Characterisation of Hypoglycaemic White Matter
Injury: an electrophysiological, pharmacological and
imaging study in the rodent brain.

Dr. Christian Zammit

Ph.D. Dissertation

Department of Physiology and Biochemistry
Faculty of Medicine and Surgery
University of Malta

2019

Supervisor: Prof Mario Valentino

Submitted in partial fulfilment of the requirements for the degree of

Doctor of Philosophy



L-Universita
ta' Malta

University of Malta Library — Electronic Thesis & Dissertations (ETD) Repository

The copyright of this thesis/dissertation belongs to the author. The author’s rights in respect of
this work are as defined by the Copyright Act (Chapter 415) of the Laws of Malta or as modified
by any successive legislation.

Users may access this full-text thesis/dissertation and can make use of the information
contained in accordance with the Copyright Act provided that the author must be properly
acknowledged. Further distribution or reproduction in any format is prohibited without the
prior permission of the copyright holder.



’ _— FACULTY: Medicine and Surgery
L-Universita

ta' Malta DECLARATION OF AUTHENTICITY FOR DOCTORAL STUDENTS

Student’s I.D. /Code: 7084 G

Student’s Name & Surname: Dr Christian Zammit
Course: PHB 6000

Title of Dissertation/Thesis: Characterisation of Hypoglycaemic White Matter Injury: an
electrophysiological, pharmacological and imaging study in the rodent brain.

(a) Authenticity of Thesis/Dissertation

| hereby declare that | am the legitimate author of this Thesis/Dissertation and that it is my
original work.

No portion of this work has been submitted in support of an application for another degree or

qualification of this or any other university or institution of higher education.

| hold the University of Malta harmless against any third party claims with regard to copyright

violation, breach of confidentiality, defamation and any other third party right infringement.

(b) Research Code of Practice and Ethics Review Procedure

| declare that | have abided by the University’s Research Ethics Review Procedures.

[] As a Ph.D. student, as per Regulation 49 of the Doctor of Philosophy Regulations, | accept that my
thesis be made publicly available on the University of Malta Institutional Repository.

[ As a Doctor of Sacred Theology student, as per Regulation 17 of the Doctor of Sacred Theology

Regulations, | accept that my thesis be made publicly available on the University of Malta Institutional
Repository.

[ As a Doctor of Music student, as per Regulation 24 of the Doctor of Music Regulations, | accept that
my dissertation be made publicly available on the University of Malta Institutional Repository.

[ As a Professional Doctorate student, as per Regulation 54 of the Professional Doctorate Regulations, |
accept that my dissertation be made publicly available on the University of Malta Institutional Repository.

Dr. CHRISTIAN ZAMMIT
Signature of Student Name in Full

05/09/2019
Date



Abstract

Failure of white matter energy metabolism plays a major role in several neurological disorders. Over
the years, several studies have focused on mechanisms of neuronal injury and death in the absence
of sufficient substrate for oxidative metabolism. In so doing, a gap in the knowledge to central
mechanisms of damage that are specific to white matter has been overlooked.

In this study, we used the callosal brain slice from mice as a model of white matter so as to characterise
the role of glucose deprivation (GD) and to uncover potential routes of injury for pharmacological
intervention. Axonal loss or recovery of function was determined electrophysiologically by monitoring
the evoked compound action potential (CAP). This technique was carefully combined with live two-
photon microscopy to follow the sequential progression or recovery from injury during
pharmacological block of key cellular events. Detailed histological assessment was determined
through a combination of confocal, light and electron microscopy techniques.

Results from this study show that 45 min of GD cause delayed structural disruption to YFP-expressing
axons, that was preceded by the functional loss in electrical activity as observed by the loss in
maintenance of the CAP. We therefore extended this time-window by stimulation of the
glycogenolytic pathway through B-adrenergic afferents using clenbuterol. This protection was not
mediated by enhanced lactate production as expected, but possibly mediated through the steroid’s
anti-inflammatory and antioxidative properties. Inhibition of axonal lactate uptake by 4-CIN was
associated with severe axonal injury, thus confirming the role of lactate as a central energy substrate
for axons. In vivo microdialysis from mouse cerebellar white matter confirmed the continuous uptake
of lactate by axons during normal brain physiology.

Excitotoxicity has been shown to play a central role in hypoglycaemic white matter injury. Blocking
AMPA/Kainate receptors with NBQX protects both axons and oligodendrocytes after GD as was seen
through live-imaging and electron microscopy. Targeting AMPA/Kainate receptors might be a good
strategy to preserve the integrity of oligodendrocytes and axons. Combined therapy involving the
specific GIuN2C/D-containing NMDA receptor antagonist (QNZ-46) and the non-competitive AMPA-
specific receptor antagonist (CP-465,022) show excellent preservation of axon integrity and function
following GD. Both drugs were able to cross the blood-brain-barrier, were non-toxic, and their
presence confirmed through imaging as a result of their intrinsic fluorescence. This, together with the
use-dependent features of QNZ-46 makes these drugs ideal candidates for therapeutic intervention
in disorders that preferentially affect white matter.

We further show that bath application of callosal axons exposed to micromolar levels of nitric oxide
(NO) cause irreversible conduction block. Sequential live imaging of NO using fluorescent dyes during
the course of GD shows that its increase preceded the loss in CAP. At the same time, blocking NO
release during GD with L-NAME partially protects axons and suggests that this strategy can be a useful
therapeutic target. It is to be determined whether QNZ-46 can also mitigate the block in NO by limiting
the entry of Ca* by way of the use-dependent activity of this drug. The findings from this study suggest
a multimodal prophylactic therapy to protect patients that frequently suffer from hypoglycaemia and
other forms of excitotoxic insults.

Key words: white matter, glucose deprivation, two-photon microscopy, electron microscopy,
compound action potential, lactate, excitotoxicity, nitric oxide, glutamate receptors
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Chapter 1

The pathophysiology and clinical picture of
hypoglycaemia

Hypoglycaemia is a common finding in both daily clinical practice and acute care settings.
There are multiple causes of hypoglycaemia and these are predominantly multifactorial. The
European Medicines Agency and the American Diabetes Association define hypoglycaemia
as “any abnormally low plasma glucose concentration that exposes the subject to potential
harm” with a proposed threshold plasma glucose value <3.9 mmol/L (<70 mg/dL)
(Workgroup on Hypoglycaemia and American Diabetes Association, 2005; European
Medicine agency, 2012). Current diabetic guidelines insist to aim at lower levels of
Haemoglobin Alc (HbAlc) to limit the complications associated with diabetes. However, this
is resulting in more frequent episodes of hypoglycaemia amongst diabetic patients. Acute
and recurrent episodes of hypoglycaemia pose a huge burden on the effected individual and
society in general. Patients suffering from hypoglycaemia are at risk of cardiological,
pulmonary, metabolic and neurological complications and severe hypoglycaemia is often
fatal with huge financial burden in terms of direct and indirect medical care (Leese et al.,

2003; Lundkvist et al., 2005; Jonsson et al., 2006; Allicar et al., 2000; Holstein et al., 2002).

Hypoglycaemia can be classified as mild, moderate and severe. Mild hypoglycaemia refers to
plasma glucose levels between 3.1 — 3.9 mmol/L and is associated with mild autonomic
symptoms. Such patients are still aware of their surroundings and can self-reverse the
condition by supplementing their sugar intake. Moderate hypoglycaemia refers to plasma
glucose levels between 2.2 —3.1 mmol/L and is associated with the activation of the
sympathetic nervous system (trembling, palpitations, sweating, anxiety, hunger, nausea and
tingling) and a number of neuroglycopenic symptoms (difficulty concentrating, confusion,
weakness, drowsiness, vision changes, difficulty speaking, headache, dizziness and
tiredness).  Patients are still conscious, and therefore able to self-treat. Severe
hypoglycaemia refers to plasma glucose level below1l.9 mmol/L. In most cases, such

individuals lose consciousness and are unable to self-reverse the situation (Kalra et al., 2013).

1



1.1 Incidence and prevalence of hypoglycaemia

Patients suffering from type 1 diabetes mellitus (TLDM) treated with insulin are the most
likely cohort to suffer from hypoglycaemia (UK Hypoglycaemia Study Group, 2007; Akram et
al., 2006; Leese et al., 2003). In fact, such individuals may suffer up to two episodes of
hypoglycaemia per week (Cryer et al., 2003). Evidence from several studies suggests that
severe hypoglycaemia occurs in 35-42% of T1IDM patients and its rate is between 90-130
episodes/100 patient years (Pedersen-Bjergaard et al., 2004; Pramming et al., 1991; ter
Braak et al., 2000; Zammitt et al., 2007). This incidence increases in patients with a longer
history of diabetes, and who have been on insulin treatment for a long time (UK
Hypoglycaemia Study Group, 2007). The current drive to lower the HbAlc level in diabetic
patients, albeit having numerous advantages, doubles the risk of severe hypoglycaemia

(Control group et al., 2009; ADVANCE control group et al., 2008; Kim et al., 2011).

Type 2 diabetes mellitus (T2DM) patients are prone to develop hypoglycaemia but to a lesser
extent. A retrospective questionnaire-based study reported at least one episode of severe
hypoglycaemia in 16.5% of T2DM patients with an incidence of 44 episodes/100 patient years
(Akram et al., 2006).

Diabetic patients on treatment are at risk of both hyper- and hypo-glycaemia. Factors that
increase the risk of developing hypoglycaemia include: infections (Lin et al., 2010), exercise
in insulin treated patients (Tsalikian et al., 2005), and alcohol especially in patients on oral
hypoglycaemic agents (OHAs) (Huang and Sjoholm, 2008). People on multiple medications
are subject to drug interactions that can result in hypoglycaemia (Shorr et al., 1997).
Similarly, chronic renal insufficiency, which is common in diabetic patients may result in
accumulation of drug metabolites, which in turn can lead to hypoglycaemia (Holstein et al.,

2003; Neumiller et al., 2009).

Hypoglycaemia is also a common cause for Emergency Department admissions. Almost 10%
of patients presenting with an altered mental state suffer from hypoglycaemia. Around 20%
of diabetic patients treated either with insulin or OHAs require Emergency Department
assessment and treatment (Diabetes Control and Complications Trial Research Group et al.,

1993).



A number of medications other than OHAs have been reported to lower the blood glucose
level. Gatifloxacin, quinine and disopyramide may inhibit the pancreatic B-cell adenosine
triphosphate (ATP) sensitive potassium channels thus stimulating insulin release (Negishi et
al., 2009; Saraya et al., 2004). Quinolones have been reported to increase the level of insulin
and c-peptide, resulting in severe hypoglycaemia, especially in patients already on

sulphonyureas (Kelesidis and Canseco, 2009, 2010).

Hypoglycaemia is not limited to diabetics. It is an important and common adverse clinical
event in a number of other clinical conditions (Agardh and Rosen, 1983; Arky, 1989; Davis
and Jones, 1998; Lincoln et al., 1996). Certain malignancies, such as non-islet cell tumours,
hepatocellular carcinomas, and haematological malignancies can all present this
complication (Sorlini et al, 2010; Lau et al., 2010; Keller et al., 2010; Diaz et al., 2010). Other
occurrences associated with increased risk of hypoglycaemia include critically ill patients,
patients on mechanical ventilation, and patients on prolonged intensive care stay (Arabi et

al., 2009). The most common causes of hypoglycaemia are summarised in Table 1.1.

Cause Examples

Incorrect Insulin administration Insulin taken in excess or at the wrong
time relative to food intake and/or
physical activity; incorrect type of insulin
that is administered

Insufficient exogenous carbohydrate Delayed or missed meals or fasting
overnight

Decreased endogenous glucose Excess alcohol consumption

production

Increased utilisation of Exercise or weight loss

carbohydrate/depletion of hepatic
glycogen stores

Increased insulin sensitivity During the night; exercise; weight loss

Delayed gastric emptying Conditions such as gastroparesis

Decreased insulin clearance Conditions such as progressive renal
failure

Table 1.1. Causes of hypoglycaemia (adapted from Kedia, 2011).



The risk factors for individuals to develop hypoglycaemia are summarised in Table 1.2

Common Risk | =  Strict glycaemic control

Factors =  Mismatch of insulin timing, amount, or type of carbohydrate intake

= History of severe hypoglycaemia

= Sleep/general anaesthesia that place patient in an altered state of
consciousness

= Duration of diabetes and age

= Reduction of oral intake/New non-per oral status

= |mpaired awareness of hypoglycaemia

= Angiotensin-converting enzyme genotype/C-peptide negativity

= (Critical illness (hepatic, cardiac, and renal failure; sepsis; severe
trauma

= Unexpected travel after injection of rapid- or fast-acting insulin

Lesscommon |® Endocrine deficiencies (cortisol, growth hormone, or both)

risk factors = Non-B-cell tumour

= Sudden reduction in corticosteroid dosage

= Pathological conditions such as emesis/vomiting

= Reduced rate of intravenous dextrose administration

= Unexpected interruption of enteral feedings or parenteral nutrition
= Drug dispensing error

Table 1.2. The common and less common risk factors for hypoglycaemia (adapted from
Kalra et al., 2013).



1.2 General complications associated with hypoglycaemia

1.2.1 Cardiovascular

Patients suffering from an acute coronary syndrome are likely to develop hyperglycaemia,
which in turn increases the risk of morbidity and mortality (Falciglia et al., 2009). However,
patients who suffer from episodes of hypoglycaemia were reported to have a higher
mortality rate following myocardial infarction (Pan et al., 1986). Lowering plasma glucose
levels results in activation of the sympathetic nervous system, which in turn increases the
cardiac workload. This can be dangerous especially in the elderly who suffer from coronary
artery disease, since this can restrict coronary arterial flow resulting in myocardial ischaemia

(Sommerfield et al., 2007).

Acute and chronic hypoglycaemia increase the risk of thrombus formation by activating
prothrombotic, proinflammatory, and pro-atherogenic mechanisms such as plasminogen
activator inhibitor, vascular endothelial growth factor, interleukin-1,6,8, C-reactive protein,
tumour necrosis factor -a and endothelin (Gogitidze Joy et al., 2010; Razavi Nematollahi et
al., 2009; Del Rey et al., 2006). Nocturnal hypoglycaemia has been reported to be associated
with prolonged QTC interval and cardiac rate/rhythm disturbances in ambulant patients with
T1DM (Feldman-Billard et al., 2010). The prolonged QTC interval can even lead to ventricular

tachyarrhythmia which can be fatal (Gill et al., 2009).

Diabetic patients are at risk of sudden cardiac death due to silent myocardial ischaemia,
autonomic nervous system dysfunction, abnormal cardiac repolarisation, hypoglycaemia,
hypercoagulable state, diabetic cardiomyopathy and impaired respiratory response to
hypoxia and hypercapnia (Bergner et al., 2010). Approximately 2 —4 % of such deaths have
been attributes to hypoglycaemia (Laing et al., 1999).



1.2.2 Critical Care Medicine

In critical care medicine, moderate hypoglycaemia is often associated with increased
morbidity and mortality. In an intensive treatment setting, tight glycaemic control is
mandatory. However, this often leads to episodes of hypoglycaemia in patients not on
parenteral nutrition, which leads to a higher risk in mortality in effected individuals (Marik

and Preiser, 2010; Ichai and Preiser, 2010).

Pulmonary oedema is a common occurrence in patients under intensive care. Amongst the
myriad aetiologies for pulmonary oedema, one also finds severe hypoglycaemia.
Hypoglycaemia induces the activation of the sympathetic nervous system, which in turn
alters the vascular haemodynamic status of the patient: it disrupts the pulmonary capillary
endothelium, thus increasing its permeability, and disrupts the alveolar epithelium

(Margulescu et al., 2008; Mishriki et al., 2004; Uchida et al., 2004).

1.2.3 Metabolic

Recurrent episodes of iatrogenic induced hypoglycaemia can lead to hypoglycaemia
associated autonomic failure, which affects mostly patients with TIDM (Cryer et al., 2004).
This autonomic failure results in a decreased sympathetic response to hypoglycaemia, which
in turn reduces the counter-regulatory hormonal responses, and impairs the awareness of

hypoglycaemia (Geddes et al., 2008).

Hypoglycaemia can also lead to electrolyte imbalances, namely hyponatraemia,
hypokalaemia, hypophosphatemia, and hypomagnesemia (Tofade et al., 2004; Matsumura

et al., 2000).
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13 Neurological complications associated with hypoglycaemia

There is substantial evidence that hypoglycaemia alters human behaviour, and recurrent
episodes of severe hypoglycaemia may lead to memory loss or impaired cognitive function
(Richardson, 1990; Biessels et al., 1994; Hershey et al., 1999). Hypoglycaemia induces a
number of diverse neurologic symptoms, which may range from focal neurologic deficits to
permanent dysfunction or even death (Bottcher et al., 2005; Finelli 2001; Shirayama et al.,
2004). Hypoglycaemia often accompanies profound memory loss, transient motor deficits
and a persistent vegetative state and death in 2-4% of cases (Albayram et al., 2006). Both
acute hypoglycaemic encephalopathy (Auer, 2004) and recurrent episodes of hypoglycaemia
(Hyllienmark, 2005) disrupt the electrocortical activity. Severe hypoglycaemia may aggravate
the severity of the neurocognitive dysfunction in patients with diabetes (Chugani, 1998). The
elderly are more susceptible to develop hypoglycaemia, and recurrent episodes often leads
to instances of increased risk of dementia (Whitmer et al., 2009), functional brain failure

(Cryer, 2007) and cerebellar ataxia (Berz and Orlander, 2008).

Severe hypoglycaemia can lead to acute and chronic effects on cognition, with memory
function being particularly vulnerable (Hershey et al., 2005; Blasetti et al., 2011).
Anterograde amnesia, the inability to form new memories of events, has been reported
following severe hypoglycaemia in TIDM (Chalmers et al, 1991; Boeve et al., 1995;
Holemans et al., 2001). Anterograde amnesia has also been reported following lesions to the
isthmus of the cingulate (Maeshima et al., 2001), suggesting that this region could also play

a role in hypoglycaemia-induced memory impairment.

During hypoglycaemia, decreased glucose availability may be associated with altered brain
function, including changes in electrical activity, increased cerebral blood flow, increased
levels of intracellular Ca?*, and changes in the release of various neurotransmitters, especially

glutamate (Uematsu et al., 1989; Nunes et al., 2000; Ghajar et al., 1982).

Neuroimaging studies of patients with brain damage resulting from hypoglycaemia showed
significant alterations, involving both cortical and underlying white matter (Barkovich et al.,
1998; Kinnala et al., 1999). Magnetic resonance imaging (MRI) scans administered within

hours of severe hypoglycaemia have revealed abnormal signals in the hippocampus
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(Chalmers et al., 1991; Boeve et al., 1995; Holemans et al., 2001), thalamus (Cho et al., 2006),
basal ganglia (Jung et al., 2005), cortical grey matter (Chalmers et al., 1991; Boeve et al,,
1995; Aoki et al., 2004), splenium (Kim et al., 2007; Taguchi et al., 2011), internal capsule
(Taguchi et al., 2011), centrum semiovale (Cho et al., 2006) and corona radiata (Aoki et al.,
2004). In a particular case study, Kirchoff et al., (2013), reported that hypoglycaemia can be
associated with shrinkage in subcortical grey matter volume, with the hippocampus,
thalamus and globus pallidus being amongst the brain regions most susceptible to
hypoglycaemic injury. The same study also reported that white matter surrounding the
ventricles and in posterior brain regions, such as the splenium, isthmus of the cingulate and
cerebellum, may also be susceptible to permanent injury from severe hypoglycaemia. Even
though most MRI reports on hypoglycaemic coma typically describe lesions involving
cerebral cortex, basal ganglia, and hippocampus (Fujioka et al, 1997), Kim and Koh (2007)
reported that recurrent hypoglycaemia can also result in acute leukoencephalopathy (Fig

1.2).

Clinical experience and experimental studies show that hypoglycaemia causes damage to
both white and grey matter tissue (Auer, 1986; Siesjo, 1988). Widespread neuronal necrosis
in grey matter areas and sub cortical white matter was reported in a rat model of insulin-
induced hypoglycaemia (Auer et al., 1984). A conspicuous feature of hypoglycaemic brain
damage in the rat was the neuronal necrosis typically found in the dentate gyrus. The
likelihood vulnerability of this structure is due to the high density of neurons with N-methyl-
D-aspartate (NMDA) receptors in the molecular layer and which lie in close proximity (Auer
et al., 1985). A similar pattern of necrosis is often seen in human cases of hypoglycaemic
brain damage (Auer et al., 1989). In cross-sectional research in adolescents and adults, some
studies have not found significant alterations in brain structure associated with severe
hypoglycaemia (Ferguson et al., 2003; Kodl et al., 2008). Others have reported reductions in
grey matter volume in the left posterior cerebellum (Musen et al., 2006), the thalamus

(Northan et al., 2009) and uncus (Musen et al., 2006) bilaterally.

Post-mortem examination in patients who died after a history of hypoglycaemia revealed
diffuse, multi-focal distribution of B-APP immunopositive axons with axonal swellings and

bulbs scattered throughout the white matter including the brain stem (Graham et al., 2004).



Figure 1.2. Diffusion-weighted MR images and the corresponding apparent diffusion
coefficient maps (A through F). Areas of restricted diffusion are evident in the middle
cerebellar peduncle (A, white arrows), cerebral peduncle (B, white arrows), and internal
capsule (C, white arrows). The periventricular and subcortical white matter are also affected
extensively (C through F) (reproduced from Kim and Koh, 2007).

Hypoglycaemia is also important in traumatic brain injury. Recovery following traumatic
brain injury is largely based on factors including: the severity of the initial injury, Glasgow
Coma Scale (GCS) score, pupillary response, age, and presence of additional physiological
derangements. However, secondary insults occur after the initial traumatic event, as is the
case with hypoglycaemia. Gupta et al., (2016) reported that hypoglycaemia following
traumatic brain injury is an important prognostic factor of outcome. In this study, patients
who suffered from episodes of hypoglycaemia following TBI fared poorly on the GCS after

examination 3 months post-injury.
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Hypoglycaemia induced brain injury is not limited to the adult brain. Neonatal
hypoglycaemia is a common complication among preterm infants, small-for-gestational-age
infants, and infants of diabetic mothers (Su and Wang, 2012). If unproperly treated, infants
who had suffered hypoglycaemia may later develop permanent neurological dysfunction,
namely neonatal hypoglycaemic encephalopathy (Lou et al, 2010). The latter results in
injury to both the cerebral cortex and the subcortical white matter (Anderson et al., 1967;
Banker, 1967; Kalimo et al., 1985; Barkovich et al., 1998; Murakmi et al, 1999; Volpe, 2001;
Caraballo et al., 2004; Filan et al., 2006; Yalnizoglu et al., 2007). Moreover, persistent or
recurrent neonatal hypoglycaemia may lead to other complications, such as: long-term visual
disturbance, hearing impairment, cognitive abnormalities, secondary epilepsy, and other
disorders of the central nervous system (CNS) (Yue et al., 2006). Children with diabetes who
suffered recurrent severe hypoglycaemic episodes were reported to have lower overall

cognitive scores than those without a history of severe hypoglycaemia (Asvold et al., 2010).

Infants suffering from persistent hyperinsulinemic hypoglycaemia develop severe neural
damage [Mennni et al., 2001], since it is believed that isolated hypoglycaemia without other
any contributing factors enhances hypoxic-ischaemic brain injury [Volpe, 2001). A similar
principle was reported by Dave and his colleagues. They reported that recurrent episodes of
hypoglycaemia exacerbated ischaemic injury both in rodent hippocampal slices exposed to
oxygen and glucose deprivation (OGD) (Dave et al., 2011a) and in streptozotocin-induced

diabetic rats (Dave et al., 2011b).
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Chapter 2

Characterisation of the structural and functional
injury to white matter axons during glucose
deprivation

2.1 Aims

This chapter aims to explore the various experimental methods and approaches to
investigate both the structural and functional alterations to white matter secondary to

glucose deprivation. The main aims of this chapter are:

i. To show how the use of YFP-expressing transgenic mice can be a useful tool to
monitor and therefore characterise the evolving structural injury occurring in axons

under live two-photon microscopy.

ii. To compare the observed changes in YFP-expressing axons to results obtained from
other morphometry, like light and electron microscopy and immunocytochemical

labelling of axonal neurofilaments.

iii.  To characterise the histopathological hallmarks of oligodendrocytes injury following

GD.

iv.  To establish a reproducible protocol to study axonal conduction and dysfunction in

two models of central white matter tracts.

v. To determine the duration of glucose deprivation that is required to result in

irreversible loss of axonal structure and function.

12



2.2 Literature Review

2.2.1 The study of white matter injury

The two main components of the brain are grey and white matter. Grey matter consists of
neuronal cell bodies and glia, whilst white matter is made up of axons and glia. White matter
of the mammalian central nervous system (CNS) consists of the afferent and efferent axonal
tracts that interconnect cortical and neuronal cell body—containing nuclear areas of the brain
and spinal cord. White matter contains no neuronal cell bodies or synapses. It consists of
tightly packed glial cells and myelinated and unmyelinated axons; the presence of myelin
lends a white appearance to this tissue. White matter regions vary widely regarding the ratio
of myelinated to unmyelinated axons; for example, all the axons of the optic nerve are
myelinated, but only about 30% of those in the corpus callosum are myelinated. The anatomy
and physiology of myelinated axons are highly specialised and unique compared with those
of unmyelinated axons. It is not surprising, therefore, that regional differences have been

noted in the pathophysiology of white matter injury.

Historically, most of the neuroscientific research has been directed to elucidate the
pathophysiology of grey matter injury, as studies had shown that grey matter is much more
vulnerable to injury (Marcoux et al., 1982). One of the main reasons is that most of the work
was done on rodent models, wherein white matter constitutes only 13% of the total brain
volume, when compared to 50% in humans (Zhang and Sejnowski, 2000). However, stroke
affect similar proportions of grey and white matter (Goldberg and Ransom, 2003). Conditions
such as dementia and difficulties with executive functioning and processing are associated
with changes in white matter (Malloy et al., 2007), whilst other pathologies, such as

demyelinating and myelinating disorders directly affect white matter tracts.

To study white matter pathology, one must consider that the white matter in the CNS is not
just axonal fibres, but a synergistic relationship between axons and glial cells. This represents
the main drawback in the use of cell cultures to study white matter injury. With such an

approach, the cell-cell 3D-interactions of all the various components are excluded. The three
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main models used extensively in the literature to study CNS white matter physiology and
pathology that conveniently circumvent this problem include: the optic nerve, the dorsal

column preparation and the corpus callosum derived from coronal brain slices.

The optic nerve is a typical CNS white matter tract, made up of axons, astrocytes,
oligodendrocytes, NG2 glial cells and microglia (Butt et al., 2004). Its morphology,
electrophysiology, and glial differentiation have been well characterised (Butt and Ransom
1993; Raff and Miller 1984). It is also a suitable model to study axon-glial interaction (Ransom
and Orkand, 1996). It has been shown that there exists a good homology between the
human and rodent subunit expression of the functional glutamate receptors in this
preparation (Talos et al., 2006a, b), enabling researchers to relate with accuracy the pattern

of injury observed in mice and safely extrapolate these to humans.

The brain slice preparation was pioneered by Henry Mcllwain in the 1950s to study the
biochemical properties of brain tissue (Mcllwain et al., 1951; Yamamoto and Mcllwai, 1966;
Collingridge, 1995). It is a widely accepted model for investigating the mechanisms
underlying neuronal damage because it maintains the in vivo anatomical microenvironment
without the confounding factors such as the blood—brain barrier and anaesthesia. For this
reason, drug penetration and pharmacological testing is very straightforward and permissive.
It has been used extensively for immunohistochemistry, electrophysiological studies, and to
characterise properties of individual neurons and glial cells (Colbert, 2006; Buslika et al.,

2007; Buskila and Amitai, 2007; Khurana and Li, 2013).

The development of appropriate experimental models of white matter injury is therefore
essential to understand its progressive nature and to develop novel therapeutics that can

ameliorate its devastating clinical consequences.
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2.2.2 The use of YFP-expressing mice to study white matter injury

The use of transgenic and knockout technologies makes the mouse brain an ideal candidate
to study the cellular and biochemical processes underlying white matter (Emery, 2010). To
aid in visualising axon morphology, transgenic mice with neuron-specific expression of the
yellow fluorescent protein (YFP), under control of the thyl promoter were developed (Feng
et al., 2000). The mouse transgenic Line H express YFP in a subset of cortical neurons that
project axons across the corpus callous, thus enabling study of central white matter
pathology. YFP is localised in neuronal cytoplasm, and thus intrinsic morphological changes
in the axoplasm due to various insults can be visualised in labelled axons by fluorescence
microscopy techniques (Brendza et al., 2003; Gillingwater et al., 2002). Importantly, it has
been shown that expression of YFP in neurons results in no apparent toxic effects (Feng et

al., 2000).

This mouse line has been extensively used in literature to study central white matter
pathology both in vitro and in vivo and the morphological changes that occur have been well
characterised. Hypoxic injury was studied on isolated YFP axons (Underhill and Goldberg,
2007). Wallerian degeneration was observed in YFP tibial nerves following sciatic nerve
axotomy (Beirowski et al., 2004). Axonal degeneration and regeneration were also studied
using YFP-expressing spinal cord axons following traumatic injury (Bareyre et al., 2005;
Kerschensteiner et al., 2005; Carter et al., 2008). YFP-expressing callosal axons were used
to study traumatic brain injury (Greer et al. 2011; Marion et al., 2018), Wallerian
degeneration (Beirowski et al., 2004) and ischaemic injury (McCarran and Goldberg, 2007,
Alix et al., 2012; Laureys et al. 2014; Doyle et al., 2018). McCarran and Goldberg (2007)
reported that ischaemia induced injury to YFP-expressing callosal axons is a sensitive marker
of injury and is comparable to the loss in classical neurofilament labelling (Fig 2.1). The same
authors also developed a scoring injury scale based on a set of progressive structural changes

occurring to injured axons and which was adapted in this thesis.
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Figure 2.1. Ischaemia causes extensive axonal injury as seen by morphologic changes
occurring in YFP-expressing axons. YFP-expressing callosal axons at the start of the
experiment (A and B), after 9 hours of perfusion in control slices (D), after 1 hour of OGD
followed by 9 hours of reperfusion (E). SMI-31 strongly labels intact callosal axons during
normoxia (C), after 1-hour OGD followed by 9 hours of reperfusion (F). Severe axon beading
and fragmentation, demarcating injury, are clearly visible in YFP- and SMI-31-labeled axons
(arrowheads). Scale bar, 25 um. (Reproduced from McCarran and Goldberg, 2007)
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2.2.3 Electrophysiology as a useful tool to study axonal injury

Electrophysiology is a very important tool to study action potential conduction and speed in
white matter tracts. For this reason, it is a very important tool that enables the study of the
functional integrity of axons in normal physiology and in disease. This experimental method
is based on the principal that electrical activity propagates along intact axonal fibres (Baker
et al., 1987; Bostockand and Grafe, 1985; Carley and Raymond, 1987; Fulton and Walton, 1986). This
process consumes most of the energy required by axons (Ames, 2000) and is therefore affected by
disruptions in the supply of energy. Recording the electrophysiological activity of axonal bundles
under normal and altered metabolic states, can therefore be used to shed light on how substrate

availability affects conduction speed and electrical activity in neurometabolic disorders.

Conduction in isolated nerves is studied by using two electrodes: an electrode to stimulate
one end of the nerve, with the other placed at the opposite end that records the evoked
change in electrical response. This method of extracellular recording monitors all the axons
in the nerve, and the evoked response is called the CAP. According to Stys and colleagues,
the CAP is the summation of all the individual action potentials in the axons comprising the
nerve bundle (Stys et al., 1991). The larger the number of healthy axonal fibres, the larger is
the evoked response. Following an insult, a variable decrease in action potential propagation
is expected and this invariably leads to a decrease in CAP. Therefore, monitoring the CAP
before, during and after an insult provides a reliable and quantitative measure that
corresponds to axonal functional integrity. The mouse optic nerve contains around 24,000
axons (Allen et al., 2006) and during adulthood the optic nerve is fully myelinated (Foster et
al., 1982). Although in humans, the optic nerve is regarded to be a peripheral nerve (cranial
nerve ll), it is actually an extension of the diencephalon, and therefore it is frequently used
as a model to study central white matter pathology. To study nerve conduction across the
optic nerve, suction electrodes are typically used (Kocsis et al., 1986; Stys et al., 1990;
Ransom and Fern, 1997; Stys et al., 1992a, b; Brown et al., 2003; Meakin et al., 2007), and
were reviewed in detail by Stys et al., (1990). Briefly, each end of the optic nerve is snugly
fit into glass capillaries filled with artificial cerebrospinal fluid (aCSF) after applying suction at
the capillary free end. One capillary is connected to a stimulus generator, and the other to
an amplifier. Stimulating one end of the nerve causes the impulse to propagate across the
optic nerve, to be picked up by the recording electrode.
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Figure 2.2. Diagrammatic representation of the typical hardware required to record

compound action potential from the optic nerve (adapted from Stys et al., 1991).

The CAP generated from the rodent optic nerve typically has three peaks (Fig 2.3). These
peaks generally represent axons having variable extents of myelination (Allen et al., 2006;
Brown et al., 2003; Fern et al., 1998; Stys et al., 1998; Waxman et al., 1990). The heavily
myelinated axons, having the fastest speed of conduction are represented by the first peak,
that is closest to the stimulus artefact. The other two peaks represent the groups of

intermediate and least myelinated axons respectively.

Coronal brain slices cut at the level of the corpus callosum, provide another alternative model
to study the pathophysiology of central white matter injury. Electrodes are inserted above
each side of the corpus callosum (Fig 2.4), and the propagation of electrical activity across the
axonal bundle that is generated is recorded. Typically, the stimulus is generated using bipolar
stimulating electrodes, and the recording microelectrode filled with 2M NaCl (Tekkdk and

Goldberg, 2001).
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Figure 2.3. A typical recording from the rodent optic nerve. Recording showing the 3 peaks
(A, B and C) from axons with different degrees in myelination. Profile 1 represents the
recording at the start of the experiment. Profile 2 represents the recording during GD. Profile
3 represents partial recovery of function during the reperfusion phase. Scale: 0.5mV, 1ms
(adapted from Wender et al., 2000).

Figure 2.4. Diagrammatic representation of the typical position of the stimulating and
recording electrodes on the brain slice (adapted from Tekkdk and Goldberg, 2001).

The output obtained from callosal slices typically generates two peaks (Fig 2.5). These two
peaks represent axon bundles with different degrees of myelination (and thickness) and
therefore different conduction velocities (Reeves et al., 2005; Tekkok and Goldberg 2001;
Tekkok et al., 2005a).
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Figure 2.5. A typical recording obtained from the rodent callosal brain slices. The two peaks
(A and B) are obtained from axons with variable extent of myelination. Profile 1 represents a
typical profile for normal axon conduction. Profile 2 represents the recording of partially
recovered axons after ischaemic injury. Profile 3 represents complete loss of function that
corresponds to irreversible injury. Scale: 1ImV, 1 ms (adapted from Tekkok et al., 2005).

To quantify the degree of axonal injury and recovery, the area under the CAP is quantified and
plotted against time (Dong and Hare, 2005). The area under the CAP represents the extent of
electrically active axons, since currents generated by individual axons within a fibre tract can
summate linearly (Cummins et al. 1979; Stys et al. 1991). At the onset of the experiment,
most axons are electrically active, and therefore the amplitude of the signal is large. Following
an injurious insult, electrically active axons are reduced in number, and this follows the
decreased CAP amplitude. The extent of recovery of the CAP that accompanies removal of an
insult depends on whether the damage that was inflicted was severe enough to induce an
irreversible loss in axonal conduction. In mild injuries, a partial recovery of the initial signal
would be expected, the amplitude of which depending wholly on the degree of recovered

axonal fibres. No signal would be present in the case of extensive injury.
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2.24 Clinical evidence that hypoglycaemia is a cause of axonal injury

Pathological changes in the brain has mainly been studied on autopsy material from patients
who died from insulin-induced coma and from animals exposed to severe hypoglycaemia. In
a post-mortem human study of 13 cases wherein coma was attributed to hypoglycaemia
(Dolinak et al., 2000), widespread axonal injury was revealed as deposition of B-Amyloid
Precursor Protein (B-APP) to the underlying white matter in 11 of the cases. In 6 of the cases
investigated, there was no raised intracranial pressure (ICP) or other associated complications
that could have contributed or exacerbated axonal injury. MRI studies in two cases of
neonatal hypoglycaemia showed cortical and white matter cerebral damage with profound
atrophy of these regions in the chronic phase (Traill et al., 1998). Neuroimaging studies of
patients with brain injury resulting from neonatal hypoglycaemia showed significant
alterations, involving both cortex and underlying white matter, with disproportionate damage
of the parietal and occipital lobes (Barkovich et al., 1998; Kinnala et al., 1999). In other
studies, neonatal symptomatic hypoglycaemia was suggested to be a cause for the delayed or
abnormal myelination in the parieto-occipital and periventricular white matter of full-term
infants who later developed neurological handicap (Murakami et al., 1999; Cakmakci et al.,
2001). Therefore, the injury that we observed in transgenic mice in vivo and in vitro
complements on existing data from human and animal observations that glucose deprivation

is a cause of axonal injury (Dolinak et al., 2000; Auer et al., 1984; Auer and Siesjo, 1993).
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2.2.5 Experimental evidence that glycose deprivation contributes to a
loss of function in injured axons

Ransom and Fern (1997) reported that a brief exposure of the rat optic nerve to glucose
deprivation (GD) did not result in an immediate loss of axonal function. In this study, the CAP
started to decline only after 40 min of GD. Slower conducting axons responsible for the
second peak showed earlier signs of functional loss than the faster conducting axons. The
extent in recovery following reperfusion with glucose containing aCSF was also to a lesser
extent than the earlier first peak (Fig. 2.6). The study also reports no significant permanent

loss of CAP following 45 min GD, but a complete loss of function after 65 min of GD (Fig. 2.7).
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Figure 2.6. The effect of CAP recording following GD in the rodent optic nerve during
different time points of the experiment. (B) Plot of CAP of first and second peaks showing an
initial preservation in axonal function upon removal of bath glucose. Conduction starts
decreasing after 40 min of GD and is lost after 65 min. Slower conducting axons are more
susceptible to GD and recovery is poorer than the faster conducting axons (adapted from
Ransom and Fern, 1997).
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Figure 2.7. Loss in CAP following GD in the optic nerve. (A) Minimal loss of CAP following 45
min of GD. (B) Irreversible loss of CAP following 65 min of GD. (shaded area — GD) (adapted
from Ransom and Fern, 1997).

Meyer et al. 2018 recently studied the effect of GD on callosal axons present in coronal brain
sections. They reported that following the onset of GD, it took 30 min for loss of axonal
conduction at room temperature, but only 5 min at 37°C. On reapplying glucose containing
aCSF, CAP amplitudes returned to normal just after 5 min in slices at 37°C, and it took 20 mins

in slices kept at room temperature (Figure 2.8).
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Figure 2.8. Loss in CAP following GD in the callosal brain slice. Top: Representative recordings
illustrating CAP decline following GD during 55 min (at room temperature — blue) or 10 min
(at 36°C - green). The filled area (blue/green) corresponds to the area for CAP calculation.
Plots at the bottom show sample traces of normalized CAP areas during GD and reperfusion
(adapted from Meyer et al., 2018).
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2.3 Methodology

2.3.1 Dissecting instruments

Adult male mice aged 12-20 weeks with C57BL6/J genetic background were used for all the
experiments. The mice were housed in cages containing paddy husk as bedding material,
which was changed on alternate days. Mice were housed in a well-aerated, temperature and
humidity-controlled environment and kept at a 12-hour light/dark cycle. They were provided
with a constant supply of food and water.
and 55% humidity. The dissection of the brain and optic nerve from mice is a simple

procedure. The surgical instruments used for the brain and optic nerve retrieval are listed in

Table 2.1 and shown in Figure 2.9.

