregulating
the expression of the neurotrophic factor BDNF (Afzalpour et al., 2015).
Therefore, it was hypothesised that HIT would also modulate the
expression of inhibitory factors (RhoA/ROCK pathway components) to a

greater extent than MICT.
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1.6.2 Characterising the modulation of PNNs following exercise
training.
Voluntary wheel running has previously been shown to downregulate the number
and thickness of WFA-positive PNNs in the hippocampus (Smith et al., 2015).
Chapter 4 (Characterising adaptations to perineuronal nets following exercise
training), investigated whether treadmill training (MICT and HIIT) could also
reduce the expression of PNNs within the hippocampus. Aggrecan is a main
component of PNNs that is important for PNN formation (Rowlands et al., 2018).
Thus, in Chapter 4, PNNs were visualised using immunohistochemistry to label
the aggrecan core protein using an aggrecan antibody, and CS-GAG chains
using the lectin WFA. To further characterise the effect of exercise training on
PNNSs, the expression of genes that are involved in the sulphation of CS-GAGs

were analysed.
The objectives of Chapter 4 were to address:

a) Does treadmill training (MICT and HIIT) modulate PNN expression in the
hippocampus?
It was hypothesised that MICT and HIIT, like voluntary wheel running,

would reduce the number and thickness of PNNs in the hippocampus.

b) Does treadmill training alter the expression of CS-GAG sulphation genes?

As exercise training is known to enhance plasticity, it was hypothesised
that treadmill training would reduce the expression of genes that add the
inhibitory sulphation pattern (C4S), and increase the expression of genes

that add the plasticity-promoting sulphation pattern (C6S) to CS-GAGs.
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1.6.3 Investigating whether exercise enhances memory through the

modulation of hippocampal PNNs.

CS-GAG chains can be sulphated at position C4 by the sulfotransferase Chst11,
making CS-GAG chains more inhibitory to CNS plasticity (Miyata et al., 2012;
Mikami and Kitagawa, 2013). Chapter 5 (The effect of exercise and hippocampal
Chst11 overexpression on object recognition memory) was the first known study
to use AAVs to overexpress Chstll in the rodent hippocampus and investigate
whether the sulphation patterns of hippocampal CS-GAGs play a role in object

recognition memory.

Furthermore, exercise training has been shown to reduce the number and
thickness of WFA positive PNNs in the hippocampus (Smith et al., 2015). WFA
labels the GalNAc residues of CS-GAG chains (Bruckner et al., 1996) which are
sulphated by Chstll. The degradation of CS-GAGs using chondroitinase ABC
has been demonstrated to improve object recognition memory (Romberg et al.,
2013; Yang et al., 2015). Thus, Chapter 5 investigated whether exercise training
(MICT) improved object recognition memory via the modulation of hippocampal

CS-GAGs.
The objectives of Chapter 5 were to address:

a) Does overexpression of Chstll in the hippocampus impair novel object
recognition memory?
The overexpression of Chstll in the hippocampus was intended to
upregulate sulphation at the position of carbon 4 in the GalNAc residues
of CS-GAG chains, thus increasing the inhibitory sulphation pattern of CS-

GAGs within PNNs. The upregulation of C4S was hypothesised to
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b)

increase the level of restriction on hippocampal plasticity and impair novel

object recognition.

Is there a causal relationship between exercise training, CS-GAG
modulation, and improved object recognition memory performance?

It was hypothesised that exercise training would modulate CS-GAG chains
that contained the inhibitory C4-sulphation, and therefore attenuate

memory-impairments induced by overexpression of hippocampal Chst11.
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Chapter 2 General materials and methods
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2.1 Animals

Adult male Wistar rats (200-250 g) were obtained from Charles River
Laboratories (Canterbury, UK, n=44) and Central Biomedical Services (University
of Leeds, UK, n=12). Animals were housed four to a cage with ad libitum access
to food and water, at 20 + 1 °C, and under a 12 hour light/dark cycle at Central
Biomedical Services (University of Leeds, UK). All procedures were conducted
during the light cycle, complied with the UK Animals (Scientific Procedures) Act
1986 (ASPA), and were approved by the University of Leeds Animal Welfare and
Ethical Review Committee (Home Office Project license numbers 70/8085 and

P7DD7EEZ20 held by Professor Ronaldo Ichiyama).

2.2 Exercise training protocols

For all chapters, animals were familiarised on a motorised treadmill (Figure 2.1)
for five days before being allocated into three experimental groups: CON, MICT,
and HIIT. The rats were subjected to their experimental conditions once a day,
five days a week, for six weeks (30 days in total). The day after the last day of
training, animals were overdosed with an intraperitoneal injection of pentobarbital

and tissue was collected.
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Figure 2.1. Motorised treadmill apparatus.

A rat running in the custom built treadmill chamber on a motorised treadmill at
5°incline.

2.2.1 Treadmill familiarisation

Animals were familiarised on a motorised treadmill (Panlab, Harvard apparatus,
UK) for five minutes over five consecutive days. The treadmill speed was
gradually increased from 0 cm.s to 50 cm.s throughout the week (Table 2.1). If
animals faced towards the back of the treadmill the speed was lowered to enable
them to return to forward facing. Treats (marshmallows and Cheerios) and mirrors
were used to attract the animals to the front of the treadmill. From day three of
familiarisation and during training, short bursts of air aimed at the hind limbs were
administered through a hole in the door at the back of the treadmill and nudges
with a wooden dowel were used to encourage the animals to run. Positive running

behaviour was also reinforced with treats.
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Table 2.1. Treadmill familiarisation speeds.

Minutes Day 1 Day 2 Day 3 Day 4 Day 5

0-1 0cm.s? 20 cm.st 25 cm.st 25 cm.st 25cm.st
1-2 0 cm.s? 25 cm.st 30 cm.st 30 cm.st 30 cm.st
2-3 20 cm.st 30 cm.s? 35cm.s? 35cm.s? 35cm.s?
3-4 20 cm.st 35cm.st 40 cm.st 40 cm.st 40 cm.st
4-4:30 25cm.st 40 cm.s? 45 cm.s? 45 cm.s? 45 cm.s?
4:30-5 25cm.st 40 cm.s? 50 cm.s? 50 cm.s? 50 cm.s?

2.2.2 Experimental group allocation (Chapters 3 and 4)

Each day during familiarisation the animals were given a performance rating:
good runner (maintained continuous running) — two points; okay runner (some
turning/hanging back) — one point; and bad runner (mostly refusing to run) — zero
points. Each animal was given a total score out of 10 to measure familiarisation
compliance, and ranked by performance (1 the best, 12 the worst). The
performance rankings were divided into quartiles. One animal from each quartile

was randomly allocated to each experimental group (CON, MICT, or HIIT).

2.2.3 Treadmill conditions

The CON animals remained sedentary throughout the six-week training period.
MICT and HIIT animals ran for a total of 33 minutes on the treadmill at 5°
inclination, five days a week, for six weeks. MICT and HIIT protocols are
presented in Table 2.2. The first three minutes of each treadmill protocol served

as a warm up at 25 cm.s. Following the warm up, MICT animals ran for 30
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minutes at 32 cm.s™t. HIIT animals ran for 30 minutes with alternating three minute
intervals of running at 50 cm.s* and three minutes walking at 15 cm.s™. The MICT

and HIIT protocols were matched for duration and total vertical distance ran.

Table 2.2. Exercise training treadmill protocols.

Protocol Incline Warm up Training duration Running speed
MICT 5° 3 minutes at 25 cm.s? 30 minutes 32cm.st
HIIT 5 3 minutes at 25 cm.s-1 30 minutes Alternating between

(3 minute intervals) 50 cm.s**and 15 cm.s?

MICT: Moderate intensity continuous training, HIIT: High intensity interval training.
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Chapter 3 The regulation of inhibitory modulators of plasticity

following exercise training.
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3.1 Introduction

For structural and functional plasticity to occur in the CNS, the mechanisms that
promote plasticity must outweigh the mechanisms that restrict plasticity. Exercise
training is well known to enhance the expression of factors that promote neural
plasticity including BDNF, GDNF, and IGF1 (Neeper et al., 1996; Oliff et al., 1998;
Tong et al., 2001; Vaynman, Ying and Gomez-Pinilla, 2004; Russo-Neustadt et
al., 2004; Berchtold et al., 2005; O’Callaghan, Ohle and Kelly, 2007; Kobilo et al.,
2011; Cassilhas et al., 2012; Bechara and Kelly, 2013; Cetinkaya et al., 2013;
Afzalpour et al., 2015). However, it is possible that exercise also affects factors
that inhibit neural plasticity. Molecules that are known to restrict plasticity such as
myelin-associated inhibitors, negative guidance molecules, and CSPGs, are
expressed in the mature CNS. These inhibitory ligands are known to trigger
RhoA/ROCK signalling that restricts neurite outgrowth and dendritic spine
plasticity (Bashaw and Klein, 2010; Giger, Hollis and Tuszynski, 2010;
Dickendesher et al., 2012; Fujita and Yamashita, 2014; Liu, Gao and Wang,
2015; Spence and Soderling, 2015; Sami, Selzer and Li, 2020). In the non-injured
CNS, there is limited evidence to show that exercise training reduced the
expression of the myelin-associated inhibitors Nogo-A and MAG in the
hippocampus (Chytrova, Ying and Gomez-Pinilla, 2008). Exercise training has
also been shown to reduce the number and thickness of hippocampal PNNs,
structures that contain CSPGs, in healthy adult rats (Smith et al., 2015). The
aforementioned studies use voluntary wheel running as an exercise paradigm,
which lacks translatability to human health due to the high volumes of running
involved. It is therefore more suitable to investigate how lower volumes of

exercise training, such as MICT and HIIT, modulate the expression of molecules
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that restrict plasticity in the CNS. A more complete understanding of how exercise
training modulates the factors that both promote and restrict plasticity is
fundamental for maximising the therapeutic potential of exercise e.g. for

neurorehabilitation or improving cognition.
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3.2 Aims

There is a lack of current research investigating the role of exercise training on
the regulation of inhibitory molecules in the CNS. Therefore, this first
experimental chapter was an exploratory study to identify novel candidates in the

field.

This study aimed to determine whether inhibitory molecules involved in the
RhoA/ROCK signalling pathway were susceptible to modulation following
exercise training (MICT and HIIT) within the hippocampus, cortex, striatum,
cerebellum, and lumbar regions of the CNS. Additionally, this study sought to
identify whether there were differences between MICT and HIIT on the gene
expression of RhoA/ROCK components. It was hypothesised that exercise
training would downregulate the expression of genes involved in the RhoA/ROCK
pathway, particularly in the hippocampus which is known to be a highly plastic
region of the CNS. As previous research has shown that HIIT training was
superior to MICT for enhancing BDNF expression, it was expected that greater
alterations in the gene expression of RhoA/ROCK pathway components would

be observed following HIIT in comparison to MICT.

Alongside assessing transcriptional changes in the CNS following exercise
training, this study aimed to investigate the physiological response to MICT and
HIIT in the periphery (skeletal muscle) using a citrate synthase assay. It was
hypothesised that citrate synthase activity would increase in skeletal muscle

following exercise training, as a result of increased oxidative capacity.
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3.3 Methods

3.3.1 Study overview

Male Wistar rats (200-250 g) were habituated on a motorised treadmill for five
days before being allocated to their experimental groups and completing their
exercise protocols once a day, 5 days a week, for six weeks (timeline in Figure
3.1). The experimental groups were: sedentary control (CON); moderate intensity
continuous training (MICT); and high intensity interval training (HIIT). For in-depth
details of training protocols see General Methods Section 2.2. Animals were
euthanised and tissue was collected following the last day of training. Fresh CNS
tissue from the hippocampus, cortex, and lumbar region was dissected and snap
frozen for use in gene expression experiments (n=4 per experimental group).
Skeletal muscles (EDL and soleus) were dissected for use in enzymatic assays

and fibre typing histology (n=8 per experimental group).

Week -1 0 1 2 3 4 5 6

Figure 3.1. Study timeline for experiments in Chapter 3.

Adult male Wistar rats were familiarised on a treadmill over five days before
completing six weeks of either a moderate intensity or high intensity interval
training protocol (once a day, 5 days a week, for six weeks). One group
remained completely sedentary. Tissue was collected following the final day of
training for CNS gene expression experiments, muscle enzymatic assays, and
muscle histology.
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3.3.2 Exercise and physiological assessments

3.3.2.1 Body mass change throughout training

Body mass (g) was measured before each training session throughout the six-
week training period. Body mass change throughout the training period was

calculated using Equation 3.1.
Equation 3.1. Change in body mass

Change in body mass (g) =

Body mass on training day 30 (g) — Body mass on training day 1 (g)

3.3.2.2 Assessment of aerobic capacity (VO2 max)

To assess aerobic capacity, the animals ran on the treadmill whilst the levels of
oxygen (O2) and carbon dioxide (COz2) where constantly measured from within
the treadmill chamber. The VO2 max testing protocol was modified from (Kemi et
al., 2002). Animals ran at 20 cm.s?, 25 cm.st and 30 cm.s™* for five minutes at
each level (25° inclination), followed by an increase of 3 cm.s* every two minutes
until the end of the test. All VO2 max tests were terminated when the rat was

incapable, or resistant, of maintaining pace with the treadmill.

VO2 max testing was optimised in a pilot study (n=4). Ultimately, it was not possible
to assess VO2 max Within our experimental set up. The animals were unwilling to
comply with exercise at speeds required to elicit VO2 max, likely due to this study
not using electric shocks to encourage exercise compliance . Additionally, as we
did not have access to a metabolic treadmill we had to modify the treadmill
chamber to be suitable for respirometry experiments. It was not possible to detect

increases in oxygen consumption throughout the VO2 max protocols, likely due to
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air leakage around the treadmill belt as were we unable to completely seal the

treadmill chamber whilst keeping the treadmill functional.

Thus, estimated total work (J) was calculated at the end of the training study.
More detailed information regarding the respirometry system is included in

Appendix 1.

3.3.2.3 Estimated total work

Estimated total work was calculated using Equation 3.2 as described in
(Constans et al., 2021). Body mass was measured daily prior to each training
session. The treadmill grade (8.75%) and exercise duration remained constant
throughout the exercise protocols. Treadmill speed was dependent on

experimental group (Section 2.2).

Equation 3.2. Estimated total work

Estimated energy expenditure (J)
= body mass (kg) x treadmill speed (m.min1)

X treadmill grade (%) X exercise duration (minutes) X 9.81

3.3.2.4 Citrate synthase assay

Citrate synthase activity was quantified for the extensor digitorum longus (EDL)
(fast twitch) and soleus (slow twitch) hindlimb muscles as described in (Eigentler,
2020). Briefly, the proximal and distal portions of each muscle were snap frozen
(See section 2.5.3). Approximately 30 mg of tissue was homogenised in 1 mL of
RIPA lysis buffer (Sodium chloride 150 mM; Nonidet P-40 1%; Sodium
deoxycholate 0.5%; SDS 0.1%; Tris 25 mM) using a bead mill with 7 mm ball
bearings (Qiagen, TissueLyser LT) to isolate mitochondria. The RIPA lysis buffer

also contained one cOmplete™ EDTA-free Protease Inhibitor Cocktail tablet
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(Roche) per 10 mL lysis buffer before being aliquoted for tissue homogenisation.
A Pierce™ BCA Protein Assay Kit (ThermoFisher, UK) was used to determine
the protein concentration of homogenised samples. For the citrate synthase
assay 1 uL of muscle sample was added to 200 uL of reaction buffer (per
approximately 1 mL: 900 pL of distilled water (dH20); 100 uL 5,5-Dithiobis 2-
nitrobenzoic acid (DTNB); and 25 uL acetyl-CoA). Oxaloacetate (10 pL) was
injected into the reaction and the absorbance was measured at 412 nm using a
Varioskan Flash plate reader (ThermoScientific, UK). The total reaction volume
was 211 puL and absorbance readings were taken every 30 seconds for 10
minutes. Two wells containing the reaction reagents with no muscle sample were
ran as a negative control. Citrate synthase activity was calculated as described

by (Eigentler, 2020).

3.3.2.5 Skeletal muscle fibre typing

Cryostat sections of EDL tissue (10 um) were cut at -20 °C, collected onto
polysine coated slides, and stored at -20 °C. For on-slide immunohistochemistry,
slides were left to thaw for 30 minutes at room temperature before a seal was
drawn around the sections using a PAP pen (#L4197M, Agar Scientific). Slides
were rinsed with 1 M phosphate buffered saline (PBS) to rehydrate the tissue.
Slides were then incubated for one hour in 1 M PBS and 5% goat serum
containing the primary antibody BA-D5 to label Type | fibres (oxidative) (1:250,
Developmental Studies Hybridoma Bank, University of lowa). Slides were
washed with 0.5 % PBST (1 M PBS and 0.5% Triton X-100) and then incubated
for one hour with the secondary antibody goat-anti mouse lgG2b Cross-Adsorbed
(1:500, A-21242, Alexa Fluor® 647, Invitrogen) diluted in 1M PBS and 12% goat
serum. Slides were washed and then incubated for one hour with the primary
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antibody SC-71 to label Type lla fibres (fast oxidative glycolytic) (1:250,
Developmental Studies Hybridoma Bank, University of lowa) diluted in 1 M PBS
and 5% goat serum. Slides were then washed and incubated for one hour with
the secondary antibody goat anti-Mouse IgG1 Cross-Adsorbed (1:500, A-21121,
Alexa Fluor® 488, Invitrogen) diluted in 1M PBS and 12% goat serum. Slides
were washed and then incubated for 10 minutes in Wheat Germ Agglutinin
(1:1000, RL-1022-5, Rhodamine, Vector Labs) diluted in 1 M PBS to distinguish
muscle fibre boundaries. Slides were washed and then incubated for one hour
with Griffonia simplicifolia conjugated with fluorescein to label capillaries (1:200,
FL-1101-2, 2B Scientific) diluted in 1 M PBS and 5% goat serum. Slides were
washed for a final time and cover slipped using CC/Mount™ tissue mounting
medium (C9368, Sigma-Aldrich. Glycolytic Type llb fibres were left unstained.
Tile scans of muscle cross sections were imaged at 20X magnification on an Axio

Scan Z1 slide scanner (Zeiss, UK).

3.3.3 Tissue collection

24 hours after the final day of treadmill training, animals were overdosed with an
intraperitoneal injection of sodium pentobarbital (200 mg/kg) to induce deep
anaesthesia. Once the blink and pedal reflexes were absent, rats were
decapitated and fresh dissection of the brain and spinal cord were performed
rapidly. The hippocampus, cortex (directly above the hippocampus), cerebellum,
striatum, and lumbar region of the spinal cord were snap frozen in Eppendorfs
using liquid nitrogen and later stored at —80°C. Skeletal muscle dissections were
performed following fresh CNS dissection. The femoral artery was clamped and
the left EDL and soleus muscles were dissected and weighed. The muscles were

cut with razor blades into three sections. The proximal and distal sections were
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stored in Eppendorf tubes and snap frozen in liquid nitrogen. The middle sections
were mounted onto cork disks with optimum cutting temperature (OCT, FSC 22
Frozen Section Media, Leica Biosystems) and frozen with isopentane cooled with
liquid nitrogen. All muscle tissue was then stored at -80°C. Snap frozen EDL and
soleus muscles were used for citrate synthase assays. Corked EDL muscles

were used for muscle fibre typing experiments.

3.3.4 Reverse transcription quantitative polymerase chain reaction
(RT-gPCR)

Fresh CNS regions (hippocampus, cortex, striatum, cerebellum, lumbar) were
homogenised for 10 minutes in 700 pL of TRIzol® using 7 mm stainless steel ball
bearings and a TissueLyser LT bead mill (Qiagen, Germany). RNA was extracted
using TRIzol® and the PureLink® RNA Mini Kit with On-column PureLink®
DNase Treatment (ThermoFisher Scientific, UK). RNA concentration and purity
were determined with a NanoDrop™ ND-2000 spectrophotometer. RNA was

diluted to 200 ng/ul using ultra-pure nuclease free water.

cDNA was reverse transcribed from 2 pg of RNA using the Precision nanoScript
TM2 Reverse Transcription kit (PrimerDesign, UK). cDNA was diluted to 5 ng/pul
using ultra-pure nuclease free water. Custom TagMan® Array Plates were used
to quantify the relative gene expression of 25 genes within the RhoA/ROCK
signalling pathway of neurite outgrowth inhibition. The wells of the TagMan®
Array Plates were pre-loaded with dried-down TagMan™ Gene Expression
Assays with PCR efficiencies of 100% (see Table 3.1 for gene assay list). The
plates were briefly centrifuged before adding the cDNA-master mix. Each 20 pL
reaction contained 10 pL of cDNA at 2 ng/uL (total cDNA per reaction: 20 ng) and

10 uL of TagMan™ Fast Advanced Master Mix (ThermoFisher Scientific, UK).
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Plates were sealed with optical adhesive film, briefly centrifuged, and loaded on
a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, UK). The thermal
protocol included a UNG incubation at 50°C for two minutes, an enzyme
activation period at 95°C for 20 seconds, and 40 cycles of a one second
denaturing step at 95°C and a 20 second anneal/extension step at 60°C. Each
sample was ran in duplicate for no template control wells and for each gene
expression assay. Gene expression experiment were informed by the MIQE

guidelines (Bustin et al., 2009).