Room temperature (RT) was maintained at 23°C

Item

CatLog Number

Company

Straight surgical scissors 91402-14 Fine Science Tools
Hardened Fine Scissors 14090-09 Fine Science Tools
Dissector Scissors - Slim Blades 14081-09 Fine Science Tools
Dumont #7 Forceps 91197-00 Fine Science Tools
Tissue Forceps - 1x2 Teeth 11021-15 Fine Science Tools
Vannas Micro Dissecting Spring Scissors RS-5619 Roboz Surgical Store
Table 2.1. List of surgical dissection tools.
A B C D s F

J\@Qb

Figure 2.9. Surgical dissection tools used.

[A]Straight surgical scissors; [B] Hardened Fine
Scissors; [C] Dissector Scissors - Slim Blades; [D] Dumont #7 Forceps; [E] Tissue Forceps - 1x2
Teeth; [F] Vannas Micro Dissecting Spring Scissors
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2.3.2

Preparation of cutting solution for the retrieval of callosal slices

To minimise the damage to the brain tissue during dissection and slicing, these procedures

were done in a sucrose rich and low calcium aCSF containing NaCl, KCI, NaH,PO4, NaHCO3,

MgCl, (anhydrous), CaCl,.2H20, glucose, and sucrose. The molarities used (in stock and

experimental solutions) are listed in Table 2.2.

Molecular | Molarity in final | Stock solution Molarity of

Weight solution (mM) preparation stock solution
NacCl 58.4 87 50.8 gin 200 ml 435 M
KCl 74.6 2.5 1.86 g in 200 ml 124.75 mM
NaH2PO4 138.0 1.25 1.725 g in 200 ml 62.50 mM
NaHCOs 84.0 25 21gin 200 ml 1.25M
MgCl, (anhydrous) 246.5 2.98 2.84 gin 200 ml 149.14 mM
CaClz.2H,0 147.0 0.5 0.735 gin 200 ml 24.99 mM
Glucose 180.16 25 N/A N/A
Sucrose 342.30 75 N/A N/A

Table 2.2. Chemical composition of the cutting solution.

The cutting solution was freshly prepared and involved the following steps:

1. 10 ml of NaCl, KCl, NaH2PO4, and NaHCOs3, were added to 440 ml of Milli-Q H-0.

N

2.25 g of glucose and 12.846 g of sucrose were added to the solution.

3. The solution was then bubbled with 95%02/5% CO, for 15-30 mins, whilst stirring

continuously.

4. 10 ml of MgCl, (anhydrous) and CaCl;.2H,0 were added to the solution and left bubbling
with 95%0,/5%C0; for another 10 mins.

5. The pH was finally adjusted to 7.4.

6. The solution was then placed in a -80°C freezer for about 45-60 mins, until it formed a

slush.

7. The solution was then placed on ice and bubbled with 95%02/5% CO: for another 15

mins.
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233 Preparation of artificial cerebrospinal fluid

The experimental procedures were all carried out in aCSF containing NaCl, KCl, NaH;POa,,
NaHCOs, MgCl; (anhydrous), CaCl,.2H,0, and glucose. Whenever the experimental protocol
required a period of GD, glucose was replaced with sucrose, to maintain the same osmolality.

The concentrations used are listed in Table 2.3.

Molecular | Molarity in final | Stock solution Molarity of

Weight solution (mM) preparation stock solution
NaCl 58.4 126 73.63 gin 100 ml 1.26 M
KCl 74.6 3.49 5.2 gin 200 ml 348.76 mM
NaH,PO4 138.0 1.16 3.2gin 200 ml 115.95 mM
NaHCOs3 84.0 23.8 20 gin 200ml 1.19M
MgCl; (anhydrous) 246.5 1.28 2.44 g in 200m| 128.14 mM
CaClz.2H,0 147.0 2.0 5.8 gin 200ml| 197.25 mM

Table 2.3. Chemical composition of the aCSF.

The aCSF was prepared fresh before each experiment, following the subsequent steps:

1. 100 ml of NaCl, 20 ml of NaHCO3, and 10 ml of KCl and NaH2POswere added to 840 ml of
Milli-Q H0.

2. The solution was then bubbled with 95%02/5% CO; for 15-30 mins, with stirring.

3. 10 ml of MgCl, (anhydrous) and CaCl,.2H,0 were added to the solution and bubbled with
95%0,/5%CO0; for a further 10 mins.

4. The pH was adjusted to 7.4.

5. The solution was then divided in two separate beakers, one for glucose-containing aCSF
(final molarity of 10mM), and the other for sucrose-containing aCSF (final molarity of
10mM). Sucrose was added to maintain the same osmolality between the two solutions.

From our experience, there are a number of factors that contribute to the viability of the
slices. The brain tissue should be handled delicately to reduce physical damage. The
preparation time should be short, a prolonged ischaemic period is associated with a fall in
intracellular adenosine triphosphate (ATP). Lowering the brain tissue temperature during the
preparation is effective in reducing the sensitivity of neurons to ischaemia. In order to reduce
the neurotoxicity of the glutamate that may be massively released during slice preparation,

we use an aCSF containing 1.28mM magnesium and 1.97 mM calcium for slicing and storage.
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234 Optic nerve preparation

The procedure of the optic nerve preparation can be followed in Fig 2.10. Following induction
of generalised inhalation anaesthesia with isoflurane, mice were transferred onto a
dissection board, and the head rapidly decapitated using a straight surgical scissors. The body
was discarded, and the head was immediately immersed in ice cold water to ensure
homeostasis and allow for a clear field of view during the dissection. An incision is made
along the sagittal suture (1) with a surgical blade to remove the skin on top of the skull (2).
The eyeball is freed from the connective tissues around the orbit with a hardened fine
scissors (3), and very gently pulled out. The optic nerve is then cut free from its attachment
to the eyeball using the same scissors (4). Great care was taken at this step as one could
easily damage the nerve in the process. If the eyeball is extensively pulled out of its socket
or with too much vigour, the nerve could be easily stretched and injure with possible
transaction from the optic chiasm. On the same lines, if the optic nerve is not freed from the
eyeball or from the surrounding connective tissue, at some later stage of dissection when
the brain is removed, the optic nerve might fuse to the eyeball resulting in loss of the nerve.
Following the above rapid procedure, the head is placed horizontally on the dissecting board,
with the dorsum facing upwards. Atissue forceps was applied across the nasal bridge to hold
the head in place and an incision was made through the skull along the sagittal suture up to
the level of the bregma with dissector scissors (6). This was followed by two diagonal
incisions from the medial aspect to each orbit towards the bregma (6). Using a Dumont #7
forceps, the two parietal bones were gently removed to expose the brain (7). At this point, a
few drops of oxygenated aCSF were added to prevent drying out of the brain tissue (8). After
the brain was exposed, a Dumont #7 forceps was inserted in front of the cerebrum,
underneath the olfactory nerves and the brain was gently pulled backwards (9). This
movement resulted in both optic nerves being pulled out of the orbit. The brain with both
optic nerves still attached at the optic chiasm was then transferred to a petri dish filled with
aCSF (with the rostral aspect of the brain facing up) (10). A fine-tipped brush was used to
align the optic nerves parallel to each other and the optic chiasm freed from the brain with
a Vannas micro dissecting spring scissors (11). The freed nerves (12) were then transferred

to an interphase perfusion chamber (Harvard Instruments, UK).
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Figure 2.10. Step-wise procedure to extract the optic nerve. Each numbered step is referred
to in the text above.
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2.3.5 Brain slice preparation

The goal of the brain slice preparation is to obtain a thin section of brain tissue containing
the cells of interest and to maintain the slice in a viable (although artificial) condition that is

similar to its in vivo environment.

The procedure of the optic nerve preparation can be followed in Fig 2.11. Following
induction of generalised inhalation anaesthesia with isoflurane, mice were transferred onto
a dissection board, and their head rapidly decapitated using a straight surgical scissors. The
body was discarded, and the head rapidly immersed in ice cold water to ensure homeostasis
and allow for a clear field of view during dissection. The head was then placed with the
cranium facing upwards in a dissecting tray filled with chilled cutting solution, which was
continuously bubbled with 95% 0,/5% CO,. An incision was made along the sagittal suture
with a surgical blade (1) to remove the skin on top of the skull (2). A tissue forceps was
applied across the nasal bridge to hold the head in place, and by means of a dissector scissors,
two incision were made (one on each side) diagonally across the frontal bone from the roof
of each orbit towards the bregma (3-4). This was followed by another incision along the
sagittal suture (5), starting from the posterior aspect of the skull and extending towards the
bregma (6). The two parietal bones were gently removed to expose the brain using a
Dumont #7 forceps (7). After the brain was exposed (8), a small spatula was inserted (9)
beneath the cerebral hemispheres and the brain was gently pulled backwards (10). This
movement resulted in freeing the brain from within the skull. The cerebellum was then cut
away (11 — dotted line) from cerebral hemispheres using a sharp blade, thus leaving just the

two cerebral hemispheres (12).

The cerebral hemispheres were then mounted on the ice-cold platform of a Vibratome 1000
vibroslicer (Technical Products, St. Louis, MQO) covered in oxygenated ice-cold cutting
solution. Consecutive 400 um thick coronal slices were cut starting from the anterior end of
the hemispheres. From each brain, 8 slices were usually obtained that contained a significant
amount of corpus callosum. These slices were then transferred to a holding chamber
(Scientific Systems Design) filled with oxygenated aCSF to allow for stabilization for 2 hours

at room temperature.
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Figure 2.11. Step-wise procedure to extract the whole brain. Numbers 1 — 12 refers to the
dissection technique described above.
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2.3.6 Live imaging under two-photon microscopy

Live imaging provides exciting opportunities to study dynamic cellular events as they occur
in real time. One of the challenges for live imaging is that the live specimen must remain
healthy and viable in the imaging setup with considerations such as temperature, pH, gas
exchange and light exposure having a major role in the experimental technique. YFP-
expressing axons were imaged with a 920 nm laser line (7-10% laser power) using a
water-based 25X Olympus XLPLN25xWMP multiphoton apochromatic objective (NA 1.05,
WD 2.0, IR-corrected). The multiphoton system housed Keplerian beam expanders with
infra-red (IR) introduction light paths to achieve perfect excitation efficiency and highly
resolved multiphoton images. A mode-locked MaiTai HP DeepSee IR laser system (Spectra-
Physics) with a tuneable Ti: sapphire oscillator (690-1040 nm) was used as the excitation
light source (pulse width < 100fs; pulse repetition rate 80Mhz) and controlled through an
acousto-optical-modulator to allow for precise changes in laser intensity. The Group
Velocity Dispersion was electronically compensated by a prism-coupled pre-chirper and the
beam diameter adjusted by a Keplar telescope. The direct detection of emission light (i.e.
without a confocal aperture) results in the highest collection efficiency of scattered light as

light is ‘picked off’ before it passes through the scanning system.
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Figure 2.12. FV1000 MPE Olympus Multiphoton microscope (Olympus, Tokyo, Japan).
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Figure 2.13. Integrated setup used for live brain slice imaging. A gravity-fed system is
heated through a thermostatically-regulated in-line heater with feedback control through
a temperature sensor. Used perfusate is aspirated from the chamber and transferred into
a waste container through a vacuum suction line.

Image acquisition was performed using the Olympus FluoView® V100 software. Single-focal-
plane images were collected at 30-min intervals or, more frequently, stacks of five optical
sections at an incremental z-step of 1um apart. Subsequently, all z-stacks of images were
projected along the z-axis to recreate two-dimensional representations of the three-
dimensional structures within the imaged tissue. To ensure full representation of the axons
within the field of view, in all z-stacks we set the upper and lower limits so that all axonal
profiles were included in the raw imaging data and in their subsequent z projections.
Corrective focus changes to keep track of focus drift was necessary during the time-lapse
experiment to keep the features within a given image plane. During image acquisition laser
power and detector gain and offset settings were adjusted as to minimise background noise
for sharper visualisation of axonal profiles. Post-acquisition images were only adjusted for
brightness, contrast and background noise by using Imaris software. For brightness and
contrast adjustments the depth of pixel intensities that spanned the entire 8-bit range (0—
255) was readjusted for display optimisation. The two-photon imaging experiments allowed
for the timely acquisition of image frames that followed axonal injury in real-time. These
experiments are descriptive in nature and were repeated in triplicate to confirm the

reproducibility of the findings and increase statistical power.
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2.3.7 Glucose deprivation during live imaging

Immediately after sectioning, slices were transferred to a holding chamber (Scientific
Systems Design) where they were left to equilibrate for about 2 hours at room temperature.
A brain slice from the holding chamber was transferred to a mini submerged chamber (0.5ml)
with a coverglass bottom (Warner Instrument Corporation, Hamden, CT) mounted on an
upright FV1000 MPE Olympus Multiphoton microscope (Olympus, Tokyo, Japan) and
perfused with oxygenated aCSF at 37.0+1.0°C at a flow rate of approximately 3 ml/min.
Temperature control was maintained using an in-line heater (Warner Instrument
Corporation, Hamden, CT) equipped with a feedback thermistor placed in the chamber and
the temperature raised gradually over 1 hour. Slices were continually perfused with
oxygenated buffer during imaging by means of a peristaltic pump and vacuum aspiration
within the imaging chamber. GD was initiated by replacing glucose containing aCSF with no-
glucose containing aCSF (replaced by sucrose) for various durations and imaging was

continued through 2 hr of reperfusion with substitution to glucose-containing aCSF.

Figure 2.14. Live-imaging set-up. [A] line heater controller. [B] Set-up for slice perfusion. [C]
slice under two-photon microscope.
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Figure 2.15. Set-up for slice perfusion during live imaging. Slices were left in the holding
chamber (2) for 2 hours and then transferred to the imaging chamber. The latter was
perfused with glucose containing aCSF (3) continuously bubbled with 95%0,/5% CO> (1) via
a peristaltic pump (5). To induce GD, the inlet from the peristaltic pump was transferred
from the glucose containing aCSF (3) to the sucrose containing aCSF (4).
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Figure 2.16. Set-up for the imaging chamber. The two-photon microscope stage and the
imaging chamber with [A] and without [B] the lens (1). [C-D] Zoomed-in image of the imaging
chamber (2). The brain slice was gently placed in the imaging chamber (2) on top of lens
paper, and continuously perfused with aCSF via the inlet (3). Before reaching the inlet (3)
the aCSF passed through an in-line heater (7) to reach 37°C and was then aspirated from the
chamber via a vacuum pump connected to a curved pipette (4). The harp (6) placed on top
of the slice prevented it from floating and stabilised it during the live imaging.
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2.3.8 Data analysis

Axon damage was quantified by visual scoring. Images were divided into a 5 x 5 grid, and
each grid box was scored by a blinded observer for the presence of axon damage using the
following system: 0 — no damage; 1 — axon swelling and/or beading; 2 — axon fragmentation
(Figure 2.17 and 2.18). The total score for a single section (0-50) was divided by the number
of grid boxes to give a mean damage score (0-2). Damage scores from three different

experiments were averaged and recorded for each condition.

Figure 2.17. Axonal injury score. [A-C] Control slices. [B-D] Injured slices. [C-D] Each image
was divided into a 5x5 grid producing 25 sections. Each section was then given a score of
0, 1, or 2 depending on the degree of injury by a blind observer.
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Figure 2.18. Various degree of axonal injury with their respective injury score. Linear
axons with no signs of injury were given a score of 0. Axons with mild focal swelling and
beading were given a score of 1. Fragmented and transected axons were given a score of
2 (adapted from our published data Alix et al., 2012).

To assess the axonal injury score we used an ordinal scale of 0 (no injury), 1 (axonal swelling
and beading) and 2 (fragmentation). This was based on previous literature (McCarren and
Goldberg, 2007), and we had used it in two of our previously published papers (Alix et al.,
2012, Laureys et al., 2014). We acknowledge the fact that although the axonal injury score is
an ordinal scale, we had no other means than to represent the axonal injury scores as an

interval scale for clearer representation of the results.

2.3.9 Statistical analysis

All data was expressed as means * standard deviations. Statistical significance was
determined by one-way and two-way ANOVA followed by Tukey’s post hoc test for multiple
comparisons between groups. Interrater or intrarater reliability was tested using Cohen’s

kappa, producing a value greater than 0.85.
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2.3.10 Induction of glucose deprivation in vivo in interphase chamber

Immediately after sectioning, slices were transferred to a Haas-type slice chamber (Harvard
Apparatus, South Natick, MA) and allowed to recover at room temperature in oxygenated
(95% 02/5% CO3) aCSF for 2 hours at a flow rate of 3.0 ml/min. Two Haas-type chambers

were used: control vs GD.

Four to five slices were placed in each chamber on lens paper. Slices were then superfused
with oxygenated aCSF at 37.0+1.0°C for a further 1 hour. GD was initiated by replacing

glucose in normal oxygenated aCSF with 10 mM sucrose for a period of 45 min.

A sample slice from each compartment was sampled immediately after the 45 mins of GD
and at 30, 60 and 120 min of reperfusion. Each slice was immediately fixed for 2 hours at RT
in fixative composed of 4% paraformaldehyde in phosphate buffer solution (PBS), pH 7.4.
Each slice from each condition was carefully cut along the midline under microscopic control
and each hemisphere from each condition stored in fixative for light and electron microscopy
examination. The other halves from each condition were given a brief rinse in PBS and
cryoprotected for <48 hrin 30% sucrose in PBS in preparation forimmunocytochemistry and

confocal microscopy.
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Figure 2.19. General setup of the Hass-type interphase chambers. 1 - TC-202A Bipolar
Temperature Controller (Warner Instruments); 2 — Two-channel peristaltic pump; 3 —Haas-
type slice chamber; 4 — aCSF (+/-) glucose; 5 — Ggs regulators.

39



Figure 2.20. Control and experimental slices in Hass-type interphase chambers. After
cutting four to five brain slices were placed in each chamber on a lens tissue and allowed
to stabilise for about two hours. The slices in chamber (1 —zoomed in A) were continuously
perfused with glucose containing aCSF (3). After the stabilisation phase, the slices in
chamber (2 — zoomed in B) were exposed to sucrose containing aCSF (4) for 45 min. This
was switched back to glucose containing aCSF (3) at the end of the 45 min, and perfusion
was continued for a further 2 hr.
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2.3.11 Immunocytochemistry

Sixteen micron-thick sections (10-12 / slice) from each 400 um-thick brain slice were cut by
a cryotome and collected onto gelatin-coated slides (Fisher Scientific, Pittsburgh, PA).
Sections from the outer 50 um surfaces were excluded to avoid viewing mechanically
damaged tissue on the slice surface. For immunohistochemical analysis, the brain sections
were blocked and permeabilised in 40 % normal goat serum (Sigma, St. Louis, MO) and 0.4
% Triton X-100 (Sigma, St. Louis, MO) for 30 min at RT. Sections were labelled for axonal
neurofilaments with the monoclonal antibody SMI-31 (Sternberger Monoclonals,

Incorporated, Lutherville, MD) against epitopes of phosphorylated NF 200.

Primary antibody was used at a dilution of 1:10,000 in permeabilisation buffer. Sections were
incubated in primary antibody for 2-3 hr at RT or overnight at 4°C. Following a thorough
wash in PBS, tissue was exposed to secondary antibody, donkey anti-rabbit Cy3 (Jackson
Immunoresearch Laboratories, Inc., West Grove, PA) at a dilution of 1:100 in 2 % normal goat
serum for 1 hr at RT. After a final wash in PBS, the sections were treated with Prolong
Antifade (Molecular Probes) before they were cover-slipped (Sigma). Slides were kept in the
dark at 4°C overnight to assure antifade treatment prior to imaging. For each slice,
immunolabelling was examined and quantified from four sections for each experimental
condition. In all experiments, the YFP fluorophore was stable and resistant to fading during

storage enabling data collection over several months.

1° Antibody 20 Antibody
Type SMI-31 donkey anti-rabbit Cy3
Dilution 1:10,000 1:100
Duration 2-3 hr at RT/overnight at 4°C 1 hratRT

Table 2.4. Primary and secondary antibodies.
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2.3.12 Assessment of axon and neurofilament morphology

The corpus callosum of each slice was imaged by a BioRad MRC 1024 inverted confocal
microscope. Sections were scanned in the z-axis with 488 nm laser line for YFP and 543 nm
for Cy3. The sequence of sampling of slices was kept constant. Representative microscopic
fields in the middle of the corpus callosum of each brain section were imaged using a 40X
(water immersion, N.A 1.2) or 100X (oil immersion, N.A 1.45) objective lens under fixed gain
and pinhole settings. Projected images were acquired with Laser Sharp imaging software.
Optimal settings were first obtained from slices from perfusion-fixed sections which showed

maximum fluorescence intensity.

2.3.13  Brightfield and electron microscopy for histological analysis and
morphometry

After overnight fixation (4°C) in 2% paraformaldehyde, 2% glutaraldehyde in 0.1M cacodylate
buffer pH 7.4 each halved slice (400um) from each condition was carefully trimmed (2.0 X
2.0 mm) to contain the genu of the corpus callosum (four sections for each condition).
Sections were post-fixed for 1 hr in 1% osmium-1% potassium ferricyanide in 0.1 M
cacodylate and en bloc stained with 1% uranyl acetate in maleate buffer, pH 6.0, and flat-
embedded in epoxy resin (Ted Pella, Inc., Redding, CA). One micrometre sagittal sections
were cut at the level of the septo-striatal region (Bregma around 0.74 mm) from each tissue
block and stained with 1% toluidine blue. Sections were screened for evidence of white

matter injury under light microscopy.

For electron microscopy (EM), sagittal ultrathin sections (90-100nm) from the epoxy-
embedded tissue blocks were cut with a Leica Ultracut UCT ultramicrotome and
subsequently counterstained with uranyl acetate and lead citrate. Sections were viewed at

80 kV on a JEOL 100B TEM with digital image capture.

The histological preparation of slides for EM processing and imaging was done at Leicester

University, UK. Thereafter, all image analysis was conducted in our laboratory.
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2.3.14  Preparation of electrodes for electrophysiology and generation of
the compound action potential

For both models, the stimulus was generated via a stimulus isolator unit (Digitimer, U.K).
Typically, 25 — 75 us long supramaximal pulses were delivered every 30 sec. The evoked
signal was amplified with a gain of between 100x-200x and filtered between dc — 5000Hz
using Neurolog™ amplifier, acquired via 1401 plus data acquisition, and recorded and stored

via Signal 1.9 for later analysis.

Figure 2.21. Electrophysiology setup for the optic nerve and the brain slice. [1] CAP recorded
via Signal 1.9; [2] Neurolo ™; 1401 plus data acquisition.
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Figure 2.22. The Neurolog ™ amplifier. The recording head stage was connected to the
amplifier (1). Differential recording was used: signal from input B was deducted from the
signal recorded from input A (2). The gain (3) and the low-cut (4) and high-cut (5) filters were
kept constant for all the experiments.
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Figure 2.23. The stimulus isolator unit (Digitimer, U.K). The stimulus isolator unit was
connected to the stimulating electrode (1). The amplitude (2) and pulse width (3) were
gradually increased to optimise the signal-to-noise ratio. The unit was also connected to the
1401 plus data acquisition unit (4) so that a recording is registered every time a stimulus is
generated.
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2.3.14.1 Optic nerve electrophysiology

The optic nerve preparation is much easier and straightforward than the preparation of
callosal slices. The optic nerve is more robust and can withstand minor traumatic events
without permanent injury. A low-Na*, high-sucrose cutting solution is not required for its

dissection and 20 — 30 min is usually sufficient for optic nerves to stabilise before recording

(compared to the 2 hours of stabilisation required in brain slices).
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Figure 2.24. Electrophysiology rig used to record CAP from the optic nerve. The optic
nerve was placed in the interphase chamber (4) and gently snug in the stimulating and
recording electrodes visualised using the upright Leica Wild M3Z microscope. The
electrodes were fixed to 2 manipulators (2 and 3), and the nerve was continuously perfused

with aCSF (+/-) glucose.
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We used modified suction electrodes (Stys et al., 1991) to record from the optic nerve. We
fabricated two L-shaped fused capillaries as the recording electrode (Fig. 2.25 — 1) and a single
L-shaped capillary tube as the stimulating electrode (Fig. 2.25 — 2) and. A silver wire (LS
120493; Goodfellow) was threaded into the stimulating capillary tube (Fig. 2.25 — 2C) and
another one was wrapped around the glass tip (Fig. 2.25 — 2D). Both wires were connected
to the stimulus isolator unit (Fig. 2.25 — 2E). The two capillary tubes forming the recording
electrode were taped together (Fig. 2.25 — 1), with a silver wire inserted in each, and
connected to a head-stage (Fig. 2.25 — 1A and B) in series to an amplifier and 1401 plus data
acquisition. The stimulus generator produced a current at the recording electrode between
the two silver wires, which travelled through the optic nerve and was picked up from the
capillary tube in which the nerve was inserted (Fig. 2.25 — G). The signal from the other
capillary tube (Fig. 2.25 — H) was deducted from the latter (differential recording) to eliminate
the background noise, thus ensuring that the signal was the actual summation of all the action

potentials from the axons within the optic nerve.

From the in vitro experiments conducted on the optic nerve in interphase chambers it was
very clear that the magnitude of the flow rate of the circulating media was critical in order to
acquire a stable readout. A minimal increase in the flow rate caused a rise in the level of the
circulating media with a dramatic reduction in signal amplitude.  Since live imaging
experiments require the tissue to be submerged beneath a column of media, such a
combination of live imaging and electrophysiology experiments could not be permitted for
the optic nerve preparation. With this in mind, we chose to use the acute brain slice as this
allows for the perfusion of the slice across a thin column of perfusate without effecting the

extracellular signal recording.
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Figure 2.25. Electrodes used for CAP recording from the mouse optic nerve. 1 — double
barrelled recording electrode (zoomed in 3); 2 — single barrelled stimulating electrode
(zoomed in 4). [A-B] the silver wires of the recording electrode were connected to a head
stage in line with an amplifier and data acquisition; [C-D] two silver wires of stimulating
electrode, both of which connected to the stimulus isolator unit [E-F]; 5 — optic nerve
inserted in the stimulating electrode and in one of the capillaries of the recording electrode.
The signal recorded from the capillary tube H was deducted from that recorded from
capillary tube G (differential recording).
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2.3.14.2 Callosal brain slice electrophysiology

A stable recording from the callosal slices is quite challenging. Numerous studies utilised a
metal bipolar stimulating electrode (with a tip distance in the range of 75-250 um) and pulled
recording glass electrodes filled with either 2.0 M NaCl or standard aCSF (Tekkok and
Goldberg, 2001; Baker et al., 2002; Reeves et al., 2005). In our hands, these parameters did

not give us the required CAP signal as the signal to noise ratio was very low.

Figure 2.26. Electrophysiology rig used to record CAP from the callosal brain slice. The
holding chamber and perfusion setup are similar to that used for live imaging. The
recording (1) and stimulating (2) electrodes were connected to motorised manipulators and
gently placed on top of the callosal slice.
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A modification we made to these parameters documented in literature yielded reproducible
results. We used 2 very fine stainless-steel rods (#100194; California Fine Wire Company)
coated with an insulating material for both the stimulating and recording electrodes. For the
stimulating electrodes (Fig 2.27 — 2), approximately 1mm of insulating material was removed
from the tip (Fig 2.27 — red double-sided arrow), and the two tips were gently separated to
approximately 500 um — 1 mm apart (Fig 2.27 — blue double-sided arrow). These were placed
on each side of the corpus callosum under low power magnification (top and bottom of one
end) (Figure 2.28 — Right). As to the recording electrode (Fig 2.27 — 1), the insulating material
was a removed from a similar area to about 1 mm (Fig 2.27 — red double-sided arrow), with
the two electrode tips separated by approximately 2mm —3mm apart (Fig 2.27 — black double-
sided arrow). One of the tips was placed directly on the corpus callosum and the other was
kept at a distance and touching the grey matter (Figure 2.28 — Left). The stimulating electrode
was connected to a stimulus isolator unit, and the recording electrode to a head-stage and in
series to that an amplifier and 1401 plus data acquisition. This differential recording allowed
for the output signal generated from the rod placed on the grey matter (Figure 2.8 B) to be
subtracted from that obtained from the rod placed on the corpus callosum (Figure 2.8 A) and
thus ensure that the evoked response was exclusive to the fibres crossing the corpus callosum

across the two electrodes.

This setup enabled us to record stable evoke responses across the corpus callosum over time
in the interphase chambers. These same parameters were also employed in the submersible
chamber with satisfactory results as an increase in the column of water decreased the
background noise which allowed for the increase in signal gain to ‘detect’ the smaller evoked

responses.
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Figure 2.27. Electrodes used for CAP recording from the callosal brain slice. 1 — double
barrelled recording electrode (zoomed in 3); 2 — single barrelled electrode (zoomed in 4). 5
— optic nerve inserted in both electrodes.
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Recording Stimulating

Figure 2.28. Distribution of the recording and stimulating electrodes for CAP recording from
callosal fibres in the brain slice. Right: Two stainless steel electrodes placed on each
hemisphere and along each end (top and bottom) of the corpus callosum. Left: One of the
recording electrodes (A) placed along the midline of the corpus callosum and opposite the
other hemisphere that contains the stimulating electrode at the other end of the corpus
callosum. The differential electrode (B) is placed in the grey matter. The differential recording
subtracts the signal obtained in B from A, to generate the evoked CAP response.
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2.3.15 Recording of the compound action potential

After letting the brain slices rest for about 2 hours in the holding chamber, one of them was
transferred to the submerged chamber. The flow rate was adjusted to about 3 ml/min, and
the temperature was gradually increased to 37°C */- 1°C. The electrodes were then gently
lowered onto the brain slices until they were just touching the surface of the brain. The setup

was left to rest for another 30 mins.

After the stabilisation phase, the pulse width and amplitude were gradually increased until
an optimal signal was achieved. The position of the recording electrode was also changed in
order to achieve the best sign to noise ratio. When an acceptable signal was achieved, a
125% supramaximal stimulus was delivered every 30 seconds. After a stable recording of at
least 30 minutes, GD was initiated. This was done by perfusing the brain slice with aCSF
devoid of glucose (replaced by sucrose to keep the osmolality constant). At the end of the
period of GD, the brain slice was perfused again with glucose containing aCSF for another 2

hours.

2.3.16  Data analysis of compound action potential recording

Data was recorded on Signal 1.9 and saved for offline analysis. The area under the graph of
each signal was recorded and referred to as CAP recording. The area under the CAP during
stabilisation was averaged, and each time point was expressed as a percentage of the
averaged baseline. One-way ANOVE followed by a Tuckey post-hoc test was done to
compare the percentage CAP recovery following GD between different experimental

protocols.
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2.4 Results

24.1 Visualisation of axon structure with YFP-expressing callosal slices

In preliminary experiments we used conventional two-photon microscopy to visualise axon
structure and the expression of YFP in 400 um brain coronal slices in which the anatomical

structure of the axonal tracts was clearly visible.

Figure 2.29. Visualization of axon morphology in transgenic mice (Thyl-YFP line H) with
neuron-specific expression. Low magnification fluorescence micrographs of fixed brain
sections in coronal (A) and sagittal (B) views show the expression and distribution of YFP-
expressing axons. Note in A, the intense expression in cortical layer 5 neurons, with distinct
axonal projections toward striatum and corpus callosum. C through H demonstrate the
normal arrangement of fibre tracts with strong expression of YFP at higher magnification: (C)
genu of corpus callosum, (D) cingulum, (E) external capsule, (F) striatum, (G) anterior
commissure, (H) spinal cord.
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Figure 2.30 shows a typical 400 um thick YFP-H mouse brain coronal slice. A 4x lens was used
to locate the middle of the corpus callosum (red box in Fig 2.30 A). This was replaced with a
25x lens to be able to get a higher magnification of individual groups of axons (Fig 2.30 B)

and study in detail their morphology.

Figure 2.30. Coronal brain slice of YFP-H mouse. [A] Low power image of a YFP-H mouse brain
coronal slice; red box — area of corpus callosum that was imaged. [B] High magnification f
individual groups of axons in the corpus callosum showing healthy YFP-expressing axons after
2 hours of incubation. Scale bar: 20 um

Live two-photon microscopy allowed us to image healthy appearing YFP-expressing axons
restricted to a depth corresponding to within 50-80 um below the surface. Within this depth,
cutting damage in brain slice preparation is very limited. At greater depths, the fluorescence
signal dropped off substantially. The decrease in the depth of detectable signal in white
matter is thought to be due to the efficient light scattering properties of myelin. Cutting
damage typically extended approximately 40 pum into the slice from the surface. The

maximum depth of imaging reached for the callosal axons extended to 120 um.
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24.2 Progression of injury in YFP-expressing axons

A gradual change in the structure of the YFP-expressing axons was noticeable throughout the
duration of our experiments. At the start of the experiment we made sure that most of the
axons in the field of view were morphologically intact. Slices with a high number of injured

axons were discarded.

Intact axons had linear profiles, with absence of focal swelling (Fig 2.31 A). The first sign of
axonal injury was localised focal swelling (Fig 2. 31 B), followed by beading (Fig 2. 31 C) and
fragmentation (Fig. 2. 31 D). An in-depth analysis of these injury hallmarks enabled us to

extrapolate an axonal injury score for the duration of each experiment.

An interesting feature that was observed was that the smaller diameter axons were more
vulnerable to injury than those with larger calibre. In fact, small diameter axons (< 1um)
showed earlier signs of injury after the insult (Figure 2.32). We followed the progression of
injury of axons with a larger diameter (> 2 um), as these were easier to visualise. In
experiments utilising interchangeable experimental protocols, we ascertained to compare

axons of similar diameter to avoid bias.
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Figure 2.31. Progression of injury in YFP-expressing axons. (A) Intact axons show linear
profiles with no evidence of structural injury. (B) Initial signs of axonal injury — formation of
focal swelling (*). (C) Progression of axonal injury — axonal beading (*). (D) Terminal stage of
axonal injury — fragmentation and axonal transaction (*). Scale bar: 15 um
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Figure 2.32. Small calibre axons are more vulnerable to injury by GD than the larger calibre
axons. Left: Start of experiment — healthy axonal fibres. Right: The same axonal fibres
following a mild insult exhibit some damage to axonal profiles. (A —F) high magnification of
the insets above. Arrowheads point to healthy low calibre axons (A and B) and the
commencement of focal swelling in the same axons following a mild insult (D and E). Arrows
indicate healthy large calibre axons at the start of the experiment (A — C), with no evidence of
focal injury after the insult (D — F). Scale bar: 20 um.
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243 Expression of YFP correspond to other common techniques
commonly used to study axon integrity

In preliminary experiments we used conventional confocal fluorescence microscopy to
compare changes in YFP-expressing axons with conventional immunocytochemistry for SMI
31 neurofilaments. This was later extended to also include assessment of axonal integrity

through conventional light and electron microscopy.

The advantage of using transgenic mice with neuron-specific expression of the green
fluorescent protein, YFP, under control of a thyl promoter was the ease of visualisation of
the morphology of individual axons. The usefulness of this model for assessment of axon
morphology was shown in its close correspondence between other traditional methods
commonly used to evaluate axon integrity. In control fixed tissue, YFP-expressing axons
were easily visualised as bright and linear fluorescent fibres running across the corpus
callosum. This allowed us to trace individual fibres over long distances with highly defined
spatial resolution. Such result was compared to typical neurofilaments labelled by SMI-31

immunostaining which showed bright and linearly organised axonal fibres.

Figure 2.33. Comparison between YFP-expressing axons and SMI-31 immunostaining. (A)
Confocal fluorescence of YFP-expressing axons; (B) immunofluorescence for SMI-31
recognition of phosphorylated neurofilaments. Scale bar: 10 um
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Light microscopic examination of the axons in the corpus callosum showed a heterogeneous
array of small and medium-diameter axons with round or slightly oval profiles surrounded by
compact myelin (Figure 2.34 A). At higher magnification through EM almost all axons above
a certain diameter were observed to be myelinated and the thickness of the sheath generally
corresponded to the calibre of the axon. The axoplasm was observed to be relatively lucent
and granular. This was packed with a rich and organized network of microtubules and
neurofilaments. Mitochondria appeared normal. Non-myelinated axons were typically of
smaller calibre and observed to be present in groups of clusters between myelinated axons

revealing a tightly compact and close association (Figure 2.34 B).

Figure 2.34. Brightfield and EM showing normal-appearing axonal ultrastructure including
preserved myelin. (A) bright-field microscopy of semi-thin sections stained with toluidine
blue, scale bar: 50um; (B) ultra-thin section at the level of electron microscopy, scale bar:
2um.
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24.4 Axonal survival is dependent on the duration in glucose
deprivation

After the 2-hr stabilisation period in the holding chamber, control slices were perfused with
glucose-containing aCSF at 37°C for a period of 4 hr in the imaging chamber under the two-
photon microscope. An image was acquired at every 1-hr interval to confirm the health
status of the slices (Fig. 2.35 D). Experiments were only conducted on slices with healthy
axonal profiles around the genu of the corpus callosum that were free from any signs of
injury. The axonal injury score was calculated for each control slice and no significant

difference in the injury score was found between each trial.

There was no evidence of axonal injury in slices during 15 (Fig. 2.35 A) and 30 (Fig. 2.35 B)
min of GD, or during the 2-hr reperfusion with glucose containing aCSF. Focal swellings
along the axons was observed by the end of 45 min of GD, which progressed to beading,
fragmentation and axonal transection during reperfusion with glucose containing aCSF for
up to 2 hr (Fig. 2.35 C). The axonal injury score was calculated for each experimental
condition at each time point (Fig 2.36). A One-way-ANOVA followed by a Tuckey post hoc
test was performed to compare the injury score between groups. The results are

summarised in table 2.5.

Start GD REP 1 hr REP 2 hr
GD 15 min 0.26 £0.05 | 0.28 £0.06 0.29+0.06 |0.30+0.04
GD 30 min 0.17+£0.06 | 0.26 £0.06 0.29+0.06 |0.32+0.06
GD 45 min 0.23+0.02 |0.44*0.10* 0.97+0.13% | 1.53 +0.11%
Controls 0.27 £0.05

Table 2.5. Injury score of callosal slices exposed to variable lengths of GD in comparison
to controls. Numbers are expressed as mean scores (n = 3) + (SDV). There was no significant
difference in injury scores between the control group and slices exposed to 15- and 30-min
of GD for every time-point examined. A statistically significant difference in axonal injury
score was found in group of callosal slices after exposure to 45 min of GD and after 1 hr and
2 hr of reperfusion, when compared to those groups that were only exposed to 15- and 30-
min GD and the controls. (* p =< 0.05; #p =< 0.001)
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Rep 120 min

Rep 120 min

Figure 2.35. Sequential time frames that compare the integrity of axon profiles in c slices
exposed to variable exposures of GD. There are no evident signs of axonal injury in slices
exposed to 15 mins [A] and 30 min [B] of GD. There is focal swelling of axons at the end of
45 mins GD, which progressed to beading and fragmentation during the reperfusion phase
[C]. There is complete preservation of healthy axon profiles in control slices kept in glucose-
containing aCSF for 4 hours [D]. Scale bar: 20 pm
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Figure 2.36. Comparison of axonal injury score between various extents in the duration of
GD at different time points. There is no statistically significant difference between controls
and those groups exposed to 15- and 30-min of GD. There was a statistically significant
difference between slices exposed to 45 mins of GD to slices exposed to 15- and 30-min of
GD and the controls. (* p =<0.05; ** p=<0.001)
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2.4.5 Histopathological hallmarks of axonal injury in glucose deprivation

2.4.5.1 Pathological features of axonal injury from glucose deprivation

Live imaging enabled us to establish that reperfusion after 45 min of GD causes irreversible
damage to axons. We then focused our efforts to look in some detail into the extent of
white matter injury in terms of histopathological hallmarks of glucose deprivation in fixed

slices that were equally exposed to GD.

In conformity with our previous findings, confocal images of fixed brain callosal sections
from YFP mice exposed to 45 min of GD, showed the typical intact latent period of
preserved axons seen immediately after the insult. Injury resolved abruptly during the first
30 min of reperfusion in single axons and this involved fragmentation of axons. By the end
of 2 hr of reperfusion, there was extensive beading and fragmentation of the YFP axons.
The linear organisation and continuity was largely lost and pronounced disconnection was
evident. The reduction in the number of axons and the concomitant weak YFP signal was
very pronounced. The relatively small calibre axons were first to be affected as seen by

their earlier fragmentation (Fig 2.37 A).

SMI-31 immunostaining revealed the presence of axonal swellings, fragments of beaded
axons and loss in linearity of axons in the corpus callosum by the end of the observation
period. This suggests that phosphorylated epitopes of neurofilament sidearms are
particularly sensitive to GD. The pattern of immunostaining was disrupted with patches of
diffuse areas containing a dense core of disordered neurofilaments with some visible axonal
beading and a generalised loss in fluorescence intensity. It is plausible to think that the
misalignment of neurofilaments impairs axoplasmic transport resulting in swelling of the
axon cylinder, clumping of proteins and axonal disconnection. Neurofilament
immunofluorescence techniques demonstrated axon degeneration but did not resolve
individual axon cylinders (possibly due in part to the large number of small, unmyelinated

axons) (Fig 2.37 B).
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Examination of toluidine-stained fixed slices by light microscopy of the slices exposed to 45
min of GD and 2 hr of reperfusion, showed extensive abnormally large axonal profiles with
a darkened axoplasm and increased spacing between axons. Fewer glia was apparent, and
those present were typically pale and swollen with dense clumping of the chromatin in the
nucleus. There were considerable amounts of dark debris, presumably from degenerating
glia and axons in the enlarged extracellular space (Fig 2.37 C). Consistent with the light
microscopy observations, ultrastructural analysis revealed a direct correlation between
SMI-31 immunoreactive head and bulb formations and the severe beading and

fragmentation observed in YFP-expressing by the end of the observation time.

Under EM, axoplasmic, glial and some initial signs of myelin pathology was observed. In
some but not all axons, the axoplasm appeared dark with swollen mitochondria. There
were numerous collapsed axons with large abnormal periaxonal spaces. Some myelin
pathology was also observed and was primarily associated with the larger calibre axons
(25um). Damaged myelin showed focal detachment and unwinding of the myelin sheath
which in some instances appeared as whorls of unwinded myelin. Most of the larger-calibre
axons appeared devoid of microtubules and neurofilaments or with reduced number, often
aligned in a disorganised array. Peripheral pooling of what remained of the cytoskeleton
elements was noticeable, especially in the more swollen and irregular-shaped axons. A
conspicuous observation was the general absence of a large proportion of the small
diameter unmyelinated axons that are typically arranged in clusters around the larger
myelinated axons in normal tissue and those that were present, typically had swollen
mitochondria. Vacuole formation within the axoplasm was almost always evident in the
swollen and collapsed larger calibre axons. The vacuoles typically appeared as groups with
a small diameter within the axoplasm or as one large empty vacuole (Fig. 2.37 D and Fig

2.38).
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Figure 2.37. YFP fluorescence corresponds to other methods that evaluate axon integrity.
Assessment of axon profiles in corpus callosum exposed to 45 min of GD. (A) Confocal
fluorescence of YFP-expressing axons, scale bar: 10 um; (B) immunofluorescence for SMI-
31 recognition of phosphorylated neurofilament, scale bar: 10 um (C) bright-field
microscopy of semi-thin sections stained with toluidine blue, scale bar: 50um; (D) electron
microscopy, scale bar: 2um.
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Figure 2.38. Transient GD in brain slices causes ultrastructural disruption of myelinated
and unmyelinated axons in the corpus callosum. Electron micrographs (25,000 x) show
corpus callosum axons in cross-section after (A) control perfusion, or (B-D) 45 min of GD
followed by 2 hr reperfusion. (A) EM shows organisation of myelinated and unmyelinated
fibres in the corpus callosum, with normal arrangement of cytoskeletal elements and
mitochondria within the axoplasm. Ultrastructural disruption is evident in GD-treated
white matter. (B) Swollen axons show degeneration of axonal microtubules and
neurofilaments, with vacuoles interspersed in the axoplasm (arrows). The smaller
unmyelinated axons are lost and the periaxonal space is enlarged. (C) Arrows indicate
irregular-shaped and swollen axons with severe damage and lack of organisation of the
cytoskeleton elements. The lucent periaxonal spaces between the axolemma and the inner
myelin sheath are very prominent. In some axons there is extensive (P) peripheral pooling
and clumping of microtubules and neurofilaments. A lucent space separates the axon from
the myelin sheath. (D) Most myelin sheaths are preserved but there is occasional focal
detachment and unravelling of myelin. Block arrows point to swollen mitochondria and
distorted cristae. Scale bar; 2um.
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2.4.5.2 Pathological features of oligodendrocyte injury from glucose
deprivation

In semi-thin sections from normal control tissue, oligodendrocytes were identified at the
light microscope level as small cells (£ 10um diameter) with a round, irregular or oval
nucleus and no visible cytoplasm. Characterisation of these cells as inter-fascicular
oligodendrocytes was easy, due to their different structural features from clear and dense
neighbouring astrocytes, which are electron lucent and contain glycogen granules and

fibrils.

Examination by EM showed that the nucleus occupied a prominent eccentric position
within the cell and was surrounded in most cases at one pole by a thin rim of cytoplasm.
The chromatin formed a prominent clumped pattern around the nucleus. At higher
magnification, the rough endoplasmic reticulum, the golgi apparatus and the mitochondria
are the prominent organelles within the cytoplasm. These organelles showed a high level
of organisation. In all cases, the mitochondria showed no unusual features and had well-
defined cristae arranged transversely. They generally appeared ‘sunken’ within the dense

cytoplasm (Peters, 1991) (Fig. 2.39 B - C).

At the light microscopy level using conventional vital stains there was some difficulty to
distinguish damaged or shrunken oligodendrocytes after GD. EM of ultra-thin sections from
white matter revealed rapid morphologic changes in subcortical white matter
oligodendrocytes in response to glucose deprivation after 2h of reperfusion. A great
proportion of these cells had a swollen and round nucleus with marked condensation of the
heterochromatin. At higher magnification, this was seen as compartmentalised chromatin
bodies or as dispersed clumps throughout the nucleus. In some cases, the nuclear envelope
was detached from the nucleus and formed extensive blebs or ‘pockets’ along its periphery.
At the subcellular level a number of structural abnormalities were identified. These
included the collapse of the golgi apparatus and the extensive swelling with loss of cristae
of the mitochondria. A notable feature of pathology found in the greater part of these cells
was the extensive mitochondrial swelling and the loss of cristae. In some but not all of the
distended mitochondria some cristae were visible but with altered orientation and

discontinuity (Fig. 2.39 B - C).
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Figure 2.39. Oligodendrocyte pathology following GD. Representative electron
micrographs from ultra-thin sagittal sections of brain slices at high magnification showing
oligodendrocytes in normal tissue (A) and after exposure to 45 min GD followed by 2 hr
reperfusion (B and C). (A) In normal oligodendrocytes there is an even distribution of
chromatin within the nucleus (Nuc), and intact nuclear envelope. The cytoplasm contains
a matrix of microtubules giving a granular appearance and is laced with normal appearing
mitochondria (mit) occurring in groups. The short cisternae of the granular endoplasmic
reticulum (ER) and the golgi apparatus (G) are recognizable. (B, C) In post-GD
oligodendrocytes, mitochondria are swollen with loss or damage to the cristae (asterisks),
dilated golgi apparatus, and vacuoles are present. In some oligodendrocytes, there is
distension of the cistern of the nuclear envelope and dense chromatin clumping. Scale bars,
500 nm.
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2.4.6 Compound action potential recordings from the optic nerve and

callosal slice during normal physiology and following glucose
deprivation
The CAP profile and shape recorded from the optic nerve was different from that obtained
from the callosal slices and so were the electrophysiological parameters necessary to

stimulate and generate a response. Table 2.6 summarises the parameters used for both

setups.
Brain Slice Optic Nerve

Incubation 2 -3 hours 20-30 mins
Stimulating Stainless steel: 500 um — 1 Suction electrode (silver wire)
electrode mm tip separation; removal

of 1mm of insulating

material
Recording Stainless steel: 2mm —3mm Suction electrode (silver wire)
electrode tip separation; removal of

1mm of insulating material

Stimulating Pulse 1.5-3.5mA 1.5-3.5mA
Amplitude

Stimulating Pulse 20 - 50 psec 20 - 50 psec
Width

Flow rate 3-4ml/min 3-4ml/min
Filtering 100 — 50000Hz 100 — 50000Hz
Action potential 0.5-1.5mV 0.5-1.5mV

Table 2.6. Parameters used for recording CAP from corpus callosum in brain slice in
comparison to the optic nerve.

The recorded CAP signal from the optic nerve presented with the typical triphasic pattern.
Each peak represents groups of axons with different extent in myelination, with the first
peak representing the highly myelinated axons (fastest conduction), and the last peak by
the least myelinated axons (slowest conduction). On the other hand, the CAP profile from
the corpus callosum had the typical biphasic pattern. The average speed of the first peak
was calculated to be in the order of 3.31 + 0.19 m/sec (n = 5), whilst that for the second
peak was 1.33 £ 0.25 m/sec (n = 5). This suggests that both peaks comprised of myelinated
axons, with the first peak representing a population of axons with a higher degree of

myelination, resulting in a faster conduction speed.
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Figure 2.40. Typical CAP profiles derived from the optic nerve and callosal slice. [A] Three
groups of axons each with different degrees of myelination produce 3 distinct peaks in the
optic nerve with unequal conduction speeds. [B] Two distinct groups of myelinated axons
produce a biphasic profile each with its distinct conduction speed in the callosal slice.

Exposure of the callosal slice to glucose deprivation caused a decremental and gradual loss
in axonal conduction, with the heavily myelinated axons (responsible for the first peak of
the recorded CAP), being more vulnerable to the insult than the less myelinated axons.
Conduction was lost right after 15 min into GD in the heavily myelinated axons, whilst the
less myelinated axons required at least 30 min of GD to lose their activity. We observed no
recovery during reperfusion in the heavily myelinated axons, and limited recovery of the

lesser myelinated ones.

An unpaired student t-Test assuming equal variance was conducted to compare the CAP
recording between these two groups of axons during the period of GD and reperfusion with
glucose containing aCSF. There is a statistically significant difference between the two

groups (p < 0.001).
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Figure 2.41. Heavily myelinated axons are more vulnerable to GD. Upper graph: There was
complete loss of the first CAP peak after 15 mins of GD. The second successive peak was
lost after 30-40 mins of GD. There was no recovery of the first peak during reperfusion.
The second peak showed some partial recovery in CAP area (approximately 15-20 % of
control) during reperfusion. Shaded area shows the duration of GD. Lower Diagrams: The
CAP recorded at different stages of the experiment. Letters A-E correspond to different
time-points that are annotated on the graph above. (n=3)
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2.4.7 Loss of axonal conduction is dependent on the duration of glucose
deprivation
A longer duration of GD results in a more severe insult and therefore in a more pronounced
loss in axonal function. There was no loss of function following 15 mins GD with CAP
recording remaining constant throughout the duration of the experiment. There was loss
of conduction in about 40 % of the axon population in the corpus callosum during 30 min
of GD. However, this loss was reversible, since minutes after the reintroduction of glucose,
the amplitude of the CAP returned to normal level. Moreover, 45 min of GD resulted in loss
in conduction in >80% of the axons present in the corpus callosum. Some axons showed
evidence of recovery in the initial stages of reperfusion, but this was short-lived as the CAP

then gradually declined into the reperfusion phase.
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Figure 2.42. CAP recording from callosal slices exposed to variable extents in exposure to
GD. There was no loss of conduction following 15 min GD. There was a partial loss of
conduction in slices exposed to 30 min of GD, with a full recovery during reperfusion. A
severe, irreversible loss of conduction was conspicuous after 45 min of GD with minimal
recovery during reperfusion (n=3).
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One-way ANOVA followed by Tukey’s post hoc test shows a statistically significant
difference (p < 0.001) in CAP recovery between slices exposed to 45 min of GD to those

exposed to 15 and 30 min. There was no statistically significant difference between slices

exposed to 15 and 30 min of GD.
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Figure 2.43. Percentage CAP recovery following variable lengths in exposure of GD. There is
no statistically significant difference in CAP recovery between GD of 15 and 30 min. There is
a statistically significant difference (*p <0.001) in slices exposed to 45 min GD when compared

to 15 and 30 min.
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2.4.8 Loss of axonal conduction is dependent on the temperature

Lowering the bath temperature was protective as this attenuated the loss of axonal
conduction during glucose deprivation. There was no loss in axonal conduction when slices
were kept at RT (24°C). However, there was partial loss of CAP following 45 of GD at 33°C.
Axonal conduction decreased at around 30 min of GD and this steady decline progressed
early into reperfusion. Within 30 min of reperfusion conduction returned to 60% of
baseline. As previously stated, 45 mins of GD at an operating temperature of 37°C resulted

in almost a complete loss of axonal function with limited recovery during reperfusion.

120

100 |

80
00
=
2
o
9
L 60
o
<
o
X

40

20

0

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Time (min)
o)/ degrees e===33 degrees 37 degrees

Figure 2.44. CAP recording from callosal slices exposed to GD maintained at different bath
temperatures. There is no loss in conduction when glucose deprivation was initiated at
room temperature. Callosal slices exposed to GD at 33°C showed partial loss in conduction
with recovery of up to 60 % of baseline during reperfusion. Severe conduction loss was
characteristic after 45 min of GD at 37°C with minimal recovery during reperfusion (n=3).
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One-way ANOVA followed by Tukey’s post hoc test found a statistically significant

difference (p < 0.001) in CAP recovery between each experimental condition.
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Figure 2.45. Percentage CAP recovery following 45 min of GD at different temperatures.
Statistically significant (*p <0.001) difference in CAP recovery between each experimental

group.
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2.5 Discussion

2.5.1 Acute callosal brain slices as the preferred model to study white
matter injury

In this study, we explored two frequently used models to study white matter injury: the optic
nerve and the callosal brain slice. The brain slice was chosen as the preparation of choice to
characterise axonal injury during glucose deprivation. The main reason for this choice was
due to its advantages when adapted under two-photon microscopy. The expression of YFP
axons in the optic nerve is by far less widespread than that in the corpus callosum. The
extremely high myelin density of the optic nerve limits adequate laser penetration and
therefore limits the depth of imaging. Another advantage of the brain slice over the optic
nerve is the ease of dye penetration. The thick and dense meningeal covering of the optic
nerve limit the penetration of cellular markers and therefore the optic nerve presents a big
challenge to obtain highly resolved images of particular significance. Finally, the axons of the
adult optic nerve are all myelinated, whilst those present in the corpus callosum are made up
of a mixture of myelinated and unmyelinated axons and which therefore represent an ideal

and realistic environment.

Preparation of healthy slices was pivotal to this research and required extreme practice and
dedication. To minimise slice injury during the cutting phase, we used the low Na*, high
sucrose-containing aCSF, to limit the passive sodium influx with the subsequent water entry
and cell swelling during the slice cutting (Aghajanian and Rasmussen, 1989). Other
precautions to ensure healthy slices and successful experiments included the fresh
preparation of the cutting solution and aCSF, precise pH adjustment, rapid mouse
decapitation after deep anaesthesia, fast but gentle brain extraction in ice cold sucrose-
containing aCSF and ideal frequency and speed settings of the vibratome when slicing brain

tissue.
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After cutting, the slices were left to recover in normal aCSF at RT for about 2 hr in the holding
chamber. When slices were imaged immediately after the cutting, we regularly observed
extensive swollen axons and beading, that recovered well during incubation. When slices are
allowed to recover a spontaneous phenomenon occurs that reseals damaged axons through

the controlled influx of calcium.

The main cause of the cutting injury is derived through Na* influx through inactivating voltage-
gated sodium channels. The sodium overload causes swelling of the axons by osmotic uptake
of water leading to depolarisation and activation of voltage gated calcium channels (VGCC)
that further exacerbate this Ca?* influx via reversal of the Na*/Ca?* exchanger (Stys, 2005;
Ribas and Lingor, 2016). Conversely, blocking Ca?* influx and inhibiting calpain was shown to

limit rapid axonal injury and improves recovery after traumatic injury (Williams et al., 2014).

In our hands, cutting damage could be easily visualised in the first 20 — 40 um below the
surface of the slice, and this was irrespective of the time allowed for the slices to recover. This
factor was generally the biggest drawback and challenge we experienced in experiments that
required the topical application of specific intravital stains in vivo. The high density of the
myelinating axons in the corpus callosum limited the penetration of these stains to the first
40 — 50 um of slice tissue, which is the depth at which the cutting damage normally extends.
We therefore maximised our slices preparation in an effort to improve dye penetration. This
procedure was multifactorial and included several adjustments. These varied from increasing
the dye loading concentration to increasing the incubation time and addition of detergents

and surfactants to improve dye loading penetration.
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2.5.2 YFP-expressing transgenic mice as a model to study axonal injury

In white matter, oligodendrocytes and axons comprise the functional unit of the myelinated
axon. Two general approaches have been historically followed to identify axonal injury. The
first one is to selectively identify the underlying myelin pathology by using specific vital stains
such as luxol fast blue-periodic acid Schiff, Fluoromyelin, Nile Red etc. or to follow the traces
of a silver complex from disrupted axolemma in axons, such as the Bielschowsky’s silver stain
(Wakita et al., 1995; Schabitz et al., 2000). Assessment of pathology is then made through a
graded scoring system based on morphologic changes in axons during pathology. A second
commonly used approach is to identify the accumulation of B-APP that is normally transported
by fast axoplasmic flow, or the loss in phosphorylated neurofilaments as assessed by SMI-31
immunoreactivity. Both immunocytochemical methods are based on a scoring system to
grade the extent of axonal injury. Accumulation of B-APP in retraction bulbs is regarded as a
very sensitive marker of ischaemic and traumatic axonal injury (Graham et al., 2004) and has
been previously documented in studies involving axonal injury in mammals after focal

ischaemia (Valeriani et al., 2000; Yam et al.,1998).

However, these approaches do not provide detailed information on the white matter tracts
that are primarily the main target of this type of injury. One main advantage in the use of
YFP-expressing axons is that they can be readily visualised and traced over long distances. In
addition, axonal damage manifested as beading, fragmentation or the loss of fluorescence
can be easily used in a scoring system that is highly reproducible. Thus, YFP is a strong and
specific vital marker for axons and provides a convenient method to observe axonal integrity
over time. Because YFP is localised in neuronal cytoplasm, intrinsic morphological changes in
the axoplasm due to various insults can be visualised in labelled axons by fluorescence
microscopy techniques (Brendza et al.,, 2003; Gillingwater et al., 2002). Therefore,
morphological changes over time (example, in the disintegration of axons) can provide very
meaningful information as these events easily correlate with YFP signal changes of the
fluorescent axons. Importantly, it has been shown that expression of YFP in neurons results

in no apparent toxic effects (Feng et al., 2000).
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The pattern of axonal injury observed in our experiments was focal swelling, followed by
beading and fragmentation, correlating well with previous literature (McCarren and Goldberg
2001; Alix et al. 2014). This pattern of injury enabled us to monitor the loss of structural
integrity over time and generate a reproducible readout in the form of a graded scoring
system. The earliest observable signature of axonal injury during glucose deprivation was the
focal swelling, referred to as axonal spheroid formation (Cajal, 1928), and was first described
by Waller (1851). As the injury matures this leads to beading, fragmentation, and ultimately
axonal transaction (Ferguson et al., 1997; Trapp et al., 1998). This cascade of injury is believed
to be initiated by glutamate excitotoxicity through Ca%* influx from the extracellular
environment (Li and Stys, 2000; Ouardouz et al., 2009a, b), together with Ca?*- released from
the axoplasmic reticulum and store-operated channels (Stirling and Stys, 2010). The increase
in intracellular Ca®* activates the Ca?*-dependent protease calpain, which leads to the local
breakdown of the cytoskeleton (Kerschensteiner et al. 2005), thus resulting in spheroid

formation.

In our model, we observed that YFP-expressing smaller calibre axons are more vulnerable to
GD. We have previously reported that all YFP-expressing axons in the white matter are fully
myelinated (Alix et al., 2012), since the diameter of thinnest YFP-expressing axons is larger
than the diameter of unmyelinated fibres present in the corpus callosum (Sturrock, 1980). In
slices showing extensive axonal injury, the larger axons had a lower axonal injury score when
compared to the small calibre axons. This finding correlates well with the EM data for glucose
deprivation as presented in this study. We observed a typical absence of small calibre axons
which were otherwise present in abundance in control slices and preferentially grouped
around the larger calibre axons. We hypothesise that the larger calibre axons possess a
relatively higher concentration of local substrates that serve as metabolic store that safeguard
axons against longer periods of glucose deprivation. However, larger calibre axons are more
heavily myelinated and have a faster conduction speed. Therefore, this result contrasted with
a later finding in this study, wherein we reported that axons with faster conduction speeds
are more vulnerable to injury than the slower, less myelinated and smaller axons. Further in-
depth studies are therefore warranted to highlight how distinct and diverse sub-populations
of axons in the corpus callosum differ with respect to vulnerability to glucose deprivation

based on their structure and function.
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2.5.3 Glucose deprivation equally injures axons and oligodendrocytes

In vivo imaging enabled us to follow the morphological changes that occur in YFP-expressing
axons during glucose deprivation. Despite being an excellent tool to monitor changes in real
time, the two-photon imaging lacks the spatial resolution of confocal and electron
microscopy. To this end, we utilized an in vitro slice model perfused in an interphase chamber
to better characterise the ultrastructural changes that occur during glucose deprivation. The
damage we observed to oligodendrocytes and axons matches the well-established patterns

of white matter injury (Pantoni et al., 1996, Rosenberg, 1999; Valeriani, 2000).

The EM observations demonstrate that axons and oligodendrocytes are all targets of glucose
deprivation in CNS white matter. After 45 minutes of glucose deprivation, the dissolution of
the axonal cytoskeleton as shown by the loss of immunoreactivity for the heavily
phosphorylated neurofilament proteins correlates well with the fragmented YFP-expressing
axons. The dissolution of the cytoskeleton constitutes a major pathological change and is
consistent with the Ca?*-mediated injury as demonstrated in other models of white matter

injury (Johnson et al., 2013; Ward et al., 2014).

Extensive studies using rodent optic nerve preparations have shown that energy deprivation
leads to axonal dysfunction by activation of voltage-dependent channels for Na* and Ca?*,
causing intra-axonal Ca?* accumulation and activation of Ca**-dependent disruptive pathways
(Stys et al., 2005; Waxman et al., 1991). Consistent with other studies, the misalignment of
neurofilaments is correlated with continued expansion of the disconnected axon cylinder. In
this scenario, one can easily argue that misalighnment of the neurofilaments impairs

axoplasmic transport and axonal disconnection.

Many studies have reported the detection of apoptosis as a prominent feature in glucose
deprived tissue (Yakovlev et al., 1997; Ferrand-Drake et al., 1999). Mitochondrial swelling has
been recognised as an important component of axonal damage following an insult (Waxman
et al., 1991; Christman et al., 1994; Rosenberg et al., 1999; Maxwell et al., 2003) and is thought
to be initiated by Ca®*. It has been postulated that the mitochondria may attempt to
sequester the massive influx of Ca?* into the axon (Okonkwo et al., 1999; Okonkwo and

Povlishock, 1999; Biiki et al., 2000) only to be overwhelmed. This causes the Ca?*to open the
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mitochondrial permeability transition pore (Zoratti and Szabo, 1995), inducing a pathologic
swelling of the mitochondria with the loss of function and energy failure. In addition, the axon
cytoskeleton and mitochondria may become targets for the Ca%*activated proteases, including
calpains and caspases (Maxwell et al., 1995; McCracken et al., 1999; Pike et al., 1998, Biki et
al.,, 1999). Asin our present study, these sequential events are thought to culminate into focal

swelling, beading, fragmentation and axonal transaction.

Figure 2.46. Electron microscopy comparing the normal and swollen appearance of a
mitochondrion. The increase in intracellular Ca2+ is sequestered in the mitochondria, leading
to an increase in the mitochondrial permeability transition pore, resulting in extensive
swelling. (Reproduced from Arrazola and Inestrosa, 2015)
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254 Glucose deprivation is a cause for the delay in structural injury to
axons

During the initial phase of GD there is no apparent structural injury of axons in the callosal
slices. This complements previous studies based on CAP recording from the rodent optic
nerve (Ransom and Fern, 1997; Wender et al., 2000; Brown et al., 2001, 2003). The
mechanism for this delayed injury is thought to be as a consequence of the reserve glycogen
stores present in astrocytes (Ransom and Fern, 1997) or oligodendrocytes (Meyer et al., 2018)
that is converted to lactate and shuttled to neighbouring axons and glia, including the

astrocytes. Chapter 3 will delve with these pathways and mechanisms in more detail.

Here we report that callosal axons possess sufficient energy reserves to withstand to up to 30
min of GD, since there were no signs of injury (axonal swelling, beading and fragmentation)
during GD and up to 120min of reperfusion. The first signs of injury were evident by the end
of 45 min of GD with focal swelling in a limited number of axons of small calibre axons. During
the initial stage in reperfusion, we observed a brisk progression of injury which resolved from
focal swelling to marked beading of axons. It has been shown that the re-introduction of
glucose into a previously energy-deficient system is less beneficial to the survival of neurons
than would be expected, and this manoeuvre might even worsen the outcome (Siesjo, 1992;
Tasker et al., 1992). It has also been suggested that re-introduction of glucose initiates the
opening of the mitochondrial permeability transition pore and triggers the formation of
reactive oxygen species (ROS) (Kristian T and Siesjo BK, 1996). Suh and colleagues (20073, b)
reported that hypoglycaemic injury is exacerbated if increasing levels of glucose are
administered during reperfusion. This mechanism might suggest the cause for the complete
disintegration and loss of fluorescence of the YFP axons that succumbed to the lethal 45 min

of GD by the end of 2 hr of reperfusion in our experiments.
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2.5.5 Loss of axonal function precedes the structural injury that is
observed after glucose deprivation

CAP electrophysiology is a very useful tool to study white matter injury. It enables the
assessment of the functional integrity of axons in normal physiology and in disease as the
signal is recorded extracellularly from a large population of axons. In this study, we monitored
the CAP both in the optic nerve and in callosal brain slices. In accordance with previous
literature, we reported the characteristic triphasic signal in the optic nerve (Allen et al., 2006;
Brown et al., 2003; Fern et al., 1998; Stys et al., 1998; Waxman et al., 1980), and a biphasic
signal in the callosal brain slice (Reeves et al., 2005; Tekkok and Goldberg, 2001; Tekkok et al.,
2005).

The live imaging experiments show that the earliest signs of axonal swelling occurred by the
end of 45 min of GD, that mainly had an effect on the small calibre axons, leaving the large
calibre axons intact. On the other hand, a reduction in amplitude of the CAP after 30 min of
GD was very clear. The energy deficit resulting from the deprivation of glucose causes a
decrease in the level of ATP and as a consequence there is a resultant increase in intracellular
Na* due to failure of the energy-dependent Na*/K* pump and further Na* influx through non-
inactivating Na* channels and Na*/K* inward rectifier channels (Stys, 2005). This leads to
membrane depolarisation, which results in loss of axonal conduction and eventual conduction
block because of high extracellular K*. A timely re-instatement of glucose that precedes the
toxic build-up in intracellular Ca?* would cause the membrane potential to recover and re-
establish a normal CAP response as in the case when callosal slices were exposed to 30 min of

GD.

On the other hand, a prolonged 45 min of GD causes a loss in CAP accompanied with axonal
swelling and beading of axons. In this scenario, the increase in intracellular Na*, together with
the membrane depolarisation causes reversal of the Na*/Ca%* exchanger (Stys, 2005). This,
together with release of Ca?* from intracellular stores overloads the system and activates
calpain and ROS. This culminates in severe axonal structural injury, initially with the formation
of focal axonal swellings, and then progressing to beading and fragmentation

(Kerschensteiner et al. 2005; Stirling and Stys, 2010).
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2.5.6 Heavy myelinated axons are more vulnerable to glucose
deprivation than the less myelinated axons.

In our electrophysiology experiments, the recorded signal was made up of two biphasic peaks
separated in time and space, which represent two distinct populations of axons. In view of
the difference in their conduction speed, we hypothesised that the first peak represented the
myelinated axons, and the second peak those groups of axons which were unmyelinated.
Unmyelinated axons require a much wider pulse width to be stimulated when compared to
the fully myelinated ones (Fern et al., 1998). In our setup, increasing the pulse width resulted
in an increase in the amplitude of the first peak, concomitant with the loss of the second peak.
A decrease in the pulse width gave the opposite response. This led us to hypothesise that the

two peaks represented two completely different cohorts of axons.

However, after reviewing the literature, we realised that the second peak could not be
representing the unmyelinated axons. We compared our signal to that obtained from the
sciatic nerve (Potocnik et al., 2006) and the optic nerve (Allen et al., 2006). The sciatic nerve
is made up of a mixture of myelinated and unmyelinated fibres (van Veen et al., 1995), whilst
all the fibres in the adult optic nerve are at this stage fully myelinated (Foster et al., 1982).
The sciatic nerve generates three peaks (Potocnik et al., 2006). Typically, a large amplitude
peak is closely followed by a much smaller second peak that is generated within 1 millisecond
(ms) from the stimulus artefact (Figure 2.47 A). A third peak with a much smaller amplitude
of about 20 — 30ms delay from the stimulus artefact completes the evoked response (Figure
2.47 B). This peak represents the slower, smaller, unmyelinated fibres (Schoonhoven and
Stegeman, 1991). The signal obtained across the optic nerve is also composed of 3 peaks
(Allen et al., 2006). However, these peaks occur within 5ms of the stimulus artefact and the
difference in amplitude is much smaller than that from the sciatic nerve (Figure 2.47 C). Our
signal (Figure 2.47 D) was composed of two peaks within 5ms of the stimulus artefact and
with almost identical amplitudes. We therefore concluded that in the callosal slice
preparation, both peaks represent the myelinated fibres, albeit with different extents in

myelination.
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Figure 2.47. Representative trace recordings of the CAP profile from the sciatic nerve, optic
nerve, and corpus callosum. [A-B] Recording from the sciatic nerve. Peaks 1 and 2 represent
myelinated axons; peak 3 has a much smaller amplitude and is generated following a delay of
20-30ms and represents unmyelinated axons. [C] Recording from the optic nerve. Peaks 1, 2
and 3 represent axons with different degrees of myelination. [D] Recording from the corpus
callosum. Peaks 1 and 2 represent axons with different degrees of myelination (adapted from:

Potocnik et al., 2006 — A and B; Allen et al., 2006 — C).

To further proof that both peaks represented myelinated axons, we measured their
conduction velocity. For the accurate measurement of the conduction speed we measured
the delay from each peak when the distance between the two electrodes was increased by a
predetermined amount. We determined that the conduction velocities of both peaks were

both > 1 m/s, and therefore both peaks represented myelinated axons (Waxman, 1980).
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In our study we observed that the first peak was lost at an earlier stage than the second. The
first peak was normally lost right after 15 min of GD, with the second peak disappearing after
30 — 40 min of GD. During reperfusion, the recovery of the first peak was to a lesser extent
than that of the second peak. Fast conducting fibres consist of larger calibre axons with a
higher degree of myelination. We hypothesise that such axons have a much higher metabolic
rate than the thinner less myelinated axons because of their higher energy demands to
conduct fast transmission. It is therefore plausible to understand that this population of axons
are the first to succumb to injury. This finding in a way contradicts what was observed during
our live imaging experiments. Larger YFP callosal axons were more resistant to injury than
the smaller calibre ones. One possible explanation is that YFP expression is only present in a
subset of cortical neurons. It is therefore plausible to believe that in this case, we were unable
to visualize the larger and more heavily myelinated fibres, which showed the earlier loss in

conduction during glucose deprivation in the set of electrophysiological studies.

Harris and Attwell (2012), delved in some detail to shed some light on the energetics of white
matter. They reported that the during white matter development, the process of myelin
formation by mature oligodendrocytes requires a considerable amount of energy. This energy
expenditure is later repaid in terms of reduction of ATP utilisation secondary to the saltatory
propagation of the action potential. However, the increase in energy consumption to
synthesise the myelin for effective saltatory conduction outweighs the end result of the
bioenergetic process of saltatory conduction. Thus, heavily myelinated axons consume more
energy than the lesser myelinated axons (Harris and Attwell, 2012), which might be the reason

to explain the early loss of CAP conduction in heavily myelinated axons following GD.
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Chapter 3

Energy metabolism of white matter during
glucose deprivation

3.1 Aims

Failure of the energy metabolism in white matter is a feature several neurodegenerative
conditions (Matute and Ransom, 2012), Alzheimer’s disease (Yao et al., 2011), amyotrophic
lateral sclerosis (Lee et al., 2012a) and multiple sclerosis (Cambron et al.,, 2012). An
understanding of the dynamic changes in the metabolic status that occur in white matter
during critical periods of glucose deprivation is very important in view of the selective
vulnerability of white matter. In this section we explored the bioenergetic status of white
matter during normal physiology along with periods of energy deprivation. In vitro and in
vivo studies have amply explored the role of astrocytes in furnishing lactate to axons and
neighbouring glia during periods heightened electrical activity and increased energy demand
(Ransom and Fern 1997; Tekkok et al., 2005; Brown et al., 2005). The main three principle

aims of this section are:

1. To explore the role of lactate released by astrocytes during periods of normal

physiological function.

2. To determine whether lactate released by astrocytes is used by axons as an

alternative energy substrate during periods of glucose deprivation.

3. To determine whether activation of PB2-adrenoreceptors protects axons during
prolonged periods of glucose deprivation, and whether this mechanism involves the

lactate shuttle.
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3.2 Literature review

The human brain is responsible for a vast number of critical tasks. Although it comprises just
2 % of the total weight of a human being, it received 20 % of all the cardiac output (Sokoloff,
1960) and 25 % of plasma glucose (Raichle and Gusnard, 2002). The main energy metabolite
used by the brain is glucose, and it requires a constant supply to maintain its normal function
(Gruetter et al., 1992; Chih and Roberts, 2003), since the central nervous system is extremely
vulnerable to hypoglycaemia induced dysfunction and injury (Agardh and Rosen, 1983; Auer,

2004, Brown et al., 2001, 2002).

Synapses account for most of the energy requirement in grey matter (Attwell and Laughlin,
2001; Howarth et al., 2010). Contrary to previous belief, there synapses occur in white
matter as well, both during development (Kukley et al., 2007; Ziskin et al., 2007; Karadottir
et al.,, 2008) and after myelination is complete (Royeck et al., 2010). However, these
synapses consume less than 0.5% of the energy consumed by synapses in the grey matter
(Harris and Attwell, 2012). The most energy consuming activity of white matter is reported
to be the maintenance of the resting membrane potential: i.e. Na* efflux via the Na*/K* pump
(Siesjo, 1978; Attwell and Laughlin, 2001). This has been estimated to consume 40-50% of
energy consumption in white matter (Whittam, 1962; Astrup et al., 1981), since it is essential

in action potential propagation and neurotransmitter release.
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3.2.1 Brain energy metabolism

Under physiological conditions, brain activity is coupled to glucose and oxygen utilisation
from the cerebral vasculature. These substrates are metabolised to produce energy and
sustain normal function. Although glucose is the obligatory energy substrate in the brain,
conditions such as fasting and uncontrolled diabetes subject the brain to utilise other blood-
borne energy substrates, such as ketone bodies (Magistretti, 2008), while strenuous physical
activity drives lactate production (van Hall et al., 2009). Glucose enters the cell via specialised
glucose transporters (GLUT); GLUT1 mediates glucose uptake from extracellular space into
astrocytes, oligodendrocytes and microglia, while GLUT3 is responsible for neuronal glucose
uptake (Simpson et al., 2007). Upon entry, glucose undergoes phosphorylation by hexokinase
(HK), producing glucose-6-phosphate (glucose-6P) in an energy-dependent reaction.
Thereafter glucose-6P can undergo glycolysis, producing 2 molecules of pyruvate and 2 ATP

molecules for every molecule of glucose.

In resting brain cells, pyruvate may be metabolised via the tricarboxylic acid (TCA) pathway
or oxidative phosphorylation in the mitochondria resulting in the production of acetyl-CoA,
CO;, FADH and NADH. Under hypoxic conditions, pyruvate is rapidly reduced to lactate by
lactate dehydrogenase (LH) 5, with concomitant oxidation of NADH, thereby regenerating
NAD*. Lactate can also be produced under normoxia via aerobic glycolysis, also known as the

Warburg effect (Warburg, 1956; Vaishnavi et al., 2010).
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3.2.2 Lactate as a metabolic substrate in the brain

The first observation which postulated that lactate was not merely a metabolism bi-product,
but also an important alternative energy substrate was documented over five decades ago,
when in vitro experiments conducted by Mcllwain (1953) demonstrated that lactate and
pyruvate could maintain brain tissue respiration as efficiently as glucose. This fuelled interest
in brain metabolism and was superseded by several other studies, which sought to elucidate
roles of other metabolites in supporting brain function. In a series of experiments, Schurr and
colleagues demonstrated that synaptic function in the absence of glucose was sustained by
lactate in rat hippocampal slices (Schurr et al., 1988; Schurr and Rigor 1995). This was later
confirmed by several other investigators (Stittsworth and Lanthorn, 1993; Bueno et al., 1994;
lzumi et al., 1994). Schurr and colleagues (19973, b) proposed that lactate not only serves as
an alternative energy substrate, but it can support functional recovery post-hypoxia when
given exogenously and is the obligatory aerobic energy substrate, being preferentially used
over glucose (Schurr et al., 1997a, b). This is postulated to occur since depletion of ATP levels
during hypoxic events limit the brain’s ability to produce energy via glucose phosphorylation,
thereby driving lactate production as the only readily available precursor to pyruvate,

allowing its entry into the TCA cycle to generate energy.

Astrocytes house the brain’s only energy reserve, glycogen, which is utilised during energy
deficit to produce lactate (Dienel et al., 2007). Glycogenolysis reduces glucose consumption
since lactate is being preferentially utilised as a metabolic substrate, thus levels of GIu6P are
maintained to sustain feedback inhibition on HK. This mechanism represents a glucose-
sparing effect, preserving glucose for critical cerebral functions (Dinuzzo et al., 2012), further
affirming the central, supportive role that astrocytes hold. During increased neuronal activity
or low glucose conditions, the quicker, yet more inefficient process of glycolysis is favoured,
with lactate being utilised preferentially over glucose in energy-demanding scenarios (Schurr

et al., 1988).
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3.2.3 Metabolic interactions between astrocytes and neurons

Whenever glucose availability decreases, nerve cells turn to their only available energy store:
glycogen. The presence of glycogen stores in the brain was first documented in the 1970s by
electron microscopy (Koizumi and Shiraishi, 1970) and biochemical assay (Koizumi, 1974).
Unlike other organs, in the brain glycogen is not homogenously dispersed amongst the cell
populations but is located exclusively in astrocytes (Cataldo and Broadwell, 1986). Its
distribution mirrors the brain’s energy demands. In particular it is concentrated in the fine
astrocyte process that surrounds synapses (Cali et al., 2016), and in those brain areas with
the highest metabolic demand, including the hippocampus, striatum, cortex and cerebellar

molecular layer (Oe et al., 2016).