3.3.5 Data processing

Relative quantification of target genes was calculated using the 2-22CT method.
Relative gene expression was normalised using the reference genes 18s and
Cyclophilin A. Data were excluded if the Cq value was above cycle 35 or outside
two standard deviations from the mean. Gene expression data within the
cerebellum and striatum was either too low to be detected or was excluded due
to the above exclusion criteria. Therefore, the cerebellum and striatum could not
be analysed. Group sizes for each gene after exclusions were applied are
presented in Table 3.2. Heatmaps to visualise relative fold change of target genes
were produced in Morpheus, using Euclidean distance and averaging for
hierarchical clustering (https://software.broadinstitute.org/morpheus). Statistical
tests were performed to identify statistically significant differentially expressed
genes (DEGSs). As all genes analysed were part of the RhoA/ROCK pathway,
smaller gene changes that were not deemed statistically significant individually
may still be of biological relevance when observed as a full pathway. Thus,

relative fold change cut off values of <0.75 and =1.5 were used to further explore
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the gene expression profiles of the RhoA/ROCK pathway (Hori et al., 2015; Kubo

et al., 2015; Yook et al., 2016; Schmidt, Roessler and Schumann, 2018).

Venn diagrams of DEGs were created using InteractiVenn (Heberle et al., 2015)
(http://www.interactivenn.net/). The STRING online tool (Version 11.0) was used to
generate a protein interaction network of the gene expression profiles created
with the cut off values, and to extend the network by predicting a further 10
functional protein interactions (https://string-db.org/). Enrichment analysis was
performed by the STRING online tool using the KEGG and Reactome databases.
The STRING network was imported into Cytoscape 3.7.2 (Shannon et al., 2003)
using the STRINGapp (Doncheva et al., 2019) to visualise and prepare the

network for figures.
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Table 3.1. TagMan™ gene expression assay information (RhoA/ROCK pathway).

Gene name Gene type TagMan gene symbol TagMan assay ID Amplicon length
18s Reference 18s rRNA Hs99999901 sl

Cyclophilin A (CyPA) Reference Ppia Rn00690933_m1

Nogo-A Target Rtn4 RN00582903_m1 90
Myelin-associated glycoprotein (MAG) Target Mag Rn01457782_m1 56
Oligodendrocyte-myelin glycoprotein (OMGp) Target Omg Rn02533851_s1 131
Semaphorin-4D (SEMA4D) Target Semadd RN01435039_m1 62
Ephrin-B3 (EFNB3) Target Efnb3 Rn01750591 g1 82
Aggrecan (ACAN) Target Acan RN00573424_m1 74
Versican (VCAN) Target Vcan RN01493755_m1 89
Neurocan (NCAN) Target Ncan Rn00581331_m1l 59
Brevican (BCAN) Target Bcan RN00563814_m1 71
Nogo receptor 1 (NgR1) Target Rtn4r Rn00586061_s1 57
Nogo receptor 2 (NgR2) Target Rtn4rl2 RN00710574_m1 63
Nogo receptor 3 (NgR3) Target Rtn4rl1 RN01466695_m1 119
Tumour necrosis factor receptor superfamily, member 19 (TROY) Target Tnfrsf19 RN01534699 m1 60
Leucine rich repeat and |g domain containing 1 (LINGO-1) Target Lingol Rn03993618_s1 109
Lysophosphatidic acid receptor 1 (LPAR1) Target Lparl Rn00588435_m1 67
Protein tyrosine phosphatase, receptor type, F (PTPRF) Target Ptprf Rn00695914 m1 70
Protein tyrosine phosphatase, receptor type, S (PTPRS) Target Ptprs Rn00569511_m1 76
Rho-associated coiled-coil containing protein kinase 2 (ROCK2) Target Rock2 Rn00564633_m1 73
Guanine nucleotide binding protein, alpha 13 (GNA13) Target Gnal3 RN01461471_m1 106
Rho guanine nucleotide exchange factor 12 (LARG) Target Arhgef12 Rn01417838_m1 101
LIM domain kinase 1 (LIMK1) Target Limk1 RN01499352_m1 69
Myosin light chain 2 (MYL2) Target Myl2 Rn01480558 g1 94
Phosphatase and tensin homolog (PTEN) Target Pten Rn00477208_m1 73
Collapsin response mediator protein 2 (CRMP2) Target Dpysl2 Rn01534654_m1 73
Cofilin 1 (CFL1) Target cfil Rn01501422 g1 77




Table 3.2. Gene expression group numbers after data exclusions.

Hippocampus Cortex Lumbar
Target gene CON MICT HIT CON MICT HIT CON MICT HIT
(n) (n) (n) (n) () (n) (n) (n) (@]

ACAN 3 3 4 3 2 1 4 4 4
BCAN 4 4 4 4 3 4 4 4 4
CFL1 4 4 4 4 3 4 4 4 4
CRMP2 4 4 4 4 3 4 4 4 4
EFNB3 4 4 4 - - - - -

GNA13 4 4 4 4 3 4 4 4 4
LARG 4 4 4 4 3 4 4 4 4
LIMK1 2 2 3 4 3 4 4 4 4
LINGO1 4 4 4 4 3 4 4 4 4
LPAR1 4 4 4 4 3 4 4 4 4
MAG 4 4 4 4 3 4 4 4 4
MYL2 - - - - - - 3 4 3
NCAN 4 4 4 4 3 4 4 4 4
NgR1 4 4 4 4 3 4 4 4 4
NgR2 4 2 4 3 3 4 - -

NgR3 4 3 4 3 3 4 - -

NOGO-A 4 4 4 4 3 4 4 4 4
OMGp 4 4 4 4 3 4 4 4 4
PTEN 4 4 4 4 3 4 4 4 4
PTPRF 2 2 4 2 2 1 3 3 3
PTPRS 3 - 1 3 3 2 - -

ROCK2 4 4 4 4 3 4 4 4 4
SEMA4D 4 4 4 4 3 4 4 4 4
TROY 4 4 4 4 3 4 4 4 4
VCAN 4 4 4 4 3 4 4 4 4

3.3.6 Statistical analysis and experimental design

All statistical analysis was performed in IBM SPSS software version 26 (IBM,
USA). Shapiro-Wilk tests determined normality prior to conducting statistical
tests. Data are presented as means + standard deviation (SD) unless otherwise
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specified. The alpha level was set at 0.05 and statistical significance was denoted
in figures with an asterisk (*p<0.05). If other symbols were used they were noted

in the figure captions.

3.3.6.1 Exercise and physiological assessments

Data in bar charts are presented as the mean * standard error of the mean (SEM).
All group sizes were n=8. A one-way ANOVA followed by Bonferroni post hoc
tests were used to determine changes in body mass throughout the six-week
training period, and citrate synthase activity in the EDL and soleus muscles. An
independent t-test was used to compare total estimated work between the MICT

and HIIT groups.

3.3.6.2 RhoA/ROCK pathway RT-qPCR

Data in bar charts are presented as the mean relative fold change compared to
the sedentary control group + SEM. For target genes that were normally
distributed, one-way ANOVAs followed by least significant difference (LSD) post
hoc tests were used to determine significant differences in relative gene
expression between experimental groups. For target genes that were not
normally distributed, Kruskal-Wallis H tests followed by Dunn’s multiple
comparison tests and the Bonferroni correction were used. All statistical analyses
were performed on Log2 transformed data. An n=4 animals were analysed per
group. Table 3.2 specifies if any group sizes fell below n=3 after data exclusions

were applied.
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3.4 Results

To assess whether inhibitory molecules in the CNS were modulated by exercise
training (MICT and HIIT) the gene expression of 25 components of the
RhoA/ROCK signalling pathway of neurite sprouting inhibition were determined
using RT-gPCR. Gene expression profiles of the inhibitory ligands, membrane
receptors, and downstream signalling molecules of the RhoA/ROCK pathway
following six weeks of treadmill training (33 minutes a day, five days a week) are
presented in (Figure 3.2). In general, exercise reduced the expression of multiple
genes that are involved in the inhibition of neurite outgrowth within the
hippocampus. Whereas, the cortex and lumbar regions were less susceptible to
changes in exercise-induced gene expression of RhoA/ROCK pathway
components. Gene expression experiments were also performed for the
cerebellum and striatum, however, the expression of target genes within these

regions was either too low to be included in analysis, or not detected at all.
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Figure 3.2. Effect of exercise training on the transcription of RhoA/ROCK
signalling pathway components in the central nervous system.

Heatmaps presenting the relative fold change of genes involved in the
RhoA/ROCK signalling pathway following six weeks of moderate intensity
continuous training (MICT) or high intensity interval training (HIIT) in adult
male Wistar rats compared to sedentary animals (relative fold change 1).
Gene expression profiles were determined for the following CNS regions:
hippocampus (HC — first two columns); cortex (CTX — middle two columns);
and lumbar spinal cord (LUM — last two columns). Hierarchical clustering
was performed using the Euclidean distance method.
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3.4.1 Exercise downregulates aggrecan and NgR2 expression in the

hippocampus.

Of the 25 genes analysed, two differentially expressed genes (DEGS) were
identified following exercise training in comparison to sedentary animals. The
relative mRNA expression of Aggrecan (a CSPG) was downregulated in the
hippocampus following both exercise protocols (MICT: -0.6078 + 0.17 Log2 FC,
p=0.029; HIIT; -1.2057 Log2 FC, p=0.001) (F(2,7)= 16.902, p=0.002) (Figure
3.3). Figure 1.2 in the introduction chapter shows were these genes are involved
in the RhoA/ROCK pathway. Additionally, HIIT significantly downregulated
Aggrecan more than the MICT group (p=0.024). Furthermore, NgR2 (a receptor
for MAG) expression was shown to be significantly lower in the HIIT group than
in sedentary controls (HIIT: -1.3752 Log2 FC, p=0.005) (F(2,7)= 8.383, p=0.014)
(Figure 3.3). Hippocampal gene expression data for all target genes are

presented in Table 3.3.
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Figure 3.3. Downregulation of hippocampal aggrecan and NgR2 mRNA
expression following six weeks of treadmill training.

Gene expression data presented as relative fold change to sedentary
controls. Statistical significance determined using a one way ANOVA and
LSD correction for multiple comparisons. * p<0.05 when compared to
sedentary control. n=3 or 4 unless stated otherwise. MICT — Moderate
intensity continuous training, HIIT — High intensity interval training, NgR2 —
Nogo-receptor 2. Bars represent mean relative fold change + SEM.
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Table 3.3. Gene expression of RhoA/ROCK pathway components in the
hippocampus following exercise training.

Mean relative gene expression (Log2 FC)

compared to sedentary control (xSD)

Target gene MICT HIIT Statistical analysis

ACAN -0.6078 (0.1719) * -1.2057 (0.2897) * F(2,7) = 16.902 p = 0.002
BCAN -0.4544 (0.7611) -0.3540 (0.9175) F(2,9)=0.331 p =0.727
CFL1 -0.0126 (0.4561) -0.2186 (0.6823) F(2,9) = 0.151 p = 0.862
CRMP2 -0.5966 (0.4854) -0.5343 (0.5663) H(2) = 2.000 p = 0.368
EFNB3 0.1808 (0.4605) -0.0546 (0.8580) F(2,9) = 0.134 p = 0.876
GNA13 -0.6927 (0.7413) -0.1568 (0.7950) H(2) = 2.808 p = 0.246
LARG -0.2157 (0.4591) 0.2068 (0.2115) F(2,9) = 1.619 p=0.251
LINGO-1 -0.4201 (0.6351) -0.6044 (1.0967) F(2,9) = 0.693 p = 0.525
LPAR1 0.1274 (0.7306) 0.2858 (0.3698) F(2,9) = 0.288 p = 0.757
MAG 0.2420 (0.7568) 0.5076 (0.7330) F(2,9) = 0.659 p = 0.540
NCAN -0.3074 (0.4003) -0.6612 (0.6932) H(2) = 1.885 p = 0.390
NgR1 -0.3368 (0.7758) -0.3634 (0.5427) F(2,9) = 0.303 p = 0.746
NgR2 -0.8084 (0.0950) * -1.3752 (0.5226) * F(2,7) =8.383 p = 0.014
NgR3 -0.8081 (0.2445) -0.8064 (0.7704) F(2,8) =2.220 p=0.171
Nogo-A 0.3194 (0.3726) 0.3311 (0.0985) F(2,9) = 1.589 p = 0.257
OMGp -0.9671 (1.0012) -0.2793 (0.1417) F(2,9) =2.694 p=0.121
PTEN 0.0249 (0.5664) 0.0994 (0.2512) F(2,9) = 0.069 p = 0.934
ROCK2 -0.9755 (0.9308) -0.4699 (1.4542) H(2) = 2.808 p = 0.246
SEMA4D 0.2554 (0.5620) -0.1706 (0.3377) F(2,9) = 0.600 p = 0.570
TROY -0.1514 (0.6697) -0.1419 (0.6121) F(2,9) = 0.097 p = 0.909
VCAN 0.1001 (0.4484) 0.0156 (0.3292) H(2) = 0.269 p = 0.874

Sedentary control Log2 FC = 0. Downregulated gene expression Log2 FC <0. Upregulated
gene expression Log2 FC >0. F — one way ANOVA, H - Kruskal Wallis H, Bold text represents
p<0.05 for difference testing. Statistical significance determined by post hoc tests denoted with
* - p<0.05 compared to sedentary control, # n<3.
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All of the genes analysed are involved in the RhoA/ROCK signalling pathway.
Although only two DEGs were identified, the accumulation of smaller gene
changes that are not classed as statistically significant alone may collectively
impact the action of the signalling pathway. Therefore, relative fold change cut off
values of <0.75 and =1.5 were applied to further explore the gene expression

profiles of the RhoA/ROCK pathway.

After the cut off points were applied, a total of 11 genes were modulated by
exercise training in the hippocampus. The expression profiles identified five
commonly downregulated genes between the MICT and HIIT groups (Figure 3.4
A and B); Acan (a CSPG), NgR2 and NgR3 (two Nogo receptors), Limkl (a
downstream signalling molecule of Rock2), and Crmp2, which controls

microtubule dynamics (Sumi et al., 2018).

MICT alone downregulated three genes; Omgp, a myelin associated inhibitory
ligand, and the downstream signalling molecules Gnal3 and Rock2. HIIT
independently downregulated Ncan, a CSPG, and Ptprs, a known CSPG
receptor, and increased the expression of Mag, a myelin-associated inhibitor.
These genes were identified by the cut off points and were not shown to be

statistically significant individually unless stated earlier within this section.
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A. Venn diagram showing the number of modulated genes outside of the cut
off values following six weeks of moderate intensity continuous training
(MICT) or high intensity interval training (HIIT) in adult male Wistar rats.
Modulated genes were determined using <0.75 and 21.5 as the cut off points
for relative fold change (RFC). B. The mean relative fold change of five
commonly downregulated genes following MICT and HIIT in comparison to
sedentary controls (RFC = 1). MICT significantly reduced the expression of
Acan, whilst HIIT training significantly reduced the expression of Acan and
NgR2 (*=p<0.05). Error bars: mean relative fold change + SEM. n=3 or 4
unless otherwise stated. One way ANOVAs were performed for each target
gene separately. C and D. STRING networks showing protein interactions
of the gene expression profiles for MICT and HIIT. The larger circles
represent genes that were identified as modulated genes in each
experimental group. The network was expanded by predicting the next 10
functional interactions. White squares represent the predicted protein
interactions of genes that had not been analysed in this study. Smaller
circles represent predicted protein interactions of genes that had been
analysed in this study, but not identified outside of the cut off values. The
colour of the circles represents the relative fold change of gene expression
compared to sedentary controls (RFC = 1). Blue — downregulated, Red —
upregulated.

3.4.2 Hippocampal STRING networks following exercise.

The online STRING database is an open access tool that scours online resources
for known information regarding protein interactions (Szklarczyk et al., 2019). It
can be used to display a map of known interactions and functional associations
of your candidates with other proteins. In this study, the STRING database was
used to visualise the molecular networks of the genes identified by the cut off
values, and to predict further protein-protein interactions to gain wider functional
insight of the networks. STRING networks for the modulated genes following
exercise in the hippocampus are presented in (Figure 3.4 C and D). The networks
identified overlapping predicted interactions in the two exercise groups, stemming
from the shared gene, Crmp2. CRMP2 protein was predicted to be functionally
associated with two other members of the collapsin response mediator protein
family (CRMP1 and CRMP4), cyclin-dependent kinase 5 (CDK5) and the

guidance molecule, semaphorin 3A (SEMAS3A).
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To further interpret the expanded molecular networks, the STRING database
conducted an enrichment analysis to align the gene lists to biological pathways
classified by KEGG and Reactome databases. There were two KEGG pathways
that were enriched in the MICT and HIIT: ‘Axon guidance’ and ‘Regulation of actin
cytoskeleton’. The enrichment of these pathways would be expected as the
RhoA/ROCK signalling pathway was investigated in this study due to its role in
actin depolymerisation, cytoskeleton disassembly, and thus neurite outgrowth
inhibition. Additionally, the ‘Alzheimer’s disease’ KEGG pathway and two
Reactome pathways (‘Axonal growth inhibition (RHOA activation) and ‘CRMPs
in SEMA3A signalling’) were commonly enriched in the MICT and HIIT networks.
The CRMP family and SEMA3A are also implicated in growth cone collapse

(Schmidt and Strittmatter, 2007).

3.4.3 Gene expression within the cortex and lumbar regions is

relatively stable following exercise.

Although MICT and HIIT were potent stimuli of transcriptional changes in the
hippocampus, the cortex and lumbar regions were much more resistant to
exercise-induced changes in the expression of RhoA/ROCK pathway
components (Figure 3.2). Treadmill training did not induce any statistically
significant differences in relative gene expression in the cortex and lumbar tissue
compared to the sedentary controls. However, after the cut off points were
applied, one gene was reduced in each of MICT and HIIT, Ptprs and Lparl,
respectively (both CSPG receptors). In the lumbar region of the spinal cord, MICT
did not regulate any genes, whereas HIIT reduced the expression Sema4d, a
negative guidance molecule, and upregulated Mic2 (regulatory myosin light chain

— also known as Myl2). STRING networks were not generated for cortical and
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lumbar regions due to the low number of genes outside of the cut off values in

response to exercise.

3.4.4 Distinct regional gene expression profiles in response to

exercise training.

When comparing the cut off value gene expression profiles of each exercise
protocol across the hippocampus, cortex and lumbar regions, there were no
overlapping genes (Figure 3.5). The broadest transcriptional response to MICT
was shown in the hippocampus with eight downregulated genes, including Acan,
Omg, two NOGO receptors, and several downstream signalling molecules.

However, in the cortex, MICT only downregulated Ptprs.

Similarly, there were no genes modulated by HIIT that appeared in all three
regional expression profiles. The widest response occurred in the hippocampus
(eight modulated genes), and only one gene was downregulated in the cortex
(Lparl). However, HIIT was the only exercise protocol with the capacity to

regulate gene expression in the lumbar spinal cord (Sema4d and Mic2).

When directly comparing MICT and HIIT, there was only a statistically significant
difference in one target gene, with HIIT reducing Acan expression more than
MICT. For the remaining 24 target genes, there were no statistically significant
differences in expression between MICT and HIIT. This suggests that both MICT
and HIIT provide comparable transcriptional responses, predominantly
downregulating inhibitory genes in the hippocampus. This exercise-induced
downregulation of genes that contribute to the inhibition of plasticity may create
a more permissive environment for structural and functional changes to take

place within the hippocampus.
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Figure 3.5. The hippocampus shows the largest transcriptional response
of inhibitory molecules following exercise training.

Venn diagrams showing the number of modulated genes following six
weeks of moderate intensity continuous training (MICT) (A) or high intensity
interval training (HIIT) (B) in adult male Wistar rats. Modulated genes were
determined using <0.75 and 21.5 as the cut off points for relative fold
change. Blue text represents downregulated genes, and red text represents
upregulated genes. There is no overlap in identified genes between any of
the three CNS regions analysed: hippocampus, cortex, and lumbar spinal
cord.

3.4.5 Physiological assessments following treadmill training.

Following the six week training protocols, the CON group had gained significantly
more body mass (52.59 £ 7.10 g) than the MICT (43.11 + 5.22 g, p=0.028) and
HIIT groups (42.97 + 7.36 g, p=0.026) (F(2,21)= 5.536, p=0.012). There was no
statistically significant difference in gained body mass between MICT and HIIT
(p=1.0), suggesting that each exercise protocol required comparable energy

expenditure (Figure 3.6).
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Figure 3.6. Change in body mass throughout six weeks of exercise training.

Exercised male Wistar rats gained less body mass during six weeks of
training than sedentary controls. Change in body mass was calculated
between training day one and training day 30. Bars represent mean change
in body mass + SEM. *p<0.05 compared to sedentary control. CON —
sedentary control; MICT — moderate intensity continuous training; HIT —
high intensity interval training. n=8. Statistical significance determined with
one way ANOVA and Bonferroni post hoc tests.

The exercise protocols, MICT and HIIT, were matched for duration, distance, and
volume. To further characterise the nature of the training protocols, VO, max tests
were conducted during a pilot study to measure maximal oxygen uptake.
Ultimately, the respirometry set up was not compatible for detecting changes in
oxygen levels within our treadmill chamber (as discussed in the methods section).
Instead, estimated total work was calculated at the end of the training study.
There was no statistically significant difference in the mean total estimated work
between the MICT (4726.55 = 241.42 J) and HIIT groups (4417.17 + 429.27 J)
(t(14)=1.776 p=0.097) (Figure 3.7). This further supports that the MICT and HIIT

protocols were matched for volume of training.
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Figure 3.7. Total estimated work throughout six weeks of exercise
training.

In adult male Wistar rats, the total estimated work (J) was comparable
between both exercise protocols following six weeks of training. Bars
represent mean total work + SEM. n=8. MICT — moderate intensity
continuous training; HIIT — high intensity interval training. Statistical analysis
performed using independent t tests and an alpha level of p<0.05.

Since aerobic capacity could not be assessed with VO, max tests, citrate
synthase assays were performed in the EDL and soleus muscles. Citrate
synthase activity is a marker of oxidative adaptation in skeletal muscle (Vigelsg,
Andersen and Dela, 2014). Citrate synthase activity was comparable between all
three experimental groups in the EDL (CON: 7.77 £ 2.54 |U; MICT: 5.71 £ 1.11
IU; HIIT: 6.80 £ 0.83 IU; F(2,21)= 3.054, p=0.069) (Figure 3.8). Similarly, there
was no statistical difference in citrate synthase activity in the soleus (CON: 10.36

+4.24 1U; MICT: 8.69 = 2.42 |U; HIIT 9.14 +1.69 IU; F(2,21)= 0.672, p=0.521).
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Figure 3.8. Citrate synthase activity.

Citrate synthase activity following six weeks of either moderate intensity
continuous training (MICT) or high intensity interval training (HIIT) in adult
male Wistar rats. A. Citrate synthase activity in the extensor digitorum
longus (EDL). B. Citrate synthase activity in the soleus. Bars represent
mean citrate synthase activity £+ SEM. n=8. IU — international units.
Statistical significance determined using a one way ANOVA and Bonferroni
post hoc tests. Alpha level p<0.05.
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3.5 Discussion

This study provided a novel insight into how exercise can be implemented to
modulate the expression of inhibitory molecules within the healthy, adult CNS.
Both modes of exercise (MICT and HIIT) showed the capacity to reduce the
expression of inhibitory molecules within the hippocampus. The exercise-induced
transcriptional changes were mainly observed within the hippocampus, whilst the
gene expression of inhibitory modulators within the cortex and lumbar regions

remained largely unaltered.

3.5.1 Exercise reduced aggrecan expression in the hippocampus.

Six weeks of MICT or HIIT (33 minutes/day, five days a week) significantly
downregulated Acan mRNA in the hippocampus of male Wistar rats. Acan
encodes the CSPG aggrecan, which is expressed in the dentate gyrus and CA
regions of the hippocampus, and is a major constituent of PNNs (Matthews et al.,
2002; Dauth et al., 2016). PNNs are condensed extracellular matrix structures
which enwrap subsets of neurons and stabilise synaptic connections, thus limiting
synaptic plasticity (Sorg et al., 2016). Enzymatic removal of PNNs using
chondroitinase ABC reopens a window of plasticity in the brain, similar to that
observed in juvenile development (Pizzorusso et al., 2002; Gogolla et al., 2009;
Banerjee et al., 2017; Lensjg, Lepperad, et al., 2017). However, these studies
investigated the effect of cleaving the CS-GAG chains of CSPGs to degrade

PNNs, and do not focus on the modulation of the CSPG aggrecan specifically.

Targeted Acan knockdown in the mouse brain resulted in the absence of PNNs
in the adult cortex, and improved object recognition memory (Rowlands et al.,
2018). Improved object recognition memory was also observed following

chondroitinase ABC removal of PNNs in the mouse perirhinal cortex (Romberg
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et al., 2013), although the hippocampus is also an important brain region involved
in object recognition memory (Broadbent et al., 2010). Furthermore, the
expression of aggrecan and PNNs is reduced during the acquisition of cerebellar
motor-learning tasks, and learning is enhanced by targeted PNN degradation in
the deep cerebellar nuclei (Carulli et al., 2020). The staining intensity of PNNs in
the dorsolateral hump of the deep cerebellar nuclei, measured by WFA and
aggrecan, was negatively correlated with the degree of learning (Carulli et al.,
2020). There is also evidence that PNNs can be modulated by exercise, with six
weeks of voluntary wheel running reducing the number and thickness of PNNs in
the rat hippocampus (Smith et al., 2015). Together, these results suggest that the
exercise-induced downregulation of Acan observed in this study may be

important in enhancing hippocampal related learning and memory.

3.5.2 Exercise training downregulated Nogo-receptor 2 in the

hippocampus.

Additionally, the HIIT protocol significantly downregulated hippocampal NgR2
expression. NgR2 belongs to a family of Nogo receptors alongside NgR1 and
NgR3, which demonstrate binding of myelin-associated inhibitors (NOGO-A,
MAG and OMGp) and CSPGs, and contribute to neurite outgrowth inhibition
(Schwab, 2010; Dickendesher et al., 2012). NgR2 was named due to its structural
similarity to the first identified Nogo receptor, NgR1 (Pignot et al., 2003).
However, unlike NgR1, NgR2 was shown to selectively bind MAG, and no other

myelin-associated inhibitors (Venkatesh et al., 2005).

In hippocampal cultured neurons, the reduced expression of NgR2 in either
individual neurons using short hairpin RNA, or by harvesting cultures from NgR2

knockdown mice, resulted in an increase in the number, size, and intensity of
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postsynaptic excitatory synapses (Wills et al., 2012). Moreover, Wills et al. (2012)
demonstrated that the overexpression of NgR2 significantly decreased the
number of synapses, highlighting NgR2 as a potent modulator of hippocampal

synaptic formation.

In adult mice, NgR2 knockdown resulted in no changes in dendritic density, length
or complexity in the CA1 region; however, whilst dendritic structure remained
unchanged, a shift towards more ‘mushroom’ shaped dendritic spines was
observed (Borrie et al., 2014). Increases in the number of mushroom dendritic
spines have been observed to accompany increases in spine density following
spatial learning (Mahmmoud et al., 2015). The NgR2 deficient mice showed no
alterations in spatial learning and memory during Morris water maze
assessments (Borrie et al., 2014), though it would be valuable to explore whether
activity-driven modulation of Ngr2, rather than genetic ablation, impacts

hippocampal learning and memory.

Overall, this study shows that Acan and NgR2 are novel candidates in exercise
training related hippocampal plasticity. It is biologically plausible to suggest that
the exercise-induced downregulation of Acan may lead to modulation of PNNs,
thus lifting the degree of restriction they impose upon synaptic plasticity. Coupled
with the reduction of NgR2 expression, this may create a more permissive
environment which facilitates synaptic remodelling, and potentially contribute to

hippocampal learning and memory.

3.5.3 Exercise reduced the expression profile of inhibitory

molecules within the hippocampus.

The accumulation of subtle changes in the expression of multiple genes within a

biological pathway may considerably impact pathway function. Therefore, this
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study applied cut off values of <0.75 and =1.5 for relative fold change of the target
genes to further explore hippocampal gene expression profiles of the
RhoA/ROCK pathway (Hori et al., 2015; Kubo et al., 2015; Yook et al., 2016;
Schmidt, Roessler and Schumann, 2018). Both MICT and HIIT reduced the
expression of five RhoA/ROCK signalling pathway components: Acan, NgR2,
NgR3, Limkl and Crmp2. RhoA signalling dynamically modulates the actin
cytoskeleton and induces neuronal death, neurite retraction, and the loss of
dendritic spines/synapses throughout development (Stankiewicz and Linseman,
2014). The RhoA/ROCK pathway remains functional in the adult CNS, restricting
the remodelling of actin-rich dendritic spines; thus modulating structural and
functional synaptic plasticity which is fundamental for learning and memory
(Mulherkar and Tolias, 2020). Furthermore, inhibition of the RhoA/ROCK
pathway can enhance neurite outgrowth and has been used to combat
pathogeneses of CNS disorders including Alzheimer’s disease and strokes, and
to improve functional recovery in spinal cord injury models (Kubo et al., 2008). It
is possible that the exercise-induced downregulation of RhoA/ROCK pathway
components may lead to increased plasticity within the hippocampus, and thus a
more complex interplay exists between neurotrophic and inhibitory factors to
tightly regulate activity-driven plasticity. It is important to note that the gene
expression analysis within this study was limited to 25 genes that were implicated
in the restriction of neural plasticity. There may be other candidates involved with
plasticity inhibition in the CNS that change in response to exercise training that

were not included in this thesis.

Previous research regarding the role of exercise in the modulation of

RhoA/ROCK pathway components in the healthy CNS is meagre. However, the

76



protein expression of NOGO-A and MAG, two myelin-associated inhibitors that
are ligands in the RhoA/ROCK pathway, was reduced in the hippocampus of
sham rats in a traumatic brain injury model following one week of voluntary wheel
running (Chytrova, Ying and Gomez-Pinilla, 2008). Furthermore, MAG mRNA
and MAG protein expression was downregulated in the lumbar spinal cord of
intact rats following seven and 28 days of voluntary wheel running (Ghiani et al.,
2007). Within this study, Nogo-A mRNA expression remained stable throughout
the hippocampus, cortex and lumbar regions following exercise, and Mag
remained stable in the lumbar enlargement. However, in the previous studies, the
reduction in NOGO-A and MAG expression was proportional to the distance ran
on running wheels (Ghiani et al., 2007; Chytrova, Ying and Gomez-Pinilla, 2008).
Those studies provided 24-hour access to the running wheels, resulting in
considerably larger daily distances accrued when compared to treadmill training,
which could contribute to the inconsistency of results. Moreover, our treadmill
training was implemented across a longer timeline than the wheel running
studies, and there is a possibility that earlier alterations in Nogo-A expression
may have returned to baseline levels with the additional weeks of training.
Interestingly, in the present investigation, MAG was identified as the only gene to
be upregulated following HIIT in the hippocampus (after cut off values applied —
no statistical significance individually). The trend in MAG upregulation was
coupled with a statistically significant reduction in its receptor, NgR2. It is possible
that the downregulation of NgR2 may be a way for the CNS to compensate for

the observed upregulation of MAG.

Although there is variability of results with different exercise paradigms and

durations, the present study is the first to show that treadmill training can
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significantly reduce the gene expression of Acan and NgR2 in the rat

hippocampus.

3.5.4 The hippocampus is the most plastic CNS region in response

to exercise.

Following exercise training, the significant downregulation of Acan and NgR2 was
only observed in the hippocampus, whilst changes in gene expression in the
cortex and lumbar regions were limited. This study specifically investigated genes
involved in the inhibition of plasticity. Therefore, it is not surprising that the
downregulation of inhibitory genes was reported within the hippocampus, noted

as a highly plastic and vulnerable brain region (Dhikav and Anand, 2012).

Due to the paucity of literature pertaining to activity-driven modulation of CNS
inhibitory molecules, it is difficult to expand upon these regional differences.
However, similar patterns in distinct regional expression of BDNF, a neurotrophic
factor that stimulates neurite outgrowth, were also observed in the hippocampus
and cortex of exercised rats (Neeper et al.,, 1996; Serra et al., 2019). The
expression of BDNF mRNA was significantly increased in the rat hippocampus
following two, four and seven days of voluntary wheel running, yet not in the
cortical areas that were also analysed in that study (Neeper et al., 1996). The
same exercise paradigm also increased BDNF mRNA expression in the lumbar
enlargement, an area which remained relatively stable in the present study
(Gomez-Pinilla et al., 2002). Within the aforementioned studies, BDNF mRNA
expression was positively correlated with the distance ran, which with 24-hour
access to running wheels, accumulates to much further daily distances than what

is achieved with treadmill training. Running distance was a controlled variable
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between the two exercise protocols adopted in in this study, and thus could not

be correlated with inhibitory factor expression.

Treadmill training in rats over 39 days also reported hippocampal increases in
BDNF protein levels, which remained unchanged in the cerebral cortex (Serra et
al., 2019). That exercise paradigm was more similar to the MICT protocol
implemented in this study, with speeds progressing to 30 cm.s™ for up 60 mins.
Serra et al. (2019) also reported increases in dendritic length, dendritic
bifurcations and the number of dendritic ends in cortical neurons following the
treadmill training. However, hippocampal neurons remained constant in these
measures following exercise, demonstrating yet another divergent, plastic
response between the hippocampus and cerebral cortex. Although these
hippocampal dendritic measures remained unchanged, Serra et al. (2019) did not
investigate the number of dendritic spines or alterations in spine morphology;
processes which are associated with NgR2 expression without modifying
dendritic structure in the hippocampus (Borrie et al., 2014). Although this
literature is not specifically focused on CNS inhibitory molecules, it provides
further evidence that other plasticity related factors are being differentially

regulated in CNS regions following the same exercise stimulus.

3.5.5 Is HIIT superior to MICT?

The present study is the first to compare different exercise protocols on the
modulation of inhibitory molecules in the CNS. The gene expression profiles in
this study were mainly similar for MICT and HIIT, although the HIIT protocol
induced a greater downregulation of Aggrecan than the MICT group. HIIT has
previously been shown to increase hippocampal BDNF protein (Freitas et al.,

2018), and to be superior to MICT in increasing the protein levels of neurotrophic

79



factors in the rat brain (Afzalpour et al., 2015). As mentioned previously, BDNF
MRNA was positively correlated with the distance ran in voluntary wheel running
studies (Neeper et al., 1996; Gomez-Pinilla et al., 2002). However, Afzalpour et
al. (2015) showed that significantly higher increases in BDNF protein levels were
attained in six weeks of HIIT treadmill training in comparison to continuous
training, despite only running for 40% of the duration, and 47% of the distance of
the continuous training group. This suggests that whilst executing lower volumes
of training, exercising at the higher intensities in HIIT training may contribute to

the further elevation of BDNF protein in the rat brain.

Within the present study, the total duration, distance, and estimated mechanical
work were controlled between MICT and HIIT. Thus, the only manipulated
exercise parameters were the exercise intensity and the nature of the exercise
training (continuous or interval). There were no statistically significant differences
in the expression between MICT and HIIT in 24 out of the 25 genes analysed.
However, it remains to be questioned whether the HIIT group were exercising at
speeds that should be classed as ‘high intensity’. Most HIIT studies determine
their interval intensities by utilising speeds that correlate with a certain percentage
of VO2 max (Maximum oxygen uptake). The use of electric shock to encourage
exercise compliance is not permitted in the UK. Therefore, it is not possible to
exercise rats at speeds beyond their natural will, and true VO2 max measurements
could not be measured in this study. Although the speed of 50 cm.stin the high
intensity intervals is lower than routinely used in the literature, it was the
maximum possible speed that the rats would comply with. In eight-week old,
untrained, male Wistar rats, the speeds used in our MICT (32 cm.s?) and HIT

(50 cm.s™t) protocols at 5° treadmill grade, corresponded to approximately 67%
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and 86% VO2 max, respectively (Qin et al., 2020). Although the HIT protocol
elicited higher exercise intensities than MICT, 86% VO2 max is still lower than the
90-100% VO2 max bracket often used to characterise HIIT training. In future
experiments, it would be advantageous to include physiological measurements
such as blood lactate, stress hormones, and inflammatory markers to help

classify the HIIT protocol.

3.5.6 Exercise did not induce oxidative adaptation in skeletal

muscle.

As it was not possible to assess VO2 max in this study, citrate synthase assays
were conducted in skeletal hindlimb muscle as marker of oxidative adaptation to
exercise training (Vigelsg, Andersen and Dela, 2014). There were no differences
observed in citrate synthase activity of the EDL or soleus muscles following MICT
or HIIT. In this study, animals trained for 33 minutes, five days a week, for six
weeks. Treadmill training at 15 m.min%, 30 minutes a day, for two weeks (which
is slower than the MICT protocol in this study) increased the mRNA expression
of citrate synthase in the soleus, whereas there was no change in citrate synthase
mMRNA at 25 m.min! (a speed in between the MICT and HIIT protocols in this
study) (Farenia et al., 2019). Although this suggests that exercise intensity may
influence citrate synthase activity, pooled results from human research showed
that citrate synthase activity was not correlated with training intensity, though it
was positively correlated with training volume (Bishop, Granata and Eynon,
2014). The latter is corroborated by several rodent studies that show endurance
training with higher training volumes (ranging from one to 12 hours per day)
increased citrate synthase activity in the soleus, plantaris, and gastrocnemius
muscles (Schluter and Fitts, 1994; Inashima et al., 2003; Siu et al., 2003; Gallo

et al., 2008). Therefore, changes in citrate synthase activity may not have been
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observed during this study due to relatively low training volumes (33 minutes per

day).

Skeletal muscle adaptation to exercise can also be determined by analysing fibre
type and the capillaries around muscle fibres. Muscle histology has been
performed to visualise the different muscle fibre types and capillaries of the EDL
muscle (Figure 3.9). However, due to the impact of COVID lab restrictions, data
analysis for these images is yet to be completed. Future analysis of muscle fibre
types, capillaries, and oxygen transport modelling will be conducted as outlined
in (Al-Shammatri et al., 2018), to further establish the physiological adaptation to
the MICT and HIIT protocols utilised in this study. It is important to note that even
though physiological adaptations in the periphery have not yet been confirmed,

significant changes within the CNS were still observed.

Figure 3.9. Skeletal muscle fibre types in the extensor digitorum longus.

The glycolytic to oxidative gradient of muscle fibre types in the male Wistar
extensor digitorum longus. Muscle fibre boundaries (orange) were labelled
with wheat germ agglutinin — rhodamine. Oxidative type 1 fibres (magenta)
were labelled with BA-D5 and Alexa-Fluor 647 antibodies. Intermediate type
2a fibres (green) were labelled with SC-71 and Alexa-Fluor 488 antibodies.
Glycolytic type 2b fibres (black) were left unstained. Scale bar: 200 ym.
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3.5.7 Conclusions

To conclude, this study is the first to show that the relative gene expression of
Acan and NgR2 can be modulated by treadmill training in the hippocampus;
highlighting these genes as novel candidates in exercise-induced hippocampal
plasticity. Additionally, it is well known that exercise increases neurotrophic
factors in the hippocampus. This study provides evidence to suggest that there
are dual effects of exercise training in the hippocampus, essentially ‘taking a foot
off the inhibitory brakes’ and facilitating the ‘acceleration’ of neurotrophic factors

to create a more permissive, plastic environment.

It would be noteworthy to investigate whether the exercise-induced transcriptional
changes are corroborated by alterations in protein expression, and whether these
changes are localised to specific hippocampal regions. Furthermore, it would be
advantageous to determine the functionality of these transcriptional alterations,
and to ascertain whether they contribute to structural plasticity and behavioural

outcomes such as hippocampal related learning and memory.
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Chapter 4 Characterising adaptations to perineuronal nets

following exercise training.
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4.1 Introduction

In the previous experimental chapter, aggrecan mRNA was significantly
downregulated in the hippocampus following six weeks of either MICT or HIIT.
Aggrecan is a CSPG expressed in PNN structures throughout the hippocampal
dentate gyrus and CA regions (Dauth et al.,, 2016). PNNs are lattice-like
aggregations in the extracellular matrix, that enwrap subsets of neurons in the
CNS and restrict plasticity (Sorg et al., 2016). Additionally, aggrecan is major
component of PNNs that is essential for PNN formation (Giamanco, Morawski
and Matthews, 2010; Rowlands et al., 2018). Previous research has shown that
six weeks of voluntary wheel running reduced the number and thickness of PNNs
labelled by WFA in the hippocampus (Smith et al., 2015). However, whether
shorter durations of exercise training (such as MICT and HIIT that are more
translatable interventions for humans) affect the protein expression of other PNN

components, such as aggrecan, is yet to be investigated.

Throughout learning and memory processes, PNNs have been observed to be
dynamically regulated. A cerebellar motor learning task was shown to reduce the
expression of PNNs in the deep cerebellar nuclei, which were restored during
memory consolidation (Carulli et al., 2020). Furthermore, object recognition
memory was improved by the specific removal of aggrecan in a brain-wide
knockout model, and by the use of chondroitinase ABC and the knockout of the
link protein, CTRL1, in the perirhinal cortex (Romberg et al., 2013; Rowlands et
al., 2018). Exercise training has also been observed to improve spatial and object
recognition memory in rodents (Ang et al., 2006; O’Callaghan, Ohle and Kelly,
2007; Cassilhas et al., 2012; Lee et al., 2012; Silva et al., 2012; Bechara and
Kelly, 2013; Cetinkaya et al., 2013; Inoue, Hanaoka, et al., 2015). It is possible

that the exercise-induced downregulation of aggrecan and PNNs may enhance
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neural plasticity, and improve hippocampal-related memory. Determining the
structural changes in PNNs following exercise training is the first step in
elucidating whether the modulation of PNNs is a mechanism involved in exercise-

induced memory improvements.
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4.2 Aims

This chapter aimed to identify adaptations in PNNs using the general marker
WFA and more specifically how aggrecan expression is modulated following six
weeks of MICT or HIIT. Brain sections were immunohistochemically stained using
anti-aggrecan and WFA to label aggrecan core protein and CS-GAG chains,
respectively. Image analysis was conducted in the hippocampus and motor
cortex to investigate whether MICT and HIIT had an effect on the staining
intensity, number, and thickness of PNNs. It was hypothesised that treadmill
training would reduce the expression of hippocampal PNNs in both number and
thickness. Additionally, RT-qPCR was performed in hippocampal tissue to
determine whether exercise training altered the expression of genes that are
involved in CS-GAG chain sulphation. It was hypothesised that treadmill training
would reduce the expression of genes that add the inhibitory sulphation pattern
and increase the expression of genes that add the plasticity-promoting sulphation

pattern to CS-GAGs, C4S and CG6S, respectively.
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4.3 Methods

4.3.1 Study overview

Male Wistar rats (200-250 g) were habituated on a motorised treadmill for five
days before being allocated to their experimental groups and completing their
exercise protocols once a day, 5 days a week, for six weeks (timeline in Figure
4.1). The experimental groups were: sedentary control (CON); moderate intensity
continuous training (MICT); and high intensity interval training (HIIT). For in-depth
details of training protocols see General Methods Section 2.2. Animals were
transcardially perfused and brain tissue was collected following the last day of
training. Fixed brain tissue was used in immunohistochemistry experiments (n=4
per experimental group). RNA samples from Chapter 3 were used for further

gene expression experiments (n=4 per experimental group).