The high glycogen content in astrocytes forms the basis of the astrocyte-neuron lactate
shuttle hypothesis (ANLS), first proposed by Pellerin and Magistretti (1994), postulating that
energy delivery in the form of lactate supports active neuronal function and is provided via
astrocytes (Pellerin and Magistretti, 2003, 2004; Bouzier et al., 2003; Magistretti et al., 1999;
Magistretti and Pellerin, 1999). According to the hypothesis, glutamate released during
neuronal activity is taken up by astrocytes that surround the synaptic complex. Glutamate is
co-transported with Na* uptake, which stimulates activity of Na*/K* ATPase to counteract a
disrupted Na* gradient, in an energy-consuming manner. Glutamate undergoes active
conversion to glutamine by glutamine synthase. This mechanism requires astrocytic
conversion of its glycogen stores to glucose, or glucose uptake from the blood, which is then
processed glycolytically to yield lactate. The resultant lactate is then exported into the
extracellular space and shuttled via specialized monocarboxylate transporters (MCTs)
(Halestrap, 2012) to nearby neurons, serving as a supplementary energetic substrate. Within
neurons, lactate is converted to pyruvate via lactate dehydrogenase 1 (LDH1) and is

processed oxidatively in the mitochondria, yielding ATP (Fig 3.1).

There are several factors that promote astrocytic glycogenolysis, thus increasing the
availability of the energy substrate lactate to neurons, including vasoactive intestinal
peptide, nor-adrenaline, adenosine, as well as K* (Hof et al., 1988; Sorg and Magistretti,

1991).
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Figure 3.1. Schematic of the major pathways in the astrocyte-neuron lactate shuttle. Under
physiological conditions, glucose uptake from the blood is mediated via glucose transporters
GLUT1 in astrocytes, GLUT3 in neurons including axons and GLUT1/2 in oligodendrocytes,
where it undergoes oxidative metabolism. Higher neuronal activity elicits an increase in
glucose uptake, since activity and metabolism are tightly linked with a resultant release of
axonal glutamate during action potentials. Removal of extracellular glutamate is affected by
astrocytes via Na*-dependent glutamate transporters. The resultant surge in astrocytic
intracellular Na* activates Na*/K* ATPase, which necessitates ATP expenditure, and therefore
drives astrocytic glucose uptake and mobilizes glycogen stores to produce lactate. Lactate is
then shuttled via monocarboxylate transporter 4 (MCT4) to neighboring cells. In
oligodendrocytes, it is taken up via MCT1 and subsequently oxidised. Within axons, lactate
uptake is mediated via MCT2 to undergo oxidation and ATP production. (Reproduced from
Mason, 2017).

A plethora of studies describe evidence supporting the ANLS hypothesis. Through
experiments conducted on rat hippocampi, Suzuki and colleagues (2011) demonstrated that
disruption of astrocytic MCTs interfered with long-term memory potentiation of synaptic
strength; an effect that was restored by lactate, but not glucose application (Suzuki et al.,
2011). Disruption of the neuronal lactate transporter, MCT2, led to amnesia that was
unaffected by neither lactate nor glucose supplementation, presenting a role for lactate
transfer between astrocytes and neurons in memory formation. Accelerated blood glucose
uptake was demonstrated in astrocytes upon intense neuronal activity triggered by whisker

stimulation, which was otherwise normal in neurons under the same conditions (Chuquet et
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al., 2010). This suggests that astrocytes play an important role in coupling glucose uptake to
synaptic activity. Inhibition of a-cyano-4-hydroxycinnamate (4-CIN), a lactate transport
inhibitor abrogated neuronal function in rat hippocampal slices even upon glucose

supplementation (Schurr et al., 1999).

Despite compelling evidence supporting the ANLS hypothesis, divergent theories concerning
aspects of the ANLS have arisen, particularly because most assumptions of this hypothesis
are based on in vitro studies. Using mathematical models of neurovascular coupling, Dinuzzo
and colleagues examined the role of cerebral glycogen in response to brain stimulation
(Dinuzzo et al., 2010). The authors found that, rather than providing metabolic support in the
form of lactate, astrocytic support was via indirect provision of glucose (Dinuzzo et al., 2010),
since glycogenolysis results in less astrocytic glucose uptake from the bloodstream, thereby
allowing increased uptake into neurons. Kinetic properties of MCTs aided in the evaluation
of glucose and lactate levels in response to neuronal stimulation and indicated diffusion of
glucose, rather than lactate from basal lamina, across the interstitium, followed by uptake in

neurons (Simpson et al., 2007).

Application of mathematical models coupled with functional magnetic resonance
spectroscopy (fMRS) allows for a reliable evaluation of compartmentalised metabolism in
different cell types. This approach demonstrated that at normal glucose transport capacities,
net lactate flow occurs from neuron to interstitium to astrocyte, in what the authors propose
as a ‘neuron-astrocyte lactate shuttle’ or NALS (Mangia et al., 2009). For the reverse to occur,
that is, the astrocyte becomes the lactate exporter and neuron the importer, glucose
transport capacity must be increased 12-fold, in disagreement with the ANLS hypothesis

(Mangia et al., 2009).

Despite conflicting results, it can still be argued that plasma lactate is an efficient metabolic
substrate in the human brain and under certain conditions, may indeed be utilised

preferentially by activated neurons.
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3.24 Metabolic interactions between astrocytes and axons

Astrocytes play a key role in supporting axons during normal physiological function and under
pathological conditions. However, whether the ANLSH can be applied to the interaction
between astrocytes and axons has been largely controversial. The energy requirements to
maintain physiologically active white matter tracts is substantial considering the extensive
energy demand from axons and glial cells (Ransom and Orkand, 1996; Harris and Attwell,
2012). Delivery of energy substrates to axons is hindered by the fact that blood supply to
white matter is considerably less than that of grey matter (Moody et al., 1990), and by the
myelin wrapped around axons, which hampers the entry of extracellular metabolite directly
across and into axons (Nave, 2010a, b). This is somewhat compensated by the astrocyte
processes contacting axons at nodes of Ranvier which could provide a route to transfer

energy metabolites into axons (Pellerin et al., 1998; Dringen et al., 1993).

Astrocytes cannot release glucose. They can however convert it into lactate and provide it
to axons. Baltan (2015) proposed three mechanisms in support of this theory. Astrocytes
favour the transport of lactate into the extracellular space since the MCTs present on their
membrane are MCT 1 and 4 (Poole et al., 1996; Broer et al., 1997), and both have a low
affinity to lactate, thus tend to export this substrate (Halestrap, 2012). On the other hand,
MCT?2 is the main monocarboxylate transporter present on axons (phil et al., 2000). This has
the highest affinity for lactate, with a preference towards active transport (Halestrap, 2012),
making axons the ideal candidates to receive and metabolise lactate. LDH-1 promotes the
production of pyruvate, whilst LDH-5 promotes lactate production (Cahn et al., 1962). LDH-
1 is found embedded within the axolemma in axons, whilst LDH-5 is found in astrocytes
(Bittar et al., 1996). Furthermore, the highest expression of glucose transporters is found on
white matter astrocytes (Goursaud et al, 2009). Astrocytic end-feet, rich in GLUT-1 type
glucose transporters in turn abut against capillary walls in the brain and permit glucose
uptake from the blood which is stimulated by glutamate receptor activation (Magistretti et

al, 1999).
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Experimental data suggests that the glycogen present in astrocytes is continuously being
converted to lactate, which in turn is released into the extracellular space. This is taken up
via the MCT-2 receptors present exclusively on axons and is metabolised aerobically to
produce energy. This process is valuable in physiological conditions, during GD, and in
response to an increase in neuronal activity (Ransom and Fern 1997; Tekkok et al., 2005;

Brown et al., 2005).

Using the rodent optic nerve as a model of central white matter, Wender and colleagues
(2000) reported that increasing the intracellular glycogen content during pre-treatment with
a high-glucose load resulted in partial maintanance of axonal function during GD. On the
other hand, decreasing glycogen content and inhibiting axonal lactate uptake exacerbated

the GD-induced axonal injury.

Using the same model, in combination with electrophysiology and immunocytochemistry,
Tekkok and colleagues (2005b) confirmed that lactate maintains functionally acitve axons
during heightened periods of glucose deprivation. Blocking axonal lactate uptake by addition
of D-lactate (a metabolically inert but transportable monocarboxylate) accelerated the
decline in axonal function during GD. In addition, this study confirmed that MCT2 are
predominantly found on axons and MCT1 on astrocytes, supporting the hypothesis that
lactate is released from astrocytes and taken up by axons as an alternative energy source in

times of high metabolic stress.

A more recent study on the rat optic nerve conducted by Chamber and colleagues (2014),
provides further evidence in the association of lactate and axonal function during GD. Using
a combination of electrophysiology and lactate biosensors, they reported a decrease in
extracellular lactate minutes after the induction of GD, suggesting that lactate is consumed
as the alterntive energy source. Reperfusing with normal glucose containing aCSF, the same

authors reported that the level of extracellular lactate returned to normal basal levels.
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Figure 3.2. Proposed metabolic interactions occurring between astrocytes and axons. In the
absence of blood glucose, the only source of energy substrate for the axon is lactate derived
from glycogen stored in astrocytes. In the presence of oxygen, the lactate can be aerobically
metabolized by axons to generate ATP (adapted from Ransom and Fern, 1997).
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3.2.5 Metabolic interactions between oligodendrocytes and axons

Recent data supports the hypothesis that along with astrocytes, oligodendrocytes can also
provide energy substrates to axons in times of stress. In fact, one particular study suggests
that oligodendrocytes are instrumental in fuelling axonal activity (Morrison et al., 2013).
Other groups believe that a specialised and more specific lactate shuttle exists between

oligodendrocytes and their myelinated axons (Flinfschilling et al., 2012; Amaral et al., 2013).

The intricate morphological connections between oligodendrocytes and axons facilitate the
metabolic exchange between them. There are non-compacted regions of myelin that connect
oligodendrocyte cell bodies to the periaxonal cytosolic space under the myelin sheath
(Finfschilling et al., 2012). Under normal physiological conditions, delivery of energy
substrates to the nodes of Ranvier is sufficient to maintain ATP production. However, when
under metabolic stress, both oligodendrocytes and astrocytes supply axons with
pyruvate/lactate as the need arises (Nave, 2010a, b; Funfschilling et al., 2012; Lee et al.,
20123, b).

Studies on optic nerve explants exposed to GD provide evidence for axon-oligodendrocyte
metabolic coupling (Flinfschilling et al., 2012; Lee et al., 2012a, b; Morrison et al., 2013;
Simons and Nave, 2015). In addition, abnormal metabolic support by oligodendrocytes is now
accepted to underlie various diseases, ranging from amyotrophic lateral sclerosis to

psychiatric diseases (Nave and Ehrenreich, 2014).

Lactate is considered to be the energy metabolite delivered by oligodendrocytes. Indeed, CAP
can be evoked in white matter preparations (optic nerve, dorsal column and corpus callosum)
and can persist for several hours but rapidly deteriorates under aglyceamic conditions. This
failure can be effectively prevented by perfusion of L-lactate (Brown et al., 2003). On the basis
of these studies, it has been proposed that axons are at least partly energised by lactate (or

pyruvate) provided by oligodendrocytes.
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Saab et al., (2016), demonstrated that NMDA receptors on oligodendrocytes play a key role
in controlling the metabolic cooperation between oligodendrocytes and axons. In the optic
nerve, NMDA receptor activation in response to glutamate release increases trafficking of
glucose transporter GLUT1 to the oligodendrocyte membrane, thus sustaining glucose import

to oligodendrocytes for glycolysis and downstream transfer of lactate to axons.

Although in literature one finds all this compelling evidence that lactate acts as an energy
reserve during periods of GD, in a recent study, Meyer and colleagues (2018) challenged this
notion. They reported that in the corpus callosum, lactate perfusion during periods of GD did
not maintain axonal function. On the other hand, filling single oligodendrocytes with glucose,
sustained axonal function during GD, supporting the hypothesis of the supportive role of

oligodendrocytes to axons, but one which is mediated by glucose not lactate.
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3.3 Methodology

In periods of increased energy demand or energy deprivation, astrocytes provide axons with
an alternative energy substrate in the form of lactate to maintain normal physiological
function (Ransom and Fern 1997; Tekkok et al., 2005; Brown et al., 2005). In vitro studies
have shown that activation of B2-adrenereceptors stimulates the breakdown of glycogen in
astrocyte, leading to the production of lactate (Hertz et al., 2010). We wanted to test this
hypothesis in vivo. In collaboration with Prof Jacques De Keyser from Vrije Universiteit
Brussels, we tested this hypothesis through classical in vivo experiments and the findings were

published as a manuscript in the journal, Neuroscience: (Laureys et al., 2014).

Microdialysis probes were inserted into cerebellar white matter tracts to sample the
extracellular concentrations of glucose, lactate, and glutamate following inhibition of axonal
lactate uptake and the block of astrocytic glutamate uptake. Extracellular levels of glucose
and lactate were also sampled through microdialysis following the addition of both agonists
and antagonists of B2-adrenoreceptors. In addition, we conducted a set of live-imaging
experiments during which axonal lactate uptake was inhibited during a short period of GD; a
B2-adrenoreceptors agonist was added during prolonged GD; and a PB2-adrenoreceptors
agonist was added again during a prolonged GD together with an axonal lactate uptake

blocker. The drugs used in this section are summarised in Table 3.1.

Drug Function Concentration Cat. No.
4-CIN MCT2 Blocker? 0.1mM 28166-41-8
TBAO EAAT blocker? 250uM 4294-45-5
Clenbuterol B2-adrenoceptor agonist® 20nM 21898-19-1
ICI-118,551 B2-adrenoceptor antagonist* 200nM 72795-01-8

Table 3.1. List of drugs used to study the potential role of lactate as an energy substrate
during GD. All drugs were obtained from Sigma-Aldrich. Properties and usage of the drugs
can be found: }(Erlichman et al. 2008; Wender et al. 2000; Pierre et al., 2000); 2(Shimamoto
et al., 1998); 3(Zuurmond et al., 1999; Izeboud et al., 1999); 4(Hillman et al., 2005)
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3.3.1 In vivo microdialysis in white matter

Male C57bl/6 mice between 7 and 8 weeks of age (weighing 25—-30 g), were anesthetised with
a mixture of xylazine/ketamine (10/100-mg/kg, IP) and mounted on a stereotaxic frame. An
intracranial guide (CMA/ Microdialysis, Stockholm, Sweden) was implanted in the bilateral
cerebellar white matter coordinates toward bregma were 5.7 mm posterior, 2.2 mm lateral
and 2.3 mm ventral of the dura (Paxinos and Franklin, 2004). Immediately after surgery, guide
cannula obturators were replaced by microdialysis probes (CMA7; membrane length: 1 mm
theoretical cutoff: 6000 Da; CMA/Microdialysis, Solna, Sweden). Postoperative analgesia was
ensured by ketoprofen (4 mg/kg, IP). Animals were allowed to recover from surgery overnight
receiving laboratory chow and water ad libitum. Probe localisation was histologically verified
post-mortem. Microdialysis probes were continuously perfused with aCSF at a flow-rate of 1
ul/min (CMA/400 microdialysis pump, CMA/Microdialysis, Solna, Sweden). All experiments
were performed on the day following surgery in non-anesthetised freely moving mice. Tubings
were flushed with 70% ethanol and rinsed with purified water before perfusion with aCSF to
exclude any bacterial interference with the glucose/lactate levels. 1 pl/min perfusion of the
probes was started 2hr before the experiment to attain steady-state concentrations. Six
dialysate samples (20 pl) were collected at 20-min intervals to determine the basal
concentrations. TBOA, 4-CIN, clenbuterol or ICI-118551 was dissolved in aCSF and added to
the perfusion medium at the last 20-min baseline sample. Thereafter six 20-min samples were
collected during compound administration. In a separate set of experiments (n=5) a control
experiment was performed with a “sham’” switch of syringes to exclude any effect of
switching syringes on glucose, lactate and glutamate concentrations. A gradient liquid
chromatographic method was used for the quantitative simultaneous determination of amino
acids in dialysates as previously described (Van Hemelrijck et al., 2005). All substances were
identified and quantified by comparing retention times and peak areas with those of external
standards. Microdialysate samples were analysed for glucose and lactate content using
enzymatic lactate (607-100) and glucose (606-100) assay kits (Biovision, Mountainview, CA,
USA) according to the manufacturers’ guideline. Fluorescence was measured at 460 nm using
a microplate reader (Model 680 Bio-Rad, Hercules, CA, USA) and an excitation wavelength of

355 nm.
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3.3.2 Live imaging experiments to determine role of lactate during
glucose deprivation

To study the role of astrocytic lactate during glucose deprivation, we used the same
experimental protocol used in chapter 2: live imaging of YFP-expressing axons with two-

photon microscopy. Three different experimental paradigms were used.

Duration of GD | Drug/s added
Paradigm 1 30 min 0.1mM of 4-CIN
Paradigm 2 45 min 20nM of Clenbuterol
Paradigm 3 45 min 20nM of Clenbuterol + 0.1mM of 4-CIN

Table 3.2. The experimental paradigms employed to study the potential role of astrocytic
lactate during GD.

In the first paradigm, we studied the effects on axonal integrity when lactate uptake was
deliberately blocked during a short period (30 mins) of glucose deprivation, during which
usually no axonal injury occurs. In the second paradigm, we wanted to verify axonal viability
when slices where were subjected to B2-adrenoreceptor stimulation during a more prolonged
(45 min) exposure to glucose deprivation. Finally, in the third paradigm, we wanted to
determine whether inhibition of lactate uptake by axons had any effect on the previous
observation that B2-adrenoreceptor activation served to preserve axon integrity during

metabolic compromise.

Since 4-CIN necessitated dimethyl sulfoxide (DMSO) as a solvent, all solutions contained
0.01% DMSO. An additional control experiment of slices exposed to 30 min of GD in the

presence of DMSO was performs excluded any effect on axon integrity due to DMSO alone.
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3.3.3 Statistical analysis

The average (with s.e.m.) of the 5 stable baseline dialysate levels for the animals included in
the study are: 0.218+0.016 mg/d| glucose, 0.036+0.002 mg/dl lactate and 0.590+0.046 uM
glutamate. Glutamate, glucose and lactate levels are expressed relative to the stable baseline
levels, which were equated to 100% with s.e.m. A correction for changes induced by syringe
exchange was performed by subtracting the % change in sham conditions for each time point.
Statistical analysis between pharmacologically induced levels and baseline level was
performed using a Friedman test followed by Dunn’s multiple comparisons post hoc test. The
basal area under the curve (AUC) was calculated as the sum of dialysate concentrations in the
first six ““basal”’ collections (20 min samples). AUC following drug was calculated as the sum
of the dialysate concentrations in the six collections following the start of drug perfusion. AUC
after drug administration was expressed as a percentage of basal AUC. Wilcoxon-signed rank
test was used to compare basal and drug-induced AUC. Animals were excluded from analysis
when contamination of the sample or technical problems rendered measurement impossible.
Statistical analysis was performed with the InStat Prism statistical package (GraphPad

Software, La Jolla, USA).

The statistical analysis used to compare axonal injury scores between conditions is the same

one as described in chapter 2.
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3.4 Results

3.4.1 Analysis of microdialysates after drug administration

The first set of results were obtained from the microdialysis experiments. For each
experimental trial the probe localisation was histologically verified post-mortem (Refer to

supplementary data.). Animals with aberrant probe location were excluded from the study.

To address the presence of functionally coupled glutamate—lactate metabolism in white
matter we pharmacologically blocked both ends of the presumed glial-axonal shuttle.
Inhibition of axonal lactate uptake by the MCT-2 blocker 4-CIN (0.1mM) resulted in an
increased extracellular lactate concentration (Fig. 3.3 A), whereas extracellular glucose levels
were not affected (Fig.3.3 B). Inhibition of axonal lactate uptake increased extracellular
glutamate concentrations (Fig. 3.3 C). Inhibition of the astrocytic glutamate transporters by
TBOA (200nM) led to the accumulation of extracellular glutamate (Fig. 3.3 C). TBOA also
significantly diminished extracellular glucose levels (Fig. 2B) without influencing extracellular

lactate concentration (Fig. 3.3 A).
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Figure 3.3. Microdialysate levels of glucose, lactate and glutamate following administration
of 4-CIN and TBAO. Six dialysate samples were collected determine the basal concentrations
expressed as 100%+s.e.m. Another 6 samples taken at 20 min interval after adding the drugs.
Graphs show changes in extracellular (A) lactate, (B) glucose, and (C) glutamate concentration
for 4-CIN (red bars) and TBOA (green bars). (*p<0.05, **p<0.005, ***p<0.001); n=as indicated
in the figure (adapted from Laureys et al., 2014).
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3.4.2 The block in the uptake of lactate by axons during 30 min of glucose
deprivation causes axonal injury

As previously reported in section 2.4.4, axons can withstand 30 min of GD without showing
any outward signs in structural injury. Blocking the uptake of lactate after incubation with
sucrose-containing aCSF containing 0.1mM of 4-CIN for 30 min, resulted in beading towards
the end of the period of GD. Reperfusion with glucose-containing aCSF resulted in extensive

damage accompanied by beading and fragmentation of axons.

Rep 60 min Rep 120 min

Figure 3.4. Sequential images of a callosal slice exposed to 30 min of GD in the presence of
4-CIN. Blocking axonal lactate uptake via 0.1mM 4-CIN caused axonal beading during 30 min
of GD (B), and extensive beading and fragmentation was observed by 1 hr (C) and after 2 hr
of GD (D) with reperfusion with glucose containing aCSF. Scale 15 um
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At Start Right after GD Rep 1 hr Rep 2 hr
GD 30 min + 4-CIN 0.17 +0.04 0.44 +0.05 1.00 +0.05 1.35+0.03
GD 30 min 0.17 £ 0.06 0.26 +0.06 0.29+0.03 0.32+0.05
Controls 0.26 + 0.06 0.26 +0.06 0.26 + 0.06 0.26 + 0.06

Table 3.3. Injury score of callosal axons exposed to 30 min of GD (+/-) 4-CIN and controls.
Values are expressed as mean values + standard deviation (n=3).

There was a statistically significant difference in axonal injury score in slices exposed to 30
min GD + 0.1.mM 4-CIN, when compared with controls and slices exposed only to 30 min

of GD.
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Figure 3.5. Injury score of callosal axons exposed to 30 min of GD (+/-) 4-CIN and controls.
There is a statistically significant higher injury score in slices exposed to 30 min GD + 4-CIN
when compared to those slices exposed to 30 min GD without the drug and controls (* p <
0.05, ** p <0.001) (n=3).

No signs of axonal injury were reported in slices exposed to 30 min of GD in DMSO without

the drug (4-CIN) followed by 2 hr reperfusion. Refer to supplementary data.
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3.4.3 B2-adrenergic stimulation protects axons during 45 min of glucose
deprivation

As shown through our previous findings (section 2.4.4), callosal slices exposed to 45 min of

GD resulted in severe structural injury following reperfusion with glucose-containing aCSF.

Stimulation of the B2-adrenergic receptors located on astrocytes through the addition of

20nM clenbuterol during a similar prolonged duration of GD, preserved axonal structure.

GD 45 min

Rep 60 min g g Rep 120 min

Figure 3.6. Sequential images of a callosal slice exposed to 45 min of GD in the presence of
clenbuterol. $2-adrenergic stimulation preserves axons after exposure to 45 min of GD.
Addition of 20nM clenbuterol preserved axonal integrity at all stages of the observation
period: at start (A) after 45 min of GD (B), at 1 hr of reperfusion (C) and at 2 hr of reperfusion.
Scale 20 um
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Start GD Rep 1 hr Rep 2 hr
GD 45 min + 0.17 £0.02 0.23 £0.09 0.27 £0.09 0.33+0.05
Clenbuterol
GD 45 min 0.22 £0.02 0.44 +£0.10 1.00+0.13 1.35+0.11
Controls 0.26 £ 0.06 0.26 +£ 0.06 0.26 +£ 0.06 0.26 £ 0.06

Table 3.4. Injury score of callosal axons exposed to 45 min of GD (+/-) clenbuterol and

controls. Values are expressed as averages + standard deviation (n=3).

There was no statistically significant difference in axonal injury score between slices

exposed to 45 mins GD + 20nM Clenbuterol and the controls in all the assayed time points.

However, a statistically significant difference was found between slices exposed to 45 min

GD (+/- drug), at all the assayed | time points right after the start.
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Figure 3.7. Injury score of callosal axons exposed to 45 min of GD (+/-) clenbuterol and
controls. There was no difference in axonal injury score between control slices and slices
exposed to 45 of GD with clenbuterol. A statistically significant higher injury score was
evident in slices exposed to 45 min of GD without clenbuterol when compared to slices
exposed to 45 min GD with clenbuterol treatment (* p < 0.05, ** p < 0.001) (n=3).
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3.4.4 The block in the uptake of lactate by axons inhibits the protection of
B2-adrenergic stimulation during 45 min of glucose deprivation

The protective effect exerted by clenbuterol during 45 mins of GD was lost when callosal
slices were exposed to 45 min of GD with the combined addition of 20nM Clenbuterol and
0.1mM 4-CIN. Aloss in axonal structural integrity was observed after 45 mins of GD, and this
was exacerbated during the reperfusion phase after restoration of the glucose-containing

aCSF.

GD*45 min

Rep 60 min

Figure 3.8. Sequential images of a callosal slice exposed to 45 min of GD in the presence of
clenbuterol and 4-CIN. Blocking axonal uptake of lactate by 4-CIN causes extensive axonal
injury after 45 min of GD despite B2-adrenergic stimulation by the addition of clenbuterol.
The addition of 0.1mM 4-CIN and 20nM Clenbuterol caused axonal beading at 45 min of GD
(B), and fragmentation of axons by 1 hr into reperfusion (C) through 2 hr of reperfusion with
glucose containing aCSF. Scale 15 um
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Start GD Rep 1 hr Rep 2 hr
GD 45 min + 0.13 +0.06 0.64 £0.04 1.40 £ 0.04 1.55+0.08
Clenbuterol + 4-CIN
GD 45 min 0.22 £0.02 0.44 +£0.10 1.00+0.13 1.35+0.11
Controls 0.26 £ 0.06 0.26 +£ 0.06 10.26 £ 0.06 0.26 £ 0.06

Table 3.5. Injury score of callosal axons exposed to 45 min of GD (+/-) clenbuterol + 4-CIN

and controls. Values are expressed as mean * standard deviation (n=3).

There was a statistically significant difference in axonal injury score between callosal slices

exposed to 45 mins of GD + 20nM Clenbuterol + 4-CIN and the control slices at all the

assayed time points right after the start.
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I
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Figure 3.9. Injury score of callosal axons exposed to 45 min of GD (+/-) clenbuterol + 4-CIN
and controls. There was a statistically significant higher injury score in slices exposed to 45
min of GD with the use of both drugs when compared with the control slices (** p < 0.001)

(n=3).
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3.45 B2-adrenergic stimulation does not alter extracellular lactate and
glucose concentration

A final set of microdialysis experiments were conducted to determine whether in vivo
stimulation of B2-adrenoreceptors exerted any effect on the extracellular levels of glucose
and lactate. There was no change in the extracellular levels of either glucose (Fig 3.11 A) nor
lactate (Fig 3.11 B) following the intracerebral injection of the B2-antagonist ICI-118551 or

B2-agonist clenbuterol .
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Figure 3.10. Microdialysis levels of glucose, lactate and glutamate following administration
of Clenbuterol and ICI-118551. Six dialysate samples were collected determine the basal
concentrations expressed as 100%+s.e.m. Another 6 samples taken at 20 min interval after
adding the drugs. Graphs show changes in extracellular (D) lactate, and (B) glucose for
Clenbuterol (blue bars) and ICl (yellow bars). (*p<0.05, **p<0.005, ***p<0.001); n=as
indicated in the figure. (Adapted from Laureys et al., 2014)
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3.5 Discussion

Based on previous works (Ransom and Fern 1997; Wender te al., 2000; Tekkok et al., 2005b;
Brown et al., 2005; Finfschilling et al., 2012; Amaral et al., 2013; Morrison et al., 2013;
Chamber et al., 2014), we propose a working hypothesis on the of the supposed metabolic
coupling mechanisms between axons and surrounding glial cells (Fig 3.11). Glucose is taken
by astrocytes via GLUT1, a process facilitated by the close relationship of the astrocytes’ end
feet processes to blood vessels. During periods of low neuronal activity, glucose is converted
to glycogen and stored in the astrocytes. In times of high energy demand, it is consumed in
aerobic or anaerobic glycolysis. An increase in extracellular glutamate is picked up by
astrocytes via GLT-1/GLAST, which is then converted to glutamine, a process requiring ATP.
This conversion can then stimulate glycolysis of the intracellular glucose to produce lactate.
MCT4, which is preferentially present on astrocytes, and has a low affinity for lactate,
promotes lactate release in the extracellular space. Another source of extracellular lactate
comes from oligodendrocytes, which release it via the MCT1 transporter. This extracellular

lactate is then preferentially picked up via the high affinity MCT2 which is present on axons.
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Figure 3.11. Summary of the lactate shuttle and the interconnected glutamate—glutamine
cycle between astrocytes and axons. Glucose enters astrocytes from the astrocytes from the
extracellular space and at the endothelial blood—brain-barrier junction by GLUT-1 mediated
transport. This glucose can be incorporated in glycogen or consumed in anaerobic glycolysis.
Glycolytic processing of glucose is driven by the need for the ATP consumed by glutamate
uptake and glutamine synthesis. The final product of this glycolysis, namely lactate, is released
from astrocytes via MCT4. Oligodendrocytic MCT1-mediated transport releases lactate near
the axons. Axons take up lactate for aerobic metabolism by means of their MCT2 transporters
(reproduced from Laureys et al., 2014).
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3.5.1 The glucose-lactate shuttle in white matter during normal
physiology

From the first set of microdialysis experiments, we established that blocking axonal lactate
uptake results in an increase in extracellular lactate and glutamate. The increase in
extracellular lactate during pharmacological blockade of axonal lactate uptake demonstrates
the existence of a physiological glia—axonal lactate shuttle in white matter under basal

conditions.

The increase in extracellular glutamate probably reflects inhibition of astrocytic lactate
production (via astrocytic glycogenolysis) by feedback inhibition (Sotelo-Hitschfeld et al.,
2012). In vitro data suggests that elevated inhibition of glycogenolysis elevates extracellular
glutamate concentrations (Sickmann et al., 2009; Schousboe et al., 2010). Our in vivo data
corroborate these findings, since we reported an elevation of extracellular glutamate

following the addition of 4-CIN.

Functional glutamate reuptake by optic nerve axons has been demonstrated (Arranz et al.,
2008) and may constitute a complementary mechanism of glutamate accumulation when

axons are deprived of lactate influx.

Inversely inhibition of glutamate reuptake with TBOA decreased extracellular glucose levels

compatible with enhanced glycolytic glucose consumption.

In summary, these data are in line with functional exchange machinery where glial cells
produce lactate during the buffering process of extracellular glutamate, with lactate

subsequently being transported to axons as energy source.
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3.5.2 Lactate as a source of energy during glucose deprivation

Having established that axons utilise lactate during normoglycemia, we wanted to investigate
the role of lactate consumption during glucose deprivation. In section 2.4.4, we reported that
axons have enough energy reserve to withstand 30 min of GD. To determine whether during
glucose deprivation, lactate can act as an alternative energy substrate, we conducted live
imaging of the callosal slices exposed to 30 min of GD whilst blocking axonal lactate uptake
(with 4-CIN). We observed that by the end of the 30 min of GD there was already considerably
axonal focal swelling and beading. This exacerbated to increased beading, fragmentation, and
axonal conduction at the end of the 2 hr of reperfusion with glucose containing aCSF. This

suggests that lactate can act as an alternative energy substrate during glucose deprivation.

Our data confirmed previous findings based on electrophysiology and immunocytochemistry
data on the rodent optic nerve, which reported that lactate is an essential energy substrate
to white matter axons during both physiological and pathological conditions (Baltan, 2015,

Ransom and Fern 1997; Tekkok et al., 2005; Brown M et al., 2005; Chamber et al. 2014).
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3.5.3 Stimulation of astrocytic B2-adrenergic receptors protects axons
during glucose deprivation

In literature, there is evidence that glucose deprivation activates the B2-adrenergic system,
promoting glycolysis. A drop in glucose levels activates the neurons present in the Locus
Coeruleus (Morilak et al., 1987) resulting in a widespread increase of noradrenaline in the
brain (Bengzon et al.,, 1991). In vitro data suggests that activation of the B2-adrenergic
enhances astrocytic glycogenolysis (Hertz et al., 2010). Although using the acute brain slice
model has numerous advantages, it is devoid of the connection present in the live animal, and
therefore has no noradrenergic input for the locus coeruleus projections. To circumvent this

issue, we added clenbuterol, a B2-adrenoceptor agonist.

We observed that clenbuterol extends axonal survival during glucose deprivation. Adding
10nM clenbuterol to 45 min of GD showed good preservation of axon integrity and complete
neuroprotection that extended throughout the 2 hr of recirculation with glucose containing
aCSF. We hypothesised that f2-adrenergic stimulated astrocytic glycolysis, which in turn was
transported via MCT2 into the axons and served as an additional energy substrate during the
period of glucose deprivation. To determine whether it was the lactate that was offering the
extra protection, we blocked the MCT2 transporter during the 45 min of GD with 4-CIN. Since
the protective effect of B2-adrenergic stimulation was lost, we further validated our
hypothesis that the protective effect of B2-adrenergic stimulation was mediated by an

increase in lactate production.

The above findings were challenged by the results from the last set of microdialysis
experiments. The addition of a B2-adrenergic agonist and antagonist was added via the
microdialysis probe. Neither drug had any effect on the extracellular levels of lactate and
glucose. Therefore, the protective role we observed with clenbuterol in our experiments may
be due to its anti-inflammatory, anti-oxidative and neurotrophic effects (Gleeson et al., 2010),

and not by enhanced astrocytic lactate production.
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Chapter4d

The central role of excitotoxicity to white mater
following glucose deprivation

4.1 Aims

The spectrum of neurological deficits associated with hypoglycaemia suggests that the
pathophysiology of the insult cannot be simply neuron starvation. Previous literature reports
that glucose deprivation induced injury is mediated through a combination of ionic

imbalances and excitotoxicity. In view of this, the main aims of this chapter are:

i. To determine the exact role of AMPA/Kainate receptor overactivation on glia and
study their downstream effect on axons.

i. To determine whether axonal injury following GD is Ca®* dependent.

iii. To establish whether the specific block of NMDA receptors located on

oligodendrocytes protects axons during glucose deprivation.
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4.2 Literature Review

Hypoglycaemic injury is mainly limited to the damage caused to the central nervous tissue,
with other organs such as the heart, remaining mostly unaffected. Originally it was thought
that this was due to the high metabolic rate of neurons coupled to their very low energy
reserves, but ultimately the widespread effect of hypoglycaemia on brain injury cannot be
simply attributed to neuron glucose starvation (Swanson, 2014). Magnetic resonance
imaging studies of patients with hypoglycaemic brain injury show that white matter
structures are affected as frequently and severely as grey matter despite energy demand in

white matter being less than in grey matter (Ma, 2009; Johkura, 2012).

Hypoglycaemia was found to induce accumulation of excitatory amino acids, loss of ion
homeostasis, inhibition of protein synthesis, intracellular calcium overload and alkalosis
(Auer, 1986). Under normal conditions, glucose fuels the Kreb’s cycle to generate ATP.
During periods of hypoglycaemia, the decrease in acetate results in accumulation of
oxaloacetate, leading to an increase in aspartate (Agardh et al., 1978). The latter shifts to
the extracellular space resulting in a 1600% increase above baseline levels (Sandberg et al.,
1985) and that is soon followed by a significant increase in glutamate (Sandberg et al., 1986).
The increase in these extracellular neurotransmitters results in selective neuronal necrosis,
predominantly in the cerebral cortex, caudo-putamen and hippocampus (Auer and Siesjo,

1993).
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Figure 4.1. Alterations in the Embden-Meyerhof glycolysis and Tricarboxylic Acid Cycle that
prevail during hypoglycaemia. The relative thickness of the arrows represents the
guantitative flow of metabolites. A decrease in acetate results in an accumulation of
oxaloacetate with a resultant increase in aspartate and glutamate (adapted from Auer,
2004).

As opposed to the acidosis that occurs during ischaemia, hypoglycaemia results in profound
tissue alkalosis. This is due to an increase in ammonia and a decrease in lactate
concentration. The increase in ammonia production follows cellular protein catabolisation,
and amino acid deamination, whilst lactate production is reduced due to a decreased

glycolytic flux combined with lactate utilisation as an alternative energy source (Auer 2004).
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4.2.1 Altered ionic flux contribute to axonal injury during glucose
deprivation

Using the mouse optic nerve as a model of CNS white matter, Brown et al., (2001) reported
that GD-induced injury is Ca?* dependent and involves the activation of L-type Ca?* channels
and the reversal of the Na*/Ca?* exchanger. These two pathways result in a toxic Ca®*
overload, contributing to permanent loss of axonal excitability. The same group (Brown and
Ransom, 2002) later reported that either a decrease or an increase in bath Ca%* concentration
during GD preserve the evoked CAP in the rat optic nerve. Ca?* plays a critical role in the
pathophysiology of white matter injury following an insult, and therefore it is easily
comprehensible that GD in Ca?* free aCSF would preserve axonal function. On the other
hand, it seems that Ca?* and other divalent cations have powerful biophysical effects on
membrane potential and ion channel gating (Hille, 2001), such that higher extracellular
concentrations have the net effect of decreasing excitability (Frankenhauser, 1957) and

blocking the toxic Ca%* influx as previously reported by Brown et al., (2001).
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4.2.2 Excitotoxicity contributes to axonal injury during glucose
deprivation

Glutamate excitotoxicity plays a fundamental role in white matter injury during GD, and this
comes by as no surprise considering that glutamate toxicity is implicated in so many acute
and chronic disease states of the nervous system. Previous studies reported that blocking N-
methyl-D-aspartate (NMDA) receptor activation (Wieloch, 1985) or blocking various
downstream events in the cell death cascades triggered by excitotoxicity (Suh, 2007b) can

limit the white matter injury caused by glucose deprivation.