Figure 4.1. Study timeline for experiments in Chapter 4.

Adult male Wistar rats were familiarised on a treadmill over five days before
completing six weeks of either a moderate intensity or high intensity interval
training protocol (once a day, 5 days a week, for six weeks). One group
remained completely sedentary. Tissue was collected following the final day of
training for CNS immunohistochemistry and gene expression experiments.
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4.3.2 Tissue collection

24 hours after the final day of treadmill training, animals were overdosed with an
intraperitoneal injection of sodium pentobarbital (200 mg/kg) to induce deep
anaesthesia. Once the blink and pedal reflexes were absent, rats were
transcardially perfused (Gage, Kipke and Shain, 2012) with sodium phosphate
buffer (1 M PB), followed by 4% paraformaldehyde (PFA), and a final rinse with
1 M PB. Brains were dissected out and post-fixed in 4% PFA overnight at 4°C.
The tissue was then cryoprotected in a 30% sucrose solution with 1 M PB and
stored at 4°C. Fixed brain tissue was used for immunohistochemistry
experiments. Fresh CNS tissue collected in Chapter 3 was used for gene

expression experiments.

4.3.3 Immunohistochemistry

4.3.3.1 Tissue preparation

The brain was cut into two coronal segments and mounted in OCT (FSC 22
Frozen Section Media; Leica Biosystems) before being frozen with dry ice and
stored at —80°C. Before sectioning the tissue was moved to —20°C overnight to
equilibrate to the temperature used within the cryostat chamber. Tissue was cut
into 25 um coronal sections using a cryostat (Leica CM1850; Leica Biosystems).
Sections were collected into 24-well plates containing 1 M PBS to dissolve the

OCT before being transferred into cryoprotectant and being stored at —20°C.

4.3.3.2 Immunohistochemical staining procedure

Free-floating sections were washed at room temperature, for three five-minute
periods in 1 M PBS to remove the cryoprotectant. The sections were then blocked
for two hours in 0.2% PBST (1 M PBS and 0.2% Triton X-100) and 3% normal

donkey serum (NDS). The sections were then incubated overnight in 0.2% PBST
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and 3% NDS, containing the primary antibodies at 4°C. The primary antibodies
were the neuronal cell marker anti-NeuN (#¥MAB377, 1:500, Mouse, Millipore),
anti-Aggrecan (#AB1031, 1:250, Rabbit, Millipore), and biotin-conjugated
Wisteria floribunda agglutinin (WFA) (#L1766, 1:300, Sigma). Anti-Aggrecan and
WFA bind to the PNN components of aggrecan core protein and the GalNAc
residues of CS-GAG chains, respectively (Brickner et al., 1996; Giamanco,

Morawski and Matthews, 2010).

The tissue was then washed three times for 10 minutes in 1 M PBS before being
incubated for two hours at room temperature in 1 M PBS containing the following
secondary antibodies: donkey anti-mouse (1:1000, Alexa Fluor® 488, Invitrogen),
donkey anti-rabbit (1:1000, Alexa Fluor® 555, Invitrogen) and streptavidin (1:250,
Pacific Blue™, Invitrogen). The tissue was then washed three times for 10
minutes in 1 M PBS and washed twice for five minutes in tris non-saline (1 M
TNS). Sections were mounted onto microscope slides (Superfrost Plus™,
ThermoFisher Scientific) using mounting medium (VECTASHIELD® Antifade
Mounting Medium, Vector Laboratories). Coverslips were added and sealed with
clear nail varnish. Negative control tissue was incubated with only the secondary

antibodies (no primary antibodies).

4.3.3.3 Image acquisition

Images were acquired in the Bio-Imaging Facility at the University of Leeds with
the assistance of Dr Sally Boxall and Dr Ruth Hughes. Full tile scans of the dorsal
hippocampus (between Bregma -3.14 and -3.80 mm) and the primary motor
cortex (Bregma: 1.60) were taken at 20X magnification on an Axio Scan Z1 slide
scanner (Zeiss, UK). Images were assigned a new code so that image analysis

could be performed blinded to experimental groupings.
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4.3.3.4 Image analysis

All image analysis was conducted in the software Fiji for ImageJ (Schindelin et
al., 2012). Group sizes of n=3 were used for histology experiments. Tissue
sections between Bregma -3.14 and -3.80 mm that displayed the dorsal
hippocampus were chosen for analysis. Five sections were imaged per animal to
ensure that a minimum of three sections could be analysed. All analysis was
performed bilaterally. The normalised results were averaged between the two
hemispheres. The mean of normalised results were then calculated per animal
(mean of 3-5 sections) and then per experimental group (mean of 3 animals). All

custom written macro scripts are included in Appendix 2.

4.3.3.4.1 Regions of interest

For hippocampal analysis, 12 regions of interest (ROI) were manually drawn with
the polygon tool covering the CA regions (1-4) and dentate gyrus of the
hippocampus (Figure 4.2). For the primary motor cortex two ROIs were drawn
representing the M1 region of each hemisphere (Figure 4.3). Hippocampal and
cortical ROIs were outlined with reference to Bregma -3.30 mm and Bregma 1.60
mm, respectively, in the Rat Brain Atlas (Paxinos and Watson, 2013). Custom
macro scripts were written to automate the renaming and saving process of ROIs

(Appendix 2).
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Figure 4.2. Hippocampal regions of interest.

Hippocampal regions of interest manually drawn using ImageJ. 1 — Left total
hippocampus (the number label is in the middle of the whole outlined region);
2 — Left CAl; 3 — Left CA2; 4 — Left CA3; 5 — Left CA4; 6 — Left dentate gyrus;
7 - Right total hippocampus (the number label is in the middle of the whole
outlined region); 8 — Right CA1; 9 — Right CA2; 10 — Right CA3; 11 — Right
CA4; 12 — Right dentate gyrus. Regions outlined using Figure 33 (Bregma -
3.30 mm) in the Rat Brain Atlas (Paxinos and Watson, 2013).

Figure 4.3. Motor cortex regions of interest.

Primary motor cortex (M1) regions of interest manually drawn using ImageJ. 1
— Left M1, 2 — Right M1. Regions outlined using Figure 12 (Bregma 1.60 mm)
in the Rat Brain Atlas (Paxinos and Watson, 2013).

4.3.3.4.2 Staining intensity

The staining intensity of aggrecan and WFA (mean gray value), area, and
integrated density were recorded for each ROI using a custom macro script
(Appendix 2). Staining intensity was normalised by subtracting the mean gray
value for the respective negative control from the experimental mean gray value.

For each ROI, the normalised staining intensity was averaged between the two
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hemispheres. The mean normalised staining intensity was then taken for all

sections per animal and then for each animal per experimental group.

4.3.3.4.3 PNN counts

PNNs were counted using the Cell Counter plugin (Kurt de Vos;
https://fimagej.nih.gov/ij/plugins/cell-counter.html). Three different PNN phenotypes
were counted: 1) PNNs that express both aggrecan and WFA (ACAN+ WFA+);
2) PNNs that express only aggrecan (ACAN+ WFA-); and 3) PNNs that express
only WFA (ACAN- WFA+). PNN counts were normalised to the area of the ROI

and converted from um to mm (Equation 4.1). The total PNN count was calculated

as the sum of all three phenotype counts.

Equation 4.1. Normalised PNN count.

Number of PNNs
Area

Normalised PNN count (mm?) = ( ) x 1000

4.3.3.4.4 PNN thickness

PNN thickness was measured by drawing four intersecting lines for the outer
distance of the PNN and four intersecting lines for the inner distance of the PNN
(Figure 4.4). PNN thickness was then calculated using Equation 4.2. PNN
thickness was analysed separately for aggrecan and WFA positive PNNs for each
hippocampal region. All visible PNNs were included in analysis if the outer and

inner edges of the PNN could be clearly defined.
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Figure 4.4. Analysing PNN thickness.

PNN thickness was calculated by subtracting the mean inner distance of the
PNN (e-h) from the mean outer distance of the PNN (a-d) and divided by 2.

Equation 4.2. PNN thickness.
PNN thickness (um)

_ (Mean outer PNN distance — Mean inner PNN distance)
B 2

4.3.4 RT-gPCR

The expression of CS-GAG sulphation genes (Table 4.1) was analysed in
hippocampal tissue using RT-gPCR as outlined in Section 3.3.4. Gene
expression was analysed using the 222CT method and normalised to the

expression of the reference gene 18s.
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Table 4.1. TagMan™ gene expression assay information (CS-GAG
sulphation).

Gene TagMan gene TagMan Amplicon
Gene name
type symbol assay ID length
Refere Hs9999990
18s 18s rRNA
nce 1s1
Rn0058463
Carbohydrate (chondroitin 6) sulfotransferase 3 (CHST3) Target Chst3 100
7_ml
Carbohydrate (N-acetylgalactosamine 4-0) Rn0176450
Target Chst8 100
sulfotransferase 8 (CHST8) 6_ml
Carbohydrate (chondroitin 4) sulfotransferase 11 Rn0150931
Target Chst11 81
(CHST11) 3ml
Carbohydrate (chondroitin 4) sulfotransferase 12 Rn0175635
Target Chst12 109
(CHST12) 1mi
Carbohydrate (chondroitin 4) sulfotransferase 13 Rn0142612
Target Chst13 76
(CHST13) 5_s1
Carbohydrate (N-acetylgalactosamine 4-sulfate 6-O) Rn0059785
Target Chst15 72
sulfotransferase 15 (CHST15) 9 ml

4.3.5 Statistical analysis and experimental design

Data are presented as means * standard deviation (SD) unless otherwise
specified. The alpha level was set at 0.05 and statistical significance was denoted
in figures with an asterisk (*p<0.05). If other symbols were used they were noted
in the figure captions. Shapiro-Wilk tests determined normality prior to conducting
statistical tests. All statistical analysis was performed in IBM SPSS software

version 26 (IBM, USA).

4.3.5.1 PNN immunohistochemistry

Data in bar charts are presented as the mean + SEM. A minimum of three
sections per animal (n=3) were analysed for staining intensity, PNN counts, and

PNN thickness. Differences in the mean staining intensity of aggrecan and WFA,
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PNN counts, and PNN thickness were analysed using Kruskal-Wallis H tests,

followed by Dunn’s multiple comparison tests and the Bonferroni correction.

4.3.5.2 CS-GAG sulphation RT-qPCR

Data in bar charts are presented as the mean relative fold change in comparison
to the sedentary control group += (SEM). A one-way ANOVA determined
differences in the relative gene expression between experimental groups
followed by Bonferroni post hoc tests. Statistical analyses were performed on

Log2 transformed data.
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4.4 Results

4.4.1 Exercise does not alter the staining intensity of aggrecan and

WFA in the hippocampus.

CSPGs are expressed in the loose extracellular matrix and in PNN structures,
thus, intensity measurements were recorded for full hippocampal regions: CA1,
CA2, CA3, CA4, and the dentate gyrus (outlined in Figure 4.5). Following six
weeks of treadmill training, there were no statistically significant differences in the
staining intensity of aggrecan or WFA in any hippocampal region (Figure 4.6,

Statistical analyses reported in Table 4.2).

Figure 4.5. Hippocampal
regions of interest.

Hippocampal regions  of
interest are outlined in yellow
including CA1, CA2, CAS3,
CA4, and dentate gyrus (DG).

A. Hippocampal tiles scan
labelled for aggrecan core
protein.

B. Hippocampal tile scan
labelled for CS-GAG chains
with  Wisteria  Floribunda
Agglutinin (WFA).

C. Merged hippocampal tile
scan displaying both
aggrecan (red) and WFA
(blue) labelled perineuronal
nets. Scale bar: 200 um.
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Figure 4.6. Exercise training does not alter aggrecan or WFA staining intensity in the hippocampus.
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A-C. Hippocampal tile scans stained for aggrecan core protein (ACAN). D-F. Hippocampal tile scans stained for Wisteria floribunda
agglutinin (WFA) that labels glycosaminoglycan chains of chondroitin sulphate proteoglycans. Scale bars: 200 um. CON: sedentary
control, MICT: moderate intensity continuous training, HIIT: high intensity interval training. G. Mean aggrecan staining intensity in
hippocampal regions following exercise training. H. Mean WFA staining intensity in hippocampal regions following exercise training.
Staining intensity was measured using mean gray value (MGV) in ImageJ that was normalised by subtracting the background staining
of negative control tissue. There were no statistically significant differences in mean aggrecan or WFA staining following six weeks of
either MICT or HIIT in the male Wistar hippocampus. Bars represent mean staining intensity + SEM, n=3. Statistical significance
determined using Kruskal Wallis H tests, alpha level p<0.05. DG: dentate gyrus.



However, MICT showed a trend for increased aggrecan staining intensity in the

CA4 region (CON: 3352 + 1530 MGV; MICT: 5063 + 808 MGV; HIIT: 3866 + 739

MGV; H(2)=5.600 p=0.061). Additionally, in every hippocampal region, aggrecan

staining intensity was the highest in the MICT group, followed by HIIT, and then

the sedentary control group (Figure 4.6). In contrast, MICT resulted in the lowest

WFA intensity out of each experimental group, whilst HIIT trained animals

displayed the highest WFA intensity, in every hippocampal region (Figure 4.6).

As the staining intensity patterns were consistent in each hippocampal region

following both exercise training protocols, it is possible that these widespread

changes in the hippocampus have biological relevance despite lacking statistical

significance.

Table 4.2. Aggrecan and WFA staining intensity following exercise

training in the hippocampus.

Mean staining intensity (MGV)

CON (SD) MICT (SD) HIT (SD) Kruskal-Wallis H
ACAN
CAl 3726 (1560) 5380 (845) 4438 (1238) H(2)=1.867 p=0.393
CA2 8394 (2788) 11286 (1542) 9640 (1269) H(2)=1.867 p=0.393
CA3 3933 (1679) 6017 (1246) 4770 (597) H(2)=3.467 p=0.177
CA4 3352 (1530) 5063 (808) 3866 (739) H(2)=5.600 p=0.061
DG 5479 (2536) 8757 (2248) 7209 (759) H(2)=2.756 p=0.252
WFA
CAl 4530 (2822) 1906 (2893) 5881 (2943) H(2)=1.867 p=0.393
CA2 6359 (3466) 4847 (2608) 9073 (4143) H(2)=1.867 p=0.393
CA3 4525 (2511) 3296 (1913) 6893 (3209) H(2)=1.867 p=0.393
CA4 4101 (2629) 2350 (2601) 5512 (2370) H(2)=1.422 p=0.491
DG 5524 (3293) 4934 (3805) 6763 (2866) H(2)=1.867 p=0.393

MGV — mean gray value, CON — sedentary control, MICT — moderate intensity continuous
training, HIIT — high intensity interval training, SD — standard deviation, ACAN — Aggrecan,
WFA — Wisteria floribunda agglutinin. n=3.
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4.4.2 Exercise training increased the number of PNNs that only

expressed aggrecan in the hippocampus.

For each hippocampal region, the total number of PNNs was calculated as the
sum of PNNs that express aggrecan only, WFA only, or both aggrecan and WFA

together. Each PNN was only counted once. Exercise training did not have an

effect on the total number of PNNs in each hippocampal region (Table 4.3).

Table 4.3. Total PNN counts following exercise training in the

hippocampus.

Total PNN count (PNN/mm?2)

CON (SD) MICT (SD) HIIT (SD) ANOVA

CA1 0.343(0.056) 0.283 (0.061) 0.299 (0.096) F(2,6) = 0.530 p=0.614
CA2 0.163 (0.025) 0.160 (0.022) 0.139 (0.030) F(2,6) = 0.732 p=0.520
CA3 0.221(0.062) 0.226 (0.037) 0.195 (0.036) F(2,6) = 0.362 p=0.711

CA3 (Pyramidal)

CA4
DG

0.256 (0.029)
0.573 (0.060)
0.247 (0.054)

0.227 (0.096)
0.578 (0.032)
0.207 (0.038)

0.247 (0.065)
0.508 (0.108)
0.217 (0.069)

F(2,6) = 0.174 p=0.844
F(2,6) = 0.842 p=0.476
F(2,6) = 0.416 p=0.677

PNN — Perineuronal net, mm — millimetre, CON — sedentary control, MICT — moderate intensity
continuous training, HIIT — high intensity interval training, SD — standard deviation, DG —
dentate gyrus. n=3.

To assess whether exercise altered PNN composition, PNN counts were
conducted for three different phenotypes depending on whether PNNs
expressed: a) both aggrecan and WFA (ACAN+ WFA+), b) aggrecan only
(ACAN+ WFA-), or c) WFA only (ACAN- WFA+). The CA2 region displayed
diffuse staining of aggrecan and WFA in the pyramidal layer, making it difficult to
count individual PNNs (Figure 4.5). Therefore, in the CA2 region, individual PNNs
were only counted in the stratum oriens and stratum radiatum hippocampal
layers. Similarly, the pyramidal layer of the CA3 region displayed diffuse WFA
staining (Figure 4.5 B). However, individual aggrecan-only PNNs could be

identified in the CA3 pyramidal layer (Figure 4.5 A). Therefore, all three
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phenotypes of PNNs were counted in the stratum oriens and stratum radiatum
layers within the CA3 region (labelled in PNN count figures as ‘CA3’), whilst the
pyramidal layer was counted separately, labelled as ‘CA3 (Pyramidal). See
Figure 4.7 for a diagram of hippocampal layers. In the pyramidal layer of CA3,
individual WFA-only PNNs could not be distinguished, thus in this region,
aggrecan-only PNNs were counted, and then were checked to see if they
colocalised with WFA staining. This resulted in only two phenotypes being

counted in the CA3 pyramidal layer: ACAN+ WFA+ and ACAN+ WFA-.

_~ Pyramidal layer

////’\7\‘
— < .‘\\ / S
\‘\\_/// X~ Subgranular zone

~ Granular layer

Figure 4.7 Layers of the hippocampus.

Tissue stained with NeuN to visualise hippocampal cell layers. Hippocampal
layers defined from images in the online histological library, Brain
Development Maps (Altman and Bayer, 2021).

MICT resulted in a statistically significant increase in the number of PNNs that
expressed aggrecan only in the CAl (Figure 4.8) (CON: 0.0076 = 0.0018
PNNs/mm?; MICT: 0.0310 + 0.0037 PNNs/mm?, p=0.043; HIIT: 0.0076 + 0.0022
PNNs/mm?2, p=1; H(2)=6.3, p=0.043), CA3 (CON: 0.0294 + 0.0126 PNNs/mm?;

MICT: 0.0571 £ 0.0070 PNNs/mm?, p=0.043; HIIT: 0.0288 + 0.0085 PNNs/mm?,
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p=1; H(2)=6.3, p=0.043), and CA3 pyramidal regions (CON: 0.0010 + 0.0005
PNNs/mm?2; MICT: 0.0139 + 0.0049 PNNs/mm?, p=0.043; HIIT: 0.0041 + 0.0026
PNNs/mm?, p=1; H(2)=6.3, p=0.043) (Figure 4.9). Additionally, both MICT and
HIIT significantly increased the number of aggrecan only PNNs in the CA4 region
(CON: 0.0052 + 0.0006 PNNs/mm?; MICT: 0.0250 + 0.0041 PNNs/mm?, p=0.043;
HIIT: 0.0160 + 0.0035 PNNs/mm?, p=0.043; H(2)=6.3, p=0.043). The increase in
aggrecan only PNNs was accompanied with a significant reduction in PNNs
expressing aggrecan and WFA by both exercise groups in the CA3 region (CON:
0.1223 + 0.0033 PNNs/mm?; MICT: 0.0917 + 0.0101 PNNs/mm?, p=0.043; HIIT:
0.1038 + 0.0050 PNNs/mm?, p=0.043; H(2)=6.3, p=0.043), and by HIIT in the
CA4 region (CON: 0.3358 + 0.0129 PNNs/mm?; MICT: 0.2637 + 0.0324
PNNs/mm?2, p=1; HIT: 0.2780 + 0.0063 PNNs/mm?, p=0.043; H(2)=6.3,
p=0.043). There was a similar pattern for exercise training to reduce the number
of ACAN+ WFA+ PNNSs in other hippocampal regions, though not statistically

significant.
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Figure 4.8. Perineuronal nets in the hippocampal CAl region.

A-C. PNNs expressing aggrecan. D-F. PNNs expression WFA. G-I. Merge of PNNs expressing aggrecan and WFA. White arrowheads
indicate PNNs that express aggrecan without WFA following MICT. Scale bars: 50 pm.
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Figure 4.9. Exercise increases the number of PNNs expressing only aggrecan in the hippocampus.

PNNs were classified as one of three different phenotypes: expressing aggrecan and WFA (ACAN+ WFA+), expressing aggrecan only
(ACAN+ WFA-), or expressing WFA only (ACAN- WFA+) in adult male Wistar rats following six weeks of MICT or HIIT on a motorised
treadmill. PNN counts were conducted for the following hippocampal regions: A. CA1 B. CA2 C. CA3 D. CA3 pyramidal layer E. CA4 F.
Subgranular zone (SGZ) of the dentate gyrus (DG). Bars represent mean PNN count £ SEM, n=3. Statistical significance was determined
using Kruskal-Wallis H and Dunn’s multiple comparison tests with the Bonferroni correction.*p<0.05 in comparison to the sedentary
control group. #p<0.05 in comparison to the HIIT group. PNN — perineuronal net, CON — sedentary control, MICT — moderate intensity

continuous training, HIIT — high intensity interval training.