The mechanism of white matter injury during GD may differ from that which occurs following
ischaemia (Yang et al., 2014). Glutamate excitotoxicity in white matter ischaemia is mainly
mediated by the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid AMPA/Kainate
receptors (McCarran and Goldberg, 2007; Tekkok et al., 2007). On the other hand, Yang et
al., (2014) reported that during glucose deprivation, the loss in axonal function is mainly
mediated by the activation of NMDA receptors. While it was reported that ischaemia causes
uncontrolled glutamate efflux into the extracellular space, it was reported that glucose
deprivation increases extracellular aspartate, which is a selective agonist at NMDA receptors.
Another major difference between ischaemia and glucose deprivation is that the former
produces acidosis, which blocks the redox group on NMDA receptors and therefore
attenuates NMDA receptor—mediated neuronal injury (Lam et al., 2013; Kaku et al. 1993),
whereas glucose deprivation produces alkalinisation. The alkalinisation that occurs during
GD may be due to the H*-regulated Ca?* flux through NMDA receptors and the prevention of
this change in pH may have had a role in preserving axonal function during hypoglycaemia
(Yang et al., 2014). Figures 4.2 — 4.4 compare white matter physiology under normal
conditions to the pathophysiology occurring during ischaemia and glucose deprivation (Yang

etal., 2014).
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Figure 4.2. White matter under normal physiological conditions. Adequate levels of O, and
glucose enable enough ATP production to maintain the activity of the Na*/K* pump. This
confers a normally functioning Na*-glutamate transporter in astrocytes, thus limiting the
build-up of extracellular concentration of glutamate reaching neurotoxic levels. (Adapted

from Yang et al., 2014)
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Figure 4.3. White matter during ischaemia. Under ischemic conditions, energy metabolism
in astrocytes persists until glycogen is exhausted (1). Acidosis accompanies ischaemia and
the high concentration of H* inhibits NMDA receptors, thus limiting their role in the injury
cascade (2). The decrease in ATP leads to failure of the Na*/K* pump, thus increasing
intracellular concentration of Na* (3). This results in the reversal of the Na*-glutamate
transporter, with consequent increase in extracellular glutamate (4). The rise in glutamate
activates AMPA/kainate receptors on oligodendrocytes (5), causing an influx of Ca?* and Na*,
that trigger cell death cascades (6). (Adapted from Yang et al., 2014)
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Figure 4.4. White matter during glucose deprivation. During energy deprivation that
accompanies glucose deprivation, the availability of glucose is limited (1). Glutamate is
utilized instead of glucose to fuel the TCA cycle, leading to a decrease in intracellular
glutamate (2). Failure of the TCA cycle leads to accumulation of oxaloacetate with a
dependent increase in aspartate (3). A decrease in ATP leads to failure of the Na*/K* pump,
and the reversal of the Na*-glutamate transporter. Since the level of intracellular glutamate
is decreased (2), aspartate is transported in the extracellular space instead (4). The fall in
extracellular lactate concentration is accompanied by an increase in pH, thereby modulating
the NMDA receptor by interfering with its redox group (5). Aspartate, as an agonist to NMDA
receptors activates them, leading to of Ca?* and Na*influx (6), that trigger cell death cascades
(7). (Adapted from Yang et al., 2014)
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4.2.3 General mechanisms of excitotoxicity in white matter

Every cell in the CNS that comprise ionotropic glutamate receptors is vulnerable to
glutamate/aspartate mediated excitotoxic injury. Historically, excitotoxicity was associated
with several neurodegenerative and psychiatric disorders affecting mainly the grey matter
(Choi, 1988, 1994, Lipton and Rosenberg, 1994; Lee et al. 1999). However, several in vitro and
in vivo experimental data suggest that white matter is also susceptible to excitotoxicity-

induced injury (Matute et al. 1997; McDonald et al. 1998; Li and Stys, 2000).

Initial evidence of the role of AMPA/Kainate receptors to white matter injury came from
cultured oligodendrocytes exposed to glutamate (Oka et al. 1993). Blocking AMPA/Kainate
receptors during ischaemia in cell culture prevented oligodendrocyte death (McDonald et al.,
1998; Fern and Moller, 2000; Yoshioka et al., 2000). This in vitro evidence was confirmed by
in vivo data that showed that blocking AMPA/Kainate receptors protected cerebral white
matter from hypoxia/ischaemia in the neonate (Follett et al., 2001; Back et al., 2007) and in
the adult (Tekkok and Goldberg, 2001; Tekkok et al., 2005a; McCarren and Goldberg, 2007)
rodent brain. Other studies have also demonstrated that blocking these receptors is also
protective in spinal cord in rats (Agrawal and Fehlings, 1997; Wrathall et al., 1997). These
receptors are located on the oligodendrocyte cell bodies, and the injury is either mediated
through excitotoxicity via an increase in calcium influx following receptor activation (Sanchez-
Gdémez and Matute, 1999), or the reversal of the cystine—glutamate exchanger exposing the
cell to ROS and oxidative stress as a result of the diminished synthesis of glutathione from

cysteine (Oka et al., 1993).

Traditionally, it was always assumed that excitotoxicity in white matter is only mediated via
AMPA/Kainate receptors (Sheardown et al., 1993; Volpe, 2001; Stys, 2004; Matute et al.,
2001; Dewar et al., 2003) as proof of the presence of NMDA on oligodendrocytes was
unavailable (Patneau et al., 1994; Berger et al., 1992). We now know that NMDA receptor
subunits NR1, NR2A, NR2B, NR2C, NR2D and NR3A, are expressed on oligodendrocyte
processes (Salter and Fern, 2005; Karadéttir et al., 2005) and aggregate with the same density

as those found in grey matter (Christensen et al., 2016).
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Figure 4.5. Proposed mechanism of oligodendrocyte injury mediated by AMPA/Kainate
receptor activation. Activation of AMPA/Kainate receptors results in an influx of Na* and
Ca?*. This causes depolarisation and activates the voltage gated calcium channels (VGCC),
which further increases the intracellular concentration of Ca%*. The Ca?* overloads and
poisons the electron transport chain in mitochondria and attenuates the mitochondrial
membrane potential producing reactive oxygen species (ROS) and the downstream
activation of caspases following the opening of the mitochondrial transition pore. (Adapted
from Matute et al., 2007)

Activation of these receptors was found to lead to a rapid Ca®*-dependent detachment and
disintegration of oligodendroglial processes in the rodent optic nerve following ischaemia
(Salter and Fern, 2005). Calcium imaging experiments in the spinal cord during ischaemia
showed a robust build-up of Ca?* accumulating within the myelin sheaths of oligodendrocytes.
AMPA/Kainate receptor block limited the intracellular Ca2* entry in the oligodendrocyte cell
body but had no effect on the Ca?* accumulating within the myelin processes. This Ca?*
overload was prevented from accumulating into the myelin when antagonists for NMDA
receptors were added to the preparation (Micu et al., 2006). The source of the extracellular
build-up of glutamate responsible for the over activation of the NMDA receptors present in
the myelin processes is believed to be from the reversal of the sodium-glutamate exchanger

(Rossi et al., 2000; Li et al., 1999; Baltan et al., 2008).
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4.2.4 QN2Z-46 block of the GIuN2C/D subunits present on NMDA
receptors protects axons and myelin from ischaemic injury

One way of modulating NMDA receptor function in experimental settings is by employing
pharmacological interventions. MK-801 (or Dizocilpine or (5R,10S)-(+)-5-methyl-10,11-
dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine) is a compound that acts as a non-
competitive NMDA receptor antagonist not only in neurons, but also in oligodendrocytes (Li
et al., 2013). MK-801 binds inside the ion channel of the receptor at several of
phencyclidine’s (PCP) binding sites in a use- and voltage-dependent manner thus preventing
the flow of ions, including Ca?*, through the channel. Thus, NMDA receptor antagonists have
been extensively studied for use in treatment of diseases with excitotoxic components such
as stroke, traumatic brain injury, and neurodegenerative diseases such as Huntington's,
Alzheimer's, and amyotrophic lateral sclerosis (Gill et al., 1987, 1992; Park et al., 1988;
Uematsu et al., 1991; Nakanishi et al., 1996; Abdel-Hamid et al., 1997; Ma et al., 1998; Arias
et al., 1999). NMDA receptor signalling in oligodendrocytes also plays a crucial role in their
energy metabolism and regulates their differentiation and migration (Cao and Yao0,2013).
Limiting NMDA overactivation has always been a much sought therapeutic target in the
struggle to limit brain injury, although so far results from clinical trials have been far from
satisfactory. To be clinically acceptable, a prospective drug should be able to allow normal
physiological activity without presenting any adverse side effects. However, NMDA
antagonists like MK-801 have largely failed to show safety in clinical trials, possibly due to
inhibition of NMDA receptor function that is necessary for normal neuronal function. Since
MK-801 is a particularly strong NMDA receptor antagonist, this drug is particularly likely to
have psychotomimetic side effects and cause drowsiness leading to coma (Koroshetz and
Moskowitz, 1996; Hickenbottom and Grotta, 1998; Lutsep and Clark, 1999; Rogawski, 2000;
Palmer, 2001).

In a recent collaborative study with the University of Plymouth and that formed part of this
thesis, we employed a novel NMDA receptor antagonist, 4-[6-Methoxy-2-[(1E)-2-(3-
nitrophenyl)ethenyl]-4-oxo 3(4H)quinazolinyl]lbenzoic acid (QNZ-46), which specifically binds
to GluN2C/D-containing subunits on NMDA receptors that was found to curtail receptor

function in a use-dependent manner (Doyle et al., 2018). GIuN2C/D-containing NMDA
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receptors are generally extra-synaptic (Brickley et al., 2003; Momiyama et al., 1996; Harney
et al., 2008) and therefore this makes QNZ-46 an ideal candidate to block glutamate receptor-
mediated currents without disturbing synaptic transmission (Mosley et al., 2010; Hamilton et
al., 2016). Systemic pre-treatment (IP administration over 5 days) of the drug showed no signs
of abnormal animal behaviour, toxicity or weight loss in mice. The drug readily enters the
blood-brain barrier and strongly binds to NMDA receptors in the brain with a particular strong

affinity to the myelinic NMDA receptors located in the white matter (Doyle et al., 2018).

In this study, two-photon imaging confirmed that ischaemia causes vesicular release of
glutamate from axons and this binds to activate specific GIuN2C/D-containing NMDA
receptors present on oligodendrocyte processes and myelin sheath. Blocking the calcium
currents through these NMDA receptors demonstrated effective structural and functional
protection to central white matter (Fig 4.6 — A) and improved functional recovery in a mouse
model of middle cerebral artery occlusion (MCAQO). The same level in efficacy was not
achieved by block of the Transient Receptor Potential A1 channel (TRPA1) by A967076, an ion
channel that mediates nociception through Ca?* influx of sensory neurons (Fig 4.6 — A). We
also show that prolonged pre-incubation of the mouse optic nerve with the classic NMDA
antagonist (MK-801) increases the number of functional axons after ischemia in comparison

to controls (Fig 4.6 — B).
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Figure 4.6. Myelin injury in the adult rat optic nerve is NMDA-receptor-mediated I. (A)
Blocking specific GluN2C/D subunit with QNZ-46 and the anticonvulsant drug PPDA, were also
protective. There was no protection by blocking TRPA1 channels with A967079. (B) Increasing
the pre-treating time of the optic nerve to MK-801, increased the functional recovery of a
greater number of axons after ischaemia. (Adapted from Doyle et al., 2018)
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Transgenic PLP-EGFP mice express an enhanced green fluorescent protein (EGFP) in
oligodendrocytes, Schwann cells and the enteric glia of the gut and is therefore useful in
visualising all stages of oligodendrocyte differentiation. In vehicle experiments, optic nerves
from this mouse strain were pre-loaded with the myelin stain FluoroMyelin Red and exposed
to 1 hr of ischaemia followed by 2 hr of reperfusion. In parallel experiments, pre-treatment of
the optic nerves with QNZ-46 prevented the ischaemia-induced myelin injury as seen in the

vehicle group (Figure 4.7).
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Figure 4.7. Myelin injury in the adult rat optic nerve is NMDA-receptor-mediated II. [A]
Myelin structure is protected from ischemic damage by 120 min pre-treatment with QNZ-46,
imaged via FM vital staining. [C-D] Ischemia evoked myelin swelling is prevented by 120 min
QNZ-46 pre-treatment. (Adapted from Doyle et al., 2018).

Ultrastructural analysis of the adult mouse optic nerve exposed to 60 min of OGD followed by
60 min reperfusion revealed myelin decompaction, especially the inner myelin layer,
bubbling, and loss of myelin layers. Pre-incubation in QNZ-46 prevented the swelling of axons
and preserved the g-ratio of axons. The normal G-ratio was not a consequence of the

shrinkage of axons as there were no apparent changes in overall axon diameter when

compared to axons from controls (Figure 4.8).
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Figure 4.8. QNZ-46 mediated myelin protection in the adult mouse optic nerve. (A) Normal
oligodendrocyte nucleus (Nuc) and myelinated axons (arrows) in control slices. Characteristic
ischaemic injury to myelin (B) shown in high resolution (C). There is myelin decompaction,
bubble formation, and loss of myelin layers. Preservation of both oligodendrocyte cell bodies
(D-E) and processes (F) following pre-treatment with QNZ. (G-J) G-ratio of myelin thickness
vs axon diameter. OGD induces axonal expansion, which is prevented by QNZ-46. There is no

axonal shrinkage (K), confirming the protective role of QNZ-46 on myelin. (Adapted from
Doyle et al., 2018)
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In a set of experiments involving 1 hr of MCAO in mice, pre-treatment for up to five days with
IP of QNZ-46 caused smaller infarct volumes in mice when compared to the vehicle group.
Moreover, there was excellent preservation of myelin and axons in the effected white matter
as seen under light and fluorescence microscopy. Electron microscopical analysis confirmed
the preserved ultrastructural cytoarchitecture within the core region of the ischemic focus

and the improved functional outcome after the stroke (Doyle et al., 2018).
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Figure 4.9. Systemic pre-treatment of mice with QNZ-46 protected both grey and white
matter from ischaemic injury following MCAO I. [A-C] Reduction in infarct volume in QNZ-46-
treated mice. [D-F] Improved functional recovery as assayed at 24 hours post-occlusion.
(Adapted from Doyle et al., 2018)
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Figure 4.10. Systemic pre-treatment of mice with QNZ-46 protected both grey and white
matter from ischaemic injury following MCAO Il. [G-J] YFP axons (green) and luxol fast-
blue/cresyl violet (blue/purple: myelin) expression in external capsule in both
contralateral/ipsilateral hemisphere in sham (G) vehicle (H) and QNZ-46 pre-treated mice (I).
Loss of YFP fluorescence, fragmentation of axons and the loss of myelin in ipsilateral
hemisphere in vehicle (H). Maintenance of YFP fluorescence and myelin density on the
ipsilateral hemisphere in the QNZ-46-treated mice. (Adapted from Doyle et al., 2018)
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4.3 Methodology

4.3.1 Pharmacological manipulation of antagonists to AMPA/Kainate
receptors before and after glucose deprivation

White matter is vulnerable to excitotoxicity induced injury (Matute et al. 1997; McDonald et
al. 1998; Li and Stys, 2000) and activation of the AMPA/Kainate receptors has been implicated
in white matter injury during ischaemia (Tekkok and Goldberg, 2001; Tekkok et al., 2005a;
McCarren and Goldberg, 2007). Several AMPA/Kainate receptor antagonists have been
developed, with the three classical ones being: 2,3-dihydroxy-6-nitro-7-
sulfamoylbenzo(F)quinoxaline (NBQX) (Sheardown et al., 1990), 6-(1H-imidazol-1-yl)-7-nitro-
2,3(1H,4H)-quinoxalinedione hydrochloride (YM-90K) (Namba et al., 1994) and [1,2,3,4-
tetrahydro-7-morpholinyl-2,3-dioxo-6-(trifluoromethyl)quinoxalin-1-methanephosphonate
(ZK-700,775) (Turski et al., 1998). All 3 antagonists have been shown to protect cerebral white
matter from ischaemic injury (Buchan et al., 1991; Gill et al. 1992, Sheardown et al. 1993,

Shimizu-Sasamata et al., 1996).

In this study, we wanted to evaluate the potential protective role of NBQX during glucose
deprivation in the knowledge that glia in white matter are enriched with AMPA/KA receptors
that may be activated during GD. We designed two different sets of live imaging experiments
on YFP callosal slices maintained under two-photon microscopy. In these experiments we
tested the effective temporal efficacy of drug treatment when administered before or after
glucose deprivation. In the ‘EARLY NBQX' group, 30uM NBQX was added to the aCSF
throughout the period of GD and during reperfusion, while in the ‘LATE NBQX’ group, the

same dose of drug was applied only on the onset and throughout reperfusion.

In a separate set of experiments that involved the maintenance of slices in interphase
chambers, slices followed the same drug treatment protocol as above. In the process, slices
were ‘sampled’ and immediately fixed at specific time-points (immediately after GD, after 1
hr and 2 hr of reperfusion) and prepared for EM to evaluate the ultrastructural changes in the

white matter axons with drug exposure.

133



4.3.2 Quantification of axonal injury through electron microscopy

Quantification of the extent of axonal pathology as seen under EM was based on a modified
procedure by Garthwaite et al. (1999). Since the cross-section of the callosal axons are not
uniformly circular, their Feret (average) diameter was measured. In brief, for each section,
the mean internal Feret diameter was calculated from four non-overlapping fields at 10,000X
magnification, each within an area of 2000 um?. The Feret diameter was taken as the mean
of 36 diameters measured in 5° intervals. In normal mouse corpus callosum, the mean
diameter of myelinated axons is 0.46 +/- 0.01 um (Sturrock et al., 1980). Data was expressed
as the mean proportion of axons with Feret internal diameter (i.e. myelin excluded) above
2.5 um. TEM micrographs were captured at 10,000 magnification in each of 3 sections per
condition. A total of 12 micrographs were obtained for each slice (3 animals/experimental
group). Morphometric measurements from cross-sections of axons were processed using
MetaMorph image analysis software (Universal Imaging, West Chester, PA). Glial cell bodies

and their processes along with blood vessels were excluded from the analysis.

4.3.3 The effect of calcium on glucose deprivation

Previous literature based on the rodent optic nerve suggests that glucose deprivation induces
activation of L-type Ca?* channels and reverses the Na*/Ca?* exchanger result in a toxic Ca®*
influx (Brown et al.,, 2001). Overactivation of NMDA receptors during glucose deprivation
also results in intense Ca?* influx (Yang et al., 2014). Thus, we wanted to evaluate the effect
of exposing our central white matter model to glucose deprivation in a calcium free aCSF
with the addition of the calcium chelator, glycol-bis(2-aminoethylether)-N,N,N’,N’-
tetraacetic acid (EGTA) (Caldwell, 1970).

After stabilisation, the brain slices were incubated for 30 min in Ca?* free aCSF + 200uM EGTA.
They were then exposed to 45 min GD in Ca?* free aCSF + 200 uM EGTA, followed by 2 hr of
glucose and calcium containing standard aCSF. Throughout the duration of the experiment
axonal structure and functions was continuously monitored by combined two-photon live-

imaging and CAP recording.
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4.3.4 Systemic administration of NMDA and AMPA antagonists to block
key pathways that participate in white matter injury

We have previously shown (Doyle et al., 2018) that QNZ-46 (Cat. No. 4801; Tocris) protects
axons and myelin following ischaemia by blocking GIuN2C/D-containing NMDA subunits
present in oligodendrocyte processes and the myelin sheaths around axons. QNZ-46 crosses
the blood brain barrier, accumulates predominantly in myelin and is non-toxic (Doyle et al.,
2018). We therefore wanted to extend the documented protective effect that this drug had

on a stroke model and apply its use on a milder form of insult such as glucose deprivation.

In addition, we wanted to extend this white matter protection to oligodendrocytes by testing
whether the combined addition of a novel AMPA receptor antagonist present on glia, is
equally protective to both oligodendrocytes and axons after glucose deprivation. We used
3-(2-Chlorophenyl)-2-[2-[6-[(diethylamino)methyl]-2-pyridinyl]ethenyl]-6-fluoro-4(3H)-

guinazolinone hydrochloride (CP-465,022) (Cat. No. 3932; Tocris), a very selective and potent
non-competitive AMPA-specific receptor antagonist (Menniti et al., 2000; Lazzaro et al.,
2002). As with the QNZ-46 drug, CP-465,022 readily crosses the blood-brain barrier and does

not have any documented toxic side effects (Menniti et al., 2003).

Both drugs were administered systemically via IP injection following a protocol as previously
described (Doyle et al., 2018). Briefly, equimolar concentrations (0.1mM) of QNZ-46 and CP-
465,022 were combined or administered separately when dissolved in 20mM B-cyclodextrin
(Sigma: C4767) in sterile PBS. The mice were weighed daily, and the dose adjusted to the
animals’ gross weight (2 mg/Kg QNZ-46; 1 mg/Kg QNZ-46 QNZ) on each of the five days of
treatment. On the 5% day, the mice were sacrificed 4 hours after the last drug treatment
and brain slices were prepared as previously described in chapter 2. After 2 hours
stabilisation the slices were treated to 45 min of GD followed by 2 hr of reperfusion with
glucose containing aCSF. In this set of experiments, combined electrophysiology and two-
photon imaging were used to monitor axonal structure and function simultaneously in three
separate cohorts of administered drugs. These included one group of mice (n=3) with
treatment with QNZ-46, a second group (n=3) treated with CP-465,022 and a third group
treaded with both drugs (n=3).
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QNZ-46 contains a quinazolinone backbone which confers its very distinctive fluorescent
properties (Naleway et al., 1994). Its presence in brain slices could be readily detected with
fluorescence microscopy confirming that the drug penetration into the brain was successful.
The antagonist was readily excited at 765nm with minimal (4 %) laser power and detected in

the blue channel with a band pass (BP) of 420-465nm.

In a sub-set of these experiments, brain slices from mice injected with QNZ-46 were loaded
with 10 uM Nile Red (Cat. No. N1142; Invitrogen) for 10 min, followed by a 30 min washout.
Nile Red is an oxazine fluorophore with a strong tendency to accumulate in lipid- and adipose-
rich environments (Greenspan et al., 1985). It is an ideal vital stain to myelin sheaths. It has
been used to detect myelin injury following ischaemia (Chen et al., 2013) and in multiple
sclerosis (Poon et al., 2018). In our experiments, we used it to try to co-localise it with QNZ-

46.
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4.4 Results

4.4.1 AMPA/Kainate receptor block protects axons and
oligodendrocytes during glucose deprivation

As we reported in section 2.4.4, slices exposed to 45 min GD showed focal swelling and
beading of axons in the early stages of reperfusion, which later progressed to axonal
fragmentation and loss of fluorescence intensity by the end of the 2 hr of reperfusion. As
expected, axon integrity was more robust when NBQX was added before the insult (Early
NBQX) (Fig 4.11 C) rather than when this was added right after GD, during reperfusion (Late
NBQX) (Fig 4.11 D).

Examination of thin sections by electron microscopy revealed that vacuolation was
substantially less in those slices pre-treated with NBQX. The group treated with NBQX before
the insult showed fewer swollen and collapsed axons and the extracellular space appeared
normal except for a few areas with swollen axons. At higher magnification, fewer axons had
signs of pathology in the myelin and most of the small-calibre unmyelinated axons were still
visible. Although periaxonal spaces and swollen mitochondria were visible in some axons,
they typically occurred in the larger calibre axons. The axoplasm appeared denser and more
granular in the NBQX-treated group then in the group without treatment by the end of 2
hours of reperfusion. In both the early and late groups of NBQX treatment, the index of
axonopathy was statistically significantly different then in the untreated group. There was
however, no statistical difference between both groups tested. Because injury causes axonal
swelling, the effect of injured axons was evaluated according to axon diameter. Animportant
finding was the preservation of the small-calibre unmyelinated axons in the NBQX-treated

group as opposed to that without treatment (Fig 4.12 —4.13).
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Figure 4.11. AMPA/KA receptor blockade attenuated axon injury following GD. (A) Control
slice with normal aCSF perfusion shows well preserved morphology of YFP-expressing axons
during repeated imaging over 4 hours. (B-D) NBQX administered before and after GD,
substantially delays axonal injury and preserves axonal structure. (B) Exposure to transient
OGD for 45 min caused delayed axonal injury, starting to develop 30 min after restoration of
glucose perfusion. Extensive beading and fragmentation of axons was followed by loss of
axon fluorescence after 2 hours of reperfusion. (C) Addition of NBQX (30uM) applied 30 min
before and after the insult substantially preserved axon morphology and fluorescence. (D)
Axonal beading and fragmentation were partially reduced even when NBQX was applied
after the insult (arrows).
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Figure 4.12. NBQX preserves axon structure following GD. Low magnification transmission
electron micrographs in sagittal (top) and transverse (bottom) sections of corpus callosum to
show the protection of axon profiles by NBQX. Slices were exposed to wash control
conditions (A and D); 45 min glucose deprivation (B and E) or glucose deprivation + 30uM
NBQX (C and F). Sections were fixed 2 hours later and prepared for EM. In the control slice,
EM shows regular profiles of myelinated and unmyelinated axons. GD causes extensive
distension of axon profiles and disruption of cellular organelles. Application of 30 uM NBQX
during and after GD substantially reduces the injury, although some swollen axons are still
visible (asterisks). Scale bars 2 um (top), 10 um (bottom).
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Figure 4.13. Quantitative assessment of axonal pathology from brain slices by EM.
Compared with normoglycaemia (Control), GD-treated tissue shows significantly more
pathology.  Continuous application of 30uM NBQX before and after 45 min of GD
significantly reduced axonal injury by the end of 2 hours of reperfusion. The index of
axonopathy represents the number of axons with Feret diameter above 2.5 um/2000um?.
Values represent the mean + SEM. *Significantly different from control. #Significantly
different from GD, p < 0.001 is for the indicated comparisons.
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In slices treated with NBQX, assessment by EM also revealed robust protection to
oligodendrocytes. There were no morphological changes in oligodendrocyte cell body or
nucleus to indicate injury. Within the nucleus there was normal distribution of the chromatin
and the nucleus was not swollen. At higher magnification, the cytoplasm appeared to
contain an array of normal mitochondria. Although some of the mitochondria looked
swollen, these were few in numbers. Both the endoplasmic reticulum and golgi apparatus
looked normal and well organized. Some vacuole formation was sometimes present in the

cytoplasm of some of these cells.

Figure 4.14. AMPA/KA receptor blockade following GD attenuates ultrastructural injury in
oligodendrocytes. Representative electron micrographs from sagittal sections showing the
protective effect of NBQX on oligodendrocytes when applied after the insult. Insetin A and
B shows the magnified view in C and D respectively. A, Appearance of glial cell after GD. Glial
cell body appears swollen and distended. There is lacunar enlargement of golgi apparatus,
vacuole formation and swollen mitochondria. The increased extra-axonal spacing is
considered indicative of axon and glial damage. B, Oligodendrocyte shows well preserved
morphology of the organelles when NBQX was applied after GD. C, Vacuoles and swollen
mitochondria are seen in injured glia after exposure to GD. Some of the cristae are broken
and discontinuous. (D) Normal appearance of organelles in the cytoplasm. Only one
mitochondrion in this view is abnormal. Asterisks denote damaged mitochondria.
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4.4.2 Axonal injury during glucose deprivation is calcium-dependent

Following a 30 min equilibration period in Ca?* free aCSF (with the addition of 200uM EGTA),
callosal slices were transferred to an imaging chamber under two-photon microscopy for
sequential live imaging. Slices were exposed to 45 min GD with the same composition of aCSF
and then replaced by standard glucose and calcium containing aCSF during the 2 hr of
reperfusion. Sequential image analysis at different time points revealed a statistically
significant lower axonal injury score in slices incubated in a Ca?* - free media as opposed to

those that were supplemented with Ca?* during the course of the experiment.

',Sta rt

Figure 4.15. Sequential images from a callosal slice exposed to 45 min of GD in a Ca**-free
environment. Preservation of axonal structural integrity in slices exposed to glucose
deprivation in a Ca®'-free environment. There was no focal swelling, beading and
fragmentation, that occurs during the reperfusion phase following 45 min of GD in a Ca?*-
containing medium. Scale bar: 20 um
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Figure 4.16. Injury score of callosal axons exposed to 45 min of GD in a calcium-free
environment. Axons are not injured by glucose deprivation in a calcium-free environment
and the injury score is maintained at baseline levels. There is a statistically significant
difference (* p<0.001) in injury between slices exposed to glucose deprivation in the absence
of Ca?* when compared to glucose deprivation in the presence of Ca?*. There is no difference
in the axonal injury score between glucose deprivation in the absence of Ca%* and control
slices maintained under normoglycaemia in standard aCSF (n=3).

Electrophysiological recordings of the CAP across the corpus callosum showed a similar trend
in the decline in electrical activity into 30 min of GD in both groups of slices exposed to GD in
the presence or absence of Ca%*. As previously reported in section 2.4.7 and in agreement
with other studies (Brown et al., 2001), there was no recovery in CAP in slices exposed to GD
in the presence of Ca?* in contrast to the complete recovery of those slices maintained in Ca?*-

free medium when reperfusion was restored.
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Figure 4.17. CAP recording from callosal slices exposed to 45 min of GD (+/-) Ca?* and
controls. Complete recovery of axonal function after glucose deprivation in a Ca%* - free
environment |. There is a loss of the % CAP during 45 min of GD both in the presence and
absence of Ca?*. Recovery in the % CAP only occurred in those slices that were maintained in
a Ca?* - free environment throughout the experiment.

120
100 I
80

60

% CAP RECOVERY

40

20

. .

GD 45 WITH CALCIUM GD 45 WITHOUT CALCIUM CONTROL

Figure 4.18. Percentage CAP recovery of callosal slices exposed to 45 min of GD (+/-) Ca?*
and controls. There is a statistically significant difference (* p<0.001) in the % CAP recovery
amongst slices exposed to GD in the absence of Ca?* to those slices maintained in the presence
of Ca?*. The GD group maintained in the absence of Ca?* and the control slices maintained
under normoglycaemia recovered to the same level.
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4.4.3 The preferential localization of QNZ-46 in myelin is key to
neuroprotection

Following systemic administration (IP) 4 h min prior to the killing, vital QNZ-46 fluorescence
was preferentially distributed in white matter demonstrating brain penetration and myelin
retention since the tissue was dissected into QNZ-46 free aCSF for imaging. Slices were co-
loaded with Nile Red, a vital stain which stains myelin. We observed co-staining between

QNZ-46 and Nile Red in the myelin sheaths.

A

Figure 4.19. QNZ-46/FM co-staining in brain slice following systemic QNZ-46 injection at 4 hr
before sacrifice. Differential staining between white and grey matter of QNZ-46 [A] and Nile
Red [B]. [C] Double staining of QNZ and Nile Red around linear profiles (arrows) and rounded
swollen axons (arrow heads) (adapted from Doyle et al., 2018).
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4.4.4 The combined AMPA and NMDA receptor block protect axons
following glucose deprivation

Callosal slices from mice injected with the vehicle (B-cyclodextrin + DMSO) for 5 consecutive
days, were incubated for 4 hours at 37°C. Other slices from the same group of mice were
exposed to 45 min of GD and 2 hr of reperfusion with glucose-containing aCSF. This was done
to determine whether the vehicle exerts any negative or toxic effect on axons. Combined two-
photon imaging and CAP recording from these slices, showed no sign of axonal injury and CAP
was maintained throughout the course of the 4-hour incubation period in glucose-containing
aCSF. On the other hand, there was severe structural axonal injury and loss of conduction in
slices exposed to 45 min GD. There was no statistically significant difference in the % CAP
recovery, or axonal injury score between controls (+ vehicle), and those slices exposed to 45

min of GD (+ vehicle). Refer to supplementary data.

When QNZ-46 and CP-465,022 were administered separately, they presented an almost
identical pattern of neuroprotection to callosal axons exposed to glucose deprivation. In both
cases, there was only some focal swelling and very mild beading present by the end of the
imaging session. This was in stark contrast to those slices from mice injected with vehicle. A
statistically significant lower axonal injury score was found in the drug treated groups in
comparison to the vehicle by the end of the experiment. In mice treated separately with
either QNZ-46 or CP-465,022, CAP recording showed a trend towards a decline to around 50
% of baseline towards the end of glucose deprivation. Reperfusion with glucose-containing
aCSF showed a gradual recovery of function that capped to around 80% of the baseline in both
cases. A statistically significant difference in the % CAP recovery between the drug treated
groups and vehicle is evident. This protective effect that each of these drugs exerted when
applied in single, was augmented when both drugs were co-administered simultaneously. In
the drug combination group, intact axons were observed along 45 mins of glucose deprivation
and throughout the 2hr period of reperfusion. This observation was confirmed
electrophysiologically by the preservation of the CAP amplitude that was recorded in the same
slices during the imaging session. A statistically significant difference in axonal injury score
obtained through imaging along with a significant difference in % CAP recovery during

electrophysiology was present between the combined drug-treated group and that treated
singly.
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Start GD Rep 1 hr Rep 2 hr
Controls + Vehicle 0.07+0.02 | 0.09+0.02 | 0.09+0.02 0.11+0.02
GD + Vehicle 0.13+0.02 | 0.13+£0.02 1.01+0.10 1.67 £0.06
GD + QNz 0.10+0.02 | 0.10+0.02 | 0.49+0.09 0.62 £ 0.06
GD +CP 0.10+0.02 | 0.10£0.02 | 0.51+0.02 0.64 +0.04
GD + CP + QNZ 0.07+0.02 | 0.09+0.02 | 0.11+0.02 0.13+0.05

Table 4.1. Comparison of the axonal injury scores at different experimental time-points
between different experimental protocols. Values expressed at means + standard deviation

(QNZ — QNZ-46; CP — CP-465,022).

Start GD 45 min REP 1 hr REP 2 hr
Control + Vehicle GD + Vehicle X X p <0.001 p <0.001
GD + QNZ X X p < 0.001 p < 0.001
GD + CP X X p < 0.001 p < 0.001

GD +QNZ + CP X X X X
GD + Vehicle GD +QNZ X X p <0.001 p <0.001
GD + CP X X p < 0.001 p < 0.001
GD + QNZ + CP X X p < 0.001 p < 0.001

GD +QNz GD + CP X X X X
GD +QNZ + CP GD +QNZ X X p<0.05 p <0.001
GD + CP X X p <0.05 p <0.001

Table 4.2. One-way ANOVA followed by Tukey’s post hoc test for multiple comparisons

between groups. X — no statistically significant difference between groups.
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Figure 4.20. QNZ-46 and CP-465,022 protect axons following glucose deprivation. [A] Focal
swelling was evident during the early phase of reperfusion and progressed to beading and
fragmentation through the 2 hr of reperfusion in the vehicle treated group. Axonal injury was
limited to some focal swelling with minimal focal beading during the reperfusion phase in
mice injected with QNZ-46 [B] and with CP-465,022 [C]. [D] No signs of axonal injury were
observed in those mice treated in combination with both drugs. [E] Control slices. Scale bar:
15 um
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Figure 4.21. Addition of QNZ-46 and CP-465,022 attenuates the axonal injury score during
the reperfusion. There is no statistically significant difference between the experimental
conditions at the start of the experiment and immediately after GD in all groups "p<0.001:
statistically significant higher axonal injury score at 60- and 120-min reperfusion in slices from
mice treated with QNZ-46 and CP-465,022 when compared to controls #p<0.001: statistically
significant lower axonal injury score at 60- and 120-min reperfusion in slices from mice treated
with CP-465,022 when compared to vehicle-treated mice. No statistically significant
difference was found between slices from mice treated with both drugs and controls
throughout the observation period. A statistically significant lower injury score is seen
between slices from mice injected singly with either QNZ-46 or CP-465,022 when compared
to slices from mice injected with both drugs at 1hr- (~ p<0.5) and 2 hr reperfusion (- p<0.01),
(n=3).
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Figure 4.22. Combination therapy with QNZ-46 and CP-465,022 maintains electrical
excitability during GD I. There is some partial loss in CAP amplitude during GD that
accompanies the partial recovery in the reperfusion phase in slices from mice treated in single
with QNZ-46 (blue) and CP-465,022 (orange). There is no change in CAP amplitude throughout
either GD or reperfusion in slices from mice treated with both drugs (red). The vehicle-treated
group shows loss of function that failed to recover (yellow) and the control group of
normoglycaemia showed a stable profile in CAP recording (green) typical of healthy axons.
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Figure 4.23. Combination therapy with QNZ-46 and CP-465,022 maintains axonal conduction
integrity during GD 1l. “p<0.001: By the end of each condition, there was a statistically
significant difference in % CAP recovery by the end of reperfusion between (i) controls (ii)
mice treated with either QNZ-46 or CP-465,022 (iii) mice treated in combination with QNZ-46
and CP-465,022, and the (iv) vehicle treated mice. #p<0.001: following 45 min GD, there was
a statistically significant difference in % CAP recovery during reperfusion between slices from
mice treated simultaneously with both drugs, and slices from mice treated singly with either

QNZ-46 or CP-465,022 (n=3).

150



4.5 Discussion

4.5.1 Block of AMPA/Kainate receptors with NBQX protects axons and
glia from injury

The dogma that injury secondary to the over-activation of glutamate receptors is limited to
CNS grey matter has long been refuted. There is abundant data suggesting that white matter
is also susceptible to excitotoxicity (Matute et al. 1997; McDonald et al. 1998; Li and Stys,
2000) and that blocking AMPA/Kainate protects white matter from various insults (Follett et
al., 2001; Tekkok and Goldberg, 2001; Tekkok et al., 2005a; McCarren and Goldberg, 2007;
Agrawal and Fehlings, 1997; Wrathall et al., 1997).

Our results implicate a direct role for AMPA/kainate receptors in aglycaemic injury to central
white matter elements, including axons and oligodendrocytes. Pharmacological blockade of
AMPA/kainate receptors was effective when administered before or after GD, suggestive of
the persistent activation of AMPA/Kainate receptors by extracellular release of the excitatory
neurotransmitter, glutamate. NBQX administered before the course of GD blocked
AMPA/Kainate receptors and protected axons and oligodendrocytes. However, there was
partial protection afforded to axons and oligodendrocytes when NBQX was administered late
(after GD), suggesting that mechanisms independent of AMPA/Kainate receptors are likely

to contribute to the GD-induced toxicity.

Activation of AMPA/Kainate receptors mediate oligodendrocyte injury by increasing the
influx of Ca?* through reversal of the Na*/Ca?* exchanger (Sdnchez-Gémez and Matute,
1999), and by increasing the cell’s vulnerability through oxidative stress as a result of the
reversal of the glutamate-cystine exchanger at high extracellular glutamate concentrations
(Oka et al., 1993). Our EM data confirms that blocking AMPA/Kainate receptors during
glucose deprivation prevents morphological changes in oligodendrocytes cell body and
nucleus. Further ultrastructural details from EM show normal appearing nuclei and
mitochondria with cristae, together with well organised and normal appearance of the

endoplasmic reticulum and golgi apparatus.
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In separate complementary experiments with treatment with NBQX, there was a clear
protection to oligodendrocytes and only a small number of axons showed signs of pathology
when compared to the untreated group. Moreover, the myelin sheaths appeared intact and
importantly, most of the small-calibre unmyelinated axons remained preserved. This may
suggest that blocking AMPA/KA receptors on oligodendrocytes protects not only these cells

but preserves also the axon along with its myelin sheath.

An interesting finding was that most small-calibre and unmyelinated axons were left intact in
slices treated with NBQX. Unmyelinated axons are not directly in contact with the
oligodendrocyte cell bodies and therefore the protection of the latter via NBQX should have
no effect on the unmyelinated axons. One possible explanation could be that injured
oligodendrocytes release their toxic cytoplasmic contents including ROS (Tekkdk and
Goldberg, 2001), that damage neighbouring axons, glia and blood vessels that contribute to
the propagation of the initial insult. Protecting oligodendrocytes by blocking the overactivity
of AMPA/KA receptors might be a good strategy to preserve the integrity of neighbouring

support cells and nerve fibres in the long term.
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4.5.2 The combined block of GIuN2C/D subunits on NMDA receptors and
AMPA receptors protects oligodendrocytes and axons following
glucose deprivation

The increase in intracellular calcium has long been implicated to be deleterious to the central
nervous system (Young, 1992; Orrenius and Nicotera, 1994), and is not surprising that it
mediates glucose deprivation induced injury both to grey and white matter. Hippocampal
slices exposed to glucose deprivation resulted in an increase in intracellular calcium in
pyramidal cells (Takata and Okada, 1995; Takata et al., 1995), and GD induced conduction
block in the rodent optic nerve which was completely prevented when the GD was

performed in a calcium-free environment (Brown et al., 2001).

Excitotoxicity is believed to play a crucial role in white matter injury during GD (Wieloch, 1985;
Suh. 2007b; Yang et al., 2014), and it is mainly mediated by an increase in intracellular Ca%*
(Sdnchez-Gémez and Matute, 1999; Salter and Fern, 2005). AMPA receptors present on the
oligodendrocyte’s somas (Steinhduser and Gallo, 1996; Garcia-Barcina and Matute, 1998) are
slightly different from those present in grey matter. They lack the GIuA2 subunit (Matute,
1999), thus making them permeable to Ca?* (Wright and Vissel, 2012) unlike the
oligodendrocytes present in grey matter (Burnashev, 1996). This rise in intracellular Ca%*
accumulates in the mitochondria, leading to mitochondrial membrane depolarisation that
leads to the production of ROS and the release of proapoptotic factors such as caspases-3 and
8 (Verkhratsky et al., 1998; Sdnchez-Gémez et al., 2003; Matute, 2006). In addition, activation
of NMDA receptors expressed on oligodendrocytes’ processes generates membrane
depolarisation and a rise in cytosolic Ca?* triggering myelin disintegration (Salter and Fern,
2005; Bakiri et al., 2009). These processes are made up of a much smaller intracellular volume
when compared to the oligodendrocyte soma. Thus, even a relatively small influx of Na* and
Ca?* from the channel pore of this type of receptor would be sufficient to elicit a profound
increase in intracellular anion species that injure these fragile myelinating processes

(Karadottir et al., 2005).
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We first confirmed the central role played by calcium in this deleterious cascade of events by
exposing slices to glucose deprivation in a Ca%*-free environment. We observed a complete
preservation of axonal structure with full recovery of axonal conduction upon reperfusion.
This in itself serves as ample proof of previous studies that emphasise on the central role of

Ca?* during glucose deprivation and as a direct cause of axonal injury.

The next step was to identify pharmacological avenues to block contributing factors that cause
injury to white matter. Since aglycaemic injury is thought to be preferentially mediated via
NMDA receptor overactivation (Yang et al., 2014), we hypothesised that the addition of QNZ-
46, the same drug used in our previously published data (Doyle et al., 2018), might also afford
protection to axons during a milder form of injury than ischemia per se. Our results confirmed
that QNZ-46 is not toxic to mice and that the drug easily crosses the blood brain barrier
because of its lipophilic nature that accumulates preferentially in myelin. Mice treated with
QNZ-46 showed a statistically significant lesser degree of structural and functional injury of
their white matter axons during glucose deprivation when compared with vehicle-untreated

mice.

In view of these results, we hypothesised that blocking NMDA receptors on the
oligodendrocytes’ processes and in the myelin sheath in addition to the block of their
transmembrane AMPA receptors located on their soma, we then should expect an additional
cumulative protective effect. We have already shown that blocking AMPA/Kainate receptors
with NBQX protected both axons and oligodendrocytes during glucose deprivation. To
separately block AMPA receptors located on the oligodendrocyte cell body (Steinhduser and
Gallo, 1996; Garcia-Barcina and Matute, 1998), we chose the novel and very selective non-
competitive AMPA-specific receptor antagonist, CP-465,022 (Menniti et al., 2000; Lazzaro et
al., 2002). The protective effect of this drug on glucose deprivation was practically similar to
that observed with QNZ-46 alone. This was confirmed by imaging that showed excellent
preservation of axon integrity and through electrophysiological recordings of function
through conduction studies. All in all, this merely suggests that AMPA receptors located on
oligodendrocytes participate in mediating axonal injury during glucose deprivation and are

likely to be a potential therapeutic target for white matter.
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The axonal protection against GD provided by each drug individually was amplified when the
two drugs were administered in combination. Our results therefore confirm that
overactivation of both NMDA receptors on the oligodendrocyte’s processes and AMPA
receptors on the oligodendrocytes’ somas play a crucial part in the excitotoxicity induced
axonal injury that evolves during glucose deprivation. Since overactivation of AMPA and
NMDA receptors on the oligodendrocytes results in cell death which lead to myelin
destruction and secondary axonal injury (Tekkok and Goldberg, 2001; Matute, 2011), blocking
both receptors simultaneously by these two drugs offers an ideal therapeutic strategy to treat
against aglycaemic injury, and any other brain insult which damages oligodendrocyte and/or

myelin directly.
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Chapter 5

Nitric oxide and glucose deprivation induced axonal
injury

5.1 Aims

Excitotoxicity plays an important role in axonal injury as a result of glucose deprivation. In the
previous section we showed that the block of specific NMDA receptors on myelin processes
and AMPA receptors on oligodendrocytes cell bodies is highly protective against glucose
deprivation. Nitric Oxide (NO) is a free radical that acts as a neurotransmitter and a
neurotoxin depending on the site of production and its concentration. One of the proposed
sequence of events in the cascade that occurs during axonal injury during ischemia is the

elevation in the levels of NO (Stys, 2005). Therefore, the main aims of this chapter are:

i. To determine the working concentration of NO required to induce irreversible

conduction block in axons.

ii. To establish whether this concentration of NO that causes conduction block is also

effective to cause structural injury in axons.

iii.  To capture the presence of NO in white matter during glucose deprivation using

specific fluorescent dyes.
iv.  To monitor the level of NO during glucose deprivation.
v. To establish whether blocking NO production protects axons during glucose

deprivation.
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5.2 Literature Review

5.2.1 A dual role of nitric oxide in the brain

NO is a free radical that can act both as a signalling molecule and a neurotoxin. Since
glutamate mediated excitotoxicity is an important mediator of brain injury (Choi, 1994), and
activation of NMDA receptors generates NO in a Ca?*-dependent manner (Garthwaite et al.,

1988), NO is hypothesised to be involved in various mechanisms of brain injury.

The role that NO plays in the mechanisms of brain injury has been the source of much debate.
Due to its complex biological characteristics, NO can either be detrimental or beneficial to the
injured brain. There are many advocates of the dual role NO can play in brain physiology and

pathophysiology. This dual role is summarised in Figures 5.1,5.2 (ladecola, 1997).
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Figure 5.1. Potential protective mechanisms of NO during brain injury (reproduced from
ladecola, 1997).
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Nitric oxide toxicity
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Figure 5.2. Potential destructive mechanisms of NO during brain injury (reproduced from

ladecola, 1997)
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5.2.2 Production of nitric oxide in the brain

NO is synthesised from the oxidation of L-arginine by the enzyme nitric oxide synthase (NOS)
(Marletta, 1994). There are three isoforms of NOS: neuronal NOS (nNOS or type I); inducible
NOS (iNOS or type 1l); and endothelial NOS (eNOS or type Ill), (Griffith and Stuehr, 1995).

The eNOS and nNOS isoforms are constitutively expressed. iNOS is not normally expressed
but its production can be induced by immunological stimuli or neuronal damage. eNOS and
nNOS are known as calmodulin and calcium dependent. They can only synthesise NO when
the intracellular Ca?* concentration is elevated, and calmodulin is bound to the enzyme. iNOS

produces NO continuously and independently of intracellular Ca?* (Nathan and Xie, 1994).

eNOS and nNOS produce NO in small and highly regulated bursts, suited for the molecular
messenger function of NO (Garthwaite and Boulton, 1994). On the contrary, iNOS produces
large amounts of NO over long periods, which makes it responsible for the neurotoxicity
caused by NO (Gross and Wolin, 1995). Moreover, both eNOS and nNOS are equally involved
in the pathophysiological role of NO. In most pathological states, intracellular Ca®*

concentration remains persistently elevated, and therefore eNOS and nNOS become

continuously active and can produce potentially toxic amounts of NO (ladecola, 1995a).
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5.2.3 Nitric oxide causes conduction block in axons

The addition of NO to both peripheral and central white matter tracts have been reported to
induce axonal conduction block. Tibial nerves exposed to NO rapidly suffered loss of
conduction, followed by Wallerian degeneration. This neurotoxic effect was hypothesized to
be primarily due to energy restriction by inhibition of mitochondrial respiration (Alvarez et al.,

2008).

In the literature we find three main factors that determine the degree of axonal conduction
block: concentration of NO; frequency of stimulation; and degree of myelination. As
expected, the NO-induced conduction block is dose-dependent. Spinal nerve roots exhibited
a reversible conduction block when exposed to low NO concentration (< 7 uM), and an
irreversible one with higher NO concentrations (> 13 uM). This block was prevented by
partially blocking Na* channels, and the Na*/ Ca* exchanger (Kapoor et al., 2003). Axons in
the spinal cord showed a similar response to NO. The rapid reduction in CAP amplitude
following NO administration was also dose-dependent (Ashki et al., 2006). The NO-induced
conduction block is also dependent on the frequency of nerve stimulation. Nerves stimulated
with low frequency showed reversible NO conduction block, whilst those stimulated at high
frequency exhibited irreversible conduction block despite having been exposed to the same
concentration of NO. The fibres which suffered irreversible block, showed morphological
changes consistent with acute Wallerian degeneration (Smith et al., 2001). There is
contrasting evidence on the relationship between the amount of myelination and the degree
of NO induced conduction block. Redford et al., (1997) reported that demyelinated and early
remyelinated axons are particularly sensitive to block by NO, even at low NO concentrations,
like those found at sites of inflammation. On the contrary, Shrager and Youngman (2017),
found that in multiple models of peripheral and central white matter, myelinated fibres were
preferentially reversibly blocked by concentrations of NO like those encountered in
inflammatory lesions. The pattern of NO induced loss of axonal conduction was very similar
to that induced by tetrodotoxin. It was therefore hypothesised that NO likely interacts with

axonal Na* channels through an intermediate that is associated with myelin.
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5.24 Nitric oxide is a cause of white matter injury

Several studies have evaluated the potential negative effect of NO to white matter
components. A benchmark paper was published by Garthwaite and colleagues in 2002. They
exposed the rat optic nerve to a variety of NO donors at various concentrations and over
variable periods to study the ultrastructural alterations caused by NO to different white
matter components. They reported that axons are the most vulnerable, followed by
oligodendrocytes and astrocytes. The main structural feature of axonal injury was persistent
swelling. Astrocytes and oligodendrocytes survived insults that clearly induced axonopathy,
which suggests that NO caused axonal injury that is not secondary to glial damage. They also
compared the pattern in the structural and functional injury caused during anoxia and
ischaemia. They hypothesised that NO competes with O, to bind with cytochrome c oxidase
(complex IV) thus inhibiting the respiratory chain (Brown, 1999; Heales et al., 1999). This leads
to a decrease in the levels of ATP, failure of the Na*/K* pump, Na* influx and depolarisation.
Terminal depolarisation represents the basis of the conduction block that is observed on
addition of the NO donors. Glial cells were more resistant to the respiratory chain inhibition
caused by NO and a plausible explanation could be that they contain less Na* channels than
axons, use alternative pathways for ATP generation, and have larger levels of anti-oxidants
(Heales et al., 1999). Moreover, longer exposure to NO has been shown to cause severe injury
(Merrill et al., 1993; Mitrovic et al., 1994), presumably due to the formation of peroxynitrite
and eventual death as a result of oxidative stress (Garthwaite et al., 2002). Elevated levels of
NO have been reported to cause oligodendrocyte degeneration, and S-nitrosation of a
proteolipid protein responsible for intraperiod myelin stabilisation, essential for proper

myelination (Bizzozero et al., 2004).
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5.25 Putative role of nitric oxide during glucose deprivation

The role of NO in brain ischaemia has been well documented in the literature (Malinski et al.,
1993; Zhang et al., 1995; Huk et al, 1998; Yong et al., 2005; Yang et al. 2008; Corsani et al.,
2008; ArunaDevi et al., 2010). It plays a crucial role both in the acute phase of ischaemic
damage and in the delayed events contributing to its evolution (ladecola et al., 1997). The
levels of NO in the brain increase to micromolar levels within 20 min following MCAO (Malinski
et al., 1993). This sharp rise in NO could be inhibited by glutamate-receptor antagonists,
indicating that the increased NO thus produced is initiated by glutamate (Lin et al., 1996). The
immediate rise in the level of NO could be explained due to the rapid increase in activity of
both neuronal and endothelial NOS (within minutes) following induction of ischaemia (Kader
et al., 1993; ladecola et al., 1995a; Nagafuji et al., 1994). The increase in activity of inducible
NOS is delayed, with a surge that occurs 6 — 12 hours after injury (ladecola et al/, 1995b;
ladecola et al, 1996).

Despite abundant evidence on the pathophysiology of NO during ischaemia, the role of NO in
glucose deprivation is not clear. As in ischaemia, glucose deprivation causes excitotoxicity
(Yang et al., 2014), and NO has been shown to mediate glutamate neurotoxicity in neuronal
cultures (Dawson et al., 1991). We therefore hypothesised that NO plays can potentially also
contribute to cause brain injury following glucose deprivation. To our knowledge, the only
reference that reported an increase in NO during glucose deprivation was that by Kojima and
colleagues (2001a), and the increase was only documented in the grey matter. The same
authors reported an increase in NO in the CA1 region of the hippocampus during GD, which
was blocked by L-NAME (a non-specific NOS inhibitor) and which gradually decreased at

reperfusion.
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Figure 5.3. Changes in the fluorescence response in rat hippocampal slices with elevation in
NO during GD. Slices were loaded in NO sensitive fluorescent dye DAF-FM DA. A - C: an
increase in the fluorescence of NO in the CA1 region of the hippocampus; coloured lines in
the charts shows the average intensities of the corresponding areas (Reproduced from Kojima
etal., 2001a).
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5.3 Methodology

5.3.1 Application of nitric oxide donor to callosal slices

NO is a volatile gas with a very short half-life in aqueous solution. Therefore, compounds that
spontaneously release NO over time are used to study the effect of NO on the brain. From
the NO donors that are available for the purpose of research, we chose 2,2'-(2-Hydroxy-2-
nitrosohydrazinylidene)bis-ethanamine (DETA NONOate) (Cat. No. 6077; Tocris). The main
advantage of this donor is the long half-life of about 20 hours (Garthwaite et al. 2002). This is
advantageous as it permits a stable release of NO throughout the duration of most
experiments. It has been used to study the injury caused by NO in the sciatic nerve (Alvarez
et al., 2008), optic nerve (Garthwaite et al. 2002), and the spinal cord nerve roots (Smith et
al., 2001).

To our knowledge there is no literature available as to the working concentrations of DETA
NONOate on brain slices. To this end, we performed several dose-response experiments to

determine the correct dose that provokes conduction block in callosal axons.

The callosal brain slices were prepared for combined live-imaging and electrophysiology
under two-photon microscopy as described in chapter 2. After stabilisation for 2 hours in a
holding chamber, the callosal slices were transferred to the imaging chamber of the
submersible type. After optimising the output signal, slices were stimulated for 30 mins to
achieve a baseline recording. 1 mM of DETA NONOQOate was added to the perfusate every 30
mins. Axonal conduction and monitoring of the YFP-expressing axons were monitored
simultaneously throughout the duration of the experiment to follow the integrity of the

preparation over time.
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5.3.2 Detection of nitric oxide in white matter using fluorescent dyes

To detect NO in our preparation, we worked on protocols that utilise NO-sensitive dyes that
detect and quantify low concentrations of NO that work as fluorescent reporters in vivo.
There are 3 main types of such reagents that can be used for this technique: diaminoaromatic
fluorescent compounds (DAFCs) such as diaminofluorescein (DAF), diaminorhodamine (DAR),
and diaminoanthraquinone (DAQ), copper-based compounds, and fluorescence resonance
energy transfer (FRET)-based NO indicators (Hong et al., 2009). We chose two of these agents,
that detect intracellular levels of NO: Diaminofluorescein-FM diacetate (DAF-FM DA) (Cat. No.
D23842; Invitrogen) and Diaminorhodamine-4M-AM (DAR-4M AM) (Cat. No. sc-221530; Santa
Cruz Biotechnology). These particular NO-sensing dyes are cell permeable and non-
fluorescent until they enter cells where they are hydrolysed by esterases and react with NO
to form a fluorescent benzotriazole complex. The specificity of these dyes lies in the fact that
they do not react with the common scavengers of NO that form the common by-products that
include, nitrates, nitrites or peroxynitrite (Miller and Chang, 2007). The properties of these

two drugs is summarised in the table below.

DAF-FM DA DAR-4M AM
Site of action Intracellular — released by Intracellular — released by
esterases esterases
Fluorescence quantum 160 840
yield on detection of NO
Dependence on pH No No
Detection limit ~3 nM ~10 nM
Photosensitivity Significantly photostable Sensitive to light

Table 5.1. Comparison between the properties of DAF-FM DA and DAR-4M AM.
(Summarised data obtained from: Kojima et al., 1998, 1999, 2001b).
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DAF-FM has been used to detect levels of NO in isolated porcine coronary artery, cell cultures
of rat bladder, smooth muscles (Itoh et al., 2000), cultured astrocytes (Li et al., 2003), primary
neural cell cultures (Tjalkens et al., 2011), and neurons from rat slice cultures (Kovacs et al.,
2009). DAR-4M AM has been used to detect levels of NO in myocytes (Chang et al., 2008),
osteocytes (Vatsa et al., 2006), macrophages (Jo et al., 2016), colonic epithelial cells
(MacEachern et al., 2011), endothelial cells (Kikuchi et al., 2008), and neurons (Imura et al.,

2005).

After 2-hour stabilisation in a holding chamber, a brain slice was transferred to the imaging
chamber filled with oxygenated and circulating aCSF. The protocol for dye loading was
similar to both dyes. 10uM of the dye was dissolved in 2ml aCSF and directly loaded in the
imaging chamber that contained the slice. This solution was continuously bubbled with
95%0,/5%C0,, and the temperature gradually increased to 33°C. Slices were left incubating
in the dye for 60 mins at 33°C with the pump circulating the aCSF switched off. A needle
attached to a cylinder of carbogen was inserted close to the slice in the imaging chamber
that served to oxygenate the preparation. Since both dyes are light sensitive, this procedure
was carried out under low light levels. After the incubation period, the slice was washed off

for 30 min with circulating aCSF and the temperature gradually increased to 37°C.

DAF-FM DA DAR-4M AM
Excitation 765 nm 850 nm
Emission 515nm — 560nm 565nm — 605nm

Table 5.2. Excitation and emission wavelengths employed for the detection of DAF-FM DA
and DAR-4M AM under two-photon microscopy.

The appropriate laser and detection channel were selected according to the dye being used.
The laser settings were adjusted for low power, sufficient to distinguish a signal at the
detector to limit photobleaching. The laser power and the detector gain were kept constant

throughout the duration of each experiment.
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The emission signal for DAF-FM DA occurs at a wavelength of 515nm (green) and overlaps
the emission spectra for YFP. For this reason, the YFP mice were not suitable as the
background fluorescent from the YFP would influence the experimental outcome. For this
reason, the non-fluorescent CD-1 mice were chosen for those experiments that involved the
use of DAF-FM DA. In some experiments, we made use of Nile Red (Cat. No. N1142;
Invitrogen) to demarcate the myelin sheaths across the corpus callosum and determine

whether the source of NO from DAF-FM DA arises from the white matter.

The emission signal for DAR-4M AM occurs at a wavelength of 575nm (red), which can be
easily separated from the YFP signal. For this reason, YFP mice were chosen for those
experiments that involved the use of DAR-4M AM. In some experiments, brain slices from
CD-1 mice were also loaded with DAR-4M AM and exposed to GD, in order to determine
whether any background fluorescence derived from YFP interferes and contributes to a

change in signal intensity despite its presence in a separate channel.
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5.3.3 Quantitative analysis of signal intensity changes from the nitric
oxide sensitive dyes

After a 30 min washout of the dye, an area within the genu of the corpus callosum was
selected for imaging. The size of this region was kept constant for each experiment to

minimise any potential bias between experiments.

Figure 5.4. Localisation of the ROl to monitor changes in fluorescence of NO-sensitive dyes
during GD. [A] YFP coronal brain slices; white box is shown at a higher magnification in B and
C. [B] The selected area that was used for the visualization of NO-sensitive dyes across YFP
axons at the genu of the corpus callosum [C] Same brain region after dye loading with DAR-
4M AM. Images were observed in pseudo-colour so that any change in signal intensity is
more discernible. Black box delineates the size of a typical ROI. Scale bar: 50 um.
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A Z-stack (40 — 50um) within the region of interest (ROI) was taken using the least laser and
detector gain settings. These settings were kept the same through all stages of the
experiment. Stacked images were taken at the start of the experiment and sequentially at
10, 20, 30, and 45 min of GD and at 30 min and 60 min of reperfusion with glucose containing
aCSF. Z-stacks obtained from different experimental time points were saved for offline
analysis. During the analysis of data, images from the first 15 — 20um of the stack were
discarded to eliminate the cutting surface that typically concentrates much of the NO-
sensitive dye in damaged axons. The images were analysed for changes in signal intensity
using Olympus FluoView V100 software. For all the images, a single ROl selected over the
whole frame was chosen, and the value of the signal intensity for each slice within a single
stack was obtained. The intensity at each level of the stack was averaged to obtain a single
value for each representative time point. The signal intensity at the start of the experiment
was normalized to ‘0’ and the image intensity at each time point calculated as a percentage
increase/decrease as from the start of the experiment. All signal intensity data were
expressed as means * standard deviation. Statistical significance was determined by one-

way ANOVA followed by a Tuckey post hoc test.
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5.34 Addition of nitric oxide synthase inhibitors to slices exposed to
glucose deprivation

Here we explore whether a detectable increase in NO is released during glucose deprivation.
To this end slices were exposed to N®-Nitro-L-arginine methyl ester (L-NAME) (Cat. No.
0665/100; Tocris) during the course of GD. L-NAME is a non-specific NOS inhibitor (Knowles
and Moncada, 1994; Pfeiffer et al., 1996) and has been previously reported to block NO

production during glucose deprivation in grey matter (Kojima et al., 2001a).

Following the 2-hour stabilisation period in the holding chamber, the slice was transferred to
the imaging chamber and prepared for combined live imaging and CAP recording. After
locating a suitable area across the corpus callosum, CAP recording was initiated and once a
stable baseline was obtained the slice was left to incubate for 30 mins in 100 uM of L-NAME
in aCSF. The slice was exposed to 45 min of glucose deprivation in the presence of L-NAME
and allowed to reperfuse for up to 2hrs in glucose containing aCSF in the absence of L-NAME.
Axonal conduction, together with the integrity of the YFP-expressing axons was monitored

simultaneously throughout the duration of the experiment as described in chapter 2.
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5.4 Results

5.4.1 Exposure of callosal axons to donors of nitric oxide cause
irreversible conduction block but no structural injury

To determine the dose of NO donor required to elicit conduction block, slices were exposed
to a step-wise incremental dose of DETA NONOate in the order of 1 mM addition every 30
min. There was no change in axonal conduction following the addition of the first two
aliquots in quick succession (up to 2mM). With the addition of another two aliquots there
was a marked 20% loss in conduction with every dose. With the fifth dose (5nM), a rapid
decline in signal strength was observed within 10 mins of drug application that lead to an

irreversible block in conduction.
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Figure 5.5. Dose-dependent conduction block with addition of DETA NONOate. There is
no loss in the CAP after addition of the first two aliquots (2mM) of NO donor (A and B).
There is a 20% reduction in CAP area after the third (C) and fourth dose equivalent to 4mM
(D). There is a complete block in conduction block after addition of the fifth dose, that
corresponds to 5mM (E) (n=3).
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After 30 min, the drug was washed out, but there was no recovery of axonal conduction.
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Figure 5.6. CAP recording following addition of DETA NONOate. There is a rapid loss in
the CAP with 5 mM of NO donor (A), without any recovery during the washout period (B).
(n=3)

During the combined live-imaging and electrophysiology experiments, we monitored the
structural integrity of the YFP axons under two-photon microscopy for the duration that
the slices were exposed to the donor. Despite the rapid and irreversible conduction block,
we saw no signs of axonal injury during the 30 min exposure to the drug in all experiments

conducted.

Figure 5.7. Live imaging of YFP axons following application of DETA NONOate. There is
clear evidence of intact integrity of axons within the field of view when the slice was
incubated in 5mM DETA NONOate for up to 30 mins. Images were taken every 5 min. Scale
bar: 15um

172



In separate experiments, we questioned the possibility as to whether NO might be the
cause of injury, only to occur at a more delayed stage. For this reason, brain slices were
exposed to 5 mM DETA NONOate for 2 and 3 hrs respectively in the glucose-containing
aCSF. In both instances, we did not observe any form of injury. There was only some focal
swelling in a few axons and no evidence of beading and fragmentation. There was no
statistically significant difference in the axon scoring between controls and slices exposed

to the NO donor.

120 min -

Figure 5.8. Sequential images of callosal slices during prolonged exposure to DETA
NONOate. Minimal focal swelling in few of the axons throughout the 2-hour (A) and 3-hour
(B) observation period, with drug exposure. Scale bar: 20 um.
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Figure 5.9. Axonal injury score in slices exposed to DETA NONOate for 2 and 3 hrs against
control slices held in aCSF. There is an insignificant change in axonal injury score in slices
exposed to the NO donor, and this was not statistically significant (n=3).
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5.4.2 Nitric oxide is localised in glia, the axoplasm and myelin

Brain slices were loaded with either 10uM DAR-4M AM or 10uM DAF-FM DA for 60 min at
33°C, followed by a 30 min washout during which the temperature was gently raised to
37°C. From a stacked image taken at the surface, down to the typical limits of tissue-dye
penetration, we estimated that the typical depth of dye loading of these dyes was in the
order of around 40 - 60 um below the surface. In the white matter, the dye was clearly

present in glial cells, the myelin sheath and the axoplasm of some axons.

Figure 5.10. Brain slice from a CD-1 mouse loaded with 10uM DAF-FM DA or 10uM DAR-4M
AM. [A] A low power image of a YFP coronal brain slice; white box is the imaging area within
the corpus callosum, enlarged in B — E. CD-1 mouse corpus callosum before dye loading [B
and D] and after loading with 10uM DAF-FM DA and [C] 10uM DAR-4M AM [E]. [B, C]
Excitation: 765nm; Emission BP: 515nm — 560nm. [D, E] Excitation: 850nm; Emission BP:
565nm — 605nm. Scale bar: 30um.
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Slices from YFP mice were also loaded with 10uM DAR-4M AM and there was excellent
separation from both channels. Of note was that for some reason, the DAR-4M AM had a
very strong affinity to the myelin and glial staining was not recognisable as with the case of

DAF-FM DA.

DAR-4M AM

Figure 5.11. Low magnification view of callosal slice from a YFP mouse after incubation
in 10uM DAR-4M AM. YFP slice loaded with 10uM DAR-4M AM and both channels were
excited at 850 nm. The DAR-4M AM was preferentially present within the white matter,
showing a strong affinity to the myelin [A] YFP emission BP: 515nm — 560nm [B] DAR-4M
AM emission at BP: 565nm — 605nm. [C] Merged image of A and B. WM — white matter;
GM — grey matter. Scale bar: 50 um.
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DAR 4M AM

Figure 5.12. High magnification view of callosal slice from a YFP mouse after incubation
in 10uM DAR-4M AM. YFP slice loaded with 10uM DAR-4M AM and excited at 850 nm.
DAR-4M AM is seen localised in myelin surrounding linear axon profiles (white *) and
beaded axonal spheres (red *) (arrowheads), and in myelin surrounding non-YFP expressing
axons (arrows). [A] YFP emission BP: 515nm — 560nm; [B] DAR-4M AM emission BP: 565nm
—605nm. [C] merged images. Scale bar: 5 um.
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Figure 5.13. High magnification view of callosal slice from a CD-1 mouse after incubation
in 10uM DAF-FM DA. Above: A low power view of the corpus callosum labelled with DAF-
FM DA at the surface of the slice. Below: Higher magnification of the insets above. [A] DAF-
FM concentrated in the myelin around severely beaded axons located at the surface of the
slice. [B — C] The dye is strongly concentrated within the cytoplasm of what looks like an
injured oligodendrocyte with a characteristic swollen nucleus and oval cytoplasm [B]
Typical appearance of a fibrillary astrocyte [C]. Excitation: 765nm; Emission BP: 515nm—
560nm.
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DAF-FM DA

Nile Red

Figure 5.14 High magnification view of callosal slice from a CD-1 mouse after incubation
in 10uM DAF-FM DA supplemented with 10 uM Nile Red. Both the DAF-FM DA (green) [A]
and Nile Red (red)[B] stained the myelin around the beaded axons on the surface of the
slice. [C] co-localisation of DAF-FM and Nile Red within myelin confirms that the DAF-FM-
NO adduct is confined within the myelin (orange *). Since Nile red specifically binds to
lipids, there is no red staining within the axoplasm in B (arrows). The green DAF-FM DA is
present within the beaded axons in A (arrowheads), suggesting that NO is present to some
extent in the axoplasm and enriched within the myelin. [A] Excitation: 765nm; Emission BP:
515nm — 560nm; [B] Excitation: 850nm; Emission BP: 565nm — 605nm. DAF — DAF-FM DA;
NR — Nile Red
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5.4.3 Increased levels of nitric oxide occur during the initial phase of
glucose deprivation

Slices from CD-1 mice were loaded with either 10uM DAF-FM DA or 10uM DAR-4M AM and
exposed to 2 hr of glucose-containing aCSF to monitor any changes in the level of signal
intensity over time in control experiments. Stacked images were taken at the start of the
experiment and sequentially at 10, 20, 30, 45, 75 and 105 min, that match with the chosen
time-points in experiments concerning GD. We observed a gradual decline in the DAR-4M
AM signal over time suggesting possible dye washout and/or photobleaching. There was

no change in signal intensity in the DAF-FM DA loaded slices.

A: DAR-4M AM D: DAF-FM DA

A: DAR-4M AM D: DAF-FM DA

Figure 5.14. Sequential time frames show a side-by-side comparison of the change in signal
intensity over time in DAR-4M AM and DAF-FM DA loaded slices that were perfused for 2
hr in glucose containing aCSF. Gradual decline in signal intensity over time in DAR-4M AM
loaded slice (A) Stable dye signal intensity over time in the DAF-FM DA loaded slice (B). [A]
Excitation: 850nm; Emission BP: 565nm—605nm; [B] Excitation: 765nm; Emission BP: 515nm—
560nm. Scale bar: 30um
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Figure 5.15. Side-by-side comparison of the percentage change in signal intensity from the
start of the recording period in DAR-4M AM and DAF-FM DA pre-treated slices kept for 2 hr
in glucose containing aCSF. Slices loaded with DAR 4M AM exhibited a gradual decline in
signal intensity over the 2-hour of imaging, showing a 40% decrease in signal intensity from
the start. There is no change in signal intensity in the DAF-FM DA loaded slice. (n=3)

In separate experiments, brain slices from CD-1 mice were incubated in 10uM DAR-4M AM
and exposed to 45 min of GD, followed by 60 min of reperfusion. Stacked images were taken
at the start of the experiment and sequentially at 10, 20, 30, and 45 min of GD and at 30 min
and 60 min of reperfusion with glucose containing aCSF. A gradual increase in signal intensity
was observed during the first 20 min of glucose deprivation and this was followed by a gradual
decrease over the 25 mins that was required for completion of the GD. The decline in signal
intensity persisted steadily throughout the 1hr of reperfusion (Fig 5.16). An unpaired student
t-Test assuming equal variance was conducted to compare the signal intensity at each time-
point between controls and those slices exposed to glucose deprivation. There was a

statistically significant difference in signal intensity at each timepoint from 10 min onwards.
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Figure 5.16. Signal intensity in slice loaded with DAR-4M AM and exposed to 45 min GD
and 1 hr reperfusion. There is an increase in signal intensity of the DAR-4M AM during the
first 20 min of GD, followed by a gradual steady decline that persisted into the phase of
reperfusion. Excitation: 850nm; Emission BP: 565nm—605nm. Scale bar: 30um
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Figure 5.17. Side-by-side comparison of the change in signal intensity over time in DAR-
4M AM control slices against those slices there were exposed to GD. There is a statistically
significant difference in the signal intensity pattern starting immediately from the start to
20 mins of GD when compared to controls. (*p < 0.001; #p < 0.05). (n=>5)

When these same experiments were repeated in slices incubated in DAF-FM DA, we observed
inconsistent results. In some instances, we observed a similar increase in signal intensity at
the onset of GD, that was followed by a steady and gradual decline. However, in the vast
majority of these experiments, there was no discernible change in signal intensity of any
significance. We could not figure out the reason behind this inconsistency, even though we
made sure to maintain strict experimental procedures. Therefore, the observation that levels
in NO increase at the initial phase of GD is based entirely from the former experiments
obtained from the DAR-4M AM. The temporal profile in signal intensity for each experiment

with these NO-sensing dyes has been included as supplementary material.

182



5.4.4 The block in nitric oxide attenuates the injury caused to axons
following glucose deprivation

Slices pre-treated for 30 min with 100 uM of the non-specific NOS inhibitor L-NAME were
exposed to 45 min of GD with the same inhibitor and this was followed by 2 hr of
reperfusion with glucose containing aCSF without the drug. Focal swelling of select axons
with some beading but with no transection or loss in confluence was evident by the end of
the observation period (Fig 5.18). A statistically significant lower axonal injury score was
seen in YFP slices treated with L-NAME when compared with slices exposed to glucose

deprivation without the drug (Fig 5.19).

Figure 5.18. Sequential images of a YFP slice treated with L-NAME and exposed to 45 min
of GD followed by 2 hr of reperfusion. L-NAME partially maintains axonal structural
integrity during glucose deprivation. Focal swelling formed during the reperfusion phase
progressed to some beading in axons. There was no axonal fragmentation or transection.
Scale bar: 20 um
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Figure 5.19. Axonal injury score in YFP slices exposed to GD (+/-) L-NAME and controls. L-
NAME treated slices exposed to 45 min GD show a statistically significant (*p<0.001) lower
axonal injury score when compared with untreated slices. A statistically significant increase (#
p < 0.001) in axonal injury score is seen between L-NAME treated slices and controls. (n = 3)

As to electrophysiological recordings performed during the course of imaging, we observed a
slight delay in the loss of CAP during glucose deprivation in slices that were previously treated
with L-100 uM NAME. The conduction recovered to about 40 % of baseline during reperfusion

with glucose containing aCSF without the drug.
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Figure 5.20. CAP recording from slices exposed to GD (+/-) L-NAME and controls. There is a
delay in the loss of CAP during exposure to GD in L-NAME treated slices, that recovered to
about 40 % in the reperfusion phase without the drug. (n = 3)

% CAP Recovery

120

100

[e)
o

D
o

B
o

20

#*

I

GD + L-NAME GD (No drug) Control

Figure 5.21. Percentage CAP recovery from slices exposed to GD (+/-) L-NAME and controls.
There is a statistically significant difference in percentage CAP recovery in L-NAME treated
slices when compared with untreated slices (*p<0.001) and controls (# p < 0.001) (n = 3).
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5.5 Discussion

5.5.1 Incubation of callosal slices with the NO donor DETA NONate,
causes irreversible conduction block but no structural injury

There is substantial evidence in the literature that exposure of central (optic nerve) and
peripheral (spinal nerve root) white matter to NO causes conduction block in these elements
(Shrager et al., 1998; Kapoor et al., 2003; Ashki et al. 2006; Smith et al., 2001; Shrager and
Youngman, 2017). Our results confirm these previous findings and we reaffirm that this block
is dose-dependent (Kapoor et al., 2003; Ashki et al. 2006). There was no loss of CAP after
administration of 2 mM of the NO donor, DETA NONOate. A partial block in conduction was
observed at 4 mM, and this was irreversible with 5 mM of DETA NONOQOate. Alvarez et al.,
(2008) report that the addition of 5mM DETA NONOate in aqueous media, yields a stable
level of NO of around 5 uM. This concentration is of the same order of NO that was found
to occur in inflammatory lesions within the central nervous system (Brown et al., 1995;
Shibuki and Okada, 1991; Malinsky et al., 1993; Hooper et al., 1995). Our results therefore
confirm that the working concentration of NO used in our experiments was of sufficient

magnitude to cause axonal conduction block in pathological states.

In this study exposure to low micromolar levels of NO caused a very rapid and irreversible
block in electrical conduction but no apparent signs of structural injury in callosal axons.
Similarly, when slices were exposed to the same level of NO, there was still no injury to the
axons over the course of 3 hrs. Results from experiments obtained from spinal nerve roots
(Kapoor et al., 2003) suggests that this conduction block is caused through the overload of
Na* through voltage-gated Na* channels and that as a consequence causes reversal of
Na*/Ca?* exchanger with an overload in Ca?* and membrane depolarisation. Since the
conduction block the NO donor was irreversible despite the washout, other factors may also
be involved. NO competes with O; to bind with cytochrome ¢ oxidase (complex IV) thus
inhibiting the respiratory chain to cause an increase in ROS that poisons the electron transport
chain and produces peroxynitrite that disintegrates membranes (Brown, 1999; Heales et al.,

1999).
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The absence of structural injury in our model, might be to some extent explained by the
observations made by Garthwaite and colleagues (2002) wherein they reported that axonal
structural injury is time-dependent and delayed. Incubation of the rodent optic nerve with
1mM S-Nitroso-N-acetylpenicillamine (SNAP) for 4 hr produced moderate axonal swelling,
whereas a 6-h exposure produced major swelling. In addition, examining the optic nerve 2 hr
after a 4-hr exposure to 1mM sodium nitroprusside (SNP) revealed unaffected axons, whereas

examining it 19 hr after the insult resulted in maximal axonopathy (Garthwaite et al., 2002).
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5.5.2 Glucose deprivation increases nitric oxide production

We have experienced numerous challenges in trying to detect NO in live brain tissue. NO is a
very volatile gas with an extremely short half-life that exists in extremely low concentrations
in the brain and is rapidly scavenged to form nitrates and nitrites. A hypothetical ideal sensor
should be highly specific to NO with a high spatial and temporal sensitivity to NO. Malinski
and Taha (1992) were the first to determine directly the levels of NO occurring in single cells
through a fabricated porphyrinic microsensor. A year later, the same group measured the
amount of NO released in the rat brain after transient middle cerebral artery occlusion
(Malinski et al., 1993). Nowadays several microsensors are commercially available to detect
numerous substances, including NO. Being the gold standard for the detection of NO, we had
previously expended much of our energy to work with nafion-coated and NO sensitive
electrodes from WPI, but with inconsistent and erratic results. As an alternative to our failed
results with microsensors, we worked on protocols that utilise NO-sensitive dyes that detect
and quantify low concentrations of NO. Our findings suggest that these dyes are very
lipophilic, as they preferentially localise within the myelin sheaths, and this was especially for
the DAR-4M AM. DAF-FM DA was also highly concentrated within the cell bodies of
oligodendrocytes and what looked like an astrocyte in one case. Future work would require
immunocytochemical analysis of the particular glial type that responded through an elevation

in NO.