The frequency of PNNs expressing each phenotype were also calculated as a
percentage of the total PNNs observed within each hippocampal region. MICT
induces a shift towards a higher proportion of total PNNs expressing only
aggrecan and not WFA in the CA1 (x> = 11.16 p=0.025), CA2 (x> = 23.72
p<0.0001) and CA3 pyramidal regions (x?> = 7.19 p=0.027) (Figure 4.10). The
dentate gyrus was the only hippocampal region that was resistant to changes in

either PNN number or frequency.
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Figure 4.10. MICT increases the proportion of PNNs expressing only
aggrecan in the hippocampus.

PNNs were classified as one of three different phenotypes: expressing
aggrecan and WFA (ACAN+ WFA+), expressing aggrecan only (ACAN+
WFA-), or expressing WFA only (ACAN- WFA+) in adult male Wistar rats
following six weeks of MICT or HIIT. The frequency of PNNs in each
phenotype was analysed using Chi-square tests (*p<0.05) for the following
hippocampal regions: A. CA1 B. CA2 C. CA3 D. CA3 pyramidal layer E. CA4
F. Subgranular zone of the dentate gyrus. Bars represent mean percentage
of PNNs, n=3. PNN — perineuronal net, CON — sedentary control, MICT —
moderate intensity continuous training, HIIT — high intensity interval training.

4.4.3 Exercise training does not alter PNN thickness in the
hippocampus.

Previous research has demonstrated that six weeks of voluntary wheel running

reduced the thickness of WFA+ PNNs in the hippocampal CA1, CA3, and dentate
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gyrus regions (Smith et al., 2015). However, in the present study, six weeks of
treadmill training did not affect the thickness of aggrecan positive or WFA positive
PNNs in the hippocampus (H(2) <2.22, p>0.329, and H(2) <3.6, p>0.165,

respectively) (Figure 4.11).
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Figure 4.11. Hippocampal PNN thickness is comparable between
sedentary and trained animals.

PNN thickness was calculated throughout the CA regions and dentate gyrus
(DG) of the hippocampus in male Wistar rats following six weeks of exercise
training (MICT or HIIT). A. Presents the thickness of PNNs expressing
aggrecan. B. Presents the thickness of PNNs expressing WFA. Bars represent
mean PNN thickness = SEM, n=3 unless otherwise stated. Statistical analyses
were performed with Kruskal-Wallis H tests, alpha level p<0.05. PNN -
perineuronal net, CON — sedentary control, MICT — moderate intensity
continuous training, HIIT — high intensity interval training.
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4.4.4 HIIT increased hippocampal Chst8 expression.

Whether CS-GAG chains exert an inhibitory or permissive effect on plasticity is
dependent on patterns in CS-GAG sulphation (Wang et al., 2008; Lin et al., 2011).
To assess whether exercise impacted CS-GAG sulphation in the hippocampus,
RT-gPCR was used to determine the gene expression of six chondroitin
sulfotransferases: Chst3, Chst8, Chstll, Chstl2, Chstl3, and Chstl5. The
MRNA expression of Chst3, Chst12, and Chst13 was too low to be analysed. HIIT
significantly upregulated the expression of Chst8 in the hippocampus, which adds
the inhibitory C4 sulphation to GalNAc residues (MICT: 0.484 + 0.635 Log2 FC,
p=0.924; HIIT: 1.419 + 0.704 Log2 FC, p=0.034 F(2,9)=5.189, p=0.032) (Figure
4.12). There was no statistically significant difference in the expression of Chst11
(MICT: 0.376 + 0.675 Log2 FC, p=1; HIIT: 0.659 + 0.913 Log2 FC, p=0.594;
F(2,9)=0.972, p=0.415) or Chstl5 (MICT: 0.139 * 0.504 Log2 FC, p=1; HIIT:

0.436 + 0.545 Log2 FC, p=0.789; F(2,9)=0.733, p=0.507) in either exercise

group.
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Figure 4.12. HIIT upregulates hippocampal Chst8 expression.

Gene expression data presented as relative fold change to sedentary controls
Statistical significance determined using a one way ANOVA and Bonferroni
correction for multiple comparisons, * p<0.05 when compared to sedentary
control, n=4. MICT — Moderate intensity continuous training, HIIT — High intensity
interval training. Bars represent mean relative fold change + SEM.
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4.4.5 Exercise training did not affect PNNs in the primary motor

cortex.

In Chapter 3, the mRNA expression of aggrecan was not modulated by exercise
training in cortical tissue. However, as PNNs are abundantly expressed in the
primary motor cortex, this study also investigated whether the protein expression
of aggrecan, and the expression of CS-GAGs labelled by WFA was susceptible
to change following MICT and HIIT. The mean staining intensity of aggrecan
(CON: 4007.61 + 1193.98 MGV; MICT: 4548.20 + 2093.86 MGV; HIIT: 4922.58
+ 949.07 MGV; H(2)=0.409, p=0.815) and WFA (CON: 3600.26 + 901.97 MGV;
MICT: 3224.19 + 518.31 MGV; HIIT: 2391.20 + 468.58 MGV, H(2)=2.227,
p=0.328) was comparable between all three experimental groups in the motor
cortex. Furthermore, exercise training did not affect the number of aggrecan and

WEFA positive, aggrecan only, or WFA only PNNSs in the motor cortex (Table 4.4).

Table 4.4. PNN counts in motor cortex of male Wistar rats following
exercise training.

Mean PNN count (PNNs/mm2)

CON (SD) MICT (SD) HIIT (SD) ANOVA

ACAN+ WFA+  0.589 (0.068) 0.591 (0.082) 0.575 (0.145) F(2,7)=0.020 p=0.980

ACAN+WFA-  0.123(0.061) 0.102 (0.013) 0.159 (0.129) F(2,7)=0.353 p=0.715

ACAN- WFA+  0.271(0.258)  0.227 (0.017)  0.150 (0.059) F(2,7)=0.640 p=0.556

Total PNN count  0.982 (0.359)  0.920 (0.092)  0.924 (0.234) F(2,7)=0.122 p=0.887

PNN — perineuronal net, CON — sedentary control (n=3), MICT — moderate intensity
continuous training (n=3), HIIT — high intensity interval training (n=4), ACAN — aggrecan, WFA
— Wisteria floribunda agglutinin.
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45 Discussion

Previous research has shown that six weeks of voluntary wheel running reduced
the number and thickness of PNNs in the hippocampus (Smith et al., 2015).
Additionally, Chapter 3 demonstrated that MICT and HIIT downregulated the
MRNA expression of aggrecan, a main component of PNNs, in the hippocampus.
This is the first study to investigate the role of treadmill training on aggrecan and
WEFA positive PNNs in the CNS. PNNs were visualised using an antibody against
the aggrecan core protein, and CS-GAG chains were labelled with the lectin
WFA. In the hippocampus, MICT increased the proportion of PNNs that
expressed aggrecan and lacked WFA, without altering the total PNN counts. This
suggests that MICT may be modulating CS-GAG chains within PNNs in the

hippocampus, which may facilitate neural plasticity.

4.5.1 PNNs in the hippocampus following exercise training.

In contrast to (Smith et al., 2015), the present study did not observe any changes
in the total number of PNNs or PNN thickness following six weeks of treadmill
training in the hippocampus. Although, when further looking into PNN
composition, MICT and HIIT significantly reduced the number of PNNs that
expressed both aggrecan and WFA in the CA3 region of the hippocampus. In the
(Smith et al., 2015) paper, PNNs were visualised using only WFA following six
weeks of voluntary wheel running. Following MICT, the staining intensity of WFA
was shown to be lower than sedentary controls in all hippocampal regions,
although not statistically significant. The daily distance ran by the rats in this study
was approximately 600 m, whereas rats ran up to 8.76 km in the voluntary wheel

running wheel paradigm utilised in (Smith et al., 2015). It is possible that higher
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volumes of exercise training are required to induce more widespread reductions

in WFA-positive PNNSs in the hippocampus.

Although the total number of PNNs remained unchanged following exercise
training, MICT increased the number of PNNs expressing only aggrecan in the
CAl, CA3, and CA4 regions. Aggrecan-positive PNNs that lack WFA expression
have previously been observed in the hippocampus, somatosensory cortex and
spinal cord (Ueno et al., 2017; Yamada and Jinno, 2017; Irvine and Kwok, 2018).
The antibody against aggrecan labels the CSPG core protein, and WFA labels
the GalNAc residue of CS-GAG chains (Brickner et al., 1996). Therefore, it is
possible that MICT reduces the number of CS-GAG chains attached to aggrecan
core proteins in hippocampal PNNs. In the CA3 region, the increase in aggrecan-
positive PNNs coincided with a significant decrease in the number of PNNs
expressing both aggrecan and WFA, suggesting that MICT induces a transition
in PNN composition. The shift in PNN composition was also reflected in PNN
frequencies as the proportion of PNNs expressing only aggrecan increased in
response to MICT in the CAl, CA2, and CA3 regions. The inhibitory nature of
aggrecan is dependent on chondroitin sulphate (Hering et al., 2020). Thus, a
reduction in CS-GAG expression within aggrecan positive PNNs may provide a

more permissive environment for plasticity in the hippocampus.

However, it remains to be questioned whether CS-GAGs are indeed being
modulated by exercise training, or whether WFA binding with CS-GAGs is being
interrupted. The overexpression of 6-O-sulphation of GalNAc residues in CS-
GAGs has been documented to reduce WFA expression whilst maintaining

protein levels of aggrecan (Miyata et al., 2012). As WFA binds to GalNAc sugars
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in CS-GAG chains, it is possible that sulphation of these same sugars may
interrupt WFA binding. Further research is required to determine the exact
epitope where WFA binds to GalNAc, and whether this is conditional to specific

sulphation patterns.

The bacterial enzyme Chondroitinase ABC cleaves CS-GAG chains from CSPGs
in PNNs, and also degrades CS-GAGs in the loose extracellular matrix (Sorg et
al., 2016). This extensive attenuation of CS-GAGs in the perirhinal cortex
enhanced object recognition memory in healthy rodents and Alzheimer's models
(Romberg et al., 2013; Yang et al., 2015). The hippocampus is another brain
region involved in object recognition memory (Broadbent et al., 2010). It will be
noteworthy to investigate whether the more subtle exercise-induced modulation
of CS-GAGs observed in this study is associated with enhanced object

recognition memory.

4.5.2 CS-GAG sulphation following exercise training.

The inhibitory nature of PNNs can also be attenuated without degrading CS-GAG
chains. The degree of neural plasticity can be controlled by manipulating the
sulphation patterns of GalNAc residues in CS-GAG chains, with C4S restricting,
and C6S promoting plasticity (Wang et al., 2008; Lin et al., 2011; Miyata et al.,
2012). Overexpressing Chst3 to enhance C6S alleviated memory deficits in aged
mice (Yang et al., 2021). As mentioned previously, C6S overexpression has been
reported to reduce WFA expression whilst protein levels of aggrecan were
unaltered (Miyata et al., 2012). As MICT increased the number of aggrecan-
positive PNNs that lacked WFA labelling, this study sought to investigate CS-

GAG sulphation in the hippocampus following exercise training. RT-gPCR was
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used to determine the expression of genes that are involved in adding the
permissive sulphation at the C6 position of GalNAc (Chst3), the inhibitory
sulphation at the C4 position of GalNAc (Chst8, Chstll, Chstl2, and Chst13),
and which add double sulphation at both C4 and C6 of GalNAc (Chstl5).
Unfortunately, expression of Chst3 was too low in the tissue samples to be
analysed within this study, and thus it was not possible to investigate whether 6-

O-sulphation was associated with a higher number of PNNs lacking WFA.

However, HIT significantly upregulated the mRNA expression of Chst8 in the
hippocampus. There were fewer PNN adaptations in HIIT trained animals in
comparison to the MICT group, which could be due to the inhibitory action of
Chst8. Alterations in gene expression do not always translate to changes in
protein levels. Therefore, a more conclusive method of analysing CS-GAG
sulphation, such as liquid chromatography-mass spectrometry, may be more
useful for determining sulphation patterns of CS-GAGs following exercise training

(Alonge et al., 2019).

4.5.3 PNNs in the motor cortex following exercise training.

This is the first study to explore the role of exercise training on PNN expression
in the motor cortex. The staining intensity of aggrecan and WFA, and the total
and phenotypic PNN counts were comparable between sedentary controls and
trained animals. In Chapter 3, gene expression of RhoA/ROCK pathway
components were also resistant to change in the cortex, suggesting that the
motor cortex is not susceptible to exercise-induced plasticity. In support of this,

enhanced expression of BDNF, a known facilitator of neural plasticity, was
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observed in the hippocampus whilst not in the cortex following voluntary wheel

running (Neeper et al., 1996).

45.4 Conclusions

This study provides a novel insight into how treadmill training alters PNN
composition in the CNS. MICT induced a shift towards a higher proportion of
PNNs that express only aggrecan without WFA in the hippocampus. This
suggests that MICT may modulate the expression of CS-GAG chains in
hippocampal PNNs. As the hippocampal region is related to learning and
memory, it would be beneficial to investigate whether the exercise-induced

changes in PNN composition are associated with memory improvements.
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Chapter 5 The effect of exercise and hippocampal Chstll

overexpression on object recognition memory.

115



5.1 Introduction

Both exercise training and the enzymatic/transgenic ablation of PNNs have been
documented to improve object recognition memory (O’Callaghan, Ohle and Kelly,
2007; Bechara and Kelly, 2013; Romberg et al., 2013; Rowlands et al., 2018). In
the hippocampus, exercise training in the form of voluntary wheel running
reduced the number of PNNs (Smith et al., 2015), and treadmill training induced
a shift towards more PNNs expressing aggrecan core protein without labelled
CS-GAG chains (Chapter 4). However, it is not yet known whether the exercise-
induced modulation of PNNs is involved in improving hippocampal-related

memory.

Studies implicating PNNSs in object recognition memory often completely remove
PNNs, either by using the bacterial enzyme chondroitinase ABC that degrades
CSPGs, or by genetic knockout of aggrecan or the link protein CTRL1 that both
prevent PNN formation (Romberg et al., 2013; Rowlands et al., 2018). However,
manipulating CS-GAG sulphation via overexpressing the chondroitin 6-
sulfotransferase (Chst3) rescued deficits in object recognition memory in aged
mice (Yang et al., 2021). It will be noteworthy to determine whether the more
subtle modulation of CS-GAGs whilst maintaining intact aggrecan-positive PNN
structure following treadmill training (as observed in Chapter 4) leads to

improvements in object recognition memory.

There is currently no experimental model suitable for testing whether there is a
causal relationship between the exercise-induced modulation of CS-GAGs and
improved object recognition memory. MICT was not shown to change the overall

number of PNNs, therefore we sought to target CS-GAG chains to make them
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more inhibitory and to impair object recognition memory. As enhancing C6S with
Chst3 overexpression promoted plasticity and improved object recognition
memory, it was expected that overexpressing the inhibitory C4S sulphation
pattern on CS-GAGs would have the opposing effect of impairing object
recognition memory. Therefore, this study intended to use the chondroitin 4-
sulfotransferase, Chstll, to investigate whether exercise-induced CS-GAG
modulation played a causal role in object recognition memory. In Chapter 4, MICT
induced a shift towards a higher proportion of PNNs expressing aggrecan without
WEFA labelling, suggesting that CS-GAG expression had been reduced. As CS-
GAGs will be targeted by Chst11 to increase the inhibitory sulphation pattern, the
exercise-induced modulation of hippocampal CS-GAGs may attenuate memory

deficits produced by Chstl11 overexpression.
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5.2 Aims

This chapter aimed to establish whether the exercise-induced modulation of CS-
GAG expression within hippocampal PNNs lead to improvements in object
recognition memory. To achieve this, an experimental model was developed to
upregulate C4S sulphation of CS-GAG GalNAc residues using hippocampal
injections of AAV1-PGK-CHST11. It was hypothesised that the overexpression
of Chst11 would upregulate hippocampal C4S and impair novel object recognition
memory. This model was then used to investigate whether the modulation of CS-
GAGs induced by exercise training was causally linked with improved object
recognition memory performance. It was hypothesised that exercise training
(MICT) would modulate CS-GAG chains that contained the inhibitory CA4-
sulphation, and therefore attenuate memory-impairments induced by Chstll

overexpression.
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5.3 Methods

5.3.1 Study overview

32 male Wistar rats (200-250 g) received stereotaxic hippocampal injections to
overexpress either GFP or Chstl1. Each group was further split into an exercise
(MICT) or sedentary group for six weeks. MICT was conducted once a day, five
days a week, for six weeks (see General Methods Section 2.2 for in-depth MICT
protocol). Experimental groups were: Sedentary+GFP; Exercise+GFP;
Sedentary+Chstll; and Exercise+Chstll (n=8). After the six-week training
period, novel object recognition tests took place to assess memory outcomes
(timeline in Figure 5.1). CNS tissue was collected following the final day of

behavioural testing.

Stereotaxic surgeries
B e

Week 0 1 2 3 4 5 6 7 8 9 0 11 12
1 |

Figure 5.1. Study timeline for experiments in Chapter 5.

Adult male Wistar rats received hippocampal injections to over express either
GFP or Chstl1. Half of each group remained sedentary whilst the other half
completed a six-week moderate intensity training protocol (once a day, 5 days
a week, for six weeks). Memory testing (novel object recognition) was
performed after the training regime. Novel object preference was measured
following three hour and 24 hour time delays. Two behavioural trials were
conducted for each timepoint with 48 hours rest between each behavioural
trial. CNS tissue was collected 24 hours after the last day of behavioural
testing.
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5.3.2 Stereotaxic surgeries (Overexpressing Chstl11)

Animals were anaesthetised using isoflurane (5 % in Oz for induction and 2.5 %
in O2 for maintenance). The dorsal surface of the head was shaved and sterilised
(50% iodine, 50% ethanol solution), and eye lubricant (Lubrithal) was applied.
Animals were placed on a homeothermic heat pad (Harvard Apparatus
Homoeothermic Monitoring System; Harvard Apparatus, Massachusetts, USA)

and were secured in a stereotaxic frame throughout the surgery.

A skin incision was made on the midline of the head and connective tissues were
pushed away with a cotton bud to expose landmarks of the skull. Bone wax was
applied to the skull to suppress bone bleeding. The head was aligned so that
Bregma and Lambda were within 1 mm of each other. Bilateral craniotomy
windows (approximately 3.5 x 3 mm) were drilled using 1 mm round-headed drill
bits and a dental drill (Saeshin Dental STRONG 90 Micro motor with 102S Hand
piece 35,000 RPM; Saeshin Precision Co., Daegu, Korea). Skin retractors were
used to keep the craniotomy windows clear. Six x 0.5 uL injections (3 each
hemisphere into CA1, CA2, and CA3- total virus volume 3 uL per rat) of either
AAV1-PGK-GFP or AAV1-PGK-CHST11 (Vigene Biosciences, Maryland, USA)
were injected into the dorsal hippocampus (see Table 5.1 and Figure 5.1 for
coordinates). The AAV1-PGK-CHSTL11 virus also contained FLAG and His tags
to aid visualisation in future immunohistochemistry experiments (AAV1-PGK-
Chstl1lvl-FLAG-His). The 0.5 uL of virus was injected over two minutes (250
nL/min) using a 5 uL Hamilton Syringe (26 gauge needle) and a UMP3

Microinjection Syringe Pump with Micro4 controller (WPI Instruments, Florida,

USA). The needle was left in position for two minutes to allow residual AAV to be
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absorbed before being slowly withdrawn. After the final injection the skin was
sutured close with non-absorbable suture. Pain relief (Vetergesic Buprenorphine;
0.015 mg/kg; Henry Schein Animal Health, Dumfries, UK) and antibiotics (Baytril
enrofloxacin; 2.5 mg/kg; Henry Schein Animal Health, Dumfries, UK) were
administered by subcutaneous injection before removal from anaesthesia and for

three days following surgery.

Table 5.1. Hippocampal injection coordinates.

Left hemisphere Right hemisphere
AXis CA3 CA2 CAl CAl CA2 CA3
AP -0.33 -0.33 -0.33 -0.33 -0.33 -0.33
ML -0.35 -0.3 -0.2 0.2 0.3 0.35
DV -0.36 -0.3 -0.26 -0.26 -0.3 -0.36

AP: Anterior-posterior; ML: Medial-lateral: DV: Dorsal-ventral. All coordinates given in cm from
Bregma (zero).
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Figure 5.2. Stereotaxic hippocampal injections.

A. Red boxes indicate approximately where the ~3.5 x 3 mm craniotomy
windows were drilled in relation to the skull landmarks. B. A stereotaxic surgery
image showing the skin retractors keeping the craniotomies clear whilst the
Hamilton needle is injected. C. The red stars mark the location of the six 0.5
uL injections of virus into the hippocampal CA1, CA2, and CA3 regions. A and
C modified from the Rat Brain Atlas (Paxinos and Watson, 2013).
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5.3.2.1 Confirmation of stereotaxic hippocampal injection location.

Brain tissue was prepared and immunohistochemically stained as described in
Section 4.3.3. Hippocampal sections (Bregma -3.30 mm) from animals injected
with AAV1-PGK-GFP were stained with a primary GFP antibody raised in mouse
(9F9.F9, 1:500, Rockland) to visualise the overexpression of GFP induced by the
hippocampal injections, and co-stained with biotin-conjugated Wisteria floribunda
agglutinin  (WFA) (#L1766, 1:300, Sigma) to label PNNs. The secondary
antibodies used were donkey anti-mouse (1:1000, Alexa Fluor® 488, Invitrogen)
and streptavidin (1:250, Pacific Blue™, Invitrogen). Hippocampal tile scans were

imaged at 20X magnification on an Axio Scan Z1 slide scanner (Zeiss, UK).