Induction of MCAO in rats resulted in elevated NO levels at around 15 min from the onset of
ischaemia, followed by a gradual decline (Malinski et al., 1993 Kader et al., 1993) possibly due
to depleted substrate availability (Malinski et al., 1993). Although triggered by a different
insult (GD) and occurring in a different brain region (white instead of grey matter), our results
match perfectly these findings. To the best of our knowledge this is the first time increased
NO levels have been documented during glucose deprivation in white matter. Furthermore,
in our model, the peakin NO levels (20/25 min) just preceded the glucose deprivation induced
CAP decline (25/30) we observed in our previous experiments. Any correlation between the

two events is only hypothetical, since we have insufficient proof that they are directly related.
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5.5.3 Nitric oxide contributes to axonal injury following glucose deprivation

We have established that injury following GD is calcium-dependent (section 4.4.2) and in part
mediated via NMDA and AMPA receptors excitotoxicity (section 4.4.4). NMDA receptors are
organised into multiprotein signalling complexes within the postsynaptic density (PSD), and a
prominent organising protein is PSD-95 (McEwen et al., 1999), which couples the NMDA
receptor to intracellular proteins and signalling enzymes (Falkenstein et al., 2000). Through a
PDZ domain (PDZ2), PSD-95 binds the COOH-terminus to the NR2 subunit of the NMDA
receptor as well as to nNOS (McEwen et al., 1999; Falkenstein et al., 2000, Aarts, 2002). This
binding couples NMDA receptor activity to the production of NO that mediates NMDA
receptor-dependent excitotoxicity (Kousteni et al., 2001). Increased NO is believed to react

with superoxide (0%) to form peroxynitrite (ONOO-), which is cytotoxic (Cui et al., 2007).

In view of the fundamental link between excitatory neurotransmitters and NO, we
hypothesised that the elevated level of NO we detected (section 5.4.3) might be involved in
GD-induced axonal injury. L-NAME is a non-specific NOS inhibitor, which was found to
decrease the levels of NO following both ischaemia (Margail et al., 1997; Wei et al., 1994) and
glucose deprivation (Kojima et al., 2001a). Addition of 100 uM L-NAME during GD resulted in
partial protection of callosal axons in terms of structure and function. This suggests that
elevated levels of NO contribute to some extent to axonal injury during glucose deprivation.
To the best of our knowledge this is the first time that NO has been implicated in the

pathophysiology of axonal injury following GD.
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Chapter 6

Conclusion

Failure of white matter energy metabolism plays a major role in several neurological
disorders. Hypoglycaemia is the limiting factor in the glycaemic management of diabetes, and
it has potentially devastating effects on the brain. Many patients suffering from diabetes
average two episodes of acute hypoglycaemia per week, and 2% to 4% of diabetes-related
deaths are attributed to hypoglycaemia. Once plasma glucose falls below 3 mmol/L, higher
cortical function begins to deteriorate. In an acute setting, lowering levels of glucose result
in impaired cognitive function, confusion, seizures, and coma. Chronic exposure of the brain
to low levels of glucose results is neuronal necrosis, cerebral oedema, and a multitude of

neurological deficits.

Historically, most of the neuroscience research focused on cerebral grey matter, as it was
believed that injury to white matter is not as common. Long thought to be passive tissue,
white matter affects learning and brain functions, modulating the distribution of action
potentials, acting as a relay and coordinating communication between different brain regions.
Through the improved resolution of powerful neuroimaging modalities, we now appreciate
more than ever that the human brain consists of almost 50% of white matter, and that in most
neurological disorders both white and grey matter regions are equally effected. Some of the
most common disorders exclusively affect the white matter, so a better understanding of the
underlying pathological mechanisms that occur in white matter is very much needed. In this
study, we aimed to characterise the hallmarks of aglycaemic injury in the white matter and
propose relevant pharmacological avenues for treatment to limit this unique and important

form of injury.

The optic nerve and callosal brain slice are two frequently used models to study white matter.
We chose the latter model because of its wider applicability for imaging under two-photon
microscopy, as well as being more representative of central white matter since unlike the
optic nerve, it is equally composed of myelinated and unmyelinated axons. To help us track

the morphological changes in the axoplasm that occur in real-time, we used transgenic YFP-
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expressing mice. YFP is a strong and specific vital marker for axons and localised in the
neuronal cytoplasm. We found a good correlation between the pattern of axonal injury visible
in YFP axons with other well-established methods to study axon structure. These include SMI-
31 labelling of phosphorylated neurofilaments under fluorescence microscopy and the use of
brightfield and EM techniques. Another aspect of this study involved monitoring axonal
function over time (CAP conduction) in tandem with live imaging under two-photon
microscopy. Near infra-red laser used in two-photon excitation suffers from significantly less
absorption in biological specimens than UV or blue-green light, making the technique ideal to
image thick and dense specimens such as the central white matter. The gradual loss in
intensity of excitation light from scattering is also reduced, as scattering decreases with
decreasing excitation frequency. By recording the evoked electrical impulses across the
corpus callosum, we were able to assess in real time the health status and the level of function
of the axons at all stages of the experiments conducted. To the best of our knowledge this is
the first time that combined live imaging and electrophysiology of evoked potential (CAP)

were performed simultaneously in brain slices to study white matter injury in vivo.

The electrophysiological experiments allowed the monitoring and assessment of the typical
biphasic signal across the corpus callosum. These peaks represent two very distinct and
diverse populations of axons. We observed that the faster, myelinated axons are more
vulnerable to aglycaemic injury than those of a lesser extent, possibly due to their higher
metabolic demand as a result of their higher degree of myelination and energy requirement.
In our preparation, we were unable to detect the electrical signature arising from
unmyelinated axons. To our knowledge, data from central white matter in the literature is
solely based on the central role of myelinated axons. Here we report that axons with different
degrees of myelination behave differently, so it is reasonable to assume that unmyelinated
axons possess different vulnerabilities and might react differently when treated
pharmacologically. Therefore, a study of the electrical properties of these diverse groups of
axons is clearly warranted. A clearer understanding of their properties and characteristics
would undoubtedly help increase our understanding of their diverse role in normal brain

function and their impact in white matter disease.
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In our combined imaging and electrophysiological study, axonal conduction was lost well
before any recognisable signs in axonal injury. CAP recording started to decline after 30 min
of GD, with the first signs of focal swelling commencing at 45 min of GD. The initial decline in
ATP (Mergenthaler et al., 2013, Bosche et al., 2013 and Sunwoldt et al., 2017.) results into
failure of the Na*/K* pump leading to membrane depolarisation and loss of action potential.
The timely re-instatement of glucose, ahead of the toxic build-up of intracellular Ca?*, is crucial
for the recovery of the membrane potential and re-establishment of electrical conduction.
This same manoeuvre prevented the disruption of the cytoskeletal elements that is normally

observed after prolonged GD.

From results that were published in Neuroscience (Laureys et al., 2014), in collaboration with
Prof Jacques De Keyser from Vrije Universiteit Brussels, we showed that central callosal axons
continuously utilise lactate as their main energy substrate under normal physiological
conditions. Mouse white matter axons import lactate through the MCT-2 (Tekkok et al., 2005)
to fuel their needs. Using in vivo microdialysis from mouse cerebellar white matter we
demonstrate continuous axonal lactate uptake and glial-axonal metabolic coupling of
glutamate/lactate exchange. The pharmacological administration of 4-CIN to block the
uptake of lactate over the course of 30 min of GD that normally is of insufficient time to cause
injury, resulted in irreversible axonal damage. These experiments suggest that the provision

of lactate is required for the maintenance of central axons.

Hypoglycaemia activates Locus Coeruleus neurons (Morilak et al., 1987) leading to increased
noradrenaline release throughout the brain (Bengzon et al.,, 1991). Noradrenaline can
enhance astrocytic glycogenolysis by B2-adrenergic activation as previously described in vitro
(Hertz et al., 2010). Callosal slices are deprived of noradrenergic input from locus coeruleus
projections necessitating pharmacological stimulation. PB2-adrenergic stimulation with
clenbuterol indeed sustained axonal survival during GD in our imaging experiments.
Moreover, this effect was found to be ineffective by the addition of 4-CIN, which blocks axonal
lactate uptake. Since the protective effect of clenbuterol and the negative effect of 4-CIN
might represent independent effects we investigated the role of f2-adrenergic stimulation
and inhibition from extracellular levels of glucose and lactate sampled in vivo. Neither

stimulation nor inhibition led to significant changes in extracellular glucose or lactate
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concentrations suggesting that alternative mechanisms may exist to convey B2-adrenergic

axonal protection during GD.

Aglycaemia mediates its damage to white matter by excitotoxicity and overloads cells with
Ca?* through receptor channels that permit Ca?* entry. Yang et al., (2014) report a massive
increase in extracellular aspartate, which preferentially over-activates NMDA receptors
located on oligodendrocytes in the mouse optic nerve following GD. These receptors were
found to be concentrated in myelin and oligodendrocyte processes (Karadéttir et al., 2005,
Micu et al., 2006) and overactivation of the GIuN2C/D subunits were reported to mediate the
bulk of pathological Ca%* influx into the myelin sheath of adult optic axons following ischaemia
(Micu et al., 2006). This rise in Ca?* activates calpain-1 and phospholipase C present in the
myelin (Hinman et al., 2004), promoting the degradation of key structural components. This
suggests that these receptors may have an important role in diseases preferentially affecting

myelin and thus offer an ideal therapeutic target against similar conditions.

Based on these findings we had previously reported (Doyle et al. 2018) that QNZ-46, a
selective GIuN2C/D NMDA subunit blocker protects axons and myelin following ischaemia.
The main advantages of this use-dependent drug are that it crosses the blood brain barrier
when administered systematically, is non-toxic and is intrinsically fluorescent. This makes it
an ideal candidate for potential future therapeutic intervention in white matter disorders. In
this study, mice treated with QNZ-46 exhibited relatively preserved axons and electrical

conduction was maintained even after exposure to GD, confirming its protective role.

Yang et al., 2014, argue that AMPA receptors on oligodendrocytes are not directly involved in
aglycaemic injury in the mouse optic nerve. They show that aglycaemia causes an
extracellular increase in aspartate and this neurotransmitter has no affinity to AMPA
receptors. However, our data by far contradicts this hypothesis. We report that the addition
of the AMPA/Kainate receptor antagonist, NBQX, protects both axons and oligodendrocytes
when administered before or after GD. Live-imaging experiments showed preserved YFP
axons in slices treated with NBQX throughout the course of GD and reperfusion.
Ultrastructural data derived from EM, further corroborated this finding. We show normal
appearing nuclei, mitochondria with intact cristae, and normal appearing endoplasmic

reticulum and golgi in oligodendrocytes along with intact axons.
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To further validate the results obtained with NBQX, we selected CP-465,022, a more selective
and potent non-competitive AMPA-specific receptor antagonist. Similar to what we observed
with QNZ-46, CP-465,022 partially protected axonal structure and electrical conduction during
GD. In a study conducted by Sandberg and colleagues (1985), GD induced a massive efflux of
aspartate into the extracellular space that was accompanied with a significant increase in
extracellular glutamate (Sandberg et al., 1986). Glutamate is sourced from the vesicular
release from the axoplasm and augmented from the reversal of the Na*/glutamate exchanger
from astrocytes. It is plausible that this effect may underlie the cause for the excitotoxicity

that is responsible from excessive AMPA receptor excitation.

We show that the protection mediated by QNZ-46 and CP-465,022 when applied in single was
further amplified when administered together. This is in support that aglycaemic injury is
mediated by overactivation of NMDA receptors located on oligodendrocyte processes and
within the axon myelin sheaths (Doyle et al. 2018, Micu et al., 2006), and through AMPA
receptors located on oligodendrocytes soma. To the best of our knowledge, this is the first
study to show that a combined block of NMDA and AMPA receptors protects central axons

during aglycaemia.

Several previous studies (Tekkdk and Goldberg, 2001, Salter and Fern 2005, Karadottir et al.,
2005, Micu et al., 2006, Matute, 2007 and Yang et al., 2014), explored the role played by the
GIuN2C/D subunits containing NMDA receptors and AMPA receptors during white matter
injury in various preparations. Based on their studies and further supported by this work, we
now propose a further mechanistic perspective of aglycaemic injury in white matter (Figure

6.1).
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Figure 6.1. The proposed protective mechanisms mediated by QNZ-46 and CP-465,022 to
counteract aglycaemic axonal injury. Adequate levels glucose enable enough ATP production
to maintain the activity of the Na*/K* pump. This confers a normally functioning Na*-
glutamate transporter in astrocytes, thus limiting the build-up of extracellular concentration
of glutamate. A decrease in the supply of glucose causes astrocytes to utilise glutamate to
fuel the Kreb’s cycle resulting in an increase of aspartate (1). The decline in ATP causes failure
of the Na*/K* pumps, reversing the Na*/glutamate transporter (2). The aspartate and to a
lesser degree glutamate, are transported to the extracellular space via the reversed
Na*/glutamate transporter and GLT1/GLAST (3). The rise in extracellular aspartate and
glutamate, together with the glutamate that accumulates within the periaxonal space from
depolarized axons (4) leads to overactivation of NMDA receptors present on the myelin and
oligodendrocyte processes (5) culminating in a deleterious influx of Ca?* and Na* that damages
myelin causing secondary axonal injury and loss of conduction (6). The elevated extracellular
levels of aspartate/glutamate are responsible for the over-activation of AMPA and NMDA
receptors present on oligodendrocyte soma (7). Na* entry results in osmotic influx of water
that accompanies cellular swelling (8). The resultant membrane depolarisation activates
VGCC (9) and causes an increased Ca®* flux through calcium permeable AMPA receptors
(which lack GLUR2A subunit) that poisons mitochondria (10). This results in mitochondrial
swelling and increased ROS/RNS production (11). Cellular swelling, ROS/RNS, and Ca?
activated caspases cause oligodendrocyte death (12). ROS/RNS are released in the
extracellular space, and further exacerbate the injury by damaging neighbouring glia and
axons (13). QNZ-46 strongly attaches to the interaxonal myelinic GluN2C/D NMDA subunits,
which it blocks, preventing the deleterious Ca%* entry and preserves the integrity of myelin
and axons (14). CP-465,022 binds to AMPA receptors present on the oligodendrocytes’ soma,
thus preventing secondary injury to propagate to neighbouring axons.

During normoglycaemia there is sufficient energy substrate present in the astrocyte to
produce ATP and maintain the activity of the Na*/K* pump. This confers a normally
functioning Na*-glutamate transporter, thus limiting the extracellular build-up of glutamate.
Once the glycogen stores are depleted glutamate is used instead of glucose to fuel the Kreb’s
cycle leading to an over-accumulation of aspartate. A further decline in ATP leads to failure
of the Na*/K* pump and the reversal of the Na*-glutamate transporter. This leads to a massive
efflux of aspartate and to a lesser degree of glutamate into the extracellular space via the
reversed Na*/glutamate transporter and through the Glutamate-Aspartate Transporter

(GLAST).

In our recent work (Doyle et al., 2018), we report that ischaemia in mice causes vesicular
glutamate release from within the axoplasm that is partially trapped within the peri-axonal

space. This source of glutamate is then free to over-activate NMDA receptors present within
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the myelin sheaths, causing disintegration and conduction failure. Based on this fresh
evidence, we hypothesise that the lack of energy that is crux to aglycaemia, can also
contribute to the build-up of glutamate into the peri-axonal space and that is free to injure
the myelin. In the process, both glutamate and aspartate activate the GIuN2C/D subunits on
NMDA receptors located on the oligodendrocyte processes (Salter and Fern, 2005; Micu et
al.,2006), mature myelin sheaths (Micu et al., 2006 ) and inter-nodal axolemma (Ourdouz et
al., 2009) resulting in a toxic influx of Ca%*, and to a lesser degree of Na*. The Ca?* overload
leads to proteolytic digestion of the axon cylinder and Na* influx eventually contributes to
axon swelling, myelin detachment and myelin disintegration. In addition, the uncontrolled
influx of Ca?* through NMDA receptors activates nNOS that leads to the production of NO that

eventually generates RNS.

The increase in extracellular aspartate and glutamate concentration also results in over-
activation of the AMPA/KA (lacking the GIuR2A) and NMDA receptors located on the
oligodendrocytes soma causing cellular swelling through channels that are permeable to both
Ca%*and Na*. Therefore, overactivation of AMPA and VGCC are responsible to the toxic build-
up of Ca?*into oligodendrocytes. This increase in Ca%* is sequestered into the mitochondria,
leading to the formation of the mitochondrial permeability transition pore, with extensive
swelling and production of reactive oxygen and nitrogen species (ROS/RNS). Membrane
disintegration from caspases and free radical production further contribute to
oligodendrocyte death. Released free radicals can further exacerbate the injury as they
diffuse in the extracellular space causing secondary injury to the lipid membranes and myelin

of neighbouring glia and axons.

QNZ-46 readily permeates into the myelin since it is lipophilic and strongly attaches to the
myelinic GluN2C/D NMDA subunits, which it blocks. This prevented the deleterious Ca%* influx
and preserved the integrity of the myelin and axons as seen through imaging and from CAP
recording. CP-465,022, preserved the electrical activity to the same level and maintained a
stable CAP profile throughout. Since CP-465,022 binds only to AMPA receptors, which are
absent from axons but present on glia, then it is clear that the drug protected

oligodendrocytes and this prevented secondary injury to propagate to neighbouring axons.
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We have established that aglycaemic injury is calcium-dependent and in part mediated via
NMDA and AMPA receptors excitotoxicity. Ca®* activates nNOS, which is associated with the
NMDA NR2 subunit through PSD-95. Thus, the high Ca?*/calmodulin concentrations reached
in close proximity to the NMDA receptor after channel opening can activate nNOS increasing
NO production (Aarts, 2002). We therefore hypothesise that NO might be involved in the
pathophysiology of aglycaemia. Through a series of electrophysiological experiments, we first
determined that low micromolar levels of NO (typical to the levels present in inflammatory
lesions in the brain), was sufficient to confer irreversible conduction block with no significant
structural axonal injury. Evidence from the optic nerve (Garthwaite et al., 2002) suggests, that
prolonged exposure to NO is required to elicit a delayed form of structural injury to axons. In
separate imaging experiments, we show that NO increases during aglycaemia and this occurs
within the first 20 min of the insult, followed by a gradual decline. These live imaging
experiments were very challenging and with some variable results, but the pattern clearly
mimics the rise in NO as seen during ischaemia in the classical study conducted by Malinski
using porphyrinic NO electrodes in the rat brain (Malinski et al., 1993). To the best of our
knowledge this is the first instance that levels of NO were detected or imaged during
aglycaemia in white matter. The peak of the increase of NO preceded the decline in axonal
conduction as recorded electrophysiologically. Although the temporal profile of the two
events may be well correlated, there is insufficient proof to state that the loss in axon

conduction is a result of the increased level of NO.

Inhibiting NOS catalytic activity decreases NMDA mediated excitotoxicity in grey matter
during ischaemia (Choi, 1994; Dawson et al., 1996). We have previously shown (Doyle et al.,
2018) and further strengthened through this work, that the selective excitotoxic block of the
GIuN2C/D on NMDA receptors is key to the preservation of axons and myelin during GD. This
represents a key pathway that can be therapeutically exploited in excitotoxic disorders. NMDA
receptor overactivation during ischaemia in grey matter has been shown to be linked to an
increased activity of NO in rats (Aarts, 2002). Thus, we hypothesise that the protection
afforded to white matter axons with QNZ-46 is in part due to the suppression in NO activity
by the block in the Ca?*-mediated NMDA receptor-dependent excitotoxicity (Fig. 6.2). In
support of this theory, addition of a non-specific NOS inhibitor (L-NAME) to slices pre-treated

with L-NAME showed partial preservation of axons after GD and a statistically significant low
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axonal injury score. Similarly, an equally statistically significant higher percentage in recovery

of the CAP was found in the treated slices against the controls.
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Figure 6.2. A hypothetical schematic showing how QNZ-46 suppresses NO formation
following GD. GD causes the increased release of extracellular levels of aspartate/glutamate
that over-activate NMDA receptors. This results in a toxic Ca%* influx which readily promotes
the Ca’*dependent NOS, leading to increased NO production, including ONOO". The
subsequent loss in axonal conduction is followed by structural axonal injury. QNZ-46 inhibits
the GIuN2C/D subunits of the NMDA receptors, preventing the influx of Ca%*, thus averting
the deleterious cascade of events that follows.
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The main limitation of the present study can be understood from both a clinical and
experimental perspective. In these types of experiments, investigators can easily device the
exact experimental conditions to conduct aglycaemia. However, the level of hypoglycaemia
in humans is variable and depends on age, sex, metabolic status, disease etc. Therefore, there
are several confounding factors that are involved in order to produce experimental
hypoglycaemia, and this can only be achieved arbitrarily. In humans, aglycaemia usually
accompanies anoxia during severe episodes of brain ischaemia following occlusion of a major
artery. Moreover, aglycaemia is a more severe form of insult than hypoglycaemia, and
therefore the pathophysiology of aglycaemia can be safely translated to include instances of

hypoglycaemic injury that normally occurs in humans.

In conclusion, this study provides an overview of the hallmarks of aglycaemic injury in white
matter that was studied by a combination of techniques that included in main,
electrophysiology, imaging and pharmacology. Establishing a reproducible model for
combined imaging and electrophysiology is highly intricate and very challenging because the
hardware is extremely complex, and the procedures employed are specialised and very
delicate. However, we think that through this study we may have uncovered some important
mechanisms of injury and tested several avenues of pharmacological significance.
Administration of lactate during hypoglycaemia will undoubtedly provide a neurometabolic
substrate that will extend the critical time-window to limit injury to the brains’ white matter.
The pharmacological properties of QNZ-46 makes it an exciting prime candidate for future
therapeutic intervention against disorders that principally affect myelin. We also report for
the first time that this drug treatment conferred robust protection to axon fibres during GD,
and this finding is very promising for future studies. The systemic combined treatment in vivo
in mice with CP-465,022 strengthened this neuroprotection as seen in the preserved axonal
structural integrity and conduction following GD. Finally, lowering levels of NO using a
specific NOS inhibitor proved to be protective against GD. Such a pharmacological strategy
might extend the protection to other white matter diseases including neurometabolic

disorders.

200



Future direction

We aim to further investigate the combined protective mechanism afforded by the systemic

administration of QNZ-46 and CP-465,022 and provide further evidence of the role of NO

following GD. Briefly the main next steps will involve:

To determine whether the protective effect on axons during GD by QNZ-46, is directly
exerted through maintenance of the myelin sheaths. This will be performed with the
aid of a series of live-imaging experiments (which we have already commenced) using
Nile Red (a fluorescent, lipophilic stain for myelin) together with assessment of
ultrastructure using EM.

To conclude whether the protective effect of CP-465,022 to axons is mediated through
oligodendrocyte viability. Live-imaging experiments using PLP-EGFP transgenic mice
with bath application of propidium iodide (identifies damaged nuclei in cells) will be
used. Antibodies for caspase-3,6,9, anti-AlF etc. can identify apoptotic cells from brain
slices. This will be supplemented by ultrastructural analysis using EM.

To confirm the indirect presence of NO following GD. In a series of slice experiments,
we would like to detect the immunocytochemical presence of the by-product of NO,
nitrotyrosine. NO causes tyrosine nitration of structural proteins and this substrate
can be therefore used as indirect evidence of the presence of NO. Moreover, NO can
also bind to superoxide to produce the highly reactive peroxynitrite (ONOO~). We
intend to use edaravone as a free radical scavenge to ascertain that axonal conduction
block is mediated by NO and not by peroxynitrite.

To perform a set of live imaging experiments with slices loaded with DAR-4M AM to
determine whether the increase in NO as observed in our study can be directly blocked

with QNZ-46 during GD.
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Supplementary material

8.1 Probe localisation in microdialysis experiments

An intracranial guide (CMA/Microdialysis, Stockholm, Sweden) was implanted in the bilateral
cerebellar white matter (coordinates toward bregma were 5.7 mm posterior, 2.2 mm lateral
and 2.3 mm ventral of the dura (Paxinos and Franklin, 2004)). Probe localisation was

histologically verified post-mortem (Fig. 9.1) and animals with aberrant probe location were

excluded from the study.

Figure 8.1. Representative image showing the site of insertion of the microdialysis probe.
Arrows are indicating the tract of the probe. (Adapted from Laureys et al., 2014)
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8.2 Concentration of DMSO used is not toxic to YFP axons

There were no signs of axonal injury in slices exposed to 30 min of GD in DMSO, suggesting
that the concentration of DMSO used to dissolve 4-CIN was did not exert any deleterious
effect on callosal axons, and that the injury observed in section 3.4.2 was due to the 4-CIN

induced axonal lactate uptake, and not DMSO.

Rep4:20 min

Figure 8.2. Sequential images of YFP axons exposed to 30 min GD in DMSO. There is no
axonal injury in slices exposed to 30 mins of GD with DMSO and 2 hr reperfusion.

244



8.3 Vehicle injected mice exhibited normal physiology and pathology

Callosal slices from mice injected with the vehicle (B-cyclodextrin + DMSO) for 5 consecutive
days, were incubated for 4 hours at 37°C. Other slices from the same group of mice were
exposed to 45 min of GD and 2 hr of reperfusion with glucose-containing aCSF. Combined
two-photon imaging and CAP recording from these slices, showed no sign of axonal injury and
CAP was maintained throughout the course of the 4-hour incubation period in glucose-
containing aCSF. On the other hand, there was severe structural axonal injury and loss of

conduction in slices exposed to 45 min GD.

REP 120

= -REP120

Figure 8.3. Sequential images of slices exposed to 45 min GD (+/-) and controls. Axonal
beading and fragmentation during reperfusion in slices subjected to glucose deprivation with
(A) and without (B) the vehicle. Normal axon morphology in slices exposed to 4 hours of
glucose containing aCSF with (C) and without (D) the vehicle. Scale bar 20 um
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Figure 8.4. Percentage CAP recovery in slices exposed to 45 min GD and controls (+/-) the
vehicle. There was no statistically significant difference in CAP recovery between control

slices and slices exposed to 45 min of GD (+/-) vehicle.
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8.4 Signal intensities of NO fluorescent dyes during glucose deprivation

We observed a consistent increase in the signal intensity during the initial phase of glucose
deprivation from DAR-4M AM loaded slices in all 5 experimental runs (Table 9.1). On the
contrary, out of the 6 experimental runs with slices loaded with DAF-FM DA, there was a

mild increase in the signal in only 2 cases (Table 9.2).

Start GD10 |[GD20 |GD30 |GD45 |REP30 | REP60

n=1 0 19 40 25 13 4 -14
n=2 0 15 21 18 11 0 -9
n=3 0 10 25 18 6 -2 -15
n=4 0 13 30 25 19 -4 -18
n=5 0 15 30 21 11 -6 -20
Average | 0 14 29.2 21 12 -1.6 -15.2
STDEV |0 2.9 6.4 3.1 1.2 3.4 3.8

Table 8.1. Percentage change from start in the signal intensity DAR-4M AM at different
experimental time points

Start GD10 (GD20 |GD30 |GD45 |REP30 | REP60
n=1 0 6 11 9 8 5 1
n=2 0 1 -1 1 0 -1 -2
n=3 0 6 10 5 4 4 3
n=4 0 1 1 -1 -1 -1 1
n=5 0 1 1 2 1 1 1
n=6 0 -1 1 -1 0 0 0
Average | 0 2.3 3.6 3.5 2.62 1.5 0.3
STDEV |0 2.7 4.6 4.8 3.8 2.6 1.1

Table 8.2. Percentage change from start in the signal intensity of DAF-FM DA at different
experimental time points
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The validity of the results obtained from the DAF-FM DA experiments were challenged by the
fact that using one-way ANOVA followed by Tukey’s post hoc test, there was a statistically
significant difference (p < 0.05) between the 6 trials conducted. On the contrary, there was
no statistically significant difference between the individual experimental runs concerning the

DAR-4M AM loaded slices, highlighting the legitimacy of these results.

Taking into consideration all trials involving the slices loaded with DAF-FM DA, there was no
statistically significant difference in signal intensity at any experimental time points between

controls and slices exposed to glucose deprivation.

—4—GD —i—Control
40
30
20

10

-t ————i— s

START GD 10 GD 20 GD 30 GD 45 REP 30 REP 60

-10

-20

% CHANEG IN SIGNAL INTENSTY
o

-30

-40
EXPERIMENTAL TIME POINTS

Figure 8.5. Percentage change in signal intensity in slices incubated in DAF-FM DA and
exposed to 45 min of GD and controls. Comparison of the percentage change from start of
the DAF-FM DA signal intensity between controls and slices exposed to glucose deprivation.
No statistically significant difference in signal intensity between DAF-FM DA loaded control
slices and similar slices exposed to 45 min GD. (n=6)
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Examples of injury scoring in THY-1/GFP-M mice.
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B-ADRENERGIC RECEPTORS PROTECT AXONS DURING ENERGETIC
STRESS BUT DO NOT INFLUENCE BASAL GLIO-AXONAL LACTATE
SHUTTLING IN MOUSE WHITE MATTER
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Abstract—In vitro studies have demonstrated that p2-adren-
ergic receptor activation stimulates glycogen degradation in
astrocytes, generating lactate as a potential energy source
for neurons. Using in vivo microdialysis in mouse cerebellar
white matter we demonstrate continuous axonal lactate
uptake and glial-axonal metabolic coupling of glutamate/
lactate exchange. However, this physiological lactate pro-
duction was not influenced by activation (clenbuterol) or
blocking (ICl 118551) of p2-adrenergic receptors. In two-pho-
ton imaging experiments on ex vivo mouse corpus callosum
subjected to aglycemia, p2-adrenergic activation rescued
axons, whereas inhibition of axonal lactate uptake by
a-cyano-4-hydroxycinnamic acid (4-CIN) was associated
with severe axonal loss. Our results suggest that axonal
protective effects of glial p2-adrenergic receptor activation
are not mediated by enhanced lactate production.
© 2014 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: glucose, lactate, glutamate, white matter, axons,
p2-adrenergic receptors.

INTRODUCTION
Recent data suggest that chronic failure of white matter
energy metabolism plays a role in several
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neurodegenerative diseases (Matute and Ransom,
2012) such as Alzheimer’'s disease (Yao et al., 2011),
amyotrophic lateral sclerosis (Lee et al., 2012) and multi-
ple sclerosis (Cambron et al., 2012).

Brain neuro-energetics is a major area of scientific
debate with opposing opinions on how electro-active
neurons and their surrounding “supportive” glial cells
thrive or fail by exchange of glucose versus lactate as
primary energetic substrates. Pellerin and Magistretti
introduced the astrocyte-neuron lactate shuttle
hypothesis (ANLSH) (Pellerin and Magistretti, 1994) in
which synaptic glutamate-release is balanced by astro-
cytic re-uptake and conversion to glutamine. This process
is supposed to be driven by astrocytic glycolysis that gen-
erates lactate, subsequently taken up by active neurons
to fuel their energetic demands. However, with regard to
synapses in gray matter there are experimental data both
in favor (Sampol et al., 2013) and against (Hall et al.,
2012) the ANLSH hypothesis. Applicability of the ANLSH
to the white matter setting however remains largely unex-
plored and most data are derived from ex vivo studies in
rodent optic nerve suggesting a role for glycogen-derived
lactate as an energy source for axons (Wender et al.,
2000; Tekkok et al., 2005). Most of the glycogen of the
central nervous system white matter resides in astrocytes
(Wender et al., 2000) and is converted to lactate which is
released into the extracellular space. Axons in mouse
white matter take-up lactate through the monocarboxylate
transporter (MCT)-2 (Tekkok et al., 2005), and metabolize
it aerobically to energy. More recent ex vivo data demon-
strates that lactate imported via MCT-1 transporters can
rescue oligodendrocytes and prevent demyelination
under low glucose conditions (Rinholm et al., 2011). Sub-
sequently, Lee et al. demonstrated how oligodendrocytes
provide axons with lactate, critical to their survival, via the
same MCT-1 transporter (Lee et al., 2012). These data
point to glial cell-derived lactate as a critical factor for axo-
nal energy metabolism and survival in white matter. A
summary of the supposed metabolic coupling mecha-
nisms between axons and surrounding glial cells is illus-
trated in Fig. 1.

In vitro studies revealed that astrocytic glycogenolysis
is under noradrenergic control, and that activation of
astrocytic Bo-adrenergic receptors induces
glycogenolysis and increases Na* ,K*-ATPase activity
(Hertz et al., 2010). Little is known about these regulatory
mechanisms in white matter in vivo, and we are aware of
only one study showing that noradrenaline pretreatment
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Fig. 1. Summary of the lactate shuttle and the interconnected glutamate—glutamine and alanine cycle between astrocytes and axons. Glucose
enters astrocytes from the EC space and at the endothelial blood—brain-barrier junction by GLUT-1 mediated transport. This glucose can be
incorporated in glycogen or consumed in anaerobic glycolysis. Glycolytic processing of glucose is driven by the need for the ATP consumed by
glutamate uptake and glutamine synthesis. The final product of this glycolysis, namely lactate, is released from astrocytes via MCT4.
Oligodendrocytic MCT1-mediated transport releases lactate near the axons. Axons take up lactate for aerobic metabolism by means of their MCT2
transporters. This process is partly accompanied by the exchange of alanine, which is generated in the axons from lactate via ALAT.

reduces glycogen content in isolated mouse optic nerve
(Wender et al., 2000).

In the present study we explored the in vivo existence
of astro-axonal coupling of lactate and glutamate
metabolism and the potential influence of B,-adrenergic
receptors in this process during axonal damage as a
result of oxygen/glucose deprivation.

EXPERIMENTAL PROCEDURES
Chemicals and reagents

Aqueous solutions were made from purified water
(Seralpur pro 90 CN, Belgolabo, Overijse, Belgium) and
filtered through a 0.2-pm-membrane filter. The perfusion
fluid for microdialysis consisted of artificial cerebrospinal
fluid (aCSF) (147 mM NaCl, 3mM KCI, 1mM
MgCl,-6H,0, 1.2mM CaCl,-6H,O, 200 pM ascorbate,
352 mM NaH,PO,4-H,0, pH 7.4). ICI-118551 (200 nM),
clenbuterol-hydrochloride (200 nM), pL-threo-B-
benzyloxyaspartic acid (TBOA) (250 uM) and o-cyano-
4-hydroxycinnamic acid (4-CIN) (1 mM) (all from
Sigma-Aldrich, St. Louis, MO, USA) were dissolved in
aCSF and administered via the microdialysis probe.
Selective in situ concentrations for each compound
were determined using published affinity constants, and
concentrations applied in the perfusion medium were

calculated based on a microdialysis probe recovery of
10%. The 10% correction factor considers approximate
recovery for small molecules considering the used flow-
rate and type of microdialysis probe (Grubb et al,
2002). For the two-photon imaging experiments the selec-
tive concentrations were applied without using the correc-
tion factor. The selectivity of 4-CIN for MCT-2 renders the
interaction with energetic substrate uptake at the stipu-
lated dose in astrocytes unlikely. Interaction with mito-
chondrial pyruvate uptake is improbable at the stipulated
dose as previously determined (Erlichman et al., 2008;
Newman et al., 2011).

Surgery

Protocols were in accordance with national guidelines and
regulations on animal experiments and approved by the
Ethics Committee on Animal Experiments of the Vrije
Universiteit Brussel, Belgium and the Ethics Committee
of the University of Malta. Male C57bl/6 mice (Charles
Rivers, France) between 7 and 8weeks of age
(weighing 25-30 g), were anesthetized with a mixture of
xylazine/ketamine (10/100-mg/kg, i.p.) and mounted on
a stereotaxic frame. An intracranial guide (CMA/
Microdialysis, Stockholm, Sweden) was implanted in the
bilateral cerebellar white matter (coordinates toward
bregma were 5.7 mm posterior, 2.2 mm lateral and
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2.3 mm ventral of the dura (Paxinos and Franklin, 2004)).
Immediately after surgery, guide cannula obturators were
replaced by microdialysis probes (CMA7; membrane
length: 1 mm theoretical cutoff: 6000 Da; CMA/Microdialy-
sis, Solna, Sweden). Postoperative analgesia was
ensured by ketoprofen (4 mg/kg, i.p.). Animals were
allowed to recover from surgery overnight receiving labo-
ratory chow and water ad libitum. Probe localization was
histologically verified postmortem (Fig. 4B). Animals with
aberrant probe location were excluded from the study.

Intracerebral microdialysis

Microdialysis probes were continuously perfused with
aCSF at a flow-rate of 1 pl/min (CMA/400 microdialysis
pump, CMA/Microdialysis, Solna, Sweden). All
experiments were performed on the day following
surgery in non-anesthetized freely moving mice.
Tubings were flushed with 70% ethanol and rinsed with
purified water before perfusion with aCSF to exclude
any bacterial interference with the glucose/lactate levels.
1 pl/min perfusion of the probes was started 2 h before
the experiment to attain steady-state concentrations. Six
dialysate samples (20 pl) were collected at 20-min
intervals to determine the basal concentrations. TBOA,
4-CIN, clenbuterol or ICI-118551 was added to the
perfusion medium at the last 20-min baseline sample.
Thereafter six 20-min samples were collected during
compound administration. In a separate set of
experiments (n=5) a control experiment was
performed with a “sham” switch of syringes to exclude
any effect of switching syringes on glucose, lactate and
glutamate concentrations.

Liquid chromatographic assays

We used a gradient liquid chromatographic method for
the quantitative simultaneous determination of amino-
acids in dialysates as previously described (Van
Hemelrijck et al., 2005). All substances were identified
and quantified by comparing retention times and peak
areas with those of external standards.

Enzymatic colorimetric assays

Microdialysate samples were analyzed for glucose and
lactate content using enzymatic lactate (607-100) and
glucose (606-100) assay kits (Biovision, Mountainview,
CA, USA) according to the manufacturers’ guideline.
Fluorescence was measured at 460nm wusing a
microplate reader (Model 680 Bio-Rad, Hercules, CA,
USA) and an excitation wavelength of 355 nm.

Preparation of fresh slices for imaging of corpus
callosum axons

Adult 12-20-week-old mice weighing 25-27 g with a
C57BL6/J genetic background were used in
experiments. To enhance the visualization of axon
morphology, we used transgenic mice with neuron-
specific expression of yellow fluorescent protein (YFP),
under control of the thy1 promoter (Feng et al., 2000).
We selected a mouse transgenic line (Line H), which

expressed YFP in a subset of cortical neurons that project
axons across the corpus callosum. After deep halothane
anesthesia and decapitation, the cranium was opened
and the brain rapidly removed and placed in chilled and
oxygenated (95% O,/5% CO,) aCSF buffer supple-
mented with 75 mM sucrose. This hyperosmolar slicing
solution prevents brain edema and is rich in magnesium
and low in sodium and calcium, consisting of (mM)
234 sucrose, 11 glucose, 24 NaHCOj;, 2.5 KCI, 1.25
NaH,PO4, 10 MgSO,4 and 0.5 CaCl,. After removing the
cerebellum and brainstem, the entire brain was mounted
on the ice-cold platform of a Vibratome 1000 vibroslicer
(Technical Products, St. Louis, MO) covered in modified
ice-cold aCSF. The brain was oriented to cut coronal
slices (400 pm thick) from the genu of the corpus callo-
sum through the caudal extent of the hippocampus.
Immediately after sectioning, slices were transferred to
a Haas-type interface brain slice chamber (Harvard Appa-
ratus, South Natick, MA) and allowed to recover at room
temperature in oxygenated (95% O,/5% CO,) aCSF for
1 h at a flow rate of 3.5 ml/min aCSF was composed of
(mM) 126 NaCl, 3.5 KCl, 1.3 MgCl,, 2 CaCl,, 1.2 NaH,PO,,
25 NaHCOj;, 10 glucose, 0.43 L-lactate, pH 7.4. The
osmolality (~300 mOsm) was checked with a micro-
osmometer (Precision Systems, Natick, MA).