5.3.3 Chstll overexpression — exercise protocol

Animals that received hippocampal injections of either AAV1-PGK-GFP or AAV1-
PGK-CHST11 were randomly allocated into four experimental groups: Sedentary
with GFP (Sed-GFP); Exercise with GFP (Ex-GFP); Sedentary with Chstl1 (Sed-
Chstl11); and Exercise with Chst11 (Ex-Chst11) (n=8/group). The exercise groups
performed the MICT protocol as described in Section 2.3.3. As some animals
refused to run on the treadmill in this study, exercise compliance was measured
as the mean percentage of training sessions that the animals complied with the

exercise protocol.

5.3.4 Physiological assessments

Body mass (g) was measured before each training session throughout the six-
week training period. Body mass change throughout the training period was
calculated from the first to last training day (Equation 3.1). Estimated total work
was calculated as outlined in Section 3.3.2.3.
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5.3.5 Novel object recognition

5.3.5.1 Apparatus construction

A Y-shaped apparatus was constructed with 10 mm matt white foam PVC (Cut to
size, Sheet Plastics, UK) using dimensions from (Winters et al., 2004) (Figure

5.3).

Figure 5.3. Y-shaped apparatus for novel object recognition tests.

The Y-shaped apparatus for rats was constructed using 10 mm matt white
foam PVC. All panels of the apparatus were 40 cm high. Panel A for the two
arms containing objects measured 27 cm in length. Panel B for the long arm
where the rat starts the experiment measured 35 cm. Panel C for the end of
each three arms measured 12 cm in length so that the internal width of the arm
measured 10 cm. Panel D measured 10 cm in length so that it could be slotted
in the longer arm as a guillotine door. Dimensions used from (Winters et al.,
2004).

124



5.3.5.2 Behavioural testing

Novel object recognition experiments were performed as outlined in (Romberg et
al., 2013). One arm of the Y-shaped apparatus was closed off by a guillotine door
where the rats were placed at the start of the experiments. The other two shorter
arms contained objects which the rat could explore once the guillotine door was
opened. All rats were familiarised to the Y-shaped apparatus that contained treats
(mini marshmallows) in the shorter arms for five minutes over two consecutive
days. In the sample phase of the experiments two identical objects were placed
in the short arms which rats could explore for five minutes (Figure 5.4 A-D).
Following a delay of either three or 24 hours, the rats returned to the apparatus
for the choice phase. In the choice phase the rats explored two new objects for
three minutes: one identical to the sample object pair, and one completely novel
object (Figure 5.4 E-H). The objects were held in place with white tack. Between
each trial the objects and the apparatus were cleaned with fragrance free
detergent (Citop Zero) to remove olfactory cues. The rats received two trials at
each different delay timepoint (four trials in total) with 48 hours rest in between
each trial. A different set of object pairings were used for each of the four trials.
Four different random orders of objects were used throughout the experiments.
The choice phase was recorded using a camcorder and tripod above the Y-

shaped apparatus.
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Figure 5.4. Object pairs used in novel object recognition tests.

A-D. Identical object pairings used in the five minute sample phase. E-H. Novel
object pairings used in the three minute choice phase.

5.3.5.3 Video analysis

The time that rats explored the familiar and novel objects in the choice phase was
timed using the Multiple Stopwatches function in the XNote Stopwatch software
for desktop (Figure 5.5) (http://www.xnotestopwatch.com/). The timers were
controlled by the keyboard and results were exported directly to Excel
documents. Object exploration was timed when the rat was directly looking
at/sniffing the object. Exploration was not timed if the rat looked away, stood

above/on top of the object, or was sniffing/nibbling the white tack.
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Figure 5.5. Novel object recognition video analysis.

Video screenshot of the choice phase being analysed with XNote Multiple
Stopwatches. Green timer: familiar object — unicorn; Pink timer: novel object —
dinosaur.

Equation 5.1. Discrimination index.

Discrimination index

B (Time exploring novel object — Time exploring familiar object)

~ (Time exploring novel object + Time exploring familiar object)

The discrimination index was calculated using Equation 5.1. The discrimination
index was calculated for one minute of video footage from the choice phase. The
discrimination index gives a score between -1 and 1. A positive score shows that
more time was spent exploring the novel object. Whereas a negative score shows
that more time was spent exploring the familiar object. Rodents are expected to

remember that they have already seen the familiar object and spend more time
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exploring the novel object. Thus, rats with memory impairments would be

expected to have lower discrimination indices.

5.3.6 Tissue collection

24 hours after the final day of behavioural testing, animals were overdosed with
an intraperitoneal injection of sodium pentobarbital (200 mg/kg) to induce deep
anaesthesia. Once the blink and pedal reflexes were absent tissue was collected
in the following ways. Half of the rats from each experimental group were
decapitated and fresh dissection of the brain and spinal cord were performed
rapidly. The hippocampus, cortex (directly above the hippocampus), cerebellum,
striatum, and lumbar region of the spinal cord were snap frozen in Eppendorfs
using liquid nitrogen and later stored at —80°C. The other half of the rats from
each experimental group were transcardially perfused (Gage, Kipke and Shain,
2012) with sodium phosphate buffer (1 M PB), followed by 4% paraformaldehyde
(PFA), and a final rinse with 1 M PB. Brains were dissected out and post-fixed in
4% PFA overnight at 4°C. The tissue was then cryoprotected in a 30% sucrose
solution with 1 M PB and stored at 4°C. Fixed brain tissue was collected for future
immunohistochemistry experiments. Fresh CNS tissue was collected for future

CS-GAG quantification experiments.

5.3.7 Statistical analysis and experimental design

Data are presented as means * standard deviation (SD) unless otherwise
specified. The alpha level was set at 0.05 and statistical significance was denoted
in figures with an asterisk (*p<0.05). If other symbols were used they were noted

in the figure captions. All statistical analysis was performed in IBM SPSS software
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version 26 (IBM, USA). Shapiro-Wilk tests determined normality prior to

conducting statistical tests.

5.3.7.1 Exercise and physiological assessments

Body mass data are presented as the mean + SEM (bar chart). Independent t-
tests were performed to compare the change in body mass throughout the six-
week training period between the exercise groups and their sedentary controls
(Ex-GFP vs. Sed-GFP; Ex-Chstll vs. Sed-Chstl1). Exercise compliance data
are presented as mean percentage of sessions that the animals complied with
the exercise protocol (stacked bar chart). Differences in exercise compliance

were analysed with a Chi-Squared test (x?). All group sizes were n=8.

5.3.7.2 Novel object recognition

For behavioural analysis all group sizes were n=8. Data in bar charts are
presented as the mean £ SEM. A mixed mode ANOVA was used to investigate
the interaction between experimental groups and the time delay of behavioural
testing, followed up by paired t tests to analyse differences in the discrimination
index between the 3 and 24 hour time delays for each experimental group. A one-
way ANOVA compared differences in the discrimination index between groups
followed by Bonferroni post hoc tests. The percentage of trials with preference
for the novel object was compared between groups using with a Chi-Squared test

(x?) and presented in stacked bar charts.
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5.4 Results

5.4.1 Confirmed location of stereotaxic hippocampal injections.

Hippocampal sections from animals injected with AAV1-PGK-GFP displayed
immunoreactivity against GFP in the CAl, CA2, and CA3 regions of the
hippocampus (Figure 5.6). This confirmed that the stereotaxic injection protocol

was successful in delivering on-target AAV injections to the hippocampus.

130



WFA

GFP

MERGE

Figure 5.6. GFP expression in the hippocampus following AAV1-PGK-GFP
injections.

A hippocampal tile scan stained for GFP (green) and Wisteria floribunda
agglutinin (blue) to visualise GFP expression and PNNs, respectively, in an
animal injected with AAV1-PGK-GFP. Animals received six 0.5 puL
hippocampal injections (three each hemisphere) of AAV1-PGK-GFP targeting
the CAL, CA2, and CA3 regions. GFP (green) was expressed in the CAl, CA2,
and CA3 regions, confirming the on-target delivery of AAV into the
hippocampus. Scale bar: 200 um. Hippocampal section: Bregma -3.30 mm.
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5.4.2 Hippocampal Chstll overexpression reduced exercise

training compliance.

The percentage of training sessions in which animals complied with the MICT
protocol was significantly reduced in animals that received AAV injections to
overexpress Chstll in the hippocampus compared to animals that had GFP
overexpression (Ex-Chst11: 58 %, Ex-GFP: 81 %, x?=24.67, p<0.00001) (Figure
5.7). This suggests that hippocampal Chstll expression induced behavioural

changes and reduced the animals’ will to complete forced exercise.

® Compliant ®Non-compliant

100% -
90% -
80% -
70% -
60% -
50% -
40% -
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20% -
10% -
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Percentage of training sessions

Ex-Chst11 Ex-GFP

Figure 5.7. Chstl1 overexpression in the hippocampus reduced treadmill
training compliance.

Exercise compliance was reduced in male Wistar rats that received
hippocampal injections of AAV1-PGK-CHST11 in comparison to AAV1-PGK-
GFP. Stacked bars present the mean percentage of training sessions in which
animals were compliant or non-compliant with the moderate intensity
continuous training (MICT) protocol over six weeks. Exercise compliance was
calculated as the percentage of training sessions that the animals complied
with the protocol. Non-compliance was recorded when the animals refused to
run on the treadmill. Statistical significance was determined using a Chi-square
test (*p<0.05). n=8. Ex — exercise (MICT protocol), Chstll - Carbohydrate
(chondroitin 4) sulfotransferase 11, GFP — green fluorescent protein.
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Similar to previous exercise cohorts in this thesis, the trained animals that
received the control GFP injections (Ex-GFP) gained less body mass following
six weeks of MICT than their sedentary controls (Sed-GFP) (Ex-GFP: 52.13 +
12.17 g; Sed-GFP: 73.50 £ 25.32 g, t(14)= 2.152, p= 0.049) (Figure 5.8).
However, the change in body mass of trained animals that received
hippocampal Chst11 injections (Ex-Chst11) was comparable to their sedentary
controls (Sed-Chstll) (Ex-Chstll: 65.88 + 19.21 g; Sed-Chstll: 76.00 +
14.452 g, t(14)= 1.191, p= 0.253). This is likely a reflection of the reduced
willingness to exercise observed in animals with Chstl1 overexpression, thus
resulting in lower energy expenditure. Using the percentage of compliant
training sessions, the total distance performed by each training group was
estimated. Throughout the study, Ex-GFP animals were collectively estimated
to run 14.952 km, whereas Ex-Chst11 animals were estimated to run a total of

9.744 km.
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Figure 5.8. Change in body mass throughout six weeks of MICT.

Exercised male Wistar rats that received hippocampal GFP injections gained
less body mass during six weeks of training than their sedentary controls,
whilst change in body mass was comparable between trained and sedentary
Chst11 animals. Change in body mass was calculated between training day
one and training day 30. Bars represent mean change in body mass + SEM.
*p<0.05 compared to corresponding sedentary control. Sed — sedentary; GFP
— green fluorescent protein, Ex — exercise (moderate intensity continuous
training); Chstll - Carbohydrate (chondroitin 4) sulfotransferase 11. n=8.
Statistical significance determined using independent t-tests between exercise
groups and their corresponding sedentary control.

5.4.3 Hippocampal Chstll overexpression impaired object

recognition memory after 3 hours.

Novel object recognition tests were conducted following six weeks of MICT. Rats
were exposed to two identical objects in a Y-maze, removed from the apparatus
for either a three hour or 24 hour delay, and then exposed to a new object pairing
containing one familiar object and one novel object. Based on the innate curiosity
of rats, the rats should recognise the familiar object and spend more time
exploring the novel object. The exploration times of the familiar and novel objects

were used to calculate the discrimination index which ranged between -1 and 1.
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A positive value indicated novel object preference, whereas a negative value

showed that the animal spent more time exploring the familiar object.

At the three hour delay, animals with hippocampal Chst11 overexpression (Sed-
Chstll and Ex-Chstll) showed statistically significant reductions in the
discrimination index than Ex-GFP animals (Ex-GFP: 0.541 + 0.141 discrimination
index; Sed-Chstll: 0.213 + 0.249 discrimination index, p=0.044; Ex-Chst11:
0.200 £ 0.264 discrimination index, p=0.034; F(3,28)=5.092, p=0.006) (Figure
5.9). There were no statistically significant differences in the discrimination index
between experimental groups at the 24 hour delay (Sed-GFP: 0.281 + 0.328
discrimination index; Sed-Chst11: 0.221 + 0.421 discrimination index; Ex-GFP:
0.362 £ 0.335 discrimination index; Ex-Chstl1l: 0.401 + 0.286 discrimination

index; F(3,28)=0.436, p=0.729).

A mixed mode ANOVA showed a trend in the interaction between experimental
groupings and time points (F(3,28)=2.374, p=0.091). Therefore, paired t tests
were performed to compare the differences in the discrimination index between
the three and 24 hour delays for each experimental group. Memory performance
was comparable between Sed-GFP and Ex-GFP animals at both the three and
24 hour time delays, with both groups showing a non-statistically significant
reduction in discrimination index at 24 hours compared to three hours (Sed-GFP:
3 hours 0.495 + 0.233 discrimination index, 24 hours 0.281 + 0.328 discrimination
index, t(7)=2.196 p=0.064; and Ex-GFP: 3 hours 0.541 + 0.141 discrimination
index, 24 hours 0.362 + 0.335 discrimination index, t(7)=1.294 p=0.237) (Figure
5.9). When focusing on the groups that received hippocampal Chstl11 injections,

both Sed-Chstll and Ex-Chstll showed comparable impairments in object
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memory at the three hour time delay. After 24 hours, there was no change in the
discrimination index of Sed-Chst11 animals in comparison to the three hour time
point (Sed-Chst11: 3 hours 0.213 + 0.249 discrimination index, 24 hours 0.221 +
0.421 discrimination index, t(7)=-0.052 p=0.960). However, Ex-Chstl1l animals
showed a trend for object recognition memory improvements after 24 hours
compared to the three hour delay (Ex-Chstll: 3 hours 0.200 + 0.264
discrimination index, 24 hours 0.401 = 0.286 discrimination index, t(7)=-2.038
p=0.081). This suggests that MICT was able to override the memory impairments

induced by Chst11 at the latter timepoint.
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Figure 5.9. Hippocampal Chstll overexpression impaired object

recognition memory.

Novel object recognition memory was impaired in male Wistar rats that
received hippocampal injections of AAV1-PGK-CHST11 at the 3 hour time
delay. * - p<0.05 in comparison to Ex-GFP. Bars represent the mean
discrimination index + SEM. n-8. Statistically significant differences in the
discrimination index between each experimental group were analysed using
one way ANOVAs and Bonferroni post hoc tests for the three hour and 24 hour
time delays. A mixed mode ANOVA showed that there was a trend for an
interaction between the experimental groups and time delays (F(3,28)=2.374,
p=0.091). To further investigate this interaction, paired t tests were used to
compare the discrimination index between the 3 hour and 24 hour time delays.
The Ex-Chst11 group showed a trend for exercise training to alleviate memory
impairments induced by Chstl11 in the 24 hour time point compared to three
hours (Ex-Chst11: 3 hours 0.200 £ 0.264 discrimination index, 24 hours 0.401
+ 0.286 discrimination index, t(7)=-2.038 p=0.081). Sed — sedentary; GFP —
green fluorescent protein, Ex — exercise (moderate intensity continuous
training); Chstl11 - Carbohydrate (chondroitin 4) sulfotransferase 11.
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5.4.4 Exercise training increased novel object preference after 24

hours.

In addition to the discrimination index, the percentages of trials in which animals
spent more time with the familiar or novel objects were calculated. Similar to the
discrimination index, at the three hour delay there was a reduction in novel object
preference in the Sed-Chstll and Ex-Chstll groups in comparison to animals
overexpressing GFP (x?= 39.17, p<0.00001) (Figure 5.10). At the 24 hour time
delay, both exercise groups (Ex-GFP and Ex-Chstll) demonstrated a higher
proportion of trials with novel object preference than the sedentary animals (Sed-

GFP and Sed-Chst11) (x2= 11.68, p=0.009).
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Figure 5.10. Exercise training reduced familiar object preference in Chstll
animals.

Stacked bars present the mean percentage of training sessions in which
animals preferred either the novel or familiar objects following delays of either
3 hours (A) or 24 hours (B). Preference for the familiar object increased in male
Wistar rats that received hippocampal injections of AAV1-PGK-CHST11
compared to AAV1-PGK-GFP at the 3 hour time delay. Following 24 hours,
rats that received Chst11 and exercise training had reduced preference for the
familiar object. The percentage of trials with preference for the novel and
familiar objects were compared between groups with a Chi-Squared test (x?)
n=8. Sed - sedentary; GFP — green fluorescent protein, Ex — exercise
(moderate intensity continuous training); Chstll - Carbohydrate (chondroitin
4) sulfotransferase 11.
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5.5 Discussion

Sulphation patterns of chondroitin sulphate influence plasticity in the CNS (Miyata
et al., 2012). The increase in C4S:C6S ratio observed in aged rodents wass
associated with impaired object recognition memory (Yang et al., 2021). Here, an
AAV1 vector expressing Chstll was injected into the hippocampus in order to
upregulate C4S, thus increasing the ratio of C4S:C6S. This is the first known
study to induce expression of Chstll in the rodent CNS. The hippocampal
Chstl11 injections were intended to impair object recognition memory to provide
an experimental control group to assess whether exercise-induced CS-GAG
modulation improved memory. This study demonstrated that hippocampal
Chstll overexpression impaired memory performance in the three hour time
delay of novel object recognition testing. This supports the notion that patterns of
CS-GAG sulphation play an important role in controling memory in the
hippocampus. Secondly, this is the first study to investigate whether exercise
training improves object recognition memory via modulating hippocampal CS-
GAGs. Although exercise training had no statistically significant effect on the
discrimination index, exercise increased the proportion of 24 hour delay trials
during object recognition testing in which rats showed preference for the novel
object compared to the familiar object. This suggests that whist hippocampal
Chstll overexpression impaired short-term memory (three hours delay),
exercise training can attenuate the decline observed in object recognition

memory between the three and 24 hour timepoints.
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5.5.1 Hippocampal Chstll overexpression impairs object

recognition memory.

The broad degradation of CS-GAGs in PNNs and extracellular matrix, and the
specific removal of PNNs have been shown to improve object recognition
memory (Romberg et al., 2013; Rowlands et al., 2018). This study demonstrates
that biochemically manipulating PNNs via CS-GAG sulphation also has the
capacity to impact object recognition memory. Hippocampal injections of AAV1-
PGK-CHST11 impaired object recognition memory in both sedentary and MICT
adult rats. Further supporting the role of C4S in memory impairment, an antibody
blocking C4S attenuated memory deficits in a tauopathy mouse model (Yang et

al., 2017).

Whilst Chstll expression and C4S is inhibitory to neuronal plasticity, the
sulfotransferase Chst3 and C6S promote plasticity in the CNS (Miyata et al.,
2012; Foscarin et al., 2017; Yang et al., 2021). An AAV expressing Chst3 in the
perirhinal cortex ameliorated age-related impairments in object recognition
memory (Yang et al., 2021). Additionally, transgenic overexpression of Chst3
prevented the development of object recognition memory impairments in aged
mice (Yang et al., 2021). The opposing action of Chst11 and Chst3 supports that
PNN function is dependent upon CS-GAG sulphation patterns, which play a key

role in regulating cognition.

Increased Chst3 expression reversed the age-related decline in the number of
inhibitory synapses (stained with gephyrin) on parvalbumin-positive neurons and
normalised the increased parvalbumin expression in the perirhinal cortex of aged

mice (Yang et al., 2021). As aged rodents display high C4S:C6S ratio and a
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decreased number of inhibitory synapses on parvalbumin-positive neurons, it is
expected that the hippocampal Chstll injections (which increase C4S) would
also reduce the number of inhibitory synapses on parvalbumin-positive
interneurons in hippocampal networks. PNNs surround inhibitory interneurons in
the hippocampus, in which they regulate pyramidal cells (Yamada and Jinno,
2015; van’t Spijker and Kwok, 2017). PNNs are also observed to enwrap
excitatory pyramidal neurons in the CA2 region, preventing plasticity of excitatory
synapses (Carstens et al., 2016). Synapses surrounded by PNNs are stabilised
and PNNs are known to hinder synaptic formation (Sorg et al., 2016; van’t Spijker
and Kwok, 2017). Increases in C4S:C6S ratios make PNNs more inhibitory
(Foscarin et al., 2017), potentially making it harder for new connections to get
through the lattice-like PNN structure and further preventing the formation of new
synapses. Synaptic plasticity underpins memory formation (Takeuchi,
Duszkiewicz and Morris, 2014), therefore, the memory deficits observed following
Chstl11 overexpression may be due to reductions in synaptic connectivity in the
hippocampus. This is biologically plausible as the application of synthetic
chondroitin sulphate with a high C4S:C6S ratio reduced synaptic transmission in
the CAl and dentate gyrus regions of hippocampal slices (Albifiana et al., 2015).
Tissue collected from this study is currently being processed to address whether
the Chstl1 injections and MICT altered synaptic connectivity in the hippocampus.
Unfortunately, the start of the study in this chapter was delayed by over a year
due to COVID restrictions, thus making it impossible to complete the

immunohistochemistry experiments in time for thesis submission.
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Overall this study has confirmed that overexpression of Chstll in the male rat
hippocampus impaired object recognition memory. The overexpression of Chstl11
can therefore be used as a suitable experimental control for investigating whether
CS-GAG modulation is involved in activity-driven plasticity and hippocampal-
related memory improvements. Further investigations are required to explore the
therapeutic potential of neutralising C4S to improve cognition and remediate age-

related memory impairments.

5.5.2 Behavioural changes following hippocampal Chstll

overexpression.

In addition to impaired memory, behavioural changes were observed in rats that
received Chstl11 injections in the hippocampus. There was a higher proportion of
Chstll rats that completely refused to run on the motorised treadmill in
comparison to rats that received hippocampal GFP injections. Furthermore, some
Chst11 rats displayed extreme distressed and vocal behaviour whilst attempting
to escape from the treadmill, behaviour which was not observed in other exercise
cohorts. GFP injected rats were placid, whereas Chstl1 rats were observed to
chew through and escape from their carry boxes, and bite the experimenter.
Hippocampal lesions have been demonstrated to increase locomotion and
hyperactivity in rats (van Praag, Dreyfus and Black, 1994). It is possible that the
six stereotaxic hippocampal injections may have induced hyperactivity, however,
as all rats in this study received hippocampal injections it is expected that the
distressed behaviour observed was due to the overexpression of Chstll.
Although behavioural distress was observed, it is important to note that animals

did not display any visual signs of clinical distress such as pain or abnormal
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respiration, grooming, motor posture, or appetite (National Research Council
Committee (US), 2008; Sotocinal et al., 2011). However, pain was not assessed
experimentally and should be considered for future experiments overexpressing
hippocampal Chstl11. Possible behavioural tests to investigate hyperalgesia and
neuropathic pain include Randall-Selitto paw pressure and von Frey tests

(Chaplan et al., 1994; Santos-Nogueira et al., 2012).

Behavioural changes following Chstll injections were observed by the
experimenter. Although this is not quantitative data, it does suggest that the
upregulation of C4S in hippocampal PNNs may contribute to alterations in mood
or emotion. Although beyond the scope of this study, the hippocampus has been
implicated in psychiatric and mood disorders such as depression, schizophrenia,
anxiety and bipolar disorder (Campbell and MacQueen, 2004; Revest et al., 2009;
Femenia et al., 2012; Cao et al., 2017; Lieberman et al., 2018), and interacts with
the amygdala which is associated with fear and emotion (Yang and Wang, 2017).
Increases in C4S immunoreactivity have been observed in post-mortem
hippocampal tissue from schizophrenia patients (Yukawa et al., 2018). Moreover,
post-mortem samples have shown a reduction of C6S in the amygdala from
patients with schizophrenia and bipolar disorder (Pantazopoulos et al., 2015).
Together with the behavioural observations in this study, these results suggest
that hippocampal CS-GAG sulphation patterns may play a role in the
pathophysiology of psychiatric or mood disorders. The hippocampal injections
overexpressing Chstll may have had an effect on the amygdala due to its
proximity and connection to the hippocampus. Tissue collected in this study will

be wused in immunohistochemistry experiments to determine whether
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hippocampal Chst11 also affects the expression of PNNs and structural plasticity
in the amygdala. More research is warranted to elucidate the behavioural effect
of hippocampal Chstll overexpression. It is possible that C4S could be a

therapeutic target for the treatment of mood and psychiatric disorders.

5.5.3 MICT improved object recognition memory after 24 hours.

Treadmill training has been documented to improve object recognition memory
in healthy adult rats (O’Callaghan, Ohle and Kelly, 2007; Bechara and Kelly,
2013). In Chapter 4, MICT was shown to increase the proportion of PNNs that
express only aggrecan without CS-GAG labelling in the hippocampus. To
investigate whether the exercise-induced CS-GAG modulation was involved in
memory improvements, six weeks of MICT was implemented following
hippocampal Chstll injections that impair object recognition memory via
upregulating the inhibitory sulphation of CS-GAGs. The hippocampal Chstll
injections impaired object recognition memory in both sedentary and trained
animals at the three hour delay. At the three hour time delay, MICT was not shown
to improve object recognition memory in animals that received either GFP control
injections or Chstll overexpression. The memory impairments induced by
Chstl11 remained comparable between three and 24 hours in sedentary animals.
However, there was a trend of a higher discrimination index in the Ex-Chst11
group at 24 hours compared to the three hour time delay. Additionally, MICT
showed a statistically significant increase in the proportion of trials in the 24 hour
delay which demonstrated a preference for the novel object in both the Ex-GFP
and Ex-Chst11 groups. These results show that MICT is capable of attenuating

memory deficits induced by hippocampal C4S sulphation at the 24 hour delay,
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supporting a causal role of exercise-induced CS-GAG modulation in improved

object recognition memory.

The MICT protocol adopted in this study involved a relatively low volume of daily
exercise (33 minutes/day). Other treadmill paradigms utilising low daily exercise
volumes (28 and 30 minutes/day) have also been reported to not produce
statistically significant improvements in novel object recognition tests in healthy
animals (Cefis et al., 2019; Constans et al., 2021). Whereas, longer durations of
treadmill training sessions (one hour/day for seven days) have been documented
to enhance object recognition memory (O’Callaghan, Ohle and Kelly, 2007;
Bechara and Kelly, 2013). These results indicate that daily training volume is an

important factor for enhancing object recognition memory in healthy rodents.

Animals used in this thesis and the aforementioned studies were young adult rats.
Data presented in Figure 4A shows that animals in the control group (Sed-GFP)
showed preference for the novel object in around 90% of trials at the three hour
time delay, which does not leave much room for improvement. It is possible that
exercise training has a more potent impact on improving object recognition
memory in aged rodents, or models of Alzheimer’s disease in which cognitive
decline has already manifested. Aged rats (19-26 months old) displayed impaired
object recognition memory in comparison to young adult rats (three to four
months old) (Luparini et al., 2000; Terry, Kutiyanawalla and Pillai, 2011).
Moderate intensity treadmill training has been documented to improve object
recognition memory in 32 month old rats, but not 24 month old rats (Téglas et al.,
2019). The overexpression of Chst3 improved object recognition memory in 20

month old mice, whilst having no effect on young mice (6 months old) (Yang et
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al., 2021) This further supports that the success of interventions to improve object
recognition memory is age-dependent. Additionally, treadmill exercise with low
daily training volume (30 - 40 minutes) normalised object recognition memory
impairments in a rat model of Alzheimer’s disease (Farzi et al., 2019; Dare et al.,

2020).

In summary, MICT may have a more profound effect on object recognition
memory in aged rats or in neurological conditions such as Alzheimer’s disease
where cognitive decline has developed. It is yet to be investigated whether the
exercise-induced modulation of PNNs or CS-GAGs plays a role in ameliorating
memory impairments in aged or Alzheimer's rodent models. Exploring this
avenue may further elucidate therapeutic mechanisms of exercise training that

are advantageous for managing cognitive decline.

5.5.4 Future work

Following behavioural testing, fresh and fixed brain tissue was collected to
investigate structural hippocampal plasticity following MICT and Chstll
overexpression. To further establish whether exercise training modulates CS-
GAGs in the hippocampus, quantitative CS-GAG extraction experiments will be
performed on fresh hippocampal samples. These experiments will also provide a
novel insight into whether Chstl1l expression also alters the overall number of
CS-GAGs in the hippocampus, or if CS-GAG numbers remain the same and only

sulphation is manipulated.

The overexpression of Chstll is expected to make PNNs more inhibitory and
restrict plasticity. Additionally, MICT is expected to modulate CS-GAGs and

promote plasticity. Therefore, it will be beneficial to investigate excitatory and
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inhibitory connectivity in PNNs of different hippocampal regions. To do this, fixed
cryosections will be immunohistochemically stained for PNNs, excitatory

synapses (HOMER antibody), and inhibitory synapses (gephyrin antibody).

5.5.5 Conclusions

Overall, this study suggests that the overexpression of Chstll impairs object
recognition memory. However, immunohistochemistry experiments are required
to confirm the spread of the virus and investigate C4S expression alongside
structural changes in order to link hippocampal Chst11 expression with impaired
object recognition memory. MICT showed a positive effect of exercise training on
memory with increased preference for the novel object after 24 hours.
Furthermore, MICT rescued memory impairments associated with Chstl11 after
24 hours that remained unchanged from the three hour time point in sedentary
animals. These results support that exercise-induced plasticity is not only
dependent on mechanisms related to the upregulation of neurotrophic factors
such as BDNF, and that the regulation of inhibitory molecules via exercise training

may also play a critical role in how exercise effects the brain.
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Chapter 6 General discussion
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6.1 Summary of key findings

The aim of this thesis was to explore whether exercise training moderated the
expression of inhibitory molecules that restrict CNS plasticity. Primary
investigations demonstrated that treadmill training in the form of MICT modulated
aggrecan expression, altered the biochemical composition of PNNs, and
alleviated memory deficits induced by overexpression of Chstll in the
hippocampus. Figure 6.1 depicts a proposed mechanism for how Chstll and
MICT alter the biochemical structure of PNNs and impact novel object recognition
memory. This thesis has provided a novel insight into how exercise training

modulates the restriction of plasticity in the CNS of adult rats.

6.2 Exercise modulates PNN composition and improves novel
object preference.

This is the first study to show that aggrecan mRNA and PNN composition can be
regulated by treadmill training. It is well documented that exercise promotes
plasticity by enhancing neurotrophic factors such as BDNF (Gémez-Pinilla et al.,
2002; Vaynman, Ying and Gémez-Pinilla, 2004; Griffin et al., 2009; Lee et al.,
2012; Bechara and Kelly, 2013; Freitas et al., 2018; Liu and Nusslock, 2018;
Pietrelli et al., 2018). This thesis supports the notion that exercise has a dual
effect in the CNS, and also has the capacity to modulate molecules that are

known to restrict plasticity.

In the hippocampus, the total number of PNNs was not altered by exercise
training. However, it has been suggested that changes in memory are dependent
on the biochemical composition of PNNs, rather than the overall number of PNN-

bearing neurons (Yang et al., 2021). Here, MICT was observed to increase the
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Figure 6.1. A proposed mechanism for how Chst1ll and MICT impact novel object recognition memory.
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A. Depicts a simplified structure of a perineuronal net (PNN) under the normal physiological conditions used within this thesis (sedentary
control animals). Hyaluronan synthase produces a hyaluronan back bone in which chondroitin sulphate proteoglycans (CSPGSs),
such as aggrecan, can bind to via link proteins. Chondroitin sulphate — glycosaminoglycan chains (CS-GAGS) are covalently attached
to serine residues within the CSPG core protein. Other PNN components such as different lecticans and tenascins were omitted from
the PNN schematic to clearly focus on the main candidates within this thesis, aggrecan (red) and CS-GAGs (blue).

B. Within this thesis, the overexpression of the chondroitin 4-sulfotransferase, Chstl1, in the hippocampus was shown to impair novel
object recognition performance. The Chstll gene is known to upregulate sulphation at position C4 on CS-GAGs (known as C4S —
depicted as the orange circle containing a white ‘S’). C4S is known to be inhibitory to neural plasticity, and thus, an upregulation of
C4S may impede the synaptic changes that are required to sustain memory formation.

C. Six weeks of moderate intensity continuous training (MICT — once a day, five days a week, for six weeks) was shown to induce a
shift towards a higher number of PNNs within the hippocampus that were labelled for aggrecan without CS-GAGs. Furthermore,
MICT was demonstrated to improve preference for the novel object within novel object recognition tests. As CS-GAGs contain the
inhibitory C4S, a reduction in the number of CS-GAGs in the hippocampus may create a more permissive environment for synaptic
formation and synaptic changes to occur that may facilitate memory formation. Therefore, the modulation of hippocampal CS-GAGs
induced by MICT may attenuate memory deficits associated with Chst11.

Note that this schematic has been created specifically within the context of this thesis. Further experiments are required to determine
whether Chstll overexpression upregulates the expression of hippocampal C4S, and whether Chstll and MICT result in synaptic
changes within the hippocampus that are associated with changes in novel object recognition memory performance.



proportion of PNNs expressing aggrecan and not WFA, suggesting that exercise
training modulated the expression of CS-GAGs in hippocampal PNNs. CS-GAGs
are implicated in learning and memory as their degradation with chondroitinase
ABC has been demonstrated to improve learning acquisition, object recognition
memory, and fear extinction (Gogolla et al., 2009; Romberg et al., 2013; Carulli
et al., 2020). Chondroitinase ABC results in the widespread digestion of CSPGs
in the extracellular matrix and degrades PNNSs. In comparison, MICT induced a
subtle modulation of CS-GAGs whilst PNN integrity was maintained. Therefore,
this study aimed to determine whether the more subtle modulation of CS-GAGs

following MICT played a causal role in improving object recognition memory.

AAV1-PGK-CHST3 has previously been used to increase C6S (the plasticity
promoting CS-GAG sulphation) in the perirhinal cortex of mice, and was observed
to enhance object recognition memory (Yang et al., 2021). Therefore, this study
injected AAV1-PGK-CHST11, intending to make PNNs more inhibitory by
upregulating C4S of CS-GAGs. It was expected that the overexpression of
hippocampal Chstl1l would impair object recognition memory, and that MICT
would modulate CS-GAG chains that contain the inhibitory C4S to attenuate the
memory deficits. The hippocampal injections overexpressing Chstll were
associated with impaired performance in object recognition tests. It is already
known that PNNs in the perirhinal cortex are involved in object recognition
memory (Romberg et al., 2013; Yang et al.,, 2021). However, this study
demonstrated for the first time that hippocampal PNNs may also play a role in
object recognition memory. There was a trend for MICT to improve novel object

discrimination between the 3 and 24 hour delays in animals that received Chst11
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injections suggesting that exercise training alleviates memory impairment
induced by C4S of CS-GAGs. Further supporting this, MICT increased the
proportion of trials in which animals displayed preference for the novel rather than
familiar object in Chstll treated animals. These are encouraging results to
support that CS-GAG modulation is a mechanism in which exercise training

Improves object recognition memory.

6.3 Does CS-GAG modulation reorganise synaptic circuitry?

Tissue is currently being processed to assess whether the exercise-induced
modulation of CS-GAGs promoted synaptic reorganisation and whether this was
associated with object recognition memory performance. Unfortunately due to

COVID related lab restrictions, this work could not be included in the thesis.

Chondroitinase ABC has been shown to increase the number of inhibitory
synapses, and decrease excitatory terminals around PNN bearing neurons in the
deep cerebellar nuclei (Carulli et al., 2020). Similar to removing CSPGs,
rendering them less inhibitory by overexpressing Chst3 in the perirhinal cortex
also increased the number of inhibitory synapses on parvalbumin-positive
neurons (Yang et al., 2021). In contrast, application of chondroitinase ABC to
hippocampal cultured neurons reduced the excitatory input to inhibitory neurons,
and reduced the number of inhibitory synapses to both excitatory and inhibitory
neurons (Dzyubenko et al., 2021). This was supported as in vivo application of
chondroitinase ABC in the cortex reduced the density of inhibitory synapses in
fast-spiking interneurons (Dzyubenko et al., 2021). These results demonstrate
that chondroitinase ABC, and thus CSPGs, distinctly affect synaptic organisation

in different neuronal populations. Therefore, it will be noteworthy to elucidate the
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organisation of circuitry in the hippocampus following both the exercise-induced
modulation of CS-GAGs, and the overexpression of Chstll to further

characterise the role of hippocampal PNNs in object recognition memory.

It is possible that the overexpression of Chstll will have the opposite effect of
Chst3, and reduce the number of inhibitory synapses around parvalbumin
positive interneurons in the hippocampus. Hippocampal parvalbumin
interneurons form synaptic connections on the soma, axon initial segment, and
distal dendrites that can reduce activity of pyramidal cells (Hu, Gan and Jonas,
2014). Both fast-spiking interneurons and pyramidal cells are surrounded by
PNNSs in the hippocampus (Carstens et al., 2016; Yamada and Jinno, 2017), and
thus the synaptic connections upon both types of neurons may be altered
following CS-GAG modulation. However, seven days of chondroitinase ABC
treatment reduced the excitatory synaptic transmission, and increased inhibitory
synaptic transmission of fast-spiking interneurons in the hippocampal CA2
region, whilst no changes in synaptic transmission were observed in CA2
pyramidal cells (Hayani, Song and Dityatev, 2018). Therefore, it is expected that
the modulation of CS-GAGs will have a more potent effect on the synaptic

organisation of hippocampal interneurons compared to pyramidal neurons.

6.3.1 Does MICT enhance synaptic formation?

It is expected that the exercised-induced modulation of CS-GAGs will make
hippocampal PNNs less inhibitory, and facilitate synaptic formation. Exercise
training has been documented to increase the expression of synapsin I, a
synaptic protein associated with GABAergic synapses, in the rodent
hippocampus (Vaynman, Ying and Go&mez-Pinilla, 2004). As discussed
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previously, the number of inhibitory synapses was increased following the
degradation of CS-GAGs using chondroitinase ABC (Carulli et al., 2020).
Though, it is yet to be directly investigated whether the modulation of CS-GAGs

is an underlying mechanism of exercise-induced hippocampal synaptogenesis.

This thesis also observed that exercise training reduced the expression of NgR2
in the hippocampus. This further supports that exercise enhances synaptic
formation as NgR2 is known to restrict the number of hippocampal synapses
(Wills et al., 2012). Additionally, MICT reduced the hippocampal expression of
several RhoA/ROCK pathway components including: Acan, OMGp, NgR2, NgR3,
GNA13, ROCK2, Limk1, and Crmp2. The RhoA/ROCK pathway plays a role in
restricting plasticity of dendritic spines, in which postsynaptic sites are located
(Spence and Soderling, 2015; Runge, Cardoso and de Chevigny, 2020). Thus,
the combined effect of downregulated gene expression within the RhoA/ROCK
pathway may enhance plasticity of dendritic spines, creating more target sites for
the formation of new synapses in the hippocampus. CSPGs are known to bind to
the receptors that activate the RhoA/ROCK pathway including NgR1, NgR3, and
PTPRS (Dickendesher et al., 2012). Chondroitinase ABC, that degrades CSPGs,
was observed to increase dendritic spine motility in the visual cortex (De Vivo et
al., 2013). It is possible that the reduced activation of the RhoA/ROCK pathway
dovetails with modulation of CS-GAGs observed following MICT to facilitate

synaptic reorganisation.

The remaining tissue from the final study in this thesis will be used to investigate
the excitatory/inhibitory synaptic organisation in hippocampal PNNs from MICT

and Chst11 animals. This will help determine whether exercise-induced CS-GAG
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modulation is causally linked with improved object recognition memory. These
findings will help elucidate the mechanisms underlying both exercise-dependent
memory improvements, and C4S-dependent memory impairments, which will be

advantageous for preventing or treating cognitive decline.

6.4 Exercise training does not regulate components of the
RhoA/ROCK pathway in the cortex and lumbar regions.

The gene expression of many components within the RhoA/ROCK pathway were
downregulated in the hippocampus following exercise training. However, the
cortex and lumbar regions were much less susceptible to exercise-induced
changes in the expression of RhoA/ROCK pathway genes. Within the cerebral
cortex, exercise training has also been shown to not alter BDNF mRNA (Neeper
et al.,, 1996) and BDNF protein (Serra et al., 2019), whilst hippocampal BDNF
levels were increased. However, cortical neurons in the latter study demonstrated
increased dendritic length, number of dendritic bifurcations, and number of
dendritic ends following exercise training, despite a lack of enhanced cortical
BDNF expression (Serra et al., 2019). These results suggest that the enhanced
dendritic complexity in the cortex following exercise training is independent of
BDNF and the regulation of RhoA/ROCK pathway components. It is possible that
exercise training regulates other mechanisms involved in dendritic plasticity
within the cerebral cortex that were not analysed in this thesis. For example,
reelin is an extracellular matrix glycoprotein that enhances dendritic growth, and
Wnt family glycoproteins enhance dendritic complexity (Arikkath, 2012). Exercise
training has been shown to upregulate Wnt/B-catenin signalling in the

hippocampus and the cerebral cortex (Bayod et al., 2014; Fang et al., 2017; Chen
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et al., 2020). Additionally, reelin expression was upregulated in the hippocampus
following exercise training (Seo et al., 2013; Baek, Ji and Lee, 2014), however, it

IS not yet known whether exercise training regulates cortical reelin expression.

This thesis showed that there were no statistically significant gene expression
changes within the RhoA/ROCK pathway in lumbar tissue following exercise
training. The lumbar region of the spinal cord contains motor neurons that are the
last point of CNS control over motor output of the hindlimbs (Borrell et al., 2016).
In the CNS of non-injured animals, the neuronal circuitry controlling motor output
may already be optimised and thus not require any structural plasticity. In support
of this, voluntary wheel running was shown to enhance the thickness of PNNs in
the lumbar spinal cord (Smith et al., 2015), potentially further stabilising the
existing synaptic connections of motor neurons. Aggrecan is a major CSPG
expressed in motor neurons (Irvine and Kwok, 2018). In this thesis, aggrecan
MRNA expression was shown to be slightly upregulated in lumbar tissue following
exercise training compared to sedentary animals (CON: 1, MICT relative fold
change 1.29, HIIT relative fold change 1.18). Although not statistically significant,
the increase in lumbar aggrecan mRNA expression supports the theory that

exercise training may be stabilising synapses of motor neurons.

6.5 MICT induces greater alterations in hippocampal PNN

composition than HIIT.

Previous research has demonstrated that HIIT is superior to MICT for enhancing
BDNF and GDNF protein levels in the rat hippocampus, despite the HIIT protocol
having a lower duration and total distance than MICT (Afzalpour et al., 2015).