Two-photon imaging of brain slices

A brain slice was then transferred to a submerged
minichamber (0.5 ml) with a coverglass bottom (Warner
Instrument Corporation, Hamden, CT) mounted on an
upright BX50W1 Olympus Multiphoton microscope
(Olympus, Tokyo, Japan) and perfused with room
temperature oxygenated (95% 0O,/5% CO,) aCSF at a
flow rate of approximately 3.5 mi/min. Final temperature
control (33 = 1°C) was maintained using an in-line
heater (Warner Instrument Corporation, Hamden, CT)
equipped with a feedback thermistor placed in the
chamber and the temperature raised gradually over 1 h.
Slices were continually perfused with oxygenated buffer
during imaging by means of a gravity flow perfusion
system and vacuum aspiration within the imaging
chamber. Glucose deprivation was initiated by replacing
glucose in normal oxygenated aCSF with 10 mM
sucrose for a period of 15, 30 or 45 min and imaging
was continued through 120 min of reperfusion with
substitution to glucose-containing aCSF. In alternate
experiments, aCSF in the aglycemic phase was
supplemented with 0.1 mM 4-CIN (stock solution
dissolved in 0.1 N NaOH), 20nM clenbuterol or a
combination of both drugs. Since 4-CIN necessitated
dimethyl sulfoxide (DMSO) as a solvent, all solutions
contained 0.01% DMSO. Control experiments for
15, 30 and 45 Control experiments for 15, 30 and
45 min hypoglycemia in the absence of DMSO excluded
any effect on axon integrity due to DMSO alone. Control
slices maintained in oxygenated superfusion medium
at 33 £ 1°C demonstrated intact linear axonal
morphology for at least 5 h after preparation (Fig. 4A).
YFP-labeled axons were visualized with a 920-nm laser
line (7% laser power) using a water-based 25x
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Olympus XLPLN25xWMP objective (NA 1.05, WD 2.0,
IR-corrected).

Image processing

Image acquisition was performed using the Olympus
FluoView software. Single-focal-plane images were
collected at 30-min intervals or, more frequently, stacks
of five optical sections at an incremental z-step of 1 um
apart. Subsequently, all z-stacks of images were
projected along the z-axis to recreate two-dimensional
representations of the three-dimensional structures
within the imaged tissue. Post-acquisition images were
only adjusted for brightness, contrast and background
noise by using Imaged. For brightness and contrast
adjustments the depth of pixel intensities that spanned
the entire 8-bit range (0—255) was readjusted for display
optimization. The two-photon experiments were
performed in triplicate for confirmation of reproducibility.

Scoring of axonal injury

Axon damage was quantified by visual scoring as
previously described (Tekkok and Goldberg, 2001;
McCarran and Goldberg, 2007). Images were divided into
a 5 x 5 grid, and each grid box was scored by a blinded
observer for the presence of axon damage using the fol-
lowing system: 0, no damage; 1, axon swelling and/or
beading; 2, axon fragmentation. The total score for a sin-
gle section (0-50) was divided by the number of grid
boxes to give a mean damage score (0-2). Damage
scores from three different experiments were averaged
and recorded for each condition.

Statistical analysis

The average (with s.e.m.) of the 5 stable baseline
dialysate levels for the animals included in the study
are: 0.218 + 0.016 mg/dl glucose, 0.036 + 0.002 mg/dI
lactate and 0.590 + 0.046 M glutamate. Glutamate,
glucose and lactate levels are expressed relative to the
stable baseline levels, which were equated to 100% with
s.e.m. A correction for changes induced by syringe
exchange was performed by subtracting the % change
in sham conditions for each time point. Statistical
analysis between pharmacologically induced levels and
baseline level was performed using a Friedman test
followed by Dunn’s multiple comparisons post hoc test.
The basal area under the curve (AUC) was calculated
as the sum of dialysate concentrations in the first six
“basal” collections (20 min samples). AUC following
drug was calculated as the sum of the dialysate
concentrations in the six collections following the start of
drug perfusion. AUC after drug administration was
expressed as a percentage of basal AUC. Wilcoxon-
signed rank test was used to compare basal and drug-
induced AUC. Animals were excluded from analysis
when contamination of the sample or technical problems
rendered measurement impossible. Statistical analysis
was performed with the InStat Prism statistical package
(GraphPad Software, La Jolla, USA). Axonal injury data
are expressed as mean + s.e.m., statistical significance

versus controls was determined by a one-way ANOVA.
p values are reported in the figure.

RESULTS
Exploration of metabolic shuttling in white matter

To address the presence of functionally coupled
glutamate—lactate metabolism in white matter our first
step was to pharmacologically block both ends of the
presumed glial-axonal shuttle. Inhibition of axonal
lactate uptake by the MCT-2 blocker 4-CIN resulted in
an increased extracellular lactate concentration
(Fig. 2A), whereas extracellular glucose levels were not
affected (Fig. 2B). Inhibition of axonal lactate uptake
increased  extracellular  glutamate  concentrations
(Fig. 2C). Inhibition of the astrocytic glutamate
transporters by TBOA led to the accumulation of EC
glutamate (Fig. 2C). TBOA also significantly diminished
extracellular glucose levels (Fig. 2B) without influencing
extracellular lactate concentration (Fig. 2A).

To evaluate the impact of astrocytic lactate production
on axonal survival we performed a series of two-photon
sequential imaging experiments. The effects of
aglycemia on morphological damage of axons have not
yet been described. Following aglycemia applied for up
to 30 min, axonal structures were maintained throughout
the complete recovery phase of 120 min of recirculation
with glucose-containing aCSF (Fig. 3A). Forty-five
minutes of glucose deprivation caused few immediate
changes, but resulted in gradual axonal beading and
fragmentation during reperfusion (Fig. 3B). To
investigate if glycogen-derived lactate served as the
protective factor during aglycemia, 4-CIN was
supplemented to corpus callosum slices undergoing
30 min of aglycemia. Toward the end of the aglycemic
period axonal beading was observed (Fig. 3C), followed
by extensive damage during reperfusion as compared to
the 30 min of aglycemia without 4-CIN (Fig. 3A).

Role of p,-adrenergic receptors in axonal
neuroprotection and basal lactate production

The mean axonal injury scores for the various conditions
are shown in Fig. 3. No statistically significant difference
was observed in the axonal injury score throughout the
duration of control experiments [F(14, 350) = 0.385,
p = 0.979]. Control slices maintained in oxygenated
superfusion medium demonstrated intact linear axonal
morphology for at least 5 h after preparation (Fig. 4A).
When compared with control slices, 30 min of GD did
not result in any significant axonal injury while 45 min of
GD did (p < 0.001). Addition of 0.1 mM 4-CIN during
30 min of GD resulted in considerable axonal damage,
with these slices scoring a statistically significant
(p < 0.001) higher axonal injury than control slices and
slices following 30 min of GD without the drug. Addition
of 20 nM clenbuterol offered protection to slices during
45 min of GD, with no statistically significant difference
in axonal injury score between such slices and controls.
This protection was lost when axonal lactate uptake was
blocked by co-administration of 0.1 mM 4-CIN during
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Fig. 2. Microdialysis experiments: six dialysate samples (20 LLl) were collected at 20-min intervals to determine the basal concentrations expressed as
100% + s.e.m. 4-CIN, TBOA, clenbuterol or ICl was added to the perfusion medium at the last 20-min baseline sample and thereafter six 20-min
samples were collected during compound administration. Changes in EC (A) lactate, (B) glucose and (C) glutamate concentration are illustrated for
4-CIN (red bars) and TBOA (green bars), changes in EC (D) lactate and (E) glucose concentration for clenbuterol (blue bars) and ICI (yellow bars).
Statistical analysis between pharmacologically-induced and baseline levels was performed using a Friedman test followed by Dunn‘s multiple
comparisons posthoctest (*p < 0.05). The area underthe curve (AUC) was also calculated as the sum of the 2-h baseline concentrations and compared
with the sum of the 2-h concentrations after compound administration using the Wilcoxon signed rank test (*p < 0.05, **p < 0.005, **p < 0.001),
n = asindicated in the figure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Two-photon experiments: (A)—(E) shows representative images of the 2-photon imaging experiments. In (F) the mean axonal injury
scores + s.e.m. are plotted for the different conditions. For clarity table (G) summarizes the mean scores (n = 3) + (SDV), scores significantly
different from control are marked: *p < 0.05; **p < 0.001. Transient GD (30 min (A), —+) did not result in axonal injury but a more prolonged
duration (45 min (B), -s-) did. Addition of 0.1 mM 4-CIN resulted in axonal injury even during transient (30 min) GD (C), -4 , while 20 nM
Clenbuterol was protective during prolonged (45 min) GD (D), =+. This protection was lost when 0.1 mM 4-CIN was added to 20 nM Clenbuterol
during prolonged (45 min) GD (E), —. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

Fig. 4. Control slices maintained in oxygenated superfusion medium showed intact linear axonal morphology for at least 5 h after preparation (A). A
representative picture of probe localization, arrows indicate the tract of the probe (B).

45 min GD, with slices now showing a statistically
significant (p < 0.001) difference in axonal injury score
when compared with control slices. Although axonal
damage was clearly visible, fluorescence was relatively
preserved (for comparison see Fig. 3C illustrating loss
of fluorescence with administration of 4CIN only),
suggesting that clenbuterol still exerted protective
effects independent of a possible lactate-mediated effect
blocked by 4CIN. /n vivo intracerebellar administration

of the selective B,-antagonist ICI-118551 or P,-agonist
clenbuterol did not significantly change extracellular
lactate or glucose concentrations (Fig. 2D, E).

DISCUSSION

The increase in extracellular lactate  during
pharmacological blockade of axonal lactate uptake
demonstrates the existence of a physiological
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glia—axonal lactate shuttle in white matter under basal
conditions. Inhibition of glycogenolysis elevates
extracellular glutamate concentrations in vitro (Sickmann
et al., 2009; Schousboe et al., 2010). Our data demon-
strate an in vivo counterpart during 4-CIN administration
since the increase in extracellular glutamate probably
reflects inhibition of astrocytic lactate production by feed-
back inhibition (Sotelo-Hitschfeld et al., 2012). Functional
glutamate reuptake by optic nerve axons has been dem-
onstrated (Arranz et al., 2008) and may constitute a com-
plementary mechanism of glutamate accumulation when
axons are deprived of lactate influx. Inversely inhibition
of glutamate reuptake with TBOA decreased extracellular
glucose levels compatible with enhanced glycolytic glu-
cose consumption. In summary, these data are in line with
functional exchange machinery where glial cells produce
lactate during the buffering process of extracellular gluta-
mate, with lactate subsequently being transported to
axons as energy source. In our sequential two-photon
imaging experiments we found a time window of 30 min
of aglycemia before axonal damage occurred following
reperfusion with glucose. These findings confirm a
morphological counterpart to the previously described
30-min protective glycogen-buffer in ex vivo experiments
of rodent optic-nerve electrophysiology (Wender et al.,
2000). When we blocked axonal lactate uptake during
30 min of aglycemia damage occurred, confirming that
lactate supports axonal energetic needs.

Hypoglycemia activates Locus Coeruleus neurons
(Morilak et al., 1987) leading to increased noradrenaline
release throughout the brain (Bengzon et al., 1991).
Noradrenaline can enhance astrocytic glycogenolysis by
Bo-adrenergic activation as previously described in vitro
(Hertz et al., 2010). Therefore, we suggested Bo-adrenergic
stimulation would provide glycogenolytic support of
axons in our model. Callosal slices are deprived of
noradrenergic input from locus coeruleus projections
necessitating pharmacological stimulation. B,-adrenergic
stimulation with clenbuterol indeed sustained axonal sur-
vival during aglycemia in our two-photon experiments
(Fig. 3D). Moreover this effect was found to be counter-
acted by the addition of 4-CIN (Fig. 3E). Since the protec-
tive effect of clenbuterol and the deleterious effect of
4-CIN might represent independent effects we investi-
gated the role of Bs-adrenergic stimulation and inhibition
on in vivo extracellular levels of glucose and lactate. Nei-
ther stimulation nor inhibition led to significant changes in
extracellular glucose or lactate concentrations suggesting
alternative mechanisms convey B.-adrenergic axonal pro-
tection during aglycemia.

CONCLUSION

We showed that B,-adrenergic receptors exert axonal
protective effects under aglycemic conditions. Although
our data support the existence of a functional
glutamate—lactate exchange system between white
matter glia and axons, B.-adrenergic receptors did not
affect this system. Therefore, we postulate that
protection of axons during energetic stress by the
Bo-adrenergic receptor agonist clenbuterol may occur

through previously described anti-inflammatory, anti-
oxidative and neurotrophic effects of clenbuterol
(Gleeson et al., 2010), and not by enhanced astrocytic
lactate production.
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Vesicular glutamate release from central axons
contributes to myelin damage

Sean Doyle!, Daniel Bloch Hansen', Jasmine Vella?, Peter Bond!, Glenn Harper!, Christian Zammit?,
Mario Valentino? & Robert Fern® '

The axon myelin sheath is prone to injury associated with N-methyl-p-aspartate (NMDA)-
type glutamate receptor activation but the source of glutamate in this context is unknown.
Myelin damage results in permanent action potential loss and severe functional deficit in the
white matter of the CNS, for example in ischemic stroke. Here, we show that in rats and mice,
ischemic conditions trigger activation of myelinic NMDA receptors incorporating GIuN2C/D
subunits following release of axonal vesicular glutamate into the peri-axonal space under the
myelin sheath. Glial sources of glutamate such as reverse transport did not contribute sig-
nificantly to this phenomenon. We demonstrate selective myelin uptake and retention of a
GIuN2C/D NMDA receptor negative allosteric modulator that shields myelin from ischemic
injury. The findings potentially support a rational approach toward a low-impact prophylactic
therapy to protect patients at risk of stroke and other forms of excitotoxic injury.
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yelin is an insulating, low-capacitance layer that wraps

around the axon cylinder and is essential for fast action

potential conduction. Myelin injury is fundamental to
the functional loss the white matter of the CNS experiences in
multiple sclerosis, trauma, and stroke!~>. Surprisingly, N-methyl-
D-aspartate (NMDA)-type glutamate receptor (GluR) expression
levels in myelin are comparable to those at neuronal synapses*~°,
are found in humans®, and confer an elevated injury sensitivity
under conditions of high extracellular glutamate®>”:8, The
established view is that the glutamate release responsible for over-
activation of myelinic NMDA GluRs under pathological condi-
tions occurs via reverse glutamate uptakeg' 1. However, extra-
cellular glutamate concentration has not previously been directly
recorded within white matter while recent reports highlight
vesicular release as an alternative potential source of white matter
glutamate!?"!4, Under ischemic conditions, axonal vesicular
glutamate release will empty directly onto the myelin sheath and
may be trapped within the peri-axonal space between the axo-
lemma and the internal myelin surface. The spatial characteristics
of axon vesicular glutamate release may therefore be particularly
relevant to myelin pathology. Myelinic NMDA receptors incor-
porate GIuN2 C and D subunits and should be sensitive to
selective negative allosteric modulators. GluN2C/D-containing
NMDA receptors are generally extra-synaptic while negative
allosteric modulators exhibit use-dependent properties. These
features suggest that a putative myelinic NMDA receptor/axo-
vesicular glutamate pathway may be particularly amenable to
therapeutic intervention with clinical potential.

Results

Vesicular glutamate release in white matter is primarily axonal.
Vesicular docking in white matter was examined via live two-
photon confocal imaging of fluorescent FM4-64!> in corpus
callosum axons of adult Thy-1/YFP mice. Low magnification
images revealed extensive axonal FM4-64 loading, with individual
axons reliably imaged at higher magnification (Fig. la-d). A
similar approach using GFAP-GFP mice revealed fibrous white
matter astrocytes with low levels of FM4-64 staining compared to
neighboring axons (Fig. le, f; Supplementary Fig. 1d, ). FM4-64
de-staining (vesicular docking) was evoked by 50 mMK™ perfu-
sion, producing rapid docking in corpus callosum axons (sig-
nificant within 60s), but not in astrocytes (Fig. 1g). The [K™]
used to evoke this response is comparable to that recorded during
brain ischemia'®, and produced axon depolarization sufficient to
reversibly block excitability (Supplementary Fig. la-c). To our
knowledge, this is the first direct comparison of vesicular fusion
within different cellular components in white matter, and it
reveals extensive fusion in axons compared to their companion
astrocytes and is consistent with earlier observation of vesicular
release from axons!®. We have shown previously that YFP(+)
axons in this model are myelinated!” and the diameter of YFP(+)
axon in the current study had a range considerably higher than
the upper limit for non-myelinated axons in mouse corpus cal-
losum'® (Supplementary Fig. 1f). As there was no evidence of
localized de-staining along YFP(4-) axons imaged in long-section
(L-S), the majority of vesicular fusion in these axons must occur
under the myelin sheath and empty into the periaxonal space.
This mechanism was also triggered by ischemic conditions where
significant axonal release was found after 15 min (Fig. 1h).

The glutamate concentration in the extracellular space
([glutamate].) increased by 13.0 + 3.6 uM during perfusion with
50mM [K'] (Fig. 1li-k), a rise that was not inhibited by
glutamate transport inhibition (200 uM TBOA) but was sig-
nificantly reduced by inhibition of vesicular glutamate loading
(50nM  Dbafilomycin; Fig. 1li-k). Note, axonal glutamate
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transporters are localized primarily to the node of Ranvier rather
than the internodal region!® and TBOA is likely to access axonal
transport sites relatively quickly. In the adult corpus callosum,
TBOA evoked a 1.3 + 0.4 uM peak increase in resting [glutamate].
indicating ongoing glutamate regulation in white matter via
glutamate transport under physiological conditions (Supplemen-
tary Fig. 2).

FM4-64 axon imaging reported uniform vesicle fusion along
axons with no focal sites of fusion that might indicate local
glutamate release at nodes of Ranvier; vesicular glutamate release
must therefore empty largely into the periaxonal space under the
myelin sheath which covers 99% of the axon cylinder. Consistent
with this, an established DiOCg(3)/X-rhod-1 confocal imaging
protocol® reported elevated [Ca®t]; in the cytoplasmic
compartment of the myelin sheath following depolarization with
50 mMK"' (Fig. 2a, b). Myelin X-rhod-1 loading is largely
peri-a.xonals’8 and the myelinic K'-evoked [CaZT]; rise was
prevented by pre-incubation with bafilomycin, indicating myelin
calcium influx following vesicular glutamate release from axons.
Ultrastructural analysis of long-section (L-S) rodent optic nerve
(RON) axons revealed regions of 20-50 nm axoplasmic vesicle
clusters within the internodal zones (Fig. 2c arrows); vesicles were
not clustered within nodal regions and were not observed in glial
processes aligned adjacent to myelinated axons. RONs exposed to
30 min of oxygen-glucose deprivation (OGD) prior to fixation
contained significantly fewer internodal axoplasmic vesicles
(Fig. 2d, £, g), and in these nerves the vesicles were found at the
sub-myelinic axolemma occasionally caught in the act of
membrane docking/fusion (Fig. 2d, e). As in control nerves, such
vesicles were absent from glial processes neighboring the myelin
(e.g., Fig. 2d). The ultrastructural and X-rhod-1 imaging data
confirm internodal axoplasmic vesicle-axolemma docking, which
will release glutamate into the periaxonal space beneath the
myelin sheath and may lead to early focal myelin damage. Axon
cylinders were largely unaffected after 30 min of OGD and
retained normal microtubules, a feature of healthy axons (Fig. 2d,
white arrows). Early signs of myelin damage were evident at sites
where axoplasmic vesicles were present and included localized
splitting and bubbling of the lamina (Fig. 2d, e*).

White matter ischemic glutamate release is primarily vesicular.
The corpus callosum sits adjacent to gray mater structures such as
the cortex (Fig. la) that have extensive glutamatergic input. To
avoid the potential for spillover from gray matter synapses, we
examined [glutamate], in isolated RON, a white matter structure
with no neuronal synapses or neighboring gray matter. Resting
[glutamate]. was 8.9 + 1.4 uM in adult rat RON, higher than the
1.3-4.5 uM range recorded in other white matter preparations
(Supplementary Fig. 2a). Glutamate biosensor electrodes were
found to be anoxia-sensitive (Supplementary Fig. 3) and ischemia
was therefore modeled using combined aglycemia/oxidative
phosphorylation block, producing a 22.4-27.5 uM glutamate rise
(Fig. 3a, b). Block of glutamate transport (TBOA or zero-Na™)
did not significantly reduce the ischemic glutamate increase, but
release was both Ca?*- and voltage-gated Ca®" channel (100 uM
diltiazem)-dependent as predicted for vesicular release (Fig. 3a,
b). Recording from adult RON required a long period of stabi-
lization following sensor insertion (Supplementary Fig. 4c), and
ischemic [glutamate], was more extensively examined in juvenile
rat RON, which stabilized more quickly. At this age, ischemia
evoked a 5.6 + 0.8 uM [glutamate]. rise that was not significantly
affected by block of glutamate transport (TBOA, or zero-Na™),
swelling-mediated glutamate release (5mM furosemide),
cysteine-glutamate antiport (250 uM SAS), P2X7-, pannexin- and
connexin-channels (100 uM CBX), or swelling-operated channels
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adult GFAP-GFP mouse and FM4-64 staining (f overlaid red). g K*-evoked FM4-64 de-staining in whole corpus callosum, axons, and astrocytes. h Corpus
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(1o00yM NPPB) (Fig. 3c, d). Glutamate release was
Ca?T-dependent and was significantly reduced by blockers of
vesicular glutamate release (50 nM bafilomycin or 500 nM rose
bengal; Fig. 3e, f), confirming the significance of vesicular release
to ischemic [glutamate], elevation in white matter.

NMDA receptors mediate acute myelin injury during ischemia.
Drug penetration into the peri-axonal space is known to be slow.
For example, diffusion from the node of Ranvier into the peri-
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nodal space that is contiguous with the periaxonal space takes
several hours?’. Drugs may also access the peri-axonal space
directly through the myelin sheath if they are lipid soluble, e.g. the
NMDA blocker MK-801 that associates/dissociates with synaptic
lipid membrane with a time constant (z) of ~4 min?!, indicating
7= >56 min for penetration through the sheath of a typical mature
RON axon. Prior studies have shown that short periods of
NMDA-receptor block fail to protect adult white matter from
ischemic injury!"?2, and we also found no protection following a
20 min pre-treatment period with MK-801 (Fig. 4b). However,
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MK-801 protection increased with pre-treatment time with
maximal protection of >400% after 120 min pre-treatment
(Fig. 4a, b). Myelinic NMDA GluRs contain the GluN2C/D
subunit®>’ and we tested 120 min pre-treatment with the
GluN2C/D-specific antagonists PPDA (50 uM) and QNZ-46 (50
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uM)?3, which also significantly increased recovery from ischemia
(Fig. 4c). TRPA1 receptor block (10 uM A967076) has recently
been shown to be protective against ischemic injury in oligo-
dendrocyte processes and myelin sheaths??, but did not provide
functional white matter protection in our model of acute ischemic
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injury (Fig. 4c). Previous studies of oligodendrocyte injury have
often relied on live imaging of the cells cytoplasmic domain®”-*4,
Simultaneous live imaging of the myelinic and cytoplasmic
domains of oligodendrocytes revealed that they are largely dis-
tinct (Fig. 4d) and that morphological and structural changes in
oligodendrocyte processes imaged via fluorescence label expres-
sion do not reflect myelin pathology. Dual domain imaging
during ischemia showed the myelin decompaction predicted by
prior ultrastructural studies (Fig. 4e, f), with ongoing disruption
of cell processes/somata swelling. Myelin thickness increased
from 0.67 pm +0.02 to 0.90 um +0.07 after 60 min ischemia +60
min recovery, an effect that was prevented by 120 min pre-
treatment with QNZ-46 (Fig. 4e, f). Ultrastructural analysis
revealed extensive myelin decompaction and bubbling following
the standard OGD protocol, in addition to disruption of glial

NATURE COMMUNICATIONS | (2018)9:1032

processes and soma (Fig. 5a—c). Bubbling of the inner myelin
layer was particularly evident following OGD (Fig. 5¢) and
involved regions where the inner myelin layer detached from the
remaining compact myelin and formed a series of bubbles.
Myelin bubbling was accompanied by a reduction in the number
of myelin layers (Fig. 5¢ small arrows). Axon cylinders in these
regions (Fig. 3¢ Ax) often retained microtubule profiles and a
clearly contiguous axolemma separating the cylinder from the
myelin bubbles. The myelin protection recently reported follow-
ing TRPA1 block did not extend to structures defined as axo-
plasmic vesicles?%, which appear to have similar features to the
myelin bubbles we here identify under the remaining compact
myelin sheath. 120 min pre-treatment with QNZ-46 almost
entirely prevented these structural changes (Fig. 5d-f). Quanti-
tative analysis of myelin decompaction via G-ratio analysis of
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axon cross-section (X-S) confirmed the myelin protecting prop-
erties of the drug (Fig. 5g-k). GluR-mediated myelin loss during
OGD was confirmed in the RON by diminished intensity of the
established myelin stain FluoroMyelin Red (FM) (Fig. 5).
QNZ-46 is a 4-oxo-3(4H)quinazolinyl derivative containing
the trans-stilbene pharmacophore?®> and has the lipophilicity
common to fluorescent myelin stains?’, although with reduced
aromaticity in the A ring (Supplementary Fig. 5a). The structure

6 NATURE COMMUN\CAT\ONS| (2018)9:1032

also contains the %uinazolinone backbone known to exhibit
strong fluorescence?® and the drug therefore has the structural
components of a fluorescent myelin stain. QNZ-46 had a peak
emission at 450nm in a lipid environment (Supplementary
Fig. 5b), allowing drug uptake to be monitored in real time. QNZ-
46 loaded into adult rat RON from the bath over 120 min and was
retained following wash-out (Fig. 6a). After 120 min of bath
loading into brain slices, vital QNZ-46 fluorescence was localized
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myelinated axon profiles. d, e Vital QNZ-46/FM co-staining in brain slice (d) and RON (e) following systemic QNZ-46 injection 4 h pre-sacrifice. f 60 min
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to myelin axon profiles, was low in gray matter regions, and co-
localized with FM (Fig. 6b, ¢). Following i.p. injection (20 mg/kg
in 50/50 DMSO/p-cyclodextrin 240 min prior to the killing, based
on known CNS action of a similar compound27), vital QNZ-46
fluorescence had a similar distribution in mouse brain slices to
that produced by bath loading (Fig. 6d, e), demonstrating brain
penetration and myelin retention (tissue was dissected into QNZ-
46 free aCSF for imaging).

8 | (2018)9:1032

QNZ-46 is an allosteric modulator of GluN2C/D-containing
NMDA GluRs with use-dependent features®>?8, It is the most
selective inhibitor of GIluN2C/D-containing GluR currently
identified with a >50-fold IC50 differential over GIuN2A/B-
containing receptors. In silico modeling indicates drugability,
although with a high polar surface area (Supplementary Fig. 5¢).
The myelin partitioning and trapping evident in Fig. 6a-e
suggests QNZ-46 may provide myelin protection following
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removal from the extracellular space. Indeed, 60min pre- oligodendrocyte cell body’ (Supplementary Fig. 6). Systemic i.p.
treatment followed by 60 min of wash-out significantly elevated injection of QNZ-46 followed by 240 min recovery, dissection and
functional recovery in the adult rat RON (Fig. 6f). No similar 60 min bath perfusion with aCSF also increased compound action
effect was found with the non-NMDA glutamate receptor blocker  potential (CAP) recovery in adult mouse RON from 6.8 + 1.9% to
NBQX, an anti-excitotoxic drug thought to act at the 18.9+5.6%, representing a >270% increase compared to vehicle-
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treated control (Fig. 6g). This effect was not potentiated by the
presence of QNZ-46 in the bath, suggesting that systemic QNZ-
46 pre-treatment and myelin trapping results in maximal
protection (Fig. 6g). The efficacy of QNZ-46 trapped within
myelin may suggest drug interaction with an NMDA receptor site
within the lipid lamella/oligodendrocyte cell membrane. Alter-
natively, myelin may act as a reservoir that gradually releases
QNZ-46 to act at extra- or intra-cellular sites on the receptor. In
either case, our data suggest that incorporation of myelin-targeted
elements such as trans-stilbene may enhance the effectiveness of
myelin treatments generally.

Although crossing the blood—brain barrier and segregating
into myelin, systemic pre-treatment with QNZ-46 produced no
apparent behavioral effects or acute toxicity. A 120 min single
dose pre-treatment protocol was tested in a standard 60 min
transient middle cerebral artery occlusion (tMCAO) model of
stroke. Brain lesions assessed 24h post-reperfusion in vehicle
treated wild-type mice included extensive damage to white matter
structures such as the external capsule and gray matter regions
such as the overlying motor cortex. Drug treatment greatly
reduced lesion volume and improved the performance in
behavioral tests compared to vehicle-treated controls (Fig. 7azte).
External capsule axon integrity assessed via YFP expression in
Thy-1-YFP mice was lost within the lesion site in the vehicle
cohort, but was largely preserved in the QNZ-46 treated cohort
(Fig. 7g-j). Myelin integrity was protected to a similar extent
(Fig. 7g-j)-

A second series of tMCAO data was generated with mice
perfusion fixed after the 24 h recovery for ultrastructural analysis.
Lesion reduction following QNZ-46 pre-treatment was replicated
in these experiments (lesion volume vehicle = 119.4 + 8.9 mm?,
QNZ-46 = 38.9 + 7.0 mm?; P < 0.0001). Neuronal somata, neuro-
pil, and white matter structure was well preserved in the external
capsule-motor cortex border region of the contralateral hemi-
sphere (Fig. 8c). Widespread cellular breakdown was apparent in
the comparable vehicle-treated ipsilateral region (Fig. 8d, e),
including necrotic cell death, neuropil degeneration, and
universal myelin destruction in both white matter tracts and
gray matter axons (Supplementary Fig. 7). In mice pre-treated
with QNZ-46, all cellular elements were relatively preserved
(Fig. 8f-h; Supplementary Fig. 7), with myelinated axons having
no signs of myelin splitting or bubbling. Largely uninjured
neuronal somata, neuropil, and glial somata were apparent
throughout the region, although astrocyte processes (some
containing glial filaments) were swollen and damaged (Fig. 8g,
white arrows). Quantitative assessment of somata injury (which
will include both neurons and glia since they cannot be reliably
distinguished post vehicle-treated injury) showed QNZ-46
protection in the ipsilateral hemisphere of both white matter
and gray matter areas, with no significant difference in somata
damage between contra- and ipsilateral sides in white matter
(Fig. 8i). Myelin expansion (G-ratio, not measured in ipsilateral
white matter due to the extent of damage) was not present in the
ipsilateral white matter of QNZ-46-treated mice. It is apparent
from these in vivo experiments that a single dose pre-treatment
with QNZ-46 protected both gray matter and white matter

structures to deliver a high level of structural and functional
neuroprotection.

Discussion

The results highlight the significance of vesicular glutamate
release from axons and demonstrate the involvement of this
phenomenon in ischemia-evoked myelin damage. Earlier reports
have documented reverse glutamate release under ischemic con-
ditions in the CAI region of the neonatal hippocampus’, adult
spinal cord!®, and mouse optic nerve!l. To our knowledge, the
current report is the first to directly measure extracellular gluta-
mate in white matter and while glutamate transport was found to
be significant for homeostatic regulation of the neurotransmitter,
we found no evidence for significant ischemic release via this
mechanism. Ischemic glutamate release pathways in the white
matter of the brain are likely to differ from those operating in
gray matter areas such as the hippocampus CAl, while earlier
white matter studies have generally examined secondary effects of
reverse glutamate transport block and this may account for the
discrepancy between earlier findings and the current results.

Approximately 95% of clinical strokes involve white matter,
which accounts for ~49% of stroke total mean infarct volume?’.
Stroke in the territory of penetrating arteries preferentially target
white matter and accounts for ~25% of stroke cases, representing
the second leading cause of dementia®*?, White matter stroke
features rapid myelin damage®' and remyelination failure in
white matter lesions significantly contributes to functional
loss>3?. The mechanisms underlying myelin injury in these acute
ischemic lesions have high clinical relevance and may share
common features with other forms of myelin damage, for
example those operating in multiple sclerosis and CNS
trauma®>33, We have shown that acute ischemic myelin injury
results from vesicular glutamate release from axons, leading to
cytotoxic over-activation of GluN2C/D-containing myelinic
NMDA GluRs preventable by the selective negative allosteric
modulator QNZ-46 (Supplementary Fig. 8). QNZ-46 has high
selectivity for GluN2C/D-containing GluRs, shows novel myelin
accumulation and retention, is brain accessible, and has the basic
features of a clinically useful drug, suggesting outstanding clinical
potential against excitotoxic myelin injury. QNZ-46 exhibits
persistent CNS protection, elevating injury tolerance after the
drug is removed from the extracellular space, and has clinical
potential for treatment of prevalent neurological disorders
involving myelin damage in particular in patients at risk of
ischemic injuries such as stroke.

While the neuroprotective effect of broad-spectrum NMDA
GluR blockers is well established, these drugs have failed to
translate into clinical practice. The reasons for this are complex
and involve unacceptable side effects and the short therapeutic
window that follows stroke onset. This second problem may be
insurmountable; the FAST-MAG trial achieved paramedic
delivery of the NMDA receptor blocker Mg?*t within 45 min of
stroke symptom onset but failed to improve outcomes®*. Negative
allosteric modulators such as QNZ-46 exhibit use-dependent
block predisposing them to target pathological over-activation of

Fig. 7 A single QNZ-46 pre-treatment produces high levels of white matter and gray matter neuro-protection. a-¢ Brain lesion volume 24 h post-tMCAO.
d-f Functional recovery prior to the killing. Drug treatment significantly improved the outcome in all measures. ANOVA with Holm—Sidék post test. P
values: b ***0.0000; ¢ **0.000; e **0.004; f *0.011. Mann—Whitney test; d *<0.05. g-j YFP expression (green) and luxol fast-blue/cresyl violet (blue/
purple: myelin) in Thy-1-YFP mice. g YFP(+) axons project within the external capsule which is extensively myelinated in contralateral (Contra) and
ipsilateral (Ipsi) hemispheres in sham-operated mice. Higher power micrographs are shown at the bottom. h Mice treated with vehicle show disruption and
loss of axonal YFP that extends to both hemispheres and loss of myelin within the ipsilateral white matter. i Drug-treated mice retain YFP(+) axons and
myelin staining in both hemispheres. j Myelin stain density is significantly reduced in the vehicle-treated group (***0.0002), and preserved by QNZ-46

pre-treatment (**0.005). Scale bars =100 pm
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receptors over normal physiological receptor function?*?%, The
physiological functions of oligodendrocyte NMDA GluRs
includes regulation of GLUT-1 expression® and axo-glial mye-
lin®®. Constitutive targeted oblation of the obligatory Nr1 subunit
in oligodendrocytes leads to a switch in the mechanism regulating

myelination and a downregulation of GLUT-1 that is associated
with gradual structural compromise; these effects may be avoided
by this class of drug. In the adult CNS, GluN2C/D subunits are
primarily incorporated into extra-synaptic NMDA receptors>©~3%,
and are expressed at lower levels in gray matter regions than are

| QNZ-46 ]
Al GM WM
*kk *kk — 0 9

Cell viability score
o - N
G-ratio
o
3
G-ratio

o o o
o N ©

k Vehicle:contra

QNZ-46:contra QNZ-46:ipsi
.2
- -

-:-’" Y '

0.5

Contra
Ipsi
Contra
Ipsi
Contra
Ipsi
Contra
Contra
Ipsi

NATURE COMMUN\CAT\ONS| (2018)9:1032

| DOI: 10.1038/541467-018-03427-1 | www.nature.com/naturecommunications

1 1.5 20 0.5 1 1.5 20 0.5 1 1.5 2
Axon diameter (um)

11



ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03427-1

other NMDA GluR subunits***, two additional factors that will
limit the side-effects of drug treatment. Stroke incidence is well
correlated with age, prior transient ischemic attack, hypertension,
and prior stroke?!. Our findings suggest that prophylactic treat-
ment in patients at risk of stroke may offer an alternative strategy
for clinical intervention that avoids the therapeutic window. The
extent of the structural and functional neuroprotection offered by
QNZ-46 is surprising; in particular the effect in gray matter where
neuron somata and neuropil were protected against ischemic
injury in vivo. Targeting of extra-synaptic NMDA receptors has
shown promise for a wide range of neurological conditions
including dementia*?, and QNZ-46 may protect gray matter in a
similar fashion. The combined protective effect in both categories
of CNS tissue adds to the clinical potential of the drug.

Methods

Animals and reagents. All animal procedures conformed to local ethical stan-
dards and ARRIVE guidelines. UK home office and Maltese national regulations
were followed as appropriate. For RON experiments, nerves were dissected from
juvenile (P8-12) or adult (P90-120) Wistar rats, adult (P80-110) PLP-GFP or C57
wild-type mice. Acute coronal vibratome-cut sections were cut in oxygenated, ice-
cold cutting solution (in mM): NaCl, 92; KClI, 2.5; NaH,POy, 1.2; MgSOy, 2; CaCl,,
2; NaHCOs, 30; glucose, 25; Hepes, 20; Na Pyruvate, 3; Thiourea, 2; Na Ascorbate,
5; pH, 7.4. Experiments were performed in artificial cerebrospinal fluid (aCSF),
composition (in mM): NaCl, 126; KCI, 3; NaH,POy,, 2; MgSOy, 2; CaCly, 2;
NaHCO;, 26; glucose, 10; pH, 7.45, bubbled with 5% CO,/95% O, and kept at 37 °
C. KCl (47 mM) was added to aCSF (NaCl replacement) for “High K*” experi-
ments. For zero-Ca?t aCSF, CaCl, was omitted, and 50 yM EGTA was added. For
zero-Nat aCSF, Na't was replaced with NMDG. Oxygen-glucose deprivation was
used as the model of ischemia for CAP and confocal imaging experiments: aCSF
was replaced by a glucose-free aCSF (410 mM sucrose to maintain osmolality)
saturated with 95% N,/5% CO,. The chamber atmosphere was switched to 5%
C0O,/95% N, during OGD perfusion. Osmolarity of solutions was measured and
adjusted as required. NBQX was purchased from Tocris (UK), PPDA and QNZ-46
from either Tocris or Abcam (UK), bafilomycin from Viva Bioscience (UK); all
other reagents were from Sigma (UK) including carbenoxolone (CBX), 5-nitro-2-
(3-phenyl-propylamino)benzoic acid (NPPB), sulfasalazine (SAS) and threo-beta-
benzyloxyaspartate (TBOA).

In vivo treatment for in vitro recording. Adult C57 mice were injected i.p. with
200 pl of 50% DMSO solution containing 1 mM p-cyclodextrin +20 mg/kg QNZ-
46, or a vehicle control without the QNZ-46. Injections were performed blind by
animal house staff and mice were left for 240 min on a warming pad. Other than
mild sedation in both groups attributed to the DMSO, the animals showed no signs
of distress or aberrant behavior. RON or brain slices were collected as above, in
solutions that did not contain QNZ-46.

Electrophysiology. RON CAPs were evoked and recorded with glass electrodes
and the rectified area used to determine changes in conduction. CAPs were evoked
via square-wave constant current pulses (Iso stim A320, WPI), amplified (Cyber
Amp 320, Axon Instruments), subtracted from a parallel differential electrode,
filtered (low pass: 800-10,000 Hz), digitized (1401 mini, Cambridge Electronic
Design) and displayed on a PC running Signal software (Cambridge Electronic
Design). Non-recoverable CAP loss from the RON indicates irreversible failure of
axon function. Glutamate microelectrode biosensors (Sarissa Biomedical, Coventry,

UK), amplified via a Duo-Stat ME-200+ potentiostat (Sycopel International,
London, UK), were used to record glutamate concentration. Signals were differ-
ential to a null electrode and both active and null electrodes were gradually inserted
into brain slice or RON, in the la