Another study that work-matched MICT and HIIT also showed that HIIT enhanced
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the expression of hippocampal VEGF, PGC-1a (which stimulates mitochondrial
biogenesis), and Trk-B to a greater extent that MICT (Constans et al., 2021).
Similarly, this thesis reported that HIIT resulted in a greater reduction of aggrecan
MRNA than MICT in the hippocampus. However, MICT resulted in more
widespread changes in hippocampal PNN composition than HIIT. Although HIT
enhances a number of growth factors for neural plasticity to a greater extent than
MICT, low-moderate exercise intensities have been shown to be favourable for
improving memory performance (Inoue, Hanaoka, et al., 2015; Wu et al., 2020).
This thesis supports this as the MICT-induced modulation of CS-GAGs had a
positive effect on recognition memory. The fewer adaptations in hippocampal
PNNs following HIIT in comparison to MICT may be explained by the elevated
hippocampal Chst8 expression observed in HIIT animals. Chst8, a GalNAc 4-0
sulfotransferase, enhances C4S in CS-GAGs which is associated with lower
levels of plasticity. Furthermore, PNNs are known to protect neurons from
oxidative stress (Morawski et al., 2004; Cabungcal et al., 2013). In comparison to
MICT, HIIT was shown to increase the hippocampal levels of hydrogen peroxide
(H202), a marker of oxidative stress (Afzalpour et al., 2015). Therefore, PNNs in
the hippocampus of HIIT trained rats may be more resistant to change as a

protective mechanism against oxidative stress.

In this thesis, MICT and HIIT were matched for duration, distance, and estimated
work, thus the parameters that differed between the two groups were the nature
of exercise (continuous vs. interval) and the intensity of exercise. Lower intensity
treadmill training has previously been documented to be beneficial for improving

spatial memory in a rodent stroke model in comparison to higher-intensity
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treadmill training (Shih, Yang and Wang, 2013). Further comparisons of intensity
in continuous treadmill training have shown that high intensity exercise elevated
the stress hormone corticosterone in plasma, which was associated with lower
levels of neurogenesis than observed after moderate intensity exercise (Inoue,
Okamoto, et al., 2015). Inoue et al., (2015) also showed that moderate (below
lactate threshold) and intense (above lactate threshold) exercise training resulted
in different transcriptomic profiles in hippocampal tissue. The transcriptomic
profile of intense exercise training was associated with an excessive
inflammatory response which was expected to negatively regulate neural
plasticity and explain the lower levels of hippocampal neurogenesis (Inoue,

Okamoto, et al., 2015).

Lactate was once considered to be a mere waste-product of glycolysis during
exercise, however, exercise-derived lactate can cross the blood brain barrier and
iIs now thought to enhance exercise-mediated plasticity (Huang et al., 2021). In
the CNS, astrocytes also produce lactate that is used as an energy source to
sustain memory processes (Alberini et al., 2018). Voluntary wheel running has
been shown to increase hippocampal levels of lactate in mice, and lactate was
shown to improve spatial memory (El Hayek et al., 2019). However, it is not
known whether that voluntary wheel running paradigm included exercise below
or above the lactate threshold. The lactate threshold is the point where there is a
non-linear increase blood lactate concentration (Ghosh, 2004), when lactate is
produced faster than the body can remove it. The effect of lactate on PNNs has
not yet been investigated. Although, it is expected that the HIIT protocol used in

this thesis would produce more lactate than MICT, and thus it would be
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noteworthy to investigate whether intensity-dependent lactate production is

involved in the regulation of PNN composition.

HIIT is an attractive exercise paradigm for many people due to the lower durations
of exercise required to promote physiological adaptations, and the incorporation
of rest intervals. However, HIIT is associated with high injury prevalence (Rynecki
et al., 2019). Additionally, HIIT induces rapid elevation of systemic blood pressure
which can lead to disruption of the blood brain barrier, and predisposition to
strokes (Lucas et al., 2015). Thus, the implementation of HIIT in older adults and
clinical populations may be more suitable in rehabilitation settings which can
screen for cardiovascular problems and deliver rapid medical attention if needed.
MICT may be an easier and safer exercise paradigm to prescribe to older adults
and patients with neurological conditions, and therefore MICT may be more
feasible for widespread clinical implementation than HIIT for improving memory

impairments.

6.6 Future perspectives

Within this thesis, treadmill training with low daily training volume was
implemented as this form of exercise is more easily achievable for humans than
the long distance running associated with voluntary wheel running paradigms.
Although voluntary wheel running and larger training volumes showed greater
changes in the reduction in number and thickness of PNNs (Smith et al., 2015),
this thesis established that low volume MICT modulated PNN composition in the
hippocampus without altering the overall number of PNNs. These studies,
alongside others, provide evidence that exercise-induced neural plasticity e.g.

neurotrophic and inhibitory factor expression, object recognition memory
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performance, and PNN modulation are volume-dependent (Neeper et al., 1996;
Gomez-Pinilla et al., 2002; Ghiani et al., 2007; O’Callaghan, Ohle and Kelly,
2007; Chytrova, Ying and Gomez-Pinilla, 2008; Bechara and Kelly, 2013; Smith
et al., 2015; Cefis et al., 2019; Constans et al., 2021). There is a large difference
in the daily distances ran in this study (approximately 600 m) in comparison to
distances ran in voluntary running wheel studies that demonstrated the reduction
of PNN number and thickness in the hippocampus (up to 8.76 km) (Smith et al.,
2015). From a therapeutic perspective, it would be valuable to determine a profile
of what PNN modifications are induced by different volumes of exercise, and
establish the minimum volume of exercise required to induce functional plasticity

and behavioural changes.

In addition to the work conducted by Smith et al., (2015), this thesis has
corroborated that PNNs are susceptible to exercise-induced modification. Current
methods of manipulating PNNs to study their role in memory include the use of
the bacterial enzyme chondroitinase ABC which is invasive (Romberg et al.,
2013), and transgenic knockout models that are not translatable to human
treatment (Romberg et al., 2013; Rowlands et al., 2018). Exercise training poses
a non-invasive and clinically relevant intervention in comparison to other current
methods of PNN modulation. The observations that PNNs can be modulated by
exercise can be extended to investigate whether exercise training has therapeutic
value in neurological conditions that display PNN abnormalities, such as
Alzheimer’s disease, schizophrenia, epilepsy, CNS injuries, and strokes (Wen et
al., 2018). Additionally, the potential of exercise to regulate PNN expression and

composition may be beneficial in the aged CNS in which higher ratios of C4S:C6S
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make PNNs more inhibitory and are associated with memory impairments

(Foscarin et al., 2017; Yang et al., 2021).

Further supporting the role of C4S in memory impairment, this thesis confirmed
that the overexpression of Chstll in the hippocampus of healthy rats impaired
object recognition memory. This adds to the growing body of literature
demonstrating that PNN function, and thus the level of plasticity control, is
dependent on the sulphation patterns of CS-GAG chains (Miyata et al., 2012;
Foscarin et al.,, 2017; Yang et al.,, 2017, 2021). There is limited evidence to
support that using an antibody to block C4S alleviates memory deficits within a
tauopathy model of Alzheimer's disease (Yang et al., 2017). Together these
studies highlight that C4S and Chstll are potential therapeutic candidates for

neurological conditions that involve cognitive impairment.

6.7 Conclusions

This was the first study to assess the role of treadmill training on the expression
of molecules that restrict neural plasticity in the CNS. The initial exploratory study
identified that the mRNA expression of the CSPG aggrecan was downregulated
in the hippocampus following MICT and HIIT. This finding highlighted aggrecan
as a novel candidate in exercise-induced plasticity. Subsequently, MICT altered
the composition of hippocampal PNNs with a transition towards more PNNs
expressing aggrecan core protein without labelled CS-GAG chains. The
overexpression of Chstll in the hippocampus impaired short-term object
recognition memory, although future experiments are needed to establish
whether this was associated with an upregulation of C4S and changes in synaptic

connectivity. MICT enhanced object recognition memory in animals that received
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Chstl11 treatment after 24 hours, supporting that the exercise-induced modulation

of CS-GAGs counteracts the inhibitory action of Chst11.

This study provides evidence that exercise training is a non-invasive method of
manipulating aggrecan expression and PNN composition in the CNS, with the
potential to attenuate memory deficits. These results have biological significance
as current methods of manipulating PNNs such as chondroitinase ABC and
transgenic knockout models are invasive and not translatable to human
treatment. Furthermore, MICT is a cost-effective lifestyle intervention that can be
performed anywhere without the cost of specialised equipment or gym
membership. Therefore, MICT has great therapeutic potential for treating
conditions that are characterised by cognitive decline e.g. in elderly populations
or Alzheimer's disease, or for conditions that are associated with PNN

abnormalities.

This body of work supports the notion that exercise training has a dual effect in
the CNS. It is well known that exercise training upregulates neurotrophic factors
that promote plasticity, and this thesis demonstrates that exercise training also
modulates the restriction of plasticity exerted by PNNs. Previous research
implementing exercise to enhance plasticity may have been reporting only one
half of the story. Thus, incorporating the analysis of inhibitory modulators of
plasticity into these interventions may provide a more complete understanding of

exercise-induced plasticity.

Overall, the contents of this thesis have provided a novel insight into how treadmill
training potentially enhances plasticity through the modulation of PNNs. More

research is required to optimise the dose of exercise required to induce the level
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of PNN modulation for the best functional benefit. Future investigations can build
upon this to determine whether the exercise-induced modulation of PNNs or CS-
GAGs can be harnessed to improve memory in conditions which cognitive decline

Is a debilitating symptom.
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Appendix A VOzmax tests

i. Respirometry system used for VO2 max tests

For all VO2 max tests, air was extracted from the chamber at 15 L.min by a
vacuum pump (model DOA-P504-BN, GAST Manufacturing Inc., MI, USA),
controlled by a mass flow controller (MFC-2, Sable Systems International Inc.,
NV, USA), through a mass flow control valve (840 Side-Trak Mass Flow
Controller; Sierra Instruments Inc., CA, USA), and into an open syringe barrel
(Figure_A.1). Air was subsampled from the barrel at 200 mL.min! and passed
through a Drierite column to remove water, before entering a custom made
differential Oz analyser based on a zirconia sensor. The analyser measured the
difference in Oz content between chamber air, and outside air that was drawn in
at 200 mL.min%, dried (Drierite), and COz2 scrubbed (soda lime). The air sample
then passed through a CO:z analyser (ADC-225-MK3, Analytical Development
Company, UK). Outputs were converted by PowerLab and recorded in LabChart
(ADInstruments Inc., CO, USA). The analysers were calibrated before each VO2
max test using a speciality gas mixture of 20% O2and 1% CO2 (BOC Gases, UK)

and outside air scrubbed of CO2(20.95% O2 and 0% COy).
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Figure_ A.1l Schematic diagram of the respirometry system

The coloured full-line arrows represent the air flow through components of the
respirometry system. The dashed lines represent electrical wires in which the
voltage output is converted from analogue to digital. MFC: mass flow
controller.

ii. Respirometry data analysis

Respirometry data was analysed using IGOR Pro (version 6.2.2.2, WaveMetrics,
USA). The calibration values set in LabChart transferred to the IGOR software
(ACO2: 0-1%, AO2: 0-0.95%) (Figure A.2 A). The extraction flow rate (FR) was
adjusted to read 15 L.min! (Figure A.2 B). In future experiments, a two-point
calibration will be used to calibrate extraction flow rate. As the air sample is
analysed sequentially, there is a time offset between the Oz and COz2 traces as
can be seen in Figure A.2 C. The number of data points between two identical
peaks in the Ozand COz2traces was calculated. The number of data points in the
offset was removed from the start of the CO:2 trace to align the traces, and
removed from the end of the Oz trace to match the trace lengths. Figure A.2 D
displays the aligned traces. The corrected flow rate (FR.) was calculated using

Equation A.1 (Lighton, 2008).



Equation_ A.1 Corrected flow rate (FR,)

FR.= FR (BP — WVP)/BP

where BP is ambient barometric pressure and WVP is the partial pressure of
water vapour in the airflow. The rate of CO2 production (VCOz ml.mint) and Oz
consumption (VO2, ml.min') was calculated using Equation A.2 and Equation

A.3, respectively (Lighton, 2008).

Equation_ A.2 Rate of CO2 production (VCO2)

_ IJ'Rc[(FEco2 - FICOZ) + Fico, (Flo2 - FEOZ)]
€02 (1 + Fieo,)

Equation_ A.3 Rate of Oz uptake (VO2)

_ FRe[(Fio, = Feo,) = Fio, (Fico, = Fico,)]
o2 (1-Fo,)

where F¢,, is the fractional CO2 content of air entering the treadmill chamber,
Fgco, is the fractional COz content of air leaving the treadmill chamber, Fj,, is the
fractional Oz content of air entering the treadmill chamber and Fg,, is the

fractional O2 content of air leaving the treadmill chamber. VCO2 and VO2 traces
are displayed in Figure 6E. The respiratory exchange ratio (RER) (Figure A.2 F)

was calculated using Equation A.4.
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Equation_ A.4 Respiratory exchange ratio (RER)

11/
RER = 2%

A RER less than or equal to one indicates that the exercise is aerobic, whereas

a RER greater than one indicates that exercise is anaerobic.
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Figure_ A.2 Respirometry dataanalysis.

Stages of respirometry data analysis conducted in IGOR Pro. (A) Calibration
gas traces. (B) Adjusted extraction flow rate. (C) O2 and CO:2 traces containing
a time offset. (D) Aligned Oz and COz2 traces (time offset removed). (E) The
rate of Oz consumption (VO2) and CO:2 production (VCO3) throughout a VO2
max test. (F) The respiratory exchange ratio (RER) throughout a VO2 max test.
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Appendix B Macro scripts for immunohistochemistry

iii. Macro script for hippocampal regions of interest.

The following macro script was written in Fiji software for ImageJ (Schindelin et
al., 2012). 12 hippocampal ROIs were manually drawn with the polygon tool on
multichannel TIFF files (stained for NeuN, aggrecan, and WFA (Figure B.1). This
script automated the process of renaming them with the image ID and saving
them in a zip folder that could then be used in future analysis. This ensured that
all analysis was completed in the exact same hippocampal regions. The script
would also export a reference jpeg image of the ROIs (Figure B.1).

Figure_ B.1 Hippocampal regions of interest.

Hippocampal regions of interest manually drawn using ImageJ. 1 — Left total
hippocampus (the number label is in the middle of the whole outlined region);
2 — Left CAl; 3 — Left CA2; 4 — Left CA3; 5 — Left CA4; 6 — Left dentate gyrus;
7 - Right total hippocampus (the number label is in the middle of the whole
outlined region); 8 — Right CA1; 9 — Right CA2; 10 — Right CA3; 11 — Right
CA4; 12 — Right dentate gyrus. Regions outlined using Figure 33 (Bregma -
3.30 mm) in the Rat Brain Atlas (Paxinos and Watson, 2013).

Macro script
ROloutput = getDirectory("Select Folder");
ROIREFERENCEoutput = getDirectory("Select Folder");
reference="_ROIReference.jpg";
//Get title of file
currentFile=getTitle();
filename=substring(currentFile,0)

run("ROI Manager...");
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roiManager("Show All");
setTool("polygon");

waitForUser("Waiting for user to draw a polygon..

roiManager("Add");
roiManager("Select", 0);

),

roiManager("Rename”, filename+ "1Left_TotalHC");

setTool("polygon");

waitForUser("Waiting for user to draw a polygon..

roiManager("Add");

roiManager("Select”, 1);

roiManager("Rename”, filename+ "2Left_ CA1");
setTool("polygon™);

waitForUser("Waiting for user to draw a polygon...

roiManager("Add");

roiManager('Select”, 2);

roiManager("Rename”, filename+ "3Left_ CA2");
setTool("polygon");

waitForUser("Waiting for user to draw a polygon...

roiManager("Add");

roiManager("Select", 3);

roiManager("Rename”, filename+ "4Left_ CA3");
setTool("polygon™);

waitForUser("Waiting for user to draw a polygon...

roiManager("Add");

roiManager('Select”, 4);

roiManager("Rename", filename+ "5Left_ CA4");
setTool("polygon");

waitForUser("Waiting for user to draw a polygon...

roiManager("Add");

roiManager("Select", 5);
roiManager("Rename”, filename+ "6Left_DG");
setTool("polygon");

waitForUser("Waiting for user to draw a polygon...

roiManager("Add");

");
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roiManager("Select", 6);

roiManager("Rename”, filename+ "7Right_TotalHC");
setTool("polygon");

waitForUser("Waiting for user to draw a polygon...");
roiManager("Add");

roiManager('Select”, 7);

roiManager("Rename”, filename+ "8Right_CA1");
setTool("polygon™);

waitForUser("Waiting for user to draw a polygon...");
roiManager("Add");

roiManager("Select", 8);

roiManager("Rename”, filename+ "9Right _CA2");
setTool("polygon");

waitForUser("Waiting for user to draw a polygon...");
roiManager("Add");

roiManager("Select”, 9);

roiManager("Rename”, filename+ "10Right_CA3");
setTool("polygon™);

waitForUser("Waiting for user to draw a polygon...");
roiManager("Add");

roiManager('Select”, 10);

roiManager("Rename”, filename+ "10Right_CA4");
setTool("polygon");

waitForUser("Waiting for user to draw a polygon...");
roiManager("Add");

roiManager("Select”, 11);

roiManager("Rename”, filename+ "10Right_DG");
roiManager("Save", ROloutput+ filename+ ".zip");
run("From ROI Manager");

run("Labels...", "color=white font=72 show draw");
saveAs("Jpeg"”, ROIREFERENCEoutput+ filename+

iv. Macro script for splitting channels

reference);

B-8



A macro script was used for the batch processing of splitting TIFF files into the
individual channels (NeuN, aggrecan, WFA). The images from the aggrecan and
WFA channels were saved to separate folders ready for staining intensity
analysis.

Macro script
input = getDirectory("Select Folder");
WFAoutput = getDirectory("Select Folder");
Aggrecanoutput = getDirectory("Select Folder");
list = getFileList(input);
//lcheck length of list of files
print(list.length)
for (i = 0; i < list.length; i++)
{
setBatchMode(true);
open(input+list[i]);
lIGet title of file
currentFile=getTitle();
//Split channels
run("Split Channels");
//Assign titles of split channels to new variables
NeuN = "C2-"+currentFile;
WEFA = "C1-"+currentFile;
Aggrecan = "C3-"+currentFile;
/[Variable check
print(Aggrecan);
print(WFA);
print(NeuN);
/ffind length of current file and - ".czi"

currentFilelength=lengthOf(currentFile);

B-9



print(currentFilelength);

filename=substring(currentFile,0, currentFilelength-4);
selectWindow(Aggrecan);

l/Save as TIFF

saveAs("Tiff", Aggrecanoutput+filename+ "-aggrecan.tif");
selectWindow(WFA);

saveAs("Tiff", WFAoutput+filename+ "-WFA.tif");
run("Close All");

setBatchMode(false);
}

v. Macro script for aggrecan staining intensity

Single channel images stained with aggrecan were opened in ImageJ. This script
waits for the user to identify the zip folder of ROIs for the opened image, then
automatically measures the mean gray value for each ROl and exports the results
in an excel file. This script also saves a reference image of the ROIs on the
aggrecan image in case any regions had to be excluded from future data analysis.

Macro script
RESULTSoutput = getDirectory("Select Folder");
ROIREFERENCEoutput = getDirectory("Select Folder");
results="_Aggrecanintensity.csv";
reference="_ROIReference.jpg";
/IGet title of file
currentFile=getTitle();
filename=substring(currentFile,0)
run("ROI Manager...");
waitForUser("Waiting for user to open ROI zip...");
roiManager('Select”, 0);
run("Measure");
roiManager("Select”, 1);
run("Measure");
roiManager('Select”, 2);
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run("Measure");

roiManager("Select”, 3);

run("Measure");

roiManager('Select”, 4);

run("Measure");

roiManager('Select”, 5);

run("Measure");

roiManager('Select”, 6);

run("Measure");

roiManager("Select", 7);

run("Measure");

roiManager("Select”, 8);

run("Measure");

roiManager("Select”, 9);

run("Measure");

roiManager("Select”, 10);

run("Measure");

roiManager("Select”, 11);

run("Measure");

saveAs("Results", RESULTSoutput+ filename+ results);
run("From ROI Manager");

run("Labels...", "color=white font=72 show draw");
saveAs("Jpeg"”, ROIREFERENCEoutput+ filename+ reference);
waitForUser("Waiting for user to copy results...");

vi. Macro script for WFA staining intensity

Same as above script but for WFA instead of aggrecan.

Single channel images stained with WFA were opened in ImageJ. This script
waits for the user to identify the zip folder of ROIs for the opened image, then
automatically measures the mean gray value for each ROl and exports the results
in an excel file. This script also saves a reference image of the ROIs on the WFA
image in case any regions had to be excluded from future data analysis.

Macro script
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RESULTSoutput = getDirectory("Select Folder");

ROIREFERENCEoutput = getDirectory("Select Folder");

results="_WFAIntensity.csv";

reference="_ROIReference.jpg";

//Get title of file
currentFile=getTitle();
filename=substring(currentFile,0)

run("ROI Manager...");

waitForUser("Waiting for user to open ROI zip...");

roiManager("Select”, 0);

run("Measure");

roiManager("Select”, 1);

run("Measure");

roiManager("Select”, 2);

run("Measure");

roiManager("Select”, 3);

run("Measure");

roiManager("Select”, 4);

run("Measure");

roiManager("Select", 5);

run("Measure");

roiManager("Select", 6);

run("Measure");

roiManager("Select", 7);

run("Measure");

roiManager("Select", 8);

run("Measure");

roiManager("Select", 9);

run("Measure");

roiManager("Select”, 10);

run("Measure");

roiManager("Select”, 11);

run("Measure");

saveAs("Results", RESULTSoutput+ filename+ results);
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run("From ROI Manager");
run("Labels...", "color=white font=72 show draw");

saveAs("Jpeg"”, ROIREFERENCEoutput+ filename+ reference);
waitForUser("Waiting for user to copy results...");
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